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Abstract

Cai, Yu (Ph.D., Department of Chemical and Biological Engineering)
Probing Heterogeneous Dynamics in Confined Environments with Single-Particle Tracking

Thesis directed by Professor Daniel K. Schwartz

The overall objective of the work was to develop and apply novel analytical techniques
for the characterization of heterogeneous dynamics in confined environments. In this thesis,
several different scenarios were explored involving heterogeneous dynamics of molecules or
particles that are relevant to specific applications. In particular, total internal reflection
fluorescence microscopy (TIRFM) was employed, enabling single-molecule imaging and
tracking, to examine the adsorption and retention of protein molecules on a variety of model
surfaces during site-blocking processes. By constructing super-resolution maps of the model
surfaces, surface heterogeneity (induced by anomalous strong adsorption sites) was quantified as
a function of protein surface coverage. Intermolecular Forster resonance energy transfer (FRET)
was applied for the direct detection of potential protein-protein associations on the model
surfaces. Again using TIRFM, the dynamics of cadherin ectodomains were investigated on
supported lipid bilayers. Cadherins are a type of transmembrane proteins whose structures are
highly determined by Ca?* concentration. Single-molecule tracking technique allowed the
observation of heterogeneous dynamics of individual cadherin ectodomains at different Ca?*

levels while they were associating with lipids. By performing careful statistical analyses on



cadherin diffusive behaviors, the presence of multiple modes was resolved within individual
trajectories, providing detailed information about the interplay between the diffusion and
conformation of cadherin at the molecular level. The other two projects described in this thesis
provided insights into heterogeneous transport of nanoparticles in filtration processes.
Specifically, an innovative nanoparticle tracking technique was developed, which enabled real-
time imaging of nanoparticles while they were flowing through polymer filtration membranes
and the characterization of membrane functional properties experienced by nanoparticles under
different operating conditions. The functional tortuosity and particle retention in membrane,
reflecting spatial heterogeneity and temporal heterogeneity in particle transport, were highly
dependent on flow rate and tracer particle size and were correlated with each other. Additionally,
systematic studies were performed to characterize membrane fouling mechanisms. Specifically,
the evolution of effective flux, particle velocity and pathway tortuosity during fouling processes
were measured in two different microfiltration membranes under “sticking” and “reduced-
sticking” conditions, respectively. The single-particle tracking approach provided direct evidence
for distinct fouling mechanisms, and the obtained comprehensive information can advance our
understanding in complex mass transport and assist the design and optimization of separation

processes.
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Chapter 1

Introduction

Heterogeneity is ubiquitous in all real materials and can affect a number of
biotechnologies and bioprocesses. For example, in bioassays and biodevices, surface
heterogeneity can cause the formation of strong adsorption sites, which have higher affinities to
adsorbate molecules or particles, and can ultimately lead to surface fouling.'® In filtration
processes, heterogeneity in membranes can affect the transport and retention of particles
significantly.>**  Meanwhile, dynamic heterogeneity of biomolecules (i.e. between
conformational states) is often crucial for molecular function.'?*® However, these heterogeneous
behaviors are challenging to identify using conventional measurements, which usually provide
only ensemble average information about adsorption, retention and transport phenomena that
happen at interfaces or in confined environments. In comparison, super-resolution single-
molecule / particle tracking approaches enable the direct visualization of individual events and
allow the observation of detailed spatio-temporal information of heterogeneous behaviors.
Specifically, total internal reflection fluorescence (TIRF) microscopy or epifluorescence
microscopy are effective techniques to image fluorescent probe molecules and particles at
interfaces or in porous materials. The trajectories of individual objects can be further analyzed
using automated algorithms, yielding statistically significant results that provide insights into the
dynamics of molecules as well as the properties of materials. In this thesis, heterogeneous

dynamics of molecules / particles in different scenarios will be discussed, involving protein site

1



blocking on self-assembled monolayers, cadherin diffusion in supported lipid bilayers and

nanoparticle transport in porous membranes.

1.1 HETEROGENEOUS SCENARIOS

1.1.1 Heterogeneous Protein Adsorption and Site Blocking at Solid-Liquid Interfaces
1.1.1.1 Surface properties affect protein adsorption

Proteins are amphiphilic macromolecules comprising moieties with different
hydrophobicity, polarity, and electrical charge.”*® Given the complex nature of protein
molecules, adsorption is affected by a combination of surface properties, including
hydrophobicity, surface charge and surface topography.?®?® For example, proteins generally
exhibit a greater tendency for adsorption to hydrophobic surfaces due to hydrophobic
interactions between the surface and protein hydrophobic moieties;?" 262" charged surfaces can
also cause greater protein adsorption because of attractive electrostatic interactions.?-?8 In order

to understand the influences of surface properties on protein adsorption and ultimately control

R R
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Figure 1-1. Represented schematic diagram showing silanization mechanism on a
silica substrate. R represents functional group. Possible chemical heterogeneity is
shown in the diagram.



protein adsorption, one way to create protein-compatible surface properties (i.e. with different
hydrophobicity, charge and structure profiles) is to silanize surface hydroxyl groups on silica

wafers.?% 222931 The mechanism of silica silanization is shown in Figure 1-1.

Each protein possesses unique properties and functions that are determined by its
chemical composition and structure. While some proteins (e.g. lysozyme) are more rigid and
stable in their natural conformations, other “softer” proteins (e.g. serum albumin) are more likely
to adsorb to surfaces and undergo conformational changes when interacting with surfaces or
other molecules.®?3* Unfortunately, this non-specific protein adsorption is a ubiquitous
phenomenon and it can reduce the sensitivity or efficacy of a number of devices and

biotechnologies (e.g. biosensors, chromatography, membrane separations, biomaterials).?3 354

1.1.1.2 Site blocking on heterogeneous surfaces

All real surfaces are spatially heterogeneous. Even very finely polished fused silica
wafers have unavoidable surface roughness.*? Additionally, as discussed above, when modifying
surfaces with silanes, it is impossible to achieve perfectly homogeneous self-assembled
monolayers. As shown in Figure 1-1, it is highly likely to have chemical heterogeneity (e.g. un-
reacted hydroxyl on silica substrate or from silanes) on surfaces via silanization reactions.** As a
result, topographical and chemical heterogeneities are inevitable on surfaces, potentially casuing
isolated strong binding sites.?> 24! Compared to the properties of an average surface location,
those strong binding sites tend to have higher affinities to adsorbates (i.e. they can potentially
cause more adsorption events and retain adsorbates for longer times) and can ultimately lead to

surface fouling.?> 4% 4445 Therefore, reducing surface heterogeneity is crucial in terms of
3



mitigating non-ideal protein adsorption. One common approach to reduce surface heterogeneity
used in bioassays and biodevices involves introducing a blocking agent (often protein molecules)
to surfaces so that the blocking agent can occupy surface strong sites and make the surface more
homogeneous.t 34 4 Serum albumin is a type of protein that is frequently used as a blocking
agent.* However, as discussed above, serum albumin is relatively unstable and tends to denature
at interfaces, which potentially raises the possibility of protein cluster formation. In some cases,
depending on the details of surface chemistry and solution formulation, excessive use of
blocking agent can elicit the undesirable creation of protein oligomers / aggregates, which could

serve as new adsorption sites and make the surface more heterogeneous.? 3031

1.1.2 Heterogeneous Protein Dynamics on Supported Lipid Bilayers

1.1.2.1 Cadherin conformations

Cadherins are a type of transmembrane proteins with their major function being the
mediation of cell adhesion.*” The name “cadherin” comes from “calcium-dependent adhesion”,
and obviously, they are highly dependent on Ca?* ions to activate their adhesive functions.'# 4749
Cadherins have a specific elongated structure with five extracellular domains as shown in Figure
1-2. Between each of the two individual extracellular domains, there are binding sites for Ca®*
ions. Cadherin structure is extremely sensitive to Ca?* ions: upon the binding of Ca?* ions, the
conformation of cadherins becomes more rigid and their functions can be enabled; on the other
hand, when Ca?* ions dissociate from cadherins, their conformations become more flexible and
compact, and they are no longer capable of mediating cell adhesion.** 4! |t has also been

reported that the association between Ca?* ions and cadherins is highly dynamic and reversible.*
4



4748, 52 Considering the high reversibility of cadherin structure, it is likely that heterogeneous

denatured conformational status are present in Ca?*-deficient environments.

Extracellular
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Figure 1-2. Diagram of general cadherin structure (including the extracellular,
transmembrane and cytoplasmic domains). Binding sites for Ca?* ions (shown
in green) are located between individual extracellular domains.



1.1.2.2 Molecular diffusion associated with supported lipid bilayers

Cadherins are transmembrane proteins that exist on biological membranes, which are
essentially complex lipid bilayers, and their transport in association with biomembranes can be
significantly affected by their conformations.>® The transport of cadherins can ultimately affect
their function in terms of interactions within and between membranes, and junction formation.>?
5456 Since the effective viscosity of lipid bilayers is much higher (i.e. ~2 orders of magnitude)
than the viscosity of aqueous solution, when lipid-anchored molecules are diffusing in
association with supported lipid bilayers, the majority of resistance comes from the friction
between lipids.>* "8 In accordance with the Stokes—Einstein relation, the diffusion coefficient is
inversely related to the hydrodynamic radius of the diffusing object.>® As a result, the diffusion
coefficient of lipid-anchored molecules is largely determined by the number of lipids that are
moving together as a patch, which can be caused by their interactions with lipid-anchored
macromolecules. For instance, if a molecule interacts with only one lipid, the apparent diffusion
coefficient for the molecule should be similar to the diffusion coefficient of a single membrane-
bound lipid. However, if a molecule associates with more than one lipid simultaneously, the
corresponding diffusion coefficient for the molecule should be smaller since a group of lipids can

contribute an effectively larger hydrodynamic radius.5%-6

As discussed above, multiple denatured conformational status of cadherin ectodomains
might be present in Ca?*-deficient environments. Consequently, it is likely that the apparent
diffusion of cadherin on a supported lipid bilayer is heterogeneous due to the fact that cadherin

molecules in different conformational structures can interact with different numbers of lipids.



Meanwhile, the highly dynamic nature of cadherin structure can make diffusive behaviors even

more complex.®°

1.1.3 Heterogeneous Particle Transport in Porous Media

1.1.3.1 Membrane tortuosity and spatiotemporal heterogeneity.

Hindered mass transport is essential to water filtration processes and has been studied
intensively for decades.® %254 However, since particles can follow complex pathways and
experience heterogeneous environments when flowing through filtration membranes, there are
no existing universal models capable of predicting mass transport quantitatively. Tortuosity is an
important parameter that can be used to quantify the complexity of pathways and predict mass
transport in porous materials.®>®® As shown in Figure 1-3, tortuosity is defined geometrically by
the ratio of the contour length to the end-to-end distance (i.e. Euclidean length) of pathways.®®
Apparently, greater tortuosity values are associated with more meandering pathways. One
explicit way of characterizing the relevant tortuosity of membrane would be calculating the

apparent tortuosity of actual particle trajectories in membrane.

e nYe:0p
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Figure 1-3. Diagram showing the contour length of a pathway (L) and the
end-to-end distance of the corresponding pathway (D) in a porous media.




Actual filtration membranes usually have broad pore size distributions.’®"* As a result,
the transport behaviors of particles can vary dramatically when they pass through different
membrane regions and pathways. In principle, particles experience higher resistance when they
are breaking through small constrictions; they are likely to linger inside constrictions and their
trajectories appear to be more tortuous. In contrast, particles can flow through large openings
more easily without being retained long times. Moreover, the effects of local environment on
particle transport are highly dependent on operating conditions. For example, one would expect
that larger particles are more likely to be affected by small constrictions in a membrane, since
constrictions that can confine larger particles may not confine smaller particles. Additionally, the
confining effects can be attenuated with increasing flow rate, since particles have greater
momentum to break through constrictions at higher flow rates. As discussed above, the transport
behaviors of particles are highly dependent on heterogeneous structures within membranes as
well as on operating conditions, and the spatiotemporally heterogeneous transport is instrumental

to the performance of filtration membranes.’

1.1.3.2 Membrane fouling

In actual filtration processes, it is inevitable to have particles deposited inside membrane
pores over time, which can cause severe flux decline and affect the performance of
separations.”>”> With decades of studies on membrane fouling, researchers have developed
multiple models to describe fouling processes.® 582 Being affected by a number of factors,

including particle—particle and particle—surface interactions, membrane structure, physical
8



properties of particle and solution concentration, fouling processes in membrane can be either
locally homogeneous or heterogeneous. Specifically, the “pore-narrowing” model describes a
type of homogeneous fouling processes in which internal pathways in membranes are gradually
narrowed; the “pore-blocking” model, on the other hand, describes spatially heterogeneous
blockage of a subset of pathways in a membrane.””’® Depending on the mechanism that

dominates fouling process, the separation efficacy of membrane can be affected in different ways.

1.2 CHALLENGES IN CHARACTERIZING HETEROGENEOUS DYNAMICS

While heterogeneous dynamics at interfaces are present in all types of bio-applications,
they are, unfortunately, challenging to resolve with conventional techniques. For example, when
evaluating protein adsorption and site-blocking efficacy at solid-liquid interfaces, conventional
methods (e.g., quartz crystal microbalance, surface plasmon resonance, and X-ray photoelectron
spectroscopy) provide only ensemble-averaged information of protein remains on surfaces
without offering detailed information regarding surface spatial heterogeneity.3 42 8 Additionally,
these methods are solely static measurements of surface properties and fail to characterize

dynamic site-blocking processes at different stages.

As discussed in Section 1.1.2, conformational dynamics of transmembrane proteins (e.g.
cadherins) on supported lipid bilayers are crucial to their function-enabling transport and
interactions. Circular dichroism spectroscopy is commonly used to study the conformations of
cadherin extracellular domain.** 8 However, this technique gives information only about the
average conformation of cadherin in solution and cannot resolve the presence of multiple

molecular populations or the dynamic heterogeneity of individual molecules. It also does not
9



account for cadherin—lipid interactions which can significantly affect the dynamic
conformational changes of cadherin extracellular domains. As a result, it is challenging to obtain
detailed and dynamic information of cadherin conformations while they are associating with

lipid bilayers.

When it comes to transport in 3D environments, it is also difficult to resolve
heterogeneity in filtration membranes and the resulting heterogeneous particle transport with
conventional characterization methods. In terms of membrane tortuosity, common approaches
(e.g. analyzing static images of materials, measuring the self-diffusion coefficient of tracers in
stagnant condition, or employing computational methods based on mathematical models)
measure only the average structural tortuosity of membrane under stagnant conditions and do not
provide any information regarding the spatial heterogeneity in membrane.> 887 Also, while the
functional tortuosity is determined by actual pathways in membrane, it is highly dependent on
operating conditions (i.e. flow rate and particle size), whose effects are not identified using
conventional approaches. Another transport property which is important to the performance of
membranes relates to the retention of particles in membrane. Unfortunately, none of the methods

mentioned above is capable of resolving the temporal heterogeneity of particle transport.

In order to identify fouling mechanisms during filtration processes, the most common
approach is to measure the permeate flux as a function of time, then determine the most likely
fouling mechanism(s) by comparing experimental flux curves to parameterized mathematical
models describing certain schemes.® 7" Obviously, this approach provides very limited and
indirect information about fouling processes and is highly model-dependent. However, as

discussed in Section 1.1.3, fouling processes are greatly affected by the local structure of
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membrane as well as interactions between particles and surface and can therefore be spatially
heterogeneous and complicated to understand. While the evolution of available pathways and
particle velocity in membrane are crucial for us to understand the corresponding fouling

mechanisms, they cannot be detected with the conventional model-fitting approach.

1.3 TRACKING MOLECULES AND PARTICLES WITH FLUORESCENCE MICROSCOPY

1.3.1 Single Molecule Detection at Interfaces

The detection of single molecules can push analytical sensitivity to the ultimate limit. A
dramatic advantage of single molecule techniques is the capability to resolve the heterogeneity of
molecular behavior, which is usually neglected in ensemble-averaging techniques. Real-time
visualization of individual molecules can provide direct insights into interfacial molecular

dynamics, including adsorption, diffusion, retention and association.?® &-8°

Fluorescence microscopy is a primary research tool to detect probe molecules at
extremely low concentrations. When labeled with fluorophore(s), individual molecules of
interest can be directly imaged with fluorescence microscopy. By tracking and analyzing
hundreds of thousands of individual molecular trajectories, on can obtain detailed information of
different types of heterogeneous dynamics. For example, when studying protein site-blocking
behaviors at solid-liquid interfaces, surface heterogeneity can be resolved by mapping the
adsorption events and residence times of many individual molecules.?® 2> 41 Associations
between molecules can also be resolved when coupling fluorescence microscopy with the

intermolecular Forster Resonance Energy Transfer (FRET) technique, which will be discussed in

11



Section 1.3.3.2% 3031 Fyrthermore, since molecular behaviors can be recorded in real-time
throughout entire processes, this single-molecule tracking approach provides insights into the
dynamic progression corresponding to site-blocking mechanisms. Additionally, the single-
molecule tracking approach can be used to understand conformational dynamics of membrane
proteins while they are diffusing within supported lipid bilayers. In particular, by tracking the
diffusive behaviors of cadherin ectodomains on supported lipid bilayers, the potential population
or dynamic heterogeneity caused by associations between cadherin and lipids at the interfaces
can be resolved, providing dynamic conformational information about cadherin ectodomains.®
Imaging and tracking techniques enabling the visualization and analyses of individual molecules

are discussed below in more details.

1.3.2 Total Internal Reflection Fluorescence Microscopy (TIRFM)

Total internal reflection fluorescence microscopy (TIRFM) is commonly employed to
obtain single-molecule sensitivity at interfaces. The schematic diagram of a TIRF microscope is
shown in Figure 1-4. Basically, this technique takes advantage of the total internal reflection
phenomenon, which occurs when a propagated light strikes a boundary between two dielectric
media (from the medium with a higher refractive index) at an angle larger than a particular

critical angle.® Based on the Snell’s law, the critical angle is calculated using the equation
.My
6. = arcsin(—) (Eq. 1-1)
n,

where n, and n, are the refractive indices of the two media between which total internal

reflection occurs. In our experimental setup, incident light propagates through glass (refractive
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index = 1.52) and is totally internally reflected at the glass water (refractive index = 1.33)
interface. Consequently, the evanescent electric field generated at the glass—water interface
decays exponentially from the interface and selectively illuminates fluorophores in a restricted
region that is immediately adjacent to the interface. Therefore, fluorescent signals from bulk
solvent are greatly reduced and molecular interfacial behaviors can be strongly emphasized with

the application of TIRFM.

excitation light

prism
substrate

evanescent field
objective

camera

| /4”(”
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Figure 1-4. Schematic diagram of a prism-based total internal
reflection fluorescence (TIRF) microscope.

Single-molecule TIRFM permits the acquisition of detailed spatiotemporal information of
molecular dynamics at interfaces. Specifically, it can be used to identify surface adsorption /
desorption events and molecular residence times.?> 8 Such information can further be applied to

quantitatively characterize surface heterogeneity and strong binding sites as discussed in Section
13



1.1.1. Additionally, TIRFM is advantageous when applied to characterize the motions of
anchored membrane proteins on supported lipid bilayers since the signals from free-moving

proteins in solution can be largely eliminated.®°

1.3.3 Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is a phenomenon that can be used to
characterize the nanoscale distance between two fluorophores. As illustrated in Figure 1-5, when
the emission spectrum of a donor fluorophore (with shorter excitation / emission wavelengths)
overlaps with the adsorption spectrum of an acceptor fluorophore (with longer excitation /
emission wavelengths), resonant energy transfer can occur from the excited state of the donor to
the acceptor. The efficiency of energy transfer is determined by the donor-to-acceptor separation
distance r (along with other factors), which can be described by the following equation

1
E =

= Eq. 1-2
1+(RLO6 (Eq )

where R, is the so-called Forster distance of the donor-acceptor pair. Therefore, the distance
between donor and acceptor fluorophores can be identified quantitatively by measuring the

FRET efficiency.
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Figure 1-5. Spectra of donor (Alexa Fluor 532) and acceptor (Alexa Fluor 647)
fluorophores for Forster Resonance Energy Transfer. The emission spectrum of donor

fluorophore (light yellow shade) overlaps with the excitation spectrum of the acceptor
fluorophore (red dash line).

As discussed in Section 1.1.1, depending on surface chemistry and the resulting
orientation / conformation of blocking agent molecules, protein clusters can potentially emerge
during site-blocking processes. Intermolecular FRET is an effective technique to identify the
formation of protein clusters. With protein molecules labeled with either donor or acceptor
fluorophores, significant FRET signals can be detected when “donor protein” and “acceptor
protein” adsorb to surface locations that are close enough to each other (i.e. within a few
Angstroms), which indicates protein—protein associations.?> %3 Since only donor signals can be
observed when donor and acceptor protein molecules adsorb to different surface sites, the
illumination of acceptor fluorophores can be used as a signature of protein aggregation on
surfaces. Schematic diagrams of intermolecular FRET in site-blocking processes are shown in

Figure 1-6.
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Figure 1-6. Schematic diagrams of intermolecular FRET events on surface at
different surface coverages. Blue circles represent donor molecules and red circles
represent acceptor molecules. (a) At a surface coverage of ~10*, donor molecules
and acceptors adsorb to different sites and only donor fluorophores are excited. (b)
At a surface coverage of ~1073, donor molecules adsorb to locations that are already
occupied by acceptor molecules, which causes the transfer of energy and the
illumination of acceptor fluorophores.

1.3.4 Tracking Nanoparticles in Porous Media

In addition to tracking single molecules at interfaces, fluorescence microscopy also
allows the tracking of nanoparticles in porous media. Specifically, this is a powerful technique to
study complex mass transport in filtration processes.’> °© The schematic diagram of the
corresponding experimental setup is shown in Figure 1-7. To image fluorescent tracer
nanoparticles that are suspended in polymer membrane, epifluorescence microscopy is used to
illuminate tracer particles. In order to enable the penetration of excitation light into the media

and to minimize light scattering from internal interfaces, the liquid used in this approach must
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have a refractive index that matches the refractive index of the membrane material.l% °* By
precisely engineering the relative proportions of liquid mixtures, the refractive indices of a wide
range of polymer materials can be properly matched. In experiments, tracer particle solution is
forced into a flow cell by pressure and flows across the membrane sample. The visualization of
actual nanoparticle trajectories permits the identification of spatial and temporal heterogeneities
of particle transport in membrane, as well as provides direct evidence for potential heterogeneous

fouling mechanisms.

inlet outlet

membrane

2

flow cell

___—excitation light

objective

camera

v

Figure 1-7. Schematic diagram of an epifluorescence microscope
used to image nanoparticle transport in a flow cell.
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1.4 GoOALS AND OBJECTIVES

The overall strategy of this work was to apply super-resolution single-molecule / particle
tracking methods to study heterogeneous behaviors of probes of interests in confined
environments and obtain insightful understandings of relevant bioprocesses and biotechnologies.
Novel statistical approaches were developed and performed to analyze massive datasets obtained
with the tracking technique and resolve detailed spatio-temporal behaviors of molecules or

particles. Specifically, the following objectives were addressed.
1.4.1 Surface Heterogeneity

The first objective was to identify molecular dynamics of serum albumin on model
surfaces at different surface coverages and construct super-resolution maps to quantify surface
heterogeneity and site-blocking efficacy. This approach provided effective references for the use

of blocking agent in a variety of applications.
1.4.2 Molecular Dynamic Heterogeneity

We aimed to study the heterogeneous dynamics of cadherin on model supported lipid
bilayers under different Ca?* levels and obtain detailed information about the connection

between diffusion and conformational changes of cadherin.
1.4.3 Transport Heterogeneity

The objective here was to develop a single-particle tracking approach to track tracer
particles in filtration membrane under various flow conditions and quantify functional properties
of membranes, including functional tortuosity, particle retention, spatio-temporal heterogeneity

and detailed fouling mechanisms.
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In the following chapters, the objectives above will be addressed in detail. In Chapter 2,
single-molecule tracking and super-resolution mapping was employed to investigate the
evolution of surface heterogeneity in site-blocking processes, addressesing the first objective.
Targeting the second objective, heterogeneous diffusion and dynamics of cadherin on supported
bilayers will be carefully discussed in Chapter 3. Chapters 4 and 5 focus on the development of
single-particle tracking approach in order to study heterogeneous particle transport in filtration
membranes to address the third objective. Specifically, membrane functional tortuosity and
spatio-temporal heterogeneity will be discussed in Chapter 4, with Chapter 5 discussing distinct

fouling mechanisms in membranes.
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Chapter 2

Influence of Protein Surface Coverage on Anomalously Strong
Adsorption Sites
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Reproduced from Cai, Y. and Schwartz, D. K., ACS Applied Materials & Interfaces, 2016, 8 (1),
511-520.

2.1 ABSTRACT

Serum albumin is commonly used as a blocking agent to reduce nonspecific protein
adsorption in bioassays and biodevices; however, the details of this process remain poorly
understood. Using single molecule techniques, we investigated the dynamics of human serum
albumin (HSA) on four model surfaces as a function of protein concentration. By constructing
super-resolution maps, identifying anomalously strong adsorption sites, and quantifying surface
heterogeneity, we found that the concentration required for site blocking varied dramatically
with surface chemistry. When expressed in terms of protein surface coverage, however, a more
consistent picture emerged, where a significant fraction of strong sites were passivated at a
fractional coverage of 10“. On fused silica (FS), “non-fouling” oligo (ethylene glycol)

functionalized FS and hydrophobically modified FS, a modest additional site blocking effect
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continued at higher coverage. However, on amine-functionalized surfaces, the surface
heterogeneity exhibited a minimum at a coverage of ~107* Using intermolecular Forster
resonance energy transfer (FRET), we determined that new anomalous strong sites were created
at higher coverage on amine surfaces, and that adsorption to these sites was associated with

protein-protein interactions, i.e. surface-induced aggregation.

2.2 INTRODUCTION

Nonspecific protein adsorption is a ubiquitous phenomenon that affects a number of
biotechnologies such as biosensing,X® biomaterials,*® membrane separations,”® and
chromatography*®*2. The undesired attachment of proteins is problematic since it can reduce the
sensitivity and efficacy of devices,® *3 or potentially elicit hazardous responses in vivo.'* 1* One
common approach employed to reduce non-specific protein adsorption involves the use of
blocking agents.'® Serum albumin has frequently been used as a blocking agent in bioassays and
biodevices, including enzyme-linked immunosorbent assay (ELISA) microwells, in vitro motility
assays, and field effect transistor (FET) biosensors.> ® 1% When effective, this approach is
generally ascribed to the notion of competitive adsorption. However, depending on the details of
the surface chemistry and formulation conditions, serum albumin is not always an effective
blocking agent, and the details of the process remain poorly understood. In particular, recent
studies have revealed the complexity of surface fouling phenomena and emphasized the
importance of surface-mediated intermolecular protein-protein associations.??2 Therefore, it

seems likely that surface passivation using serum albumin is a complex process, where one
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attempts to block strong surface sites that are native to the surface, while avoiding the creation of

protein oligomers/aggregates that could serve as new adsorption sites.

Chemical and topographical heterogeneity is unavoidable on any real surface, making it
likely that isolated strong binding sites exist for any particular adsorbate species. Compared to
the behavior on an average surface location, adsorbate molecules may adsorb at these anomalous
sites more frequently, remain adsorbed longer, or both, ultimately leading to non-ideal surface
fouling.?>2® A variety of experimental techniques (e.g., quartz crystal microbalance, surface
plasmon resonance, and X-ray photoelectron spectroscopy) have been applied to evaluate protein
adsorption at solid-liquid interfaces.* 2% 2’ However, the ensemble-averaged information
provided by these methods provides only indirect insights into the site-blocking process, e.g.
they can be as crude tests of ad hoc parametric models. Amplitude-modulation (tapping mode)
atomic force microscopy (AMAFM) has been used for high-resolution imaging and is sensitive
to the population of particularly long-lived protein molecules.?® 2 By modifying the cantilever
tip with proteins, one can evaluate the strength of protein-surface interactions as well as protein-
protein interactions.3® 3! This technique provides direct information about surface forces and
could hypothetically identify heterogeneous sites on surfaces, although the low-throughput
nature of these experiments makes this difficult in practice. In the present work, we employed a
complementary single-molecule tracking and surface-mapping approach, which provided
detailed spatio-temporal information for large numbers of molecular trajectories, allowing us to
quantitatively characterize the heterogeneity of adsorption processes. Specifically, using single-
molecule total internal reflection fluorescence microscopy (TIRFM), we identified each
adsorption event, enumerated individual strong binding sites, and characterized the heterogeneity

of a given surface under relevant conditions (e.g. as the blocking agent concentration was
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varied).3? Coupled with intermolecular Forster resonance energy transfer (FRET), which can
directly identify protein-protein associations, single-molecule TIRFM provides a powerful

approach for the analysis of heterogeneous surface adsorption.?

Protein concentration (and therefore surface coverage) is a critical factor in regulating
non-specific protein adsorption and surface heterogeneity, and an important focus of the
experiments described here. Specifically, we investigated the surface dynamics of human serum
albumin (HSA), at different stages of fractional surface coverage on representative surfaces. Four
model surfaces were used in our experiments, fused silica (FS), FS modified with a hydrophobic
trimethylsilane (TMS) layer, FS modified with an “non-fouling” oligo (ethylene glycol) (OEG)
layer,®® and FS modified to exhibit an amine (NH.) surface functionality. FS, NH, and OEG
represented hydrophilic surfaces with negative, positive and neutral surface charge respectively,
and TMS represented a model hydrophobic surface. For each type of surface, we performed
experiments over a wide range of HSA concentration (7~8 orders of magnitude), providing a
systematic picture of the spatial heterogeneity and molecule dynamics as a function of average
protein surface coverage. Aside from inhibiting non-specific binding to native surface sites, an
ideal blocking agent would also prevent protein-protein interactions. These unwanted
interactions were directly identified by the use of intermolecular FRET. The findings presented
here will be useful in understanding the complexity of protein adsorption processes and

ultimately enhancing the efficacy of site blocking.
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2.3 EXPERIMENTAL METHODOLOGY

2.3.1 Surface Preparation and Characterization

Fused silica (FS) wafers (Mark Optics Inc.) were washed with 2 % Micro90 detergent,
then immersed in warm piranha solution (~70 °C) for 3 hours. After drying in a nitrogen stream,
they were further treated by UV-ozone for 30 minutes. Surfaces with amine groups and OEG
monolayers were then prepared via liquid phase deposition by immersing clean FS wafers (pre-
treated as described above) in 175 mL toluene solution with 200 pl N-(6-aminohexyl)
aminopropyl trimethoxysilane (Gelest) or methoxy-triethyleneoxy-propyl trimethoxysilane
(Gelest) for 2 hours, respectively. Trimethylsilane (TMS) surfaces were prepared by exposing
wafers to hexamethyldisilazane (Sigma Aldrich) vapor for 22 hours. For NHz, OEG and TMS
surfaces, wafers were further rinsed with toluene and isopropanol before use. Static water contact
angle measurements were performed to characterize the four surfaces. By measuring the static
contact angle (reflecting hydrophobicity and macroscopic surface energy) of 6 droplets on
random positions on each surface, the measured values for FS surfaces, NH2 surfaces, OEG
surfaces and TMS surfaces were determined to be ~0°, 43 £ 2°, 18 + 3° and 91 + 4°, respectively,

consistent with previous observations by our group and others.?? 34-3

2.3.2 Protein Solutions

HSA (fatty acid free, globulin free, > 99%, Sigma-Aldrich) was labeled with either Alexa

Fluor 647 or Alexa Fluor 488" and then purified with Zeba spin desalting columns (7K
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MWCO).® Each protein sample solution was purified three times in order to remove salts and
other small molecules (i.e. fluorophores). The remaining dye molecules after purification were
calculated to be less than 0.01% of that in the original sample solution, and therefore had a
negligible statistical influence on our experiments. The concentrations of original protein
solutions and the dye/protein ratios were determined by a UV-vis spectrometer; each HSA
molecule was labeled with 1.6 dyes on average. No evident change of HSA adsorption affinities
to surfaces was observed after protein labeling in our experiments (see Appendix A for
supplementary figures). Phosphate buffered saline (pH 7.4, Gibco) was used to prepare all
protein solutions. Labeled proteins were used as tracers in extremely low concentrations to
achieve the sparse conditions required for single molecule resolution. Unlabeled proteins were
further added to adjust the solutions to desired concentrations. The fraction of tracer molecules

did not affect the results of our experiments, as shown in Figure A-4 in Appendix A).

2.3.3 Single-Molecule Tracking

All experiments were performed using a custom-built prism-based total internal reflection
fluorescence microscope (TIRFM) as described previously.®® An EMCCD camera (Photometrics)
cooled to -95 °C was used to capture images.*® Multiple movies (each movie contained 3,000

frames) with an acquisition time of 50 ms were collected for each experimental condition.

2.3.3.1 Single-color concentration-dependent experiments — Tracer proteins labeled with
Alexa Fluor 647 were excited by a 647 nm laser with the emission filtered by a 647 nm long pass
filter (Semrock). Each experiment was conducted on at least two different sample wafers. On

each surface, experiments were performed sequentially from a very low concentration to much
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higher concentrations. For each concentration, the surface was incubated for several minutes, and
then at least 10 movies were collected over a time period of an hour. No significant change of
dynamic protein behavior was observed over this time period suggesting that a steady state was
reached relatively quickly. Fluorescent microspheres (0.02 um, 660/680) were introduced to the
surfaces as registration markers as necessary and images were aligned to compensate for drift

when processing data.

2.3.3.2 Forster resonance energy transfer — Intermolecular Forster resonance energy
transfer (FRET) was used to identify protein-protein associations.? HSA molecules labeled with
Alexa Fluor 488 and Alexa Fluor 647 were used as donor molecules and acceptor molecules,
respectively. A 491 nm laser was used to illuminate donor fluorophores and no measurable direct
excitation of acceptor was observed, due to the large spectral separation. The donor emission was
filtered by a band-pass filter centered at 529 nm with a 90% transmission width of 28 nm
(Semrock), while the acceptor fluorophores excited by the donors were filtered by a 685 = 20 nm
bandpass filter (Semrock). Dual-channel imaging was attained with an Optosplit Il image splitter
(Cairn Research) which split the image via a dichroic mirror with a nominal separation
wavelength of 610 nm (Chroma). The two channels were manually aligned to within 1-2 pixels
with an alignment grid before each experiment, and were further aligned using objects appearing
in both channels by a Mathematica program as described previously.*! Since the Forster radius
for the donor-acceptor pair was approximately 5.0 nm,*> and the radius of gyration of HSA
was determined to be 2.74 + 0.04 nm,*®-*8 energy transfer was very likely to happen when a
donor molecule and an acceptor molecule adsorbed to a same site. As a result, the emission from

acceptor fluorophores was used as a signature for protein-protein associations.?*
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2.3.4 HSA Surface Area Fraction

The fractional surface area of HSA was calculated at each concentration on each of the
three surfaces. After injection of proteins into the flow cell, a given surface was incubated in the
protein solution (containing very small fraction of labeled HSA) for 3 minutes, which was
sufficient to allow the surface to reach equilibrium in the small volume of the flow cell. The laser
and the camera were then turned on to capture images of the surface showing the number of
adsorbed fluorescent molecules. The number of adsorbed unlabeled molecules was estimated by
multiplying the number of fluorescent molecules by the ratio of unlabeled to labeled molecules.
These measurements were performed quickly enough that the effects of photobleaching were
observed to be negligible. To calculate the fractional surface area of HSA, the total area covered
by HSA molecules (calculated using the estimated HSA cross-sectional area, ~31.4 nm?) was
divided by the total area of the field of view. It is noteworthy that due to different types of
affinities to surfaces, HSA may adopt specific orientations when adsorbed, leading to distinct
cross-sectional areas (from ~16.0 nm? to ~51.6 nm?).* %51 The orientations of proteins on
surfaces may also change with surface concentration, which is difficult to describe by a simple
model.>> 5 To make a reasonable approximation of the cross-sectional area, we assumed that
adsorbed HSA had a constant cross-sectional area on each surface, and we estimated this value
using the diameter of albumin globule at pH 7.4 (62 + 1 A).%6545 This value is similar to the
cross-sectional area for the protein in its predominant native conformation as previously reported,

which is 28.2 nm2.%
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2.3.5 Data Analysis

2.3.5.1 Super-resolution mapping — Super-resolution maps were achieved via a variation
of the localization technique called “motion blur” point accumulation of imaging in nanoscale
topography (mbPAINT)%8 with a pixel size of 14.5 nm. Briefly, the position of each adsorbed
molecule was placed on a pseudoimage and blurred by a Gaussian function. Only the first
position of each adsorbed molecule was used for the adsorption maps, while all trajectory
positions were included for the occupancy maps. By accumulating large numbers of trajectories,

the distributions of adsorption sites were sampled in a statistically significant way.

2.3.5.2 Adsorption site analysis — By summing and grouping connected adsorption events,
adsorption sites were identified. The adsorption event count for each site was defined as the
maximum local value. The distribution of adsorption events was described using a Poisson

mixture model?®
E Eqg. 2-1
fads(n) Pi w77 I~ n! (1 _Al) ( q )

where J; is the average number of adsorption events and p; is the corresponding fraction for the
ith population. M is the total number of populations. Given the average number of adsorption

events

(Eq. 2-2)

I
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3
R

the experimental number of surface adsorption sites could be expressed as N/4, where N is the

total number of trajectories.
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2.3.5.3 Surface heterogeneity — The relative heterogeneity of a surface, represented by a
surface heterogeneity index, was described as the maximum theoretical number of adsorption

sites divided by the experimental number of adsorption sites?

_Aa

h = N/A

(Eq. 2-3)

where A is the total image surface area (1892 pm?) and a is the cross-sectional area of an

adsorbed HSA molecule (~31.4 nm?).

2.3.5.4 Cumulative residence time distributions (CRTD) — Molecular residence times
were determined by identifying the number of frames in which a given molecule appeared. Using
these residence times, we calculated cumulative residence time distributions (CRTD),>® where
the cumulative probabilities represented the fraction of molecules remaining on the surface for
time t or longer. Assuming multiple populations, the CTRD can be described by an exponential

mixture model

() = Z frexp(—t/7;) (Eq. 2-4)
i=1

based on a model involving a superposition of first-order desorption processes. fi and ;i
represented the fraction of each population and the corresponding characteristic residence time

respectively. Thus the mean residence time can be calculated as

T= Zfiri (Eq. 2-5)

where n is the total number of populations.

37



2.4 RESULTS AND DISCUSSION

2.4.1 Surface Area Fraction

Interactions of molecules with surfaces are known to be strongly influenced by surface
coverage.? %953 In our experiments, with the protein concentration varying over many orders of
magnitude, the surface area fraction of HSA (Frsa) varied from ultra-low to fully saturated. Due
to the dramatically different affinity of HSA with the four surfaces, we observed (as illustrated
below) that comparisons based on solution concentration, while useful for practical applications,
provided little physical insight, and we hypothesized that more universal behavior might be
observed if protein surface coverage was used as the basis for comparison. In order to make this
conversion, we measured surface coverage isotherms vs. solution concentration as described
above (see Figure 2-1). We note that the highest concentration used was lower than the critical

concentration reportedly resulting in HSA pre-nucleation clusters in solution.®*

As shown in Figure 2-1, due to differences in the interactions between HSA and the
various surface chemistries, the HSA concentration required to achieve a specific fractional
surface coverage varied over roughly four orders of magnitude.®®>®” On the hydrophobic TMS
surface, reflecting the strongest affinity with HSA (presumably due to strong hydrophobic
interaction as well as the fact that water is weakly bound and easily displaced),%® approximately
10 of the surface was covered by HSA at a concentration of 10® mg/mL, and the surface was
approximately fully covered at 10° mg/mL. The positively charged hydrophilic NH; surface,
possessing the opposite net charge to HSA in solution, required bulk concentrations of 107

mg/mL and 0.1 mg/mL to achieve the equivalent area fractions. The corresponding
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concentrations for the FS surface were as high as 10° mg/mL and 1 mg/mL due to its extreme
hydrophilicity and like net negative charge to HSA. OEG surfaces exhibited the weakest affinity
to HSA, and the concentrations required to attain these specific area fractions were
approximately 104 mg/mL and 10 mg/mL. The ability of OEG to resist protein adsorption was
previously suggested to be caused by a combination of the tight binding of water molecules
around OEG chains, the rapid mobility of hydrated chains, and possibly the complete absence of
electrostatic attraction.®® ® These isotherms were used to make approximate conversions
between solution concentration and surface coverage, allowing us to test the hypothesis that
surface coverage would comprise a more relevant basis for comparison between the three

surfaces.
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Figure 2-1. Adsorption isotherms vs. concentration of HSA on TMS,
NH, FS and OEG surfaces.
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2.4.2 Site Blocking on TMS, FS and OEG Surfaces

Here we combine the discussion of TMS, FS and OEG surfaces due to the fact that the
phenomena observed were qualitatively similar. In different stages of the protein adsorption
processes on the surfaces, adsorbed tracers were identified and the initial locations of these
trajectories were collected and accumulated to generate super-resolution adsorption maps
exhibiting individual binding sites. Due to the finite number of adsorption events and thus the
very low tracer area fraction, sites with several adsorption counts were identified as anomalous

and defined as strong binding sites.?®

Figure 2-2 shows adsorption maps of HSA on TMS, FS and OEG surfaces at three
representative ranges of surface coverage. In experiments where the surface area fraction
covered by HSA was extremely low, the adsorption on both TMS and FS surfaces was highly
heterogeneous with many strong binding sites observed (Figure 2-2a and 2-2d). The adsorption
on OEG surfaces was initially more homogeneous than on the other surfaces (presumably related
to its resistance to protein adsorption), but still exhibited noticeable strong sites. Evidently, when
a limited number of proteins were introduced to these surfaces, they preferentially adsorbed to
these strong sites rather than weak sites even though the latter ones were much more abundant.
One probable explanation for the existence of strong sites is that they are due to anomalous local
chemical and/or physical properties which are favorable to protein adsorption. For example, the
history of a fused silica sample determines the amount and arrangement of silanol and siloxane

groups on its surface, which can further result in regions with different hydrophobicity.”®"® This
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heterogeneity can potentially affect the quality of self-assembled monolayers (SAM) after

surface modification.

Adsorbed Molecules

I
0 1 2 3 4 5

2]

Figure 2-2. Representative super-resolution adsorption maps of HSA on
(a-c) TMS, (d-f) FS and (g-1) OEG surfaces at very low HSA area fraction
(~10®, panels a, d and @), intermediate area fraction (~1073, panels b, e
and h) and high area fraction (~1, panels c, f and 1). Scale bar =2 pum. The
corresponding occupancy maps are shown in Appendix A.

41



As protein concentration (and surface coverage) increased, the heterogeneity developed
in the same way on TMS, FS and OEG surfaces. For TMS surfaces, the density of anomalous
strong binding sites decreased monotonically with surface coverage (Figure 2-2b), and were
virtually nonexistent near saturated coverage (Figure 2-2c). Similarly, for FS surfaces, the
number of strong binding sites decreased gradually, with only a small fraction of remaining at
high surface coverage (Figure 2-2f). The anomalous adsorption on OEG surfaces also showed an
obvious decrease, and at high surface coverage the adsorption was truly homogeneous (Figure 2-
2i). Itis reasonable to assume that with increased protein concentrations or surface area fraction,
strong sites were increasingly occupied, or blocked, by adsorbed unlabeled proteins. Therefore,

further adsorption to these sites was hindered, and these strong sites became weak.

To quantify these trends, probability histograms of site adsorption event counts, as shown
in Figure 2-3, were constructed based on the adsorption maps. If a surface were ideally
homogeneous, the site adsorption events distribution should follow Poisson statistics since the
probability of adsorbing on each site would be identical. Since the actual surfaces were
heterogeneous, a Poisson mixture model, with multiple populations representing different types
of adsorption sites, was used to fit the heavy-tailed distributions (Eq. 2-1). For each case, two
classes of adsorption sites were observed depending on the mean number of adsorption events (1):
populations with very small 1 values (0.1-0.3) represented weak sites, while populations with
much higher 1 values (>2) represented strong sites. Consistent with the mapping results, the
fractions of strong sites, as well as the corresponding mean numbers of adsorption events,
decreased dramatically on all three surfaces as a function of surface coverage. As shown in
Table A-1 in Appendix A, as the HSA surface area fraction increased from ~10° to 1, the

fraction of strong sites decreased from 0.20 to 0.02 on TMS surface, while the characteristic
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number of adsorption events on strong sites decreased from ~9 to ~3. Correspondingly, on FS
surfaces, the fraction of strong sites decreased from 0.18 to 0.08 with the number of adsorption
events falling from ~12 to ~6. On the most homogeneous OEG surfaces, the fraction of strong
sites also showed an apparent decrease from 0.08 to 0.02 and the characteristic number of

adsorption events decreased from ~6 to ~4.

10°+

10° 10° 5

b c
m low Fygp m low Fygp ( ) u low Fyep ( )
1075 o high Fisa 1075 o high Fisa 1074 o high Fygs
= 2z z
3 3 5
g 10 RU S 10
g g <]
o a a L
10° 10°+ 10°4
FS
10t L N A s e e 10—ttt
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Site Adsorption Events Site Adsorption Events Site Adsorption Events

Figure 2-3. The probability distributions of HSA site adsorption events on (a) TMS,
(b) FS and (c) OEG surfaces at low area fraction (~10) and high area fraction (~1),
respectively. Poisson mixture fits are represented by solid lines.

To further quantify the surface heterogeneity, the relative surface heterogeneity index h
was calculated in each case using Eq. 2-3. Higher heterogeneity index values indicate more
heterogeneous surfaces. Figure 2-4 shows the evolution of the surface heterogeneity of TMS, FS
and OEG surfaces with increased solution concentrations and HSA area fraction. When
expressed in terms of solution concentration, the progression of heterogeneity on the three
surfaces varied dramatically. In particular, the increase of site blocking on TMS surfaces mainly
occurred within a concentration range from 10 mg/mL to 10 mg/mL (Figure 2-4a), following
which the heterogeneity parameters saturated. In contrast, site blocking on FS surfaces occurred
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over a much higher concentration range from 10 mg/mL to 102 mg/mL (Figure 2-4a), and the
corresponding concentration range was even higher on OEG surfaces, from 10 mg/mL to 0.1
mg/mL (Figure 2-4a), due to the weak affinity of HSA to these surfaces. However, in terms of
area fraction, the transitions of three surfaces were very similar. On all surfaces, the
heterogeneity parameter showed a marked decrease when the HSA surface area fraction

increased from 107 to 107 (Figure 2-4b), after which the decrease slowed down at higher area
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Figure 2-4. The relative surface heterogeneity parameter (h)
versus (a) HSA concentration and (b) HSA area fraction on TMS,
FS and OEG surfaces.
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fractions. Based on these observations, it is reasonable to conclude that the protein surface area
fraction, instead of the solution concentration, is the more relevant factor to determine site
blocking efficacy and solution concentration alone should not be considered as an appropriate
parameter. This observation is potentially associated with the history-dependent protein
adsorption model, suggesting that independent of the adsorption rate and surface heterogeneity,
the history of the protein layer (reflected by protein area fraction) is a critical factor in

determining further adsorption.®®

Interestingly, the strong sites that were identified by excessive adsorption events also
exhibited anomalously long retention of HSA molecules. Figure 2-5a shows representative
cumulative residence time distributions of HSA molecules, on strong and weak adsorption sites,
for TMS, FS and OEG surfaces, respectively. The slower decay of the distributions associated
with strong sites indicates that they retained molecules for longer times compared to weak sites,
presumably because of stronger protein-surface interactions. This was particularly dramatic for
TMS, but also significant for FS and OEG. This also resulted in a distinct trend in the mean
surface residence times as a function of HSA surface coverage, as shown in Figure 2-5b. On all
three surfaces, HSA exhibited systematically shorter surface residence times at high coverage as
a result of decreased amount of strong sites. These trends, consistent with the evolution of
surface heterogeneity with protein coverage, again suggested the high retention capacity of
molecules to strong sites, which has potential connections to surface fouling behavior, since
longer HSA on strong sites may result in a higher probability to undergo conformational changes

and/or interact with other proteins.”
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Figure 2-5. (a) Representative cumulative residence time distributions
of HSA on strong sites (closed labels) and weak sites (open labels) on
TMS (green), FS (purple) and OEG (red) surfaces, respectively.
Multiple exponential fits are indicated by solid lines. (b) Mean
residence times of HSA on TMS, FS and OEG surfaces.
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2.4.3 Anomalous Site Blocking on NH2 Surfaces

In contrast with TMS, FS and OEG, NH: surfaces exhibited heterogeneity that was non-
monotonic as a function of protein concentration. As shown in Figure 2-6, abundant strong sites
existed on NH: surface at very low concentrations (Figure 2-6a) and were blocked, as for TMS
and FS, by feeding in more protein (Figure 2-6b). Surprisingly, a further increase of
concentration (still at very low HSA area fraction), led to the appearance of new “strong sites”
(Figures 2-6¢ and 2-6d). By comparing Figure 2-6a and Figure 2-6¢, which visually captured
the spatial heterogeneity on the same area, we determined that the new “strong sites” arose in
different locations compared to the original ones. Since the original strong sites had been
blocked by adsorbed proteins, the new “strong sites” were presumably due to a different

mechanism.

Representative probability distributions of site adsorption events as a function of HSA
area fraction on NH. surfaces are shown in Figure 2-6d, exhibiting the reduction and re-creation
of anomalous sites. The fraction of strong sites (determined using Poisson mixture model fitting),
which was 0.14 at the lowest area fraction, decreased strikingly to less than 0.01 when the area
fraction reached 10, The corresponding characteristic adsorption number on the strong sites
also decreased from ~15 to ~4. However, at an increased area fraction of 1073, the fraction of
strong sites rose again to 0.19, together with the characteristic adsorption events on strong sites.
These two parameters then remained high for further increases in surface coverage. Analogously,
the heterogeneity of NH. surfaces exhibited a minimum at low area fraction and then increased
sharply. We hypothesized that this anomalous increase of heterogeneity with increasing protein

coverage, illustrating the complexity of the site blocking process, was possibly related to lateral
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interactions, or protein-protein associations that occurred more frequently as the surface became
more crowded.* Specifically, we hypothesized that the new “strong sites” on the NH» surface
were no longer directly determined by special surface chemistry or surface structure, but may
have been associated with protein clusters induced by strong protein-protein associations.??? As
a result, proteins approaching the surface would have higher affinity to these “sites” rather than

to the uncovered surface (on which many strong sites had already been blocked).
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Figure 2-6. Representative super-resolution maps of HSA on NH; surface at HSA surface
area fractions of (a) ~10%, (b) ~10*%, (c) ~10° and (d) ~1. Scale bar = 2 um. (e) The
probability distributions of site adsorption events of HSA on NH: surfaces at various HSA
area fractions. Poisson mixture fits are indicated by solid lines. (f) Relative surface
heterogeneity parameters of NH> surfaces using HSA as probes as a function of HSA
surface area fraction.
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Intermolecular FRET was used to test our hypothesis that the anomalous rise of new
“strong sites” on NH» surfaces was caused by protein aggregation. As described in the
experimental section, HSA molecules labeled with different fluorophores were used as donors
and acceptors respectively. An ultra low concentration of donor-labeled molecules was employed
(107 mg/mL, ~107 area fraction), and the concentration of acceptor-labeled molecules was 1-2
orders of magnitude greater than the donor concentration, ensuring sufficient interactions
between donors and acceptors. These associations were clearly characterized by comparing the
signals in the two channels: only donor emission was observed in the absence of protein-protein

associations, and emission in the acceptor channel was a signature of associations.

associated

Adsorbed Molecules
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Figure 2-7. Super-resolution maps of donor-labeled HSA molecules adsorbing to (a)
bare NH> surface sites, or (b) sites pre-occupied by acceptor-labeled molecules at an
HSA area fraction of 10"* and similarly, donor-labeled HSA molecules adsorbing to
(c) bare NH; surface sites or (d) sites pre-occupied by acceptor-labeled molecules at
an HSA area fraction of 103 Scale bar = 2 um. (e) The fraction of associated
molecules upon adsorption at area fractions of 10 (green) and 103 (violet),
respectively.
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Two-channel super-resolution adsorption maps (Figures 2-7 a—d) were generated to
visualize the impact of protein-protein associations at different levels of the surface coverage. If
a donor-labeled molecule adsorbed directly to the bare surface, the location of the adsorption site
was indicated in the donor channel map (Figures 2-7a and 2-7c). Otherwise, if a donor-labeled
protein adsorbed on a site already occupied by one or more acceptor-labeled molecules, the
location was indicated in the acceptor channel maps (Figures 2-7b and 2-7d). Experiments were
carried out at surface area fractions of 10 and 107, associated with the minimum and the
subsequent increase of surface heterogeneity. With 10* of the surface covered by HSA, the
surface was largely homogeneous (without the appearance of “hot spots”) with fluorescent
molecules mainly identified in the donor channel (Figure 2-7a) and very few appearing in the
acceptor channel (Figure 2-7b), suggesting that most proteins adsorbed directly to the bare
surface and protein-protein associations were negligible. In contrast, with the surface area
fraction increased to 1073, the majority of donor molecules adsorbed to sites that were already
occupied, resulting in acceptor emission, indicating the importance of protein-protein
associations during the adsorption process. Thus, the acceptor map (Figure 2-7d) illustrates
many more adsorption events than the donor map (Figure 2-7¢). In particular, strong adsorption
sites only appeared in the acceptor map, emphasizing the crucial importance of pre-adsorbed
proteins on the formation of new “strong sites”. To further quantify these results, we calculated
the percentage of molecules that exhibited protein-protein association upon adsorption, i.e.
molecules that adsorbed to sites that were apparently pre-occupied by protein clusters (Figure 2-
7e). At the lower area fraction, only 10% of the molecules adsorbed to protein-occupied sites,

while at the higher area fraction, over 90% of them adsorbed to such sites.
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These results suggest that instead of forming a homogeneous layer, as they apparently did
on TMS, FS and OEG, HSA proteins on NH: surfaces aggregated into heterogeneous clusters at
a relatively low surface area fraction. Thus, the aggregation of proteins was indirectly dependent
on surface-protein interactions, with the NH; surface chemistry causing increased protein-protein
associations. We speculate that proteins may potentially undergo conformational and/or
orientational changes in contact with the NH. surface functionality,** "8 potentially exposing
highly interactive regions, resulting the “cooperative adsorption” of vicinal proteins.’®8
Evidently, increasing the average surface coverage did not attenuate the “cooperative effect” or

“cover” the protein clusters since the surface heterogeneity did not decrease even in the presence

of much higher protein concentration.

As shown above in Figure 2-5, strong adsorption sites on TMS, FS and OEG surfaces
retained molecules longer than weak sites; a similar phenomenon was also observed on NH>
surfaces at low surface coverage (Figure 2-8a). Additionally, at high surface area fraction,
molecules exhibited longer residence times on the protein clusters compared to the bare surface.
This is related to previous observations by Langdon et al. that protein oligomers remained on a
surface longer than protein monomers,?> and that monomers undergoing one or more
intermolecular associations resided on a surface longer than monomers that did not associate.?
As a result, the mean residence times as a function of HSA coverage on NH> surfaces (Figure 2-
8b) first dropped to a minimum value due to site blocking, then increased and remained high,
consistent with the sustained presence of apparent protein clusters. Interestingly, these findings
suggest that site blocking using HSA on NH: surfaces exhibits a “Goldilocks” principle, where
the use of excessive HSA blocking agent may result in the unfortunate creation of additional

strong binding sites.
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Figure 2-8. (a) Representative cumulative residence time distributions of HSA
on strong sites (closed squares) and weak sites (open squares) at low area
fraction (green) and high area fraction (violet), respectively. Solid lines
represent multiple exponential fits. (b) Mean residence times of HSA on NH>
surface.
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2.5 CONCLUSIONS

The effects of surface coverage on the dynamics of HSA on four model surfaces was
investigated using single-molecule tracking. On TMS, FS and OEG surfaces, adsorption became
more spatially homogeneous and proteins were more transient with increased coverage by HSA.
These phenomena were presumably due to the blocking of strong binding sites, which led to
excessive adsorption and long retention times due to their anomalous chemical and/or
topographical features. The blocking processes were found to be closely associated with
fractional surface coverage as opposed to solution concentration. Contrarily, site blocking on
NH: surfaces showed a Goldilocks principle with surface heterogeneity and residence times first
decreasing and then increasing at high surface area fraction. This unexpected phenomenon was
caused by strong protein-protein associations, which potentially resulted in cooperative

adsorption.

These results suggest that distinct surface chemistries potentially result in dramatically
different adsorption rates, surface-protein associations, protein-protein associations, and
ultimately lead to diverse dynamic behavior of adsorbed protein molecules. While the use of a
blocking agent can be a powerful way to reduce non-specific adsorption, our results suggest that
the improper use of a blocking agent can actually exacerbate undesirable effects due to the
creation of new strong binding sites associated with intermolecular protein interactions.
Therefore, the choice and amount of blocking agent must be carefully considered and tested on a

case-by-case basis.
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Chapter 3

Cadherin Diffusion in Supported Lipid Bilayers Exhibits Calcium-
Dependent Dynamic Heterogeneity

+ Ca2+

4—
_ CaZ+ !

Lipid bilayer

Reproduced from Cai, Y. et al., Biophysical Journal, 2016, 111 (12), 2658-2665.

3.1 ABSTRACT

Ca?" ions are critical to cadherin ectodomain rigidity, which is required for the activation
of adhesive functions. Therefore, changes in Ca?" concentration, both in vivo and in vitro, can
affect cadherin conformation and function. We employed single-molecule tracking to measure
the diffusion of cadherin ectodomains tethered to supported lipid bilayers at varying Ca2*
concentrations. At a relatively high Ca?* concentration of 2 mM, cadherin molecules exhibited a

“fast” diffusion coefficient that was identical to that of individual lipid molecules in the bilayer
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(Drast ~3 um?/s). At lower Ca?* concentrations, where cadherin molecules were less rigid, the
ensemble-average cadherin diffusion coefficient was systematically smaller. Individual cadherin
trajectories were temporally heterogeneous, exhibiting alternating periods of fast and slow
diffusion; the periods of slow diffusion (Dsiow ~ 0.1 um?/s) were more prevalent at lower Ca?*
concentration. These observations suggested that more flexible cadherin ectodomains at lower
Ca2* concentration alternated between upright and lying-down conformations, where the latter

interacted with more lipid molecules and experienced greater viscous drag.

3.2 INTRODUCTION

Cadherins are a group of transmembrane proteins that play essential roles in cell
adhesion.’® They rely on Ca?" ions to maintain their elongated structure and enable their
adhesive functions.*® The normal physiological extracellular calcium level is 2.12-2.62 mM;
with ~40% of the Ca?* ions binding to proteins and ~10% of them bound to various anions in
complexes, the corresponding free calcium level is 1.16-1.31 mM.%>* In cell culture, a wide
range of Ca?* concentrations (even as low as 0.02 mM) are sometimes employed.'?* Because
cadherin structure is extremely sensitive to Ca®* ions, fluctuations in Ca?* concentration in the
extracellular environment can influence the conformation of cadherin and ultimately affect their
function.’™>2% While relatively small variations in Ca?* concentration are associated with disease
pathology in vivo, more significant decreases (to ~0.8 mM) were predicted in active synaptic
clefts using simulations.?! Furthermore, remarkable drops (as low as 0.3 mM) were identified

experimentally in synaptic clefts during high frequency stimulation.® 2% 22 At such low Ca?*
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concentrations, the binding of Ca?* would be significantly reduced, resulting in the loss of rigid

cadherin ectodomain structure.?®

The conformation and transport of cadherin ectodomains on biomembranes are critical
for cis/trans interactions and junction formation.® 2426 Although the effect of Ca?* on the
structure of cadherin extracellular fragments has been extensively studied, the effects of calcium-
dependent conformational changes on the biomembrane transport of cadherin remain unclear.
Various experimental techniques (e.g. circular dichroism spectroscopy, scanning electron
microscopy) have been used to study cadherin extracellular domain conformations.* °> However,
these methods provide only ensemble-average information and are insensitive to the potential
presence of multiple molecular populations and/or the dynamic heterogeneity of individual
molecules. Here, we employed a high-throughput single-molecule tracking approach, which
allowed the rapid and parallel acquisition of a large number of individual molecular trajectories
and enabled statistically valid analysis of multiple modes and populations. This method allowed
us to obtain detailed information about the interplay between cadherin diffusion and
conformation at the molecular level. Specifically, we performed a series of Ca?* concentration-
dependent experiments, which provided a systematic picture of cadherin diffusion on lipid
bilayers as a function of Ca?* concentration. This allowed us to elucidate the inherent connection
between diffusion and conformational changes in the cadherin extracellular region. The findings
presented here provide new insights into dynamics of proteins on biological membranes in

different environments.
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3.3 EXPERIMENTAL METHODOLOGY

3.3.1 Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-
amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DGS-NTA-Ni) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium

salt) (DOPE-LR) were purchased from Avanti Polar Lipids, Inc.

The soluble, recombinant extracellular domain EC1-5 of Xenopus cleavage stage
cadherin (C-cadherin) with a C-terminal hexahistidine tag were expressed by stably expressed in
Chinese Hamster Ovary cells.?”> 2 The soluble, expressed hexahistidine-tagged ectodomains
were first purified by affinity chromatography on an Affigel column, as described.?® Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) confirmed the purity of the
final protein. The thus purified cadherin ectodomain was further labeled with Alexa Fluor 532
NHS ester (succinimidyl ester, Invitrogen, Carlsbad, CA), at a stoichiometry of ~4 fluorophores

per molecule.?®

3.3.2 Sample Preparation

DOPC and DGS-NTA-Ni lipids were dissolved in chloroform with a mole ratio of
20,000:1 in a glass culture tube. After solvent evaporation under a stream of nitrogen, a thin film
of lipids was formed on the side of the tube, which was then hydrated with HEPES buffer
(containing 25 mM HEPES, 100 mM NaCl, 10 mM KCI and 0-2 mM CaCly, pH 7.4). The
resulting aqueous suspension was vigorously mixed with vortex and then sonicated for 0.5 h. In
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order to attain unilamellar liposomes with a more homogeneous size distribution, we extruded
the suspension through a 50 nm filter membrane (Whatman) for 20 times. Fluorescently labeled
cadherin ectodomains were added to the liposome solution and incubated for 2 h, allowing the
formation of coordination bonds between the His-tags on the ectodomains and the nickel-
chelated headgroups. The mole ratio of cadherin to DGS-NTA-Ni was controlled to be 1:1,000,
leading to an appropriate cadherin surface density for single-molecule imaging (which was

approximately equivalent to a surface area fraction of 10°).

To prepare supported lipid bilayers, glass coverslips (Electron Microscopy Sciences)
were cleaned in warm piranha solution (~70 °C) and treated by UV-o0zone [CAUTION: piranha
is hazardous and should be handled with extreme caution]. The protein-modified liposomes were
then introduced to the pretreated slides in a perfusion chamber. After incubating for 2 h at room
temperature, liposomes fused on the substrate, and spontaneously formed a supported lipid
bilayer.2® 3! The bilayer was rinsed thoroughly with water to remove excess liposomes and
protein, and then exchanged into HEPES/CaCl; buffer at the desired Ca?* concentration.3 % For
control experiments, pure DOPC lipid bilayers and DOPC lipid bilayers containing a low
concentration of fluorescent DOPE-LR as probes were prepared using the procedure described
above. These bilayers were used to characterize the diffusivity of lipids within a supported lipid

bilayer in the absence of cadherin.

3.3.3 Single-Molecule Tracking

All experiments were performed at room temperature using an objective-based Nikon Ti-

E total internal reflection fluorescence microscope (TIRFM) with a 100x Apo TIRF oil
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objective.34 An EMCDD camera (iXon DU897) cooled to —80 °C was used to capture
sequences of images (3000 frames per movie). Multiple movies with an acquisition time of either
40 ms or 50 ms were collected for each experimental condition. Fluorescently labeled cadherin
ectodomains or lipids were excited by a 561 nm laser. We found that photo-bleaching and
blinking were insignificant on the timescales of the measurements used in the analysis presented
below, and the emission of non-labeled lipids was negligible. Given the acquisition time and
excitation intensity that were determined to be optimal for these experiments, the localization
precision was determined to be ~ 60 nm. Although the concentration of fluorescent molecules in
solution was negligible in these experiments, the rapid diffusion of any residual solution-phase
fluorescent molecules following the rinsing and buffer exchange was beyond the temporal
resolution of TIRFM, and thus contributed only to the fluorescent background without affecting

the apparent diffusion coefficients of molecules in the lipid bilayer.

3.3.4 Data Analysis

The diffusive trajectories of individual fluorescent molecules were determined using
custom algorithms implemented in Mathematica as described previously.* Any trajectory with a
total residence time shorter than 0.75 s was ignored for the purpose of statistical analysis. Due to
the unavoidable defects in lipid bilayers, we observed a small fraction of immobile or highly
confined trajectories in each experiment.®? To avoid the influence of this anomalous population,

we removed any trajectory with a net average diffusion coefficient <0.2 um?/s.

3.3.4.1 Mean Squared Displacement and Mean Diffusion Coefficient — The ensemble
diffusion coefficient De at each experimental condition was determined by calculating the
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ensemble mean squared displacement (MSD) (r?(t)) as a function of lag time 7. The

corresponding function

(r(v)) = 4Dgt (Eq. 3-1)
was fitted to a linear model. The apparent diffusion coefficient D of each single trajectory was

calculated by the same method.

3.3.4.2 Diffusion Coefficient Distributions — Histograms of diffusion coefficients were

generated and fitted to a reciprocal normal distribution.®® According to the Einstein relation®’

kyT
f

the diffusion coefficient D is inversely related to the friction factor f. Since the friction factor is

D= (Eq. 3-2)

expected to be Gaussian distributed (1/D ~ N (u, ¢?)) for a given population, the distribution of
diffusion coefficients can be described by a reciprocal normal distribution

_a/p-w?

xp( ) (Eq.3-3)

ViEaDZe
where u and o are the mean and standard deviation of the Gaussian-distributed 1/D, and P
accounts for the number of trajectories used in the analysis. In general one might use a mixture
of reciprocal normal distributions (each with characteristic values of u and o) to describe

systems with multiple molecular populations, this was not necessary for the data presented here.

3.3.4.3 Step Size Distributions — The step sizes (absolute values of displacements) at a lag
time of 50 ms were converted into histograms, potentially exhibiting multiple modes of diffusion.

A Rayleigh mixture model was used to fit the distributions (32):
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M 2
N = Q) fizexp <§> (Eq. 3-4)
i=1 ! L

where N is the number of steps with a displacement of r. The scale parameter /; is related to the
diffusion coefficient Di by 4i? = 2DiAt and fi represents the corresponding fraction for the ith
mode. M is the total number of modes. Q accounts for the number of trajectories used in the
analysis. The average diffusion coefficient Davyg for each experimental condition was calculated

using the expression

M
Davg = ZfiDi (Eq. 3-5)
i=1

3.4 RESULTS AND DISCUSSION

3.4.1 Calcium-Dependent Ensemble Average Diffusion

In order to investigate how the concentration of Ca?* ions affects cadherin transport on
lipid bilayers (DOPC), single-molecule experiments were performed at 5 different Ca®* ion
concentrations ranging from 0 mM to 2 mM. On average, the diffusion of the membrane-bound
cadherin decreased systematically with decreasing Ca?* concentration. For example, as shown in
Figure 3-1, the slope of the mean squared displacement (MSD) vs time plot, which is associated
with the ensemble-averaged diffusion coefficient, decreased systematically with decreasing Ca?*
concentration. At a concentration of 2 mM, where cadherin ectodomains were presumably
saturated by Ca?" ions and possessed a relatively rigid elongated structure,™ > % 8 15 38 the

diffusion coefficient was determined to be 3.173 = 0.003 um?/s. To understand this value, we
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measured the diffusion coefficient of fluorescently labeled lipids in a pure lipid bilayer
(DOPC/DOPE-LR) at the same Ca?* concentration, and determined an almost identical value
(3.124 + 0.005 um?/s). This result suggested that in its rod-like configuration at high Ca?*
concentration, each cadherin ectodomain interacted only with the lipid to which it was bound,
and any additional friction associated with bulk water was negligible compared to the friction

within the lipid bilayer.

10 DOPC (0 mM Ca™")
010 DOPC (2 mM Ca?)
1A [Ca?]=0mM

817 [Ca*]=0.1 mM
{0 [Ca*]=0.2mM
64O [Ca*]=0.8mM
O [Ca]=2mM

MSD (um?)

Figure 3-1. Ensemble mean squared displacements (MSD) vs lag time (z) for the
diffusion of cadherin in supported lipid bilayers at different Ca?* concentrations
(colored symbols) and for the diffusion of fluorescently labeled lipids (black
symbols). Symbols represent experimental data points and solid lines represent linear
fits.

When the Ca®' ion concentration was decreased to 0.8 mM, the ensemble-average
diffusion coefficient was reduced only slightly to 3.05 + 0.01 um?/s. This value decreased further
to 2.677 £ 0.005 um?/s at a Ca®" concentration of 0.2 mM, to 2.225 + 0.002 um?/s at a Ca?*
concentration of 0.1 mM, and eventually to 1.354 + 0.003 um?/s when the buffer was free of
Ca?* ions. Notably, in order to rule out a possible effect of Ca®* on lipids, we measured the

diffusion coefficient of fluorescently labeled lipids (DOPC/DOPE-LR) in a buffer free of Ca®*,
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and attained a corresponding value of 3.346 + 0.005 um?/s. This value was very close to the one
in a buffer with 2 mM Ca?*, demonstrating a negligible influence of Ca?* concentration on the
diffusivity of pure lipids. Because of the well-established dependence of the cadherin
configuration on the Ca?* concentration,*® > we hypothesized that the measured trend in
diffusion coefficient was related to these conformational changes. Specifically, the fast diffusion
at high Ca?* concentration suggested that the rigid, fully-folded cadherin interacted with the
bilayer only via the single lipid to which it was attached, while at lower Ca?* concentrations,
increasingly flexible cadherin ectodomains collapsed onto the lipid bilayer and therefore
experienced increased friction, leading to slower diffusion.®> A conceptually similar type of
conformation-dependent diffusion was previously observed by Herold et al,3® who studied the
motion of coiled and globular DNA adsorbed on cationic lipid bilayers. Interestingly, the trend of
the ensemble-average diffusion coefficient with Ca?* concentration correlated very strongly with
the loss of cadherin secondary structure reported by Pokutta et al using circular dichroism
spectroscopy.* 1° At very low Ca?* concentrations (0 — 0.2 mM), both the conformation and the
diffusion changed rapidly with concentration; while at higher Ca?* ion concentrations (> 0.2
mM), they were much less sensitive and gradually saturated. As shown below, this variation of

secondary structure and mobility exhibited remarkable correlation.

While the correlation between cadherin conformation and ensemble-average diffusivity
suggested a mechanistic connection between these properties, various molecular-level
phenomena can lead to changes in ensemble averages. The conceptually simplest scenario
involves the homogeneous diffusive slowing of a single cadherin population with decreasing
Ca" concentration. However, the decrease in the ensemble-average diffusion may also be a

consequence of heterogeneous behavior. For example, if the available Ca?" ions were not
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sufficient to saturate all cadherin molecules, multiple molecular populations could potentially be
present (e.g. fast and slow) due to heterogeneous binding of Ca?* ions with different cadherin
molecules, and the relative fractions of these populations could vary systematically with Ca®*
concentration.  Alternatively, even with only one molecular population, individual cadherin
molecules may exhibit dynamic heterogeneity, switching between fast and slow modes within a
given trajectory. Since the non-covalent binding of calcium to cadherin is highly reversible, "+ 1>
40 this diffusive heterogeneity could hypothetically be related to the dynamic association and
dissociation of Ca?* ions in calcium-deficient situations. These scenarios can be distinguished

directly by careful statistical analysis of single molecule trajectories.

3.4.2 Step Size Distributions and Diffusive Heterogeneity

To determine whether the behavior was homogeneous or heterogeneous, we constructed
histograms of step sizes (absolute displacements in 50 ms time intervals) based on molecular
trajectories obtained from single molecule experiments, and employed a Rayleigh mixture model
to fit and quantify the distributions (Figure 3-2). We observed distinct populations of step sizes
with peaks at two locations, and the relative magnitudes of the two peaks varied systematically
with Ca?* concentration. This observation immediately allowed us to eliminate the possibility
that the slowing with decreasing Ca?* concentration was due to homogeneous slowing of a single

cadherin molecular population.

The peaks in the histograms were observed at ~0.10 wm (associated with an apparent
diffusion coefficient of ~0.1 pm?s) and ~0.56 pum (associated with an apparent diffusion

coefficient of ~3.1 um?/s). These two peaks can be assigned to “slow” and “fast” modes or
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populations, respectively. In Figure 3-2a, with no Ca?* in the buffer, the step size distribution

was dominated by the slow mode, while it was still heavy tailed due to a small number of
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Figure 3-2. Histograms of step sizes for (a) 54,032 steps at [Ca®*] = 0 mM, (b) 89,433
steps at [Ca®*] = 0.1 mM, (c) 121,311 steps at [Ca®*] = 0.2 mM, (d) 75740 steps at [Ca®"] =
0.8 mM and (e) 94,862 steps at [Ca®*] = 2 mM. Trajectories with overall diffusion
coefficients lower than 0.2 um?/s were removed before plotting those histograms. Solid
lines represent fixed to a Rayleigh-distribution mixture model.
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apparent long steps. As Ca?* concentration increased, from Figure 3-2a to Figure 3-2e, the peak
representing the slow mode decreased and the peak associated with the fast mode increased
systematically, completely dominating the distribution at the highest Ca?* ion concentration.
Additionally, it is likely that multiple unresolved states were present in the slow mode regime
and the values of A1 (the scale parameter associated with the slow diffusion mode as defined in
Equation 4) increased slightly with increasing Ca?* (Table B-1 in Appendix B), indicating that

the overall motion associated with the slow modes became faster.
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Figure 3-3. Ensemble diffusion coefficients (Dg, calculated by fitting the MSD plots) and
average diffusion coefficients (Davg, calculated by fitting the step size distributions) of
cadherin on supported lipid bilayers as a function of Ca?" concentrations. Error bars
represent fitting uncertainties obtained using the respective statistical models. Symbols in
light grey represent the recovery of cadherin molar ellipticity (data adapted from Fig 4 in
reference 4).

According to the fitting parameters (Table B-1 in Appendix B), by adding 2 mM Ca?* to
the buffer, the fraction of steps associated with the slow mode/population decreased from 0.54 to
0.02, while the fraction of steps associated with the fast mode/population increased from 0.46 to

0.98. Interestingly, even in the absence of Ca?*, some long apparent steps were still observed,
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suggesting that cadherin molecules could still spontaneously adopt conformations that facilitate
fast diffusion, even in the absence of Ca®*. Figure 3-3 shows that the average diffusion
coefficients calculated by fitting the step size distributions for a single lag time (see Table B-1 in
Appendix B) were in fact very close to the ones calculated by fitting the MSD plots as a function
of lag time (see above and Table B-2 in Appendix B). It also allows us to visualize the
correlation between the cadherin secondary structure measured using circular dichroism
spectroscopy (data adapted from Fig 4 in reference 4, represented by grey symbols) and the
average cadherin diffusion coefficient as a function of Ca?* concentrations,* suggesting a

potential correlation between the conformation and diffusion of cadherin molecules.

3.4.3 Support for a Single Diffusive Population

While Figure 3-2 clearly indicates the presence of heterogeneity, it does not explicitly
distinguish between the possibility of heterogeneous populations (some molecules move rapidly
and some slowly) and the possibility of dynamic heterogeneity (individual trajectories of a single
molecular population switch dynamically between slow and fast modes). To test for the presence
of multiple molecular populations, histograms of molecular diffusion coefficients (i.e. for
individual trajectories) at different Ca?* concentrations were accumulated and analyzed (Figure
3-4). Diffusion coefficients presented here correspond to the “short-range diffusion coefficients”

in the formalism of Saxton et al,*! and did not show a dependence on trajectory length.
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Figure 3-4. Histograms of diffusion coefficients for (a) 2214 trajectories at [Ca®"] =
0 mM, (b) 2159 trajectories at [Ca?*] = 0.1 mM, (c) 2595 trajectories at [Ca®*] = 0.2
mM, (d) 2742 trajectories at [Ca®*] = 0.8 mM and (e) 2695 trajectories at [Ca®] = 2
mM. Trajectories with overall diffusion coefficients lower than 0.2 pm?/s were
removed. Solid lines represent reciprocal normal fits.
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Notably, each of these distributions exhibited only one peak, consistent with the presence
of a single population, which is in conflict with the alternative hypothesis that multiple
conformational populations may be present due to heterogeneous binding of Ca2* ions. As Ca?*
concentration was increased, (Figures 3-4 a—d) the location of the peak shifted to the right,
indicating that as cadherin ectodomains were further saturated by Ca?* ions, they diffused faster
on average. As described above, these distributions were statistically analyzed, assuming that the
friction factors (characteristic values of friction, represented by x) for the diffusion of lipid-
binding cadherin ectodomains were Gaussian-distributed (and therefore that the diffusion
coefficients, which were associated with the inverse of frictions, should follow a reciprocal
normal distribution as described in Eqg. 4). This model provided satisfactory fits in all cases,
again suggesting that only a single molecular population was present. The fitting parameters are
shown in Table B-3 in Appendix B. With increasing Ca?* concentration, the value of u
decreased, indicating lower average friction as cadherin ectodomains “stood up” on the lipid
bilayer. Correspondingly, the inverse-friction 1/u (expected to be proportional to the apparent
diffusion coefficient through the Einstein relation) increased systematically while adding Ca?*
ions. Notably, the trend of 1/4, and of the ensemble-average diffusion coefficient Dg, vs Ca?

concentration were similar, demonstrating the effectiveness of this fitting model (Table B-3).

Since only one molecular population was identified in the distributions of diffusion
coefficients (Figure 3-3), we ascribed the presence of two peaks in the step size distributions
(Figure 3-2) to the dynamic switching of diffusion modes within each trajectory. Moreover, this
behavior can be directly observed in representative trajectories that randomly assembled, as
shown in Figure 3-5. In the absence of Ca?* ions in the buffer (Figure 3-5a), cadherin molecules

were predominantly observed in the slow mode (represented by short steps), while they
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occasionally shifted into the fast mode as represented by rare long steps. With 0.1 mM Ca?* in
the buffer (Figure 3-5b), many more long steps were identified, and the shifting between the two
states became more pronounced. At the saturated Ca?" ion concentration (Figure 3-5¢), short

steps were seen only rarely, and cadherin molecules diffused essentially in the fast mode.
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Figure 3-5. Representative trajectories of cadherin diffusion on lipid bilayers
at Ca®* concentrations of (a) 0 mM, (b) 0.1 mM and (c) 2 mM.
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3.4.4 Interpretation of the Observed Dynamic Heterogeneity

Based on the calcium-dependent heterogeneous diffusion of cadherin that we observed,
and the strong dependence of cadherin conformation on Ca?' concentrations,* & 1% 38 e
hypothesized that the dynamic heterogeneity of cadherin on lipid bilayers was potentially
correlated with conformational changes. Specifically, when a cadherin ectodomain diffuses in
the presence of a lipid bilayer, it can undergo conformational changes, which may be caused by
the dynamic association and dissociation of Ca®" ions. When supported by Ca?" ions, a rigid
cadherin molecule is most likely to “stand up” and interact with only the one lipid to which it is
bound, therefore diffusing in a fast mode identical to that of individual lipid molecules.
However, transient Ca?* dissociation from various binding sites would render the protein more
flexible,* 1> % and at very low Ca?* concentrations, cadherin could intermittently collapse onto
the lipid bilayer, thus interacting with more lipid molecules, experiencing more friction, and
slowing the motion.3? The characteristic diffusion coefficient associated with the slow mode was
roughly 1/30 of the diffusion coefficient for the fast mode, suggesting that if this hypothesis is
correct, the collapsed cadherin molecule in the slow mode was contacting as many as 30 lipids
(assuming a simple superposition model for the friction factor). Considering the size of a lipid
headgroup (~70 A?) and the dimensions of a cadherin domain (~45 A x 30 A), the area of 30

lipids is equivalent to 1-2 of the five extracellular domains, when lying down.: 7 25 42-46
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3.5 CONCLUSIONS

The concentration of Ca®* ions can both determine the cadherin conformation, and
influence cadherin diffusion on supported lipid bilayers. Specifically, as the cadherin ectodomain
became more flexible with decreasing Ca?* concentration,* > 38 we also observed overall slower
cadherin diffusion on the membrane. By analyzing the distributions of diffusion coefficients and
step sizes, we found that cadherin ectodomains alternated between slow and fast modes when
diffusing in association with a lipid bilayer. With decreasing Ca?* concentration, cadherin
molecules experienced more friction and spent more time in the slow state, possibly because they
adopted more flexible conformations and were in contact with more lipids. In contrast with the
typical behavior of proteins on solid surfaces, where the unfolding of proteins is generally
irreversible and can sometimes cause aggregation,*’-> the results reported above suggest that the
conformational changes of cadherin on lipid bilayers membrane appears to be highly dynamic
and reversible. While the correlation between the calcium-dependence of diffusion and
conformation is compelling, it is also possible that Ca?* concentration may cause indirect effects
that could influence the diffusive dynamics of cadherin for other reasons; therefore, future work

will address the structural dynamics of cadherin directly.
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Chapter 4

Mapping the Functional Tortuosity and Spatio-temporal
Heterogeneity of Porous Polymer Membranes with Super-
Resolution Nanoparticle Tracking

Reproduced from Cai, Y. and Schwartz, D. K., ACS Applied Materials & Interfaces, 2017, 9 (49),
43258-43266.

4.1 ABSTRACT

As particles flow through porous media, they follow complex pathways and experience
heterogeneous environments that are challenging to characterize. Tortuosity is often used as a
parameter to characterize the complexity of pathways in porous materials and is useful in
understanding hindered mass transport in industrial filtration and mass separation processes.

However, conventional calculations of tortuosity provide only average values under static
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conditions; they are insensitive to the intrinsic heterogeneity of porous media and do not account
for potential effects of operating conditions. Here, we employ a high-throughput nanoparticle
tracking method, which enables the observation of actual particle trajectories in polymer
membranes under relevant operating conditions. Our results indicate that tortuosity is not simply
a structural material property, but is instead a functional property that depends on flow rate and
particle size. We also resolved the spatio-temporal heterogeneity of flowing particles in these
porous media. The distributions of tortuosity and of local residence/retention times were
surprisingly broad, exhibiting heavy tails representing a population of highly tortuous trajectories
and local regions with anomalously long residence times. Interestingly, local tortuosity and
residence times were directly correlated, suggesting the presence of highly confining regions that
cause more meandering trajectories and longer retention times. The comprehensive information
about tortuosity and spatio-temporal heterogeneity provided by these methods will advance the
understanding of complex mass transport and assist rational design and synthesis of porous

materials.

4.2 INTRODUCTION

Hindered mass transport is essential to many applications including water filtration,
chromatography, groundwater movement, heterogeneous catalytic processes and cancer
therapeutics.:® Though it has been studied intensively for decades, there are no universal models
capable of predicting mass transport quantitatively due to the complexity of real porous materials.
Tortuosity is a specific parameter that can be used to quantify the complexity of pathways in

porous materials, and to study the travel distance and time of particle transport.1%13 It is defined
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geometrically by the ratio of the contour length to the end-to-end distance (i.e. Euclidean length)
of pathways.*® A variety of approaches have been applied to characterize the tortuosity of porous
materials. For example, the effective tortuosity can be determined by comparing the diffusion
coefficients of solutes in porous media and in bulk solvent using nuclear magnetic resonance
(NMR),* however, the tortuosity calculated under stagnant conditions in this approach provides
only static structural information at limited length scales. Electrical conductivity measurements
can also be used to determine the effective tortuosity of some porous materials.*® 6 However,
since conductivity is highly sensitive to the cross-sectional area of pathways, it is difficult to
unambiguously interpret these measurements in the context of particle pathways in mass
transport processes.!’ 8 Additionally, there is a vast literature providing mathematical models to
characterize tortuosity with computational methods.'% 1”1 While some of the models are highly
idealized,?%%2 others are more empirical and account for particle dispersion or constrictions in
porous materials.?>2° Still, none these approaches can identify actual pathways in porous media

and measure tortuosity directly under varying operating conditions.

The relevant tortuosity of a specific material is determined by the actual pathways
through which particles flow. For example, in water filtration processes, we hypothesize that
these pathways are highly dependent on operating parameters such as flow rate and particle size.
While conventional methods neglect the significant impacts of operating conditions and fail to
provide direct measurements of pathways,'* ¢ 1% single-particle tracking enable the direct
observation of tracer particle trajectories in porous media, including membranes and hydrogel
matrices.?%28 In the present work, we developed and employed a high-throughput single-particle
tracking approach under flow conditions, allowing us to acquire and analyze actual particle

trajectories and achieve statistically meaningful results. Specifically, we used polymer filtration
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membranes as model porous media and investigated the transport of different sizes of tracer
particles under various flow conditions in order to study the impacts of operating conditions on
apparent tortuosity. Compared to conventional methods that measure tortuosity under stagnant
conditions, this approach provides information about porous materials under a range of flow
conditions that are relevant to practical operating conditions and permits the examination of
heterogeneous transport behavior, i.e. the tortuosity of individual pathways and the retention of
tracer particles at different locations. This approach provides detailed spatial-temporal
information about particle trajectories that is necessary feedback for the rational design of

filtration media and other porous materials.

4.3 EXPERIMENTAL METHODOLOGY

4.3.1 Materials and Sample Preparation

Durapore (PVDF) filtration membranes were purchased from MilliporeSigma. They have
a nominal pore size of 0.65 um and a thickness of 120 um (Figure 4-1 a, b). Membranes were
cut into annuli with an inner diameter of 7 mm and an outer diameter of 8 mm. In each
experiment, an annulus of membrane was sealed in the flow cell between a glass coverslip and a
metal plate with integrated inlet and outlet tubes (diameter = 0.5 mm) as shown in Figure 4-1c.
Tracer particle solution was introduced from the inlet (in the center of the annulus) and flowed
radially outward through the 500 pum-wide annulus of membrane. Given that the area of the field
of view (~100 x 100 pm?) was small relative to the curvature of the annulus, the direction of

flow within a field of view showed minimal divergence. This flow represented a dead-end
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filtration process in which fluid was constrained to flow through the membrane sample (Figure
4-1c). Since the membrane microstructure was nominally isotropic, it was expected that the
transport (parallel to the focal plane) was representative. In order to minimize light scattering
from the internal surfaces of porous materials, index-matching liquid (n=1.42) was formulated
with isopropyl alcohol and Triton X-100 (volume ratio 64:36).2% 2% Triton X-100 also worked
as a surfactant to reduce nonspecific adsorption of nanoparticles to the internal membrane
surfaces. The solvent showed Newtonian properties in rheology tests (see Figure C-1 in
Appendix C for more details).®° FluoSpheres carboxylate-modified microspheres (Invitrogen)
with nominal sizes of 0.04 um (dark red fluorescent, 660/680) and 0.2 um (orange fluorescent,
540/560) were used as tracer particles (see Figure C-2 in Appendix C for particle hydrodynamic
radius characterization). For single particle tracking experiments, the volume fractions of
nanoparticle solutions were controlled to be in the range 10® — 10 to minimize particle-particle
interactions and enable localization of individual particles. A flow rate controlling syringe pump
(NE-1000) was used to provide pressure driven flows. The experimentally accessible range of
particle velocity in the membrane was 1—10 um/s; this was limited by various parameters,
including the imaging speed of the camera, the injection rate of the syringe pump and the
pressure limit of the flow cell. Taking into account the membrane porosity of 75%, this range of

velocity translated to an effective flux range of approximately 2.7-27 L/(h-m?).
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Figure 4-1. (a, b) Scanning electron microscope (SEM) images of Durapore
(PVDF) filtration membranes with nominal pore size of 0.65 pm. (c)
Schematic diagram showing the flow cell construction (only the part of
membrane annulus being imaged is shown) and the imaging system.
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4.3.2 Single-Particle Tracking

All experiments were performed at room temperature using a Nikon Ti-E epifluorescence
microscope with a CFI Plan Apo Lambda 100x oil immersion objective. A CMOS camera
(Hamamatsu) was used to capture images with a pixel size of 0.26 um and an acquisition time of
50 ms. Multiple movies (3,000 frames per movie) were collected for each experimental condition.
Dark red fluorescent particles were illuminated by a 640 nm diode-pumped solid state laser
(CrystaLaser) and orange fluorescent particles were illuminated by a 532 nm diode-pumped solid
state laser (Cobolt AB). A 532/638 C-TIRF filter cube (Chroma) was used in the light path.
Trajectories of individual particles were determined using custom algorithms implemented in
Mathematica as described previously.3! Any trajectory with a total residence time shorter than
0.5 s was ignored for the purpose of statistical analysis. Several thousand trajectories
(contributing tens of thousands of sub-trajectories) were analyzed for each observation. Within
the flow cell, the mean direction of flow was nominally parallel to the focal plane. Given the
depth of focus of ~3um, it was expected that the beginning and end of trajectories were defined
by a particle’s entry and exit from the focal volume of the microscope, so particles whose
trajectories frequently meandered large distances in the z-direction were generally excluded from
the analysis. The analysis therefore emphasized trajectories that happened to have large
residence times within the focal volume, which was extensive in the x-y plane, but shallow in the
z-direction. However, since the membrane material was isotropic, it was expected that these
trajectories were representative. Inevitably, a small fraction of tracer particles adsorbed to the
interior surface of membrane (perhaps to anomalously strong binding sites) and were immobile
over the entire observation period of a given experiments.>> These immobile trajectories

represent abnormally large apparent tortuosity values (sometimes on the order of 10°) and long
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retention times that exceeded the scope of observation. Therefore, it was impossible to measure
the actual retention times and tortuosity of these immobile particles accurately. Since these
anomalous values were not relevant to the actual flow pathways in the membrane and could
potentially skew the analysis, immobile trajectories were excluded from the analysis to avoid the
influence of this anomalous population (~20% for 0.04 um tracer particles and ~10% for 0.2 pm
tracer particles).®® Three dimensional (3D) tracking experiments were also performed under a
subset of operating conditions using double-helix point spread function (DH-PSF) microscopy

(SPINDLE module, DoubleHelix LLC, Boulder, CO).3* %

4.3.3 Data Analysis

4.3.3.1 Mean squared displacements — Diffusion coefficients for tracer particles
suspended in bulk solvent (D,) and within the internal pore space of membranes (D,,) were
determined by calculating the two-dimensional (2D) ensemble-averaged mean squared
displacement (MSD, (r2(t))) as a function of lag time t. The corresponding function for 2D

Brownian motion,

(r2(t)) = 4Dt (Eq. 4-1)

was used to fit the data.

4.3.3.2 Péclet number — To account for the significance of the observed lateral diffusion
during membrane transport, we used the dimensionless Péclet number (Pe) to compare the
behavior of different size tracer particles on an equal basis.®® %7 Péclet numbers were calculated

with the following equation:
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L_u (Eq. 4-2)
D

Pe =
where L is the characteristic length of the porous medium (the nominal membrane pore size of
0.65 pum was used), u is the local velocity of tracer particles and D is the corresponding diffusion

coefficient of tracer particles in bulk solvent.*® The syringe pump flow rate was varied in order to

control the Péclet number over the desired range.

4.3.3.3 Tortuosity — In order to understand both local and global properties of membrane,
local tortuosity and global tortuosity were calculated, respectively. To calculate mean local
tortuosity <t;>, each trajectory was divided into sub-trajectories with equal durations of 10 time

steps. For each sub-trajectory, partial tortuosity 7, was calculated by

75 = Lg/Cs (Eq. 4-3)
where L, is the contour length and C; is the end-to-end distance of the sub-trajectory. For each
experimental condition, the mean local tortuosity <z,> was the average of all sub-trajectory

tortuosities sampled in the field of view using the equation

=Y €4

The local tortuosity values provided spatial information about membranes on length scales of
approximately 10-100 times the characteristic pore size, which are highly relevant to particle
transport and retention in membranes. With tens of thousands of sub-trajectories for each
experimental condition, we successfully generated statistically significant probability

distributions of local tortuosity.

As a complementary approach, we calculated the apparent global tortuosity t,; which

considered each measured trajectory to be a fragment of a complete pathway through the
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membrane (the beginning and end of each fragment was determined by motion into and out of
the focal plane of the microscope). 7, was calculated by the sum of all contour lengths divided

by the sum of all displacements projected in the global flow direction,

A (Eq. 4-5)
B Z Cn,p

Tg

where L, and C, ,, are the contour length and the projection of the displacement in the global
flow direction, respectively, for the nth trajectory. Global tortuosity involves length scales more
than 1,000 times larger than the characteristic pore size. Compared to local tortuosity, it provides
only a single average value, and heavily depends on trajectory segments whose net direction is
lateral to the global flow direction. However, this metric does contain information about the
overall flow directions of trajectories (i.e. it accounts for the fact that some trajectory fragments

involved sideways, or even backwards, motion).

In order to maintain consistency in trajectory resolution for different flow rates, we
adjusted the sampling of data points (in trajectories) based on mean particle velocity. Specifically,
the same number of observations were sampled over a given distance traveled for particles with
different velocities. This approach eliminated a potential source of bias by maintaining

approximately equal spatial resolution for particles under different flow conditions.

4.3.3.4 Normalized residence time distributions — In studies of water flow through model
geological formations, Berkowitz and coworkers pioneered statistical analyses that are
appropriate for the characterization of anomalous and highly heterogeneous flow behavior, and
these methods guided our approach here.® ° In particular, since our analysis of tortuosity

indicated the presence of complex and heterogeneous pathways, we speculated that the local
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particle residence times likely exhibited similarly heterogeneous behavior. To characterize this,
we calculated histograms of normalized residence times by dividing each field of view into small
bins (1.56 x 1.56 um?). All trajectories passing through a given bin were identified and a mean
residence time was calculated for each bin.® These residence times were then normalized by the
average residence time for all bins. For each experimental condition, a histogram was generated

from these normalized mean residence times.

4.4 RESULTS AND DISCUSSION

4.4.1 Conventional Measurements of Apparent Tortuosity under Stagnant Conditions

One conventional, but indirect, method of measuring tortuosity involves a comparison of

the apparent diffusion coefficient within the porous membrane (D,,,), under stagnant conditions,

to the diffusion coefficient in bulk solvent (D,), using the expression 7, = m.“ Figure
4-2 shows MSD versus lag-time data for 40 nm and 200 nm tracer particles in bulk solvent and
in the PVDF membrane, calculated from particle trajectories measured under stagnant conditions.
As expected, the diffusion was slower for the larger particles compared to smaller particles,
which was consistent with the Stokes — Einstein relation, which predicts that diffusion
coefficients are inversely related to hydrodynamic radii of particles.®*® Meanwhile, for tracer
particles of both sizes, diffusion was lower within the void space of the membrane than in un-
confined bulk solution of the same liquid.?® 2 This effect was related to the tortuosity of

membrane, whereby particles had to follow meandering pathways within the membrane therefore
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traverse a greater length along the pathway in order to travel a certain Euclidean distance; while
in bulk solvent, particles were able to explore the vicinity faster without any hindrance, and
exhibited higher diffusion coefficients.'% * Using the diffusion coefficients calculated by fitting
these MSD data to a linear model, 7, for both tracer particles were determined to be 2.2 + 0.1
(see Table C-1 in Appendix C for fitting parameters). Obviously, this approach provides only an
approximate average value for the structural tortuosity under stagnant conditions, but does not
account for any effects that may depend on operating conditions.1® 14 16. 17. 19 Nevertheless, it

provides a useful baseline to which more detailed measurements can be compared.
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Figure 4-2. Mean squared displacements vs. time plots for 40 nm (orange)
and 200 nm (green) nanoparticles diffusing in un-confined bulk solvent
(filled symbols) and in PVDF membranes (open symbols). Solid lines
represent linear fits to the equation MSD = 4Dt (see Table C-1 in
Appendix C for fitting parameters and calculated absolute diffusion
coefficients).
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4.4.2 Tortuosity of Nanoparticle Trajectories Depends on Pe and Tracer Particle Size

To study the functional tortuosity of membranes under relevant operating conditions, we
tracked individual tracer nanoparticles of different sizes under various flow conditions, and
found that instead of being a simple structural material property, the effective membrane
tortuosity was actually a functional property, which depended on both the flow conditions and

the tracer size.

((b)

Figure 4-3. Trajectory maps (in different fields of view) obtained with 40 nm tracer
particles (panels a-c) and 200 nm tracer particles (panels d-f) at varying Pe. Pe =
3.3+0.3, 5.3+0.1, and 6.7+0.2 for panels a, b, and c, respectively. Pe = 3.2+0.2, 4.9+0.2,
and 6.3+0.2 for panels d, e, and f, respectively. Tracer particles flowed from the left to
the right in these maps. Scale bar = 5 um. The trajectory colors are arbitrary for the
sake of visibility.
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To visualize pathways under different experimental conditions, trajectory maps were
constructed by overlaying trajectories obtained in representative experiments for 40 nm tracer
particles (Figures 4-3 a—-c) and 200 nm tracer particles (Figure 4-3 d-f) at various Péclet
numbers (Pe) in PVDF membrane samples. As described above, we used Pe (the ratio of
advection to diffusion) as the basis for comparison for tracer particles in different sizes, since the
difference in diffusive mobility clearly had a significant impact on the resulting pathways
through the membrane.®® 37 Interestingly, the observed pathways in these maps appeared to be
sparse and heterogeneous, with some regions traversed by multiple particles, and others never
sampled. The observation of regions through which no particles passed was possibly caused by a
combination of flow restrictions/geometry and sparse sampling. However, since multiple
trajectories were generally sampled in occupied regions, we believe that the apparent void spaces
were most likely caused by flow restrictions and/or pathway geometry. For both particle sizes,
the sampled pathways became less tortuous with increasing Pe. Additionally, when compared at
similar Pe, the pathways followed by the larger tracer particles were systematically more
tortuous than pathways followed by the smaller particles. Figure 4-4 shows the values of mean
local tortuosity (z,) (Figure 4-4a) and global tortuosity 7, (Figure 4-4b) for the two tracer
particles as a function of Pe. Mean tortuosity values calculated in both ways exhibited the same
trends. For the 40 nm tracers, (t,) decreased systematically from 2.4+0.2 to 1.8+0.1 while
decreased from 2.0+0.2 to 1.6+0.1 as Pe increased from 3.3+0.3 to 6.7+£0.2. (t;) and 7
measured with the 200 nm tracer were systematically higher in a similar Pe range. In particular,
for 200 nm particles, (t;) decreased from 3.0£0.1 to 2.4+0.1 and 7 decreased from 4.6+0.3 to
3.1+0.2 as Pe increased from 3.2+0.3 to 6.3+0.2. Again, these quantitative values explicitly

demonstrated that the tortuosity relevant to nanoparticle transport was a functional property that
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depended on operating conditions. We hypothesize that the decrease of tortuosity with increasing
Pe may be related to the fact that particles flowed more deterministically in the flow direction at
higher Pe due to reduced diffusive exploration of alternative pathways.® % 44 The increase of
apparent tortuosity for larger tracer particles may be related to the fact that larger particles were
more likely to be forced into alternative pathways due to an inability to pass through smaller
constrictions.®® 4244 These hypotheses will be tested below by direct analysis of local retention

times.

3.5

(a) O 40 nm

301 + © 200 nm

25 _{J_ H?*ﬂ% .

2.0
15—+ 77— T .
3 4 5 6 7
6 Pe
(b) O 40nm
5 C  200nm
44
L —C—
3- -
2 @l
o HH
1+—T—— 777
3 4 5 6 7
Pe

Figure 4-4. (a) Apparent mean local tortuosity (z,) and (b) global tortuosity z for
40 nm and 200 nm tracer particles at increasing Pe. Error bars were calculated as
the standard error of measurements from multiple independent experiments.
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In addition to the 2D tracking results, we also performed 3D particle tracking
experiments in order to directly measure the motion of particles in the z direction. 3 As
described above, our choice to focus on particles that exhibited long in-focus trajectory segments,
led us to exclude particles whose trajectories included large excursions in the z-direction. This
was borne out by the 3D tracking results, which showed that for the sampled trajectories that
remained in the focal plane for relatively long times, fluctuations in the z direction were minor,
and therefore the resulting 3D tortuosity values were nearly identical to 2D tortuosity values (see
Figure C-3 in Appendix C for more details).%® Since the membrane material was isotropic, it is
expected that these trajectories and tortuosity values represented an unbiased sample. We note

that this would not necessarily be the case for anisotropic or asymmetric membranes.

4.4.3 Spatial Heterogeneity

Since each sub-trajectory provided a separate value of local tortuosity, we obtained
detailed information about the distribution of local tortuosity values under various operating
conditions, which provided insights into the structural heterogeneity of the membrane void space.
Figure 4-5 shows probability distributions of local tortuosity values for 40 nm tracer particles
(Figures 4-5a) and 200 nm tracer particles (Figures 4-5b) in PVDF membranes. These
distributions exhibited heavy tails (i.e. the tails of these distribution were not exponentially
bounded), which were associated with the significant numbers of sub-trajectories that were
highly tortuous (3—4 times greater than the mean tortuosity), illustrating the remarkable spatial
heterogeneity and inherent complexity of the membrane.®? Notably, this spatial heterogeneity

decreased with Pe for both tracer particles sizes, as the tails of distributions shifted significantly
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to the left. When comparing distributions for different size particles at similar values of Pe,

heavier tails were observed for the larger particle, indicating increased spatial heterogeneity

associated with the trajectories of larger tracer particles.
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Figure 4-5. Probability distributions of local tortuosity z; for (a) 40 nm particle
trajectories and (b) 200 nm particle trajectories at various Pe.

102



4.4.4 Temporal Heterogeneity

Tortuosity provides quantitative information about trajectories and pathways that is
purely structural and geometrical, and ignores the dynamic information that is also obtained in
the single-particle tracking experiments. For example, the instantaneous velocity of particles
within a given membrane was highly heterogeneous, both between different trajectories and even
within a given trajectory. To quantitatively characterize this information, we investigated the
local residence times of tracer particles within the membrane under different operating
conditions, which provided information about the temporal heterogeneity of particle transport.
Specifically, we calculated normalized residence time distributions (as described in the
experimental methodology section) for tracer particles of two different sizes at different Pe.
Figure 4-6 shows a representative heat-map of residence times for 200 nm particles flowing
through a membrane at Pe = 3.2. The heterogeneity of residence times is readily visible, with
most of the regions exhibiting short residence times and a smaller subset of highly retaining
regions with long residence times. Particles that adsorbed to the pore walls were eliminated in

the analysis and therefore did not influence the residence times.
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Normalized Residence Time

Figure 4-6. Representative heat map of normalized residence times
for 200 nm tracer particles in a PVDF membrane at Pe = 3.2.
Temporal heterogeneity (indicated by different colors) is visible in
the heat map.
Figure 4-7 shows histograms of normalized residence times in each spatial location (i.e.,
“bin”) for 40 nm tracer particles (Figures 4-7 a—c) and 200 nm tracer particles (Figures 4-7 d-f)
as a function of Pe. Narrow distributions with small standard deviation values would be expected
if particles experienced uniform flow within the membranes. In contrast, the actual distributions
were highly asymmetric (with skewness values of ~3) with heavy tails caused by a substantial
fraction of local regions with anomalously long residence times.® The temporal heterogeneity
was quantified by calculating the standard deviations of these distributions, where larger
standard deviation values were associated with greater temporal heterogeneity. The calculated
standard deviation values are annotated on the graphs in Figure 4-7 (see Table C-2 in Appendix
C for calculated standard deviation values, including uncertainties, for replicate experiments).
Interestingly, the same overall trends were observed for temporal heterogeneity as for spatial

heterogeneity as a function of Pe and tracer particle size; i.e., the standard deviation values

decreased with increasing Pe, and increased with increasing particle size at similar Pe values.
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Specifically, as Pe increased from ~3 to above 6, the calculated standard deviation value
decreased from 0.90 to 0.65 for the 40 nm tracer and from 0.93 to 0.77 for the 200 nm tracer.
Therefore, the temporal heterogeneity decreased with increasing Pe, and increased with

increasing particle size at similar Pe values.

120 200
(@) (@)
1504
80- Pe=33 Pe=32
I _ £ _
5 0] SD=0.90 S 100 $D=0.93
(@] [&]
401
50
20
0 T T T Q T T T
300 350
. ®)] 0 ®)
2504
200+ _ _
. Pe=53 £ 200] Pe=49
o 150 SD=0.75 o SD =0.83
(&) O 1504
100 1001
504 501
0 r - r 0 T r T
600 600
500+ (C) 5004 (f)
. 4001 Pe=67 = 4007 Pe=6.3
c c
3 300 SD =0.65 3 300 $D=0.77
3} 3]
200+ 2001
1004 1004
0 0
0 1 2 3 4 0 1 2 3 4
t, tt,

Figure 4-7. Histograms of normalized residence times per bin for (a—c) 40 nm tracer particles
and (d—f) 200 nm tracer particles in PVDF membrane at various Pe (see Table C-2 in Appendix
C for standard deviation values and uncertainties calculated for all six histograms).
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4.4.5 Correlation between Tortuosity and Retention

We emphasize that the correlation in the trends associated with spatial and temporal
heterogeneity is a non-trivial result since the data associated with the tortuosity and residence
time distributions are completely independent. Specifically, the tortuosity distributions are
calculated on a per-trajectory basis, are based solely on the shape of trajectories, and contain no
information about the local particle velocity, while the residence time distributions are associated
with the average velocity of multiple trajectories that pass through a given spatial location.
Therefore, since the same qualitative trends were observed in both spatial and temporal
heterogeneity, we hypothesized that there might be a direct mechanistic correlation connecting
them. Specifically, we hypothesized a scenario in which localized highly-confining regions in the
membrane lead to anomalously long local residence times and also divert particles passing
through those regions into highly meandering trajectories.® 2% 4-47 To test this hypothesis, we

correlated tortuosity to retention in two distinct ways.

In one approach, we identified locations in the membrane associated with anomalously
long residence times. Specifically, bins with a residence time of >2 times the average residence
time were defined as “long-retaining” regions. Consequently, trajectories that passed through
any of those long-retaining regions at least once were assigned to the long-retaining group, while
the other trajectories were assigned to the short-retaining group (see Figure C-4 in Appendix C
for more details). (r;) calculated for “long-retaining” trajectories and “short-retaining”
trajectories are shown for 40 nm (Figure 4-8a) and 200 nm tracer particles (Figure 4-8b) as a

function of Pe. Interestingly, for both particle sizes, the trajectories that passed through long-
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retaining regions were systematically more tortuous than trajectories that did not pass through
long-retaining regions, suggesting a direct correlation between temporal and spatial

heterogeneity, as we hypothesized.
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Figure 4-8. Local tortuosity t; for trajectories of (a) 40 nm tracer particles
and (b) 200 nm tracer particles at increasing Pe. Filled symbols represent ;,
for trajectories that passed through long-retaining region(s) and open
symbols represent 7, for trajectories that flowed only through short-
retaining region(s).
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As a complementary approach, we also calculated the mean residence time per length (¢;,
i.e. the mean residence time in each bin) for each trajectory, and correlated t; to the tortuosity for
each trajectory (t;). Figure 4-9 shows heat maps correlating retention versus tortuosity for the 40
nm (Figures 4-9 a—c) and 200 nm tracer particles (Figures 4-9 d—f) under varying experimental
conditions. For each trajectory, the mean residence time in each bin (vertical axis) and the
logarithm of tortuosity (horizontal axis) were calculated and plotted, respectively. Heat maps
were then generated based on the density of data points. As shown in Figure 4-9, under different
experimental conditions, the majority of data points fell into diagonal regions, suggesting that
trajectories with higher tortuosity had longer retention time per length as well. This trend was
signficantly more dramatic for the 200nm particles than for 40nm particles. By comparison, the
correlation of tortuosity and retention was much weaker for trajectories obtained in bulk solvent
(see Figure C-5 and Table C-3 in Appendix C for heat maps and more discussion), consistent

with the more homogeneous Brownian motion expected for unconfined particles in solution.
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Figure 4-9. Heat maps showing correlations of normalized mean residence time per
length (t;) vs. the logarithm of tortuosity for each trajectory. Panels (a-c) show
correlations for 40 nm tracer particles and panels (d-f) show correlations for 200
nm tracer particles at different Pe. Dashed lines are guides to the eye.

Both approaches described above support the hypothetical connection between tortuosity
and retention. Specifically, we found that particles passing through highly-retaining regions
exhibited more tortuous trajectories, and also that more tortuous trajectories exhibited longer
residence times per length. Furthermore, as previously discussed, both spatial and temporal
heterogeneity decreased with increasing Pe and increased with increasing particle size. At

higher values of Pe, trajectories were presumably less tortuous because there was less diffusive
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exploration of secondary pathways, and particles had greater momentum to break through
confining regions; so trajectories appeared to be less spatially and temporally heterogeneous;®: 3
We speculate that the heavy tails in the tortuosity distributions were largely due to anomalously
meandering trajectories that resulted when particles visit highly-retaining regions and were
forced into a less-direct pathway. While this trend may seem counterintuitive for those familiar
with size-exclusion chromatography, we emphasize that all particles used in these experiments
were significantly smaller than the nominal pore size, so the situation is subtly different.
Moreover, although smaller particles might experience a slightly larger subset of pathways, the
small particles were dramatically less likely to be affected by highly-retaining regions. In
comparison, larger particles (with diameters 4-5 times larger than the smaller particles on
average) were more likely to experience the relative rare highly-retaining regions, since
constrictions that trapped large particles may not trap small particles, thus the trajectories of

large particles were more spatially and temporally heterogeneous.?®: %’

We note that an alternative explanation for the higher temporal heterogeneity of the 200
nm tracer particles could be related to the stronger van der Waals (vdW) interactions expected
between the larger particles and the interior surface of membrane pores (vdW forces increase
linearly with particle size in the Derjaguin approximation),*® which could influence the retention
times of particles in the membrane. However, the index-matched system resulted in a very small
effective Hamaker constant (related by Lifshitz theory to the difference between the dielectric
constants of the materials and the surrounding medium) and therefore the corresponding vdwW
interactions were relatively weak in general.*®#° In fact, contrary to the trend expected from the
strength of vdW interactions, we observed fewer adsorption events for the 200 nm particles

compared to the 40 nm particles, presumably due to the fact that larger particles experienced
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greater shear force in flow and were dislodged more readily from the interior surfaces of the
membrane.>® As a result, we believe that differences in the vdW interactions for the two particle

sizes did not determine the trends in spatio-temporal heterogeneity.

4.5 CONCLUSIONS

A high-throughput single-particle tracking approach was employed to explicitly
characterize both the spatial heterogeneity of observed pathways and temporal heterogeneity of
tracer particle retention in porous filtration membranes. We observed the dependence of
tortuosity on operating conditions, i.e. the apparent tortuosity decreased with Péclet number (Pe)
and increased with tracer particle size. With thousands of individual trajectories identified in
different membrane locations, we also resolved the spatial heterogeneity and temporal
heterogeneity of particle trajectories through the membranes, which exhibited similar trends with
Pe and tracer size, and were correlated with each other. The correlation of tortuosity and
retention reinforced the hypothetical scenario that anomalous highly confining regions were
instrumental in causing more meandering trajectories and longer residence times. Moreover, the
existence of those confining regions had more pronounced effects on larger particles and at lower
Pe. We suggest that the reduction of these highly confining regions may represent an important

practical goal for the design and synthesis of porous materials, especially filtration membranes.

Importantly, single-particle tracking techniques enabled measurements of tortuosity of
porous materials under various operating conditions. This comprehensive picture of tortuosity
has the potential to advance the understanding of complex mass transport in porous media, and at

the same time, the resulting tortuosity measurements can provide more accurate reference values
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to design and synthesize porous materials in rational ways.>>* Finally, this accurate
measurement of tortuosity will permit valid correlations with other properties of interest, such as

the membrane fouling during filtration processes.>->
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Chapter 5

Single-Nanoparticle Tracking Reveals Mechanisms of Membrane
Fouling

Reproduced from Cai, Y. and Schwartz, D. K., Journal of Membrane Science, 2018, 563, 888—
895.

5.1 ABSTRACT

While membrane fouling has been studied for decades, it remains challenging to obtain
direct information about the dominant mechanism of fouling in a specific scenario. Here, we
employed a high-throughput particle-tracking approach, which enabled the visualization of
particle transport in actual microfiltration membranes under flow conditions and provided direct
evidence for distinct fouling mechanisms under different operating conditions. Our results
suggest that the “stickiness” of particles can qualitatively change the dominant fouling
mechanism. In particular, the evolutions of effective flux, particle velocity and pathway
tortuosity were found to be systematically different under “sticking” vs “reduced-sticking”
conditions in two different microfiltration membranes, composed of PVDF and PTFE,
respectively. Under “sticking” conditions, fouling was rapid, and individual pathways were
observed to disappear with the reduction of flux. However, the average particle velocity and the
tortuosity of particle trajectories were unchanged throughout the fouling process, consistent with

the complete blocking of random pathways. Conversely, under “reduced-sticking” conditions,
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the average particle velocity decreased and the tortuosity of particle pathways increased
systematically with fouling, consistent with the gradual narrowing of pathways causing increased
resistance. The comprehensive information about particle dynamics in membranes achieved with
this approach will assist design and optimization of reduced-fouling separation processes as well

as advance the understanding of complex mass transport.

5.2 INTRODUCTION

Microfiltration is a type of separation process used to remove undesired contaminants in
liquid formulations, and is commonly applied in bio-processing, water treatment, dairy
processing and pharmaceutical purification.!*® Despite intensive efforts and significant
improvements, membrane fouling remains an impediment for filtration technology since it can
cause rapid declines in permeate flux and reduce the efficiency of separations, resulting in higher
costs related to energy, operation time, and membrane maintenance/replacement in order to
maintain productivity.!*** In recent decades, researchers have conducted extensive studies on
membrane fouling and developed mathematical models to describe different fouling processes,
including complete blocking, intermediate blocking, standard blocking and cake filtration.!t%°
The most common way to study fouling mechanism is to measure the permeate flux as a function
of time, and then determine the most likely mechanism(s) by comparing experimental flux
curves to mathematical models. ** 68 However, this approach clearly provides indirect and
model-dependent information about fouling processes. Here we developed a complementary
approach based on direct visualization of particle transport within filtration membranes under

flow conditions, providing explicit evidence for distinct fouling mechanisms.*°
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It has been previously reported that the decrease of membrane permeability can be related
to the binding of solutes to the membrane.'> 1® Here, we applied a particle tracking approach to
study the effects of particle sticking on fouling mechanisms systematically. Specifically, we used
fluorescent nanoparticles as foulants and traced the fouling processes in two model polymer
microfiltration membranes. Conditions representing “sticking” and “reduced-sticking”
environments were formulated in both membranes, and the behaviors of fluorescent tracer
particles were directly imaged using epifluoescence microscopy under the two types of condition,
respectively. Compared to conventional methods that measure ensemble-average information of
permeate flux through membrane, the particle-tracking technique applied here enables the
observation of individual particle motions during fouling processes and provides direct evidence
for fouling mechanisms.t® 2° For example, decreased flux may be due to a reduction of open
pathways, slower flow velocities, or a combination of the two. In typical macroscopic
measurements, these effects cannot be distinguished, but particle tracking provides this
information directly. Moreover, we explored the evolution of the functional membrane tortuosity
as a function of fouling. The detailed information provided by this approach affords new
insights into membrane fouling mechanisms as well as valuable reference data for the rational

design of reduced-fouling separation processes.

5.3 EXPERIMENTAL METHODOLOGY

5.3.1 Materials and Sample Preparation

Durapore (PVDF) membrane filters and LCR (PTFE) membrane filters were purchased

from MilliporeSigma. The Durapore (PVDF) membrane filters had a nominal pore size of 0.65
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Figure 5-1. Scanning electron microscope (SEM) iages of a (a) Durapore (PVDF)

filtration membrane with nominal pore size of 0.65 pm and an (b) LCR (PTFE) filtration

membrane with nominal pore size of 0.45 pm.
pum, a thickness of 125 um and a porosity of 70% (Figure 5-1a). The LCR (PTFE) membrane
filters had a nominal pore size of 0.45 um, a thickness of 140 um (maximum) and a porosity of
80% (Figure 5-1b). Both membranes were modified to be hydrophilic by the manufacturer.
Membrane filters were cut into annuli and sealed in a flow cell for imaging as described
previously.!® A schematic diagram describing the experimental setup is shown in Figure 5-2.
Tracer particle solutions were introduced from the inlet and flowed radially outward through the
annulus of the membrane being imaged. The mean direction of flow was nominally parallel to
the focal plane within the flow cell. As discussed in previous work, with the depth of focus being
relatively shallow (~3um), this approach emphasized trajectories that were extensive in the X-y
plane but barely meandered in the z-direction.’® For experimental consistency, the focal plane
was set to be 20 pm from the external surface of membrane in each experiment. FluoSpheres
carboxylate-modified microspheres (Invitrogen) with nominal sizes of 0.04 um (dark red
fluorescent, 660/680) and 0.2 um (orange fluorescent, 540/560) were used as tracer particles.
The tracer particle concentration in solution was ~3x10°® particles/mL for single particle tracking

experiments in PVDF membranes and ~10%° particles/mL for experiments in PTFE membranes.
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These concentrations were low enough to minimize particle-particle interactions and enable
localization of individual particles in membrane. Hydrostatic pressure was used to drive flows
through membranes and the pressure drop (~0.2 psi for experiments in PVDF membranes and
~0.3 psi for experiments in PTFE membranes) for each experiment was constant. The
corresponding initial flux values were estimated using the initial velocity and membrane porosity,

which was ~10 + 1 L/(h-m?) in PVDF membranes and ~15 + 3 L/(h-m?) in PTFE membranes.

inlet outlet

particle field of view
solution

inlet outlet

membrane
/
flow cell
___—excitation light
objective

camera | /

Figure 5-2. Schematic diagram showing the flow cell construction (with flow driven by
hydrostatic pressure) and the imaging system (only the part of membrane being imaged is
shown). Top right inset demonstrates the shape of membrane sample and the field of view being

imaged.

122



Due to limitations of our current imaging capabilities, these flow rates were substantially lower

than those employed in actual industrial filtration processes. While the initial velocity as well as

initial flux values were similar under the same pressure drop, no systematic effects of initial flux

on fouling behavior were observed in those experiments.

In order to minimize light scattering from the interior surfaces of membranes, index-

matching liquids were formulated with alcohols and Triton X-100 for the two materials. Triton

X-100 also functioned as a surfactant to reduce the immobilization of tracer particles. Index-

matching liquids with different concentrations of surfactant were used to create conditions with

desired particle “stickiness” as indicated in Table 5-1.

Table 5-1. Compositions of index-matching liquids and tracer particles used to formulate
“reduced-sticking” and “sticking” conditions in PVDF and PTFE membranes.

Membrane | “Stickiness” | Tracer | Index-matching liquid composition
reduced 200 nm | 64% 2-propanol + 36% Triton X-100
Durapore
(PVDF) 40 nm | 64% 2-propanol + 36% Triton X-100
(n=1.42) sticky 200 nm 69% 2-propanol + 30% 2, 2’-thiodiethanol +1% Triton
X-100
LCR reduced 40 nm | 49% methanol + 50% 2-propanol +1% Triton X-100
(PTFE)
(n=1.36) sticky 40 nm | 49.8% methanol + 50% 2-propanol +0.2% Triton X-100

5.3.2 Fluorescence Microscopy and Single-Particle Tracking

All experiments were performed at 21 °C on a Nikon Ti-E epifluorescence microscope

with a CFI Plan Apo Lambda 100x oil immersion objective and a 532/638 C-TIRF filter cube
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(Chroma). A CMOS camera (Hamamatsu) was used to capture images with a pixel size of 0.13
pm and an acquisition time of 50 ms. Multiple movies (3000 frames per movie) were collected
for each time period in every observation. Fluorescent tracer particles were illuminated by either
a 640 nm diode-pumped solid state laser (CrystaLaser, for dark red fluorescence) or a 532 nm
diode-pumped solid state laser (Cobolt AB, for orange fluorescence). Custom algorithms
implemented in Mathematica were used to determine trajectories of individual particles as
described previously.?t2® All trajectories with residence times shorter than 0.5 s were excluded
for the purpose of statistical analysis. Completely immobile trajectories resulting from
fluorescent objects adsorbed to the interior surface of membrane were excluded from the
analyses for effective flux (i.e. the quantity of liquid passing through the membrane), particle
velocity and tortuosity distributions. Several thousand trajectories were analyzed for the initial
time period of each fouling experiment, and the number of trajectories analyzed decreased

gradually as a function of fouling.

5.3.3 Normalized Flux and Normalized Mean Particle Velocity

Under the assumption that the concentration of tracer particles was constant throughout
each experiment, the effective normalized flux in the membrane (representing the quantity of
liquid passing through the membrane) was calculated using the number of flowing objects
appearing in the field of view within a certain period of time, normalized to the initial flux at the
beginning of each fouling experiment. Similarly, the mean velocity of tracer particles was
calculated for different time periods and normalized to the initial mean velocity for each

experiment.
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5.3.4 Tortuosity Distributions

Local tortuosity was calculated as described previously.® Briefly, each trajectory was
divided into sub-trajectories with equal durations of 10 time steps, and the local tortuosity for
each sub-trajectory was calculated as the ratio of its contour length to its Euclidean end-to-end
distance. For each experimental condition, a probability distribution was calculated using the

accumulated local tortuosity values.

5.4 RESULTS AND DISCUSSIONS

5.4.1 Controlling the “Stickiness” of Tracer Particles in Membrane

Fluorescent nanoparticles were used as foulants and detailed fouling processes in PVDF
and PTFE membranes were imaged using epifluorescence microscopy. Interestingly, we found
that the “stickiness” of tracer particles (how readily they stuck to the interior surfaces of
membranes or to other particles) in both membranes played a significant role in determining
different regimes of fouling behaviors. Notably, under the non-aqueous conditions employed in
these experiments (chosen to provide optical index matching), the particle—particle and particle—
surface interactions were likely dominated by van der Waals forces. Based on our experimental
observations, the sticking of particles strongly depended on two major factors: tracer particle size
and the concentration of surfactant in solvent. We observed that larger tracer particles appeared
to be less sticky to the pore walls, presumably because they experienced greater shear force in
flow and were dislodged more easily from the interior surfaces of membrane.!® 2 Also, since
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surfactant can passivate particle surfaces and the interior membrane surfaces, increasing the
concentration of surfactant in solvent reduced the sticking of particles to surfaces as well as to
other particles.®?" To study the effects of particle sticking systematically, we formulated
“reduced-sticking” and “sticking” conditions for both PVDF and PTFE membranes (see Table 5-
1 for details). For the PVDF membrane, 200 nm tracer particles were used to achieve the
“reduced-sticking” experimental condition; experiments with 40 nm tracer particles and

experiments with 200 nm tracer particles in a solvent with reduced concentration of surfactant
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Figure 5-3. Snapshots of 200 nm tracer particles in the field of view in (a—) a “reduced-
sticking” condition (high surfactant concentration) and (d—f) a “sticking” condition (reduced
surfactant) in PVDF membrane. Panels (a) and (d) correspond to a normalized flux of 100%;
panels (b) and (e) correspond to a normalized flux of ~80%; panels (c) and (f) correspond to an
effective flux of ~40%. (g) Normalized total fluorescence intensity of the field of view vs
normalized flux reduction for the two experimental conditions.



were used to study membrane fouling in “sticking” conditions. For the PTFE membrane, which
has low surface energy and therefore lower affinity to solutes,?® we formulated the “reduced-
sticking” condition with 40 nm tracer particles in a solvent with 1% surfactant, and the “sticking”
condition used 40 nm tracer particle in a solvent with only 0.2% surfactant. To directly
demonstrate the difference in “stickiness” of tracer particles during fouling processes, snapshots
of 200 nm tracer particles in a PVDF membrane under a “reduced-sticking” condition and a
“sticking” condition at different fouling stages are shown in Figure 5-3. Bright spots in these
snapshots indicate fluorescent tracer particles, and the sticking of particles to the interior surface
of membrane resulted in the appearance of a larger number of visible bright spots and an increase
in the overall brightness in the field of view (due to background fluorescence out of the focal
plane). Under “reduced-sticking” conditions (Figures 5-3 a-c), no dramatic change was
observed with fouling, indicating minimal adsorption to the interior surface of membrane. In
contrast, under “sticking” conditions (Figures 5-3 d—f), many more particle sticking events were
observed as the membrane was increasingly fouled, and the background of the field of view
became visibly brighter. Notably, the very bright objects in Figure 5-3f gradually grew to be
larger than that of the point-spread-function (i.e. they were not diffraction-limited), consistent
with the formation of large clusters/aggregates of tracer particles. To quantify the evolution of
particle sticking, we calculated the total intensity of all the pixels in the field of view as a
function of flux reduction, as shown in Figure 5-3g. While the total intensity remained almost
constant in “reduced-sticking” conditions, it increased strikingly to more than four times the
original value under “sticking” conditions, demonstrating the qualitative difference between

these two experimental conditions.

127



5.4.2 Visualizing Particle Trajectories in Fouling Processes

To visualize particle trajectories in different fouling scenarios, we constructed
representative trajectory maps in PVDF membranes under “reduced-sticking” (200 nm tracer
particles with 36% surfactant, Figures 5-4 a—c) and “sticking” conditions (200 nm tracer
particles with 1% surfactant, Figures 5-4 d—f), respectively, at different stages of fouling (see
Figure D1 & Figure D2 in Appendix D for representative trajectory maps of 40 nm tracer
particles in PVDF and PTFE membranes). In each panel, trajectories of particles flowing in the
field of view within 7.5 minutes were overlaid. In both cases, the number of sampled trajectories
decreased significantly as membranes were increasingly fouled, as only a subset of pathways was
followed by tracer particles at later stages of fouling. Fouling behaviors in these two cases were
visibly different. Qualitatively, fouling occurred faster under “sticking” conditions since the
reduction of sampled trajectories appeared to be more dramatic (as shown in Figures 5-4e & 5-
4f). In comparison, for the conditions with reduced-sticking, a minimal decrease in the number
of sampled trajectories was observed in 55 minutes as shown in Figure 5-4b, and a considerable
number of trajectories were still sampled after 90 minutes of fouling (Figure 5-4c). Additionally,
the shapes of trajectories (representing the geometrical shapes of the available pathways in
membrane) under “sticking” conditions were similar at different fouling stages; while in the
“reduced-sticking” case, the sampled trajectories appeared to be more tortuous as fouling

progressed (especially in Figure 5-4c). These effects are analyzed more quantitatively below.
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Figure 5-4. (a—c) Representative trajectory maps of 200 nm tracer particles in a PVDF
membrane under “reduced-sticking” conditions. Trajectories collected in (a) 0-7.5 min,
(b) 55-62.5 min and (c) 90-97.5 min were overlaid in each panel. (d—f) Representative
trajectory maps of 200 nm tracer particles in PVDF membrane under “sticking”
conditions. Trajectories collected in (d) 0-7.5 min, (e) 55-62.5 min and (f) 85-92.5 min
were overlaid in each panel.
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5.4.3 Evolution of Effective Flux and Particle Velocity

While different fouling behaviors in the “reduced-sticking” and the “sticking” conditions
were qualitatively visible in the trajectory maps, we performed detailed statistical analyses to
compare those behaviors quantitatively. Specifically, we analyzed how the effective flux and the
velocity of particles evolved over time in different fouling scenarios. Since the experiments in
each membrane were conducted under the same pressure drop and the initial flux values were
similar, we used normalized flux to compare the fouling behaviors under different experiment
conditions. Figure 5-5 shows the normalized effective flux (estimated by the number of moving
objects appeared in the field of view within a certain time period) versus time curves for fouling
in PVDF (Figure 5-5a) and PTFE membranes (Figure 5-5b) under “reduced-sticking” and
“sticking” conditions, respectively. Each data point was averaged from two replicate experiments.
Despite the fact that the two membrane materials had very different properties in terms of both
surface chemistry and geometrical structure, we found the effect of sticking on fouling behaviors
in the two membranes to be qualitatively similar. For both membranes, the decrease of flux
appeared to be much more gradual in the “reduced-sticking” condition compared to the “sticking”
condition(s). For example, the effective flux dropped to 50% in less than 60 min under all
“sticking” conditions in the two membranes, while it required ~120 min (for PVDF membranes)
or even longer (for PTFE membranes) under “reduced-sticking” conditions. Evidently, fouling

was significantly attenuated by the reduction of particle sticking.
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Figure 5-5. Normalized effective flux vs time for (a) PVDF and (b) PTFE
membranes under various experimental conditions. Percentages in parentheses in
legends indicate surfactant concentrations. Dark blue symbols represent
“reduced-sticking” conditions, orange and green symbols represent “sticking”
conditions. Error bars for the time axis indicate the duration of “bins” (i.e. time
intervals that trajectories were collected) within which flux was averaged. The
error bars for normalized flux represent uncertainties in counted particles
assuming Poisson statistics.
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Moreover, with the single-particle tracking approach, we were able to characterize the
velocity of particles flowing through individual pathways, which was determined by the local
resistance of the corresponding pathways. Again, we used normalized velocity to compare
different experimental conditions as the initial velocity values were similar in each membrane.
Normalized mean particle velocity versus normalized flux reduction curves were constructed and
shown in Figure 5-6 for different experimental conditions. For both membranes, the particle
velocity exhibited minimal changes with flux reduction under “sticking” conditions. In contrast,
for the “reduced-sticking” conditions, the particle velocity decreased systematically with flux
reduction. For example, for the PVDF membrane under “reduced-sticking” conditions, the mean
velocity decreased to ~50% as the effective flux declined to ~40%. Similarly, the mean velocity
decreased to ~70% at an effective flux of ~50% for PTFE membrane under “reduced-sticking”
conditions. Since all experiments were performed under constant pressure conditions, the
decrease of velocity was attributed to the increase of resistance in individual pathways through
which the particles flowed.™® 2 As a result, we hypothesized that available pathways were
“narrowed” in the “reduced-sticking” conditions as membranes were increasingly fouled, based
on the explicit correlations between particle velocity and flux reduction.®® 3! Notably, since the
effective flux actually declined somewhat more than the particle velocity in both membranes
under “reduced-sticking” conditions, this suggested that as pathways were increasingly narrowed,
a small fraction of them eventually became too narrow for particles to flow through; and the
closure of those pathways represented a secondary contributor for flux reduction in “reduced-
sticking” conditions. As discussed in more detail below, we hypothesize that this narrowing of

pathways was dominated by the deposition of particles within constrictions, which occurred
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gradually under reduced sticking conditions due to the weak particle—particle and particle—

surface interactions.
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In contrast, under “sticking” conditions, no correlation was observed between flux
reduction and particle velocity, and, in fact, the velocity of mobile particles remained nearly
constant with time, i.e. the reduction in flux was entirely due to the reduction in the number of
particles, not their velocity. This suggested that the local resistance for available pathways
remained unchanged, and that the decrease of flux was dominated by the complete blocking of
certain pathways.'> 3233 Motivated by the observations of particle aggregates shown in Figure 5-
3a, we hypothesize that the “sticky” particles aggregated within constrictions, forming

catastrophic blockages. A more detailed discussion is given below in Section 5.3.5.

5.4.4 Progression of Membrane Functional Tortuosity

In order to study the evolutions of the effective membrane structure during fouling, we
calculated tortuosity distributions (for tracer particle trajectories passing through available
pathways) as a function of effective flux, as shown in Figure 5-7. We observed that under
“reduced-sticking” conditions, in both PVDF (Figure 5-7a) and PTFE membranes (Figure 5-
7c¢), the apparent tortuosity of available pathways increased systematically with increasing
fouling, indicated by a rightward shift of the tortuosity distributions. This transition was more
dramatic for trajectories in the PVDF membrane (Figure 5-7a), but still apparent (especially the
shift in the peaks of the distributions) in the PTFE membrane (Figure 5-7c). In previous work on
membrane tortuosity, we observed that the apparent tortuosity of pathways was sensitive to both
particle velocity and to the particle size/pore size ratio. Specifically, a decrease in particle
velocity and an increase in the particle size/pore size ratio resulted in larger apparent tortuosity

values.!® Therefore, for the “reduced-sticking” scenarios presented here, the decrease of the
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particle velocity as fouling progressed could partially explain the observed increase in apparent
tortuosity. In particular, at lower velocity (i.e. lower Péclet number), particles flowed less
deterministically in the flow direction and were more likely to diffusively explore alternative
pathways in the lateral directions, therefore exhibiting greater tortuosity. Moreover, as discussed
above, the decrease of particle velocity also suggested the narrowing of available pathways.
Consequently, the increase of the particle size/pore size ratio during fouling under “reduced-
sticking” conditions would also result in increased apparent tortuosity, since this could result in
the formation of obstructions that force particles to deviate into alternative pathways. In
summary, more direct (i.e. less tortuous) pathways were presumably narrowed or closed earlier
in the fouling process (presumably because they were more accessible to particles), and the
remaining pathways exhibited higher tortuosity. This was also consistent with the fact that
effective flux decreased faster than the particle velocity, which could be explained by the closure

of a small fraction of pathways.

In contrast, under “sticking” conditions (Figures 5-7b and 5-7d), the tortuosity of the
available pathways in both membranes remained unchanged during the fouling process, which
was consistent with the fact that the mean particle velocity also remained constant. Evidently, the
pathways that remained open were still representative of the original pathways, and the closing
of pathways, which was believed to be the dominant factor causing membrane fouling in this

case, was stochastic.
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Figure 5-7. Probability distributions of local tortuosity for 200 nm tracer particles in
PVDF membranes (a) with high surfactant concentration (“reduced-sticking”) and (b)
with reduced surfactant (“sticking”), and for 40 nm tracer particles in PTFE membranes
(c) with 1% surfactant (“reduced-sticking”) and (d) with 0.2% surfactant (“sticking”) at
different stages of fouling. Percentages in legends indicate normalized flux.
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5.4.5 Hypothetical Fouling Mechanisms

The empirical observation of qualitatively different fouling behaviors under “reduced-
sticking” conditions and “sticking” conditions (in both PVDF and PTFE membranes) suggests
that the “stickiness” of tracer particles is a determining factor in fouling processes. We
previously found that the existence of anomalous highly confining regions in filtration
membranes was instrumental in causing more meandering trajectories and longer retention
times.'°. Here we hypothesize that these confining regions also influence the observed fouling
behaviors (illustrated in Figure 5-8). Being generally more retentive, these constrictions tend to
retain tracer particles.?® 203 However, under “reduced-sticking” conditions, even with particles
already stuck in the constrictions, incoming particles could potentially pass through the narrowed
constriction, since particle-surface interactions and particle-particle interactions were
significantly reduced. Nevertheless, the particles immobilized in the constrictions would increase

the resistance of pathways gradually, resulting in a systematic decrease of the mean particle

“Reduced-sticking” “Sticking”

Figure 5-8. Schematic diagrams of different fouling mechanisms in membrane
constrictions (denoted by light coral squares) under “reduced-sticking” and
“sticking” conditions. Orange circles represent particles that were stuck in the
constrictions and green circles represent incoming particles.
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velocity. Moreover, as discussed earlier in this article, the “narrowing” of pathways in this case
eventually results in the formation of obstacles and forces particles into detours. This “exclusion”
effect, together with the decrease of particle velocity, was likely to bring about an increase in
pathway tortuosity. However, under “sticking” conditions, with substantial particle-surface
interactions and particle-particle interactions, the retention of one or more particle(s) in a
constriction is likely to lead to further aggregation of incoming particles, leading to rapid pore
blocking. This hypothesis was supported by the observation of particle clusters at later fouling
stages (as shown in Figure 5-3f) under “sticking” conditions. Since the sticking of particles in
constrictions could easily become catastrophic and lead to the rapid closure of pathways, it is
reasonable to assume that particles able to flow through the membranes without being held up at
any of the constrictions used only “clean” pathways which remained the same resistance and
tortuosity. As a consequence, under “sticking” conditions, the apparent velocity of particles and

pathway tortuosity exhibited minimal changes as the membranes were increasingly fouled.

5.5 CONCLUSIONS

A single-particle tracking approach was employed to study the effects of particle
“stickiness” on membrane fouling. With direct observations of particle trajectories in membrane
under different conditions, we found that the sticking of particles had substantial impacts on
fouling mechanisms. When particle sticking was reduced, fouling occurred more slowly, and we
observed a systematic decrease of particle velocity and an increase in the apparent tortuosity (of

available pathways) as a function of flux reduction. In contrast, under ‘“sticking” conditions,
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despite the fact that fouling occurred more quickly, both particle velocity and apparent tortuosity
remained constant as fouling progressed. We proposed that the presence of highly confining
regions in membrane was crucial to the presence of these distinct fouling mechanisms.
Specifically, such constrictions were presumably “narrowed” gradually under “reduced-sticking”
conditions, explaining the decrease of particle velocity and the increase of pathway tortuosity;
and were blocked rapidly under the “sticking” conditions where both particle-surface interactions
and particle-particle interactions were much more significant. These interpretations were further
supported by direct observations of retained particle aggregates under “sticking” conditions, but

not under “reduced-sticking” conditions.

Importantly, the particle-tracking technique employed here enabled the visualization of
fouling processes in filtration membranes and provided direct evidence of fouling mechanisms
under specific operating scenarios. This valuable information could benefit the design and
optimization of filtration processes with reduced fouling effects. The comprehensive information
provided by the direct observation of particle trajectories, including the analysis of particle
velocity and pathway tortuosity, has significant potential to advance the understanding of the

complex and heterogeneous mass transport during filtration processes.
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Appendix A: Supporting Information for Chapter 2

A.1 SUPPLEMENTARY TABLE

Table A-2. The fitting parameters of f (site fractions) and 4 (characteristic number of adsorption
events) from a Poisson mixture model of HSA adsorption on TMS, FS, OEG and NH> surfaces at

different area fractions. Numbers in parentheses represent the experimental uncertainties in the

last digit.
Strong Sites Weak Sites
Surface Frsa f A f A

TMS ~10% 0.19 (2) 9.2(9) 0.80 (3) 0.19 (4)
TMS ~1 0.017 (8) 3.3(3) 0.980 (1) 0.20(2)

FS ~106 0.18 (1) 12.1(8) 0.810 (9) 0.097 (9)

FS ~1 0.079 (6) 6.2 (3) 0.920 (6) 0.076 (7)
OEG ~10® 0.084(3) 6.1(2) 0.915(4) 0.13(1)
OEG ~1 0.018(2) 4.4(3) 0.982(2) 0.24(1)
NH, ~10% 0.14 (1) 14.6 (6) 0.850 (4) 0.12 (1)
NH, ~10° 0.060(4) 13.7(9) 0.94 (4) 0.19 (3)
NH2 ~104 0.003 (1) 4.2 (3) 0.990 (3) 0.28 (6)
NH, ~103 0.19 (3) 12.4 (4) 0.81 (3) 0.33(5)
NH2 ~1 0.17 (2) 13.8 (9) 0.82 (1) 0.37(2)
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A.2 SUPPLEMENTARY FIGURES

Occupancy
10

Figure A-1. Representative super-resolution occupancy maps of HSA on (a-c) TMS, (d-f) FS
and (g-i) OEG surfaces at very low HSA area fraction (~10%, panels a, d and g), intermediate
area fraction (~1073, panels b, e and h) and high area fraction (~1, panels c, f and i). Sites were
Gaussian blurred. Scale bar = 2 pm. The strong retention sites on the occupancy maps were
largely the same as the strong adsorption sites on the adsorption maps in the main text in Chapter

2.
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Occupancy

Figure A-2. Representative super-resolution occupancy maps of HSA on an NH> surface at area

fractions of (a) ~10°®, (b) ~104, (c) ~10% and (d) ~1. Scale bar =2 um.

Occupancy
o =)

0

Figure A-3. Super-resolution occupancy maps of donor-labeled HSA molecules on (a) bare NH>
surface sites, or (b) sites pre-occupied by acceptor-labeled molecules at an HSA area fraction of
10*; similarly, donor-labeled HSA molecules on (c) bare NH, surface sites or (d) sites pre-

occupied by acceptor-labeled molecules at an HSA area fraction of 103, Scale bar = 2 um.
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Figure A-4. Representative super-resolution adsorption maps on FS surfaces at an HSA area
fraction of ~10® using (a) 10~ mg/mL tracer HSA, and (b) 10”7 mg/mL tracer HSA mixed with
10" mg/ml non-labeled HSA. Similarly, representative super-resolution adsorption maps on NH;
surfaces at an HSA area fraction of ~10* using (a) 107 mg/mL tracer HSA mixed with 10
mg/ml non-labeled HSA, and (b) 10 mg/mL tracer. On both negatively and positively charged
surfaces, the fraction of labeled HSA did not appear to influence the mapping results, specifically

the apparent surface density of strong sites.
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Appendix B: Supporting Information for Chapter 3

B.1 SUPPLEMENTARY TABLES

Table B-1. The best-fit parameters of fi and i from a Rayleigh mixture model for the histograms
of step sizes. The corresponding diffusion coefficient for each population D; was calculated by

Ji? = 2DiAt. The average diffusion coefficients Dayg were calculated by Dgypg = M. fiD;.

Numbers in the parentheses represent the uncertainties in the last digit.

o | i Gty | CIN P e
0 0.54(3) | 0.085(4) | 0.072(7) | 0.46(5) | 0.55(5) | 3.1(6) | 15(3)
0.4 | 018(1) | 0.090(5) | 0.081(9) | 0.82(2) | 056(1) | 32(1) | 2.6()
02 | 013(1) | 010(1) | 0112) | 0.87(1) | 057(1) | 32(1) | 28(1)
0.8 | 0.055(2) | 0.118(3) | 0.139(7) | 0.945(7) | 0.55(1) | 3.1(1) | 2.93(9)
2 | 0021(1) | 011(1) | 0.12(2) | 0.98(1) | 0.562(4) | 3.16(4) | 3.14(5)
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Table B-2. The ensemble diffusion coefficients calculated by fitting the MSD vs lag time plots
for the diffusion of cadherin at different Ca?* concentrations and for the diffusion of

fluorescently labeled lipids. Numbers in the parentheses represent the uncertainties in the last

digit.
Sample De (um?/s)

[Ca2]=0mM 1.354(3)

[Ca2*] = 0.1mM 2.225(2)

[Ca2*] = 0.2 mM 2.677(5)

[Ca%*] = 0.8 mM 3.05(1)

[Ca?*] =2 mM 3.173(3)

DOPC/DOPE-LR (0 mM Ca?") 3.346(5)

DOPC/DOPE-LR (2 mM Ca?*) 3.124(5)

169



Table B-3. The best-fit parameters of x and o associated with fits of the histograms of individual
trajectory diffusion coefficients to a reciprocal normal distribution. x and ¢ are the mean and
standard deviation, respectively, of the (Gaussian-distributed) inverse-diffusion coefficient (1/D)

distribution. Numbers in the parentheses represent the uncertainties in the last digit.

[Ca*] (mM) p (s/um®) o (s/pm?)
0 0.30(3) 1.52(3)

0.1 0.15(1) 0.387(8)

0.2 0.12(1) 0.370(5)

0.8 0.105(9) 0.373(8)

2 0.098(9) 0.358(8)

170



B.2 SUPPLEMENTARY FIGURES
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Figure B-1. Step size distributions for fluorescently labeled DOPE-LR lipids in DOPC lipid

bilayers at (a) [Ca?"] = 0 mM and (b) [Ca?*] = 2 mM. Both of the distributions can be nicely

described by a Rayleigh distribution (represented by the red lines):
2

r —-Tr
Ng(r) = Qﬁexp(ﬁ)

where N is the number of steps with a displacement of r. There was only one population of step
sizes (in spite of the negligible shoulders in small step size regions) in both distributions and the
values of scaling parameter A were 0.568(7) and 0.545(5), respectively, associating with fast

diffusion.
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Figure B-2. Histograms of diffusion coefficients for fluorescently labeled DOPE-LR lipids in
DOPC lipid bilayers at (a) [Ca?*] = 0 mM and (b) [Ca?*] = 2 mM. Red lines represent reciprocal
normal fits. The values of fitting parameter p were 0.098(5) and 0.100(6), which were highly

close to the value for fast-diffusing cadherin molecules (see Table B-3).
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Figure B-3. Schematic sketch for the proposed dynamic shifting mechanism.

172



Appendix C: Supporting Information for Chapter 4

C.1 SUPPLEMENTARY TABLES

Table C-1. Fitting parameters and calculated diffusion coefficients for mean squared

displacement (MSD) versus time plots in Figure 4-2 in Chapter 4.

Slope Standard Error Diffusion Coefficient
40 nm - Bulk 3.37 0.02 0.84(1)
40 nm - PVDF 0.703 0.001 0.18(0)
200 nm - Bulk 0.76 0.01 0.19(0)
200 nm - PVDF 0.161 0.002 0.04(0)

Table C-2. Calculated standard deviation (SD) values for histograms of normalized residence
time distributions at different experimental conditions for three replicate experiments. Standard
deviation values, indicating temporal heterogeneity of trajectories in membrane, decreased with
Pe and increased with tracer particle size. The observed trends were consistent for replicate

experiments. Numbers in parentheses represent uncertainty in the least-significant digit.

Pe SD1 SD; SDs

40 nm 3.3(3) 0.90 0.86 0.92
5.3(1) 0.75 0.78 0.73

6.7(2) 0.65 0.67 0.64

200 nm 3.2(2) 0.93 0.92 0.97
4.9(2) 0.83 0.81 0.87

6.3(2) 0.77 0.71 0.73
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Table C-3. Ratios of mean residence times for more tortuous trajectories (RT1) and less tortuous
trajectories (RT2) for different experimental conditions. For each experimental condition,
trajectories were divided into two groups by the median tortuosity value, and mean residence
times were calculated for both groups. Higher RT1/ RT> values indicated stronger correlations
between tortuosity and retention. For both sizes of tracer particles, RTi/ RT> values were
significantly smaller for diffusion in bulk, which was consistent with the much weaker

correlations observed in the heat maps shown in Figure C-5.

40 nm RT1/ RT, 200 nm RT1/ RT:
Pe =3.3(3) 1.82 Pe =3.3(3) 1.89
Pe =5.3(1) 1.57 Pe =5.3(1) 1.77
Pe =6.7(2) 1.47 Pe =6.7(2) 1.67

Bulk 1.14 Bulk 1.18
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C.2 SUPPLEMENTARY FIGURES
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Figure C-1. Flow curves of the index-matching solvent (isopropyl alcohol/Triton X-100). The
dynamic viscosity of the solvent was determined to be 0.008 Pa-s and was independent of shear
rate. Torque and shear stress were both linear in the shear rate range, and the solvent exhibited

Newtonian behavior.
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Figure C-2. Mean squared displacements (MSD) versus time plots for 40 nm and 200 nm tracer
particles in bulk index-matching solvent. Solid lines represent linear fits to the equation
MSD = 4Dt. Calculated ensemble diffusion coefficients were 0.84+0.01 pum?s (for 40 nm
particles) and 0.19+0.01 um?/s (for 200 nm particles). Hydrodynamic radii of tracer particles
were calculated using the Stokes-Einstein relation:

kgT
D=2
é6mnr

where kj is the Boltzmann constant, T = 293 K, and 7 is the dynamic viscosity of solvent, which
was measured to be 0.008 Pa-s. The corresponding hydrodynamic diameters estimated for the
two tracers were 64 nm and 268 nm, which were systematically larger than the nominal sizes

provided by the manufacturer.
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Figure C-3. Results from DH-PSF 3D-tracking experiments with 40 nm tracer particles at
Pe = 1.8. (a) X, y and z positions versus step plots for a representative trajectory. Fluctuations in

the z direction were negligible. (b) Representative trajectories plotted in 3D. Tortuosity values

calculated in 2D and 3D were nearly identical (t = 2.5).
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Normalized Residence Time

Figure C-4. (a) Heat map of normalized residence times in a representative field of view. Hotter
colors indicate longer retention times. Bins with t/to > 2 were defined as long-retaining regions
(shown as red in the map). Trajectories were further divided into two groups based on the heat
map as shown in panels (b) and (c). (b) Trajectories that passed through long-retaining regions.
(c) Trajectories that did not pass through any of the long-retaining regions. Tortuosity for
trajectories in the two groups were calculated separately for each experimental condition. Scale

bar = 20 pm.
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Figure C-5. Heat maps showing correlations of normalized mean residence time per length vs.
the logarithm of tortuosity for each trajectory for particles in bulk solvent. (a) 40 nm tracer
particles and (b) 200 nm tracer particles diffusion in bulk solvent. Much weaker correlations of
tortuosity and retention (as shown in Figure 4-9 in Chapter 4 for flow conditions in membrane)
were observed in these heat maps (see Table C-3 for more results and discussion), indicating

more homogeneous motion of tracer particles in bulk solvent.

179



Appendix D: Supporting Information for Chapter 5

D.1 SUPPLEMENTARY FIGURES
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Figure D-1. (a—Cc) Representative trajectory maps of 40 nm tracer particles in a PTFE

membrane under “reduced-sticking” conditions. Trajectories collected in (a) 0—7.5 min, (b)

75-82.5 min and (c) 120-127.5 min were overlaid in each panel. (d-f) Representative

trajectory maps of 40 nm tracer particles in a PTFE membrane under “sticking” conditions.

Trajectories collected in (d) 0-7.5 min, (e) 47-54.5 min and (f) 105-112.5 min were overlaid

in each panel.
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Figure D-2. Representative trajectory maps of 40 nm tracer particles in a PVDF membrane

under “sticking” conditions. Trajectories collected in (a) 0—7.5 min, (b) 40—47.5 min and (c) 60—

67.5 min were overlaid in each panel.
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Figure D-3. Probability distributions of 40 nm tracer particles in a PVDF membrane (under

“sticking” condition) at different stages of fouling. Percentages in legends indicate normalized

flux.
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