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ABSTRACT 

Single Molecule Studies of Ion-Exchange Chromatography 

by 

Lydia Kisley 

As the pharmeceutical industry moves away from traditional small organic 

molecules towards biologically-based treatments, ion-exchange separation methods must 

be investigated to improve the cost and time required for protein purification. Several 

new single molecule, super-resolution techniques are presented to offer a mechanistic 

experimental understanding of chromatography unachievable through traditional 

ensemble-averaged methods. Super-resolution analysis visualizes single protein 

adsorption kinetics to single, super-resolved ligands, allowing for the first experimental 

validation of the statistical mechanical stochastic theory of chromatography. Imperative 

results on the spatial charge-distribution of ligands, reduction of heterogeneity by ionic 

strength, and tuning of protein/stationary phase interfacial interactions by pH are 

observed. A common finding that the sterics of the agarose support induces separation 

heterogeneity leads to super-resolution imaging of the agarose structure and diffusion 

properties. Finally, the single molecule techniques are applied to several applications 

beyond protein chromatography to demonstrate the potential for future materials 

research. Overall, we have shown that single molecule spectroscopy can aid in the 

mechanistic experimental and theoretical understanding of the ion-exchange 

chromatographic separation of proteins. 
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CHAPTER 1 

INTRODUCTION 

1.1. Motivation 

1.1.1.  Ion-exchange chromatography in the pharmaceutical industry 

The pharmaceutical industry plays a crucial role in supporting the health of the 

world. In the United States, four billion prescriptions were written in 2013 for a 

population where 70% of people are taking at least one prescription drug, 50% are taking 

at least two prescription drugs, and 20% are taking at least five.
1
 This is only expected to 

increase, with domestic spending on medicine from 2013 to 2018 projected to rise from 

$1,050 to $1,400 per person, and a projected growth in total global spending to increase 

from $989 billion dollars to $1.3 trillion dollars for the same time period (Figure 1.1).
2
 

This escalation is driven by more pharmaceutical access in developing countries and the 

increase in global population and population over the age of 65. In addition, new research 

and development of pharmaceuticals is needed to treat prevalent diseases, such as HIV, 

cancer, Alzheimer’s, diabetes, and antibiotic resistant bacteria.
3
 But bringing a new drug 

to market is a slow and expensive process, with an average time from initial screening to 

commercial distribution taking over 10 years at a cost of $2.6 billion dollars.
4
 The price 

to develop new treatments is also growing, as a 15-fold increase in development cost has 

occurred over the past 40 years (Figure 1.2). Therefore, there is a need for more time- and 

cost-efficient production and development of pharmaceuticals to provide sustainable drug 

treatment around the world. 

Purification is an expensive and bottlenecking step in pharmaceutical production 

and development.  This has arisen due to the shift of using biological molecules, or  



  

2 

 

 
Figure 1.1. Spending and growth of the global pharmaceutical market from 2008, 2013, 

and projected results for 2018. Blue represents the spending, while yellow represents the 

growth. Values account for exchange rate variability in the US dollar. Figure adapted 

with written permission from the IMS Institute for Healthcare Infromatics “Global 

Outlook for Medicines Through 2018.”
2 

 

 
Figure 1.2. Growth in capitalized research and development costs to bring a new 

pharmaceutical product to market. Adapted with written permission from DiMasi, et al.
4
 

 

biologics, to treat disease. In 2010 biologics comprised $99 billion of global 

pharmaceutical sales and accounted for 21% of the medicines approved in the United 

States.
5
   The purification of biologics, which are mainly recombinant proteins or 

monoclonal antibodies, present new challenges because their structures are more 

geometrically complex compared to the smaller organic-based molecules that form the 

basis of traditional pharmaceuticals.  Being larger in size, their surfaces have many 

different charged sites which causes challenges in purification.
6
  Additionally, 



  

3 

 

heterogeneous biologics manufactured by recombinant methods cause further challenges 

in downstream processing.
7
 To improve the efficiency and quality of biologic 

purification, separation techniques must be better understood due to their differences 

from the technologies developed for the previous generation of synthetic small 

molecules. 

Ion-exchange chromatography is one of the most common adsorptive separation 

techniques used in biologic purification today. Because ion-exchange chromatography 

can be performed in aqueous, mild, non-denaturing solvents, as opposed to the harsh 

organic solvents required in reverse phase and normal phase high performance liquid 

chromatography,
8
 it is the preferred method for biologic separations.   Ion-exchange 

chromatography separates molecules based on electrostatic affinity of the charged analyte 

to specific ionic functional groups in the stationary phase (Figure 1.3a). The stationary 

phase can be described as either anion-exchange (the anionic analyte exchanges with 

anions bound to positively charge ligands) or cation-exchange (the opposite). The 

functional ligands are typically supported on agarose or other cellulose derived matrices 

where the porosity of the support can be tuned to change the functional surface area 

available. The ionic strength and pH of the mobile phase are critical to the exchange 

properties in ion-exchange chromatography, since both affect the electrostatic distribution 

of charges on both the analyte and ligand.  

1.1.2. Single molecule spectroscopy to study ion-exchange chromatography 

Overall, to improve biologic purification in the pharmaceutical industry, ion-

exchange separation techniques must be investigated. Recent advancements in ion-

exchange chromatography try to address the needs of the industry. Column stationary  



  

4 

 

phases have improved by decreasing particle size to < 2 µm,
9
 using capillary columns,

10
 

combining hydrophilic bonded phases and ionic ligands for mixed-mode capabilities,
11

  

and using monolithic materials
12

 to decrease data acquisition times, pressure 

requirements, and column lengths.
13

 In improving data analysis, multidimensional 

methods improved quantifying analytes from non-uniform peaks due to background 

contributions, retention time shifts, and peak shape changes.
14

   

Despite the importance of and advancements in ion-exchange chromatography, an 

experimental molecular-scale understanding is lacking. In industry, selection of  

 
Figure 1.3. Illustration of different chromatographic interfaces studied by single 

molecule spectroscopy. (a) Anion-exchange ion-exchange stationary phase of a porous 

agarose support functionalized with clustered-charge cationic ligands. Chemical structure 

of agarose included to the right. (b) C18 reverse phase liquid chromatography stationary 

phase with silanol defect present. In the previous single molecule studies, the single 

molecule fluorophore probes (represented by red burst) were observed to interact for long 

periods of time at defect sites, but not at areas properly modified with 

octadecylorganosilane. (c, d) Silica-based stationary phases in (c) normal phase and 

capillary liquid chromatography and (d) capillary electrophoresis where electro-osmosis 

of the surplus of cations in the double layer drives mobile phase through the capillary to 

the cathode instead of hydrodynamic flow.  



  

5 

 

appropriate mobile and stationary phase conditions is often empirically determined 

through a time-intensive, costly process of testing any numerous combinations of 

variables such as stationary phase packing density, ligand loading, and particle size; 

mobile phase ionic strength, hydrophobicity, and pH; and column length, diameter, and 

flow rate. Current explanations of chromatographic performance through theoretical 

models have relied heavily on phenomenological descriptions that use either variables 

that have no clear physical parallel within the experiment or broad definitions of 

diffusion, packing, and kinetics comprised of many complicated molecular processes 

contributing in sum. One cause of the lack of mechanistic information in both 

chromatographic experiment and theory is ensemble averaging. The ensemble averaged 

information obtained from classical analysis of a vast number (moles) of molecules 

inherently averages out any underlying analyte and/or process heterogeneity.
15

 Ensemble 

methods therefore make it difficult to resolve a fundamental, molecular viewpoint of the 

potentially heterogeneous processes that occur in practical chromatographic separations. 

Single molecule spectroscopy is a technique that can fill this gap. By observing 

one molecule at a time, heterogeneity that is hidden in ensemble-averaged studies can be 

revealed. For example, non-Gaussian peaks due to fronting or tailing are a challenge in 

chromatography (Figure 1.4, solid line) and arise from multiple populations of dynamics 

occurring between the analyte and stationary phase. Single molecule spectroscopy can 

resolve individual events that correlate and distinguish the subpopulations (Figure 1.4, 

dashed lines), revealing the causes of peak broadening and asymmetry in chromatography 

from a mechanistic perspective not possible through traditional techniques. Therefore, 
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single molecule spectroscopy represents a promising path to a genuinely predictive, 

molecular understanding of the ion-exchange chromatography processes. 

 
Figure 1.4. Illustration of asymmetric chromatography peak that at the ensemble level 

(solid line) cannot resolve the heterogeneous, multiple populations present (dashed lines) 

that single molecule spectroscopy can reveal. 

 

1.2. Background 

Single molecule spectroscopy has been used previously to study reverse phase 

and normal phase chromatography. Reverse phase chromatography utilizes a 

hydrophobic stationary phase to retain nonpolar analytes from a more hydrophilic mobile 

phase (Figure 1.3b). Single molecule spectroscopy has provided the universal observation 

that defect sites of available silanols leads to rare, long-time adsorption for various 

analytes that can be spatially and temporally distinguishable from dominant faster, free 

diffusion; prevention and tuning of these sites is critical to column performance in 

reverse phase chromatography.
16-27

 Normal phase chromatography in the form of 

capillary liquid chromatography (Figure 1.3c) and capillary electrophoresis (Figure 1.3d) 

has also been studied by single molecule techniques. The acidic silica interfaces in 

normal phase chromatography play an important role in normal phase chromatography in 

retaining polar organic and biomolecules through hydrogen bonding.  Single molecule 
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spectroscopy elucidated electrostatic and hydrophobic inter-molecular contributions 

between the analyte and stationary phase and revealed that the quality of the silica 

polishing and considerations of the biomolecule structure are important.
21, 28-32

  

These previous studies demonstrated the capabilities of single molecule 

techniques to identify the causes of common problems in chromatography, but fail to 

investigate biologic separations by ion-exchange chromatography.  A comprehensive 

understanding of the mechanism of biological molecule separations at heterogeneous ion-

exchange chromatography interfaces is therefore the goal of the presented work.  

 

1.3. Specific Aims 

1.3.1. Aim 1: Develop new single molecule instrumentation and analysis to study ion-

exchange chromatography 

Instrumentation, including single molecule wide field total internal reflection 

fluorescence (TIRF) microscopy and amplitude modulation for extending fluorescence 

lifetimes were constructed and analysis by super-resolution imaging, single particle 

tracking, and single molecule kinetic analysis were developed. The achievement of Aim 1 

was critical to pursue Aims 2 and 3.   

1.3.2. Aim 2: Study chromatography at the single molecule level on model biologic 

separation systems 

The interfacial interactions of model globular protein, α-lactalbumin, at 

chromatographic-relevant interfaces of either cationic argininamide ligands on an agarose 

support matrix or a bare silica surface were studied using single molecule spectroscopy 
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techniques. The role of stationary phase variables of ligand structure and agarose pore 

size and mobile phase variables of ionic strength and pH were investigated. 

1.3.3. Aim 3: Expand new instrumentation and analysis developed for chromatography to 

other materials systems 

The developed molecular-scale techniques to understand protein chromatography 

were expanded to other processes involving adsorption and diffusion, including agarose 

hydrogel structure, the protein corona on nanomaterials, aptamer immunoassays, and 

transport within liquid crystals. 

 

1.4. Overview 

Chapters 2-4 focus on Aim 1. Chapter 2 presents the historical background and 

justification of single molecule spectroscopy and details the instrumentation and analysis 

methods developed either based on the literature or in collaboration with coworkers. 

Chapter 3 presents independent work published in 2013 in Methods and Applications in 

Fluorescence where the microscopy setup was modified by hardware-based amplitude 

modulation of the excitation to improve single molecule fluorophore observation time. 

Chapter 4 provides the historical and theoretical background of the stochastic theory of 

chromatography: a statistical mechanical analysis that unifies single molecule results with 

expected ensemble performance. The instrumentation and analysis developed in Chapters 

2-4 are used in all subsequent chapters. 

Chapters 5-7 address Aim 2 where various stationary phase and mobile phase 

conditions are varied in the model separation of α-lactalbumin. The work in Chapter 5 

was published in Proceedings of the National Academy of Sciences USA in 2014 and 
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demonstrates that the localization of charges in stationary phase ligands is crucial for 

protein adsorption sites and that heterogeneity arises from the steric availability within 

the porous support matrix. Chapter 6 was published in Journal of Chromatography A in 

2014 and studies the mobile phase ionic strength, finding that separations can be 

controlled not only by the expected charge screening, but also by influencing the pore 

size of the support.  Chapter 7 examines the role of mobile phase pH at a silica interface 

(related to normal phase chromatography) and ion-exchange interfaces. The importance 

of biomolecule structure and charge distribution in relation to the surface charge is 

shown. The work in Chapter 7 is in preparation for publication. 

Chapters 8 and 9 are related to Aim 3, expanding the findings from Chapters 2-7 

to materials systems.  Chapter 8 introduces a new super-resolution optical imaging 

technique (also relevant to Aim 1) that simultaneously characterizes the nanometer 

dimensions and transport dynamics of porous structures. Specifically, the structure-

function relationship of agarose hydrogels, the support matrix used in Chapters 5-7 is 

studied. This work is currently in preparation for publication. Finally, Chapter 9 details 

three projects where the single molecule techniques are applied to the protein corona, 

aptamer-antibody interactions, and transport within liquid crystals to demonstrate the 

breadth of the approaches to understand other adsorptive and diffusive processes.  Two of 

the projects in Chapter 9 are currently under review in two separate publications. 
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CHAPTER 2 

SINGLE MOLECULE SPECTROSCOPY INSTRUMENTATION AND 

ANALYSIS 

2.1. Abstract 

Single molecule spectroscopy allows for the observation of an individual 

molecule, the fundamental concentration detection limit, allowing access to molecular 

parameters and statistical distributions not available to the ensemble. This chapter 

provides background on single molecule spectroscopy and introduces the detailed 

methods for sample preparation, wide field TIRF instrumentation, and single particle 

tracking and super-resolution analysis developed to study chromatography and other 

materials presented in later chapters.    

2.2. General considerations and sample requirements 

2.2.1. History of single molecule spectroscopy 

A discrepancy exists in chemistry between the way molecular interactions are 

visualized and how they are commonly experimentally measured. Mechanistically, 

scientists often visualize the behavior of one molecule when explaining the concepts of 

nature they seek to understand.  Yet, the same molecules are experimentally measured as 

an ensemble, often on the order of 10
23

. It is often assumed that the molecules 

contributing to the ensemble average are behaving in identical ways, but it is impossible 

to know if heterogeneity is being obscured. Single molecule spectroscopy allows the 

behavior of individual molecules to be observed one at a time; the result is an 
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experimental method that parallels the molecular representations of chemistry, resolving 

heterogeneity hidden in conventional experiments.  

Single molecule spectroscopy was first reported in the foundational work of 

Moerner
33

 and Orrit
34

 detecting single molecules at cryogenic temperatures. The 

measurements by Moerner, et al. detected the absorption of single pentacene molecules in 

p-terphenyl with laser frequency modulation spectroscopy. Detection was limited by the 

shot noise of the laser, achieving signal-to-noise ratios of five.
35

 Orrit then demonstrated 

superior signal-to-noise ratios could be achieved for the same sample using 

fluorescence.
34

 In the simplest description of fluorescence, laser excitation is used to 

excite an electron from the ground electronic state to an excited state, as represented in 

the Jablonski diagram in Figure 2.1. The electron will be in an excited vibrational energy 

state within the excited electronic state and decay to the ground vibrational state through 

non-radiative processes. For fluorescence, the electron will relax radiatively back to the 

ground electronic state, emitting a photon red-shifted from the laser excitation. The red  

 
Figure 2.1. Jablonski diagram representing the basic energy principles behind 

fluorescence, the spectroscopic technique employed in single molecule spectroscopy. 
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shift in fluorescence is critical to allow the emission to be separated from the excitation 

with spectral filters for detection.   Compared to alternative spectroscopic phenomena 

such as absorption, Raman, or Rayleigh scattering, fluorescence with appropriate high 

quantum yield fluorophores can achieve high signals (~10
5
 photons/s) with practical 

instrumentation and sample preparation.  

During the quarter of a century since the technique was first demonstrated, 

capabilities at room temperature,
36-41

 in biological systems,
42,43

 and improved 

temporal
44,45

 and spatial
46,47

 resolutions have been developed. The field has recently been 

recognized by the 2014 Nobel Prize in Chemistry for “"for the development of super-

resolved fluorescence microscopy” (described in Section 2.4.2) a technique made 

possible through single molecule spectroscopy.
48 

2.2.2. Sample considerations for single molecule spectroscopy 

Utilizing appropriate sample conditions in fluorescent microscopy allows for 

single molecule detection. First, a low probe concentration, usually in the pM – nM 

range, is required to ensure only one molecule is detected at a time. Too high of a 

concentration could saturate the detector, increase the background, or lead to 

unresolvable molecules due to the diffraction limit of light.  Next, the sample must be as 

free as possible from contamination and defects, as Raman scattering or fluorescence 

from impurities decrease the signal-to-background ratio. Finally, the chemistry of the 

fluorescent probe used must be appropriate to the system of interest. For example, for 

studying the chromatographic separation of small, charged, organic molecules, the 

fluorophores themselves can serve as appropriate model molecules. Rhodamine 6G, 

BODIPY, or Alexa dyes can act as cationic, neutral, or anionic model analytes, 
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respectively.
49

 Alternatively, for the separation of biomolecules, natural fluorescent 

proteins, such as green fluorescent protein,
50,51

 or modified fluorescent proteins are used. 

In the latter, it is important to reduce as much as possible the perturbations to both probe 

and biomolecular function that are associated with labeling. Proteins can be labeled on 

native amino acids or mutated to contain a site-specific amino acid. Typically, lysine or 

cysteine residues are labeled through amine- or thiol-specific chemistry, respectively.
52

 

Due to the popularity of the single molecule spectroscopy and prevalence of fluorescence 

in biology, a large library of labeling probes is available through companies such as 

Invitrogen.  

Creative solutions to improve or exploit the photophysical drawbacks of 

fluorescence imaging have been presented in both sample and instrument forms. Single 

molecule fluorescence is inherently limited by photoblinking and photobleaching when a 

fluorophore enters a temporary or permanent dark state (Figure 2.1), respectively, either 

of which renders the probe useless for observation. Experimentally, fluorescent 

photophysics can limit the amount of data collected or lead to false analysis results; 

therefore it is desirable to increase single molecule fluorescent lifetime. Solution-based 

approaches have prevented photodynamic reactions where a combination of light and 

oxygen interact with the fluorophore and cause oxidative damage. Chemical methods 

have removed oxygen that either reacts as a free radical with the fluorophore or quenches 

excited fluorophores from solution; commonly using enzymatic-based scavenging 

solutions.
53

 A myriad of different solution cocktails
54-59

 and protective strategies
60,61

 have 

been offered and compared.
62

 When using chemical approaches, it is important to 

consider how the requisite pH and/or ionic conditions of the oxygen scavenging solution 
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are compatible with the sample. Alternatively, hardware approaches can be used to 

reduce adverse photophysics. The excitation intensity can simply be decreased, as the 

number of emitted photons per second increases linearly with incident intensity before 

reaching a saturating value.
63,64

 Reduced excitation intensity will indeed extend the 

observation time, but with the sacrifice of decreasing the signal-to-noise ratio. Therefore, 

excitation power should be selected to balance between reducing photophysical effects 

and obtaining adequate signal-to-noise ratio. Other hardware based approaches prevent 

unnecessary excitation of single molecule fluorophores through modulating the excitation 

in sync to the time-gated data acquisition and inherent data conversion time of the 

detector.
65,66

 An excitation modulation method developed in this work is detailed in 

Chapter 3. The signal-to-background ratio can also be improved by modulation of the 

dark and light state populations of a fluorophore using a modulated secondary laser to 

resolve signal from autofluorescent background.
67-69

 Finally, synthetic development of 

new fluorophores, both organic
70-72

 and biological,
73

 offers improved lifetimes as another 

route towards better fluorophores. 

2.2.3. Preparation of ion-exchange chromatography samples for single molecule studies 

For studies of ion-exchange chromatography in Chapters 5-7, a globular protein, 

α-lactalbumin, was fluorescently labeled with anionic Alexa 555 at the amine terminus 

and served as the model analyte.  This labeling strategy was selected to minimize 

perturbations to the anionic protein that electrostatically interacts with the ion-exchange 

stationary phase.  Alexa 555 succinimidyl ester (Life Technologies; abs/em maxima 

555/565 nm) was dissolved in dimethylformamide at a concentration of 10 mg/mL, and 

0.1 mL of this dye solution was slowly added to 1 mL of 10 mg/mL Ca
2+

-depleted α-
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lactalbumin dissolved in 0.1 M NaHCO3 buffer, pH 7.4, to preferentially label the protein 

amino terminus rather than lysine є-amino groups.
74

 The reaction was incubated at room 

temperature for 1 h with constant gentle mixing, and the reaction was then stopped by 

addition of 0.1 mL of freshly prepared 1.5 M hydroxylamine, pH 8.5. The labeled protein 

was dialyzed against water for 24 h and then against 10 mM Tris-HCl and 100 mM NaCl 

at pH 8.0 for 24 h. To ensure complete removal of the unincorporated fluorophore, PD-10 

desalting columns and/or gel filtration chromatography were used. Gel filtration was 

carried out on an AKTA Purifier10 using Sephadex 75 10/300 GL (GE Healthcare, 

Buckinghamshire, UK) with 10 mM Tris-HCl and 100 mM NaCl at pH 8.0 as running 

buffer. Fractions with an estimated fluorophore-to-protein ratio of 1.0 ± 0.2 were pooled 

and used for adsorption studies. The Alexa 555 labeled α-lactalbumin was diluted to 500 

pM in mobile phase buffer of composition as detailed in the respective chapters for single 

molecule spectroscopy studies.  

Ion-exchange chromatography stationary phases pose more challenges to single 

molecule spectroscopy sample preparation in comparison to silica modification in 

previous reports of reverse phase liquid
16-27

 and normal phase chromatography.
21,28-32

  

Because agarose is biologically-derived, autofluorescent impurities are difficult to 

eliminate. Selection of appropriate, high-purity materials must be performed to avoid 

false detection due to contamination or inability to resolve single molecules due to high 

background.  

In the presented work, agarose surface preparation and ligand immobilization was 

performed by aldehyde chemistry to form the stationary phase. Glass coverslips (No. 1; 

VWR, 22 x 22 mm) were cleaned at 80 °C for 90 s in a solution of 4% (v/v) H2O2 (Fisher 
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Scientific, Radnor, PA) and 13% (v/v) NH4OH, then cleaned with an oxygen plasma for 

2 min (PDC-32G; Harrick Plasma, Ithaca, NY; medium power). Several agarose 

suppliers were tested to find a source with low amounts of autofluorescent contamination. 

The selected agarose (type I low EEO, Sigma Aldrich), was diluted to 1% (w/w) and 

heated to 80 °C. Silicon templates (Grace BioLabs, Bend, OR) were attached to the cover 

slips and 1 mL of the hot agarose was spun onto each cover slip at 2000–3000 rpm using 

a Brewer Science Cee 200CBX precision coat-bake system. A custom flow chamber 

(Grace BioLabs) was then placed over the agarose thin film. Charged peptide ligands 

were attached to the agarose surfaces using aldehyde functionalities introduced by 30 min 

treatment with 20 mM NaIO4, as described by Afanassiev et al..
75

  After washing with 

deionized water and drying under a stream of helium, the activated surfaces were treated 

with a solution of the argininamide oligomer peptide (NH2-GGRnamide, [n = oligomer 

length], Biomatik, Wilmington, DE) in coupling buffer (100 mM Na2HPO4/NaH2PO4 

[EM Science, Gibbstown, NJ] and 150 mM NaCl [Mallinckrodt Chemical, St. Louis, 

MO], pH 7.2). The concentration of oligomer was based on the length, and hence, charge 

of the ligand; an identical offered charge concentration of 215 µM was used in all 

samples unless noted otherwise.
76

 The amide form of the peptide was used to eliminate 

the negative charge on the C-terminus to avoid creating a zwitterionic ligand, as 

previously described.
77, 78

 The guanidinium side group of arginine (pKa=12.5) is 

protonated at this pH, thus we expect it to be unreactive towards the agarose aldehyde 

reactive groups, and coupling through the N-terminal primary amine to be strongly 

favored.  The peptides were immobilized on the surface with several drops of 20 mM 

CNBH4 (Pierce, Rockford, IL) at 4 °C for 30 min. Excess uncoupled peptide was 
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removed by rinsing with coupling buffer, and unreacted aldehyde sites were reduced with 

66 mM of NaBH4 (in 25% EtOH/75% phosphate-buffered saline) at 4 °C for 5 min. The 

surfaces were finally rinsed gently with deionized water and stored at 4 °C, if not used 

immediately. Bare agarose surfaces were prepared following the procedure outlined 

above, but omitting the peptide from the coupling buffer. Silica surfaces are used as the 

cleaned coverslips. 

2.3. Wide field total internal reflection fluorescence microscopy 

2.3.1. Background and theory 

In previous studies of chromatography at the single molecule level, two different 

fluorescence microscope geometries (Figure 2.2) have been applied: confocal microscopy 

(Figure 2.2a-c)
16-18,20,22,23,25-27

and wide field TIRF microscopy (Figure 2.2d-f).
21,24,28-30

  In 

confocal microscopy, the excitation overfills the back of a high numerical aperture 

objective, leading to the focal volume being focused to the diffraction limit (Figure 2.2a) 

with a beam radius of ~200 nm and femtoliter volume. The focal volume can be held 

stationary and molecules detected as they diffuse through or the objective/sample stage 

can be scanned to obtain spatial information. Emitted photons are detected on a single-

element detector, usually a semiconductor-based avalanche photodiode, though 

photomultiplier tubes have also been used historically.
79 

The resulting signal can be the 

number of photons detected over time (Figure 2.2b) or single photons and their arrival 

time detected in a time-correlated single-photon counting setup
80

 that can be analyzed by 

fluorescece correlation spectroscopy (FCS), blip analysis, or reconstructed into an image 

(Figure 2.2c).  While confocal microscopy offers superior detector temporal resolution at 
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a single diffraction-limited point, imaging information is slow and limited by the raster 

scan rate of the stage. 

 
Figure 2.2. Summary of single molecule instrumentation, data, and analysis. (a-c) 

Representation of confocal microscopy. (a) Excitation geometry at an ion-exchange 

interface where fluorescently–labeled proteins are being detected. (b) Example intensity 

trace from one-dimensional detection of photons with an avalanche photodiode detector 

(APD). (c) Example of FCS analysis where slower diffusion is observed by increasing 

probe size (red < blue < green). (d-f) Representation of wide field TIRF microscopy. (d) 

Through-the-objective TIRF excitation geometry where excitation at a high angle (θ) 

creates an evanescent wave that only excites fluorophores (red) near the interface, while 

out of focus fluorophores (yellow) do not contribute to background signal. (e) Example 

two-dimensional image of single molecules detected on an EMCCD. (f) Analysis of data 

by super-resolution imaging, improving the spatial resolution from ~250 nm to ~30 nm. 
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Here, we use TIRF microscopy to image many single molecules simultaneously 

over a wide field of view. TIRF limits the focal volume to be within ~100 nm of the 

support/sample interface by using an exponentially-decaying evanescent wave for 

excitation. This reduces background from out of focus fluorophores above the interface 

(Figure 2.2d).  The formation of the evanescent excitation wave is achieved by passing 

the excitation light at a high angle, θ, relative to the critical angle, θc, as defined by 

Snell’s law, to allow for total internal reflection to occur at an interface: 

(2.1)      𝜃𝑐 = arcsin(
𝜂2

𝜂1
) 

 

where the η1 and η2 represent the refractive index of the substrate and sample, 

respectively. This high angle can be achieved through in two possible geometries, either 

using a prism or, as used in this work, passing the excitation at the edge of a high 

numerical aperture objective (Figure 2.2d). The totally internally reflected beam creates 

an evanescent wave that passes normal to the interface and its penetration depth, dp, 

decays exponentially according to:  

(2.2)      𝑑𝑝 =
𝜆

4𝜋√𝜂1
2 sin2 𝜃−𝜂2

2
 

where λ is the wavelength of the incident excitation. In typical TIRF measurements, dp 

~100 nm. The lateral size of the excitation in TIRF occurs over a wide field, typically 

~50 x 50 µm, allowing for a large area to be excited simultaneously (Figure 2.2e). The 

resulting wide field of excitation can be imaged on a two-dimensional array detector, 

such as an EMCCD, though newer scientific CMOS detectors are being used more often 

recently in single molecule spectroscopy.
45

 The resulting output, a movie comprised of a 

series of two-dimensional images, can be obtained at much faster time scales (~10 Hz) 
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than scanning confocal images and can resolve the dynamics of many molecules 

simultaneously.  Common analysis of the images can be performed by single particle 

tracking and super-resolution imaging (Figure 2.2f), as discussed in Section 2.4. 

2.3.2. Wide field total internal reflection fluorescence microscope constructed for 

studying ion-exchange chromatography 

A schematic of the wide field TIRF instrument constructed and used for 

measurements in Chapters 5-9 is shown in Figure 2.3. The setup has options for two 

excitation wavelengths (532 and 637 nm), acousto-optic modulators (AOMs) for 

alternating laser excitation,
81

 and two detection channels (ranges of 585 ± 32 and 685 ± 

35 nm). Either a 532 nm solid state laser (Coherent, Compass 315M-100SL) or a 637 nm 

diode laser (Coherent, OBIS 637 LX) are used for excitation. The beams are passed 

through separate AOMs (IntraAction, 402AF1) controlled by frequency generators 

(Fluke, 271-U 115V) before the diffracted first-order modes are combined onto the same  

 
Figure 2.3. Schematic of two color excitation/two color detection wide field TIRF 

microscope constructed in this work, including acousto-optic modulator (AOM) 

controlled by frequency generators (Freq. gen.) and electron-multiplying charge coupled 

device (EMCCD) detector. 
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path with a long-pass dichroic filter (Chroma, 565dcxt). The beams are expanded prior to 

focusing at the edge of a 1.45 NA, 100x, oil-immersion objective (Carl-Zeiss, alpha Plan-

Fluar) for through-the-objective TIRF microscopy. The TIRF excitation penetrates a 1/e 

depth of ~85 nm at an intensity of ~5 mW/cm
2
.  Emission is collected in an epi-

fluorescence setup and is separated from excitation with a dichroic mirror (Chroma, 

z532/633rpc) and notch filters (CVI, 623.8-25.0M and Kaiser, HNPF-532.0-1.0). Two 

dichroics (Chroma, T640lpxr) separate the emission and cross talk is reduced with 

bandpass filters (Chroma, ET685/70m and ET585/65m). The signal is detected on an 

EMCCD (Andor, iXon 897) at an electron multiplying gain of 300 and integration time 

of 30 ms for most studies, unless otherwise noted. 

2.4. Analysis of wide field single molecule data 

2.4.1. Particle tracking analysis 

Particle tracking analysis of TIRF data quantifies the diffusion dynamics of 

individual molecules. In particle tracking, molecules are identified in each frame of the 

resulting movie output of TIRF microscopy, their locations are found and recorded, and 

the trajectories of the motion of the molecules from frame-to-frame are constructed by 

connecting molecule locations between frames. The single molecule trajectories can be 

further analyzed to understand the rate, nature, and distribution of diffusion (Brownian, 

anomalous, etc.) through the mean square displacement analysis,
82-86

 van Hove 

distributions,
87-89

 the radius of gyration,
90

 and three dimensional spatial projections for 

curved interfaces.
91,92

 Compared to FCS analysis of confocal microscopy data, the 

diffusion dynamics in particle tracking can be found for each individual molecule instead 

of requiring many individual events to calculate quantitative information.  
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The single particle tracking analysis used in this work was developed in 

collaboration with Bo Shuang.
85,93

 The collected data is converted to a MATLAB 

(R2011b) compatible format as a series of frames. Each frame is convolved with a 3 x 3 

matrix of ones to increase the signal-to-noise ratio by two to three times.
94

 The local 

background and local noise levels are found and a corresponding intensity threshold of 

the background plus three times the standard deviation of the local noise is defined. 

Pixels above this threshold are identified as possible molecules and a radial symmetry 

algorithm
95

 is used to identify the centers.  A nearest neighbor method
96

 links particles 

from frame-to-frame to construct trajectories. The resulting trajectories are then finally 

analyzed to either calculate the distribution of displacements or the diffusion coefficient, 

D. A linear fit to the mean square displacement(<r
2
 >) vs. the time lag (t) can obtain the 

Brownian diffusion coefficient according to a linear fit of  <r
2
 > = 4Dt. Here, we use a 

mean square displacement analysis that uses maximum likelihood estimators to 

accurately calculate the diffusion coefficients for short trajectories that may have lapses 

in the particle locations due to photoblinking and photobleaching.
85

  

2.4.2. Super-resolution imaging 

Super-resolution imaging analysis of TIRF data can obtain spatial resolutions as 

small as ~10 nm (Figure 2.2f). Since the general principles were introduced,
46,47,97-99

 

super-resolution methods have primarily been used to image biological structures, but are 

finding increased application to synthetic materials and to understand dynamics. In 

localization-based super-resolution imaging, fluorophores stochastically turn on and off 

through the image series either through photophysical control or adsorption/desorption
100

 

such that only a few fluorophores are “on” at a time within a single frame. This allows 
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the centers of the isolated probes that appear as a diffraction limited spot (~250 nm in 

size) to be localized with ~10-20 nm precision by fitting to a two-dimensional Gaussian 

or related point spread function model;
95,101

 a statistical buildup of the locations of 

multiple “on” events leads to an image below the diffraction limit.  

2.4.3. Super-resolution imaging of ion-exchange chromatography samples by motion blur 

points accumulation for imaging in nanoscale topography (mbPAINT) 

We have developed our own analysis based on the diffusion and 

adsorption/desorption properties of fluorophores to simultaneously image and extract 

kinetics from ion-exchange ligands at a super-resolution level. While an alphabet soup 

worth of acronymed super-resolution techniques are available (STORM, PALM, PAINT, 

FIONA, FPALM, RESOLFT),
48,53,102,103 

most of these technique use permanent, 

stationary fluorophores to visualize the sample. This approach is limited, as 

photobleaching of the fluorophores limits the observation time of the sample. Also, the 

fluorophores only serve as labels to spatially distinguish the sample, and interactions 

between the labels and sample are usually not of interest. In our method, the small, 

fluorescent α-lactalbumin molecules can be selectively observed only when adsorbed to 

the interface, and are made unobservable by motion blur when freely diffusing even near 

the interface due to their rapid diffusion (D ~ 150 μm
2
/s)

104
 in bulk solution compared to 

the detector temporal resolution (16 Hz) (Figure 2.4a). Motion blur and the stochastic, 

low-density reversible adsorption of the protein to the ligands allows for super-resolution 

imaging and kinetic analysis in a technique we have termed motion-blur points 

accumulation for imaging in nanoscale topography (mbPAINT).
100
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Figure 2.4. Data analysis by mbPAINT to obtain super-resolution information. (a) 

Cartoon of Alexa 555-labeled α-lactalbumin protein at ion-exchange chromatography 

interface. The emission from the fluorescent label on the protein is only observable when 

it is adsorbed to the ion-exchange ligand, not when it is freely diffusing in the bulk due to 

motion blur of the signal compared to the integration time of the detector.  The signal 

from the adsorbed protein is observed as (b) a diffraction-limited point spread function. 

(c) The data from the point spread function emission (white dots) is fit to a 2D Gaussian 

(surface) to obtain the centroid location (blue x). (d) Centroids from ~100 adsorption 

events (black dots overlaid the diffraction limited image) localize the ligand to ~30 nm, 

shown in (e), the final super-resolution image. Scale bar = 200 nm. 

 

Collected data is converted to a MATLAB compatible format as a series of 

frames. Each adsorbed protein molecule appears as a diffraction-limited point spread 

function in a single frame (Figure 2.4b). Pixels with intensity above a threshold three 

times the standard deviation of a Gaussian fit to the intensity of all pixels within the 

frame are identified as having an adsorbed protein present. This provides 99.7% 

confidence that the pixel is above the background
105

 because the majority of each image 

is background noise, as ensured by using a low concentration of α-lactalbumin. A 

simplified center-of-mass method was used to find the intensity center of a four pixel 

radius of the identified pixels, similar to the method presented in Sergé, et al..
106

 The 

selected four pixel radius areas are fit to a two-dimensional Gaussian: 

(2.3)   B
yyxx

AyxI
yx












 





2

2

0

2

2

0

2

)(

2

)(
exp),(


 

 

where I(x,y) is the pixel intensities; A is the amplitude of the spot, and B is the local 

background; x0, y0 are the center of the spot (blue x, Figure 2.4c) ; σx and σy are the 
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standard deviation of the peak at x and y dimensions. Based on the statistics of photon 

counts for a stationary Alexa 555 fluorophores measured in Chapter 3 and the 

instrumental conditions, the temporal resolution of the analysis was studied, showing 

proteins exhibiting dissociation times 3 ms and longer were detected (Figure 2.5).  

The collective centroid locations of repeated adsorption and desorption of 

different proteins (Figure 2.4d) reveal the presence of specific functional adsorption sites 

where ion-exchange ligands are present. The center of the events on all the frames are 

used to generate a super-resolution image (Figure 2.4e) with 1/10 pixel size (6.4 nm) of 

the original wide field images. Each center is converted to a Gaussian peak  
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Figure 2.5. Simulation of Alexa 555 signal demonstrates proteins exhibiting desorption 

times of 3 ms and longer are detected by mbPAINT. Based on the statistics of photon 

counts for a stationary Alexa 555 fluorophore a single molecule will emit 2.7 ± 1.9 x 10
4
 

counts per 30 ms over 2πAσxσy pixels
2
.  Based on this intensity and the noise level, two-

dimensional Gaussian point spread functions were simulated with fractional intensities 

based on desorption times (dt) less than one frame (1-30 ms, indicated in figure). Proteins 

that are present for 3 ms or longer are detected based on the intensity threshold employed 

(three times the standard deviation of a Gaussian fit to the intensity of the pixels within 

the frame). The red line shows the cutoff value where our analysis will no longer detect 

the point spread functions. 
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deviation σ ~ 13 nm (or a full width at half maximum (FWHM) ~ 30 nm, determined to 

be the resolution of our images based on the spread of centroid locations as shown in 

Figure 2.4d and summed together to produce the final super-resolution image (Figure 

2.4e). 

2.4.4. Kinetics from super-resolved individual ligands by mbPAINT   

Because the mbPAINT image is constructed from the repetitive adsorption and 

desorption of α-lactalbumin to the chromatographic interface, kinetic information is 

contained in the data in addition to the super-resolution spatial information. Specific 

absorption (events occurring repeatedly at a ligand) versus non-specific absorption (weak 

associations at agarose interface occurring only at one frame) adsorption is first 

distinguished through correlation analysis. Based on comparisons to control samples, a 

threshold of a certain number of events, athreshold, is used to produce a standard two-

dimensional Gaussian peak  with a FWHM ~ 30 nm.  A value of athreshold = 5 per 1,000 

frames based on statistics of α-lactalbumin adsorption to agarose controls was used for 

the data in Chapter 5 and 6. This two-dimensional Gaussian was compared to the super-

resolution image by calculating the normalized cross-correlation between selected areas 

on the super-resolution image and the standard Gaussian peak; both were converted to 

one-dimensional vectors before the comparison .
107,108

 The normalized cross-correlation
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 where n is the number of pixels, f and t are the target 

vector and the standard reference vector, and σ is the standard deviation of the vector. If 

the normalized cross-correlation was smaller than 0.6, the identified maximum was not 

considered as a specific adsorption site. This excluded the adsorption sites with 

inseparable adsorption sites nearby from consideration of further analysis. If the 
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normalized cross-correlation was larger than 0.6, the center of the two-dimensional 

Gaussian peak was then defined as the location of a specific adsorption site.  

The kinetic adsorption and desorption kinetics of the identified specific adsorption 

sites are calculated.  The desorption time (i.e. dwell time of an individual α-lactalbumin), 

and adsorption time (i.e. the waiting time between one α-lactalbumin leaving and a new 

α-lactalbumin adsorbing), were obtained via counting the number and length of events 

from frame to frame. When events occurred in two (or more) adjacent frames at the same 

location, it was assumed the molecule stayed throughout the two frames without 

desorption and re-adsorption during the interval. This assumption is valid because 

statistically insignificant numbers of very fast events are expected at the utilized protein 

concentrations and corresponding adsorption/desorption rate constants. Cumulative 

distributions of the desorption and adsorption times were used, as they have been shown 

to be more sensitive to rare populations than the commonly used histograms, or 

probability distributions,
109

 and were obtained by an integration of the number of counts 

of the desorption and adsorption times at all locations. Kinetic information was obtained 

from fitting exponential decays to the cumulative distributions, according to 
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exp)'(  , where P(t’>t) is the probability of observing an event that 

is t long or longer, N is the number of components,  AN is the amplitude contribution, and  

τN is the decay time. The number of components for analyzing ensemble data was 

selected following standard curve fitting considerations
110

 and was due to the variability 

in kinetics from site to site.  
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2.5. Conclusion 

Overall, single molecule spectroscopy techniques reveal temporal and spatial 

information hidden in traditional ensemble techniques. Single molecule spectroscopy has 

matured into a developed field with routine sample preparation, instrumentation, and 

analysis that can be applied to understand chromatography at the fundamental 

concentration limit of a single molecule. Here, we have prepared Alexa 555-labeled α-

lactalbumin to measure at agarose-supported ion-exchange chromatography stationary 

phases. A wide field TIRF microscope was constructed, resolving single molecules at the 

interface with high signal-to-noise ratios using fluorescence.  Custom super-resolution 

and particle tracking analysis were written to determine the sub-diffraction limited ligand 

locations, single-protein/single-ligand kinetics, and diffusion information. 
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CHAPTER 3 

EXTENDING FLUORESCENT OBSERVATION TIME WITH AMPLITUDE 

MODULATED EXCITATION
*
 

3.1. Abstract 

We present a hardware-based method that can improve single molecule 

fluorophore observation time by up to 1500% and super-localization by 47% for the 

experimental conditions used. The excitation was modulated using an AOM  

synchronized to the data acquisition and inherent data conversion time of the detector. 

The observation time and precision in super-localization of four commonly used 

fluorophores were compared under modulated and traditional continuous excitation, 

including direct total internal reflectance excitation of Alexa 555 and Cy3, non-radiative 

FRET excited Cy5, and direct epi-fluorescence wide field excitation of Rhodamine 6G. 

The proposed amplitude-modulated excitation does not perturb the chemical makeup of 

the system or sacrifice signal and is compatible with multiple types of fluorophores. 

Amplitude-modulated excitation has practical applications for any fluorescent study 

utilizing an instrumental setup with time-delayed detectors. 

                                                 

 

*
Contents from this chapter have been published in the following journal article: Kisley, 

L.; Chang, W. -S.; Cooper, D.; Mansur, A. P.; Landes, C. F. Extending single molecule 

fluorescence observation time by amplitude modulated excitation. Methods Appl. 

Fluoresc., 2013, 1, 037001. 
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3.2. Importance of extending fluorophore lifetime 

The ability to observe single fluorescent molecules for extended periods of time is 

important for many different areas of research, such as quantifying nanometer-distanced 

structural information of protein dynamics
111-115

 and nucleic acids 
116-118

 by FRET,
119

 

quantifying diffusion dynamics of molecular machines and biomolecules by single 

molecule tracking,
85,120-124

 and understanding cellular dynamics such as motor protein 

movement
125,126

 and membrane signaling.
127

 Fluorescent molecular probes, while 

extremely useful due to their small size, high signal-to-noise ratio, and ease of use, are 

inherently limited by photobleaching. Photobleaching occurs when a fluorophore enters a 

permanent dark state due to chemical damage
63

 and renders the probe useless for further 

observation. This is in contrast to bulky colloidal beads,
87

 quantum dots,
128

 large 

vesicles,
129

 or thousands of fluorophores
130

 where photobleaching is not of concern.  

Extending the time until photobleaching is therefore appealing when single 

molecule fluorophores are required. For example, in particle tracking, increased dye 

observation time increases the number of points in a trajectory, leading to a more 

accurate estimate of the diffusion coefficient.
85

 In FRET, a prolonged observation time 

allows detection of state-to-state transitions in order to extract kinetic 

information.
111,114,115

 For super-localization studies, an increase in observation time 

increases the number photons collected, which improves the precision of localization.
131

  

Traditional approaches to reduce photobleaching introduced in Chapter 2.2.2 have 

drawbacks. Chemical scavenging solutions to remove oxygen
54-59,62

 often have pH and/or 

ionic conditions incompatible with samples, especially those in complex biological 

systems or in vivo studies. Reduced excitation intensity extends observation time, but also 
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reduces the signal-to-noise ratio that complicates identification and localization of single 

molecules in analysis. Finally, synthetic approaches creating improved fluorophores
70-73

 

do not offer an immediate solution for non-synthetic labs that depend on commercially 

available fluorophores. Also, fluorophores often require specific functionalization, such 

as N-hydroxysuccinimide or hydrazide, for labeling applications that may not be 

available with newly discovered fluorophores. 

Here we present a simple method to extend the observation time of fluorescent 

dyes that does not perturb the chemical makeup of the system or sacrifice signal, and is 

compatible with any existing fluorophore. This goal is achieved by modulating the 

excitation using an AOM synchronized to the data acquisition rate of the detector. The 

hardware setup modulates the excitation in our fluorescent microscope that utilizes a 

detector with inherent down time in data acquisition due to data conversion and storage. 

The modulated laser prevents the unnecessary and unobservable excitation of a 

fluorophore that ordinarily occurs during the dead time of the detector. Four commonly 

used fluorophores were studied by wide field microscopy, including directly excited 

Alexa 555 and Cy3 and non-radiative FRET excited Cy5 in a TIRF excitation geometry 

and directly excited Rhodamine 6G (R6G) in an epi-fluorescent setup. Improvements in 

dye observation time of up to 1500% and precision of super-localization of 47% were 

demonstrated with modulated excitation compared to traditional continuous excitation 

under the acquisition settings and powers used. The method described can be used in 

addition to standard chemical methods for improving dye photostability; can potentially 

be applied to a wide range of detection instrumentation including charge coupled devices, 
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CMOS cameras, or other time-delayed detectors; and is compatible with many different 

types of single fluorescent molecules, including those with or without oxygen scavengers. 

3.3. Methods 

Protocols have previously been described in Darugar, et al..
116

 All chemicals were 

received from Sigma Aldrich unless otherwise noted. Briefly, samples were prepared 

following standard streptavidin-biotin immobilization procedures. Glass coverslips were 

plasma cleaned and modified with a Vectabond (Vector Labs) surface according to 

manufacturer’s protocol. The samples were functionalized with biotin polyethylene 

glycol (PEG) 5000-NHS ester (JenKem Technology) and methyloxypolyethylene glycol 

5000 propionic acid N-succinimdyl ester (Fluka Analytical) at a 1:10 ratio. Custom 

hybriwell chambers (Grace Bio-Labs, 43018C) were applied over the PEGylated surface 

to allow for injecting and flowing different solutions. 

For Cy3 and Cy5 single molecule samples, transactivation response (TAR) DNA 

was used.
116,132,133

 The PEGylated slides were treated with streptavidin (Invitrogen) and 

either labeled with purified Cy3 (donor)- and Cy3/Cy5 (donor/acceptor)-labeled 

biotinylated TAR-DNA (TriLink Biotechnologies). Alexa 555 samples were prepared by 

injecting 17 μL of 50 pM Alexa 555 conjugated streptavidin (Invitrogen) diluted in a 

solution of 1x buffer (25 mM HEPES buffer, 400 mM NaCl) over the PEGylated surface 

for 10 s. Unbound molecules were rinsed out by injecting the chamber with 1x buffer. 

R6G samples were prepared by spin casting 1 nM R6G (Invitrogen) in 1% (w/w) 

poly(methyl methacrylate) (MicroChem) dissolved in toluene at 2500 rpm for 30 s on a 

KW-4A spin coater (SPI Supplies). 
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Cy3, Cy5, and Alexa 555 samples were imaged in the presence of reduction-

oxidizing oxygen scavenging system prepared based on the work of Vogelsang, et al..
54

  

The solution comprised of 1x buffer, 0.01% (w/w) glucose oxidase, 238 mM D-(+)-

glucose, 0.05% (v/v) catalase, 1 mM L-ascorbic acid, 1 mM methyl viologen dichloride 

hydrate, and 2 mM MgCl2. The oxygen scavenger was flowed in the single molecule 

sample chamber at a rate of 1 µL/min using a Kent Scientific Genie Plus flow system for 

dye lifetime studies.  

The wide field TIRF microscope described in Chapter 2.3.2 was used with 

electron multiplying gain of 300 and integration time (tcollect) of either 30 ms for the TAR 

DNA and R6G or 100 ms for the Alexa 555 samples. Alexa 555 required increased 

integration time compared to the Cy and R6G samples due to the lower quantum yield in 

order to obtain an adequate signal-to-noise ratio for analysis. A simplified schematic of 

the instrument setup is shown in Figure 3.1 highlighting the modulated excitation. Data  

 
Figure 3.1. Simplified schematic of single channel excitation and detection TIRF wide 

field microscope, highlighting amplitude modulated excitation by AOM controlled by 

frequency generators (Freq. gen.) and EMCCD detector.  
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analysis was performed by identifying and localizing single molecule point spread 

functions following the procedures used in single particle tracking and mbPAINT 

detailed in Chapter 2.4. The number of molecules per frame and the centroid position 

from the Gaussian fits were used in the reported results, as detailed later in this chapter. 

Curve fitting was performed using OriginPro 8.6. 

3.4. Results and discussion 

3.4.1. Modulation scheme 

Figure 3.2a shows a representative time trace of the detector collection in single 

molecule experiments that utilize an EMCCD or CMOS detectors. Two-dimensional 

detectors such as these have an inherent down time (tstore) needed to either vertically shift 

the collected signal of each pixel to the storage register and analog-to-digital conversion 

of the data for EMCCD detectors or for analog-to-digital conversion at each pixel with 

CMOS detectors. While the vertical shift time for a single pixel can be on the order of 

microseconds (1.7 µs for the experiments here), the array of pixels (here being 512 x 512 

pixels), leads to a tstore usually on the order of millisecond scale or higher to shift an entire 

frame for the most recent version of detectors.
45

 The time of tstore can rival that of the 

integration time of the detector (tcollect), such as with the Cy and R6G experiments in this 

work where tcollect = 30 ms and tstore = 32 ms. Although ultra-fast detection using 

subsections of detector chips is a possible alternative to reduce tstore , spatial information 

must be sacrificed. As a result, we focus on a basic collection scheme that utilizes the 

entire detection chip. 

In traditional single molecule experiments, the excitation laser is run continuously 

(Figure 3.2b) throughout the entire data collection and storage process. During tstore, the  
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Figure 3.2. Relation of detection scheme of (a) a typical EMCCD over time compared to 

(b) traditional and (c) modulated excitation. 

 

fluorophore undergoes excitation and emission cycles that are not recorded by the 

detector. Fluorophores can undergo a limited number of excitation and emission cycles 

before photobleaching, commonly on the order of 10
5
-10

6 
cycles.

63
 The cycles occurring 

during tstore contribute to this limited number, despite not adding any information to the 

data collected.  

We introduced a new modulated excitation scheme (Figure 3.2c) that extends the 

observation time of fluorophores by removing unnecessary excitation during tstore. The 

excitation was synchronized to detection using frequency generators and an AOM. In this 

work the EMCCD detector used had tstore = 32 ms. Two frequency generators were used 

in our setup to be compatible with an existing alternating-laser excitation (ALEX)
81, 135

 

arrangement.  The frequency generators were structured in a master-slave arrangement 
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but use of a single frequency generator or a daisy-chain setup would be a viable 

alternative option. The master frequency generator was set at a frequency of νrate, or the 

corresponding frequency at which a single frame of data is collected and stored on the 

EMCCD (νrate = 16.072 or 7.576 Hz for tcollect = 30 and 100 ms, respectively) and a low 

duty cycle (5%). A short pulse from the master frequency generator was sent both to the 

slave generator and EMCCD to synchronize the excitation and detection, respectively. 

The pulse sent to the slave generator triggered a series of pulses that were the same length 

as tcollect, here at a frequency of 1 kHz, duty cycle of 90%, and a burst count of 30 or 100 

bursts for 30 and 100 ms integration times, respectively. Because the bursts were at such 

a high frequency and symmetry it was equivalent to a continuous pulse over tcollect. The 

signal produced by the slave frequency generator was sent to the modulation driver of the 

AOM that gated the first order diffraction mode of the excitation laser “on” during tcollect 

and “off” during tstore. The gated excitation was synchronized to the detection by the pulse 

received by the EMCCD from the master frequency generator. Transistor-transistor logic 

reception of the pulse at the EMCCD triggered the collection of a frame at an integration 

time of tcollect as set in the detector software.  

3.4.2. Study of dye observation times – Cy3, Cy5, Alexa555, R6G 

Data of single molecule observation times were collected for direct TIRF 

excitation of Cy3 and Alexa 555, non-radiative FRET excited Cy5, and direct epi-

fluorescent excitation of R6G with the traditional and modulated excitation schemes. 

Figure 3.3 reports the percentage of single molecules emitting over time with respective 

dye observation times found by exponential fits. Single molecule statistics should be 

representative of bulk measurements, thus the time dependent intensity should follow a  
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Figure 3.3. Percent of single molecules remaining over time with respective fits and 

observation times reported for (a) Cy3 donor-TAR DNA excited directly, (b) Cy5 

donor/acceptor-TAR DNA excited non-radiatively by energy transfer via Cy3,(c) Alexa 

555 excited directly by TIRF, and (d) direct excitation with an epi-fluorescent geometry 

of R6G. Each curve is the average of three 1000 frame trials. 



  

38 

 

single exponential decay for a sample with a single fluorescent species present where the 

coefficient within the exponent is the dye observation time.
63

 

Improvements in dye observation time were found for each of the four different 

fluorophores studied, but to varying degrees. The directly TIRF excited fluorophores Cy3 

and Alexa 555 had a more significant improvement, by 215 and 1500%, respectively, 

while the FRET-excited Cy5 and direct epi-fluorescent excited R6G had improvements 

of 119% and 97%, as listed in Figure 3.3. Further shown dynamically in Figure 3.4, 

single Cy3 molecules can be identified throughout the time series, up to 50 s, with 

modulated excitation (Figure 3.4a) while with traditional excitation, close to all of the 

molecules have photobleached by this time (Figure 3.4b). Figure 3.4 also shows a larger 

percentage of the single molecules photobleach with traditional excitation. The observed 

improvements depend on the time scale of the detection scheme and excitation intensity; 

therefore, larger improvements in observation time may be possible for other 

experimental setups and time scales.   

 
Figure 3.4. Representative image sequence over time of Cy3 with (a) modulated and (b) 

traditional excitation used in Figure 3.3a. 
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These results show that amplitude modulation can improve  the observation time 

in a variety of conditions, including different families of fluorophores (cyanine, Alexa, 

and rhodamine), different excitation schemes (direct TIRF, FRET TIRF, and direct epi-

fluorescence), and  different sample conditions (aqueous oxygen scavengers, polymer 

matrix). Importantly for the latter, this demonstrates that our method can improve dye 

observation time for systems where oxygen scavengers are not compatible or may 

interfere with the experimental variables. For samples in which oxygen scavengers can be 

used, the extension in dye observation time is in addition to on top of those offered by the 

scavenging systems.  

It would be expected that all of the dyes would have an improvement that was 

proportional to tstore/tcycle (51.6 and 24.2% for Cy3/Cy5/R6G and Alexa 555, 

respectively). A possible explanation for this discrepancy may be that the chemical 

composition of the solution varies with the exposure time leading to variation in 

photobleaching rate. As stated earlier, photobleaching occurs when oxidative reactions 

irreversibly damage a fluorophore. The oxidative chemical make-up of the system may 

vary over the course of the experiment,
55

 along with possible pH changes
53, 56

 due to 

changes in the total exposure time of the solution to the excitation, the only variable 

within the study. Additionally, the photophysics of the dyes are complex and can vary 

based on intensity, pulsing, alternating of different wavelengths, and direct versus FRET 

excitation.  It has been found that for FRET measurements on confocal setups, pulsing of 

the laser on the order of 10 MHz can actually decrease the lifetime of the acceptor;
136, 137

 

this is likely why we see the lower amount of improvement in the Cy5 studies presented.  

Discrepancy between our observation of an improved observation of Cy5 compared to 
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the reported reduction in lifetime in Eggeling, et al. and Kong, et al. are likely due to the 

difference in the time scales of the pulsing. The resilience of fluorophores due to solution 

and photophysical conditions has been covered in the literature.
53-59, 136-138

 

3.4.3. Improved localization of single molecules with modulated excitation 

The burgeoning field of super-resolution microscopy
46, 47, 98, 99, 139, 140

, where the 

resolution defeats the diffraction limit of light (~250 nm), depends in many instances on 

the super-localization of single fluorophores. Traditionally, a two-dimensional Gaussian 

fit to the emission point spread function yields the centroid location of the molecule. The 

standard deviation of the Gaussian fit determines the precision of the localization and is 

inversely proportional to the square root of the number of photons collected .
131

 As an 

example application of how modulated excitation can improve super-resolution 

measurements, the localization of single molecules with and without modulation was 

compared. 

Amplitude-modulated excitation improves the precision of localization for Cy3 by 

47% for the experimental conditions used. Figure 3.5a and b reports the average two-

dimensional Gaussian fit for 294 and 242 Cy3 molecules measured with traditional and 

amplitude-modulated excitation, respectively. Because our samples were static, the 

location of single molecules was determined from a summed image of all the frames 

collected. Extended observation time also increases the number of localized points 

obtained over the course of individual frames, as shown in Figure 3.5c and d.  On average 

for the 294 and 242 Cy3 molecules measured with traditional and amplitude-modulated 

excitation, 39 ± 6 and 114 ± 25 points were obtained per molecule, respectively. From the 

respective fits in Figure 3.5a and b, the standard error in localization was calculated by 
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taking the product of the standard deviation in x and y (σx and σy determined from the 

Gaussian fit) divided by the square root of the amplitude of the fit. The error in 

localization was found to be 0.25 and 0.17 nm/photons
1/2

 for traditional and modulated  

 
Figure 3.5. Average two-dimensional Gaussian fit to summed single Cy3 molecule point 

spread functions and the respective relative standard error in localization for (a) 

traditional and (b) modulated excitation. Localized individual centroid locations from 

two-dimensional Gaussian fits in each frame for representative single Cy3 molecules for 

(c) traditional and (d) modulated excitation. 
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excitation, respectively. While the reported values for both the traditional and modulated 

excitation have a very high precision and would be adequate for most experiments, the 

concept here could be applied to systems that suffer from much shorter lifetimes and 

lower quantum yields than the Cy3 example presented. 

3.5. Conclusions 

We report a hardware-based method that can improve dye observation time by up 

to 1500% and super-resolution localization by 47% for the presented experimental 

conditions by synchronizing the excitation and detection rates. This method has practical 

applications for any experiment where photobleaching is of concern and uses detectors 

with a data storage time-delay that interferes with collection. Because it is a hardware 

approach, the method is compatible with any chemical makeup of a sample, including 

different fluorophore and solution conditions. This concept can be easily implemented in 

any current setup using excitation modulation, such as acousto-optic or electro-optic 

modulators for alternating-laser excitation 
81,135,141,142

 and polarization-modulated 

studies
143,144

, or a high-speed shutter system, as long as modulation and data acquisition 

can be synchronized. 
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CHAPTER 4  

CONNECTING SINGLE MOLECULE DATA TO THE ENSEMBLE: THE 

STOCHASTIC THEORY OF CHROMATOGRAPHY 

4.1. Abstract 

While single molecule experiments offer great information on the molecular 

mechanisms occurring in chromatography, the representation of data can seem distant 

from actual chromatographic elution columns. The stochastic theory of chromatography 

relates single molecule spectroscopy results to ensemble column performance. Pasti, et 

al. have shown how to unify the stochastic theory of chromatography with single 

molecule data and ensemble chromatography.
145

 Experimental realities can therefore 

inform, quantify, and predict the performance of chromatography through theory. 

Likewise, experimental single molecule work can provide valuable insight into related 

theoretical models. This chapter provides the historical and theoretical background of the 

statistical mechanical analysis used in Chapter 5 and Chapter 6.  

4.2. Historical development of the stochastic theory of chromatography 

Classical models used to quantify chromatographic performance are vague in their 

descriptions of the molecular processes occurring during separations. While plate theory 

is the most common model used throughout separations science and provides a successful 

measure to compare column performance, it fails to relate the extracted theoretical 

variables of plate height (H) and number of plates (N) to any physical aspects of 

chromatography and is inexact in its use of the random walk model.
146

 Also commonly 

used, the van Deemter equation
147

 considers measurable quantities of molecular and Eddy 
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diffusion and mass transfer kinetics. But the equation is derived from a macroscopic 

perspective and is regularly either empirically or theoretically adjusted to account for 

individual conditions or more complex physical phenomena.
148, 149

  

Alternatively, the stochastic theory of chromatography developed by Giddings 

and Eyring
150

 is founded on a molecular basis and relates the dispersion of peaks in 

chromatography to molecular adsorption interactions. The theory is derived from a 

probabilistic approach of one solute molecule adsorbing to a single type of adsorption site 

based on the following equilibrium: 

(4.1)     ][ IA

k

k

IA

d

a

  

 

where A represents the analyte, I the interfacial stationary phase, and [A-I] the 

immobilized analyte interacting with the interface where the adsorption- and desorption-

rates are described by ka and kd, respectively. Giddings and Eyring proposed that a 

Poisson distribution can represent the probability of a single analyte molecule associating 

with an adsorption site rm times (r number of stochastic adsorption events for a given 

time, t, in the mobile phase, m):
150
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Based on Equation 4.2, the stochastic theory has further been expanded for two-site and 

n-site adsorptions,
151

 but becomes increasingly complex as more sites are added, proving 

to be difficult to evaluate.  
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During the period of time the stochastic theory was developed, the ensemble 

experimental methods were an “n-site” problem,
151

 making it impossible to relate 

ensemble experimental observables to theory. The advent of single molecule approaches 

revived the stochastic theory, as the conditions and observations are exactly what the 

theory is based on: single solute molecules adsorbing and desorbing at single sites. 

Experimental conditions also almost ideally meet the assumptions made in the theory 

where 1) adsorption-desorption kinetics dominate over diffusion (i.e. there is no Eddy 

diffusion) and 2) the adsorption/desorption rates are time-independent and independent of 

one another. The theory was first confirmed experimentally for a single-adsorption site, 

single-analyte system using super-resolution imaging in the results that will be discussed 

in Chapter 5. We are therefore at a point where single molecule spectroscopy has made it 

possible to fill the gap noted by Giddings in his 1965 seminal work Dynamics of 

Chromatography: that “empirical work has not yet offered the type of precise, 

discriminatory data needed [to synthesize a whole picture of chromatography down to the 

molecular world itself]”.
146

 

4.3. Using the stochastic theory of chromatography to simulate ensemble elution 

profiles 

To relate single molecule data to the ensemble, Pasti, et al. expanded the 

stochastic theory to use single molecule spectroscopy results to model expected elution 

profiles.
145

 The stochastic theory was modified to account for discontiuous distributions 

of adsorption times that are observed single molecule spectroscopy by incorporating the 

canonical Lévy representation and relating it to the observed distribution of desorption 

times.
152

 The Poisson distribution in Equation 4.2 is first converted to the frequency 
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domain to express the stochastic process in the characteristic function formalism (ϕ) 

notation in the frequency domain (ω):
153

 

(4.3)       1expexp)|;(  smms ittt   

 

where ts is the overall time the analyte spends in the stationary phase, τs is the desorption 

time of each individual analyte adsorption event, and µ is the frequency of events. The 

Lévy formalism is then applied to accommodate the discontinuous single molecule 

distribution of τs :
152
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where k is the index of the discrete set of desorption times given by ΔF(τs,,i) that are 

observed in the single molecule experimental desorption time distributions. An inverse 

Fourier transform of Equation 4.4 to the time domain is then used to extract f(ts), the 

simulated chromatographic peak:  

(4.5)     )()|;(
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 . 

 

Therefore, the single molecule observations, ΔF(τs,,i), are unified to chromatographic 

peak distribution, f(ts). The resulting chromatograms obtained from single molecule 

experiment and analysis through the Lévy-modified stochastic theory of chromatography 

can be evaluated in terms of the standard deviation of the peak to relate to plate theory if 

so desired.  
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4.4. Predicting elution curves for α-lactalbumin adsorption to ion-exchange 

chromatography interfaces 

To extract the elution curves from the single molecule desorption distributions in 

the ion-exchange separation of α-lactalbumin presented in Chapters 5 and 6, Equation 4.1 

for our system is represented by the simple equilibrium equation: 

(4.6)     ][ ILA
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k
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d
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where αLA is the protein, I is the interfacial adsorption site, and [αLA-I] is the protein 

adsorbed to the specific adsorption site.  We then use the desorption kinetics extracted by 

analysis detailed in Chapter 2.4.4 as τs in Equations  4.3 - 4.5. The stochastic 

chromatographic theory was developed for columns, but the presented single molecule 

experiments do not have a given time within the column that determines rm in Equation 

4.4.  Instead, a basis value of rm = 100 was used to predict curves from single molecule 

data. The value was estimated based on experimental conditions, including observation 

volume, flow rate, protein concentration, and average number of detected events over 

time.  It is therefore valid to consider the resulting elution curves to be relative to one 

another but individually unique to the specific single molecule experimental conditions. 
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CHAPTER 5 

MECHANISTIC STUDIES OF CHARGE-CLUSTERED STATIONARY PHASE 

LIGANDS TO CREATE FUNCTIONAL ADSORPTION SITES
†
 

5.1. Abstract 

Chromatographic protein separations, immunoassay, and biosensing all typically 

involve the adsorption of proteins to surfaces decorated with charged, hydrophobic, or 

affinity ligands.  Despite increasingly widespread use throughout the pharmaceutical 

industry, mechanistic detail about the interactions of proteins with individual 

chromatographic adsorbent sites is only available via inference from ensemble 

measurements such as binding isotherms, calorimetry, and chromatography. In this work, 

we present the direct super-resolution mapping and kinetic characterization of functional 

sites on ion-exchange ligands based on agarose, a support matrix routinely used in protein 

chromatography.  By quantifying the interactions of single proteins with individual 

charged ligands, we demonstrate that clusters of charges are necessary to create 

detectable adsorption sites and that even chemically identical ligands create adsorption 

sites of varying kinetic properties that depend on steric availability at the interface. 

Additionally, we relate experimental results to the stochastic theory of chromatography. 

Simulated elution profiles calculated from the molecular-scale data suggest that if it were 

                                                 

 

†
Contents from this chapter have been published in the following journal article: Kisley, 

L.; Chen, J.; Mansur, A. P.; Shuang, B.; Kourentzi, K.; Poongavanam, M. -V.; Chen, W. -

H.; Dhamane, S.; Willson, R.C.;Landes, C. F. Unified superresolution experiments and 

stochastic theory provide mechanistic insight into protein ion-exchange adsorptive 

separations. Proc. Natl. Acad. Sci. USA 2014,111, 2075-2080. 
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possible to engineer uniform optimal interactions into ion-exchange systems, separation 

efficiencies could be improved by as much as a factor of five by deliberately exploiting 

clustered interactions that currently dominate the separations process only accidentally.  

5.2. Introduction 

The hundred-billion dollar global pharmaceutical industry relies increasingly on 

the painstaking purification of therapeutic biomolecules such as proteins and nucleic 

acids.
5
 Separation of biologics is often performed using ion-exchange chromatography on 

stationary phases supporting singly-charged ligands,
154,155

 and constitutes an expensive, 

bottlenecking step in production. Improving bioseparations is thus highly desirable,
156,157

 

yet a molecular scale, mechanistic understanding is lacking, for ion-exchange 

chromatography in particular.
158

 Mechanistic detail is lost in ensemble analyses, 

reflecting the inherent heterogeneity of both the adsorbed biomolecules and the porous 

stationary phase supports.
7
 Ensemble adsorption isotherms, however, suggest the 

likelihood that protein and nucleic acid separations in ion-exchange columns may involve 

random ligand clustering.
77,78,159

 Additional support for such an assertion lies in the 

implementation of stationary phases of very high charge density by polymerization of 

charged monomers or layer-by-layer deposition,
160-162

 and in the demonstration that 

patches of high charge density on proteins often play a disproportionate role in their 

adsorption.
156,158,163-166

  In this work we provide direct evidence of the importance of 

charge-clustering in ion-exchange systems by direct observation of individual adsorption 

sites. 

Although the role of multivalency is broadly accepted and exploited in a wide 

range of associative and adsorption processes including some types of chromatography, 
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167-173
 the same level of understanding does not exist for clustered-charge interactions in 

ion-exchange because by definition it is understood to be a straightforward electrostatic 

process, involving longer-range interactions. Our historic understanding of the role of 

cooperativity and geometric multivalency in adsorptive separations has been acquired 

from a combination of ensemble measurements and subsequent fitting with one of several 

empirical models, to acquire, for example, the appropriate isotherm coefficients, and such 

data usually is extended to the modeling of chromatographic processes by a purely 

phenomenological ‘plate’ theory based on continuum mechanics.
174-177

  

Here, we apply super-resolution single molecule spectroscopic methods, as 

described in Chapter 2 to study single protein ion-exchange adsorption on a realistic 

support, and combine the single-site kinetic data with the stochastic theory, as detailed in 

Chapter 4.  We observe functional protein adsorption sites directly, and demonstrate not 

only that clustered-charge ligands provide detectable, functional adsorption, but also 

show that even chemically-homogeneous clusters of charge give rise to sites of varying 

kinetic properties due to steric factors. We observe that detectible localized adsorption of 

α-lactalbumin only occurs at clusters of charges, while adsorption of proteins to 

individual singly-charged ligands for longer than 3 ms is unobservable under our 

experimental conditions, unless the ligands are intentionally but randomly clustered at 

high ligand densities. The onset of clustered-ligand behavior and specific adsorption is 

shown to occur at lower total charge density with engineered charge oligomers compared 

to random (stochastic) clustering of single charges. By extracting single protein 

adsorption and desorption kinetics at individual ligands, direct experimental evidence in 

support of the stochastic theory is obtained. Kinetic analyses are used to demonstrate the 
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heterogeneity of kinetics even on chemically-identical clusters of charge, and a 

mechanistic relationship between on- and off-rates was observed, due to the varying 

steric availability of the peptides. Finally, by extending the stochastic theory
145

 to model 

macroscale observables, the single molecule kinetics are used to simulate ensemble 

chromatographic elution profiles. The elution profiles establish that, if feasible, the 

engineering of ligand clustering could improve elution plate heights by a factor of five 

compared to randomly-arranged single charges. More broadly, this work demonstrates 

the possibility of achieving a molecular-scale understanding of well-established processes 

such as protein chromatography, ELISA, and biosensing. 

5.3. Methods 

As described in detail in Chapter 2, super-resolution mbPAINT image analysis 

was performed on the ligand-functionalized agarose supports while the Alexa 555 α-

lactalbumin, in 10 mM NaCl, pH 8.0, 10 mM Tris buffer diffused in solution over the 

interface. A flow system (Genie Plus, Kent Scientific) at 1 µL/min was used to introduce 

new proteins to the sample throughout the measurement. The low flow rate ensured 

negligible net diffusion of the protein. Higher flow rates of up to 10 µL/min were used to 

test the effect of flow in control measurements (Figure 5.4). Stationary phases compared, 

illustrated in Figure 5.1 include engineered clustered-charge penta-argininamide-

functionalized agarose (penta-argininamide) (Figure 5.1a, d), traditional singly-charged 

mono-argininamide-functionalized agarose (mono-argininamide) (Figure 5.1b, e), and 

un-functionalized agarose support (Figure 5.1c, f). Mono-argininamide and argininamide 

oligomers were used to compare ligands bearing isolated and clustered charges.  
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Control measurements of agarose and statistical analysis determined a threshold 

of five events to distinguish specific interactions with ligands from non-specific 

interactions with agarose. The average desorption time of a molecule on the control 

agarose samples was < 1.01 frame (Table 5.1). Since the desorption time would be 

expected to be Poisson distributed, the probability of a molecule that lasted x frames was

!/);( xexf x   , where λ = 1.01 is the average dwell time in frame. The probability of 

a random non-adsorbing molecule with ≥ 5 detected events was < 0.4% based on Poisson 

statistics (or 0.03% directly calculated from Table 5.1). See Chapter 2.4.3 for further 

details. 

Table 5.1. Summary of desorption times of the identified molecules on bare agarose 

control sample and 215 µM mono-argininamide 

Desorption time 

(frames) 
1 2 3 4 

5 and 

above 

Average desorption 

time (frames) 

Agarose 6427 30 2 1 2 1.01 

Mono-

argininamide 
8007 26 3 4 3 1.01 

 

5.4. Results and discussion 

5.4.1. Super-resolution imaging at single ligands demonstrates that specific α-

lactalbumin adsorption is detectable only at clustered-charge peptides 

As shown in Figure 5.1d-f, only the clustered-charge penta-argininamide 

stationary phase induced specific protein adsorption within the time resolution of the 

experiment. α-Lactalbumin interacted repeatedly at individual locations on the clustered-

charge stationary phase (Figure 5.1d), indicating specific adsorption sites where penta-

argininamide was present. Non-specific interactions with the porous agarose interface  
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Figure 5.1. Super-resolution imaging at respective ion-exchange interfaces with variable 

ligand charge density. (a-c) Schemes and (d-f) super-resolution images for α-lactalbumin 

at three stationary phase interfaces: (a, d) penta-argininamide, (b, e) mono-argininamide, 

and (c, f) agarose, respectively. Data collected from 3,000 frames over 3.1 min are 

shown. Protein structure from PDB based on Chandra, et al..
182

   Scale bars are 200 nm. 

 

distinguishable by statistical analysis were observed with all supports because at the low 

ligand loading used to achieve single-molecule-appropriate conditions, the majority of 

the surface is bare agarose.  

Despite the fact that singly-charged ligands are commonly used (at higher ligand 

densities) in ion-exchange adsorbents, the super-resolved images in Figure 5.1e show that 

all α-lactalbumin interactions at the sparse mono-argininamide interface were 

indistinguishable within our instrumental capabilities from the non-specific steric 

interactions observed at the bare agarose interface in Figure 5.1f. With the mono-

argininamide, out of 8,007 events analyzed, only three of the events were observed to 

have a single protein bound to a single location for longer than the five frame threshold, 

similar to the frequency for the control agarose sample (Table 5.1).  Moreover, there were 
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no repeated adsorption events at any of the 30 nm super-resolved locations on mono-

argininamide supports. Overall, the results of  Figure 5.1 shows the importance of charge-

clustering to adsorption via super-resolution image analysis. 

5.4.2. Comparison of the onset of specific adsorption investigated with engineered 

oligomer clustered-charges vs. stochastic clustering of single charges 

The onset of detectible specific protein adsorption was tested as a function of 

increasing oligomer length (Figure 5.2), and was observed to occur with tri-argininamide, 

after which a trend of increasing affinity with oligomer length was observed. The number  

 
Figure 5.2. Engineered peptide oligomers onset clustered-charge, specific adsorption of 

α-lactalbumin between di- and tri- oligomer length. Number of specific adsorption sites 

(per 160 µm
2
, 60 s) is reported on each plot with cartoon representations of the synthetic 

oligomer ligands overlaid.  The preparation charge concentration (215 µM) was the same 

for all samples during substrate modification.  Representative super-resolution images are 

shown for each corresponding color-coded point. Scale bar is 1 µm. Dashed line shown 

as guide for the eye. Error bars represent the standard deviation from five different 62 s 

trials taken from the three different areas of the same sample. 
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of specific adsorption sites as a function of oligomer length, along with their respective 

super-resolution images, are reported in Figure 5.2. No specific adsorption events were 

observed for mono- or di-argininamide. Only with tri-argininamide and higher oligo-

peptide lengths were specific adsorption events identifiable; this result of course could 

vary with protein charge and solvent conditions. Based on the localized cation affinity 

site of aspartate residues between the two subdomains of α-lactalbumin,
178

 it is consistent 

that the onset of protein-ligand adsorption occurs between di- and tri-peptides. The 

number of specific adsorption events increased with oligomer length from tri-, tetra-, to 

penta-argininamide due to increased electrostatic interaction energy with oligomer 

length.
179

 It is important to note the large spread in detected adsorption sites for the penta-

argininamide ligands among the multiple trials. There are several possible explanations 

for this observation, including variations in steric availability of the ligands, which will 

be further addressed in Figures Figure 5.4 and Figure 5.5. As the maximum number of 

events was observed with penta-argininamide, the work presented on clustered-charge 

ligands in the remainder of this paper focuses on this ligand.    

If the hypothesis that clusters of charge are necessary for specific protein 

adsorption is correct, stochastic clustering of single charges must occur in commercial 

adsorbents bearing high concentrations of singly-charged ligands.  This hypothesis was 

tested by systematically increasing mono-argininamide loading between factors of 2 to 

1,000 times those used (215 µM) in the experiments described above (Figure 5.3). The 

numbers of specific adsorption sites and super-resolution images were recorded. Protein 

interactions remained indistinguishable from the bare-agarose control as ligand densities 

increased by factors of 2 - 750, becoming specific only at a ligand charge density three 
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orders of magnitude higher than the level initially used for the penta-argininamide 

samples in Figure 5.1d. After the threshold was reached, many adsorption sites were 

observed, as shown in the super-resolution image (Figure 5.3, light blue).  The onset of 

clustering and adsorption is consistent with previous ensemble studies at and above this 

threshold by Wu and Walters.
159

 Because these sites were due to stochastic clustering, it 

remains unknown how many mono-argininamide ligands were present at each site. 

Heterogeneous protein adsorption at the stochastically-distributed mono-peptide clusters 

would be expected to yield a broad distribution of adsorption kinetics and a highly non- 

 
Figure 5.3. Stochastic clustering of monomers to specifically adsorb α-lactalbumin 

requires high peptide loading. The grafting density of mono-argininamide density was 

increased, reported as a multiple increase from the benchmark preparation charge 

concentration of 215 µM used in Figures 5.1 and 5.2. Representative super-resolution 

images are shown for each corresponding color-coded point. Scale bar is 1 µm. Dashed 

line shown as guide for the eye. Error bars represent the standard deviation from five 

different 62 s trials taken from the three different areas of the same sample. 
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Gaussian column elution profile, as quantified in further analysis, below. The data shown 

in Figure 5.3 suggest that the formation of mono-argininamide clusters is rare, likely due 

to electrostatic peptide-peptide repulsion, and explains the high ligand loading required 

for commercial stationary phases (~100 mM). By comparing intentionally clustered 

(Figure 5.1d and Figure 5.2) and stochastically clustered (Figure 5.3) peptide interactions, 

it can be concluded that the engineered clustering of peptide charges produces functional 

adsorption sites at much lower ligand concentrations than does stochastic arrangement of 

single charges. 

5.4.3. Kinetic characterization of individual sites reveals kinetic heterogeneity of 

chemically-identical charge clusters 

A kinetic analysis of single α-lactalbumin adsorption at single penta-argininamide 

peptides (Figure 5.4) offers the first direct experimental test of the physical model 

proposed in the stochastic theory:
146, 150, 151

 single analyte adsorption to a single ligand. 

For each identified adsorption site, the desorption time was defined as the dwell time 

from when a protein was first observed until it was not, while the adsorption time was the 

time between the end of one adsorption event and the beginning of the next adsorption 

event.  Desorption and adsorption times for individual protein-ligand adsorption events at 

each specific adsorption site (Figure 5.4a) were extracted as reported in Figure 5.4b and 

c. To maximize the resolution of each stochastic adsorption event, the frequency of 

events per site was controlled to be low by maintaining a low protein concentration in 

solution (Table 5.2). The distributions of these times were plotted as cumulative 

distributions, for increased sensitivity to rare events
180

 compared to population density 

(histogram) distributions (Figure 5.4b and c).  
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Figure 5.4. Kinetics and elution profiles obtained from single molecule data. (a) Super-

resolution image of α-lactalbumin at the penta-argininamide interface with individual 

ligands used in (b-e) noted by colored circles. Cumulative distributions of (b) desorption 

and (c) adsorption times and respective fits (solid lines) for the four individual penta-

argininamide adsorption sites. (d) Relationship between kd and ka for 53 individual sites, 

with displayed locations in (a) noted by colored circles. A linear trend is observed 

indicated by the dashed line, as opposed to a two-dimensional normal distribution 

represented by the grey circle (mean ± standard deviation) (e) Relative predicted 

ensemble isocratic chromatographic elution profiles for the four individual penta-

argininamide ligands obtained from the stochastic theory. Data were obtained over 5.2 

min. 
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Table 5.2. Summary of α-lactalbumin kinetics at individual ligands in Figure 5.4. 

Color No. events kd (s
-1

) ka (s
-1

) 

Blue 20 5.6 35.9 

Green 32 11.3 14.7 

Orange 54 39.0 2.2 

Black 58 29.8 3.5 

    

Each specific adsorption site exhibited single-exponential decay kinetics, and a 

least squares fit extracted the respective desorption (kd) and adsorption (ka) rate constants 

(Table 5.2). That each individual site exhibits a single decay validates the second 

assumption of the stochastic theory, namely that a non-varying rate constant describes 

each individual adsorption site 
150

. In addition, this result supports the stochastic model of 

a Poisson-distributed process for α-lactalbumin adsorption-desorption at each site, with 

each site corresponding to an individual penta-argininamide ligand (i.e. our distribution 

of penta-argininamide molecules is not ≥ 2 sites/30 nm). Further, these results confirm 

that diffusion is not the rate-limiting step within the adsorption-desorption process. 

Additional controls supporting negligible net diffusion include constant desorption 

kinetics comparisons at varied flow rates (Figure 5.5a).  

Comparing the kinetics among distinct adsorption sites, however, reveals 

heterogeneity, as depicted in Figure 5.4b and c by the distribution of decay kinetics at the 

four different sites. To understand the origin of this adsorption-desorption heterogeneity, 

the distribution of kd and ka for 53 individual penta-argininamide adsorption sites is 

shown in Figure 5.4d on a double logarithmic scale. If kd and ka were truly independent 

for a single type of adsorption site, as described by the pure stochastic theory,
146

 the 

comparison depicted in Figure 5.4d would yield a two-dimensional Gaussian with a 

spread indicative of the experimental noise and uncertainty in rate constant fitting (Figure 

5.4d, grey oval). Instead, an inverse relationship is observed, indicated by the least 
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squares fit shown as a dashed line in Figure 5.4d. This suggests a more complex 

relationship between the adsorption and desorption of the protein than the theory 

describes. 

There are several possible explanations for the inter-site adsorption-desorption 

heterogeneity. Because the variation occurs only between sites, and not at the same site, 

any variability in valence and geometry from the analyte or mobile phase can be ruled 

out. Further evidence in support of this assertion, in the form of an investigation into the 

role of potential flow-induced shear force (Figure 5.5a). Figure 5.5a shows the respective  

cumulative desorption time distributions at an ensemble level of α-lactalbumin adsorption 

only at specific sites.  The identical behavior of adsorption kinetics at the different flow 

rates reported shows the low flow rate used in our reported experiments and results does 

not impart any strong forces on the protein that would influence the observed kinetics.   

Experiments performed by varying the agarose concentration from 1-3 %, and hence the 

agarose pore size,
181

 suggest that steric availability of the peptides is the most likely 

source of the observed site heterogeneity (Figure 5.5b, c). As pore size decreases, fewer 

adsorption events are observed (Figure 5.5b) and the events last for shorter periods of 

time (Figure 5.5c). Steric screening of peptides impairs protein interaction with the 

charged ligand, reducing interaction energy, leading to shorter desorption times and 

longer adsorption times, and the inverse relationship between ka and kd observed. This is 

consistent with our previously reported findings on the importance of agarose sterics in α-

lactalbumin separations
104

 and is one reason why affinity chromatography supports often 

utilize a “spacer arm” between ligand and matrix.
76

 Future studies using the single- 
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molecule technology developed in this work will investigate the use of spacer arms with 

clustered-charge peptides to control steric effects. 

 
Figure 5.5. Variation of (a) flow rate and (b, c) agarose percentage to test possible 

explanations of kinetic heterogeneity. (a, c) Cumulative distributions of desorption times 

over an ensemble of ligands and (b) number of specific adsorption events observed. 
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5.4.4. Single molecule kinetics included in the stochastic theory inform ensemble elution 

profiles indicating that molecular-scale control can improve macroscale protein 

separations 

Direct measurement of kinetic rate constants for single proteins adsorbing to 

individual ligands allows us to relate the microscopic stochastic theory to a macroscopic 

observable, the chromatographic retention curve (Figure 5.4e, Figure 5.6). Curves were 

modeled according to the statistical mechanics detailed in Chapter 4. Desorption 

cumulative distributions for the four individual sites depicted in Figure 5.4b, c were used 

to simulate the characteristic elution curves for hypothetical columns populated purely 

with one of the four adsorption sites (Figure 5.4e). The variability of the elution curves in 

Figure 5.4e demonstrates the macroscopic effects of the inter-site heterogeneity due to  

the steric variation discussed earlier.  Overall, however, the influence of inter-site 

heterogeneity was drastically reduced when all 603 events for the penta-argininamide 

support are considered as an ensemble (Figure 5.6, red curve). The penta-argininamide 

curve is dominated by a Gaussian distribution, with only slight fronting due to the 

heterogeneity in adsorption/desorption kinetics depicted in Figure 5.4e.  

In contrast, the simulated elution profile for high-density mono-argininamide 

shown in the light blue curve in Figure 5.6 demonstrates that elution peak broadening and 

asymmetry result when stochastic clustering dominates the adsorption kinetics. The 

kinetics of events (n = 1,706) at all identified specific adsorption sites for the high 

loading density induced stochastically-clustered single-charge mono-argininamide 

(Figure 5.3; Figure 5.7 shows example stochastically-clustered mono-argininamide single 

site kinetics) were used to extract the light blue elution curve in Figure 5.6. This result is  
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Figure 5.6. Relative ensemble isocratic chromatographic elution profiles for ensemble of 

specific adsorption events for penta-argininamide (Figure 5.1 and 5.2, red; n = 603) and 

clustered mono-argininamide (Figure 5.3, light blue, 10 x 10
4
 %; n = 1,706). Data were 

obtained over 5.2 min. 

 

 
Figure 5.7. Distribution of heterogeneous desorption kinetics four different mono-

argininamide specific adsorption sites at 1000x loading density. (left) Cumulative 

distributions with respective single exponential fits and (right) the respective τd values. 

 

consistent with the notion that stochastic clustering is by definition heterogeneous in 

comparison to engineered clustering.  

The potential practical improvement in separations efficiency provided by 

engineered vs. stochastically clustered-charge ligands can be calculated by relating the 

elution curves shown in Figure 5.6 to the plate theory of chromatography.
174
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comparison of the plate heights (H) between the two samples presented in Figure 5.6 can 

be made by taking the ratio of the square of the standard deviations of Gaussian fits to the 

peaks. The resulting Hmono/Hpenta = 4.55, showing that plate heights potentially could be 

greatly reduced if it were possible to optimize the nature of the functional sites in ion-

exchange chromatographic matrices, and also illustrates the potential for modeling 

macroscopic separations behavior from the fundamental properties of individual 

functional sites.  Further improvements in this system also could be achieved by reducing 

the sterically-induced heterogeneity in adsorption/desorption kinetics of functional 

adsorption sites.  While the very low ligand and protein concentrations used in the 

present study to prevent optical or functional overlaps are poorly-compatible with 

standard column chromatography, the approach presented here is applicable to the 

characterization of higher-density conventional adsorbents usable in columns, as well as 

to other protein-surface interactions. 

5.5. Conclusions 

Several important conclusions can be drawn from this first molecular-scale 

investigation into protein ion-exchange chromatography by super-resolution techniques 

and the stochastic theory. (1) It is possible to apply the latest in optical imaging 

methodology to map functional adsorption sites in realistic agarose adsorbents with a 

resolution at least an order of magnitude smaller than the wavelength of light. (2) 

Clustering of charges is necessary for detectable ion-exchange adsorption under the 

conditions tested. (3) Engineering clusters is potentially more effective than relying on 

stochastic clustering. In order to create adsorption sites that specifically retain α-

lactalbumin proteins on the agarose substrate, 215 µM preparation charge concentration 
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is enough for the argininamide oligomers that have lengths of three or more monomers, 

while 1,000 times as much, at least 200 mM, is required if monomers are used. (4) For 

the first time, the second assumption of the stochastic theory was confirmed to be valid 

by an experimental protein-ligand adsorption system: a non-varying rate constant 

describes each individual adsorption site. (5) Even chemically-identical charged ligands 

give rise to kinetically-heterogeneous single-protein adsorption-desorption kinetics, 

which we ascribe to steric effects. This heterogeneity between adsorption sites helps 

explain the unwanted fronting observed in bulk chromatographic protein separations. (6) 

The simulated elution profiles produced by combining the extracted single molecule 

results and the stochastic theory lead us to speculate that a five-fold improvement in 

separations efficiency, as defined by theoretical plate height, could result if it were 

possible to extend the single molecule results to a realistic separations medium. In 

summary, the current work offers a molecular-scale method to fundamentally understand 

the mechanisms of protein chromatography, as well as other processes involving protein 

adsorption such as immunoassay and biosensing. 
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CHAPTER 6 

HIGH IONIC STRENGTH NARROWS THE POPULATION OF SITES 

PARTICIPATING IN PROTEIN ION-EXCHANGE ADSORPTION
‡
 

6.1. Abstract 

The retention and elution of proteins in ion-exchange chromatography is routinely 

controlled by adjusting the mobile phase salt concentration. It has repeatedly been 

observed, as judged from adsorption isotherms, that the apparent heterogeneity of 

adsorption is lower at more-eluting, higher ionic strength. Here, we present an 

investigation into the mechanism of this phenomenon using single-molecule, super-

resolution imaging. We observed that the number of functional adsorption sites was 

smaller at high ionic strength and that these sites had reduced desorption kinetic 

heterogeneity, and thus narrower predicted elution profiles, for the anion-exchange 

adsorption of α-lactalbumin on an agarose-supported, clustered-charge ligand stationary 

phase. Explanations for the narrowing of the functional population such as inter-protein 

interactions and protein or support structural changes were investigated through kinetic 

analysis, circular dichroism spectroscopy, and microscopy of agarose microbeads, 

respectively. The results suggest the reduction of heterogeneity is due to both 

electrostatic screening between the protein and ligand and tuning the steric availability 

                                                 

 

‡
Contents from this chapter have been published in the following journal article: Kisley, 

L.; Chen, J.; Mansur, A. P.; Dominguez-Medina, S.; Kulla, E.; Kang, M. K.; Shuang, B.; 

Kourentzi, K.; Poongavanam, M. -V.; Dhamane, S.; Willson, R.C.;Landes, C. F. High 

ionic strength narrows the population of sites participating in protein ion-exchange 

adsorption: A single molecule study. J. Chromatogr. A 2014, 1343, 135-142. 
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within the agarose support. Overall, we have shown that single molecule spectroscopy 

can aid in understanding the influence of ionic strength on the population of functional 

adsorbent sites participating in the ion-exchange chromatographic separation of proteins.  

6.2. Introduction 

Ion-exchange chromatography is an essential tool of the modern pharmaceutical 

industry. The cost of purification of pharmaceutical proteins remains high and may reach 

up to 50% of the total cost of goods.
183

 This expense motivates efforts toward a more 

fundamental understanding of the complex competitive interactions of mixtures of 

proteins with heterogeneous polymeric adsorbents.
184-186

 Adsorption isotherm 

measurements have traditionally been used to quantify the relationship between adsorbent 

properties, such as the dissociation constant and capacity, under varying ionic strength, 

pH, and other mobile phase conditions.  Adsorption data often are fit with empirically-

determined constants that modify the Langmuir and other adsorption isotherm 

models.
78,166,169,175,187-192

 Alternatives to the idealized Langmuir model have been applied 

to protein adsorption data, both to capture the expected non-idealities of the process, and 

to better fit the observed heterogeneities of protein adsorption data.
191-193

 

A variety of sources can lead to the observed heterogeneity of protein adsorption, 

including intrinsic variance of the adsorbate molecule population due to differences in 

post-translational modifications, translational inaccuracy, and post-synthesis 

modifications such as deamidation and oxidation,
166

 inter-protein electrostatic repulsion 

and steric overlap,
166,189

 and irregularities in the adsorbent surface.
194

 Because adsorption 

heterogeneity is observed even with uniform adsorbate populations and at very low 

loadings,
195

 it is likely that inherent heterogeneity of the adsorbent surface commonly 
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plays the larger role. Adsorbent heterogeneity can arise from a range of potential causes, 

including steric accessibility and constraint, surface entropy and mobility,
191

 and the 

stochastic clustering of ligands on the adsorbent surface as reported in Chapter 5.
196

 We 

have found that while adsorbents based on pre-organized, penta-valent clustered-charge 

ligands show higher protein affinity and capacity than adsorbents of the same total 

density of charge randomly distributed, isotherms for protein adsorption even on these 

nominally-homogeneous adsorbents show heterogeneity.
78

 This observation further 

implicates adsorbent steric and surface mobility properties as a ubiquitous source of 

heterogeneity; especially as our recent single-molecule observations highlighted the role 

of both ligand clustering and steric availability with the porous support.
196

  

Adsorption in ion-exchange chromatography is the result of interacting influences 

of adsorbent heterogeneity and mobile phase composition. Ionic strength and pH often 

are used to tune adsorption characteristics,
197

 as they can influence the retention, 

resolution, and recovery of biomolecules
78,166,169,175,187-192

 and can often provide non-

denaturing elution. As discussed below, the observed heterogeneity often is lower at less-

adsorptive conditions of higher ionic strength, as inferred from adsorption isotherm fit 

parameters.
78,191

 Despite extensive and careful study, only limited mechanistic 

explanations of adsorption heterogeneity and its modulation by ionic strength are 

available. Studies using scanning confocal microscopy have shown that ionic strength 

influences pore diffusivity and capacity within porous agarose-based stationary 

phases.
198,199

 Extension of confocal microscopy to include Raman vibrational 

spectroscopy has shown that over a range of solution conductivities, sorption can occur 

with only minimal changes in protein structure.
200

 While these studies have offered 
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insights into the role of ionic strength, ensemble averaging complicates approaches to an 

a priori understanding of ion-exchange chromatography.
199

 Experiments accessing the 

molecular scale thus potentially could support a more fundamental understanding of 

mobile phase selection in biomolecular separations.  

In this work, we apply single molecule super-resolution imaging to investigate the 

influence of ionic strength on the heterogeneity of protein ion-exchange functional 

adsorption sites, and therefore the heterogeneity of elution profiles. Single molecule 

spectroscopy and super-resolution imaging avoids ensemble averaging to access the 

underlying molecular processes controlling protein-stationary phase interactions in 

separations, as detailed in Chapter 1 and 2. The system studied was α-lactalbumin on an 

agarose-supported uniformly clustered-charge ligand (penta-argininamide) stationary 

phase which we reported in Chapter 5 has higher protein capacity and affinity than 

dispersed-charge adsorbents of identical overall charge density.
77,78,104,196

 We show that at 

high ionic strength, adsorption on lower affinity sites is suppressed, and heterogeneity is 

reduced, leaving a more uniform population of sites to participate. Circular dichroism 

spectroscopy shows that tuning the ionic strength does not significantly change the 

structure of α-lactalbumin, while optical imaging of model agarose microbeads shows a 

change in support structure. With the addition of single protein adsorption kinetics, our 

findings support the conclusion that a combination of electrostatic screening between the 

protein and ligand and the tuning of the steric availability within the agarose support 

leads to the reduction in heterogeneity.  Overall, single molecule spectroscopy offers the 

potential for a more detailed mechanistic understanding of the influence of ionic strength 

on the ion-exchange separation of proteins.  
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6.3. Methods 

6.3.1. Single molecule mbPAINT measurements 

Samples were prepared as detailed in Chapter 2.  The labeled protein was diluted 

to 500 pM in binding buffer (10 mM Tris, pH 8.0) with added salt concentrations ranging 

from 1-1000 mM NaCl to vary the ionic strength. The solution was flowed over the 

prepared penta-argininamide modified agarose samples at 1 μL/min using a Genie Plus 

flow system (Kent Scientific, Torrington, CT). The same region of the adsorbent was 

repeatedly imaged as solutions of different ionic strengths were introduced, allowing 

observation of the same population of individual functional adsorbent sites under 

differing conditions. Data were analyzed by mbPAINT, single molecule kinetics, and 

simulated elution profiles as discussed in Chapters 2 and 4. 

6.3.2. Circular dichroism measurements 

Protein structural stability under different ionic strength conditions was confirmed 

by circular dichroism spectroscopy. A Jasco J-815 spectropolarimeter at a 1 cm path 

length, 320-250 nm, 5 accumulations, 20 °C, and 0.1 nm pitch was used. For 

measurement, α-lactalbumin was diluted to 1 mg/mL in 10 mM Tris buffer, pH 8 at the 

reported NaCl concentrations. 

6.3.3. Agarose swelling measurements 

For preparation of 2% (w/w) agarose microbeads, a solution of 1 g of agarose 

(Type I-B, low EEO) in 50 mL of deionized water was heated to 86 °C while stirring. A 

suspending solution, consisting of 9% Span-85 in heptane was heated to 58 °C with 

stirring. The agarose solution was poured into the suspending solution of Span-85 and 

continuously stirred at 620 rpm with an overhead stirrer. The solution was then allowed 
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to cool and beads were washed with a 50% ethanol-water solution. Beads with radii of 

140-150 µm were selected using sieves and stored in 20% ethanol-water solution at 4 °C. 

The agarose beads were then placed in the buffer solutions with respective ionic strengths 

for 2 h.  The beads were placed on a coverslip and imaged on an AMG Evos XL Core 

light microscope. The resulting images were analyzed with ImageJ (NIH, version 1.46r) 

to extract the radius. 

6.4. Results and Discussion 

6.4.1. Super-resolution imaging shows narrowing of the functional adsorbent site 

population at high ionic strength 

Super-resolution event analysis (Figure 6.1) demonstrates that, as the solution 

ionic strength is increased, α-lactalbumin adsorption occurs at fewer functional 

adsorption sites on the substrate. mbPAINT super-resolution images of α-lactalbumin 

adsorption on the same area of the clustered-charge penta-argininamide functionalized 

agarose stationary phase at ionic strengths ranging from 1 mM to 1000 mM are shown in 

Figure 6.1a-d. As can be seen in the images, and as quantified by the event analysis in 

Figure 6.1e, at salt concentrations higher than 1 mM NaCl, there are fewer active 

adsorption sites.  This result is consistent with ion-exchange elution by salt, as well as 

ensemble measurements of decreased protein adsorption at increasing salt concentration 

due to electrostatic shielding.
78,166,169,175,187-192,201-203

 

Further analysis of the data in Figure 6.1suggests, however, that the mechanism of 

salt-dependence on separations efficiency is driven by more than just the expected shift in 

the electrostatic shielding equilibrium. Although the number of active sites narrows with 

increasing salt (Figure 6.1e), the number of adsorption events per participating site  
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Figure 6.1. Adsorption of α-lactalbumin at the penta-argininamide/agarose interface 

under different ionic strength conditions. (a-d) Super-resolution pseudo images of the 

same region of the sample obtained from 5000 frames of data in 10 mM Tris, pH 8.0 with 

added 1, 10, 100, 1000 mM NaCl, respectively.  Quantified number of (e) specific 

binding sites and (f) events per site from the super-resolution images. 

 

increases (Figure 6.1f). There are several possible explanations for the unexpected 

relationship between number of active sites and adsorption events per site, including salt-

induced protein denaturation, salt-induced agarose structural changes, and complex 

adsorption/desorption kinetics. As discussed below, the additional level of detail provided 

by single-molecule event analysis allows us to examine detailed kinetics, while structural 

analyses are used to examine protein and support conformation. 

6.4.2. Circular dichroism spectroscopy shows ionic strength does not significantly 

change the structure of α-lactalbumin 

To test for any influence of varying salt concentration on protein structure, the 

circular dichorism spectrum of α-lactalbumin was measured in buffers of ionic strength 

varying over the range of interest in this work (Figure 6.2). The circular dichroism 

spectra in Figure 6.2 clearly show that there is no significant alternation of protein  
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Figure 6.2. Circular dichroism spectra of α-lactalbumin in 10 mM Tris, pH 8.0 with 

added 1, 10, 100, or 1000 mM NaCl, showing the weak influence of salt concentration on 

the protein’s structure. 

 

conformation at any of the NaCl buffer conditions that were employed, as the structure-

sensitive region near 270 nm
204

 remains unchanged. Thus, we can conclude that the event 

statistics shown in Figure 6.1 are not significantly attributable to protein structural effects 

of salt.  

6.4.3. Decreased swelling of agarose at increased ionic strength could cause change in 

steric availability of ligands 

Ion-exchange adsorbents can undergo structural changes with changes in ionic 

strength as inter-charge electrostatic repulsion is more or less well screened.
205,206

 There 

also can be direct effects of salt on the structure of agarose itself.
207

  Instead of indirect 

measurements on the single-molecule agarose film, the swelling of model low-charge 

agarose microbeads as a function of ionic strength was examined directly via optical 

imaging (Figure 6.3). Figure 6.3 shows the size distribution of agarose microbeads as a 

function of ionic strength, and the radius extracted via an error function fit. Microbead 
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analysis was chosen because it is difficult to directly test the agarose film for salt-induced 

structural changes; however it is known that such relationships do exist,
207

 and the 

analysis chosen here is one way to quantify the relationship. Indeed, a decrease in the size 

of the microbeads is observed as ionic strength increases. This data shows that the 

swelling of the agarose decreases at higher ion concentrations, which in turn would cause 

a reduction in pore size within the agarose support. It is important to note that the 

preparation and chemistry of the agarose microbeads is not identical to that of the agarose 

thin films used in the single-molecule adsorption experiments (see Chapter 2 and Chapter 

6.3.3 for details), and that local charge density at adsorbent sites is relatively high. 

However, that the bead data exhibits such strong swelling/contraction under the same 

wide range of salt conditions used for the adsorption analysis strongly supports the notion 

that steric accessibility within the support does play a role in the observed site-specific 

statistical behavior shown in Figure 6.1, and the high local charge density at functional  

 
Figure 6.3. Radii of agarose microbeads as a function of ionic strength. Cumulative 

distribution of the radius of agarose microbeads extracted from light microscopy images. 

Average radius extracted from error function fits to the data (solid lines) are listed in 

legend (n=61, 88, 67 for 1, 100, 1000 mM, respectively). 
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adsorption sites would only increase the potential role of salt-dependent changes in 

agarose structure around these sites. 

6.4.4. Desorption kinetic analysis relates ensemble adsorption behavior and super-

resolution event statistics 

Single molecule α-lactalbumin desorption kinetics at multiple penta-argininamide 

adsorption sites were extracted and presented in Figure 6.4 as cumulative decay curves as 

a function of NaCl concentration. A qualitative analysis of the ionic strength dependent 

decays suggests already that the kinetics are complicated, as the curves are clearly multi-

exponential. This is consistent with our previous observation in Chapter 5 of inter-site 

heterogeneity, and reflects that multiple processes are contributing to the observed 

adsorption statistics.
196

 Quantitative analysis was achieved by fitting to either a two- or 

three-component exponential decay with standard curve fitting considerations
110

 to 

account for the heterogeneity present among sites.
196

 The resulting fitted decay times, 

their amplitudes and uncertainties, and the weighted average decay times, are included in 

Table 6.1. The first result of kinetic analysis is that, when the multi-exponential time and 

amplitude components are combined to yield a weighted ensemble average lifetime, the 

trend in desorption kinetics follows very clearly the overall trend observed in 

chromatography and in ensemble experiments: elution is faster at higher salt because the 

majority of adsorption times are smaller.  

More interestingly, however, the single-molecule analysis allows a detailed 

comparison of how the multiple kinetic components change as a function of ionic 

strength. The fastest component, on the order of tens of milliseconds, is least affected by 

ionic strength, and likely reflects a convolution of our analysis resolution (3 ms) and  
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Figure 6.4. Cumulative distributions of desorption times obtained from ensemble of 

>100 individual penta-argininamide ligands in 10 mM Tris, pH 8.0 with 1 mM - 1000 

mM NaCl (non-linear least squared fits shown by solid lines). Details of fit parameters 

and dual-linear plots of these data are presented in Table 6.1. 

 

Table 6.1. Ensemble kinetics fitting results 

[NaCl] (mM) 1 10 100 1000 

Averaged τ (s) 0.080 0.074 0.040 0.029 

Amplitude Fast 81 ± 4% 63 ± 1% 89 ± 6% 90 ± 80% 

τ1 (s) 0.047 ± 0.005 0.034 ± 0.002 0.024 ± 0.001 0.014 ± 0.004 

Amplitude Slow 1 19 ± 3% 30 ± 2% 9.7 ± 0.8% 2.6 ± 0.2% 

τ2 (s) 0.22 ± 0.02 0.104 ± 0.006 0.107 ± 0.008 0.13 ± 0.01 

Amplitude Slow 2 - 7.0 ± 0.8% 1.6 ± 0.2% 0.4 ± 0.3% 

τ3 (s) - 0.32 ± 0.01 0.43 ± 0.03 3.0 ± 5.5 

 

interfacial protein diffusion, which has been observed to occur on these time 

scales.
104,208,209

 An intermediate component on the order of 100-200 ms also is observed; 

its overall lifetime and contribution to the overall decay decrease as the ionic strength is 

increased. This component, which follows the expected electrostatic shielding trend, most 

likely reflects the salt-mediated Coulombic interaction between protein and peptide. 
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Finally, there is a longer component of several hundred milliseconds, for all but the 

lowest ionic strength. As this component is not observed at the lowest salt condition, 

increases in duration as ionic strength increases, and follows the trend of contracting 

agarose described in Figure 6.3, we propose to attribute this component to steric trapping 

at active adsorbent sites within contracted agarose pores. Overall, the result of decreased 

low affinity interactions at increased ionic strengths agrees with our previous ensemble-

based observations of salt-mediated shielding,
78,164

 but offer the additional information 

that ionic-strength induced steric effects also contribute, reflected in both the multi-

exponential kinetics and the ensemble averaged kinetics. Tuning both of these behaviors, 

and perhaps also the interfacial diffusion component that was unaffected by ionic 

strength, should allow more-detailed control of elution times and distributions.  

6.4.5. Increased ionic strength reduces heterogeneity effects on protein elution curves 

There is a substantial body of ensemble adsorption isotherm studies that support 

the idea that protein ion-exchange adsorption displays an inherent 

heterogeneity,
145,150,166,169,188-190

 with affinity decreasing with adsorbate loading (apparent 

“negative cooperativity”). While inter-adsorbate repulsion and adsorbate heterogeneity 

can contribute to such behavior, systems in which these factors are avoided still show 

heterogeneity, which we and others ascribe to variations in the properties of the adsorbent 

itself due to steric and structural variations in the support, and stochastic clustering of 

charged ligands in conventional adsorbents produced by random chemical derivatization 

with monovalent charged ligands.  

In addition, we have repeatedly observed a decrease in the apparent adsorption 

heterogeneity in the presence of conditions which make adsorption more difficult, e.g. 
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increased ionic strength or a presence of a competitor protein. Specific examples from 

our related prior work include the adsorption of cytochrome c and its charge mutant 

forms on Mono Q beads, where the Hill cooperative factor nH decreased with increasing 

salt concentration
164

 and the binding of -lactalbumin on clustered charge penta-

argininamide adsorbents
78

 where the adsorbents generally exhibited negative 

cooperativity with a value of nH less than one. On increasing the salt concentration, the 

value of nH shifted closer to unity, indicating a lower degree of heterogeneity, and 

suggesting the participation of a reduced set of more homogeneous functional adsorbent 

sites. Moreover, in what we believe were the first true competitive protein adsorption 

isotherms (in the strict sense of “isotherm”, with all intensive variables held constant 

including competitor concentration), at higher competitor concentrations the 

heterogeneity of the anion-exchange adsorption of a test protein was decreased.
188

 We 

believe this reflects the existence of a heterogeneous population of sites with different 

affinities, on which different proteins compete with varying success. Each of these 

examples supports our speculation that, in the presence of adsorption-suppressing 

conditions, weak adsorption on lower affinity sites is suppressed; only a more uniform 

population of sites is left to participate in binding and functional heterogeneity is reduced. 

Although the cost of penta-argininamide adsorbent makes it cost prohibitive to 

perform multiple column separations to experimentally test the above hypotheses, it is 

possible to simulate isocratic elution profiles from the kinetic curves (Figure 6.5) by 

combining the ensemble desorption time kinetics (Figure 6.4), and the stochastic theory 

of ion-exchange chromatography (see Chapter 4).  Indeed, the simulated elution data 

(Figure 6.5) show that the narrowest and fastest elution curve was obtained at the highest  
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Figure 6.5. Simulated elution curves obtained from statistical simulations of the 

ensemble analysis of desorption times of α-lactalbumin at penta-argininamide ligands 

under different ionic strengths. (inset) Relative efficiencies as measured by plate height 

(HETP) at different ionic strengths compared to best-performing 1000 mM conditions. 

 

ionic strength of 1 M NaCl. It is noteworthy that the desorption data are used directly as 

the major input to these simulations, and the simulations do not depend upon any fitting 

of the complex desorption kinetics curves or extraction of major kinetic components. The 

similarity of the 1 and 10 mM NaCl results likely reflects the relatively large influence of 

the 5 mM ionic strength contribution of the buffer (10 mM Tris HCl, pH 8.0) at the low 

salt levels.  

The participation of a narrower and more homogeneous population of functional 

adsorption sites at high ionic strength is evident in the chromatographic elution curves 

predicted by the stochastic model. Isocratic retention at higher salt concentrations 

produces sharper peaks, with a HETP (height equivalent to a theoretical plate; Figure 6.5, 

inset) three-fold smaller at higher ionic strength. While the statistical model and the thin 

film adsorbent do not fully capture important transport aspects of real chromatographic 
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systems, this result is consistent with our and others’ reports of lower apparent 

heterogeneity of adsorption isotherms at higher salt concentration. 

The results presented above strongly support the role of the spatial variations in 

adsorbent structural/energetic properties in the observed heterogeneity of protein ion-

exchange adsorption isotherms, and provide the first direct observation of the mechanism 

of the narrowing of the functional site population as ionic strength increases. Moreover, 

these results are consistent with previous single-molecule based findings by our group, 

where variations in the agarose support led to heterogeneity in desorption times among 

chemically-identical clustered-charge ligands
196

 and a decrease in solute mobility near, 

on, and inside the porous substrate.
104

 Some differences between our systems and systems 

based on porous particles and packed columns should be noted. First, the sample is a 

thin-film interface, ~80 nm thick. Using TIRF microscopy, our measurements are limited 

to ~100 nm from the glass-agarose interface. Therefore, the measurements are 

representative of the mobile phase-stationary phase interface and the first 80 nm of the 

agarose support, as compared to practical column packing materials tens to hundreds of 

microns in size. Also, the loading of the ligand, here an intentionally clustered-charge 

peptide, penta-argininamide, is deliberately kept very low to form resolvable, non-

interacting adsorption sites. In conventional practice, ligands are loaded at levels three to 

four orders of magnitude higher, leading to protein adsorption at stochastic clusters of 

ligands with a heterogeneous distribution, where this “narrowing” phenomenon likely is 

even more pronounced.  
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6.5. Conclusions 

Direct single-molecule observation of the behavior of single functional adsorption 

sites on a realistic ion-exchange agarose adsorbent shows that the population of 

functional sites able to participate in protein adsorption is narrowed at higher ionic 

strength. Structural analyses of the protein and support, and desorption kinetic analyses, 

suggest that this narrowing of the active adsorbent site population is due both to 

electrostatic screening between the protein and ligand, and the tuning of the steric 

availability within the agarose support. The ensemble-averaged results are consistent with 

the observed heterogeneity of protein ion-exchange adsorption at single-molecule level, 

and the heterogeneity reduction induced by conditions which make adsorption more 

difficult, such as increased salt concentration and presence of competitor proteins. 
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CHAPTER 7  

pH DEPENDENCE OF SINGLE PROTEIN ADSORPTION AND DIFFUSION TO 

CHROMATOGRAPHIC INTERFACES 

7.1. Abstract 

pH is a commonly used mobile phase condition to retain, elute, and separate 

proteins in chromatography due to the tunable nature of amino acid charge. Single 

molecule spectroscopy extracts molecular-scale data to provide a framework for 

mechanistic, intelligent optimization of mobile phase pH.  The adsorption and diffusion 

of a model globular protein, α-lactalbumin, at normal phase and ion-exchange 

chromatography relevant interfaces under variable pH was studied by single molecule 

TIRF microscopy.  At the normal phase silica surface, electrostatic repulsion and free 

diffusion was observed at high pH above the isoelectric point of the protein. In contrast, 

strong adsorption with either immobile or minimal translational (log(D) ~ 0.3 µm
2
/s) 

motion was observed at low pH when the protein could electrostatically and 

hydrophobically interact with the surface. The population of proteins immobilized (as 

compared to diffusing) could be increased by lowering the pH.  Preliminary work of the 

adsorption of the same protein at ion-exchange chromatography interfaces suggests 

similar behavior due to the similarity of the hydroxyl groups present on agarose and silica 

surfaces. 

7.2. Introduction 

Proteins are polymers of amino acids that possess acidic and basic chain 

functionalities, such as the C-terminal carboxylic acids, aspartic and glutamic acid side 
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chains, basic N-terminal amines, and basic side chains on arginine, lysine, and histidine. 

The overall charge on the protein can therefore be controlled through adjustment of the 

pH buffer solution. In biomolecule separations, the pH of the mobile phase plays an 

important role in retaining and eluting different isoforms and proteins with different 

isoelectric points.
210

  

Chromatographic optimization by running columns under different pH conditions 

give little insight into the properties of the proteins at the liquid/solid interface that are 

the foundation of many chromatographic theories.
29

 Bulk models often focus on diffusive 

properties and packing densities. Understanding the surface forces that drive protein 

separations under variable pH therefore requires an interface-selective technique. Single 

molecule TIRF microscopy has proved to be a quintessential interfacial tool to 

understand adsorption of DNA
21,30,31

 under variable pH at normal phase chromatography 

interfaces. Important findings showed the structure of the analyte relates to not only to 

adsorption, but the diffusion near the surface.  Similar results have been shown by 

ensemble fluorescence imaging of normal phase separation of proteins.
32

 

Here, we expand single molecule pH studies to protein separations at normal 

phase and ion-exchange chromatography solid/liquid interfaces. By single molecule 

imaging we observe a correlation between the electrostatic charge on the protein surface 

and number of molecules adsorbed to the interface. Further, when proteins adsorb, single 

molecule tracking shows two types of movement: stationary and diffusing. We show the 

relative populations of the two types movement can be controlled by pH. The results are 

clarified through studies of the protein and surface charge, structure, and hydrophobicity. 

Studies of the normal-phase chromatography relevant silica interface are presented in 
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detail, but further studies at agarose and anion-exchange ligand functionalized agarose 

surfaces, relevant to ion-exchange chromatography, imply similar behavior. 

7.3. Methods 

Alexa 555-labeled α-lactalbumin was diluted to 500 pM in buffer at pH values 

ranging from 2-10. The solutions were prepared at 10 mM concentrations comprised of 

HCl – pH 2.1; potassium acid phosphate – pH 4.1; citrate – pH 6.3; TRIS – pH 8.4 and 

TRIS – pH 10.1, similar to previous work in literature.
21,211

 pH measurements of the 

solutions were measured to ± 0.1 pH on a Thermo Scientific Orion 2 Star pH meter.  

Silica, bare agarose, and penta-argininamide functionalized agarose surfaces were  

prepared as detailed in Chapter 2. The custom flow chamber (Grace BioLabs) was placed 

over the samples and protein-buffer solutions were flowed at 1 µL/min using the Genie 

Plus flow system. The same area of the sample was measured for each pH. In between 

each new solution, pH 8 buffer was flowed over the sample to ensure no irreversible 

changes to substrate were occurring during such a large range of pH values. 

Circular dichroism spectroscopy was used to measure protein structural stability 

under different pH conditions. The protein α-lactalbumin was diluted to 1 mg/mL in the 

respective buffers. The samples were measured with a 1 cm path length, 320–250 nm, 5 

accumulations, 20 °C, and 0.1 nm pitch on a Jasco J-815 spectropolarimeter.  

Charge distribution of the protein surface was calculated by PDB2PQR and APBS 

molecular visualization software.
212-214

 The Protein Data Bank file for the apo-form of α-

lactalbumin was uploaded
215

 and the protonation states were calculated with the PARSE 

forcefield and PROPKA assignments. 
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7.4. Single molecule observations of α-lactalbumin at the silica interface 

α-Lactalbumin adsorbs with decreased affinity to silica surfaces as pH is 

increased (Figure 7.1). Single molecule TIRF images of α-lactalbumin at the silica 

interface at pH 2-10 are shown in Figure 7.1a. The protein adsorbs with high affinity at 

low pH values of 2 and 4. Most molecules do not desorb within the photobleaching time 

of the fluorophore label compared to the collection time, as the total number of proteins 

at the surface decreases over time (data not shown).  In contrast, at pH 6 a small number 

of proteins interact with the silica surface, but adsorb and desorb reversibly and quickly.  

 
Figure 7.1. Single protein adsorption to silica interfaces at variable pH. (a) 

Representative single molecule images of single molecule fluorescent α-lactalbumim. (b) 

Number of adsorbed single α-lactalbumin molecules identified in first frame of data per 

160 µm
2
. The average is taken from five different areas of the sample. Error represents 

the standard deviation. 

 



  

86 

 

Finally, at pH 8 and 10 no proteins interact with the silica surface.  The affinity of the 

protein is quantified by the number of observed molecules within the first frame as 

reported in Figure 7.1b.  The first frame was used to avoid artifacts from photobleaching. 

A clear linear, decreasing trend is shown as pH is increased. 

Two populations comprised of immobilized and diffusing proteins occur at the 

interface under low pH.  The high affinity interactions of α-lactalbumin at pH 2 and 4 

were analyzed by the single particle tracking algorithm described in Chapter 2.
85,93

  

Representative single protein trajectories comprised of thirty points or more are shown in 

Figure 7.2a. Some molecules have minimal movement (< 20 nm), as the molecules are 

located within the precision of the analysis throughout the measurement, while others 

proteins diffuse over several microns. The diffusion coefficients from each of the 

individual trajectories were calculated
85

 and are reported in Figure 7.2b.  At both pH 2 

and 4 the two populations are observed and quantified with a two-component Gaussian 

fit, with the similar values of immobilized D = 10 x 10
3
 nm

2
/s and  mobile D = 300 x 10

3
 

nm
2
/s (Figure 7.2c). 

pH controls the relative amount of immobile and diffusing proteins at the silica 

interface. While both pH 2 and 4 have the same observed diffusion coefficients, the 

percent of protein molecules immobilized or mobile differs as quantified by the 

amplitude differences in the two-component Gaussian fits (Figure 7.2c). At pH 2, more 

proteins are immobile (33 ± 4%) compared to pH 4 (18 ± 2%).  The single molecule 

results suggest chromatographic retention of proteins at the silica interface cannot be 

viewed as a simple reversible adsorption/desorption process at a single site. While the 

immobile population fits with that conventional model, the majority of proteins undergo  
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Figure 7.2. Single molecule tracking of α-lactalbumin under acidic pH. (a) Example 

single molecule trajectories comprised of more than 30 points at (blue) pH 2 and (red) pH 

4. (b) Histogram of diffusion coefficients from individual trajectories with respective two 

component Gaussian distribution fits. (c) Results of Gaussian fits. 
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translational movement at low pH (81 ± 3% at pH 4 and 67 ± 4% at pH 2).  The ability to 

control the amount of translational and immobilized transport by pH can better inform the 

relevance of models that use transport vs. adsorption/desorption to explain ensemble 

chromatographic results.   

7.5. Relation of results to structure and charge distribution of protein and surface 

The single molecule observations are elucidated by the electrostatic charge 

distribution of α-lactalbumin and silica, hydrophobicity based on the structure of the 

protein, and hydrogen bonding.  The cationic charge and hydrophobicity of α-lactalbumin 

increases as pH decreases. α-Lactalbumin has an isoelectric point around 4.2,
216

 therefore 

carrying a negative charge (represented by blue) at pH 6, 8, 10 and positive charge 

(represented by red) at pH 2, 4 (Figure 7.3a).  Figure 7.3a assumes no change in structure 

in the protein, but circular dichroism clarifies that the structure of the protein changes 

significantly at pH 2, 4, and 10, as quantified by the change in degree of ellipticity at 270 

nm (Figure 7.3b).
204

 Therefore, amino acids buried in the stable, native structure may be 

exposed and contribute to the electrostatic distribution of the protein at the more extreme 

pH conditions. To characterize this, the total charge of α-lactalbumin, considering all 

amino acids, is calculated in Figure 7.3c. Internal amino acids are also hydrophobic, so 

the observed loss in structure will increase the hydrophobicity of the protein at pH 2, 4, 

and 10.   Silica presents two possible anionic structures at the pH values studied. 

Electrostatically, silica has ionizable silanol groups with a zeta potential of -0.25 at pH 6 

that increases almost linearly to a potential of zero charge below pH 2.
28

 Therefore, the 

silica interface will have at least a slightly negative for all pH conditions used.  In regards 

to hydrogen bonding, below the pKa of silica (~6), the silanolate groups are protonated 
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(Figure 7.4).  These hydroxyl groups have highly polar hydrogen-bonding sites present. 

Above the pKa, the silanolate groups are deprotonated and have highly negative charge.  

 
Figure 7.3. Change in electrostatic distribution and structure of α-lactalbumin under 

variable pH. (a) Change in surface charge distribution as calculated by PDB2PQR and 

APBS molecular visualization software to calculate the electrostatic and solvation 

properties from complex molecules.
212-214

 Blue/red colormap on a scale of -10 to 10 kT/e. 

(b) Change in α-lactalbumin structure as quantified by the relative change in the degree 

of ellipticity at the structure-sensitive region at 270 nm
204

 compared to pH 8, the pH used 

in Chapters 5 and 6. (c) Total change in charge of α-lactalbumin, since (a) does not 

represent charge of non-surface amino acids that may become exposed with structural 

changes. Charge was calculated by Protein Calculator v.3.4. 

 
Figure 7.4. Cartoon representation of the change in charge of hydroxyl groups at the 

silica interface under variable pH. 
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Based on the forces discussed above, the single molecule results reported in 

Figure 7.1and Figure 7.2 are explained. At pH 8 and 10 both the silica and protein are 

negatively charged and electrostatic repulsion prevents any interaction. Even with the 

25% loss in structure at pH 10, the exposed internal amino acids are still highly negative 

under basic conditions where electrostatic forces dominate over hydrophobicity. At pH 6, 

the protonation of silanolate groups neutralizes surface charge, allowing electrostatic 

interaction between the zwitterionic α-lactalbumin and slightly acidic silica surface. The 

protein is still in the native structure so the hydrophilic and zwitterionic surface of the 

protein does not allow for strong association with the surface. Dissociation times are 

short and the number of associated molecules are relatively low. Finally, at low pH 

values of 2 and 4, a combination of electrostatic, hydrogen bonding, and hydrophobicity 

drive strong protein adsorption to the interface. The protein is positively charged and the 

silica carries a slight negative charge, allowing the protein to enter the interfacial region. 

Immobilized adsorption of the protein is due to short-range attractive hydrogen bonding 

and hydrophobic interactions between the non-native structure of the protein and the 

interface. The surface amino acids would drive hydrogen bonding with the hydroxyl 

groups, while internal amino acids would promote hydrophobic interactions that have 

previously been shown to create high affinity “sticky ends” between unpaired DNA bases 

and a silica surface at low pH.
21, 30

 Because the protein unfolds more at lower pH, the 

higher degree of hydrophobicity results in more immobile molecules at pH 2 compared to 

pH 4. 
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7.6. pH dependence of α-lactalbumin adsorption at ion-exchange chromatography 

surfaces 

Studies of α-lactalbumin under similar pH conditions ranging acidic (pH 4), close 

to neutral (pH 8), and basic (pH 10) at unfunctionalized agarose and penta-argininamide 

agarose surfaces suggest similar behavior of α-lactalbumin at the silica and ion-exchange 

interfaces. Figure 7.5 shows an increase in the number of α-lactalbumin proteins at acidic 

pH for agarose and ligand-functionalize agarose by single molecule imaging (Figure 

7.5a) and the quantified number of single α-lactalbumin proteins (Figure 7.5b). Agarose 

has an abundance of hydroxyl groups (Figure 1.3a) that could serve as hydrogen bonding 

sites for the protein, similar to the normal phase chromatography silanol groups. These 

hydroxyl groups dominate protein adsorption at low pH, where agarose has more 

immobilized proteins than the penta-argininamide surface. Penta-argininamide is 

immobilized to the agarose hydroxyl groups, reducing the total number available for 

protein interactions. Therefore, ligand-functionalized stationary phases may not be as 

useful over a wide pH range where the chemistry of the matrix support becomes active 

and provides adsorption sites for the analyte. At increased pH of 8 and 10, the ligands 

become important, as more adsorption is observed to the penta-argininamide sample 

compared to the bare agarose. In the future, the difference in brightness of the protein at 

the agarose interface at pH 4 needs to be further investigated and single particle tracking 

will be applied. 
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Figure 7.5. Preliminary single protein adsorption to ion-exchange chromatography 

relevant interfaces at pH 4, 8, and 10.  (a) Representative single molecule images of 

single molecule fluorescent α-lactalbumim at bare agarose surface and penta-

argininamide-functionalized agarose. (b) Number of bound α-lactalbumin molecules in 

first frame per 400 µm
2
 at the ion-exchange interfaces. 
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7.7. Conclusion 

We have demonstrated the use of single molecule spectroscopy to understand the 

role of pH for protein separations at normal phase and ion-exchange chromatography 

interfaces. Based on the structure, charge, and hydrophobicity of the protein and surface, 

the affinity, immobilized adsorption, and surface diffusion can be controlled by pH. The 

relevance of ensemble models that use interfacial transport and adsorption can be 

improved by these results.   
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CHAPTER 8 

SUPER-RESOLUTION SPATIAL AND DIFFUSION PROPERTIES OF POROUS 

AGAROSE OBTAINED SIMULATNEOUSLY BY CORRELATION ANALYSIS 

8.1. Abstract 

Porous materials such as the cellular cytosol, hydrogels, block copolymers, and 

agarose ion-exchange chromatography support matrices have nanoscale features that 

determine their macroscale properties. Characterizing the structure of nanopores is 

challenging with current techniques due to non-native imaging conditions and high 

computational requirements. We introduce a super-resolution optical imaging technique 

that simultaneously characterizes the nanometer dimensions and transport dynamics of 

porous structures by correlation analysis of stochastic fluctuations from diffusing 

photoluminescent probes within the pores of the sample. Simulations demonstrate that 

structural features and diffusion properties can be accurately obtained at sub-diffraction-

limited spatial resolutions. We apply our technique to image agarose hydrogels relevant 

to protein separations. The heterogeneous pore resolution is improved by a factor of two 

and heterogeneous diffusion coefficients are accurately obtained through our method 

compared to diffraction-limited fluorescent imaging and single particle tracking. This 

analysis could be applied to soft porous environments such hydrogels, polymers, and 

membranes, in addition to hard materials such as zeolites.  

8.2. Introduction 

A wide range of both natural and synthetic materials derive their function from 

nanoscale porous structure.
196,209,218-224

 As shown in Chapter 5 and Chapter 6, the porous 

0 
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nature of the agarose support matrix used in ion-exchange chromatography introduces 

heterogeneity by steric screening of ion-exchange ligands. Despite the importance 

agarose and other porous materials, a detailed understanding of the relationship between 

heterogeneous structure and the functional capabilities is lacking due to insufficient 

characterization techniques. Electron and force microscopy methods have experimental 

requirements that distort and possibly destroy the porous structure by either freeze-

fracturing in SEM or high cantilever forces in AFM.
225

 Ensemble techniques
226-229

 report 

average pore properties, losing information about the spatial heterogeneity.
230

 

Microrheology provides local viscoelastic information, but lacks visual spatial resolution 

and requires a high computational cost to track and analyze many particles.
231

 An 

optimized analytical method would provide in situ characterization of the relationship 

between heterogeneous nanoscale structure and a functional property such as transport or 

adsorption. 

Correlation analysis can provide important spatial and transport details about 

materials. Super-resolution Optical Fluctuation Imaging (SOFI)
232

 uses correlation 

analysis to achieve spatial resolutions below the diffraction limit, or “super-

resolution.”
46,47,97

 SOFI correlates optical fluctuations from individual switching emitters, 

and pixels with isolated emitters will have a highly correlated signal compared to areas 

with mixed signal from multiple emitters. SOFI offers advantages over other localization-

based super-resolution techniques because it has a broader tolerance for emitter density, 

signal-to-background ratio, point spread function shape, and user-input requirements 

compared to other super-resolution methods.
233

 Correlation analysis can also resolve 

transport characteristics. Fluorescence correlation spectroscopy (FCS)
234

  and imaging 
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analogues
25,235-237

 quantify diffusion dynamics. Emitters diffuse through a focal volume, 

creating spontaneous fluctuations recorded in a temporal photon series. The decay of the 

temporal autocorrelation function of the photon trace is analyzed to extract information 

on the type and rate of diffusion.  

We introduce a new super-resolution optical imaging technique that 

simultaneously characterizes the nanoscale dimensions and transport dynamics of porous 

structures. Inspired by SOFI and FCS, we correlate fluctuations from diffusing probes 

within the negative, porous space of the sample. While the average diffraction-limited 

image cannot resolve the spatial or transport properties of the material, further analysis of 

the intensity fluctuations by autocorrelation can. A super-resolution image of the pore 

sizes is obtained from the amplitude of the correlation curve. Diffusion properties are 

mapped at the diffraction limit by fitting the correlation curve. Image fusion produces a 

final map of the nanoscale spatial and transport information. The theoretical framework 

for stochastic diffusion to produce super-resolution information is provided and the 

technique is demonstrated by simulation. We apply our analysis to quantify the 

heterogeneous pore distribution and transport of emitters in agarose hydrogels. Our 

results are compared to diffraction-limited imaging and localization-based single particle 

tracking to show correlation provides an objective, sensitive analysis, especially under 

challenging experimental conditions with low signal or high density of emitters.  

8.3. Theoretical background and analysis 

Theory verifies that subdiffraction limited resolutions are obtained by the 

correlation analysis of the stochastic and independent diffusion of emitters. Considering 
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multiple fluorescent emitters diffusing within a porous material, the signal, F, detected at 

a given pixel position, r, and frame time, t, from emitters nearby is:  

 

(8.1)   𝐹(𝑟, 𝑡) = ∑ 𝑈(𝑟 − 𝑟𝑘)휀𝑘𝐵𝑘(𝑡)|𝒓−𝒓𝑘|<3𝜎𝑥𝑦  

 

where 3𝜎𝑥𝑦 represents the cutoff nearby distance where emitters contribute signal to pixel 

r (𝜎𝑥𝑦 is the standard deviation of the Gaussian point spread function), 𝑈(𝑟 − 𝑟𝑘) is the 

point spread function centered at 𝑟𝑘, 휀𝑘 is the brightness of the emitter, and 𝐵𝑘(𝑡) is a 

Bernoulli distribution related to the probability of an emitter being located at rk at t based 

on the independent emitter diffusion coefficient, concentration, and surface affinity. The 

fluctuation of the signal over time, 𝛿𝐹(𝑟, 𝑡), is caused by 𝐵𝑘(𝑡): 

(8.2) 

𝛿𝐹(𝑟, 𝑡) = ∑ 𝑈(𝑟 − 𝑟𝑘)휀𝑘 ∙ [𝐵𝑘(𝑡)−< 𝐵𝑘(𝑡) >𝑡]

|𝒓−𝒓𝑘|<3𝜎𝑥𝑦

= ∑ 𝑈(𝑟 − 𝑟𝑘)휀𝑘 ∙ 𝛿𝐵𝑘(𝑡)

|𝒓−𝒓𝑘|<3𝜎𝑥𝑦

 

where <∙>𝑡 represent the average over time. The autocorrelation at r is calculated by:  

(8.3) 

𝐺2(𝑟, 𝜏) =< 𝛿𝐹(𝑟, 𝑡 + 𝜏) ∙ 𝛿𝐹(𝑟, 𝑡) >𝑡

= ∑ 𝑈(𝑟 − 𝑟𝑘)𝑈(𝑟 − 𝑟𝑙)휀𝑘휀𝑙 ∙< 𝛿𝐵𝑘(𝑡 + 𝜏)𝛿𝐵𝑙(𝑡) >
|𝑟−𝑟𝑘|<3𝜎𝑥𝑦,

|𝑟−𝑟𝑙|<3𝜎𝑥𝑦

 

which can be simplified to: 

(8.4) 

𝐺2(𝑟, 𝜏) = ∑ 𝑈2(𝑟 − 𝑟𝑘)휀𝑘
2 < 𝛿𝐵𝑘(𝑡 + 𝜏)𝛿𝐵𝑘(𝑡) >

|𝒓−𝒓𝑘|<3𝜎𝑥𝑦
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since the presence of an emitter at positions 𝑟𝑘 is independent from the presence of an 

emitter at position 𝑟𝑙 , causing all of the cross-correlation terms in Equation 8.3 vanish. 

The expression < 𝛿𝐵𝑘(𝑡 + 𝜏)𝛿𝐵𝑘(𝑡) > is dependent of the structural properties at 𝑟𝑘.  

Using a Gaussian function to approximate 𝑈(𝑟 − 𝑟𝑘),
46,47

  

(8.5) 

𝑈(𝒓) = exp(−
𝑥2 + 𝑦2

2𝜎𝑥𝑦2
−

𝑧2

2𝜎𝑧2
) 

the square of the point spread function in Equation 8.4 will improve the spatial resolution 

by a factor of √2, identical to the results in SOFI
232

 

(8.6) 

𝑈2(𝒓) = exp(−
𝑥2 + 𝑦2

2 (
𝜎𝑥𝑦

√2
)
2 −

𝑧2

2 (
𝜎𝑧
√2

)
2) 

We perform second-order autocorrelation of the intensity transient at each pixel. To 

produce the super-resolution image with the “new” PSF with a resolution improvement of 

√2 (Equation 8.6), we use the value of 𝐺2(𝑟, 𝜏) at a time lag 𝜏.
232

 A blind 

deconvolution
238

 is then used to achieve a final resolution enhancement of ~2. Future 

work will pursue higher order and cross-correlation to increase the resolution 

enhancement to possibly a factor of five;
232,233

 here second-order autocorrelation and 

deconvolution are used for simplicity, computational speed (computational time and 

memory scales to the correlation order squared), and to avoid brightness effects that 

reduce information content,
232

 and is similar to previous reports.
239

 

Super-resolution distributions of the transport dynamics are obtained from curve 

fitting analysis and image fusion. Based on the imaging extensions of FCS,
25,236,237

 the 

spatial distribution of diffusion coefficients can be obtained from curve fits of the 
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correlation curves. From the calculated𝐺2(𝑟, 𝜏), curve fitting over all time lags is 

performed according to: 

(8.7) 

𝐺2(𝑟, 𝜏) = 𝐴
1

1 + 𝜏 𝜏𝐷⁄
+ 𝑐 

where A represents the amplitude, c is a constant offset, and τD is the characteristic 

diffusion time across the pixel for which the autocorrelation was performed. This can be 

related to the diffusion coefficient, D, of the emitter by: 

(8.8) 

𝐷 =
𝜔2

4𝜏𝐷
 

assuming two-dimensional Brownian diffusion, where ω the size of the detection region, 

a combination of the pixel size and microscope point spread function.
240

 The resulting 

diffusion coefficient calculated at each pixel is then spatially mapped. Equations 8.7 and 

8.8 can be modified for other types of diffusion including one-dimensional Brownian, 

flow, and multi-component diffusion.
236

 Finally, a super-resolution map of diffusion 

information is formed by fusing
241

 the spatial and diffusion results on a hue-saturation-

value colormap. The hue is the normalized log of the diffusion coefficient. The saturation 

is the normalized super-resolution spatial information. The value is set to a constant. The 

hue-saturation-value matrix is then converted to red-green-blue matrix to provide a final 

image: a super-resolution map of transport characteristics.   

8.4. Demonstration of correlation analysis by simulation 

Simulations of emitters undergoing stochastic one-dimensional diffusion in two 

neighboring pores verify super-resolution pore images are acquired (Figure 8.1). One- 



  

 

100 

 

 
Figure 8.1. Correlation analysis of simulated diffraction-limited diffusion improves 

spatial resolution with accurate diffusion properties. (a) Example frames of two emitters 

undergoing one-dimensional Brownian diffusion in neighboring pores that are not 

resolvable by the diffraction limit. Pore locations are indicated by the arrows. (b) Line 

section taken from the first frame in (a). (c, d) Autocorrelation analysis of individual 

pixels; example curves from pixels in left and right pores. (e) The diffraction limited 

average image. (f) The value of G2(1τ), at each pixel is used as the intensity and the 

image and is deconvolved for the super-resolution image. (g) Single particle tracking 

image. (h) Line sections for each type of analysis, to compare relative FWHM. (i) 

Transport information is obtained by curve fitting (dashed line, c, d), producing a (i) 

diffraction-limited map of the calculated diffusion coefficients, Dcalc. (j) Image fusion 

using a hue-saturation-value colormap, where (f) represents the saturation and (i) the hue, 

produces the (j) final image. All scale bars are 300 nm. 
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dimensional diffusion was used for simplicity, but further two-dimension simulations 

also verified results. Briefly, Brownian diffusion was simulated with different with Dleft = 

1 x 10
5
 nm

2
/s and Dright = 1  x 10

4
 nm

2
/s in the left and right pores, respectively. A 

relatively low signal-to-background ratio of two was used to emulate low signal data that 

commonly occurs in single molecule experiments. For example, in cellular environments, 

high levels of autofluorescence are present and low quantum yield emitters are required 

in vivo to avoid toxicity and to genetically label samples.
242

 Sample diffraction-limited 

frames and a line section through one image are shown in Figure 8.1a and b, respectively. 

Resulting autocorrelation data for each pore are shown in Figure 8.1c and d. In contrast to 

the diffraction limited average image shown in Figure 8.1e, the super-resolution analysis 

Figure 8.1f reveals the presence of two pores. The results from super-resolution analysis 

are compared to single particle tracking analysis
93

 performed as detailed Chapter 2 

(Figure 8.1g).   Visually, single particle tracking mislocalizes emitters at the center of the 

pore, failing to resolve the structure. Figure 8.1f quantitatively compares the resolutions 

obtained in each type of image. Correlation analysis resolves the pores to 158 nm as 

defined by the full width at half maximum, compared to both the diffraction-limited 

average image and single particle tracking analysis that cannot resolve the two pores at 

the FWHM. Comparison of data from a single pore quantifies the resolution enhancement 

of the correlation analysis to be the expected factor of two compared to the diffraction 

limited image. Similar observations are found for simulated diffusion under flow and 

anomalous Lévy diffusion.  

Correlation analysis produces super-resolution images under high throughput 

conditions of low signal-to-background ratio data not possible by localization-based 
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techniques. Correlation imaging and single particle tracking were compared with 

simulations of signal to background ratio ranging from one to ten, showing that the result 

reported in Figure 8.1h varies based on the signal-to-background ratio (Figure 8.2). No 

change in the super-resolution capabilities of the correlation analysis is observed, while 

single particle tracking fails under low signal conditions (< 2). While advancements using 

filtering, multiframe association, and machine learning have improved single particle 

tracking to work under difficult conditions,
94

 the user must make subjective decisions to 

successfully localize particles
243

 and is therefore no longer a priori like correlation 

analysis. Therefore, for challenging single molecule experiments where adequate signal is 

difficult to obtain, such as those with fast diffusion or in biological environments, 

correlation analysis should be preferred to single particle tracking.  

Simulations show the distribution of heterogeneous diffusion coefficients within 

pores is accurately obtained and mapped at subdiffraction levels. Curve fitting was 

applied to the autocorrelation decay at each individual pixel (Figure 8.1c, d).  Calculated 

diffusion coefficients (Dcalc) of Dleft = 1.0 (± 0.1) x 10
5
 nm

2
/s and Dright  =1.1 (± 0.1) x 10

4
 

nm
2
/s were accurately extracted and mapped in Figure 8.1i. Due to the high sensitivity of 

correlation analysis to weak fluctuations, the analysis accurately quantifies diffusion of 

the point spread function across >2σ (similar to 𝜎𝑥𝑦 in Equation 8.1), producing a 

diffraction-limited map of transport characteristics. In contrast, quantitative analysis of 

the single particle tracking data
85

 (see Chapter 2) miscalculates two populations of 

diffusion coefficients to be log(D1) = -8.9 (± 1.7) nm
2
/s and log(D2) = 4.7 (± 1.5) nm

2
/s 

due to the close proximity of the pores and density of emitters. Performing image fusion  
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Figure 8.2. Correlation analysis produces super-resolution data under low signal to 

background ratio conditions where localization-based single particle tracking (SPT) fails. 

(Top) Example series of frames with four total emitters (two in each pore) undergoing 

one-dimensional Brownian diffusion (Dleft = Dright = 1 x 10
5
 nm

2
/s) at a signal-to-

background ratio of 1. (Bottom) Example (left) correlation super-resolution results 

compared to (center) single particle tracking localizations overlaid the average image 

with (right) normalized line sections taken across center of image for signal-to-

background ratios (S/B) ranging from 1-10, respectively. Localization under (S/B) ≤ 2 is 

challenging, resulting in no emitters being identified (S/B = 1, 1.3) or undersampling 

(S/B = 1.5, 2). Comparable results are observed for correlation at all signal-to-

background ratios where two pores are resolved at the full width at half maximum. 



  

 

104 

 

between Figure 8.1f and i results in a final image (Figure 8.1j) that accurately quantifies 

the diffusion constant within 10% at a spatial resolution of one half the diffraction limit.  

8.5. Experimental application of correlation analysis to agarose hydrogels 

Correlation analysis was applied to image the pore distribution and transport 

properties within agarose hydrogels (Figure 8.3). Despite the importance of agarose in 

ion-exchange separations, in addition to cell culture growth,
244

 electrophoretic 

separations,
130,196,245

 and three-dimensional immunoassays,
246

 characterization of the 

heterogeneous pore distributions has been challenging due to the softness and high water 

content of the hydrogel. A wide range and sometimes conflicting size of pores have been 

reported in the literature ranging from 150 – 1200 nm for agarose ranging from 0.36 – 

2%
130,181,227,247-249

  

Here, agarose was measured at 1 and 2% (w/w) with 100 nm carboxylate 

fluorescent spheres on a fluorescent microscope. Carboxylate modified polystyrene beads 

of 100 nm size (orange fluorescent, max abs/em: 540/560 nm, Invitrogen) were diluted 

by a factor of 1:500 concentration in 1 and 2% (w/w) agarose (type I low EEO, Sigma 

Aldrich) in molecular biology grade water (Hyclone, VWR) heated to 80 °C. The anionic 

carboxyl group on the emitter beads would be expected to have minimal interaction with 

the anionic agarose.
104

 A custom sized silicon template (43018M, Grace BioLabs) was 

placed on a cleaned coverslip and a 30 µL aliquot of the bead/agarose solution was 

added. The chamber was covered with an additional coverslip to avoid dehydration and 

the agarose gelled at room temperature. A blank coverslip with the spheres in water was 

used as a control. The measurements were taken on the wide-field TIRF microscope after 
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equilibration of the samples on the microscope stage for fifteen minutes. Data were 

collected for 1000 frame intervals with an acquisition time of 10 ms and frame rate of 25 

Hz.  

A brief qualitative comparison of the diffraction limited images (Figure 8.3a-c) to 

the super-resolution correlation maps (Figure 8.3d-f) shows the different spatial and 

transport features of the agarose can be discerned by correlation. For the control (Figure 

8.3a, d), no pores are present and diffusion occurs with no preferred spatial distribution. 

No features are observed and the fluctuations are too fast to accurately quantify the 

diffusion coefficient. In 1% and 2% agarose (Figure 8.3b, c, e, f), the probes undergo 

stochastic diffusion in the pores. The 1% average image cannot resolve any structures due 

to fast diffusion and low signal-to-background ratio and the 2% average image shows the 

diffraction limited position of emitters. In contrast, correlation analysis reveals a 

heterogeneous distribution of bright pore features and dark areas where agarose is 

present. The pores are larger and emitters undergo faster diffusion in 1% agarose than in 

2% agarose.  

Quantitative characterization of the spatial and transport properties in the complex 

1% agarose environment show that structure-function relationships can be better 

understood by correlation analysis than diffraction-limited imaging and single particle 

tracking. Quantitative distributions where reported values are extracted from are visually 

represented in Figure 8.4. First, the correlation image reveals pores at a 150-fold higher 

contrast compared to the diffraction-limited image (signal-to-background ratio of ~ 300 

and ~2 for the correlation and average images, respectively). This experimentally  
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Figure 8.3. Agarose structure and transport analyzed by correlation compared to 

diffraction limited imaging and single particle tracking (SPT). Results for 100 nm bead 

transport in (a, d, g) water over a blank coverslip, (b, e, h) 1% agarose, and (c, f, i) 2% 

agarose. (a-c) Diffraction limited average images show no features in (a) the blank 

coverslip, but also (b) no features (contrast < 2) incorrectly in the 1% agarose due to the 

low excitation power use. (c) Diffraction limited locations of beads in 2% agarose are 

observed. (d-f) Super-resolution diffusion maps obtained by correlation show (d) 

unresolvable fast transport over the coverslip, (e) heterogeneous transport (highlighted by 

arrows;  purple, log(D)~4; red, log(D) ~6) of average log(D) = 4.8 ± 0.8 nm
2
/s in 1% 

agarose, and stationary log(D) = 3.3 ± 0.3 nm
2
/s in 2% agarose. Comparatively, (g-i) 

interpretation of single particle tracking in 1 and 2% agarose is difficult due to short and 

overlapping trajectories. Quantitative comparisons of (e, f) and (h, i) are in Figure 8.4. 

Scale bars are all 1 µm.  
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Figure 8.4. Quantitative histograms of 1 and 2% agarose statistics by correlation and 

single particle tracking analysis in Figure 8.3. Results for (a-c) 1% agarose and (d-f) 2% 

agarose. (a, d) Pore diameter obtained by (blue) Delaunay triangulation analysis of the 

correlation image and (red) diameter of gyration analysis of the single particle tracking 

trajectories. (b, e) Distribution of log(D) obtained from (blue) curve fitting of correlation 

analysis according to Equations (8.7) and (8.8) and (red) maximum likelihood estimation 

of analyzing the mean square displacements from single particle tracking.
85

 (c, f) The 

length of the single particle tracking trajectories analyzed in (a, b, d, and e). The legends 

report the mean and standard deviations. 
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demonstrates the high sensitivity of correlation analysis to low signal fluctuations. Next, 

comparisons of the diameter of the pores were calculated by Delaunay triangulation
250

 

and radius of gyration
90, 251

 for the correlation and single particle tracking image (Figure 

8.3h), respectively (Figure 8.4a). Correlation analysis shows a heterogeneous distribution 

of pore diameters with two populations of 240 ± 40 nm and 1000 ± 500 nm. The normal 

distribution with heterogeneity, 240 ± 40 nm, would be expected
181

 and the size agrees 

with those previously reported;
227

 the unexpected outliers, 1000 ± 500 nm, may be due to 

three-dimensional effects of the observation volume contributing to a larger projected 

two-dimensional size. Single particle tracking found limited trajectory lengths due to the 

low signal and high density of emitters (mean length of four points, Figure 8.4c). The 

short trajectories result in a smaller pore size with an unexpected narrow distribution, 150 

± 10 nm.  Finally, for the transport properties, correlation analysis finds an average of 

log(D) = 4.8 ± 0.8 nm
2
/s, in agreement with expectations based on previous FCS work 

from our group (Figure 8.4b).
104

 Single particle tracking also accurately finds log(D) = 

5.3 ± 0.3 nm
2
/s. But more interestingly, correlation analysis shows the spatial 

heterogeneity of diffusion coefficients at super-resolution levels (arrows, Figure 8.3e). 

Smaller diffusion coefficients could arise from increased confinement within the agarose, 

where diffusion becomes anomalous. In contrast, it is difficult to visualize the structure-

function relationship with a simple overlay of trajectories in single particle tracking.  

The fused correlation image of immobilized emitters in 2% agarose has similar 

spatial and transport information to the diffraction-limited average images and single 

particle tracking (Figure 8.3c, f, i; Figure 8.4 d-f). The 2% agarose has smaller pores that 

essentially immobilized the emitters. The correlation signal arises more from variation in 
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the fluorescent intensity of the beads than diffusion. The diffusion coefficient was 

calculated to be log(D) = 3.3 ± 0.3 nm
2
/s by correlation analysis, the resolution of our 

instrument (Figure 8.4e).
251

 Single particle tracking had a similar result of log(D) = 3.7 ± 

0.6 nm
2
/s, but had a larger average and spread due to some incorrect assignments of 

emitters moving between two pores when they were in close proximity (Figure 8.3i, 

green trajectory in bottom center), resulting in an overestimation of the diffusion 

coefficient. For the pore size, single particle tracking localized the centroids of the 

particles, reporting the resolution of the localization, 60 ± 120 nm (Figure 8.4d). A result 

of 300 ± 100 nm was observed for correlation analysis, essentially reporting on the 

absolute size (~2σ) of the correlation-improved point spread function. Therefore, 

correlation analysis may not be the preferred method for analysis of stationary emitters 

that are trivial to track. 

8.6. Conclusions 

We introduced a new correlation-based super-resolution imaging technique to 

characterize the structure and transport dynamics of agarose and porous nanomaterials in 

general. Through fluctuations from diffusing probes within the porous space of the soft 

material, we show by both simulation and experiment that our correlation analysis can 

distinguish pore size and diffusion coefficients. Our method does not require extensive 

development of experimental protocol to directly luminescently label the material 

compared to other super-resolution techniques; photoluminescent emitters only must be 

able to undergo diffusion with the porous space. Overall, we envision our analysis could 

be applied to a diverse class of porous materials, including synthetic soft polymers such 
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as hydrogels,
219,252

 and polymers,
230

 biological environments such as the cellular cytosol 

and membrane, and heterogeneous hard porous materials such as mesoporous silica, 

zeolites, and activated carbon. Future work will pursue a better understanding of the 

relation between the experimental parameters, analysis, and final resulting correlation 

images, including quantifying the statistical requirements for correlation analysis,
253

 the 

relationship between probe/pore sizes and chemistries, quantifying more diverse types of 

diffusion, and obtaining spatial information in three dimensions. 
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CHAPTER 9 

APPLICATION OF TECHNIQUES DEVELOPED FOR SINGLE MOLECULE 

CHROMATOGRAPHIC STUDIES TO OTHER MATERIALS SYSTEMS 

9.1. Abstract 

Thus far, the presented work has focused directly on using the developed 

instrumentation and analysis to study chromatographic separations. Potential exists to 

apply the methods to study other materials systems where adsorption and diffusion of 

single molecules is of interest. Collaborative studies of protein adsorption to 

nanoparticles, heterogeneity present in aptamer/antibody interactions, and transport 

within aqueous lyotropic liquid crystal gels are performed. This chapter demonstrates the 

potential of single molecule spectroscopy to investigate a range of systems and to 

motivate future work. 

9.2. Introduction 

Single molecule spectroscopy has become a seminal tool for scientists over the 

past quarter of a century.  First developed by physicists to study condensed phases, single 

molecule spectroscopy now plays a regular role in molecular biophysics. Important 

discoveries on membrane dynamics,
254

 molecular motors,
125,255,256

 neuron signaling,
257,258

 

and other mysteries within the cell have been reported.  Yet, to control biology based on 

these results is a monumental task due to the complexity of living systems.  In contrast, 

single molecule spectroscopy has not been used as regularly to study man-made materials 

such as nanomaterials, diagnostics, and liquid crystals that have a large impact on public 

health and consumer products.  Industry and engineers have had limited use of this newer 
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technology, leaving single molecule spectroscopy as a tool for basic science.  Materials 

are easier to manipulate than biology due to the reduced degrees of freedom. Therefore, 

there is much potential understand and inspire engineering of materials using single 

molecule spectroscopy. The single molecule techniques developed in Chapters 2, 3, and 8 

are applied to three collaborative projects on materials systems: protein adsorption to 

therapeutic nanoparticles, aptamer/antibody interactions, and aqueous lyotropic liquid 

crystal gels. The focus of this chapter is to demonstrate the versatility of the single 

molecule methods and inspire future applications to materials. Therefore, thorough 

experimental details of sample preparation are not included, as all experimental work was 

performed with collaborators.  

9.3. Adsorption of a single serum protein to a single gold nanorod
§
 

Plasmonic nanoparticles are of increasing interest as biotherapeutics.
259,260

 

Nanoparticles in blood adsorb serum proteins onto their surface, influencing the 

physicochemical properties and subsequent interactions with cells. Recent work has 

identified the composition of the protein corona and linked it to specific immune 

responses.
261-263

 Yet, a mechanistic bridge between the composition and physio-response 

is lacking due to low spatio-temporal resolution and ex situ requirements of current 

techniques. In this section, super-resolution fluorescent imaging obtains a mechanistic 

understanding of the physicochemical properties of bovine serum albumin (BSA) 

                                                 

 

§
This work was done in collaboration with Sergio Dominguez-Medina and Prof. Stephan 

Link at Rice University. 
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adsorbed to cationic-ligand functionalized gold nanorods (cationic-AuNRs) at the single-

protein/single-nanoparticle level.  

Single BSA proteins are observed to adsorb to single cationic-AuNRs when 

super-localization fluorescence analysis is performed with dye-labeled BSA (Figure 9.1). 

Protein adsorption events are identified by an increase in the total signal intensity at the 

colocalized cationic-AuNRs, distinguished by plasmon enhanced emission of the 

fluorescent BSA molecules (Figure 9.1a). Identification of the cationic-AuNRs is 

achieved by long exposures and integrating the low quantum-yield cationic-AuNRs 

photoluminescence before introducing the BSA. Importantly, correlated SEM image 

analysis confirms that 99% of the analyzed BSA adsorption events occur at single 

cationic-AuNRs rather than aggregates (Figure 9.1a, inset).  

Spatially mapped two-dimensional histograms of super-localized single BSA 

locations on single cationic-AuNRs (Figure 9.1b, inset) are quantified by taking the 

standard deviation of centroids grouped within 200 x 200 nm
2
 of one another.

264
 As 

Figure 9.1b illustrates, the spread of super-localized points for 337 single-BSA/cationic-

AuNRs systems is on average σ = 22 ± 2 nm. Rather than mapping the nanorod 

dimensions, as has been reported previously for other analytical methods,
139,265

 a spread 

of ~22 nm simply expresses the resolution of the measurement. One interpretation is that 

only a single BSA protein binds to a single AuNR. On the other hand, the emission of 

many dye-labeled BSA proteins can couple into the far-field through the plasmon 

resonance,
266

 which would also yield a static localization-limited σ. Distinguishing 

between single- and many-protein emission is addressed by photobleaching transient 

analysis, as detailed next.  
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Figure 9.1. Single-protein/single-particle microscopy of irreversibile adsorption of BSA 

to cationic-AuNRs. (a) Colocalization of single cationic-AuNRs, confirmed by SEM 

(inset; scale bar, 50 nm), with adsorbed fluorescently labeled BSA. Images are 74 frames 

binned with same intensity scale; scale bar 500 nm.  (b) Super-localization imaging 

adsorption of BSA to cationic-AuNRs. Histogram of the standard deviation of centroid 

locations grouped within 200 x 200 nm
2
 of one another for 337 individual BSA/cationic-

AuNRs with a Gaussian fit (gray line). (Insets) Representative two-dimensional 

histogram images of centroid locations from super-localization of BSA adsorbed to 

cationic-AuNRs; scale bar 50 nm. (c) Intensity transient (black) of BSA adsorption to a 

cationic-AuNR. State and step identification (teal dashed line) of photobleaching steps 

overlaid. (d) Confirmation of single-molecule BSA determined from the number of 

photobleaching steps for 86 molecules.  (e) Representative single protein-single particle 

images of BSA/cationic-AuNRs identified (circles) before BSA is introduced (No BSA), 

during equilibrium concentration of 2 nM BSA present (t = 0 min), and after 500 min of 

rinsing with buffer. Images taken from different areas of the sample. Single frames are 

analyzed so photoluminescence of the cationic-AuNRs is weak and BSA fluorescence is 

used to identify the BSA/cationic-AuNRs. “No BSA” shows a negligible amount of false 

identification that may occur due to <1% of nanorod aggregates that occur. Scale bar, 5 

µm. (f) Percent of cationic-AuNRs with BSA molecules adsorbed identified before and 

after rinsing over time. Data represents the average and standard deviation calculated for 

five different 400 µm
2
 areas. 

 

Single protein adsorption is confirmed, and multiple protein adsorption is 

invalidated, by analyzing photobleaching transients of colocalized BSA proteins (Figure 
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9.1c). Protein adsorption increases the signal intensity, followed by a step-wise decrease 

back to the AuNR photoluminescence background, as illustrated by the intensity transient 

in Figure 9.3c. Protein desorption, an alternate explanation for signal intensity decrease, 

can be eliminated as a contributory mechanism by acquisition frequency/intensity 

analysis. A step transition and state identification method, STaSI, developed in the 

Landes lab
267

 is used to detect photobleach steps (Figure 9.1c, line). Statistical analysis of 

photobleach steps obtained from 86 colocalized sites (Figure 9.1d) yields an average of 

3.2 steps per molecule, with a narrow distribution of ± 1.2 steps, matching very well with 

the single-protein labeling provided by the supplier. This result demonstrates that only 

one BSA protein is adsorbed to each individual cationic-AuNR.  

The observed adsorption of single BSA proteins to single cationic-AuNRs is 

irreversible on a time scale of many hours, in support of a strong and irreversible 

interaction. Figure 9.1f reports the number of BSA molecules adsorbed to cationic-

AuNRs identified before and after rinsing with buffer solution and representative single 

molecule fluorescent images are shown in Figure 9.1e. No change in the number of 

adsorbed BSA is observed over the entire rinsing period of 8 hours, supporting 

irreversible adsorption of BSA to cationic-AuNRs. 

The single-protein/single-nanoparticle results were combined with other 

techniques (not described here) to find that the unprecedented high affinity and 

irreversible adsorption of single BSA proteins to single cationic-AuNRs involves protein 

structural changes, affecting the state of aggregation of the nanomaterial (Figure 9.2). 

These results demonstrate that understanding the behavior, not just the composition, of 
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adsorbed proteins on nanoparticles at a molecular level could explain the biological 

implications of the protein corona.  

 
Figure 9.2. Mechanism of BSA/cationic-AuNR physicochemical interaction. A BSA 

molecule from solution irreversibly adsorbs to the nanorod surface with high affinity, as 

observed by single-molecule/single-particle measurements. The protein unfolds, losing 

alpha-helical structure. The unfolded BSA associates with other unfolded adsorbed 

proteins, causing cationic-AuNR aggregation. 

9.4. Single-molecule investigation of short-time aptamer/antibody interactions
**

 

Nucleic acid aptamers are single-stranded DNA or RNA that bind to selected 

targets with high affinities and specificities.  Aptamers have applications as 

pharmaceuticals,
268

 diagnostics, forensics, and biodefense.
269,270

 Specifically, the DNA 

aptamer D17.4 has been reported by Wiegand, et al. to have a high affinity to the 

antibody, IgE (Figure 9.3a).
271

 IgE plays an important role in the immune response, 

where high-affinity adsorption to the type I Fcε receptor (FcεRI) elicits local 

inflammation, itching, and mucus production and is linked to diseases such as allergic  

                                                 

 

**
This work was done in collaboration with Mohan-Vivekanandan Poongavanama, Dr. 

Katerina Kourentzi and Prof. Richard Willson at the University of Houston. 
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Figure 9.3. (a) Mfold-predicted secondary structure of D17.4 aptamer. ΔG = -9.93 

kcal/mol at [Na
+
] = 138 mM, [Mg

2+
] = 1 mM and 25

o
C. (b) Surface chemistry schematic 

showing aptamer immobilization on functionalized  glass coverslips. (c) Single molecule 

image of 250 pM (offered) Cy5-labeled anti-IgE aptamer showing individually-

resolvable aptamers; binned 10 frames (300 ms total). 

 

hypersensitivity, asthma, and eczema.
272,273

 Use of the D17.4 aptamer can therefore be 

used to inhibit binding to FcεRI to treat diseases.
271,274

 Here we use single molecule 

spectroscopy to observe the heterogeneity of the dissociation kinetics of IgE from the 

D17.4 aptamer under variable ionic strength to compliment ensemble studies of the 

kinetics and energetics by fluorescence anisotropy. 

The modulation of the excitation in Chapter 3 allows detection of slower kinetics 

(otherwise masked by photobleaching of fluorophores) to be observable. As discussed in 

Chapter 3, when frames are being collected  at the temporal limit of the detector the laser 

is shut off between frames when data is not actually being collected (and only analog-to-

digital signal conversion occurs) preventing unnecessary excitation of the fluorophores; 

this strategy extends the useful life of the fluorophores allowing for increased observation 
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times. In addition, variable collection frequency below the temporal limit of the detector 

is enabled by the amplitude-modulated excitation to enhance the ability to observe slow  

kinetics. By decreasing the collection frequency, decays from fast kinetics are lost, but 

decays from slow kinetics are observable that would otherwise unobservable when using 

high collection frequency that leads to rapid fluorophore photobleaching. When varying 

the collection frequency (1-16 Hz) the low frequencies where data for slow kinetics 

converge are investigated and the appropriate frame collection frequency is then chosen. 

Wide-field TIRF microscopy investigates aptamer/IgE interactions (Figure 9.3 

and Figure 9.4) on shorter time scales and free of ensemble averaging. Figure 9.3b shows 

a schematic of the surface chemistry on the glass cover slips used to immobilize the 

aptamers. A 350 pM 3’-biotin-D17.4 aptamer solution was immobilized on microscope 

coverslips through biotin-streptaividin chemistry by the same technique described in 

Chapter 3.3. Cy3-labeled IgE (2 nM in phosphate buffered saline/200-400 mM NaCl) 

was flowed over the sample at 5 µL/min throughout the measurement. Data was collected 

on the TIRF microscope at detection at an integration time of 30 ms, electron multiplying 

gain of 300 and variable frame collection rate (1-16 Hz) based on the amplitude 

modulation discussed above.  As a control to confirm that the sample preparation 

methods used produced immobilized aptamer densities at which single aptamers were 

individually resolvable, we immobilized Cy5-labeled aptamer (250 pM) using the same 

immobilization procedure as for the unlabeled biotinylated aptamer. As shown in Figure 

9.3c, aptamer binding sites are resolvable and well-separated, at an approximate density 

of 1.0 ± 0.3 aptamer/μm
2
.   
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To control for possible effects of fluorophore photophysics (which, e.g., could 

make slow kinetics unobservable because of photobleaching) we observe the samples at 

varying collection frequencies and at varied salt concentrations. Salt concentration 

decreases the timescale of the aptamer/IgE interaction as shown in Figure 9.4.  However, 

at low salt concentrations data collection was limited by photophysics; at 200 (data not 

shown) and 300 mM NaCl the long time-scale kinetics do not converge (Figure 9.4a). 

That is, collection of data at intervals of 1/16 sec to 1 sec could affect the ability to 

observe events at the shorter end of the range, but at longer periods of 5-20 sec, to be 

reliable the results should be independent of collection frequency, this is observed only at 

400 mM (Figure 9.4b), where the observed kinetics are faster. These data converge at 1-2 

Hz (similar frequencies of events of length 4000-7000 ms), implying that photobleaching 

does not contribute significantly to the results at these conditions. Therefore, quantitative 

analysis was achieved by fitting the cumulative distribution for 400 mM NaCl at 2 Hz 

frame collection frequency to a three-component exponential decay using standard curve-

fitting considerations
110

 (Figure 9.4b, solid line) to account for the heterogeneity present 

among binding events.  

The single-molecule observations of immobilized aptamer/IgE complexes at 

conditions not affected by photophysics show heterogenous dissociation rates (in 

agreement with a multicomponent fit) at a range faster than those observed in the 

ensemble experiments in solution. The ensemble results report koff  to be a single value of 

(2.92 ± 0.18) x 10
-3 

s
-1 

at 50 mM NaCl and (1.44 ± 0.02) x 10
-2 

s
-1 

at 300 mM NaCl. In 

contrast, the resulting single molecule koff values at 400 mM are heterogeneous 

distribution of 9.3 ± 0.9, 2.6 ± 0.3, and 0.43 ± 0.15 s
-1

 with amplitude contributions of  
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Figure 9.4. Desorption kinetics at (a) 300 mM NaCl fail to converge compared to (b) 

convergence at 400 mM NaCl for data collected at variable frequency collection rates. 

Semi-log plots of cumulative distributions of desorption times at variable frequencies; 16 

Hz (■), 8 Hz (∆), 4 Hz (♦), 2 Hz (○; solid line is a three-component exponential decay 

fit), and 1 Hz (▼). In (a) 2 Hz and 1 Hz do not converge (desorption times beyond 5000 

ms) due to photobleaching at 2 Hz. Measurement at rates below 1 Hz is not stable due to 

sample drift, therefore it cannot be determined whether there are kinetics beyond the 

observation time scale. Comparatively, in (b) 1 and 2 Hz have similar decays and 

converge ~4000 ms.  

 

66 ± 6, 32 ± 6, and 1.7 ± 0.8%, respectively. The difference with ensemble results may 

arise from steric hindrance or electrostatic interactions with the surface, or from the 

surface-entropic penalty of binding the large antibody.  

Overall, the single molecule results combined with ensemble results show the 
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dissociation of D17.4 aptamer/IgE complex showed a dependence on salt concentration.  

Single-molecule dissociation kinetics showed greater kinetic complexity than was 

observed in the ensemble in-solution systems, potentially reflecting the IgE 

microheterogeneity, and/or directly signaling conformational heterogeneity of the 

aptamer. Due to photophysical constraints on operating conditions, the effect of NaCl and 

MgCl2 concentrations on kinetic heterogeneity could not be further pursued. These 

preliminary results establish, however, that with the use of labels with extended lifetimes 

or labels which do not undergo bleaching (inorganic semiconductor quantum dots, 

plasmonic particles, metal complexes) systems with faster desorption times could be 

studied using single molecule to clarify sources of heterogeneity in antibody-aptamer 

interactions important for disease treatment and diagnostic applications. 

9.5. Simultaneous super-resolution and one-dimensional transport of fluorophores 

in liquid crystals characterized under difficult experimental conditions by 

correlation analysis
††

 

The correlation analysis developed in Chapter 8 achieves super-resolution 

information under low signal conditions of one-dimensional diffusion of fluorophores in 

liquid crystals.  Liquid crystals can controllably self-assemble into complex phase-

segregated structures on different length scales for applications in biological and 

electronic transport and electro-optical displays.
275-277

 The fluorophore emitters present 

the challenge of photobleaching compared to the spheres used in agarose. Photobleaching  

                                                 

 

††
The experimental measurements were performed by Prof. Daniel Higgins’ group at 

Kansas State University. Data was provided for analysis. 
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Figure 9.5. Structure and transport characterization of aqueous lyotropic liquid crystal 

gels by correlation compared to diffraction limited imaging and single particle tracking 

(SPT). Results for (a, c, e) fluorophore transport in F127 and (b, d, f) C12EO10. (a, b) 

The average diffraction limited images show no noticible features while (c, d) correlation 

reveal paths of one-dimensional pores aligned across the structure. (e, f) Particle tracking 

cannot obtain (e) any particle locations in F127, while in C12EO10, particles are 

localized, but transport across paths is incorrectly identified and diffusion coefficients are 

not able to be obtained due to the shortness of the trajectories (only two trajectories are 

longer than four points). Scale bars are all 1 µm. 

 

quickly reduces the total signal observed during the measurement. Despite the limited 

amount of signal, correlation analysis reveals the one-dimensional spatial alignment of 

pores in F127 and C12EO10 (Figure 9.5c, d) not present in the diffraction-limited 

average images (Figure 9.5a, b). For F127, analysis of the diffusion coefficients were 
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very similar with previous reports (log(D) = 4.7 ± 0.3 nm
2
/s),

275
 while single particle 

tracking could not localize molecules (Figure 9.5e). For C12EO10, the low signal-to-

background ratio posed challenges in curve fitting. A large range and very large diffusion 

coefficients were found from log(D) = 5 – 9 nm
2
/s, with inter- and intra-pore 

heterogeneity observed. While some of these values are unrealistic and arise from low 

confidence in curve fitting, the results suggest faster transport occurs within C12EO10 

compared to F127. Estimation of diffusion coefficients by single particle tracking in 

C12EO10 was not possible due to short trajectories (Figure 9.5f). Further work with 

higher signal-to-background ratio and extended dye lifetimes could improve confidence 

in the results of fluorophore transport in mesoporous liquid crystals.  

9.6. Conclusions 

The single molecule imaging instrumentation, super-resolution localization 

analysis, amplitude modulated excitation, and correlation analysis presented in Chapters 

2, 3, and 8 can span many applications beyond protein chromatography. We report that 

single serum proteins adsorb irreversibly to single cationic-AuNRs, that aptamer/IgE 

dissociation is heterogeneous that is not resolvable at the ensemble, and that correlation 

analysis can resolve heterogeneous one-dimensional diffusion of fluorophores in liquid 

crystals in ways that cannot be analyzed by single particle tracking. Future work at the 

single molecule level could contribute to directed engineering of materials based on 

mechanistic molecular observations. 
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CHAPTER 10 

CONCLUSIONS 

10.1. Summary 

This work presented new approaches to understand ion-exchange 

chromatography, a crucial protein separation technique in the pharmaceutical industry.  

First, several new single molecule technologies were developed: 1) mbPAINT super-

resolution imaging, 2) amplitude-modulated excitation for extending fluorophore 

lifetime, and 3) correlation analysis for simultaneous super-resolution and diffusion 

information. Next, the first single molecule spectroscopy studies of ion-exchange 

chromatography were performed. Imperative findings on the spatial charge-distribution 

of ligands, reduction of heterogeneity by ionic strength, and tuning of protein/stationary 

phase interfacial interactions by pH were observed. A common theme through all 

experiments found that the sterics of the agarose support induces separation 

heterogeneity, leading to direct super-resolution imaging of the agarose structure and 

transport properties. Finally, super-resolution analysis allowed for the first experimental 

validation of the 60-year old stochastic theory of chromatography. This was only possible 

by visualizing single protein adsorption kinetics to single, super-resolved ligands. 

10.2. Future Directions 

Many future possibilities exist for studying ion-exchange chromatography using 

advanced instrumentation, industry-relevant samples, and studying other materials.  
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10.2.1. Utilizing advanced instrumental capabilities 

The current wide field TIRF microscope is setup for two-color excitation and 

detection. The ligands on the stationary phase could be fluorescently labeled in addition 

to the analyte. Expanding to a two-dye system, colocalization of both the stationary phase 

ligand and analyte could be performed. Single molecule FRET
119

 could elucidate distance 

between the ligand and analyte to 1-10 nm resolutions. Further, the acousto-optic 

modulators can be used for ALEX,
81, 135

 to “photophysically sort” FRET data, discerning 

dynamics from photophysics in the two-color system. Finally, two-color studies could 

study the competition and variation in affinity between two different analytes for the 

same ligands.  

To address the three-dimensional nature of ion-exchange stationary phases and 

the importance of ligand location within the porous support, future work is pursuing 

three-dimension super-resolution imaging and tracking.  Localization in the axial 

dimension, in addition to the traditional lateral direction, has been achieved using phase 

masks
278-280

 and multi-plane collection geometries.
281-285

 Phase masks introduce an 

optical astigmatism that aberrates the emission pattern to indicate the z-location of single 

molecules. A simple cylindrical lens placed in the detection path will lead to resolvable 

axial information to ~50 nm,
278, 279

 but the double-helix point spread function has been 

especially popular,
280, 286, 287

 due to the ability to determine both three-dimensional 

molecular orientation and position. Current work in the group has begun to install a 

double-helix phase mask on the TIRF microscope. An exciting combination of three-

dimensional imaging with the correlation analysis described in Chapter 8 and could 

characterize both the three-dimensional locations of specific adsorption sites of the 
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analyte to ligands and the negative, porous space of the agarose structure (with an inert 

diffusing probe). The structure-function relation of the stationary phase could then be 

fully realized at super-resolution levels.  

10.2.2. Breadth of ion-exchange relevant samples 

Application of single molecule spectroscopy to different cation exchange ligands, 

ion-exchange of nucleotides or monoclonal antibody analytes, and commercial particles 

are potential future variables to study. Recently, single molecule studies of reverse phase 

liquid chromatography expanded to commercial materials
22,23

 and compared results to 

real columns.
24

 The work on argininamide ligands made column preparation cost-

prohibitive, but future work on more affordable spermine ligands is underway.  In 

addition, collaborations with industry have begun within the group to address 

manufacturing-relevant concerns. An approach connecting single molecule spectroscopy 

findings and predicted stochastic theory elution profiles to actual column performance 

would be an exciting direction to truly understand the predictive nature of single 

molecule spectroscopy studies of chromatography. 

10.2.3. Single molecule spectroscopy of other materials 

As Chapter 9 demonstrated, the single molecule instrumentation and analysis can 

be applied to more than just chromatography-relevant materials. Collaborations with 

engineers will find exciting materials to study in the future. 
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