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ABSTRACT OF DISSERTATION

UNDERSTANDING THE ROLE OF CHARGE ON PARTICLE TRANSPORT
WITHIN SEMIDILUTE AND CONCENTRATED BIOPOLYMER SOLUTIONS AND
TAU PROTEIN CONDENSATES

Biological polymer networks such as mucus, extracellular matrix, nuclear pore complex,
and bacterial biofilms, play a critical role in governing the transport of nutrients,
biomolecules and particles within cells and tissues. The interactions between particle and
polymer chains are responsible for effective selective filtering of particles within these
macromolecular networks. This selective filtering is not dictated by steric alone but must
use additional interactions such electrostatics, hydrophobic and hydrodynamic effects to
control particle transport within biogels. Depending on chemical composition and desired
function, biogels use selective filtering to allow some particles to permeate while
preventing others from penetrating the biogel. The mechanisms underlying selective
filtering are still not well understood yet have important ramifications for a variety of
biomedical applications. Controlling these non-steric interactions are critical to
understanding molecular transport in vivo as well as for engineering optimized gelpenetrating therapeutics. Fluorescence correlation spectroscopy (FCS) is an ideal tool to
study particle transport properties within uncharged and charged polymer solutions. In this
dissertation, our research focuses primarily on the role of electrostatics on the particle
diffusion behavior within polymer solutions in the semi-dilute and concentrated regimes.
Using a series of charged dye molecules, with similar size and core chemistry but varying
net molecular charge, we systematically investigated their diffusion behavior in polymer
solutions and networks made up of polysaccharide and proteins. Specifically, we studied
in Chapter 3 the probe diffusion in semidilute and concentrated dextran solutions. The
hindered diffusion observed in attractive gels is dependent on the probe net charge and
shows a dependence on the solution ionic strength. Using a biotinylated probe, we also
show evidence of an additional non-electrostatic interaction between the biotin molecule
and the dextran polymer chains. In contrast, comparisons to a highly charged, water soluble
polyvinylamine (PVAm) semidilute solution shows that all probes, regardless of charge,

were highly hindered and a weaker dependence on solution ionic strength was observed.
In Chapter 4, we characterized the transport properties of our probe molecules within pure
and mixed charge solutions of amino(+)-dextran and carboxymethyl(-)-dextran. We show
that these mixed charge polymer solutions still have the potential to be efficient filters for
interacting particles even with comparably few attractive interaction sites. By chemical
modification of the amino dextran, we also compare these results to those obtained in
polyampholytic solutions. Lastly, we investigate the transport properties of both probes
and a much larger bovine serum albumin (BSA) protein molecule within liquid-liquid
phase separated (LLPS) tau protein in chapter 5. Tau is an intrinsically disordered protein
with both positive and negatively charged amino acids. We show that despite having a high
local protein concentration, tau droplets are relatively low density and comparable to semidilute polymer solutions. Both probe molecules and BSA are observed by FCS to be
recruited within the liquid droplet resulting in ~10x fold increase in particle concentration
inside the tau droplet compared to outside. Probe transport within the phase separated tau
is sensitive to probe net charge and solution ionic strength. Lastly, we show that BSA
transport inside the tau droplet can be fairly well described by using Stokes-Einstein
adjusted for the experimentally determined microviscosity within the tau droplet.

Keywords: diffusion, biological gels, fluorescence correlation spectroscopy, electrostatic,
interaction filtering
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Chapter 1: Introduction
The exchange of molecules between various organelles or cell compartments and their
environment are vital for life. In recent years, the selective permeability of lipid bilayers,
such as the cell membrane of organisms, is relatively well understood.1,

2

Frequently

overlooked, however, is that many of these bilayers are also associated with polymeric
networks known as biological hydrogels. These biogels themselves serve as selective
barriers to the exchange of molecules. The limited understanding of particle-biogel
interactions, particularly under physiological conditions, is still a significant hurdle to the
design of optimal therapeutics.4 Studies to understand the particle-matrix interactions
represent the intersection of chemistry, biology, engineering and medicine.

1.1 Biological hydrogels
A hydrogel is a 3D network of crosslinked polymer chains that contain, absorb, and hold
large quantities of water.6 Biological hydrogels, or biogels, consist of biologically derived
polymers, such as polysaccharides or glycoproteins, where the network form
entanglements due to either physical or chemical crosslinks.7 Chemically crosslinked gels
are formed by having covalent linkages between polymer chains. Physically crosslinked
gels are formed through non-covalent interactions between polymer chains including ionic
bonds, hydrogen bonding or hydrophobic forces.8 Biogels are typically only a few percent
by weight polymer, with 90-99% consisting of water.9 Depending on composition, biogels
can cover a range of material properties from soft, elastic to highly viscous networks.10
Biogels are found in almost all domains of life from prokaryotes to eukaryotes.
Prokaryotes, like archaea and bacteria, develop biofilms made up of a collection of surfaceassociated microbial cells enclosed in an extracellular polymeric substance matrix.11-13
These bacterial biofilms are complex networks, consisting of many types of molecules
(including polysaccharides, proteins, lipids and extracellular nucleic acids) and have a
composition that varies depending on bacterial strain, species, as well as, environment.
Biofilm formation is an important aspect of many bacterial diseases including chronic lung
infections in cystic fibrosis patients and infections due to medical device and implants. A
1

key role of the extracellular polymeric substances (EPS) barrier in biofilms is protection
from hostile environments. The EPS barrier creates an environment inside conducive to
microbe growth protecting it mechanically from shearing forces, yet also acting as a
selective barrier protecting the colony against environmental and chemical stresses.14
In eukaryotes, biogels have evolved to perform many functions. For example, mucus gel
is one of the largest biogels in the body and is comprised of glycopolypeptide polymers of
mucin monomers heavily saturated with O-linked oligosaccharide units.15, 16 Mucus acts as
the first line of defense against various pathogens and toxins entering human body.17-20
Another important biogel is the nuclear pore complex (NPC) that form channels across the
nuclear envelope and controls the passage of molecules in and out of the nucleus.21-24 The
NPC is comprised of a family of intrinsically disordered proteins known as nucleoporins.22
Nucleoporins have short hydrophobic repeats, known as FG repeats, which are thought to
serve as crosslinkers in the NPC matrix. 25-27
Intrinsically disordered proteins (IDPs), like nucleoporin, are ubiquitous in nature.2, 21, 28 In
recent years, it has been observed that many IDPs are able to undergo liquid-liquid phase
separation (LLPS) in vivo to form membraneless organelles.29,

30

Examples include

nucleoi, centrosomes, stress granules, Cajal bodies, and P-granules, all of which perform
their own various biological functions.31 In vitro studies have shown many IDPs are able
to undergo LLPS, both in the absence or presence of nucleic acids, resulting in the
formation of protein-rich spherical liquid droplets. Despite growing evidence of their
formation, their function and biological significance in vivo is still limited.32 LLPS has
been proposed as a means to efficiently organize cellular processes in vivo. LLPS allows
the reversible formation of distinct, membraneless compartments within the complex,
heterogeneous environment inside a cell. These membraneless compartments could
facilitate the concentration of a specific set of molecules required for particular cellular
processes and minimize interference from other cellular components.33

2

1.2 Permeability of biogels
One of the main physiological roles of biogels is its selective permeability controlling the
transport of molecules between different compartments. However, how these selective
barriers permit passage of some biomolecules while rejecting others is not fully understood.
This creates a significant challenge for the design of drug delivery systems. For example,
biofilms formed by Pseudomonas aeruginosa are known to be associated with infection on
wounds and medical implants, as well as forming microbial communities in lung disease
like cystic fibrosis. These bacteria have adapted different resistance mechanisms within
their biofilms.34 This includes specific binding of antibiotics, such as ciprofloxacin, to
extracellular polymers within the biofilm network as well as hindered particle penetration
resulting in sublethal concentrations of therapeutics accumulating inside the biofilm.
Meanwhile the biofilms can also facilitate a corresponding increase in the diffusion of
nutrients and oxygen promoting bacterial growth.34-36 Similarly, mucus gel, which lines all
wet epithelia inside the body, limits permeability of certain molecules and drugs.37 Mucus
is therefore a critical barrier to overcome for the successful mucosal administration of
particles designed for inhaled, oral or vaginal delivery of drugs. Successful delivery of
these drugs will depend on the ability of the nanoparticles to reach their target cells
underneath the mucus. That success will be dependent on the pharmacokinetic properties
of these drug delivery nanoparticles; including both the diffusive penetration of the
nanoparticles within the mucus as well as the ability to avoid mucus layer turnover.38, 39 In
both mucus and biofilms, the permeability of a wide variety of small molecules (nutrients,
metal ions, toxins, etc.) depends on the properties of the biogels. Selective transport of
molecules is also a primary function for nucleoporin proteins that form a network within
the nuclear pore complex. The NPC permits ions and small molecules with a radius  2.6
nm through by passive diffusion while larger cargos are transported actively using specific
receptors.40, 41 Similarly, proteins undergoing liquid-liquid phase separation are thought to
use LLPS to tune biochemical processes by acting as a selective filter. One such example
is in nuclear ribonucleoprotein (RNP) granules, where di-snRNP complex cannot leave the
droplet while U4/U6/U5 tri-snRNP complex can, allowing selective accumulation of a
reactant in the confined space of the liquid-protein droplet.42

3

1.3 Composition of biogels
Biological hydrogels, or biogels, are ubiquitous in nature and serve several functions.
Biogels are important for structural support and mechanical function, such as lubricating
surfaces of biological tissues.43 As discussed above, biogels also serve the important role
of being a selective barrier allowing for permeation of vital nutrients and other molecules
while impeding diffusion of certain harmful substances.10 To accomplish these varied
functions, biogels have complex and diverse structures dependent on their purpose. For
example, mucus may contain 90-95% water but the remaining components include
proteins, lipids, and electrolytes.44 In humans, a family of secreted proteins known as
mucins are the main gel-forming component of mucus. These mucins themselves are
complex glycoproteins with hydrophilic and hydrophobic domains as well as charged,
mostly anionic domains, due to glycosylation.45, 46 The exact composition of mucus also
varies depending on disease state, such as the thick, sticky, dehydrated mucus with
concentrated mucins that is responsible for respiratory problems for cystic fibrosis
patients.47 Due to their complex composition, the particle-mucus gel interactions in vivo
are likely to involve a variety of specific and nonspecific interactions including
electrostatics and hydrophobic interactions. Bacterial biofilms are also multicomponent
with their composition varying widely depending on the strain, species and environment.12
One of the best studied biofilms are formed by Pseudomonas aeruginosa, discussed in
section 1.2. Pseudomonas aeruginosa is a rod-shaped bacterium known to be a major cause
of healthcare associated infections. Even in this one bacterial species, anionic, cationic and
neutral polysaccharides are produced to form its biofilm.48,

49, 50

Varying the EPS

composition of bacterial biofilms greatly alters their chemical and physical properties
including their adhesive properties.51 For our studies, we have chosen a simpler model
system of uncharged or charged, water-soluble polymer networks, including the
polysaccharide dextran and polyvinylamine. These systems are not only useful models for
understanding particle transport in mucus or biofilms, but for understanding how particles
diffuse inside polysaccharide networks which are currently used as vehicles for gene and
drug delivery. In chapter three, we systematically investigate the effect of net probe charge
4

on the transport properties inside these model polymer systems both in the concentrated
and semi-dilute regimes. In chapter four, we switch to amino-dextran polymers to
investigate charge-charge interactions and their role on the diffusive behavior of particles
in both pure charged systems and mixed cationic/anionic charged systems.
Nature also uses many other biogels, which have widely varied compositions of proteins,
yet still share a common function of selective filtration. The nuclear pore complex (NPC)
is a selective filter controlling the transport of molecules between the nucleus and
cytoplasm. The NPC composition includes at least 30 distinct proteins. Key to the central
channel are intrinsically disordered proteins (IDPs) called nucleoporins. Nucleoporins
contain many phenylalanine-glycine (FG) domains believed to interact with hydrophobic
amino acids to form a network structure. How the NPC controls selective transport is still
not well understood. For example, it has been shown that hydrophobic interactions with
FG domains is important for particle transport through the NPC, but unexpectedly, so is
charge.52 Another protein-rich network is formed by liquid-liquid phase separation (LLPS)
which enables dynamic compartmentalization of molecules in a protein-rich phase without
the use of lipid membranes. Typically, LLPS is observed for IDPs or proteins with
intrinsically disordered regions. By LLPS, these proteins form membraneless organelles.
In vivo, these liquid-like droplets are presumed to have a complex composition that
includes not only the concentrated protein of interest but also other biomacromolecules
including other proteins or nucleic acids. While not known, one function of these protein
droplets in vivo is also thought to be related to selective transport allowing for the
concentration and recruitment of certain molecules to enable certain biological functions.42
For example, prion like domains of transcription factors (TFs) undergo LLPS helping with
the recruitment of RNA polymerase II,53, 54 or recently phase-separated droplets of TFs
formed in the presence of mediator coactivator have been shown to be involved in gene
activation.55 Other protein droplets, such as HP1α, formed by LLPS have been suggested
to have a role in driving heterochromatin domain formation.56, 57 Biomolecular interactions
between the disordered protein regions in these proteins dictate the thermodynamic driving
forces for condensate formation by LLPS.58 As the composition of condensates is varied,
their partition coefficient changes in a manner that determine the phase separated
thermodynamic free energies manifesting in selective transport. As the composition of
5

condensates is varied, their partition coefficient changes in a manner that determines the
phase separated thermodynamic free energies. The variation partition coefficients dictate
the formation and composition of the LLPS droplet. For example, in a hub of RNA
processing condensate nucleolus, there is a selective exclusion of ribonucleoprotein
complex generating a non-equilibrium steady flux state. This flux drives RNA out of the
nucleolus.59, 60 In Chapter 5, we investigate particle-protein network interactions in liquidlike droplets formed from tau protein using both a series of probe molecules, with similar
size and core chemistry but varying net molecular charge, as well as a fluorescently labeled
bovine serum albumin protein molecule.

1.4 Filtration strategies
1.4.1 Size filtering
Any polymeric network can be described by a characteristic length inside the polymer gels
known as the mesh size. The mesh size is determined based on the entanglement of
physically or chemically crosslinked polymer chains and is characteristic of the average
distance between crosslinks. The relationship between the particle size to the gel mesh size
determines the transport properties of particles within a polymeric network (Figure 1.1).
These steric interactions are simple to understand assuming particles that do not interact
significantly with the polymer chains of the network. When the particle size is small
relative to the mesh size, the particles diffuse freely in the interstitial fluid between polymer
chains. We will describe in Chapter 3, these particles experience a local microviscosity
environment that can be used to understand their diffusive properties (Figure 1.1a) within
the context of Stokes-Einstein diffusion. When the particle size is large, relative to the
network mesh size, the particle will become ensnared and trapped within the network
(Figure 1.1c). For particles on the order of the mesh size (Figure 1.1b), the transport is
hindered but not halted. Steric interactions play a role in particle transport in biogels. The
mesh size/correlation lengths of mucus and biofilms are typically in the range of 10-1000
nm while nucleoporins are reported to be are in the range of ~2.5-5 nm.10, 61-65 Due to these
small mesh sizes, nucleoporins exclude proteins larger than 30-100 kDa unless transport is
guided by using nuclear transport receptor (NTR).66, 67 Also, in mucociliary clearance,
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mucus blocks large pollutants by steric interactions allowing for the clearing of the
invading particle before its entry to epithelium.19 Steric interactions alone, however, are
not a sensitive means to selectively filter particles as they only depend on the particle size.
The selective transport in biogels therefore must also incorporate other chemical
interactions to control what molecules permeate the biogels.

Figure 1.1 Steric effects on particle transport in polymeric gels of a given mesh size. (a)
when particles are small, relative to the mesh size, they diffuse freely inside the hydrogel
interstitial fluid. (b) Particles which are nearly on the same order of mesh size experience
steric effects and get obstructed but pass through the hydrogel eventually. (c) Particles
much larger than mesh size are trapped inside the hydrogel.
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1.4.2 Interaction filtering
A major function of biogels is selective filtration of particles. Particle-biogel interactions
in vivo must include other specific and nonspecific interactions, such as electrostatics, or
hydrophobic interactions to facilitate the selective filtering of particles (Figure 1.2). This
selection process in biogels is referred to as interaction filtering. Interaction filtering
enables biogels to allow some particles to permeate the network while others are kept out
that is not solely dependent on the ratio of particle size to network mesh size. These
nonsteric interactions, such as electrostatic interactions between particle and polymer
chains, can be attractive or repulsive in nature. Experiments have shown that electrostatic
interactions are important for mobility of charged particles in mucus,61, 68 the extracellular
matrix,69 biofilms64 and the nuclear pore complex.25, 70 Depending on the specific context,
it could be advantageous to make particles that more readily permeate the biogels (for
instance mucus penetrating particles to deliver drugs to the epithelial cells under the mucus)
or particles with engineered reduced transport within the biogels, such as mucoadhesive
drug delivery systems, that would enable longer drug action within the mucus matrix.
Understanding how biogels regulate particle transport within their networks by interaction
filtering is therefore critically important for a wide range of therapeutic applications. Using
model polymer solutions and hydrogels allows for the examination of particular
interactions, like electrostatics, within a less complex network environment to gain insight
on interaction filtering mechanisms in biogels.
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Figure 1.2 Biopolymer based hydrogels acting as selective permeable barriers for
microscopic particle translocation. They permit the passage of certain particles while
exclude others (a) Bacterial biofilms have secreted extracellular polymeric substances
around it, to protect bacteria from entry of antibiotics. (b) Mucus lines all the wet surfaces
of the body, protects from entry of pathogens and toxins. Connective tissue or extracellular
matrix, a proteoglycan controls the entry of particles between cells. (c) Nuclear pore
complex imports and exports particles from nucleus to cytoplasm. (d) Membraneless
organelles are thought to act as selective filters to carry out biochemical reactions.
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1.4.2.1 Regulation of particle diffusion in saccharide-based hydrogels
Mucins consists of a protein core glycosylated with complex oligosaccharide
structures.71, 72 Cervical mucus has large mesh size (~300-400 nm) yet particles like herpes
simplex virus, that is less than 200 nm, are strongly trapped inside the cervical mucus
network. Using charged polymeric nanoparticles (diameters ~100-300 nm), diffusion in
intestinal mucus was shown by multiple particle tracking to be hindered for both positively
and negatively charged particles, while particles with a charge near-neutral can more
readily permeate the network.73 These results suggest it is the charge magnitude, not the
sign, of the charge, that is the key determinate for particle transport within biogels. These
are just a few examples of the importance of interaction filtering in polysaccharide-based
biogels.63, 74, 75 Particle transport in mucus is also known to be dependent on pH. 61, 76 For
example, in acidic cervicovaginal mucus, negatively charged human immunodeficiency
viruses are trapped but are not hindered in the same mucus at neutral pH.61, 76 This behavior
is also seen in reconstituted mucin gels where mobility of charged particles are suppressed
at low pH but at neutral pH, both neutral and charged particles diffuse freely. Within the
reconstituted mucus, the trapped particles at low pH are released on addition of high salt
concentrations61 or heparin.77 This behavior can be understand by considering electrostatic
interactions. The linked sugar moieties and protonation levels of amino acids develop
charge states on the polymer, sensitive to the pH which in turn controls the transport of
particles based on the surface charge. The sensitivity of the mucus polymer to pH is utilized
by the human body in maintaining neutral pH during ovulation whereas cervical mucus at
acidic pH is neutralized by seminal fluid for penetration of sperm cells.78, 79
Further examples of interaction filtering in saccharide-based biogels are found in
extracellular matrix and bacterial biofilms.80 The extracellular matrix, a collection of
different proteins and proteoglycan polymers demonstrate that the permeability barrier is
in control of glycosaminoglycan heparan sulfate.81, 82 The interactions of heparan sulfate
chains, which carry net negative charge, are electrostatic in nature allowing binding of
growth factors such as fibroblast.83 It has been also shown the binding interactions depends
on the charge density on the heparan sulfate which in turn set up degree of sulfation.84-87
Similar electrostatic filtration is observed in biofilms where the diffusion of charged
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molecules are less than large neutral molecules.88, 89 This effect is attributed to negatively
charged exopolysaccharides, such as alginate, which can interact electrostatically with
positively charged antibiotics aminoglycosides, hindering penetration into biofilms.90, 91
To gain insight in charge-charge interactions within these saccharide biogels, we have
chosen model branched polysaccharides called dextrans for our studies in Chapter 3. These
dextrans can be obtained as uncharged polymers or in cationic (Diethylaminoethyl
(DEAE)-dextran) and anionic (Carboxymethyl (CM)-dextran) variations. DEAE-dextran
consists of unreactive tertiary and quaternary amines, so in Chapter 4, we switched to
amino-dextrans which are dextrans functionalized with primary amines. Using aminodextran and CM-dextran, we studied mixed cationic/anionic hydrogels comprised of
different ratios of the two charged polymers. By functionalization of the primary amines
on amino-dextran, we then compared the transport of probe molecules in a polyampholytic
system compared to the mixed charge polymer solutions.

1.4.2.2 Regulation of particle diffusion in protein-based hydrogels
The selective barrier within the nuclear pore complex (NPC) is mainly due to nucleoporins
which contain phenylalanine-rich repeats (FG-repeats) separated by hydrophilic spacer
regions.92,
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It was observed that some proteins, like histones or ribosomal proteins,

possess small size (~15-21 kDa) yet could not pass through the nuclear pore whereas larger
size transport receptors of size ~ 90-200 kDa could translocate.94-96 This paradox suggests
that size filtering mechanism cannot explain the transport behavior in nuclear pore
complex.97 While hydrophobic interactions between particle and FG repeat was thought
crucial for translocation of molecules through the NPC, a closer inspection also revealed
the presence of electrostatic interactions that contribute to NPC selectivity. The unfolded
domains that separate FG-repeats consists of polymers carrying net positive charge groups
that can translocate negatively charged molecules.25 In the previous example, illustrated
histones cannot diffuse through the pore channel despite its relatively small size. But
binding of histones to transport receptors such as importin ꞵ and importin 7, a net negative
charge can be acquired by histones and becomes competent for translocation process.
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Therefore, the positively charged sections of the polymers contribute to electrostatic
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sieving which helps the NPC control particle entry based on the particle surface charge.
However, other mechanistic models of nuclear translocation process also demonstrate the
contribution of hydrophobic and entropic effects for particle translocation.98, 99 Proteins
that bind to soluble nuclear transport receptors, like importin ꞵ, account for a majority of
particle nuclear transport through the NPC. Nucleoporins are characterized by short
hydrophobic residues FXFG, GLFG separated by hydrophilic spaces. The translocating
particles with hydrophobic groups can attract towards Phe-rich clusters of nucleoporins
and partition selectively into the permeability barriers.98, 100, 101 It is also believed that the
FG domains constitute a special group of intrinsically disordered regions and can undergo
phase separation to form membraneless organelle. The best studied condensate is P-granule
found in Caenorhabditis elegans embryos which has numerous FG-dipeptides repeats
suggesting its phase separation from nucleoporins.22, 102-104
Like the protein-rich NPC, membraneless organelles are also recognized to recruit
molecules into them selectively. Condensates are concentration hubs where they act as
biochemically selective barriers for particle entry, as they enrich for specific proteins while
excluding others.105 For example, centrosomes form membrane less organelles that recruit
specific microtubule protein tubulin for nucleation.106 This biomolecular filtration
mechanism is also reported for reconstituted membraneless organelles made in similar
fashion and appearance to nucleolus using DdX4 protein which exclude chromatin but
absorb single stranded DNA (ssDNA) molecules. This selectivity for absorbing molecules
within organelles is believed to involve the interactions of the absorbed molecules with the
interior of the organelle via cation-π interactions for nucleic acids and by electrostatics of
the charged protein chains that forms the membraneless organelles.107, 108

1.5 Charge-Charge interactions in model hydrogels
Considering the importance of interaction filtering, the DeRouchey lab has focused on the
study of probe-polymer charge interactions using dextrans as a model saccharide-based
hydrogel. Using high molecular weight dextran at sufficiently high polymer concentration,
above the critical overlap concentration, physically crosslinked hydrogel solutions can be
formed. In previous work, the transport properties of a single probe (net charge -2) was
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examined by fluorescence correlation spectroscopy (FCS) in neutral and charged dextrans
[CM-dextran (-) and DEAE-dextran (+)]. We showed that probe transport in the charged
hydrogels was highly asymmetric, with diffusion significantly hindered by attractive
electrostatic interactions compared to repulsion and that the filtering capability of the
dextran solutions was sensitive to the solution ionic strength.109 In collaboration with the
Roland Netz lab (Freie Universität Berlin, Germany), a simple network model was
developed for Brownian dynamic simulations. The simulations, in quantitative agreement
with our experiments, revealed the charge asymmetry arose due to particle sticking at the
vertices of the attractive (oppositely charged) polymer gel.110 In my work, we extended this
experimental approach to examine the role of particle net charge, and the charge density of
the network, on transport properties of probe molecules (chapter 3). Using FCS, we
determined the translation diffusion coefficient of a series of probe molecule, with similar
size and core chemistry but varying net molecular charge in neutral and charged dextran
solutions. In this study, we looked at both low and high molecular weight dextrans resulting
in polymer solutions in the semi-dilute or concentrated regime, respectively. Transport of
our probe molecules in the semi-dilute and concentrated regimes showed similar
diffusional behavior as the particle was small relative to the corresponding polymer length
scales. As anticipated, high particle charge resulted in more hindered diffusion in the
attractive dextran solutions and this particle transport was dependent on solution ionic
strength. Using a biotinylated probe, we were also able to observe the effect of additional
non-electrostatic interactions between probe and the dextran networks.
Using the developed network model, and appreciating the complex composition of biogels,
we also previously worked with the Netz lab to do a quantitative comparison between
experimental data on a single probe molecule inside mixed cationic/anionic dextran gels
and a coarse-grained simulation model for particle transport inside gels with a random
distribution of interaction sites.111 Both experiment and simulation showed that particle
transport in mixed gels was nearly identical to purely attractive gels, over a broad range of
compositions, despite the reduced number of attractive interaction sites. This is due to the
magnitude of the attractive interaction being large compared to weak repulsive electrostatic
interactions inside the gel network. By simulation, the particle trapping in mixed gels is
similar to purely attractive interactions and dominated by vertex trapping. Taken together
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this work illustrates why heterogeneous biogels can serve as highly effective and robust
selective filters for interacting particles. As most biogels have compositions consisting of
biopolymers with attractive and repulsive domains along the same polymer chain, my
research focused on the creation of polyampholytic polymeric networks for comparison to
mixed charged hydrogel networks (chapter 4). By functionalization of the primary amines
of an amino-dextran, polyampholytes with varying amounts of cationic/anionic
functionalization were synthesized and characterized. Particle transport of probes of
varying charge was compared in these polyampholytic polymer solutions to transport in
mixed charged dextran solutions of amino-dex (+) and CM-dex (-). Due to the high
molecular weight of the dextrans, all polymer concentrations explored were above the
critical overlap concentration and in the concentrated polymer solution regime.
Interestingly, in the polyampholytic dextran solution, the strong electrostatic attractions
between probe and polymer chain are lost faster than with the mixed dextran solutions. For
example, 40% succinylation of the primary amines in the polyampholyte is sufficient to no
longer observe hindered transport due to the attractive electrostatic interactions. In the
mixed polymer solutions, even 20% amino-dex (+) in a matrix of CM-dex (-) was still
sufficient to hinder the probe particle transport. This could be rationalized from the particle
studies in ECM, where local charge distribution of different charges on polymeric network
is shown to be important in trapping the particles within biopolymers.69

1.6 Dissertation outline
This dissertation outlines progress on understanding electrostatic interactions and their role
on particle transport within model polymer networks. Chapter 2 of this dissertation
provides a description of the principles of fluorescence correlation spectroscopy and
summarizes prior work on using FCS for analyzing translational diffusion coefficients of
fluorescently labeled molecules in polymer solutions and networks.
In chapter 3, I focus on a series of probe molecules, with similar size/chemistry, but
different net molecule charge. Using FCS, the particle transport properties were determined
in both neutral and charged dextran solutions in both the semidilute and concentrated
regimes. We show how increasing the probe molecule charge leads to increased attractive
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interactions in attractive polymer solutions and more hindered diffusion. This particle
filtering is sensitive to solution ionic strength, however, the more highly charged probes
still showed hindered diffusion even at high ionic strength. The charged dextran solutions
are relatively low charge density, which ~1 charge per 3-5 sugar repeat units. For
comparison, probe transport was also examined in semidilute polymer solutions of
polyvinylamine (PVAm). PVAm is a water-soluble polymer with a high linear charge
density with one primary amine per monomer repeat unit. In PVAm solutions, all probe
molecules were highly hindered in the PVAm solutions and had modest sensitivity to
solution ionic strength.
Chapter 4 explores probe diffusion in mixed charged and polyampholytic polymer
hydrogels and their dependence on probe charge. Using a new cationic dextran with
primary amines suitable for functionalization, we again observe that particle transport in
mixed attractive/repulsive charged polymer solutions is nearly identical to purely attractive
gels over a wide range of compositions. The incorporation of negative charges onto the
cationic amino-dextran chains, to form a polyampholytic network, however results in
higher sensitivity to the charge composition within the polyampholytic networks. The
polyampholytic dextrans show a loss of the selective particle filtering at much lower ratios
of positive to negative charge moieties.
In chapter 5, we switch to a mixed charge protein-based system, specifically tau protein
condensates formed by LLPS. Using the same series of probe molecules, we systematically
investigated the effect of probe charge on the transport properties within tau protein
condensates. Despite being protein-rich phases, the tau droplets are observed to be
moderately low-density droplets comparable to semi-dilute polymer solutions.
Experimentally we observe both the probe molecules and BSA are able to freely diffuse
within the permeable voids between tau protein chains. I will show there are dependencies
on the probe charge and ionic solution conditions on the diffusion behavior inside the tau
droplets. In addition, I explore possible mechanisms that can account for the transport
properties of the BSA molecule inside tau droplets. Together, these findings suggest some
of the different parameters controlling the transport of particles within protein droplets that
could provide insight on the design of novel membraneless organelle therapeutics.
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Chapter 2: Fluorescence Correlation Spectroscopy (FCS)

2.1 Introduction
In 1972, Douglas Magde, Elliot Elson and Watt W. Webb described the theory,
experimental set-up, and applications for FCS.112-114 FCS was first developed as a tool to
measure chemical reaction kinetics and diffusion via fluorescence fluctuations. A
significant advancement of FCS occurred in the 1990s with the introduction of a confocal
configuration into FCS by Rudolf Rigler and Manfred Eigen enabling single molecule
sensitivity.115,

116

Due to advances in strong, stable lasers and sufficiently sensitive

detectors, Rigler and coworkers were able to use a confocal configuration with a high
numerical aperture objective and pinholes to limit detection volume, minimize scattered
light and increase signal to noise. In so doing, they showed FCS was capable of the direct
detection of single fluorescently labeled molecules diffusing freely in aqueous solution.117
In the last couple of decades, the integration of more advanced optical approaches, such
as dual-color cross-correlation and multi-photon excitation, has enabled FCS to describe
multiple dynamic processes occurring in complex environments in a wide range of in vitro
and in vivo systems.118-122

2.2 Principle of FCS
2.2.1 Autocorrelation
To study the transport properties of nanoparticles within biopolymer solutions, we used
FCS, which offers non-invasive and direct monitoring of dynamic processes of single
molecules in polymeric systems, hydrogels and tissues.123-125 FCS is based on statistical
analysis of temporal fluctuations of the fluorescence intensity (Figure 2.1). These
fluctuations arise due to the Brownian motion of the particles in solution due to continuous
collisions with other molecules in the surrounding medium. Generally, the two major
results obtained from FCS studies are:115, 126 (1) Characteristic diffusion time, d and (2)
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the average number of molecules, N, present in the observation volume, known as the
confocal

Figure 2.1 Overview of fluorescence correlation spectroscopy (FCS). (a) fluorescently
labeled molecules are excited while diffusing through a defined confocal detection volume
(b) by detecting the emitted photons, a fluctuating intensity trace is recorded. (c) the
corresponding autocorrelation function calculated from the fluorescence intensity trace is
used to obtain information about the number of molecules (N) and diffusion time (d) in
the observation area.
volume, in which intensity fluctuations of fluorophores are observed. Translation diffusion
coefficients, D, can be determined from d and the size of the confocal area which is
determined by measurements of a dye with known D.126
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The intensity of fluorescence fluctuation can be calculated at a certain time using
equation (1):
δ 𝐼 𝑡 = 𝐼 𝑡) − < 𝐼 (𝑡 >

(1)

where 𝐼 (𝑡 is the intensity of fluorescence and < 𝐼 𝑡 > is the average intensity over time.
The autocorrelation curve is calculated from the intensity trace where each signal is
compared to itself after a delay time . This autocorrelation function for FCS is expressed
as:114

𝐺(τ)
where, 𝐼 𝑡

=

.

(2)

𝜏 is the intensity of fluorescence after a lag time or delay time.

2.2.2 Triplet state
The autocorrelation discussed above have not considered that some of the illuminated
particles may be excited to the triplet state where they don’t emit any photons for a
characteristic time. The triplet state concept is well explained by the Jablonski diagram
(Figure 2.2). Under normal conditions, the fluorophore occurs in the lowest vibrational
state of the lowest electronic state (S0). Excitation of this fluorophore can be achieved by
absorption of light. The absorption is proportional to the difference between the excited
and ground states of the molecule.127,

128

According to the Born-Oppenheimer

approximation, the electrons can be separated from the nucleus only when the spin is
conserved. In reality, addition to the spin allowed transition there are other transitions such
as singlet-triplet and triplet singlet transitions called intersystem crossing which are
observed in some systems.128 The spin allowed transitions yields fluorescence and in latter
case, it leads to radiative transition called phosphorescence.114 Assuming these processes
are well separated in the time domain, the full autocorrelation function for identical
fluorescent particles undergoing ideal Browning diffusion can then be written as:128
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𝐺(τ) =

1

1

1

(3)

where N denotes the number of particles within the confocal volume, d is the diffusion
time of the particle of interest, and

is the ratio of the axial and radial dimensions of

the confocal volume. The triplet times are characterized by a characteristic flickering time
(t) and the dark fraction T.

Figure 2.2 Jablonski diagram showing possible radiative process of absorption, emission
by solid arrows and non-radiative transitions by dashed arrows.
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2.3 FCS experimental set up:
A common experimental set-up used for FCS is depicted in Figure 2.3. The excitation
radiation, often a continuous-wave laser, is directed by a dichroic mirror into a microscope
objective and focused on the sample. A water immersion objective is used for
measurements.

Figure 2.3 Schematic representation of experimental FCS set up. The incident light from
laser source to reemitted fluorescent photons reaching detector pathway are shown.
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Emitted fluorescence light from the sample is collected by the same microscope objective
and passed through the dichroic and an addition emission filter. A pinhole is used in the
image plane to attenuate any fluorescence light not originating from the focal region.124 As
depicted in Figure 2.3, after passing through the pinhole, the light is then focused onto a
detector with single photon sensitivity, often a photomultiplier tube (PMT) or avalanche
photodiode (APD). The output from the detector is then time autocorrelated using a
hardware correlation card.124 In my work, all FCS experiments were made using a
commercial ISS Alba confocal fluorescence fluctuation system coupled to a Nikon Ti-U
microscope equipped with a 60×/1.2 NA water-immersion objective lens. The emission
signals were passed through a 514-nm long-pass edge filter before detection. Emission
signals are recorded by two separate PMTs.

2.3.1 Detectors in FCS
As FCS measures fluctuations arising from single molecules entering or leaving the
confocal volume, detectors capable of measuring single photons are required. The most
common detectors for FCS are therefore photomultiplier tubes (PMTs) and avalanche
photo diodes (APDs). Both detectors amplify the original signal of photons by using either
the photoelectric effect or using avalanche breakdown, respectively, and are sensitive
enough to detect single photons of light.
As shown in Figure 2.4, PMTs are vacuum tubes where light enters and is absorbed by a
photocathode. The absorption of the light excites electrons in the photocathode resulting in
the emission of electrons due to the photoelectric effect. These emitted electrons are
accelerated and focused onto a series of dynodes resulting in a multiplication effect due to
secondary electron emission at each dynode. This produces a cascade of electrons within
the PMT amplifying the original signal by as much as 108. Lastly, the multiplied secondary
electrons are collected at the anode resulting in an electrical current output to an external
circuit.129
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Figure 2.4 Photomultiplier tube used for photon detection in our FCS. Represents
components of photodetector multiplier tube to process output by converting photon of
light to electrical signal.
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Avalanche photodiodes (APDs) (Figure 2.5) are also commonly used for low light
detection in FCS. An APD is a semiconductor photodiode containing positively doped P
region and a negatively doped n region operated at a high reverse voltage. Within a
depletion region, absorbed photons generate electron-hole pairs that in turn generate an
electrical current. The initial electron-hole pairs are accelerated within a strong internal
electric field resulting in the generation of secondary carriers. This results in an "avalanche"
of electron-hole pairs which is used to amplify the original signal.130 A couple advantages
of APDs over PMTs is their small size and large capacitance.

Figure 2.5 Avalanche Photodiode.
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2.4 Applications of FCS in polymers
2.4.1 Translational diffusion coefficient and concentration measurements
FCS allows for direct measurement of diffusion properties of molecules diffusing in
biomolecular environments. The diffusion of molecules inside polymer solutions and gels
is mainly determined by the size of the diffusing particle, the relevant polymer correlation
lengths, and interactions between diffusing particle and polymer network.125 For example,
the complexation of negatively charged rhodamine labeled oligonucleotides with cationic
polymers was previous studied using FCS.131 It is also possible to measure concentrations
of fluorescent molecules for more than one species diffusing at different rates. The
interaction of cationic Rh6G dye molecules with anionic polystyrene sulfonate polymers
results in a fraction of polymer-bound dye and a fraction of free molecules. At higher ionic
solution strength, the fraction of bound dye decreases indicating an exchange process
between free and bound cationic probe molecules.132 The parameters of molecular
dynamics of polymer networks can also be extracted by evaluating the diffusion behavior
of probes, such as commercially available Alexa dyes. Studies on probe diffusion of Alexa
labeled albumin within articular cartilage, a proteoglycan (made of gluconic acid and Nacetyl glucosamine), were studied using FCS (Figure 2.6).133 Diffusion coefficients of
Alexa-albumin were determined in trypsin treated cartilage for different time periods from
3 h to 24 h (trypsin -3 to trypsin -24) to understand the molecular dynamics after chemical
digestion. Increase in chemical digestion increased diffusion coefficients of labeled
albumin. Early stages of trypsin digestion hinders the diffusion of labeled albumin because
of changing of the natural available space of cartilage to a much more intricate
environment.133 These studies show how FCS provides the advantage of direct
measurement of diffusion behavior of molecules within proteoglycan tissues and details
about their time-related degeneration.
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Figure 2.6 Representative autocorrelation plots of Alexa labeled albumin in normal
cartilage and chemically digested matrix with Trypsin-3, Trypsin-6, Trypsin-9 and
Trypsin-24. The dwell times increases for chemical digested samples with time in
comparison to normal cartilage indicating more free diffusion of probe.
(Reprinted with permission from Lee, J.I., Sato, M., Ushida, K. et al. Measurement of
diffusion in articular cartilage using fluorescence correlation spectroscopy. BMC
Biotechnology 11, 19 (2011), @ copyrights ©2011 Lee et al; licensee BioMed Central
Ltd)

2.4.2 Association and dissociation event studies
Measurement of binding interactions is crucial for understanding biochemical reactions
that drives cellular functions.134,
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For example, FCS was used to study interactions

between fluorophores and lipids and to quantify the partition of fluorophores into lipid
membrane by following two species FCS autocorrelation equation:136
.
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𝐾𝑒

(4)

where, s is the ratio between axial and lateral ratio of detection volume, Ntot is the total
number of molecules in detection volume, τd1, K1, Tk1 are diffusion time, triplet fraction
and triplet lifetime of the free fluorophore and τd2, K2, Tk2 are diffusion time, triplet fraction
and triplet lifetime of the bound fluorophores, respectively. Here ξ represents the fraction
of bound fluorophores to the lipid vesicle. The electrostatic interactions between charged
fluorophores and the cationic lipid 1,2- dioleoyl-3-trimethylammonium-propane (DOTAP)
as a function of varying NaCl salt concentration was examined using FCS.136 Figure 2.7A
shows the autocorrelation curves for the cationic Atto 647N dye in the presence of 4 mM
cationic DOTAP lipid at two different salt concentrations. Fitting the data to equation (4)
shows that the lipid-bound fraction of fluorophore Atto 647N changes from 5% in 14 mM
salt to ~ 10% in 140 mM NaCl resulting in a shift in the autocorrelation curve to longer
decay times with increasing salt concentration. At low salt, the repulsive electrostatic
interactions between the cationic, +1 charged Atto647N dye and DOTAP with a +1 charged
lipid head minimizes the amount of dye binding to the lipid. At high salt, these coulombic
interactions are effectively screened, and more dye is observed to interact attractively to
DOTAP resulting in more dye bound at high salt. In Figure 2.7B, attractive electrostatic
effects were observed between anionic Alexa 647 dye (-4 charge) and cationic DOTAP
where increased salt concentration screens columbic fluorophore-lipid interactions. The
autocorrelation curves reveal that the characteristic diffusion time of Alexa647 decreases
at high NaCl salt concentration due to a decrease in bound dye at high solution ionic
strength.
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Figure 2.7 Electrostatic screening of fluorophores and lipid interactions.
(A) Normalized autocorrelation curves of 1nM Atto 647N (-1 charge) and 4mM DOTAP
at different salt concentrations (red and blue) using a two-species fit. For comparison, the
normalized autocorrelation curve of fluorescent lipid vesicle is also shown. Longer decay
shifts are observed with increasing salt concentration due to an increase in fluorophorelipid interactions. (B) Normalized autocorrelation plots of 1nM Alexa 647 (-4 charge) and
4mM DOTAP at different salt concentrations (red and blue). The plot indicates shorter
decay shifts with increasing salt concentration due to increase in repulsive forces between
fluorophore-lipid interactions. (Reprinted with permission from Zhang Z, Yomo D,
Gradinaru C. Choosing the right fluorophore for single-molecule fluorescence studies in a
lipid environment. Biochim Biophys Acta Biomembr. 2017 Jul;1859(7) 1242-1253.)

2.5 Applications of FCS in polyelectrolytes
The properties of polyelectrolytes are mainly due to their dual character of being flexible
and highly charged polymers.137, 138 Dynamic changes of polyelectrolyte solutions with pH,
helps to measure the conformational transitions of the polymer chain. For example, the
hydrodynamic radius of a fluorescently labelled poly(methacrylic acid) (PMAA) was
monitored by FCS (Figure 2.8) to understand changes in the polymer conformation as a
function of pH.139 The effects of enhanced ionization and rise of intramolecular repulsions
on expansion of labelled PMAA chains were studied. The experimentally determined value
of hydrodynamic radius Rh for PMAA changes from 8.5 nm to 15 nm over a pH range of
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4.5 to 9. This corresponds to a fully uncharged polymer at low pH to a highly charged
polymer chain at high pH. Experiments like these show the promise of FCS to provide
molecular level information about the structural dynamic changes of a polyelectrolyte
polymer chain.139 Another example of FCS being used for studies of polyelectrolyte
dynamic studies was done by Kim et al.140 Using fluorescently labeled dextran, they
investigated the solvent-dependent uptake of a neutral polymer into polyelectrolyte
multilayer microcapsules. FCS was used to determine the dextran hydrodynamic radius
with a decreased Rh indicative of dextran encapsulated within the microcapsules. They
showed that in water, the dextran polymer was not able to diffuse through the shells. In the
presence of small amounts of ethanol or acetone, however, large nanopores were formed
allowing the dextran to become encapsulated within the microcapsules.

Figure 2.8 Translational diffusion coefficient of labeled polymer and hydrodynamic radius
Rh as a function of pH. Change in pH from 5 to 8 results in expansion of polymer coils.
(Reprinted with permission from Denis et.al; "Fluorescence correlation spectroscopy
studies of diffusion of a weak polyelectrolyte in aqueous solutions", The Journal of
Chemical Physics 122, 014907 (2005)).
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2.6 Applications of FCS in vivo
2.6.1 Diffusion studies within cell
FCS has the potential for studying dynamic process in or on cells at the single-molecule
level. Experimental studies have demonstrated that molecules exhibit anomalous sub
diffusion in the cytoplasm because it contains high concentration of liquid vesicles,
proteins, and organelles such a Golgi apparatus and endoplasmic reticulum (ER).141, 142 The
cytoplasm is also crowded with many macromolecular species like RNA, ribosomes and
proteins diffusing and binding to various structural elements. It was demonstrated by FCS,
the sub diffusion of dextran probe molecules persisted after disruption of cytoskeleton
indicating anomalous sub diffusion is not solely due to higher order structure hindrance.143
However, the reduced particle mobility in cells appears to depend on type of cell and their
location within the cell.
FCS was also employed for the study of fluorescein labeled oligodeoxynucleotides in the
nucleus to measure their diffusion. It was observed that the major fraction of
oligodeoxynucleotides moved rapidly, similar to diffusion rate in aqueous solution,
whereas a small fraction moved slowly due to hybridization to endogenous RNA or other
macromolecular complexes.144 One concern for FCS experiments performed in cells is that
a variety of cellular molecules, like flavoproteins and nicotinamide adenine dinucleotide
(NADH), have intrinsic fluorescence.145 The background signal arising from this
autofluorescence depends both on the excitation wavelength and location within the cell.
For example, autofluorescence is brighter in the cytoplasm and is heterogeneous and can
fluctuate on the timescale of seconds. Care must be taken to reduce the autofluorescence
background signal. Due to its low background, two-photon FCS is often used in cells as
biomolecules in the cell are not capable of absorbing wavelengths higher than 900nm,

2.6.2 Diffusion studies on membrane
The first successful in vivo applications of FCS was achieved by measuring diffusion of
protein in cell membrane.146 Before the wide spread of FCS, most of the early studies used
FRAP for studying membrane protein diffusion. But the results of FRAP experiments on
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labeled proteins in vivo showed that the diffusion of molecules appeared to to be slower
than predicted by the hydrodynamic Saffman-Delbreck theory.147, 148 Reexamination of
single-phase model in the 1990s using FCS confirmed the presence of anomalous sub
diffusion on cell membranes and that this it is not an artifact of the FRAP technique.149

2.6.3 Directed transport
Many biochemical processes take place in cell requires metabolites to be transported
between compartments for cellular functions. FCS has been used to distinguish active
transport and passive diffusion in plant biology.150 Previously FRAP studies indicated that
plastids in plant cells have tubular projections through which molecules are exchanged.151
Experiments on chloroplasts using FCS reveals that the GFP expressed in plastids moved
by active transport through tubules while a free diffusion is observed through cytosol.152 If
the molecular motion involves active transport, the correlation is modified as:
𝐺 𝜏 = 𝐺 (τ) × 𝐺
where 𝐺 𝜏 and 𝐺

(τ)

(5)

(τ) are calculated from equation 6 and equation 7,
𝐺 𝜏

𝐺

/

(τ) = exp –

(7)

𝑉

Using this approach, 𝜏

(6)

(8)

and velocity 𝑉 for active transport can be calculated for the

average residence time of the molecule in the focal volume if the dimensions of the focal
volume are well-defined. By this method, it was determined that diffusion in tubules is 50100 times slower than aqueous solution and cytosol, respectively.
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Chapter 3: Particle transport in semidilute polymer solutions: effect of particle
charge and polymer chain charge density

3.1 Introduction
Hydrogels are commonly described as the three-dimensional network of polymer chains
with ability to absorb water.6, 10 Biological hydrogels, or biogels, are hydrogels composed
of biologically derived polymers. Biogels are ubiquitous in living systems with examples
ranging from bacterial biofilms, mucus, extracellular matrix and nucleopore complex.
Biogels have important physiological roles not only as structural supports but also serving
as selective filters to control the passage of various biomolecules such as nutrients,
proteins, ions, drugs, and acts as barrier against pathogens.153-155 A defining feature of
synthetic filters is that rapid flux comes at the expense of high selectivity and specificity.156
Biogels however can have both high specificity and flux. The selective permeability of
molecules in biogels is dictated by its interactions with varied type of polysaccharide units
in biofilms90, 91 and by proteoglycans acting mostly as polysaccharides in mucus157, 158 and
connective tissues of extracellular matrix.9, 69, 81 To achieve high flux and high specificity,
biogels use a variety of polymer compositions and complex interactions. For example,
mucins, the primary gel-forming component of mucus in humans, are a family of secreted
glycoproteins that contain hydrophobic, hydrophilic and charged domains capable of
interacting with particles trapped within the mucus gel. In addition, biogels have been
shown to achieve different functions by particle interactions dependent on the context. For
instance, binding interactions usually lead to hindered diffusion for particles within a
polymer network. This behavior is observed within mucosal membranes, where inert
nanoparticles that minimize binding interactions show higher permeability.159-161 But in
the nuclear pore complex, proteins that bind have been shown to have a higher flux than
inert proteins.94, 162, 163 Despite their importance for biological function, how these biogels
selectively regulate particle transport within their networks is still not well understood.
Alongside hydrodynamic and steric effects, nonsteric interactions, such as electrostatics
and hydrophobicity must also play a major role in the diffusive behavior of particles in
biogels. A more complete understanding of the filtering mechanisms of biogels is therefore
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critical for both designing nanoparticles for therapeutic applications as well as the design
of better synthetic filters with high flux and selectivity.
Biopolymers, such as polysaccharides, are also promising carriers for a wide range of
therapeutic agents.164-167 Dextran complexed with small molecules or drugs has shown
promise in the fields of drug delivery for controlled release and tissue engineering.168-171
For example, cis-platinum (II) complexed with charged dextran derivative, carboxymethyl
dextran (CM-Dex), is reported to be cytotoxic against human derived tumor cell lines in
vitro.172, 173 Understanding particle transport within these complex biopolymer systems is
also crucial for their optimization.25, 61 There is a growing number of studies to better
elucidate the partitioning and diffusivity of small molecules in polymer-based hydrogels,
but the complexity of diverse interactions like sterics, hydrophobic, electrostatic, van der
Waal makes this a challenging problem.63, 76, 174, 175 Other factors shown to be critical for
particle transport in hydrogels are charge density, particle surface charge9, 25, 61, 68, 174,

176

and their magnitude rather than their algebraic sign69, 177 and the solution ionic strength.9,
61, 69, 178, 179

Beyond just nanoparticle transport in gels, many applications depend on particle

transport in other complex fluids such as semi-dilute polymer solutions. In networks,
particle transport is dictated by the ratio of the size of particles relative to the size of the
mesh network. For particles small, relative to the mesh, particles can diffuse freely in the
interstitial fluid. In unentangled polymer solutions, particle dynamics are determined by
the distance between neighboring chains. For polyelectrolytes, attractive and repulsive
interactions can occur between particle and polymer chain. In addition, same charge on the
polymer chains results in repulsions between monomers that alter the chain dynamics and
stiffness in the semidilute regime. These conformational changes likely affect the diffusive
properties of nanoparticles within the solutions as well. In vivo, there is growing evidence
that small molecule transport through crowded cytoplasmic environments effects the
cellular function.180,

181

Changes in concentration of charged biopolymers present

in vivo15, 178, 182-184 with their related effects on viscoelastic properties,185 requires a proper
interpretation of characteristic length scales like mesh size, effects of polymer
entanglements affecting probe-polymer interactions, and characterizing the transport
mechanisms in different polymer regimes.186
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To gain insight into the complex interactions responsible for selective filtering in biogels,
it is useful to examine transport within simpler model systems. We report here on
biophysical studies to better understand the importance of electrostatics on particle filtering
within

reconstituted

water-soluble

polymer solutions.

Fluorescence

correlation

spectroscopy (FCS) experiments are performed to determine translational diffusion
coefficients on charged probe molecules in uncharged and charged polymer solutions.
Probe transport within neutral and charged branched polysaccharide (dextran) were
performed in both the semi-dilute and concentrated polymer solution regimes. To
systematically investigate the effect of probe charge, a series of dye molecules with nearly
identical core chemistry and size, but varying net molecular charge (0 to -3) were used. To
investigate the effect of polymer chain charge density, probe transport in the relatively low
charged dextran solutions was compared to transport within a highly charged
polyvinylamine (PVAm) solution.
Previously, we showed that nonsteric interactions are crucial to understanding particle
diffusivity of a charged probe molecule within dextran hydrogels.111, 187 By theory and
experiment, we showed that particle filtering of a -2 probe dye was highly charge
asymmetric with particles being strongly immobilized in the gel vertices in oppositely
charged gels due to their attractive interactions. In this work, we show the filter capabilities
of charged and uncharged dextran solutions are nearly identical for both semidilute and
concentrated polymer solutions (i.e., both below and above the critical overlap
concentration). Probe charge has nearly no effect in uncharged dextran or repulsive dextran
solutions but has a strong charge-dependent effect on the hindered diffusion within
attractive dextran solutions. In contrast, all probes, regardless of net molecular charge,
were observed to have strongly hindered diffusion within the highly charged PVAm
solutions. Next, we examined additional non-electrostatic interactions using a biotinylated
probe molecule. Compared to the non-biotinylated probe with the same net charge, the
biotinylated probe shows hindered particle diffusivity presumably due to additional
hydrogen bonding or Van der Waal interactions between biotin and the dextran polymer
chains. Lastly, we show that particle diffusivity in both attractive dextran and PVAm
polymer solutions has a salt dependence that varies with both probe molecule charge as
well as the polymer network charge density indicating the importance of attractive
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electrostatic interactions for particle filtering. Interestingly, the transport properties showed
a characteristic crossover behavior at a critical salt concentration that varied depending on
the probe charge and polymer composition. In the positively charged dextran solutions,
neutral and -1 probes showed little salt dependence while probes with higher net molecular
charge showed increased particle diffusivity with the addition of salt up to ~100 mM. While
the diffusion coefficient increased, the measured D plateaued at a lower value than that
observed in neutral polymer solutions suggesting the electrostatics were not fully screened
even at salt concentrations as high as 500 mM. In the highly charged PVAm solutions,
probe transport increased but plateaued at ~200 mM NaCl for net neutral zwitterionic probe
and at ~400 mM for all negatively charged probes. The crossover behavior with solution
ionic strength indicated the potential for gating behavior within these semidilute polymer
solutions.

3.2 Materials and methods
3.2.1 Materials: For this study, uncharged and charged dextrans were purchased. Dextran
(DEX) is charge-neutral, carboxymethyl-dextran (CM-dextran, Dex (-)) is negatively
charged, and diethylaminoethyl-dextran (DEAE-dextran, Dex (+) is positively charged.
Low and high molecular weight dextran (DEX, 15-25 kDa and 500kDa mol wt.), DEAEdextran (Dex (+), 20 kDa and 500 kDa mol wt) and low molecular weight CM-dextran
(Dex (-), 15-20 kDa mol wt.), were purchased from Sigma Aldrich (St. Louis, MO). High
molecular weight CM-Dextran (500 kDa mol wt.) was purchased from TdB Labs.
Polyvinylamine (PVAm, Mw ₌ 25 kDa) was purchased from Polysciences, Inc. A variety
of water-soluble fluorescent probe molecules were purchased from Invitrogen (Carlsbad,
CA). ATTO488-amine (AT-A, +0 charge), ATTO488-biotin (AT-B, -1 charge), and
ATTO488-Carboxy (AT-C, -2 charge) were purchased from ATTO-TEC (Siegen,
Germany). Alexa Fluor 488 carboxylic acid (AL-C, -3 charge) (Abs/Em maxima, 500/525
nm) was purchased from ThermoFisher Scientific (Waltham, MA). All of the fluorescent
probe molecules (Abs/Em maxima, ~500/525 nm) were used without further purification.
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3.2.2 Preparation of methyl ester terminated ATTO: Methyl ester terminated ATTO
probe (AT-E, -1 charge) was synthesized by esterification of AT-C as follows. ATTO-488
carboxy (17.5 mmol), methanol (1.0 mL, 17.5 mmol) were mixed in a 5 mL conical vial.
Concentrated sulfuric acid (1 mL, 19 mmol) was then added. The reaction mixture was
then refluxed for 45 mins using a water condenser at 175 °C. The reaction mixture was
subsequently cooled with ice for one hour. To neutralize remaining sulfuric acid, 1.5 mL
of 1M sodium carbonate was added. After addition of the carbonate solution two layers
were generated in the reaction mixture, the top organic layer was collected containing
product. Successful esterification was subsequently determined by 1H- NMR and FTIR.
1

H-NMR characterization was conducted on a 400 MHz Bruker Avance NEO spectrometer

equipped with a smart probe. For NMR analysis, 2.6 mg of probe molecule was dissolved
in 1 mL D2O and data was analyzed with Topspin 4.0.3 data analysis software. FTIR
spectra of AT-E and AT-C were collected to confirm the successful esterification using an
iS50 FT-IR equipped with a diamond ATR within the range 400-4000 cm-1 equipped with
OMNIC software.
1

H-NMR δ(400 MHz, D2O, TMS, ppm) : δ 2.4-2.9 (-CH2); δ 6.5-7.0 (-C6H5);

δ 3.6 (-OCH3). ). IR (wavenumber, cm-1): 3395 (O-H stretch); 2900 (C-H stretch)

3.2.3 Preparation of polymer solutions: Dextran and PVAm stock solutions were
prepared by dissolving solid polymer powder in 10 mM MES buffer (pH 6.4) and mixing
thoroughly to a final concentration of 8% w/v. Solutions were vortexed and incubated
overnight at room temperature to ensure uniform mixing. Subsequent dilutions with MES
were made from the stock solutions to achieve desired final polymer solution
concentrations (2-6% w/v). These diluted polymer solutions were then allowed to
equilibrate for 24 h before use. For FCS experiments, fluorescent probe molecules were
prepared and mixed with the desired polymer solutions to achieve a final probe
concentration of ~5 nM. Samples were then mixed thoroughly and incubated at room
temperature for more than 6 h to ensure uniform dispersion of the probe molecules
throughout the dextran polymer solution. Samples were then mixed thoroughly by
vortexing and incubated at room temperature for more than 8 h to ensure uniform
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dispersion of the probe molecules throughout the polymer solution. Following incubation,
samples deposited onto a No. 1 glass coverslip and measured directly by FCS at room
temperature. Biotinylated ATTO dye (AT-B) was observed to interact with the glass
coverslip and thus required surface passivation of the glass coverslip. For experiments
involving AT-B, coverslips were passivated by PEGylation of the surface as described
below.

3.2.4 Preparation of PEG-coated glass: To prevent nonspecific binding of the
biotinylated dye molecule (AT-B) to the surface of the glass coverslip, coverslips (No. 1,
Fisherbrand) were surface passivated using methoxy-PEG (mPEG) silane188. Glass
substrates were sonicated in 5 M NaOH for a period of 60 min at 45 ºC. Once cooled to
room temperature, coverslips were thoroughly rinsed with Barnstead GenPure 18 M DI
water followed by rinsing with 100% EtOH then blown dry with N2 gas. Next, coverslips
were sonicated for an additional 60 min in 0.1 M HCl at 45 ºC and rinsed and dried in the
same way. Coverslips were then plasma cleaned with a Harrick PDC-32G using the high
setting for a period of 4 min to ensure no remaining organic impurities were left on the
surface. Cleaned coverslips were subsequently reacted with a 2 mg/ml methoxy-PEG
(mPEG, MW 5000 Da) silane solution in 95 % ethanol and incubated at room temperature
for 30 mins. The excess PEG was rinsed with ethanol and water and the coverslips were
dried overnight or under N2 before use.

3.2.5 FCS set up: All FCS measurements were carried using a commercial dual-channel
confocal fluorescent fluctuation system (ALBA FFS system, ISS, Champaign, IL). FCS
experiments were made using a continuous wave 488 nm laser diode as an excitation
source. The emitted light was then passed through a 514 nm long pass edge filter before
detection of signals. Excitation light was directed into experimental samples through a
Nikon Ti−U microscope (60×/1.2 NA water-immersion objective lens). The emission
signal was recorded by separate Hamamatsu H7422P-40 PMTs. Confocal volume
dimensions were determined through measurement of aqueous Rhodamine 110 at known
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concentrations. All FCS measurements were performed using 50 L of sample deposited
on a glass coverslip (24 x 60 mm) with sampling times of 60 s. To ensure homogeneity of
measurements within the solutions, all FCS results shown are taken as an average of at
least 9 measurements at various positions within the sample. FCS curves were analyzed
using the VistaVision Software (ISS, Champaign, IL) to determine the diffusion coefficient
with measured diffusion coefficients expressed as the mean ± SD.

3.2.6 FCS Data analysis: The principles of FCS have been described in detail in
literature189, 190 and chapter 2 of this dissertation. Here, we provide a brief overview. FCS
measures the fluorescence fluctuations emitted from labeled molecules moving in and out
of a small ~ 1 fL confocal volume. The size of the effective illumination volume is fixed
by the confocal detection optics and the excitation profile of the focused laser beam and
characterized by measurements against standard Rhodamine 110 of known diffusion
constant (D = 440 𝜇𝑚 ⁄𝑠).191 For uniformly distributed fluorescent particles diffusing by
Brownian motion, dynamic information can be determined from the intensity fluctuations
by means of a time autocorrelation given by
𝐺 𝜏

1

1

1

(1)

where N is the average number of molecules in the detection volume, τ is the delay time,
τd is the characteristic diffusion time, or the average passage time of a molecule through
the confocal volume, and β is the structure parameter ( = zo/o) is the ratio of the axial to
the radial dimensions of the confocal observation volume as determined by calibration
measurements using dye with known diffusion constant. Here, β was fixed to 10 in all fits,
based on results from calibration measurements with Rhodamine 110. Cross correlation
with both detectors minimizes the effects of detector after-pulsing in the resulting
autocorrelations. The translational diffusion coefficient D (μm2/s) can be calculated from
τd and the radial width using
𝜏

(2)
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For spherical particles, the diffusion coefficient D follows from the hydrodynamic radius,
Rh, in solution and can be calculated by the Stokes-Einstein relation D = kBT/6ηπRh, where
kB is the Boltzman constant, T is the temperature, and η is the viscosity of the medium.

3.3 Results and discussion

3.3.1 Solution behavior of polymers
Polymers are well known to change their behavior in solution as a function of
concentration. To summarize this behavior, we will briefly discuss dilute, semi-dilute
and concentrated polymer solutions.192, 193 At low polymer concentrations, individual
polymer chains are well separated from each other and behave like isolated ideal chains
(Figure 3.1 left). The size of polymer chains in dilute solution is often described by
the radius of gyration, Rg, defined as the mass weighted average distance of a chain
segment from the center of mass of the molecule.194 Some methods, including DLS and
FCS, measure

Figure 3.1 Graphical representation of the dilute, semidilute and concentrated regimes for
polymer solutions. c represents the polymer concentration in the solution and c* denotes
the critical overlap concentration of the polymer coils.
properties dependent on the hydrodynamic properties of the polymer chain such as the
translational diffusion coefficient Dt. Dt is related to the hydrodynamic radius (Rh) through
Stokes-Einstein equation (D = kBT/6Rh). Rh of the dilute polymer chains is typically
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comparable in size to the polymer Rg. At or near the overlap concentration (c*), coils begin
to overlap and be randomly packed (Figure 3.1, middle) defining the semidilute regime.
In this regime, the polymer chain can be described by a blob model where a blob represents
the average unit length of the polymer that is not overlapping with other polymer chains.195
In a semi-dilute solution, polymer density fluctuations play an important role determining
interactions between neighboring chains.196 In this range, the polymer chains may
interpenetrate but do not topologically entangle like in the concentrated regime (Figure
3.1, right). Above the critical polymer concentration, the polymer coils become more
entangled and interpenetrate to form network-like structure. These networks can be
characterized by a correlation length, or mesh size , characteristic of the resulting size of
the pores within the network of entangled polymer chains. These entangled polymer
solutions mimic the sieving properties of covalently crosslinked gels.

3.3.2 Dextran and polyvinylamine polymer
For this study on probe transport in semidilute and concentrated polymer solutions, neutral
and charged dextran polymers of approximate molecular weight (MW) 20kDa and 25 kDa
were used. Dextran is a complex branched polysaccharide typically obtained from the
bacteria Leuconostoc mesenteroides. Dextran consist primarily of linear glucose chains
linked by -D-(1-6 linkages) with a small degree (~1-5%) of short branches resulting from
α(1→2), α(1→3), and α(1→4)-linkages.164 As we are interested in electrostatic
contributions to the probe-polymer interaction, we also used carboxymethyl-dextran [CMDEX, Dex(-)] and diethylaminoethyl-dextran [DEAE-DEX, Dex(+)] which are
polyanionic and polycationic derivatives of dextran. A simplified structure for dextran and
the charged dextran (Dex(-) and Dex (+)) are shown in Figure 3.2. Both Dex(-) and
Dex (+) have relatively low chain charge density with Dex(-) having approximately one
negative charge per five glucoses, whereas Dex(+) has approximately one amine group per
three glucoses.
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Figure 3.2 Chemical structures for dextran polymers used in this study. (a) Structural
fragment of dextran chain with dextran (1-3) branch unit, carboxymethyl-dextran
[CM-DEX, Dex(-)], diethylaminoethyl-dextran [DEAE-DEX, Dex(+)].
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For a comparative study with a high charge density polymer, we used 25 kDa
polyvinylamine (PVAm). PVAm is typically synthesized by the hydrolysis of
polyvinylformamide. The synthesis and chemical structure of polyvinylamine (PVAm) is
shown in Figure 3.3. PVAm is a highly water-soluble polymer with the highest content of
primary amine functional groups of any polymer. PVAm find use in a wide range of

Figure 3.3 Synthesis of polyvinylamine from the hydrolysis of polyvinylformamide.

applications including surface modification197, CO2 capture198, and gene delivery.199 While
ethylamine has a pKa of 10.7, meaning it is nearly completely ionized at neutral pH, PVAm
is partially ionized at most pHs. This partial ionization behavior is a result of interactions
with neighboring amine groups and is well known phenomenon for polyelectrolytes. For
MES buffer (pH 6.4), as used in this study, PVAm has ~75% of its primary amines
ionized.197

3.3.3 Fluorescent probes
To systematically examine the effect of probe charge on the transport properties within our
polymer solutions, we used a series of fluorophores with similar size and core structure but
varying net molecule charge. The chemical structure for all probes used in this study and
their net molecular charge are given in Figure 3.4. Four of the five probes are based on the
same ATTO 488 core structure. Amine terminated (AT-A, 0), methyl ester terminated
(AT-E, -1), biotinylated (AT-B, -1), and carboxy terminated (AT-C, -2) were used. For a
net charge of -3, a carboxylic acid Alexa Fluor 488 (A-C, -3) was used which has a core
structure similar to the ATTO probes. All probes were determined by FCS to have a
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hydrodynamic radius of Rh ~ 6.2 Å in water except for the much larger biotinylated probe
which had an Rh of 7.8 Å.

Figure 3.4 Molecular structures of the five probes used in this study.

AT-E (-1) was synthesized via Fischer's esterification reaction of AT-C as described in the
methods. The resulting product was purified and characterized using 1H NMR and FTIR
(Figure 3.5). The 1H-NMR spectra of AT-C and AT-E are shown in Figure 3.5a. Both
probes have core substituent protons (a-d) that have chemical shifts at ~2.4-2.9 ppm, and
phenyl protons that have chemical shifts at 6.5-7.0 ppm (e-h) and 8.8-9.1 ppm (i-j)
respectively. Upon successful esterification of AT-C to form AT-E, a characteristic
methoxy proton peak is observed at 3.6 ppm. Figure 3.5b shows FTIR spectra for AT-E
and AT-C. Upon successful esterification of AT-C, the characteristic O-H stretch (3395
cm-1) and out of plane O-H bending (950 cm-1) found in AT-C disappear with a subsequent
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sharp rise in symmetric and asymmetric C-H stretching (2900 cm-1) for AT-E evidence of
a successful conversion of the carboxylic acid of At-C to the methyl ester of At-E.

Figure 3.5 Characterization of AT-E synthesis. (a) 1H- NMR of AT-E and AT-C probes.
A characteristic peak at 3.6 ppm is observed due to the methoxy protons after esterification
of AT-C. (b) Chemical structures and FTIR spectra of AT-E and AT-C. By FTIR, the
characteristic -OH stretch (3395 cm-1) and out of plane O-H bending (950 cm-1) peaks of
AT-C disappear upon successful esterification to AT-E.

3.3.4 Polymer properties and calculation of overlap concentration c*
As discussed in 3.3.2, dextran is a highly soluble polysaccharide produced by bacteria
through the condensation of glucose. The main chain is formed from α(1→6) linked
D-glucose units but, depending on the bacterial strain, have varying ratios of linkages and
branches. In dilute solution, dextran behave like flexible random coil polymers.200 The
molecular dimensions of dextran depend on both the molecular weight and polymer
concentration. The space occupied by a flexible polymer chain in solution is characterized
by radius of gyration Rg, which is the root mean square of segment distances from the
center of gravity of the molecule.201, 202 In this work, we used high (500 kDa, Dex500) and
low (20kDa, Dex20) molecular weight dextran. Previous work has shown that polymer
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scaling for the radius of gyration is different for low and high molecular weight dextran
depends on branching and thereby changing viscosity effects. For polymers with molecular
weight < 105, Rg can be determined by Rg = 0.83 M0.41, where the scaling factor 0.41 is for
polymers in a good solvent. For higher MW dextran polymers, it was shown that Rg scales
as 0.37 M0.41 due to higher degree of branching.203 The calculated Rg for Dex500 and Dex20
is therefore 18 nm and 4.2 nm, respectively (Table 3.1). Comparable Rg values have been
reported for Dex500 by light scattering experiments (Rg ~ 18-19 nm) 204 and by calculations
from measured intrinsic viscosities (Rg ~ 16 nm).202 We also used a low MW (25kDa)
polyvinylamine (PVAm), a water-soluble polyamine, with a calculated Rg = 4.7 nm.
The correlation length, ξ, characterizes the average distance between entanglements in the
concentrated region and is proportional to the individual coil sizes in the semi-dilute region
of flexible polymers.205 It is expressed as, ξ

𝑅

.
∗

and is related to the ratio of the

polymer concentration (c) to the overlap concentration (c*).

The critical overlap

concentration defines the boundary between the dilute and semi-dilute regimes and
represents the concentration at which different polymer chains cease being separated from
each other and begin to overlap as depicted in Figure 3.1. c* depends on the molar mass
of the polymer and can be calculated using c*

where Mp is the molecular

weight of the polymer and NA is Avagadro’s number.206 The calculated values for overlap
concentration and correlation lengths for Dex500, Dex20, and PVAm are listed in
Table 3.1. For 500 kDa Dextran, polymer concentrations of ~2 wt% or higher result in
concentrations above the overlap concentration (Figure 3.1, right). For the 20 kDa Dex
and 25kDa PVAm, overlap concentrations are ~10 wt%, with polymers between 2-10%
being in the semidilute range (Figure 3.1 middle).

Table 3.1 Molecular dimensions of polymers as determined for Rg, c*,ξ
Polymer
Dex 500
Dex 20
PVAm

c*(g cm-3)
0.024
0.100
0.095

Rg (nm)
18
4.2
4.7
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ξ (nm) at c=c*
18
4.2
4.7

3.3.5 Microviscosity for probe diffusion in neutral polymer networks
When particle radius, R, is larger than the correlation lengths,  inside the polymer
solution, diffusion coefficients can be calculated using the Stokes-Einstein (SE) relation
using the macroscopic viscosity of the polymer solution. However, for nanoparticles with
R  , diffusion much faster than expected from bulk viscosity is observed. The apparent
diffusion coefficient in polymer networks and semi-dilute polymer solutions can, however,
be described by SE relation where the macroscopic viscosity is replaced by a size
dependent apparent viscosity, or microviscosity, that reflects the local environment
influencing the transport properties of the nanoparticles within the void volumes between
polymer chains.186, 206 Before investigating the charge-charge interactions between probe
and polymer, we first determined the probe diffusion of the neutral zwitterionic At-A in
uncharged dextran polymer systems Dex20 and Dex500 at 4 wt%. This concentration
represents a semi-dilute polymer solution for Dex20 and a concentrated polymer solution
for Dex500 with c > c*. As the probe is net charge neutral and the dextran solutions are
uncharged, diffusion of the probe inside the polymer solutions should be dictated by sterics.
The apparent diffusion coefficients, as determined by FCS, were similar with D = 336 ± 5
µm2/s and 328 ± 8 µm2/s for Dex20 and Dex500 respectively. Errors measured for an
average of at least 9 measurements at various positions within each sample. Using the
experimentally determined hydrodynamic radius of At-A in buffer at room temperature,
Rh = 0.62 nm, the microviscosity can be calculated using the Stokes-Einstein relation
D

where η is the apparent viscosity, T is the temperature (295 K), and 𝑘 is the

bolztmann constant 1.38×10-23 JK-1. The microviscosity values obtained were nearly
identical for dextran solutions above and below c* with  = 1.11 (± 0.50) ×10-3 Pa s for
4 wt% Dex 20 compared to  = 1.15 (± 0.21) ×10-3 Pa s for 4 wt% Dex 500. As expected,
the measured microviscosities are small compared to bulk viscosity for dextran. For
example, 5 wt% Dex500 was determined to have a bulk viscosity of 0.01 Pa s by coneplate rheometer measurements.207 Normalized viscosity (η/ηo) for At-A was determined to
be 1.28 with solvent viscosity ηo = 9.01 ×10-4 Pa s. This value is similar to previously
reported normalized viscosities for labelled calmodulin protein, where R <  in
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comparable wt% solutions of Dex25 and Dex500.208 The reduced microviscosity results in
At-A diffusing faster than expected for bulk viscosity within the Dextran solutions.

3.3.6 Probe transport properties inside neutral and charged semidilute polymer
solutions
Next, we focused on understanding charged probe diffusion in neutral and charged
semidilute polymer solutions. Previously, we used FCS to measure the transport properties
of a single charged dye probe (net charge -2) inside neutral and charged dextran polymer
solutions above the overlap concentration.109 We showed that particle transport was highly
asymmetric with probe diffusion being greatly reduced within attractive hydrogels (e.g.
negative probe in positively charged polymer hydrogels) but are not significantly hindered
in repulsive gels. Despite anticipating the probes in repulsive gels to further hinder particle
transport, we actually observed that the negative probe diffusion was nearly identical in the

Figure 3.6 (top row) Cartoon depiction of a negatively charged particle diffusing in
neutral (Dex), repulsive (Dex(-), and attractive (Dex(+)) dextran physically crosslinked
polymer networks where polymer concentration is above c*. Particle diffusion in
attractive gels is slowed down due to strong attractive interactions with the network
vertices (bottom row). Cartoon depiction for this work with probe diffusion in semi-dilute
neutral, repulsive, and attractive semi-dilute polymer solutions.
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repulsive Dex(-) hydrogels as in neutral Dex hydrogels. Brownian dynamic (BD)
simulations were performed in collaboration with the lab of Roland Netz (Freie Universität
Berlin) revealing particles in attractive gels associating most strongly in the vertices of the
polymer network.109
Here, we focused on At-C (net charge -2) diffusion in semi-dilute attractive and repulsive
dextran polymer solutions. Figure 3.7a show normalized autocorrelation functions of the
negatively charged At-C in solutions of 20kDa Dex(-) as a function of polymer
concentration. To stay in the semi-dilute regime, we focused on 2-8 wt% dextran solutions
as we calculated c* > 10 wt% for 20kDa dextrans. In the repulsive Dex(-) semidilute
solutions, we see a modest increase in the characteristic diffusion time d only weakly
increasing with increasing Dex(-) concentration. The translational diffusion coefficient D
for At-C in Dex(-) over this concentration regime are nearly identical to those measured in
uncharged 20kDa Dextran. These results are also comparable to what was previously
observed in 500kDa Dex or Dex(-) where the polymer solution is above the critical overlap
concentration resulting in an entangled network.187 In the attractive semi-dilute 20kDa
Dex(+) solutions (Figure 3.7b), however, we see large changes in the d that are dependent
on Dex(+) weight percentage. The largest increase in d, or equivalently largest decrease in
translational diffusion coefficient D, was observed between the pure buffer (0 wt%) and 2
wt% Dex(+). Modest increase in d is observed for increasing polymer concentration within
the semi-dilute regime. Again, these results in semidilute Dex(+) solutions are very
comparable to what is observed for 500kDa Dex(+) in the concentrated regime.187
To examine how the polymer chain charge density effects particle transport within
semidilute polymer solutions, we also looked at At-C diffusion within PVAm. Figure 3.7c
shows normalized autocorrelations of At-C in solutions of 25kDa PVAm as a function of
polymer concentration. Even larger changes in the characteristic diffusion time are
observed for the probe in the attractive PVAm solution when compared to Dex(+) solutions.
This corresponds to increased hindered diffusion of At-C in semidilute attractive PVAm
solutions compared to attractive dextran solutions. This hindered diffusion was not
particularly sensitive to polymer concentration in the range of 2-8 wt%. Many biogels,
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include mucus, extracellular matrix, and nuclear pore complexes, are known to not only
filter particles due to steric interactions but also use interaction filtering mechanisms to
allow some particles to pass through the biogels while others are kept out. Controlling
particle transport through repulsive and attractive electrostatic interactions is one way to
control the filtering capability within these biogels. Similarly, we show that attractive
electrostatic interactions also control charged particle transport within semidilute polymer
solutions, and that particle diffusion is also dependent on the polymer charge density. For
example, At-C diffusion in 2 wt% dextran and Dex(-) solutions was D = 350(±6) µm2/s
and only slightly hindered when compared to pure buffer. This is consistent with sterics
playing only a small role in the hindered probe diffusion in neutral and repulsive semidilute
polymer solutions. In contrast, At-C diffusion in 2 wt% Dex(+) semidilute solution was
reduced approximately 2.5-fold to D = 142(±6) µm2/s due to attractive electrostatic
interactions. In a 2 wt% highly charged PVAm semidilute polymer solution, however, we
see this particle transport reduced by ~15-fold to D = 23(±5) µm2/s compared to similar
2 wt% semidilute solutions of neutral or repulsive dextran solutions of comparable
molecular weight.

3.3.7 Effect of probe charge on particle transport in semidilute dextran and PVAm
solutions
Next, we systematically investigated the effect of probe charge on the transport properties
within neutral and charged semidilute polymer solutions. Any electrostatic effects would
be expected to have a strong dependence on the probe net molecule charge. Plotted in
Figure 3.8 are the relative diffusion coefficients (D/D0) as a function of polymer
concentrations for At-A (0), At-E (-1), At-C (-2) and Al-C (-3). Do is the probe diffusion in
pure buffer (10mM MES buffer, pH 6.4). As before, we used 20kDa Dextrans and 25kDa
PVAm at concentrations below 10 weight percent to ensure we stayed below the c* for
each polymer system. For probes charged 0 to -2, the relative diffusion coefficients
measured by FCS are reduced by ~35% in Dex and Dex(-) semidilute solutions over the
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Figure 3.7 Representative normalized FCS autocorrelation curves for the diffusion of
negatively charged ATTO 488 carboxy (At-C, -2) in varying weight volume percent
solutions (0-8 wt%) of (a) Dex(-), (b) Dex(+) and (c) PVAm solutions in 10 mM MES
buffer (pH 6.4). Solid lines represent fits to the experimental data by equation 1 to
determine translational diffusion coefficients. This data characterizes the filtering function
in different hydrogel systems. Molecular mobility of the charged probe is highly hindered
in the high charge density attractive gel (PVAm) compared to low charge density Dex(+),
whereas its mobility is nearly unhindered in the repulsive Dex(-) system.
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range of 2-8 wt% polymer concentration. The -3 charged Al-C dye shows a stronger
reduction of ~40% over the same polymer concentration range. Results in Dex(-) are nearly
identical to those in uncharged Dex, indicating the probe molecules do not interact
significantly with the dextran polymer chains. The reduced diffusion observed signifies the
dominant hydrodynamic and steric interactions between probe and polymer chains that
dictate the particle transport within the polymer solutions. Surprisingly, the -1 charged
At-E dye and the net neutral At-A dye show comparable behavior in the attractive Dex(+)
semidilute solutions as that observed in neutral and repulsive dextran semidilute solutions.
Only at probe charge  -2, do we see significant hindered diffusion due to attractive
electrostatic interactions between probe and polymer chains in the semidilute regime. For
At-C (-2) probe, D is reduced ~48 % for 2 wt% Dex(+) solution and is nearly unchanged
with increasing polymer concentration up to 8 wt%. For Al-C (-3) probe, the relative
diffusion is decreased even further (~76 %) with a minimum D measured at 2 wt% and a
slight increase in D/D0 as the polymer concentration is increased further. This increase in
D/D0 may be due to the -3 probe being more shielded by the higher counterion
concentration resulting in weaker probe-polymer interactions.
In contrast to dextran, the relative diffusivity is greatly reduced (>90%) in the presence of
PVAm regardless of the net probe charge. This can be explained by enhanced probepolymer attractive electrostatic forces due to the high charge density on the PVAm chains,
resulting in significantly hindered particle diffusion in the attractive semidilute PVAm
solutions. Even for the neutral but zwitterionic At-A (0) probe, we see significant
interactions between the probe and the PVAm solution. With increasing probe charge, the
relative diffusion is reduced further with D/D0 reduced as much as 95% for Al-C (-3) probe.
The measured diffusional coefficients for all probes within the attractive PVAm semidilute
solutions are not significantly altered with increasing polymer concentration up to 8 wt %.
While not quite as strongly hindered, we note that the Al-C (-3) behavior in Dex(+) is
similar to the transport observed for all probes in PVAm solutions. This suggests the
transport properties for probes in attractive, low-charge density polymer solutions can
begin to approach the behavior of charged probes in attractive, high-charge density
polymer solutions with sufficiently high net molecular charge on the probe.

50

Figure 3.8 The relative diffusivity (D/D0) as a function of polymer concentration plotted
for charged probes in neutral and charged Dextran and PVAm polymer solutions. Similar
sized, but different net charged probes At-A (0), At-B (-1), At-C (-2) and Al-C (-3) were
used. Significant hindering of particle diffusion in attractive gels is only observed for
probes ≥ -2 in dextrans while all probes show greatly reduced particle transport in PVAm.
With increase probe charge, the transport properties within Dex(+) become more
comparable to PVAm. * p <0.05, ** p<0.01 ,*** p < 0.001 Vs D0 of each appropriate
solution.
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3.3.8 Particle transport of a biotinylated-dye probe in semidilute dextran and PVAm
solutions
Biotin is a water-soluble B vitamin involved in a variety of metabolic processes in
humans.209 Biotin interacts with certain proteins through a combination of van der Waal
forces, electrostatics, and hydrogen bonding.210 Most notably biotin binding proteins such
as avidin and streptavidin form particularly strong complexes with some of the strongest
non-covalent protein-ligand interactions known.211 To probe potential non-electrostatic
effects between probe and our semidilute polymer solutions, we did a comparative study
of biotinylated dye (At-B (-1)) to the comparably charged non-biotinylated probe At-E
(-1) (Figure 3.9). While the previously measured probe dyes showed no significant
interaction with the glass coverslips used for FCS measurements, the biotinylated probe
showed significant nonspecific adsorption onto the glass coverslip. As anticipated, a lower
diffusion coefficient in buffer was observed for At-B compared to At-E due to the larger
molecule size of At-B. However, using Stokes-Einstein, this lower D resulted in a
calculated hydrodynamic radius of 7.8 Å which is too large to be consistent with the size
of the biotin dye. To address this issue, we passivated the glass surface with a PEG brush
layer as described in the methods. With the PEG brush layer, we saw no change in D for
At-E but a statistically significant increase of D for At-B. Upon surface passivation, we
then measured a hydrodynamic radius of 6.6 Å for At-B consistent with biotin undergoing
unhindered diffusion.
Using PEG passivated glass, we also characterized the relative diffusion coefficient (D/D0)
as a function of polymer concentration for At-E and At-B in semidilute Dex(+), Dex(-) and
PVAm solutions. Figure 3.10a shows the normalized autocorrelation curves and
normalized diffusion coefficients (D/D0) relative to probe diffusion coefficients measured
in water as a function of increasing 20kDa Dextran polymer concentrations. The measured
relative diffusion coefficients for At-E (-1) probe (open symbols) in semidilute Dex(-)
solutions on PEG passivated coverslips is nearly identical to the results shown in Figure
3.10b for At-E in Dex(-) on non-passivated glass. As discussed, these results are also
comparable to that measured for At-E in uncharged dextran consistent with minimal
repulsive electrostatic effects on At-E in Dex(-) and diffusion coefficients dependent
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primarily on the steric and hydrodynamic effects due to dextran polymer chains. At-E
diffusion in the attractive Dex(+) solutions on PEG passivated glass is also similar to the

At-B (-1)

At-E (-1)

Figure 3.9 Surface passivation of glass coverslips using pegylated silane (a) Depiction of
surface passivation of glass coverslips by mPEG silane to reduce non-specific interactions
between the biotin-dye and glass (b) Translational diffusion coefficients measured for
At-E (-1) and At-B (-1) probes in buffer, charged dextran and PVAm semi-dilute solutions
on untreated glass coverslips compared to mPEG-silane treated glass. For At-E, no
significant interaction with the glass is observed resulting in statistically indistinguishable
D values on uncoated and coated glass. At-B (-1) is larger resulting in a lower D value in
buffer. * p >0.05, ** p<0.01 Vs D of non-coated coverslip of each appropriate solution.

data in Figure 3.8 for At-E in Dex(+) on untreated glass. The attractive electrostatic
interactions between the -1 probe and the positively charged dextran chains results in a
modest decrease in apparent diffusion coefficient. In contrast, the measured normalized
diffusion coefficients (D/Do) for At-B in the Dex(-) solutions (green diamonds) are
significantly reduced compared to At-E. As both probes have a net molecule charge of -1,
this cannot be due to electrostatic interactions, but rather suggests hindered diffusion due
to non-specific interactions between biotin and the dextran polymer chains. At-B diffusion
in the electrostatically attractive Dex(+) solutions shows a further reduction in relative
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diffusion; a reduction comparable to that observed for At-E in attractive compared to
repulsive dextran solutions. For the highly charged PVAm solutions, the high charge

Figure 3.10 (a) Normalized autocorrelation curves and residuals for At-E and At-B probes
in 2 wt% Dex(+) and PVAm solutions in 10 mM MES buffer (pH 6.4). Solid lines represent
fits to the experimental data by equation 1. In PVAm, both probes are highly retarded with
no apparent effect of the biotin on the measured translational diffusion coefficients. In the
attractive Dex(+) solutions, additional non-covalent interactions of biotin with dextran
results in hindered diffusion relative to At-E probe. (b) Relative diffusivity (D/D0) for
At-E and At-B as a function of polymer concentration in Dex(+) (pink/square), Dex(-)
(green/diamond) and PVAm (red/triangle).

density and strong attractive probe-polymer electrostatic interactions greatly reduces the
relative diffusion coefficients of both At-B and At-E. No statistically significant difference
in D/D0 is observed suggesting minimal influence on the probe transport due to the
presence of biotin.
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3.3.9 Salt effects on probe transport within charged semidilute polymer solutions
Lastly, we examined the effect of added NaCl salt concentration on the transport properties
of our non-biotinylated probes inside charged semidilute polymer solutions. We would
anticipate any electrostatic interactions between probe and polymer chains would have a
strong dependence on salt due to the Debye-huckel screening of the charge-charge
interactions. Shown in Figure 3.11 are the translation diffusion coefficients as determined
by FCS for At-A (0), At-E (-1), At-C (-2), and Al-C (-3) probe molecules in 2 wt% Dex(+)

Figure 3.11 Ionic strength effect on translational diffusion coefficients as determined by
FCS for At-A, At-E, At-C and Al-C probe molecules in charged Dex and PVAm polymer
solution. Here, all data corresponds to 2 wt % polymer solutions of 20 kDa Dex (-), 20 kDa
Dex (+) and 25 kDa PVAm.
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and Dex (-) polymer solutions and 2 wt% 25kDa PVAm solutions. All systems are well
below the calculated critical polymer concentration, c*, corresponding to semidilute
polymer solutions. As expected, diffusion in the semidilute repulsive Dex(-) solution is
unaffected by added NaCl salt up to 500 mM regardless of the charge on the probe
molecule. Similarly, zwitterionic At-A probe in the attractive Dex(+) solution is also
unaffected by added salt suggesting minimal attractive electrostatics between the neutral
At-A probe and the Dex(+) chains. As shown previously in Figure 3.8, the apparent
diffusion coefficient for our probes in attractive semidilute polymer solutions with
transport hinderance depending on the probe molecule charge; especially probes  -2.
While the -1 charged At-E dye shows only slightly decreased D in Dex(+), we see that this
small attractive probe-polymer interaction can be screened by the addition of ~100 mM
NaCl salt resulting in At-E diffusion being identical to At-A at NaCl concentration 
100mM. At-C is significantly reduced due to the -2 net charge on the probe. With added
salt, we see D increase and plateau at ~100 mM NaCl concentration where D no longer
shows a dependence on added salt concentration. Interestingly, while D increases with
added salt, the plateau value of D for At-C remains approximately 21% lower than the
maximum D observed for At-A and At-E at high salt. Al-C (-3) starts at an even lower D
in Dex(+) and also shows an increase in D with increased NaCl concentration that plateaus
at 100 mM. The characteristic crossover salt concentration for all four probes in Dex(+) is
observed around 100 mM salt concentration.
In contrast, PVAm strongly hinders all four probes in the absence of added salt, regardless
of net molecule charge. The reduced D value does show a dependent on probe charge
resulting in lower D values for the more highly charged At-C and Al-C probes compared
to At-A and At-E. Upon the addition of added salt, we see a corresponding increase in D
for all probes measured due presumably to a systematic screening of the attractive probepolymer electrostatic interactions. For At-A (0), this increase in D is observed until ~200
mM added NaCl concentration and then a plateau value is observed at D ~120 m2/s which
is still far reduced from the probe transport in water or 2% neutral polymer. At-C (-2) and
Al-C (-3) probe salt dependence of D is nearly identical with a continuously increasing D
observed for added NaCl up to 400 mM before plateauing at D ~ 95 m2/s. At-E (-1)
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shows intermediate behavior with D continuing to increase until plateauing at 400 mM
NaCl to D values nearly identical to the zwitterionic At-A probe. It is interesting to note
how PVAm appears to have two characteristic crossover salt concentrations. A lower
crossover for neutral, zwitterionic probe at ~200 mM and a higher crossover of ~400 mM
added NaCl for all probe molecules with a net negative charge.

3.4 Conclusions
In vivo particle interactions with biological hydrogels are complicated and depend on
particle size, charge density, sign and net magnitude of the charge particle.187 Using FCS,
we measured the transport properties of probe molecules with varying net molecular charge
neutral and charged in semi dilute polymer solutions. These probe molecules have radii
small compared to the correlation lengths within the polymer solutions. In neutral dextran,
the particle transport properties can be understood from Stokes-Einstein using the
experimentally measured microviscosity of the polymer solution. Diffusive behavior of the
probes in semi dilute dextran solutions are nearly identical to dextran solutions above c*.
When the probe molecule can interact electrostatically with the polymer chains, we must
account for possible attractive or repulsive charge-charge interactions. Using a
reconstituted dextran polymer system, we have shown that transport of particles in
repulsive semi dilute polymer solutions behaves similar to neutral solutions, whereas the
attractive electrostatic forces between probe and polymer results in strong hinderance of
the particle transport. These results indicate that nature uses this asymmetric behavior for
particle interaction and their exchange between cells and their environments. Particle
diffusivity depends on the probe charge in these dextran solutions, indicating the
importance of electrostatic interactions responsible for particle transport. Using a
biotinylated probe, we also observe additional non electrostatic biotin-dextran interactions
resulting in decreased particle transport within the dextran solutions. All probes, regardless
of charge, showed highly hindered diffusion in semi dilute PVAm solutions due to the high
charge density of the polymer. Lastly, salt studies show the particle transport of probe
molecules within the attractive semi dilute polymer solutions has a crossover behavior at a
critical solution ionic strength the depends on the probe charge and polymer charge density.
57

Chapter 4: Particle transport in mixed-charged and polyampholytic polymeric
solutions

4.1 Introduction
Biological hydrogels, such as mucus and the extracellular matrix, are complex
macromolecular three-dimensional networks of biologically derived polymers that serve
many important physiological roles in vivo. These functions range from lubrication43, 212214

of tissue surfaces, to mechanical stability,215-217 to serving as protective selective

filters10, 69, 218 controlling the passage of molecules and particles between organelles and
cells while providing protection from pathogens and other nanoparticles. Biogels also
represent another challenge for the delivery of nanotherapeutics that must be efficiently
delivered to organelles or cells coated within a biogel matrix.18, 219-222
Despite being over 90% water, the small amount of biopolymers inside the biogel dictate
the transport properties of particles within the matrix.223 To perform these wide-ranging
functions, the biopolymers within biogels are themselves complex, often inhomogeneous,
containing different monomers that can repel or attract particles through electrostatics,
hydrogen bonding or hydrophobic interactions. For instance, the extracellular matrix
(ECM) is comprised of a mixture of proteoglycan polymers including collagen, fibronectin,
tenascin, vitronectin, and laminin.82, 224, 225 The spatial relationship between laminin and
collagen IV is maintained by a cross-linking molecule (nidogen) that connects different
biopolymers of the matrix.226 This polymer-based heterogeneity stimulates cell adhesion,
proliferation and is also crucial for proper communication between different cells in tissue
development and maintenance.227-229 The transport of growth factors and distribution of the
diffusing molecules, such as proteins and ions, depend on the shape of ECM.230-232 Another
important example of heterogenous charged based biopolymer is mucin biogels containing
numerous acidic and basic amino groups which become positively or negatively charged
based on the pH of the solution.61 Thus, molecules diffusing within biopolymers in vivo
experience a heterogenous environment with mixed attractive and repulsive interaction
sites that greatly control molecular transport.
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Recent studies have shown that attractive and repulsive non-steric interactions, as well as
steric and hydrodynamic effects, are important parameters for the transport properties of
the particle within the biogel matrix.9 Electrostatic interactions have been found to be
particularly important in the mobility of particles within the nuclear pore complex,25, 233-235
mucus68,

73, 174, 236, 237

the extracellular matrix84,

177, 238, 239

and bacterial biofilms.64

Additionally, experiments on charged particles within biogels show different diffusive
behavior depending if the particle is positively or negatively charged.65, 179, 187, 240 Despite
its biological importance, there are still many things poorly understood about how biogels
are capable of selective filtering under physiological conditions. Understanding these
crucial processes is critical for development of therapeutics engineered to bind or penetrate
to biogels, as well as, providing insight on how to control diffusive mobility of
nanoparticles within artificial hydrogel systems.
In collaboration with the Netz lab, we previously combined course-grained simulations
with experiments to investigate the effect of random distribution of attractive and repulsive
electrostatic interactions sites within a polymer network on the diffusion of a -2 charged
probe molecule.111 For these studies, a high MW (500kDa) diethylaminoethyl-dextran
(DEAE-Dextran(+)) and low MW (~20kDa) carboxymethyl-dextran [CM-Dextran(-)]
were used to form mixed charged polymer solutions. Simulation work showed that due to
the magnitude of the attractive interactions, charged particles are highly hindered in mixed
cationic/anionic gels due to interactions with oppositely charged sites. Both experiments
and simulations were in quantitative agreement and showed the particle transport in mixed
gels was highly hindered, similar to diffusion in purely attractive gels, over a broad range
of Dex(+)/Dex(-) compositions.111 Later work by Hansing and Netz70 showed that different
trapping mechanisms were observed depending on the degree of spatial disorder within
gels. In general, particles attracted to gel fibers are more strongly trapped in spatially
disordered gels than in ordered gels. These results were consistent with experiments on
particle transport within the ECM and mucus that controlled spatial configuration of
charges in the biogel.68,241,242 Particle transport in biogels is also dependent on the total
charge on the particle. Prior studies have shown that the transport of charged particles, of
both algebraic signs, is highly reduced within ECM and mucus, whereas neutral and nearneutral charged particles can more freely diffuse through the matrix.69,
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236, 243

The

importance of pH of mucus and charge on polymer networks can be well illustrated by
understanding the entry of HIV into cervical mucus.244, 245 HIV (Human immunodeficiency
virus) has a negative surface charge. In vitro experiments demonstrate that the acidity of
the cervicovaginal fluid provides protection against HIV because the cell associated virions
are inactivated at low pH. In contrast, the vagina becomes neutral during and after
intercourse, since seminal plasma which is slightly alkaline changes vaginal pH to
neutrality.79, 63, 246 Thus this heterogenous environment of cervical mucus greatly impacts
the transport of HIV particles through the use of mixed attractive and repulsive interaction
sites.
In this work, we wanted to explore how particle filtering within mixed-charge gels, gels
comprised of positively and negatively charged polymers, compared to polyampholytic gel
networks with both positive and negative charges on the same polymer chain (Figure 4.1).
To investigate the effect of particle charge on transport within these charged hydrogels
systematically, a series of probe molecules of similar size and core chemistry, but varying
net molecular charge (0 to -3) were used. The translational diffusion coefficients of the
probes are analyzed by fluorescence correlation spectroscopy (FCS) measurements. To
ensure polymer chain entanglement, high molecular weight (500 kDa) dextrans were used
at concentrations above polymer overlap. The model polymers studied for mixed-charged
gels are amino dextran (Am-Dex(+)) and CM dextran (CM-Dex(-)). To create a
polyampholytic dextran network, the primary amines of Am-Dex were reacted with
succinyl anhydride to form a N-succinyl amino-dextran (NSA-Dex) with both cationic and
anionic charges on the same polymer chain. Polyampholytic NSA-Dex was synthesized
with 5-65% of the primary amines functionalized converting some amines to negatively
charged succinyl groups. Similar to our previous study, we observe high particle filtering
for negatively charged probe molecules in mixed 500kDa Am-Dex/CM-Dex polymer
solutions over a broad range of compositions. Significant hindered diffusion persisted in
mixed Am-Dex/CM-Dex polymer solutions even when the attractive Am-Dex comprised
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Figure 4.1 Particle mobility in mixed charged polymeric networks. a) Mixed gel systems
with both positive and negative interaction sites on different polymer chains. The particles
are trapped at the polymer vertices. b) Polyampholyte gel systems with both positive and
negative interaction sites on same polymer chain.
only 20% of the matrix. More hindered probe diffusion was observed with increasing net
probe charge. In contrast, net neutral probes were not hindered in the Am-Dex/CM-Dex
polymer solutions and diffused similar to uncharged dextran solutions. In contrast,
diffusion of negatively charged probes in the polyampholytic NSA-Dex solutions was
observed to be less hindered at much lower ratios of cationic to anionic monomers. For
example, conversion of 40% of the primary amines of Am-Dex to negatively charged
succinyl groups was sufficient to lose attractive probe-gel interactions resulting in particle
diffusivities comparable to that seen in the purely repulsive CM-Dex solution. Net neutral
probes did not show hindered diffusion in NSA-Dex. Taken together, these results suggest
a strong role for spatial ordering of charges for effective particle filtering within polymer
gels.
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4.2 Materials and methods
4.2.1 Materials: Amino dextran (Am-Dex(+), MW 500kDa) was purchased from Fina
BioSolutions LLC and carboxymethyl-dextran, (CM-Dex(-), MW 500 kDa) was obtained
from Sigma Aldrich (St. Louis, MO). Rhodamine 110 G (Abs/Em peaks, 496/520 nm) used
in calibration of confocal volume were purchased from Fischer Scientific. A variety of
water-soluble fluorescent probe molecules were purchased from Invitrogen (Carlsbad,
CA). ATTO488-amine (AT-A, +0 charge), ATTO488-biotin (AT-B, -1 charge), and
ATTO488-Carboxy (AT-C, -2 charge) were purchased from ATTO-TEC (Siegen,
Germany). Alexa Fluor 488 carboxylic acid (AL-C, -3 charge) (Abs/Em maxima, 500/525
nm) was purchased from ThermoFisher Scientific (Waltham, MA).

4.2.2 Synthesis of N-succinylated amino dextran: Succinylated, or zwitterion-like
aminodextran (NSA) was synthesized as follows; 0.6 gram of amino dextran (Am-Dex,
500kDa) was dissolved in 5 mL of sodium bicarbonate buffer (HCO3, pH 9) and reacted
with the desired mole ratio of succinic anhydride. The succinylation reaction proceeded for
6 hours at 65 ºC and the final product, aminodextran, was purified by dialysis (membrane
molecular weight cutoff = 3.5 kDa) against double distilled water for 24 hours with the
water replaced every 4 hours. After dialysis, the product was frozen overnight and
lyophilized for 24 hours. The dried product was placed in a -80 ºC freezer for storage.
Successful reaction and percent succinylation were determined by FT-IR and 1H-NMR in
D2O, respectively. FTIR spectra of Am-dex and succinylated amino dextran (NSA) were
analyzed using an iS50 FT-IR equipped with a diamond ATR within the range 400-4000
cm-1 equipped with OMNIC software. For NMR analysis, 5.0 mg of lyophilized polymer
was dissolved in 1.0 mL D2O and 1H-NMR spectra were recorded using a 400 MHz Bruker
Avance NEO spectrometer equipped with a smart probe and data was analyzed with
Topspin 4.0.3 data analysis software. A series of percent modified NSA 5%, 40 %, 65 %
modification of the total Am-Dex amines was used in this study.
NSA: 1H-NMR δ(400 MHz, D2O, TMS, ppm) : δ 2.5-2.7 (- CO-CH2 -COOH); IR
(wavenumber, cm-1): 1726 (-COO stretch)
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4.2.3 Preparation of dextran solutions: Dextran polymer stock solutions were prepared
by dissolving solid dextran in 10 mM MES buffer (pH = 6.4) to a final concentration of 8
% w/v. Solutions were briefly vortexed and incubated overnight at room temperature to
ensure homogeneity. Subsequent dilutions with 10 mM MES (pH = 6.4) were made from
the stock solutions resulting in the desired final concentrations of polymer solutions. All
the diluted polymer solutions were allowed to equilibrate for 24 h before use. For FCS
experiments, different fluorescent probe molecules Atto 488 (At-A, (0), At-E (-1), At-C (2) and Alexa 488, Al-C (-3) were prepared and mixed with polymer solutions to achieve a
final probe concentration of ~5nM. Samples of probe molecules in polymer solutions were
vortexed thoroughly and then incubated at room temperature overnight to ensure uniform
distribution of probe molecules inside the polymer solution. Following incubation, 50 µL
of sample was deposited onto a glass coverslip to perform FCS measurement at room
temperature. For mixed solutions of Am-Dex (+) and CM-Dex (−), stock solutions of each
were added together to achieve the desired volumetric ratio of each dextran with respect to
total dextran. For all mixed dextran solutions studied, the prepared mixtures resulted in
homogeneous polymer solutions.

4.2.4 FCS set up: All FCS measurements were carried using a commercial dual-channel
confocal fluorescent fluctuation system (ALBA FFS system, ISS, Champaign, IL). FCS
experiments were made using a continuous wave 488 nm laser diode as an excitation
source. The emitted light was then passed through a 514 nm long pass edge filter before
detection of signals. Excitation light was directed into experimental samples through a
Nikon Ti−U microscope (60×/1.2 NA water-immersion objective lens). The emission
signal was recorded by separate Hamamatsu H7422P-40 PMTs. Confocal volume
dimensions were determined through measurement of aqueous Rhodamine 110 at known
concentrations. All FCS measurements were performed using 50 L of sample deposited
on a glass coverslip (24 x 60 mm) with sampling times of 60 s. To ensure homogeneity of
measurements within the solutions, all FCS results shown are taken as an average of at
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least 9 measurements at various positions within the sample. FCS curves were analyzed
using the VistaVision Software (ISS, Champaign, IL) to determine the diffusion coefficient
with measured diffusion coefficients expressed as the mean ± SD.

4.2.5 FCS data analysis: The principles of FCS have been described in detail in
literature189, 190 and chapter 2 of this dissertation. Here, we provide a brief overview. FCS
measures the fluorescence fluctuations emitted from labeled molecules moving in and out
of a small ~ 1 fL confocal volume. The size of the effective illumination volume is fixed
by the confocal detection optics and the excitation profile of the focused laser beam and
characterized by measurements against standard Rhodamine 110 of known diffusion
constant (D = 440 𝜇𝑚 ⁄𝑠).191 For uniformly distributed fluorescent particles diffusing by
Brownian motion, dynamic information can be determined from the intensity fluctuations
by means of a time autocorrelation given by
𝐺 𝜏

1

1

1

(1)

where N is the average number of molecules in the detection volume, τ is the delay time,
τd is the characteristic diffusion time, or the average passage time of a molecule through
the confocal volume, and β is the structure parameter ( = zo/o) is the ratio of the axial to
the radial dimensions of the confocal observation volume as determined by calibration
measurements using dye with known diffusion constant. Here, β was fixed to 10 in all fits,
based on results from calibration measurements with Rhodamine 110. Confocal volume
with radial and axial wo = 0.356 µm, zo = 3.56 µm respectively was determined via
calibration of rhodamine 110 (D = 440 µm2s-1 ) to confirm consistency in confocal beam
geometry throughout the experiments. Acquisition time of 30 s, laser intensity 65 %
(Power= 193 µW) were used. Cross correlation with both detectors minimizes the effects
of detector after-pulsing in the resulting autocorrelations. The translational diffusion
coefficient D (μm2/s) can be calculated from τd and the radial width using
𝜏

(2)
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For spherical particles, the diffusion coefficient D follows from the hydrodynamic radius,
Rh, in solution and can be calculated by the Stokes-Einstein relation D = kBT/6πRh, where
kB is the Boltzman constant, T is the temperature, and  is the viscosity of the medium.

4.3 Results and Discussion
4.3.1 Charged dextrans structure and properties
For this study on probe transport, cationic amino dextran (Am-Dex) and anionic carboxy
methyl dextran (CM-Dex) of similar molecular weight of 500 KDa were used. Both
dextrans are branched polysaccharide consisting primarily of linear glucose chains linked
by a-D-(1-6 linkages) with a small (~5%) degree of branching typically only 1-2 glucose
units in length). High molecular weight dextrans, however, may possess longer branches.
These two charged dextrans differ in their functionalization with Am-Dex being
functionalized with primary amines while CM-Dex is functionalized with Ocarboxymethyl groups as shown in Figure 4.2. At neutral pH, Am-dex has approximately
250 amine groups per polymer whereas CM-Dex has approximately 555 O-carboxymethyl
groups per polymer. This is a relatively low chain charge density resulting in Am-dex with
approximately one charge per ten gluocoses while CM-Dex has one charge per five
glucoses. For a neutral, uncharged 500kDa dextran polymer, we estimated the radius of
gyration as Rg =18 nm and overlap concentration c* = 0.024 g/cm3 using methods described
previously in chapter 3.3.4. Due to repulsive self-similar charge along the polymer chain,
charged dextrans, such as Am-Dex and CM-Dex, would be expected to have a larger Rg
and thus lower c* than uncharged dextrans for pure solutions. The estimates above
therefore like represent an upper bound for c* for our charged dextrans (Am-Dex/CMDex). In this work, we perform all experiments at  2 wt% solutions, thus above c* and in
the concentrated regime where dextran chains are entangled to form a physically
crosslinked polymer network.
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b)

a)

CM‐Dex Polymer

Am‐Dex Polymer

Figure 4.2 Chemical structures at neutral pH a) positively charged amino dextran
(Am-Dex) b) negatively charged carboxymethyl dextran (CM-Dex)

4.3.2 Probe transport in charged dextran solutions
Before examining the transport properties of our probe molecules in mixed-charge gels,
we first focused on measurements of the translation diffusion coefficient in pure charged
dextran solutions. We used the same set of probe molecules described in chapter 3 with
similar size and core chemistry but varying net molecule charge from net neutral to -3.
Plotted in Figure 4.3 is the translation diffusion coefficent, as measured by FCS, as a
function of polymer concentration for At-A (0), At-E (-1), At-C (-2) and Al-C (-3). As
polymer concentration increases we see the translation diffusion coefficient, D, for all
probes decrease by ~31% by 8 wt% in the repulsive CM-Dex polymer solutions. These D
values are nearly identical to that observed in 500kDa uncharged Dextran (data not shown)
and D measured in 20kDa CM-Dextrans resulting in semidilute polymer solutions from
Chapter 3. As our probe molecules are small relative to the correlation lengths in our
dextran solutions, their diffusion behavior is dominated by simple steric and hydrodynamic
effects in CM-Dextran.
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Figure 4.3 Translational diffusion coefficient D plotted as a function of polymer
concentration for four different charged probe molecules in Am-Dex(+) (circle) and CMDex(-) (triangle) polymer solutions. Probes studied include (blue) At-A (0), (green) At-E
(-1), (pink) At-C (-2) and (red) Al-C (-3). Particle transport within repulsive CM-Dex(-)
network is nearly identical to uncharged Dextran solutions and dominated by steric and
hydrodynamic effects. Uncharged At-A probe diffusion in Am-Dex is identical to CMDex. Particle transport for all negatively charged probes was hindered in Am-Dex due to
attractive electrostatic interactions dependent on both probe net charge and polymer
concentration.

For the cationic Am-Dex solutions, attractive electrostatic interactions between the particle
and oppositely charged polymer network results in highly hindered diffusion that varies
with probe net charge. For highly charged probes, particle diffusion can be highly hindered
even at low polymer concentration. For example, the relative diffusivity of Al-C(-3)
decreased by ~65% in 2% Am-Dex relative to 2% CM-Dex . Lower probe net charge
results in less hindered particle transport. At-E(-1) and At-C(-2) diffusion in Am-Dex is
only reduced by 11% and 24%, respectively, for 2 wt% solutions. The measured D values
for all charged probes decreases more with increasing polymer concentration. This
behavior observed in Am-Dex is comparable to that previously observed for a -2 probe in
500 kDa DEAE-Dex(+) that contained charged quaternary amines along the dextran
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backbone.109 In contrast, the net neutral At-A probe diffuses nearly identically in both CMDex and Am-Dex consistent with minimal electrostatic interaction with the zwitterionic
probe.

4.3.3 Probe transport in mixed charged gels
Next, we moved to experiments of negatively charged probe diffusion within mixedcharged gels (i.e., gels comprised of a mixture of positively charged Am-Dex and
negatively

charged

CM-Dex

chains).

Characteristic

normalized

fluorescence

autocorrelation functions in pure attractive and repulsive dextran solutions and a mixed
charge dextran solution (Cdex(-)/Ctotal = 0.45) are given in Figure 4.4a. Even with a nearly
50/50 composition of Dex(-)/Dex(+), the characteristic diffusion time is nearly identical to
pure Dex(+) solutions. Figure 4.4b plots the relative diffusivity of charged probes for
varying mixtures of CM-Dex(-) and Am-Dex(+) defined by the ratio of Dex(-) to total
dextran concentration (CDex(-)/Ctotal). Here the total dextran concentration is maintained at
4 or 8 wt% as indicated in Figure 4.4b. Shown are D values for At-E(-1) and Al-C (-3)
probe molecules normalized relative to their diffusion in MES buffer (D0).
For Cdex(−)/Ctotal = 0, we have strong attractive electrostatic particle−gel interactions
resulting in strongly reduced diffusivities for both At-E and Al-C probe molecules relative
to diffusion in buffer. For Cdex(−)/Ctotal = 1, we have purely repulsive electrostatic
particle−gel interactions resulting in diffusivities nearly identical to that observed in
uncharged 500 kDa Dextran solutions. In agreement with our previously published results
with mixed DEAE-Dex(+)/CM-DEX(-) solutions, we also observe in our Am-Dex(+)/CMDex(-) solutions that negatively charged probes in mixed charge dextrans show highly
hindered diffusion over a very broad range of compositions. Mixtures containing as much
as 50% repulsive Dex(-) chains, still significantly hinder probe diffusivity nearly identical
to purely attractive Dex(+) solution. Even at Cdex(−)/Ctotal =0.8, relative diffusivities are
observed to be ~40% lower than relative diffusivity measured in pure Dex(-).
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Figure 4.4 Transport properties of two negatively charged probes in mixed gel solutions.
(a) Characteristic normalized FCS autocorrelation curves for the diffusion of negatively
charged probes Al-C (-3) through a 10 mM MES buffer (pH =6.4) solution of 4 wt% total
dextran concentration of a mixed charge dextran solution Cdex(-)/Ctotal = 0.45 and purely
attractive Am-dex, purely repulsive CM-dex solutions. The autocorrelation plots are fitted
with single component fits (solid lines) to obtain the translational diffusion coefficients. b)
The diffusivity for negatively charged probes At-E (-1) and Al-C (-3) of oppositely charged
Am-Dex and CM-Dex as a function of the CM-Dex to total dextran mass concentration
ratio. The total mass concentration for polymer gels 4 wt% and 8 wt% were plotted.

Interestingly, this crossover behavior is fairly similar for both -1 and -3 charged particles.
Prior experimental studies have shown that particles in biogels, such as ECM and mucus,
experience a heterogenous environment where transport of particles is controlled by
magnitude of the net charge rather than the sign as key determinant.61, 69 Our results are
69

also consistent with heterogeneous biopolymer gels, consisting of different attractive and
repulsive functional groups, still performing as highly efficient filters for interacting
particles. Even with relatively few attractive interaction sites within the mixed gel solution,
we can significantly hinder the diffusion of oppositely charged particles leading to strong
interaction filtering. Hansing and Netz showed in further simulations that mixed gels could
have three distinct trapping mechanisms that are dependent on the spatial order of charges
within the gels.111 Specifically, they showed that for attractive electrostatic particle-gel
interactions, particles are more strongly trapped in spatially disordered gels compared to
ordered gels. Motivated by these results, we next turned our attention to probe transport in
ampholytic dextran solutions to compare to these mixed-charge solutions.

4.3.4 Synthesis and characterization of N-succinylated amino dextran (NSA-Dex)
To synthesize polyampholytic dextran, with varying degrees of positive and negative
charges, we synthesized a series of N-succinylated amino dextran (NSA-Dex) polymers by
reaction of Am-Dex with succinic anhydride in DMSO (Figure 4.5a). This reaction
converts some fraction of primary amines to negatively charged succinate groups. The
degree of substitution was controlled by the mole ratio of succinic anhydride to amino
dextran. Reactions with mole ratio 1:0.2, 1:1, and 1:2 were performed resulting in a
corresponding percent modification in NSA of 5%, 40%, and 65% as determined by
1

H-NMR (Figure 4.5b). These NSA-Dex polymers were used for FCS studies of probe

diffusion in polyampholytic polymer networks for comparison to the earlier mixed-charge
dextrans solutions made by mixtures of Am-Dex and CM-Dex. NSA-Dex characterization
was done by using FT-IR for qualitative determination and quantification by H1-NMR
analysis as described below.
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Figure 4.5 (A) NSA-Dex reaction scheme and (B) 1H-NMR spectrum for amino dextran
and succinylated products obtained for 5 %, 40 % and 65 % modifications.
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4.3.4.1 1H-NMR spectra of Am-Dex and NSA-Dex polymers
Am-Dex and NSA-Dex were characterized by 1H-NMR analysis to quantitatively
determine the degree of substitution. Based on the 1H-NMR spectrum of Am-Dex shown
in Figure 4.5, methyl protons were observed at chemical shift values 3.3 ppm, whereas the
chemical shifts at 3.7-4.5 ppm corresponds to the H2-H6 of glucosamine and N-acetyl
methyl protons. The anomeric protons for Am-Dex and NSA-Dex were observed by 1HNMR at chemical shift values 5.0-5.4 ppm (Figures 4.5B). Characteristic NSA-Dex peaks
were observed at chemical shift value 2.5 - 2.7 ppm corresponding to the proton signals
from methylene groups of N-succinylated amino-dextran. These characteristic peaks were
observed for all three different molar ratios of NSA-Dex indicating successful
succinylation. Relative peak areas can be used to calculate the percent succinylation in
these NSA-Dextrans. Different degrees of modification were determined for each molar
ratio synthesis performed. These results are tabulated in Table 4.1. The degree of
substitution is calculated using the integral of peaks at chemical shift values 2.5 ppm-2.7
ppm, and at chemical shift values 3.5 ppm-4.5 ppm. The calculated degree of substitution
varied from 5% to 65% at these different feed mole ratios.
Table 4.1. Percent degree of substitution for NSA-Dex synthesized from different mole
ratios of Am-Dex and succinic anhydride
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4.3.4.2 FTIR spectra of Am-Dex and NSA-Dex polymers
FT-IR spectrum of Am-Dex and synthesized NSA-Dex were obtained and shown in Figure
4.6. The characteristic peaks of Am-Dex include an O-H stretch at 3316 cm-1, a C-H stretch
at 2927 cm-1, an NH2 deformation at 1644 cm-1, and a C-H bend at 1351 and 998 cm-1.
After the introduction of succinate groups, NSA-Dex showed characteristic absorption
bands of Am-Dex, as well as a new absorption band observed at 1726 cm-1 corresponding
to the symmetric stretch of -COO group. This new absorption band is indicative of
successful conversion of amines to succinate groups and observed in all NSA-Dex samples.

Figure 4.6 FTIR spectrum for amino dextran and succinylated NSA-Dex products.
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4.3.5 Determination of particle transport in polyampholytic dextran solutions
Next, we examined the particle diffusivity of our charged probes in the polyampholytic
NSA-Dex solutions for comparison to the previous mixed-charged dextran solutions. For
our studies, 0% to 65% of the primary amines of Am-Dex were succinylated. Figure 4.7
shows characteristic normalized autocorrelation functions for the negatively charged Al-C
(-3) probe dye in a 2 wt% solution of Am-Dex(+), CM-Dex(-), and the 40% modified
mixed charge NSA-Dex. In contrast to the mixed charge gels, where hindered diffusion
was observed even with 80% of the gel composition consisting of repulsive Dex(-), in
polyampholytic NSA-Dex the conversion of 40% of amines to negative charged succinyl
groups is sufficient to greatly reduce attractive particle filtering. Here the characteristic
dwell time for Al-C (-3) in 40% NSA-Dex is within ~5% of the dwell time observed in

Figure 4.7 Normalized FCS autocorrelation curves for Al-C (-3) probe in 2 wt% polymer
solutions of Am-Dex(+), CM-Dex(-) and 40% modified NSA-DEX in 10 mM MES buffer
(pH 6.4). In contrast to mixed charged gels, where compositions as high as 80% Dex(-)
showed hindered diffusion, 40% NSA-Dex shows particle diffusivities comparable to
purely repulsive CM-Dex solutions.
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purely negatively charged CM-Dex hydrogels. In Figure 4.8, we plot the relative
diffusivity (D/D0) for Al-C (-3) for pure Am-Dex and all three synthesized NSA-Dex gels
for polymer concentrations ranging from 0-8 wt%. While low degrees of succinylation (e.g.
5%) do not alter the particle filtering capacity of NSA-Dex, by 40% modification we see a
loss of most of the attractive electrostatic interaction between the charged dextran network
and the negative probe. Relative diffusivities for both 40% and 65% are nearly identical to
that observed in uncharged or purely negative charged dextran solutions dominated by only
steric interactions. For example, Al-C(-3) translation diffusion coefficient is 298 ± 5 µm2/s
in MES buffer. In 2 wt% solutions of Am-Dex(+) or 5% succinylated NSA-Dex, D is
reduced by over 60% to D~113 µm2/s. In contrast, for 2 wt% solutions of 40% and 65%
modified NSA-Dex, D is only reduced ~12% again comparable to the reduced diffusivity
observed from uncharged or repulsive dextran solutions at the same polymer concentration.

Figure 4.8 Relative diffusivity (D/D0) as a function of polymer concentration for Al-C(-3)
probe diffusion with Am-Dex(+) and various polyampholytic NSA-DEX solutions.
Functionalization of 40% of the Am-Dex amines is sufficient to eliminate particle filtering
due to attractive electrostatic interactions.
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For Al-C in 65% NSA-Dex, D is 262 ± 6 µm2/s compared to 274 ± 5 µm2/s in pure CMDex(-) at the same 2 wt% weight percent. This behavior may suggest that the spatial
ordering of the charges in polyampholytic dextran are resulting in a different trapping
mechanism when compared to the mixed charge gels. The alternation of charges along a
single polymer chain could lead to more localized charge neutralization. In addition, the
charge density within the polyampholytic gels would be expected to be lower with only ~1
charge per 10 glucoses due to the degree of amidation in the original Am-Dex polymer.
The mixed charged gels would therefore be expected to have more charges in the same
volume inside the matrix as both Am-Dex and CM-Dex maintain their charges. This lower
degree of total charges, and possible local charge neutralization, in the polyampholytic
NSA-Dex may explain the lower sensitivity to the attractive probe-charge interactions
when compared to mixed-charge polymer solutions.

4.4 Conclusion
Inside the human body, many particle-network interactions are complex and heterogeneous
where transport through the networks depends upon the particle size, charge distribution
and various other factors. This complexity of interactions, however, enables these biogels
to function as selective filtering barriers for the transport of biomolecules or particles in
vivo.61,
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The goal of the project was to comparatively investigate charged particle

diffusion through mixed-charge polymer gels with particle transport in polyampholytic
gels where both positive and negatively charged functionalities coexist on the same
polymer chain. Branched functionalized polysaccharide dextran polymers Am-Dex(+) and
CM-Dex(-) were chosen for these model studies. Taken together, our results show
significant differences in particle transport behavior are observed inside mixed-charge
polymer networks compared to polyampholytic polymer networks. Selective particle
filtering was observed in these mixed-charge dextran solutions over a broad range of
compositions in both 4 and 8 wt% solutions. Even with only 20% of the gel comprised of
Am-Dex(+) was sufficient to hinder probe diffusion of both -1 and -3 charged probe
molecules significantly. In contrast, polyampholytic NSA-Dex showed a loss of hindered
diffusion at much lower ratios of positive to negative charge. By 40% succinylation,
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NSA-Dex shows no significant attractive electrostatic contribution between the probe and
the polymer network resulting in the negatively charged probes diffusing in a manner
nearly identical to that observed in neutral or purely repulsive, negatively charged dextran
networks. Net neutral probe molecules showed no electrostatic interaction with mixedcharged polymer networks nor polyampholytic networks. These results suggest not only is
the particle charge of the probe molecule important but also the composition and spatial
configuration of the charges along the polymer network chains are critical to understanding
particle transport and penetration within charged polymeric solutions.
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Chapter 5: Constrained particle transport within phase-separated liquid droplets of
tau protein

The central structural and functional component of the human nervous system are neuronal
cells which transmit and receive chemical and electrical signals through axons and
dendrites.247 The morphological differentiation of a neuron involves cytoskeletal
rearrangements stabilized by microtubules in specific directions. Tau protein is a
microtubule-associated protein (MAP) known to play an important role in microtubule
assembly , neuronal development, and neuronal polarity.248 In the case of microtubules, tau
both promotes and stabilizes their formation. In human brain, tau concentrations are highest
in the axons of neuronal cells at ∼2 μM.249 Tau is also present, but less abundant, in the
spinal cord and peripheral nervous system.250

5.1 Structure and function of tau
Tau structure can be divided into four functional domains: the projection domain on the Nterminus [Tau(1-165)], a proline-rich region (PRR) domain [Tau(166-242)], the
microtubule binding region (MTBR) [Tau(243-367)], and a C-terminal domain [Tau(368441)].251 Each of these regions have distinct roles. For example, the projection domain is
proposed to be involved in interaction with cytoskeletal proteins, determines the spacing
between axonal microtubules, and binding of heparin through the KKXK sequence.252-254
In the PRR, the PXXP motif is thought to be critical for its interaction with proteins
containing SH3 domains.255, 256 There are 6 isoforms of tau protein in human brain, encoded
by a single gene, located on chromosome 17 (Figure 5.1a).257 These isoforms arise from
alternative splicing of tau transcripts by including or excluding exons 2, 3, and 10.258
Human tau isoforms differ in the presence of 0, 1 or 2 inserts in the N-terminal domain and
the presence of three (3R) or four (4R) repeat sequences in the MTBR.258-260 The MTBR
domain has partially repeated amino acid sequences named R1, R2, R3 and R4. 3R tau
indicates the absence of the R2 sequence in the MTBR domain. Figure 5.1b shows the full
sequence of the longest isoform of tau found in the human brain (2N4R).3
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Figure 5.1 Tau isoforms and amino acid sequence of tau 441 (a) Tau is encoded by
MAPT gene, alternative splicing of MAPT results in six different isoforms which are
based on number of N-terminal inserts (0N,1N,2N) and microtubule binding repeats
(3R,4R). (b) Amino acid sequence of the tau 441,containing projection domain with 2
N-terminal and proline rich polypeptide sequences, R1-R4 microtubule binding
regions flanked by sequences with ꞵ structure (275-280, 306-311).3
(Reprinted sequence with permission from Krestova, M.; Garcia-Sierra, F.; Bartos,
A.; Ricny, J.; Ripova, D., Structure and Pathology of Tau Protein in Alzheimer
Disease. International journal of Alzheimer's disease 2012, 2012, 731526.
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Tau is an intrinsically disordered protein (IDP) that has differences in the primary structure
that arise due to the presence or absence of specific exons.258 Tau-441, or 2N4R, is the
longest isoform of tau containing two amino terminal inserts and all four microtubule
binding repeats resulting in a protein with 441 residues. Tau-441 contains exons 1-5, 7, 912 and low portions of hydrophobic residues.260 Tau-441 lacks a dominant stable
conformation with only transient secondary structure present. For example, tau has been
reported to form only local secondary structures including polyproline II helices in the
PRR261 and -strands in the MTBR262. Post-translational modifications (PTMs), including
phosphorylation, O-glycosylation, acetylation, and deamidation, alters the protein charge
of tau significantly.263,264 The most studied PTM for tau involves the regulation of
phosphorylation by kinases and phosphatases (Figure 5.2a). Tau-441 has 79 putative
serine/threonine phosphorylation sites,255 that be phosphorylated or dephosphorylated,
respectively by kinases and phosphatases.265, 266 Kinases are further grouped as proline
directed and non-proline directed.267-269 In many cases, microtubule binding to tau is
controlled by the degree of phosphorylation therefore regulating tau function. In this
manner, tau facilitates tubulin assembly270 and thereby stabilizes polymerized microtubules
and promotes nucleation.271-273 Biochemical studies have shown that tau binding to
microtubule 274, 275 as depicted in Figure 5.2 b, through the proline rich region (PRR) and
R repeat domains.

5.1.1 Liquid-Liquid phase separation (LLPS)
Cells are organized into subcellular compartments, or organelles. Cells use compartments
to control local concentrations of small molecules, proteins and other biopolymers thus
controlling the biochemistry inside the compartment. Most commonly, these organelles
have lipid layer membranes such as mitochondria276 and lysosomes.277 However, many
organelles do not have a lipid layer membrane and are therefore referred to as nonmembrane bound organelles. These phase-separated membraneless organelles are able to
assemble, fuse, and disassemble rapidly in the cytoplasm.31 These properties suggest they
are liquid-like compartments with viscoelastic properties such as plasticity and
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Figure 5.2. Phosphorylation of tau (a) Flow chart showing the classification of
posttranslational modification of tau by kinases and phosphatases with some of the
examples playing an important role in phosphorylation under physiological and
pathological conditions. Stabilization of microtubules of neuron by tau b) Schematic
representation showing neuronal cytoskeletal arrangement involving microtubules which
are stabilized by tau protein binding.
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flexibility.31,

278

Common examples of membraneless organelles include nucleoli,

centrosomes, stress granules, Cajal bodies, and P granules. Membraneless organelles often
have multiple biological functions. For example, P granule formation helps in the
establishment of gradients of RNA transcription factors279 concentrating RNA binding
proteins in stress granules,280 as well as aids in the storage of materials and stress response
by the cells.281, 282 The nucleolus is a membraneless organelle and the largest nuclear body
in eukaryotic cells. Recent work shows the nucleolus functions as a hub for many nuclear
functions, including the 3D organization of the genome, enabled by the transport of
proteins and nucleic acids between the nucleolus and nucleoplasm.283, 284
The formation of non-membrane compartments is driven by multivalent interactions in
nucleic acids and proteins.285,

33

Intrinsically disordered regions, or low-complexity

domains, of the proteins facilitate the phase separation process, and drive assembly of the
liquid drops.29, 30, 108 Also critical to droplet formation are temperature and ionic strength,108
which affects the entropy and electrostatic interactions of the condensate systems,
respectively. Post-translational modifications (PTMs), in particular the phosphorylation of
proteins, impacts the charge state of roteins altering their electrostatic interactions. PTMs
in tau have been shown to contribute to a loss of function and an inability to undergo the
phase separation process. 286-288
Many intrinsically disordered proteins (IDPs) are known to undergo liquid-liquid phase
separation (LLPS) resulting in the formation of membraneless organelles. LLPS of proteins
results in the formation of a concentrated protein-rich phase and a dilute protein-depleted
phase through a process known as coacervation.289, 290 Coacervation can occur generally
between two oppositely charged polyelectrolytes (complex coacervation)291 or from selfassociation (self-coacervation).292 In protein LLPS, complex coacervation typically arises
from interactions with the protein and RNA or other polyanions present.
Tau is a highly soluble IDP protein, containing numerous hydrophilic and charged residues.
Tau is also a polyampholytic protein consisting of many basic amino acids in the MTBR
and PRR regions, while the N-terminal is rich in acidic residues. Classification of
Intrinsically Disordered Ensemble Relationships, or CIDER, is a webserver that provides
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straight-forward analysis of IDP properties that are derived from the protein primary
sequence.293 In Figure 5.3, CIDER was used to generate a net charge per residue (NCPR)
plot for tau 441 with a five-residue window at neutral pH. Charge distribution analysis of
tau441 reveals a highly polarized IDP with negatively charged residues concentrated on
the N-terminal (residues 1-117) and positively charged residues concentrated on the
remainder of the sequence (residues 118-402). The residues from 402-441 have a net
negative charge. These results are identical with previous CIDER analyses of tau441.294
Despite containing many charged amino acid residues, the net charge of tau441 is relatively
modest at +2.5.295 In recent years, it has been shown that droplet-like tau can be observed
in neurons and other cells as well as formation of tau441 droplets ex vivo under cell
physiological conditions.281 Tau has been shown to undergo LLPS by both selfcoacervation294, 296, 297 and complex coacervation.298, 299 Wegmann et al. proposed that
phase-separated tau droplets may be an intermediate toward tau aggregate formation.281
Aggregation of tau into fibrils, or neurofibrillary tangles, is a hallmark of many
neurodegenerative diseases. Therefore, any potential mechanism that could increase the
local tau concentration in cells and help drive tau fibril formation would be of considerable
interest to understanding tau pathologies.

Figure 5.3 Algorithm CIDER analysis of intrinsically disordered protein tau 441 showing
net charge per residue sequence at neutral pH.
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5.1.2 Role of tau drops in formation of microtubule bundle
In vitro experiments by Hernandez-Vega et.al. show that the protein tubulin partitions into
tau liquid droplets increasing the local tubulin concentration and enabling the nucleation
of microtubules.5 The experiments were performed with and without GTP (guanosine
triphosphate) and analyzed using fluorescence microscopy. In the absence of GTP, tubulin

Figure 5.4 Formation of microtubule from tau drops, merged fluorescence images analyzed
using single-channel fluorescence microscopy.5 A-B) Tau drops (green-EGFP) are formed in
vitro using molecular crowder which concentrates tubulin (red-rhodamine labeled) proteins.
C-F) Tau drops nucleation and polymerization within drops deforms into rod like structures
resulting in microtubule bundle formation in presence of GTP.
(This figure is reprinted with permission from Hernandez-Vega et.al 2017, Cell reports, 20,
2304-2312).
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partitions within tau drops and the concentration inside the droplet was higher than outside
(Figure 5.4 A-B). In the presence of GTP, tau droplets deformed bidirectionally into rod
like shapes as microtubule bundle with tau encapsulated structures (Figure 5.4 C-F).

5.1.3 Role of tau protein and its condensates for pathological conditions
Tau protein is the major constituent of neurofibrillary tangles in Alzheimer’s and other
neurological diseases (Figure 5.5) and has been shown to form intercellular inclusions in
frontotemporal

dementias

(FTD’s).281

Abnormal

hyperphosphorylation

triggers

conformational changes of the protein resulting ultimately in tau aggregation.300, 301 Certain
mutations also shown to be associated with tau aggregation process with abnormal ratio of
3R/4R.302 Compounds that are shown to trigger fibrillization in hyperphosphorylated tau
proteins are RNA303 and sulfo-glycosaminoglycans (sGAGs),304 which are sulfonated
linear polysaccharides and include heparin, heparan sulfate and dermatan sulfate. Previous
work has reported observing droplet-like tau accumulation in neurons, in vitro and in vivo,
even in the absence of tau aggregation.281, 305 This likely suggests a unique biological
function for tau LLPS not related to tau aggregation. Furthermore, Wegmann et al.281
hypothesized that healthy neurons can maintain tau in a potentially reversible droplet state
and further proposed that tau LLPS may act to initiate tau aggregation in neurodegenerative
diseases. Hyperphosphorylation, as well as pro-aggregation mutations, favor tau LLPS
causing subsequent maturation, hardening and aggregation in tau droplets. These effects
can cause aberrant interactions with cellular organelles impacting homeostasis of neuron
and protein expressions, eventually leading to neuronal death.278, 281 While some progress
has been made towards understanding tau aggregate structure and kinetics of
aggregation,306 and pathological toxicity of tau in diseased brain,307 many questions in the
field remain unknown. These include (i) which molecules trigger tau aggregation and (ii)
by what mechanism does functional highly soluble tau protein in healthy neurons switch
to form highly insoluble, pathologically aberrant neurofibrillary tangles.281
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Figure 5.5 Pathology of neurodegenerative disorder a) Healthy neurons in brain have
microtubules stabilized by tau protein. b) Disease associated neurofibrillary tangles of
tau protein which leading to microtubule fragmentation and eventually neuronal death.

5.1.4 Project overview
It is recognized that protein droplets formed via LLPS are involved in the recruitment of
molecules into the membraneless organelles. Despite the importance of particle entry
within phase-separated droplets, little is known about the transport properties of particles
within phase-separated protein droplets.
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In this work, we utilize FCS measurements to measure the translational diffusion
coefficients and number of probe dye molecules inside reconstituted tau protein droplets.
FCS is able to clearly distinguish the transport properties of our probe molecules inside the
tau droplets compared to outside the droplet. Upon formation, we see probe recruitment
into the tau droplets resulting in higher concentration of probe molecules inside the droplet
than outside. In addition to the particle partitioning effect into droplets, particle transport
of the probe molecules is most reduced inside the droplet.
The essential characteristics of the condensates like internal diffusion rates, molecular
sequestration and hierarchical organization of coexisting phases are dictated by the material
properties such as surface tension and viscosity.308, 309 From polymer theory, we can make
simple estimations of the structural length scale and mesh sizes within the tau condensates.
We show the tau droplets are in the semi-dilute regime and are of low-density. Particles
sufficiently small compared to the mesh size inside the droplet freely diffuse through the
pores within the tau mesh network resulting in less hindered diffusion than expected from
bulk viscosity measurements of the droplet.
Using a series of probe molecules with similar molecular size and core structure, but
varying net molecular charge from 0 to -3, we systematically investigated the effect of
charge-charge interactions on particle transport inside the tau droplets by FCS. Measured
translational diffusion coefficients, D, by FCS showed that probe particles diffusion
coefficients within the droplet is primarily driven by the local microviscosity of the tau
droplet. Using a net charge neutral probe molecule, we estimate the microviscosity of tau
condensates to be η = (3.2 ± 1.2) × 10

Pa⋅s. FCS also allows us to directly determine the

number of fluorescent probe molecules and we see a concentration of ~8-10-fold inside the
tau droplets compared to outside the droplet. Probe particle transport is influenced to a
lesser extent by the net probe charge. We observe a ~33% decrease in the probe diffusion
coefficient as the net charge of the probe molecule increases from zero to -3 but similar
8-10-fold concentration within the tau LLPS.
We next compared particle diffusion of a larger protein molecule, bovine serum albumin
(BSA) inside the tau droplet. FCS was used to measure translational diffusion coefficients
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for BSA inside the tau droplets and these results were compared to BSA diffusion in buffer,
soluble tau solution and in the dextran crowding solution used to form tau droplets. We
show all four conditions can be distinguished by FCS. BSA transport was most hindered
within the tau protein condensate. Surprisingly, the transport properties of BSA in all
solutions are reasonably well described by using the Stokes-Einstein relation adjusted for
the experimentally measured microviscosity obtained using the uncharged probe molecule.
Measured values of D for BSA were slightly lower than the calculated values suggesting
some systematic, non-steric contribution to the diffusion properties. BSA has a
significantly higher net charge compared to the probe molecules used in this study and may
suggest some additional contribution of charge-charge interaction between BSA and the
tau protein chains within the tau condensates. Similar to the probe molecules, BSA was
observed to be at a higher concentration ~10-fold, inside the tau droplets than in the dextran
crowding solution outside the tau LLPS.
Lastly, we examined the salt dependence on the particle transport properties inside the tau
droplets. The net neutral charged probe molecule (At-A) showed no salt dependence on the
measured translational diffusion coefficients (D), while all charged dye molecules and
BSA showed a weak dependence of D on added KCl salt concentration. Remarkably, for
both charged probe molecules and BSA, two plateau regions are observed with added salt
with a crossover behavior at ~150 mM KCl. At KCl less than 150 mM, the measured D
value of the molecules inside tau condensates does not change with added salt. Above 150
mM, however, an ~20% increase in D is observed within the tau droplets that then remains
constant up to 500 mM KCl. The experimentally determined D values for charge probes,
even at high salt, do not plateau to the same D value observed for the net neutral At-A
probe molecule. This suggests the presence of charge-charge interactions between probe
molecules and tau protein chains that are not screened out inside the condensate even at
high salt. Taken together, these results shed light on the critical parameters for particle
transport within liquid protein droplets of tau.
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5.2 Materials and methods
5.2.1 Materials: A tau isoform tau 441, longest form 4RL was used for all experiments.
Tau protein were expressed in bacterial strain E. coli (Escherichia coli) and purified using
Ni-NTA column followed by gel electrophoresis to determine the presence and
approximate purity of tau protein. For this study, uncharged dextran was used as a
molecular crowder (Dextran 500 Pure neutral, Mw ₌ 500 kDa), purchased from Sigma
Aldrich (St. Louis, MO). A variety of water-soluble fluorescent probe molecules were
purchased from Invitrogen (Carlsbad, CA). ATTO488-amine (AT-A, +0 charge),
ATTO488-biotin (AT-B, -1 charge), and ATTO488-Carboxy (AT-C, -2 charge) were
purchased from ATTO-TEC (Siegen, Germany). Alexa Fluor 488 carboxylic acid (AL-C,
-3 charge) (Abs/Em maxima, 500/525 nm) was purchased from ThermoFisher Scientific
(Waltham, MA). Rhodamine 110 used in calibration of confocal volume were purchased
from Fischer Scientific. Protein probe BSA (Bovine albumin serum Alexa fluor 488
conjugate) with net charge -13 (pH =7.4) was purchased from Sigma Aldrich. All of the
fluorescent probe molecules (Abs/Em maxima, ~500/525 nm) were used without further
purification.

5.2.2 Droplet formation: To form droplets 44 µM Tau in 25 mM HEPES (2-[4-(2hydroxyethyl) piperazin-1-yl] ethane sulfonic acid and 150 mM KCl (pH 7.4) with freshly
added DTT (1mM) was mixed with 20 % dextran 1:1 to a final concentration of 22 µM
and 10 % dextran and incubated for 24 hours. Tau protein condensates were collected by
centrifugation at 1000 g for 120 s and pouring off the supernatant. The protein
concentration of the tau condensate was assessed directly by measurement of the
absorbance at 280 nm using a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). The measured absorbance was then used to calculate concentration
using A= ɛbc where ɛ is extinction coefficient of 7450 cm-1M-1 for tau, c is the
concentration. With nanodrop instrument, the path length b is corrected for absorbance at
280 nm as 1cm.
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5.2.3 Sample preparation with fluorophores: Fluorescent probes were added to the
droplet solution to achieve a final concentration ~5 nM. Solutions were mixed gently using
pipette and incubated overnight at room temperature. 10 µL of sample was deposited into
an imaging chamber (Secure sealTM hybridization chamber (Dimensions 7×7 mm, depth
0.8 mm)) sealed with glass coverslip after removal of plastic liner. Droplets were allowed
to equilibrate for 1 hour at room temperature inside the chamber before performing FCS
measurements.

5.2.4 Confocal imaging: Tau condensates were prepared as described previously and
incubated overnight at room temperature with ~10 nM probe concentration for
visualization. Samples were deposited on Secure sealTM hybridization chamber and
equilibrated at room temperature for 1 hr. Z-stack images were captured using a Nikon
A1Rsi laser scanning confocal microscope equipped with a ×40 objective. A 488 nm laser
was used for excitation. Maximum intensity projections of Z- stacks fits were stitched
together for tau droplet formation and converted to 8-bit depth images for analysis using
image J software.

5.2.5 FCS set up: All FCS measurements were carried using a commercial dual-channel
confocal fluorescent fluctuation system (ALBA FFS system, ISS, Champaign, IL). FCS
experiments were made using a continuous wave 488 nm laser diode as an excitation
source. Excitation light was directed into experimental samples through a Nikon Ti−U
microscope (60×/1.2 NA water-immersion objective lens). The collected emission signals
from the sample placed on the objective was then passed through a 514 nm long pass edge
filter before detection. The emission signal was recorded by separate Hamamatsu H7422P40 PMTs. The phase separated condensates are expected to have higher index of refraction
than water, but previous characterization by Sherman et.al observed that confocal FCS can
be reliably used to accurately determine translational diffusion coefficients of proteins and
small molecules with refractive indices ranging from 1.33 to 1.46.

310

Confocal volume

dimensions were determined through measurement of aqueous Rhodamine 110 at known
concentrations. All FCS measurements were performed using 10 L of sample deposited
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on a Secure sealTM hybridization chamber with sampling times of 30 s. To ensure
homogeneity of measurements within the solutions, all FCS results shown are taken as an
average of 15 measurements for every 5 repeats within each of the three different droplets
within the sample. FCS curves were analyzed using the VistaVision Software (ISS,
Champaign, IL) to determine the diffusion coefficient with measured diffusion coefficients
expressed as the mean ± SD.

5.2.6 FCS data analysis: The principles of FCS have been described in detail in
literature189, 190 and chapter 2 of this dissertation. Here, we provide a brief overview. FCS
measures the fluorescence fluctuations emitted from labeled molecules moving in and out
of a small ~ 1 fL confocal volume. The size of the effective illumination volume is fixed
by the confocal detection optics and the excitation profile of the focused laser beam and
characterized by measurements against standard Rhodamine 110 of known diffusion
constant (D = 440 𝜇𝑚 ⁄𝑠).191 For uniformly distributed fluorescent particles diffusing by
Brownian motion, dynamic information can be determined from the intensity fluctuations
by means of a time autocorrelation given by
𝐺 𝜏

1

1

1

(1)

where N is the average number of molecules in the detection volume, τ is the delay time,
τd is the characteristic diffusion time, or the average passage time of a molecule through
the confocal volume, and β is the structure parameter ( = zo/o) is the ratio of the axial to
the radial dimensions of the confocal observation volume as determined by calibration
measurements using dye with known diffusion constant. Here, β was fixed to 10 in all fits,
based on results from calibration measurements with Rhodamine 110. Confocal volume
with radial and axial wo = 0.358 µm, zo = 3.58 µm respectively was determined via
calibration of rhodamine 110 (D = 440 µm2 s-1) to confirm consistency in confocal beam
geometry throughout the experiments. Acquisition time of 30 s, laser intensity 70% (Power
= 200 µW) were used to optimize the signal-to-noise ratio for all the probes except BSA.
Low intensity (85 µW) with sampling time of 20 s was used for labelled BSA to avoid
fluorophore triplet states and photobleaching. Cross correlation with both detectors
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minimizes the effects of detector after-pulsing in the resulting autocorrelations. The
translational diffusion coefficient D (μm2/s) can be calculated from τd and the radial width
using
𝜏

(2)

For spherical particles, the diffusion coefficient D follows from the hydrodynamic radius,
Rh, in solution and can be calculated by the Stokes-Einstein relation D = kBT/6𝜋ηRh,
where kB is the Boltzman constant, T is the temperature, and η is the viscosity of the
medium.

5.2.7 Microviscosity measurements from Stokes-Einstein equation: The StokesEinstein equation, is used to understand the probe mobility where D is the translational
diffusion driven by thermal energy, kBT.

(3)

𝐷

The bulk viscosity η is redefined as microviscosity for the probe diffusion, Rh is probe
hydrodynamic radius. The normalized microviscosity (η/η0 ), η and η0 are the viscosities
obtained for solution and buffer, respectively are proportional to the inverse of the
normalized diffusion coefficients.

5.3 Results and discussion
5.3.1 Droplet solution profile showing differential interaction for probe
Tau can undergo a process of liquid-liquid phase separation (LLPS) to form liquid dropletlike membraneless organelles. LLPS formation is sensitive to solution ionic strength
suggesting that tau phase separation is driven by electrostatic interactions likely between
the negatively charged N-terminal and the positively charged mid-region.288,
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Once

formed, other particles or molecules can partition into the droplets and become
concentrated. The partition coefficient of particles determines the degree of concentration
within droplets and is shown to be important in regulating rate of reactions of the cell.31192
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For example, tubulin protein has been shown to partition into tau droplets nucleating

and driving the formation of microtubule bundles in neurons.5 As a starting point to
understand the importance of particle interaction and particle partitioning into the tau
droplets, we first examined formation of tau protein droplets using brightfield microscopy.
Figure 5.6a shows images of phase separated tau protein droplets. Droplets were formed
from 22 µM tau using 10 % dextran as crowding agent and 25 mM HEPES buffer with 150
mM KCl salt. We next used fluorescence correlation spectroscopy (FCS) to determine
translational diffusion coefficients and probe particle concentrations (Figure 5.6b) at four
different locations (A-D) as indicated on the brightfield image. For these FCS experiments,
we used Rhodamine 110 (R110) as our probe molecule. R110 is a dye molecule with a net
molecule charge of zero. At pH 7.4, R110 is zwitterionic with one positive charge on the
xanthene ring and one negative charge on the carboxyl group on the isolated benzene
ring.315 Normalized autocorrelation functions of R110 taken at locations A-D are shown in
Figure 5.6b. All autocorrelation curves can be described by a single mean passage time
with a clear shift to longer diffusion times for R110 inside the tau droplet compared to
outside the droplet. Translational diffusion coefficients, D, as determined from equation 2,
and R110 concentrations were determined for all four locations from the autocorrelation
fits. The diffusion coefficient for R110 inside the tau droplet was approximately 25% lower
than outside the droplet. Average diffusion coefficients were calculated from three FCS
measurements at each location (A-D). Translational diffusion coefficient D = 101  3 m2/s
inside the tau droplet (locations B and C) compared to D = 175  4 m2/s outside the
droplet (location A and D). Diffusion of R110 outside the tau droplets is nearly identical
to the diffusion coefficient determined for R110 in pure dextran crowding solution (10%
dextran, 150 mM KCl, 25 mM HEPES) with D = 170  6 m2/s. FCS also gives us means
to measure the particle concentration in these different locations. The complex
environment inside protein droplets formed in vivo is thought to generate concentration
gradients for diffusive flux of particles from cells into the droplets. Due to the lack of
membranes, these liquid droplets allow for free exchange of molecules until an equilibrium
state is reached. The constrained diffusion of particles within the droplet is indicative of
the complex and differential particle transport properties in aqueous two-phase systems at
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physiological conditions. Despite being loaded initially with ~10 nM R110, we find that
the tau droplets are enriched with dye molecule with R110 concentrations >10-fold higher

Figure 5.6 Droplet solution profile a) Brightfield image showing Tau protein droplets
formation after liquid- liquid phase separation in the presence of 10 % dextran as crowding
agent. b) Normalized autocorrelation curves for probe R110 in droplet solution, with
reduced mobility for the phase separated droplet inside compared to outside solution. Insert
shows the structure of zwitterionic probe R110. c) Confocal microscopy image of R110
accumulation inside tau protein droplets.
inside the tau protein droplet compared to outside the droplet. R110 concentration was ~23
± 6 nM inside the droplet and only ~2 ± 3 nM outside the droplet. The partition coefficient
of the dye molecules in the droplet solution is likely due to the high protein concentration
and confinement of the tau condensate responsible for recruitment of particles within
droplets. This combined effect for recruitment of particles and microtubule bundle
formation was also indicated for tau drops with tubulin.5 The concentration of R110 inside
the droplet is also observed by confocal microscopy. Figure 5.6c shows confocal
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microscopy image of tau droplets loaded with R110. Due to the more than 10-fold
concentration of R110 inside the tau droplet, we can easily observe tau droplets by confocal
microscopy (Figure 5.6c).

5.3.2 R110 diffusion within tau solution, dextran solution and tau condensates
The liquid demixing in LLPS is a process of separation of protein into dense and light
protein phases that is driven by microscopic interactions and governed by thermodynamic
properties.31 When a molecular crowder, such as dextran is present, tau has been shown to
undergo liquid demixing to form liquid-like drops. To understand how R110 diffusion
differs in the presence of tau protein before and after the demixing process, we measured
the transport properties of R110 in different solutions using FCS. Figure 5.7a shows
normalized autocorrelation functions for R110 in tau condensates (Tau C), in 10% dextran
(10% Dex), and in tau solution (Tau S). Here Tau S is 22 µM tau protein, identical to the
concentration of tau used to make tau condensates. All three solutions used the same 150
mM KCl, 25 mM HEPES (pH 7.4) buffer. Again, we see a characteristic shift in the
characteristic diffusion time τd, for R110 in the presence of tau protein before and after
phase separation. Diffusion of R110 in 10% Dex is intermediate between Tau S and Tau
C. FCS measurements were performed at various spots within the solutions and averaged.
Consistent with our prior results, translational diffusion coefficients, D, in the protein
droplets (Tau C) and in 10% Dex were 106 ± 8 µm2/s and 170 ± 6 µm2/s, respectively. In
Tau S, we measure a much higher diffusion coefficient (D = 296 ± 8 µm2/s) for R110. R110
diffusion in Tau S that is ~5 % slower diffusion than in 150 mM KCl, 25 mM HEPES (pH
7.4) buffer alone (D = 311 ± 6 µm2/s). The small change in D for R110 in Tau S compared
to buffer strongly suggests there are no strong probe-protein interactions present and R110
freely diffuses in the Tau S solution. The decreased transport properties of the probe in Tau
C is presumably due to the higher protein concentration within the droplets. To test this,
we measured the UV/VIS absorption at 280 nm for our four different solutions: buffer, Tau
S, 10% Dex, and Tau C. Results are given in Figure 5.7b. As expected, the buffer and 10%
Dex show very low A280 values as no tau is present. Using an extinction coefficient of
7450 cm-1M-1 for tau, the tau concentration in Tau S was determined to be 21 ± 4 µM
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consistent with the ~22 µM used to make TauC/TauS solutions. The experimentally
determined protein concentration in droplets formed in Tau C was 172 ± 5 µM representing
an ~8-fold increase in the concentration of tau in the droplet. This tau concentration inside
the droplet is consistent with previous work that estimated tau protein (2N/4R)
concentration of 210.7 µM within liquid droplets.295
A central tenet of the phase behavior within polymer solutions is the concept of the critical
overlap concentration, c*. The critical overlap concentration defines the boundary between
the dilute and semi-dilute regimes and represents the concentration at which different
polymer chains cease being separated from each other and begin to overlap. c* also defines
the point where inter-chain contacts between polymer chains are more likely than intrachain contacts. By calculating c*, we can determine if the tau protein concentration within
droplets is above c* and therefore in the semi-dilute concentration range. The overlap
concentration can be calculated316 using equation (4):
𝑐∗

(4)

where 𝑀 is molecular weight of the tau protein (46.7 kDa), 𝑁 is Avagadro’s number and
ℎ is the polymer end to end distance for tau determined by Monto-Carlo simulations as
18.6 nm.317 For full-length human tau protein, c* is determined to be 96.4 mg/ml or 2.06
mM. The calculated overlap concentration is far below the experimentally determined
values for tau concentration inside the droplet. This suggests while tau condensates are
dense compared to the surrounding solution they are still relatively low-density droplets
that are solvent-rich and full of permeable voids. One should expect small molecules to be
able therefore to freely diffuse within the protein droplets. Similar low-density droplets
were previously reported by Wei et al. for LAF-1 protein that form P granule-like droplets
in vitro.318 For neutral probe molecules, such as R110, with dimensions much smaller than
the droplet mesh size, we expect the transport properties to be dictated not by the bulk
viscosity of the droplet but rather the local micro-viscosity within the low density droplet.
This behavior has been reported previously for probe diffusion within proteins based on
the volume fraction and its relation to the phase behavior large-mesh size polymer
networks.206 The large conformational fluctuations of IDPs generate large, pervaded
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Figure 5.7 a) Plot showing the normalized autocorrelation curves for probe R110 in
different tau protein environments, constituting a highly hindered mobility for the phase
separated tau protein in comparison to the controls. Solid dashed lines are fits to the
experimental data by equation 2 to determine the D, translation diffusion coefficient. The
insert shows a schematic indication for changes in D for the probe R110, with change in
interaction environment. *p<0.001 vs D of Tau S. b) Nanodrop Lite spectrophotometer
absorbance (280 nm) facilitates for the measurement of protein concentration of tau before
and after liquid demixing process in 25 mM HEPES 150 mM KCl pH 7.4. The plot shows
that the absorbance value is nearly 10 times higher for phase separated protein droplets.

volumes which is a measure of the volume of solution spanned by the polymer chain. Due
to these large volumes, the concept of overlap volume fraction and its relation to the phase
behavior of polymer solution can be well described.196 The overlap volume fraction (*)
and volume fractions () can be calculated using equations (5) and (6) respectively:
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∗


(5)
𝑐

(6)

where r is degree of polymerization, (number of amino acid residues in protein, 441), Vm
is average volume occupied by amino acids in protein (140 Ǻ3), Mm is average mass of an
amino acid (110 g/mol), Ree is end-end distance (18.6 nm for 2N4R isoform of tau),317 NA
is Avagadro’s number and c is the mass concentration of protein. De Gennes319 equation
describes the relationship between correlation length, radius of gyration (Rg), and polymer
volume fraction () as ξ ~ 𝑅


∗

. Here, 𝑥 is a function of scaling exponent and equation

can be rewritten as (7).

∗

~

(7)

The calculated  and *are 5.3 ×10-3 and 3 ×10-3 respectively, which are nearly the same
so


∗

~ 1. As a result, the correlation lengths ξ are on the same order of chain dimension

Rg of polymer as represented in equation 8.
~1

(8)

The average radius of gyration measured in good solvent via hard sphere method for 4RL
(longest isoform with 2 N-terminal repeats and 4 proline repeat residues) isoform317 as 8.43
nm. Following the calculations discussed previously, the correlation length 𝜉 within the tau
droplet is therefore estimated to be ~8.4 nm. Using the experimentally determined tau
protein concentration we obtained inside the tau droplet, we can estimate the intermolecular
distance between tau chains as ~21 nm. These length scales are depicted in Figure 5.8,
where the red dashed lines indicate Rg, and the black dashed lines indicate the
intermolecular distance between tau chain.195 Using the Stokes-Einstein equation the
hydrodynamic radius, Rh, of R110 was determined to be ~0.6 nm. Using this Rh value, we
can then calculate an apparent viscosity, for tau droplets based on the experimentally
determined D values of R110 in Tau C. We measure an apparent viscosity of 3.63 × 10-3
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Pa.s for R110 within Tau C. This is consistent with R110 primarily diffusing through the
aqueous buffer that permeates the low-density tau droplet mesh.

5.3.3 Electrostatic effects on particle transport within tau condensates
Human tau is a polyampholytic IDP expressed as six major isoforms, of which tau441 is

Figure 5.8 Schematic illustration showing molecular chain interactions in semi-dilute
regime of tau condensates. The molecular domains represent a range of conformations with
Rg ~ 8.3 nm shown in red dashed line. The calculated concentration for tau droplets
corresponds to a number density of 1.0 × 10-4 molecules/nm3 and has intermolecular
distance ~ 21 nm shown in black dashed lines.
the longest. The polarized nature of tau has led to the hypothesis that droplet formation of
tau is largely driven by attractive electrostatic interactions between the acidic residues of
the N-terminal and the basic residues of the middle and C-terminal of tau.294 Despite having
many negatively and positively charged amino acid residues, the net charge of full length
tau 441, 2N4R at pH 7.4 is modest at ~+2.5.295
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To better understand the role of charge on the transport processes within tau droplets, we
used FCS to determine the translational diffusion coefficients of a series of probe molecules
with nearly identical core structure but varying overall net molecular charge. Structures for
the four probe molecules used in this study are provided in Figure 5.9. The Atto/Alexa
dyes have similar core structures, excitation and emission spectra, and size (~Rh ~ 6.2 Ǻ)
but vary in net charge from 0 to -3 at pH 7.4. Specifically, these probes include Atto 488
amine [At-A, net charge 0], Atto 488 ester [At-E, net charge -1], Atto 488 carboxy [At-C,
net charge -2], and Alexa 488 carboxy [Al-C, net charge -3]. Using these four probes, we
can systematically study the effect of probe charge on the diffusion properties within the
tau condensates.

AT-A (0)

AT-E (-1)

AT-C (-2)

AL-C (-3)

Figure 5.9. Molecular structures of the four probes used in this study

Normalized autocorrelation functions of the neutral and negatively charged probe
molecules measured within the tau condensates are shown in Figure 5.10a. All
autocorrelation curves can be described by a single mean passage time. The measured 𝜏
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Figure 5.10 a) Representative plots of normalized FCS autocorrelation of probe molecules
of varying net charge in tau protein condensates. b) Comparative apparent diffusion
coefficients D determined from FCS for various controls and condensates in understanding
the reduced transport within condensates. *p> 0.05, ** p< 0.01 vs D of At-A (0) of each
appropriate solution.

of the probes inside the tau condensates increases only weakly for probes with higher net
charge. Figure 5.10b shows the translational diffusion coefficients calculated from
equation 2 for all four probes. FCS measurements were performed in buffer (25 mM
HEPES, 150 mM KCl), in 22 M tau solution, in 10 wt % dextran, and in tau condensates
formed from 22 M tau in 10 wt% dextran. As expected, no statistically significant
difference in D is observed for the 4 probes in buffer or in the uncharged dextran solutions.
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In the presence of tau, both Tau S and Tau C, statistically relevant changes in D are
observed for charged probes when compared to uncharged At-A. This suggests attractive
electrostatic interactions between the probes and tau molecule chains are playing a role in
the observed reduced transport properties. The largest effects are observed for the highest
charged (-3) probe molecule. Also, diffusion of the neutral At-A probe is observed to be
nearly identical to R110 consistent with both net neutral, zwitterionic probes having
minimal probe-tau interactions. Also, as shown in Figure 5.10b, D values in tau
condensates are all significantly reduced 2.5- to 4-fold in comparison to tau solution for all
four fluorophores studied regardless of charge. This suggests transport in the tau droplets
is primarily dictated by the confinement and the higher local concentration of tau droplets
with only a weak dependence on molecular probe charge. In our series of probes, the
charge-charge interactions are sufficient to decrease probe diffusion ~33% from 114 m2/s
± 5 to ~76 ± 7m2/s for the same size probe molecule with net charge ranging from zero
to -3.
In simple fluids, the translational diffusion coefficient of spherical particles is well
described by the Stokes-Einstein relation (equation 3). In ternary mixtures, containing
polymer molecules, solvent and particles, multiple length scales exist, and application of
Stokes-Einstein becomes more complicated. For example, Holyst et al. performed FCS
experiments with a variety of probe molecules with different radii R diffusing inside
poly(ethylene glycol) (PEG) solutions in water.206 They showed that when R was
sufficiently smaller than the correlation lengths inside the PEG solution, the measured
diffusion coefficient was significantly faster than expected from the bulk macroviscosity
of the PEG solution.206 Fixing the particle Rh determined in buffer, one can use FCS to
estimate an apparent microviscosity felt by the probe molecule inside the polymer network.
The microviscosity reflects the fact that in this scenario the probes primarily diffuse
through the aqueous solution that permeates the polymer network. Holyst et al. showed the
microviscosity they measured was orders of magnitude smaller than the macroviscosity for
their PEG solutions. With large enough probes, where R was larger than the PEG
correlation lengths, Stokes-Einstein behavior was recovered consistent with the
macroviscosity.
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To understand the effects of local environment on probe mobility in our system, we also
used similar methods to determine the apparent microviscosity experienced by our probes
in our different solutions. Within the semi-dilute tau condensates, we estimate a correlation
length of ~8.4 nm for the 4RL isoform of tau. This length is considerably larger than our
probe systems (Rh ~0.6 nm). Apparent microviscosities calculated for all four probes (net
charge 0 to -3) for 25 mM HEPES, 150 mM KCl buffer, Tau S, 10% Dex and Tau C
solutions and normalized relative to their diffusion in water (η0 = 9.01 ×10

-4

Pa.s). The

normalized microviscosities (η/η0) are given in Figure 5.11. As expected, the
microviscosity for all four probes was nearly identical in 25 mM HEPES, 150 mM KCl
(pH 7.4) buffer as in water. Microviscosities increased in Tau S and 10% dextran solutions
approximately 1.3 and 2-fold, respectively, over buffer. No clear dependence on the
apparent microviscosity with increasing probe charge was observed for either Tau S or
10% dextran solutions. Our calculated value for microviscosity of 10 w/v % dextran is also
consistent with reported value for eGFP-CaM diffusion within 10 w/v% dextran solutions
as determined from MEMFCS fits (autocorrelation fits obtained by multiple-component
model with maximum entropy method).208 In contrast, apparent microviscosities for the
neutral probe At-A increased (~3.5-4.2 fold over water) inside the tau condensates. In
addition, a systematic decrease of ~20% in the translational diffusion coefficient for our
probe molecules inside was observed with increasing probe charge. This decrease in D
reflects the increased charge-charge attractions of the -3 probe inside the tau droplet. Using
these measured D values to estimate an apparent viscosity within the tau condensates, we
see

a

systematic

change

dependent

on

condensates (Figure 5.11).
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Figure 5.11 Normalized microviscosity (η/η0 ) using Stokes Einstein equation where η and
η0 are the viscosities obtained for solution and water respectively. The normalized
microviscosity increases for tau protein condensates when compared to Tau S and its
controls which is proportional to the physiochemical interactions of probe diffusion in a
crowded polymeric solution.

5.3.4 Protein transport within protein droplets
Protein droplets, being membraneless, have the advantage that they can form and dissolve
readily in vivo and have been shown to enable various cellular functions often through the
recruitment of larger molecules such as proteins. How protein droplets influence the
dynamics of proteins inside them is still not fully understood. Here, we have focused on
investigations of the transport properties of bovine serum albumin (BSA) inside tau protein
droplets. Albumin is a globular monomeric protein that is a major component of proteins
found in blood. Its function is to regulate body fluid distribution inside human body by
maintaining plasma colloid osmotic pressure.320 Albumin is also known to bind and carry
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various substances including water, cations, hormones and exogenous drugs and also acts
as a free radical scavenger in inflammation.321 BSA consists of 585 amino acid residues
including 35 cysteines that form disulfide bridges that result in a relatively strong stability
of BSA in solution

322

. BSA has a hydrodynamic radius (Rh) of 3.5 nm,323 significantly

larger than the previously studied dye probe molecules Rh ~ 0.6 nm. BSA is also charged
with a net negative charge322 of -13 at pH 7.4. Translational diffusion coefficient of
Alexa488-labeled BSA in HEPES/KCl buffer, Tau S, 10% Dex and Tau C was determined
using FCS. Representative normalized autocorrelation curves for all four solutions are
shown in Figure 5.12a. All autocorrelation curves are again well described by a single
mean passage time. The measured translation diffusion coefficient 𝐷 of BSA in 25 mM
HEPES, 150 mM KCl (pH 7.4) buffer is 69 (±6) µm2/s. Using Stokes-Einstein relation
(equation 3), a hydrodynamic radius can be calculated as 3.4 nm in good agreement with
previous measurements of Rh for BSA. As seen in Figure 5.12a, the characteristic diffusion
time is slightly larger for BSA in Tau S resulting in a calculated D ~ 42 ± 5 µm2/s. By FCS,
we see minimal evidence of significant protein-protein interactions between BSA and Tau
hindering free diffusion within the tau protein solution. In a similar fashion, BSA diffusion
was determined to be 26 ±4 µm2/s inside 10 wt % dextran solution and 12 ±6 µm2/s inside
the tau protein droplets. The formation of liquid droplets by LLPS has been proposed as a
means to locally concentrate proteins through varying strength of affinities between the
protein in the droplet and other proteins.324 By FCS, we find after equilibration that BSA
is enriched inside the tau droplets with BSA concentrations ~10-fold higher inside the tau
protein droplet. BSA concentration was ~26 ± 6 nM inside the tau droplets and only ~3 ±
3 nM outside the droplets. Fixing the Rh of BSA, we can again determine the apparent
microviscosity for each solution as described in section 5.3.3. Using the neutral At-A
probe, we previously determined the microviscosity in our solutions with normalized
microviscosities ranging from 25 mM HEPES, 150 mM KCl buffer η/η0 = 1.0 (no apparent
change in microviscosity compared to viscosity in water) to η/η0 ~4.5 inside the tau
condensates. Fixing the hydrodynamic radius of BSA at 3.4 nm, we can use these
microviscosity values to calculate an expected D value for BSA within each solution
assuming BSA diffusion is free and dominated by the apparent viscosity within each
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solution. In Figure 5.12b, we plot the measured D values for BSA in the four solution as
a function of the normalized microviscosities. Calculated values for D, are shown by the

Figure 5.12 a) Representative autocorrelation plots for Alexa488-labelled bovine serum
albumin (BSA) in buffer [25 mM HEPES 150 mM KCl], tau protein solution, 10% dex
and Tau condensates. b) Comparative apparent diffusion coefficients D determined
experimentally from FCS for various solutions and inside tau condensate compared to
calculated D using experimentally determined microviscosity values. Diffusion in all
solutions is reasonably well described by accounting for microviscosity. *p< 0.01** p<
0.001 vs D of buffer solution.

dashed line. In general, we see good agreement between experiment and calculated D
values for BSA in all four solutions. So despite the larger BSA protein being larger in size
(diameter ~ 6.2 nm) with particle dimensions closer in size to the calculated tau droplet
106

mesh size (21 nm), BSA is still sufficiently small to permeate and diffuse relatively freely
inside the permeable voids of the tau condensate, and commensurate with Stokes-Einstein
behavior for the experimentally determined microviscosity of the polymer solution.
Experimental values of D are observed to be slightly lower than expected in Tau S and Tau
C. This may be due to weak attractive electrostatic effects between the charged BSA and
tau proteins. However, these estimates suggest these interactions are a minor contributor
to the total transport behavior of BSA in Tau S or Tau C.

5.3.5 Dependency of ionic strength on tau droplet formation and particle transport
inside droplets
Previous studies of tau have shown the formation of tau protein droplets is strongly
dependent on the ionic strength of the buffer.5, 281 Boyko et al. showed tau droplet formation
in PEG solutions resulted in fewer droplets, with smaller dimensions, being formed at 150
mM NaCl when compared to 10 mM NaCl.294 This dependence was similar for either KCl
or NaCl monovalent salt. We therefore examined the ionic strength dependence on tau
droplet formation in our system. 22 M tau 441 in 25 mM HEPES buffer (pH 7.4) was
used to form droplets in the presence of 10 wt % dextran crowding solution. KCl salt
concentration was varied from 50-500 mM. Representative bright-field images of the tau
protein droplets observed are shown in Figure 5.13a. In these conditions, we observe the
size of the droplets to be approximately the same over these ionic strengths. Droplets are
~10-11µm in diameter for all salt concentrations used in this study. UV/VIS was used to
measure the A280 values and determine the tau protein concentration inside the droplets.
Figure 5.13b shows the measured tau concentration in droplets as a function of the KCl
concentration in the buffer. The protein concentration inside the droplets is nearly
independent of the ionic strength showing only a slight decrease at the highest KCl
concentration measured. To determine if the ionic strength of the buffer screens the
electrostatic interactions between probe and tau protein inside the droplets, we next used
FCS to measure the diffusion coefficients of all four dye proteins and BSA at various KCl
concentrations. As discussed earlier, tau protein droplet is a low-density droplet with
relatively large-mesh size allowing both our dye probes and BSA protein to diffuse readily.
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BSA size is not particularly sensitive to salt concentration, as it was shown that at low BSA
concentration, the addition of more salt does not change any relative Coulombic
interaction.325 In addition, the ionic strength would affect the Debye length and thus the

Figure 5.13 Salt effect study in tau condensates a) Representative bright-field images of
tau protein droplets formed in the presence of varied KCl salt concentration. b) Tau
protein concentration inside liquid-droplets as determined by A280 values from UV/VIS
as a function of the KCl salt concentration.

distance over which electrostatic forces can influence the particle transport inside the
droplet. Translational diffusion coefficients for various probe molecules inside tau droplets
are shown in Figure 5.14 as a function of increasing KCl concentration in the buffer. For
the neutral zwitterionic dye At-A, no dependence of D with increasing ionic strength is
observed consistent with minimal charge-charge interactions between probe and tau inside
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the droplet. Recent research on the droplet systems of proteins like Caenorhabditis elegans
protein LAF-1, showed a decrease in the bulk viscosity upon increasing salt
concentration.318 But in tau condensate systems, we see no significant decrease in the
microviscosity with increasing KCl concentration. The net neutral probe diffuses nearly
identically inside the tau droplet for all KCl concentrations studied. This suggests the slight
decrease in the measured tau concentration in droplets formed at high KCl concentrations
did not significantly alter the local microenvironment. Using ultrafast-scanning FCS
(usFCS), Wei et al. measured translational diffusion coefficients for 14 nm diameter
fluorescent polystyrene beads inside LAF-1 protein droplets.196 They reported LAF-1
droplet viscosity of 27.2 ± 5.9 Pa s at 125 mM NaCl consistent with prior estimates of
droplet viscosity determined by particle tracking microrheology. These larger polystyrene
beads (>10 nm) in LAF-1 gave viscosities consistent with bulk droplet viscosity values.
With increasing ionic strength, they observed a corresponding decrease in bulk viscosity
inside the LAF-1 droplets. For smaller particles, usFCS showed enhanced diffusion
consistent with apparent viscosities, or microviscosities, roughly two orders of magnitude
lower than bulk consistent with particle diffusion within voids inside the LAF-1 droplets.
For our measurements, At-A probe is much smaller and D values will reflect the
microviscosities inside the droplet. As D is insensitive to ionic strength in the tau droplets,
the microviscosity values are not changed by added salt.
Comparing the neutral At-A dye to our other similar sized dye probes, we can
systematically examine the effect of increasing ionic strength on particle-tau interactions
with increasing probe charge (Figure 5.14). For At-E (-1), At-C (-2) and Al-C (-3), we see
the values of D are unaffected by ionic strength up to ~150 mM KCl. At higher ionic
strength (>200 mM), all three probes increase in apparent diffusion coefficient. For
example, At-E (-1) has D values of 90 ± 5 µm2/s at low ionic strength but increases by 20%
to 113 ± 4 µm2/s at high ionic strength. Al-C (-3) similarly increases 26% from D = 73 ± 3
µm2/s inside droplets formed below 200 mM KCl, to 99 ± 4 µm2/s above 200 mM. Even
the larger protein probe Alexa-BSA (-15 charge) showed similar transport behavior inside
the droplet with an apparent change in D of 20% with increasing KCl from D = 13 ± 5
µm2/s below 200 mM KCl to D = 33 ± 7 µm2/s at high salt concentrations. None of the
charged probes show a change in D with increasing salt concentration in tau solutions over
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this same KCl concentration range. This data suggests similar charge screening effects are
observed for all 4 of our charged probe molecules inside the tau droplets. Most likely the
Debye screening lengths inside the tau droplets are sufficiently reduced above 200 mM salt
resulting in an increased probe diffusion. Interestingly, this ionic strength effect is not
significantly affected by the overall probe molecule charge for probes small relative to the
tau droplet mesh size.

Figure 5.14 Ionic strength effect on translational diffusion for dye molecules At-A (0)
through Al-C (-3) and Alexa labelled BSA protein in tau condensates. Debye screening of
all charged probes exhibits slight rise in D values till ~ 250 mM KCl in condensates is
observed whereas the transport is highly unaffected for uncharged zwitterionic probe with
increase of overall salt concentrations. * p > 0.05 vs D of 50 mM salt concentration for
uncharged probe, * p > 0.05 ** p < 0.001 vs D of 50 mM salt concentration for all charged
probes studied.

5.4 Conclusion
It is recognized that the protein droplets that are formed via phase separation exhibit
properties that allow molecular reactants to become concentrated in one place in the cell
for promotion of various reactions.31, 326 This has ramifications for biology as the formation
of tau protein droplets may facilitate processes such as the nucleation of microtubules.
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Despite its potential biological significance, few experiments have directly probed the
transport properties of particles inside tau protein condensates. Using FCS we analyzed the
translational diffusion coefficients of various probe dye molecules in liquid-liquid phase
separated tau droplets. Our results show that tau condensate formation results in a ~10-fold
concentration increase of probe molecules inside the tau droplet compared to outside due
to favorable partitioning in the dense phase. The probes also show a hindered diffusion that
is dependent on the particle net charge with more highly charged probes interacting more
strongly with tau molecules inside the condensed phase. This charge dependence indicates
the importance of electrostatic interactions operating between probe molecules and tau
protein chains. Estimates of the relevant structural length scales within the tau droplet
suggest the tau droplet, while high in tau protein concentration, is consistent with a solvent
rich, low density, semidilute polymer solution. We show that the relevant polymer length
scales inside the tau droplet are large relative to both the probes and a much larger BSA
protein molecule. Both probe molecules and BSA are observed to freely diffuse within the
tau condensate. Using measurements of the apparent microviscosity from a neutral probe
molecule, we can estimate the diffusional coefficient for probes and BSA inside the tau
droplet and find good agreement with experiments. Changes in solution strength for both
charged probes and BSA show a crossover behavior at near physiological salt
concentrations. We have shown how molecular charge and ionic strength control the
transport and recruitment of particles and proteins within tau droplets. The ability to tune
and control these interactions in protein droplets in vivo is likely to have important
consequences for the biological function of these organelles.
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