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Molecular films and their role in controlling interface properties 

 

Dmitri D. Iarikov 

 

ABSTRACT 

 

 

In the first part of this study, frictional and normal forces in aqueous solutions were measured 

between a glass particle and oligopeptide films grafted from a glass plate.  Homopeptide 

molecules consisting of 11 monomers of different amino acids were each “grafted from” an 

oxidized silicon wafer using microwave-assisted solid phase peptide synthesis.  Oligopeptides 

increased the magnitude of friction compared to a bare hydrophilic silicon wafer.  Friction was a 

strong function of the nature of the monomer unit and was lower for hydrophilic films. There 

was a strong adhesion and therefore friction between surfaces of opposite charges.  Changes in 

adhesion and friction depended on the hydrophobicity and electrostatic forces: hydrophobic films 

and oppositely charged films produced high friction, whereas hydrophilic and like-charges 

produced low friction.  Friction was lower in phosphate buffered saline than in pure water due to 

the screening of the double layer attraction for oppositely charged surfaces and additional 

lubrication by hydrated salt ions.  We also investigated antimicrobial action of poly (allyl amine) 

(PA) when covalently bonded to glass.  Glass surfaces were prepared by a two-step procedure 

where the glass was first functionalized with epoxide groups using 3-glycidoxypropyltrimethoxy 

silane (GOPTS) and then exposed to PA to bind via reaction of a fraction of its amine groups.  

Antibacterial properties of these coatings were evaluated by spraying aqueous suspensions of 

bacteria on the functionalized glass slides, incubating them under agar, and counting the number 

of surviving cell colonies.  The PA film displayed strong anti-microbial activity against both 

Gram-positive and Gram-negative bacteria.  Films that were prepared by allowing the PA to self 

assemble onto the solid via electrostatic interactions were ineffective antimicrobials.  Such films 

had an insufficient positive charge and did not extend far from the solid.  Thus we found that 

antimicrobial activity was correlated with a combination of the ability of the polymer chain to 

extend into solution and a positive surface potential. 
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Chapter 1 

 

Introduction 

 

1.1 Motivation 

Synovial lubrication in mammalian joints is an incredibly efficient way to reduce friction in an 

aqueous environment.  Friction coefficients can be as low as 0.001 – 0.01 between two cartilage 

surfaces.  This ability to maintain extremely low friction under highly dynamic conditions is 

explained by the complex cartilage structure and self-assembled phospholipids and surface 

biomacromolecules at the interface.1  One of the goals of this project was to determine the effect 

of various chemical groups, e.g. carboxylic acids, amines and hydrophobic groups, on the 

magnitude of friction between model surfaces in water. This investigation is relevant because 

previous work has shown that surface-bound molecules strongly affect friction at the aqueous 

interfaces.2  For example, in one study, self-assembled peptides were evaluated as a potential 

alternative to hyaluronic acid injections for the treatment of osteoarthritis.3  Different peptides 

were synthesized and allowed to self-assemble into fibrils which formed nematic fluids to be 

used as cartilage lubricant replacing hyaluronic acid injections.  A nematic fluid refers to a liquid 

crystalline phase where the long axis of the particle is aligned.  In our study we took a different 

approach and grafted short-chain peptides (oligopeptides) to the interface.  The frictional 

response of these films was evaluated using lateral force microscopy (LFM).   

 



2 
 

The second goal of this study was to modify the silane-coated surfaces to impart antimicrobial 

functionality.  The interest in antimicrobial surfaces stems from the ever-growing demand for 

healthier and cleaner living conditions among the world population.  Pathogenic microbial 

strains cause millions of deaths every year and new materials that can kill or repel microbes and 

harmful bacteria are constantly being sought.4  Treatment of microbial infections has become 

more and more difficult due to the increasing presence of antibiotic-resistant pathogens.5  For 

example, the number of deaths from the methicillin resistant strain of S.aureus alone in the USA 

recently surpassed the number of deaths attributed to the HIV.6  Many infections are caused or 

introduced by medical implants.  For these infections a possible treatment is to modify the 

surface of the implant to kill bacteria.  This is particularly important in hospital environments 

where infections spread by the way of transplants or subdermal medical devices.7  One 

advantage of this treatment is that only a small portion of the body is exposed to the 

antimicrobial, rather than the entire body, as in oral antibiotic treatments.  Effective anti-

microbial coatings could prevent urinary tract infections and sepsis associated with prolonged 

exposure to subdermal catheterization.  Therefore, we developed polyallylamine (PA) surfaces 

with significant anti-microbial activity.  Test surfaces were first functionalized with epoxy 

groups using 3-glycidoxypropyl-trimethoxy silane (GOPTS) to allow PA attachment to glass to 

form a microbicidal layer.  The PA films displayed strong anti-microbial capabilities compared 

with untreated glass.  The antibacterial capability of these coatings was evaluated by spraying 

aqueous suspensions of bacterial cells on PA-functionalized glass slides, incubating them on the 

surface, and counting the number of surviving cell colonies. 
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1.2 Alkoxysilane self-assembled monolayers 

Self-assembled monolayers (SAMs) have come to scientific attention in 19808 and include 

systems such as thiol/gold surfaces and alkylsilane/silicon (glass) surfaces.  These SAMs form 

spontaneously on a solid substrate from solution, a property that allows for fine control over the 

surface chemistry.9  The addition of SAMs to silicon or glass surfaces can impart different types 

of molecular functionality to the substrate (i.e. wettability, electrical or thermal conductivity, 

friction, adhesion, or antimicrobial properties).  Alkylsilane SAMs are chemically and physically 

robust and find direct applications in various technological systems in the fields of electronics, 

nanotechnology, protein binding, antibacterial coatings, cell adhesion, and others.10-12  The 

typical alkylsilane molecule consists of three portions: the head group, the alkyl chain, and the 

terminal end group (Figure 1.1).10  The head group (triethoxy- or trimethoxysilane) anchors the 

molecule to the substrate.  The alkyl chain has a significant influence on the SAM ordering, and 

the terminal end group is responsible for the chemical functionality of the resultant surface-

bound silane layer.  In the work in this thesis, the functionality is the ability to bind a polymer.  

Following the SAM self-assembly, the silane monolayers were further functionalized with 

oligopeptide molecules (Chapter 3) to modify surface friction or with PA to give the film 

antimicrobial capabilities (Chapter 5). 
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Figure 1.1  GOPTS (a) and APTES (b) attached to a silicon surface. 

 

Silanes react with the silanol groups (SiOH) present on the silica surface according to the 

following reaction schematic:13 

SiOH + SiX3R → SiOSiX2R + XH     (1.1) 

where X is the head group and R is the alkyl chain and the terminal end group.   The idealized 

depiction of the two alkylsilanes attached covalently to a substrate is shown in Figure 1.1.  It was 

originally proposed by Sagiv8 that the formation of the SAM is initialized with the hydrolysis 

reaction of silane molecules followed by reaction with the exposed –OH groups on the surface.  

Others also suggested that the reaction occurs between the self-assembling molecules and 
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surface-bound residual water molecules and this reaction results in a two-dimensional, cross-

linked network of Si-O-Si bonds.  The reaction between alkylsilanes and a glass surface is 

carried out in either organic solvents (such as toluene) or in a vapor phase under vacuum.  An 

alkylsilane molecule can form more than one bond with the silicon substrate.  The silanol 

(“hydroxyl”) groups have to first be “exposed” by a reaction with a strong acid, i.e. concentrated 

sulfuric acid and hydrogen peroxide mixture.  Alternatively, hydroxyl groups on the silicon 

surface can be formed by exposing the surface to UV/ozone or to oxygen plasma.14,15  The initial 

reaction (“condensation”) is initiated when the head group of the silane reacts with the trace 

molecules of water on the substrate surface to form silanol groups (hydrolysis).13  This is 

followed by hydrogen bond formation between the silane compounds and the surface and 

eventually condensation on the surface.  The schematic of the hydrolysis and the condensation 

reactions can be seen in Figure 1.2.9  An alternative route to the reaction is the initial adsorption 

of the silane molecule to the surface followed by a reaction with the exposed hydroxyl groups.  It 

is important to exclude water from the reaction as it promotes uncontrolled further 

polymerization of the alkylsilanes on the substrate.  Exclusion of water can be achieved by 

exposing the solvent to dry molecular sieves.  The self-assembly process generally depends on 

different factors such as reaction time, reaction temperature, silane concentration, and presence 

of moisture. 
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Figure 1.2 The schematic of hydroxyl and condensation reactions of silanes with a silica 

substrate.  Modified from a paper by Arslan et al.9   

 

1.3 Surface characterization 

In the fields of interface and surface science, it is critical to be able to control and predict the 

chemical composition and physical structure of thin films and coatings.  The analysis of the film 

structure and composition can be achieved using several techniques such as x-ray photoelectron 

spectroscopy (XPS), ellipsometry, secondary-ion mass spectrometry (SIMS), atomic force 

microscopy (AFM), quartz crystal microbalance (QCM), (surface-sensitive) attenuated total 

internal reflection infra-red spectroscopy (ATR-IR), and fluorescent microscopy.9  This section 

serves as a brief overview for these techniques and instruments.   
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The XPS is a spectroscopic technique that can be used to estimate the elemental composition and 

bonding of material present on the surface.16  This is achieved by using monochromatic X-ray to 

irradiate the sample followed by analysis of the energy of electrons that escape from the sample 

surface.  The XPS can “probe” the surface on the order of 1 to 10 nm depending on the intensity 

of the X-ray and the angle of irradiation.   

 

Ellipsometry is a specular optical technique that investigates dielectric properties of thin films 

that makes it possible to estimate the thickness and refractive index of very thin films.17  The 

measured signal is the change in polarization of light as the incident radiation interacts with the 

film substrate.  The difficulties associated with this technique are in the modeling of the 

experimental data and a requirement for a reflective substrate.   

 

SIMS is used to analyze the composition of thin films by sputtering the surface with an ion beam 

and collecting and analyzing secondary ions.18  The mass spectrometer then is used to determine 

the mass to charge ratios of the sputtered material, which is then used to infer the mass of the 

compounds that were on the solid surface.  The probing depth where SIMS is effective is in the 

range of 1 to 2 nm.   

 

The QCM is a relatively new technique that is used to measure the total mass adsorbed to a 

surface and thus the mass per unit area if the area is known.19  The surface is usually a quartz 

crystal sputter-coated with a gold layer, which is further functionalized with thiol molecules.  

However, coatings other than gold or silicon can be used.  Minute changes in mass (down to 
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below 1 ug/cm2) arising from adsorption lead to measurable changes in the resonant vibrational 

frequency of the quartz crystal.  The adsorbed mass includes solvent molecules.  Using QCM it 

is possible to detect a mass addition of a single molecular monolayer.  Energy dissipation at the 

surface can also be measured.  The energy dissipation is a qualitative characterization technique, 

which gives insight into the organization of the surface film.   

 

The ATR-IR is a surface-sensitive technique that can be used to measure the chemical bonding 

in a thin film.16  In this thesis, a particular version of ATR-IR was used where the sample was 

pressed against a germanium crystal.  An evanescent wave, created at the surface of the 

germanium prism, penetrates into the sample.  Adsorption by the sample leads to diminished 

intensity (attenuation) of the light that passes through the germanium prism.  The attenuated 

intensity, normalized by the attenuation without the sample, as a function of frequency is known 

as the “spectrum”.  Comparison between the measured spectrum and the spectra of known 

compounds allows identification of the adsorbed material.  

 

AFM can be used to measure surface forces, frictional forces, and the surface topography.  These 

methods are discussed in great detail later in this chapter.  

 

1.4 Atomic force microscopy 

AFM was the principal experimental technique used in experiments described in this thesis, and 

will be described in some detail.  The next several paragraphs will allow the reader to gain 



9 
 

understanding and appreciation for this technique.  Unlike traditional microscopes where 

imaging is performed with an incident beam, the AFM imaging is achieved by sensing the force 

between a sharp probe and a sample surface.20  In an AFM the object is scanned with a 

microscopic “tip” that has a radius of curvature on the order of a few nanometers.  The tip is 

located at the end of a soft cantilever spring, usually made of silicon nitride.  The AFM creates a 

map of force as a function of position of the tip.  The position of the tip relative to the sample is 

altered using piezoelectric translation stages which provides control over the sample position 

with sub-nanometer precision.20  The changes in the force experienced by the cantilever probe 

are recorded are determined from the deflection of a laser beam from the cantilever.   To effect 

efficient reflection, the back of the AFM cantilever is often coated with reflective material such 

as a layer of gold.  A laser beam is reflected from the back of the cantilever to a four-quadrant 

photodiode.  The photo-diode responds to the laser beam position with a change in voltage which 

measures the deflection of the cantilever.  The deflection of the cantilever is converted into force 

using the measured spring constant.  The schematic of the instrument is presented in Figure 1.3.    
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Figure 1.3  Schematic illustration of the AFM tip, piezoelectric translation stage, and the force 

detection assembly. 

 

AFM has several distinct advantages when compared with other microscopy types.  It provides a 

much higher resolution than an optical microscope, since its resolution is not limited by the 

wavelength of light, and is capable of imaging in liquids.  Under appropriate conditions it is even 

possible to map distributions of single molecules.21  In contrast, scanning electron microscope 

(SEM) usually requires a conducting solid under high vacuum.  These conditions are not always 

possible to achieve without disturbing the structure of soft materials.  AFM can be used to 

measure surface forces, surface roughness, and mechanical properties of materials and to 

produce genuine 3D images in buffer solutions and other liquid media.  For example, the AFM 

also allows imaging of live bacterial organisms such as bacteria in situ.22 
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1.5 Surface imaging  

When performing surface imaging with the AFM, there are several approaches available.  The 

sample surface may be imaged either in “contact mode” with the AFM tip in contact with the 

sample at a constant applied force, or in “tapping mode” with the tip continuously oscillating so 

as to intermittently touch the sample during each oscillation.   

 

Contact mode AFM can be performed in one of two modes, (a) constant force or (b) variable 

force.  If we assume that the sample is chemically homogeneous, a constant force means a 

constant height above the sample, so this mode is often called “height mode”.  To achieve height 

mode, the sample is scanned while a feedback loop is activated to maintain a constant deflection 

on the cantilever by altering the height of a piezoelectric transducer (z-piezo).  In this mode the 

position of z-piezo traces the height of the sample, and is recorded as a function of x-y position 

to yield a “height image” that represents the height of the sample if the feedback loop is able to 

maintain constant deflection of the cantilever.   

 

If the gain or frequency of the feedback loop is turned down, then the z-piezo does not track the 

topography, and the force on the cantilever is a function of position.  A record of the deflection 

as a function of x-y position is called a “deflection image”, and at low gain this deflection image 

represents the topography.  The deflection image is very useful for recording high frequency 

signals.20   That is, when the topography has high gradients or the image must be collected 

quickly.  Another application is edge detection.   
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Because the AFM tip is in contact with the sample while it translates sideways, there is friction 

on the surface, and wear is possible.  This is particularly significant for soft and delicate samples 

such as adsorbed polymers or biological tissue where in contact mode the tip can easily move 

molecules around the surface, preventing accurate imaging.  “Tapping” mode AFM was 

developed to minimize this “wear”.  In tapping mode, the clamped end of the cantilever is driven 

sinusoidally while the amplitude and the phase of the free end is monitored.   The cantilever is 

positioned such that the tip is only in contact for part of each cycle, and thus it does not scrape 

along the surface, moving molecules as it goes.20   

 

1.6 Force measurements  

In addition to surface images, it is interesting to measure the forces acting in the normal direction 

between the tip and the sample (a force-distance curve).  These force-distance curves are 

collected by recording (at a given sample location) the cantilever deflection as a function of the 

vertical displacement of the z-piezo.  The atomic force microscopy (AFM) was originally 

designed with an extremely sharp tip to obtain high lateral resolution while scanning a sample 

surface.  To facilitate comparison with theory, AFM force–distance measurements are often 

performed with a “tip” of known geometry.  This has been achieved through attachment of a 

silica microsphere (5 to 20 µm) to the free end of the cantilever.  Because most surface forces 

scale with the radius of the object, the larger radius of the sphere compared to a sharp tip also 

increases the resolution of forces for constant deflection resolution.  The measurements 

performed with a colloidal sphere instead of a regular tip are referred to as the “colloidal probe” 

technique.  This way it is possible to measure forces in the colloidal regime, i.e. between a 

colloidal particle and a surface, a geometry that is important for colloidal interactions, and has 
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been extensively studied in the field of fluid mechanics and surface forces.  It is also possible to 

modify the colloidal probe chemically. 

 

The analysis of force–distance curves proceeds as follows: the “raw” photodiode voltage as a 

function of z-piezo position is captured (Figure 1.4).  The voltage is converted to deflection using 

the measured sensitivity of the so-called constant compliance region.  In the constant compliance 

region the motion of the z-piezo is assumed to be equal to the cantilever deflection.  The surface 

force depends on the separation between the sample and the probe, and not in general on the z-

piezo separation.  Because the separation changes with deflection, the deflection at each time 

must be subtracted from the z-peizo postion.  Further, a constant must be subtracted to determine 

the absolute separation. 

 

Figure 1.4.  Photo-diode response as a function of the z-piezo position (left), and the 

corresponding surface force-separation plot (right).  The sensitivity is obtained from the constant 

compliance (contact) region and the zero-distance is established relative to the contact regime. 
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In order to better understand the force-distance curves discussed in this thesis, several examples 

with explanations are provided in Figure 1.5.  By definition at large separations there is no 

surface force and any residual force due to gravity etc. is subtracted so that the force is set to 

zero. As the AFM probe approaches the surface, the probe experiences surfaces forces.  For 

example, in water, there is often a repulsive double-layer force (Figure 1.5a).  Sometimes there 

are attractive forces (Figure 1.5b).  When the gradient of an attractive force exceeds the spring 

constant, the position of the free end of the cantilever is unstable, and the cantilever moves 

rapidly to the next equilibrium position.  This is often called a “jump”.  Frequently the next 

stable equilibrium is with the probe in contact with the sample, which is called a “jump to 

contact”.  After the probe has contacted the sample, the direction of travel of the z-piezo is 

reversed to pull the probe off the sample.  The retract portion contains (a) some of the 

equilibrium data that was missed during the jump on approach and potentially (b) some 

metastable local equilibrium positions that can be of great interest.  An example of (a) is given in 

(Figure 1.5c) where a net negative force must be applied to overcome the adhesion that occurs 

due to strong van der Waals forces at separations of less than a nanometer.  An example of (b) is 

given in Figure 5d.  Sometimes polymer molecules stick to the sample, but when the tip or 

colloid probe touch this layer, the polymer also sticks to the tip or probe.  The polymer may then 

bridge between the two solids. As the probe is moved away from the solid sample, the bridging 

polymer is stretched and there is an additional attractive force due to stretching of the polymer.20  

At some tensile load applied by the cantilever, the bond between the polymer and one of the 

solid ruptures, and the attractive force is lost, at which time the force due to the polymer drops to 

zero, which is indicated by the vertical line on Figure 5d.  If several polymers of differing 
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contour lengths between attachment sites are present, then there will be a series of loading and 

rupture events, as shown in Figure 5d.  Therefore the force distance curve provides information 

about the free lengths of polymer chains bound to the surface, information which is used in the 

chapter on antimicrobial covalently-bound poly (allylamine) (Chapter 5). 

  

Figure 1.5  Examples of surface force versus separation plots.  (a) Repulsive interaction with the 

sample surface on approach; (b) a mechanical instability and “jump into contact” on approach in 

the cantilever when the change in the attractive force is bigger than the force constant of the 
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cantilever; (c) hysteresis when the probe “sticks” to the surface on retraction; (d) an example of 

“breaking” or detaching of polymer chains from the AFM probe on retraction. 

 

In Chapter 3 of this work we will describe how oligopeptide surfaces can be used to control and 

modify surface friction measured using lateral force microscopy (LFM) described in Chapter 2.  

Different types of oligopeptides were used to better understanding of aqueous friction 

phenomena.  Chapter 5 deals with new antimicrobial coatings made of polyallylamine (PA) films 

bound to epoxide-functionalized surfaces.  The coatings were shown to be effective against both 

Gram-positive and Gram-negative bacteria.  The properties of the surface-bound polymer were 

investigated and the killing efficiency was related to surface charge density and thickness of free 

polymer chains.  Finally Chapter 6 deals with the introductory investigations of interactions of 

bacteria with antimicrobial coatings using AFM. 
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Chapter 2 

 

Measurements of friction using lateral force microscopy 

 

2.1 Introduction 

While frictional behavior was first described by Leonardo da Vinci, the development of the 

original experimentally-based frictional laws was attributed to Guillaume Amontons and 

Charles-Augustin de Coulomb.  Amontons’ first and second laws state that the force of friction is 

directly proportional to the applied load and is independent of the contact surface area.  

Coulomb’s friction law states that the friction is also independent of the sliding velocity.  Most 

recently, a significant attempt to explain the empirical phenomena behind Amontons’ laws was 

made by Bowden and Tabor in the middle of the 20th century.1  According to the Tabor and 

Bowden model, the frictional force depends on the product of the shear stress between the two 

surfaces and the real area of contact which is much smaller than the apparent contact area.  

Validation of Tabor and Bowden’s ideas is difficult because the true contact area is difficult to 

estimate experimentally.  

 

Understanding of the tribological behavior at the nanoscale level is important for the 

development of technologies in the area of biological and biophysical processes because in both 

nature and industry, surfaces that slide past each other are lubricated via thin interfacial films.  

The focus of this work is friction in aqueous solutions.  In articular joints, for example the knee, 



19 
 

are an example of a water-based lubrication system.  Healthy cartilage surfaces can slide on each 

other with extremely low friction coefficients for many years.  Cartilage tissue is made up 

primarily of water with high molecular weight hyaluronic acid (HA), glycosolated proteins and 

various lipids.2  Different models for the mechanism by which this low friction is achieved have 

been proposed 3 and the excellent lubrication between living joints is ascribed to the presence of 

brush-like macromolecules that are able to sustain sliding and provide separation between 

surfaces.  For example, hyaluronic acid is a charged linear polymeric carbohydrate and the main 

component of healthy synovial fluid.  Osteoarthritic joints contain reduced concentrations of HA 

resulting in wear and tear of the cartilage.  The current method for short-term pain relief in 

osteoarthritis consists of regular injections of HA or its derivatives.  HA is an effective lubricant 

with healthy or slightly damaged cartilage, but does not reduce cartilage friction for cases of 

more severe damage.  Short synthetic linear amino acid sequences (peptides) were proposed as a 

potential replacement for HA as a way to restore stability to the joints, relieve pain, and delay 

surgery.4  It is interesting to determine whether the reduction or control of frictional properties 

can be possible when the peptides are “grafted from” the surface.  Grafting holds the polymers in 

place, but diminishes the conformational freedom of the molecules. 

 

At the end of the 20th century, the study of friction was revolutionized with the invention of 

atomic force microscopy (AFM), and the surface forces apparatus (SFA)5,6 as these devices 

allowed for precise characterization of friction forces.  The principal advantages of SFA are the 

ability to use molecularly smooth mica, the ability to determine the shape of the contact area and 

the ability to determine the absolute separation. AFM has the advantage of being amenable to 

many different materials, particularly glass and silica, which allow easy chemical grafting.  To 



20 
 

determine friction forces, the AFM must measure the force normal to both the surface and the 

direction of motion.  Such measurements are called lateral force microscopy (LFM) and rely on 

measurement of deflection of a microcantilever.  In the microscopes in the Ducker Lab this 

lateral deflection of the cantilever is sensed by a photodiode (See Figure 2.1).  The lateral force 

on the cantilever results in the lateral (torsional) deflection, and the signal can be recorded using 

the photo-sensitive diode (PSD) detector assembly.  A laser beam is aimed at the end of the 

cantilever and the beam is then deflected onto the PSD using a mirror.  The position of the laser 

spot on the PSD can be used to determine deflection of the cantilever by analyzing the magnitude 

of the resulting voltage.  This is represented schematically in Figure 2.2 where the four quadrants 

of the PSD are labeled A1, A2, B1, and B2.7  The voltage signal obtained with the PSD has to be 

converted into the units of deflection.  The normal and lateral voltage signals can be described by 

the following two equations:   

Vnormal = (VA1 + VA2) – (VB1 + VB2)     (2.1) 

Vlateral = (VA1 + VB1) – (VA2 + VB2)     (2.2) 

 



21 
 

 

Figure 2.1.  Friction loop measured with lateral force microscopy.  The dynamic friction is 

proportional to 1/2V.   Calibration of friction requires the V/m calibration (shown) and the lateral 

force constant of the cantilever. 

 

Therefore, both normal and lateral surface forces can be investigated simultaneously with the one 

photodiode.  As described above, colloidal probe AFM was first developed by Ducker8 and 

allowed measurements of surface forces with a controlled geometry and increased magnitude 

force magnitude by attachment of a colloidal sphere to the AFM cantilever.  LFM can also be 

performed with a colloidal probe, which then allows use of a variety of solids.9,10 Furthermore, 

the torsional or the lateral spring constant of the cantilever must be known in order to calculate 

the force that the cantilever probe is experiencing.   
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Figure 2.2  Schematic of the torsional rotation of a rectangular AFM cantilever. 

 

2.2 Calibration methods for lateral force microscopy 

In LFM, the cantilever is scanned in contact with the solid in the direction normal to both the 

solid and axis of the cantilever. The resulting friction between the tip and sample applies a force 

laterally to the end of the tip, which applies a torque to the free end of the cantilever, distorting 

the shape of the cantilever and causing the reflected laser beam to translate to from side 1 to side 

2 (Figure 2.2).  Starting from zero velocity, a finite force must be applied to the tip to exceed the 

static friction and commence motion. During this portion, the cantilever is being loaded 

proportional to the travel of the piezo, which appears as a linear trace in a plot of photodiode 

response as a function of lateral position.  This is analogous to the constant compliance regime in 

normal force microscopy.  Once the static friction is exceeded, the cantilever starts at the same 
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velocity as the translation stage, the friction reaches a constant value, the dynamic friction, and 

the diode response is constant (See Figure 2.1).  In some cases stick-slip motion occurs, but this 

is not considered in this thesis because it was not observed in the measurements.  In the absence 

of stick-slip, the friction is characterized by the dynamic friction.   

 

When the direction of motion of the x-piezo is reversed, the lateral loading on the tip decreases, 

and the joint between the tip and sample becomes stuck.  A second linear regime is encountered 

(see Figure 2.1).  The load drops to zero and then increases in magnitude with the opposite 

direction to the initial load.  Ultimately, the static friction is exceeded and the tip again begins to 

move in a direction opposite to the initial direction of motion, but in the same direction as the y-

piezo stage.  Note that friction always opposes the direction of motion. Because the friction is 

symmetrical with respect to velocity, the kinetic friction is proportional to one half of the 

difference between the two friction traces shown in Figure 2.1. 

 

2.2.1 LFM torsional sensitivity 

The laser beam is deflected by the torsional motion of the cantilever as it slides along the sample 

surface and the motion is registered by the photodiode and is recorded in the units of lateral 

voltage.  It is possible to define the “torsional sensitivity” of the lateral force microscope as a 

ratio of the lateral voltage output and the torsional moment applied to the cantilever.11  In this 

case the lateral friction force can be defined as 

𝐹𝐿 =
∆𝑉𝐿

𝑆𝑇ℎ
      (2.3) 
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where ΔVL is the lateral voltage signal, ST is the torsional sensitivity which is defined as the ratio 

of the lateral voltage output to the torsional moment applied to the cantilever, and h is the arm 

length across which the torque is applied.  For our purposes the torsional arm length corresponds 

to the diameter of the glass sphere attached to the tip of the AFM cantilever.  In this case the 

torsional deflection of the cantilever (ϕ) can be equated to the lateral displacement (Δy) if the ϕ is 

small.  Therefore, ϕ = Δy/h where the h is the diameter of the colloidal sphere (or the length of 

the moment arm).11  Therefore, if we know the torsional stiffness of the cantilever, we can then 

determine the frictional force:7 

      (2.4) 

where h is the moment arm which in this case is equal to the colloidal sphere diameter.  The 

calibration of the photo-diode was performed using a simple method first developed by Ducker12 

where it is assumed that the linear part at the start of the friction loop represents the region where 

the tip is fixed on the sample, so the deflection voltage is proportional to the lateral deflection of 

the cantilever.  The proportionality constant, Ct , is in units of deflection per volt. 

 

To calculate the frictional force we measured and analyzed sets of friction loops at different 

applied normal loads.  The voltage difference between the two flat (dynamic) parts of the friction 

loop is directly proportional to the magnitude of the friction force.  We can further obtain the 

relationship between the lateral movement of the piezoelectric motor (in volts) and the lateral 

deflection of the cantilever from the slope of the static friction region.  The friction force can 

then be calculated according to the following equation: 
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𝐹𝑓 =
𝛥𝑉

2
𝐶𝑡

𝑘𝜙

ℎ2       (2.5) 

where ΔV is the voltage difference from the dynamic friction loop portion, 𝑘𝜙 is the torsional 

spring constant, Ct is the volts to deflection conversion factor, and h is the moment arm.  The 

voltage difference has to be divided by two to account for the fact that the friction loop shows the 

cantilever direction as it goes both ways across the sample surface. 

 

The terms “torsional” and “lateral” spring constant are oftentimes used interchangeably but they 

not the same, e.g. 𝐹𝑓 = 𝑘𝑙𝑎𝑡𝑑𝑙𝑎𝑡 =
𝑘𝜑𝜑

ℎ
.  The torsional spring constant (kφ) can be converted to 

the lateral spring constant (klat) if the moment arm length of the cantilever is known and the 

torsional deflection angle is small using the following equation.  The torsional spring constant 

has the units of [N m] and the lateral spring constant has the units of [N/m].   

     (2.6) 

In the above equation, h is the height of the moment arm of the AFM cantilever, i.e. the diameter 

of the colloidal sphere.   

 

The friction loop can be thought of a “force curve” in the lateral direction.  We need similar type 

of information to extract the frictional force from the friction loop it as we do to extract the 

normal force from the normal force-distance curve.  The stiffness of the spring (in this case 

lateral or torsional) and the voltage to deflection conversion factor (calibration of the 
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photodiode) are required.  The cantilever calibration in the normal direction has been well 

researched, and includes such methods as finite element analysis,13 method of added mass,14 

reference cantilever method,15 method of thermal vibrations14 and others.  The photodiode 

calibration is also fairly straightforward in the normal direction and the most common method 

uses the “constant compliance” region to determine the voltage to deflection conversion.  On the 

other hand, lateral/torsional calibration is more complex and requires considerable ingenuity.  

This chapter will describe different methods of how these properties can be obtained in order to 

perform LFM measurements.  Over the past two decades, numerous methods of LFM calibration 

were proposed and can be roughly divided into two types:  

(1) two-part calibration (spring constant is determined separately from the photodiode 

calibration) 

(2) combined calibration (spring constant and PSD sensitivity determined together) 

In (1) it is necessary to individually determine the lateral or the torsional spring constant and then 

perform the photodiode calibration.  In (2) the stiffness of the cantilever is determined 

simultaneously with the photodiode calibration, or the mechanical calibration of the cantilever is 

not necessary at all.  This first part of this chapter will serve as an overview of several ways to 

calibrate the lateral spring constant.  The lateral or torsional spring constants can be determined 

using different methods, such as finite element analysis,16 direct calculation from the normal 

spring constant,17 estimation based on analysis of thermal lateral vibrations in air,14 method of 

added mass,18 stiffness determined by pressing the cantilever against another of known 

stiffness,19 wedge calibration method,20 and applying known lateral torque to the cantilever.15  

The second part of this chapter will deal with the photodiode calibration methods.  The 

photodiode can be calibrated using different methods such measuring the deflection of a beam 
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attached to the reference cantilever,21 calibration by using a grating with two known slopes 

(“wedge method”),22 calibration against a vertical wall,7 using a stiffness reference cantilever,19 

friction measurement in the long axis direction,23 by moving the PSD assembly,24 using the static 

portion of the friction loop,13 and by moving a mirror in place of the cantilever.15   

 

2.2.2 Sader’s method: analysis of thermally stimulated deflection 

In the Sader’s method, the torsional spring constant is calculated using the physical dimensions 

of the cantilever, its vibrational frequency and the quality factor.  This calculation method is 

derived from the assumption that an AFM cantilever is a beam immersed in a fluid.14  The main 

advantages of this method are that it is not destructive, and that the measurement can be 

performed in situ for a rectangular cantilever as long as the cantilever thickness (t) is much 

smaller than its width (b), and the width is smaller than the length (L).  Therefore, the Sader’s 

calibration does not explicitly rely on the thickness of the cantilever which is difficult to 

determine experimentally. 

 

If the quality factor of the resonant frequency peak of the cantilever is much greater than one, the 

torsional spring constant can then be calculated using the following equation:25 

𝑘𝜙 = 0.1592𝜌𝑏4 𝐿𝑄𝑡 𝜔𝑡
2 Γ𝑖

𝑡 (𝜔𝑡)     (2.7) 

Where kφ is the torsional spring constant, ρ is the density of the fluid, b and L correspond to the 

cantilever width and length, Qt is the quality factor, ωt is the cantilever torsional resonance 
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frequency, and Γt
i is the imaginary component of the hydrodynamic function.  The values for the 

hydrodynamic function are tabulated and depend only on the Reynolds number of the system.   

 

Once kφ  has been determined, klat can be determined as well via 𝑘𝑙𝑎𝑡 =
𝑘𝜑

ℎ2
 using the known 

height of the tip or colloidal sphere.  The friction force can then be calculated by multiplication 

by the lateral deflection, which is determined from the friction loop.  This requires a calibration 

of the voltage as described in section 2.3.  These two methods combined were used to calibrate 

the cantilevers for friction measurements in this thesis. 

 

2.2.3 Finite elements method 

If the knowledge of the mechanical properties of the cantilever and its precise dimensions are 

available, it is possible to estimate the spring stiffness by using the finite elements analysis 

(FEA) of the beam structure.13,24  The major drawback to this method is the cubic dependency of 

the cantilever stiffness on the value of cantilever thickness.  It is a difficult property to be 

measured precisely unless SEM measurements are performed on each cantilever in question.  

When performing the FEA there must be assumptions made on the nature of the material in order 

to determine its mass, moment of inertia, etc.  As mentioned above, the gold coating changes the 

mechanical properties of the cantilever in ways that are hard to predict.  Therefore, it is 

preferable to use an experimental method to estimate the spring constant of the individual 

cantilever before each experiment. 
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2.2.4 Calibration using a known off-set 

Cantilever stiffness can be calibrated by bringing the probe into contact with another cantilever 

that was vertically glued to a substrate 15 .  The lateral deflection of one cantilever is then equal 

to the known normal deflection of the other cantilever.  The lateral force constant was calculated 

by measuring the lateral constant compliance slope at the center of the cantilever and at a known 

off-set.  This method is quite laborious and requires (1) a preparation of a special substrate, (2) 

accurate calibration of the piezo-motor to be able to obtain an accurate measure of the offset 

from the center line of the AFM cantilever, and (3) independent calibration of the photodiode 

with respect to the torsional angle to voltage conversion. 

 

2.2.5 Method of added mass 

The method of cantilever stiffness estimation using addition of known mass was first proposed 

by Cleveland et al. to determine the normal spring constant.18  In his original paper a series of 

particles of known mass were attached to the tip of the cantilever which the resonant flexural 

frequency of the cantilever spring was related to.  The normal spring constant was determined 

from the slope of the plot of added mass versus the inverse square of the spring resonant 

frequency.  This  method was then extended to determine the torsional spring constant.14  The 

torsional spring constant was related to the square of the torsional resonant frequency and the 

moment of inertia of the cantilever spring.  With the addition of known mass to the tip, the 

moment of inertia changes and so does the torsional spring constant.  The moment of inertia of 

the added mass can be estimated for a spherical weight using the following equation:14 
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𝜔𝑡
2 =

𝑘𝜙

𝐽+𝐽𝑒
       (2.8) 

In the above equation ωt is the fundamental torsional resonant frequency of vibration, J is the 

moment of inertia associated with the added mass, and Je is the moment of inertia of the 

unloaded cantilever.  It is then possible to calculate the moments of inertia around the moment 

arm of the cantilever.  It is assumed that the added mass is perfectly centered along the major 

axis of the cantilever at the point of the free end.  If the diameter of the sphere is much larger 

than the thickness of the cantilever, the total added mass moment of inertia can be calculated 

using the parallel axis theorem.  The torsional spring constant can then be related to the torsional 

resonant frequency using the equation below. 

𝜔𝑡
2 =

𝑘𝜙
7

5
𝑀𝑠𝑟2+𝐽𝑒

      (2.9) 

In the equation above Ms is the mass of the sphere attached to the end of the cantilever and r is 

its radius.  Although the calculations used in this approach are fairly straight-forward, the critical 

drawback is in the difficulty associated with the attachment and removal of a series of spherical 

particles from the cantilever tip. 

 

2.3 Photodiode calibration methods 

The photodiode array provides the measure of the cantilever normal and lateral motion.  In order 

to extract meaningful data from the LFM measurements, it is necessary to determine the 

appropriate calibration of the photodiode voltage response.  The measurement of lateral or 

torsional spring constants may introduce additional systematic errors into the calculations.  It is 
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possible to use a calibration method that directly relates the lateral force experienced by the 

cantilever to the lateral voltage signal from the photodiode.  In this case it is not necessary to 

estimate the cantilever stiffness separately.  This method ideally would be preferred, particularly 

if the photodiode calibration was performed using the experimental cantilever.  The logical way 

to achieve this calibration is to apply a known force to the AFM cantilever and to measure the 

lateral response.  Other approaches to lateral photo-diode calibration include determining the 

slope of the static portion of the friction loop,12,26 tilting the AFM head,27 and tilting a reflective 

sample using a stepper-motor.15  

 

2.3.1 Photodiode calibration by attachment of a beam to the target cantilever 

The photodiode can be calibrated by attaching a beam with a colloidal probe perpendicular to the 

end of the AFM cantilever and then measuring the torsional signal as the beam is twisted around 

the spring.21  This method calibrates the spring constant and the PSD response to the angular 

deflection simultaneously.  In this arrangement the voltage signal of the PSD is proportional to 

deflection.28  By measuring the lateral and the normal deflection of the cantilever with the sphere 

attached it is possible to calculate the calibration factor that relates the lateral voltage signal with 

the applied torque.  The critical disadvantage of this method is that the attachment of a beam it is 

a delicate and a time-consuming process.  This method would work best with a series of 

cantilevers that have consistent mechanical properties and where the torsional spring constant 

would not change dramatically from one probe to the next.  This way, one representative 

cantilever could be calibrated, and the other ones could be assumed to have similar torsional 
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spring constants.  This would obviously introduce additional error into the experimental 

measurements calculations.   

 

2.3.2 Wedge calibration method 

The wedge calibration method for LFM was originally proposed by Ogletree et al.22  It has been 

the most commonly employed standard for LFM calibration used by different researchers as a 

means to validate their work.  The elegance of the wedge method is that it simultaneously 

calibrates both the lateral spring constant and the photodiode response.  It was the first proposed 

method of this kind where LFM calibration did not rely on the separate determination of the 

cantilever stiffness.10  This method was originally designed for regular AFM tips and then 

extended to colloidal surface probes.20  The wedge method relies on sliding the cantilever probe 

over a calibration grating of two well-defined slopes such as (101) and (103) planes on SrTiO3.10  

Using the wedge method the detection system is calibrated for each specific cantilever and the 

information on the tip geometry can also be obtained.  The response of the cantilever to the 

incline in the surface can be described using a force balance.  When the measurement is 

performed with different normal loads the lateral signal can be calculated.  This technique relies 

on two assumptions that (1) the slopes of the tilted surfaces are precisely known and (2) that the 

piezo is accurately calibrated in the lateral direction.  When the probe moves across a tilted 

surface, the normal and frictional forces acting on the tip couple into the lateral and normal 

signals.  These signals can be resolved since the known geometry of the inclined surfaces 

provides additional information.  The normal to lateral signal can be compared to the expected 

normal to lateral force ratios to calibrate the lateral response.7 
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2.3.3 PSD calibration by moving the colloidal sphere against a vertical wall 

In a paper by Cannara et al.,7 the lateral signal deflection sensitivity was calculated by attaching 

a colloidal sphere to a reference cantilever of the same width but different length and material 

than the cantilever of interest.  A colloidal sphere was glued to the tip of a test cantilever with the 

same width and coating as the target.  The test cantilever was loaded against a vertical wall and 

the lateral sensitivity of the PSD was obtained.  The lateral force was measured at the equator of 

the sphere against a vertical surface.  The signal sensitivity from the reference cantilever was 

then corrected to account for the difference in width, signal strength, and the in-plane bending of 

the cantilever.  In this calibration technique the lateral deflection sensitivity was determined to 

depend on the geometry of the laser beam path, the torsional moment arm, and the total signal on 

the PSD but did not depend on the width of the cantilever.  The resulting slope in the contact 

region resulted in the calibration of the lateral deflection sensitivity which depended on the beam 

laser path, the torsional moment arm, and the photodiode response.7  The sensitivity of the target 

cantilever was related to the sensitivity of the test cantilever when accounting for the moment 

arm length and the total lateral voltage signal.  A correction was performed to account for the 

differences in the cantilever material and dimension.  The lateral force experienced by the two 

cantilevers was related, and the sensitivity of the cantilever of interest was estimated.  This 

method was found to agree very well with the “wedge” calibration method described above. 
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2.3.4 Calibration using a stiffness reference cantilever 

The lateral sensitivity of the detector can be determined by pressing a calibrated reference 

cantilever with a known normal stiffness against the cantilever of interest inducing a twisting 

motion.19  The reference cantilever was then pressed against a hard surface to obtain a 

relationship between deflection and voltage values.  These two sets of data can be compared to 

determine the sensitivity parameter necessary to convert lateral voltage into force.  This method 

works best for colloidal probes because it is fairly straight-forward to estimate the location of the 

sphere equator.  Since a known force is applied to the cantilever laterally to estimate the lateral 

voltage/lateral force conversion on the cantilever of interest, it is not necessary to separately 

determine the cantilever stiffness. 

 

2.3.5 Friction measurements in direction parallel to cantilever long axis 

A very interesting method of measuring the frictional AFM response was proposed by Roan and 

Bhushan.23  The authors took advantage of the downward tilt of the AFM cantilevers (typically 

between 7o and 20o) that is a common feature of all AFM instruments.  The purpose behind 

tilting the cantilever downwards was to ensure that the tip of the cantilever came in contact with 

the sample before the rest of the cantilever holder assembly.  This way the colloidal probe 

attached to the end of the cantilever spring slides in the direction parallel to the cantilever long 

axis along the sample surface.  This motion results in friction parallel to the cantilever’s long 

axis.  The direction of the friction changes depending on whether the cantilever was moving 

upward or downward and the total force acting on the cantilever is a combination of the normal 

and frictional forces (acting in the same direction).  The vertical deflection of the cantilever is 
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kept constant during scanning.  Therefore, the friction measured in the direction parallel to the 

long axis of the cantilever was assumed to be equal to the vertical spring constant times the 

vertical piezo displacement.  Since the frictional force acts in the direction opposite to which the 

cantilever is moving, the normal force was adjusted when the sample direction was reversed.  

The force measured using this method was used to calibrate the frictional force21 using a known 

coefficient of friction.  The underlying assumption that the frictional deformation is compensated 

for by adjusting the normal force is not entirely true because the friction force applies a different 

moment to the end of the cantilever than the piezo adjustment.13  The bending moment of the 

cantilever is ignored in this calibration therefore it cannot be used quantitatively. 

 

2.3.6 Method of moving the photosensitive-diode assembly 

It is possible to estimate the lateral voltage to the lateral deflection calibration when the 

photodiode position is mechanically adjusted.  This way the detector signal can be measured as a 

function of its manual displacement.  The force calculation relies on this calibration, the normal 

and lateral stiffness of the cantilever, and the width of the friction loop among other parameters.  

In a paper by Liu et al., the lateral photodiode response was originally calibrated in this way.  It 

was assumed that the angle between the lateral displacement of the PSD and the centers of 

gravity of the two laser spots on the PSD were approximately twice the cantilever torsional 

angle.24  It was also assumed that the lateral sensitivity is proportional to the normal sensitivity 

that can be measured readily.  The resulting sensitivity factor was related to the lateral force 

measured by the cantilever using its torsional stiffness and the apparatus geometry.  This method 

requires the precise knowledge of the geometry of the particular AFM photodiode assembly, and 
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the ability to mechanically adjust the photodiode position.  This was the first method that 

provided a direct measurement of lateral sensitivity of the AFM photodiode.13  It requires an 

independent calculation of the cantilever torsional spring constant which was then used to 

convert the cantilever angle (determined by photodiode calibration) into torque.   

 

2.3.7 PSD calibration using the slope of the static portion of the friction loop 

The slope of the static region of a friction loop can be used to estimate the conversion between 

the lateral deflection and the PSD signal.  When the force is first laterally applied to the 

cantilever, the tip and the surface remain in rigid contact while the tip twists to generate a lateral 

voltage signal.  This method can be used when with colloidal probes because the glue joint 

stiffness can be neglected, and the contact stiffness is much higher than with the standard silicon 

nitride tip due to the increased contact area.  This calibration method was used previously by 

Ducker,29 Liu,26 and Cain.13  Cain et al determined that the results obtained with this calibration 

method are comparable with the wedge method.10  As the normal loading increases, the 

deflection to voltage conversion would approach an asymptote and give the most accurate 

calibration value at higher normal load.  This was confirmed in our experimental results thus 

additionally validating the use of this method (Figure 2.3).  The V/nm conversion for the lateral 

forces approached a steady value as the normal load was increased.  We also compared the 

results with measurements of friction between two bare silica surfaces to verify that our results 

were consistent with those reported previously in the literature. 
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Figure 2.3  Voltage to displacement conversion for a lateral cantilever (error bars represent the 

standard deviation). 

 

2.3.8 Calibrating the photodiode by moving a mirror in place of the AFM cantilever 

The photodiode detector can be calibrated for a range of torsional angles using a mirror mounted 

in place of the cantilever to reflect the laser beam.15  The mirror was tilted at known angles using 

the stepper motor and the lateral voltage signal was detected at each angle.  Note that the 

torsional angle of the cantilever varied by up to 0.001 radians to span the entire range of the 

PSD.  This agrees with the assumption that the torsional angle used in these studies is very small.  

This calibration of the PSD would provide a very precise relationship between the torsional angle 

and the detector response but requires the installation of an additional device below the AFM 

head. 
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2.4 Contact compliance and in-plane deflection  

In a paper by Cannara, the authors analyzed different regions of contact compliance in the case 

of the colloidal sphere and the sample contact.7  There are three areas where mechanical 

deformation can occur: deformation of the sample-sphere contact, deformation of the glue with 

which the colloidal sphere is attached, and finally the deformation of the cantilever itself.  In an 

ideal measurement, we should only be recording the cantilever deformation which can then be 

related to surface forces.  In colloidal probe AFM, the compliance of the glue joint is 

approximately three orders of magnitude smaller than the compliance of the cantilever, therefore 

it can be ignored.13  As suggested by Cain et al. for colloidal probes,13 the probe-surface contact 

is noncompliant compared to the cantilever spring, so practically all deflection occurs in the 

cantilever.   

 

The difference between the torsional bending and the in-plane bending is illustrated in Figure 

2.4.  The in-plane bending must be taken into account because it has the potential of reducing the 

frictional force values.  It is possible to establish a criteria for an LFM cantilever that would be 

acceptable to use without significant in-plane deformation during lateral loading.  In the paper by 

Sader and Green30 the authors investigated how much the in-plane deformation of the AFM 

cantilever would affect the LFM measurements.  The authors emphasized that in the case of 

perpendicular cantilevers the in-plane deformation could have a significant effect and therefore 

affect the measurement of the frictional force.  Certain types of cantilevers would have a 

negligible in-plane deformation depending on their physical dimensions as shown with FEA.  It 

was shown that the in-plane spring constant approaches the maximum value when the ratio of the 

cantilever length to its width is low.  A criterion was established to determine if a particular 
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cantilever is acceptable for LFM measurements.  This calculation is given below and it expresses 

the ratio of the lateral to in-plane spring constants to the ratio of the lateral to normal spring 

constant. 

  (2.8) 

In the case of the cantilevers used in this study, this ratio is indeed much smaller than one and 

therefore the in-plane bending of these cantilevers can be disregarded.  Additionally, Chung et al. 

suggested that in certain cases the PSD is practically insensitive to the in-plane bending.  In 

equatorial loading of the colloidal sphere the ratio of in-plane deflection to torsional deflection 

can be % 4-5 whereas in frictional loading it is 1 %.11 

  

Figure 2.4  Schematic of the torsional (left) and in-plane (right) displacement of the AFM 

cantilever. 
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2.5 Hydration lubrication 

The extracellular fluid present in articular joints can be mimicked by the PBS buffer medium.  

PBS salt solutions have a two-fold effect on the frictional forces when compared with the pure 

water medium.  On one hand, the hydrated salt ions provide support for a molecular layer of 

water that separates the surfaces.  On the other hand, the salt ions have an electrostatic effect on 

the long-range interactions between the substrate and the probe. The electrostatic repulsion is 

reduced, which leads to reduction in both attractive and repulsive forces.  Since the friction in 

aqueous systems (hydration lubrication) is the object of investigation in the next chapter, it is 

important to establish the basic principles here.  Israelachvili and Pashley studied the hydration 

forces on mica surfaces in monovalent electrolyte solutions31 using the SFA.32  They found a 

short-ranged repulsive force that was attributed to the presence of hydrated ions adsorbed to the 

interface.  Work performed by Vakarelski et al. also demonstrated that hydrated cations affected 

frictional properties between surfaces when measured in an electrolyte solution.17  Their 

hypothesis was that adsorbed cations, hydrated by the surrounding water, maintained a fluid-

filled gap between the surfaces, which acted as a boundary lubricant.17  Higashitani and 

coworkers performed a number of studies on how different hydrated ions affect friction between 

silica surfaces and found that the frictional force differs with the diameter of the hydrated salt 

ions.17,31,33-36  Friction was reduced significantly in aqueous solutions of high salt 

concentrations.17,37   

 

The next chapter will describe how frictional properties are affected by thin films of 

oligopeptides.  Oligopeptides are interesting because (a) they use the same monomer units as 
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proteins that are present in the body, and (b) it is possible to create a wide range of sequences 

with distinct chemistry to test the correlation between chemistry and friction.   To create the 

oligopeptide surface coatings we used a very well-known and established process of solid phase 

peptide synthesis (SPPS) assisted with a microwave reactor.  The synthesis procedure that was 

originally developed by Bruce Merrifield (and won him a Nobel Prize in 1984) is much more 

efficient than the traditional solution-based techniques because the solid immobilizes the peptide 

so that unreacted material can be separated simply by washing.  The SPPS employs the so-called 

orthogonal protection scheme which allows the use of protective groups to prevent unwanted 

reactions, followed by the selective removal of these protective groups, without damaging the 

peptide. 

 

2.6 Friction control using polymer films  

Adsorbed or chemically grafted polymers can be used to control and reduce interfacial friction. 

The primary mechanism of friction reduction by polymers is to keep the solids separated, and 

thus to reduce the magnitude of normal forces between the surfaces.  Polymers with a sufficient 

grafting density stretch away from the surface and form a polymer “brush”.  The brush keeps the 

solids separated.  The factors that influence friction in the presence of brushes include polymer 

brush density, solvent quality, and surface charge.  Polymer brushes produce friction by different 

energy dissipative mechanisms such as: (1) breaking and reforming of intermolecular bonds, (2) 

sliding of polymer chains against each other and through the solvent, and (3) breaking of 

polymer–surface attachment points.38  Lubrication is explained by the mobility of the polymer 

chains due to the layer of solvent between the two polymer brushes.  If the polymer chain from 

two solids interpenetrate, then the chains from one solid must move through the chains of the 
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other solid, causing the breaking and reforming of many polymer-polymer contacts, and breaking 

of entanglements resulting in increased sliding friction.39  Therefore, repulsion between the two 

polymer brushes due to osmotic pressure or entropic effects is important when sliding friction 

reduction is the goal.  If the two surfaces are similarly charged there is a natural electrostatic 

repulsion which results in reduction in sliding friction.  If the two surfaces are oppositely 

charged, there is an electrostatic attraction that may result in interpenetration of polymer chains 

and an increase in friction.  Neutral polymer brushes can lead to a reduction in sliding friction 

between surfaces and hydrated ions can act as lubricants.40  Increased grafting density reduces 

the coefficient of friction by creating a uniform surface of stretched chains with decreased 

surface viscosity.41  Generally speaking, the coefficient of friction decreases with increasing film 

thickness and increased polymer grafting density.  A high coefficient of friction is associated 

with the collapsed conformation of polymer chains on the surface, while extended conformations 

with a high fraction of solvent significantly reduces the frictional force.42  A more efficient 

reduction of the frictional forces is achieved when both surfaces are coated with friction-

reducing polymers (symmetrical system) as opposed to coating only one of the surfaces 

(asymmetrical system).43 
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Chapter 3 

 

Effects of grafted oligopeptides on friction measured with lateral force microscopy 

 

Abstract 

Frictional and normal forces were measured between a glass particle and grafted polypeptide 

films in aqueous solution at 25C.  Homopolypeptide molecules consisting of 11 monomers of 

either glutamine, leucine, glutamic acid, lysine, or phenylalanine and one heteropolymer were 

each “grafted from” an oxidized silicon wafer using microwave-assisted solid phase peptide 

synthesis.  The peptide films were characterized using x-ray photoelectron spectroscopy and 

secondary ion mass spectrometry.  Friction force measurements showed that the polypeptides 

increased the magnitude of friction compared to a bare hydrophilic silicon wafer, but that the 

friction was a strong function of the nature of the monomer unit.  The most hydrophobic 

monomer, leucine, exhibited the highest friction while the hydrophilic monomer, poly-glutamic 

acid exhibited the lowest friction.  When the two surfaces had opposite charges, there was a 

strong attraction, adhesion, and high friction between the surfaces.  Friction for all polymers was 

lower in phosphate buffered saline than in pure water, which was attributed to lubrication via 

hydrated salt ions.   
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3.1 Introduction 

Understanding, predicting and controlling of friction is important in both natural and engineered 

systems.  Friction and associated wear are usually modulated using a lubricant, which can either 

be a liquid, or a thin interfacial film.  Here our particular interest is control of friction in 

biological systems (such as artificial joints1  and engineered tissue)2 that are immersed in 

aqueous solution and require a degree of biocompatibility.  Control of friction is achieved 

through control of surface chemistry3 that in turn mediates the role of water in the film between 

surfaces.  Our goal is to increase the understanding and control of friction by using well-

characterized oligopeptide films with distinct variation in hydrophobicity and charge.  Although 

the monomers are “natural”, we utilize artificial peptides, mainly homopolymers so that the 

friction properties can be ascribed to a single chemical species. 

 

Low friction arises from repulsive forces between surfaces and the mobility of molecules in thin 

films.  In aqueous systems lubrication is produced by hydrated ion shells trapped between 

charged surfaces4-7 or confined in charged polymer brushes.8  Low friction systems also occur 

when there is high fluidity of the film between the two contacting surfaces.9  Recent reports in 

the literature describe efforts to reduce friction through the use of surfactants10-16 or polymers at 

interfaces.3,10,17-30  Surfactants bilayers exhibit good lubricating properties when their bilayers are 

intact.6,31 However, surfactant molecules can be “squeezed out” at the interface which increases 

friction.3,8  On the other hand, polymers, with their multiple attachment points, are more difficult 

to desorb, and therefore are more robust as surface lubricants.3  The overall rationale for addition 

of polymers to reduce friction is to produce repulsion between the sliding surfaces.  This 

repulsion can be entropic, due to confinement of the polymer chains,28 due to electrostatic 
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interactions,18,32 or due to the energy required to remove the water of hydration of hydrophilic 

groups.29  The osmotic pressure between the mobile ions surrounding zwitterionic chains also 

provides a very strong repulsive force.30  On the other hand, bridging between polymer chains on 

either surface,33 and interpenetration of polymer chains increases friction.9  Therefore, denser 

polymeric layers can support more efficient lubrication because of reduced interpenetration of 

the brushes.8  Low frictional forces are generally associated with interfacial layers with high 

fluidity and attractive forces between interfacial layers result in a higher frictional response.3  For 

example in one study it was shown that repulsion between adsorbed layered polyelectrolytes 

resulted in low friction, but entanglements between polymer chains increased the friction by an 

order of magnitude.18  It also has been shown that the coefficient of friction decreases with the 

thickness of the brush layer19 which changes depending on the interaction between the polymer 

brush and the solvent.19,34  Polymer brushes in good solvents adopt an extended confirmation19 

which leads to low friction, whereas poor solvent conditions result in attraction between the two 

interfaces and a higher frictional force.3,17,19 

 

Polymers attached to surfaces can be classified into two categories, “grafted to” and “grafted 

from”.  The “grafted to” polymers are first synthesized and later grafted or physisorbed to the 

surface with subsequent losses in yield.  Additionally, the polymer design is constrained by the 

necessity of incorporating a chemical group or a monomer sequence that can spontaneously 

adsorb and stay adsorbed to the surface under lateral and normal loads.  For example, the 

monomers that are supposed to provide low friction may also bind to the solid so that the 

polymer does not have the desired conformation.  Here we explore friction of “grafted from” 

polymer films, where the polymer is grown directly from a covalent linkage to the solid so that 
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there is separation in the design of final polymer structure and initial attachment to the solid.35,36  

Another significant advantage of the “grafting from” technique is that the density of the adsorbed 

polymer can be programed from the density of grafting sites rather than being dependent on the 

thermodynamics and kinetics of adsorption from solution.  The major disadvantage of the 

“grafting from” strategy lies in the inability to separate unwanted polymer products, i.e. for the 

peptide synthesis used here, incomplete sequences or the sequences that are missing one or more 

amino acids.  In this study we focused our attention on modifying friction by grafting polymer 

molecules (oligopeptides) from the interface.  The use of peptides rather than synthetic polymers 

has the following advantages:  (1) The ability to precisely control the sequence through solid-

phase synthesis; (2) The diverse range of monomer chemistry (hydrophilic, hydrophobic, 

hydrogen bonding and charged), see Table 3.1; (3) The huge number of different polymers that 

can be made (2011 ≈ 21014 combinations for an 11-mer); (4) The ability to prepare naturally 

occurring sequences with known function.  We have focused on 11-mers to keep a low rate of 

errors in the sequence.  There is a constant error of less than about 1.2% for each monomer,37 so 

by keeping a short sequence we obtain a high degree of monodispersity in the grafted polymer 

(see results). 

 

The side chains for the homopolymers are shown in Table 3.1, and the grafted polymer structure 

is shown in Figure 3.1.  We have chosen two hydrophobic peptides, one cationic, one anionic and 

one hydrophilic but neutral.  In addition, we have examined a short heteropeptide sequence, P11-9 

(Figure 3.1) which was previously proposed as a replacement for hyaluronic acid to restore 

stability to the joints, relieve pain, and delay surgery and was shown to reduce friction when added 

to solution.38  It is interesting to determine whether friction is reduced when the P11-9 is “grafted 



49 
 

from” the surface, rather than free in solution.  We have also examined the effect of buffer, 

phosphate buffered saline (PBS), which approximates physiological conditions.  Friction forces 

were measured using Lateral Force Microscopy (LFM) with a colloidal probe.39  Colloid probe 

LFM was found to be superior to using standard silicon or silicon nitride cantilever tips because 

of a much larger and more well-defined contact area of the spherical probe.40 

 

Figure 3.1  Schematic of grafted peptide (top) and sequence of the P11-9 peptide (bottom). 
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3.2 Materials and methods 

3.2.1 Reagents 

The following chemicals were purchased from Sigma-Aldrich: (3-aminopropyl) triethoxysilane 

(APTES), piperidine, N,N-diisopropylethyleneamine 99%, and trifluoroacetic acid (TFA).  Other 

chemicals used were: toluene (Fisher Chemical), sulfuric acid 18M (Fisher Chemical), hydrogen 

peroxide 30% in water (LabChem Inc.), N-Methyl-2-pyrrolidone or NMP (Fisher Bioreagents), 

methanol (Fisher Chemicals), ethanol 200 proof (Decon Laboratories, USP grade), triethylsilane 

(TES) 97% (Aldrich), phosphate buffered saline or PBS with pH=7.4 (Sigma).  The PBS solution 

consisted of 0.137 mmol/L of NaCl, 2.7 mmol/L of KCl, 10 mmol/L of Na2HPO4•H2O, and 2.0 

mmol/L of KH2PO4.  The Fmoc-protected amino acids, O-Benzotriazole-N,N,N’,N’-tetramethyl-

uronium-hexafluoro-phosphate (HBTU) and the Rink Amide Linker  were purchased from 

Anaspec Inc. 

 

3.2.2 Silicon wafer preparation 

Polished silicon wafers with a 3.5 µm oxide layer (“silica wafers”) were purchased from 

University Wafers. Before synthesizing the peptide on the surface, the silica wafers were treated 

with the highly corrosive “piranha solution” (3 parts of 18 M sulfuric acid to 1 part of 30% 

hydrogen peroxide in water) for 40 minutes, then washed in copious amounts of water, rinsed 

with ethanol and dried with ultrahigh purity (UHP) nitrogen gas.  In order to add the amine 

functionality to the surface for reaction with peptides, the wafers were placed in a 1% w/v 

solution of 3-aminopropyltriethoxysilane (APTES) in dry toluene at 60 for 4 minutes, washed in 
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toluene, methanol, then ethanol, and dried under a stream of UHP nitrogen gas.  The silica 

wafers were then treated with a snow-cleaner (dry ice sprayer) to remove polymerized silane. 

 

3.2.3 Peptide synthesis   

Peptides films were synthesized using the well-established procedure of solid phase peptide 

synthesis,41 in which the peptide is built from an amine-functionalized surface one amino acid at 

a time by a series of “coupling steps” (adding an H-protected amino acid) and “deprotecting 

steps” (where the amine of the added amino acid is regenerated so that it can react with the next 

amino acid).  APTES-silica wafers were placed inside a microwave reactor (Discover SPS, 

CEM, Inc.) and washed with NMP.  Coupling solution (an Fmoc-protected amino acid dissolved 

in 19:1 NMP and DIEA with the HBTU activator) was added to the reactor at 25 W at 75C.  All 

of the coupling steps were performed for 5 minutes except for the first amino acid, which was in 

the reactor for 10 minutes to ensure a complete coupling.  After the coupling of each amino acid, 

the wafer was washed three times in NMP and the Fmoc groups were removed with the 

deprotection solution (20% v/v piperidine in NMP) for 3 minutes in the microwave reactor at 45 

W at 75oC.  The coupling and deprotection steps were then repeated to attach the entire amino 

acid sequence.  After the last amino acid in the sequence was added and deprotected the surfaces 

were washed in NMP three times, then in ethanol, and dried under a stream of nitrogen gas.  

Finally, the side chain protective groups were removed by placing the surfaces into a solution of 

TFA with deionized water and triethyl silane (95:2.5:2.5) for two hours.  Afterwards the surfaces 

were washed with methanol, ethanol, and dried in a stream of nitrogen. 
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3.2.4 Colloidal probe preparation 

Glass spheres (10 µm in diameter, Duke Scientific Corp.) were mounted onto the cantilevers 

with thermal epoxy on a heating stage using two translational stages, and a video camera with a 

50 x objective lens.  The location of the mounted sphere was verified with an optical microscope.  

Colloid probes were cleaned prior to each experiment using a UV lamp. 

 

3.2.5 Calibration of the photodiode and the lateral spring constant 

In order to calibrate the AFM to perform frictional measurements, we obtained two pieces of 

information: (1) the spring constant of the cantilever and (2) the conversion of the photo-diode 

response from arbitrary units of volts into physical units of cantilever deflection in both normal 

and lateral modes.  We measured both the torsional and normal spring constants of the AFM 

cantilevers using the method developed by Sader et al,42 which is based on measurements of the 

thermal vibrations of the cantilever in air.  This method was selected because it was simple to 

implement in our system, did not rely on the cantilever thickness (which is difficult to determine 

accurately), and the measured spring constant has been  found to be similar to other methods.43 

The torsional spring constant, kf
 (units of Nm), was calculated as follows: 

𝑘𝜙 = 0.1592𝜌𝑏4𝐿𝑄𝑡𝜔𝑡
2Γ𝑖

𝑡(𝜔𝑡)     (3.1) 

where b and L are the cantilever width and length, Qt and ωt are the resonant torsional quality 

factor and the torsional resonant frequency for the cantilever (determined experimentally), and Γi
t 

is the imaginary component of the hydrodynamic function.  The hydrodynamic function does not 

have an analytical solution for a rectangular cantilever undergoing a torsional oscillation, but if the 
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cantilever thickness is smaller than its width, the hydrodynamic function can be evaluated 

numerically.44  The normal spring constant was calculated using a similar approach. 

 

The torsional spring constant with units of N-m was then converted into the lateral spring constant 

(units of N/m) using:45 

𝑘𝑙 =
𝑘𝜙

ℎ2
       (3.2) 

where h is the moment arm which in this case is equal to the colloidal sphere diameter. 

 

The calibration of the photo-diode voltage was performed by assuming that the linearly 

increasing part at the start of the friction loop represents the region where the tip is fixed on the 

sample (static friction).  In this region the diode lateral voltage corresponds to lateral deflection 

of the cantilever, so the voltage can be converted to a distance.5  This distance is then multiplied 

by the lateral spring constant to obtain the lateral force.  For each friction loop, the dynamic 

friction was calculated as half of the difference between the friction forces in each direction.  We 

validated this method by comparing our results for friction of a bare glass particle on a silicon 

wafer to those of earlier researchers.46,47  Typical measured spring constants were kn = 0.60 N/m, 

and k = 5.0 x 10-9 N m,  kl = 50 N/m. 

 

3.2.6 Friction measurements  

The lateral (frictional) forces were measured using an Asylum Research Cypher AFM with the 

wafers in aqueous solution at 232C.   The frictional forces were measured as a function of 

normal load ranging from 0 to 250 nN.  The upper range was limited by the normal spring 
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constant of the AFM cantilever.  Because the friction force increases with applied load and there 

is a roughly fixed absolute error in measuring the torsional deflection, experiments at low load 

have a higher relative error.  The lateral signal was measured between ten and thirty times at 

each normal load.  The frictional forces were measured with increasing normal load and then 

with decreasing normal load on the same sample position.  This was done to verify that the 

colloidal probe did not damage the film.  The experiment with each oligopeptide was repeated 

several times on different locations of the same sample silicon wafer and also repeated on 

different wafers on different days.  The friction versus normal load results were averaged for 

repeat experiments on the same oligopeptide.  The normal force measurements were repeated at 

least ten times on each sample location to verify that the results were reproducible.  The friction 

did not change over the period of about one hour that it took record a set of measurements.  The 

rms roughness of peptide surfaces was less than 1 nm over a (20 µm)2 scan area so the surfaces 

were very smooth. 

 

3.2.7 X-ray photoelectron spectroscopy (XPS) 

The XPS measurements were performed on a Phi Quanterra machine with a monochromated Al 

Kα source at 50W over 200 µm at a 45o angle.  The overall scan was acquired at 280 eV pass 

energy in 15 sweeps at 1 eV step size and individual element scans were acquired at 26 eV with 

10 to 40 sweeps depending on the element at 0.1 eV step size. 
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3.2.8 Secondary ion mass spectrometry (SIMS) 

The molecular weight of the synthesized peptide sequence was verified using the 4800 Matrix 

Assisted Laser Desorption Ionization Time of Flight (MALDI TOF) analyzer.  The matrix used 

was the 4 mg/mL α-cyano-4-hydroxy-cinnamic acid (99%) in 50% acetonitrile, 0.1% TFA and 

20mM ammonium citrate.  Data was collected in reflecto-positive ion mode and the instrument 

was calibrated to 1 kV using standards.  The peptide sequence was synthesized on 1 mm glass 

beads using the amide Rink linker, which was cleaved in TFA prior to the measurement.  The 

sample was centrifuged under vacuum to remove the excess TFA and the resultant solution was 

deposited onto the SIMS grid for analysis. 
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3.3 Results and discussion 

3.3.1 Characterization of the peptide 

The validity of the peptide synthesis method was tested by measuring the atomic mass of a 

sample peptide.  A sample peptide of 21 amino acids with sequence 

GIGKFLKKAKKFGKAFVKIKK was synthesized and the mass measured by Secondary Ion 

Mass Spectrometry (SIMS).  The synthesis was altered to introduce a trifluoroacetic acid (TFA)-

cleavable Rink linker between the solid and the peptide so that the peptide could be removed and 

then analyzed by SIMS, and the solid support was glass beads rather than a silica wafer.  The 

SIMS analysis was consistent with the target sequence because the dominant peak in the mass 

spectrum (2363.5 g/mol) is the expected mass (2363.5 g/mol) for the sequence.  The area of the 

2363.5 g/mol peak is 58% of the total area.  Note that the laser desorption often cleaves the 

molecules so the low mass features in the spectrum may be decomposition products, rather than 

undesired products in the actual film.  Thus the final yield of desired chains is likely much 

greater than 58%.   

 

We also examined the film using X-ray Photoelectron Spectroscopy (XPS) to verify that there 

were indeed peptide bonds in the “peptide film”.  The broad range spectrum showed that the 

peptide synthesis reduced the area of the silicon and oxygen peaks, commensurate with a layer 

over the oxidized silicon wafer, and that there was a nitrogen peak after reaction with APTES.  

The nitrogen and carbon peaks grew after synthesis of the peptide.  All these features are 

consistent with grafting of a peptide.  More detail is visible in the high resolution carbon and 

nitrogen scans (Figure 3.2).36  The C1s carbon spectrum shows a shoulder just under 288 eV 
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which is consistent with the formation of an amide bond.  The N1s spectrum after grafting the 

peptide shows a new and pronounced peak at 399.5 eV, which is consistent with a nitrogen atom 

in an amide (peptide bond), and the two amine peaks are diminished relative to the APTES-wafer 

signal,36 as expected when a surface amine reacts with a carboxylic acid to form a peptide. 

 

Figure 3.2  X-ray photoelectron spectroscopy analysis of the APTES and APTES-peptide 

surfaces.  The intensity of the carbon peak (C1s) increased dramatically after the peptide was 

synthesized and the characteristic amide shoulder appeared at 288 eV.  The nitrogen peak (N1s) 

on the APTES film displays the characteristic double peak of an amine, whereas the peptide film 

shows a single and large peak typical of amides. 

 

3.3.2 Normal and frictional forces on the bare silicon wafer 

Normal and friction forces between a clean silica particle and clean silica wafers were measured 

using AFM to verify that forces were consistent with previous results.47,48  The normal forces 

between a glass particle and a clean (piranha-treated) wafer and the silica probe were 

monotonically repulsive as expected because silica and glass are negatively charged at neutral 

pH, which produces a repulsive double-layer force.  The range of the repulsive force was 

reduced in phosphate buffered saline (PBS) solution, again as expected because the ionic 
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strength is 154 mM, which corresponds to a Debye-length of ~0.7 nm.  The friction results that 

were obtained on a clean silica surface were consistent with existing reports in the literature:48 

the friction force increases linearly with load, with a friction co-efficient of 0.25 in water and 

0.37 in PBS.  Table 3.2 summarizes the friction coefficients, µ, of all tested films. 

 

3.3.3 Normal and lateral forces acting on polylysine films 

For the polylysine grafted silica wafers there is a strong attraction between the wafer and the 

glass sphere, as shown in Figure 3.3A.  This is evident from the missing data caused by 

mechanical instability at separations smaller than 20 nm in water and smaller than 30 nm in PBS.  

The mechanical instability occurs when the gradient of the attractive force exceeds the cantilever 

spring constant.  After the sphere contacts the plate, a net pull-off force is required to separate 

the sphere from the plate.  These attractive forces occur because the glass particle is negatively 

charged and thus opposite in charge to the lysine film: in contact, the opposite charges attract and 

at a distance there are attractive double-layer forces. 
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Figure 3.3  A. Normal forces and B. frictional forces between a glass probe and the polylysine-

grafted silica wafer.  PBS caused a slight reduction in friction.  A net force (85 nN in water and 

170 nN in PBS) is required to separate the surfaces.  The standard deviation for each point on the  

friction plot was 12 nN in water and 15 nN in PBS. 

 

Examining now the friction as a function of load (Figure 3.3B) it is clear that there is a large 

value of friction at zero applied load.  This is because the attractive forces between oppositely 

charged surfaces applies an “internal” load, even in the absence of an applied load. The adhesion 

force, Fa, and the friction at zero load, , are summarized in Table 3.2.  It is not clear why the 

addition of PBS increases the adhesion: our expectation is that binding of ions to each charged 

solid would have diminished the attraction of the charged groups between solids. But PBS 

reduces the friction, in line with the expectation that hydrated ions will act as a lubricant.4-7  The 

friction force for the peptide films (including the polylysine film) is a linear function of load, and 

therefore follows the modified version of the Amonton’s law proposed by Derjaguin:49,50   

𝐹f = 𝜇𝑁 + 𝛽      (3.3) 

where Ff is the friction force, 𝜇 is the coefficient of friction, N is the applied normal load, and 𝛽 

is the extrapolated friction force at zero normal load. 
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3.3.4 Normal and lateral forces acting on poly(glutamic acid) films 

Normal force versus distance profiles on the poly(glutamic acid) wafer were similar to those 

acting on the clean silicon wafer, which is not surprising since glutamic acid is also negatively 

charged.  The addition of PBS produces a similar effect of reducing the range of the repulsion on 

the poly(glutamic acid) films (Figure 3.4A).  PBS also reduces the friction. This is interesting, 

because repulsive forces usually cause a reduction in friction, yet the opposite occurs here.  The 

explanation is found in comparing figures 3.4A&B where we see that the reduction in friction 

can only be resolved at loads exceeding ~50 nN, which is in the range where the normal force in 

water and PBS are indistinguishable in our measurement and the separation is very small.  At 

this load, the double-layer force is not important; PBS acts to reduce friction by providing more 

ions to hold the water in the thin layer.  The many charges on the polyglutamic acid may also aid 

in holding the non-covalently-bound ions and their hydration near the solid, thereby lowering 

friction.  At the load loads ( <50 nN) where the normal force is greater in water, the friction is so 

low that we cannot resolve a difference in friction in water and PBS solution. 
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Figure 3.4  A. Normal forces and B. typical frictional forces between a glass probe and the 

poly(glutamic acid)-grafted silica wafer. The standard deviation for each point on the friction 

plot was 12 nN in water and 15 nN in PBS. The parameters shown in Table 3.2 where obtained 

from the fits line show here, which includes only data at normal loads greater than 50 nN. 

 

3.3.5 Normal and lateral forces acting on the hydrophobic films: polyleucine and 

polyphenylalanine 

The normal forces acting on the polyleucine film displayed a short range attraction on approach 

and a strong adhesion (Figure 3.5A).  Long range attractive normal forces between hydrophilic 

and hydrophobic asymmetrical systems have been documented in the literature,51,52 but their 

origin is unclear.  It is likely that this small attractive force with a range of about 15 nm is 

electrostatic, and arises from attraction between the negatively-charged glass particle and the 

positive charges on both the terminal ammonium on the peptide or unreacted amine groups on 

APTES.  Adhesion decreases with increasing salt concentration (PBS).  The addition of PBS 

should both screen electrostatics and make the surfaces more hydrophilic by ion adsorption, both 

of which will decrease adhesion. 
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Figure 3.5  A. Normal forces and B. frictional forces between a glass probe and the polyleucine 

grafted silica wafer.  There is a strong adhesive force between the two interfaces evident on 

colloidal probe retraction.  The standard deviation for each point on the friction plot was 20 nN. 

 

The most striking feature of the friction plots is the exceptionally high friction on the polyleucine 

film (Figure 3.5B): there is both high friction at zero applied load and a high friction coefficient.  

We consider two possible explanations for the high zero-load friction. First there is the large 

adhesion for the polyleucine film.  As discussed originally by Derjaguin (see equation Equation 

10 in the review by Gao et al),49 the intermolecular forces apply a load, which also produces the 

effect of adhesion.  This internal load acts similarly to an applied load, and causes friction.  This 

correlation is also evident for polylysine, which shows both a high adhesion and high zero load 

friction.  However, the effect of PBS is telling. PBS causes a dramatic decrease in the friction for 

polyleucine (by 70%) with a more modest drop in adhesion (by 30%).  Clearly the internal 

loading (as evidenced by the adhesion) is not the primary issue.  We postulate that the 

explanation is that the hydrophobicity of the polyleucine excludes the lubricating effect of 

hydrated water.  The addition of PBS brings the water back to the thin film, reducing the friction.  

In contrast, the polylysine is intrinsically hydrophilic so the addition of PBS causes only a 

modest decrease in friction even with large changes in adhesion.  
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Normal forces on the polyphenylalanine film were similar to those on polyleucine (Figure 3.6A): 

a weak attraction with a range of about 15 nm, and an adhesion which is not as strong as for 

polyleucine.  However, the friction forces (Figure 3.6B) for the aromatic polyphenylalanine are 

much weaker than for polyleucine.  In fact, the friction forces are similar to other, more 

hydrophilic polymers such as glutamine.  Phenylalanine is a less hydrophobic amino acid than 

leucine according to previous studies,53,54 which may explain the reduction in adhesion. The 

dramatic difference in friction between the two surfaces is much greater than the difference in 

adhesion.  We propose that the difference is again caused by ion hydration.  Cations have a much 

greater interaction with aromatic groups than aliphatic groups,55 thus friction in the aromatic film 

is lubricated by the presence of a greater density of hydrated ions. 

 

 

Figure 3.6  A. Normal forces and B. frictional forces between a glass probe and the 

polyphenylalanine-grafted silica wafer.  There is a strong adhesive force between the two 

interfaces during the retraction.  The standard deviation for each point on the friction plot was 14 

nN in water and 7 nN in PBS. 
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3.3.6 Normal and lateral forces acting on polyglutamine films 

The normal and frictional responses of the polyglutamine film (Figure 3.7), which has an 

uncharged and hydrophilic monomer, are different from the polyglutamic acid films.  First there 

is adhesion between the surface and the probe that is greatly reduced in PBS (Figure 3.7A).  The 

small adhesion can be explained by the electrostatic force between the terminal amine groups on 

the peptide molecule, which is screened in salt solution.  Polyglutamine was the only 

oligopeptide chain that did not show a strong reduction in the frictional response when in salt 

solution compared to water.  It has been reported previously that when the polymers grafted from 

the surface are lacking charged groups, the addition of salt to the solution does not have a strong 

effect on the friction.9,56 We observed a similar effect here, but not for the hydrophobic peptides. 

 

Figure 3.7  A. Normal forces and B. frictional forces between a glass probe and the 

polyglutamine-grafted silica wafer.  The standard deviation for each point on the friction plot 

was 17 nN for the measurement in water and 5 nN for the measurement in PBS solution.   

 

3.3.7 Effect of P11-9 

Previously the addition of the heteropeptide, P11-9, to solution was found to produce a significant 

reduction in friction.38  Here we find that the same polymer grafted from the solid produces 
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unremarkable friction (Figure 3.8B).  The mechanism of friction reduction proposed previously 

was lubrication by self-assembled fibrils.  Clearly, we have hindered fibril formation by grafting 

from the solid so this mechanism is lost.  Thus our results are consistent with those observed 

previously. 

 

 

 

Figure 3.8  A. Normal forces and B. frictional forces between a glass probe and the P11-9-grafted 

silica wafer.  There was some attraction in deionized water between the film and the silica probe 

that was screened in PBS.  The standard deviation for each point on the friction plot was 20 nN. 

 

3.3.7 Effect of peptide length 

Since it has been suggested in previous studies that the lubrication depends on the fluidity of the 

aqueous layer between the two interfaces,57 longer peptide chains should result in a reduced 

friction.  We confirmed this in an experiment using two different lengths of the glutamic acid 

peptide chain.  The friction in water decreased by a factor of 1.6 at the higher applied loads when 

the length of the peptide chain was increased two-fold. 



66 
 

 

Figure 3.9  Frictional force versus normal load for two poly-glutamic acid films, 11 amino acid 

long (a) and 22 amino acid long (b) in water.  The friction reduced dramatically when the longer 

peptide chain was used. 

 

3.3.8 Effect of hydrophobicity on friction 

 In general, friction has been found to correlate with adhesion hysteresis,58 which we cannot 

measure accurately in our experiments.  However, considering all the different peptide films 

measured here, there was a correlation between the measured normal adhesion and the friction at 

zero applied load (Figure 3.10) which was explicable in terms of the extra load applied by the 

intermolecular forces.  For example poly(glutamic acid) has zero adhesion (a large repulsion at 

zero separation) and zero friction at zero applied load whereas the films with the largest 

intermolecular force load (as evidenced by the measured adhesion) had the greatest friction at 

zero load.   The correlation between friction and adhesion does not apply in every case measured 



67 
 

here, and in detail, the friction is mainly determined by the hydrophilicity of the film, which also 

controls the adhesion.   The hydrophilic peptides produced the lower friction.  This is similar to 

the concept, discussed previously, that a better solvent for the polymer produces lower 

friction.27,28  In this case, the polymer chains are short, so the effect of extending the polymers 

from the surface is not expected to dominate, the main effect is retention of the water of 

hydration under the applied load.  The repulsive normal forces from polyglutamic acid produced 

the lowest friction, which is partly because the polymer is very hydrophilic, but also because of 

the repulsive force caused by the electrostatic interaction.   The polyglutamic acid film has the 

interesting behavior that the extrapolated friction at zero applied loads is negative.  There is a 

strong electrostatic repulsion between the two surfaces, and a hydration force is expected.  These 

combine to give a large “internal repulsion” which gives a negative total load at zero applied 

loads. The applied load has to be increased to about 30 nN to overcome this repulsion before we 

are able to resolve friction forces.  Once this repulsive force is overcome, there is a high friction 

coefficient, so that polyglutamic acid actually has a higher friction than even polyphenylalanine 

at high load.  This high friction coefficient is lost when hydrated ions are introduces from PBS.  
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Figure 3.10 Relationship between measured adhesion and friction. 

 

Friction forces on the oligopeptide films in PBS are lower than in water (Table 3.2).  Previously, 

low friction in the presence of hydrated ions was described by Homola,7 Raviv,4 and 

Higashitani.46,48,59,60 It is postulated that lubrication occurs via a water hydration layer which is 

held by adsorbed cations.  Several studies have shown that an extra normal force is required to 

bring two surfaces together in order to remove water and the hydrated ions on both mica61 and 

silica surfaces.39,62-64  The additional repulsive force keeps the surfaces separated at the same 

applied load, allowing for a layer of mobile lubricating ions or water so friction is reduced in 

concentrated aqueous salt solutions.4,46  Therefore, the PBS salt solution had a two-fold effect on 

frictional forces when compared to a pure water medium.  First, the hydrated salt ions provided 
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support for a molecular layer of water that separated the surfaces.  Second, the salt ions have an 

electrostatic effect on the long-range interactions between the substrate and the probe.  The 

electrostatic double layer was screened out which led to reduction in both attractive and repulsive 

forces. 

 

The relative importance of hydrophobicity and change in determining friction can be assessed by 

considering polyleucine and polylysine in Figure 3.9.  As stated previously, the addition of PBS 

has a dramatic effect on the polyleucine friction at zero load (with only a modest change in 

adhesion) whereas PBS causes only a small change in friction at zero load for polylysine.  The 

polylysine is already hydrophilic so there is little change in friction, whereas the polyleucine film 

is made more hydrophilic by the PBS ions so there is a large reduction in friction.   In contrast, 

the dramatic change in adhesion for polylysine has little effect on the friction: the layer is already 

hydrated so the friction does not change greatly.  Despite the overall correlation between zero 

load friction and adhesion, the hydrophilicity is more important than the adhesion. 

  



70 
 

3.4 Conclusions 

Friction measurements showed a linear relationship between normal load and friction (Amonton 

behavior) for a sphere interacting with a homo-oligopeptide-coated plate.  The friction at zero 

loads was correlated with the adhesion between the sphere and the plate.  Changes in this 

adhesion and the friction depended on the hydrophobicity and electrostatic forces: hydrophobic 

films and oppositely charged films produced high friction, whereas hydrophilic and like-charges 

produced low friction.  However, the most important determinant of friction is the 

hydrophilicity: more hydrophilic films produce lower friction.  The frictional forces in PBS were 

lower than in water, which was attributed to screening of the double layer attraction for 

oppositely changed surfaces, and additional separation created between surfaces due to the 

presence of hydrated salt ions.  Friction in the presence of the grafted films was greater than for a 

clean silica wafer: the grafted chains did not act as lubricants.  Longer peptides produced lower 

friction, which suggests that conformational freedom is important for a grafted polymer 

lubricant. 
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Table 3.1  Amino acid R-groups used in the synthesis of peptide films with charges at pH 7.  

Lysine Leucine Phenylalanine Glutamic acid Glutamine 

NH3

+

*  

CH3

CH3

*

 
 

O

O
-

*  O

NH2

*  

Hydrophilic 
(+) charge 

Hydrophobic 
neutral 
aliphatic 

Hydrophobic 
neutral 
aromatic 

Hydrophilic 
(-) charge 

Hydrophilic 
neutral 

* represents the amino acid backbone,  .    

*
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Table 3.2  Friction coefficients and adhesive forces at zero load.  

Amino acid Water Phosphate buffered saline 

 µ β Fa N µ β Fa N 

  nN nN nN  nN nN nN 

Bare wafer (-) 0.25±0.03 0±5 -*  0.36±0.03 -10±5 0 29 

P11-9 (-) 1.1±0.04 40±10 10 -52 0.85±0.02 3±10 0 -3.5 

Phenylalanine (0) 0.78±0.03 30±10 25 -54 0.68±0.02 20±10 15 -31 

Lysine (+) 
0.9±0.1 97±10 85 -130 0.73±0.06 79±10 170 -120 

Leucine (0) 
1.8±0.1 450±20 83 -240 1.7±0.2 125±10 56 -72 

Glutamic acid (-) 
1.5±0.2 -42±5 -* 28 0.9±0.1 0±5 0 2.5 

Glutamine (0) 
0.94±0.04 6±5 25 -7 0.89±0.02 5±5 5 -4.2 

Errors: The friction coefficients were estimated using linear regression of the friction force 

versus normal load measurements.  The error in the friction coefficients is the 95% confidence 

interval.  The standard deviation on the attractive force measurements (Fa) was under 5%.  

  Legend:  µ -  friction coefficient = slope of friction–load plot, β – extrapolated frictional force 

at zero normal load, Fa  - attractive force experienced by the probe in the normal direction on 

retraction, i.e. adhesion force (negative indicates repulsion), N - extrapolated normal load at zero 

friction.  * No adhesion; negative sign symbolizes repulsive force at small separation.  
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Chapter 4 

 

Introduction to antimicrobial films and atomic force microscopy 

 

4.1 Introduction 

There is a strong motivation to design surfaces that kill harmful microorganisms on contact and 

prevent transmission of infectious diseases.  Examples of applications include catheters, 

implants, and other medical devices, ventilation and air ducts, hospital supplies and equipment.1,2  

Catheter contamination is a serious source of infections that occurs in 10-50% of catheterized 

patients.  For every day of catheterization the risk of infection increases by as much as 10%.3  

Catheter-related infections are a significant source of morbidity and mortality and increase 

medical expenses by prolonging hospitalization.4  Consequently, bacterial contamination of 

catheters and other medical devices that leads to serious infections is a reason behind more than 

half of all nosocomial infections.5  Creating a simple and straightforward way to make catheters 

resistant to bacteria would reduce both the rates of infections and the use of antibiotics.   

 

Infection is the most prominent reason for biomaterial implant failure in the US.6  Therefore, 

antimicrobial coatings of artificial joints or pacemakers could prevent life-threatening diseases.  

Other applications for surface coatings include intravenous lines which when colonized by 

bacteria often become a source of fever.  IV line infections are generally not associated with the 

usual signs of infections and therefore may go undiagnosed.  Common pathogens in these 
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infections are S. epidermidis or S. aureus.7  Tracheal intubation almost always results in an 

infection which long-term patients are more susceptible to.  These infections eventually develop 

into pneumonia if left untreated.8  Therefore, application of antimicrobial films on tracheostomy 

tubes could reduce the risk.  For more information on the anti-microbial coatings, particularly in 

the hospital environment, one is referred to an excellent review by Parkin et al.9   

 

The original goal of this project was to attach antimicrobial oligopeptide molecules to a surface 

to render it antimicrobial.  The naturally occurring antimicrobial peptides have been under an 

intense investigation for many years.10  The polylallylamine (PA) coating was originally 

designed as a tether molecule used as a point of attachment of oligopeptides.  We discovered that 

the PA had very strong antimicrobial properties by itself and so it was used as the antimicrobial 

coating without further attachment of peptide molecules.  A major advantage of cationic 

polymers and peptides over traditional antibiotics is that their action is thought to be physical, 

rather than the chemical action of antibiotics.  Whereas antibiotic resistance is commonplace, 

antimicrobial resistance would require bacteria to change the way that they compartmentalize the 

exterior of phospholipid membranes.  Such radical change is much less likely than a small 

modification to bacterial chemistry required to develop antibiotic resistance.  Therefore it has 

been recognized that unlike traditional antibiotics, the anti-microbial peptides do not produce 

resistance in bacteria.  For example, nisin which is a 34-residue peptide produced by 

Lactococcus lacti, has been used for over 50 years as a food preservative without causing 

significant bacterial resistance.11  Another example is mersacidin which is a tetracyclic peptide 

effective against methicillin-resistant Staphylococcus aureus (MRSA).  Since peptides generally 
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target fundamental structures, such as bacterial cell membranes, the development of resistance is 

significantly reduced as confirmed by several studies.12 

 

4.2 Bacterial organisms used in this study 

The bacterial cell envelope is a multilayer structure that serves a purpose of protecting the 

organism from the environment.  Historically, bacteria were characterized in two categories: 

Gram-positive and Gram-negative.  A Gram-positive bacterial cell is characterized by a thick 

peptidoglycan layer that typically lacks the outer membrane.  The Gram-negative bacterial cells 

have a more compact cell wall with two phospholipid bilayers.  The Gram-negative bacteria cell 

wall contains a cytoplasmic membrane and an outer membrane.  There is a space between the 

two membranes that contains one or two layers of peptidoglycan.  The Gram-positive bacteria 

lack the outer membrane but instead possess a much thicker (10-20 layers) peptidoglycan 

constituent.13  Importantly, the outer membrane in Gram-negative bacteria is not a phospholipid 

membrane.  It contains phospholipids in the inner but not the outer leaflet.  In contrast, the outer 

leaflet contains glycolipids, in particular lipopolysaccharide.  The Gram-negative cell wall can be 

described as a gel-like matrix that is composed of cross-linked saccharide strands that are 

oriented perpendicularly to the plasma membrane while the peptide bridges adopt a parallel 

configuration.14  The peptidoglycan layer is the stress-bearing structure and is responsible for the 

cell shape.  In both Gram-positive and Gram-negative bacteria the peptidoglycan layer consists 

of long strands of polysaccharide molecules that are cross-linked by stretchable peptides.  The 

layers of peptidoglycan are threaded with anionic polymers (the so-called teichoic acids).15  The 
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bacterial cell shape has been shown to play a critical role in the regulation of various bacterial 

functions such as attachment and motility.16 

 

Pseudomonas aeruginosa (P. aeruginosa) is a gram-negative opportunistic pathogen that is able 

to colonize various environments.  It can be found in soil, water, or on human skin and thrives in 

oxygen-deficient environments despite being an aerobic organism under normal growth 

conditions.  P. aeruginosa may cause serious diseases and infections, particularly in individuals 

with compromised immunity.  Infections and subsequent colonizations of this bacterium in 

kidneys, lungs and other vital organs can be fatal.17  The most common types of infection with 

this organism include burn injuries, infections of the outer ear, and post-operative infections.  P. 

aeruginosa is found on medical surfaces, such as catheters and is a major cause of hospital 

infections.18  It is estimated that one in ten hospital-acquired infections in the US are due to P. 

aeruginosa.  P. aeruginosa is known for its low antibiotic susceptibility which is attributed at 

least in part to the low permeability of the bacterial cell envelope.  Its intrinsic resistance is 

exacerbated by the acquired resistance through mutation and horizontal gene transfer.  P. 

aeruginosa possesses a large genome size, which allows it to adapt to different environments and 

it secretes virulence factors.19,20  These bacteria have the ability to attach to different surfaces 

due to the presence of adhesion molecules on the bacterial cell wall.  In Gram-negative bacteria 

the fimbrae (proteins) act as adhesins and in Gram-positive bacteria it is the surface proteins or 

the polysaccharide surface layer.21  These cell wall structures allow P. aeruginosa to avoid the 

natural immune response of its host.  This organism was chosen because it is known to cause 

disease, and is particularly likely to colonize medical devices.  The inherent antibiotic resistance 
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of P. aeruginosa was attractive since it provided a challenge to the antimicrobial films that we 

synthesized. 

 

Escherichia coli (E. coli) is a Gram-negative, facultative anaerobic, rod-shaped bacterium most 

commonly found in the lower intestine.  Although most E. coli strains are harmless, some 

serotypes may cause food poisoning.22  There exists an environmentally persistent E. coli that is 

able to survive outside of the host for extended periods of time.23  The cells are between 0.5 and 

2.0 µm in size and these bacteria can survive on a variety of substrates.  Some strains of E. coli 

possess flagella and are motile.24  Infectious strains of E. coli can cause a variety of diseases such 

as gastroenteritis, urinary tract infections, meningitis and others.  E. coli was selected for this 

study because it is the most widely studied prokaryotic model organism that is easy to culture 

and to work with since the risk of infection is rather low. 

 

Staphylococcus aureus (S. aureus) is a bacterium commonly found in the respiratory system and 

on the skin.  It turns out that 20% of humans carry S. aureus.25  This bacteria is not always 

pathogenic but may result in skin infections, respiratory infections, and food poisoning.  The 

illnesses associated with this organism include meningitis, folliculitis, abscesses, bacteremia, 

osteomyelitis, skin infections, pneumonia, toxic shock syndrome, endocarditis, and sepsis.  S. 

aureus is one of the most common causes of hospital-acquired infections and is often the cause 

of post-surgical infections as well.  These infections are especially prevalent in people that have 

just received a prosthetic joint replacement as they are more vulnerable to heart valve infections, 

sepsis, and pneumonia.  The virulent strains produce toxins and synthesize cell-surface proteins 
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which disrupt the normal immune response.  Moreover, the antibiotic-resistant S. aureus strains, 

such as MRSA, are a serious problem in modern medicine often requiring intense antibiotic 

treatments and surgery and often resulting in death.  MRSA is particularly feared among 

practitioners of wrestling, Brazilian Jiu Jitsu, Luta Livre and other grappling martial arts as skin 

infections spread rapidly through skin-to-skin contact and may result in significant training 

downtime and in worst cases surgery or death.  Making matters worse, certain strains of S. 

aureus can survive on dry environmental surfaces up to several months.26  S. aureus was chosen 

for this study as the Gram-positive representative of a dangerous and potentially harmful 

organism which is known for its resistance to traditional antibiotics and the prevalence of 

infection in hospital environments. 

 

Staphylococcus epidermidis (S. epidermidis) is a Gram-positive bacterium found in the human 

skin flora.  This organism is composed of nonmotile cocci arranged in grape-like structures.  The 

size of individual organisms varies between 0.5 and 1 µm.  It is not usually pathogenic but 

presents a risk of developing an infection for people with compromised immune systems and is 

therefore prevalent in hospital environments.  S. epidermidis is of particular concern to people 

exposed to catheters or other surgical implants as it has the ability to form biofilms on these 

devices which is a major virulence factor.27  The outside of the organism is made up of sulfated 

polysaccharide which allows the bacteria to bind to already existing biofilm.  The decreased 

metabolism of the bacteria inside the biofilm combined with the impaired diffusion of antibiotics 

leads to the reduction of antibiotic effectiveness.27  The biofilms mentioned above have the 

potential to grow on plastic devices that are placed inside the human body such has intravenous 

catheters, prostheses, implants and so on.28  This may be a cause for infection and cause diseases 
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such as endocarditis and in other cases may lead to sepsis.  Since antibiotics are often inefficient 

against biofilms, the only recourse may be to remove or replace the infected device or implant 

which can lead to more complications and infections.  S. epidermidis was chosen for this study 

because it is a known pathogen that has the propensity of colonizing medical devices and 

surgical implants. 

 

4.3 Proposed mechanism of action of antimicrobial compounds 

It was proposed that the antimicrobial immobilized cationic polymers disrupt the integrity of the 

bacterial membrane, which results in cell death.29  Their action is thought to be physical as 

opposed to the chemical inhibition caused by traditional antibiotics.  Development of resistance 

to polycationic antimicrobials would thus require a fundamental change to their cell wall and 

membrane and is therefore considered unlikely.  The structures of the bacterial cell wall and the 

outer membrane are open networks of macromolecules and do not offer a perfect barrier against 

penetration of foreign molecules.30  The bacterial cell envelope can be thought of as a large two-

dimensional polyelectrolyte which carries an overall negative charged which is stabilized by 

divalent ions such as Mg2+ and Ca2+.  The negative charge comes from the teichoic or 

lipoteichoic acid molecules in Gram-positive bacteria and the lipopolysaccharides and 

phospholipids of Gram-negative bacteria.30  Kugler et al. proposed that bacteria interacted with 

charged surfaces during the adsorption stage, and the removal of divalent counterions in the cell 

envelope led to bacterial death.31   

 

There were several studies performed using the AFM to evaluate the action of antimicrobials 

dissolved in solution on bacterial cells.  The details of these investigations as well as the major 
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conclusions are summarized in Table 4.1.  It is obvious that there may be differences in how the 

bacterial cell wall would react to a dissolved chemical compound as opposed to a surface-bound 

polymer.  However, membrane degradation associated with the exposure to antimicrobial 

compounds would likely occur in both scenarios.   

 

The majority of the antimicrobial experiments with the AFM were performed with Gram-

negative organisms and with E. coli in particular.  E. coli is a very well-studied Gram-negative 

bacterium that is a low health risk and presents a challenge to microbicidal compounds because 

of the double-membrane structure of its cell wall.  The antimicrobial compounds that were used 

in prior AFM studies were predominantly peptide molecules.  Peptide antimicrobials are 

molecules produced by living organisms that have an antimicrobial effect when dissolved in 

solution.  They are composed of hydrophilic, hydrophobic, and cationic amino acids that allow 

them to interact with different parts of the bacterial cell.10  Besides the antimicrobial peptides, 

other antimicrobial compounds included a nitric oxide surface32 and a study involving more 

traditional quaternary ammonium compounds.33  The exact mechanism of action of these 

compounds is still under investigation. 

 

In order to induce bacterial cell death the antimicrobial compounds must first penetrate the 

bacterial cell wall and particularly the cell membrane.  Naturally, the interaction between the cell 

membrane and antimicrobial compounds has been the subject of investigation.  The AFM allows 

imaging of the bacterial membranes in situ.  With sufficient imaging speed, it is even possible to 

create real-time images of the membrane disruption.34  The overall conclusion from the studies 

surveyed here was that the membrane degradation was a significant contributing factor to cell 
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death when bacteria are exposed to toxic materials.32  It was determined that the membrane 

becomes rough, then fragmented, which eventually leads to cytoplasmic leakage and total cell 

collapse.35  This process may be accompanied with formation of micelles.  It is not always 

precisely clear whether the bacteria are already “dead” by the time the membrane surface 

disruption is registered with the AFM.  However, there has been one major finding that was 

confirmed by different research groups, and that is bacterial death happens in distinct stages.   

 

Li et al. studied the effects of Sushi peptides on Gram-negative E. coli and P. aeruginosa by 

imaging the bacteria in air using contact-mode AFM.36  They analyzed the bacterial surface 

morphology and surface roughness and proposed that the antimicrobial peptides killed bacteria in 

three separate stages.  First, the outer membrane of bacteria was damaged, then the inner 

membrane became permeable to the incoming antimicrobials, and finally both membranes 

disintegrated.   

 

In a study by de Silva et al. the researchers looked into the effects of an antimicrobial peptide on 

E. coli.37  The bacterial cells were analyzed using tapping mode AFM in air and the elastic 

modulus of the bacteria as well as their surface roughness were determined.  The authors 

proposed a two-step effect of peptides on bacterial cells.  First, the stiffness of the membrane was 

lost and micelles were formed from the cellular membrane.  In the second stage of the process a 

complete cellular rupture occurred.  In this report the authors also noted that peptides displaced 

magnesium ions present in the lipopolysaccharide (LPS) matrix which resulted in cross-bridging 

of the negative charges of the LPS lipids and facilitated the cell membrane collapse.  The 



85 
 

displacement of cell membrane ions has been proposed previously as the reason for the bacterial 

cell death.   

 

A similar theory was proposed by Alves et al. where it was found that an antimicrobial peptide 

induced neutralization of the bacterial surface which resulted in membrane collapse and cell 

death.38  In a paper by Fantner et al., the E. coli cells were imaged using high-speed tapping AFM.34  

They determined two distinct stages of bacterial death.  In the first (incubation) stage the bacterial 

surface roughness gradually increased, and the length of time necessary for this process varied.  In 

the second (execution) stage the bacteria rapidly collapsed.  These reports point to the conclusion 

that bacterial death by the action of antimicrobials is a complex process where different distinct 

stages can be identified and these processes follow different time scales.   

 

4.4 Review of the recent work in antimicrobial films 

It would be ideal to design a surface that would kill bacteria through direct contact.  Although it 

is possible to prepare surfaces that kill bacteria by leaching antibacterial species into the 

environment, these coatings lose their potency over time and could potentially be toxic.39-41  

Therefore it is ideal to develop a film that covalently bonds to the surface or is attached using 

layer-by-layer deposition.2 

 

The following is an overview of the studies performed in the field of antimicrobial coating 

development in the recent years.  In the early 2000s, Klibanov et al. developed a film that killed 

both Gram-positive and Gram-negative bacteria on contact by amine activation of a polymeric 

substrate, followed by bromo-alkylation and then derivatization with poly(4-vinylpyridine).  The 
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resultant surfaces were up to 99% effective in killing airborne bacteria.42  Klibanov described the 

use of long-chain hydrophobic cations such as poly(4-vinyl-N-hexylpyridinium) and branched 

N-hexyl,N-methyl-polyethyleneimine against S. aureus.1  The authors were able to conclude that 

the antimicrobial polymers had to be hydrophobic in nature and also positively charged in order 

to be effective against bacterial cells.  They also found a minimum molecular weight of the 

polymer that made it effective against bacteria.  In another paper by Klibanov, a layer-by-layer 

films of N,N-dodecyl,methyl-polyethylenimine (PEI) as the cation and poly(acrylic acid) (PAA) 

as the anion were shown effective at killing E. coli and S. aureus.2  Under the right combination 

of application conditions, the films were effective against both Gram-positive and Gram-negative 

bacteria and against a strain of the influenza virus despite being only 10 nm in thickness.  The 

films were determined to be non-toxic towards mammalian cells and acted through prevention of 

bacterial attachment to the surface.  The authors found that a sufficient number of bilayers had to 

be applied to a surface under low pH which resulted in the positive charges protruding into the 

solution and being effective against the bacteria and viruses. 

 

Rubner and co-workers developed a layer-by-layer film with embedded silver ions.  The 

resultant films acted on bacteria through the release of the silver ions and by contact killing of 

bacterial cells with immobilized quaternary ammonium salts.43  In another paper by Rubner and 

Lichter, polyelectrolyte multilayers were adsorbed on glass slides under specific pH conditions.  

It was shown that if deposited under the correct pH and ionic strength conditions, the 

polyelectrolyte multilayers contained free cationic chain segments which were efficient at 

disrupting cell membranes of S. epidermidis and E. coli.44  The appropriate deposition conditions 
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ensured that there was a high density of mobile positive charges on the surface for the films to be 

effective.31,45   

 

In a study by Tew and others poly(butylmethacrylate)-co-poly(Boc-aminoethyl methacrylate) 

was “grafted from” a glass slide via surface-initiated atom transfer radical polymerization.  The 

resultant films were shown to have 100% killing efficiency against S. aureus and E. coli when 

the bacterial suspensions were sprayed onto the activated glass substrates.29  The mechanism of 

action was described to be insertion of the polymer into the phospholipid membrane of the cell.   

 

In a recent work by Vikram Dhende and others, antimicrobial polyethylenimines that contained 

hydrophobic N-alkyl and benzonphenone groups were covalently attached to a variety of 

surfaces.  The polymers were then covalently cross-linked with UV radiation and tested with S. 

aureus and E. coli with 98% killing efficiency.  The thickness of the films was determined to be 

around 50 nm and the effectiveness of the film was explained based on the interaction of the 

hydrophobic film with the hydrophobic cell membrane.  The electrostatic interaction between the 

cell membrane and the positively charged polymer backbone was speculated to disrupt the ionic 

integrity of the membrane resulting in cell death.46   

 

Kuroda and his coworkers performed an experiment where they deposited amphiphilic 

polycations on glass slides by dipping them in a polymer solution and showed effective killing of 

E. coli and S. aureus.  The quaternary ammonium ions within the films gave the film the 

antimicrobial functionality while the methoxyethyl groups were used to tune the hydrophobicity 

of the surface.  The bacteria killing capability of the resultant film was attributed to the finely 
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tuned amphiphilic properties of the polymer which facilitated its interaction with the bacterial 

cells.47   

 

Another example of incorporating the positively charged quaternary ammonium ions into a 

polymer network can be found in the recent experiments performed by Russel Composto and 

others at the Institute of Medicine and Engineering at the University of Pennsylvania.  

Quaternary ammonium ions were infused into the chitosan network using the Michael reaction 

with acryl reagent and then bound to the surface with epoxide functionality.  The films showed a 

high positive charge by zeta potential measurements and displayed a strong microbicidal action 

against S. aureus.48  The positive charge of the quaternary ammonium ions was sufficient to 

disrupt the bacterial membrane resulting in cell death. 

 

The next chapter will describe a novel antimicrobial film that was developed in our laboratory 

and shown to kill both Gram-positive and Gram-negative bacteria.  The final chapter will go into 

the details of AFM investigations of bacterial interactions with antimicrobial compounds. 
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Table 4.1  An overview of AFM studies of bacterial cell interactions with antimicrobial compounds.  

Bacteria 
Antimicrobial 

agent 

AFM imaging 

mode 

Metric Conclusions 

P. aeruginosa, 

E. coli32 

Nitric oxide (NO) Tapping mode in 

air 

Bacterial surface 

roughness, 

morphology, cell 

height/length 

Membrane degradation is a significant 

contributing factor to NO’s bacterial 

cytotoxicity 

E. coli49 Antibacterial 

magainin 2, 

hemolytic bee 

venom melittin 

Tapping mode in 

air 

Surface 

morphology 

Peptides caused different morphological 

changes, therefore different mechanisms 

S. aureus,  

S. epidermidis, 
33 

Quaternary 

ammonium 

compound 

Contact mode in 

aqueous buffer 

 Surface must be positively charged for the 

bacteria to remain attached 

E. coli,  

P. aeruginosa 
36 

Endotoxin-binding 

Sushi peptide 

In air using 

contact mode 

Surface 

morphology and 

roughness 

peptide perturbs the GNB membrane via 

the “carpet-model”, peptides appear to act 

in three stages: damage of the bacterial 

outer membrane, permeabilization of the 

inner membrane and disintegration of both 

membranes 

E. coli37 PGLa, an 

antimicrobial 

peptide isolated 

from hemocytes of 

frog skin 

Contact mode, 

liquid and air 

Elastic modulus, 

surface roughness 

Two stage effect – (1) loss of stiffness, 

formation of micelles, (2) was further 

damaged resulting in total cell rupture. 

The peptide action resulted in the removal 

of bacterial pili. In second stage there 

PGLa interacts with the outer membrane 

by displacing Mg2+ from LPS, cross-

bridging negative charges of LPS lipids. 

E. coli34 Antimicrobial 

peptide CM15 

High speed 

tapping AFM in 

liquid 

Surface roughness Killing is combination of time-variable 

incubation phase (seconds to minutes) and 

a more rapid execution phase (less than 1 

minute) 

P. aeruginosa 
35 

Tetrabranched 

antimicrobial 

peptide SB006 

Noncontact 

amplitude 

modulation 

mode 

Bacterial height 

and 

fragmentization of 

membrane, 

parameter P – 

bacterial surface 

irregularity 

Fragmentation of bacterial membrane and 

volume decrease (leakage of cytoplasmic 

material) 

membrane permeability disruption while 

the cell wall remains rigid 

E. coli38 Antimicrobial 

Peptides BP100 

and pepR 

Intermittent 

contact mode 

Surface roughness 

and surface 

morphology 

surface neutralization occurs close to  

MIC values. 
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Chapter 5 

 

Antimicrobial surfaces using covalently-bound polyallylamine 

 

Abstract 

We investigated the antimicrobial properties of the cationic polymer, polyallylamine (PA), when 

covalently bonded to glass.  The objective was to obtain a robust attachment, yet still allow 

extension of the polymer chain into solution to enable interaction with the bacteria.  The PA film 

displayed strong antimicrobial activity against Staphylococcus epidermidis, Staphylococcus 

aureus, and Pseudomonas aeruginosa, which includes both Gram-positive and Gram-negative 

bacteria.  Glass surfaces were prepared by a straightforward two-step procedure of first 

functionalizing with epoxide groups using 3-glycidoxypropyltrimethoxy silane (GOPTS) and 

then exposing to PA so that the PA could bind via reaction of a fraction of its amine groups.  The 

surfaces were characterized using X-ray photoelectron spectroscopy and Fourier transform 

infrared spectroscopy to verify the presence of the polymer on the surface, zeta potential 

measurements to estimate the surface charge of the films, and atomic force microscopy to 

determine the extension of the polymer chains into solution.  Antimicrobial properties of these 

coatings were evaluated by spraying aqueous suspensions of bacteria on the functionalized glass 

slides, incubating them under agar, and counting the number of surviving cell colonies. 
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5.1 Introduction 

Bacterial infections that spread through invasive procedures such as tracheal intubation, 

cardiovascular lines or urinary catheters are prevalent in hospital environments.1  Hospital 

acquired infections alone are the fourth most common cause of death in the US2 and bacterial 

contamination of medical devices is the cause of more than half of all hospital-acquired 

infections.3  Often the only solution to an infected implant is its removal and replacement, which 

creates additional health issues and economic costs4 because it must be followed by a long-term 

antibiotic treatment.5  In addition to the problems associated with medical devices and implants, 

the effectiveness of routine disinfection of common hospital surfaces is still being debated.6  It 

has been reported that most Gram-positive bacteria and certain Gram-negative species such as 

Pseudomonas Aeruginosa (P. aeruginosa) can survive on dry surfaces for many months.7  These 

all reveal the urgent need for new strategies to prevent microbial infections caused by 

contaminated surfaces.  One such strategy is to coat the surface of a medical device in a material 

that strongly resists the attachment or growth of bacteria, preventing biofilm formation.  

Antifouling and antimicrobial surface coating can be used in biomaterial implants, where the 

bacterial infection is the most common source of failure.8,9  A significant advantage of surface 

antimicrobial treatments over systemic antibiotics and antimicrobials is that systemic treatments 

require a large dose of the antibiotic and produce side effects distant from the implant or 

catheter, whereas an irreversible immobilization of antimicrobials on the medical devices is 

localized to the site where the action is needed.  Therefore, this paper focuses on the use of new 

non-leaching surface coatings for the purpose of preventing bacterial infection on a particular 

device. 
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The requirements for a microbicidal coating ideally include: 1) ease of synthesis, 2) stability, 3) 

insolubility in aqueous environments, 4) potential for regeneration, and 5) biocidal ability towards 

a wide range of microbes.9  These requirements can be satisfied through the use of immobilized 

polycationic polymers that have many advantages: 1) lack of bacterial resistance, 2) prolonged 

effectiveness due to immobilization and lack of diffusion, 3) lack of toxicity due to immobilization 

of active agents, and 4) effectiveness against both Gram-positive and Gram-negative organisms.  

There are many antimicrobial systems that have been studied in connection with killing bacteria 

on contact, and these include quaternary ammonium compounds,10-12 layer-by-layer self-

assembled polyelectrolytes,13-15 polyamine films,16 and chitosan.12  Recent review articles describe 

both antimicrobial polymers 16-18 and polymeric surface coatings.1,19,20 

 

The proposed mechanism for the antimicrobial action of immobilized cationic polymers is that 

they disrupt the integrity of the bacterial membrane, which results in cell death.21,22  Their action 

is thought to be physical as opposed to the chemical inhibition caused by traditional antibiotics.  

Development of resistance to polycationic antimicrobials would thus require a fundamental 

change to the cell wall and membrane and therefore is considered unlikely.  The structures of the 

bacterial cell wall and the outer membrane are open networks of macromolecules and do not 

offer a perfect barrier against penetration of foreign molecules.16  The bacterial cell envelope can 

be thought of as a large two-dimensional polyelectrolyte which carries an overall negative 

charged which is stabilized by divalent ions such as Mg2+ and Ca2+.  The negative charge comes 

from the teichoic or lipoteichoic acid molecules in Gram-positive bacteria and the 

lipopolysaccharides and phospholipids of Gram-negative bacteria.16  Kugler et al. proposed that 
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bacteria interacted with charged surfaces during the adsorption stage, and the removal of divalent 

counterions in the cell envelope led to bacterial death.23    

 

There are three main factors that affect antimicrobial properties of surface coatings and they are: 

1) hydrophobicity and degree of alkylation, 2) surface charge density, and 3) polymer molecular 

weight.  Polymer hydrophobicity may affect the antimicrobial functionality of the surface 

because the interior of the cell membrane is hydrophobic.22,24 The alkylation of the polymer 

alters the hydrophobicity.25  According to a study by Tiller et al., in order to kill bacteria, 

immobilized polymeric chains must be sufficiently long, polycationic, and hydrophobic but not 

overly so.24  The positive charge is necessary to induce an electrostatic interaction with the 

bacterial membrane and to prevent the polymer chains from collapsing onto each other.  

Adsorption of extra cationic change could also disrupt the structure and effect cell signaling.  

The surface charge density therefore plays a critical role in determining the mircobicidal effect of 

a polymer system.9,16,23,26  In a paper by Murata et al. the authors concluded that quaternary 

ammonium (QA) divalent cations exchanged with the divalent cations in the cell membrane 

which resulted in the membrane disruption and cell death.26  The QA surface charge density 

required to inhibit the growth of E.coli bacteria was estimated to be 1014 to 1015 QA groups per 

cm2.  In a study by Kugler et al., the surface charge density necessary to inhibit growth of E. coli 

and Staphylococcus epidermidis (S.epidermidis)  was estimated to be 1012 to 1013 cations/cm2.23  

In this case, the efficiency of bacterial inhibition was a strong function of the surface charge and 

did not vary with the polymer length.  There have been other studies however that concluded that 

the antimicrobial activity of surface-bound polymers generally increased with the increasing 

molecular weight.16,24  Klibanov et al. have shown that for two different systems there was a 



96 
 

minimum molecular weight required to exert the antimicrobial effect.22  In a study by Huang and 

others, polymers with a high molecular weight were found to have nearly 100% efficiency while 

oligomers did not have the same effect.27  The cell wall thickness for the model bacterial 

organisms varies between 15 and 40 nm.28-30  Therefore, it is likely that the polymer molecules 

are required to have a certain length to extend sufficiently far from the surface to interact with 

the bacterial membrane, which would correlate with the molecular weight.  For example in a 

study by Lichter et al., it was determined that the polyelectrolyte multilayers would only be 

effective against S. epidermidis and E. coli when synthesized under specific pH conditions that 

would allow for free cationic chain segments to extend into solution.14 

 

In this work we evaluated the antimicrobial properties of polyallylamine (PA)-coated glass 

surfaces against both Gram-positive and Gram-negative bacteria.  Our bacterial studies were 

performed at pH 7.4 where many of the amine groups on PA are protonated, and we use PAH to 

refer to the partially protonated version of the polymer.  PAH incorporated in layer by layer self-

assembled films has been used in the past to create antimicrobial coatings.14,15,31   Creating a 

simple two-step application procedure of PA on epoxide-functionalized glass creates a more 

robust, and easy-to-synthesize film.  The PAH surfaces were characterized using surface 

sensitive techniques to estimate the surface charge and the degree to which polymer chains 

extended into solution. We assay the number of bacterial cells that are able to reproduce to form 

colonies on surfaces coated in PAH.  Since the mechanism of action of polycationic 

antimicrobials is thought to be damage to the cell wall or membrane,22,32 which leads to death of 

the bacterium, we use the term “killing” to describe the effect of the antimicrobial polymer film.  
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5.2 Materials and methods 

5.2.1 Materials used 

Polyallylamine in freebase form was purchased from Polysciences and polyallylamine 

hydrochloride was purchased from Sigma Aldrich.  Other chemicals used in this study were 

toluene (Fisher Chemical), sulfuric acid 18M (Fisher Chemical), hydrogen peroxide 30% in 

water (LabChem Inc.), ethanol 200 proof (Decon Laboratories, USP grade), acetone (Fisher 

Scientific, HPLC grade), 3-glycidoxypropyl-trimethoxy silane or GOPTS (Aldrich ≥98%), PBS 

with pH=7.4 (Sigma).  Yeast dextrose broth (YDB) was prepared following the recipe provided 

by Cunliffe et al.33  Tryptic soy broth (TSB) was prepared by dissolving following materials in 

deionized (DI) water (resistivity at 25 °C: 18.2 MΩ cm): Bacto tryptone (17 g L−1), bacto 

soytone (3 g L−1), dextrose (2.5 g L−1), sodium chloride (5 g L−1) and dipotassium phosphate (2.5 

g L−1).  Bacto tryptone (10 g L−1), yeast Extract (5 g L−1), sodium chloride (10 g L−1) were 

dissolved in water to make Lysogeny broth (LB).  Agar plates were made by adding 1.5% of 

bacto agar to either of the above described culturing media.  The ingredients used to prepare the 

bacterial growth media were purchased from Fisher scientific. 

 

5.2.2 Preparation of antimicrobial films 

Standard VWR microscope slides (soda-lime glass) were cut into 15 mm  13 mm pieces using a 

diamond saw.  The slides were immersed into 3M NaOH solution in water for 10 min to create a 

clean fresh surface, thoroughly rinsed in DI water, and then cleaned in the “Piranha” solution 

(3:1 solution of 18M H2SO4 to 30% H2O2 – warning Piranha causes severe burns to tissue) for 40 

minutes with occasional stirring to create a clean surface with exposed hydroxyl groups.  The 

slides were again washed in copious amounts of water, then rinsed in ethanol and dried in a 
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stream of ultra-high purity nitrogen.  The slides were further modified with (3-

glycidyloxypropyl) trimethoxysilane (GOPTS) by reaction with 100% GOPTS at 37oC for either 

6 or 60 minutes.34  Following the GOPTS treatment, the slides were sonicated in dry toluene for 

3 minutes, washed in toluene, then in copious amounts of ethanol and dried with a stream of 

nitrogen gas.  The glass slide was covered with a 15% freebase PA in water (pH = 11) and left to 

react at 75oC for 36 h.  The reaction is shown schematically in Figure 5.1.  The slides were rinsed 

in DI water (for about 20 times) and also left in the ultra-sonic bath in water to remove any PA 

that was not covalently bonded to the surface.  When a PA solution at pH 7 was used there was 

no antimicrobial activity.  This control experiment with protonated amine shows that the lone 

pair of nitrogen was necessary to react with the epoxide to produce a robust film: without a 

covalent film, there was no activity.  Additional sample slides were created in which the PA was 

attached by simply dipping the glass slides into a PA solution using a procedure adopted from 

Zucolotto and coworkers (“dipped slides”).35  These samples were used to compare electrostatic 

rather than covalent attachment.  After cleaning in NaOH solution and Piranha, the glass slides 

were immersed into 0.3 mg/mL of PA, with 0.5 mol/L NaCl in DI water with the pH adjusted to 

slightly acidic using 4M HCl.  The slides were then washed three times in DI water and dried in 

a laminar flow cabinet. 
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Figure 5.1  Schematic of covalent attachement of PA to glass.  The primary amine groups 

become protonated at neutral pH. 

 

5.2.3 X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy (XPS) measurements were performed on a Phi Quanterra 

machine with a monochromated Al Kα source (1486 eV) at 50 W over 200 µm at a 45o angle.  

Individual element scans were acquired at pass energy 26 eV at 0.1 eV step size with 10 to 40 

sweeps (depending on the element).   

 

5.2.4 Attenuated total reflectance Fourier transform infrared spectroscopy 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-IR) used a Varian-670 

IR with an MCT detector combined with Vari-GATR accessory at 60o incident angle and polarizer 

at 0o with a germanium crystal a to sample films on a silicon surface with native oxide.  A pressure 
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clamp was used to enhance the contact between the film and the surface.  64 scans were performed 

over the region of 4000 to 700 cm-1 at 4 cm-1 resolution, and each sample surface was tested several 

times to verify repeatability.  The resulting spectra were ATR and baseline corrected using 

Resolutions Pro software. 

 

5.2.5 Atomic Force Microscopy 

An atomic force microscope (Cypher, Asylum Research, Santa Barbara, CA) was used to create 

images of the PA films deposited on a silicon wafer with a native oxide coating in the PBS solution 

and to determine the extension of the polymer chains into the solution.  Rectangular AFM probes 

(ORC8, Bruker, Camarillo, CA) with a nominal spring constant of 0.7 N/m were cleaned for 20 

min with UV/ozone prior to each use.  The spring constant was measured before each experiment 

with the thermal method developed by Sader36 using the Asylum Research software.  AFM 

imaging was conducted in contact mode on surfaces in an aqueous environment, using the same 

instrument as for the force studies.  All images presented have been subjected to a first order line 

flatten.  The extension of the PA chains in solution was found by measuring force curves at 1 µm/s 

rate and 20-30 force curves were measured at each point on the film. 

 

5.2.6 Zeta potential measurements 

The zeta potential of the PA-coated glass surfaces was determined using a SurPASS Electrokinetic 

Analyzer (Anton Paar GmbH, Graz, Austria).  The SurPASS tubing was rinsed using very dilute 

isopropanol (<1% vol. in water) solution and then with DI water for approximately 10 minutes.  

The slides were mounted in the SurPASS using the “clamping cell” configuration and 1 mmol 

NaCl solution in DI water was used as the electrolyte. 
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5.2.7 Antimicrobial assay 

P. aeruginosa (ATCC 27853), S. epidermidis (ATCC 14990), and S. aureus (ATCC 27217) were 

used as model organisms to test the antimicrobial performance of the modified surfaces.  The 

spray testing technique was adapted from Tiller et al24.  A 1.5% agar plate was inoculated using 

a -80o C stock of each bacteria strain and incubated at 37o C overnight.  LB plates were used for 

S. epidermidis, and P. aeruginosa, and TSB plates were used for S. aureus.  In a 125 ml flask, 10 

ml of culture media was inoculated with three to four colonies of the bacteria and incubated in a 

shaker at 37 o C and 150 rpm until the bacteria reached the logarithmic growth phase as indicated 

by the optical density of the suspension.  Yeast-dextrose broth was used to grow S. epidermidis 

and TSB was used with P. aeruginosa and S. aureus.  The resulting culture was centrifuged 

(3000g, 11 minutes, room temperature) and the cells were re-suspended in autoclaved DI water 

to a final concentration of 107 cells/ml.  A 125 ml of the bacteria suspension was transferred to a 

standard chromatography sprayer (Kontes, TLC sprayer) and used to spray both modified and 

control samples in a BSL-2 cabinet.  The inlet pressure of the sprayer was kept constant and the 

volumetric flow rate was approximately 10 ml/min.  Before spraying, each slide was washed 

with 70% ethanol followed by three rinses with autoclaved DI water and air-dried in a biological 

safety cabinet.  Triplicates of the control and the modified slides were used in each experiment.  

After the spraying, the slides were allowed to dry in air for 2 to 5 minutes and the growth agar 

was then carefully poured on top of the slides and allowed to solidify.  After an overnight 

incubation at 37 o C, the surviving bacterial colonies were counted to estimate the antimicrobial 

properties of the PA films compared with the clean glass control. 
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5.3 Results and discussion 

5.3.1 XPS and ATR-IR show the presence of free amines 

After the reaction of GOPTS with a silica surface, XPS showed that C/N ratio increased from 16 

to 36 and the C/Si ratio from 0.23 to 0.29.  These results were consistent with the results reported 

previously by Ulijn and coworkers.34  When the PA was added to the surface, the C/N ratio 

dropped dramatically from 36 to 5.0 due to the large number of nitrogen atoms present in the PA.  

The binding of PA to the surface was further confirmed by examining the N1s peak (Figure 5.2) 

where the peaks at 399 and 401 eV indicated the presence of amine bonds.  To further verify the 

presence of free amine groups on the surface, two cysteine Fmoc-protected amino acid residues 

were bound to the PA surface using solid phase synthesis.37,38  The reaction of the amine was 

verified by (a) the shift of the N1s peak to 400 eV indicated formation of amide bonds on the 

surface and loss of amine (Figure 5.2) and (b) the production of  a sulfur S2p peak at 162 eV (not 

shown). 
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Figure 5.2  N1s peak of the XPS spectrum of a 15,000 MW PAA film.  The peak at 399 and the 

shoulder at 401 eV are consistent with the presence of amine groups.  After reaction with 

cysteine, the amine peaks are replaced with the amine peak at 400 eV.  Note the disappearance of 

the amine shoulder at 401 eV after the reaction with cysteine. 

 

The ATR-IR spectrum of the 15,000 MW PA film on a silicon wafer (Figure 5.3) confirms the 

XPS results.  There is a broad peak between 3000 and 3600 cm-1 which includes the expected 

NH stretch and OH stretch from the alcohol formed by reaction of PA with GOPTS (see Figure 

5.1). There is also a strong primary amine bending absorption at around 1660 cm-1 and a much 

weaker secondary amine bending absorption at 1550 cm-1.39  This data is consistent with the 

formation of a PA film with an abundance of free primary amines present and fewer secondary 

amines binding the polymer to the glass. 
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Figure 5.3  ATR-IR spectrum of a 15,000MW PAA/GOPTS film on a silicon wafer. 

 

5.3.2 AFM imaging  

AFM contact mode imaging in PBS over an area of 55 µm2 was used to characterize the surface 

coatings.  The films were synthesized on smooth silicon wafers (rms roughness 120 ± 5 pm), 

instead of standard microscope glass to facilitate detection of thin films.  The GOPTS coating 

was imaged after a shorter (6 min) and longer (60 min) GOPTS/silicon application time.  The 

film is rougher than the wafer, but still very smooth with an rms roughness of 0.14 ± 0.01 nm 

after 6 min and 0.34 ± 0.15 nm after 60 minutes.  After 6 minutes of reaction, there are ~ 0.6 nm 

high and ~ 200 nm wide dots which we attribute to polymerized clusters of GOPTS.  After 60 

minutes, there are more clusters and the existing clusters have grown in width and height, so that 

spacing between clusters of epoxide sites is reduced.  There may also be isolated epoxides on the 

solid that are not resolved. 
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Figure 5.4  The atomic force microscope image of a silicon wafer that was GOPTS treated for 6 

min (a) and 60 min (b).  The image sizes are 5x5 (µm)2, with the scale bars indicating sample 

height. 

 

After reaction of the 15,000 MW PA (Figure 5.5c), the film is amorphous and has greater rms 

roughness (500 pm ± 100) than the bare silica, but is still very smooth. After reaction with the 

58,000 MW PA the surface morphology is very different: there are fibers and the rms roughness 

is 18 nm ± 2 (Figure 5.5d). 
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Figure 5.5  Atomic force microscopy images of the bare silicon wafer (a), the GOPTS coated 

silicon wafer (b), 15,000 MW PAA (c) and 58,000 MW PAA (d).  All images are 5x5 (µm)2 with 

the scale on the right indicating the height of the sample.  The rms surface roughness of these 

samples is as follows: (a) 120 ± 5 pm, (b) 140 ± 10 pm, (c) 500 ± 100 pm, and (d) 18 ± 2 nm. 

 

5.3.3 Measurement of surface charge and potential  

Streaming potential measurements were used to calculate the zeta potential of the films using the 

Fairbrother and Mastin equation.40  The zeta potential was determined by first measuring the 

streaming potential of the flat surface in the current mode with 1 mM NaCl at neutral pH as the 

electrolyte. The zeta potential for 15,000 MW PA was +76 ± 0.5 mV and +61 ± 1 mV for 58,000 

MW PA.  This corresponded to the charged amine group density41 in the order of 1012 (+)/cm2 
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which was consistent with the literature predictions of the minimum surface charge density 

required to kill bacteria on contact. 

 

For the covalently bonded PA, the zeta potential remained constant over many measurements, a 

fact that attests to the stability of the PA coating (Figure 5.6a). In addition, the zeta potential 

remained constant after washing with 200 mL of PBS.  In contrast, the dipped PA surface had 

only a mild positive potential at the beginning and the zeta potential decreased steadily over the 

course of 10 surface scans (Figure 5.6b).  This illustrates that the electrostatically adsorbed PA 

layer was weakly attached to the silicon surface. 

 

Figure 5.6  Zeta potential of (a) covalently-bound PAA/GOPTS films after an hour-long GOPTS 

application, and (b) two dipped 15,000MW PAA films.  The zeta potential remains stable in the 

covalently bound samples and decreases with time for the dipped samples. 

 

Our interpretation of the zeta potential measurement is illustrated by the cartoon shown in Figure 

5.7.  The dipped polymer acts as the counterion to the silanol groups on the glass and therefore 

lies close to the glass.  In contrast, the GOPTS reacts with some silanol groups, and covers other 

groups so there is much lower electrostatic interaction with the solid.  Thus, for GOPTS/PA the 
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polymer chains extend much further into solution.  This hypothesis was further investigated with 

AFM force measurements as described in the next section. 

 

Figure 5.7  Cartoon of the proposed difference in the binding conformation of the electrostatically 

adsorbed (a) and covalently bound (b) PA. 

 

5.3.4 Measurement of the extended length of PA chains  

AFM was used to characterize the chain length of the PA molecules via force measurement 

between an AFM tip and the PA-coated surfaces in PBS solution.  A sample force curve is 

shown in Figure 5.8 where the tip approach and the polymer chain extension during the 

retraction of the tip are shown.  On approach, the first force is felt at about 10 nm, consistent 

with an “undisturbed” PA film thickness of about 10 nm.  When the AFM cantilever retracted 

from the surface, the physically adsorbed PA chains remained “stuck” to the tip and gradually 

desorbed as the separation increased.  This measurement relied on the fact that the PA was 
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positively charged in solution at physiological pH, and the silicon nitride tip is negatively 

charged (isoelectric point for silicon nitride cantilever is around pH = 3 42). 

 

Figure 5.8  Typical force curve between a PA/GOPTS film and a (negatively charged) silicon 

nitride cantilever (60 min. GOPTS reaction, measurement performed in PBS).  Note that (a) is the 

point where the cantilever tip encounters the PA film on approach (blue curve) and (b) are the 

representative “jumps” where the individual PA chains detached from the AFM tip on retraction 

(red curve). 

 

The point on the retraction curve where the attraction between the tip and the surface became 

zero was termed the extended chain length (ECL) of the polymer.  At larger separations, there is 

no force, so no polymer is bridging the tip and the glass.  At smaller separations, there is a series 

of “jumps” each of which is usually interpreted as desorption of a polymer chain or a segment of 

polymer chain.43  There was a wide range of “jumps” as illustrated in Figure 5.7, and the longest 
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chains extend up to 90 nm from the glass.  Average ECL values, (Figure 5.9), demonstrate the 

important point that the PA chains that are attached to GOPTS extend into solution for 50–200 

nm, depending on the conditions.  This is consistent with the cartoon in Figure 5.6.  This 

extended chain length is comparable to or exceeds the typical bacterial cell wall.  Thus, the 

GOPTS/PA should be able to reach from the silica to the bacterial membrane, if required.  In 

contrast, the dipped-PA had much shorter chains. 

 

In more detail, Figure 5.9 shows that the maximum chain length was greater for (a) shorter 

reaction time of GOPTS (6 min vs. 60 min) and (b) lower molecular mass.  It is surprising that 

longer ECL values correspond to the shorter reaction time of GOPTS.  We expected that a longer 

reaction time with GOPTS would lead to a higher density of GOPTS on the surface, a greater 

number of attachment points of PA and the substrate, and therefore shorter “free” segments 

between the attachment points, but this did not occur.  We also observed that the ECL decreased 

with molecular mass for the series 15,000 MW, 58,000 MW, 900,000 MW.  The reason for this 

is not clear, but the morphology was very different for the 15,000 MW and 58,000 MW samples; 

it may be more difficult to pull a chain out of the fibrous structure of the 58,000 MW PA.  In 

summary, the GOPTS/PA chains extended far into solution, further than the dipped-PA. 
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Figure 5.9  Extension of the PA chains into solution as measured using atomic force microscopy.  

The error bars indicate the standard error. 

 

5.3.5 Antimicrobial assay  

The PA films were tested to determine their antimicrobial performance using a method adopted 

from Klibanov’s group,24 in which bacteria were sprayed onto a surface, briefly air-dried, and 

then placed in a favorable growth mixture (agar) so that they would grow if the surfaces were not 

antimicrobial.  The efficacy of the method was tested by checking that both clean glass slides 

and slides coated with GOPTS alone did produce growth of bacteria on the solid surface 

(negative control), whereas a film that was known to kill bacteria on contact, poly(vynil-N-

pyridinium bromide),25 did prevent bacterial growth with the killing efficiency of over 90% 

(positive control).  The test surfaces included 15,000 MW and 58,000 MW PA covalently 

attached to glass via the GOPTS silane.  The application times for GOPTS were varied from 6 to 
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60 minutes to determine the effect of attachment density.  Clean glass was used as the control but 

we also tested electrostatically attached PA to compare with the covalently bonded films.   

 

The antimicrobial performance of the films was quantified using the killing efficiency parameter 

defined as: 

𝐾𝑖𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −
# 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒

# 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
)  𝑥 100%  (5.1) 

where the control is a clean glass slide.  We use the work “killing” because the absence of 

colonies implies that the sprayed live cells were killed by contact with the surface.  The results 

are presented in Table 5.1.  In every experiment at least three slides of each type were used to 

increase the accuracy of the results.  Every value listed in Table 5.1 is an average of at least three 

separate experiments, except for the values in parenthesis that give preliminary results from a 

single experiment.  The errors are the standard deviations for each experimental set.  The most 

important result is that the very simple GOPTS/PA method is very effective at preventing the 

growth of a variety of organisms.  It is particularly successful against S. epidermidis and S. 

aureus, killing about 97% of the organisms.  An example of a glass slide is shown in Figure 5.10, 

showing the dramatic decrease in the number of colonies on GOPTS/PA compared to clean 

class. 
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Figure 5.10  S. aureus colonies on a control glass slide (left) and the GOPTS/PA treated surface 

(right) after a 24 hour incubation period. 

 

The GOPTS/PA film was slightly less effective against the Gram-negative P. aeruginosa (killing 

efficiency 88%) when compared with the Gram-positive S. epidermidis and S. aureus (killing 

efficiency 97%).  It is known that the Gram-negative bacteria have a more compact cell wall with 

two phospholipid bilayers compared with the Gram-positive bacteria.  The lower effectiveness 

against the Gram-negative microorganism is consistent with previous results showing that the 

Gram-negative bacteria are less susceptible to antiseptics and disinfectants than the Gram-positive 

organisms.16  The cell wall of Gram-positive bacteria are composed of almost exclusively 

peptidoglycan and teichoic acid that are not effective at excluding antimicrobial agents from the 

cell.  The outer membrane of Gram-negative bacteria on the other hand is an effective barrier to 

entry and P. aeruginosa in particular is known to exhibit high resistance to many disinfectants and 

antiseptics.16,44  For the tethered molecules considered here, diffusion is not an issue, but we expect 

that the outer membrane of the gram-negative bacteria would also provide a barrier to PA 

conformations that access the interior membrane. 
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5.3.6 Effect of PA molecular weight, charge, and deposition techniques on the bacterial 

killing efficiency 

The molecular weight of the PA did not have a strong effect on the antimicrobial effectiveness of 

the films.  The 58,000 MW film had much shorter strands of polymer according to the AFM 

ECL test (Figure 5.9), but in general, we did not find a correlation between ECL and killing 

efficiency.  For example, the killing efficiency of S. epidermidis was about the same for 6 min 

and 60 min of GOPTS treatment, even though these two treatments produced a factor of two 

difference in ECL (Table 5.2).  In contrast, there was no significant difference between 15,000 

MW and 58,000 MW in killing P. aeruginosa.  As stated above, the time of exposure of the 

GOPTS, which alters the density of attachment points did not have a significant effect on the 

killing efficiency of S epidermidis either.  Thus, in contrast to other studies that found the 

antimicrobial polymer length to be important in their system,22,24,27 we do not find an effect of 

tether length on the killing efficiency.  However, we can conclude that the covalently attached 

PA is very effective at killing of a variety of bacteria, almost independent of the preparation 

conditions.  In hopes of optimizing the killing efficiency of the antimicrobial coatings, we varied 

the application time of the GOPTS, used the GOPTS diluted in dry toluene instead of pure 

GOPTS, and decreased the concentration of the PA application solution ten-fold.  These methods 

did not show an improvement on the original procedure but they also did not dramatically reduce 

the effectiveness of the films.  For example, in the case of S. epidermidis, when the GOPTS 

application time was varied for the 15,000 MW PA coating between 6 and 60 min (Table 5.1), 

the film effectiveness remained virtually the same. 
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The PA films bound to glass using GOPTS showed excellent antimicrobial capability compared 

with bare glass or PA films that were simply dipped once in the polyelectrolyte solution.  This is 

attributed to the fact that the covalently bonded PA chains had more exposed positive charges on 

the surface and free polymer chains available to interact with bacteria as confirmed by the zeta 

potential and the AFM measurements.  The alkoxysilane molecules forming the monolayer on 

the surface removed the negative surface charge so the attractive interactions between the PA 

polymer chains and the glass surface were eliminated as seen in Figure 5.7.  In the case when PA 

was adsorbed directly from solution and bound to the glass surface via electrostatic attraction, 

the positively charged amine groups most likely collapsed onto the negatively charged silica and 

did not “see” the bacterial cells. 
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5.4 Conclusions 

PA covalently bound to glass using GOPTS showed excellent antimicrobial capability compared 

with bare glass or PA films that were simply dipped in the polyelectrolyte solution.  The number 

of surviving colonies of both Gram-positive (S. aureus and S. epiderimidis) and Gram-negative 

(P. aeruginosa) organisms were reduced dramatically compared with the control using an 

aerosol spraying test.  The results of zeta potential measurements indicated that the PA surfaces 

were strongly positively charged and very stable when the PA was reacted with epoxide-

functionalized glass.  The zeta potential of the GOPTS/PA surfaces varied between 60 and 70 

mV depending on the molecular weight of the polymer.  Thus, robustness and a high positive 

zeta potential are important factors in determining killing efficiency.  In contrast, the length of 

free polymer chain was not found to be important in the 100~200 nm range that we examined.  

Variation in the GOPTS reaction conditions or diluting the PA application solution did not show 

a strong effect on the antimicrobial properties of the resultant surfaces.  When comparing the 

PA/GOPTS surfaces with the dipped PA control surfaces, it is apparent that the PA/GOPTS 

surfaces have a strong positive charge and extend much further into solution.  This is consistent 

with previous literature results that indicated the antimicrobial surfaces required a minimum 

surface charge to be effective as well as the ability to extend from the surface to interact with the 

bacterial cells.  There was no inhibition zone observed.  The bacterial killing mechanism was 

likely due the electrostatic interaction between the bacterial cell membranes and the positively 

charged PA surfaces as described previously in the literature. 
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 S. epi S. aureus P. aeruginosa 

15,000 MW PAA 

with 60 min GOPTS 

application 

97 ± 2 97 ± 3 88 ± 14 

15,000 MW PAA 

with 6 min GOPTS 

application 

96 ± 5  (98) 

58,000 MW PAA 60 

min GOPTS 

application 

(98) 90 ± 10 89 ± 5 

Table 5.1 Killing efficiency of different surfaces compared with a clean glass control. 
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 15,000 MW 58,000 MW 900,000 MW 

 nm nm nm 

6 minute GOPTS application  113 ± 7 65 ± 10  

1 hour GOPTS application 210 ± 30 120 ± 20 50 ± 10 

Dipped PAA 50 ± 2 15 ± 4  

Table 5.2  The polymer ECL and the standard error of the PA films.  
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 C1s N1s O1s Si2p C/N C/O C/Si 

Clean glass 5.99 0.47 65.5 28.0 12.7 0.091 0.214 

GOPTS 8.11 0.22 63.7 28.0 36.8 0.127 0.290 

GOPTS+PAH 46.6 9.24 31.3 12.2 5.03 1.489 3.829 

GOPTS+PAH+Cys 61.2 7.27 22.0 8.31 8.41 2.789 7.359 

Table 5.3  Values for the XPS analysis of the clean, GOPTS-coated, and GOPTS/PA coated 

wafers, and also the GOPTS/PA coated wafers after a reaction with Fmoc-protected Cysteine 

amino acids. 
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Chapter 6 

 

Antimicrobial peptide films 

 

Abstract 

A peptide with known antimicrobial properties (Pexiganan) was attached to a silicon substrate 

using microwave assisted solid phase peptide synthesis.  Primary amine groups attached to the 

silicon surface were used as the peptide binding sites.  Different methods of amine 

functionalization of the substrate were utilized: (1) reaction with (3-aminopropyl)triethoxysilane 

, (2) attachment of amine-activated poly (ethylene glycol) diamine, and (3) attachment of poly 

(allyl amine) (PA).  It was concluded that the peptide attachment resulted in an effective 

antimicrobial film when using the GOPTS-PA-Pexiganan reaction schematic due to the longer 

tether chain length and a large number of amine binding sites. 

  



123 
 

6.1 Introduction 

In recent years the functionality of synthetic or naturally occurring peptide molecules and their 

potential as antimicrobial agents have been studied extensively.1  These molecules usually carry 

a positive charge and therefore have the ability to interact with the overall negatively charged 

bacterial membranes.  The hydrophobic portion of the peptide interacts with the hydrophobic 

membrane lipid double layer to allow the peptide to enter the bacterial cell.  Peptide molecules 

can interact with the bacterial membrane and with other cell components (DNA, enzymes) inside 

the cell which results in bacterial death.2  It was determined in the previous studies that attaching 

an oligopeptide to a surface using a spacer allows for surface antimicrobial activity.3  For 

example in a study by Glinel et al., magainin1 was immobilized on a oligo(ethylene glycol) 

methacrylate.  The results confirmed the effectiveness of the peptide when attached to a surface, 

and also illustrated that the peptide binding density can be controlled by controlling the tether 

polymer brush density.4   

 

In this study Pexiganan (GIGKFLKKAKKFGKAFVKILKKa) was attached to a substrate to 

render it antimicrobial.  Pexiganan is an analog to a naturally occurring peptide Magainin2 that 

was extracted from a skin of an African frog.5  This peptide was found to have a broad spectrum 

of activity against different microbial organisms.  It was studied in topical applications of 

diabetic foot ulcers, for treatment of sepsis, and as an anti-fungal agent.  This chapter describes 

the investigations that were performed to determine the best way to attach Pexiganan to a silicon 

substrate to render it antimicrobial.  
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6.2 Materials and methods 

Poly (ethylene glycol) diamine (3,000 MW) was purchased from Sigma-Aldrich.  Silicon slides 

were pre-treated to expose hydroxyl groups on the surface using concentrated sulfuric acid and 

hydrogen peroxide mixture.  (3-Aminopropyl)triethoxysilane (APTES) was attached to silicon 

by incubating the wafer in 1% APTES in toluene for 4 minutes at 60oC.  3-

Glycidyloxypropyltrimethoxysilane (GOPTS) was reacted with pre-treated silicon for 1 hour at 

37oC.  The poly (allyl amine) (PA) was reacted with the GOPTS epoxide-functionalized surface 

in an aqueous environment at 75oC for 24 hours.  E. coli (MG1655) was used as the model 

organism in the bacterial assay study.  The bacterial assay was performed by spraying a bacterial 

suspension on surface-treated glass slides and incubating them under agar.  The detailed 

procedures for the film synthesis and the bacterial assay were described in a previous chapter.  

The procedure for PEGDA attachment was adapted from Todd et al.6  Briefly, pre-treated silicon 

slides were exposed to the GOPTS for one hour at 37OC.  Two slides were placed in the 

temperature controlled chamber facing each other, after a droplet of GOPTS was added to the 

surface of the bottom slide.  The silicon wafers were then sonicated in toluene for 3 minutes to 

remove unreacted or polymerized GOPTS, and washed with toluene and ethanol.  The PEGDA 

powder was then added to the top of the surface, and melted at 75oC for 24 hours.  Excess 

polymer was washed off with water and dried in atmospheric conditions.   

 

The resultant films were analyzed using several surface sensitive techniques: X-ray 

photoelectron spectroscopy (XPS), attenuated total reflectance infrared spectroscopy (ATR-IR), 

and secondary ion mass spectrometry (SIMS).  The detailed procedures describing how these 

measurements were performed are given elsewhere in this work.   
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6.3 Results and discussion 

The surface film characterization was performed to confirm successful attachment of peptide 

binding sites (primary amine groups) to the surface.  The presence of APTES and GOPTS was 

confirmed using the XPS (Figure 6.3).  The PA attachment to the surface and the subsequent 

attachment of a peptide was confirmed using the XPS as well (Figure 5.2).  ATR-IR was used to 

show the availability of the primary amine groups on the GOPTS-PA tether surface (Figure 5.3).  

Finally, the presence of the correct oligopeptide sequence on the surface was confirmed using the 

SIMS (Figure 6.2).   

 

Figure 6.1  S2s peak in the XPS spectrum showing the presence of sulfur, which could only 

occur if amine groups had been present to bind cysteine.  Sulfur was also present in the high 

resolution S2p scan (not shown). 
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Figure 6.2  Secondary ion mass spectrometry for a Pexiganan which would have a mass of 

m/z=2363.5 if only the intended product were formed. The intense peak at the appropriate 

mass/charge ratio is consistent with preparation of a film with the appropriate sequence. 
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Figure 6.3  The XPS spectrum of the glass film following a 24 hour APTES deposition (a), a 4 

minute APTES deposition (b), and of a clean glass control (c).   

 

In order to determine the effectiveness of Pexiganan when bound to glass, we used several 

attachment methods.  Amine functionality was added to the silicon surface using APTES.  The 

surface amine groups served as attachment points for Pexiganan.  The APTES coating by itself 

was determined to have no effect on bacteria compared with glass control slides (Figure 6.4).  

Adding peptide functionality to the surface did not improve the surface antimicrobial capability.  

This can be explained because the oligopeptide was bound directly to the surface which hindered 

its ability to interact with the bacterial cells.  Additionally, the peptide may not have the 

conformational freedom necessary to interact with bacterial cells when in such close proximity to 

the substrate. 
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Figure 6.4  Bacterial colonies on a clean glass slide (left), APTES-Pexiganan coating (middle), 

and GOPTS-PEGDA-Pexiganan (right).  Note that there was no reduction in the number of 

bacterial colonies compared with the clean glass control. 

 

PEGDA was used as an additional tether molecule to attach Pexiganan to the surface.  The 

primary amine groups of the PEGDA molecules served as binding sites for Pexiganan.  The 

3,000 MW polymer tether was thought to provide a sufficiently long spacer to allow the peptide 

to interact with bacterial cells.  However, no effect on the bacterial cell growth was observed 

using the PEGDA-Pexiganan system (Figure 6.4).  The low molecular weight of the polymer did 

not provide sufficient freedom for the Pexiganan molecules to extend into solution to interact 

with the bacterial cell wall.  Since the PEGDA polymer had only two amine groups per chain, 

there was a limited number of accessible sites that the peptide molecules could react with.  Each 

PEGDA molecule could bind to epoxide-functionalized surface with both ends of the polymer 

chain which would limit the number of the resultant primary amine groups available on the 

surface.  To promote PEGDA attachment to the surface epoxide groups using only one of the 

two available primary amine groups on each polymer chain, a large excess of PEGDA was used. 

 

Since the APTES and GOPTS-PEGDA binding schemes failed to provide a binding mechanism 

for the peptide that would retain its antimicrobial properties, a new tether was sought to provide 
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a better mechanism for attachment.  It was determined that the tether molecules had to have a 

sufficient polymer chain length and a greater number of amine attachment sites than APTES or 

PEGDA.  Poly (allyl amine) (PA) was used as the tether that would satisfy both of these 

requirements.  The higher molecular weight of the polymer (15,000 MW) and a much higher 

number of possible attachment sites made this tether effective when combined with Pexiganan.  

Consequently, the PA-Pexiganan coating proved to be effective against E. coli when the 

antimicrobial capability of the film was tested using the bacterial spraying procedure showing 

97% reduction in the number of bacterial colonies compared with the glass control.  When the 

PA tether was used by itself, there was a 96% reduction of bacterial colonies, which was within 

the error of the experiment.  Although the GOPTS-PA-Pexiganan film was effective at 

preventing the growth E. coli colonies, it was not significantly more effective than PA alone.  

The vast increase in effort and cost does not justify its use. 
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6.4 Conclusions 

An effective antimicrobial coating was synthesized using poly(allyl amine) (PA) as the tether 

molecule for an antimicrobial peptide Pexiganan.  The effectiveness of the tether was due to a 

longer chain length combined with a large number of available amine reactive groups when 

compared with APTES and GOPTS-PEGDA.  The APTES-Pexiganan coating was shown to be 

ineffective because the peptide was attached directly to the substrate and therefore could not 

interact with the bacterial cells.  The GOPTS-PEGDA-Pexiganan coating also did not exhibit 

antimicrobial properties when compared with the glass control due to the low molecular weight 

of the PEGDA tether.  We found that peptides grafted from the surface are not biologically 

active unless there is a tether molecule present that would allow the peptide to interact with 

bacterial cells.  We also found that the tether molecule for the peptide needs to have a minimum 

chain length to be effective and a sufficient number of binding sites available for peptide 

grafting. 
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Chapter 7 

 

Conclusions 

 

Oligopeptide molecules were attached to the silicon substrate in order to modify and study 

frictional interactions as a function of surface chemistry.  Lateral force microscopy (LFM) was 

used to measure the frictional response between a modified surface and a colloidal sphere.  We 

used friction loop analysis to calibrate the photodiode detector together with the thermal 

deflection method to estimate the torsional spring constant.  Frictional and normal surface forces 

were measured in aqueous environments between a glass colloidal sphere and oligopeptide films 

grafted from a silicon wafer.  Short-chain peptide molecules were synthesized using microwave-

assisted solid phase peptide synthesis.  Friction force measurements showed that (1) the 

magnitude of friction increased in the presence of the peptide films compared to a bare silicon 

wafer, (2) friction had a strong dependence on the nature of the amino acid monomers, (3) 

friction was lower for hydrophilic films, (4) there was strong adhesion and friction between 

surfaces of opposite charges, and (5) friction forces were lower in PBS compared to pure water.  

There was a linear relationship between the frictional force and the applied normal load and this 

behavior followed the modified version of the Amontons’ law.  There was a correlation between 

friction at zero normal load and adhesion between the sphere and the plate.  The hydrophobic 

films and oppositely charged surfaces produced high friction, whereas hydrophilic and like-

charged surfaces resulted in low friction.  The more hydrophilic films resulted in lower friction.  

Finally, frictional forces were lower in PBS solution than in water.  This was attributed to 

screening of the double-layer for oppositely charged surfaces and additional separation between 

the surfaces due to the presence of hydrated salt ions.  The grafted chains did not act as 
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lubricants therefore the friction increased compared with that of two bare hydrophilic glass 

surfaces.  Longer peptides produced lower friction, which suggests that conformational freedom 

is important for a grafted polymer lubricant.   

 

The second area of investigation focused on antimicrobial properties of thin films.  Covalently-

bound PA films displayed strong antimicrobial activity compared with bare glass and dipped PA 

films.  An aerosol spraying procedure was used as the metric of microbicidal activity.  The 

cationic PA film displayed strong anti-microbial activity against Gram-positive (S. aureus and S. 

epidermidis) and Gram-negative (P. aeruginosa) bacteria when evaluated by spraying aqueous 

suspensions of bacteria on the functionalized glass slides.  The zeta potential measurements 

indicated that covalently-bound PA surfaces had a strong positive charge and high stability.  The 

zeta potential varied between 60 and 70 mV depending on the PA molecular weight.  The 

effectiveness of the PA films is thought to be due to the strong electrostatic interaction between 

bacterial cell membranes and positively charged PA surfaces.  The average length of free 

polymer chains was not determined to be important as long as the chains extended sufficiently 

far enough from the surface to interact with the bacterial cell wall.  When comparing the 

PA/GOPTS surfaces with the dipped PA control surfaces, it became apparent that the 

PA/GOPTS surfaces had a strong positive charge and extended much further from the surface. 

 

An effective antimicrobial coating was synthesized using PA as the tether molecule for an 

antimicrobial peptide Pexiganan.  The effectiveness of the tether was due to a longer chain length 

combined with a large number of available amine reactive groups when compared with APTES 
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and GOPTS-PEGDA.  The GOPTS-PA tether alone had a strong antimicrobial effect on E. coli 

even without the addition of the peptide.  The APTES-Pexiganan coating was not effective 

because the peptide chain was attached directly to the substrate and therefore could not interact 

with the bacterial cells.  The GOPTS-poly(ethylene glycol) diamine-Pexiganan coating also did 

not exhibit antimicrobial properties when compared with the glass control due to the low 

molecular weight of the PEGDA tether.   


