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The surface chemical properties of commercially available silicone lenses were 

analyzed with respect to monitoring changes following adsorbed block copolymer 

molecules of ethylene oxide-co-butylene oxide (EO-BO).  X-ray photoelectron 

spectroscopic (XPS) data confirmed the presence of physisorbed EO-BO on all lens 

surfaces following solution treatment, and the extent of adsorption greatly differed 

between the lenses.  Friction measurements with atomic force microscope (AFM) 

employing a colloidal probe in aqueous environment corroborated the adsorption of EO-

BO by demonstrating the reduction of the friction coefficient following EO-BO treatment.  

In a separate study, based on the bulk elution of EO-BO from the lenses and the 

complementary XPS adsorption data, an EO-BO molecular concentration gradient was 

evidenced for each lens type.  These results suggest that the overall interaction 

between EO-BO and a lens material depends upon both the surface and bulk 

composition, and the tribological behavior of the polymer surface can be altered by 

chemical modifications.   

The surface elastic moduli of three different silicone hydrogel lenses were 

examined with colloidal probe AFM.  Fitting of the force-indentation plots of the lenses 
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to a Hertzian contact model revealed the disparity in both the magnitude of modulus and 

the mechanism of deformation as a result of the different surface chemical treatments.  

Particularly, the “graded” properties arising from the structure of delefilcon A’s surface 

gel exemplifies the potential of molecular-level design to achieve depth-dependent, 

tunable surface mechanical properties.   

Furthermore, to gain a more fundamental perspective, hydrogels of various 

chemistry and water content were fabricated into films and analyzed using AFM.  For a 

given gel composition, the magnitude of surface modulus varied as much as one order 

of magnitude for a water content difference of 15%.  The dependence of modulus on 

water content is slightly lower at the surface than in the bulk as predicted by scaling 

laws.  For poly(N-isopropylacrylamide) (PNIPAM), one order of magnitude of increase in 

surface elastic modulus was observed when solvated chains collapsed following a 

characteristic phase transition.  These findings underscored the importance of the 

molecular structure and dynamic interaction with surrounding medium in predicting 

elastic modulus of hydrogel materials at surface. 
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CHAPTER 1 
INTRODUCTION 

The field of surface science, a study of surface chemical and physical processes, 

offers fundamental understanding for interfacial phenomena such as friction, wear, 

corrosion, and chemical catalysis in a myriad of material systems [1, 2].  The intimate 

contact between the surface and its surrounding environment renders these interfacial 

phenomena crucial for the overall performance of the materials.  The study of surface 

science is of particular importance in today’s field of polymeric biomaterials.  The basis 

of such a claim is two-fold.  First, the molecular details of surfaces directly influence 

properties such as biocompatibility, chemical reactivity, and interfacial contact 

mechanics.  Second, the surfaces of organic materials are often dynamic in nature, 

resulting in chemical composition and molecular structure distinctly different from those 

of the bulk.  Such characteristics can lead to a myriad of opportunities for material 

design and modifications tailored to a variety of applications.  The body of this doctoral 

work focuses on understanding the correlation between surface chemical and 

mechanical properties of hydrogel materials, as well as applying this correlation to novel 

design and surface modification of soft contact lenses. 

To begin a detailed discussion of the surface science of hydrogels, it is important 

to first define what a surface is.  The definition of surface has indeed evolved over the 

years due to the advancement of various analytical techniques as well as the growing 

scientific interest in a broad range of materials to which these tools may be applied.  For 

example, it is appropriate to consider the surface of a single crystal to be comprised of 

only the top few atomic layers (up to several nanometers) as they directly participate in 

chemical reactions [3].  However, such a definition is likely to limit the discussion of 
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organic surfaces.  This is because the molecular structures responsible for surface 

properties of organic materials may measure up to 100’s of nanometers in thickness 

below the topmost atomic layer.  These different length-scales reflect the extent of 

interfacial activities relevant to various materials and determine the specific tools that 

may be used for fundamental investigations.   

Interfacial phenomena occur as a result of atoms (and molecules) at the surface 

seeking to minimize the total free energy of the system by interacting with their 

surrounding environment.  As a result, the central theme of surface science research is 

to explore aspects of the nature and pathway of such interactions with the use of 

different characterization techniques.  In the present chapter, effort will be made to 

showcase fundamental concepts in surface science, particularly with respect to those of 

polymeric surfaces.  Such theoretical discussion will be followed by a survey of 

experimental characterization techniques applicable to organic materials.  Finally, 

issues crucial to the performance of hydrogel contact lens materials will be emphasized, 

highlighting the opportunities offered by surface processes for advanced material design 

and modification. 

The Origin and Applications of Surface Properties 

Surface Interaction Forces 

Molecular interaction forces are the origin of surface properties observed in 

different material systems.  The magnitude of these interaction forces is dependent 

upon both the chemical composition as well as the separation distance between 

surfaces.  Due to the variety and complexity of surface interaction forces known, 

detailed consideration on this topic will focus on solid surfaces in aqueous 

environments, where the influence of water molecules are of interest. 
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Interaction forces between atoms under ideal conditions 

When two surfaces are brought together, the interaction between surface atoms 

(consider those that make the first contact) can be described by a generic potential 

energy curve as seen in Fig. 1-1.  The overall behavior of the system depends upon the 

following components of the potential curve [1]: 

 The dependence of V, the potential energy, on r, the inter-atomic separation 

distance.  Because V(r) is the sum of the attractive and repulsive potential 
curves, their respective dependence on r  directly influences the overall shape 

and r -dependence of the interaction curve.   

 The minimum point on the potential curve.  The magnitude of this minimum, Vmin, 
is a measure of the strength of the interaction at an equilibrium separation 

distance r*.  This is especially prevalent for colloidal systems whose stability is 
largely governed by the depth of this potential well relative to the thermal energy 
in the surroundings. 

 The shape of the potential curve.  This factor encompasses aspects of the 
previous two and indicates the tendency of the system to move toward a 
thermodynamically stable configuration under a given set of conditions.  

Attractive and repulsive interaction between particles (atoms and molecules) in 

the vapor phase can be expressed quantitatively by the Lennard-Jones potential 

function (Equation 1-1), where the attractive interaction varies as a function of r -6 and 

the repulsive interaction varies as a function of r -12 [4].   

                    (1-1) 

The attractive term in the function represents what is commonly known as the 

van der Waals’ (vdW) potential, which is the summation of three types of charge 

interaction potentials, namely the Keesom orientation, Debye inductive, and London 

dispersion interactions.  These potential functions share the same r-dependence, 

namely r -6, but differ with respect to the origin of the charge interaction.  Note that, 
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although arising from instantaneously induced dipole moment, the dispersion force is 

the major contributor to the vdW attractive potential between molecules without 

permanent charges or strong dipole moment, and is therefore ubiquitous in all systems.  

The repulsive term in Equation 1-1 is reflective of a short-range, exponentially 

increasing energy function as the separation distance becomes comparable to the 

size(s) of the interacting particles.  This phenomenon is the result of overlapping 

electron clouds when two atoms are brought into close proximity, as explained by the 

Pauli exclusion principle.  Similar to the dispersion force, this short-range repulsion is 

not exclusive for species examined in the vapor phase but exists between atoms and 

molecules of all forms.  The core repulsion experienced by atoms at the surface of a 

probe tip in contact with a substrate gives rise to the working principle of atomic force 

microscope (AFM).  

Interaction forces between surfaces in aqueous environment    

While the discussion of vdW attraction and short-range repulsion benefits our 

fundamental understanding of pair-wise interaction between molecules, other interaction 

forces, usually long-range (relative to vdW attraction and core-shell repulsion) in nature, 

are crucial in explaining interfacial phenomena seen at surfaces immersed in aqueous 

environment.  Many principles described here have originated from the development of 

colloidal science, which provides the foundation for understanding the stability of 

colloidal particles in solution.   

In water, many surfaces bear charges due to the dissociation of chemical species 

or the adsorption of ions [5].  These surface charges set up an electric field and attract 

oppositely charged ions (i.e. the counterions) to form a diffuse electrical double layer 

(EDL) according to the Gouy-Chapman model (Fig. 1-2).  The interaction between EDLs 
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of two approaching surfaces gives rise to long-range electrostatic attraction or repulsion 

that varies as a function of the separation between the EDLs and the ionic strength (i.e. 

the combined effect of concentration and valence of the counterions) of the electrolyte.  

The characteristic length away from the surface at which the electrical potential drops to 

1/e of the surface potential is termed the Debye length, 1/κ, derived from the Poisson-

Boltzmann equation (Equation 1-2)  

      (1-2) 

where cio is the concentration of the counterions, z is the valence of the ions in 

electrolyte, εr is the ratio of the dielectric constant of the medium to that of the vacuum, 

and T  is the temperature [4, 5].  This equation suggests that the interaction forces 

present at charged surfaces immersed in aqueous environment can be tuned by 

manipulating the solvent conditions.   

When the charges at the interacting surfaces are identical, repulsion may also 

arise from the osmotic pressure established by the difference in counterion 

concentration in the volume between the two surfaces and that in the bulk solution.  

When the two surfaces are brought closer, counterions are constrained in place and 

forced to maintain a concentration gradient between surfaces; as a result, osmotic 

pressure is established in the vicinity, contributing to the overall repulsive potential of 

the interface in addition to the electrostatic repulsion described earlier [4].  Because 

osmotic pressure involves the relative chemical activities of both solute (e.g. electrolyte) 

and solvent (e.g. water) molecules, the observed repulsive potential illustrates the 

contribution of solvent molecules to the overall surface interaction force.   
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Interaction forces between polymeric surfaces in aqueous environments 

In some cases, surfaces that exhibit high affinity for solvent molecules may 

experience yet another type of short-range repulsive force termed the solvation force, or 

in the case of aqueous solution, the hydration force [1].  For example, hydration forces 

between approaching amphiphilic bilayer surfaces have been seen to result in a sharp 

increase in pressure at separation distance less than a few nanometers [4, 6, 7].  This 

repulsive interaction has a more pronounced r-dependence compared to the effect of 

electrostatic repulsion and osmotic pressure.   Pashley and Israelachvili et al., in their 

study of the hydration force between mica surfaces, suggest that the strong repulsive 

force observed in high concentration, multivalent electrolyte was a result of the 

additional work required to dehydrate the adsorbed ions at the contacting surfaces [8–

10].   

Hydration force is one example of specific interactions arising from the chemical 

and structural nature of the contacting species at separation distances comparable to 

the molecular dimensions of the interface.  These properties of polymer surfaces are 

largely dictated by the structural interactions relevant to the overall interfacial system 

that also include the probing counterface and the solvent environment.   

The structural contribution to the surface interaction forces of polymer surfaces is 

perhaps best illustrated by the example of a polymer brush system grafted onto a solid 

substrate.  From a fundamental perspective, such discussion will benefit one’s 

understanding of critical concepts such as polymer chain dimension, collective chain 

interaction, and intermolecular interactions with the solvent.  From a phenomenological 

perspective, brush systems have been extensively studied due to their tunable 
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properties important to processes such as aqueous-based lubrication, protein 

resistance in biomedical devices, and colloidal stability [11–15].   

Scaling laws based on Flory-Huggins’ theory suggest that the conformation, i.e. 

the size and shape, of a grafted polymer coil is dependent upon its interaction 

parameter with the solvent as well as the grafting density on the substrate.  In his 

exhaustive study, de Gennes outlined the possible conformational states assumed by 

grafted chains in a good solvent at low grafting density (Fig. 1-3A) and high grafting 

density (Fig. 1-3B), corresponding to the unstretched and the stretched conformation, 

respectively [16, 17].  The transition between the unstreched and stretched 

conformation is achieved when the chain length becomes longer than the distance 

between grafting points.  Mathematical relationships derived in de Gennes’ work offer a 

good approximation for predicting the structural dimension and concentration profile of 

grafted polymer brush layers, and provide the theoretical foundation for elucidating the 

contribution of structure to the mechanical and tribological properties of polymer-bearing 

surfaces.   

Since the development of the surface force apparatus (SFA) and later, the AFM, 

interfacial properties of polymer brush layers have been widely studied at the molecular 

scale, emphasizing the roles of chemical composition, molecular architecture, and 

solvent interaction in reducing friction at sliding contacts.  It has been demonstrated that 

for neutral, hydrophilic brushes such as poly(ethylene glycol) (PEG),  a stretched 

conformational state introduces steric repulsion (excluded volume effect) and osmotic 

pressure (lower solvent concentration) between chains upon compression, resulting in 

lowered friction coefficient when slid against a glass colloidal probe in AFM [11, 13].  
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Similarly, frictional forces are reduced at the interface of charged polymer brushes when 

the swollen chain conformation provides resistance to mutual interpenetration of the 

brushes.  In this case, the effect of hydration force must also be accounted for due to 

the water molecules tightly bound to the ionized brushes [15]. 

Even though the surface structure of a hydrogel film in aqueous solution differs 

greatly from that of a grafted polymer brush layer, an attempt will be made in the 

subsequent chapters to demonstrate the similarity between the mechanical behavior of 

dangling chains at a hydrogel’s surface and a grafted brush system when the former is 

subjected to compressive stress in AFM. 

Organic Surface Modifications 

The discussion thus far has highlighted the behavior of polymer chains under the 

influence of molecular design (chain length and grafting density) and solution 

environment (repulsion due to osmotic pressure and solvation force) when the brush-

bearing surfaces are subjected to compression and shearing.  Another aspect of the 

dynamic nature of polymer surfaces is the rotation of molecular segments in response 

to interfacial environment in the absence of mechanical stress.  The behavior of poly(2-

hydroxyethyl methacrylate) (PHEMA) surfaces best illustrates this effect.  It has been 

noted by many that the flexible chains at PHEMA surfaces expose the hydrophobic 

methyl group to the polymer-air interface while maintaining the hydrophilic hydroxyl 

group at its aqueous interface [18].  This property is clearly tunable if the solution 

environment induces more favorable interaction with the methyl groups.   

Note that while the interfacial molecular forces described earlier dictate the 

underlying interaction between individual functional groups and the surrounding 

environment, the overall behavior of the surface as manifested in properties such as 
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wetting and adhesion depends upon the collective response of the molecular chains.  

Changes in other environmental factors such as pH and temperature can also induce 

changes in chemical functionality (e.g. neutral to ionic) or thermodynamic stability (e.g. 

demixing of polymer and solvent) of the polymeric materials, leading to phenomena 

such as swelling and phase segregation [19–23].  It is important to appreciate the fact 

that while all reactions, both at the surface and in the bulk, are driven by the 

minimization of total free energy, polymeric materials do so on a time scale comparable 

to most experimental timeframes, offering opportunities to investigate surface 

modification processes [1].  

Organic Surface Characterization Techniques 

The complexity and elusiveness (relative to the bulk) of the chemical and 

structural details of polymer surfaces renders any attempt of molecular scrutiny a 

demanding task.  One of the underlying themes of the present work stresses the 

importance of instrumental control and calibration, which raises the level of confidence 

in handling complex data obtained in surface experiments.  It is also important to note 

that many measured surface properties are dependent upon the specific interfaces and 

testing probes employed; consequently, care must be taken to define the experimental 

parameters and to interpret results within the appropriate framework.  In this body of 

work, two types of characterization techniques are of particular interest, namely, X-ray 

photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). 

X-ray photoelectron spectroscopy 

Ultra-high vacuum (UHV) spectroscopic technology has long been used to 

examine the chemical properties of inorganic surfaces with well-defined structures [3].  

Examples of these techniques include XPS, secondary ion mass spectrometry (SIMS), 



 

25 

and electron energy loss spectroscopy (EELS).  As suggested by its other common 

name, electron spectroscopy for chemical analysis (ESCA), XPS is a powerful tool in 

analyzing surface elemental composition and local chemical environments within the 

topmost 10 nm of a given substrate.   This level of sensitivity allows XPS to be used for 

investigating surface modifications of inorganic surfaces following adsorption of self-

assembled monolayers (SAMs), vapor phase molecules, macromolecules, and 

biological species [24–29].  Furthermore, XPS can also provide depth-dependent 

chemical information by varying the angle of exiting electrons with respect to the 

substrate [3].   

The application of XPS to organic surfaces has been instrumental in providing 

insight for understanding processes such as protein adsorption, chemical modifications, 

and surface wettability [30–35].  More recently, XPS has proven to be an important tool 

in analyzing hydrogel surface chemical moieties [36, 37].  Because this practice is still in 

its developing stage, a number of issues, such as the preparation of a hydrated sample 

for analysis in UHV environment and the interpretation of the spectroscopic data, 

require further consideration.  Consequently, discussion in the following chapters will 

focus on establishing appropriate procedures for sample drying and quantitative data 

analysis of hydrogel materials, particular those used for contact lens applications. 

Atomic force microscopy 

AFM, a scanning probe microscopy (SPM) technique, has revolutionized our 

understanding of surface interaction forces at the atomic and molecular scales.  

Following the invention of scanning tunneling microscopy (STM), AFM was developed 

to expand the application of SPM to examining insulating materials in environments 

other than vacuum [2, 3].  Whereas STM measures the local electron density of the 
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substrate by establishing a tunneling current across the interface, AFM deduces surface 

topographical, mechanical, and magnetic properties from the physical interaction 

between a probe tip and the substrate.  The nature of such interactions depends upon 

the separation distance between the probe and the substrate as shown in Fig. 1-1.  

Different interaction regimes are achieved by operating the AFM at different modes, with 

contact and alternating-contact (AC) being the most frequently used modes.  In contact 

mode, information such as elasticity, friction coefficient, and topographical features may 

be readily obtained based on the analysis of interaction occurring in the core-shell 

repulsive regime of the potential-distance function.  For soft materials such as 

hydrogels, gentle forces operating under AC mode are preferred when the topography 

of a large area is scrutinized, so that plastic deformation incurred by the probe tip 

rastering across the surface may be minimized. 

When examining mechanical properties of soft materials, the use of colloidal 

probes is commonly seen.  There are two major advantages of using colloidal probes 

for surface force measurements [38].  First, a spherical particle with defined diameter, 

usually between 1 and 30 μm, allows the contact pressure to be estimated quantitatively 

by using appropriate contact mechanics models.  Second, colloidal probes have the 

potential to be chemically modified with various molecular ligands whose specific 

interactions with a surface may be of interest.   

Various contact mechanics theories have been applied to the study of soft 

materials’ surfaces, including those of hydrogel materials.  Most synthetic polymer 

materials with uniform structure through thickness are treated with either the Hertz 

contact model or the elastic foundation model [22, 39–45].  The Hertz model assumes 
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the contact between two non-conforming, elastic bodies to be smooth and frictionless, 

and the applied strain does not exceed the linear regime of elasticity [46].  When the 

deformation is comparable to the total thickness of the substrate, the elastic foundation 

theory must be employed, which assumes the substrate to be a bed of springs rather 

than an elastic half space [46].  For colloidal probe AFM measurements on hydrogel 

materials, the Hertzian theory best describes their deformation behavior in aqueous 

environment because the indentation depth resulted from pushing a colloidal probe 

approximately 5 μm in diameter is trivial compared to the total thickness of the sample, 

which ranges from 100 to 200 μm.  

Surface Properties of Contact Lens Materials 

One important application of hydrogel materials is in the field of contact lenses.  

Though the concept of a lens used in intimate contact with the cornea was first 

proposed by Leonardo da Vinci in the early 16th century, it was not until almost four 

centuries later that the first pair of contact lenses, made of glass, was introduced to the 

public [47].  Since then, contact lenses have transformed the definition of an optical 

device to include functions beyond vision correction.  This is accomplished through 

generations of material designs that aim to accommodate the key issues relevant for the 

interactions between the lens and the ocular environment.   

The latest development of lens design focuses on the use of silicone-based 

hydrogels, which incorporate the exceptional oxygen permeability of silicone elastomers 

with the mature technology of soft hydrogel materials.  While silicone hydrogel lenses 

have the clear advantage over conventional PHEMA-based lenses in preventing corneal 

hypoxia, a number of interfacial challenges must be addressed in order to meet the key 
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criteria for reliable lens performance.  To do so, one must first examine these criteria in 

light of the in-vivo conditions relevant upon lens insertion. 

Interfacial Phenomena at Contact Lens Surfaces in vivo 

The portion of the anterior eye that directly interacts with a contact lens includes 

the cornea, the eyelid, and the tear film.  Phenomena occurring at the interfaces 

between these components maintain the normal physiological activities in the eye and 

facilitate the performance of the contact lens.  Tear film stability at the corneal surface is 

one of the most important indicators of a healthy eye, and the lack of such stability 

remains a major challenge to lens manufacturers as it is often believed to be the cause 

of contact lens induced dry eye symptoms (CLIDES) [48].   

At the surface of healthy corneal epithelia, the tear film is stabilized by a layer of 

glycocalyx, which is comprised of transmembrane mucin macromolecules and covers 

the microprojections at the epithelial surface (Fig. 1-4A) [49, 50].  The affinity between 

the glycocalyx and the mucins contained in the aqueous layer of the tear film facilitates 

the spreading and the movement of the tear film over the cornea.  When a contact lens 

is introduced to the ocular environment, the tear film is split into pre-lens (lipid-mucous 

layer) and post-lens films (mucous-aqueous layer), hindering the normal interfacial 

activities that promote the wetting of corneal surface (Fig. 1-4B) [51–53].  Furthermore, 

a host of biological molecules contained in the tear fluid, namely, proteins and lipids, 

can readily adsorb onto the lens surface and alter the surface properties of the lens.  

The excessive build-up of protein is the number one cause of lens replacement [54]. 

Modifications of Lens Surfaces for Improved Interfacial Properties 

Conventional PHEMA-based lenses rely on water for oxygen transport and are 

therefore severely limited when the lens surface dehydrates.  Silicone-based lenses, on 
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the other hand, provide oxygen permeability at the expense of reduced tear wettability 

at the surface, a result of the preferential accumulation of silicone species, such as the 

tris-(trimethylsiloxy)-silylpropylmethacrylate (TRIS) shown in Fig. 1-5, at the lens-air 

interface.  Recalling the dynamic response of polymer surfaces, it is possible to modify 

the surface energy of silicone hydrogel lenses for improved wetting and frictional 

properties.  Two modification strategies are commonly employed.  The first strategy 

involves the permanent chemical modification of the surface or incorporation of wetting 

agent in the bulk.  Generally, different surface chemical modifications result in 

differences in surface energetics of the lenses as exemplified by water contact angle 

measurements in Table 1-1.  Note that contact angle measurements are usually 

methodology-dependent and may display large hysteresis on polymeric materials’ 

surfaces; therefore, the values presented here reflect the trend displayed by different 

lens types.  The second strategy takes into account the periodic application of solution 

treatments containing surface-active agents, which are practiced as a part of a regular 

lens care routine [1].  The present work focuses on the second strategy, with an 

emphasis on understanding the effect of an aqueous-based block copolymer surfactant 

on the extent of chemical modifications of a variety of silicone hydrogel lenses, as well 

as the resulting implications on the tribological properties of these lenses, examined 

herein with colloidal probe AFM. 

From a surface chemical and mechanical perspective, a number of properties 

can be readily evaluated in-vitro and provide sufficient insight into the in-vivo interfacial 

behavior of the lens materials.  These include, though are not limited to, wettability, 

lubricity, modulus, biological deposition, and active ingredient uptake from lens care 
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solution [1].  In the present study, surface uptake from lens care solution, microscopic 

friction response, and surface elastic modulus of commercial hydrogel lenses were 

evaluated in vitro in order to identify those factors that can potentially contribute to the 

performance of lenses in vivo. 

Scope of the Present Study 

The content of this doctoral work consists of two parts that together showcase 

the most up-to-date understanding of the chemical and mechanical properties of 

hydrogel materials, especially those that are prevalent in contact lens applications.  The 

first part, including Chapters 3 and 4, focuses on investigating the uptake of a block 

copolymer by the most common types of silicone hydrogel lens materials.  The samples 

were first treated with solutions containing the copolymer and then dried in vacuum for 

XPS experiments.  Quantitative XPS data analysis is described in great detail to 

emphasize the complexity of delineating the surface chemical structures of a 

carbonaceous species adsorbing onto a carbonaceous substrate.   

The block copolymer, ethylene oxide-co-butylene oxide (EO-BO), is an aqueous-

based amphiphilic surfactant that acts to reduce the surface energy of the substrate 

upon adsorption.  It has been shown that EO-BO demonstrates greater surface activity 

than its counterparts, ethylene oxide-co-propylene oxide (EO-PO), the basis for 

surfactants such as Pluronic® [55].  In order to determined the applicability of EO-BO as 

a potential surface active agent in lens care solution, the effect of adsorbed EO-BO 

molecules on surface properties of lens materials must be examined.  In Chapter 3, a 

correlation is made between the extent of surface adsorption and the reduction of 

friction coefficient of the lens surfaces when sliding against a silica colloidal probe 

measured with AFM.  Due to the permanent chemical treatments applied to different 
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lenses for circumventing surface hydrophobicity of the silicone components in the 

hydrogel, disparity in the chemical affinity for EO-BO molecules was reflected in the 

different friction responses observed. 

The results in Chapter 3 suggest the important role of permanent chemical 

treatments in promoting lubricity at the lens surface; however, the possibility of EO-BO 

absorbing into the bulk of the porous lens could not be precluded.  Chapter 4 offers the 

perspective gained from a complementary bulk technique, ultra-high performance liquid 

chromatography (UPLC), which has been used to measure the amount of EO-BO eluted 

from the bulk lens following similar solution treatments addressed in Chapter 3.  

Comparison between the XPS adsorption and UPLC absorption data depict that 

different models exist for the uptake behavior of EO-BO by different lenses, highlighting 

the influence of both surface and bulk compositions in the interaction with the copolymer 

surfactant molecules.   

The second part of this doctoral work reports on the interrogation of surface 

elastic modulus of hydrogel materials, both commercial lenses and home-made 

samples.  General topics in Chapters 5 and 6 include the discussion of the methodology 

of using colloidal probe AFM to indent soft materials and the application of appropriate 

contact mechanics model for analyzing the surface elastic modulus.  The differentiation 

of surface modulus from bulk modulus and the implications of surface modulus on the 

overall performance of the lens are also described in detail.  Chapter 5 presents the 

analysis of delefilcon A, a daily disposable silicone hydrogel lens, whose composition 

profile varies with thickness, presenting a unique gel layer at the surface.  A comparison 
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with other silicone hydrogel lenses highlights the effect of surface structure on the 

nature of deformation and the magnitude of modulus characteristic to lens materials. 

To explore the fundamental relationship between experimentally controlled 

parameters and the measured surface modulus, a series of hydrogels with varying 

equilibrium water content, ranging from 15 w/w% to 95 w/w%, was synthesized and 

their surface moduli were measured, as discussed in Chapter 6.  Specifically, the 

surface modulus was examined as a function of water content in hydrogels of the same 

composition and cross-linker concentration.  Furthermore, an environmentally 

responsive hydrogel, poly(N-isopropylacrylamide) (PNIPAM), that undergoes a 

thermodynamic phase transition was analyzed above and below its lower critical 

solution temperature.  As the transition occurs, changes in molecular structure of the 

hydrogel surface due to the altered interaction with the solvent is believed to result in 

the observed changes in surface topography, adhesion force, and elastic modulus. 

Together, these results illustrate the influence of chemical composition and 

molecular structure on the surface properties of hydrogel materials.  These properties 

represent major aspects of the key criteria that must be satisfied for acceptable usage 

of contact lenses in vivo.  The perceived correlation between surface chemical 

compositions (and the modifications thereof) and the mechanical behavior of contact 

lens materials offers tremendous insight into the design of functional polymeric 

materials, whose surface properties dominate the overall performance in their intended 

operating environment. 
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Figure 1-1.  Schematic of interaction potential V between two particles as a function of 
separation distance r.  Vmin reflects the stability of the system at an equilibrium 
separation distance r*.  The exponents -6 and -12 denote the distance 
dependence of the interaction potential as modeled by the Lennard-Jones 
equation (Equation 1-1). 
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Figure 1-2.  Schematic of a diffused electric double layer at a charged surface as 
described by the Gouy-Chapman model.  The electric potential resulting from 
a distribution of counterions follows an exponential decay (dotted line) as 
distance from the surface, z, increases.  Adapted from [4]. 
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A       B 

 

Figure 1-3.  Conformational states of grafted chains predicted by the scaling laws.  A) 
Loosely packed chains with RF < D, where RF represents the Flory radius of 
the chain.  B) Densely packed chains with RF > D. RF and D represent the 
Flory radius of the random coil in a good solvent and the distance between 
graft points, respectively.  In the stretched conformation, overlapping between 
chains leads to molecular steric repulsion that is often seen in brush systems, 
and is believed to give rise to a low-friction surface when the polymer-solvent 
interaction is optimized.  Adapted from [16]. 
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Figure 1-4.  Structure and interfaces in ocular environment.  A) The cross-sectional 
schematic of the corneal epithelial tissue, highlighting the components and 
interfaces relevant to the promotion of tear stability over the corneal surface.  
B) Upon lens insertion, the native structure of tear film is disrupted, 
introducing additional interfaces at which the wetting of both the cornea and 
the lens must be accommodated by lens surface design. 

A 
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Figure 1-5.  The molecular structure of tris-(trimethylsiloxy)-silylpropylmethacrylate 

(TRIS).  

 



 

38 

Table 1-1.  Water contact angle measurements (mean ± standard deviation) of different 
silicone hydrogel lenses.  Adapted from [56]. 

 

 Method 

Lens Type Sessile Drop Captive Bubble 

Acuvue Oasys 85.0 ± 9.0 32.4 ± 5.5 
O2Optix 37.2 ± 8.3 44.3 ± 6.9 
PureVision 101.6 ± 6.3 30.1 ± 5.8 
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CHAPTER 2 
INSTRUMENTAL METHODS AND EXPERIMENTAL APPROACH 

In this chapter, various surface chemical and mechanical analytical techniques 

employed in the present studies are introduced.  Following the discussion of the 

fundamental principles of these techniques, specific experimental protocols designed for 

handling and measuring soft hydrogel materials are presented.   

X-ray photoelectron spectroscopy (XPS), an ultra-high vacuum (UHV) technique, 

has long been used to investigate the surface chemical compositions of vacuum-

compatible substrates.  Due to its exceptional surface sensitivity, XPS has also been 

proven useful in probing the chemical properties of adsorbates species on inorganic 

materials [57–59].   The experiments involved in this body of work utilize XPS to analyze 

the chemical compositions of hydrogel materials’ surfaces prior to and following 

solutions treatments containing surface-active agents.  Drying preparation and charge 

neutralization procedures are carefully developed to ensure consistency in the 

quantitative analysis.   

Atomic force microscopy (AFM) is a widely used technique in probing interfacial 

forces between a small probe tip (at most microns in radius) and the substrate.  The 

versatility of AFM allows materials to be examined in various environments, including 

ambient, solution, and vacuum.  In this body of work, various hydrogel materials are 

examined with colloid-modified probe tips in aqueous-based solutions, with an 

emphasis placed on understanding the mechanical properties of these materials.   
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X-ray Photoelectron Spectroscopy 

Fundamentals of XPS 

The working principle of XPS is based on Einstein’s explanation of the 

photoelectric effect, which relates the kinetic energy (EKE) of a given exiting electron to 

the binding energy (EBE) of the electron and the energy of the incident photon (hν) 

impinging upon the surface   

                 (2-1) 

Here, φspectro denotes the work function of a given spectrometer, defined as the energy 

required to remove an electron from the highest occupied state in a solid to the vacuum 

level (Fig. 2-1).  A beam of incident X-ray photons with fixed energy (e.g. 1486.7 eV 

from a monochromatic Al source) penetrates deeply into a specimen, effectively ejecting 

core-level electrons of the atoms within the sample.  However, only the photoelectrons 

in the surface zone that have elastically scattered (primary electrons) contribute to the 

photoemission peaks, while those that have suffered energy loss (secondary electrons) 

contribute to the emission background [32].  It is important to note that only the 

photoelectrons in the surface zone have sufficient proximity to the surface to escape 

without inelastic scattering and be detected; as a result, the instrument’s sensitivity is 

dictated by the depth of this zone, which is approximately 10 nm.  Photoelectrons at 

larger depths are accommodated by the bulk during scattering (Fig. 2-2).  

Understanding the process of photoelectron generation offers greater insight into 

the relationship between measured photoelectron intensity and the depth from which it 

originates, as this information helps better explain the principles of depth-dependent 

chemical analysis with XPS.  As mentioned above, primary electrons from the surface 
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region contribute to the overall intensity of the spectrum collected.  The intensity of 

these electrons dampens as the electrons travel through the material and escape from 

the surface.  Similar to the Beer-Lambert’s law describing the absorption of light through 

a medium, the measured intensity, I, follows a first-order exponential decay as a 

function of the distance between the origin of the electrons and the surface of the 

sample, denoted by d.  Moreover, such decaying process also depends upon a 

material- and energy-specific parameter, the inelastic mean free path (IMFP), λ, defined 

as “the average distance that an electron with a given energy travels between 

successive inelastic collisions” [32].  These quantities are related by the following 

equation, assuming the incident beam is normal to the surface of the sample [2]: 

         (2-2) 

where I0 represents the incident beam intensity before it interacts with the sample 

surface.  IMFP of a given element can be determined from Seah and Dench’s empirical 

calculation [60].  For photoelectrons with kinetic energy in the range of 1.5 to 3 keV, 

IMFP (in nm) is effectively proportional to Ephoton
1/2 (in nm) and atomic diameter (in nm), 

where Ephoton is the incident beam energy in eV [61].  Values of IMPFs of carbon, 

oxygen, and silicon employed in these studies have been calculated based on data 

provided in reference [62] and are used in deriving the AR emission profiles of carbon in 

Fig 2-4.  Sampling depth, a measure of the surface sensitivity of XPS, is defined as 3λ, 

or the distance from which 95% of the detected primary electrons originates [32].   

One practical way of enhancing the surface sensitivity of XPS is to position the 

incident beam at a grazing angle with respect to the surface, defined as the take-off 

angle (TOA) θ (Fig. 2-3).  With this slight variation, Equation 2-2 becomes 
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        (2-3) 

Note that the distance traveled by a primary electron from a specific depth d is 

calculated to be d·cos θ.  As θ increases, this effective path length [2] decreases such 

that only those electrons located immediately beneath the surface may be detected 

while others are likely to be attenuated while exiting the sample.  This principle provides 

the basis for angle-resolved XPS (AR-XPS) analysis by which one may obtain the 

depth-dependent chemical information simply by varying the relative position of the 

sample to the incident beam.  Angle-depended emission profiles are calculated 

according to Equation 2-3 and shown in Fig. 2-4 for carbon.  Unless otherwise noted, 

the default θ for the spectrometer used in this study is 55°. 

The emitted photoelectrons are analyzed by a set of concentric hemispherical 

plates between which a potential difference is established to only allow electrons with a 

specific kinetic energy to pass through.  As the hemispherical analyzer scans through a 

range of energies, all of the photoelectrons are accounted for and the emission intensity 

is measured as a function of the kinetic energy of the electrons.   

With the knowledge of the incident photon energy and the kinetic energy 

measured for the emitted photoelectrons, it is straightforward to determine the binding 

energy of the electrons according to Equation 2-1.  Because each element possesses a 

characteristic binding energy for electrons at a given core-shell, chemical identification 

with XPS is accomplished when one compares the measured photoemission peaks with 

the documented elemental binding energies.  Further quantitative analysis can yield 

information regarding the relative abundance of each element and of each bonding 
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state within a given element.  Detailed procedures for spectra analysis will be described 

in the following sections.   

The spectrometer employed in the present study is a commercial system 

(Omicron NanoTechnology, Taunusstein, Germany) with a monochromatic Al source 

(1486.7 eV) and a hemispherical analyzer EIS-Sphera (Omicron NanoTechnology, 

Taunusstein, Germany).  The work function φ of this spectrometer is 4.5 eV, while the 

constant pass energy to which all of the photoelectrons are retarded before entering the 

analyzer is 20 eV.  Core-level scans are collected with a step size of 0.05 eV. 

Analyzing Hydrogel Samples with XPS  

 Hydrogel samples involved in the present study are stored in aqueous 

environments, either in a fresh, buffered saline or in a testing solution containing a 

surfactant to be investigated.  Contact lens samples are first soaked in buffered saline 

to remove residual components of packing solution before conducting any surface 

analysis.  This is because packing solutions often contain surface active agents that are 

low in surface tension [63].  Contact angle measurements on silicone hydrogel lens 

surfaces are consistent with the removal of these surfactants following extensive 

soaking of the lenses in saline solution [56].  To prepare these samples for analysis in 

an ultra-high vacuum environment, proper drying procedures are mandatory.  In general, 

hydrogel samples are handled minimally to preserve surface cleanliness prior to XPS 

analysis; however, those that have been previously treated with a surfactant in solution 

are gently dried with tissue to remove excess solution.  Such practice prevents unbound 

surfactant molecules from condensing onto the surface in vacuo.   Each hydrogel 

sample is first mounted on a UHV-compatible platen and dried in a load lock with 10-7 
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Torr vacuum for about 12 hours before conducting XPS measurement, which takes 

place in 2 x 10-10 Torr vacuum environment.    

As in the case for all insulating materials, the emission of photoelectrons 

inevitably leaves the surface positively charged, and hinders more electrons from 

elastically exiting the surface, i.e., artificially lowers the kinetic energy of these electrons.  

As a result, insulating surfaces are usually flooded with low-energy electrons during 

XPS analysis to prevent charging [64].  However, many have suggested that electrons 

alone may also lead to the over-compensation of the surface, which leads to the 

opposite effect of charging.  Such over-compensation may be corrected by introducing 

low-energy ions, commonly Ar+, to the surface [65].  The combination of low-energy 

electrons and ions has also shown to improve the energy resolution of the emission 

peaks, which offers a greater degree of certainty in peak identification and fitting 

precision. In the present study, the electron beam is set to have an energy of 1.5 eV 

and an emission current of 5 μA, while the argon ion beam is accelerated by an voltage 

of 20 V at 10 mA of current. 

Quantitative Chemical Analysis with XPS 

 Quantitative surface chemical information is obtained by analyzing the 

photoelectron emission intensity profile collected as a function of the kinetic energy of 

the electrons.  Conventionally, the kinetic energy is converted to binding energy by the 

Einstein equation (Equation 2-1) for ease of identifying chemical elements.  The 

analytical approach for determining chemical composition and bonding states includes 

elemental peak identification from general survey spectrum and peak fitting of the core-

level scan of a given element.  
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Elemental peak identification 

 A general survey spectrum, usually collected through the entire range of the 

kinetic energy achievable by the spectrometer, provides information for identifying 

various elements present at sample surface.  Survey spectra have low energy 

resolution but sufficient for identifying peaks at energy intervals characteristic to a given 

element, which often appear as sharp, narrow vertical lines.  General survey spectra are 

taken at the beginning of each XPS experiment to ascertain the specific elements for 

which core-level scans will be collected.   

 As expected for most organic materials, hydrogels almost always contain the 

following elements: carbon, oxygen, nitrogen, and sometimes with traces of sodium 

and/or chlorine from processing and handling.  Silicon is also found in silicone-based 

hydrogel materials.  It is important to note that, because of the similarity in elemental 

composition of organic materials, one must rely on detailed analysis of bonding states to 

fully grasp the chemical signature of each surface.  This is especially prevalent when 

studying surface modification of hydrogel materials by adsorbate molecules that are 

also hydrocarbon-based.  As a result, all of the quantitative analyses presented in this 

study are based on core-level spectra of carbon 1s (C1s), oxygen 1s (O1s), nitrogen 1s 

(N1s), and silicon 2p (Si2p).  Shown in Fig. 2-5 is a sample survey spectrum of a 

silicone hydrogel contact lens material, balafilcon A.  

Peak fitting protocols 

Each core-level spectrum is collected in the range of binding energy vicinal to the 

peak energy expected for the given element, capturing each peak in its entirety.  One 

example of a C 1s spectrum is given below (Fig. 2-6A).   Note the presence of 

background emission that arises from the inelastically scattered photoelectrons.  Such 
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background must be mathematically subtracted in order to accurately calculate the 

composition of the surface.  Though much discussion has been centered on the 

algorithms by which the subtraction exercise is done in the spectroscopy community, 

the main method utilized in the data processing software in the present study (Casa 

Software Ltd.) involves the Shirley background subtraction method.  A review of the 

details of this method can be found elsewhere [66–68].   

Peak assignment is the next step to completing quantitative chemical analysis of 

XPS data.  Due to the complex molecular nature of organic materials, multiple chemical 

bonding states are often detected for each element.  The varying amounts of different 

bonding states give rise to the characteristic asymmetry of each elemental peak, as 

seen in the C1s spectrum shown in (Fig. 2-6B).   

Multiple peaks can be modeled to fit the elemental spectrum to represent the 

different bonding states.  The following procedures are iterated until the desired 

goodness of fit, usually less than 2% uncertainty, is reached.  First, the number of 

synthetic peaks is estimated according to the asymmetry of the elemental peak.  Then, 

the peaks are assigned—in terms of their relative binding energy—with the aid of the 

knowledge of the sample chemistry or of a reference spectrum acquired from a pure 

standard.  Thirdly, the shape of each peak is restrained by a fixed full-width at half max 

(FWHM) value and a modeled Gaussian (90% contribution) and Lorentzian (10% 

contribution) distribution, which defines the tail shape of each peak.  The goodness of fit 

is calculated as a normalized difference between the sum of the synthetic peaks and the 

original spectrum, and is optimized computationally through a series of fitting iterations.  

A set of fitting constraints is empirically realized for each element in a given sample and 
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applied thereafter in order to maintain consistency between experiments.  An example 

of the fitted C1s spectrum is shown in (Fig. 2-6B). 

Following peak assignment, the relative abundance of different bonding states of 

a given element is determined according to the normalized area under each synthetic 

peak, while the elemental composition of the sample is determined based on the sum of 

the normalized area under the synthetic peaks.  Here, “normalization” refers to 

correcting the peak area with the atomic sensitivity factor (ASF) of a given element.  

ASFs are based upon empirical peak area values corrected for the spectrometer’s 

transmission function, which takes into account factors such as X-ray flux, photoelectric 

cross-section for a given atomic orbital, efficiency of photoelectric process, and the 

mean-free path of the photoelectrons, etc. [32].  In the present study, the ASF of each 

element analyzed has been normalized to the empirical value of fluorine.  

Atomic Force Microscopy 

Fundamentals of AFM 

 Atomic force microscopy (AFM), unlike XPS, probes the sample surface with a tip 

of defined geometry as it physically interacts with the surface and experiences forces of 

attraction or repulsion as a function of tip-sample separation.  Depending upon the 

origin(s) of the interfacial forces experienced, mechanical, chemical, and tribological 

properties of a given surface may be analyzed using AFM.  

Assembly of an AFM 

 A typical atomic force microscope consists of a set of piezoelectrically driven 

actuators, a cantilever holder, a laser source, and an optical detection system that 

includes a recollimation lens, a reflective mirror, and a segmented photodetector (Fig. 2-

7).   
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Depending upon the specifics of the system, tip-sample separation is controlled 

by either moving the tip (and the light source) assembly toward the fixed sample stage 

or by moving the sample toward the tip, both utilizing piezoelectric actuators.  The 

instrument used in the present study, an MFP-3D-BIO system (Asylum Research, Santa 

Barbara, CA), employs a z-piezoelectric actuator that drives the tip assembly with a full 

range of motion up to 16 μm.  A positive applied voltage to the piezoelectric actuator 

drives the tip toward the surface (approach), and a negative applied voltage pulls the tip 

away from the surface (retract).  The planar movement of the sample in x- and y-

directions is also made possible with a piezoelectric stage.  The x- and y-actuators 

assume a stacked configuration and are capable of displacement up to 35 μm.   

The most common type of AFM probe is an integrated sharp tip on a silicon or 

silicon nitride cantilever made by microfabrication processes.  The probe tip typically 

has a radius of curvature in the range between 1 and 20 nm [2], although ultra-sharp 

and blunt tips are desirable in some experimental practices.  The cantilever is 

characterized by its geometry, V-shaped or rectangular, and by its coating, usually 

reflective to improve the optical detection of the signal.  The geometry of cantilever is of 

great importance in the determination of force constants of the lever.  Details on this 

topic will be discussed in a later section.   

Principles of AFM 

AFM relies on the sensitivity and precision of the optical detection system to 

monitor intermolecular forces experienced by the probe tip.  The system works as such: 

a super luminescent diode generates a laser beam that is focused onto the back of the 

cantilever.  The laser then passes through a recollimation lens and is reflected by a 

mirror onto the position-sensitive photodiode (Fig. 2-8).  The photodetector is 
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segmented into four equal sections and the intensity of the signal detected by each 

quadrant gives rise to a voltage reading.  Converting this voltage reading to a force 

measure requires a cantilever- and instrumental-specific factor and will be discussed in 

a later section.   The motion of the cantilever induces the displacement of the laser spot 

on the photodiode, which in turn causes a change in the voltage reading of the different 

sectors.  While the total intensity of the signal detected by the quadrants remains 

constant, depending upon the position of the spot with respect to the center of the diode, 

either a normal or a lateral signal is generated, as depicted in Fig. 2-9.  A normal signal 

is indicative of force that causes the cantilever to bend (Equation 2-4),  

         (2-4) 

while a lateral signal is indicative of force that causes the cantilever to twist (Equation 2-

5), 

        (2-5) 

Note that cross-talk between the normal and lateral channel is common in signal 

detection.  As a result, careful decoupling algorithms are necessary to minimize errors 

and to obtain an accurate measure of the tip-sample interaction.  

 The alignment of the laser spot onto the back of the cantilever is achieved by 

monitoring its physical position with an inverted optical microscope (a component of the 

MFP-3D system) and the total intensity on the photodetector simultaneously.  The 

position of the laser spot on the cantilever can potentially affect the accuracy of 

measured force.  This is because the design of the AFM assembly ensures that the 

slight movement of the cantilever is amplified and captured by a detectable 

displacement of the laser spot on the photodetector.  Limpoco et al. [69] have reported 
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the marked difference in measured friction response of a Si3N4 tip sliding on a SiO2/Si 

surface when the laser spot is aligned at different positions relative to the long axis of a 

V-shaped cantilever.  Furthermore, calibration methods that rely on the measured 

properties of the cantilever (e.g. the thermal noise method, as described below) are also 

sensitive to the position of the laser spot on the cantilever [70].  As a result, the position 

of the laser spot on each cantilever is noted carefully at the time of initial force 

calibration, such that the same position is kept for the subsequent experiments to 

ensure data consistency. 

Quantitative Analysis with AFM 

The fundamental equation that governs the operation of AFM relates the 

interfacial force F, to the tip-sample separation d by a power exponent x, whose value 

depends upon the nature of the interfacial force: 

        (2-6) 

Therefore, by operating under either a constant-force or a constant-height feedback 

mechanism, aspects of the interfacial force between the tip and the sample can be 

analyzed.   

 Two of the most typical modes of operation in AFM are contact and alternating-

contact (AC) mode.  When operating in contact mode, the tip is physically brought into 

contact with the surface until a desired force is reached.  If the feedback mechanism is 

switched on, the force experienced by the probe tip is kept constant and the applied z-

piezo voltage is adjusted according to the height changes of the surface as commanded 

by the feedback loop.  If the feedback is switched off, measurements such as 

indentation and friction can be made. 
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In AC mode, the probe tip is driven by a shaker piezoelectric actuator at a 

frequency near the cantilever’s resonance frequency in a given medium (Fig. 2-10).  

When feedback is switched on, the probe tip is maintained at constant, dampened 

amplitude of oscillation as a result of its interaction with the surface. The sample height 

is then measured similar to the mechanism in contact mode.  The energy dissipated by 

the probe tip in interacting with the surface is measured by a phase shift between the 

measured frequency of the tip after tapping the surface and its driving frequency.  The 

change in the degree of phase shift from one location on the surface to another is 

reflective of change in material’s properties such as elasticity.  Because the tip is not 

constantly “in contact” with the surface as in the case of contact mode, fragile and soft 

surfaces are protected from damages induced by rastering a stiff tip across the surface.  

As a result, this mode is most commonly used in imaging soft materials.   

In the present study, emphasis has been placed on quantitatively measuring the 

mechanical properties of soft hydrogel materials in aqueous environment. 

Corresponding AC-mode imaging of these materials aids in understanding the 

correlation between surface topography and the materials’ respective surface chemical 

treatment.  

Force-distance plots 

 In this type of measurement, the probe is brought into contact with the surface 

with the feedback turned off.  A positive voltage is applied to the z-piezo, causing it to 

extend toward the sample surface until a triggered deflection value is reached, at which 

point the z-piezo reverses direction and pull away from the sample.  The force 

experienced at the tip is recorded as a function of the tip-sample separation (see 

Equation 2-6).  Different components of a force-distance curve can be analyzed to 
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understand phenomena such as surface adhesion, long- and short-range interaction, 

indentation, viscoleastic hysteresis, etc. (Fig. 2-12).  

 In the non-contact regimen of the plot, the probe starts at a distance far away 

from the sample, free of the influence from any possible long-range interaction with the 

surface.  Though no force is acting on the cantilever in this regime, the deflection 

reading is typically non-zero, accounting for the offset in the voltage reading on the 

photodetector as a result of hydrodynamic drifting of the cantilever [71].  The correction 

for the offset in this regime is integral to the determination of the point of contact.  

 Depending upon the nature of the interaction between the probe and the surface, 

the “point” of contact may not be easily distinguishable.  If the probe and the sample are 

both neutral in charge, the interaction energy can be modeled by the Lennard-Jones 

potential (Fig. 2-11).  As the separation decreases between the two surfaces, the 

potential energy of the pair reaches a minimum.  This negative potential is reflective of 

the van der Waal’s (vdW) attraction experienced at the interface.  When the gradient of 

the vdW forces exceeds the gradients of the cantilever’s force constant and repulsive 

force at the interface, the tip jumps into contact with the surface [72, 73] (Fig. 2-12).  For 

curves as such, the point of contact is defined as the point at which the apparent force 

is zero Newtons following the correction of the non-contact regime of the curve.   

If the probe and the sample have charged surfaces, especially in solution 

environments, an electrostatic interaction is observed (Fig. 2-13).  Counter-ions present 

in solution are attracted by the surface charges and form an electric double layer (EDL), 

which effectively neutralizes the surface [5]. In this case, the tip does not jump to 

contact, but display a long-range repulsion until the core-shell repulsion occurs.  
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Screening of charged surfaces is prevalent when the interaction between a charged 

polymeric surface and a blunt tip (e.g. a colloidal probe) with surface charges occurs in 

physiological saline solution.  

 In the contact regime of the approach curve, the Pauli exclusion principle 

describes the repulsive interaction having an r-12 dependence on separation, assuming 

no sample deformation has occurred (Fig. 2-12).  If deformation is present, which is 

likely when performing force-distance plots on low-modulus materials, contact 

mechanisms such as the Hertzian theory can better explain the behavior in this regime 

(Fig. 2-14).   

For an incompressible interface, the retract portion of the curve traces that of the 

approach (in the linear regime of the piezo displacement).  When probing a viscoelastic 

material such as a hydrogel, the recovery from tip deformation results in a hysteresis 

between the approach and retract curve, indicative of energy dissipated during 

deformation.  As the tip continues to retract from the surface, it experiences an 

attractive “pull-off” force (Fig. 2-12).  In air, the main source of adhesion between many 

materials is the adsorbed water molecules (nanometers in thickness) “bridging” between 

the tip and the surface [71].  As tip continues to retract, the capillary force is eventually 

overcome and the tip pulls off.  For polymeric substrates in solution, intermolecular 

adhesive forces between the tip and the dangling polymer chains at surface can cause 

multiple pull-off events, creating a stepwise retract curve that spreads over a large 

distance while the tip pulls away from the surface (Fig. 2-14) [71, 74, 75].   

Friction-load maps 

 Lateral force microscopy (LFM) is one major application of contact-mode AFM.  

For the commercial instrument employed in the present study, LFM is accomplished by 
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obtaining a lateral force image with varying applied normal force.  When collecting a 

typical contact-mode normal force image, the tip is kept at a constant deflection value 

(i.e. in constant-force feedback mode) and programmed to raster across the surface in a 

defined area.  The x- and y-axes of the image define a planar view of the sample 

surface, while the contrast of the image reflects the change in the height (z-axis 

variations) of the surface features.   

In LFM, the tip starts scanning horizontally (x-axis) at a distance above the 

surface and gradually moves toward the surface (z-axis).  This motion is effectively the 

same as ramping up the applied normal force.  Upon contacting the surface, the tip 

continues to indent while rastering across the surface until it travels the defined scan 

distance in z, at which point the tip gradually pulls away from the surface and the normal 

load decreases as a result.  During scanning, signals in the normal and lateral channels 

are collected simultaneously.  Furthermore, images from both scan directions, trace (left 

to right) and retrace (right to left), in each channel are also obtained.  The resulting 

images are exemplified in Fig. 2-15. 

The contrast in the normal force images corresponds to the magnitude of the 

load applied, with the brighter color indicating greater cantilever deflection.  The contrast 

in the lateral force images arises from the degree of cantilever’s twisting in the lateral 

direction as a function of applied normal load.  Notice that the contrast in the trace and 

retrace images from the normal force channel are the same, but opposite for the lateral 

channel.  This is expected because friction force always opposes the direction of motion.   

Friction response (in V) at a given normal load can then be determined by taking 

half of the difference between the trace and the retrace scans of the lateral signal and 
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averaging over the displacement along x-axis, excluding the measurements in the static 

friction regimes [69, 76].  This analysis is more easily realized by plotting the lateral 

signal of both the trace and retrace image at a specific “z-axis position” over 

displacement, resulting in a “friction loop” (Fig. 2-16).  Each loop corresponds to a 

specific normal load, which can be read from either the trace or retrace image of the 

normal signal.  There are two components characteristic to each loop: static friction at 

initial contact and turn-around point in scan direction, and kinetic friction in between 

these events.  As normal load increases, separation between the trace and retrace 

portion of the loop increases, indicating that the magnitude of the friction force is 

proportional to the applied normal load.  The proportionality of this relationship, the 

coefficient of friction μ, is determined by plotting the calibrated friction response (in N) 

against the applied normal loads.   

Force calibration of cantilevers 

 Quantitative analysis with AFM requires the cantilever to be calibrated so that the 

force experienced at the probe tip can be interpreted accurately.  In order to convert a 

voltage reading on the photodetector to a meaningful force measurement, two 

parameters are needed.  First, the optical lever sensitivity (OLS) of the cantilever must 

be determined in a given instrument as the OLS is both a cantilever- and instrument-

specific quantity.  This factor relates the voltage change due to the interfacial force at 

the tip to the displacement of the cantilever in the form of either bending or twisting.  

OLS is typically expressed in V/nm.  The normal OLS is simply the slope of the contact 

portion of a force-distance plot generated when pushing the tip on a rigid surface.  One 

straightforward way of measuring the lateral OLS is to calculate the slope of the static 

portion of a friction loop collected by sliding the tip across a rigid surface [77].   
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 The second parameter required is the spring constant of the cantilever.   

The determination of normal and lateral spring constant of cantilevers has been a major 

topic of discussion in quantitative AFM methodology because it involves extensive 

knowledge of the geometry, composition, and processing of the cantilever.  Furthermore, 

derived from the beam theory, Equation 2-7 highlights the sensitivity of spring constant 

to errors in measurements of cantilever’s dimensions [78].  

          (2-7) 

The relationship between force and the normal spring constant kN of a cantilever 

is most simply demonstrated by Hooke’s law: 

          (2-8) 

which states that the applied force ΔF is proportional to the deformation of the cantilever 

Δx  by a factor kN, a measure of the cantilever’s stiffness.  Methods developed by Sader 

et al. and the thermal noise method are commonly employed by many.  The Sader 

method requires the knowledge of the plan-view geometry of the cantilever, the 

resonance frequency of the cantilever, and the quality factor of the surrounding medium, 

usually air.  Note that the original Sader’s method only applies to rectangular cantilevers 

because the hydrodynamic function is geometry-dependent [79, 80].  The thermal noise 

method models the cantilever as a simple harmonic oscillator in equilibrium with its 

surroundings that fluctuates in response to thermal energy.  Briefly, this theory suggests 

that the spring constant kN of the oscillating cantilever scales with the thermal energy by 

its root-mean-square displacement <q2> of oscillation.   

For both of these methods, the hydrodynamic parameters of the cantilever 

oscillating free from the influence of surface forces are required.  The plan-view 
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dimensions of the cantilever must be measured with SEM, which increases the level of 

difficulty in the implementation of Sader’s method.  On the other hand, though easy and 

quick to do, the thermal noise method introduces a greater degree of uncertainty 

because the environmental factors have a large contribution to the calculated kN.  In 

addition, other methods based on indirect measurement of kN  and finite-element 

analysis (FEA) are also relevant as discussed by Burnham et al. [78]. 

 The lateral spring constant kL of a cantilever can also be determined by a number 

of methods.  For compliant rectangular cantilevers, the torsional Sader method is 

applicable, provided that the resonance frequency in the lateral channel can be 

detected [81].  In other cases, methods measuring the lateral force sensitivity α (in N/V) 

are typical.  The knowledge of α provides direct conversion from voltage signal to lateral 

force and is independent of the OLS.  The “wedge” method proposed by Olgetree et al. 

directly measures α and does not require the determination of cantilever dimensions. 

The approach of this method takes into account the geometric contribution to the lateral 

load from sliding the tip across a surface with facets of defined angles.  By varying the 

applied normal load, the lateral load is monitored and a coefficient of friction at the 

interface can be determined.  Finally, α can be related to the original lateral signal 

output by the friction coefficient and the relative angles of the facets [82].  Other direct 

and indirect calibration methods for kL are reviewed by Pettersson et al. [83]. 

 In Appendix A, details of two major calibration methods are discussed, 

highlighting their applicability to tips employed in the present study. 
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Characterizing Hydrogel Materials with Colloidal AFM 

 When characterizing hydrogel materials with AFM, additional experimental 

considerations with regard to probe geometry, testing environment, and quantitative 

analysis methods are integral to the understanding of their surface properties.  

 The MFP-3D commercial AFM employed in the present study is equipped with a 

specialized liquid sample holder (Fig. 2-17).  The sample holder ensures that both the 

probe and the sample are fully submerged in testing solution throughout the duration of 

the experiment.  It is also equipped with a heating element and sensor such that the 

temperature of the cell, i.e. the sample and its surrounding medium, can be controlled in 

the desired fashion.  For measurements on contact lens materials, the temperature of 

the cell is kept at ambient (approximately 25°C) while for those made on temperature-

sensitive hydrogels such as poly(N-isopropylacrylamide) (PNIPAM), cell temperature 

may be cycled below and above the polymer’s critical transition point.  For aqueous-

based solutions, 30 minutes are allotted for the system to reach thermal equilibrium 

before proceeding with experiments at a fixed temperature.  

Contact pressure consideration 

 When performing force-distance plot on a flat sheet of hydrogel material using a 

traditional AFM probe tip, the Hertzian contact theory can be used to predict the contact 

pressure at the interface by the following equation: 

      (2-9) 

where Pmax is the maximum pressure resulted from an applied normal force FN.  The E’ 

takes into account the elastic moduli and Poisson’s ratios of the contacting surfaces 
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(Equation 2-10), and 1/R is a reflection of the geometry of the contact area (Equation 2-

11).  

                 (2-10) 

        (2-11) 

For a Si tip (bulk elastic modulus ~ 150 GPa [84]) with radius of curvature of 20 nm 

applying 50 nN of force on a hydrogel substrate (bulk elastic modulus ~ 500 kPa), the 

estimated contact pressure is 1.8 MPa, assuming a Poisson’s ratio of 0.3 for both 

materials.  Such high contact pressure poses two challenges in understanding surface 

mechanical properties of hydrogel materials, which in general have an E value ranging 

from 10’s of kPa to single-digit MPa.  First, large contact pressure can potentially 

damage the substrate, disrupting the local network structure.  Second, because the 

contact pressure at ocular interfaces during movement is less than 10 kPa [42], 

contact pressure in the range of MPa clearly does not demonstrate significant 

physiological relevance in the investigation of contact lens hydrogel materials.   

 To circumvent the high contact pressure caused by probe geometry (note the 

R1/2 dependence), many have considered the use of spherical colloidal probes for 

measuring surface mechanical properties of soft materials and biological tissues [42, 

85–88].  Typical colloidal probes have radii of curvature on the order of a few microns.  

If the radius of curvature in the previous example increases to 2 μm, then the estimated 

contact pressure drops to 10’s of kPa. In the present study, a 5-μm (in diameter) silica 

(SiO2) microsphere is glued to the end of a standard Si cantilever and employed as the 

probe for measuring the indentation of the hydrogel substrate.  A sample SEM image of 
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a modified cantilever is shown in (Fig. 2-18).  The calibrated force constants of a 

modified cantilever are based on the values of the cantilever without the added colloid.  

The Sader method for calibrating normal spring constant is not affected by an added 

mass whose size is in the micron range [81].  Because the wedge method for calibrating 

the lateral force sensitivity cannot accommodate probe sizes much larger than the 

separation between ridges of the facets (approximately 50 nm), one must consider 

calibrating the lateral constant of the cantilever prior to performing probe modification.   

The cleanliness of the microsphere is carefully maintained by rinsing the 

cantilever with 1.0 M HCl, followed by successive rinses with ethanol and deionized 

water.  The cantilever is then treated with oxygen plasma in a plasma-cleaning 

instrument (Harrick PDC-32G plasma cleaner/sterilizer, Ithaca, NY).  The oxygen 

plasma is intended to remove any hydrocarbon molecules tightly bound to the surface of 

the probe; such approach has been widely used in preparing glass substrates for 

adsorption studies [11, 89, 90].  This cleaning routine is carried out following each 

experiment to remove possible material transfer incurred during contact with the 

polymeric surfaces.    

Indentation measurements on hydrogel materials 

Defined as the linear proportionality between applied stress and strain, elastic 

modulus E is a bulk property that is characteristic to a given material.  The determination 

of bulk elastic modulus assumes that the material is homogeneous in composition and 

structure.  For materials that have undergone specific surface chemical treatments, it is 

reasonable to expect that the elastic modulus at the surface may differ from that of the 

bulk, as in the case of some silicone hydrogel contact lens materials.  Because AFM 

affords the opportunity to make measurements on the nanometers and nanoNewtons 
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scale, the surface elastic modulus of a hydrogel material can be analyzed and such 

analysis is derived from a set of indentation data obtained from the substrate.  

Specifically, force-distance plots are collected in the default fashion as described earlier 

with the approach speed of the z-piezo set to be 1.0 μm/s.  This low speed ensures that 

the fluid within the network structure has sufficient time to squeeze out of the pores, 

minimizing the effect of fluid support.  The penetration depth of the probe into the 

sample surface is calculated as the difference between the vertical displacement of the 

z-piezo and the deflection of the cantilever (Fig. 2-19A).  Multiple force curves are 

collected at each location and multiple locations are sampled on a given surface to 

ensure that the calculated surface elastic modulus is representative of the sample.   

Accurate for most of the samples examined in the present study, the curvature in 

the data collected in the contact portion of the force-indentation plot can be explained by 

a Hertzian contact mechanism, from which the elastic modulus of the surface region can 

be empirically determined.  Hertzian theory predicts that the depth of indentation δ  from 

pushing an infinitely rigid body on a soft substrate is a function of the applied load FN, 

the dimension of each body, as well as the elastic property E’ of the contacting surfaces 

[46]: 

        (2-12) 

Experimentally, δ is measured as the difference between the z-piezo displacement and 

the normal deflection of the cantilever from pushing on the substrate (Fig. 2-19B).  

Table 2-1 summarizes the material properties of the probe and the hydrogel substrate, 

which contribute to defining E’ and R based on Equations 2-10 and 2-11.    
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The following conditions must be satisfied for a given contact to be considered 

Hertzian in nature:  

 The surfaces are continuous and non-conforming (i.e. the contact half width a << 

R);    

 The contacting surfaces are considered smooth and frictionless;   

 The strains are small; 

 Each solid can be considered an elastic half space. 

Care must be taken in ensuring that strains applied to the low-modulus hydrogel 

samples do not exceed the limit defined by the linear theory of elasticity.  This is 

achieved by closely monitoring the depth of indentation and keeping it at a value much 

less than the radius of the probe.   

Once the zero point of force and zero point of displacement are determined for a 

given force-indentation plot, the surface elastic modulus is determined by fitting the 

Hertzian model (Equation 2-12) to the raw data using a least-squares method.  

Essentially, with known FN, δ, and R, E’ can be estimated by minimizing the error 

between the model and raw data (Fig. 2-20).    
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Figure 2-1.  Schematic of the X-ray excitation of a 1s core electron.  Adapted from [2]. 
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Figure 2-2.  Photoelectrons generated as a result of different scattering processes.  
Electrons in the selvedge region with sufficient energy contribute to the 
photoemission peak, while others in the region give rise to the background 
intensity after each suffering a single inelastic scattering event.  Those 
electrons in the bulk undergo multiple inelastic scattering events and are 
accommodated by the bulk material.  Adapted from [32]. 
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Figure 2-3.  Principle of angle-resolved XPS (AR-XPS).  By varying the TOA, the 
distance traveled by an electron at a given depth is increased, effectively 
increasing the surface sensitivity of detection.  AR-XPS allows one to 
estimate the depth from which the majority of the spectral information 
originates, offering the opportunity for chemical depth profiling.  Adapted from 
[2]. 
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Figure 2-4.  Sample emission profile of carbon taken at various TOAs. 
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Figure 2-5.  Example general survey spectrum of a silicone hydrogel contact lens 
material balafilcon A.  Note the large background intensity that must be 
accommodated mathematically before calculating composition. 
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Figure 2-6.  Curve fitting of a sample C 1s spectrum.   A) An unfitted C 1s spectrum 
showing the characteristic asymmetry due to multiple bonding states present.  
B) The same spectrum is fitted with four different sub-peaks, with defined 
separation in binding energy.  The goodness of fit, which is based on the 
normalized difference between the original data (red curve) and the sum of all 
sub-peaks (black curve), governs the number of iterations to be performed for 
the fitting exercise. 
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Figure 2-7.  The components of a typical commercial AFM.  Note that the cantilever 
holder and the optical detection system are housed together and driven in the 
vertical direction with the z-piezo actuator.   
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Figure 2-8.  A close-up schematic of the optical detection system. 
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          A          B     C 
 

 
 

      D           E 
 

Figure 2-9.  Laser spot displacement on the photodetector corresponds to the nature 
and magnitude of the interfacial force experienced by the probe tip.  A) A 
cantilever free from any surface interaction.  B) Upward bending as a result of 
repulsive normal force.  C) Downward bending indicative of attractive normal 
force.  D) and E) Cantilever twisting caused by friction force at the interface, 
leading to the horizontal displacement of the laser spot. 
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Figure 2-10.  Principle of alternating contact (AC) mode AFM in probing the local 
mechanical properties of an inhomogeneous sample surface.  During AC 
mode scanning, multiple channels of data acquisition are available, including 
phase shift (shown here), height, and amplitude.  Adapted from [91]. 
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Figure 2-11.  Schematic of the Lennard-Jones potential showing the general trend of the 
dependence of interaction energy on distance.  Note that the energy E is 
normalized against the well depth at the potential minimum ε and the 
separation distance r is normalized against the distance at which E is zero.   
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Figure 2-12.  Anatomy of a typical force-distance plot.  For neutral surfaces, the long-
range repulsion may not be observed.  Adhesion force during retraction can 
be accentuated by the use of a blunt tip or colloidal probe.  Adapted from [72]. 
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Figure 2-13.  Long-range electrostatic repulsion observed in DI water between a silica 
colloidal probe and a SiO2/Si substrate, both with negative surface charges 
induced by plasma treatment.  The effect of the electrical double layer (EDL) 
is screened by co-ions when the contacting surfaces are submerged in 
buffered saline.   
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Figure 2-14.  Force-distance curves exemplifying a 5-μm silica probe indenting on the 
surface of a hydrogel material in saline.  With both the approach and retract 
curves plotted, hysteresis between the two curves and multiple pull-off events 
upon retract are observed. 

 



 

77 

   
               Displacement        Displacement 
 
       A          B 

 

   
      Displacement         Displacement 
 
     C          D 

 
Figure 2-15.  Examples of LFM images of a small chunk of MoS2 sliding against a MoS2 

(0001) substrate.  A) Trace image of the normal force.  B) Retrace image of 
the normal force.  C) Trace image of the lateral force.  D) Retrace image of 
the lateral force.  Note that the contrast, proportional to the magnitude of 
force, is identical in normal force images but opposite in the lateral images, 
reflecting the nature of friction force always opposing to the applied motion.  
The background contrast represents the non-contact portion of the images.  
Images obtained courtesy of Dr. Xueying Zhao. 
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Figure 2-16.  Friction loop obtained at a given normal load (source data are indicated by 
the horizontal lines in C) and D) of Fig. 2-15).  As the normal load increases, 

ΔV increases by a proportion that is reflective of the friction coefficient of the 

substrate.   
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Figure 2-17.  Assembly of the hydrogel sample holder for nanomechanical analyses in 
the AFM 
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Figure 2-18.  SEM images of a cantilever modified with a 5-μm silica probe. 

 
 

Length = 124 μm 
Width = 33 μm 
Thickness = 1.6 μm 
Sphere radius = 2.5 μm 

50 μm 20 μm 
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Figure 2-19.  Application of Hertz contact theory to colloidal probe AFM indentation 
experiments.  A) Calculation of the depth of penetration from indenting a rigid 
probe on a soft hydrogel material.  B) Enlarged details regarding the Hertzian 

contact are shown below.  Note that the calculation of R and E’ are obtained 
from values in Table 2-1. 

 
 

A 

B 



 

82 

Table 2-1.  Material properties of the probe and the substrate that contribute to 

estimating R and E’ of the Hertzian contact shown in Fig. 2-19.  The elastic 
modulus of silica is obtained from [92] and that of a typical hydrogel contact 
lens is based on manufacturer-reported values. 

 

 SiO2 Probe Hydrogel Surface 

R 5 μm ∞ 

E 73 GPa 500 kPa (average) 

ν ~ 0.2 ~ 0.45 
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Figure 2-20.  Fitting the Hertz model to a set of indentation data obtained on a contact 
lens material in saline.  Visual differences are observed when the estimated 

modulus E’ varies by 300 kPa and the goodness of fit is apparent for E’ = 2.1 
MPa.   
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CHAPTER 3 
IMPACT OF ETHYLENE OXIDE-BLOCK-BUTYLENE OXIDE (EO-BO) COPOLYMERS 

ON THE COMPOSITION AND FRICTION OF SILICONE HYDROGEL SURFACES 

Background and Motivation 

In the ten years since the introduction of silicone hydrogel contact lens[93], this 

special class of lens materials has evolved to provide exceptional oxygen permeability.  

Unlike conventional PHEMA-based hydrogels, which rely on water for oxygen transport 

[94, 95], silicone hydrogels achieve high oxygen permeability through the incorporation 

of modified siloxane monomers [96].  This characteristic has allowed these materials to 

be used for overnight extended wear with significantly reduced occurrences of corneal 

hypoxia [97].  Surface properties are also known to influence lens materials’ 

performance in vivo, and silicone hydrogels here again differ from conventional PHEMA 

material.  Most of the interactions between cornea, contact lens, and tear film dictating 

wear comfort involve the interfacial phenomena of wetting and friction. It is well known 

that the hydrophobic siloxane moieties in silicone hydrogel materials are not confined to 

the bulk but may diffuse to the surface, impeding the lenses’ ability to be wet by the tear 

film [98, 99].  Low wettability and high friction cause tear film instability leading to 

contact lens-induced dry eye symptoms [97, 100].  As a result, many advances in 

silicone hydrogel lens technology have focused on improving the hydrophilicity of lens 

surface by various means of chemical treatment.  

Silicone hydrogel lenses can be categorized according to the nature of their 

hydrophilic treatments.  The first group of materials, represented by PureVision® 

(balafilcon A), Focus® Night & Day® (lotrafilcon A), and O2 OPTIX® (lotrafilcon B), 

undergo surface chemical treatment during manufacturing.  Balafilcon A, for instance, 

relies on plasma oxidation of the surface for enhanced wettability [93, 98, 99].  The 
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lotrafilcon lenses, on the other hand, have a thin, uniform coating deposited across the 

surface through plasma-induced polymerization [101].  A second group of materials 

includes ACUVUE® OASYS® (senofilcon A) and ACUVUE® ADVANCE® (galyfilcon A), 

which both incorporate poly(vinyl pyrrolidone), or PVP, in their lens chemistry, resulting 

in greater similarities between the bulk and the surface compositions [99, 102].  A third 

group of silicone hydrogel lens materials employs an entirely different silicone chemistry, 

entailing neither an internal wetting agent nor surface plasma treatment, to achieve the 

desired combination of high oxygen permeability and hydrophilicity [102].   

A number of previously reported studies have sought to understand the in-vitro 

surface properties of conventional and silicone hydrogel materials in terms of their 

surface chemistry and related interfacial properties.  For example, contact angle 

measurements have been reported in several studies and have shown that the 

advancing angles of hydrogel lenses depend on their exposure environment and the 

measurement methodology [103–105].  In general, these studies have shown that 

contact lens hydrogels have surfaces that are not usually at thermodynamic equilibrium 

in their use environments and, as a result, there can be significant changes in the 

surface chemistry over time due to the migration of hydrophobic groups to the air/lens 

interface. To overcome these dynamic changes, the surfaces have been modified 

through plasma treatment, the inclusion of free polymers into the lenses’ matrix, and/or 

the soaking of lenses in saline solutions containing block copolymers to physically 

modify the surfaces [93, 98, 99, 101, 102, 105]. 

Recent studies have characterized more closely the surface chemistry of contact 

lens hydrogels using state-of-the-art techniques such as X-ray photoelectron 
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spectroscopy (XPS) [36, 37, 61], time-of-flight secondary ion mass spectrometry (ToF-

SIMS) [106], and sum frequency generation (SFG) [107, 108]. The exceptional 

sensitivity of these techniques enables the analysis of only the topmost molecular layers 

of the surface region. Consequently, chemical information gathered at this level of 

surface sensitivity can offer fundamental insight into the wetting behavior, tear 

component deposition, and friction response of lenses, all of which are believed to be 

surface-chemistry dependent.  In the past, atomic force microscopy (AFM) has proven 

useful in studying the surface morphology of silicone hydrogel lenses on a submicron 

scale [93, 102, 109].  With appropriate modifications, the AFM can also be used to 

detect frictional forces acting between a probe tip and lens surface under environments 

simulating in-vivo wear conditions.  This approach has been applied to the microscopic 

measurement of friction coefficients for conventional PHEMA hydrogel lenses [107, 110, 

111].  To date, molecular level measurements of silicone hydrogel lens friction 

properties have not been reported.  

In the present study, the surface chemical compositions of three types of silicone 

hydrogel contact lenses have been assessed through the use of XPS while the surface 

morphology and frictional properties have been probed with AFM.  These 

measurements were conducted prior to and following treatment in solutions of a diblock 

copolymer of poly(ethylene oxide) and poly(butylene oxide) (EO-block-BO, or EO-BO 

for short). Block copolymers are often incorporated in lens care solutions as anti-

foaming agents.  Their adsorption and resulting tribological behavior on lens surfaces 

can directly influence the extent of the reconditioning of the lens through solution 

treatment.  The aforementioned surface techniques were utilized to understand the 
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compositional and frictional alteration of lens surfaces by EO-BO copolymer adsorption, 

highlighting improvements in lens surface properties via solution treatment.  Together, 

the results demonstrate close correlations between the surface chemistry and frictional 

response of the material systems, as well as the opportunity for solution-based 

modification of silicone hydrogel lenses.    

Experimental 

Materials 

Three types of silicone hydrogel lenses were investigated: balafilcon A 

(PureVision®) by Bausch & Lomb, senofilcon A (ACUVUE® OASYS®) by VISTAKON 

of Johnson & Johnson, and lotrafilcon B (O2 OPTIX®) by CIBA VISION®.  The 

published composition and hydrophilic surface treatment of each lens are detailed in 

Table 3-1.  Prior to analysis or solution treatment, all lenses were soaked in a standard 

buffered saline solution (Unisol®4, Alcon, Fort Worth, TX) for at least 24 hours.  

Unisol®4 is a borate-buffered saline solution with a pH of 7.4 and is generally used to 

rinse lenses.  Subsequent solution treatments involved soaking the lenses in solutions 

of 0.1 mg/mL of a diblock copolymer, provided by Alcon Laboratories, Inc., in Unisol®4 

at room temperature for at least 24 hours.  The diblock copolymer consisted of, on 

average, 45 units of ethylene oxide and 10 units of butylene oxide per chain.  EO-BO 

surfactants possess better interfacial and wetting properties than the structurally 

equivalent ethylene oxide-block-propylene oxide (EO-PO) surfactants [55]. 

Surface Chemical Composition Analyzed by XPS 

The protocols for preparing hydrogel materials for XPS measurements were 

developed based upon previous reports on the analysis of organic materials with UHV 

techniques [36, 37, 61, 106].  Drying the sample in 10-7 Torr vacuum before transferring 
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it to UHV environment maintained the cleanliness of the sample surface.  Core-level 

XPS scans of the oxygen 1s, carbon 1s, nitrogen 1s, silicon 2p, and sodium 1s regions 

were acquired under basic instrumental settings, i.e. with a pass energy of 20 eV and a 

step size of 0.05 eV. Dual-beam charge neutralization scheme, as discussed in Chapter 

2, was employed. 

The spectroscopic data were processed using CasaXPS software (Casa 

Software Ltd.).  Background subtraction was performed using a sequence of built-in 

mathematic treatments of the software. Sub-peaks within each core-level spectrum 

were assigned, fitted, and analyzed with defined constraints according to the 

procedures aforementioned.  When necessary, spectra were energy-shifted such that 

the core-level peak associated with the C-H/C-C/C-Si state appeared at a binding 

energy of 284.5 eV.  The cited degree of uncertainty with respect to composition is 

attributed to the mathematical uncertainty of the peak fitting results, and such error was 

incorporated into each composition calculation.  

Friction Response and Surface Topography Probed by AFM 

All friction measurements were conducted at room temperature with a 

customized AFM utilizing a commercial control and software system (RHK Technology, 

Troy, MI).  The apex of a lens, entailing an area defined by a diameter of approximately 

0.5 cm, was prepared for each measurement and supported on a polymeric base curve.  

A liquid cell encompassed both tip and sample in the liquid of interest throughout the 

duration of the measurement.  

Frictional forces were measured for the sliding contact of a 5-μm silica colloidal 

probe, attached to a microfabricated silicon nitride triangular cantilever, with the 

hydrogel surface. Typical lateral scan dimensions were 500 nm with applied normal 
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loads ranging from 0 to 20 nN.  Though the maximum force applied was identical on 

different lens surfaces, one must take note that due to the vastly different elastic 

modulus values characteristic to these lenses (see reported values in Chapter 5), large 

disparity is expected in terms of contact pressures applied at the interface while 

scanning (see Equation 2-9).  To explore the dependence of friction on applied load, 

frictional forces were measured during the lateral reciprocation of the probe over the 

surface, producing multiple friction loops for a series of load settings.  A friction-load plot 

was then generated based on the value of the lateral force at a given normal load, 

producing a linear relationship whose slope is taken to be the microscopic coefficient of 

friction.  Calibration of the specific cantilever used yielded a normal spring constant of 

0.12 N/m and a lateral spring constant of 3.2 N/m.  Friction measurements were 

acquired by Alexander Rudy.  

Surface topography of the lenses was probed using a commercial stand-alone 

AFM (Asylum Research, Santa Barbara, CA).  As in lateral force measurements, a 

specialized liquid sample holder was employed for all measurements.  Alternating-

contact mode (AC) AFM imaging was conducted and images were thereby generated 

by plotting deviations of the free, driven amplitude as a function of x-y position across 

the surface.  Data were subsequently converted to reflect topographical changes using 

the IGOR Pro software (WaveMetrics, Portland, OR).  The resulting images were 

processed using SPIP software (Image Metrology A/S, Lyngby, Denmark). 

Results 

Surface Composition 

Following a 24-hour soak in saline and vacuum drying for 12 hours, quantitative 

elemental compositions of the surfaces of these lenses were derived from integrated 
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XPS intensities and are presented in Table 3-2.  Multiple lens samples as well as 

multiple areas on the lens surface were evaluated.  Although slight variations were 

detected, no deviations were significant enough that the trends presented in Table 3-2 

could not be considered representative.  As anticipated, carbon, oxygen, nitrogen, and 

silicon were detected at the surface of each of the lenses.  Trace amount of sodium 

appeared on several samples, possibly as a result of contamination during sample 

preparation and/or the manufacturing process.  As these elements comprise all of the 

surface constituents, the surface composition is reported in terms of percent atomic 

concentration.  The greatest variations in surface composition among the three types of 

lens materials occur in the N and Si concentrations.  As the sampling depth of XPS 

under the employed conditions is limited to approximately 7 nanometers within the 

outermost surface [2, 60, 112], the measured compositions reflect the species present 

in this region following vacuum drying. The measured values represent a quantitative 

basis for following changes in the surface composition as a function of solution 

treatment.  

Further analysis of the C 1s core-level spectra provided greater insight into the 

nature of chemical species found within the near-surface region.  A representative C 1s 

spectrum obtained from a senofilcon A sample is displayed in Fig. 3-1.  The contribution 

of several different moieties to the spectrum is reflected in the presence of underlying 

peaks as well as peak asymmetry.   In XPS data, shifts in binding energy for a given 

element are understood to arise from atoms existing in different bonding environment. 

Following background subtraction, these data have been fit to four discrete species by 

methods described in Chapter 2.   The identification of each chemical shift (as labeled in 
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Fig. 3-1) is based upon literature-reported peak positions of known chemical 

compositions [36, 37], because XPS is not a molecularly specific technique, some 

chemical functionalities cannot be fully distinguished.  Based on the analysis of the 

three types of lens materials, the data reported in Table 3-3 reflect the variation in 

chemical moieties present at the surfaces of these lenses.  Whereas the percent atomic 

concentration data portray similar amounts of carbon in different materials, the detailed 

core-level analysis reflects relatively fewer quantity of N-C=O species present at the 

surface of the senofilcon A lens with respect to the other two.  And although the 

intensities were low, both the balafilcon A and senofilcon A lenses exhibited O=C-O 

species in the surface region, while little evidence of these was found for the lotrafilcon 

B lens. 

Following the characterization of the lenses treated with saline, additional lens 

samples were subjected to treatment in solutions containing EO-BO diblock 

copolymers.  Using similar preparation and analysis methods, the three types of 

materials were investigated with respect to potential modification of their surface 

chemical compositions as a result of exposure to these solutions.  In clinical settings as 

well as in common patient care practice, multipurpose solutions comprised of cleaning 

agents, disinfectants, and/or comfort-enhancing agents are used to treat soiled lenses 

between uses.  The intent of the present study was to evaluate the degree of adsorptive 

uptake of the diblock copolymer EO-BO onto the surfaces of the silicone hydrogels.  

Here, the less hydrophilic butylene oxide block would be viewed as the molecular 

attachment point to the hydrogel surface, thus presenting the more hydrophilic ethylene 

oxide block to the solution environment. 
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In general, percent atomic concentrations derived from the XPS evaluation of the 

treated lenses reflected compositional modifications of the lens surfaces.  These 

modifications entailed increases in carbon and oxygen intensity observed 

simultaneously to decreases in silicon and nitrogen intensity (Table 3-2).  A greater 

understanding of the degree of surface modification is reached upon closer inspection 

of the C 1s core-level spectra acquired for each type of lens.  For reference, Fig. 3-2A 

displays the spectra of the three lenses before EO-BO solution treatment.  Fig. 3-2B 

depicts the chemical changes occurring upon solution treatment.  Each spectrum has 

been deconvoluted by the procedures described above, with the results summarized in 

Table 3-3.  XPS analysis of an EO-BO standard (Fig. 3-3) identified peak intensity at 

284.5 eV (C-H/C-C/C-Si) and 286 eV (C-O/C-N), consistent with the peaks whose 

intensity has changed in the spectra of Fig. 3-2B.  While the elemental analysis reflects 

only modest changes, a result of analyzing the adsorption of a hydrocarbon polymer 

onto a predominantly hydrocarbon surface, the detailed data of Fig. 3-2B and Table 3-3 

demonstrate significant differences in the manner in which the different materials are 

modified.   As primarily indicated through intensity at 286 eV, the greatest degree of 

adsorption of EO-BO copolymer is observed on the lotrafilcon B and balafilcon A 

samples.  Only modest changes are observed for the senofilcon A surface.  For each of 

the treated lenses, decreases in C-H/C-C/C-Si, N-C=O, and O-C=O integrated 

intensities following solution treatment are consistent with these signals being 

attenuated by the presence of the overlaying polymer adsorbates. 

The relative presence of the copolymer in the near-surface region can be 

realized by using a mathematical model that relates the measured total intensity of such 
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species to the escape distance of photoelectrons of a given elemental species [32, 60, 

112].  This model suggests that the measured intensity of the photoelectrons decreases 

exponentially when the escape distance increases.  As the copolymer adsorbate 

species was clearly observed on balafilcon A and lotrafilcon B lenses, one can ascertain 

the relative EO-BO concentrations within the selvedge region.  Specifically, the 

concentration of EO-BO within the near-surface region of lotrafilcon B is observed to be 

approximately twice that found for balafilcon A, following identical treatments.   

AFM Analysis  

The surface topography of the silicon hydrogels was probed by AC mode AFM 

using a silicon nitride probe tip possessing a radius of curvature of < 30 nm.  As shown 

in Fig. 3-4A, the surface of balafilcon A featured micron-sized circular depressions 

approximately 50 nm in depth and narrow trenches running in random directions across 

the surface.  Both senofilcon A (Fig. 3-4B) and lotrafilcon B (Fig. 3-4C), albeit exhibiting 

a degree of surface texture, appeared significantly more homogeneous than balafilcon 

A.  Although potentially related to the surface treatments aimed at improving 

hydrophilicity, none of the surface features were observed to influence the friction 

measurements described below. 

The tribological properties of the hydrogels were examined on a microscopic 

scale by sliding a 5-μm diameter silica probe across the surface while immersed in 

liquid.  Frictional forces between the silica probe and the lens surface were measured 

as a function of applied load as well as treatment of the surfaces with the diblock 

copolymer test solution.  A plot of the frictional force versus normal load in turn reflects 

the frictional character of an interface.  The slope of a given dataset is related to the 

microscopic friction coefficient, with higher slope values corresponding to higher-friction 
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interfaces.   Fig. 3-5 presents a comparison of the frictional properties of the three types 

of lenses tested in saline solution.  When sliding in contact with a silica microprobe, the 

balafilcon A and lotrafilcon B surfaces clearly exhibited higher friction values than that 

observed for senofilcon A.  This observation was consistently repeated for multiple 

samples of each type of material.  While the exact molecular origin of the differences in 

friction response is not evident, these differences can be attributed to the compositional 

differences documented by the XPS measurements of the present study. 

Following measurement of the inherent frictional properties of the hydrogel 

surfaces, solution exchanges were performed, introducing the 0.1 mg/mL EO-BO 

diblock copolymer test solution.  Microscopic friction measurements were repeated in 

the presence of the copolymer solution, the results of which are displayed in Fig. 3-6.   

For each type of lens, a reduction in friction is observed with the introduction of the 

copolymer; however, the extent of modification was lens-dependent.  Balafilcon A (Fig. 

3-6A) and lotrafilcon B (Fig. 3-6C), exhibiting the highest coefficients of friction prior to 

the treatment, experienced the most significant reduction in friction upon the 

introduction of EO-BO.  The senofilcon A (Fig. 3-6B) sample, already exhibiting low 

friction when in contact with the silica probe prior to treatment, saw only a minor 

reduction in friction in the presence of the EO-BO test solution. 

Discussion 

Although the three lens systems investigated all belong to the class of silicone 

hydrogels, distinct differences were observed in both the compositional and frictional 

analyses.  In terms of composition, differences between the lenses were observed with 

respect to the significant variations in Si and N concentrations as well the deconvolution 

of the C 1s spectra, which reflected the differences in the distribution of chemical 
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functionalities present at the surface.   Together, these changes are consistent with their 

respective formulations and surface treatments.  For example, the higher concentration 

of Si at the surface of senofilcon A is consistent with the absence of the plasma surface 

treatment presenting an oxidized or carbon-rich top layer, as in the case of both 

balafilcon A and lotrafilcon B [101, 102, 113].   Upon solution treatment with the EO-BO 

diblock copolymer, further changes in composition and differences in each lens type’s 

behavior were observed.  These are understood to arise from the strong physisorption 

of the copolymer at the lens surface—although formal chemical bonds are not formed, 

the strength of this attractive interaction is sufficient to prevent the removal of the 

copolymer by gentle rinsing prior to vacuum drying. As noted in the discussion of Fig. 3-

2, a greater attenuation of the C-H/C-C/C-Si intensity at 284.5 eV and a greater 

increase in C-O/C-N intensity at 286 eV was observed for the case of balafilcon A and 

lotrafilcon B than for senofilcon A.   These results are consistent with a lesser presence 

of the EO-BO copolymer at the surface of senofilcon A in comparison with the other two 

lenses.  This finding has two possible origins.  First, given that balafilcon A and 

lotrafilcon B undergo plasma treatments by the manufacturer in an effort to increase 

hydrophilicity, a greater concentration of hydrophilic sites may exist at the surface for 

the adsorption of the copolymer; however, the evidence for this origin is not strongly 

reflected in the analysis of surface functionality.  Specifically, the data of Table 3-3 do 

not exhibit significant differences in intensity for C-O/C-N, N-C=O, and O-C=O species 

of the three lenses soaked in saline.  Second, a lesser extent of EO-BO at the surface 

of senofilcon A may result from a greater internal free volume of this lens [113].  In this 
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way, EO-BO may be absorbed into the lens as opposed to adsorbed onto the surface 

as in the case of the two plasma treated lenses.  

In terms of friction, the lenses were clearly differentiated by their load-dependent 

friction response (Fig. 3-5).  For the case of lenses soaked in saline, senofilcon A 

exhibited a markedly lower friction than both balafilcon A and lotrafilcon B.  The plasma 

treatments aimed at improving the hydrophilicity of these latter two lenses may very well 

result in species that produce a greater frictional response when in contact with a silica 

probe.  Additionally, the internal wetting agent of the senofilcon A lens may contribute to 

the lower surface friction, though this has not been clearly indicated in the compositional 

analysis.  Upon treatment with the diblock copolymer, the extent of friction reduction is 

seen to qualitatively correlate with the relative amount of copolymer adsorption on the 

surface as detected by XPS.  A significantly greater reduction in friction is observed for 

balafilcon A and lotrafilcon B on which a greater presence of EO-BO was detected.  In 

turn, the reduction in friction is ascribed to the introduction of highly hydrated ethylene 

oxide moieties to the sliding interface [11–14, 114, 115].  Albeit slight, opposite changes 

in the intensities of C-H/C-C/C-Si and C-O/C-N binding states in the senofilcon A 

sample were observed, indicating some presence of EO-BO at this surface as well.  

Such evidence could explain the minute reduction in friction seen on the senofilcon A 

lens surface. 

Concluding Remarks 

As discussed before, much of a contact lens’ in-vivo performance depends on its 

surface’s ability to be wet by the tear film upon blinking.  Such behavior can be 

generally attributed to the surface hydrophilicity as expressed by the polar groups on 

the surface.  In this study, differences in the surface chemical composition of three 



 

97 

major types of silicone hydrogel contact lens materials were resolved using XPS.  

Friction measurements with AFM also resolved distinct differences in their behavior, 

with the two lens types involving a factory plasma treatment exhibiting the highest 

frictional response.  The silicone hydrogel lenses were also treated with a test solution 

of an EO-BO diblock copolymer.  XPS data revealed that lenses having undergone 

previous surface treatments, i.e. balafilcon A and lotrafilcon B, experienced significant 

surface chemical modification through copolymer adsorption.  Furthermore, upon 

treatment with the diblock copolymer test solution, the reduction in friction of these two 

lenses was much more pronounced than in the case of senofilcon A.  Together, the 

results convey a strong correlation between the adsorption of the EO-BO diblock 

copolymer and the reduction in interfacial friction.  These findings clearly indicate the 

opportunity for dynamic modifications to silicone hydrogel contact lens surfaces through 

solution treatment and a potentially important clinical strategy for enhancing wear 

comfort in vivo.  
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Table 3-1.  Details of the three major SH contact lenses with their respective treatment 
for improving hydrophilicity [36, 97] 

 

Trade Name USAN Name Published Composition  
Hydrophilic Surface 
Treatment 

PureVision®  balafilcon A NVP, TPVC, NCVE, PBVC 
 
Plasma oxidation  

 
ACUVUE® 
OASYS®  senofilcon A 

mPDMS, PVP, siloxane 
macromer, DMA, HEMA  

None  
(internal wetting agent) 

 
 
O2 OPTIX®  lotrafilcon B 

TRIS, siloxane macromer,  
DMA, HEMA 

Uniform thin coating via 
plasma-induced 
polymerization  

 

NVP: N-vinyl pyrrolidone; TPVC: tris-(trimethylsiloxysilyl) propylvinyl carbamate; NCVE: N-
carboxyvinyl ester; PBVC: poly(dimethysiloxy) di(silylbutanol) bis(vinyl carbamate); mPDMS: 
monofunctional poly(dimethylsiloxane); PVP: poly(vinyl pyrrolidone); TRIS: trimethylsiloxy silane; 
DMA: N,N-dimethylacrylamide; HEMA: poly(2-hydroxyethyl methacrylate)  

 



 

99 

Table 3-2.  Surface elemental compositions of the silicone hydrogels investigated by 
XPS  

 

Lens Type Treatment Surface Elemental Composition (atomic% ± error) 

  
C O   N Si Na* 

Balafilcon A Saline  62.9 ± 1.0 21.2 ± 0.8    7.4 ± 0.4 7.9 ± 0.4 0.6 ± 0.1 

 
EO-BO 64.1 ± 1.2 25.0 ± 0.8    4.7 ± 0.3 6.2 ± 0.2 0 

Senofilcon A Saline 64.6 ± 1.5 20.9 ± 0.9    4.7 ± 0.3 9.8 ± 0.3 0 

 
EO-BO 66.3 ± 1.0 21.1 ± 0.7    4.0 ± 0.3 8.7 ± 0.3 0 

Lotrafilcon B Saline 65.4 ± 1.6 20.0 ± 0.6  12.6 ± 0.4 0.8 ± 0.2 1.1 ± 0.1 

 EO-BO 70.1 ± 1.0 25.1 ± 0.5    3.8 ± 0.3 0.5 ± 0.3 0.4 ± 0.1 
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Figure 3-1.  An example of the deconvolution of C 1s spectrum obtained from a 
senofilcon A lens. Note that all the chemical shifts were identified by 
characteristic peak positions as reported in the literature.    
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Table 3-3.  Comparison of quantitative distribution of deconvoluted carbon 1s species of 
lenses treated with saline and EO-BO 

 

Lens Type Treatment Carbon 1s Species Distribution  (atomic% ± error) 

   C-H, C-C, C-Si C-O, C-N N-C=O O-C=O 

Balafilcon A Saline 58.3 ± 0.9  27.4 ± 0.4 11.9 ± 0.2 2.4 ± 0.1 

 EO-BO 48.0 ± 0.9 42.5 ± 0.8   7.9 ± 0.1 1.6 ± 0.1 

Senofilcon A Saline 61.3 ± 1.4 28.9 ± 0.7   8.0 ± 0.2 1.8 ± 0.1 

 EO-BO 57.8 ± 0.9 33.3 ± 0.5   6.8 ± 0.1 2.1 ± 0.1 

Lotrafilcon B Saline 66.9 ± 1.7 22.0 ± 0.6 11.1 ± 0.3 0 

 EO-BO 33.5 ± 0.5 62.3 ± 0.9   4.2 ± 0.1 0 
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Figure 3-2.  XPS spectra of C 1s of the three types of lenses.   A) Treated in saline 
solution.  B) Treated in EO-BO test solution.  The spectra contain 
devonvoluted peaks indicating different chemical shifts within the C 1s core 
region. The identification of each chemical shift was based on a reference 
XPS spectrum (not shown) of the residue of an EO-BO test solution following 
evaporation in an inert environment. 
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Figure 3-3.  Carbon 1s spectrum of a solid standard of EO-BO.   
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Figure 3-4.  AC mode AFM images (5 μm x 5 μm) of the anterior surfaces of the silicone 
hydrogel lenses.  A) Balafilcon A.  B) Senofilcon A.  C) Lotrafilcon B.  The 
images have been processed through light shading in order to enhance 
topographic features.  Holes and trenches are apparent across the surface of 
balafilcon A, while few signature topographical features are apparent on the 
surface of senofilcon A.  Lotrafilcon B exhibits a corrugated topography on 
this length scale. 
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Figure 3-5.  A representative set of friction-load measurements for the three types of 
hydrogel samples examined in saline. The coefficients of friction, defined as 
the slope of the plot, of balafilcon A (filled circles) and lotrafilcon B (open 
triangles) are significantly greater than that of senofilcon A (filed squares).  
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Figure 3-6.  Friction between the hydrogel sample and a silica microprobe, before (filled) 
and after (open) the introduction of a EO-BO copolymer test solution.  A) 
Balafilcon A.  B) Senofilcon A.  C) Lotrafilcon B. 
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Figure 3-6.  Continued. 
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CHAPTER 4 
SURFACE AND BULK UPTAKE OF ETHYLENE OXIDE-BLOCK-BUTYLENE OXIDE 

COPOLYMER BY SILICONE HYDROGEL CONTACT LENS MATERIALS 

Background and Motivation 

In the effort to improve the surface hydrophilicity and tear wettability of silicone 

hydrogel contact lenses, manufacturers have implemented various strategies in the 

design of the bulk and surface chemical compositions of the hydrogels.  A recent 

research endeavor has explored the possibility of modifying hydrogel’s surface 

chemistry by the adsorption of surface active agents.  Past studies have analyzed 

changes in surface properties of hydrogel lenses following the adsorption of such 

surfactant molecules as hydroxypropyl methylcellulose (HPMC) and poloxamine 1107 

(BASF) [105, 116, 117].  These studies concluded that the surface adsorption of these 

molecules resulted in improved wetting behavior of PHEMA-based lenses.  Furthermore, 

subjects wearing the surfactant-treated lenses also reported enhanced comfort, 

underscoring the potential of this treatment to be used in clinical applications of 

conventional hydrogel lenses. 

In addition to HPMC and poloxamine, small amphiphilic block copolymers have 

long been regarded as effective surface-active agents in a host of industrial and medical 

applications.  Categorically, this nonionic and water-soluble class of molecules is 

especially suitable for modifying surfaces under aqueous conditions.  As the reduction 

of friction and enhancement of comfort at the lens-tear film interface is a rising concern 

in the contact lens materials research field, amphiphilic block copolymers containing 

poly(ethylene oxide) (EO) as the hydrophilic component balanced by a relatively more 

hydrophobic component have received much attention as functional surface-active 

additives to multi-purpose disinfecting solutions (MPDS).   
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Much of the literature on EO-based amphiphilic block copolymers is devoted to 

the study of adsorption and association behaviors of poly(ethylene oxide)-

poly(propylene oxide) (EO-PO) based triblock copolymers having various molecular 

architectures.  The Pluronic® (BASF) series of block copolymers include various EO-

PO-based copolymers, primarily used as anti-foaming agents in some lens-care 

solutions.  It has been suggested, however, that the larger difference in polarity between 

the EO and the butylene oxide (BO) blocks in EO-BO copolymers can lead to greater 

surface activity, i.e., more effective surface tension reduction as compared to that 

observed with the structurally equivalent EO-PO copolymers [55, 118].   

Prior work within our group, as reported in Chapter 2, has characterized the 

interfacial friction of hydrated silicone lenses in the presence of an EO-BO copolymer 

solution using AFM [119].  It was shown that in comparison to the neat lens samples, 

reduction in friction was apparent for some lenses following the exposure to this 

copolymer. Based on chemical modifications seen with XPS, surface adsorption of EO-

BO was concluded.  The extent of such modifications, however, was lens-dependent.  

Specifically, lenses having undergone surface plasma treatments, e.g., balafilcon A and 

lotrafilcon B, demonstrated much greater EO-BO adsorption, and consequently, friction 

reduction, in comparison to senofilcon A, which is not surface-treated during 

manufacturing.  These preliminary results led to speculation that the mechanism by 

which the surfactant molecules interact with different silicone hydrogel lenses is a 

function of each lens’ surface chemistry.  In the former studies, the possibility of the 

absorption of the EO-BO copolymer into the bulk of hydrogels was not precluded, thus 

prompting the quantitative investigation of copolymer net uptake.  In the present study, 
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the interaction mechanisms between EO-BO copolymers and surfaces of four types of 

silicone hydrogel lenses have been concurrently assessed by XPS and ultra-

performance liquid chromatography (UPLC), respectively.  The resulting correlation 

between the degree of surface adsorption and a quantitative measure of the amount of 

EO-BO copolymer uptake, reflective of bulk absorption, further reveals a rich disparity in 

the nature of interaction between this surfactant and lenses of distinct compositions, 

potentially offering the pathways to finding clinically relevant solution treatments.    

Experimental 

 Materials 

Four types of silicone hydrogel lenses were investigated: balafilcon A 

(PureVision®) by Bausch & Lomb, senofilcon A (ACUVUE® OASYS®) by VISTAKON of 

Johnson & Johnson, lotrafilcon B (O2OPTIX®) by CIBA VISION®, and comfilcon A 

(Biofinity®) by CooperVision.  The published composition and hydrophilic surface 

treatment of each lens are detailed in Table 4-1, which is an extended version of Table 

3-1 with the addition of information on comfilcon A.  Standard lens sample preparation 

was conducted, followed by soaking the lenses in solutions containing various EO-BO 

concentrations at room temperature for at least 24 hours.  All EO-BO treated lenses 

were analyzed without further solution treatment (e.g. rinsing) but were gently dried with 

tissue to remove excess solution.   

Bulk Uptake of EO-BO Analyzed by UPLC  

 Bulk uptake of EO-BO was assessed using the extraction from each lens and 

analyzed by an UPLC system (Waters Corporation, Milford, MA, USA), which consisted 

of a binary solvent separation module and a charged aerosol universal detector (CAD). 

The separation was performed on an ACQUITY UPLC™ column (2.1 mm x 150 mm, 
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1.7 m particle size) with a mobile phase consisting of methanol (solvent A) and 0.1 % 

trifluoroacetic acid/diamond water (solvent B). A semi-gradient chromatographic 

condition was applied to the mobile phase in order to establish an acceptable baseline 

for the elution study.  Subsequently, standards of EO-BO and EO-BO extract dissolved 

in methanol from each treated lens were acquired and analyzed using Empower 

software (Waters Corporation, Milford, MA, USA), resulting in the amount of EO-BO 

uptake measured as a function of retention time.  The UPLC experiments were 

performed by support scientists in Alcon Laboratories, Forth Worth, TX. 

Surface Chemical Composition Analyzed by XPS 

Standard protocols for vacuum drying and analyzing the hydrogels in XPS were 

applied to the samples in the present study.  AR-XPS was conducted to examine the 

variation in composition as a function of depth, particularly for determining possible 

molecular absorption of EO-BO into the near-surface region of the hydrogels.  The 

spectroscopic data were processed following the procedures established in Chapter 2.   

Results 

Hydrogel Total Uptake of EO-BO  

 The degree of total EO-BO uptake by each lens sample was quantified by 

measuring the eluted amount of EO-BO with UPLC as a function of the surfactant 

concentration of the testing solution.  As shown in Table 4-2, the four lenses displayed 

markedly different absorption behavior at each level of EO-BO concentration.  The 

surface plasma-treated balafilcon A retained the largest amount of EO-BO.  A similar 

degree of absorption was observed for comfilcon A, a lens absent of any surface 

hydrophilic treatment.  Lotrafilcon B, with a uniform plasma-induced polymeric surface 

treatment, resulted in the least amount of EO-BO uptake at all levels of surfactant 
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concentrations, while senofilcon A showed a moderate level of uptake.  In light of the 

known characteristics of each lens shown in Table 4-1, these elution data do not 

indicate a simple correlation between lens surface modification and bulk absorption of 

EO-BO molecules.  For example, balafilcon A and lotrafilcon B, both having received 

surface plasma treatments and both having shown comparable degrees of surface 

modifications previously upon copolymer solution treatments (see Chapter 3), displayed 

contrasting bulk absorption behavior.     

 Although the extent of uptake differed between lenses, the amount of eluted EO-

BO for a given lens type was directly correlated to the concentration of EO-BO in 

solution.  This trend, consistently observed for all lenses, suggests that the absorption 

of EO-BO molecules into the bulk of a generally porous silicone hydrogel follows a 

classic diffusion model driven by the concentration gradient of solute across the 

solution-hydrogel interface.  The significant variation in the degree of such driving forces 

seen for the different lens types may be a reflection of the differences in both the 

surface and the bulk microstructure of the materials. 

Lens Surface Modification by EO-BO 

Following a 24-hour soak in EO-BO solutions (or saline for the control samples) 

and vacuum drying for 12 hours, quantitative elemental compositions of the lens 

surfaces were derived from integrated XPS intensities and are presented in Table 4-3.  

Multiple lens samples as well as multiple areas on the lens surface were evaluated.  

Although slight variations were detected between samples of the same type (cf. Table 

3-3), no deviations were significant enough that the trends presented in Table 4-3 could 

not be considered representative.  Detailed analysis of the XPS 
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spectra of the carbon 1s core region through curve fitting exercises provided greater 

insight into the nature of chemical species found within the near-surface region (Table 

4-3).  Refer to Fig. 3-1 for an example of a deconvoluted C 1s spectrum from a 

senofilcon A sample. 

Although the hydrogel lens material and EO-BO surfactant share common 

chemical functionalities, evidence of surface modification by EO-BO is realized, in part, 

through the increase in relative intensity of the peak at a characteristic binding energy of 

286 eV.  Notably, as seen in Table 4-3, the greatest increase in intensity of the C-O 

binding state occurred for both balafilcon A and lotrafilcon B, indicating the adsorption of 

EO-BO within the surface region.  Senofilcon A and comfilcon A, on the other hand, 

each displayed a lesser degree of EO-BO adsorption, indicated by the slight change in 

the C-O signals following solution treatment.   

Fig. 4-1 illustrates the disparity in the degree of surface modification by EO-BO 

through a comparison of the C 1s spectrum of each lens surface prior to and following 

solution treatment with the highest EO-BO concentration. A difference curve was 

obtained for each lens type by subtracting the spectrum of a neat sample from that of an 

EO-BO treated sample.  Here, all spectra have been normalized to the same integrated 

intensity, thus making the difference curves across different lens types quantitatively 

comparable.  

By attributing the integrated area under the positive portion of each difference 

curve at ~286 eV to intensity arising from C-O species found in EO-BO, the extent of 

adsorption can be estimated as a percentage of the total carbon intensity generated 

from within the near-surface region (Table 4-4).  Noting that all lenses exhibited 
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approximately the same atomic concentration of carbon within this region, these 

percentages can be used as a guide to differentiate the lenses in terms of their extent of 

surface interaction with EO-BO molecules. This approach specifically provides a 

quantitative method of comparing uptake data that moves beyond the qualitative 

description concluded in the previous study (see Chapter 3); the trends observed in 

these two reports are identical. 

Discussion 

The four lenses examined in this study, with their distinctive compositions and 

surface treatments, are differentiated by the extent of EO-BO adsorption to the surface 

or near-surface region and absorption into the bulk.  Together, the data portray a range 

of models describing the distribution of the EO-BO surfactant throughout the hydrogel 

materials.    

In general, the data indicate the following comparative descriptions.  Balafilcon A 

exhibits relatively high EO-BO uptake in both the surface region and the bulk.  For 

lotrafilcon B, high uptake was observed only in the surface region with little surfactant 

being absorbed by the bulk lens. Senofilcon A was shown to have the lowest 

percentage of EO-BO in the surface region, yet demonstrated a moderate degree of 

bulk uptake.  Finally, comfilcon A exhibited a relatively modest modification of surface 

composition with significant bulk uptake of EO-BO.   These data also lead to the 

following observations: (i) the two lenses receiving plasma surface treatments exhibit an 

affinity for adsorption of EO-BO in the surface region, and (ii) independent of the 

amount adsorbed in the surface region, lenses exhibit vastly varying amount of the 

copolymer in their bulk. The differences in surface and bulk uptake behavior for the 
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different lens types also suggest the presence of gradients of EO-BO concentration 

within the lenses. 

The presence of concentration gradients in the near-surface region (up to the 

outermost 10 nm) can be qualitatively evaluated by angle-resolved XPS (AR-XPS).  AR-

XPS has proven to be an effective tool for analyzing the chemical states present at 

various depths beneath the surface of hydrogel materials [62], which in turn, can 

provide evidence for delineating whether the molecules have penetrated into the near-

surface region during solution treatment, or simply remained atop the surface.  Models 

constructed to account for attenuation of photoelectron intensity as a function of 

collection angle indicate that 95% of the data measured at 85° TOA corresponds to 

species found in topmost 2 nm, inclusive of the species adsorbed atop the surface.  At a 

TOA of 65°, intensity arises from species within approximately 10 nm of the surface 

plane.  Relative differences in the amount of EO-BO signature appearing for these two 

sampling depths would highlight the preferential adsorption of EO-BO to the outermost 

portions of the hydrogel.  This was the case for the balafilcon A and the lotrafilcon B 

samples, both of which have received factory surface treatments for improved 

wettability of the lenses.  Particularly in the case of lotrafilcon B, there was very little 

evidence suggesting the presence of hydrophilic C-O species found beneath the 

outermost 2-nm of the surface region.  A second model of distribution of EO-BO was 

observed for the senofilcon A and comfilcon A samples.  The C 1s spectra of these 

lenses, taken at 85° TOA, revealed little, if any, change in intensity for the C-O binding 

energy range as a function of angle, consistent with a uniform EO-BO concentration 
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through the outermost 10 nm.  A detailed account of the AR-XPS analysis can be found 

in Appendix B. 

Finally, the disparity between the amount of EO-BO adsorbed onto the surface 

and absorbed into the bulk can be assessed through calculations of surfactant molecule 

concentration in the different regions of the hydrogel structures.  These calculations will 

obviously rest upon a number of simplifying assumptions; they are, however, beneficial 

in benchmarking the molecular nature of interaction between the EO-BO copolymer and 

the various hydrogels.  First, from the UPLC data, it is relatively straightforward to 

calculate an average molecular concentration within the lens from the mass of EO-BO 

extracted from each lens.  Based upon the dimensions of the lens, assigning a diameter 

of 14 mm and a thickness of 100 μm, and the copolymer molecular weight, an average 

bulk concentration can be calculated.  For the purpose of visualizing molecular 

concentration, the average bulk concentration for the different lenses is presented in 

units of number of EO-BO molecules per 1000 nm3, a unit volume with dimensions on 

the scale of the Flory radius of the polymer and the sampling depth of the XPS.  As 

previously discussed, gradients in concentration exist within the bulk as a function of 

distance from the surface, yet the average values presented in Table 4-5 are useful in 

defining the order of magnitude in concentration.   

 The calculation of molecular concentration within the surface region is based 

upon the assumption of a silicone hydrogel density in the dried state (1.11 g/cm3, ref. 

[120] and the atomic concentrations of elements measured via XPS.  By integrating the 

area under the curve describing exponential attenuation of photoelectron intensity as a 

function of depth, it is possible to determine a sampling volume.  XPS measurements of 
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the atomic concentration of carbon allow the determination of the mass of carbon 

present within this sampling volume.   The relative percent of adsorbed EO-BO (Table 

4-4) in turn provides the opportunity to calculate the mass of EO-BO, which is easily 

converted to the number of molecules via the molecular weight of the copolymer.  Again 

for the purposes of visualization, the results have been scaled to the number of 

copolymer molecules found in a 1000 nm3 volume (Table 4-5).  In this case, the 

thickness of the volume element is taken to be outermost 10 nm of the surface and 

does not account for any gradients within this region. 

Together, these results demonstrate both surface and bulk effects.   Lenses with 

hydrophilic surface treatments showed evidence of preferential adsorption within the 

near-surface region, as in the cases of balafilcon A and lotrafilcon B.  For the case of 

lotrafilcon B, it is unclear whether the surface treatment inhibits bulk adsorption or the 

bulk hydrogel exhibits a low affinity for copolymer absorption; nonetheless, this lens 

exhibited the lowest degree of bulk uptake.  Variations in the affinity for copolymer 

uptake are further illustrated for the two lenses with no surface treatments, i.e. 

senofilcon A and comfilcon A, highlighting the influence of the specific hydrogel polymer 

compositions on the degree of bulk uptake.  The results also depict the nature of EO-

BO concentration gradients.  Although only average concentrations have been 

calculated for the bulk and the surface regions, the diffusion-mediated uptake of the 

copolymer into the relatively low-density hydrogel requires continuity in concentration as 

a function of depth into the bulk.  The resulting gradient would move from a higher 

concentration at the surface, measured in all cases, to a lesser concentration in the bulk. 

With this in mind, the concentration gradient would be seen as the greatest for the case 
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of lotrafilcon B and the least for senofilcon A; the two other lenses exhibit intermediate 

gradients.  Further kinetic studies would be required to refine this picture and to 

elucidate depth-specific concentrations for the different lenses. 

Concluding Remarks 

As the inclusion of amphiphilic surfactants in multi-purpose disinfecting solutions 

becomes increasingly commonplace in today’s lens care industry, understanding of the 

fundamental interaction between these functional molecular species and the hydrogel 

lens materials increases in importance.  In this study, aqueous solutions of an EO-BO 

diblock copolymer have been used to treat four silicone hydrogel lenses possessing a 

range of bulk compositions and surface treatments.  Following solution treatments, the 

extent of lens surface modification by EO-BO and the degree of bulk uptake have been 

studied using XPS and UPLC, respectively.  The experimental results suggest different 

interaction models for the lenses, highlighting the influence of both surface and bulk 

composition. Together, these results depict EO-BO molecular concentration gradients 

as a function of depth into the lens with the concentration levels being lens-specific.  

The results further suggest opportunities for compositional modifications of lenses with 

the potential for improved performance via solution treatments containing surface-active 

agents.  One example of such opportunity was evidenced previously where the 

adsorption of EO-BO has led to the reduction in friction coefficient of the lenses and the 

degree of such reduction was also lens-specific.  From a broader perspective, 

physiological conditions are likely to influence and participate in such compositional 

modifications of lenses, through both surface adsorption and bulk uptake. 
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Table 4-1.  Details of the four major silicone hydrogel contact lenses with their 
respective treatment for improving hydrophilicity [36, 93, 103] 

 

Trade Name USAN Name Published Composition  Hydrophilic Surface Treatment 

PureVision®  Balafilcon A NVP, TPVC, NVA, PBVC Plasma oxidation 
 
ACUVUE® 
OASYS®  Senofilcon A 

mPDMS, PVP, siloxane 
macromer, DMA, HEMA  

None  
(PVP internal wetting agent) 

 
 
 
O2OPTIX®  Lotrafilcon B 

TRIS, siloxane macromer,  
DMA 

Uniform thin coating via 
plasma-induced 
polymerization  

Biofinity ® Comfilcon A 
FM0411M, HOB, IBM, 
M3U, NVP, TAIC, VMA None 

 

NVP: N-vinyl pyrrolidone; TPVC: tris-(trimethylsiloxysilyl) propylvinyl carbamate; NVA: N-vinyl 
amino acid; PBVC: poly(dimethysiloxy) di(silylbutanol) bis(vinyl carbamate); mPDMS: 
monofunctional poly(dimethylsiloxane); PVP: poly(vinylpyrrolidone); TRIS: trimethylsiloxy silane; 
DMA: N,N-dimethylacrylamide; HEMA: poly(2-hydroxyethyl methacrylate); FM0411M: α-
methacryloyloxyethyl iminocarboxyethyloxypropyl-poly(dimethylsiloxy)-butyldimethylsilane; HOB: 
2-hydroxybutyl methacrylate; IBM: isobornyl methacrylate; M3U:  α, ω-bis(methacryloyloxyethyl 
iminocarboxy ethyloxypropyl)-poly(dimethysiloxane)-poly(trifluoropropylmethysiloxane)-poly(ω-
methoxy-poly(ethyleneglycol)propylmethylsiloxane; TAIC: 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione; VMA: N-vinyl-N-methylacetamide 

 



 

120 

Table 4-2.  Quantitative comparison of the amount of EO-BO (± standard deviation) 
eluted from different silicone hydrogel lenses as measured by UPLC. 

 

EO-BO Concentration Total amount of EO-BO recovered per lens (μg) 

(%wt/%vol) Balafilcon A Senofilcon A Lotrafilcon B Comfilcon A 

0 (control) 0 0 0 0 

0.01 14.43 ± 1.08 9.66 ± 0.34 0 15.57 ± 0.70 

0.04 48.20 ± 1.55 34.84 ± 1.45 3.36 ± 0.74 55.94 ± 0.79 

0.1 151.77 ± 3.74 77.96 ± 2.44 7.21 ± 1.16 140.24 ± 4.96 
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Table 4-3.  Comparison of quantitative distribution (at.% ± fitting error) of deconvoluted 
carbon 1s species of lenses treated with saline and EO-BO solution of the 
highest concentration. 

 

   C-H/C-C/C-Si C-O/C-N N-C=O O-C=O 

Balafilcon A Saline 61.3 ± 1.1  26.2 ± 0.5 9.7 ± 0.2 2.8 ± 0.1 

 EO-BO 53.8 ± 0.7 36.0 ± 0.5 8.7 ± 0.1 1.5 ± 0.1 

Senofilcon A Saline 64.2 ± 1.0 25.9 ± 0.4 5.9 ± 0.1 4.0 ± 0.1 

 EO-BO 63.5 ± 0.9 26.5 ± 0.4 6.4 ± 0.1 3.6 ± 0.1 

Lotrafilcon B Saline 70.1 ± 2.0 20.8 ± 0.6 9.1 ± 0.3 0 

 EO-BO 53.4 ± 0.7 37.2 ± 0.5 9.4 ± 0.1 0 

Comfilcon A Saline 65.6 ± 1.2 26.9 ± 0.5 7.5 ± 0.1 0 

 EO-BO 63.2 ± 1.0 29.6 ± 0.4 7.2 ± 0.1 0 
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Figure 4-1.  C 1s spectra of the neat (dotted) and the treated (solid) sample for each 
lens type.  A) Balafilcon A.  B) Senofilcon A.  C) Lotrafilcon B.  D) Comfilcon 
A.  Note that in A) and C), intensity arising at highlighted portion of the 
spectrum (arrows) evidences the preferential surface adsorption of EO 
blocks.  However, samples B) and D) do not produce significant peaks at the 
same binding energy, suggesting a much lesser degree of adsorption of EO-
BO on the surface.  The data shown here correspond to treatments with the 
highest EO-BO concentration, i.e. 0.1 %wt/%vol. 

B 
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Figure 4-1.  Continued. 
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Table 4-4.  Semi-quantitative comparison of the degree of adsorption of EO-BO within 
the upper 10 nm of the different silicone hydrogel lens types.  Percent 
adsorption reflects the percentage of C species within the near-surface region 
attributable to EO-BO. 

 

Lens type Relative degree of adsorption (%) 

Balafilcon A 7.1 

Senofilcon A 0.7 

Lotrafilcon B 8.2 

Comfilcon A 3.0 
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Table 4-5.  Average concentration of EO-BO measured by UPLC and XPS 
 

 

Lens type 

Average concentration in the bulk 

(molecules/1000 nm3) 

Average concentration at the surface 

(molecules/1000 nm3) 

Balafilcon A 1.6 10.7 

Senofilcon A < 1 (0.8) 1.1 

Llotrafilcon B << 1 (0.1) 12.1 

Comfilcon A 1.5 3.6 
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CHAPTER 5 
INFLUENCE OF A SURFACE GEL LAYER ON THE ELASTIC MODULUS OF 

SILICONE HYDROGEL MATERIALS MEASURED WITH COLLOIDAL PROBE AFM 

Background and Motivation 

One of the key parameters employed to describe the mechanical property of a 

crosslinked network material such as a hydrogel is Young’s modulus, a quantity 

reflective of the material’s intrinsic resistance to elastic deformation.  Contact lens 

materials are often distinguished by their bulk elastic moduli measured under uniaxial 

tension as a quantification of their mechanical durability [47].  However, it is not difficult 

to realize that bulk tensile modulus alone cannot sufficiently explain the surface 

mechanical and tribological behavior of lens materials, considering the compressive 

nature of the loading condition under which lenses are employed.  Microtribometry and 

atomic force microscopy (AFM) experiments performed in the past have demonstrated a 

positive correlation between the compressive modulus of a hydrogel lens material and 

its friction coefficient [42].   

Typical hydrogel contact lens materials consist of chemically crosslinked polymer 

networks with equilibrium water contents (EWC) ranging from, on average, 40% for 

silicone hydrogel lenses to 60% for PHEMA hydrogel lenses (generally a copolymer of 

HEMA with a more hydrophilic monomer) in the bulk [47].  The lower EWC of silicone 

lenses originates from the specific siloxane-containing bulk chemical compositions.  

Whether incorporated into the polymer chain or included as oligomers, siloxane 

components are generally hydrophobic but are exceptional for oxygen transport due to 

the flexible Si-O bonds [47].  As a result, a major challenge in silicone hydrogel lens 

design is to circumvent the reduced hydrophilicity at lens surface, which leads to tear 

wetting instability, with specific chemical treatments that can alter the surface energy of 
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the lens or with molecular design that improves the retention of water at the lens 

surface. 

When employing a colloidal probe, AFM has been proven useful in measuring 

the elastic modulus of hydrogel materials, biological tissues, and living cells in the past 

[41, 43, 85, 86].  With the assumption of an appropriate contact mechanics model, 

known probe geometries enable the calculation of the applied stress.  With the 

application of forces on the order of nanoNewtons, the micron-sized probe can produce 

relative large contact area in order to achieve physiologically relevant contact 

pressures, unattainable with sharp probes.   

The classic Hertz model is frequently used to analyze the contact mechanics of 

homogeneous soft materials and has been shown to be effective in delineating the 

elastic moduli of a number of contact lens materials (baseline measurements preceding 

the current study; results not shown).  The Hertzian theory assumes the contacting 

surfaces to be non-conforming, frictionless elastic half spaces, and predicts linear 

elasticity under small strain (details of the theory may be found in Chapter 2) [46, 121].  

Fitting the experimental AFM data to the power-law based Hertzian relationship 

(Equation 5-1) between force FN and indentation depth δ gives rise to the elastic 

modulus of the hydrogel surface E’.   

           (5-1) 

This study aims to investigate the surface elastic properties of a novel silicone 

hydrogel contact lens material.  The material, formally known as delefilcon A, consists of 

a silicone hydrogel core modified with a poly(acrylic acid)-co-poly(acrylamide) gel layer 
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via a proprietary chemical coupling process [42].  Unlike most silicone hydrogel lens 

materials with homogenous EWC below 45%, delefilcon A reportedly has an EWC 

greater than 80% in the near-surface region measuring approximately 6 μm in 

thickness, and a bulk EWC similar to other silicone lenses.  As a previous study by 

Dunn et al. has shown, this exceptionally high EWC is consistent with a low modulus 

hydrogel structure capable of providing low friction sliding in aqueous environment 

under boundary lubrication conditions [42].  Indentation results reported in the same 

study briefly discussed the depth-dependent elastic modulus of delefilcon A; here, more 

detailed considerations will be given to the possible origins of its mechanical behavior, 

especially in comparison with other typical silicone hydrogel lenses.   

It is hypothesized that the orders of magnitude of variation in the elasticity of 

delefilcon A can be correlated with changes in the depth-specific molecular structure 

and the resulting gradient in water content.  As such, modifications to the conventional 

understanding of hydrogel elasticity are necessary in order to account for the unique, 

graded structure found for delefilcon A. 

Experimental 

Materials 

The delefilcon A lens (DAILES TOTAL1®, Alcon) employed in this study was 

commercially fabricated and approximately 100 μm in thickness at the center, allowing 

slight variations based on the power of the lens.  Senofilcon A (ACUVUE® OASYS®, 

Johnson & Johnson) and balafilcon A (PureVision®, Bausch & Lomb) lenses designed 

for extended wear were also analyzed for comparative purpose.  These two particular 

lenses were chosen because they represent two general schemes of improving surface 

hydrophilicity of silicone hydrogels (see discussion in Chapters 3 and 4).  Prior to the 
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AFM experiments, each lens sample was soaked in saline (Unisol4®, Alcon) for 24 

hours in order to eliminate the effect of blister pack solutions.  All modulus values were 

obtained from the anterior surface of the sample.  

Methodology 

The surface elastic modulus of each hydrogel lens was measured at room 

temperature (25°C) using a commercial stand-alone AFM (Asylum Research, Santa 

Barbara, CA).  The instrument is equipped with a specialized liquid sample holder 

ensuring that both the probe and the sample are fully submerged in saline throughout 

the duration of the experiment.  A 5-μm (in diameter) silica microsphere was employed 

as the probe, which was affixed on a calibrated cantilever, as imaged by SEM in Fig. 2-

18, with a normal force constant of 5.19 N/m.  The normal force constant of the 

cantilever used in this study was determined experimentally by the thermal method 

detailed in Chapter 2 and Appendix A [122]. This method relates the normal spring 

constant with the motion of the cantilever due to thermal fluctuations in free-air, i.e., free 

of the influence of probe-surface interactions.  The cleanliness of the microsphere was 

maintained by oxygen plasma treatments following each experiment to remove possible 

material transfer from the sample.  The approach speed of the z-piezo was set to be 1 

μm/s.  Multiple force curves and multiple locations on a given surface were sampled to 

capture the characteristic and representative modulus value of the lens. 

The elastic modulus of the hydrogel samples was measured in the following 

manner.  The probe was engaged with the sample at contact, from which point the 

increase in force experienced by the deflected cantilever was monitored as a function of 

the travel distance of the probe towards the sample.  In the present study, each force 

curve was carefully treated in order to evaluate the point of contact, taking into account 
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the instrument’s detection limit and the force offset characteristic to each measurement.  

The indentation depth of the probe into the surface was subsequently calculated as 

depicted in Fig. 2-19A.  Upon fitting the force-indentation behavior to the appropriate 

contact mechanics model, the elastic modulus of the sample surface was determined 

(detailed description of the fitting exercise is provided in Chapter 2).  It is important to 

note that the exact magnitude of contact pressure and the depth of indentation are 

dependent upon the surface elastic modulus of the material, and thus vary for each 

sample.  The maximum contact pressure estimated by the Hertzian model for each 

sample examined in the study was kept well within the range of elastic deformation, i.e. 

much lower than the estimated elastic modulus. 

Results 

A representative data set of force FN versus indentation depth δ for delefilcon A is 

shown in Fig. 5-1A.  The resolution of the piezo displacement (i.e. the depth of 

indentation) allows one to analyze the elastic modulus of the hydrogel to the precision of 

nanometers, affording the opportunity to delineate the surface modulus at depths 

relevant to the gel layer.  Slight variations in the measured surface modulus are 

expected for the hydrogel samples due to the random nature of polymerization; as a 

result, these values should not be considered exact, but should benchmark the range of 

elastic behavior expected for a given sample.  

The FN -δ plot of delefilcon A demonstrates regions of distinct elastic behavior at 

various depths.  Specifically, forces on the scale of picoNewtown were detected in the 

initial 0.05 μm of the indentation.  Although susceptible to instrument resolution, data 

points in this regime are significantly non-zero and signify the onset of the initial probe 

contact with the outmost portion of the surface gel layer.  The underlying 0.15 μm of the 
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surface represents a region of constant modulus of approximately 12.6 ± 0.2 kPa, as 

described by the Hertzian model.  The error associated with the modulus estimation 

takes into account the optical sensitivity of the photodetector and the precision in the 

calibration of the cantilever’s force constant.  For indentation depths greater than 0.2 

μm, the resistance of the surface gel to deformation increases substantially as the probe 

continued to indent.   

Insight may be gained regarding the nature of delefilcon A’s elastic behavior by 

examining a logarithmic transformation of the force plot (Fig. 5-1B).  The exceedingly 

low force regime in the outermost 0.05 μm of indentation is captured by scattered data 

points below 1 nN.  The resolution of force readings is compromised at this scale as the 

measurement is nearing the detection limit of the instrument.  The subsequent regime is 

seen to coincide with a linear Hertzian model (slope = 3/2 according to Equation 5-1) 

fitted with a constant modulus of approximately 12.6 kPa.  Further indentation resulted 

in a sharp deviation from the Hertzian behavior, consistent with a depth-dependent 

elasticity model.   

Comparison with two other silicone hydrogel lens materials designed without the 

attachment of a surface gel layer is illustrated in Fig. 5-2.  Note that the data points of 

delefilcon A have been truncated to be displayed on the same scale as the other two 

lenses.  Two observations can be made regarding the behavior of these three distinctly 

different materials.  First, the mechanism of elastic deformation great differs between 

delefilcon A and the two lenses for extended wear.  Fitting exercises for senofilcon A 

and balafilcon A reveal that the Hertzian model is applicable for the entire range of 

indentation depths probed.  Second, at comparable indentation for which the elasticity 
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of delefilcon A is Hertzian in nature, the magnitude of modulus of senofilcon A and 

balafilcon A, 640 kPa and 2100 kPa respectively, are considerably higher than 

delefilcon A. 

Discussion 

The distinct behavior seen at various indentation depths accurately reflects the 

designed gradient in the surface chemistry of the delefilcon A material (Fig. 5-3).  

Immediately upon contact, the probe senses the extended molecular structure at the 

surface.  This diffuse structure, measuring 0.05 μm in thickness at most, is a result of 

the termination chemistry of the surface gel layer.  An exceedingly compliant force 

response was observed under compression, consistent with dangling chains extending 

from the surface gel layer that exhibit lower polymer concentration.  However, the 

determination of a modulus value is precluded in this case because most of the load is 

being carried by the fluid phase, which cannot be simply described by an elasticity 

parameter such as Young’s modulus.   

The underlying 0.15 μm of indentation depth is described by a region of constant 

elastic modulus calculated by the Hertz contact theory.  The fitting of the FN -δ behavior 

with a constant modulus suggests that the deformation of the surface gel in this region 

displays a linear elastic proportionality, as true for most elastic materials obeying 

Hooke’s law under stress.  The very low modulus characterizing this elastic regime is 

reflective of a gel structure with low polymer content, low crosslinking density, and water 

content greater than 80% by volume. 

 As the probe indents further, a non-linear elasticity regime is experienced in 

delefilcon A.  Such deformation behavior is believed to be a result of the load being 

supported by the underlying substrate with higher crosslinking density and polymer 
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content, namely, the anchor layer as shown in Fig. 5-3.  At larger indentation depth (δ  > 

0.2 μm), the surface gel layer can no longer be considered an elastic half space, a key 

assumption in the Hertzian model, but a structure with finite thickness attached to a 

much stiffer substrate, i.e. the anchor layer and the silicone hydrogel core.  As such, 

part of the load may be carried by the substrate, giving rise to an increasing resistance 

to deformation as seen in Fig. 5-1.   

The effect of the graded structure exhibited by delefilcon A is further corroborated 

by a comparison against silicone hydrogels without such treatment.  Senofilcon A is 

characterized by a constant elastic modulus of 640 kPa using the Hertzian model.  This 

value is similar to the 710 kPa bulk modulus measured by Dunn et al. using a 

microindenter [Dunn, A.C., unpublished data], reflective of the homogeneous 

composition of the material.  Comparison between the bulk and surface moduli of 

balafilcon A confirmed the effect of its surface chemical treatment.  Balafilcon A was 

reported to have a bulk modulus of 490 kPa, which is significantly lower than that of the 

oxygen-plasma treated surface.  The plasma treatment is believed to result in a much 

stiffer surface region that effectively accommodates the strain imposed by the applied 

stress and precludes the possibility of displaying depth-dependent deformation 

behavior.  As such, the unique structural gradient present at the surface explains the 

non-linear elasticity of delefilcon A and clearly differentiates it from other silicone lenses 

available.   

Concluding Remarks 

The surface elastic modulus of a novel silicone hyrogel lens material, delefilcon 

A, was analyzed using colloidal probe AFM.  Comparison against two silicone hydrogel 

lenses of different surface treatments reveals that the chemically anchored gel layer 
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measuring a few microns in thickness was responsible for the depth-dependent elastic 

behavior in delefilcon A.  With an equilibrium water content greater than 80% and an 

exceptionally low modulus of about 12.6 kPa in the selvage region of the lens, the 

surface gel layer offers great potential for mitigating many in-vivo interfacial challenges 

typically experienced by silicone hydrogel lenses.  From a fundamental perspective,  

understanding the  characteristics and implications of a surface construct with a 

distribution of composition affords the opportunity for designing polymeric materials with 

tunable chemical and mechanical properties. 
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Figure 5-1.  A representative set of indentation data of delefilcon A.  (A) Force-
indentation plot.  B) The same data set on the logarithmic scale.  The linear 
regime of elasticity is only applicable up to 0.2 μm of indentation, beyond 
which large deviation from the Hertzian model is observed.  The scattered 

points at FN << 1 nN are indicative of the repulsive interaction between the 
probe and the outermost, dangling polymer chains. 
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Figure 5-2.  Comparison between three types of silicone hydrogel lenses reveals the 
effect of surface structure on the deformation mechanism and the magnitude 
of elastic modulus under compression of a colloidal probe. 
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Figure 5-3.  Schematic of the surface gel layer and the underlying substrate.  The 
dimension of the gel layer and the anchor zone are determined by the 
concentration of the polymer and crosslinking agents present.  Note that in 
reality the transitions between the layers are not sharp interfaces, but rather 
demonstrate a continuum of compositions, giving rise to the unique 
mechanical properties observed. 
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CHAPTER 6 
AN INVESTIGATION OF THE DEPENDENCE OF SURFACE MECHANICAL 

PROPERTIES ON WATER CONTENT OF VARIOUS HYDROGEL MATERIALS 

Background and Motivation 

As depicted by the previous experiments embodied in this work, the surface 

mechanical properties of silicone hydrogel contact lens materials are largely influenced 

by their surface chemical compositions and structures.  Briefly, in the case of 

copolymer-adsorbed surfaces, coefficients of friction can be five times greater at the 

plasma-treated surfaces than at non-treated surface.  In terms of surface elastic 

modulus, silicone hydrogel with loosely cross-linked surface gel layers demonstrated a 

modulus value two-orders of magnitude lower than the plasma-treated surface.  While 

these experimental results have shed much light upon the measured mechanical 

properties with known surface chemistry, a fundamental understanding is still needed 

for correlating controllable parameters, such as water content, with elastic modulus at 

the surface.  

The aim of the present study is to investigate the surface elastic modulus of 

different types of hydrogel materials with specific values of water content, which is 

related to the amount of polymer incorporated in the hydrogel at equilibrium swelling.  

Four types of hydrogels will be synthesized to achieve a broad range of water content 

from 15% to 95% by weight (Fig. 6-1).  Note that all quantities that describe bulk 

concentration are represented in terms of w/w% hereafter.  Due to synthetic limitations 

such as original monomer precursor concentration (e.g. PAAM stock solution used in 

the present study contains 40% monomer) and phase separation at characteristic 

polymer-water mixing ratios (e.g. PHEMA precipitates out of an aqueous solution when 

water content exceeds 40%, see [123]), only a range of polymer concentration is
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attainable with a given type of polymer.  The experimental approach involves fabricating 

these hydrogels samples in-house, rather than obtaining them from commercial 

sources, thus eliminating the number of variables that must be considered.   

The hydrogels investigated in the present study are widely used in the field of 

biomaterials, and some are significant in the contact lens industry.  PHEMA, for 

example, constitutes the first generation of soft hydrogel contact lens material and has 

been studied extensively from a fundamental perspective due to its unique ability to 

“adapt” to dynamic changes in solution environment [18].  Poly(acrylamide) (PAAM) 

hydrogel is employed in applications such as ophthalmic surgery, drug delivery, and 

tissue implants due to its excellent biocompatibility [124, 125].  Hydrogels composed of 

copolymers of HEMA and methacrylic acid (MAA) respond to external pH changes by 

swelling and de-swelling, and as a result have found many uses in site-specific drug 

delivery systems, artificial muscles, and biosensors applications [126].  When poly(N-

isopropylacrylamide) (PNIPAM) samples undergo a thermodynamic phase transition at 

approximately 32° C [23, 127–130], its lower critical solution temperature (LCST), 

changes in bulk mechanical properties are known to occur as a result of segregation 

between a polymer-rich phase and a solvent-rich (DI water in this case) phase (Fig. 6-

2).  Such environmental responsiveness renders PNIPAM a “smart” material with 

versatile applications in targeted drug delivery, molecular separation process, catalytic 

reaction control, and microactuators, etc. [45, 129].    

Extensive work has been done in developing suitable methodologies for 

measuring soft matters’ mechanical properties in aqueous environment.  Here, only the
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discussion concerning the measurements of surface elastic modulus will be reviewed.  

Reports on this topic may be categorized by the experimental approaches employed in 

AFM measurements, namely, the use of different probe shapes.  While many have 

adapted colloidal probe for measuring cell mechanics [85, 86], uses of sharp probes or 

cone-shaped probes are still commonplace for hydrogel materials [40, 41, 107, 131].  

As predicted by Hertzian theory, the pressure exerted by a sharp probe (R’ ~ 10’s of 

nm) on a flat sample of hydrogel is orders of magnitude greater than that exerted by a 

colloidal probe (R’ ~ a few microns).  This level of stress can easily exceed the linear 

regime of the hydrogel’s elasticity, rendering the Hertzian estimation of elastic modulus 

insufficient [44, 46].  Alternatively, in light of the contact pressures and elastic properties 

of biological tissues relevant in ocular environment, the use of colloidal probes allows 

reasonable delineation of surface elastic modulus of soft hydrogel materials suitable for 

contact lens applications.  

The first half of the investigation focuses on the synthesis of a variety of 

hydrogels to achieve a broad range of polymer concentration.  The surface elastic 

moduli of these hydrogels were then measured with colloidal probe AFM, an 

experimental approach identical to that described in Chapter 5.  The remaining portion 

of the study aims to understand the changes in the surface elastic modulus of PNIPAM 

as it experiences phase transition at its LCST.  The force-indentation curves collected 

from the AFM were analyzed to elucidate the structural changes occurring during 

transition.  Together, these results provide insight into the contribution of the hydrogel’s 

composition to the measured surface elastic modulus in aqueous environment, as well 
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as the interaction between the solvent and the polymer network in contributing to the 

contact mechanism at the probe-polymer interface.   

Experimental 

Hydrogel Synthesis 

Four types of hydrogels, including PAAM, PHEMA, P(HEMA-co-MAA), and 

PNIPAM, were synthesized by aqueous-based solution polymerization (Fig. 6-3).   In 

addition to stock monomer precursor, each polymer solution mixture contained specific 

concentrations of initiators and cross-linkers.  Each gel mixture was balanced with the 

appropriate amount of water.  Because the combined amount of crosslinker and 

initiators was minute for each mixture, the equilibrium water content (EWC) was 

approximated by the amount of polymer contained.  Note that some gels, e.g. PAAM 

and PNIPAM, incorporated the same types of initiators and cross-linkers at different 

concentrations.  Table 6-1 describes the ingredients involved in each solution mixture.   

Stock solutions of N,N’-methylenebisacrylamide (BIS, CAS no. 110269, Sigma-

Aldrich), ammonium persulfate (APS, CAS no. 7727540), and sodium metabisulfite 

(SMBS, CAS no. 7681574) were prepared at concentrations of 2%, 10%, and 10%, 

respectively.  All monomer precursors were available from manufacturer in solution form 

except for NIPAM, for which a 14% aqueous stock solution was prepared.  As shown in 

Table 6-1, APS was paired with either N,N,N’,N’-tetramethylethylenediamie (TEMED, 

CAS no. 110189) or SMBS to initiate the polymerization through re-dox reaction.  Also, 

tetraethylene glycol dimethacrylate (TEGDMA, CAS no. 109171) was utilized as the 

crosslinking agent based on the report by Kou et al. [19].  All chemicals were obtained 

from Sigma-Aldrich and were used without further purification.  The recipe for each 
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hydrogel was adapted from multiple reports, and in some cases, the recipe was 

modified to meet the need of producing thin films suitable for AFM testing. 

The procedures for preparing hydrogel films are identical for each polymer and 

are described as the following.  The ingredients were carefully mixed with micropipette 

in a cell culture tube, avoiding formation of air bubbles, and slowly pipetted between two 

plasma-cleaned glass slides (see discussion in Chapter 2) spaced apart by microscope 

cover slips.  The polymerization process was initiated immediately following the addition 

of the initiators. The mold containing the solution mixture was set to cure at ambient 

conditions overnight, with exception of the P(HEMA-co-MAA) gel, which was cured at 

60° C in the oven for 12 hours.  The gel was then released from the mold by immersing 

it in DI water.  The resulting stand-alone thin film with a thickness of 100 to 200 μm was 

soaked in fresh DI water for 24 hours prior to AFM measurements.  Note that soft gels 

were made to be thicker to facilitate sample handling and mounting.   

Temperature-variant Measurements in AFM 

Temperature control in the AFM liquid cell is achieved by a specialized sample 

holder integrated with an integrated heating stage and a thermistor (Fig. 6-4B).  The 

overall assembly of the sample holder (Fig. 6-4A) is similar to that shown in Fig. 2-17. 

The heating stage is connected to a master controller that is capable of maintaining a 

specific temperature set point via electronic mechanism.  In order to monitor changes in 

surface mechanical properties of PNIPAM, force analyses were carried out at room 

temperature (approximately 25° C) and at 37° C.  Sufficient time was allowed for the 

phase transition to reach equilibrium upon heating or cooling, a practice suggested by 

Sui et al. [23].   
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Surface Elastic Modulus Analyzed by Colloidal Probe AFM  

The surface elastic modulus of each hydrogel sample was analyzed with colloidal 

probe AFM as detailed in Chapter 5.  Protocols including plasma-cleaning the colloidal 

probe and glass support substrate of the liquid cell were closely followed between 

indentation experiments (Note: the probe was not cleaned before and after transition at 

the LCST for the PNIPAM sample).  The same colloidal probe/cantilever assembly was 

employed for all of the AFM measurements in the present study, and the normal force 

constant of the cantilever onto which the probe was glued was calibrated to be 0.451 

N/m using the Sader method (see discussion in Chapter 2 and the Appendix A).   

The procedures for collecting and analyzing force curves measured with colloidal 

AFM follow those described in Chapter 2.  The indentation depth δ of the probe into the 

sample is experimentally calculated as the difference between piezo displacement and 

cantilever deflection (see Fig. 2-19) in the approach portion of the force curves.  The 

surface modulus was then derived from a Hertzian contact model by least-square fits.  

Here, conditions that satisfy the Hertzian theory, as discussed in Chapter 2, are 

assumed.  For a given sample, at least five locations were examined, with multiple force 

curves analyzed at each location and compared between different locations to inspect 

consistency in surface elastic modulus.  In addition, AC-mode AFM topographic 

investigations were conducted to explore any microscopic morphological changes 

associated with the phase transition for PNIPAM. 
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Results 

Surface Elastic Moduli of PAAM, P(HEMA-co-MAA), and PHEMA in DI Water 

PAAM  

PAAM hydrogels are high water content hydrogels (typically greater than 60%). 

Here, samples with compositions at 95%, 85%, and 65% water content (corresponding 

to 5%, 15%, and 35% polymer) were synthesized and their surface elastic moduli were 

examined using AFM.  In order to explore the relationship between modulus and 

polymer content, the concentration of crosslinking agent was fixed at 0.03%.  Following 

the analytical protocols described earlier, representative force-indentation data sets for 

each sample are plotted in Fig. 6-5A for comparison.  The modulus values were 

calculated to one tenth of a kPa, reflecting the resolution in force and displacement 

measurement of the microscope.  Due to the random nature of the polymerization 

process, slight variations in numeric values of surface elastic modulus are expected; 

therefore, the modulus values reported here should not be considered exact, but should 

signify the range of stiffness expected for each sample under a given set of conditions.  

For the sample containing 5% PAAM, a surface elastic modulus of approximately 

1.4 kPa was measured (Fig. 6-5B), in good agreement with a prior study [132].  Engler 

et al. [133], based on their microindentation study, reported the relationship between 

bulk elastic modulus and polymer concentration to be a 3rd order polynomial function at 

a given cross-linker concentration.  It is reasonable to believe that, due to the known 

disparity in polymer density at the surface and the bulk of a hydrogel sample [134], a 

different relationship should exist between the measured surface elastic modulus and 

the PAAM concentration.  Indeed, as shown in Fig. 6-6, when an averaged E’ value 

based on three measurements of a given PAAM sample is plotted against polymer 
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concentration, that is, the volume ratio of polymer in the gel mixture, in logarithm axes, 

the resulted linear function suggests that with the correlation is to the 1.93th power, 

smaller than that modeled for the bulk.  Note that the error bars included in Fig. 6-6 

reflect the variations in the fitted modulus value between different locations of the same 

sample.  As detailed in Appendix A, errors in the measurements of force-distance data 

with AFM also include factors such as instrumental resolution (especially at low force 

values) and uncertainty in the force calibration of the cantilever.  These errors are not 

incorporated in this particular figure as they are common to all measurements in this set 

of experiments. 

P(HEMA-co-MAA) and PHEMA 

Similar to the PAAM samples, the force-indentation data of P(HEMA-co-MAA) 

and PHEMA samples were measured and are presented in Fig. 6-7A.  As seen in Fig. 

6-7B, though non-zero force readings were present in the first 60-nm of indentation, the 

curve does not reflect a typical Hertzian force-indentation relationship.  As a result, an 

offset along the indentation axis was applied to each data set in order to estimate the 

elastic modulus.  The low force reading is attributed to the long-range repulsive 

interaction between the probe and the loose polymer chains at the surface.  A detailed 

analysis of the forces at the interface is given in the Discussion section.   

The elastic modulus values estimated for the HEMA samples did not differ 

between the samples to the same extent as those observed for the PAAM samples with 

much lower polymer concentration, i.e. higher water content.  Furthermore, the HEMA-

MAA copolymer demonstrated slightly higher elastic modulus at surface, irrespective of 

its higher water content compared to the HEMA hydrogels.  It is reasonable to believe 

that the dependence of the elastic modulus on polymer concentration varies for different 
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monomer chemistry as well as for the amount of polymer incorporated.  The copolymer 

required much higher cross-linker concentration to gel compared to the homopolymer, 

which could be a contributor to the slightly higher surface modulus.  For HEMA 

homopolymer samples with the same cross-linker concentration, surface elastic 

modulus increased as the polymer concentration increased. 

Temperature-induced Phase Transition and the Surface Mechanical Properties of 
PNIPAM 

The effects of temperature on surface elastic modulus, adhesion force, and 

topographical features were investigated on PNIPAM samples in DI water below and 

above its LCST at 32° C.   

Change in surface elastic modulus and adhesion force  

As seen in Fig. 6-8, force curves on PNIPAM surface at room temperature (both 

before and after the phase transition) and at 37° C are plotted and the elastic modulus 

for each data set was estimated by a Hertzian model.  The following observations can 

be made: 

 The elastic modulus estimated for the contact portion of the force curves 
increased by an order of magnitude above the LCST; 

 The effect of the phase transition on the measured surface modulus was 
reversible; 

 The nature of the force interaction at the onset of contact was drastically 
changed as a result of the phase transition. 

At T < LCST, the 12% PNIPAM sample possessed a modulus on the order of 10 

kPa, which, is comparable to the measured modulus of the15% PAAM sample of similar 

cross-linker concentration (Fig. 6-5A).  After heating the sample to 37° C and allowing 

for 30 minutes of equilibration, force curves were sampled on the surface and the 

modulus was observed to be on the order of 100 kPa, indicative of increased polymer 
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chain interaction experienced during compression due to phase segregation between 

the polymer and the solvent.  Low elastic modulus was observed again after the 

temperature was reduced to below the LCST, suggesting the surface mechanical 

properties have been fully recovered when the hydrogel again entered the swollen 

state.   

As described in Chapter 2, an AFM probe can jump to contact when the gradient 

of vdW attractive force exceeds the gradients of both the force constant of the cantilever 

and the repulsive force(s) present at the interface, leading to the occurrence of short-

range negative force in the force curve (Fig. 6-9B) [72].  Such behavior was evident in 

force curves measured at T > LCST, but not apparent below the transition temperature 

(Fig. 6-9A).  The drastic difference seen here suggests that the phase transition 

lessened the magnitude of repulsive forces between the probe and the hydrogel 

surface, which was evidenced by positive, albeit low, forces observed at the interface 

for the initial ~ 50 nm of indentation in all of the force curves (Fig. 6-9A).   

The extent of surface adhesion upon pull-off was also evaluated as a function of 

temperature.  Three different sites were sampled on the surface and the adhesion force 

was calculated to be the difference between the minimum force on the force curve and 

that within the non-contact region of the dataset, or the zero force line (this is typically a 

small non-zero value).  At T < LCST, the adhesive force at the probe/hydrogel interface 

was much smaller compared to that at T > LCST, and the effect was reversible (Fig. 6-

10).   

Change in surface topography by tapping-mode AFM 

In order to establish constant osmotic pressure in both the polymer-rich and 

solvent rich phases, the bulk volume of the hydrogel undergoes significant reduction as 
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the solvent molecules mobilize out of the hydrogel network.  This volume transition is 

observed macroscopically when temperature is raised above LCST.  To gain further 

insight into the morphological changes occurring during the transition, AC-mode AFM 

images were acquired. 

As shown in Fig. 6-11A, in its swollen state the hydrogel’s surface is uniform and 

virtually featureless as the z-height contrast is only on the order of a few nanometers.  

The corresponding phase image (Fig. 6-11B) also displays small contrast, again 

indicating that the surface is homogeneous at this length scale.  In comparison, at T > 

LCST, more recognizable features were detected and the height contrast was on the 

order of hundreds of nanometers, with regions of varying roughness visible (Fig. 6-12).  

Due to the random nature of the phase separation process, quantitative roughness 

analysis is precluded here; only qualitative comparisons are made to highlight the 

changes induced by the phase separation.  When the temperature is reduced below the 

LCST, images similar to Fig. 6-11 were again observed (results not shown here), further 

supporting the claim that the effect of phase transition is reversible. 

Discussion 

Analyzing Surface Elastic Modulus of Various Hydrogel Thin Films with Colloidal 
Probe AFM 

 In the case of PAAM samples of varying polymer concentrations, a power-law 

relationship with an exponent of approximately 1.93 was modeled between the elastic 

modulus and polymer concentration (Fig. 6-6).  An order of magnitude of difference in 

surface modulus was observed between the lowest polymer concentration (5%) and the 

highest.  de Gennes’ scaling law relating bulk elastic modulus (E) to polymer 

concentration (C) states that  



 

149 

           (6-1) 

where k is a proportionality constant and is a function of temperature and crosslinking 

density [135].  The term α describes the compatibility between the polymer phase and 

the solvent environment and is usually between 2.25 (in a good solvent) and 3 (in a 

theta solvent).  A comparison with Equation 6-1 suggests that, for elastic modulus at the 

surface, modifications must be made to accommodate the structural differences 

expected between the surface and the bulk.  A smaller exponent value observed at the 

surface indicates a weaker dependence of modulus on polymer concentration, possibly 

due to the decreased polymer density at the surface, resulting lower resistance to 

deformation.   

The concept of decreased molecular density at the surface was elucidated by 

Heuberger et al.’s work on investigating the interaction forces of poly(L-lysine)-graft-

poly(ethylene glycol) (PLL-g-PEG) brush layer with extended surface forces apparatus 

(eSFA) [134].  Analysis of the surface-force isotherms measured on PLL-g-PEG brush 

indicates that a finite polymer density exists beyond the film thickness predicted by 

scaling laws.  Such conclusion has led to the modeling of a polymer density profile as a 

function of the distance away from the grafting site (Fig. 6-13).  Although the structure of 

the loosely associated chains at a hydrogel surface does not resemble a brush 

configuration, the application of this density distribution model to the present system is 

valid because the origin of load support at the gel surface, namely the increased 

interaction between chains under large compression, is very similar to the steric factors 

that contribute to the interaction forces in a brush system.  
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For the P(HEMA-co-MAA) and PHEMA samples, smaller changes (e.g. all within 

the same order of magnitude) in surface modulus were seen with varying polymer 

concentrations.  Furthermore, the copolymer, though with lower polymer concentration 

than the PHEMA samples, demonstrated slightly higher modulus.  This result suggests 

that polymer concentration alone does not fully predict the elastic modulus at the 

surface, and that one must also take into consideration the specific components present 

in the network to understand the surface mechanical properties.  Note that the analogy 

for bulk modulus is encapsulated in the term α in Equation 6-1, given the same solvent 

environment.   

Temperature-induced Phase Transition in PNIPAM  Hydrogel 

The surface elastic modulus of PNIPAM below and above its LCST has been 

examined by a number of groups, although no consistent values were observed across 

different reports.  This is partly due to the generic application of Hertzian theory to many 

different configurations of PNIPAM employed in these studies.  These configurations 

include chemically immobilized and cross-linked thin films [45, 128, 129], grafted 

brushes [23], or chemisorbed microgels on solid substrates such as silicon wafer or 

glass [127, 136].  Depending upon the thickness of a given PNIPAM sample, the 

geometry and the indentation depth of the probe, the elastic modulus described by the 

Hertzian relationship (Equation 2-13) varied significantly between these experiments.  

As some have suggested, the effect of the solid support cannot be excluded from the 

contact mechanics analysis, especially when the indentation depth is relatively large 

with respect to the total thickness of the samples [23, 44].  If the substrate effect is 

indeed significant, the elastic foundation model is needed to better estimate the elastic 

modulus of the hydrogel sample [110].  In the present study, the indentation depth of the 
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probe was carefully controlled with respect to the size of the probe and the thickness of 

the sample (~ 1% of the total thickness of the film) in order to minimize the support of 

the solid substrate and to keep the analysis relevant within the linear elasticity regime of 

the samples.    

The change in surface elastic modulus of a PNIPAM sample undergoing phase 

transition at 32° C is illustrated in Fig. 6-8.  Through the AFM measurements presented, 

the highly solvated surface was estimated to have an elastic modulus on the order of 10 

kPa.  The extent to which the hydration of the polymer chains influences surface 

modulus is better realized after the system was heated above its LCST, which resulted 

in an order of magnitude of increase in modulus.  The thermodynamic process of phase 

transition is explained as follows.  Below the LCST, hydrogen bonding between water 

molecules and the amide group of NIPAM is favored, leading to the formation of an 

organized hydration layer around the polymer chains.  This structural arrangement 

contributes favorably to the enthalpy of mixing at the expense of the entropy of the 

system.  As the temperature of the system is increased to above the LCST, increased 

entropy of mixing dominates the free energy function and matrix [135].  The polymer-

rich phase consists of an interconnected network of locally densified polymer chains 

(Fig. 6-2). 

Microscopically, changes in surface topography and morphology were apparent 

following the phase transition.  AC-mode AFM images confirmed that in the swollen 

state, the hydrogel surface was virtually featureless, possibly due to the fact that the 

probe was making intermittent contact with the hydration layer surrounding the polymer 

chains at the surface (Fig. 6-11).  This hydration layer consists of water molecules 
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closely associated with the hydrophilic component of NIPAM by hydrogen bonding [ref, 

Cho].  As a result, the possibility of the probe making contact with water cannot be 

precluded.   For T > LCST, regions of polymer-rich and solvent-rich phases form 

spontaneously, leading to distinct surface features as depicted in Fig. 6-12.  However, 

surface roughness on the collapsed gel was not evaluated quantitatively due to the fact 

that such phase segregation is random in nature and that quantitative measurements 

cannot predict the mechanism by which phase transition occurs.  As such, qualitative 

descriptions are sufficient in showcasing the changes induced as the sample is heated 

above LCST. 

Characteristics of Force-Indentation Behavior on Hydrogel Surfaces 

General remarks on analyzing force curves with colloidal probe AFM 

Recalling the major components of a typical force-distance curve measured on a 

hydrogel sample (Fig. 6-14), important information can be derived regarding the 

molecular details of the surfaces that result in specific, measurable interfacial forces. 

Without the occurrence of the probe jumping to contact, the determination of the 

point of contact in Fig. 6-14 (inset) is complicated by a long-range repulsive interaction 

common to many force curves discussed in the present study.  This interaction is 

characterized by small, but steadily increasing, positive forces over a range of 50 to 60 

nm in distance.  The relationship between force and indentation within this range of 

interaction cannot be described by Hertzian theory; thus, a different mechanism must be 

considered.  One possible reason is that this repulsive force originates from the 

increased load support as the volume fraction of polymer chains under the probe 

increases upon compression.  Long-range interaction forces at polymer surfaces arising 

from molecular structure changes has been extensively studied and thought to influence 



 

153 

friction force at polymer brush-grafted surfaces probed by AFM [11, 13, 15, 114, 115].  

The range of this interaction is positively correlated with the chain length at the surface 

[137].  As the probe continues to indent, the applied force overcomes the repulsion and 

the hydrogel’s resistance to deformation becomes correlated with indentation depth by a 

Hertzian relationship. 

Change in interaction forces following phase transition of PNIPAM surface 

As shown in Fig. 6-8, though the cantilever experienced repulsive force before 

contact on both the swollen and the collapsed gel, the probe jumped to contact only on 

the surface of the collapsed gel.  Clearly, the interplay between the repulsive and 

attractive forces upon contact was altered as a result of the phase transition.  Many 

have suggested that the presence of water molecules tightly bound to ionized surfaces 

leads to strong repulsion when the separation distance is within a few nanometers [8–

10, 138].  This repulsive interaction is likely to arise from the work required to remove 

the hydration layer surrounding the surfaces and may dominate the vdW attractive 

potential in some cases [6, 72].  It is possible that the repulsion experienced at low force 

together with the absence of vdW attraction observed on PNIPAM surface at T < LCST 

originates from a similar phenomenon, considering that the formation of a stable 

hydration layer (analogous to bound water at ionized surfaces) is thermodynamically 

favored in this temperature regime.  As the temperature was increased to above the 

LCST, however, positive free energy of mixing favors the separation of water from the 

polymer chains at the surface.  As a result, less work is required to bring the probe to 

contact with the polymer substrate, effectively increasing the contribution of the vdW 

attractive force that causes the probe to jump to contact.   
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Change in adhesion force upon pull-off as a result of phase transition is evident 

in a representative set of data shown in Fig. 6-10.  Because adhesion varies with the 

area of contact, results in the present study cannot be directly compared with previous 

reports.  However, the trend represented here is in good agreement with prior work and 

is reversible upon cooling to below the LCST [23].  Note that the magnitude of adhesion 

force reported here is not normalized against the contact area.  With the applied force F  

being constant for the force curves analyzed in Fig. 6-10, the contact area, 

characterized by its half-width a, must be smaller for the surface with higher modulus E’ 

(i.e. at T > LCST), given by the Hertzian theory below (Equation 6-2).   

            (6-2) 

If the measured adhesion force, uncorrected for the contact area, was larger at T 

> LCST, then it is reasonable to believe that the force of adhesion per unit area is much 

larger compared to that at T < LCST.  Recalling the thermodynamic process by which 

the phase transition occurs, large adhesion force at the interface above the LCST is 

likely a result of the exclusion of water from the polymer network, leading to increased 

interaction between the polymer and the probe.  This dehydration process also gives 

rise to topographical features and increased surface roughness not seen when the gel 

surface was highly solvated at T < LCST. 

Concluding Remarks 

In the present study, the surface mechanical properties of various types of 

hydrogel thin films was examined, with an emphasis on correlating controllable physical 

parameter such as bulk water content with the films’ surface elastic modulus.  These 

materials, namely, PAAM, PHEMA, P(HEMA-co-MAA), and PNIPAM, were chosen 
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because they can be synthesized to a specific range of water content desirable and 

have been used widely in the field of biomaterials.  Toward this end, appropriate 

synthesis methods for fabricating stand-alone thin films of hydrogels suitable for surface 

analysis in AFM were developed, and a set of protocols were established for the 

quantitative measurements of force-indentation behavior using colloidal probe AFM.   

The results confirmed the hypothesis that for a given gel and at a specific 

crosslinking density, the elastic modulus at surface, similar to the bulk, has a power-law 

dependence on the polymer concentration, i.e. inversely related to the water content.  

This mathematical relationship differs from that predicted by the scaling laws concerning 

bulk modulus, highlighting the role of differences in molecular structure and density 

between the bulk and the surface.  Furthermore, comparison between a HEMA-MAA 

copolymer and HEMA homopolymer concludes that chemical composition, in addition to 

polymer concentration, may also influence the measured elastic modulus at surface.  

To further understand the contribution of molecular structure to the surface 

elastic modulus of hydrogel films, PNIPAM hydrogel was studied with respect to its 

environmentally responsive properties associated with a characteristic thermodynamic 

phase transition.  Phase segregation and structural changes were observed by 

comparing the surface elastic modulus, adhesion force, and topographical images of the 

PNIPAM sample below and above its LCST.  Detailed force curve analysis suggests 

that the contribution of different interfacial forces is altered when the molecular 

configuration of the surface changes as a result of thermodynamic phase segregation. 

Together, the experimental approach developed in the present study allowed 

systematic investigation of the surface mechanical properties of various hydrogel 
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materials.  Fundamental relationship between polymer concentration and surface elastic 

modulus was realized.  In addition, study of temperature-induced phase transition of a 

PNIPAM system lends further insight into the molecular interaction between polymer 

network and solvent environment, offering future opportunities in probing interfacial 

phenomena of hydrogel systems in aqueous environment using colloidal probe AFM.   
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Figure 6-1. Schematic of the different types of hydrogel films synthesized in the present 
study and their respective water content. 
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Figure 6-2.  A schematic of the microscopic phase transition at the LCST of PNIPAM.  
At T > LCST, polymer chains collapse to form an interconnected structure, 
and the solvent molecules diffuse out of the original network. 
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Table 6-1.  Hydrogel synthesis recipe with the final concentration of each ingredient 
listed in w/w%.  Multiple monomer concentrations were prepared for PAAM 
and PHEMA as an effort to explore the effect of various % WC on surface 
modulus of hydrogels of the same chemistry.  Adapted and modified from [19, 
22, 123, 124, 139, 140] 

 

Hydrogel Monomer  Initiators Crosslinker 

  APS TEMED SMBS BIS TEGDMA 

PAAM 5, 15, 35 0.05 0.05 N/A 0.03 N/A 

P(HEMA-co-MAA) 45(H)-5(M) 0.5 N/A 0.5 N/A 3 

PHEMA 65, 85 0.5 N/A 0.4 N/A 0.1 

PNIPAM 12 0.2 0.13 N/A 0.07 N/A 
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Figure 6-3.  Molecular representation of the monomer unit of each hydrogel studied. 
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Figure 6-4.  Assembly of a liquid sample holder with heating capability.  (A) Side view of 
the holder indicating the multiple components that ensure proper sealing of 
the liquid.  B) A detailed top view of the heating and temperature control 
components.  Note that the sample, the thermistor, and the heating element 
are all immersed in the liquid environment during AFM measurement. 
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Figure 6-5.  Force-distance curves for three compositions of PAAM hydrogels measured 
in DI water.  (A) A compilation of force curves for the three compositions.  B) 
The force curve of the 5% PAAM sample in detail.  The difference between 
5% and 35% polymer content is reflected by an order of magnitude change in 
elastic modulus values as described by a Hertzian model.  An enlarged figure 
of force curve for 5% PAAM reveals the range of forces relevant in measuring 
surface elastic modulus of a highly solvated hydrogel. 



 

163 

 
 

Figure 6-6.  Log-log plot of the average elastic modulus vs. polymer concentration of the 
PAAM samples.  The data correlate well to a 1.93th power, which is less than 
the dependence of bulk modulus on polymer concentration.  Each error bar 
indicates the standard deviation of the fitted modulus values for a given 
PAAM composition. 
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Figure 6-7.  Representative force curves for P(HEMA-co-MAA) (45%-5%), 65% 
PHEMA, and 85% PHEMA measured in DI water.  A) A compilation of force 
curves of the three samples.  B) Example data offset applied to allow Hertzian 
analysis.  The Hertzian fit was applied to each set of data for indentation 
depth beyond the point indicated by the arrow.  The point chosen for Hertzian 
fitting at approximately 0.06 μm is to accommodate the shape of the power 

law relationship between FN  and δ  in the contact portion of the force curves. 
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Figure 6-8.  Force curves of 12% PNIPAM sample below (e.g. RT) and above (e.g. 37° 
C) the LCST in DI water.  Similar modulus values observed for RT_1 and 
RT_2 indicate that the effect of the phase transition is reversible. 
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Figure 6-9.  Interaction forces close to the surface of PNIPAMA.  A) A close-up 

illustration of Figure 6-8 for δ < 0.2 μm.  B) Anatomy of a typical force plot 
acquired with a colloidal probe.  Note the distinct vdW jump-to-contact 
behavior following long-range repulsion of the force curve acquired at 37° C.  
A modified version of Fig. 2-12 takes into account phenomena typical to 
interfacial forces on polymeric surfaces.  For a neutral surface immersed in DI 
water, the long-range repulsion has a different origin from that described in 
[72], which is electrostatic repulsion occurring prior to contact.  Here, the 
probe is in contact with loosely associated polymer chains at the surface and 
the range of this repulsion is 50-60 nm in indentation.   
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Figure 6-10.  Three random sites were sequentially sampled on the surface of PNIPAM 
below and above its LCST.  This representative set of data reflects clearly the 
increase in adhesion following phase transition and the reversible effect after 
the system was cooled to RT.   
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Figure 6-11.  AC-mode AFM images of the PNIPAM sample at T < LCST.  A) The height 
image.  B) The corresponding phase image.  C) A 3D rendition of the height 
image.  

 

z-contrast: 7.4 nm 
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Figure 6-12.  AC-mode AFM images of the PNIPAM sample at T > LCST.  A) The height 
image.  B) The corresponding phase image.  C) A 3D rendition of the height 
image.  Compared to Fig. 6-11A, the surface roughened to have a z-contrast 
on the order of 100 nm.  The phase image here suggests possible variations 
in mechanical properties in different regions of the surface, a result of the 
random phase segregation process occurred at LCST. 

 

z-contrast: 269.0 nm 
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Figure 6-13.  Schematic of polymer density profile ρ(D) of a PLL-g-PEG brush layer with 
a thickness of L as modeled by the scaling laws.  Polymer density gradually 
decreases as D, the distance away from the grafting site, increases.  Adapted 
from [134].  
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Figure 6-14.  Typical force-distance curve measured on a hydrogel sample.  The point 
of contact is not clearly defined due to the combination of repulsive interaction 
and the lack of vdW jump-to-contact behavior (inset).  
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CHAPTER 7 
CONCLUSIONS AND FUTURE DIRECTIONS 

Recapitulation 

The central theme of this doctoral work focuses on uncovering the crucial factors 

that guide the chemical and physical processes occurring at polymer surfaces, 

particularly those of the hydrogel materials employed for soft contact lens applications.  

A major thrust of research effort in the development of contact lens materials is driven 

by a number of design challenges that involve the interfacial phenomena of wetting and 

friction in vivo.  Particularly, the ability for the lens surface to retain water and maintain a 

lubricious sliding interface is considered the holy grail of the contact lens community.  

Therefore, the present doctoral research attempted to address these interfacial 

challenges via the investigation of quantifiable surface properties using state-of-the-art 

characterization techniques.   

Due to their exceptional oxygen permeability achieved at the cost of reduced 

hydrophilicity (i.e. tear wettability), silicone hydrogel contact lenses demand specific 

surface modifications for their adequate performance in vivo.  As a result, interrogating 

the effects of surface modification on various interfacial processes of silicone hydrogel 

lenses offers perspectives for understanding other similar material systems.  Two major 

aspects of surface properties were examined and reported in this dissertation.  They 

are, namely, the surface chemical composition and the surface elastic modulus of 

silicone hydrogel lenses.  Furthermore, fundamental study involving homogeneous 

hydrogel films (i.e. not commercial lens materials) underscored the importance of the 

molecular structure and dynamic interaction with surrounding medium in predicting 

elastic modulus at the surface. 
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Surface Uptake of Amphiphilic Copolymer by Silicone Hydrogel Materials 

 The surface chemical properties of commercially available silicone lenses were 

analyzed with respect to monitoring the changes following the adsorbed block 

copolymer molecules.  Three types of lenses with different surface chemical 

compositions were examined and the amphiphilic block copolymer, ethylene oxide-co-

butylene oxide (EO-BO), was of interest due to its potential usage as a surfactant 

molecule for improving lens surface wetting and lubrication.  X-ray photoelectron 

spectroscopy (XPS) was utilized to examine the surface chemical signatures of the 

lenses prior to and following a solution treatment containing EO-BO.  Spectroscopic 

data confirmed the presence of physisorbed EO-BO on all lens surfaces; however, the 

extent of adsorption greatly differed between the lenses.  Such differences were 

ascribed to the various surface chemical compositions of the lenses.  Specifically, those 

that have undergone plasma treatments, i.e. balafilcon A and lotrafilcon B, designed to 

improve the hydrophilicity of silicone materials displayed a greater affinity for EO-BO.  

Nanoscopic tribological testing with the atomic force microscope (AFM) in aqueous 

environment also corroborated the adsorption of EO-BO.  It was observed that, 

following EO-BO treatment, the degree of reduction in coefficient of friction measured at 

the sliding contact between the lens and a 5-μm silica probe scaled with the extent of 

adsorption realized by the XPS data.   

The strong correlation between the degree of adsorption and the friction 

reduction implies the potential for modifying lens surface properties via simple practices 

such as daily soaking in lens care solutions.  Furthermore, this set of experiments offers 

insight into the possible tribological effects of other molecules relevant to the ocular 
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environment, whether biological (e.g. proteins and lipids) or synthetic (e.g. other 

surfactant), that may have the ability to alter the surface energy of the lenses. 

Another in-depth study complemented by the analysis of the bulk uptake of EO-

BO further illustrated the specific interaction model between the copolymer and the 

lenses.  Elution data obtained by the ultra-high performance liquid chromatography 

(UPLC) revealed that the amount of bulk uptake of EO-BO differed between lenses in a 

fashion that was less apparent than the surface adsorption.  However, together with the 

XPS data (similar results as previously described with one additional lens tested), an 

EO-BO molecular concentration gradient was realized for each lens type, with the 

specific level of concentration being a differentiating factor between different lenses.   

The ramifications of the results are two-fold.  First, the combined XPS and UPLC 

findings suggests that the overall interaction between EO-BO and a lens material 

depends upon both the surface and bulk composition.  Second, certain surface 

chemical treatments, such as the plasma-polymerized surface of lotrafilcon B, may lead 

to a relatively impermeable surface for the penetration of molecules with sizes similar to 

EO-BO.  

Surface Mechanical Properties of Hydrogel Materials 

The second part of the dissertation focuses on investigating the correlation 

between surface molecular structure and the mechanical properties measured with 

colloidal probe AFM.  “Surface elastic modulus”, a measure of the material’s resistance 

to deformation within the topmost sub-micron region, is a seldom concern for many 

because elastic modulus is generally considered a bulk property.  However, the surface 

molecular structure of polymeric materials in solution has been shown to be distinctively 

different from the bulk in terms of parameters such as polymer concentration [134], 
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giving sufficient reason to believe that disparity may also exist in mechanical properties 

between the surface and the bulk of the hydrogel.  

The study of silicone hydrogel contact lenses with different surface chemistry and 

structure serves as a springboard for the fundamental discussion of hydrogel surface 

mechanics.  The surface elastic modulus of three types of silicone hydrogel lenses, 

each with a specific manufacturer-applied hydrophilic treatment, were examined with 

colloidal probe AFM.  The Hertzian contact model was used to determine the modulus 

of each lens surface under the compression of a silica spherical probe.  The comparison 

of the force-indentation plots of delefilcon A, senofilcon A, and balafilcon A 

demonstrated disparity in both the magnitude of modulus and the mechanism of 

deformation as a result of the different surface chemical treatments.  Particularly, a 

constant Hertzian behavior was observed for the lenses with homogeneous composition 

at the micron scale (i.e. senofilcon A) or with a much stiffer surface region (i.e. balafilcon 

A).  Delefilcon A, on the other hand, displayed a depth-dependent resistance to 

deformation, owing to its unique surface gel layer chemically immobilized onto a silicone 

hydrogle bulk material.  The gel layer, along with its underlying anchoring zone, 

measures up to 6 μm in thickness, possesses a gradient of composition and 

crosslinking density that gives rise to a continuously increasing elastic modulus.  The 

exceedingly low modulus, about two orders of magnitude lower than that of balafilcon A, 

in the topmost 150 nm of the surface reflects water content greater than 80% by 

volume.  Further indentation causes water to be locally displaced out of the gel network 

and the effect of underlying stiff substrate (anchoring zone and the hydrogel core) starts 

to contribute to the load bearing, leading to increased modulus.   
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The “graded” properties arising from the unique molecular structure of delefilcon 

A’s surface gel exemplifies the potential of molecular-level design in augmenting the 

surface properties of the material.  Furthermore, such correlation offers opportunities for 

manufacturing polymeric materials with tunable surface properties for applications other 

than contact lens. 

To gain a better understanding of the relationship between synthesis parameters 

such as water content (i.e. polymer content at equilibrium condition) and the surface 

elastic modulus, hydrogels of various chemistry and water content were fabricated into 

films and analyzed with AFM.  Not surprisingly, due to the homogeneous structure (at 

the length scale of AFM indentation experiments) of the films, the Hertzian contact 

model provided good estimation of the elastic behavior of these hydrogel samples.  The 

magnitude of surface modulus, however, varied as much as one order of magnitude for 

a water content difference of 15% for a given composition.  The dependence of modulus 

on water content is slightly lower at the surface than in the bulk as predicted by scaling 

laws, which may be attributed to the difference in the molecular structure (i.e. lightly 

crosslinked at the surface vs. heavily crosslinked in the bulk).   

The influence of the polymer-solvent (water in this case) interaction on the 

measured surface modulus was elucidated by an environmentally responsive hydrogel, 

poly(N-isopropylacrylamide) (PNIPAM).  As PNIPAM undergoes phase transition at its 

lower critical solution temperature (LCST), the polymer phase-segregates and forms 

locally densified polymer chains surrounded by solvent molecules.  One order of 

magnitude of increase in surface elastic modulus was measured when solvated chains 

collapsed following the phase transition.  This finding agrees with a myriad of previous 
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studies, albeit performed at various length scales. Interestingly, changes in interfacial 

forces experienced by the silica probe upon contacting the surface were also observed.  

One possible explanation ascribes this phenomenon to the changes in the specific 

interaction between the polymer and the solvent (i.e. hydrogen bonding between the 

amide group in PNIPAM and water molecules), as a result of the changed 

thermodynamic stability at elevated temperature above the LCST.  Due to a lack of 

previous reports on this behavior, a thorough understanding demands additional 

experiments that explore the possible pathway(s) of such dynamic behavior.    

Perspectives and Implications 

Surface chemical and mechanical analyses of silicone hydrogels demonstrated 

the engineering strategies that can be employed to improve the wetting and friction 

properties of these materials for contact lens applications.  Two strategies have been 

proven to be effective by works included in this dissertation.  The first strategy entails 

the alteration of surface energy by adsorption of an amphiphilic block copolymer via 

solution treatment.  The adsorption of the copolymer was also seen to facilitate the 

lubricious sliding of a silica probe across lens surfaces, confirming the effect of surface 

modification. The second strategy encompasses grafting a high-water content, surface-

grafted gel layer to a silicone hydrogel lens, resulting in an exceedingly low surface 

elastic modulus.  The continuous distribution of chemical composition correlates well 

with a gradient of stiffness observed within the topmost 1 μm of the surface, warranting 

the feasibility of producing depth-specific properties at the hydrogel surface. 

The various aspects of the surface properties investigated in this doctoral 

research, though mostly pertaining to the in-vitro performance of a contact lens, 
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together offer a fundamental depiction of the crucial characteristics of polymeric 

surfaces relevant in other material systems:  

 The surface of a polymeric material in solution is permeable to the penetration of 
small molecules, and specific surface and bulk chemistry can affect the degree of 
such permeability; 

 At the length scale relevant to the sensitivity of the applied surface techniques, 
the structure of a polymeric surface is largely diffuse in nature, enabling the 
manipulation of depth-dependent properties; 

 Molecular segments at the surface lack the same degree of crosslinking as the 
bulk, and thus are free to interact with surrounding environment.  The example of 
PNIPAM undergoing phase transition showcases the surface’s dynamic 
interaction with the solvent environment, which subsequently led to the changed 
surface mechanical property.  

Future Research  

The work included in this dissertation presents the most current understanding of 

the surface chemical and mechanical properties of hydrogel materials.   There still 

remains, however, a number of interesting scientific problems to be investigated using 

the methodology and experimental approaches established in this dissertation.   

The bulk uptake behavior of EO-BO discussed in Chapter 4 suggests that the 

retention of surface active molecules by the hydrogel is non-trivial and may potentially 

contribute to the conditioning of the lens surface in vivo.  However, such claims must be 

corroborated by detailed analysis of the release mechanism of the molecules over an 

extended period of time.  One experimental approach may be to utilize the UPLC for 

measuring the amount of EO-BO that leaches out of a lens during a given amount of 

time.  Recall that the measurements presented in Chapter 4 resulted from sonicating 

the lenses to force the release of the EO-BO.  From a surface science perspective, XPS 

analysis can be carried out following mechanical treatments under simulated wear 

conditions to monitor the changes in the amount of the C-O species present at lens 
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surface.  The study of the release mechanism of surfactants currently being 

incorporated in lens care solutions can offer insight into correlating the presence of 

these molecules to the performance of the lenses in vivo at a time scale relevant to 

clinical settings. 

As pointed out at the beginning of the discussion of surface characterization 

techniques, many surface properties strongly depend upon the specific counterface and 

testing conditions employed at the time of experiment, with friction coefficient being an 

example.  Most interfaces in vivo do not include the contact of a stiff material such as 

silica.  As a result, it is natural to speculate the changes in friction and contact 

mechanics of a hydrogel surface when the counterface is more like itself in terms of 

chemistry and structure.  Furthermore, a persistent issue encountered in measuring 

surface mechanical properties of hydrogel materials is the occurrence of interfacial 

adhesion.  As a problem under constant scrutiny, adhesion can confound the calculation 

of contact forces as it introduces hysteresis to the force-displacement plots [71–73].  

Functionalization of AFM colloidal probe presents a myriad of opportunities to address 

these counterface-related issues.  The versatilities offered by chemically grafted 

functional groups, or even a thin layer of hydrogel film, can reduce the surface energy of 

the probe and/or influence the structural contribution to frictional or adhesive contact 

[11, 134].   

In accordance with the depiction of a hydrogel surface consisting of dangling 

chains interacting with the solution environment, the discussion of mechanical 

properties of the surface cannot preclude the influence of this topmost structure.  In fact, 

data presented in Chapters 5 and 6 revealed a region of surface measuring 
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approximately 50 nm in thickness that exhibited repulsive interaction with the probe 

under compression.  In the PNIPAM system, changes in the topmost surface structure 

as a result of the phase transition contributed to the observed disparity in interaction 

forces (i.e. from repulsive to jump-to-contact) upon first contact.  Moreover, the 

extraction of unpolymerized chains at the surface of a PHEMA sample has been 

observed to reduce the friction response measured with AFM [111].  It is, therefore, 

reasonable to believe that more in-depth interrogation of this “elusive” structure can 

provide understanding of the mechanical properties of a hydrogel surface when 

subjected to low contact pressure (i.e. small indentation depth), which is relevant for 

interfaces present in the ocular environment.   

This dissertation has highlighted several important aspects of the surface 

properties pertinent to the performance of hydrogel materials employed in contact lens 

applications.  Chemical and structural contributions to interfacial phenomena such as 

adsorption, friction, elasticity, and adhesion at polymeric material surfaces have been 

deduced with quantitative surface analyses using XPS and AFM.  Together, these 

findings underscore the importance of designing and engineering functional polymeric 

surfaces tailored to the specific applications for which the materials are employed.   
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APPENDIX A 
NORMAL FORCE CONSTANT CALIBARTION OF AFM CANTILEVERS 

Overview 

The precise calibration of force constants of AFM cantilever rests at the 

foundation of quantitative force analysis in AFM.  This is a demanding task and often 

susceptible to large errors; as a result, force calibration remains as an active area of 

research in the AFM community. Two major calibration methods employed in this 

doctoral work, also representing two of the most frequently used methods, are the 

thermal method, first reported by Hutter and Bechhoefer [121], and the Sader method 

[79–81].  Here, the theoretical basis, the calculation procedure, and the limitations of 

each method will be discussed.  The two methods will also be compared in terms of the 

ease of implementation and the degree of uncertainty. 

The Thermal Method 

The thermal method models the AFM tip as a simple harmonic oscillator with a 

spring constant kN , which is equivalent to the stiffness of the cantilever.  The theory 

assumes the oscillator fluctuates in response to the thermal noise present.  The 

Hamiltonian of such a system describes the oscillative motion of the cantilever at a 

given frequency by the displacement from its equilibrium position q and its momentum.  

As such, the spring constant kN is found to scale with these parameters by the following 

relationship quantified at the resonance frequency of the oscillation fo : 

 

where <q2> is the rms displacement of the system, and kBT describes the thermal 

energy giving rise to the oscillation. 
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In the MFP-3D, the value of <q2> is measured as a function of the rms deflection 

of the cantilever at resonance in free air (i.e. free from the influence of surface 

interaction forces), which also requires the knowledge of the inverse optical lever 

sensitivity invOLS (in nm/V) as described in Chapter 2: 

 
 

Here, <δV2> represents the change in rms voltage signal (i.e. the “thermal noise”) 

of the cantilever as a result of thermal oscillation, which is a function of the quality factor 

Qf  and the resonance frequency.  These two values are determined by a power 

spectrum, which plots the deflection volts against the measured frequency of the 

oscillation (Fig. A-1).  Χ2 is an instrument-determined correction factor. 

The Sader Method 

The Sader method determines a rectangular cantilever’s spring constant based 

on the following parameters: the plan view dimension, the unloaded resonance 

frequency, and the quality factor of the surrounding medium, as suggested by the 

equation below: 

 

where ρf is the fluid density, b is the width of the cantilever, L is length of the cantilever, 

Qf  is cantilever quality factor measured by the power spectrum, Γi is the imaginary 

component of the hydrodynamic function (which is a function of the radial frequency, 

ωf).  The hydrodynamic function depends only on the Reynolds number (Re): 
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where η is the viscosity of the fluid.  Having calculated the Reynolds number, the 

corresponding value of the imaginary part of the hydrodynamic function can be obtained 

based on numeric calculations detailed in [141]. 

Cantilever geometry consideration 

Due to the geometric constraint of the hydrodynamic function, the Sader method 

for normal force calibration as outlined above is only applicable to rectangular 

cantilevers with aspect ratios (i.e. L/b) greater than 3.  For V-shaped cantilevers, 

therefore, the normal force constants may be calculated by one of two methods.  

First, if located on the same chip as a rectangular lever, the force constant of a 

V-shaped cantilever can be calculated theoretically based on parameters such as the 

Young’s modulus E and lever thickness h, realized from the known value of kN of the 

rectangular lever via [81]: 

 
 

For a stand-alone V-shaped lever, theoretical or experimental values derived 

from functions involving the Reynolds number are required [80]. 

Added mass consideration 

The effect of an added mass at the end of a cantilever on the overall force 

constant (in both normal and lateral directions) is an important issue to be considered, 

especially for colloidal probe microscopy technique employed in this doctoral work.  

Ensuing investigations by Sader et al. suggest that a silica sphere 7-μm in diameter 

virtually did not alter the measured spring constant of a rectangular cantilever [81].  As a 

result, for the 5-μm silica sphere utilized in the present work, no quantitative adjustment 

was deemed necessary for the measured spring constant. 
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Sample Calculations 

The following calculations are based on the dimensions and parameters of an 

uncoated, rectangular silicon nitride cantilever shown in Fig. 2-18.  This particular 

cantilever has a nominal spring constant of 2.7 N/m as reported by the manufacturer.  

 ρf (air) = 1.18 kg/m3 

  (air) = 1.86e-5 kg/m/s 

 b (width) = 33 ± 1 μm 

 L (length) = 124 ± 1 μm 

 ΔL (distance between the free end and the probe) = 8 ± 1 μm 

 L’ (distance between the fixed end and the probe) = 116 ± 2 μm 

 Qf (air) = 170.7 

  (resonance frequency of the cantilever in air) = 143.8 kHz 

 ωf (radial frequency in air) = 1.868e4 kHz 

 invOLS (air) = 108.33 nm/V  
 
The Sader Method 

 
 

 
 

The corresponding value of , calculated with equations presented in [79, 140], is 

approximately 0.768. Hence, 

 
 

 
Because the force is usually not applied at the end of the cantilever but at a point off the 

end where the tip is located, indicated by L’. 
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The Thermal Method 

 
 

Note that this value is different from that reported in Chapter 5 (5.19 N/m), which 

was also calibrated using the thermal method.  Deviations in the calculation of force 

constant using the thermal method are common because the measurement of InvOLS is 

usually susceptible to instrumental uncertainty.  This shortcoming is less apparent with 

the Sader method because the values of Qf and fo are more consistent when measured 

with the power spectrum. 

Discussion 

Each of the two methods presented clearly demonstrates a set of advantages 

and disadvantages.  For example, the thermal method is indeed quick and simple to 

use, but is susceptible to the effect of the size and the position of the laser spot, which 

inevitably affects the measurements of invOLS  [70].  On the other hand, the Sader 

method only relies on the dimensions of the lever without the need for additional 

measurements that may be subjected to instrumental noise.  However, due to the 

sensitive dependence (3rd power) of the spring constant on dimension, cantilever 

dimensions should be taken with the highest level of precision possible, such as with a 

scanning electron microscope. 

The overall degree of uncertainty associated with force measurements 

compounds the uncertainty involved in the calculation of kN, as well as the regime of the 

force of interest relative to the detection limit of the instrument.  For example, in the sub-

nanoNewtown force regime, data points may be “binned” into discrete bits due to the 

specific process of analog-to-digital conversion employed by the instrument (see Fig. 5-
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1B).  In such a case, the instrumental resolution dominates the uncertainty of the force 

measurements.  As a result, the discussion of uncertainty must incorporate both the 

inherent detection capability of the instrument and the specific force regimes of interest, 

with the uncertainty in the determination of cantilever force constant being a dominating 

factor in the higher force regime.  
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Figure A-1.  Calculating normal spring constant using the thermal method.  A)  A sample 
power spectrum of a cantilever oscillating in free air.  B) An enlarged figure of 
the simple harmonic oscillation (SHO) peak.  The peak indicates the 

resonance frequency fo, whereas the quality factor Qf  is calculated as the 
peak amplitude at fo divided by the FWHM of a Lorentzian fit to the SHO peak 
(fitting not shown). The horizontal red line represents the background of the 
peak. 
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APPENDIX B 
ANGLE-RESOLVED XPS (AR-XPS) ANALYSIS OF SILICONE CONTACT LENS 

MATERIALS FOLLOWING EO-BO SOLUTION TREATMENT 

Overview 

The AR-XPS results reported in Table 4-4 are illustrated graphically in detail 

here.  Emphasis is placed on the changes in relative composition observed at 

approximately 286 eV, corresponding to the C-O chemical shift.  These changes were 

analyzed as a function of EO-BO treatment, at various depths beneath the surface.  The 

depth-sensitivity is controlled by the take-off angle (TOA), which is defined as the angle 

between the surface normal and the position of the analyzer.  As discussed in Chapter 

2, the larger the TOA, the greater the surface sensitivity of the XPS analysis.  

Specifically, a TOA of 65 degrees corresponds to a depth of approximately 10 nm 

beneath the surface, whereas a TOA of 85 correlates to approximately 2 nm of the 

outermost surface region.  The quantification of the relative degree of adsorption was 

discussed in detail in Chapter 4 and will not be repeated here.   

Comparison of C 1s Spectra 

Two sets of comparison are made for each lens sample.  The first is the 

comparison between the control and the treated sample at 65 degrees TOA, and the 

second is the comparison between the control and the treated sample at 85 degrees 

TOA.  If the increase in C-O species compared with the control sample is not apparent 

at 85 degrees, then penetration into the topmost 10 nm of the surface region and the 

bulk material is evident.  If, compared with the control sample, the relative increase in C-

O signature measured at 85 degrees is similar to that is observed at 65 degrees, then 

the adsorption is only concentrated within the topmost 2 nm of the surface.  It is 
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important to note here that, as explained in Fig. 2-3, the chemical information derived at 

65 degrees TOA is inclusive of that derived at 85 degrees.     

As such, spectra comparisons for balafilcon A (Fig. B-1) and lotrafilcon B (Fig. B-

3) reflect a concentrated adsorption of EO-BO molecules in the topmost 2 nm of the 

surface, indicative of limited penetration.  Senofilcon A (Fig. B-2) and comfilcon A (Fig. 

B-4) samples, on the other hand, demonstrate the presence of EO-BO beneath the 2 

nm detected at 85 degrees TOA, reflective of the diffusion of EO-BO molecules into the 

surface region and likely the bulk material beneath.  These results, together with those 

from the UPLC study, give rise to the prediction of the overall interaction model between 

EO-BO and each lens type. 
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Figure B-1.  Spectra comparisons of balafilcon A.  A). Control vs. EO-BO treated 
sample measured at 65 TOA.  B). Control vs. EO-BO treated sample 
measured at 85 TOA. 



 

191 

 

A 

 

B 

Figure B-2.  Spectra comparisons of senofilcon A.  A). Control vs. EO-BO treated 
sample measured at 65 TOA.  B). Control vs. EO-BO treated sample 
measured at 85 TOA. 
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Figure B-3.  Spectra comparisons of lotrafilcon B.  A). Control vs. EO-BO treated 
sample measured at 65 TOA.  B). Control vs. EO-BO treated sample 
measured at 85 TOA. 
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Figure B-4.  Spectra comparisons of comfilcon A.  A). Control vs. EO-BO treated 
sample measured at 65 TOA.  B). Control vs. EO-BO treated sample 
measured at 85 TOA. 
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