


ABSTRACT 

Single Molecule Studies of Dynamics at Polymeric Film Interfaces 

by 

Lawrence J. Tauzin III 

Filtration and separations play large roles in many industries yet no 

complete mechanistic interpretation of these phenomena exists. The development 

of experimental methods capable of characterizing dynamics at the single molecule 

level has opened the door to reexamining these heavily studied processes. By 

overcoming ensemble averaging mechanistic understandings that account for 

heterogeneities in these systems can be formulated. In this work, single molecule 

spectroscopic methods along with advanced particle tracking and localization 

algorithms are used to directly observe the interaction of single molecule probes 

with polymer films. The electrostatic contribution to interfacial interactions was 

evaluated by using the post-assembly tunability of polyelectrolyte multilayers and 

probes of varying charge. Multimodal transport mechanisms of protein interactions 

with functionalized nylon membranes were also discovered. Finally, the 

groundwork for a kinetic model of protein adsorption to a thin film was developed. 

A major conclusion was that even in ion-exchange systems in which electrostatic 

interactions are considered the most important variable, complex interactions 

between the adsorbents and the substrate are not insignificant in polymer 

membrane based systems. Additionally, interfacial transport in nearly all systems is 

characterized, not by 2 dimensional surface diffusion or activated hop diffusion, but 



by desorption mediated diffusion involving repeat adsorption events punctuated by 

periods of immobilization, the extent of which can be controlled using solution 

conditions.   
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Chapter 1 

Introduction 

1.1. Motivation 

 Polymer Films for Purification 1.1.1.

Technologies based on polymeric membranes play key roles in industrial, 

analytical and environmental processes.1-8 Key among these are water remediation 

and pharmaceutical separations. The global investment in membrane based water 

purification technologies is over a billion dollars alone.4,9,10 Such membranes are 

typically polymer based and may be functionalized with additional polymer film 

layers or functional ligands to improve efficacy and are typically used in larger 

multistep reclamation systems consisting of additional membrane based reverse 

osmosis (RO) and radiation based disinfection steps (Figure 1.1).11  

An even larger burden is placed on the pharmaceutical industry.12 Typically, 

pharmaceuticals have been small biologically active molecules; however, beginning 
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in the mid 1980’s a new class of drug has emerged.13 Known as “biologics” these 

drugs are artificial proteins or other biologically derived molecules including 

nucleotides.14 Between 1990 and 2008 between one third and one half of new drug 

approvals have been biologics.13 As drug treatments shift from small molecules to 

biological macromolecules (such as proteins) purification becomes significantly 

more difficult.12 It has been estimated that the cost to develop and market a new 

therapeutic drug is as high as 2.558 billion dollars (Figure 1.2).15 Compared to small 

molecule drugs, proteins are large, contain multiple charged domains on their 

surface, contain domains of varying hydrophobicity, and require  

 

Figure 1.1 Schematic of a next generation water filtration/reclamation system 

consisting of a filtration membrane, referse osmosis, and disinfection 

components. Reprinted with permission from Shannon et al.11 
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specific solvent conditions to maintain their structure.12,16 All of these factors add to 

the cost burden of developing effective purification methods.  

Among the preferred methods for separating biological macromolecules is 

ion-exchange chromatography.17 This variant of chromatography involves the 

separation of ionic species based on the varying affinity of an ionic target molecule 

to an ion exchanger.18 Typical ion exchangers are surfaces functionalized with 

charged ligands.19,20 These base surfaces can be composed of a large variety of 

materials, many of them polymeric.19,20  

Despite the critical importance of polymer films in filtration and 

pharmaceutical downstream processing, the mechanism of interaction of molecules 

at a polymer interface (the most important interaction in separations and filtration) 

is poorly understood. Thus, the interaction of species of interest with polymeric 

interfaces is typically characterized empirically using bulk methods. These might 

 

Figure 1.2. Average drug development cost by decade in 2013 dollars. Adapted 
with permission from DiMasi et al.15 
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include, adsorption isotherm determination, gravimetric analysis, and titration 

calorimetry. All of these methods suffer from the same flaw, they measure the 

averaged behavior of the molecular species of interest. This does not allow for the 

level of detail required for the determination of predictive mechanisms of 

interaction because interfacial dynamics are highly heterogeneous. Heterogeneity 

stems from a variety of sources including variable steric accessibility of binding 

sites, defects and irregularities in the polymer substrate, and for functionalized 

substrates, the uneven distribution of functional moieties.21 These heterogeneous 

subpopulations can be indistinguishable in the measured ensemble distribution 

(Figure 1.3). The lack of direct observation has led to mathematical models based on 

hypothetical variables that are not based on physical quantities such as the number 

of theoretical plates used to analyze the efficacy of a column in a chromatography 

experiment.22,23 In order to determine interaction mechanisms, new tools are 

required.   

 Single Molecule Spectroscopy Applied to Polymer Films 1.1.2.

Single molecule fluorescence microcopy is a spectroscopic method in which 

the photons emitted from single fluorescent molecules are observed using sensitive 

photodetectors. If the emitters are molecules interacting with a polymeric interface, 

then single molecule fluorescence microscopy may be used to observe individual 

molecular interactions with polymeric membranes for use in industrial processes. 

The substrates of interest need not even be intended for use in films as it has been 

shown that observations on flat films can be substituted for separation apparatuses 
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containing beads or other 3-dimensional support structures.24,25 Recent super-

resolution methods allow for spatial resolution well below the diffraction limit of 

light, down to ~20 nm axially.26   

By measuring molecules one at a time, it is possible to directly observe the 

latent heterogeneities in the interfacial dynamics that arise from multiple 

populations of interactions occurring simultaneously. These multiple populations 

can be resolved from the ensemble in real time allowing for the mechanistic cause of 

these heterogeneities to be determined because molecular motion need not be 

inferred from macroscopic data. Types of transport can be correlated to different 

populations of surface interactions which can be mapped in space and time. For 

these reasons, single molecule fluorescence microscopy is a promising tool for 

 

Figure 1.3. Demonstration of the principle of ensemble averaging. Three 
subpopulations (red, blue and cyan) are indistinguishable in the combined 
distribution (black) 
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determining interfacial interaction mechanisms which can be used to create 

predictive models for the design of optimal filtration interfaces.  

1.2. Specific Aims 

The goal of this project is to use single molecule fluorescence methods to 

elucidate details on the interaction mechanisms of single molecular species with 

polymeric interfaces. The development of interaction mechanisms will lead to more 

efficient and cheaper industrial processes through the bottom up design of new 

substrates for filtration and separations. The following specific aims were 

completed toward achieving this goal.  

 Specific Aim 1: Determine the role of electrostatics in the interaction 1.2.1.

of small molecules with polymer films. 

The interaction of molecules with an interface depends on several forces. 

Specifically: hydrophobic interactions, Van der Waals interactions, and electrostatic 

interactions. In ion exchange membranes and many filtration membranes, 

electrostatics plays a key role in the specificity of the membrane and in certain types 

of films, is a tunable property. Ionic dye probes were used to probe the electrostatic 

contributions to interfacial dynamics near tunable and functionalized interfaces 
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  Specific Aim 2: Determine the modes of interfacial transport at 1.2.2.

polymeric interfaces.  

Using single molecule imaging and tracking analysis, the types of transport 

that molecules interacting with a substrate undergo were directly observed and 

quantified. These heterogeneous populations are separately analyzed to determine 

their role in overall interfacial transport.  

 Specific Aim 3: Measure the kinetics of adsorption to polymer films 1.2.3.

and relate microscale measurements to macroscale observables.  

In order to develop a mechanistic understanding of adsorption to polymeric 

substrates, the adsorption dynamics of proteins was monitored and the kinetics of 

adsorption were determined. The determination of kinetics links our microscopic 

measurements to macroscale observables.  

1.3. Overview 

Chapter 2 provides background information on polymeric films and single 

molecule fluorescence microscopy. Historical context and modern conventions are 

explored. 

Chapter 3 introduces the methods involved in all studies presented here. The 

setup of the single molecule fluorescence microscope is given along with basic data 
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analysis algorithms. Considerations for sample cleanliness and preparation are also 

introduced. More specific methods information is discussed in the relevant chapters.  

Chapter 4 deals primarily with aims 1 and 2 applied to tunable multilayer 

films. The techniques discussed in chapters 2 and 3 are applied to study the 

interfacial dynamics of small molecule probes interacting with the outermost layer 

of a 10 bilayer polyelectrolyte multilayer film. The post assembly tunability of the 

film is investigated in terms of the different modes of transport observed at the 

interface.  We find that the charge of the probe molecule and the pH of the solution 

determine not only the degree of interaction with the film, but the type of transport 

that occurs. This work was published in Langmuir. 

Chapter 5 deals primarily with aim 2. Here we determine the effects of 

functionalization of a film with ion-exchange ligands. We use single molecule 

tracking to gauge the interaction of globular protein molecules with oppositely 

charged ion-exchange surfaces. We find that a hopping transport mode exists for 

certain ligand-protein combinations, and depends on the ligand density. This work 

was published in RSC Advnaces. 

Chapter 6 deals primarily with aim 3. The binding kinetics of a globular 

protein with unfunctionalized nylon 6,6 are investigated at the single molecule level. 

Two morphologically distinct films are used, flat and porous. The non-equilibrium 

binding kinetics are interpreted with a modified monolayer adsorption model. The 
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porous film is found to have more binding sites, but an overall reduced affinity for 

protein binding. This work in under review in Analytical Chemistry.
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Chapter 2 

Background 

2.1. A Brief Primer on Polymeric Films 

Polymers are chainlike molecules composed of covalently boned repeat 

subunits called monomers.27 If the repeat units carry a charge, then the polymer is 

known as a polyelectrolyte. If a polyelectrolyte is ionized at most pH values then it is 

a strong polyelectrolyte. Weak polyelectrolytes have varying degrees of ionization 

depending on the pH of their environment. The use of polymeric materials dates 

back to before recorded history with the use of natural fibers for clothing and 

shelter though such materials were not called as such. First used by Jacob Berzelius 

in 1833,28 it wasn’t until 1920 when Hermann Staudinger proposed the concept of 

macromolecules that the word polymeric took on its meaning in the modern 

chemical sciences.29 For his macromolecular theory, Staudinger was awarded the 

1953 Nobel prize in chemistry and polymers have since become an integral 
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component in our society.30 Modern chemical methods allow for the synthesis of 

innumerable types of polymers each with their own unique properties and potential 

uses. Artificial polymers are used for everything from clothing to spacecraft. They 

play vital roles in countless industrial processes including serving as protective 

coatings, sealing agents, adhesives, and substrates for filtration and separation.31-36  

The concept of polymeric films was born from the widespread usage of 

plastic sheets. Such sheets, if sufficiently thin, are flexible and therefore could be 

attached to other materials to change their surface properties. Once of the earliest 

and perhaps best known uses of polymer sheets is the celluloid used in 

photographic film.37 Since the 1950’s, manufacturing processes have improved and 

along with the development of new synthetic polymers, new deposition techniques 

were developed that allowed for coatings of various materials (including polymers) 

and thicknesses to be applied to substrates, changing their properties.38 These 

processes are far too numerous to detail here, but some relevant deposition 

methods to the work presented herein are solution deposition,39 vapor deposition40 

and grafting-from polymerization.41   
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Figure 2.1. Schematic of selected polymer film morphologies. (a), Basic anisotropic 

polymer film, (b) polyelectrolyte multilayer, (c) polymer brush 

Typical polymer thin films will range in thickness from 3 Å to tens of 

micrometers.42,43 Polymer films may take on a variety of structural conformations 

depending on how they were prepared (Figure 2.1). Films typically consist of 

disorganized packed polymer chains (Figure 2.1a).44 Due to inefficient packing of 

the chains, there is void space in the film which, depending on the density of packing 

and the hydrophobicity and charge of interacting molecules, may result in 

permeable films.45,46 Additionally the solvent environment of the film will have an 

effect on its morphology, typically measured as a change in surface roughness.47 

Films may also be deposited as multilayers in which alternatingly charged layers of 

polyelectrolytes are sequentially deposited on a substrate (Figure 2.1b).48 Each 

individual layer consists of disorganized packed polymer chains.49 The properties of 
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these polyelectrolyte multilayers can vary wildly depending on the materials used 

and the pH and temperature of the deposition solutions. The thickness of the film 

can be precisely controlled by varying the number of layers deposited.49,50 Ordered 

polymer films may be produced by covalently attaching one end of a polymer chain 

to the substrate (Figure 2.1c).51 At sufficiently high packing densities, such a film 

will take on brush-like conformation where the polymer chains effectively stand on-

end.51 Order may also be imparted to a disorganized polymer film through thermal 

annealing.52 Details on the film depositions used in this work will be discussed in 

Chapter 2.  

2.2. Origins of Single Molecule Spectroscopy 

Fluorescence is a phenomenon characterized by the emission of light by a 

compound following the adsorption of light.53 If a compound is fluorescent then 

excitation with specific wavelengths of light will promote an electron from the 

ground electronic state to an excited electronic state. Following this excitation, the 

electron will decay to the lowest vibrational energy state within its excited 

electronic state nonradiatively (this is known as Kasha’s rule and, while not always 

true, applies most of the time) before returning to the ground state prompting the 

emission of a photon.53 This photon will be red shifted compared to the wavelength 

of the excitation light, a phenomenon known as the Stokes shift which is caused by 

the nonradiative loss of energy following the excitation event.53 These basic 

principles of fluorescence are illustrated in Figure 2.2. Following excitation, 
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intersystem crossing may occur resulting in the fluorescent molecule entering a 

dark triplet state. While in the triplet state, the molecule will not emit light. An 

excited molecule may also react with another molecule in solution resulting in the 

destruction of the fluorophore. Because only certain molecules fluoresce and if they 

do they have distinct excitation and emission spectra, fluorescence spectroscopy is a 

highly selective and sensitive tool.    

 

Figure 2.2. Jablonski diagram showing the basic energetic principles of fluorescence 

Experiments involving the detection of single molecules were developed in 

the early 1900’s with the invention of mass spectrometry.54 Mass spectrometry 

involves the detection of individual ionic species; however the sample must first be 

ionized and therefore the single ions are not observed dynamically in environments 

of interest. In the late 1970’s the patch clamp technique was developed to measure 
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current changes in single ion channels and is considered the first experimental 

technique in which a response from single molecules was recorded dynamically.55 

While revolutionary, patch clamp techniques are only useful for the study of ion 

channels. Various other techniques involving the measurement of single cytoskeletal 

elements in cells followed, but again, these methods tended to be highly specific to 

their intended target molecules.56,57 Scanning probe techniques such as scanning 

tunneling microscopy (STM) and atomic force microscopy (AFM) achieved atomic 

scale resolution in the early 1980’s as well.58,59 However, these techniques also have 

restrictive sample considerations and are generally not useful for measuring fast 

dynamics.   

Single molecule spectroscopic techniques were born in 1989 when Moerner 

and Kador measured the optical absorption spectrum of pentacene in a crystal of ρ-

terphenyl using laser frequency modulation spectroscopy.60 These measurements 

were conducted in a solid at cryogenic temperatures.60 The following year, Orrit and 

Bernard achieved single molecule fluorescence detection in the same system.61  
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Figure 2.3. The first single molecule fluorescence excitation spectrum shown at 

various frequency scales as first reported by Orrit. Reproduced with permission 

from Orrit et al.61  

Their work clearly demonstrated the potential for single molecule measurements to 

see through the inherent heterogeneities in many materials to gain new 

information. Near field optical measurement of single molecule dynamics at room 

temperature followed soon after.62,63 At this point, the limiting factor to the 

advancement of single molecule spectroscopic techniques was technology. The 

invention of confocal microscopy allowed existing correlation based methods to 

achieve single molecule sensitivity in the early 1990’s.64-66 Fluorescent molecules 

with high quantum yields (> 0.9) and photostability along with advances in the 

sensitivity of charge coupled device (CCD) chips allowed for the wide field imaging 

of single molecules.67,68 In 1996 the first single molecule experiment that imaged 

dye molecules at an air-polymer interface occurred using confocal imaging.69 
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In the last 20 years, advances in single molecule fluorescence microscopy 

have mainly focused on methods to improve the spatial resolution of imaging 

techniques. The resolution of a light microscope is limited by the fundamental 

diffraction limit, which was determined by Abbe to be related to the wavelength of 

light being used (Equation 2.1).  This equation relates d (the distance objects must 

𝑑 =
𝜆

2𝑁𝐴
 

be separated in order to be resolved) to the excitation wavelength λ and the 

numerical aperture of the objective (NA). For a fluorescence microscope that uses 

532 nm green excitation with a 1.3 NA objective, the maximum theoretical 

resolution will be on the order of 200 nm. Some of the earliest “super-resolution” 

methods do not even require single molecule capabilities, such as stimulated 

emission depletion (STED)70 and structured illumination microscopy.71  

 The latest super-resolution methods typically rely on the photoswitchability 

of fluorophores (known as stochastic methods). By switching emitters on and off in 

a controlled way and using the knowledge of the shape of the point-spread-function 

(PSF), super-resolution images can be created with resolutions up to and exceeding 

20 nm.72 These methods rely on the subwavelength localization of emitters which is 

ensured, by the photoswitchability of the probes, to happen repeatedly.73 Most 

Equation 2.1. The Abbe diffraction limit. 
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localization based methods for super-resolution imaging are based on two primary 

methods. Photoactivated localization microscopy (PALM) and stochastic optical 

reconstruction microscopy (STORM) were developed independently in 2006 and 

are both the primary methods for localization based super-resolution imaging.74,75 

Other stochastic methods for super-resolution are based not on repeat localization 

of emitters, but on the correlation of pixel intensity over time resulting from 

stochastic or controlled blinking, or even the diffusion of emitters.76,77  

  In addition to improving the achievable resolution of light based microscopy, 

recent efforts have also focused on the dynamic localization of molecules in three 

dimensions. Biological processes occur in three-dimensional structures and optical 

microscopy provides a two-dimensional projection of these systems creating a need 

for more advanced imaging techniques. Confocal scanning microscopy allowed for 

three dimensional imaging in the early 1990’s, but this requires repeatedly scanning 

the sample at different depths to slowly build the 3D image and is therefore 

insensitive to all but the slowest dynamic motion.78,79 Additionally, this method is 

restricted to an axial resolution of 500 nm which can be improved somewhat 

through creative illumination techniques.80 In order to directly observe fast 

dynamics in 3D, an alteration in the imaging system must be made.  

 Changing the observed PSF is one recent and popular method for achieving 

dynamic three-dimensional imaging. The most obvious method for encoding depth 

information into an image is through defocusing.81,82 As defocusing occurs, the PSFs 

will change depending on the depth.82 Unfortunately the Gaussian PSF produced by 
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a traditional imaging system offers only limited depth information because it is 

symmetric such that positive and negative axial positions are indistinguishable and 

the majority of intensity is lost when outside of the focal plane.83 Modulating the PSF 

so that additional information is encoded alleviates many of these issues.84 Using 

astigmatism introduced with a cylindrical lens,85 a spatial light modulator86 or a 

phase mask are all recent methods for engineering PSFs.87 Using the latest 

engineered PSFs such as the double helix PSF, achievable using a spatial light 

modulator or a phase mask, axial resolutions as low as 20 nm have been 

reported.86,87   

2.3. Prior Single Molecule Measurements of Interfacial Dynamics 

As mentioned in section 2.2, the first single molecule measurements of 

probes at a polymeric interface at room temperature occurred at Bell Labs in 1996 

by Brus and coworkers.69  Carbocyanine molecules were embedded in a 20nm 

polymethylmethacrylate film. Images were acquired via raster scanning and 

because the molecules were immobilized, only the effects of the interface on the 

spectroscopic properties of the probe could be examined. Additionally, because 

confocal microscopy uses point illumination, the probe molecules had to be 

measured one at a time. In the twenty years since the publication of this work there 

have been a great many papers published on the transport and interactions of 

smaller molecules embedded or diffusing within polymer films, lipids, or gels 

(including some work to which I contributed discussed in more detail in section 
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2.4),88-97 but the body of work encompassing single molecule dynamics at interfaces 

is much smaller.  

Before discussing published work on transport at polymeric interfaces it 

would be prudent to first investigate what the literature has to say about dynamics 

at much more simple solid-liquid interfaces. The first such report appears in 2001 in 

which the Borczyskowski group published findings on Rhodamine 6G diffusion at an 

ethylene glycol-glass interface.98 They use fluorescence correlation spectroscopy 

(FCS) and fluorescent burst analysis to determine that the diffusion of the dye 

molecules near the interface was slower than in bulk solution indicating some form 

of interaction with the surface. My colleague, Charlisa Daniels, and her coworkers 

performed a more in depth analysis of the diffusion of dye near a water-glass 

interface using FCS and burst analysis.99 Both anionic and cationic probes were used 

and the electrolytic environment was also altered. In all cases, the diffusion of the 

anionic dye probe remained bulk like indicating minimal interaction with the 

surface. The diffusion near the interface for the cationic probe was slowed except in 

ionic and basic conditions thus indicating that even at a simple glass interface 

columbic interactions can result in interaction in the form of adsorption. 

Additionally, the presence of available counter ions can screen the columbic 

interaction or exclude molecules from the interface due to double layer 

formation.100,101 

The Schwartz group has established, through a series of papers beginning in 

2011, that the predominant mode of transport of a variety of molecule types at 
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hydrophobic interfaces is desorption mediated diffusion.102-112 This type of 

interfacial transport is characterized by the intermittent immobilization of the 

molecules at the interface. Molecules may then desorb and diffuse through the bulk 

solution before readsorbing to the surface. This appears as hopping due to the 

limited frame rate of most cameras suitable for single molecule spectroscopy.  

Unlike Brownian diffusion which can be characterized by basic random walks and a 

linear increase in the means squared displacement of the diffusor, desorption 

mediated diffusion can be roughly modeled as a continuous time random 

walk.102,113,114 In this model, there is a characteristic waiting time distribution 

between displacements.115 These observations were consistent with earlier 

theoretical predictions.113-116 There also exist models of interfacial diffusion in 

which hopping occurs as an activated process between discreet binding sites 

separated by energy barriers.117,118 Both of these processes may occur 

simultaneously and surfaces may be engineered to take advantage of the desired 

mode.112 

Single molecule investigations of chromatographic interfaces are still very 

new. Typically, simple interfaces such as silica are used. The Wirth group discovered 

multiple modes (fast diffusion and rare nearly stationary motion) of adsorption of 

single organic dye molecules to a C18 modified silica substrate.119 Later they 

investigated the effects of solvents on the abundance of these modes to flesh out the 

role of silanol groups on reverse phase chromatographic tailing.120   Adsorption to 

normal phase substrates (unmodified silica) has also been monitored, again finding 
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mostly short lived adsorption and considerable heterogeneity.121,122 The Yeung 

group also related single molecule measurements of protein adsorption to a 

statistical theory of chromatography showing that single molecule data could be 

related to macroscale observables.123 My colleague Dr. Lydia Kisley has used single 

molecule spectroscopy to verify the importance of charge clustered adsorbates in 

ion-exchange chromatographic separations of proteins.124,125 

It has been demonstrated that when large macromolecules such as proteins 

interact with a surface other complexities must be accounted for.  Fouling of 

membranes by protein molecules has been intensely studied in bulk scale for 

decades.126-128 One of the mechanisms of membrane fouling by proteins; that the 

protein unfolds at the surface changing the adsorptive properties at that location, 

has been confirmed using single molecule measurements.129-131   Protein 

aggregation and its effects on adsorption properties has also been studied.106  

2.4. Diffusion of Single Molecular Ions in Tunable Polymer Brushes 

This section provides a brief discussion of some research primarily 

conducted by Dr. Charlisa Daniels to which I contributed in my first year at Rice 

University. This work was published in The Journal of Physical Chemistry B.88 It 

builds off of the prior work in the Landes lab regarding charged ion transport in 

poly(styrene sulfonate) brushes.90-92  While not strictly dealing with a polymeric 

interface, this work provides insight in the drastic tunability of modified surfaces.  
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Using single molecule correlation spectroscopy techniques, we demonstrated 

the charge selective transport switching of single molecule monovalent ions using a 

polymer brush film composed of poly(dimethylaminoethyl methacrylate) 

(PDMAEMA). PDMAEMA is a weak polyelectrolyte, meaning that at most relevant 

pH values, it is partially ionized. It also means that the ionization degree of a 

polymer chain can be tuned using environmental factors such as temperature or pH. 

At acidic pH values, PDMAEMA’s monomer units are highly charged resulting in 

intramolecular repulsion causing the end grafted polymer chains to stretch and if 

the grafting density is sufficiently high, a brush like configuration is achieved in 

which the polymer chains stand on end.51 At alkaline pH values, the monomer 

subunits are minimally charged resulting in a collapse of the brush like structure.  

The effects of the change in brush structure on diffusion of charged probe 

molecules were determined using FCS. A drop of probe solution containing 

nanomolar concentrations of either cationic Rhodamine 6G (R6G) or anionic Alexa 

555 dye molecules was added to a film composed of ~40 nm (dry thickness) thick 

PDMAEMA end grafted to a glass slide. The FCS focal volume was placed within the 

film and the diffusion time of the probe molecules was determined by fitting the 

correlation curves with the standard function defining Brownian diffusion in a 

Gaussian focal volume. The film structure was varied by altering the pH of the probe 

solution to be either pH 5 where the film is expected to be charged and in a brush 

configuration and pH 12 where the film is mostly not ionized and the polymer 

chains are expected to collapse close to the surface. 
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The results demonstrated immediately the charge selectivity of the film 

(Figure 2.4). As the DMAEMA monomer is cationic when ionized, the film excluded 

the cationic probe molecules. At pH 5, R6G was found to have a diffusion time of 

~20 μs consistent with its diffusion time in bulk solution, indicating minimal 

interaction with the film (Figure 2.4). Conversely, Alexa 555 was found to have a 

diffusion time of ~160 ms, significantly longer than its diffusion time in bulk 

solution indicating that it interacts strongly with the film. These results are 

consistent with the expected electrostatic interactions of ionic probes in a charged 

film.  
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Figure 2.4. (a) Plot of diffusion times as a function of pH near the surface of the 

medium brush. These were acquired with traditional FCS as we switched the pH of 

the solution over the same polymer brush sample. Both the cationic (square 

marker) and the anionic (circle marker) probes are featured. Lines are used as 

guides for the eye. (b) Zoomed-in view of data encased in the black rectangle. 

Reproduced with permission from Daniels et al.88 

When the pH of the probe solution was increased to 12, the interaction of 

Alexa 555 with the film is effectively switched off. Both the anionic and cationic 

probes were found to have diffusion times of tens of microseconds, similar to their 

bulk diffusion times and consistent with both being excluded from the film. This 

change was attributed to the collapse of the polymer brush structure and the 

minimal charging of the monomer subunits. The structural change in the film, and 
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the resulting switchable diffusion was found to be completely reversible. The pH of 

the probe solution was alternated between 5 and 12 for three consecutive cycles 

and the results are shown in Figure 2.4. The films were stable over the course of the 

experiment (at least 6 hours) showing no signs of degradation or hysteresis. The 

large error bars for the data points where the probe interacts strongly with the film 

indicate that here are likely long lived events occurring on time scales not 

practically measurable with standard FCS.  

 Line-scan FCS was used to detect the presence of a previously 

unobserved long lived component in the diffusion of the anionic probe interacting 

with the PDMAEMA brush at low pH values. In line-scan FCS, the focal volume is 

repeatedly scanned in a 1-dimensional line, and the autocorrelation function is 

determined as a function of both space (position along the line), and time. Details on 

line-scan FCS can be found in the literature.88,132,133 Because data is sampled at each 

point along the line with a user specified period (the line scan time), the average 

dwell time at each location along the line is much lower on average compared to a 

traditional FCS experiment in which the focal volume is stationary. This means that 

while a line-scan FCS experiment is insensitive to dynamics on a time scale faster 

than the line scan time, it is sensitive to long lived events due to minimized 

photobleaching. Using line-scan FCS, a slow component (diffusion time on the order 

of 10 s) was detected for Alexa 555 interacting with a PDMAEMA brush. This slow 

component was attributed to either steric trapping of the probe molecules within 
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the brush, or the adsorption/desorption equilibrium of the anionic probes and 

cationic brush.  
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Chapter 3 

Methods 

3.1. Sample Preparation 

 Substrate Preparation 3.1.1.

For all single molecules experiments and film depositions, base substrates of 

borosilicate glass (No. 1 coverslips, VWR) were used. Due to the sensitivity of single 

molecule measurements, all substrates were rigorously cleaned prior to use or film 

deposition.134 First the coverslips were sonicated for 15 minutes sequentially in 

baths of acetone (sigma), detergent and water, and DI water. The substrates were 

then cleaned in a base piranha wash (1:1:6 NH4OH/30% H2O2) at 80° C for 90 

seconds followed by plasma cleaning in an oxygen plasma (Harrick Plasma) for 2 

minutes. This protocol ensured that all coverslips would be free of fluorescent 

contaminates. Glass substrates prepared in this way are hydroxylated making them 

useful for subsequent chemical modification.  
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 Fluorescent Probe Solutions 3.1.2.

Care must be taken to ensure probe solutions are sufficient for single 

molecule spectroscopy. Solvents must be free of fluorescent contaminates and the 

probe molecules must be of sufficiently low (typically > 10 nM) concentration to 

ensure single molecule detection.135 Additionally, dyes suitable for single molecule 

experiments typically have well defined stokes shifts and high quantum yields ( > 

0.9).136 For the single molecule experiments discussed in chapter 4, solutions of 

cationic Rhodamine 6G (Sigma), zwitterionic Rhodamine B (Sigma), and anionic 

Alexa 555 (Life Technologies) were prepared. Solutions were prepared at 1 nM.  

For the studies reported in chapters 5 and 6, fluorescently tagged proteins 

were used as probes. Lysozyme (cationic at pH 7) labeled with Rhodamine B was 

purchased from Nanocs and used without further purification. α-lactalbumin 

(anionic at pH 7) was selectively labeled at the N-terminus with Alexa 555 by 

Richard Wilson’s research group at the University of Houston.124,125,137 These 

protein solutions were diluted with 10 mM HEPES buffer (pH 7.4, Sigma) to ~ 1 nM. 

Probe solution were either placed directly on the sample or custom flow 

chambers (Grace Biolabs) were constructed on the samples and constant flow was 

used to maintain probe concentration.   
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3.2. Polymer Film Deposition 

The multilayer films discussed in chapter 4 were prepared via layer-by-layer 

deposition. Prior to multilayer assembly, substrates were cleaned via a modified 

cleaning process. First, the No. 1 borosilicate glass coverslips (22 x 22 mm VWR) 

were sonicated sequentially for 15 min each with water, acetone, and water. The 

substrates were then treated with piranha solution (70% H2SO4 and 30% H2O2) 

for 30 min. The substrates were washed with copious amounts of water to 

completely remove the piranha solution, dried with compressed air, and then 

cleaned with oxygen plasma for 3 min. The substrates were immersed in 0.5 vol % 

aminopropylsilane (APS, Sigma) in dry toluene for 2 hours. After washing the 

substrate with copious amount of toluene and drying it with compressed air, the 

functionalized substrate was immersed in 0.1M HCl for at least an hour. 1 mg/mL of 

PAA (MW = 1800, Sigma) solution was used as the negatively charged 

polyelectrolyte solution, while 1 mg/mL of PAH (MW 120,000 – 200,000, Sigma) 

was used as the positively charged polyelectrolyte solution. The pH of the PAA and 

the PAH solutions were adjusted to 3.5 and 7.5 by adding 0.1 M HCl or 0.1 M NaOH, 

respectively. Sequential dipping was accomplished using an automatic dipper. The 

APS-functionalized substrate was immersed in PAA solution for 15 min, water for 1 

min, PAH solution for 15 min, and water for 1 min. This cycle was repeated until the 

desired number of bilayers was achieved. For this work, 10 and 20 bilayer films 

were used. PAH is the outermost layer for all samples.  
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The nylon films discussed in chapters 5 and 6 were prepared via spin casting. 

Films were deposited on freshly cleaned coverslips by spin coating with a 1.8 wt% 

solution of nylon 6,6 (pellets, Sigma) dissolved in concentrated formic acid (Sigma). 

The resulting films were approximately 100 nm thick. For the work in chapter 5 

films were subsequently functionalized with ion-exchange ligands. See chapter 5 for 

functionalization details.  

3.3. Single Molecule Microscopy 

Single molecule fluorescent experiments were conducted using a home built 

total internal reflection fluorescence (TIRF) microscope. TIRF is achieved when an 

incident ray of light strikes the interface between two refractive indices at an angle 

higher than the critical angle. The critical angle can be calculated using Snell’s Law.  

 

Θ𝑐𝑟𝑖𝑡 = sin−1
𝑛2

𝑛1
 

Equation 3.1 Determination of the critical angle derived from Snell’s Law 

 

Equation 3.1 illustrates the calculation of the critical angle using Snell’s Law where 

θcrit is the critical angle and n1 and n2 are the refractive indices. The resulting 

evanescent wave is a non-propagating wave at the interface whose intensity decays 

exponentially outward from the interface according to the following equation.: 
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𝐼(𝑧) = 𝐼0𝑒
−𝑧 𝑑⁄  

where d is the characteristic penetration depth and is a function of the wavelength 

of the excitation light given by equation 3.3, the refractive index change at the 

interface and the incident angle of the light.  I(z) is the intensity at depth z and I0 is 

the initial intensity.  

𝑑 =
𝜆0

4𝜋(𝑛1
2𝑠𝑖𝑛2Θ − 𝑛2

2)−1 2⁄
 

Using the TIRF geometry ensures that the excitation light does not penetrate 

more than ~80 nm into the bulk solution in the sample. This ensures higher signal 

to noise (SNR) by not exciting probe molecules in the bulk solution that are not 

interacting with the interface of interest (Figure 3.1b).  

A 532 nm diode laser (Coherent, Compass 315M-100SL) was used for 

excitation. Excitation light was expanded and passed to an oil immersion objective 

(1.45 NA, 100x, alpha Plan-Fluar, Carl-Zeiss) through a dichroic mirror (Chroma, 

z532/633rpc). The beam was focused to the edge of the objective such that the 

angle of incidence on the sample was ~79° resulting in through-the-objective TIRF. 

Equation 3.2. Intensity decay of the evanexcent wave.  

Equation 3.3. Characteristic penetration depth of the evanexcent wave.  
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Fluorescence emission from the sample was collected through the same objective 

(epifluorescence) and separated from excitation light by the dichroic mirror, as well 

as a notch filter (Kaiser, HNPF-532.0-1.0) and a bandpass filter (Chroma, 

ET585/65m). Emission light was collected using an EMCCD camera (Andor, iXon 

897) using an integration time of 30 ms and an EM gain of 300. A schematic of the 

setup is in Figure 3.1a. The camera was operated in frame transfer mode resulting in 

no readout time; therefore, the total time between frames was 30 ms. Data consisted 

of 512 x 512 frames of the photon intensity at each detector pixel and was stored in 

both Andor’s .sif format and a MATLAB compatible .mat file format.  

 

Figure 3.1. (a) schematic of the TIRF widefield single molecule microscope. (b) 

diagram of TIRF illumination profile.  
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3.4. Analysis of Single Molecule Microscopy Data 

Data analysis was conducted using custom algorithms written in Matlab 

R2011b and R2014a. The raw data from the EMCCD detector was analyzed as a 

series of two-dimensional images. The methods used are based on algorithms 

created or modified by Bo Shuang.138,139 Our program first increases the SNR of each 

frame by convolution between the frame and a 3 × 3 matrix of ones. This step has 

been found to be important in tracking algorithms, and increases the SNR by 2 to 3 

times.140 Then, the program calculates the local background and local noise level. 

The corresponding local intensity threshold was set to the local background plus 

three times the standard deviation of local noise. Particles were preidentified as 

pixels having local maximum intensities greater than this threshold. The local 

maximum intensity is compared to other pixels within an input distance. We used a 

three pixel distance for all our analyses. Next, the centers of all the preidentified 

particles were calculated using a radial symmetry algorithm.141 The second moment 

of the particle is compared with the second moment of the same fitting region with 

Gaussian noise. Only if the second moment of the particle is smaller than 90% of the 

second moment of the Gaussian noise will we consider the particle a real particle 

and record its position. Finally, we used a nearest neighbor algorithm to generate 

molecular trajectories.142 More in depth information on specific analysis techniques 

is provided in the relevant chapters. 
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Chapter 4 

Charge-Dependent Transport 

Switching of Single Molecular Ions in a 

Weak Polyelectrolyte Multilayer 

This work was published in Langmuir and is reproduced in modified form 

here with permission.143  

4.1. Abstract 

The tunable nature of weak polyelectrolyte multilayers makes them ideal 

candidates for drug loading and delivery, water filtration, and separations, yet the 

lateral transport of charged molecules in these systems remains largely unexplored 

at the single molecule level. We report the direct measurement of the charge-

dependent, pH-tunable, multimodal interaction of single charged molecules with a 

weak polyelectrolyte multilayer thin film, a 10 bilayer film of poly(acrylic acid) and 
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poly(allylamine hydrochloride) PAA/PAH. Using fluorescence microscopy and 

single-molecule tracking, two modes of interaction were detected: 1) adsorption, 

characterized by the molecule remaining immobilized in a sub-resolution region 

and 2) diffusion trajectories characteristic of hopping (D ~ 10-9 cm2/s). Radius of 

gyration evolution analysis and comparison with simulated trajectories confirmed 

the coexistence of the two transport modes in the same single molecule trajectories. 

A mechanistic explanation for the probe and condition mediated dynamics is 

proposed based on a combination of electrostatics and a reversible, pH-induced 

alteration of the nanoscopic structure of the film. Our results are in good agreement 

with ensemble studies conducted on similar films, confirm a previously-unobserved 

hopping mechanism for charged molecules in polyelectrolyte multilayers, and 

demonstrate that single molecule spectroscopy can offer mechanistic insight into 

the role of electrostatics and nanoscale tunability of transport in weak 

polyelectrolyte multilayers.  

4.2. Introduction 

The functionalization of a surface with polyelectrolyte multilayers (PEMs) via 

layer-by-layer assembly allows the tailoring of surface charge and 

hydrophobicity.144,145 Thus, PEM modified surfaces have been shown to exhibit 

antifouling properties, and allow for surfaces with variable charge densities.144,146-

148 The assembly of such films is simple, involving only the alternating deposition of 

polycations and polyanions, yet adjusting several key parameters during assembly 
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allows precise control of the nanoscopic structure of the resulting films. These 

parameters include the number of layers, the pH and the ionic strength of the 

deposition solutions, and the selection of the polyelectrolytes themselves.148-150 For 

instance, using assembly solutions in which the polyelectrolytes are not fully ionized 

results in thicker layers and rougher surface topology than those made with fully 

ionized polyelectrolytes.151 

When multilayers are constructed using weak polyelectrolytes, their 

topographical and electronic characteristics can also be tuned post assembly.152-154 

pH affects the dissociation of weak polyelectrolytes, and thus tunes the charge 

density at the film-solvent interface.153,155 As a result, the ratio of positive to 

negative charge near the surface of a PEM film incorporating one or more weak 

polyelectrolytes can be tuned by adjusting the pH of the solution, and this charge 

ratio determines not only the electrostatic character of the film, but the nanoscale 

structure of the film itself.151,153 In previous research we have shown that changing 

the degree of ionization of a weak polyelectrolyte brush allows for reversible and 

charge-selective sequestration of probe molecules,88 which supports their use in 

drug release applications.156,157  

An understanding of the interfacial transport mechanisms that occur within 

and near these charged and crowded interfaces could help realize the broad 

application of polyelectrolyte films. Recent work has demonstrated that transport 

within and near complex environments such as polyelectrolyte films cannot be 

described by traditional Brownian diffusive models.158-162 Anomalous diffusion in a 
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polyelectrolyte film can be attributed to confinement of isolated water channels and 

pockets within the film or hopping from one polyelectrolyte site to another.163-165 

Similar hopping occurs at simple hydrophobic interfaces.102 The transport of small 

molecules within the film may also be coupled to the motion of the polyelectrolyte 

chains themselves.166,167 Studies that focus specifically on PEM films have found that 

using a single diffusion coefficient is not adequate to describe the observed 

transport.168 Additionally, the rate of diffusion was found to depend on the distance 

of the probe from the surface of the film.168 This is attributed to the fact that the 

outermost layers are not as compact as the inner bulk of the film.168,169 Studies of 

the dynamics of protein transport on or in a PEM using fluorescence response after 

photobleaching (FRAP) have shown that the diffusion coefficient and the mobile 

fraction of the adsorbed protein are dependent on the concentration of the guest 

molecules and the chemistry of the outermost polyelectrolyte layer.166,170  

Fluorescence imaging, especially single molecule tracking, enables the direct 

observation of the dynamics of molecules at interfaces and near or within thin 

films.102,121,171-175 Previous research on transport in polyelectrolytes has indicated 

that diffusion within polymer films is heterogeneous and that single molecule 

measurements are required to determine the mechanistic detail of rotational and 

translational dynamics.90-92,94,176-179 Reznik et al. found evidence that solute hopping 

plays a role in the diffusion of charged probes within a poly(styrene sulfonate) 

brush film using polarization resolved fluorescence correlation spectroscopy 

(FCS).92 There are few studies on single molecule dynamic transport in PEMs. An 
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FCS study on diffusion in multilayers composed of poly(styrene sulfonate) and 

poly(diallyldimethylammonium chloride) found that transport could be described 

by reversible adsorption/desorption events, as well as confined diffusion.180 For 

uncharged probe molecules, two distinct adsorption components were required to 

adequately model the data, but when a charged probe molecule was used, only one 

was required; however, charged molecule diffusion was not discussed in detail.180 

Additionally, the autocorrelation analysis used reflects ensemble dynamics 

determined from a model, not direct observation. The dependence of transport 

dynamics in PEMs on probe charge and solution pH remains unexplored.   

We report on the transport of anionic (Alexa 555) and cationic (Rhodamine 

6G) probe molecules at a variety of pH values in a polyelectrolyte multilayer, layer-

by-layer assembled from the weak polycation poly(allylamine hydrochloride) (PAH) 

and the weak polyanion poly(acrylic acid) (PAA) measured using single molecule 

fluorescence microscopy. We performed particle tracking on six different 

probe/condition pairs: Alexa 555, an anionic probe, as well as Rhodamine 6G, a 

cationic probe, at pH 3.5, 5.7, and 8.7. The average number of events per frame was 

used to demonstrate the pH and charge dependence of probe association with the 

film. Radius of gyration evolution analysis was used to illustrate the multimodal 

characteristics of the trajectories. We then extracted quantitative information from 

the trajectories using the single frame displacement distributions and the diffusion 

coefficient distributions. Our results demonstrate that molecules undergo reversible 

adsorption to the PEM, as well as hopping. These findings are consistent with 
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previous bulk studies.168,181 The degree of association and presence of confined 

diffusion is found to depend on the pH of the dye solution and charge of the probe 

molecules used.  

4.3. Materials and Methods 

 Substrate Preparation 4.3.1.

Prior to multilayer assembly, substrates were cleaned and functionalized 

with APTS according to the procedure detailed in chapter  3.2 . Then, 10 bilayers of a 

PAA/PAH multilayer film were deposited according to the procedure detailed in 

chapter 3.2.  

 Fluorescent Probe Solutions 4.3.2.

Solutions of the probe molecules were prepared by diluting Rhodamine 6G 

(cationic, Sigma) or Alexa Fluor 555 (anionic, Invitrogen) to 10 pM in molecular 

biology grade water (pH 5.7, Thermo Scientific). HCl (pH 3.5, Sigma-Aldrich) or Tris 

buffer (pH 8.7, Sigma-Aldrich) were used to adjust aqueous pH.  

 Fluorescence Measurements 4.3.3.

Samples were analyzed using the custom single molecule fluorescence TIRF 

microscope detailed in chapter 3.3. A drop of probe solution was added to a 

multilayer sample and allowed to equilibrate for 20 minutes to ensure complete 
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hydration of the multilayer prior to measurement. 4,000 frames of data were 

collected for each sample. 

 Single Molecule Tracking 4.3.4.

Particle tracking analysis was carried out according to the algorithms 

detailed in chapter 3.4.  

 Random Walk Simulations 4.3.5.

Brownian diffusion simulations were conducted using a standard 2 

dimensional random walk calculated using Matlab R2012a. For each step, the 

magnitude of the displacement is sampled from a normal distribution with a width 

defined by the user specified diffusion coefficient D. The magnitude is then split into 

x and y components randomly and these x and y components are added to the 

particles previous location. This process is repeated for the desired number of steps.  

To simulate periods of confinement, the random walk above is modified by 

defining a probability to enter a state of immobilization (P1) and a probability to exit 

the state of immobilization (P2). Two user defined diffusion coefficients are used. 

One corresponding to non-immobilized diffusion (D1) and one corresponding to 

immobilized diffusion (D2). Immobilized particles are given a diffusion coefficient to 

simulate the localization error and thermal motion that a real world system 

experiences. For each step, a random number is selected from a uniform 

distribution and, using the user defined probabilities, steps are defined as either an 
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immobilized step or non-immobilized step. The random algorithm then proceeds as 

described for the Brownian random walk with immobilized and non-immobilized 

steps sampling from the distributions defined by their respective diffusion 

coefficients. For this work the Brownian trajectories were simulated with a diffusion 

coefficient of 0.01µm2/s and the trajectories with immobilization were simulated 

using P1 = 0.4, P2 = 0.1, D1 = 0.1 µm2/s and D2 = 0.0001 µm2/s.  

 Markov Chain Monte Carlo Algorithm 4.3.6.

Based on the distribution of the displacements in log scale, we believe there 

are two populations: one representing immobilized particles characterized by short 

displacement steps (log10(Di) ~ Norm(θ1, σ1) and one representing long 

displacement steps which we attribute to hopping (log10(Di) ~ Norm(θ2, σ2)), where 

Di is ith displacement, and Norm(θ, σ)  is a normal distribution with parameters θ, 

the average value, σ, the standard deviation. To extract the averaged displacements 

(θ1 and θ2) of the two populations accurately, we assume there is a hidden variable 

xi for each Di, which indicates whether Di belongs to the long displacement 

distribution (if xi = 0) or the short displacement distribution (if xi = 1). Also 

assuming p is the probability of short displacement, clearly, xi ~  Bernoulli(p).182 

Applying Bayesian statistics and Gibbs sampling and using the non-informative 

prior: p ~ beta(1, 1), θ1,2 ~ 1, σ1,22~ 1/ σ1,22, so that conditional distributions of these 

parameters are: 

𝑃(𝑝|𝐷𝑖 , 𝑥𝑖, 𝜃1,2, 𝜎1,2)~𝑝
𝑘(1 − 𝑝)𝑛−𝑘~𝑏𝑒𝑡𝑎(𝑘 + 1, 𝑛 − 𝑘 + 1)    
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where n is the number of displacements Di, k is the number of displacements that 

belong to the short displacement distribution. To simplify the formula, we use 

𝑦𝑖 = log10 𝐷𝑖: 

𝑃(𝑥𝑖|𝐷𝑖 , 𝑝, 𝜃1,2, 𝜎1,2)~
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For each sample s: 
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3) sample 𝜃1,2
(𝑠)

 from 𝑃(𝜃1,2|𝐷𝑖 , 𝑥𝑖
(𝑠)
, 𝜎1,2

(𝑠−1)
, 𝑝(𝑠)) 

4) sample 𝜎21,2
(𝑠)

 from 𝑃 (
1

𝜎1,2
2 |𝐷𝑖, 𝑥𝑖

(𝑠)
, 𝑝(𝑠), 𝜃1,2

(𝑠)
) 

For each distribution in this work, 20,000 iterations were conducted. The 

final averaged displacement was determined using the last 19,000 sampling values 

(the first 1,000 samples are considered a burn-in period). The effective independent 

sample size is more than 1,000, so the standard deviation of the sampled averaged 

displacements (θ1 and θ2) are more than 30 times smaller than the standard 

deviation of the original distribution of displacements. Therefore, this method 

provides us with a precise estimation of the averaged displacements with negligible 

influence from the other population. 

4.4. Results and Discussion 

We measured trajectories of cationic Rhodamine 6G and Alexa 555 diffusing 

on the surface of a 10 bilayer PAA/PAH multilayer in molecular biology grade water 

(pH 5.7), HCl (pH 3.5), and Tris buffer (pH 8.7). We begin with a discussion of the 

ionization state of the probes and film at the different pH conditions as this is crucial 

to the interpretation of the results. The degree of interaction of the probe molecules 

is used to show the pH-dependence of the interaction of the probe molecules with 

the multilayer. Radius of gyration evolution analysis is used to determine that under 

certain probe-condition combinations is characterized by intermittent surface 

adsorption. Analysis of the single frame displacement and diffusion coefficient 
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histograms is used to further characterize the tunability in film interaction for the 

various probe-condition pairs. Finally, these results are used to develop an 

interaction mechanism based on electrostatic interactions of the probes with the 

outermost layer of the film.   

 Film/Probe Ionization 4.4.1.

The charge density at the interface changes with the pH value of the solution 

during film assembly and during the measurements. Work by Rubner and others has 

demonstrated that the pKa of a polyelectrolyte can be shifted by up to four pH units 

when the polyelectrolytes are incorporated into a multilayer compared to the pKa in 

solution.153,183 According to their measurements, in our HCl solutions (pH 3.5) PAA 

should be approximately 87 % ionized while PAH should be close to 100 % ionized. 

In MB water (pH 5.7) PAA becomes slightly more ionized ~ 90% while PAH remains 

nearly completely ionized. In Tris buffer (pH 8.7) PAA becomes still more ionized 

reaching > 90% ionization while PAH becomes slightly less ionized ~ 90%. It should 

be noted that actual degree of ionization values post assembly are difficult to 

quantify as they not only depend on the chosen polyelectrolyte pair, but the 

assembly pH of the polymer solutions.153 The inner layers of the film are uncharged 

due to the intrinsic charge compensation that holds the multilayer together.149 

Because the PAH is part of a multilayer, most of the charge in the outermost layer 

will be compensated by the underlying PAA layer but we expect some positive 

charge to remain to facilitate the charge overcompensation mechanism that is 

essential for multilayer assembly.184  
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The probes are also ionized in the solution differently at different pH values. 

Alexa 555 is a strong acid based on its sulfonate functional groups and as such, all of 

the molecules are negatively charged under all three conditions. The pKa of R6G is 

7.5,185 so the molecules are fully ionized (positively charged) at pH = 3.5, 60% 

ionized at pH = 5.7 and 6% ionized at pH = 8.7.  

 The molecular structure of the probe molecules (Alexa 568 instead of Alexa 

555 because the structure of Alexa 555 is proprietary) as well as those of PAA and 

PAH are shown in Figure 4.1 (a, b, c, and d). Because of the excitation geometry and 

 

Figure 4.1. Experimental setup and details. (a) Molecular structures of 

polyallylamine hydrochloride (PAH), (b) poly(acrylic acid) (PAA), (c) rhodamine 6G, 

and (d) Alexa 568. (e) Schematic showing the excitation of probe molecules via 

TIRF. The refractive indices of water, polfymer film, glass substrate, and objective oil 

are also shown. 
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integration time of 30 ms, probes diffusing freely in solution (D ≈ 108 nm2/s)91 are 

visible only as a constant background signal and are therefore not counted during 

particle identification.139 Probes adsorbed in the film bulk will bleach a short time 

after the sample is illuminated. Most of the events, therefore, are new molecules 

associated with the film surface that subsequently either diffuse back into solution 

or remain within the film until they photobleach. In order to verify that the 

algorithm is correctly linking trajectories, the order of the frames from 1,000 frames 

worth of experimental data was randomly shuffled,102 and the data was reanalyzed, 

producing only 44 trajectories greater than the 5 frame cutoff used for analysis, 

compared to 1,248 trajectories for the unshuffled data. This result suggests that 

erroneous linking of different molecules is rare (< 4% false positives).  

Based on previous studies149,180 and our experimental design, the molecules 

we observe are expected to be probe molecules interacting with the outermost 

layers of the polymer film as depicted in the experimental cartoon in Figure 4.1e. 

While we cannot rule out observation of diffusion within the film bulk, adsorption of 

probe molecules in a PEM has been shown to be dependent on salt concentration.180 

Schlenoff et al. have reported that residual salt is only found in the outermost layer 

of the PEM, which strongly suggests that we are observing probe interaction near 

the outer interface of the PEM.149  

Intensity measurements confirm that the TIRF condition occurs at the film 

water interface as depicted in Figure 4.1e. In TIRF microscopy, the evanescent wave 

occurs at an interface where the refractive index changes such that the incident angle of 
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the laser is larger than the critical angle. Based on the refractive index of 25 bilayer 

hydrated PAA/PAH films determined via ellipsometry by Tanchak and Barrett, the 

refractive index of the film of the hydrated film is ~1.51.
186

 Because the refractive index 

of the objective oil and glass substrate are also ~ 1.51 TIRF is not expected to occur. 

Rather, we expect it to occur at the film/ solution interface. To test this hypothesis, we 

deposited 40 nm fluorescent beads onto glass, a 10 bilayer PAA/PAH film and a 20 

bilayer film. If the TIRF conditions are satisfied at the substrate-polymer interface, then 

bead images will be in focus at different heights. The intensity of the evanescent wave 

decays according to Equation 3.3. The emission intensity of the fluorescent beads is 

proportional to the intensity of the evanescent wave and will decay exponentially with 

increasing distance from the interface at which TIRF occurs. As can be seen in Figure 

4.2, the emission intensity remains, for the most part, constant. For comparison, the 

expected emission intensity decay is shown (dashed red line) for a hypothetical polymer 

with a refractive index of 1.46, which allows the TIRF condition to be satisfied at the 

substrate polymer interface using 638 nm light at an incident angle of 79° (our excitation 

conditions for the bead experiment. It was necessary to use a refractive index of less than 

the published value of 1.51 for the hypothetical interface in the figure because using the 

actual value resulted in the TIRF condition not being satisfied at our maximum incident 

angle of 79° so the curve could not be plotted.). We conclude that the TIRF condition is 

satisfied at the film water interface as depicted in Figure 4.1e of the main text.  
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Figure 4.2. Plot of the measured emission intensity of 40 nm red dye beads 

deposited atop glass and multilayer samples of varying height (10 and 20 bilayers). 

The red dashed line shows the expected intensity decay for a film with a refractive 

index of 1.46 based on the exponential decay of the evanescent wave intensity for 

638 nm light at an incident angle of 79°. The inset images shows sample bead 

images at each height. 

 Probe Association 4.4.2.

The strongest probe-surface interaction exists for Alexa 555 in HCl and R6G 

in Tris buffer (Figure 4.3a and g). The number of events per frame was calculated by 

averaging the number of new objects appearing per frame.  For Alexa 555, there is a 

decrease in probe association when pH is increased, from an average of 10 ± 4 

events per frame in HCl, to 1 ± 1 in MB water, and 2 ± 1 in Tris buffer (Figure 4.3h). 

Generally, the opposite is true for Rhodamine 6G. As the pH is decreased there is 

somewhat less association of R6G with the film, from an average number of events 

of 7 ± 3 in Tris to 5 ± 2 in MB water to 2 ± 2 in HCl, although the distributions 

overlap considerably (Figure 4.3d). 
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Figure 4.3. (a), (b), and (c) 50 frames of trajectories measured in the same area for 
Alexa 555 over the 10 bilayer film in HCl, MB water, and Tris buffer, respectively. 
(e), (f), and (g) 50 frames of trajectories measured in the same area for R6G over the 
10 bilayer film in HCl, MB water, and Tris buffer respectively. The predicted 
ionization state of the probes and multilayer are also shown. (d) and (h) Histograms 
showing the number of particles identified per frame for Alexa 555 and R6G 
respectively for the various conditions along with the average number of events per 
frame for each probe-condition combination (averaged over 1000 frames). Bar 
width is cosmetic. Border color and style correspond to the probes: Alexa 555 
(solid) and R6G (dashed) and conditions: pH 3.5 (cyan), pH 5.7 (blue), and pH 8.7 
(red). 

Two distinct types of trajectory profiles, seen in Figure 4.3, indicate the 

presence of at least two modes of interaction between the probes and film, 

depending on the solution pH and probe charge. For the conditions with the fewest 

number of events per frame (Alexa in MB water and Tris buffer Figure 4.3b-c, and 

R6G in MB water and HCl Figure 4.3e-f), trajectories are mostly adsorption events. 

We either observe a molecule for 1 frame or less, or we observe the same molecule 

over multiple frames at the same location within our static localization error (~40 

nm). However, for Alexa in HCl and R6G in Tris there is an additional type of 
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trajectory involving adsorption of the molecule followed by the movement of the 

molecule to an adjacent location. These trajectories are indicative of hindered 

diffusion that is slow enough for us to track with our integration time. As we will 

demonstrate with radius of gyration evolution analysis and an examination of the 

single frame displacement distributions, we are observing molecules undergoing 

intermittent surface diffusion, or “hopping” from one location on the surface to 

another, similar to the desorption mediated diffusion identified by the Schwartz 

group for molecules diffusing at a solid-liquid interface,102 and the hopping we 

previously identified in polyelectrolyte brushes.92 We do not find repeat adsorption 

events at specific sites that would be characteristic of “hot spots”, which have been 

observed in inorganic substrates such as silica due to defects.24 Because hopping 

behaviors are important for molecular transport near and within the film, we will 

focus our efforts on the conditions where trajectories show hopping behavior 

(examples shown in Figure 4.3a and g).  

 Radius of Gyration Evolution Analysis 4.4.3.

Radius of gyration evolution159,187 quantitatively distinguishes periods of 

immobilization and diffusion within a trajectory, and was used to further analyze 

the diffusive trajectories. This technique has been used previously to study 

systems displaying intermittent surface interaction. 159,187 The radius of gyration 

of a particle (Rg) is calculated at each point in the trajectory using the following 

equation:159,187  
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𝑅𝑔 = √𝑅1
2 + 𝑅2

2 

Equation 4.1. Radius of gyration 

 

where R1 and R2 correspond to the major and minor eigenvalues of the radius of 
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Equation 4.2. Radius of Gryation Tensor 

where N is the number of steps in the trajectory, x and y are the x and y locations of 

the particle. The evolution of the radius of gyration with time is established by 

calculating Rg for each time step in a trajectory.  
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Figure 4.4. Radius of gyration evolution analysis. (a) Shows radius of gyration 
evolution curves for simulated Brownian motion with D = 0.01 µm2/s (blue) and 
diffusion with confinement with D = 0.1 µm2/s and Dconf = 0.0001 µm2/s (black). (b) 
5 trajectories of Alexa 555 in acid over a 10 bilayer PAA/PAH film. The inset is a plot 
of the instantaneous slope of the yellow-green curve in panel (b) with a red line 
drawn at the threshold used to determine whether or not the molecule was 
stationary at each step. (c) 5 trajectories of R6G in Tris buffer over a 10 bilayer 
PAA/PAH film. 

The radius of gyration evolution was evaluated using simulated trajectories. 

Figure 4.4a shows the radius of gyration evolution of simulated Brownian 

trajectories generated with a 2D off lattice Monte Carlo random walk model and 

simulated trajectories with periods of adsorption. Displacements were drawn from 

normal distributions with widths corresponding to D = 0.01 µm2/s for the Brownian 
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trajectories, and Dunconfined = 0.1 µm2/s and Dconfined =  0.0001 µm2/s for the 

trajectories with periods of confinement. Diffusors had a 40% chance of becoming 

immobilized and once immobilized had a 10% chance of becoming mobile again. 

(See section 4.3.5 for further details). The radius of gyration evolution plots of the 

Brownian trajectories differ substantially from those of trajectories with periods of 

adsorption. For Brownian trajectories, the radius of gyration increases at a 

reasonably constant rate. Conversely, the slope of the radius of gyration evolution 

for trajectories with adsorption is not constant. When the slope is near 0, the 

particle is adsorbed. When the probe jumps to a new location, there is a large 

increase in slope. Small negative slopes in the radius of gyration are observed after 

large displacements because the radius of gyration is effectively a running average 

with a 1/N dependency.  

Evaluation of radius of gyration evolution for experimental trajectories 

demonstrates that the same molecule can switch between periods of adsorption and 

hopping. Radius of gyration versus time plots for 5 trajectories each of Alexa 555 in 

HCl (pH = 3.5) and R6G in Tris buffer (pH = 8.7) are shown in Figure 4.4b and c. Like 

the radius of gyration evolution plots for the simulated trajectories with adsorption, 

these trajectories show distinct regions of adsorption and hopping to a new area. In 

order to estimate how often particles are adsorbed, a threshold is set equal to 0 plus 

1.5 times the standard deviation of the instantaneous slope of all trajectories. We 

categorize instantaneous slope values below this threshold as adsorbed. The 

instantaneous slope of the yellow-green line in Figure 4.4b and the threshold are 
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plotted in the inset of Figure 4.4. Using this rough estimation, we find that on 

average, Alexa 555 molecules in HCl spend more than 82% of their tracking time 

adsorbed, while R6G molecules in Tris buffer spend more than 91% of their tracking 

time adsorbed. While the radius of gyration analysis works well for our short 

trajectories, it should be noted that such analysis is not appropriate for longer 

trajectories as switching behavior becomes more difficult to detect near the end of 

long trajectories. Methods such as sliding time window mean squared displacement 

would be more appropriate for long trajectories.187 

 Single Frame Displacement 4.4.4.

Analysis of the single frame displacements is an effective method to quantify 

different mechanistic dynamics.24 The single frame displacement is simply the 

distance that a tracked molecule moves from one frame to the next. This analysis 

can also provide the average diffusion constants of the different transport modes. 

We analyze the single frame displacement data by generating histograms using all 

displacement events in a given sample. The mean and relative population of the 

distributions is determined by using a Markov Chain Monte Carlo (MCMC) algorithm 

to generate model distributions that are as close as possible to the experimental 

data (see section 4.3.6 for the algorithm used). The MCMC algorithm can be 

compared to fitting the histograms; however, it equally evaluates every data point 

and is independent of the bin size. An analysis of the single frame displacements of 

the two probe molecules Alexa 555 and R6G under the three different pH conditions 

confirms the presence of two modes. Figure 4.5 shows histograms of the single step 
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displacement (black dots) along with a model distribution calculated using the 

MCMC algorithm (grey dots). The distribution of the displacements in log scale 

demonstrates that there are two populations: one representing adsorbed particles 

characterized by short displacement steps indistinguishable from the localization 

uncertainty and one representing long displacement steps attributed to hopping or 

confined diffusion.  

The short displacements are an average of ~ 40 nm, and represent immobile 

molecules. We do not expect adsorbed probe molecules to appear completely 

stationary due to the localization uncertainty of our radial symmetry fitting 

algorithm, which can vary due to experimental parameters such as microscope 

focus. There are also long displacements of more than an order of magnitude greater 

than the adsorbed displacements which are characteristic of mobile or hopping 

molecules. Three of the six probe-pH combinations exhibit these hopping 

displacements: Alexa in HCl (Figure 4.5a), R6G in Tris (Figure 4.5f), and a small 

population of R6G in HCl (Figure 4.5b). There is also a small population of hopping 

molecules for R6G in water (Figure 4.5d), but the contribution to the overall 

distribution is so small that the center of the second distribution cannot be 

calculated properly. The good agreement between the experimental data and the 

simulated MCMC data confirms that our analytical results are consistent with two 

coexisting modes of transport at the film water interface.  
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Figure 4.5. Single frame displacement histograms and diffusion coefficient 
histograms for each probe at the three different pH conditions. (a), (c), and (e) 
Single frame displacement histograms (black) and MCMC approximation of the 
distribution (grey) for Alexa 555 in HCl, MB water, and Tris buffer respectively. (b), 
(d), and (f) Single frame displacement histograms (black) and MCMC approximation 
of the distribution (grey) for R6G in HCl, MB water, and Tris buffer respectively. 
Parameters extracted from the distribution, assuming lognormal distributions, are 
also indicated, including the mean displacement for each distribution as well as the 
probability of a displacement belonging to a distribution (if applicable). (g) and (h) 
Distributions of the diffusion coefficient calculated from each individual trajectory 
(black) and MCMC approximation of the distribution using the shown parameters 
(grey) for Alexa 555 in HCl and R6G in Tris buffer respectively. Parameters shown 
are the average D for each distribution and the probability of a trajectory having a D 
that falls into that distribution. Border color and style correspond to the probes: 
Alexa 555 (solid), and R6G (dashed) and conditions: pH 3.5 (cyan), pH 5.7 (blue), 
and pH 8.7 (red). 



58 
 

The relative populations of the immobilized and hopping distributions 

indicate that R6G is immobilized 20% more frequently than Alexa. For Alexa in HCl 

the probability of an event belonging to the adsorbed distribution is 55%, while the 

probability that it belongs to the hopping distribution is 45%. For R6G in HCl, the 

probabilities are 69% and 31% for the adsorbed and hopping distributions 

respectively, and for R6G in Tris those probabilities are 79% and 21%. Clearly, 

based on these distributions, R6G is less likely to hop from one site to another 

regardless of the pH of the solution. We expect uncompensated PAH in the 

outermost layer of the film to provide adsorption sites for oppositely charged Alexa 

555 molecules. If these sites are close together, then the Alexa molecules can easily 

hop between them. Uncompensated PAA would provide appropriate adsorption 

sites for R6G, but PAA is not the outermost layer of the multilayer; therefore, we 

expect R6G to have limited access to these sites which may explain why we see a 

lower probability of hopping for R6G.  

The distributions of the diffusion coefficients (Figure 4.5g and h) also show 

two clear populations, further evidence of 2 dynamic processes. The diffusion 

coefficient summarizes the average displacement of each single molecule over its 

observation period, and is calculated by averaging the squared displacements of 

each step in the trajectory.188 The slower diffusion distribution is centered at ~ 7 x 

103 nm2/s for both the Alexa and R6G probes, and corresponds to molecules that are 

adsorbed in the film. The value arises primarily due to errors in location 

identification. The faster diffusion coefficient is 720 ± 30 x 103 nm2/s for Alexa 555 
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in HCl, while for R6G in Tris, it is somewhat slower, 220 ± 20 x 103 nm2/s. These 

diffusion coefficients are 1-2 orders of magnitude slower than previous 

measurements of small molecules diffusing in PEM films, where the lateral diffusion 

coefficients of single neutral probes are on the order of 108 nm2/s.180 The slower 

diffusion that we measured could be due to the fact that our probes are charged, 

unlike the neutral probes used in the previous study,180 the result of a different 

polymer system, or molecules that remain immobilized for the entire observation 

period.  

In both cases, a molecule is more likely to have a diffusion coefficient that 

belongs to the faster diffusion distribution, 76% for Alexa in HCl and 61% for R6G in 

Tris. While this may seem to contradict our previous conclusions that molecules are 

most likely to get stuck, it is not surprising because the diffusion coefficient is 

determined from the mean squared displacement of a trajectory which is calculated 

from all of the single frame displacement events for each particular molecule. Some 

of the shortest trajectories (less than 10 frames) produce the fastest diffusion 

coefficients. These are likely trajectories in which the molecules are hopping for the 

duration of the trajectory and escape the TIRF excitation volume before they 

become immobilized in the film. Thus, at least 2 types of trajectories contribute to 

the distributions of D; short trajectories where the molecules are continuously 

hopping, and longer trajectories that contain periods of immobilization.  

Photophysics due to blinking or bleaching is not a major contributor to our 

ability to characterize the relative difference between adsorbed and hopping 
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displacements. The experiments were repeated with the laser power set to 5, 10, 

and 15 mW (corresponding to 1.67, 3.33, and 5 kW/cm2) in order to ensure that our 

measurements were not significantly perturbed by photophysics. In the case of both 

Alexa in HCl and R6G in Tris, the average single frame displacement for the 

adsorbed and hopping distribution does not change as the power increases (data 

not shown), and the percent of single frame displacements belonging to the 

adsorbed distribution decreased by ~5% after the power was increased by 200% 

(Figure 4.6). Despite this small increase, the overall difference in the relative 

population of the adsorbed distributions of Alexa 555 and R6G remains 22%, 

suggesting that the higher probability of R6G to become adsorbed is not an artifact 

of photophysics.  
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Figure 4.6. Percent single frame displacements belonging to the adsorbed 

distribution as a function of laser power for R6G in Tris buffer and Alexa 555 in HCl. 

The error bars are based on the standard deviation of the sampling values of 𝑝 (the 

probability of adsorption). 

 

 Proposed Mechanism for Probe-Film Interactions 4.4.5.

The explanation for the probe and condition mediated dynamics is likely a 

combination of hydrophobic interactions along with electrostatics and a change in 

film density, which are reversibly tuned by the pH of the solution. Such a shift in pH 

causes changes to the relative degree of polyelectrolyte ionization as discussed 

previously. Farhat et al. found that the transport of ions through a PEM was an 

electrostatic process governed by hopping of the ions from one charged site in the 

PEM to another.163 We used this work as the basis to develop an electrostatic based 

mechanism for the tunable surface interactions we measure. Because hydrophobic 

interactions are also important for interfacial transport, we probed the contribution 
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of hydrophobic interactions by measuring the diffusion of Rhodamine B, a molecule 

with no net charge in water, over the PEM. We find that the degree of association 

characterized by the number of events per frame is similar to that of the charged 

probes in water, but the single frame displacement distribution is drastically 

different with two clear distributions instead of one, strongly supporting the notion 

that electrostatic interactions are the primary determinant for how molecules 

interact with the film (Figure 4.7).  

 

Figure 4.7. Single frame displacement histogram and MCMC analysis for Rhodamine 

B in water over a 10 bilayer film of PAA/PAH. The average displacements extracted 

by assuming 2 lognormal distributions and the relative contribution of each 

distribution are also shown. 

 

For R6G in HCl both the ionization of the probe and outer film layer promote 

repulsion of the probe molecules. As the pH is increased, the probe molecules 
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become less ionized, as does the film to a much lesser degree, allowing for the 

increased interaction of R6G with the film that we measure. For Alexa 555 in HCl, 

the near complete ionization of the probe and film create an electrostatic 

environment that supports interaction, which is what we observe. This electrostatic 

attraction also explains the hopping behavior, as probe molecules are more likely to 

interact with the film repeatedly after diffusing away. However, as the pH is 

increased there is drastically decreased interaction of the probe with the film, even 

though we expect both to remain mostly ionized. This observation is not intuitive 

and difficult to explain, but could be due to a complex interplay of electrostatic 

effects combined with steric and hydrophobic effects. For instance, Yip and Lee 

found that coulombic repulsion had a negligible effect on the loading of cationic R6G 

molecules in a cationic polymer film, while significant loading enhancement was 

found when using a negatively charged dye in the same film. They conclude that 

coulombic attraction can play a significantly larger role on the incorporation of 

molecules into a PEM than Coulombic repulsion,189 illustrating that the electrostatic 

interactions of molecules in PEMs are complicated and still not well understood.   

It is possible that structural properties of the film, such as film density, 

reflecting the spatial configuration of the polymer chains, contribute to the degree of 

association of the probes with the film. According to the estimates for the degree of 

ionization discussed above, there should be a change in film structure upon the 

change in pH from 3.5 to 8.7. At a pH of 3.5 there is a difference in the degree of 

ionization of PAH (nearly fully ionized) and PAA (87% ionized). This suggests that 
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the structure of the film under these conditions will be less compact than at higher 

pH values due to less intrinsic charge compensation. Such a film is expected be thick, 

with loops forming in the polymer chains resulting in a film that is less 

compact.50,151,153 This could explain why both probes appear to interact with the film 

under acidic conditions, although R6G interaction is not very favorable, suggesting 

that the dynamics are not purely sterically mediated. It has been found that films 

constructed of polyelectrolytes that are nearly fully ionized are thinner and contain 

more ordered polymer networks.153 It is therefore not unreasonable to assume that 

contraction of the film will occur as pH is decreased resulting in a comparatively 

more dense film, which could explain the apparent exclusion of both probes in 

water. Upon increasing the pH to 8.7, the PAH becomes less ionized which could 

result in a swelling of the film similar to that in a solution of pH 3.5. This swelling 

combined with a decrease in ionization of the cationic PAH and increase in 

ionization of the anionic PAA may create an environment less hostile to R6G-film 

interaction.  

4.5. Conclusions 

We demonstrate pH dependent hopping of charged probe molecules within a 

PAA/PAH PEM in addition to reversible adsorption of probe molecules. These two 

transport modes exist for Alexa 555 at pH 3.5 and R6G at pH 8.7 but not for Alexa at 

pH 8.7 or R6G at pH 3.5 or either probe in MB water (pH 5.7), with only adsorption 

present for the other probe-condition pairs studied, resulting in tunable behavior 
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based on probe charge and solution pH. Radius of gyration evolution analysis shows 

that for Alexa in HCl and R6G in Tris the transport at the surface is governed by 

intermittent adsorption events. Cationic R6G is less likely to hop from one location 

to another under all conditions compared to anionic Alexa 555 and we confirm that 

the tendency of R6G to remain adsorbed is not related to photophysics. We propose 

an electrostatic based interaction mechanism to explain our results. At acidic pH, 

excess positive charge in the outer layers of the film promotes interaction with the 

anionic probe while the cationic probe is largely excluded. At alkaline pH, the 

cationic sites in the outer layer are sparser resulting in decreased interaction of the 

anionic probes. The reversible transport tuning we demonstrate moves us one step 

closer to the creation of optimal functionalized surfaces for specialized applications 

in water filtration and remediation, drug loading and release, and ion exchange 

separations.  
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Chapter 5 

Variable Surface Transport Modalities 

on Functionalized Nylon Films 

Revealed with Single Molecule 

Spectroscopy 

This work was published in RSC Advances and is reproduced here in modified 

form with permission.137  

5.1. Abstract 

Functionalization of polymer films with ion exchange ligands is a common 

method for creating surfaces optimized for separations and purification. Surfaces 

are typically evaluated for their ability to retain target molecules, but this retention 

encompasses a variety of physical and chemical processes. In this work we use 

single molecule fluorescence microscopy to investigate two ion exchange ligands 
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that enhance surface binding of their respective target proteins. Single molecule 

tracking reveals that in addition to increasing the rate of surface interaction, 

functionalization can also increase the surface mobility of the target molecules 

resulting in large areas of the membrane being explored during adsorption, likely 

due to hopping of the protein molecules to adjacent binding sites. Hopping was only 

observed for one of the ligands and not the other. The enhanced mobility was found 

to be proportional to the UV exposure time during ligand grafting, which suggests 

that the hopping scales with the grafted polymer chain length.  

5.2. Introduction 

The effects of surface functionalization on analyte adsorption are of profound 

interest to the fields of separation and purification sciences and their corresponding 

multi-billion dollar industries.190-193 Functionalization of a membrane or surface 

changes the interfacial chemical properties and thus can tune the ability of a surface 

to interact with target molecules194-198 without changing other bulk properties of 

the membrane.199,200 The performance of a functionalized surface for filtration or 

separation is difficult to determine a priori because heterogeneous surface 

dynamics cause deviations from predictive models,172,201,202 especially when the 

target molecules are large and complex like proteins.77,203 Consequently, most such 

surfaces are designed via iterative optimization, but understanding the mechanistic 

details of surface transport, adsorption and heterogeneity will allow for more 

efficient bottom-up design.  
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Adsorption/desorption of the target molecules to the functionalized surface 

is the most desirable property to tune, but it is affected by surface 

irregularities,107,204,205 inter-molecular interactions,206 and clustering of ligands on 

the functionalized surface.21,125 The surface mobility of adsorbate molecules also 

contributes to the heterogeneity of surface interactions and affects membrane 

performance.207 Hopping between adsorption sites has been shown to be a 

contributor to surface mobility.92,165,208  Increased surface mobility can prevent 

membrane fouling or reduce separation of target molecules depending on the 

intended application, so an understanding of factors that control this property is 

desirable.199 Mechanistic detail of these processes is difficult to obtain with standard 

ensemble loading capacity or analyte retention measurements.209,210  

Single molecule spectroscopy allows for direct observation of individual 

binding events and has been used to measure dynamics in complex environments 

such as within polymer films, at interfaces and in cells.88,90,107,143,174,179,211-217  Single 

particle tracking algorithms can be applied to such data to quantify surface 

properties such as adsorption and the surface mobility of adsorbed 

molecules.24,25,90,107,125,143,203,218 These methods are beginning to be utilized to 

investigate chromatographic substrates,24,25,219,220 and emerging super resolution 

methods promise even more detailed information.124,221 We have shown, using such 

techniques, that surface charge distribution can dramatically affect the protein 

affinity of a surface and that solution conditions can be tuned to narrow the 

distribution of adsorption sites.21,125,220 We, along with others, have used the radius 
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of gyration of single molecule trajectories to characterize the surface mobility of 

single adsorbers. 143,159,187 To facilitate bottom-up functionalized surface design, 

single molecule techniques can be applied to determine the performance properties 

of industrially relevant ion exchange ligands.  

Single molecule tracking was used to monitor the adsorption of proteins to 

nylon 6,6 surfaces functionalized with one of two ion exchange ligands. Nylon films 

were modified using a two-step living graft polymerization. In the first step, 

benzophenone initiator sites were generated on the nylon surface via UV 

irradiation. In the second step, polymeric ion exchange ligands were produced at the 

initiator sites by introducing the relevant monomer under UV irradiation.222 The 

systems studied were a cationic ligand (IEM-Agmatine) with an anionic target 

protein (α-lactalbumin) and an anionic ligand (GABA/VDM) with a cationic protein 

(lysozyme). Single frame displacement distributions, radius of gyration, and dwell 

times were analyzed to characterize adsorption dynamics. Our results show that 

increasing the density of binding sites increases the loading capacity of a 

functionalized surface and narrow the distribution of binding sites, but can also 

increase the surface mobility of adsorbent molecules, especially if the binding sites 

are relatively weak. 
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5.3. Materials/Methods 

 Nylon Film Deposition 5.3.1.

Nylon films were deposited on cleaned glass substrates according to the 

procedure discussed in section 3.2. Film thickness vs. deposition solution 

concentration is shown in Figure 5.1.  

 

Figure 5.1. Film thickness vs. nylon solution concentration. Concentration given as 

wt % in formic acid. Error bars represent the standard deviation calculated from 10 

thickness measurements at different regions of the film. 
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 Ligand Synthesis 5.3.2.

5.3.2.1. 4-Aminobutyric acid/VDM Monomer Synthesis 

4-Aminobutyric acid (Alfa Aesar, 15.45 grams, 0.15 mole) wss charged into a 

500 mL round bottomed flask.  A magnetic stir bar was added, followed by 1.00 N 

sodium hydroxide solution (J.T. Baker, 150 mL).  The flask was immersed in an ice-

water bath and the mixture was stirred magnetically for 20 minutes.  At this time, 2-

vinyl-4,4-dimethylazlactone (VDM, SNPE, Inc., 10 mL) was added by syringe.  

Stirring was continued for 5 to 10 minutes, or until the mixture appeared to be 

homogeneous.  Then an additional charge of VDM (9.2 mL, total of 0.15 mole) was 

added.  Stirring was continued as the bath was allowed to warm to room 

temperature (about 2 hours total reaction time).  1H-NMR analysis indicated clean 

conversion to the desired monomer.  The pH of the mixture was adjusted to pH 7.0 

by addition of a few drops of concentrated hydrochloric acid.  The final solution was 

approximately 20.95% solids as measured by Ohaus moisture balance.  

1H-NMR (500 MHz, D2O) δ 1.34 (s, 6H), 1.59 (p, 2H), 2.04 (t, 2H), 3.05 (t, 2H), 

5.62 (d, 1H), 6.0-6.2 (m, 2H). 

5.3.2.2. 2-Isocyanatoethyl methacrylate/Agmatine Monomer Synthesis 

Agmatine sulfate (Sigma Aldrich, 100 g, 0.397 mol) was dissolved in 400 mL 

of aqueous 1.00 N NaOH.  Acetone (200 mL) was then added and the stirred mixture 

was cooled to about 10 °C in a cold water bath.  An additional 80 mL of H2O was 
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added to keep the agmatine sulfate in solution.  2-isocyanatoethyl methacrylate 

(Showa Denko, 58.0 mL, 0.411 mol) was then added to the reaction mixture, via an 

addition funnel, over a period of 30 min.  After stirring an additional 45 min, the 

reaction mixture was placed on a rotary evaporator at ambient temperature.  After 

pulling off most of the acetone, the reaction mixture was transferred to a separatory 

funnel and washed with ethyl acetate (2 x 250 mL) and methylene chloride (2 x 200 

mL).  The remaining aqueous solution was adjusted to pH 7 by addition of a small 

amount of dilute sulfuric acid and then placed on a rotary evaporator at ambient 

temperature to draw off any remaining volatiles.  Lyophilization yielded the title 

compound (162 g) as a white powder.  

1H-NMR (500 MHz, D2O) δ 1.22 (s, 3H), 1.61-1.48 (m, 4H), 3.12 (t, J = 6.4 Hz, 

2H), 3.18 (t, J = 7.0 Hz, 2H), 3.45 (t, J = 5.4 Hz, 2H), 4.23 (t, J = 5.2 Hz, 2H), 5.73 (s, 

1H), 6.14 (s, 1H). 

 Nylon Film Functionalization 5.3.3.

Films were functionalized using a two-step photoinduced graft 

polymerization modified from Bowman.222 First benzophenone (Acros Organics) 

was deposited as an initiator by immersing the films in a 10% 

benzophenone/acetone solution and irradiating with UV light for 1 minute. The 

benzophenone abstracts hydrogen from the secondary amine groups on the nylon 

surface forming surface radicals and semipinacol radicals.222,223 These combine to 

form initiator sites on the surface from which photoinduced polymerization may 
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occur. The same initiator deposition protocol was used for all film samples 

discussed in this work; therefore, the initiator site density is expected to be the 

same for all samples. After initiator deposition, films were rinsed with 10 mM 

HEPES buffer solution and were then functionalized with either a 10% aqueous 

IEM-Agmatine (3M) solution or a 21% aqueous GABA/VDM (3M) solution. Films 

were immersed in the ligand solution and then irradiated with UV light for 10-30 

minutes.  Photoinduced polymerization occurs at the benzophenone initiator sites 

producing polymer chains composed of the ion exchange ligands. Polymerization 

continues during UV exposure as long as monomer remains available, meaning the 

average chain length can be controlled with the UV grafting time.223 The resulting 

functionalized films were then washed with water and 10 mM HEPES buffer 

solution.  

 Fluorescent Probe Solutions 5.3.4.

Rhodamine B labeled lysozyme (Nanocs) and Alexa Fluor 555 labeled at the 

N-terminus of α-lactalbumin124,125,224 were used as probe molecules. Protein 

solution were made by diluting with 10 mM HEPES buffer (pH 7.1) until the desired 

probe concentration was achieved. This was typically 1 nM for lysozyme and 0.05 

nM for α-lactalbumin.  

 Fluorescence Measurements 5.3.5.

Samples were measured using the custom TIRF microscope described in 

section 3.3. Film samples were fitted with customized hybriwell flow chambers 
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(Grace Biolabs) prior to fluorescence measurements. Samples were bleached with 

10 mW 532 nm illumination for 30 minutes prior to particle tracking measurements 

to minimize background fluorescence.24 During bleaching, samples were exposed to 

a constant 5 μL/min flow of 10 mM HEPES buffer solution. After bleaching, the 

HEPES buffer solution was replaced with probe solution and measurements were 

conducted at a flow rate of 5 μL/min. Measurements were conducted 5 minutes 

after probe solution flow was started to allow the concentration within the chamber 

to equilibrate. Data was collected in stacks of 1000 frames at a time with at least 

25000 frames collected for each condition.  Particle tracking analysis was 

conducted; see section 3.4 for details, with further details provided in previously 

published work.138,143,188 
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5.4. Results and Discussion 

 

Figure 5.2. Protein interaction with bare and ligand-functionalized nylon 6,6 films. 
Molecular structure of ligands (A) GABA/VDM and (B) IEM-Agmatine. (C-D) 
Comparison of 100 frames worth of trajectories of lysozyme adsorbing to 
unfunctionalized and GABA/VDM functionalized nylon 6,6. (E-F) Comparison of 200 
frames worth of trajectories of α-lactalbumin adsorbing to unfunctionalized and 
IEM-Agmatine functionalized nylon 6,6. Circles represent the localized centroid of a 
molecule; lines connect the locations visited by the same molecule in subsequent 
frames. Circles may appear dark or “filled in” if a molecule was localized to nearly 
the same location in multiple frames. 

For both proteins, functionalization with the appropriate ligand caused 

increased protein binding, and in the case of GABA/VDM, functionalization also 

increased protein hopping to adjacent binding sites (Figure 5.2). Ligand structures, 

charges, and counter-ions are shown in Figure 5.2 A,B. In Figure 5.2 C and D, one 

hundred frames worth of lysozyme binding events for unfunctionalized and 

GABA/VDM functionalized nylon 6,6 are shown. In Figure 5.2C, the trajectories 

consist of a few binding events (circles) distributed throughout the observation area 
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indicating that molecules bound to the surface with low frequency and binding was 

characterized by stationary events as evidenced by the lack of lines connecting the 

circles. This indicates that the interaction of lysozyme molecules to the bare nylon 

was weak and nonspecific.  When the film was functionalized with negatively 

charged GABA/VDM, positively charged lysozyme molecules interacted more 

frequently with the surface as evidenced by the increase in the number of identified 

events (Figure 5.2D). Additionally, plotted trajectories consist of circles connected 

by lines meaning molecules were tracked over visibly larger areas indicating protein 

motion at the surface (Figure 5.2D). It should be noted that some of the plotted 

circles appear dark or “filled in,” this is due to molecules being tracked over multiple 

frames in roughly the same area resulting in overlapping symbols being plotted. 

Inspection of the trajectories reveals that surface diffusion is characterized by 

periods of confinement punctuated by hopping of the molecules to new areas on the 

surface through the bulk solution. This period of diffusion in the bulk is fast, 

occurring faster than the frame rate of the camera (0.03 s) and so appears as a hop 

in the data. This desorption mediated interfacial diffusion has been observed by 

ourselves and others for a variety of molecule types from small single molecule dyes 

to polymers and proteins.102,143,203 

Adsorption of negatively charged α-lactalbumin to films functionalized with 

positively charged IEM-Agmatine was also enhanced compared to unmodified films. 

(Figure 5.2E-F) Binding of α-lactalbumin to unfunctionalized films was similar that 

of lysozyme. The plotted trajectories indicate that molecules remained bound to the 
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same spot for the duration of observation. Unlike lysozyme, this remained true for 

binding to IEM-Agmatine functionalized films, though the binding rate increased 

significantly as can be seen in the increased event density for Figure 5.2F over 

Figure 5.2E. For the data presented in Figure 5.2, a UV grafting time of 15 minutes 

was used for both ligands.  

A likely explanation for the increased surface mobility of lysozyme upon 

functionalization with GABA/VDM is hopping of the probe between adjacent 

adsorption sites (desorption mediated diffusion). Increasing the UV exposure time 

during the grafting process results in increased ligand chain length rather than more 

ligand sites. Even at short UV grafting times, all initiator sites are expected to have 

polymerized to some degree because of the stoichiometric excess of ligand 

monomer in the polymerization solution as demonstrated by Bowman.223 Thus, only 

the average chain length of the ligand chains is controlled by varying the UV grafting 

time.222,223 Because our previous work demonstrates that charge-clustered ligands 

are better than individual ligands for effective adsorption of α-lactalbumin,125 we 

hypothesize that as the average chain length increases during UV exposure, the 

probability of stochastically optimized clusters within the distribution of ligand 

lengths also increases resulting in more available sites to which lysozyme can 

effectively adsorb leading to increased surface mobility for longer UV grafting times. 

UV exposure time was varied between 10 and 30 minutes for the grafting of 

GABA/VDM and the lysozyme adsorption results as a function of exposure are 

shown in Figure 5.3.  
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Figure 5.3. Binding rates (A) and single frame displacement distributions (B) of 

lysozyme adsorption to unfunctionalized (0 min) and GABA/VDM functionalized 

nylon 6,6 with 3 different UV exposure times. The color of each distribution in B 

corresponds to the exposure time in A. The average radius of gyration calculated for 

each data set is also shown. In (A), the error bars represent the standard deviation 

of the adsorption rate from 10 collections of 1,000 frames each from 2 different 

samples. 

 

The binding rate and surface mobility of lysozyme was related to the UV 

grafting time of GABA/VDM (Figure 5.3). Figure 5.3A shows that as UV grafting time 

was increased, the binding rate increased in a nearly linear fashion from 0.065 
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events/μm2s to 0.27 events/μm2s, a fourfold increase. The binding rate was 

determined by finding the average number of new events per frame for 1,000 

frames and dividing by the area of the observed region (353 μm2) and the error bars 

are the standard deviation determined by performing the calculation for multiple 

batches of 1,000 frames. Figure 5.3B contains normalized single frame displacement 

histograms for the various UV exposure cases. These plots show distributions of the 

magnitude of the displacement vector acquired as molecules are tracked from one 

frame to the next and demonstrate that as UV grafting time increased, larger step 

sizes became more likely. Note that it is typical to plot displacement histograms on a 

linear scale,158,225 but we are plotting the log of the displacement magnitude binned 

evenly along the log(Displacement) axis. This allows the full range of displacements 

we measure to be graphically represented. Unmodified films and the film with 10 

min grafting time had nearly identical distributions, both lognormal and centered at 

~30 nm, which corresponds to the localization accuracy of our instrument thus 

indicating that the molecules we tracked were stationary under these 

circumstances.143 As grafting time was increased to 20 and 30 minutes, the right 

side of the distribution broadened. Displacements as high as 1.1 μm were observed. 

When a protein molecule desorbs from the surface it undergoes fast Brownian 

diffusion in the bulk solution too fast for our camera to observe.139 Due to random 

motion, it will periodically reencounter the surface. Higher binding site density 

increases the probability of readsorption upon each instance of reencountering the 
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surface and therefore the likelihood of rebinding within one frame of observation. 

This manifests as a broadening of the distribution tail.  

Because the number of detected events increased concurrent with the 

distribution broadening we need to ensure that the larger step sizes are not the 

result of false trajectory linking due to crowding.140  We ensured that false linking is 

minimized to less than 5% of the total number of trajectories by using low probe 

concentrations (1nM or less), filtering out trajectories shorter than 5 frames and 

checking the number of identified trajectories against the results of the same frame 

stack with the frame order randomized (ensuring that only falsely linked 

trajectories are identified).104  

In order to quantify surface mobility, we calculated the trajectory radius of 

gyration.143,159,187 Unlike the single frame displacement which measures the distance 

that molecules move over each individual frame, the radius of gyration considers 

the entire trajectory and is effectively a measure of the area covered by the molecule 

over the entire time that we track it. (Radius of gyration is discussed in lieu of the 

traditional diffusion coefficient because the interfacial transport is not Brownian). 

Details on the calculation of the radius of gyration can be found in section 4.4.3, but 

briefly, it is the root mean square distance of the location of each step in the 

trajectory from the trajectory center of mass. In addition to the single frame 

displacement distributions Figure 5.3B includes the average radius of gyration for 

1000 frames worth of trajectories for each case. The average radius of gyration also 

increased with UV  
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grafting time, from 0.06 μm for 0 and 10 minutes to 0.26 μm for 30 minutes, 

indicating that molecules explored larger areas in addition to hopping larger 

distances. Also of note in Figure 5.3 is that binding rate was found to increase for 

films with 10 minutes of grafting time compared to unmodified films, but the 

 

Figure 5.4. Binding rates (A) and single frame displacement distributions (B) of α-

lactalbumin adsorption to unfunctionalized (0 min) and IEM-Agmatine 

functionalized nylon 6,6 with different UV exposure times. The color of each 

distribution in B corresponds to the exposure time in A. The average radius of 

gyration calculated for each data set is also shown. In (A), the error bars represent 

the standard deviation of the adsorption rate from 10 collections of 1,000 frames 

each from 2 different samples. 
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displacement distribution was not broadened nor was the average radius of 

gyration found to increase. It is possible that this occurred because the density of 

binding sites on the surface was too low to initialize hopping.  

The binding rate of α-lactalbumin to IEM-agmatine also depended on the UV 

exposure time (Figure 5.4A), but there was not a corresponding increase in surface 

mobility (Figure 5.4B). The single frame displacement distributions did not become 

broader as UV exposure time during IEM-Agmatine functionalization was increased 

indicating that the step size remained the same, with the lognormal distribution 

centered at ~30 nm for the 0, 10, 20 and 30 minute cases despite an increase in 

binding rate from 0.003 events/μm2s to 0.062 events/μm2s, an increase of twenty 

 

Figure 5.5. Comparison of 500 pM α-lactalbumin adsorption to unfunctionalized 

nylon 6,6 and nylon 6,6 functionalized with GABA/VDM (30 minute deposition 

time). 
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times. The radius of gyration increased a small amount for the 30 minute exposure 

sample, from 0.06 μm to 0.13 μm, suggesting that molecules explore a slightly larger 

area, but the lack of evidence of increased step sizes despite a similar increase in 

binding rate for both systems implies that the mechanism of surface diffusion was  

different between the two systems. As a control, lysozyme binding to IEM-Agmatine  

 

Figure 5.6. (A) Comparison of 1 nM lysozyme adsorption to unfunctionalized nylon 

6,6 and nylon 6,6 functionalized with IEM-Agmatine (30 minute deposition time). 

(B)  Single frame displacement histograms for lysozyme adsorbing to 

unfunctionalized and IEM-Agmatine functionalized (30 minute deposition time) 

nylon films.    

A B 
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functionalized nylon, (Figure 5.5) and α-lactalbumin binding to  GABA/VDM 

functionalized nylon (Figure 5.6) were also measured. In both cases, reduced 

binding was observed, most likely due to electrostatic repulsion. The strength of 

adsorption of the proteins to the film and adsorption sites might be responsible for 

 

Figure 5.7. Single site (inverted triangles) and surface residence time (circles) 

cumulative distributions for (A) lysozyme interacting with unfunctionalized (light 

red) and GABA/VDM functionalized nylon 6,6 (dark red) and (B) α-lactalbumin 

interacting with unfunctionalized (light blue) and IEM-Agmatine functionalized 

nylon 6,6 (dark blue-green) Fits of each curve to a triple exponential decay model 

are shown as black lines. 
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the differing behavior that we observe so an analysis of single site and surface 

residence times was conducted. 

For both ligands, functionalization caused a narrowing in the available 

binding sites (Figure 5.7). Figure 5.7 contains cumulative distributions of the single 

site (inverted triangles) and surface dwell times (circles) for each protein-ligand 

case. Single site dwell times represent the amount of time a molecule remained 

bound to a single adsorption site without moving to another adsorption site. Single 

site dwell times were determined by setting a threshold equivalent to 1 pixel (64 

nm) and scanning sequentially through all trajectories to find all consecutive steps 

where molecules had a displacement less than the threshold. Surface dwell times 

correspond to the amount of time a molecule was tracked on the surface whether it 

remained at a specific binding site or hopped to other binding sites. Surface dwell 

times were determined by simply using the total length of the trajectory in time. If 

no hopping is occurring, the single site and surface dwell times should be the same. 

Interestingly for both proteins there were rare long lived events detected for 

unfunctionalized films (light colors), but not for functionalized films (dark colors) 

represented by the faster decay of the cumulative distributions of functionalized 

films at low probabilities (less than 0.01) and the broader tails of the 

unfunctionalized film cumulative distributions. One possible explanation for this is 

that the process of film functionalization rendered these anomalously strong sites 

inaccessible. Control experiments using a high concentration (1 µM) of α-

lactalbumin resulted in a similar faster decay of the dwell time distributions (Figure 



86 
 

5.8) supporting this hypothesis. High protein concentrations (> 1 µM) effectively 

passivate strong binding sites and the elimination of these sites yields a narrowing 

and homogenization of available binding sites.107  

 

Figure 5.8. Single site dwell times for high (1 µM) and low (50 pM) concentrations of 

α-lactalbumin binding to unfunctionalized nylon 6,6.     

 

Surface and single site decays differed only in the case of lysozyme binding to 

films functionalized with GABA/VDM (Figure 5.7A). The distribution for the surface 

residence time is shifted to the right compared to the single site residence time 

curve indicating that the mean surface residence time is larger. This confirms that 

probes spent more time on the surface than at single binding sites as would be 

expected based on the data presented in Figure 5.3 and Figure 5.4. All of the α-
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lactalbumin cumulative distributions shown in Figure 5.7B (with the exception of 

the tails discussed above) overlap suggesting that functionalizing the film does not 

appreciably change the binding kinetics at the timescales of our experiment.  Based 

on triple exponential decay fits to the dwell time curves (Table 5.1 and Table 5.2) 

concrete conclusions about relative binding site strength could not be drawn; 

however, there are other potential explanations for why lysozyme molecules 

adsorbing to GABA/VDM are more mobile than α-lactalbumin adsorbing to IEM-

Agmatine.  

 A1 (%) τ1 (s) A2 (%) τ2 (s) A3 (%) τ3 (s) Avg (s) 

GABA/VDM 
(Unfunctionalized) 

2 0.56 7 0.10 91 0.02 0.012 

GABA/VDM 
(Functionalized) 

6 0.55 37 0.13 57 0.03 0.03 

IEM-Agmatine 
(Unfunctionalized) 

1 1.1 16 0.25 83 0.04 0.03 

IEM-Agmatine 
(Functionalized) 

13 0.27 44 0.09 43 0.03 0.03 

Table 5.1. Fit parameters from the surface dwell time curves presented in Figure 4 
fit with triple exponential decays. The Avg. column represents the weighted average 
of the 3 decay times for each curve. 

 Our results suggest that when lysozyme molecules desorb from binding sites 

they have a higher probability to re-adsorb at a nearby binding site, while α-

lactalbumin does not. One possibility is that lysozyme has more accessible charge 

groups on the outer surface of the protein molecule allowing it to more easily 

interact with surface sites. Surface charge maps generated using the Poisson-
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Boltzmann equation (Figure 5.9), suggest that, at the pH used in our experiments, α-

lactlabumin has slightly more surface area with no charge, but this difference might 

not be enough to cause such drastically different behavior. Future experiments will 

involve varying the ionic strength of the buffer solutions and using different charged 

proteins to determine the electrostatic contribution to the enhanced surface 

mobility.226  

 A1 (%) τ1 (s) A2 (%) τ2 (s) A3 (%) τ3 (s) Avg (s) 

GABA/VDM 
(Unfunctionalized) 

9 0.70 5 0.14 86 0.014 0.012 

GABA/VDM (Functionalized) 3 0.37 43 0.06 54 0.03 0.02 

IEM-Agmatine 
(Unfunctionalized) 

1 1.2 18 0.18 81 0.04 0.03 

IEM-Agmatine 
(Functionalized) 

8 0.29 36 0.12 56 0.03 0.02 

Another possible explanation is that the difference lies in the grafted ligand. 

The ligand monomers bind to the benzophenone initiator sites creating polymerized 

chains of ligand molecules with each monomer unit carrying a charge. The same 

initiator deposition procedure was used for both ligands, thus IEM-Agmatine and 

GABA/VDM samples should have the same density of initiator sites and thus should 

Table 5.2. Fit parameters from the surface dwell time curves presented in Figure 4 

fit with triple exponential decays. The Avg. column represents the weighted average 

of the 3 decay times for each curve. 



89 
 

have comparable grafting density, but as discussed previously, not every ligand site 

will have enough monomer units to act as a suitable binding site. It is then  

conceivable that even after 30 minutes there may be many more sites on the IEM-

agmatine functionalized film without an adequate number of cluster charges to 

induce binding.  While we do not measure the grafting density or chain length 

 

Figure 5.9. Surface charge distribution simulations for lysozyme and α-lactalbumin. 

Charge contours shown at -5 kT/e (blue) and +5 kT/e (red) Surface charge 

distributions were calculated and modeled using the PDB2PQR web server available 

at http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/  

 

http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/
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directly, the large increase in binding rate measured for both ligand-polymer 

systems suggests that this is an unlikely scenario.  

5.5. Conclusions 

Single molecule measurement of protein binding to nylon films 

functionalized with ion exchange ligands illustrates the potential for enhanced 

surface mobility of target molecules. Lysozyme adsorption to GABA/VDM 

functionalized surfaces was characterized by larger single step sizes and larger 

areas of the surface being explored when compared to α-lactalbumin adsorption to 

IEM-Agmatine functionalized membranes which consisted almost exclusively of 

stationary bound events. The enhanced surface mobility in the lysozyme system was 

found to scale with the UV exposure time during the ligand grafting process with 

increased mobility for longer exposure times. Electrostatic and steric hindrance are 

both plausible explanations for the observed differences between the two systems. 

By extending the broad methods described here to specific protein/ligand 

combinations, it may be possible to quantify, for example, the relative contributions 

of electrostatic vs. hydrophobic effects to protein interfacial dynamics, an important 

topic for a variety of applications.227-230 Care must be taken in the design of ion 

exchange processes as both systems tested yielded increased surface binding rates, 

but the elevated surface mobility revealed by our single molecule measurements 

would influence real world membrane performance.  
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Chapter 6 

Single-Molecule Kinetics of Protein 

Adsorption on Thin Nylon 6,6 Films 

This work is under review at Analytical Chemistry.  

6.1. Abstract 

Understanding and controlling protein adsorption on surfaces is critical to a 

range of biological and materials applications. Kinetic details that provide the 

equilibrium and non-equilibrium mechanisms are difficult to acquire. In this work, 

single-molecule fluorescence microscopy was used to study the adsorption of Alexa 

555 labeled α-lactalbumin (α-LA) on two chemically identical but morphologically 

different polymer surfaces:  flat and porous nylon 6,6 thin films. The adsorption 

kinetics of spatially-resolved single molecule α-LA binding to nylon films were 

quantified by a monolayer adsorption model. The surface morphology of the porous 
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nylon 6,6 films increased the number of adsorption sites but decreased the binding 

affinity compared to the flat film. Such single-molecule based kinetic studies may be 

extended to various protein polymer interactions. 

6.2. Introduction 

The adsorption of proteins onto polymers is of great importance in 

developing biomedical devices,231, 232 processing food and beverages,233,234 and 

separating proteins.35  However, studying protein-polymer interactions is 

experimentally difficult because both the adsorbate and adsorbent are 

macromolecules and exhibit heterogeneous structural, transport, and reaction 

dynamics on multiple scales. Factors that may affect the adsorption process include 

the charge,235 polarity, and surface morphology of the polymer, as well as the 

orientation and possible conformational changes of the protein adsorbed.236-239 To 

quantify the adsorption process, one needs to determine the amount of protein 

adsorbed and the rate of adsorption. Traditionally, quantification is achieved by 

gravimetric methods,237,240 surface plasmon resonance,241 fluorescent labeling,242 

and dynamic light scattering (DLS).243 Despite their usefulness, these methods have 

their drawbacks, for example, lacking sufficient time-resolution to observe the 

kinetics or ensemble averaging of the results.  

Single-molecule fluorescence microscopy is a powerful tool to study protein-

surface interactions.122,125,143,244-247 Rapid technological advances have made it 

possible to detect a single protein molecule with a fluorescent label, allowing 
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hundreds of protein molecules to be monitored individually to build up significant 

statistics. The relatively small evanescent field in total internal reflection 

fluorescence (TIRF) microscopy restricts the observation volume to the interface, 

which eliminates background signal from labeled protein molecules in bulk solution. 

Single-molecule fluorescence microscopy also allows for real-time observation with 

millisecond resolution, which facilitates the direct kinetic measurements of various 

dynamic processes, for example, enzyme catalysis,248 ion-surface interaction,90,99,249 

protein folding and unfolding,250 protein-DNA interaction and heterogeneous 

catalysis.251-253 Such real-time observations also facilitate the kinetic measurements 

of protein-polymer interactions. For example, the Schwartz group used this 

technique to study the interaction of fibrinogen with poly(ethylene glycol) (PEG)254 

and poly(ethylene) (HDPE),255 as well as the adsorption of bovine serum albumin 

(BSA) and immunoglobulin G (IgG) to regenerated cellulose (RC) and poly(ether 

sulfone) (PES)107 surfaces.  

In this work, single-molecule fluorescence microscopy was used to study the 

kinetics of protein-polymer interactions between α-lactalbumin (α-LA) and thin 

nylon 6,6 films. Nylon 6,6 was chosen because it is a widely used membrane 

material for protein filtrations.256,257 The surface of nylon 6,6 can be functionalized 

to have different charge and wettability,258,259 and it is stable under constant laser 

illumination.260 Single-molecule fluorescence microscopy provides a direct way to 

imaging the protein adsorption. The super-resolution imaging technique confirmed 

that the α-LA molecules were adsorbed to non-specific surface sites on nylon 6,6. By 
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monitoring the number of newly adsorbed α-LA per unit time, we directly titrated 

the rate of adsorption under three different α-LA concentrations. It was found that 

the adsorption of α-LA onto a flat nylon 6,6 film followed a monolayer adsorption 

model. With this model, we were able to quantitatively determine the rate constants 

of adsorption, and thereby estimate the free energies for the adsorption process. For 

comparison, the adsorption of α-LA on porous nylon 6,6 films was also studied. The 

morphology of the adsorbent was found to appreciably affect the adsorption 

kinetics. We envision that such single-molecule based measurements can facilitate 

the imaging and surface analysis in protein polymer interactions.  

6.3. Materials/Methods 

 Substrate Preparation 6.3.1.

Substrates were cleaned and nylon 6,6 films deposited according to the 

procedure outlined in section 3.2.  

 Single Molecule Microscopy 6.3.2.

Samples were measured using the home built TIRF microscope detailed in 

section 3.3. For the protein adsorption measurement, α-LA solution was diluted in 

10 mM pH 7.3 HEPES buffer and supplied continuously at 10 μL/min by a syringe 

pump (Kent Scientific, Genie Plus).  During the measurement, a sequence of 1,000 

frame (30 s) movies was collected at the same location of the nylon 6,6 film. The 
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time interval between two consecutive movies was ~2 min, and the total length of 

recording time was longer than 1 hour. 

 Protein Molecule Identification and Tracking 6.3.3.

Particles were identified and tracked using the algorithm described in 

section 3.4. For each movie, only molecules within a 240 by 360 pixel (15.4 by 23.0 

μm) area at the center of imaging chip were counted and retained for analysis.  

Fluorescent events that appeared at the same location over consecutive frames 

were counted as one single protein molecule, and the total number of adsorbed 

molecules was summed over the entire 1,000 frames.  This number was divided by 

the underlying surface area (354 μm2) and recording time (30 s) to obtain the area 

normalized rate of adsorption. For the porous films, their projected surface areas 

were used. 

6.4. Results and Discussion 

 Permeability of Nylon 6,6 6.4.1.

Diluted rhodamine B solution was spin cast onto a ~70 nm thick nylon 6,6 

film, followed by spin coating another ~50 nm thick nylon 6,6 layer on top. The 

well-dispersed rhodamine B molecules appeared as discrete bright spots under our 

microscope, and each of the molecules was observed for many frames before 

photobleaching. The 2d histogram of rhodamine B centroid localizations gives a full 

width half maximum of ~20 nm, and the distribution of diffusion coefficients for 
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many embedded rhodamine B molecules reflects very small displacements, 

suggesting the dye molecules were immobilized at sub-diffraction resolution (Figure 

6.1). Considering that the size of the protein molecule is orders of magnitude larger 

than the dye molecule, this result strongly implies that the nylon 6,6 films are not 

permeable to the protein molecules.  

 

Figure 6.1. (A) 2d histogram of central localization from 20 embedded rhodamine B 

molecules combined. Fitting this histogram with 2d Gaussian gives full width half 

maximum ~20 nm.  (B) Histogram of diffusion coefficients from 617 embedded 

rhodamine B molecules. 

 

 

 α-LA adsorption on Flat Nylon 6,6 6.4.2.

Adsorption events were monitored at the aqueous solution/nylon 6,6 film 

interface (Figure 6.2A). Thin nylon 6,6 films are transparent, with a refractive index 
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of ~1.58, close to that of glass, in comparison to the estimated solution refractive 

index of 1.33. Thus, the conditions of TIR are met at the solution/film interface 

where the difference in refractive index is greatest. To confirm this condition 

experimentally, we drop-cast fluorescent beads onto a bare glass slide and a ~200 

nm thick nylon 6,6 film (Figure 6.2B insets). The intensity of each bead was 

integrated within a 7 by 7 pixel area and the intensity distributions are shown in 

Figure 6.2B. The average intensity for beads on the bare glass slide is (1.3 ± 0.6) ×

104 counts, while those on the ~200 nm thick nylon 6,6 film is (1.1 ± 0.5) × 104 

counts. The similar intensity for these two cases confirms that the TIR takes place at 

the solution/film interface; otherwise, the beads on the ~200 nm thick nylon film 

would be much dimmer due to the fast decay of the evanescent field (refer to the 

discussion in section 4.4 for more details). 
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Figure 6.2. (A) Experimental design based on total internal reflection fluorescence 

(TIRF) microscopy. (B) Histograms of integrated bead intensities on bare glass (top) 

and ~200 nm nylon 6,6 film (bottom), respectively. The intensity of each bead is 

integrated within a 7 by 7 pixel area. Red curves are Gaussian fits, insets are 

schemes of the bead deposition. 

With the aid of sub-diffraction localization of protein adsorption at the 

solution/film interface, we observe that the α-LA molecules adsorb to non-specific 

adsorption sites on the nylon 6,6 films (Figure 6.3). When Alexa 555-labeled α-LA 

was introduced into the flow cell, the probe molecules the probe molecules diffuse 

in the bulk solution, too fast to be captured by the EMCCD camera (30 ms per 

frame), due to motion blur. In contrast, α-LA adsorption events to the nylon 6,6 films 

appeared as individual bright spots over the background (Figure 6.3A). Each bright 

spot lasted from one frame up to a few hundreds of frames before it disappeared. If 
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α-LA molecules were interacting with weak adsorption sites on nylon 6,6 surfaces, 

they might undergo fast adsorption and desorption dynamics, which cannot be 

effectively recorded by our camera due to the extremely short surface residence 

time. Therefore, such interaction, if exists, is not analyzed in our study. The duration 

of the α-LA on the film indicates the on-time of an individual protein molecule. In 

order to determine whether each protein is adsorbed at a single location or laterally 

diffuses near the surface, we used sub-diffraction localization to map out the central 

localization of each protein’s fluorescence during its on-time. Specifically, for a 

protein molecule detected on the nylon 6,6, each individual frame during an on-time 

period was fit to a 2D Gaussian function to determine the centroid position and 

static localization uncertainty. The compiled centroid localizations from all frames 

are within an area of tens of nanometers as shown in Figure 6.3B. Similar 

approaches have been used in previous sub-diffraction methods such as 

photoactivation localization microscopy (PALM)74 and stochastic optical 

reconstruction microscopy (STORM).75 In order to increase the sample size for 

statistics, we combined the localizations of 20 α-LA molecules by aligning the center 

of mass of central localizations, according to previous work.261,262 The 2D histogram 

(Figure 6.3C) was fit to another Gaussian function, and the full width half maximum 

was ~20 nm, comparable to the resolution limit of other super-resolution 

techniques of stationary molecules reported in previous work by us139 and 

others.74,75,263 Therefore, we can conclude that adsorbed α-LA molecules were 

immobilized within our sub-diffraction resolution.  
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Single particle tracking using a maximum-likelihood estimation (MLE)138 also 

further supports that the adsorbed α-LA molecules are immobilized at the nylon 6,6 

surface (Figure 6.3D). Briefly, we tracked the single frame displacements of each 

probe molecule as it moved from one frame to the next, and calculated the 

corresponding diffusion coefficient. Thus, the distribution of the diffusion 

coefficients is the measure of average displacements for many probe molecules. It is 

found that the distribution takes a Gaussian shape with an average value 1.16 × 104 

nm2 s-1 (Figure 6.3D), which matches with the steady state of stationary molecules 

described in our previous work,143 indicating that the α-LA molecules are 

immobilized rather than diffusing near the film. Moreover, the α-LA and nylon 6,6 

interactions are restricted to the solution/film interface, as evidenced by the fact 

that small organic dye molecules sandwiched within nylon 6,6 films were 

immobilized (Figure 6.1).  
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Figure 6.3. Sub-diffraction mapping of α-LA adsorption to a flat nylon 6,6 film. (A) 

Fluorescence image of α-LA (2 nM in pH 7.3 HEPES buffer) binding onto a flat nylon 

6,6 film. This image was taken with a 30 ms frame time. (B) The central localizations 

for one single α-LA molecule for 30 consecutive frames marked by the arrow in (A). 

(C) 2d histogram of central localization from 20 α-LA molecules combined. Fitting 

this histogram with 2d Gaussian gives full width half maximum ~20 nm. (D) 

Histogram of diffusion coefficients for 400 α-LA molecules. Red curve is a Gaussian 

fit. 

 Adsorption Kinetics 6.4.3.

The rate of α-LA adsorption to surface sites on flat nylon 6,6 films was found 

to be time and concentration dependent (Figure 6.4). Spin coating 1.5 wt% nylon 6,6 

in formic acid solution yielded ~70 nm thick homogeneous films (Figure 5.1). AFM 



102 
 

measurements indicated that the surface roughness of the as-prepared film is ~0.46 

nm (Figure 6.4B). To determine the adsorption kinetics, three α-LA concentrations 

were studied (2 nM, 5nM and 10 nM). Single-event detection was the key to the 

accurate measurements for the rate of adsorption, since the rate is defined as the 

number of newly adsorbed molecules per second, which is further normalized by 

the projected surface area. Therefore, we purposefully set the highest α-LA 

concentration to 10 nM to decrease the possibility of multiple adsorption events at 

the same adsorption site. When α-LA solution was flowed over the nylon 6,6 film, 

the rate of adsorption was found to decay over time and eventually flatten out. Also, 

the absolute adsorption rate increased with increasing α-LA concentration (Figure 

6.4C). These observations support a Langmuir adsorption model in which α-LA 

molecules adsorb to surface sites: if the observed events were dominated by 

random hitting, i.e. collisions of protein molecules with the surface that do not result 

in adsorption, the number of observed events would be time independent. A control 

example of random hitting is rhodamine-labeled lysozyme adsorption onto nylon 

6,6 films under the same conditions (Figure 6.5). Lysozyme was chosen because it 

has similar size and secondary and tertiary structures as α-LA, and it exhibited the 

expected time-independent rate of adsorption. It is also worth noting that for all of 

the tested α-LA concentrations (2 nM – 10 nM), the number of α-LA molecules 

supplied per unit time was at least one order of magnitude larger than the amount 

adsorbed onto the nylon 6,6 films. Therefore, the α-LA concentration in bulk 

solution remained constant.  
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We propose a kinetic model of monolayer adsorption that can account for the 

time and α-LA concentration dependence of adsorption rates. When the surface 

coverage of α-LA on nylon 6,6 is low (molecules separated by at least 500 nm), the 

intramolecular interactions of adsorbed α-LAs are negligible and the rate of 

adsorption is proportional to the bulk solution concentration of α-LA. Therefore, the 

total effective number of adsorption sites under low surface coverage, Pmax (Figure 

6.6), and the rate of adsorption, rads, can then be expressed by the following 

equation,264 

𝑟ads = 𝑘ads[𝐏](𝑃max − 𝑃ads) 

Equation 6.1. Adsorption rate of probe molecules to nylon film. 

where kads is the adsorption rate constant, [P] the concentration of α-LA in bulk 

solution, and Pads the current amount of adsorbed α-LA. The term (𝑃max − 𝑃ads) 

represents the number of unoccupied sites under low surface coverage. The rate of 

desorption is dependent on the amount of surface adsorbed α-LA and takes the form 

of:  
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𝑟des = 𝑘des𝑃ads  

Equation 6.2. Desorption rate of protein from nylon. 

where kdes is the desorption rate constant. The net adsorption rate of α-LA on the 

nylon 6,6 surface is: 

𝑑𝑃ads

𝑑𝑡
= 𝑘ads[𝐏](𝑃max − 𝑃ads) − 𝑘des𝑃ads 

Equation 6.3. Net adsorption rate. 

Rearranging Equation 6.3 and integrating over time, the amount of surface adsorbed 

α-LA takes the form: 

𝑃ads =
𝑘ads[𝐏]𝑃max

𝑘des + 𝑘ads[𝐏]
{1 − 𝑒−(𝑘ads[𝐏]+𝑘des)𝑡} 

Equation 6.4. Amount of surface adsorbed nylon. 

Replacing Pads in Equation 6.1 with Equation 6.4: 
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𝑟ads = 𝑘ads[𝐏]𝑃max −
𝑘ads
2 [𝐏]2𝑃max

𝑘ads𝑃max + 𝑘des
+

𝑘ads
2 [𝐏]2𝑃max

𝑘ads𝑃max + 𝑘des
𝑒−(𝑘ads[𝐏]+𝑘des)𝑡 

Equation 6.5. Rate of adsorption expression used for gloabal fitting 

Equation 6.5 is the expression for the rate of adsorption. It takes the form of a 

single-exponential decay which agrees well with our experimental observations 

(Figure 6.4C).  
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Figure 6.4. α-LA adsorption onto flat nylon 6,6 films. (A) SEM of flat nylon 6,6 film. 

(B) AFM of flat nylon 6,6 film. The top plot is one line scan marked by the red line. 

(C) Dependence of the adsorption rate versus time. The α-LA concentration are 2 

nM (blue), 5 nM (green), and 10 nM (red) respectively.  Each data point represents 

the average rate of adsorption within a 30 s observation window, solid lines are 

global fits using Eq5, and error bars are the standard deviation. (D) 〈𝜏on〉
−1 under 

various α-LA concentration. Each data bar is the inverse averaged on-time of all 

protein molecules under the same condition. The error bars represent the standard 

error of the mean. 
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Figure 6.5. Number of events versus time for the adsorption of rhodamine labeled 

lysozyme onto flat nylon 6,6 films. The lysozyme concentration were 0.5 nM (blue) 

and 5 nM (green) respectively. Error bars are standard error of the mean. 
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Figure 6.6. Kinetic scheme of α-LA sorption onto nylon 6,6 films. kads and kdes are the 

rate constants for adsorption and desorption respectively.  

 

We globally fit the data in Figure 6.4C with Equation 6.5. Due to the 

inevitable random hitting events in our flow system discussed earlier, the fitting 

curve for the lowest [P] (blue and green curves in Figure 6.4C) deviated slightly 

from the experimental data, as fewer α-LA molecules adsorbed to nylon 6,6 under 

such conditions. It was found that for flat nylon 6,6 films kads, kdes, and Pmax were 

(13.0 ± 4.6) × 10−4 nM−1𝑠−1, (1.91 ±  0.19) × 10−4 𝑠−1, and (8.43 ±  4.17) ×

10−5 molecule nm−2 respectively (Table 6.1). The equilibrium constant Keq, which is 

equivalent to the ratio of kads and kdes, was found to be 6.81 ±  2.50  nM−1 for flat 

nylon 6,6 films. The Pmax was smaller than expected because nylon 6,6 is hydrophilic, 

which often prevents protein molecules from adsorbing.130,265 The equilibrium 

constant Keq is high, because of the small desorption rate constant. The Van der 

Waals forces might be the driving force for the α-LA and nylon interaction, while the 
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existence of hydrogen donors and acceptors on the nylon surface might facilitate the 

formation of multiple hydrogen bonds with a single α-LA molecule. The change of 

free energy during the adsorption is related to the equilibrium constant:  

 ∆𝐺ads = −𝑅𝑇ln𝐾eq 

Equation 6.6. Free energy of adsorption. 

Herein, the ∆𝐺ads for α-LA adsorption onto flat nylon 6,6 equaled to −4.67 ±  0.89 kJ 

mol-1.   

It should be noted that under certain circumstances, the single-molecule 

dwell-time analysis also provides the kdes value. For instance, α-LA desorption is a 

pseudo-first order process that is independent of the [P] in bulk solution. If the 

disappearance of fluorescent events is due to the desorption of α-LA molecules, then 

 nM−1𝑠−1 

kads 

𝑠−1 

kdes  
molecule nm−2 

Pmax 

nM−1 

Keq  

∆𝑮𝐚𝐝𝐬 

kJ 

mol
1

 

Flat film (13.0 ± 4.6)

× 10−4  

(1.91 ±  0.19)

× 10−4 

(8.43 ±  4.17)

× 10−5  

6.81 ±  2.50 

−4.67 ±

 0.89   

Porous film 
(3.08 ±  1.04)

× 10−4 

 (1.82 ±  0.11)

× 10−4 

(3.03 ±  1.30)

× 10−4 

1.69 ±  0.58 −1.28 ±  0.83 

Table 6.1. Kinetic and thermodynamic parameters for the α-LA adsorption on Nylon 

6,6 films 
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〈𝜏on〉
−1, the inverse average of the fluorescence on-time, is quantitatively described 

by the following equation:248,266,267 

 
〈𝜏on〉

−1 =
1

∫ 𝜏𝑓on(𝜏)d𝑡
∞

0

= 𝑘des 

Equation 6.7. Inverse average of the fluorescence on-time.  

( 

where 𝑓on(𝜏) is the probability density function of τon.  Shown in Figure 6.4D are the 

〈𝜏on〉
−1 values for α-LA at 2 nM, 5 nM, and 10 nM respectively. It is clear that 〈𝜏on〉

−1 

is independent of the α-LA concentration as expected; however, their values are 

much greater than our fitted kdes.   

We speculate that kdes is small compared to 〈𝜏on〉
−1 because adsorption sites 

on nylon 6,6 films require time to recover by some slow but unknown mechanism 

other than protein photobleaching or denaturation. We first examined the rate of 

photobleaching of our fluorescent label Alexa 555. Control experiments showed that 

the rate of photobleaching was ~0.1 s-1, which is slower than the measured 〈𝜏on〉
−1; 

and the change of laser power did not seem to affect the 〈𝜏on〉
−1 (Figure 6.7). 

Therefore, photobleaching is only responsible for part of the fast disappearance of 

fluorescent signals. It is well known that α-LA unfolds upon adsorption onto 

hydrophobic surfaces, such as the oil-water interface268 or polystyrene 

nanospheres.269 It is thus possible that α-LA also unfolds on the nylon 6,6 surface. 

However, the rate of unfolding is orders of magnitude slower than our 〈𝜏on〉
−1;270,271 
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and moreover, protein unfolding does not lead to the disappearance of fluorescent 

signal. By ruling out photobleaching and unfolding, we speculate that the adsorbed 

α-LA molecules only resides on the nylon film for short period of time. The 

desorption of α-LA leads to the fast disappearance of fluorescent signal, i.e. large 

〈𝜏on〉
−1. However, the adsorption sites on the nylon film require a much longer time 

to recover before they are available for another adsorption event, leading to the 

small kdes in our fitting. Thus, it remains a task for future simulations or experiment 

to fully understand the desorption process and its effect on the nylon film.  

 

Figure 6.7. 〈𝜏on〉
−1 determined with different laser powers and the intermittent 

imaging. The α-LA concentration was kept at 2 nM for all the bars. 

 



112 
 

 α-LA adsorption kinetics on porous nylon 6,6 films 6.4.4.

In contrast to flat films, porous nylon 6,6 films contained more sites for α-LA 

adsorption, but adsorption was energetically less favorable (Figure 6.8). Porous 

nylon 6,6 films were synthesized by spin coating nylon 6,6 in 9:1 v/v formic 

acid/ethanol mixture. The pores were generated due to the phase separation in the 

binary solvent.272,273 To eliminate the potential influence of the solvent residue in 

the spin coating process, we intensively rinsed the films with HEPES buffer and then 

water. Even though there still might be trace amounts of solvent left during the 

measurements, their effects were negligible. The SEM image (Figure 6.8A) shows 

that the generated pores are a few microns to tens of microns in size, and some of 

the pores are adjacent to each other, forming even larger cavities. The average depth 

of pores ranged from 15 nm to 20 nm (Figure 6.8B), smaller than the thickness of 

film. Our single-molecule measurements were not influenced by the existence of the 

porous structures, because nylon 6,6 is highly hydrophilic, and the aqueous 

solutions can wet the entire pore. Therefore, TIRF is still achieved at the nylon-

solution interface even inside pores. The intensities as well as the signal-to-noise 

ratios for the adsorption events on porous nylon films were similar to that of the flat 

films. 
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Figure 6.8.  α-LA adsorption onto porous nylon 6,6 films. (A) SEM of porous nylon 

6,6 film. Micron sized pores are shown as black domains in this image. (B) AFM of 

porous nylon 6,6 film. Top plot is the line profile across one pore, which is marked 

by the red line. (C) Dependence of adsorption rate versus time. The α-LA 

concentrations were 2 nM (blue), 5 nM (green), and 10 nM (red) respectively.  Each 

data point represents the average rate of adsorption within a 30 s observation 

window, solid lines are global fits using Eq5, and error bars are standard deviation. 

(D) 〈𝜏on〉
−1 under various α-LA concentration. Each data bar is the inverse averaged 

on-time of all protein molecules under the same condition. The error bars represent 

the standard error of the mean. 
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Compared to the flat nylon 6,6 films, the initial rate of adsorption on porous 

films decreased only slightly (Figure 6.8C).  By globally fitting the time dependent 

rate of adsorption with Eq5, kads, kdes, Pmax were determined to be (3.08 ±  1.04) ×

10−4 nM−1𝑠−1, (1.82 ±  0.11) × 10−4 𝑠−1, and 

(3.03 ±  1.30) × 10−4 molecule nm−2 respectively (Table 6.1). Here the Pmax was 

normalized by the projected surface area of nylon 6,6 film. Compared to the flat 

nylon films, the adsorption rate constant (kads) decreased by a factor of 4.2, the 

desorption rate constant (kdes) was roughly the same, the equilibrium constant (Keq) 

decreased by a factor of 4, and the Gibbs free energy (∆𝐺ads) for adsorption 

increased to −1.28 ±  0.83 kJ mol1. The decreased adsorption constant may stem 

from the increased steric repulsion of curved surfaces in pores. However, such steric 

repulsion did not seem to affect the desorption of adsorbed protein molecules since 

the desorption rate constants for the porous and flat nylon 6,6 films were similar.  

The total number of adsorption sites (Pmax) increased by a factor of 2.8 due to the 

larger surface area on porous nylon films as expected. The increase of Gibbs free 

energy by a factor of 3.6 suggested that the adsorption of protein onto porous films 

was energetically less favorable. Once again, the 〈𝜏on〉
−1 for porous film (Figure 

6.8D) is independent to the α-LA concentration in bulk solution, and the absolute 

values were close to those from flat nylon 6,6 films (Figure 6.4D). 
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6.5. Conclusions 

We used a single-molecule fluorescence imaging approach to study protein-

polymer film interactions. We verified that the α-LA molecules only interact at the 

surface of nylon 6,6 films and they adsorb to non-specific surface sites. By counting 

the number of newly adsorbed α-LA molecules, we were able to directly quantify the 

rate of α-LA adsorption onto both flat and porous nylon films. The rate of adsorption 

exhibited clear dependences on the α-LA concentration and time, and the 

adsorption processes took more than one hour to reach equilibrium. In addition, we 

proposed a simple monolayer adsorption model that is composed of a pseudo-

second-order adsorption and a pseudo-first-order desorption processes, from which 

some important kinetic and thermodynamic parameters for the adsorption were 

obtained. By creating micron sized pores on nylon 6,6 films, the adsorption rate 

constants decreased by a factor of 4.2, although the total number of adsorption sites 

increased by a factor of 2.8. The Gibbs free energy for α-LA adsorption onto flat and 

porous nylon 6,6 films was measured to be −4.67 ±  0.89 kJ mol-1 and −1.28 ±

 0.83  kJ mol-1 respectively, suggesting rougher surfaces were energetically less 

favorable for the adsorption. It may be expected that such single-molecule 

fluorescence approaches could be a powerful tool to study the mechanisms of other 

protein-polymer interactions, as well as to interrogate the physical properties of 

thin polymer films. 
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Chapter 7 

Conclusions 

7.1. Overall Conclusions 

In this thesis, single molecule fluorescence spectroscopy was used to 

characterize the adsorption dynamics of small ions and protein molecules with 

various polymeric interfaces. By monitoring these dynamics at the single molecule 

level using TIRF microscopy we were able to directly observe interactions at the 

interface removing the influence of ensemble averaging. These observations will 

eventually allow for the development of models that completely describe interfacial 

interactions for both small and large molecules.  

Our experiments showed that on many supports commonly used in industry 

such as polyelectrolyte multilayers and nylon 6,6 films, under certain conditions, 

probes will hop across the interface undergoing desorption mediated diffusion. 

Because this does not occur universally, but rather depends on favorable conditions, 
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we showed that this transport mode could be reversibly switched on and off in a 

polyelectrolyte multilayer by simply altering the solution pH.  

We also showed that protein molecules undergo a similar hopping mode of 

transport when interacting with functionalized nylon films. The average surface 

mobility of the protein molecules could be controlled by altering the ion-exchange 

ligand chain length suggesting a dependency on the density of suitable binding sites. 

We also found that for another similar system, such hopping did not occur 

suggesting that the interaction model is even more complicated and likely involves 

hydrophobic and steric effects. This work’s conclusions are important in the design 

of ion-exchange substrates and membrane filters in which the surface mobility of 

molecules would affect performance.  

We have also taken steps to develop adsorption models to explain our 

observations. Single molecule spectroscopy allows us to directly observe non-

equilibrium binding of proteins to a nylon film. We developed a modified Langmuir 

adsorption model to explain these results and while our measurements suggest that 

more data is needed for a complete model we have taken the first steps in linking 

our single molecule measurements with the bulk scale observables that are of 

interest to industry.  
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7.2. Future Directions 

The future of this project will focus on using new technology to continue to 

fill in mechanistic gaps. Single molecule tracking in 3D will be used to map 

adsorption and diffusion across the surface of films and correlated SEM/AFM will be 

used to link dynamics to morphological features. 3D mapping will also allow these 

studies to be extended to thicker membranes (on the order of 1 micron) with more 

complicated porous structures. As discussed previously, correlation based super-

resolution methods recently demonstrated in our lab will allow the spatial mapper 

of transport in porous structures with features on the order of 20 nm.77  

Real world membrane applications typically involve higher concentrations of 

proteins than were used in our single molecule studies (> 10 µM). We aim to 

investigate the effects of competition on adsorption and other interfacial dynamics 

which includes the effects of self-competition and competition from species with 

more or less affinity for the interface than the target molecule.  

The methods discussed in this thesis have broad applicability and can be 

applied to other ligands for ion-exchange applications. We will modify the approach 

used by Lydia Kisley to predict elution profiles to account for measureable 

quantities such as surface mobility and the affinity of molecules for the surface.125  
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