RICE UNIVERSITY

Single-Molecule Studies of Proteins at Polymer based
Chromatographic Interfaces

by
Nicholas A Moringo

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE

Doctor of Philosophy

APPROVED, THESIS COMMITTEE

m/k/\

Christy F. Landes, Chair

Professor of Chemistry, Electrical and
Computer Engineering, and Chemical and
Biomolecular Engineering

e AN

Sibani Lisa Biswal

Professor, Associate Department Chair,
Director of Graduate Studies, Chemical
and Biomolecular Engineering
Associate Professor of Material Science
and Nano Engineering

Métteo Pasquali
Professor of Chemical and Biomolecular
Engineering

HOUSTON, TEXAS
December 2019



Abstract

Single-Molecule Studies of Proteins at Polymer based Chromatographic
Interfaces

by
Nicholas Anthony Moringo

The worldwide pharmaceutical landscape has witnessed a large influx of biological-
based therapeutics, termed ‘biologics’, for the successful treatment of diseases and
illnesses. The downstream separation and purification of promising biologics via
chromatography dominates the total production cost leading to market entry. A
mechanistic examination of protein interactions at the interface of stationary phase
materials can improve and enable predictive chromatographic separation
optimization. Single-molecule imaging techniques, inspired by the advances of
super-resolution microscopy, can capture the highly dynamic interactions of
proteins at stationary phase materials. It is observed that nanoscale protein
dynamics can explain experimentally observed increases in separation efficiencies.
We uncover how the suppression of anomalous surface diffusion, which leads to
improved separations, can be tuned with stationary phase surface chemistries,
polymer packing, and ionic salt conditions. Overall, we have shown that single-
molecule imaging can relate protein dynamics at the nanoscale to improved protein

separations at the interface of synthetic polymer materials.
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toluene and cyclohexane developed PS films with fit to Equation 4.2 shown
With SOlid liNes. ... s sssssssasssseas 113



Xvii

Figure 5.4 Comparison of Lys dynamics at as-prepared and mPEG doped PS
films. (A) The distributions of single frame displacements at as-prepared and
mPEG doped PS films. (D) Cumulative distribution of surface residence time
for Lys adsorption at as-prepared and mPEG doped PS films. Solid lines are fits
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IChapter 1

Introduction

*Portions of this Chapter are reproduced with permission from published work:
Moringo, Nicholas A., Hao Shen, Logan D.C. Bishop, Wenxiao Wang, and Christy F.
Landes. "Enhancing analytical separations using super-resolution microscopy." Annual

review of physical chemistry 2018, 69, 353-375.

1.1. Motivation

The National Academy of Sciences of the United States recently reported that
15% of the total energy consumption in the United States is allocated to chemical
separations (Figure 1.1).1 Chemical separations are critical for maintaining our quality of
life, industrial energy production, and sustaining our nation’s role as a leader in
innovative technologies. As a result of the importance purifications and separations carry
for our country, the National Academy has established a research agenda that can

advance separation and purification processes for a wide array of industries spanning



from food processing, energy storage, and everyday medical products.! Separation and
purification of promising protein-based therapeutics termed ‘biologics,’ are the focus of
the presented work given the large cost and the current gap in knowledge of the complex

dynamics of proteins at the interface of separation materials.

Total Energy Consumption:
United States 2019

Chemical
Separations

- 15%

Other Energy
Expenditures
85%

Figure 1.1 Energy expenditure on Chemical Separations in the United States as
of 20109.

Biologics have superseded small molecules as the dominant retailed pharmaceuticals
in recent years. Specifically, 70% of the top ten retailed pharmaceuticals in the United
States were biologics in 2018, in comparison to 0% in 2008 (Figure 1.2).2 The high
demand for biologics has caused tremendous strain on the purification and separation via
chromatography. Challenges associated with the purification and separation of proteins
arise from their complex and dynamic structures, which are highly sensitive to
environmental conditions such as pH, ionic conditions, and interactions with other

proteins.® Moreover, current models established in the chromatography community lack



mechanistic and predictive capabilities. Advancements in our understanding of these
complex systems will lower input costs, minimize the costs to patients, and lower energy

consumption.

Il small Molecules
‘@ 70+ Il Biologics

2008 2010 2011 2012 2015 2016 2018
Year

Figure 1.2 Comparison of small molecules vs. biologics within the top ten
retailed pharmaceuticals in the United States reported in billions of dollars
from 2008 to 2018.2

The heavy use of biologics in patient therapies has placed a large financial burden on
the manufacturing and production of promising biologics, increasing the cost of patient
care. As of 2015, introducing a promising ‘biologic’ to market cost ~$2.6 billion,* of
which ~50% can be attributed to separation and purification.>” Chromatography is
heavily used from lab-scale refinement to downstream industrial purification of
proteins.®1% With worldwide medical use of biologics only increasing,>*'? it is time to
address the mismatch between the status quo of empirical separations and the need for

predictive separations at both benchtop and industrial scales. The lack of predictive



separations can be attributed both to the complexity of the underlying physics and
chemistry — hampering computation and experimental analyses — with ensemble assays

such as adsorption isotherms masking underlying heterogeneity.'34

The effort to analytically model separations began as early as the 1920s.2>%6 To
date, however, there is still no comprehensive theory to link the multiscalar dynamic
processes occurring in a chromatographic column to observable elution profiles. Instead,
users at the laboratory and industrial scales are left to rely on oversimplified empirical
equations.” More elegant theoretical advances made as early as the 1950s*® were not
adapted for the simple reason that there was no experimental way to link the underlying
physics to a quantifiable observable. The advent of single-molecule and super-resolution
methods in particular, makes it possible to extract the theoretical parameters driving

chromatographic separations.

1.2. Background

Super-resolution microscopy*® and single-molecule imaging?® are noninvasive
tools that quantify and image the multifaceted components present in protein
separations.?! Super-resolution microscopy is a robust field enjoying rapid improvements
in spatial resolution,?? temporal resolution,?® and the increased complexity of samples
that can be studied.!®2%2425 Access to nanoscale dynamics is often challenging with
traditional techniques,?® but readily achieved with super-molecule microscopy. Single-
molecule methods allow for individual fluorescently labeled proteins to be monitored in
real-time with a high spatiotemporal resolution, thereby capturing dynamics in a high

throughput fashion.?*?2° Additionally, super-molecule techniques monitor molecules



exploring heterogeneous local environments that are often averaged with ensemble

experimental techniques.®

Providing an experimental framework to motivate theoretical developments
towards advanced chromatographic models is necessary for optimizing separations.
Single-molecule imaging quantifies rare subpopulation interactions often averaged in
traditional measurements.®! Rare interaction types are important for elution profile
shapes, particularly in determining the origin of tailing and/or fronting observed in
elution profiles.3 Access to kinetic and dynamic information of rare interactions can
have important implications for designing efficient separations. Therefore, we use single-
molecule imaging methods to further develop the fundamental understanding of protein-

polymer interactions present in separation systems.

1.3. Specific Aims

The goal of this project is to utilize single-molecule imaging methods to relate
nanoscale phenomena on polymer support materials to observables in real
chromatographic separations. It is important to develop a relationship between surface
chemistries, polymer chain physics, and ionic conditions to interfacial protein interactions
at the interface of polymer materials. The following aims are completed to achieve this

goal.



1.3.1. Aim 1: Relate surface chemistry modalities at industrial relevant

polymer support to nanoscale protein dynamics

Utilize TIRF microscopy to image the dynamics of a model protein,
lysozyme, at the interface of chemically oxidized polystyrene films. Surface
chemistries, surface roughness, and surface hydrophilicity of the films are related

to hindered continuous-time random walk (CTRW) dynamics of lysozyme.

1.3.2. Aim 2: Establish a relation between single-molecule dynamics to
theoretical and ensemble improvements in separation efficiencies under

salting out conditions

Investigate improved efficiencies in ensemble fast protein liquid
chromatography (FPLC) of a protein, transferrin, and relate improvements to
super resolved single-molecule dynamics and kinetics. Further, single-molecule
kinetics are used to inform Monte Carlo based simulations that predict

improvements in separation efficiencies confirming trends observed in FPLC.

1.3.3. Aim 3: Link the suppression of anomalous surface diffusion of a model

protein to the free volumes present in thin polymer films

Perform single-molecule tracking of alpha-lactalbumin (a-LA) and Lys at
polystyrene (PS) films with varied free volumes modulated via molecular weight,
thermal annealing, and adjusting solvent quality. Hindered CTRW dynamics are
directly related to the free volumes present in the PS films. Hindered CTRW

dynamics are hypothesized to be driven by hydrophobic interactions.



1.4. Overview

Chapter 2 presents a scientific and historical background to fluorescence based
single-molecule spectroscopy and chromatographic separations. Also, previous research

is discussed that led to the development of the above specific aims.

Chapter 3 contains work relevant to Aim 1. The transport dynamics of a globular
protein, Lys, are quantified at the surface of chemically oxidized polystyrene interfaces.
It was observed that the CTRW exhibited by Lys is hindered as a result of all oxidative
treatments. However, the oxidative state and chemical identities of surface chemistries
that formed stronger water hydration layers results in greater hindrance of Lys dynamics.

This work was published in Langmuir.

Chapter 4 contains work relevant to Aim 2. The interfacial kinetics and dynamics
of a well-studied protein, transferrin, was quantified under varied ionic conditions to
emulate salting out processes heavily utilized in industrial biologic purification. Single-
molecule Kkinetics and structural changes to transferrin are related to improved separation
efficiencies in ensemble FPLC experiments with varied ionic conditions. Lastly, Monte
Carlo simulations informed by single-molecule kinetics predict improved separations.
This work connects single-molecule observables to real separation efficiencies confirmed
by theoretical predictions for the first time. The work presented in this chapter was

published in the Proceedings of the National Academy of Sciences of the United States.

Chapter 5 contains work relevant to Aim 3. The surface dynamics of Lys and a-
LA are quantified at PS with varied free volumes modulated via molecular weight,

thermal annealing, and adjusted solvent quality. a-LA was highly immobile on the



surface of PS regardless of the film conditions, but surface residence times did depend on
the MW of the PS. The free volume of the underlying film had a direct effect on the
observed anomalous diffusion of Lys. More specifically, as free volumes decreased so
did the mobility and step size distributions. This work is currently under review for

publication in Langmuir.

Chapter 6 contains a conclusion for Chapters 2-5 including future outlooks on

single-molecule microscopy as a tool for advancing separation sciences.

Chapter 7 contains supplemental data and analyses for Chapters 2-5.



IChapter 2

Background

*Portions of this Chapter are reproduced with permission from published work:
Moringo, Nicholas A., Hao Shen, Logan D.C. Bishop, Wenxiao Wang, and Christy F.
Landes. "Enhancing analytical separations using super-resolution microscopy." Annual

review of physical chemistry 2018, 69, 353-375.

2.1. Abstract

This chapter provides the background of single-molecule imaging that enables the
localization of single fluorescently labeled proteins below the diffraction limit of light.
Included is a brief discussion of the widefield microscopy techniques implemented in this
work. Lastly, a brief background of chromatography is discussed followed by a survey of
other's work studying interfacial protein-polymer interactions at the single-molecule

level, which motivates the work presented here.
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2.2. Origin and Advancement of Single-Molecule imaging

All the work discussed and presented here utilizes the phenomena of fluorescence
to image, localize, and track individual molecules.® Fluorescence is the emission of light
from a compound that has absorbed photons from a light source, thereby promoting
electrons in the molecule to excited electronic states.®® A Jablonski diagram illustrates
possible absorption transitions and decay pathways for electrons with respect to the
electronic energy levels of that molecule (Figure 2.1).3* Molecules can be excited with
specific wavelengths of light that match the energy required to promote an electron from
the ground state to an electronic excited state (Figure 2.1, So—S1), following the Frank-
Condon principle.®®3¢ After excitation, the electron will often decay to the lowest
vibrational energy state within the electronic excited state, formally known as Kasha’s
Rule,*” before decaying radiatively (fluorescence) or non-radiatively (internal conversion
or IC) shown in Figure 2.1. The fluorescence emission is red shifted (i.e. Stokes shift®*)
in relation to the excitation wavelength due to the energy loss that occurs during the
vibrational relaxation outlined by Kasha’s rule.>” Sequential photon adsorptions can also
occur as denoted as excited state absorption (ESA) in Figure 2.1. Lastly, intersystem
crossing (ISC) can also occur when the spin state of the excited electron enters a triplet
state (S1—T1) and then decays via phosphorescence (radiative) or via IC (non-radiative)
(Figure 2.1). However, the time scale over which an electron decays from the singlet state
in comparison to the triplet state is five orders of magnitude faster at times. Therefore
fluorescence is often the most dominant decay pathway for most dyes.** Additionally,
advanced dye molecule designs have improved quantum efficiencies over large spectral

regimes that favor fluorescence emission.-* Dye molecule improvements that allow for
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more photons to be emitted per unit time are advantageous for improved signal in

imaging and localizing molecules of interest.

fluorescence

| 2absorption

W
o

Figure 2.1 Jablonski Diagram.

The spatial resolution of a traditional microscope is limited to the diffraction limit
of light due to the wave-like behavior of light. The inherent localization resolution limit

of a point emitter was described by Ernst Abbe in 1873 in Equation 2.1:

A

4=5Na

Equation 2.1The Abbe diffraction limit of light.40

The Abbe equation relates d, the distance over which two light-emitting points can be
resolved (i.e. spatial resolution), to the wavelength (1) of light emitted from the source.
Further, the resolving power of the objective (NA) used to image the emitters also

determines a microscope's overall spatial resolution. A commonly used benchtop
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microscope would usually be equipped to provide a ~200 nm spatial resolution.*°
However, with the advancement in optics, sensitive photodetectors, and imaging
processing techniques the spatial limits of microscopy have pushed the resolution beyond

the Abbe diffraction limit.

ltleode

Figure 2.2 Super-localization using point spread function (PSF) fitting for
nanometer spatial resolution. (A) The PSF of a single molecule in a bacteria
cell. (B) 2D histogram of pixels counts for PSF in (A). (C) 2D Gaussian used to
fit PSF in (B). (D) Final localization of the center of mass of the Gaussian
function used in (C). Reproduced with permission from Angewandte Chemie
Intl. Edition.

In 2014, Betzig,** Moerner,*>*® and Hell** received the Nobel Prize in
Chemistry*® for advancing the field of microscopy with methods that push the spatial
resolution of imaging single fluorescent emitters to tens of nanometers. Two general
approaches were developed as a part of the 2014 Nobel Prize. One approach fits the point
spread function (PSF), the camera’s response from a single emitter know was the “airy
disk®,” with a 2D Gaussian to determine the lateral location of an emitter down to a few
nanometers shown in Figure 2.2.42*3 This method is applied to many fluorescing
molecules separated in both time and space to reconstruct complex structures.** The
second approach utilizes two excitation sources, one laser bleaches emitters in a ring-like

area about a region of interest, while the other laser excites the emitter of interest. Both
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approaches aim to lower emitter density across a sample by either the stochastic
photophysics of fluorescence or depleting emitters in a region of interest with a light
source. Additionally, as the number of photons emitted by a fluorescent molecule
increases, the localization accuracy increases by decreasing the FWHM of the emitters
PSF. Further developments and methods for super-resolving emitters including PAINT,*’
STORM,* and PALM,® which can super resolve complex structures depicted in Figure
2.3. New advancements in imaging have pushed the limits of localization to three
dimensions,* improved the temporal resolution for capturing fast dynamics,?2* and

increased the complexity of systems studied.%->3

(c)
¢ Dark

. Fluorescent

Fluorescently Labeled Diffraction-limited (DL) Image
Super-Structure 0.g. Widefield Epifluorescence

* Single Molecule (Label)

Stochastically selected subsets of Super-Resolution (SR)
single molecules by active control Reconstruction

Figure 2.3 Fundamentals of super-resolution reconstruction imaging. (A)
Ground truth image with black dots representing single dye molecules. (B)
Image captured exciting all emitters at a time resulting in a diffraction-limited
image. (C) Photoswitching dyes emission (D) stochastically exciting sparse
subsets of emitters during each camera exposure. (E) Final reconstructed
image by fitting each emitter’s PSF and determining localization below the
diffraction limit of light over many camera frames. Reproduced with
permission from Angewandte Chemie Intl. Edition.
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Many microscopy techniques exist that enable single-molecules to be tracked
below the diffraction limit of light in complex systems. Active feedback confocal based
methods utilize point detectors and closed feedback loop systems to track a single-
molecule over large axial and lateral ranges with a temporal resolution of milliseconds to
even microseconds.>**® Although active confocal methods are very versatile and useful
for providing dynamic information about a molecule of interest, these methods lack the
throughput to study interfacial phenomena.>’® Also, multiple detectors, lasers, and costly
piezo stages are needed to successfully implement these methods in a microscope setup.
Widefield microscopy has throughput high enough to study interfacial dynamics at the

interface of separation support materials at a lower cost.
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Figure 2.4 Typical through objective widefield total internal reflection
fluorescence microscope setup.
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Widefield microscopy allows for a large area in sample space to be imaged on a
camera. The fundamental difference in the illumination geometry when comparing
confocal to widefield is that the back aperture of the objective is filled with a collimated
light source during confocal imaging. Confocal geometries result in a small confocal
volume being illuminated in sample space. Comparatively, in widefield illumination
schemes, the light source is focused at the back aperture of the objective causing a large
illumination area at the sample once light passes through the objective (Figure 2.4). Total
internal reflection (TIR) geometries are ideal in widefield imaging to study interfacial
single-molecule interactions (Figure 2.4). The focused light source is aligned to the edge
of a high numerical aperture objective creating an evanescent field that propagates from
the interface of refractive index mismatch roughly 100 nm into sample space, shown with
the green gradient in Figure 2.4.% TIR occurs as a result of light refracting through

media of different refractive indices as outlined by Snells Law in Equation 2.2:

n,sin 8, = n,sin 6,

Equation 2.2 Snell’s Law.5?

TIR often occurs at an incident angle of 69 degrees for high numerical aperture
objectives.®? The incident angle (i.e. critical angle, O, Figure 2.4) required for TIR can
be analytically derived based on the refractive indices of the media a user is imaging
through using Equation 2.2.%° TIR geometry uniquely prevents emitters diffusing in the
bulk from being imaged, allowing only light emitted from closely interacting molecules

to reach the detector of the microscope. High numerical aperture oil immersion objectives
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are advantageous for widefield based single-molecule imaging due to their high angle
light-collecting capabilities that result in improved FWHM of PSFs (Equation 2.1).
Additionally, the refractive index of immersion media on the objective must match that of
the refractive index of glass to satisfy the requirements for TIR to occur from the
interface of the material of interest. Thus, it is also ideal to study polymer materials that
have a refractive index close to that of oil immersion media (n=1.51) and coverslip
materials (n=1.51). Overall, widefield fluorescence imaging is a robust microscopy
method that enables for the high throughput acquisition of single molecules exploring

large areas of an interface.

2.3. Previous single-molecule studies at heterogeneous surfaces

Single-molecule techniques close the knowledge gap between empirically
established chromatographic theories with molecular scale experimental observables
(Figure 2.5). Molecular scale details are acquired by directly monitoring individual
analyte molecules, allowing access to inter-site heterogeneities thought to be a major
contributor to fronting and tailing in chromatographic separations.®®3 Kisley et al.
investigated molecular-scale ion-exchange chromatography by utilizing fluorescently
tagged o-lactaloumin and engineered agarose supports as a model system.32 q-
lactalbumin is a globular protein that carries a net negative charge under neutral pH and
agarose is a common porous support for the separation of biomolecules. For the
experiments, agarose surfaces were functionalized with amide-containing ligands that
carry net positive charges, thus forming a model ion-exchange system. Total internal

reflection (TIR) widefield microscopy was used to observe the adsorption and desorption
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of proteins at ligand-functionalized sites on the stationary phase, while mobile phase

diffusion (diffusion coefficient ~150 pm?/s) was too fast to be observed. The

experiments achieved a sub-diffraction localization precision of ~30 nm by fitting each

adsorption event with a 2D Gaussian function and extracting its spatial position as the

centroid. Experimental details of the super-resolution experiment and analysis can be

found in an extensive review of the subject.?>®* Super-localization, coupled with kinetic

analysis, made it possible to distinguish between specific, repeat protein adsorption at

ligand sites and nonspecific adsorption due to trapping within pores on the agarose

support (Figure 2.5A).
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Figure 2.5 Super-resolved a-lactalbumin adsorption and desorption at
clustered ligands on agarose. (A) Specific adsorption sites are quantified by
identifying single adsorption events in each image frame. (B) Adsorption
frequency dependence vs. ligand cluster size. (C) Cumulative distribution of a-
lactalbumin residence times at different ligand sites. (D) Ensemble averaged
elution profiles for engineered ligand clusters (603 sites, red) and
stochastically clustered ligands (1,706 sites, cyan) on functionalized agarose
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supports. (E, F) Ionic strength dependence of the number of specific
adsorption sites (E) and total adsorption events per site (F). Adapted with
kind permissions from the National Academy of Sciences 32 and 2014
Elsevier.65

One of the most important conclusions reached by the early super-resolved
protein adsorption studies is that stochastic ligand clustering on the agarose support
causes heterogeneity in protein adsorption-desorption kinetics (Figure 2.5B-D). As
suggested by previous theories,? adsorption heterogeneity leads directly to broadening of
the macroscale elution time. The experiments showed that the underlying kinetics and
associated macroscale elution profiles could be narrowed by engineering optimized
ligand clusters (Figure 2.5B).3? Adsorption and desorption times were extracted at the
single site level by analyzing the waiting times between adsorption events and the
residence times before desorption, respectively. Interestingly, even with optimized
engineered ligand clusters, intersite heterogeneity for both adsorption and desorption was

still observed (Figure 2.5C).

¢(w) = exp [iwtm + tmf explint — 1] M(dty)
0

Equation 2.3 Lévy spectral function.

Using the Lévy representation expressed above in Equation 2.3, the distribution
of protein desorption times were correlated to the ensemble elution profiles. Further
comparison between the engineered sites versus stochastically formed sites indicated that

the HETP might be reduced by as much as 5 times by optimizing ligand clustering.? A
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mathematical description of the separation efficiency was derived by converting the
Poisson distribution of dwell times, extracted experimentally, to the frequency domain

relationship expressed in Equation 2.4:
i=k
Bt 0ltm) = exp 1 > ((expliwrs;] = DAF(zs,))
i=1

Equation 2.4 Poisson distribution of dwell times.

In Equation 2.4 Poisson distribution of dwell times., ts is the time spent in the
stationary phase while tm is the time spent in the mobile phase, rm is the number of times
a protein adsorbed during time tm, and k is index of the discrete set of desorption times.
The elution profile can be extracted from a single surface adsorption site with this
equation. By taking all the specific adsorption sites into consideration and generating the
site averaged elution profiles, the difference between the stochastically clustered
monoargininamide and pentaargininamide was obvious: the stochastically clustered
monoargininamide resulted in more severe peak broadening while the pentaargininamide
exhibited a narrow Gaussian distribution with mild fronting (Figure 2.5D). The
theoretical plate heights were calculated by taking the ratio of the variances of the
Gaussian fits to the peaks. It was found that the plate height of pentaargininamide
functionalized agarose was five times lower than the clustered monoargininamide
functionalized counterpart, indicating that the separation efficiency in chromatography

can be largely improved if proper surface engineering is performed.
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The intersite Kinetic heterogeneity in both adsorption and desorption (Figure
2.5C) was later related to steric availability of ligand sites within the agarose stationary
phase to the analyte proteins.®® Super-resolution imaging and kinetic analyses
demonstrated that increasing ionic strength both decreased heterogeneity in agarose pore
size and narrowed the available sites on which proteins were observed to adsorb.®
Sodium chloride, with a concentration ranging from 1 to 1000 mM, was added to the
solution to adjust the ionic strength of the mobile phase. It was found that the number of
specific adsorption sites was significantly reduced at increased salt concentrations
(Figure 2.5E), consistent with the notion that screening of electrostatic interactions by
salt can eliminate most weakly accessible binding sites. On the other hand, the number of
protein adsorption events at each remaining ligand site slightly increased with salt,
inconsistent with a purely electrostatic effect (Figure 2.5F). Control experiments (not
shown) suggested that instead, shrinking and narrowing of agarose pore sizes was also an

important contributor to the observed protein-ligand interactions.

In ion-exchange separations, tuning ionic strength is a commonly used empirical
parameter to optimize chromatographic elutions by influencing charge-charge
interactions without significant effects on protein denaturation.**-*467 Specifically, it is
well established that high ionic strength in the mobile phase can reduce apparent
adsorption heterogeneity leading to higher eluting capabilities in ion-exchange
chromatography.®8-° However, the super-resolution and single-protein kinetic analyses
discussed above demonstrate that the mechanisms driving the macroscale elution are

more complex than can be explained by electrostatics alone. Simulation of macroscale
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elution profiles using Equation 2.4 predicted that separation could be enhanced by three-

fold by suppressing steric heterogeneities among ligands.%

Super-resolution studies, in addition to revealing the effects of ligand clustering
and steric availability on specific adsorption at ligands, also provide insight about
nonspecific protein adsorption to the stationary phase support. Although specific
adsorption sites are the dominating factor in the elution, contributions from nonspecific
adsorption sites cannot be neglected. For example, the Wirth group and others have
shown that rare, but long-lived adsorption to defects on silica stationary phases can have
an outsized impact on the ensemble behavior.”®"3 Shen et al. studied the adsorption of a-
lactalbumin onto thin nylon 6,6 films using wide-field single-molecule spectroscopy.>®
The rate of protein adsorption was determined by counting the number of new adsorbed
events per unit time per unit surface area. Under steady-state solution conditions, the rate
of adsorption was found to be dependent on the time of adsorption and the protein
concentration in the bulk solution. Super-resolution imaging analysis revealed that the
surface adsorbed protein molecules were at discrete nonspecific binding sites, which
implied a monolayer adsorption model. A kinetic model was proposed allowing for
extraction of the site-averaged rate constants for adsorption-desorption and the total
number of adsorption sites on nylon surfaces. Comparing the protein adsorption on flat
and porous nylon 6,6 films revealed that the porous structures increased the number of
adsorption sites by four-fold, however the adsorption processes became less energetically
favorable. Use of steady-state kinetic analyses can provide quantitative evaluation of the

role of nonspecific adsorption on chromatographic performance.
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Another important consideration when applying super-resolution methods to
quantify adsorption and desorption dynamics is the limited temporal resolution of modern
CCD detectors. The recently developed Super-Temporal Resolution Microscopy
(STReM) by Wang et al. demonstrated that it is possible to achieve time resolutions up to
20 times faster than common camera frame rates.?* This simple improvement allows for
improved abilities to resolve fast events that are important in chromatographic
separations 214, The current detectable events have a lower bound of a few milliseconds,
imposed by the camera frame rate. STReM adopts a concept from compressive sensing
that makes it possible to encode fast sub-frame spatiotemporal information within a
single frame.?* STReM is be achieved by placing a double-helix phase mask (DHPM),
originally designed for compressing 3D information into a 2D image,”’’ into the optical
detection path and rotating it at constant speed.?* Doing so encodes sub-frame
information into the orientations of the final double-helix point spread functions (DH
PSFs). The angular frequency is adjusted such that the DHPM rotates 180 degrees in one
frame, thus the angle of the DHPM in a single frame encodes its sub-frame position.
Using both simulated and experimental methods, it was shown that STReM can be
applied to analytes that exhibit fast adsorption-desorption kinetics, short sub-frame
surface residence times, and even undergo sub-frame 2D transport.?* For the latter two
scenarios, the resulting PSFs are complicated and sophisticated analysis algorithms must
be employed for data recovery.?” Nevertheless, STReM is capable of enhancing the
effective temporal resolution by 20 times in all three cases and resolving protein

desorption kinetics that would not be observed with traditional camera capabilities.?®
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Single-molecule and super-resolution methods have recently revealed that protein
adsorption-desorption can be coupled to additional processes that are not well described
by simple physical models.?! Kisley et al. studied the o-lactaloumin adsorption at a silica
substrate, a model system for aqueous normal phase and hydrophilic interaction
chromatography.”® Two linked modes of interaction were observed by single-molecule
tracking under low pH conditions: adsorption-desorption and surface diffusion (Figure
2.6A). It was suggested that such diffusive dynamics are a culmination of electrostatic,

hydrophobic, and hydrogen bonding interactions.
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Figure 2.6 Imaging complex protein motion on chromatographic supports. (A)
Example trajectories of a-lactalbumin proteins exchanging at a silica support
under two pH conditions. (B) A schematic illustration of one proposed type of
motion, desorption-mediated continuous time random walk. Adapted with
kind permission from John Wiley and Sons 78 and the American Physical
Society.”?

Schwartz and coworkers have systematically studied protein interactions at
various interfaces’®®% and proposed the interaction could be modeled as a desorption-
mediated continuous time random walk (CTRW). Here, a CTRW means that analyte

molecule in the mobile phase intermittently hops through the bulk solution before
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stochastically immobilizing to a binding site for a variable amount of time (Figure
2.6B).” Because the available adsorption sites are heterogeneous in binding energy, the
waiting time of the CTRW is a broad distribution that can only be expressed by a power-
law. CTRW were widely observed over polymer matrices,?#2 oil-water interfaces,2384
and functionalized substrates.?58" These are usually considered as model substrates in
reverse phase liquid chromatography, normal phase chromatography, and ion-exchange
chromatography.’®”® The preceding work suggests that protein adsorption-desorption at
even the simplest chromatographic supports can be much more complicated than the
equilibrium adsorption-desorption implicit within Langmuir adsorption models, but that
super-resolution methods are useful for distinguishing, quantifying, and tuning the

processes.

2.3.1. Protein Unfolding at Stationary phase support materials

Reorganization of a protein’s structural motif directly alters the intrinsic behavior
as the protein’s size, geometry, overall charge, and exposed chemical domains are
altered, thus introducing additional mechanisms to influence elutions.2%° Dynamic
protein unfolding is a rich and complex field all on its own, but it is important to consider
the unique information that can be provided by single-molecule and super-resolution
studies at stationary phase surfaces. Importantly, single-molecule techniques allow for
single proteins to be monitored in real time, thereby elucidating variations in dynamics of
structural changes and surface dynamics and revealing heterogeneities otherwise hidden.

Single-molecule Forster resonance energy transfer (SmFRET) is a technique that
can be combined with single particle tracking in order to measure nanometer sized

structural changes occurring in a protein during periods of transport and immobility at an
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adsorption site. FRET relies on non-radiative energy transfer, inversely proportional to
the distance between two fluorescent probes, to measure distance changes on the order of
nanometers.?>* smFRET has been powerful in the investigation of protein structures at
the single-molecule level in many systems discussed thoroughly elsewhere.1:%% The
ability to interrogate conformational dynamics of proteins with molecular scale precision
has also been the result of advancements in fluorescent labeling techniques and
methodologies covered by Weiss®® and Yang.1® More recently, researchers have utilized
SmFRET combined with single-protein tracking to investigate protein dynamics at the
interfaces of chromatographic support materials, uncovering mechanistic cues in protein
unfolding pathways present in separation systems. 1%t

Kaar and coworkers were the first to employ tracking
SmFRET to monitor protein conformational changes during interfacial adsorption,
desorption, and surface diffusion dynamics.%? This work determined that two first-order
kinetic pathways exist for the model protein organophosphorus hydrolase (OPH) to
unfold on a fused silica (FS) interface. It was observed that if OPH unfolded during its
trajectory at the FS interface it could readily desorb regardless of OPH’s structural
conformation during the initial adsorption. These findings provide proof that unfolded
proteins can reversibly adsorb to an interface and likely result in solution-phase protein
aggregates.1%®104 Kaar et al. were the first to show direct molecular level evidence of this
phenomenon, which likely serves as an initiation step in interfacial fouling. Studies
indicate that fouling is predicated by the accumulation of unfolded proteins in the mobile
phase of separation systems.'%2 This work highlights the strong potential of tracking

SmFRET to discern dynamics from conformational subpopulations of proteins during
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adsorption-desorption processes at stationary phase supports, as well as to uncover the
large discrepancy among protein unfolding timescales. Such details would traditionally
not be accessible by ensemble based measurements. Single-molecule measurements
found evidence of transformations on the order of tenths of seconds, compared to hour
long transformations detected by ensemble measurements. This discrepancy in time
scales is likely due to ensemble measurements monitoring the relative rates to which
unfolded and folded populations are changing in comparison to the unfolding processes

of individual proteins in real time.%

00 05 10 15 20 25
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Figure 2.7 Lysozyme adsorption-unfolding dynamics on a fused silica support.
(A) Representative trajectories of single lysozyme proteins undergoing a
“search” process for unfolding sites on FS interface. Black segments of each
trajectory represent the folded lysozyme state and red segments indicate
unfolded conformation. (B) Cartoon representation of proposed model behind
surface induced unfolding of lysozyme at unfolding sites. (C-F) Distributions of
trajectories Euclidean distance before first detected unfolding event at total
lysozyme concentrations of: (C) 1.0x10-1° M, (D) 1.5x10-° M, (E) 5.5x10-° M,
and (F) 7.1x10-8 M. Labeled lysozyme concentrations were held constant in C-
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F.Scale bar in (A) represents 5 pm. Adapted with the kind permission of the
American Chemical Society. 105

Further insights into unfolding and transport dynamics of proteins at industrially
relevant support materials have been provided by tracking smFRET 1%, Weltz and
coworkers investigated the transport and unfolding dynamics of a model protein
lysozyme at a fused silica support 1%. Tracking and unfolding trajectories shown in
Figure 2.7A elucidated that lysozyme explores large amounts of the interface prior to
unfolding. Lysozyme exhibited a surface transport behavior consistent with a CTRW 107
108 containing distinct hopping and waiting periods between adsorption sites along the
support (Figure 2.7B). Weltz and coworkers determined that a rare subpopulation of
adsorption sites exist on the support that induces lysozyme unfolding (Figure 2.7B).1% In
this study, the effective concentration of labeled lysozyme was fixed while the amount of
unlabeled lysozyme in the solution was increased incrementally in each experimental
condition (Figure 2.7C-F). It was determined that increasing the effective concentration
and surface coverage of lysozyme caused labeled lysozyme molecules to explore larger
distances on the support prior to unfolding on the surface (Figure 3.1C-F). As a result of
increasing the effective lysozyme concentration, the number of strongly adsorbing sites
and the number of adsorptions at these sites decreased, thereby decreasing heterogeneity
in the lysozyme-FS interactions. The decrease in heterogeneity was attributed to
unlabeled lysozyme molecules passivating the surface at higher effective concentrations.
Tracking results also highlighted that increasing the unlabeled lysozyme concentration
caused the labeled lysozyme population to exhibit longer flights between adsorption sites

and shorter waiting times between flights. These findings suggest that passivated support
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materials give rise to less heterogeneity in surface residence times of adsorbed protein
molecules and likely can mitigate resulting peak broadening in separation systems.
Ultimately, this work highlights the importance of adsorption site heterogeneity and its

direct role on protein unfolding and surface transport dynamics at support materials.

As discussed earlier, achieving greater temporal resolution is also important for
understanding protein unfolding at a stationary support, given that unfolding dynamics
can occur on fast timescales. 1! Though tracking smFRET provides high throughput
acquisition of the unfolding and transport mechanics of model proteins, non-tracking
SmFRET techniques can provide a greater temporal resolution. For example, confocal
based SmFRET can achieve a microsecond temporal resolution.**?> However, confocal
SmFRET exhibits lower throughput due to a smaller inherent imaging area. Saito and
coworkers utilized a confocal based technique in order to uncover the unfolding
dynamics of ubiquitin at a polymer coated support.t'? A covalent polymer coating was
used to suppress artifacts originating from adsorption at the interface of the microfluidic
assembly. The introduction of the hydrophobic polymer allowed for near surface protein
conformations to be measured with high temporal resolution. SmFRET results indicated
that ubiquitin exhibits a large heterogeneity in conformational states when unfolded.
However, ubiquitin exhibits a well-defined structure while undergoing near surface
diffusion in the folded state. Interestingly, ubiquitin’s structural changes in the unfolded
states occurred on a time scale longer than 1 millisecond.**? These results provide insight
into the complex nature of protein dynamics at wide array of timescales unique to each

protein and stationary phase.
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Developing a more thorough understanding of protein unfolding dynamics at
support interfaces is essential to optimizing separations through robust bottom-up design.
The utility of SmFRET to investigate real time single protein structural changes during
surface transport at separation support materials has been discussed above.
Advancements in labeling techniques, sensitive photon detectors, and experimental
designs has allowed smFRET to be utilized in probing a large array of protein-surface
interactions in real time. Although tradeoffs do exist between tracking and non-tracking
SMFRET techniques, both provide access to fine details in the delicate and dynamic
structural changes that occur in a protein while diffusing through separation systems.
These techniques can be extended to more support materials and proteins to build on the
already impressive fundamental understanding of the multifaceted processes of protein

unfolding.

2.3.2. Competitive protein dynamics

The target analyte protein is often only one of many proteins present in a
separation column, providing another layer of complexity through potential protein-
protein interactions. For example, mobile phase interactions as well as competitive
adsorption-desorption processes at stationary phase can play a role in the overall
performance of a separation system, though very little is known about the mechanistic
details at the single protein level. Many ensemble based techniques have been utilized to
investigate protein-protein interactions in a variety of systems and have been discussed
thoroughly by Phizicky and Fields.!*® In addition, a range of experimental*'***® and
theoretical studies*'®!'” have explored how multiple proteins competitively adsorb to an

interface. These processes are highly dynamic and play an important role in the
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separation of target proteins from upstream byproducts. Protein-protein and competitive
protein adsorption effects should be investigated with single-molecule techniques in the
future to develop a mechanistic understanding of these processes. Recently, Kisley et al.
reported that insulin competitors in the mobile phase blocked a-lactalbumin adsorption at
some ligands, but had no influence on adsorption/desorption kinetics at sites where
adsorption did occur, an unexpected result that certainly motivates further experimental

and theoretical examination.>?

2.3.3. Protein transport super-localized under nanoconfinement

Chromatographic separations utilize porous stationary phase materials that
introduce many complex paths for proteins to explore during elution. Porous surface
features are often heterogeneous in size, density, and overall surface morphology 8.
Protein translation and rotation within pores can be hindered under nanoconfined
conditions. This complexity presents a challenge to experimentally quantify structure-
function relationships present in separation systems. Porous polymer supports are
increasingly commonplace because of their low fabrication price, chemical stability, and
ease of surface functionalization %21, Studying protein interactions with porous
supports via super-resolution microscopy provides structural details of porous networks

and dynamic information about protein transport simultaneously.

The development of non-invasive techniques to report structure-function
relationships in separation systems is essential to the development of function specific
support materials. Advanced imaging techniques such as atomic force microscopy and

scanning electron microscopy are able to image porous structure with nanometer scale
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spatial resolution. However, these methods can damage delicate polymer materials during
image acquisition and have limited functionality in quantifying dynamics under the
aqueous conditions necessary for protein separations.'?? In particular, porous supports can
reversibly swell and shrink in the changing ion-exchange solution conditions.'?® An ideal
experimental technique would provide in situ imaging of porous supports in tandem with
single-molecule tracking, allowing insights into the relationship between underlying
structure of support materials and analyte protein transport dynamics.'?412° Of particular
utility is the recently developed fluorescence correlation spectroscopy Super-Resolution

Optical Fluctuation Imaging (fcsSOFI) method.?

fcsSOFI enables both the porous substrate morphology and particle transport
kinetics to be simultaneously quantified by relating fluorescence fluctuations due to
hindered diffusion within a pore to the size of the pore.'?® fcsSOFI has the potential to
provide rich sub-diffraction information in environments where emitter signals are low
and/or in confined spaces.'?’?° Mathematically, fcsSOFI generates a high-resolution
image of the porous support from an autocorrelation map.*3® The super-resolved image is
calculated from the second order autocorrelation of each pixel. Each point spread
function (PSF) in the second order autocorrelation map is spatially enchanced by a factor
related to the diffusion coefficient (Equation 2.5):

G,(r, r)~f driU(r —ry) X iDs

Ulr—rm) Qexp <_ M)l €1€2

Equation 2.5 fcsSOFI second order autocorrelation spatial enhancement with
relation to diffusion coefficient.
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in which U (r) represents the PSF distribution, &, and ¢, are the constant brightness of an
emitters in two consecutive frames, D denotes the diffusion coefficient from fluctuation
correlation spectroscopy (FCS), and @ is convolution operation. The PSF in the
autocorrelation map is enhanced to a spatial resolution below the optical diffraction limit

(Equation 2.6):

1 1 1
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Equation 2.6 Spatial resolution of final fcsSOFI image.

in which n is a constant determined by the dimensions of the emitter movement,

T represents a time lag, and o is the standard deviation of the PSFs Gaussian. The

resolution of fcsSOFI image is thus improved by a factor between 0 and /2.
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Figure 2.8 Relating pore structure and analyte transport using fcsSOFI. (A)
Extracting diffusion coefficients from simulated 1D diffusion with fcsSOFI. (B)
Simulated frame-averaged image of emitter diffusion in two pores located
within the diffraction limit of each other. True pore positions are labeled by
the arrows. (C) The pore structure resolved with 2nd order fcsSOFI calculation
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and one step of blind deconvolution. (D - E) Diffusion coefficient distribution
and pore size from diffraction-limited image and fcsSOFI image, respectively,
of 1% agarose structure. (B - E) Scale bar = 2 pm. Figure adapted from
American Chemical Society.126

Kisley et al. demonstrated the utility of this technique in both simulated and
experimental systems.*?® In this work, a 1D transport simulation is performed and the
pore structure is recovered with a high spatial resolution. Figure 2.8A illustrates how the
diffusion coefficient is calculated by fitting the autocorrelation curve. Results are
compared to ground truth data and achieve an error under 10 percent. Second order
autocorrelation allows for spatial resolution beyond the optical diffraction limit (Figure
2.8B) and can be used to recover the substrate structure (Figure 2.8C). Experimentally,
Kisley applied fcsSOFI to image a porous agarose support as a model system due to its
use as a stationary support in separation systems. As compared to the raw image (Figure
2.8D), fcsSOFI images can resolve heterogeneities in agarose pore size and related them
to transport dynamics of analytes within the pores (Figure 2.8E). The ability to resolve
both the porous structure of agarose and the dynamics of an emitter in an aqueous
environment was an essential advancement in resolving real time transport in these
complex support materials. In the same work, fcsSOFI was successfully applied to
resolve the structure of lyotropic liquid crystal gels using perylene diimide as the reporter
molecule, achieving results not obtainable with traditional single particle tracking (SPT).
Versatility and robustness of fcsSOFI suggests it will form an essential tool in developing
a fundamental understanding of structure-function relationships underlying separations at

porous supports.



34

2.3.4. 3D imaging and tracking and novel point spread functions

A method of directly measuring a protein's interaction in porous supports with
high axial and lateral spatial resolution would provide unprecedented details about
protein separation systems. Three-dimensional protein transport in porous materials is not
completely captured with other types of super-resolution imaging because all output
images and diffusion maps are projected onto a 2D plane. In comparison, 3D super-
resolution microscopy is a powerful tool for studying protein kinetics on porous
substrates!® 75131 and can be achieved using multi-focal plane microscopy,t31%
astigmatic imaging using a cylindrical lens,3+13 light-sheet fluorescence microscopy,t3®
137 or DH PSF microscopy.”"® Here, we focus on DH PSF 3D microscopy originally
proposed by Pavani and Piestun ’” as a route for providing high spatial resolution and
localization of fluorescent emitters in 3D. We emphasize this technique because of its
simplistic implementation in existing microscopy setups, high spatial localization
capability, and larger axial range compared with other 3D super-resolution microscopy
techniques.®® DH PSF microscopy provides three dimensional localization of a
fluorescent emitter by the addition of a 4f system 139 and a phase mask ’” in the detection
path of a traditional microscope (Figure 2.9A). The addition of the phase mask within the
4f system causes the 2D Gaussian PSF (Figure 2.9B, upper) to be converted to a DH PSF
(Figure 2.9B, lower) which has two lobes. The orientation of the two lobes encodes the
depth of the emitters. Doing so provides a spatial resolution of ~20 nm in both the lateral

and axial dimensions.”®
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Figure 2.9 Application of DH PSF microscopy to study porous support
structure. (A) Scheme of double helix PSF 3D microscopy. (B) Representative
data of standard PSF and double helix PSF. Scale bar = 2 pm. (C) DCDHF-P
molecules diffusing in thick PMMA polymer substrate. Scale bar = 2 pm. (D)
Localization of fluorescent beads in 3D on porous polystyrene film by fitting
the DH PSFs. (E) Overlay of fluorescent bead 3D localizations on the bright
field image of porous polystyrene film. Figures (A - C) are adapted from
National Academy of Sciences 7¢ and (D - E) are adapted from Scientific
Reports.27

3D SPT is a powerful tool to provide more insight into the interaction of
molecules on a porous substrate. Pavani and coworkers first applied DH microscopy to
track DCDHF-P fluorophore molecules in the thick PMMA polymer surface (Figure
2.9C).”® They reported that the diffusion of single fluorescent emitters can be
distinguished in 3D below the diffraction limit.”® In addition, Shuang et al. studied the
adsorption and desorption of fluorescent beads on porous polystyrene films.?’ Varied
orientation of the DH PSF lobes encodes adsorption site depths (Figure 2.9D).
Overlaying the single-molecule localizations on a bright-field image of the underlying

porous surface provided confirmation of the axial resolution of this technique on porous
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polymer supports (Figure 2.9E). Improved resolution in three dimensions makes DH

microscopy an invaluable tool in the analysis and investigation of porous media.

Recently, the improved temporal resolution from rotating the DH PSF allows for
the encoding of sub-frame information into 2D images.?® Wang et al. showed that
rotating the DH PSF 180 degrees during a frame exposure uncovered protein desorption
kinetics not resolved with the traditional time resolution of other single-molecule
techniques.?® Non-rotating PSF results only showed a single exponential time of
residence times, whereas the improved temporal resolution of STReM resolved a second
desorption pathway that was sequential from the surface of nylon films.2® In addition to
improved time resolution recent work has shown that 3D localization and subframe
temporal information can be achieved with unique PSF design utilizing newly developed

PM design algorithms.

Developing a PM pattern that produces a desired final PSF is a computational
challenging phase retrieval problem,'*° where you are recovering the signal in the Fourier
domain from the amplitude in the spatial domain.*! Wang et al. established a Gauss-
Newton algorithm that recovers phase mask patterns for a desired final PSF design with
high efficacy.?® This algorithm was then utilized to develop a powerful stretching double
lobe PSF that enables 3D tracking below the diffraction limit of light while compressing

sub-frame temporal information into the final 2D image.?®
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Figure 2.10 Application of the stretching lobed PM. The orientation of lobes
encodes arrival time shown on the y-axis. Axial emitter location is encoded by
the distance between the lobes shown on the x-axis. Reprinted with
permission from OSA publishing.
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3D localizations and sub-frame arrival times are achieved by rotating the phase
mask 180 degrees within one integration time.?> As shown in Figure 2.10%° the distance
between the two lobes encodes the axial location of the emitter, while the angle of the
two lobes encodes the emitter's arrival time at the interface. This allows for the lateral,
axial, and sub frame arrival times to be retrieved from a 2D image captured on a
scientific camera.?® This novel stretching-lobe PSF can be utilized to further motivate

studies into the highly multiscalar dynamics of proteins within separation systems.
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2.4. Conclusion

Here we provide the current outlook of super-resolution techniques and their
implementation to investigate the three main phenomena within separation systems:
adsorption-desorption dynamics, protein unfolding and competitive protein kinetics, and
transport in porous stationary phase media. Super-resolution microscopy’s ability to
provide mechanistic insights into the heterogeneous behaviors of protein molecules in
separation systems, most importantly, to extract parameters that directly relate to a
stochastic theory are highlighted here. Super-resolution continues to provide mechanistic
insights into the complex components in chromatographic systems, thereby motivating a

robust and predictive theory of chromatographic separations.
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IChapter 3

Variable lysozyme transport dynamics
on oxidatively functionalized
polystyrene films

fIReprinted (adapted) with permission (Moringo, N., Shen, H., Tauzin, L., Wang,
W., Bishop, L. D.C., Landes, C.F., Langmuir 2017, 33, 41, 10818-10828). Copyright
(2019) American Chemical Society.

3.1. Abstract

Tuning protein adsorption dynamics at polymeric interfaces is of great interest to
many biomedical and material applications. Functionalization of polymer surfaces is a
common method to introduce application specific surface chemistries to a polymer
interface. In this work single molecule fluorescence microscopy is utilized to determine the
adsorption dynamics of lysozyme, a well-studied antibacterial protein, at the interface of

polystyrene oxidized via UV exposure, oxygen plasma, and functionalized by ligand
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grafting to produce varying degrees of surface hydrophilicity, surface roughness, and
induced oxygen content. Single molecule tracking indicates lysozyme loading capacities
and surface mobility at the polymer interface is hindered as a result of all functionalization
techniques. Adsorption dynamics of lysozyme depend on the extent and the specificity of
the oxygen functionalities introduced to the polystyrene surface. Hindered adsorption and
mobility is dominated by hydrophobic effects attributed to water hydration layer formation

at the functionalized polystyrene surfaces.

3.2. Introduction

Elucidation of mechanistic details of modified polymer properties and their role in
protein rich environments is essential to advancements in many fields of scientific
importance including biological nanoarray sensing, 14214 biomedical transplants, 146-148
and industrial drug purification.’*%! Protein surface transport dynamics at modified
polymer interfaces are complex and often dictate the efficacy of these systems.*® However,
studying the complex interactions between these macromolecules is often challenging due
to the dynamic structural motifs,>1°3 heterogeneous modes of transport'>*1% and varying
chemical properties exhibited by proteins and polymers.3%1%° Oxidative functionalization
of polymers has been an area of great interest given the ability for oxygen containing
functionalities to be incorporated into the outermost layers of the polymer while keeping
the bulk chemical properties unaffected.*>¢-1%° Moreover, oxidation processes that modify

polymer surface characteristics can be tuned to perturb protein adsorption dynamics for
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specific applications including membrane antifouling,'%°%! cell adhesion,'®? and

biocompatibility, 163164

Conventional methods such as quartz crystal microbalance,?%1 isothermal titration
calibration,*%®17 and dynamic light scattering'®® reveal important information about
average structural and chemical details occurring during protein adsorption, but lack
multiscalar spatiotemporal resolution and thus suffer from ensemble averaging of
underlying macromolecule dynamics. Studying dynamic and heterogeneous interactions
using wide-field single molecule fluorescence microscopy allows for high spatial and
temporal resolution of single binding events to be monitored in real-time,**1"® uncovering
mechanistic details of these complex systems in a high throughput fashion. Advancements
in labeling methods, optical microscopy, and tracking algorithms?*27-2 allow single
molecules to be tracked within complex environments.’*1"2 For example, mechanistic
detail about intracellular protein transport,*”*1’® adsorption processes along
chromatographic interfaces,?1326578124177-178 = gand  protein adsorption dynamics at
polymeric interfaces®*®>17%181 have been revealed using wide-field single molecule

tracking methods.

Excitation of labeled proteins within a small distance (~80 nm) of the interface of
interest is achieved by utilizing total internal reflection fluorescence (TIRF) microscopy in
which an exponentially decaying evanescent wave is created at refractive index boundaries.
TIRF allows for background signal to be suppressed from probes that are not at the
interface, and thus is ideal for monitoring dynamic processes occurring at heterogeneous

surfaces, such as polymers.’8182 Recently the Schwartz group utilized single molecule



42

TIRF to uncover the presence of slow in-plane diffusion of target molecules undergoing
desorption-mediated transport on patterned polymeric interfaces, in addition to reduced
mobility along boundaries of varying hydrophilicity.®? Moreover, single molecule TIRF
was also used to investigate how the structural changes of thermoresponsive polymer
brushes effected the surface transport of surfactant molecules.®? These examples highlight
the utility for single molecule spectroscopy to elucidate mechanistic details in complex

systems that exhibit heterogeneous surface chemistries.

Here, we implement single molecule TIRF to investigate the interfacial adsorption
dynamics of a well-studied antibacterial protein, lysozyme,'83184 on polystyrene interfaces
that have been oxidized by UV exposure, plasma treatment, and functionalized by ligand
grafting resulting in varying degrees of hydrophilicity. Polystyrene is the polymer of
interest in this study given its low cost and chemical stability under laser radiation'® in
addition to its heavy use in cell culture dishes,*®® food packing industries,*®” and recent
applications in postsurgical wound healing.*® UV light and oxygen plasma treatments are
utilized as two oxidation techniques because these techniques avoid complex wet
chemistries and can be readily implemented in commercial polymer functionalization.
Lastly, a ligand grafting technique®®® is utilized to directly control the oxygen containing
species introduced on the polystyrene interface, in addition to the ligand’s biological
relevance and compatibility.*>1°! Binding rates, single frame displacements, trajectory’s
radius of gyration calculations, and surface residence times are presented in our analysis of
lysozyme adsorption dynamics on polystyrene and functionalized polystyrene interfaces.

Polystyrene surface characterization was conducted utilizing atomic force microscopy
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(AFM), static contact angle measurements, and X-ray photoelectron spectroscopy (XPS)
to relate polymer properties to single molecule observables. Each functionalization
technique induced unique surface functional groups to the polystyrene interface. Our
results indicate that increasing the density and oxidation state of hydrophilic species at the
polystyrene interface hinders the mobility of adsorbed lysozyme molecules. Moreover,
each treatment technique increased surface roughness and hydrophilicity resulting in lower
surface residence times and binding rates of lysozyme. The varied interactions of lysozyme
is dominated by hydrophobic effects and the increasing role of hydration layers at

polystyrene interfaces functionalized with more polar chemistries.

3.3. Materials and Methods

3.3.1. Polystyrene Film Preparation and Ellipsometry

Glass microscope coverslips (22 x 22 mm, Fisherbrand, borosilicate) were
sonicated for 20 minutes sequentially in solutions of: critical cleaning detergent and water
(Liquinox), deionized water (>1 MQ-cm), methanol (Sigma), and acetone (Sigma). The
glass slides were then cleaned in a bath of piranha base solution (1:1:5 28%
NHsOH/30%H20- /H,0) heated at 80 °C for 20 min. The coverslips were then dried under
a steady stream of compressed nitrogen followed by 2 minutes of oxygen plasma treatment

(Harrick Plasma, PDC-32G).

Polystyrene pellets (Sigma-Aldrich, Mw=36,000) were dissolved in toluene

(Sigma-Aldrich) to prepare a 1.5 w/w% solution of polystyrene. Roughly 50 pL of the



44

polystyrene solution was deposited onto the center of a cleaned glass slide; then samples
were spin coated (SP1 KW-4A) at 3000 RPM for 1 minute. The resulting films were used
as is for all polystyrene film measurements. The spin coated film thickness (~60 nm) was
determined using ellipsometry (Gaertner 7109-C370B, Figure S1) with silicon wafer as the

substrate (Silicon Quest Int’l, Prime Grade).

3.3.2. Polystyrene Functionalization

The following three methods were used to functionalize polystyrene films:

3.3.2.1. UV Functionalization

Spin coated polystyrene films were irradiated by a high powered UV
lamp (UVP LLC, 365 nm, 100 watt) under atmospheric conditions for 10, 20 or
30 minutes. The spin coated samples were placed roughly 9 cm from the UV
lamp during the treatment period. All samples were rinsed under a gentle
stream of DI water before all experiments to remove weakly bound polymeric

by-products from this treatment technique.

3.3.2.2. Plasma Treatment

Polystyrene films were individually placed in a oxygen plasma cleaner at a
fixed position inside the instrument to keep plasma exposure consistent between
each treated sample. The plasma cleaner was flashed with oxygen three times

prior to treatment for 1, 3, 5 or 7 seconds at ~200 mTorr. All samples were rinsed
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under a gentle stream of DI water before all experiments to remove weakly bound

polymeric by-products from this treatment technique.

3.3.2.3. Ligand Grafting

Ligand grafting was induced by UV light exposure using a two-step process
adopted from Ma and coworkers.'8 A 10 w/w% solution of benzophenone/acetone
was prepared and 100 uL of the resulting solution was deposited onto the
polystyrene film surface and irradiated for 1 minute with a UV lamp. The film
surface was then rinsed thoroughly with acetone in order to remove unreacted
benzophenone from the film. Following this 100 pL 10 w/w% solution of Allyl o~
D-galactopyranoside (Sigma)/DI water was added to the benzophenone treated
surface and irradiated for various treatment times of 5, 10, 20 or 30 minutes. The
films were then rinsed with deionized water thoroughly and dried under a stream

of compressed nitrogen gas.

3.3.3. Wide-field Single Molecule Fluorescence Microscopy

Single molecule fluorescence measurements were conducted on a custom TIRF
wide-field microscope (Figure 1A). Excitation light was generated by a 532 nm diode laser
(Coherent, Compass 315M-100SL) and focused at the back edge of a high numerical
aperture oil-immersion objective (100x N.A. 1.45 Alpha Plan-Fluar, Carl Zeiss) to achieve
TIR, corresponding to an angle of incidence ~78°. An exponentially decaying evanescent
field was produced as a result of achieving the TIR condition thereby exciting only probes

within ~ 80 nm of the interface. Emitters located within the evanescent field but not
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interacting with the interface are not detected due to motion blur. The power density used
for all measurements of this work was 0.10 kW/cm? at the interface. Fluorescence was
collected using the same objective (epifluorescence) and passed through a 2.5x% lens
followed by a dichroic mirror (Chroma z532/rpc633). The emission light then passes
through a notch filter (Kaiser, HNPF-532.0-1.0) and a band pass filter (Chroma,
ET585/65m), after which the illumination area (30 x 20 um?) was projected onto an
EMCCD camera (Andor, iXon 897). The EMCCD was operated with an integration time
of 30 ms and an electron multiplying gain of 300 in frame transfer mode for all
measurements. The resulting setup allows for a 600 pm? area to be monitored at the
polymer interface producing high throughput data acquisition. Data was collected in stacks
of 1,000 frames (30 seconds) with a ~ 1 minute delay between consecutive movies. Each
sample was measured for 6,000 frames in one region and was illuminated for 45 minutes
at 0.20 kw/cm? before data collection to photobleach any contaminants in the films
reducing background signal. At this power density laser induced oxidation of the
polystyrene is unlikely to occur given power densities orders of magnitude greater are
needed to oxidize polystyrene.'®? Probe solutions (100 pL) were drop cast onto the films
and immediately measured thereafter in a controlled environment with a relative humidity
of 55%. The density of emitters on the polystyrene interface did not change over time for
represented measurements. A previously published tracking algorithm was used to

construct trajectories from single molecule data (details in SI).%
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3.3.4. Protein Preparation

Lysozyme C labeled with Rhodamine B (Nanocs, Figure 1C-D) served as the probe
molecule used in this study. All protein solutions were prepared in 10 mM HEPES Buffer

(Sigma, pH 7.1) with probe molecule concentrations at 1.0 nM for all results presented.

3.3.5. Goniometry Measurements

Static water contact angle measurements of all films were conducted using a
goniometer (Ramé-hart Model 200) to determine changes in hydrophilicity as a result of
various outlined treatment methods. Contact angle measurements reflect regionally
averaged hydrophilicities of the polystyrene interfaces given the contact area of the water

solution is ~1 mmZ.

3.3.6. Atomic Force Microscopy

Surface roughness characterization of polystyrene and oxidized polystyrene
surfaces were conducted using AFM (Bruker, Multimode 8), operated in peak force tapping
mode. Silicon tip nitride lever probes (Bruker, Scan Asyst, fo= 70 kHz) with reflective
aluminum coating were used to probe respective surfaces. Samples for AFM measurements

were prepared using the same protocol as single molecule experiments.

3.3.7. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopic (XPS) analyses were conducted using a PHI

Quantera XPS. The excitation source Al Ka X-rays (1486.7 eV) was operated at 40W,
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15kV and focused to spot size of 50um diameter. This produces a corresponding
sampling depth of ~3 nm. Survey scans were conducted in 0.5eV steps over the 1100-0
eV binding energy range with a pass energy of 140eV. High resolution spectra of C1s and
O1s were performed in 0.1eV steps with a pass energy of 26 eV. High resolution scans

were used for spectra deconvolution and elemental percent composition analyses.

3.4. Results and Discussion

The introduction of hydrophilic moieties to the polystyrene interface, as a result of
oxidative treatment and functionalization, inhibits lysozyme mobility reducing hopping to
adjacent binding sites in addition to decreasing binding rates. Each functionalization
method caused a decrease in surface residence time for lysozyme molecules that was
exacerbated as polystyrene became more hydrophilic. The experimental setup for single
molecule data acquisition is shown in Figure 3.1A with the TIR condition occurring at the
film-liquid interface. The TIR condition occurs at this interface due to a large refractive
index mismatch between the polystyrene (n~1.58) and probe solutions (n~1.33), rather than
occurring at the closely matched glass (n~ 1.52) and polystyrene interface as shown in our
previous work studying similar interfaces.>*818 The TIR condition reduces background
signal from emitters in the bulk solution not interacting with the polystyrene interface.
Representative lysozyme trajectories (1,000 frames) on polystyrene are shown in Figure
3.1B. The structures for polystyrene, lysozyme, and the fluorescent label with counter-ion
are shown in Figure 3.1C-D from left to right respectively. Lysozyme is highly mobile on

the surface of polystyrene, exploring large amounts of the surface with long-lived
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trajectories indicated by the time-dependent color gradient in Figure 3.1B. The dynamic
mobility of lysozyme has also been observed by other on hydrophobic surfaces.**® Given
the high throughput nature of our data acquisition, single molecule trajectories are acquired
from many regions of a sample allowing our results to reflect the lysozyme-polystyrene
interactions at the ensemble level. However, single molecule techniques allow us access to
subpopulations of lysozyme-polystyrene interactions occurring at the heterogeneous

polymer interface.
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Figure 3.1 Experimental setup using a TIRF excitation geometry. Evanescent
wave depicted in the excitation of Rhodamine-B labeled lysozyme probe with
maximum evanescent intensity at the film-liquid interface. (B) Representative
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time-dependent lysozyme trajectories from 1,000 frames of data on as
prepared polystyrene film with camera integration time of 30 ms (Scale bar is
representative of 2 pm). (C) Structure of polystyrene and structure of
lysozyme (PBD: 4Z98, hen egg white lysozyme183) with secondary structural
motifs indicated by various colors (left to right). (D) Structure of Rhodamine B
dye with counter-ion.

3.4.1. UV Treatment

Exposing polystyrene films to UV light increases the film hydrophilicity while the
lysozyme adsorption binding rate and surface mobility decrease, but all are independent of
exposure time (Figure 3.2). Contact angle measurements (Figure 3.2A, Figure S3) show
that UV exposure increases hydrophilicity, but not in a tunable fashion. The increase in
hydrophilicity with UV exposure is likely caused by the mild oxidation of the
polystyrene!®”1%° interface causing water hydration layers to form,*** which strongly
interact with the polymer interface. The interactions between water and polymer surfaces,
which exhibit varying degrees of hydrophilicity, are well studied and indicate that the
viscosity and density of water molecules at the interface increases as the surface becomes

more hydrophilic with an increase in hydrogen bonding.*%>1%
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Figure 3.2 Lysozyme adsorption at UV-treated polystyrene interfaces. (A)
Static contact angle measurements for polystyrene and UV treated
polystyrene films with corresponding treatment times. Lysozyme binding
rates (B) and single frame displacements distributions (C) for polystyrene and
UV-treated polystyrene (10, 20 and 30 minute treatments). Error bars in (B)
represent the standard deviation of the mean from at least 1,600 imaged
adsorption events. Each condition in (B, C) represents at least 800 events
worth of data.

UV-oxidized polystyrene decreases the binding rate of lysozyme proteins on the
polymer surface (Figure 3.2B). The binding rates are determined by taking the average
number of new events per frame from 6,000 frames of movies and dividing by the projected
surface area (205 pm?). It is well established that hydrophilic interfaces exhibit lower
protein loading capacities than hydrophobic surfaces.3>1%-2% The hydrophilic surface

chemistry is thought to hinder lysozyme adsorption as water molecules must be displaced
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for the lysozyme adsorption process to occur.?%! In contrast, lysozyme is highly mobile on
the less hydrophilic native polystyrene, exploring large amounts of the surface with long-
lived trajectories indicated by the time-dependent color gradient in Figure 3.1B. Inspection
of trajectories in Figure 3.1B reveals lysozyme undergoes inter-site hopping along the
heterogeneous polystyrene surface interrupted by brief periods of confinement indicative
of a desorption mediated transport mode as seen by others at the single molecule level 18182
This mode of non-Brownian surface diffusion is consistent with many other single
molecule studies containing single molecule adsorption processes along heterogeneous
interfaces and provides mechanistic details not capable of being observed with ensemble
based methods,81:83-84.202

The surface mobility is quantified by the single frame displacement distributions in
Figure 3.2C. UV-induced oxidation decreases the lysozyme step size as it explores the
polymer surface, indicated by the slight shift in the single frame displacements and
confirms that smaller magnitude displacements are more likely to occur as the surface is
oxidized by UV light. The histograms of displacement (Figure 3.2) represent the
magnitude of frame to frame step size produced from single molecule trajectories, which
did not produce any time dependent changes in the corresponding distributions for all
treatment methods ruling our laser induced surface oxidation effects (Figure S4).
Distributions are plotted on a logarithmic scale to represent the entire range of
displacements measured for each condition which are lognormal as discussed in our
previous work.8-# Cumulative distributions of surface residence times are also compared

(Figure S5) for all treatment conditions represented in Figure 3.2, indicating no significant
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difference in surface residence times for lysozyme molecules on UV-exposed polystyrene.
No changes in contact angle, binding rates, single frame displacements or surface residence
times are present as a result of increasing the UV exposure time.
The decrease in step size upon UV treatment observed in Figure 3.2C
indicated by the slight shift in the single frame displacement distributions averaged at 46
nm and 40 nm before and after treatment respectively suggests that desorption mediated
transport of lysozyme is hindered as a result of surface oxidation. This is likely caused by
a decrease in the number of available adsorption sites to which lysozyme can re-adsorb as
the hydrophilic surface is more densely hydrated after UV-induced oxidation.?®> An
increase in water density at the hydrophilic polystyrene surface thus induces a decrease in
surface mobility. Also, as shown in Figure S6, the lysozyme trajectory’s radius of gyration
decreases from 74 nm on polystyrene to 54 nm after 10 minutes of UV exposure, further
suggesting decreased lysozyme mobility on the oxidized surfaces. The trajectory’s radius
of gyration value represents the total area explored by a molecule over the evolution of a
trajectory, specifically for molecules that exhibit non-Brownian surface transport modes
where traditional diffusion coefficients would not adequately describe molecule mobility
(Details in Sl). 82 Analysis of radius of gyration evolutions for individual trajectories
shows periods of surface transport interrupted by random periods of immobility and
confinement, indicated by plot slopes of 0 or less (Figure S8).2% This further confirms the
desorption mediated diffusion of lysozyme at polystyrene interfaces (Figure S8).202
UV-induced oxidation mildly oxidizes the polystyrene, suggested by the relatively

small (~10°) reduction in contact angle upon exposure. Our results are consistent with the
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mild oxidation of the polymer chains with the likely introduction of hydroxyls and
ethers.1>"1%9 XPS analyses further support the mild oxidation of the polystyrene surface
with ~1% increase in the oxygen content that did not increase as UV treatment time was
increased (Figure S9 and Table S1). UV treatment times shorter than 10 minutes were not
used here given the small change in surface oxygen induced to polystyrene (Table S1) and
other surface properties discussed later. This mild oxidation did result in a small decrease
in the surface residence times of adsorbed lysozyme molecules (Figure S5), likely caused
by adsorbed lysozyme molecules undergoing desorption more readily as nearby adsorption
sites are occupied by water molecules hydrogen bonded to alcohol and ether functional
groups. As a result of water’s propensity to hydrate and solvate hydrophilic polymeric
interfaces®®* the interactions of protein molecules and the interface become perturbed.'%-
200 Adsorption sites on our polystyrene interface become occupied by water molecules for
all surfaces in this work since the interfaces are becoming more hydrophilic. As a result,
protein loading capacities of the interface are lowered in addition to hindered surface
transport of lysozyme as shown in Figure 3.2. We attribute this effect to the adsorbed
lysozyme molecules inability to readily disrupt hydrogen bond networks exhibited by
nearby water molecules and adsorption sites. To further investigate the role of oxidation
chemistries on lysozyme dynamics, a technique capable of achieving greater and tunable

surface hydrophilicities must be employed.
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Figure 3.3 Lysozyme adsorption at plasma treated polystyrene interfaces. (A)
Static contact angle measurements for polystyrene and plasma treated
polystyrene films. (B) Binding rates of lysozyme onto polystyrene (0 sec.) and
oxygen plasma treated polystyrene. Error bars for each treatment time
represent the standard deviation of the mean from at least 1,600 adsorption
events. (C) Cumulative distributions of surface residence times for respective
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distributions for respective treatment times in (A, B). (E) Representative time-
dependent lysozyme trajectories from 1,000 frames of data from treatment
times represented in (B-D) (Scale bar is representative of 2 pm). Each
condition in (B-D) represents at least 800 events worth of data.

Oxygen plasma treatment of polystyrene allows tuning of surface hydrophilicity
and lysozyme surface interactions (Figure 3.3). Increasing plasma treatment time greatly
decreases the contact angles of polystyrene (Figure 3.3A, Figure S10) and respective
binding rates (Figure 3B). After 1 second of plasma exposure, the contact angle decreases
~40°, with roughly a two-fold decrease in the binding rate at the oxidized interface. Surface
residence times of adsorbed lysozyme molecules also decrease as the surface becomes
more hydrophilic (Figure 3.3C), represented as cumulative distributions shown by the
Schwartz group®! to elucidate rare populations in single molecule adsorption processes.
Results indicate that surface residence times of lysozyme can be tuned by varying plasma
exposure time. Corresponding distributions are fit with the sum of two exponentials
(Figure 3.3C) as previously shown by other biologically relevant single molecule
studies,’>2% implying biological adsorption phenomena are complex.

Furthermore, lysozyme mobility is greatly hindered with plasma induced oxidation
(Figure 3.3D-E). This effect is shown with a shift and narrowing of corresponding single
frame displacement distributions shown in Figure 3D. Displacement distributions shifted
from an average of 46 nm to 31 nm after 1 second of plasma exposure of did not vary at
longer exposure times. Lysozyme immobility is further supported by a decrease in the
trajectory’s radius of gyration from 74 nm on polystyrene to 37 nm after 1 second of plasma

exposure (Figure S11). Representative trajectories for 1,000 frames of varying plasma
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exposure times are shown in Figure 3.3E. Visual examination additionally supports a
decrease in trajectory step size and lysozyme mobility on the plasma treated polystyrene
interface.

Oxygen plasma treatment harshly oxidizes polystyrene and introduces carboxylic
and carbonyl moieties to the outmost layer of the film>¢1%.206 sypported by increased
surface hydrophilicity (Figure 3.3A, Fig S9). Increasing plasma exposure time increases
the density and oxidative states of hydrophilic species on the polymer interface. XPS
analyses indicate that oxygen surface content increased 10.7% after 1 second of exposure
and continued to increase to 19.1% after 7 seconds of plasma treatment (Table S1);
therefore lowering the number of accessible adsorption sites for lysozyme as a result of the
increasing water-interface interactions via hydrogen bonding and other weak interactions
shown by Whitesides and coworkers.?%?% These hydration layer effects are supported
with a decrease in binding rates (Figure 3.3B), tunability in the surface residence times
(Figure 3.3C), and a decrease in lysozyme mobility (Figure 3.3D-E, Figure S11) at the
oxidized polystyrene interface. The unique tunability in surface residence is likely caused
by nearby adsorption sites strongly interacting with water molecules thus hindering the
reabsorption process as the lysozyme undergoes surface diffusion. The decrease in surface
residence times at longer plasma treatment times indicates that adsorbed lysozyme
molecules are desorbing more rapidly from the interface. Although adsorption sites do still
exist on these highly oxidized surfaces, increasing the density of highly oxidized species

along the polystyrene interface hindered the native transport dynamics of lysozyme.
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Lysozyme exhibits an overall net positive surface charge at pH of 7.1,2°” while the
native and functionalized polystyrene interfaces exhibit negative surface charges.?% In
order to assess the role of electrostatics in the varied surface interactions seen in the work
presented here single molecule experiments were conducted in HEPES buffer solutions
of sodium chloride (10 mM and 100 mM) to shield any electrostatic interactions relevant
in varied lysozyme dynamics. At these salt concentrations no structural conformational
changes to lysozyme have been seen by others.?%® No appreciable change in single
molecule observables was shown at the polystyrene or functionalized polystyrene (Figure
S12). Thus the dominating force in varied adsorption dynamics is likely driven by
hydrophobic effects. To explore the role of the specific oxygen containing chemistries to
lysozyme surface interactions, a technique that controls the specific species introduced to

the surface must be implemented.
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Figure 3.4 Lysozyme adsorption at ligand grafted polystyrene interfaces. (A)
Binding rates of lysozyme onto polystyrene (0 min.) and ligand grafted
polystyrene. Error bars for each treatment time represent the standard

deviation of the mean from at least 1,600 adsorption events. (B) Cumulative

distributions of surface residence times for respective grafting times outlined
in (A). Distributions are fit to the sum of two exponentials indicated by solid
lines. (C) Single frame displacement distributions for ligand grafted
polystyrene surfaces represented in (A, B). (D) Representative time-
dependent lysozyme trajectories from 1,000 frames of data from treatment
times represented in (A-C) (Scale bar is representative of 2 pum). Each
condition in (A-C) represents at least 800 events worth of data.
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Ligand grafting, in contrast to UV and plasma treatments, gives direct control of
the oxygen containing species introduced to the surface (Figure S13) and produces the
greatest increase in surface hydrophilicity (Figure S14). The large increase in surface
hydrophilicity and wettability induced from this technique is due to the large grafting site
density chemically introduced to the polymer surface with corresponding contact angles of
less than 5° (Figure S14).18 XPS analyses indicated that after 5 minutes of ligand grafting
an 38% increase in oxygen content was induced to the polystyrene interface (Table S1).
The ligand grafting method is comprised of two steps that allow control of the grafting site
density and chain lengths individually.!®® Grafting sites are formed in the first step via UV
induced radical formation in the presence of the photoinitiator benzophenone. In the
second step monomeric units of our ligand polymerize at each grafting site under UV
irradiation.'8 Here the grafting site density was held constant and the chain length was

increased as grafting time was increased in the second polymerization step.

Results indicate lysozyme adsorption dynamics exhibit grafting time independent
and dependent observables (Figure 3.4). As grafting time increases, there is an initial two-
fold decrease in the binding rate of lysozyme followed by a gradual saturation (Figure
3.4A). In addition, surface residence times of lysozyme molecules remain unchanged after
an initial decrease from the native polystyrene (Figure 3.4B). Lysozyme surface mobility
is hindered on the ligand grafted interface, shown with an initial narrowing of single frame
displacement distributions (Figure 3.4C) and by visual examination of representative
trajectories for various grafting times (Figure 3.4D). Displacement distributions shifted 5

nm from the average of 46 nm on the untreated polystyrene (Figure 3.4C). Surface
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confinement of lysozyme is further supported by linear correlation in the trajectory’s radius
of gyration values as grafting time increases (Figure S15), suggesting the area explored by

adsorbed lysozyme molecules can be controlled by varying grafting time.

The decrease in binding rates and surface residence times of lysozyme (Figure
3.4A), is likely the result of chemical and structural effects induced by ligand grafting. As
grafting time increases the effects of hydration layers is likely increasing, given that ligand
chain length is increased linearly as a function of grafting time introducing more
hydrophilic chemistries to the interface.!8 In addition, the steric effects of longer hydrated
ligand chains at the polymer interface can restrict the number of accessible adsorption sites
for lysozyme. Thus, both effects are feasible for decreasing the rate of lysozyme
adsorption. The high saturation of hydrophilic functionalities chemically induced with this
method confirmed with XPS (Table S1) did not vary the surface residence times after an

initial decrease (Figure 3.4B), likely a direct result of consistent grafting site densities.

Hindered lysozyme surface mobility is shown with narrowed step size distributions
(Figure 3.4C) and decreasing trajectory’s radius of gyration values by 19% after 5 minutes
of ligand grafting (Figure S15). However, no shift in the step size distributions indicates
that the introduction of low oxidative species has a less severe effect on lysozyme step size.
However, trajectory’s radius of gyration values indicate that increasing ligand chain
lengths causes lysozyme molecules to explore less area of the interface (Figure S15). One
possible explanation for this tunability in the trajectory’s radius of gyration is steric
confinement effects in hydrated ligand chains. This is further supported given the relative

binding rates from 10 minutes to greater grafting times does not statistically change (Figure
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3.4A), however the area lysozyme molecules explore decreases (Figure S15). Thus the
number of adsorption sites is not changing as grafting time increases, rather hydrophilic

ligand chains likely sterically confine adsorbed lysozyme molecules.

3.4.4. Functionalization technique comparison

Lysozyme adsorption dynamics and polystyrene surface chemistries are dependent
on the method used to functionalize the interface. Single molecule results indicate that the
lowest binding rate is achieved with the ligand grafting method, due to the large amount of
oxygen containing groups introduced to the surface (Table S1) and the resulting water
hydrogen bonding networks that have been shown to form at these interfaces.?%>1% Surface
residence times of lysozyme molecules decrease as a result of plasma and ligand grafting
treatments. However, a comparison of plasma treatment and ligand grafted results indicate
that both surface hydrophilicity and induced functional group densities dictate surface

residence times.

Surface confinement of lysozyme molecules is also dependent on the
functionalization technique. Surface oxidation produces smaller trajectory step sizes and a
decrease in trajectory’s radius of gyration values for all treatments used in this study. A
correlation coefficient of 0.70 was calculated from all measured contact angles from each
treatment method and the corresponding radius of gyration values indicating that overall
surface hydrophilicity is strongly correlated to lysozyme surface mobility (Figure S16).
Plasma treatment causes the most severe case of hindered mobility with a large shift in

single frame displacement distributions and lowest trajectory’s radius of gyration values.
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This difference in lysozyme confinement is caused by the highly oxidized states of oxygen
chemistries introduced with this treatment method and the increasing the role of water
hydration layers at this interface this was supported with XPS analyses (Figure S9). We
hypothesize that greater degrees of water hydrogen bonding networks at the oxidized
polystyrene interfaces is causing varied lysozyme mobility at these interfaces. In particular
the greater degree of lysozyme immobility seen with the higher oxidized plasma treated
polystyrene in comparison to the ligand grafted surfaces. This hypothesis is supported by
Tu and coworkers recent work?®® which experimentally showed that carboxylic terminated
interfaces have greater water loading capacities and more dense water hydration layers than
alcohol terminated surfaces. The plasma treated surface did however exhibit larger contact
angles than the ligand grafted surface due to the relative densities of functional groups
induced to the surface as shown by XPS with lower oxygen content on the plasma treated
surface (Table S1). In addition Lyulin et al.!®® showed that greater degrees of induced
oxygen to polystyrene surfaces increases the number of water hydrogen bonds and density
of water molecules at the interface of polystyrene surfaces. Here we propose these effects
seen by Tu and others?'® is playing a direct role in the greater degree of lysozyme
immobility for plasma treated interfaces in comparison to the more hydrophilic ligand
grafted surfaces. Therefore, the greater degree of water hydrogen bonding capabilities
dictated by the amount of oxygen and the oxidation state of the moieties on the polystyrene
are playing a direct role in the varied lysozyme transport dynamics in addition to the overall
surface hydrophilicity. This highlights the role of oxidative states chemistries and its direct

effect on interfacial transport for lysozyme. The effects of hindered single molecule
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transport on surfaces exhibiting different hydrophilicities and surface chemistries has also
been witnessed by others.1%% To access the role of steric effects in hindered lysozyme

transport surface morphology of the polystyrene interfaces must be investigated.

3.4.5. AFM Surface Roughness Analysis

0nm

Figure 3.5 Atomic force microscopy analyses of surface roughness on as
prepared and oxidized polystyrene samples, all images shown are 1x1 pm?
area (Scale bar = 500 nm). Samples (A-D) are representative of: (A) native
polystyrene (B) UV treated polystyrene (30 min.) (C) plasma treated
polystyrene (7 sec.) and (D) ligand grafted polystyrene (30 mins). Root Mean
Squared (RMS) surface roughness values (nm) were determined by taking
surface roughness measurements using Nanoscope analysis software (Version
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1.5) and measuring 2x2 pm? iteratively on 5 separate regions of two samples
for each treatment. Error is the standard deviation of sampled data for each
method.

Atomic Force Microscopy is utilized to uncover functionalization induced surface
changes and access its role in variable lysozyme surface interactions. Polystyrene surface
roughness increases as a result of all treatment techniques used in this work (Figure 3.5).
Although nucleation and growth effects are often dominant in surface modification our
AFM analyses do not spatially resolve these types of surface morphologies.

Corresponding surface roughness values for each treatment time is shown in Figure
S17 with the most severe rate of roughness increase produced from the ligand grafting
treatment followed by plasma treatment and UV treatment. The ligand grafting produced
a 32% increase in surface roughness after 5 minutes in comparison to a 6.3% increase from
1 second of plasma treatment and only a 3.2% increase after 10 minutes of UV treatment.
The surface roughness increase compared to increasing surface hydrophilicity produces a
correlation coefficient of -0.76 for all treatment methods (Figure S16). Thus the increase
in polystyrene surface hydrophilicity is correlated to increasing surface roughness but also
originates from water hydration layer formation at various oxygen species as previously
discussed.

Results introduce the possibilities of steric hindrance playing a role in decreased
lysozyme binding rates and confined lysozyme surface transport surface dynamics.
However, this is unlikely given the ligand grafting method produces the largest roughness

increase but only results in a narrowing of single frame displacement distributions and a
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gradual decrease in trajectory’s radius of gyration values in comparison to the other
methods. These results do however support steric entanglement effects leading to
trajectory’s radius of gyration tunability on the ligand grafted surface that allowed us to
directly control the functional groups induced to the surface. Additionally, the surface
features seen in AFM analyses are much larger in size in comparison to the small globular
structure of lysozyme (Ru~19A21Y).

AFM analysis in combination with single molecule tracking highlights the large
variation in interfacial chemistry and surface morphology of oxygen containing
polystyrene interfaces. Resulting variations in lysozyme surface transport are dependent
on the surface hydrophilicity and the specific oxygen containing species introduced to the

polystyrene surface.

3.5. Conclusion

Single molecule spectroscopy uncovers hindered lysozyme transport at oxidized
polystyrene interfaces. This is supported by a decrease in single frame step size and
trajectory’s radius of gyration values for all treatment methods utilized in this study. The
functionalization methods in this study introduce unique oxygen containing moieties
producing varying degrees of surface hydrophilicity and roughness. Although similar
trends are uncovered in the adsorption dynamics of each treatment method, each
technique results in unique dynamics, specifically the tunability in surface residence
times for plasma treatment and trajectory’s radius of gyration tunability for ligand

grafting. This emphasizes the significance of the densities and oxidative states of
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functional groups introduced to polymer interfaces and how that dictates the adsorption
and desorption dynamics of biological macromolecules along polymer interfaces. These
findings are likely due to the role of hydrophobics in interfacial water hydration layers
and how that effect is exacerbated with increasing density of hydrophilic modalities.
Furthermore, the oxidation state of species introduced to the interface also determine the
strength and viscosities of water hydration layer formation. Although water adsorption
and organization at these interfaces plays a crucial role in the observed lysozyme surface
dynamics, water does not dictate the efficacy of modified polymer coatings in biological
environments. Rather, non-specific protein adsorption that induce protein accumulation
and unfolding on the polymer interface reduce the efficacy of the modified polymer over
time. Therefore understanding the complex interactions of functionalized polymer and
proteins is essential to function specific polymer design.

Although we concluded that hydrophobic effects are the dominant force accounting
for changes in surface transport dynamics, it does not exclude the minor roles of
electrostatics, Van Der Waals forces and hydrogen bonding are always present in protein
adsorption dynamics. Single molecule techniques can be further implemented to uncover
the adsorption and transport dynamics of other complex macromolecules, baring

significance in many other applications.?#24
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IChapter 4

A mechanistic examination of salting
out in protein-polymer membrane
interactions

AThis work was published and is reproduced here with permission in the
Proceedings of the National Academies of Science of the USA: Moringo, Nicholas A.,
Logan DC Bishop, Hao Shen, Anastasiia Misiura, Nicole C. Carrejo, Rashad Baiyasi,
Wenxiao Wang, Fan Ye, Jacob T. Robinson, and Christy F. Landes. "A mechanistic
examination of salting out in protein—polymer membrane interactions.” Proceedings of

the National Academy of Sciences (2019): 201909860.

4.1. Abstract

Developing a mechanistic understanding of protein dynamics and conformational
changes at polymer interfaces is critical for a range of processes including industrial protein
separations. Salting out is one example of a procedure that is ubiquitous in protein

separations yet is optimized empirically because there is no mechanistic description of the
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underlying interactions that would allow predictive modeling. Here, we investigate peak
narrowing in a model transferrin-nylon system under salting out conditions using a
combination of single-molecule tracking and ensemble separations. Distinct surface
transport modes and protein conformational changes at the negatively charged nylon
interface are quantified as a function of salt concentration. Single-molecule kinetics relate
macroscale improvements in chromatographic peak broadening with microscale
distributions of surface interaction mechanisms such as continuous time random walks and
simple adsorption-desorption. Monte Carlo simulations underpinned by the stochastic
theory of chromatography are performed using kinetic data extracted from single-molecule
observations. Simulations agree with experiment, revealing a decrease in peak broadening
as the salt concentration increases. The results suggest that chemical modifications to
membranes that intrinsically decrease the probability of surface random walks could reduce
peak broadening in full scale protein separations. More broadly, this work represents a
proof-of-concept for combining single-molecule experiments and a mechanistic theory to

improve costly and time-consuming empirical methods of optimization.

4.2. Significance

Membrane based protein separations are utilized broadly, and increasingly, to
purify proteins for research and biopharmaceuticals. Like all steps in the purification
process, the salt concentration is adjusted empirically in the mobile phase to elute a
desired component of a protein mixture. There is insufficient quantitative description

about the salting out process to allow for predictive optimization. By quantifying the
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interactions and Kkinetics of single proteins at the surface of a membrane as salt
concentration is increased, we relate mechanistic nanoscale observables to an
improvement in the peak broadness observed in real separations. This result suggests that
simulations, informed by small scale single-molecule observations, could be used to

optimize separation conditions leading to more efficient separations.

4.3. Introduction

Protein separation and purification are the dominant expenses in biological drug
development, largely because they are optimized empirically.*>’ Mechanistic insight into
protein separations would allow the predictive optimization of macroscale separations®2>
216 and broadly impact everyday healthcare products®’-?!® and biosensing devices.14>219-222
A common process in protein separations is ‘salting out’, in which high salt concentrations
are introduced to the mobile phase to improve elution efficiency.??32?* Salting out is
thought to aid in separations by altering protein-stationary phase interactions through ionic
shielding®22° and/or precipitating proteins from the mobile phase as predicted by the
Hofmeister series leading to faster elution.??5228 Acquiring micro- and nanoscale details
about protein/stationary phase interactions during salting out is crucial because the ionic
conditions can be related to macroscale peak broadening in protein separations.®6:22%-231
Understanding the dynamic temporal changes occurring at separation interfaces is of

critical societal importance as recently reported by the National Academies of Sciences.!

Structure-function relationships between target proteins and the stationary phase

under salting out conditions are not well understood and are experimentally challenging to
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quantify in situ.?2222* Common methods for monitoring protein-surface interactions
include surface plasmon resonance,?? isothermal titration calorimetry,?® and atomic force
microscopy.?* Although these experimental techniques provide new insight into complex
protein-polymer interactions, they suffer from ensemble averaging and lack high
spatiotemporal resolution necessary to develop a physiochemical mechanism of protein-
stationary phase interactions. Moreover, proposed models extracted from these techniques
likely oversimplify the underlying mechanism of interfacial adsorption-desorption, surface
diffusion, and surface induced protein unfolding effects.?322* Single-molecule microscopy
is well suited to directly visualize protein mass transport at a wide array of complex
interfaces one molecule at a time with a high spatiotemporal resolution, 024235238 However,
atomistic details of protein surface domains and/or substrate chemistries interacting during
protein physisorption is not resolved in comparison to atomistic modeling techniques.?*®
Heterogeneous protein surface kinetics and transport can be quantified in experimentally
challenging systems®'72 as a result of advancements in single-molecule tracking
algorithms,2”-28 point spread function engineering techniques,?32>240-241 and the increased

sensitivity of scientific cameras.?°

Herein, Total Internal Reflectance Fluorescence (TIRF) widefield single-molecule
tracking is used in combination with ensemble fast protein liquid chromatography (FPLC)
to relate tracking observables to ensemble elution profiles. Additionally, circular dichroism
(CD) spectroscopy is utilized to quantify structural changes of proteins at the stationary
phase support and relate to TIRF and FPLC results. TIRF single-molecule tracking has

been recently shown to reveal interfacial protein dynamics on a range of surfaces, including
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natural and synthetic polymers®27081.85242 and is ideal for measuring interfacial dynamics
as it intrinsically suppresses background signal from emitters diffusing in the bulk solution.
TIRF microscopy has been applied in many other systems including nanoparticle
catalysis,?*324° DNA hybridization Kinetics,2**2%® and protein transport in live cells.?48-24°
These examples also highlight the robust nature of single-molecule tracking for

investigating multiplexed and highly heterogeneous systems. 818!

The dynamics of single transferrin proteins, a well-studied target cancer therapeutic
protein,?>%?! at the interface of nylon 6,6 is used to examine the mechanistic origin of
changes in chromatographic peak width during salting out in FPLC. CD results lend insight
into the structural changes induced to transferrin at the nylon interface during salting out
and are related to single-molecule tracking and FPLC observables. Increasing salt
concentration is used to emulate salting out conditions used in membrane chromatography.
Nylon is chosen as a stationary phase material as it is commonly used in protein membrane
separations and is a known hydrophilic antifouling surface.?®2>* Membrane based
separations have garnered recent interest given the reduced mass transfer resistance,
increased surface area for adsorption, and lower column costs in comparison to traditional
bead packed columns.?® Additionally, nylon is a chemically robust and optically
transparent polymer stable under laser illumination,?32% and utilized in many consumer
products.?®® Surface transport modes and kinetics of transferrin are quantified at the single-
molecule level and used to explain the reduction of peak broadening observed in ensemble
separations. Single-molecule kinetics further inform Monte Carlo simulations that agree

with FPLC results, predicting peak narrowing at higher salt concentrations. For the first
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time, single-molecule observables link ensemble separations based on a mechanism that is

supported by simulation.

4.4. Materials and Methods

4.4.1. Single-molecule tracking

A home built wide field epifluorescence microscope (Zeiss body, Tube lens
f=165 mm) is used for all single-molecule experiments. TIRF excitation of
fluorescently labeled transferrin is achieved with a continuous wave 532 nm diode
laser (Coherent, Compass 315M-100SL) focused at the edge of a high numerical
aperture oil immersion objective (Carl Zeiss, NA=1.45, 100X, Alpha Plan-Fluar)
resulting in a critical angle of roughly 78°. TIRF excitation produces an
exponentially decaying evanescent field that propagates from the nylon-buffer
interface roughly 85 nm into the bulk solution,® thus only exciting transferrin
molecules located near the nylon surface. The refractive index of nylon (1.58)
closely matches glass (1.51), in contrast to the refractive index of aqueous HEPES
buffer used in the protein dilutions (1.33).>® Refractive index mismatch at the
buffer-nylon interface meets the TIRF condition. Experimental confirmation of the
TIRF condition at the buffer-nylon interface is previously shown in our past work.>
Evanescent field excitation improves the signal-to-noise ratio by suppressing
excitation of transferrin molecules in the bulk solution. Excitation power density at

the nylon interface is 0.10 kwW/cm? for all single-molecule acquisitions. Collected
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fluorescent light is magnified by 2.5X and is filtered using a dichroic filter
(Chroma, z532/ rpc633), notch filter (Kaiser HPNF-532), and band pass filter
(Chroma, ET585), ensuring all laser light is removed from the final image. Images
are collected on an electron-multiplying charge coupled device (Andor, iXon 897)
operated at -70°C. All movies are collected with an integration time of 50 ms and a
gain of 300. A previously published tracking algorithm is used to track single-
molecules on the nylon interface and is explained in further detail in the Sl
Appendix.?® A minimum of 10,000 transferrin trajectories are analyzed for each

presented condition.

4.4.2. Nylon Film Preparation and Microfluidic Assembly

Borosilicate microscope coverslips (Fisherbrand, No. 1) are sonicated for
30 min in 200 mL baths of cleaning agents: soapy water (Liquinox 2%), deionized
water (>1MQecm), methanol (Sigma, ACS grade), and acetone (Sigma, ACS
grade) sequentially. Coverslips are then chemically etched in a base piranha
solution heated at 80°C for 20 min and then rinsed under a stream of DI water prior
to drying under a stream of nitrogen (Airgas, Ultra Pure).

Nylon 6,6 pellets (Sigma, zeta potential -21+ 1 mV, SI Appendix) are
dissolved in formic acid (Sigma, ACS grade) to produce a 1.5 w/w % solution. 100
uL of the nylon solution is drop cast on a coverslip and spin coated at 3000 RPM
(SPI KW-4A) for 1 min. A dilute concentration of gold nanorods (Nanopartz, 50 x

100 nm) are spin coated on the nylon film to act as fiducial markers. Microfluidic
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assemblies (Grace BiolLabs, Hybriwell Chamber) are then attached to the nylon
interface with tubes (Scientific Commodities, 0.03” internal diameter) attached at
the inlet and outlet to supply a constant solution of 100 pM labeled transferrin at 50

pL/min in 10 mM HEPES buffer (pH=7.2).

4.4.3. Nylon Film Ellipsometry

Nylon film thickness is quantified (129.0£0.3 nm) using ellipsometry (Gaertner
7109-C370B, Sl Appendix, Fig. S1). Nylon films are spin coated on clean silicon

wafers (Ted Pella, 100) for ellipsometry measurements.

4.4.4. Fluorescent Protein Solution Preparation

Rhodamine B labeled transferrin (Nanocs) is dissolved in 10 mM HEPES buffer
and is diluted to 100 pM for all single-molecule experiments presented in this work.
Mass spectrometry confirms the purity and absence of contaminant proteins and/or

free-dye molecules in the purchased protein powder (SI Appendix, Fig. S2).

4.4.5. Nylon Bead Preparation

A 1.5% wi/w formic acid solution of nylon 6,6 is sonicated for roughly 24
hours and then slowly added to water under continuous stirring. The resulting
precipitate is filtered using an 8 um filter (Whatman) to remove large nylon

aggregates.
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4.4.6. Ensemble Fast Protein Liquid Chromatography

Ensemble separations are conducted on a home-built FPLC system. Flow is
controlled using a peristaltic pump (Watson-Marlow, 120 Series) and absorbance
is monitored at 280 nm using a UV detector (Spectrum Chromatography) and
recorded on a digital recorder (Hantek, 365E) controlled by Hantek 365 software.
The 280 nm absorbance wavelength is commonly used for chromatographic protein
measurements.?” Solutions of 70 uM Transferrin (Sigma, >98%) with varied ionic
concentrations are prepared in 10 mM HEPES buffer (Sigma, pH 7.2).
Approximately 300 puL of each solution tested is injected into the FPLC system. All
separations are performed at an average flow rate of 1.7 mL/ min. The salt
concentration of the feed HEPES buffer is identical to each tested condition,
ensuring the salt concentration of the injection solution matched the salt
concentration of the feed solution. For all separations, a series of four nylon 6,6
membrane filters (Biomed Scientific, 25 mm diameter, 21 mm thick, 3.9 cm?
filtration area, non-sterile) are connected in series to the FPLC setup. Surface
identity of nylon 6,6 membranes and nylon 6,6 used in single-molecule experiments
is confirmed to be chemically identical with X-ray photoelectron spectroscopy (SI
Appendix, Fig. S3). A series of membrane filters is chosen given recent

commonplace in downstream separations.?>4258
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4.4.7. Monte Carlo Chromatographic Simulations

The underlying principles of our Monte Carlo method stems from the original
Giddings and Eyring formula®® that establishes the total retention time (T) of a single
molecule to be the combination of the time spent in the mobile phase (t,,) and the time
spent at the stationary phase (t,).2°°-?%! Here we assume t,,, remains a constant value to
reduce the complexity of the system. However, we expand t; as the sum two
exponentially distributed surface residence times with a specific prevalence and
desorption rate constant at each salt concentration informed by single molecule

kinetics.2%? Expanding ts produces Equation 4.1: 26326

m n
6= 0.0

L j

Equation 4.1 Time spent at stationary phase support as per Giddings and
Eyrings statistical model.66

where T is the total elution time, t,,, is the amount of time spent in the mobile phase
and t; ; is the desorption time of the it" desorption event via the j&* desorption
pathway. Each exponential describes one of m different desorption pathways
differing in some physical or chemical aspect that alters transferrin’s interaction
with the stationary phase. Stationary phase effects are tuned by altering the number
of desorption pathways (m), the relative prevalence of these pathways in the

column, and the difference in kq4 between each pathway. Simulating the motion of
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500,000 molecules down the column and quantifying their retention times via
histogram generates an ensemble chromatogram from each of the single molecule

histories.

Monte Carlo simulations examine the time taken for a series (500,000 for
each condition) of molecules to migrate the length of the column, alternating
between periods of motion (mobile phase) and periods of stagnancy (stationary
phase). Adopting a description from Giddings’ book,?® the process of motion down
the column is an alternation of the molecule between the adsorption state and
mobile state with some rate of exchange defined by kg4.s. Extending the number of
adsorption states simulates the existence of multiple adsorption pathways in the
column. Tuning exchange between mobile and adsorption states, probability of
entering an adsorption state, and number of cycles through the model probes
contributions of heterogeneous adsorption sites due to kinetic irregularities, /2%
surface site availability/porosity,?%® and overall column length.?®® Predictive design
would be achieved through collecting kinetic parameters via experiment,’
modeling kinetic effects with the described framework, then applying these insights

to generate an optimized stationary phase.

Simulated chromatograms using kinetics extracted from single-molecule
tracking experiments are performed using custom Python scripts based on the
mathematical construction of Giddings and Eyring.*® Simulation sets are initialized
to contain two desorption pathways (m = 2), adopting the calculated desorption

rate and prevalence of each desorption pathway from single-molecule kinetics.
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Elution is simulated by assuming 500,000 molecules all migrate down a column
with 100 possible adsorption events, averaging 50 adsorption events per molecule.
Desorption times from each event are summed together with a constant mobile
phase time (t,) to calculate the retention time of each molecule. Simulated
chromatograms are then created by binning the molecule retention times to the time
resolution of the simulated clock. All scripts used to run the simulations are

available for download at https://github.com/LandesLab?tab=repositories.

4.4.8. Processing and fundamental workings of Simulated Chromatograms

The fundamental unit of time, tracked in the form of elementary steps (5t,
measured in ms), establishes a clock across all molecules adaptable to any standard
unit of time.?®® A simulated trajectory of length 1000 steps has t,, = 1000 &t
constant travel time, thereby guaranteeing that all asymmetry effects are driven by
the difference in kinetics. The probability that a molecule interacts with the
stationary phase in each step is a fixed value independent of the column position
(P(ads) = 0.5).182™ As such, the distribution of adsorption events in the column is

a Gaussian distribution centered at n = 500.

The simulation examines the situation where two desorption scenarios are
present in the column (m = 2) as kinetic heterogeneity has been shown to cause
tailing in previous work, both experimentally and theoretically.6385-66.272 Qyr
simulations feature one short (k) dominant scenario occurring more frequently and

one longer (k,) pathway occurring less frequently. Presented chromatograms were


https://github.com/LandesLab?tab=repositories
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generated by binning retention times of each molecule with bin widths equivalent
to 8t = 500 ms (resolution of FPLC detector). Post-processing of each
chromatogram involved filtering with a Savintzky-Golay filter?”® and fitting with a
cubic spline using open-source code provided by SciPy. Height intercepts used to

calculate are calculated using the fit to determine the FWH of each chromatogram.

Statistical information is drawn from the raw molecule counts before any
data processing. Simulated chromatographic curves are smoothed using a
Savitzky-Golay filter?’* as provided by the Python SciPy package. The smoothed
data is then fit using a cubic spline to transition the curve shape to a polynomial
form. FWHM error is calculated by performing simulations of only 100,000

molecules five times and reporting their deviation shown in Figure 4.5.

4.5. Results and Discussion

4.5.1. Transferrin surface dynamics

Single-molecule tracking resolves two distinct modes of transferrin surface
dynamics at nylon, which are tuned by salt concentration. One population exhibits a
continuous time random walk (CTRW) on nylon while the second population undergoes
single site adsorption-desorption (Figure 3.1A-C). Proteins exhibiting a CTRW display
periods of immobile physisorption disrupted by surface exploration to nearby adsorption
sites.®2 CTRWs, present in transferrin-nylon interactions, can be identified by waiting time

distributions that fit a power-law (SI Appendix, Fig. S4).7%° The prevalence of transferrin



81

molecules undergoing CTRWs decreased as salt concentration increased, resulting in more
single site adsorption-desorption. However, CTRWs remained the dominant mode of
transferrin surface transport (Figure 4.1A-C). Representative single-molecule trajectories
at varied ionic conditions in Fig. 1B illustrate the two modes of dynamics that transferrin
displays at nylon. The dynamics are spatially resolved below the diffraction limit of
light.2827> Spatial trajectory filtering is applied to quantify and classify dynamics as either
CTRW (Figure 4.1B, cyan) or single site adsorption-desorption (Figure 4.1B, magenta).
In short, if a transferrin molecule moved >22 nm from the initial localization position
during a trajectory, a length scale greater than our localization precision, the trajectory is
classified as CTRW (details in SI Appendix).®>%® The relative percentage of the two
populations as a function of salt is shown in Figure 4.1C. Tracking results show that
increased salt concentrations resulted in a relative decrease of 18+3% in CTRW of
transferrin at nylon. Although the transition to pure adsorption-desorption is not complete,
the observed salt-dependent changes in surface dynamics hold important implications for
the ensemble elutions and simulations presented later. Though transferrin surface diffusion
is non-Brownian, diffusion coefficient values are calculated and compared with bulk
diffusion measurements (SI Appendix, Table S1). Additional mechanistic details are also

revealed by analyzing frame to frame displacements, discussed next.
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Figure 4.1 Transferrin surface dynamics at nylon at varied ionic strengths. (A)
Cartoon representation of two modes of transferrin-nylon interaction, CTRW
(cyan) and single site adsorption-desorption (magenta) (PBD: 1D3K?276). (B)
Representative single-molecule transferrin trajectories at nylon interface
undergoing a CTRW (cyan) and single site adsorption-desorption (magenta).
(C) Percentage of transferrin molecules exhibiting CTRW vs. simple
adsorption-desorption. (D) Single frame displacement distributions at varied
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ionic strengths. (E) Percent of single frame displacements contributing to
immobile and hopping surface transport from sampling distributions in C. The
0 mM condition is shown on logarithmic scale in (C, E) in order to display
entire range of salt concentrations.

Single frame displacement distributions quantify the shift towards immobile
adsorption events at high salt concentrations (Figure 4.1D). Two spatially resolvable
populations of displacements have been reported before in dye-multilayer polyelectrolyte
interactions?’” but never in the case of protein-polymer interactions to our knowledge.
Single frame displacement distributions are histograms quantifying the distance a molecule
travels frame to frame. It must be noted that a single protein trajectory can contribute to
both populations observed in Figure 4.1D if a molecule experiences periods of
confinement and hopping. A previously published Markov Chain Monte Carlo (MCMC)
algorithm quantifies both the relative percentage and the mean hop distance of the two
distinct populations in the single frame displacement distributions (Fig. 1D, SI Appendix,
Fig. S5).27 The MCMC algorithm removes any statistical bias attributed to selected
distribution bin sizes by generating distributions that model the experimental data.?’’
Analysis of the single frame displacements indicate that a 27+3% decrease in frame to
frame hopping is observed as salt concentrations are increased from 0 mM to 1000 mM in
a tunable fashion (Figure 4.1D-E). Displacement distribution results are independent of
the order in which salt is introduced, indicating transferrin transport is reversible under the
steady state flow conditions used here (SI Appendix, Fig. S6). Single frame displacement
analyses indicate that after the initial adsorption of a transferrin molecule the likelihood of

transferrin exploring nearby sites is decreased at high salt concentrations. The combination
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of trajectory spatial filtering and single frame displacement distribution analyses reveal
that single site adsorption-desorption behavior of transferrin increases, accompanied by a
lower probability of surface exploration. Single-molecule tracking lends mechanistic
insight into the multifaceted surface transport of transferrin at nylon and also quantifies

kinetic changes in transferrin-nylon interactions.

4.5.2. Single-molecule Transferrin Kinetics

Transferrin adsorption rates increase on the nylon interface at higher salt
concentrations, reaching roughly a tenfold increase at a salt concentration of 500 mM
(Figure 4.2A). The rate of adsorption is quantified by counting the number of new
identified molecules that arrive at the interface per unit area and time. Increases in
adsorption rates at increased ionic strengths correlate to more transferrin molecules imaged
at the surface (Figure 4.2A). Quantifying the absolute adsorption rates is often
experimentally unachievable, but can easily be quantified with single-molecule
tracking.2’®"® One explanation for the increased binding at higher salt concentration is a
decreased solubility of transferrin molecules in the mobile phase as predicted by
Hofmeister 22720 but this theory is widely debated to date.?®:2%2 Similar increased
adsorption kinetics observed with Hofmeister salts at the single-molecule level predicted
that increased hydrophobic interactions lead to higher rates of adsorption.?”® Another
possible driving force in transferrin-nylon interactions is the electrostatic screening of
repulsive interactions between transferrin (pl 5.6)?% and nylon (zeta potential -21 + 1 mV),

both of which carry a negative charge at pH 7.2.22428 Electrostatic forces dominating the
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adsorption rate changes of proteins at interfaces has been explored by Schwartz and
coworkers in addition to short-range interactions dictating desorption kinetics.?”® Increased
adsorption rates indicate that the transferrin molecules exhibit a greater attraction for the
nylon interface as salt is increased in the mobile phase. In addition to adsorption Kinetics,

single-molecule results also elucidate desorption Kinetics of transferrin, as discussed next.
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Figure 4.2 Transferrin Kinetics at nylon at varied ionic strengths. (A) Rate of
adsorption. (B) Surface residence time distributions represented in a
cumulative distribution and fit to a double exponential decay with solid lines
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(Equation 4.2). (C) Pre-exponential coefficients from fitting results in (B). (D)
Desorption rate constants from fits in plot (B).

Surface residence time analyses uncover two distinct populations of transferrin
desorption from the nylon interface, revealing an overall increase in desorption rates
accompanied by a decrease in rare long-lived events. Surface residence time distributions
(Figure 4.2B) are represented as cumulative distribution functions (CDF) to uncover rare
long lived binding events,®! which have a large influence on protein separation
efficiencies as discussed in later sections.?6287-28 Syrface residence time distributions are

fit to a two-term exponential decay Equation 4.2:

P(t) = Aje it + A,e ka2t

Equation 4.2 Two term exponential for desorption rate constants

to identify the desorption kinetics of transferrin molecules. Exponential decays are used
to quantify single-molecule interfacial desorption kinetics from surface residence time
distributions.?*® CDF plots are shown for all salt conditions tested with corresponding fits
to Equation 4.2 in Figure 4.2B. Visual inspection of the tails of CDF distributions
highlights that increasing salt concentration decreases the number of rare long-lived
adsorption events at nylon (Figure 4.2B). CDF fitting is used to calculate the respective
prevalence (Figure 4.2C) and desorption rate constants for the two individual populations
of surface residing transferrin molecules (Figure 4.2D). The dominant desorption

pathway of transferrin is changed at salt concentrations greater than 10 mM (Figure
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4.2C). Desorption is dominated by fast dynamics at salt concentrations greater than 10
mM, in comparison to slow kinetics in the lower and no salt conditions (Figure 4.2C).
Spatial filtering described above is applied to show the fast desorption population is
dominated by molecules undergoing single site adsorption-desorption given they desorb
quicker from nylon in comparison to transferrin molecules undergoing a CTRW. (SI
Appendix, Table. S2). This is also supported by the decrease in the prevalence of CTRW
motion at higher salt concentrations (Figure 4.1A-C) and the decrease in the prevalence
of Az as the salt concentration is increased with a calculated correlation coefficient of
0.91 (Figure 4.2C). CDF fit results show the desorption rate constant (k1) for the fast
population increased as a function of salt, whereas the slow population desorption rate
constant (kz) is unchanged leading to an overall increase in desorption (Figure 4.2D).
The conformational stability of transferrin is quantified with a denaturation experiment
(SI Appendix, Fig. S7), showing that conformation is more robust with increased salt
concentration. Stability increases could account for increased desorption rates observed
from nylon at higher salt conditions discussed in the proceeding section. These results
highlight the utility of single-molecule techniques to quantify kinetic metrics in highly

dynamic and complex chromatographic systems. 173124
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4.5.3. Ensemble Circular Dichroism
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Figure 4.3 Structural examination of transferrin at nylon surface under varied
ionic conditions. Cartoon depiction of folded transferrin (A) and unfolded
transferrin (B) at nylon in the presence of salt (PBD: 1D3K?276). (C) Ensemble
CD spectroscopy of transferrin at varied ionic conditions in the presence of
nylon microspheres.

Transferrin adsorption to the nylon interface induces the partial unfolding of
transferrin, which is enhanced at higher ionic strengths (Figure 4.3A-C). CD spectroscopy
is utilized to interrogate the secondary structural motifs that are present in a proteins
structure.?®® CD results show that a reduction in the alpha helical secondary structure is
observed for adsorbed transferrin molecules on nylon microspheres, suggesting that
transferrin adopts a partially unfolded conformation at nylon interfaces in the absence of
salt (Figure 4.3C, blue). A further reduction in alpha helical structure is observed in a

tunable fashion with increased salt concentrations (Figure 4.3C). This transferrin
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unfolding appears to be a surface induced phenomenon as unfolding is only observed in
the presence of nylon microspheres and is not induced by salt alone (SI Appendix, Fig. S8).
Surface induced unfolding of proteins and a resulting change in transport dynamics has
been observed at the single-molecule level by others.2%2% Surface induced structural
changes would not alter adsorption kinetics under our conditions (Figure 4.2A) since
unfolding is a surface induced effect. However, structural changes of transferrin likely play
a dominant role in the observed varied surface transport modes (Figure 4.1) and surface
desorption kinetics (Figure 4.2B-D), given the large CD signal modulation as salt
conditions are tuned. We predict and confirm that single site adsorption-desorption at nylon
is dominated by unfolded transferrin molecules by quantifying surface dynamics of
chemically unfolded transferrin molecules (SI Appendix, Fig. S9). We also confirm that the
unfolded structure of transferrin contributes to the increased desorption rates observed at
high salt concentrations with the observed desorption kinetics from chemically unfolded
transferrin molecules. (SI Appendix, Fig. S10). Waiting time analyses, which quantify the
time spent per site, confirm that although overall transferrin desorption rates increase with
increased salt (Figure 4.2) the time spent per site increases (SI Appendix, Fig. S11) but at
fewer sites (Figure 4.1D-E). Increased residence times once a protein unfolds on a surface
has been well studied by others.?? Salt-induced structural changes to nylon are ruled out
as a major contributor to our observed transferrin dynamics because the timescale on which
salt alters nylon hydration occurs over hours.?®® Therefore, transferrin unfolding has a
direct effect on the surface transport dynamics of transferrin both spatially and kinetically

under salting out conditions. CD results are also conducted with rhodamine B labeled
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transferrin used in single-molecule experiments, confirming the addition of rhodamine

labels does not alter transferrin interactions with nylon (SI Appendix, Fig S12).

4.5.4. Fast Protein Liquid Chromatography

We suggest that increased transferrin desorption Kkinetics and transferrin
conformational changes upon adsorption presented above provide a mechanistic
explanation for the utility of salting out in protein elutions (Figure 4.4). Ensemble FPLC
of transferrin on nylon 6,6 membranes at increasing salt concentrations exhibits peak
narrowing (Figure 4.4A). The decrease in broadening is compared in Figure 4.4B with the
full width half maximum (FWHM) of the chromatograms, which is one way to compare
peak widths in chromatographic studies.?®®> The decrease in mean retention time observed
(Figure 4.4A, inset) aligns with the increased desorption kinetics observed at the single-
molecule level (Figure 4.2B-D). Constant salt concentrations are used here because a
single type of protein is being purified,?® in contrast to salt gradients, which are required
for separating mixtures of proteins. It is important to note that constant salt concentrations
are also used for discovering the appropriate concentrations for separating individual
analytes from a mixture when a salt gradient is employed.?** Overcrowding effects at nylon
membranes is ruled out by separations performed with lower transferrin concentrations one
order of magnitude above our detection limit (7 pM). Similar line shapes and peak
narrowing effects are observed at lower concentrations independent of the order of salt
concentrations tested (SI Appendix, S13). Similar line shapes and fewer filters have been

utilized by others performing protein FPLC, further ruling out overcrowding effects.%5-2%
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The interaction of transferrin with nylon membranes is confirmed with CD measurements
of an eluted fraction of transferrin at high salt (SI Appendix, S14). We observe unfolding,
a surface induced effect, confirming transferrin adsorption at nylon in the FPLC system (Sl
Appendix, S14). A macroscopic theoretical model is necessary for linking single-molecule

microscopic observables to FPLC results.
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Figure 4.4 FPLC of transferrin with nylon membranes. (A) Transferrin
chromatograms under salting out conditions with calculated mean retention
times and standard deviation from triplicate separations (inset). (B) Full
width half maximum of chromatograms shown in (A).
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Importantly, the mechanistic link between the single protein kinetics presented in
Fig. 2B and peak width is provided in Giddings’ and Eyring’s statistical theory of
chromatography.®® In the present work, increased desorption kinetic rates are observed at
the single-molecule level in addition to the suppression of long-lived binding events
dominated by the CTRW surface transport (Figure 4.2, SI Appendix, Table. S2). We
predict that the suppression of CTRW lowered the probability of long-lived events leading
to profile narrowing (Figure 4.4). This can be intuitively understood in the context of work
by Schwartz and coworkers where a molecule exhibiting a CTRW will increase the
probability of interacting with anomalously strong adsorption sites, thereby increasing the
prevalence of long-lived events.’®® The observation of increased desorption kinetics
reducing chromatographic tailing in liquid based separations has been reported by
others.?®” An overall decrease in the mean retention time of transferrin with increasing salt
(Figure 4.4A, inset), accompanied with increased desorption rates observed at the single-
molecule level (Figure 4.2), gives a microscopic explanation for macroscale separations
with slating-out conditions, in which the analyte elutes more quickly with the addition of
salt.®” Monte Carlo simulations based on single-molecule kinetics further support the

conclusion of reduced broadening.

4.5.5. Monte Carlo Chromatographic Simulations

Monte Carlo simulations underpinned by the stochastic theory of Giddings and
Eyring®® reveal that the kinetic data extracted from surface residence time fits (Figure

4.2B) predicts better resolved chromatographic peaks as salt increases. Simulated
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chromatograms are generated using the pre-exponential coefficients (Figure 4.2C) and
desorption rate constants (Figure 4.2D) found from the experimental fits of the surface
residence time. Similar methods were employed by Dondi?®® and Cavazzini®® to explore
the effects of limited site availability as well as illustrate the equivalence of the stochastic
theory and the macroscopic Lumped Kinetic Model. Increases in salt show a qualitative
thinning of the profile and a visual decrease in the formation of a chromatographic tail
(Figure 4.5B). Measurements of the FWHM of corresponding peaks support the
conclusion that increasing the salt concentration of the mobile phase increases
chromatographic  efficiency via profile thinning (Figure 4.5C). Symmetric
broadening/thinning is a direct result or the number of interactions that a protein has with
the stationary phase surface. We deduce that profile thinning is driven by the reduction of
CTRWs within the protein history, an effect that corroborates Giddings’ theories.3%
Simulations and experimental evidence corroborate previous studies showing that a
decrease in long-lived adsorption events® observed here through increased salt content
produce, narrower, more symmetric chromatographic peaks,®3% The physical origin of the
altered kinetics here are revealed in the single-molecule results which indicate that a
decrease in CTRW dynamics (Figure 4.1A-C) at nylon decreases the prevalence of rare
long-lived adsorption events (Figure 4.2B). The change in observed surface dynamics is
facilitated by structural changes induced to transferrin at nylon (Figure 4.3, SI Appendix,
Fig. S8). The combination of our simulations and single molecule results indicate that
mobile phase effects are major contributors to peak symmetry. Other groups identified how

heterogeneous mobile phase mixing among the components of the chromatographic
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column introduces asymmetry/broadening.®1392 Examples of mobile phase effects include
turbulent flow occurring at column junctions, including the injection port, column
connection, and detector port, which can introduce profile broadening that varies between

instruments.3%
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Figure 4.5 Simulated chromatograms using Monte Carlo simulations. (A)
Cartoon depicting contribution of two desorption rate constants on final
elution profile line shape. (B) Peak aligned chromatograms simulated from
500,000 molecules using values extracted from CDF fits shown in Fig. 2B-D. (C)
Measured FWHM of the peaks shown in B with error bars representing
standard deviation ofsimluations performed five times with 100,000
molecules.

Our simulations illustrate broadening produced by our measured kinetic differences
isolated from mobile phase effects. Experimental FPLC measurements (Figure 4.4)
provide a convolution of both kinetic and mobile phase contributions to peak shape that
cannot be separated empirically.3%® By peak aligning, we remove elution contributions from
the mobile phase time and varied retention times to emphasize the broadening effects
predicted by desorption kinetics. Exclusion of other effects from the mobile phase
guarantees that changes in the chromatographic shape arise from kinetic differences alone.
Future advancements in the Monte Carlo model, as well as single-molecule tracking, will

aid in deconvoluting instrumental contributions from chemical effects.

4.6. Conclusions

Single-molecule surface transport modes and Kinetic analyses coupled with
ensemble CD have guided a mechanistic explanation for increased separation efficiency
observed in bulk separations during the salting out process. Predicting peak broadening
from single-molecule kinetics is further supported by simulation of elution profiles. The

increasing prevalence of single site adsorption-desorption of transferrin at nylon is directly



97

modulated with salt concentration (Figure 4.1). Increasing salt concentration led to an
increase in adsorption and desorption kinetics at the nylon stationary phase (Figure 4.2).
Electrostatic shielding likely dominated the adsorption rate increase, while the increased
overall rate of desorption and increased waiting times are attributed to surface induced
structural changes to transferrin induced at higher salt concentrations (Figure 4.3, Sl
Appendix, Fig. S8-10). Altered desorption kinetics from salting were not observed with
fatty acid probe molecules,?’® highlighting the complexity of large biomolecules that
exhibit complicated dynamics such as unfolding . The reduction in chromatographic
broadening found in ensemble separations of transferrin (Figure 4.4) is explained by a
decrease in rare long-lived binding (Figure 4.2B) that drives a decrease in the CTRW
motion (Figure 4.1). The utility of single-molecule tracking to mechanistically explain
ensemble chromatographic observables is highlighted in our work. Further, our findings
emphasize the importance of understanding the physiochemical changes salting out
processes can have on protein behavior in bench-top and industrial scale separations. The
design of stationary phase supports that suppress anomalous CTRW diffusion at the

stationary phase will lead to improved separation efficiencies.
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IChapter 5

Polymer free volume effects on protein
dynamics at polystyrene revealed by
single-molecule spectroscopy

This work is under review at Langmuir.

5.1. Abstract

Protein-polymer interactions are critical to applications ranging from biomedical
devices to chromatographic separations. The mechanistic relationship between the
microstructure of polymer chains and protein interactions is challenging to quantify and
not well studied. Here single-molecule microscopy is used to compare the dynamics of
two model proteins, a-lactalbumin and lysozyme, at the interface of uncharged
polystyrene with varied molecular weights. The two proteins exhibit different surface
interaction mechanisms despite similar size and structure. a-lactalbumin exhibits
interfacial adsorption-desorption with residence times that depend on polymer molecular

weight. Lysozyme undergoes a continuous time random walk at the polystyrene surface
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with residence times that also depend on the molecular weight of polystyrene. Single-
molecule observables suggest the hindered continuous time random walk dynamics
displayed by lysozyme are determined by the polystyrene free volume, a finding
supported by thermal annealing and solvent quality studies. Hindered dynamics are
dominated by short-range hydrophobic interactions where the contributions of
electrostatic forces are negligible. This work establishes a relationship between the
microscale structure (i.e. free volume) of polystyrene polymer chains to nanoscale

interfacial protein dynamics.

5.2. Introduction

Advancing the understanding of structure-function relationships in protein-polymer
interactions is critical in the design of biosensing devices,}*%%* biocompatible
implants, %% and protein separations.®28 The adsorption of proteins to a polymer alters
the material’s function because the outermost layer of the material is comprised of
proteins.®® Polymers often experience protein accumulation when exposed to protein-rich
environments, which has been shown to cause harmful side effects for patients*°63%" or
reduced functionality in everyday health care products, such as contact lenses.308-30°
Surface modifications such as ligand grafting and UV exposure are used to suppress protein
adsorption, while keeping the bulk polymer properties unchanged. 8160310 pglymer chain
architecture and packing densities are also used to modify polymer surface chemistries to
reduce protein interactions,?*2311-312 byt further work is needed to understand and control

the underlying polymer chemistry and physics that control protein surface interactions.



100

Polymer free volumes are the naturally occurring voids that are present in a polymer
material, and depend on polymer chemistry and deposition conditions. The free volume of
a polymer can have a dramatic effect on many physical characteristics such as the glass
transition temperature,3331* diffusivity in the polymer matrix,3'°3!® and the aging
process.®!’ Polymer free volume can be altered by mechanically compressing the polymer,
thermally annealing,®!® and changing the molecular weight (MW) (i.e. chain length) of the
polymer used to develop a film.32 It has also been shown that using poor solvents with low
solubility to dissolve polymers before deposition or spin casting can influence the free
volume in bulk polymers.3!3 However, there is little knowledge about how polymer free
volumes effect protein dynamics at polymer interfaces. Understanding the relation between
microscale polymer packing and protein behavior at polymer films could be invaluable in

guiding the fabrication of improved materials.

Quantifying nanoscale protein dynamics at the surface of polymers
is experimentally challenging. Many common techniques suffer from ensemble
averaging®®® or require ex-situ sample conditions to measure.'*4320 Single-molecule
fluorescence spectroscopy is a robust method for studying protein-polymer interactions
allowing for many proteins to be tracked in real time below the diffraction limit of
light.5379:321 For example, Schwartz et al. showed how poly(ethylene glycol) (PEG) brush
grafting decreased fibronectin adsorption, but longer PEG chains lead to more unfolding
and longer residence times for adsorbed fibronectin.®* Other single-molecule studies have
established relationships between the microstructures of polymer brushes®?310:322 and self-

assembled monolayers®® with molecular probes, but a relationship between thin film
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polymer packing and protein dynamics is lacking. Using total internal reflectance
geometry?4124244 achieves increased signal-to-noise by suppressing emission from
molecules diffusing in the bulk. The utility of single-molecule fluorescence microscopy
also has broader application to nanoparticle catalysis,®*® live-cell imaging,®*® and

improving chromatographic separations.?%-324-32

In this study, we compare the surface dynamics of two oppositely charged proteins,
lysozyme (Lys, positive)®?® and a-lactalbumin (a-LA, negative)®*’ at thin uncharged
polystyrene (PS)3? films with varied free volumes. Lys and a-LA are of interest given their
common use as model proteins?®8-32%-331 and their similarities in size and structure,332-332
PS is chosen because the variation in PS free volume is well studied*® "8 and because of
its use in common applications.'8:1883% | ys and o-LA are found to exhibit different types
of motion at PS surfaces. a-LA undergoes single site adsorption-desorption at PS, with a
MW dependence on surface residence times. Lys undergoes non-Brownian surface
transport known as a continuous time random walk (CTRW), where adsorption occurs at
non-specific sites for random periods of time interrupted by desorption to nearby
Sites.42335-3%6 The Lys CTRW dynamics depend on the MW of the PS film, with fewer
hops and smaller hop sizes at higher MWSs. We propose the observed MW dependence on
Lys dynamics is caused by the free volumes among PS chains in the deposited films.33
This interpretation is supported by thermal annealing studies as well as changing solvent
quality. Lastly, PS is doped with a hydrophilic polymer (methoxypolyethylene glycol) to
determine that short-range hydrophobic interactions dominate the hindered Lys dynamics

on PS with varied free volumes.?’® Further, tracking results under varied ionic conditions
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suggest that electrostatic forces do not contribute to varied Lys dynamics at PS. We
envision this single-molecule approach can be widely applied for the observation of many
protein surface interactions to develop more robust materials for specific applications in

protein-rich environments.

5.3. Materials and Methods

5.3.1. Preparation of polymer films

Borosilicate glass coverslips (22 x 22 mm, VWR) are thoroughly cleaned by
sequentially sonicating in water, ethanol, and acetone. Coverslips are then placed in a
piranha bath (28% NH4OH and 30% H20.) heated at 80°C for 20 min. After rinsing with
deionized water (>1 MQ-cm) and drying with N2 gas (Ultrapure, Airgas), the coverslips
are further treated with oxygen plasma (Harrick Plasma, PDC-32G) for 2 min. Thin PS
films are prepared by spinning coating (SPI KW-4A) a 1 w/w % of PS/toluene or
PS/cyclohexane solution at 3,000 rpm for 1 min. PS of various MWs 3k (Polymer Source,
PDI:1.09), 36k (Polymer Source, PDI: 1.05), and 1500k (Polymer Source, PDI:1.10) are
prepared using the spin coating protocol. The surface roughness of resulting films is
measured by atomic force microscopy (Bruker, Multimode 8) operated in peak force

tapping mode.
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5.3.2. Polymer thickness and refractive index characterization

For all molecular weights (3k, 36k, and 1500k), annealed PS, and solvent adjusted
films solutions of 1 w/w % PS/toluene or cyclohexane are coated (100 puL) at 3000 RPM
for 1 min onto cleaned silicon wafers (Silicon Quest Int’l, Prime Grade) with a spin
coater (Laurell WS-650MZ-23NPPB). Resulting film thicknesses and refractive indices
are measured with a J.A. Woollam M-2000 ellipsometer scanning from 350 nm to 1050
nm. Data was fit with Cauchy thin film model resulting in a mean squared error of less

than 5 percent for all measurements and the results are presented in Table S1.

5.3.3. Film annealing and modification

A hotplate is placed inside a glove bag filled with N2 gas (Ultrapure, Airgas). After
placing the PS samples onto the hotplate, the temperature is elevated to 120°C for 4 hrs.

Once finished, the PS samples are cooled to room temperature under an N2 atmosphere.

5.3.4. mPEG Doping of PS

The hydrophilic films are prepared by spin coating clean coverslips with 1 w/w %
toluene solution containing PS and methoxypolyethylene glycol (MPEG) with a weight
ratio of 9:1, using the same conditions described above for the pure PS samples. AFM
imaging (Bruker, Multimode 8) of mPGEG/PS films is performed in tapping mode to
acquire phase images for determining the spatial surface coverage of mPEG domains

(Fig. S1). Results indicate mPEG domains are highly uniform in the mPEG/PS films.
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5.3.5. Protein Dilutions and fluorescence labeling

Lyophilized lysozyme (p1=10.7)?*132¢ that is labeled with rhodamine B (Structure
Fig. S2) is purchased from Nanocs as previously decribed.?*? Alexa 555 (Structure Fig.
S2) labeled a-LA (pl=4.2),%%"337 previously purified and acquired from the Wilson Group
at the University of Houston is used here.?* For experiments, a-LA and Lys are diluted in

10 mM HEPES buffer (pH=7.2) to form 3.5 nM and 35 nM solutions respectively.

5.3.6. Protein surface charge and hydrodynamic measurements

A Malvern zetasizer (Zen 3600 Nanoseries) is used to measure the zeta potentials
and hydrodynamic radii of a-LA and Lys in 100 mM HEPES at pH 7.2. Zeta potential
experiments are performed in Malvern cuvettes (DTS1070) with the average and standard
deviation of 35 measurements reported. Hydrodynamic radii values from 13 measurements
are quantified with the average and standard deviation. All measurements are taken at 25

°C after 2 minutes of equilibration.

5.3.7. Single-molecule measurements

A custom-built total internal reflection fluorescence (TIRF) microscope is used for
single-molecule fluorescence measurements. A 532 nm laser (Coherent, Compass 315M-
100SL) is circularly polarized and passed through a 100x oil-immersion objective (Carl
Zeiss, Alpha Plan-Fluar, NA=1.45) to excite the labeled proteins. The excitation light is

focused onto a 30 x 20 um?area. The fluorescence signal from the proteins is collected
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by the same objective, filtered by two filters (Kaiser, HNPF-532.0-1.0 and Chroma,
ET585/65m), and then collected by an electron- multiplying charged coupled device
(Andor, iXon 897) cooled at -70°C and operated at 33.33 Hz. The transmittance of PS is
greater than 85%, with a refractive index of 1.58,%% therefore, TIRF excitation takes place
at the PS aqueous interface as previously shown (Fig. S3).242 The evanescent field in our
TIRF geometry has a maximum penetration depth of 200 nm,> thus only fluorescent
probes near the polymer surface are excited. Prior to measurements, the observation area
is photobleached with laser excitation for 30 minutes removing any fluorescent signal from
contaminants present in the film. For single-molecule experiments, either a-LA or Lys
solution (1 mL) is drop-cast onto the polymer film covering an area greater than the area

illuminated by laser light.

5.3.8. Protein molecule identification and tracking

An established tracking algorithm is used to identify and track both a-LA and Lys
molecules.®*® This Matlab-based program has three fundamental steps for tracking single-
molecules below the diffraction limit of light: increase signal-to-noise, identify
molecules, and utilize a maximum likelihood algorithm to generate single-molecule
trajectories.®*® The TROIKA tracking program is available at

https://github.com/LandesLab /Troika-Single-particle-tracking.
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5.4. Results and Discussion

5.4.1. a-LA adsorption and dynamics at PS surface

Super-localization imaging of a-LA adsorption events shows that a-LA undergoes
interfacial adsorption/desorption at the PS surface, with a localization uncertainty of 20 nm
(Figure 5.1).%® Individual adsorbed negatively charged o-LA molecules ({= -18 + 7 mV)3?’
are observed at the PS surface once a-LA solution is added to the PS (Fig. S3). Adsorption
events appear to be stationary over multiple frames, and within our spatial resolution8325
before disappearance due to desorption,®® suggesting the o-LA molecules adsorb to
nonspecific surface sites on the PS. For adsorption events lasting more than one frame,
each corresponding point spread function is fit to a 2D Gaussian distribution in each
individual frame to extract the central localizations (Figure 5.1A). To increase statistics,
the central localizations from 20 different a-LA molecules are compiled by aligning their
centers of mass (Figure 5.1B).2*3*1 The resulting 2D histogram is further fit by another
2D Gaussian, resulting in a full width half maximum of 20 nm. This value is equivalent to
the resolution limit of other commonly known super-resolution techniques such as
PALM,* STORM,**2 and mbPAINT® suggesting a-LA molecules are stationary at the PS
surface. Single-molecule tracking also corroborates the super-localization findings, which

are discussed next.
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Figure 5.1 a-LA adsorption and dynamics at PS films. (A) The central
localization for a single a-LA in 63 consecutive frames. (B) 2D histogram of
combined central localizations from 20 a-LA molecules. (C) Single frame
displacement distributions for a-LA adsorbed onto PS films with varied PS
MWs. (D) a-LA surface residence time cumulative distributions fit to Equation
4.2 (solid lines).

Single-molecule tracking further confirms o-LA molecules are stationary over
multiple frames, and within our resolution limit*8%32> ypon adsorption at PS independent
of MW. The MW of the PS films is varied from 3k up to 1500k to assess the role of varied

PS free volume on the immobile a-LA molecules.3® Single frame displacement
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distributions allow for the frame to frame displacements to be quantified from single-
molecule trajectories (Figure 5.1C). The distributions of single frame displacements from
hundreds of a-LA molecules result in one peak centered at 24 nm (inverse log, 10%%),
which is independent of the PS MW (Figure 5.1C). It is expected that the interfacial
chemical identities of all three MW PS films are similar given the solvent, concentration,
and spin coating processes are identical for all three MWs. Peak values from single frame
distributions closely match our localization uncertainty results in Figure 5.1A-B and values

reported in previous studies.®

a-LA surface residence times depend on the MW of the underlying PS, as shown
in Figure 5.1D. The cumulative distributions of surface residence times for a-LA indicate
that the time spent on the surface increases as the MW increases. Residence time
distributions are fit to a two-term exponential: P(t) = Aje %1t + A,e %2t (Equation
4.2)%* to extract desorption rate constants as a function of PS MW (Table S2). Two-term
exponential decay fits to residence time distributions have been shown to resolve the
kinetics of folded and unfolded proteins populations,®”® resolve DNA hybridization
kinetics,1”2 and quantify the desorption kinetics from weak and strong adsorption sites
intrinsic on polymer surfaces.!8® Here it is likely that anomalously strong sites exist on the
PS surface due to the chemical stability of the globular proteins used here.®*® Decreased
desorption rate constants observed at higher MWs suggest that longer PS chains induce
stronger a-LA-PS interactions, thereby increasing the prevalence of long-lived adsorption
events (Figure 5.1D). It has been shown that PS chains are more densely packed and more

coiled as the MW of PS is increased in a deposited PS film (Table S1).3** Therefore, we
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predict the number of short-range interactions (i.e. Van der Waals, hydrogen bonding, and
hydrophobic interactions) present between a-LA and PS increases in the more coiled PS at
higher MWs. This hypothesis is supported by the findings of Schwartz and co-workers,
which suggests the desorption of proteins from interfaces is dictated by short-range
interactions rather than long range interactions.?”® Therefore, tracking results indicate that
desorption kinetics of a-LA are related to interactions with the underlying microscale

organization of PS chains.

5.4.2. Adsorption of Lys on pure PS surface

Lys dynamics at PS are non-Brownian, and exhibit CTRW behavior,3* with surface
transport dynamics that are dependent on the MW of PS. This result is surprising given the
similarity in sizes (Rn=1.6 + 0.3 nm and Rn=1.5 + 0.2 nm for Lys and o-LA
respectively),?*1:3%7 structures,*23% and biological ancestries®*¢34® of Lys and a-LA (Fig.
S4). Representative trajectories are shown in Figure 5.2A to illustrate the CTRW motion
of the positively charged Lys ({= 12 + 6 mV)3*?% at PS. The trajectories highlight the
heterogeneity exhibited by individual Lys molecules at PS. Large areas of the PS surface
are explored with brief periods of immobility at non-specific adsorption sites as is typical
of CTRW dynamics. The difference in Lys and a-LA dynamics is likely driven by the
decreased affinity Lys exhibits for the PS surface, allowing Lys to explore the PS surface.
A tenfold higher concentration of Lys is needed to acquire similar surface coverage
observed for a-LA at PS. The difference in adsorption strengths of a-LA and Lys are not

attributed to the different dye labels used here (Fig S5). The CTRW mechanism of proteins
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at polymers has been observed by others at the single-molecule level.& Lys waiting time
distributions, the time spent at each adsorption site, are analyzed and fit to a power law to
verify the presence of the CTRW mechanism (Fig. S6).”® Waiting time distributions would
be normally distributed if Lys surface motion were Brownian.3¥® CTRW transport displays
periods of immobility interrupted by desorption into the bulk punctuated by the adsorption
to a new surface site. Single frame displacement distributions quantify the hopping
distances in the CTRW as Lys molecules travel to new sites on PS (Figure 5.2B). Single
frame displacement distributions show a clear dependence on the MW of the underlying
PS film (Figure 5.2B). The decrease in hopping distances as MW is increased indicates that
the mobility of Lys at PS is highly dependent on the chain structure of PS. We suggest that
the packing of the PS chains (Table S1) discussed in the context of free volumes has a
direct impact on the distance between available adsorption sites on PS for Lys adsorption
to occur (Scheme 1). The thicknesses of resulting PS films are quantified as a function of
MW (Table S1) which shows that film thickness does not increase from 3k to 36k. An
increase in film thickness is observed for the 1500k MW, however we conclude that film
thickness may not play a major role in protein dynamics PS surfaces given no height change
is observed from 3k to 36k accompanied with a decrease in Lys mobility (Figure 5.2B). It
must be noted at the highest MW condition, Lys is still highly mobile in comparison to a-
LA shown in Fig. 2B (black). In addition to the frame to frame displacements, hopping

behavior is also quantified at the PS interfaces with varied MW.
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Figure 5.2 Lys adsorption and dynamics at PS films. (A) Representative
trajectories of single Lys at the interface of PS (MW=36Kk) with color map
representing frame number for each trajectory. (B) Single frame displacement
distributions for Lys on PS films with varied MWs. a-LA distribution shown for
comparison. (C) Lys hopping distributions with the calculated mean and
standard error of the mean at each MW of PS. (D) Cumulative distribution of
surface residence time for Lys with fits to Equation 4.2shown in the solid lines.

Lys explores fewer adsorption sites at high MW PS with no change in the overall
surface residence time, driven by an increase in waiting times at each adsorption site. The

number of hops per trajectory is quantified in Figure 5.2C using the previously described
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filtering process,®2® where a hop is defined as a frame to frame displacement greater than
our spatial resolution of 20 nm. Fewer hops per trajectory are observed in Figure 5.2C with
increasing MW, indicating that Lys is less likely to readsorb to PS after desorption at higher
MWs. Interestingly, the total surface residence time of Lys (Figure 5.2D) and the extracted
desorption rate constants (Table S3) do not change as a function of MW. Waiting time
analyses show that as the MW is increased Lys spends more time per site before desorbing
to a nearby site (Fig. S6). Power law fits of waiting time distributions result in exponents
of -2.02 £ 0.01, -1.84 £ 0.02, and -1.71 + 0.02 for MWs of 3k, 36k, and 1500k respectively
(Fig. S6). Although, Lys interacts with fewer adsorption sites during the CTRW as MW
increases (Figure 5.2C) Lys spends more time at each site (Fig. S6) accounting for the
same total residence times for Lys at all MWs (Figure 5.2D). Single-molecule tracking
allows for mechanistic details in the Lys CTRW to be related to the underlying free
volumes in the PS films. To further confirm the impact of polymer free volume on the
CTRW exhibited by Lys, two well-known methods, thermal annealing and adjusting

solvent quality, are utilized to vary PS free volumes.
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5.4.3. Lys adsorption at Annealed and Cyclohexane developed PS films
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Figure 5.3 Lys dynamics at thermally annealed and cyclohexane developed PS
films. (A) Single frame displacement distributions for as-prepared and
thermally annealed PS films. (B) Surface residence time distributions for as-
prepared and thermally annealed PS films with fit to Equation 4.2 shown with
solid lines. (C) Single frame displacement distributions for toluene and
cyclohexane developed PS. (D) Surface residence time distributions for
toluene and cyclohexane developed PS films with fit to Equation 4.2 shown
with solid lines.
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Lys dynamics at annealed PS show decreased single frame displacements
accompanied by increased surface residence times (Figure 5.3A-B). Thermally annealing

349 similar to increased

PS films results in decreased free volumes through chain relaxation,
MWs discussed above. Annealing allows us to further establish the relationship between
PS free volumes and varied Lys CTRW dynamics. The annealing process is performed in
inert nitrogen in order to minimize any chemical modifications to PS but these effects
cannot be completely ruled out. A shift in the single frame displacement distributions is
observed from peak values at 44 nm and 20 nm for as-prepared (MW=36Kk) and thermally
annealed PS films respectively (Fig. 3A, MW=36k). The shift in single frame hopping
distances indicates that as PS chains pack more densely, Lys travels shorter distances to
readsorb to the surface. The decrease in displacements with annealing (Figure 5.3A) is
similar to the decrease observed with increased MW (Figure 5.2B), where decreased free
volume leads to smaller displacements (Figure 5.2B). AFM imaging results indicate that
mPEG domains are highly uniform within the PS films (Fig. S1). If long range hopping
does exist as a result of large isolated mMPEG domains it would not be detected given
diffusion in the bulk would be faster than our detectors temporal resolution and/or outside
of the evanescent field present in our TIRF illumination geometry.’2 Annealing and MW
displacement distributions confirm the hypothesis that as PS chains are packed more
densely (Table S1) the distance between adsorption sites decreases, thereby leading to
shorter displacements. Lys surface residence time increased as a result of thermally

annealing PS (Figure 5.3B, Table S4). The increase in total Lys residence time with

annealing (Figure 5.3B) is not observed in the case of increased MWs (Figure 5.2B).
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Annealing PS could induce different surface morphologies,®° however, no statistical
difference in surface roughness is found between the as-prepared and annealed PS surfaces
(Fig. S7). One likely explanation for observed increases in residence times on the annealed
PS is the result of a greater reduction in PS free volume with annealing in comparison to
increased MW (Figure 5.2), thereby leading to more short-range interactions between Lys
and PS (Scheme 1). This hypothesis is supported by the more severe shift in displacements
observed at annealed PS centered at 20 nm (Figure 5.3A) in comparison to 39 nm in the
highest MW condition (Figure 5.2B). Additionally the largest refractive index was
measured for the annealed PS films confirming the greatest increase in chain density which
can be related to decreased free volumes in thin films.*! Minimal film thickness changes
were observed as a result of annealing. To further support the structure-function
relationship in PS free volume to Lys CTRW dynamics a poor solvent is investigated for

the development of PS films.

Decreased Lys hopping distances are observed on the PS films developed in a poor
solvent in addition to an increased surface residence time, aligning with the observations
seen in the annealing conditions. Decreasing solvent quality to decrease polymer chain free
volumes is well studied, in particular using cyclohexane to develop PS films.35%-353
Decreased free volumes in resulting PS films using a poor solvent is driven by decreased
PS solubility in the cyclohexane. A decrease in hopping distances from a peak maximum
at 44 nm to 39 nm is observed from the toluene (MW=36k) to cyclohexane deposited PS
respectively (Fig. 3C, MW=36Kk). Our observations of Lys surface dynamics establish that

the distance between adsorption sites for Lys is dictated by the size of free volumes present
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in a PS film. The change observed for single frame displacements with cyclohexane
deposited PS is the same magnitude observed in the case of varied MW (Figure 5.2B).
However, we observe an increase in residence time of Lys as the PS chain density is
increased (Figure 5.3D, Table S5) similar to that observed on the thermally annealed PS
(Figure 5.3B, Table S4). We predict increased residence time is driven by an increased
number of short-range interactions between the PS chains and Lys. To further develop the
mechanistic understanding of hindered CTRW dynamics exhibited by Lys at PS, the

dominant short-range interaction driving hindered CTRW dynamics is investigated next.

5.4.4. Lys dynamics at mPEG doped PS films
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Figure 5.4 Comparison of Lys dynamics at as-prepared and mPEG doped PS
films. (A) The distributions of single frame displacements at as-prepared and
mPEG doped PS films. (D) Cumulative distribution of surface residence time
for Lys adsorption at as-prepared and mPEG doped PS films. Solid lines are fits
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to Equation 4.2.



117

Tracking results under altered solution and PS film chemistries suggest that
hydrophobic effects, rather than electrostatic effects, are the primary driver of the hindered
CTRW dynamics at PS. The contributions of electrostatics in our observed dynamics are
tested with the addition of 20 mM and 100 mM NaCl during Lys tracking at the PS interface
(Fig. S8). Although PS chains carry no charge,®?® Lys carries a net positive charge at our
experimental conditions (pH=7.2) and the presence of PS impurities could not be ruled out.
Single frame displacement results indicate that electrostatics are not the dominant driving
force in the observed CTRW Lys dynamics (Fig. S8). To evaluate the effect of hydrophobic
interactions, PS (MW=36k) is doped with 10 w/w% mPEG to increase the hydrophilicity
of the PS film.3** Single frame displacement distributions show a decrease from 44 nm to
39 nm as the surface becomes more hydrophilic with mPEG doping (Figure 5.4A). An
increase in surface residence time is observed on the more hydrophilic doped PS film
(Figure 5.4B, Table S6). Single frame distributions and residence time distribution changes
with mPEG doping align well with observed Lys dynamics as a function of MW, thermal
annealing, and solvent at PS surfaces. Therefore, we suggest hydrophobics to be the
dominating force in the interactions of Lys at PS. Our previous study of Lys at
functionalized PS interfaces also reveals that hydrophobics dominate hindered Lys CTRW
dynamics as PS becomes more hydrophilic.2*? Previous work shows that hydrophobics can
also play a large role in 3D transport dyanmics in porous media.>*® Here, a more careful
look at single protein tracking results suggests that the underlying microstructure of PS
yields similar effects without the introduction of new charge carrying chemistries to PS. 242

Although similar results and driving forces are at play in both cases, here we uncover a
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structure-function relationship present in Lys dynamics at PS without modifying the overall
hydrophobicity of the thin PS film (Figure 5.1-5.3). It must be noted that contributions
from Van der Waals forces, changes in free volumes from mPEG doping, and hydrogen
bonding cannot be ruled out as contributors as well. However, based on our single-
molecule observables Van Der Waals forces and hydrogen bonding are likely minor
contributors based on the decrease in hopping distances and the increase in residence times,

which align with observables from MW, annealing, and solvent quality.

5.5. Conclusion

Here single-molecule tracking and super-localization microscopy are used to
establish a relationship between the underlying PS free volume to the dynamics of two
proteins a-LA and Lys. Super-resolution imaging, along with the single-molecule tracking,
verify a-LA molecules are immobilized at nonspecific adsorption sites with increased
residence times as PS free volumes decrease as a function of PS MWs. Although Lys is
similar in size and structure to a-LA, Lys molecules exhibita CTRW at PS. The mechanism
of Lys CTRW transport, hopping dynamics, and single site waiting times are dependent on
the underlying MW of PS. We propose the varied CTRW dynamics exhibited by Lys are
likely caused by the variation in PS free volumes in the films with different MWs. This
hypothesis is further supported by decreasing PS free volumes with thermal annealing and
adjusting solvent quality, both resulting in smaller free volumes and increased PS chain
packing. Displacement distributions at the annealed and solvent modified PS corroborate

the relationship between hindered CTRW dynamics and decreased PS free volumes.
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Longer residence times were observed for Lys at the annealed and decreased solvent
quality PS attributed to more severe reductions in PS free volumes in comparison to varied
MW, thereby introducing more short-range interactions between Lys and PS. Lastly, the
dominant force driving hindered CTRW dynamics at PS as free volumes decreased is
interpretted to be hydrophobics with minimal contributions from electrostatic forces. The
distinct dynamics exhibited by two structurally and biological related model proteins on
chemically identical surfaces illustrate the complexity in protein-polymer interactions.
More specifically we highlight the relation between underlying free volumes in a
commonly utilized polymer film, PS, to nanoscale protein transport dynamics. Our findings
here can have broad impacts on the design of application-specific polymer materials®
where suppressing anomalous surface diffusion would be advantageous for decreasing the
prevalence of protein unfolding and denaturation at strong adsorption sites®® and improving

protein separation efficiencies.3%
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IChapter 6

Conclusion and Future Outlooks

6.1. Overall Conclusions

In this thesis, single-molecule fluorescence microscopy is used to directly
image the dynamics of proteins at industrially relevant stationary phase polymer
supports. By quantifying protein dynamics at the solid-liquid interface of polymer
supports we were able to resolve the heterogeneous interactions of proteins in a
high throughput fashion removing the bias of ensemble averaging. Observations
presented here allow for mechanistic details in protein-polymer interactions to be
resolved at the nanoscale. These results can inform the design of polymer-based
materials for specific applications, such as improving biological-based protein

separations at the bench-top and industrial scales.

At the interface of PS, a commonly used polymer material, we showed that
proteins will undergo non-Brownian surface transport known as a CTRW. The
transport at PS was found to be highly dependent on both the surface chemistries

used to functionalize PS and the overall hydrophilicity of the PS films. Overall as the
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wettability of PS was increased the mobility of the CTRW dynamics was greatly
hindered, leading to highly immobile interactions at the PS interface. The hindered
dynamics were attributed to short-range interactions, such as hydrophobics and the

formation of water hydration layers, not long-range electrostatic interactions.

Next, we showed that another protein, transferrin, undergoes both CTRW
and single-site adsorption desorption dynamics at industrially relevant nylon 6,6.
The ratios of transferrin molecules undergoing the two interaction types were tuned
with the ionic strength to emulate salting out a chromatographic separation. As salt
concentration was increased the prevalence of CTRW trajectories was decreased.
This decrease in CTRW dynamics and the corresponding desorption kinetics were
related to improved separation efficiencies observed in membrane based FPLC
separations of transferrin. Structural changes induced to transferrin at the nylon
interface were also observed as salt increased. For the first time improvements in
separations at the bulk scale are related and confirmed theoretically with

simulations informed by single-molecule kinetics.

Lastly, the underlying packing of polymer chains in PS films were shown to
hinder CTRW dynamics similar to that observed with functionalization methods in a
previous chapter. Using varied molecular weights, thermal annealing, and decreased
solvent quality it was observed that the free volumes in thin films has a direct

impact on the dynamics of proteins. These observables are important to further



122

expand the relation between polymer chemistries and physics to the behavior of

proteins at these industrially relevant polymer materials.

6.2. Future Directions

The future of this project will use advanced microscopy methods to uncover
the multiscalar dynamics occurring in separation systems. This will likely include
the use of 3D imaging and methods such as STReM?2#4 that improve the temporal
resolution of single-molecule tracking in order to resolve fast dynamics that likely
impact separations. With the advancement in sensitive photodetectors and optical
techniques the spatial and temporal limits of the presented methods will likely be
pushed to uncover transport dynamics in more complex materials used in
separation. This can include stimuli responsive polymer materials and highly
porous membrane networks heavily utilized in industrial biologic separations.
Lastly, uncovering how protein competition effects separations and overall elution’s
by directly observing Vroman protein dynamics can further inform and help predict
separations at the nanoscale, eliminating the need to empirically optimize industrial

separations.

The methods covered in this thesis have a wide array of applications that can
be applied to systems beyond biologic separations. This could include but not be
limited to implant material development, anti-fouling materials, and advanced food

storage materials.
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IChapter 7

SI Appendices

7.1. Appendix to Chapter 2: Variable Lys transport dynamics on

oxidatively functionalized polystyrene films
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Polystyrene Film Thicknesses
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Figure S1. Polystyrene film thicknesses vs. polymer concentration in toluene

solution represented in weight/weight percent. Error bars are the standard

deviation of 12 measurements from different regions on at least four separate

samples per data point.
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Single Particle Tracking Algorithm

Our custom tracking algorithm was written in Matlab R2011b and has been
previously published elsewhere.?8 In short, our data consisted of a three
dimensional matrix for each stack of 1,000 frames, in which each slice of the matrix
corresponded to one exposure time of our EMCCD camera capturing a 2D image.
Our tracking algorithm analyzes the collected data series in three general steps. The
first step increases the signal to noise ratio (SNR) of each frame within the data
series by applying a local averaging method which utilizes a 3x3 matrix of ones to
increase the SNR. This step results in roughly a 2 to 3 times increase in SNR. Next,
the de-noised data is used in order to locate particles frame by frame. This is
accomplished by determining a local background intensity on a 50 x 50 pixel region
iteratively on each 512 x 512 image and applying a radial symmetry function to
corresponding point spread functions of each emitter to achieve sub-pixel
localization. Lastly, mapping of particle trajectories from frame to frame is
performed using a nearest neighbor method. The search radius for the nearest
neighbor mapping is user defined and was set to 6 pixels in our analysis. This was
also combined with a trajectory length filter of 4 frames assuring that only
trajectories lasting more than 4 frames were included for data analysis. These
parameters were implemented in order to minimize false trajectory linkages in
combination with low probe concentrations. Moreover, we justified these tracking
parameters by randomly shuffling 10 stacks of data and determining the number of

false trajectories identified based on search radius and filter size with less than a 5%
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false identification rate in comparison to the original number of identified
trajectories in each stack. This was implemented in addition to using very low probe
concentrations throughout the study. A more thorough explanation of our tracking

algorithm implemented can be found in reference 1.
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Contact angle measurements for UV treated polystyrene

for each condition.
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Figure S3.Static water contact angle for UV treated polystyrene films. Each
data point represents contact angle from 8 measurements from two different

samples. The error bars represent the standard deviation of all the measurements
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Single frame displacement distributions stability
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Figure S4. Stability of single frame displacement distributions over time.
Single frame displacement distributions for (A) as prepared polystyrene, (B) UV
treated polystyrene, (C) plasma treated polystyrene (5 sec) and (D) ligand grafted
polystyrene (20 min). Each plot (A-D) shows the single frame displacement
distributions from the first 1,000 frames (black) and the last 1,000 frames (red) of a

stack of 6,000 frames of data collected from one measured region for each oxidation
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method. This indicates that the distributions are not time dependent given the time

between each data set represented is roughly 10 minutes.

Cumulative distribution of surface residence times for UV treated

polystyrene
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Figure S5. Cumulative distributions of surface residence times for lysozyme
binding events on UV exposed polystyrene interface. Each condition represented
here is at least 800 trajectories per treatment time and indicates a very small
deviation in surface residence times of adsorbed lysozyme molecules after UV

treatment of the polystyrene interface.
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Lysozyme trajectories on UV treated polystyrene and Trajectory’s radius of

gyration values
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Figure S6. Representative time dependent lysozyme trajectories from 1,000
frames of data for corresponding UV treatment times (Scale bar is representative of
2 um). Included is the average trajectory’s radius of gyration for at least 800

trajectories for each condition.
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Trajectory’s radius of gyration Analysis Mathematics

A trajectory’s radius of gyration can be used in order to determine the area
explored by a tracked molecule. This method has been previously implemented in
other single molecule studies undergoing non-Brownian motion.8>203.356 The
trajectory’s radius of gyration (Rg) is calculated for each step of a trajectory using the

following Equation 7.1and Equation 7.2:

Ry = /Rf +R3

Equation 7.1 Radius of Gyration

in which R1 and Rz are the major and minor eigenvalues of the two by two
matrix tensor (T) for the

trajectory’s radius of gyration.
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Equation 7.2 Radius of Gyration Tensor

In the tensor N corresponds to the number of steps taken over the entire
trajectory and x and y are the locations of the molecule for that given step. In this
study the trajectory’s radius of gyration values reported are for the entire evolution

for at least 800 lysozyme trajectories per condition reported.
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Radius of Gyration Evolution Plots
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Figure S8. Radius of gyration evolution plots. Radius of gyration versus time
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treatment (C), and ligand grafted surfaces (D). Plots indicate periods of high

lysozyme mobility interrupted by random periods of immobility, highlighted by
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X-ray photoelectron spectroscopy analyses
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Figure S9. X-ray photoelectron spectroscopic analysis of polystyrene surfaces.

Representative carbon 1s spectra for (A) Untreated, (B) UV treated (30 min.), (C)
plasma treated, and (D) ligand grafted (30 min.) polystyrene. The black line is the
experimental data with the red dashed line representing the deconvolution of the

C1s peak. Each spectra was shifted to 284.80 eV for the max of the C1s peak.
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Elemental Composition analyses via XPS

Treatment Time Carbon % Oxygen %
Polystyrene 0 min 99.610.1 0.4+0.1
uv 10 min 98.5+0.2 1.540.2
20 min 98.610.7 1.410.7
30 min 98.310.7 1.7£0.7
Plasma 1sec 89+2 1142
3 sec 85.710.6 14.3+0.6
5 sec 8112 19+2
7 sec 80.5+0.8 19.5+0.8
Ligand 5 min 61.9£0.7 38.1£0.7
10 min 61.3+2 38.7+2
20 min 60.5+0.5 39.5+0.5
30 min 58.9+0.9 41.4+0.9

Table S1-Percent composition of carbon and oxygen at polystyrene interfaces for

each treatment technique and corresponding treatment times. Values are the average of

3 separate areas on one sample with the error representing the standard deviation of

the resulting measurements.
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Contact angle measurements for plasma treated polystyrene
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Figure S10. Static water contact angle for oxygen plasma treated polystyrene
films. Each data point represents contact angle from 8 measurements from two
different samples. The error bars represent the standard deviation of all the

measurements for each condition.
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Trajectory’s radius of gyration results for plasma treated polystyrene
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Figure S11. Trajectory’s Radius of gyration values for lysozyme on

oxygen plasma treated polystyrene films. Each data point is the average of at

least 800 trajectories per condition represented with error bars indicating the

standard error of the mean.
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Salt dependence single molecule results
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Figure S12. Adsorption and mobility of lysozyme under electrostatic screening.
Lysozyme binding rates (A) and single frame displacement distributions (B) at
polystyrene in the presence of sodium chloride (10 mM and 100 mM). Lysozyme
binding rates (C) and single frame displacement distributions (D) at 7 second plasma
treated polystyrene (7 sec.) in the presence of sodium chloride (10 mM and 100 mM).

Error bars in (A, C) represent the standard deviation of the mean from at least 1,600
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adsorption events for each condition tested acquired from multiple samples. Each

condition in (B, D) represents at least 800 events worth of data.

Ligand grafted chemical structure
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Figure S13. Structure for Allyl a-D-galactopyranoside ligand grafted to

polystyrene surface. Generated using Marvin Sketch.
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Contact angle measurements for ligand grafted polystyrene
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Figure S14. Contact angle measurements for ligand grafted polystyrene

resulting in a static contact angle of less than 5 degrees after 5 minutes of ligand
grafting. No images were obtained for 10, 20, and 30 minute grafting times due to

the resulting high surface wettability and the lack of a measurable contact angle.
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Trajectory’s radius of gyration results for ligand grafted polystyrene
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Figure S15. Trajectory’s Radius of gyration values for ligand grafted

polystyrene films. Each data point is the average of at least 800 trajectories per

condition represented with error bars

indicating the standard error of the mean.
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Scatter Plots for Contact Angles vs Radius of Gyration and Root Mean

squared Roughness
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Figure S16. Correlation scatter plots of (A) static contact angle and radius of
gyration values with linear fit shown in red with corresponding correlation
coefficient. (B) Scatter plot of root mean squared surface roughness and static contact
angles with linear fit and corresponding correlation coefficient. Error bars in (A) and

(B) represent error bars previously mentioned for each data point.
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Atomic force microscopy surface roughness analyses
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Figure S17. Surface roughness results from atomic force microscopy imaging.

Root mean squared surface roughness for (A) UV treated, (B) plasma treated, and (C)

ligand grafted polystyrene interfaces. Error bars in A-C represent the standard

deviation of 5 different analyzed areas of each respective treatment time.
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7.2. Appendix to Chapter 3: A mechanistic examination of salting

out in protein-polymer membrane interactions

Single Molecule Tracking Algorithm

Our previously reported single-molecule tracking algorithm, Troika, is utilized in
order to produce single- molecule trajectories?®. Troika constructs single-molecule
trajectories from movies in three sequential steps: increase signal-to-noise ratio (SNR) of
each frame, localize emitters in each frame, connect localizations to construct trajectories.
Firstly, the SNR is increased with a local averaging filter that performs a convolution
with a three-by-three matrix of ones on each frame. Next, single-molecules are identified
with a local background thresholding method. A molecule’s peak intensity must be above
the local noise plus three standard deviations of local noise in order to be identified.
Identified molecules are then localized below the diffraction limit of light using a radial
symmetry method. Lastly, trajectories are formed with a nearest neighbor method that
connects frame to frame molecule localizations within a user defined search radius. Here
the search radius is set to 8 pixels. This search radius along with filtering out trajectories
that lasted only 1 frame allowed us to establish a 5% false trajectory linking based on
frame shuffling analyses used previously?>*?27". False trajectory linking was also

minimized experimentally with a transferrin concentration of 100 pM.
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Spatial Trajectory Filtering

Single-molecule trajectories are extracted using the previously described
algorithm. The initial position (Xo, Yo) of each molecule is used as the center of a circular
region with a radius of 22 nm. This distance is determined from our spatial resolution
calculated from the immobile displacement distribution in single frame displacements
shown later in Fig. S3. The displacement from (Xo, Yo) at each subsequent time point in a
given trajectory is calculated and used to determine if the molecule exits the circular
region over the course of the entire trajectory. Molecules that remain within the region
are classified as undergoing single-site adsorption-desorption, while molecules that exit

the region are classified as exhibiting a CTRW.
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Ensemble Circular Dichroism Measurements

Protein secondary structure data is collected using a Jasco J-810
spectropolarimeter. All measurements are acquired from unlabeled 70 uM
Transferrin (Sigma) solutions in 10 mM HEPES buffer from 200 to 250 nm with a
scan speed of 20 nm/min in a 0.01 mm quartz cuvette. Buffer concentration is held
constant with varied salt concentrations. Nylon beads, synthesis described in the
main text, are dispersed at a constant concentration in solution for all nylon
conditions. Data is obtained in millidegrees and is averaged over 10 accumulations
with a data pitch of 0.1 nm. Millidegrees is converted to molar residue ellipticity

([8]) using Equation 7.3:

0
[0] T IxNxcx10

Equation 7.3 Molar Residue Elliptcity conversion

where 6 is ellipticity in degrees reported by the instrument, [ is the
pathlength of the cuvette in cm, N is the number of residues in the protein, and c is

protein concentration (g/cms3).
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X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements of nylon 6,6 membrane
filters and nylon 6,6 films are performed using PHI Quantera XPS spectrometer.
Excitation source Al Ko X-rays (1486.7 eV) is operated at 50 W, 15 kV and focused onto
a 200 um diameter spot. Survey scans were collected at energies ranging from 0 to 1100
eV with a pass energy of 140 eV for each sample. High-resolution spectra of Carbon 1s,

Oxygen 1s, and Nitrogen 1s are collected in 0.1 eV steps with a pass energy of 26 eV.
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Surface charge and protein hydrodynamic radius measurements

A Malvern zetasizer (Zen 3600 Nanoseries) is utilized to measure the zeta
potential of nylon 6,6 and hydrodynamic radius of transferrin. Granules of nylon 6,6
dispersed in water at pH 7.2 are measured with 50 repeats in Malvern cuvettes
(DTS1070) and the average and variance were calculated. Hydrodynamic radius
measurements of unlabeled transferrin are performed in 10 mM HEPES buffer. All

measurements are taken at 25 °C after 2 minutes equilibration in the instrument.
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Nylon Thickness vs. Polymer Solution Concentration
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Figure S1. Nylon film thickness vs. nylon solution concentration in
weight/weight percent. Film thicknesses are determined using ellipsometry as
described in the main text. Error bars are standard deviation of measurements

from 5 different areas on a sample. For single-molecule experiments the 1.5

wt/wt% solution is used resulting in a 129.0+0.3 nm thick film.
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MALDI-ToF Mass Spectrometry of Labeled Transferrin
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Figure S2. MALDI-ToF is used to determine purity of labeled transferrin using an
Autoflex Il TOF/TOF50 (Bruker Daltonik). Labeled transferrin in 50% MQ water, 50%
acetonitrile, and 0.01% trifluoroacetic acid is cospotted on a steel MALDI target plate
with (A-C) a-Cyano-4-hydroxycinnamic acid (10 mg/mL in 50% MQ water, 50%
acetonitrile, 0.01% trifluoroacetic acid) and (D) sinapic acid (10 mg/mL in 50% MQ
water, 50% acetonitrile, 0.01% trifluoroacetic acid). The spectrum from sinapic acid (D)
was baseline corrected using mMass (Version 5.5.0) with a precision of 11 and relative
offset of 100. MALDI-ToF mass spectra of labeled transferrin (Nanocs) confirms the
purity of the commercially utilized protein with an expected +1 peak around 80 kDa and

the +2 peak around 40 kDa as previously reported by Loo and coworkers®’.
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film

X-ray Photoelectron Spectroscopy characterization of nylon membrane and
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Figure S3. XPS spectra of nylon 6,6 membrane filter (blue) and nylon 6,6 film

spin-coated on glass (red). (A) Survey scans demonstrating the presence of identical
atomic compositions for a nylon 6,6 membrane filter and a nylon 6,6 film. The two Si
peaks at 152.5 and 101.8 eV originate from the underlying glass substrate beneath
nylon. (B) High resolution O1s spectra with the black dashed line representing the
deconvolution of the O1s peak. The second O1s peak at 531.1 eV originates from

oxygen content within the glass substrate. (C) High resolution C1s and (D) N1s spectra.
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(E) High resolution O1s spectra of bare glass, confirming the origin of the second
peak at 531.1 eV for O1s spectra shown in (B). XPS analyses confirm the same

chemical identity of membranes and films used in ensemble FPLC and single-molecule

experiments, respectively.

Quantifying Continuous Time Random Walk Motion
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Figure S4. Waiting time analysis for CTRW dynamics. Hops are defined as
any frame to frame transferrin displacements that are over 22 nm, a distance
determined by our localization precision. Similar spatial filters have been previously
applied by others for defining a hop®. Roughly 4,000 hops are analyzed and fit to a
power law function (f (x) = ax~?) as described by others®. The fitting results of

waiting time indicate CTRW motion is present for transferrin at nylon.
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Single frame displacement distributions and Gibbs Sampling
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Figure S5. Single frame displacement distribution and sampling results from
previously reported Markov Chain Monte Carlo algorithm?’’. (A-B) Representative
single frame displacement distributions (black) and sampling results (red).
Distributions shown in A,B,C, and D correspond to 0, 10, 500, and 1000 mM
respectively. x1 and x> values represent the mean of each distribution with the
corresponding prevalence, p: and p.. Sampling results show the MCMC algorithms

ability to capture the data in distributions accurately.
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Single frame displacement reversibility
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Figure S6. Reversibility of transferrin dynamics. (A) Single frame
displacement distributions (black) and sampling results (red) from data captured within
2 mins of high salt exposure (A, 1000 mM) and the resulting distribution (B) 11 hours
after no salt exposure followed by high salt exposure again. This highlights the

reversibility of the transferrin transport dynamics at nylon.
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Transferrin stability in high salt conditions
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Figure S7. Transferrin stability in the presence and absence of salt is evaluated
using a Jasco J-810 spectropolarimeter equipped with a Peltier temperature controller.
Ellipticity was monitored at 222 nm as temperature was increased from 5 °C to 85 °C
at a rate of 10 °C per hour for 3.5 uM Transferrin (black) and 3.5 uM Transferrin with
1000 mM salt (blue) both prepared in 10 mM HEPES buffer. Data pitch is 0.5 °C for
both traces shown here. Data was obtained in millidegrees and converted to molar
residue ellipticity. 222 nm is the chosen wavelength to monitor ellipticity based on
previous studies of transferrin stability®>®, Results show transferrin unfolds less in the

presence of salt and is therefore more stable at higher temperatures.
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Circular Dichroism indicates unfolding is a surface induced phenomena
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Figure S8. Circular dichroism results with transferrin and salt alone.

Unfolding is only observed in the presence of Nylon.
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Chemically Unfolded Transferrin Transport Dynamics
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Figure S9. Dynamics of chemically denatured transferrin using 4M Urea. (A)
Trajectory filtering results and (B) corresponding single frame displacement
distribution with sampling results. Prevalence of CTRW vs. adsorption desorption (A)
is within error of values reported for the highest salt condition in Fig.1 of the main text.
Shape of distribution and prevalence of frame to frame hopping decreasing to 12% is

also in agreement with values reported for single frame displacement distributions at

highest salt concentration in Fig. 1 of the main text.
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Surface Residence time CDF’s of Urea treated Transferrin
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Figure S10. Surface residence time CDF plot of transferrin exposed to 4M

Urea. Chemically denatured transferrin shows fast desorption kinetics in comparison to

no salt conditions in Fig. 2B.
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Waiting time analyses at varied ionic strength
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Figure S11. Waiting time distributions shown for experiments with increasing
ionic strength. Waiting times are defined as the time transferrin resides at a site, which
is determined by a spatial filter of 22 nm, previously described to determine the
adsorption to a new site. Solid lines show fits to a power law function (f(x) = ax™?)
as described by others with slopes of -2.85, -2.71, -2.35, and -2.25 for 0 mM, 10 mM,
100 mM, and 1000 mM respectively. Fit results show waiting time distributions

become broader as salt is increased, indicating longer waiting times occur at higher salt
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concentrations. Data is offset on y-axis and plotted on log-log plot to show trends more

clearly, similar to Schwartz and Kaar®.

Circular Dichroism Spectroscopy of Unlabeled vs. Labeled Transferrin
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Figure S12. Circular dichroism of unlabeled transferrin compared to labeled
transferrin. Results indicate the addition of Rhodamine B dyes to transferrin do not
disrupt the overall structure of the protein. Moreover, unfolding is observed only in the
presence of nylon and not with salt alone aligning with both results observed with

unlabeled transferrin in Fig. S8.
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Concentration dependent FPLC separations
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Figure S13. FPLC results of transferrin separations at 0.7 uM and 7 uM. The
respective FWHM values are: 74, 71, 63, and 68 for increasing salt concentrations
shown. No signal is detected with a 0.7 UM injection, indicating separations are being
performed at the lowest detectable concentrations. Results indicate overcrowding

effects are not the cause of peak narrowing or line shape.




162

Circular Dichroism of Eluted Transferrin
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Figure S14. Circular dichroism measurement of eluted transferrin fraction from
separation at 1000 mM NacCl in comparison to native transferrin structure with and
without salt. Concentration of eluted fraction was measured using UV-Vis to correct
for concentration differences between the two conditions shown. Results show eluted
transferrin at high salt concentration is unfolded. Unfolding is a surface induced effect
not induced by salt alone (blue trace), confirming transferrin adsorbs to the nylon

membranes during FPLC experiments.
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Table S1. Calculated surface transferrin diffusion coefficients compared to

calculated in solution diffusion coefficient

surface 05)x [01)x [01)x |01)x [01)x |01)x |x10%?

(mes) (10 101 |10 100 100 | 1072

D/ (3.3% - - - - - -
solution 0.1) X

(m%st)y |10

Table S1. Calculated surface diffusion coefficients from at least 2,500
trajectories at nylon for each salt condition. Diffusion coefficients are calculated using
our previously reported maximum likelihood estimation algorithm applied to trajectories
produced from our tracking algorithm?®. Surface diffusion values of transferrin are

compared to the calculated value using the Stokes-Einstein relation (Dgoiution =

kT
6mNRy

) with the measured hydrodynamic radius (Ry = 6.01+ 0.12 nm) of transferrin
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from dynamic light scattering (Malvern ZEN 3600). The calculated diffusion coefficient
of transferrin in solution matches well with the value reported by others®°. Surface
diffusion coefficients do not show a dependence on salt concentration and the in solution
diffusion coefficient is faster than that quantified at the surface of nylon, allowing us to

Image the surface dynamics while suppressing the in solution diffusion of transferrin.
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Table S2. Desorption Rate Constants of CTRW vs. Single-site adsorption-

desorption
Salt CTRW Adsorption- Kdes for A1
Concentration (s1) Desorption from Fig 2D (s)
[mM] (s)
0mMm (36+05)x10° | (5.8+0.5)x 1073 (9+1)x 1073
1000mM | (5.9£05)x10° | (8.0+0.5)x 1073 (1.8£0.1) x 102

Table S2. Desorption rate constants of transferrin molecules undergoing

CTRW and single-site adsorption-desorption. Desorption rates were determined using

the inverse of average residence time (F = kges) 23031 for trajectories classified
on

as CTRW or adsorption-desorption as described above in Fig. 1 of the main text.

Desorption rate constant of fast (A1) population from surface residence time CDF plots

(Fig. 2) shown in final column for comparison. Error is the standard deviation of at

least 4,000 trajectories for the CTRW and adsorption-desorption column. Error in final

column is the fitting error.
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7.3. Appendix to Chapter 4: Polymer free volume effects on
protein dynamics at polystyrene revealed by single-molecule

spectroscopy

Polystyrene film thicknesses and refractive indices

Molecular Weight Film Refractive Index (n)
(g/mol) or Condition Thickness (nm) at 632 nm

3k 43.8+0.2 1.534+0.001

36k 43.4+0.2 1.569+0.001

1500k 74.20+0.01 1.572+0.002

Cyclohexane 100.3 £0.2 1.593 £0.003
(MW=36k)

Annealed 40.8 +0.2 1.63 +0.01

(MW=36k)

Table S1. Film thicknesses and refractive indices for various PS film conditions.
Values acquired using ellipsometry as described in the main text (Materials and Methods

Section 2.2). Results indicate a slight increase in thickness as molecular weight is
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increased and increasing refractive index as MW is increased. Poor solvent quality and

annealing produce the highest refractive indices.

Lys. CTRW vs. chain density interaction scheme

Scheme 1. Free volume effects on Lys CTRW. Diffuse red circles represent free
volume spaces. The red dashed line represents the proposed distance between adsorption
sites on a film with low MW (A) and high MW (B). As shown, the higher the MW the
smaller the distance between non-specific adsorption sites accompanied with an increase

in the number of polymer chains interacting with protein molecules.
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AFM phase imaging of mPEG/PS films

2.5° 2.5°

Figure S1. AFM phase imaging of mPEG/PS films. Images are acquired using
method described in section 2.2 of the materials and methods. (A) Shows
representative image results from a 5 x 5 um area, with (B) showing results from a 500
x 500 nm area of the film surface. Results indicate no distinct large domains of mPEG

are observed and therefore mPEG is likely uniformly distributed into the PS film.
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Dye structures

Figure S2. Structures of rhodamine B (A) and Alexa 555 (B) showing their structural similaritis.

(Structures: Thermo Fisher)
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Single molecule TIRF Setup and Representative a-LA Image
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Figure S1. (A) Experimental design based on a total internal reflection
fluorescence (TIRF) microscope depicting the evanescent field propagating from the
film-aqueous interface. Spheres depict the adsorption-desorption of a-LA molecules.
(B) One representative frame captured on an EMCCD within the excited area in (A).

Each discrete bright spot is a single Alexa 555 labeled a-LA molecule.
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Alpha-lactalbumin and lysozyme structures

alpha-lactalbumin lysozyme ¢

Figure S2. 3D structure of a-LA (PBD:3B0K)®*?2 and Lys

(PBD:3LYM)*® highlighting the structural similarities of the two proteins.

Lys residence time with varied dye labels
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Figure. S5 Lys surface residence times with Alexa 555 and Rhodamine B labels.
Lys labeled with Alexa 555 (Nanocs) was diluted to same concentration as
reported in Lys. Rhodamine B condition (35 nM, grey). Solid lines show fits to

Equation 1. Results indicate that identity of the fluorescent label does not alter

binding strength of Lys.
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o-LA Surface Residence Time Fit Results

3k 46.4+0.5 8.53+0.09 7.03+0.09 0.69+0.01
36k 44.5+0.5 7.26+0.09 9.9+0.1 0.63+0.01
1500k 48.6+0.5 6.97+0.07 10.6%0.1 0.70+0.01

Table S1. Fit results from residence time distributions of a-LA from

distributions in Fig. 1D using P(t) = A;e %1t + A,e %2t (Equation 4.2).2%¢ As

molecular weight increases the observed desorption rate constant for the A1 population

is decreasing indicating the overall desorption occurs more slowly on higher molecular

weight PS.
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Waiting time analyses and power law fitting results for lysozyme
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Figure S3. Waiting time distributions for Lys at MW varied PS. Lys
displacements greater than 22 nm indicate a desorption event, this distance is
determined by our localization precision (Fig. 1 A-B). Defining a hop with a spatial
filter has been previously applied by others.2% Roughly 2,000 hops are analyzed and fit
to a power law function (f (x) = bx~%) as described by others.2 Fits (red) indicate the
presence of CTRW motion for Lys at PS. The increase in the waiting exponent (a)

indicates that longer waiting times are observed as MW is increased.
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Lys Surface Residence Time Fit Results at MW Varied PS

3k 56.7+0.2 14.6%0.1 16.1+0.1 1.83+0.02
36k | 54.7+0.2 12.9+0.1 16.0£0.1 1.56%0.01
1500k 57.5+0.3 13.1+0.1 16.3£0.2 1.98+0.02

Table S2. Fit results from residence time distributions of Lys. from data in Fig.
2D using P(t) = Aje~*1t + A,e %2t (Equation 4.2).2*® No major change in

desorption rate constants are observed as MW is varied.




Lys Surface Residence Time Fit Results at Annealed PS

As- 54.7+0.2 12.9+0.1 16.0+0.1 1.56+0.01
prepared
Annealed 52.5+0.3 | 10.03+0.09 10.4+0.1 1.54+0.01

Table S3. Fit results from residence time distributions of Lys. from data in Fig.

3B using P(t) = A;e f1t + A,e k2t (Equation 4.2).2* Results indicate that on the

annealed PS that desorption is occurring more slowly for the A1 population.

Lys Surface Residence Time Fit Results at Solvent varied PS

Toluene

54.7+0.2 | 12.9+0.1

16.0£0.1

1.56+0.01

Cyclohexane

59.3x0.3 | 12.0+£0.1

11.7+£0.1

1.01+0.01

Table S4. Fit results from residence time distributions of Lys. from data in Fig.

3D using P(t) = A;e *1t + A,e k2t (Equation 4.2).2%° Results indicate that on the

cyclohexane PS that desorption is occurring more slowly overall.
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Atomic Force Microscopy of PS and Annealed PS Surface

=
EE
1.5nm 27
> ]
S ]

B Y e —

0.0 1.0

X (um)

Roughness: 0.18 + 0.01 nm
=
1.8 nm 5
>
=

-1.1nm - I C— I I

e
()
—
=

X (um)
Roughness: 0.17 &+ 0.01 nm

Figure S4. Surface roughness measurements for an as-prepared polystyrene
film (A) and an annealed PS film (B). Results indicate there is no change in the surface
roughness of PS after annealing, therefore morphological effects induced by annealing

are not contributing to the observed differences in Lys dynamics.
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Single frame displacement distributions under salt conditions
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Figure S5. Lys single frame displacement distributions of Lys at varied ionic
conditions. These results indicate that Lys dynamics at PS are not driven by

electrostatics.
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Lys Surface Residence Time Fitting Results for mPEG doped PS

Pure PS 54.7+0.2 12.9+0.1 16.0+£0.1 1.56+0.01

mPEG/PS | 53.3£0.3 11.7+0.1 15.6+0.1 1.51+0.01

Table S5. Fit results from residence time distributions of Lys. from data in Fig.
4B using P(t) = A,e %1t + A,e ¥2t (Equation 4.2)%* indicating that the overall

desorption from the mPEG doped PS is slower.
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