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Abstract

Guar is naturally occurring polysaccharide. This thesis presents studies on
hydroxypropyl guar (HPG) - borate, a Labile polyelectrolyte, interacting with a
number of model tear film (eye) components including sulfate-stabilized polystyrene
latex, anionic lipid-stabilized emulsions and cationic
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) liposomes. The presence of
borate ions converts nonionic HPG into an anionic polyelectrolyte. However, the
borate ions on HPG chains do not inhibit HPG-borate adsorption onto anionic
polystyrene latex. Both HPG and HPG-borate show the same adsorption isotherms.
As a comparison, HPG slightly oxidized to give C6 carboxyl groups, with a degree of
substitution close to HPG-borate, does not adsorb onto anionic polystyrene latex when
the polymer is fully ionized.

Although HPG and HPG-borate do not adsorb onto anionic lipid-stabilized emulsions,
the emulsions aggregate at high polymer concentration (> 0.1 g/L) because of
depletion flocculation. Borate ions do not influence the depletion threshold polymer
concentration. However, HPG provides gravitational stability for flocculated
emulsions to against phase separation.

Our work has shown that cationic colloids in the presence of HPG-borate display
bridging flocculation, depletion flocculation, steric stabilization, salt induced
coagulation, or no change at all, depending upon the HPG and salt concentrations.
Developed were novel stability maps showing these phenomena mapped onto a log
salt concentration versus log HPG concentration plane. The maps were generated by a
combination of published models and experimental results. This portrayal of complex
behaviors will be valuable to formulators because it clearly shows the effects of
changing HPG molecular weight, colloids size and colloid volume fraction.
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Chapfter 1

Introduction and Literature Review

Millions of people in the world suffer from dry eye symptoms. From the definition
given by National Eye Institute, dry eye is “a disorder of the tear film due to tear
deficiency or excessive evaporation that causes damage to the interpalpebral ocular
surface and is associated with symptoms of discomfort””. In the past 25 years, one of
the most successful therapeutics method is using artificial tear, which is assembled
from analogue ingredients like natural tear’. One of the commercialized products from
Alcon Laboratories has been proven to be particularly successful. The goal of my
work is to elucidate interfacial behavior of hydroxypropyl guar, a naturally occurring
polysaccharide in Alcon’s lubricant eye drops. In the following sections, background
information about tear components, zydroxypropyl guar properties and interfacial
behavior of polymers at interfaces will be introduced.
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1.1 TEAR FILM

1.1.1 Natural Tears

To delineate the scope of my research, it is critical to introduce the structure and key
components in natural tears, as well as their functionalities. Wolff’s classic model
divided the tear film into three zones, exterior lipid layer, a protein rich aqueous layer,
and a mucin rich layer next to the cornea®. (see Figure 1. 1)

Thickness — Maurice was the first to measure human tear film thickness (6 pm) by
immersing glass fibres with known diameter into liquid phase’. A similar value was
obtained by Ehlers (7-9 um)6, who weighed the amount of tear liquids. However,
Prydal and colleagues got a total depth of tear film up to approximately 40 pm using
interferometry and confocal microscopy . Details of the debate on tear film
thickness was summarized by Bron et al. * To sum up, the value is still uncertain.

Lipid {oily)y layer

" Aqueous with -
“-soluable mucins:

P =

Figure 1. 1 Schematic illustration of natural tear film (a

cross-sectional view) adapted from Alcon Laboratories website

Corneal surface cells

Lipid layer — The lipid layer is the outermost layer (see Figure 1. 1) of tear film. The
composition is a complicated mixture of non-polar lipids (wax esters, cholesterol
esters and cholesterol) and polar lipids (phospholipids and glycolipids)’. From a
physical chemistry perspective, the lipid layer plays an essential role in committing
smooth optical surface, preventing evaporation and maintaining thick and stable
sub-phase. For example, Mishima and Maurice found water loss speed of tear liquid
increased from 6 to 100 micro liter per hour after lipid layer was stripped away .
Tiffany showed that the resistance to evaporation changed almost linearly with lipid
film thickness in the range of 50 to 200 nm''. More recently, Goto and co-workers
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confirmed evaporation retarding effects of the lipid film using microbalance sensor'2.
Interestingly, the spreading of lipid film over the below aqueous phase reduces the
surface tension, which consequently forms a more stable and thicker tear film—an

: 4
example of Marangoni flow'> ",

Aqueous layer — 1t is composed by 98.2% water and 1.8% solids"’. Antibacterial
such as lysozyme, immunoglobulin G (IgG), lactoferrin are key components in
aqueous layer. Other than their biological functions, they also decrease the surface
tension and maintain viscosity of the tear liquid'® '”. Also, they provide lubrication for
the ocular surface. Soluble mucin is another key component whose role is rather
controversial. Many studies has demonstrated soluble mucin is overestimated in
generating low viscosity and high viscosity for tears’. In addition, oxygen, glucose
and inorganic salts can also be found in aqueous layer.

Mucus layer — The mucus layer is a unique biological soft material, provides both
biological functions and mechanical support for tear film. It is assembled from goblet
cell mucin, immunoglobulin, glucose, leukocytes and cellular debris'® '®. Mucus layer
is not immobilized tightly on the corneal epithelium; instead, it weakly attaches onto
glycocalyx and moves freely across the corneal. Since the surface of the corneal
epithelium is hydrophobic, tear liquid spreading is facilitated by the soft hydrophilic
mucus layer, both vertically and horizontally. At the same time, mucus layer may also
prevent the invasion of bacteria onto the corneal surface' %,

Glycocalyx — 1t is on the bottom of the eyes, made up by glycoproteins and
glycolipids'®?!. Tt stretches out for about 300 nm from microvili and microplicae,
which covers corneal epithelium. The bottom of the mucus layer is associated with
glycocalyx, which allows above layers homing on the corneal epithelium.

1.1.2 Artificial Tears

As a substitute of natural tear, artificial tear should mimic the optical, physical and
chemical properties. Further more, it may also deliver therapeutic agents to eyes for
eye disease treatments. Compositional categories of artificial tear will be illustrated in
the context of a review by Murube et al. *

® Water — Natural tears have 98-98.5% water. In dry-eye drops, water is 97-99%

® Saline solutions — Natural tears are electrolyte solutions. In artificial tear
formulation, salt is required not only for maintaining osmotic pressure, but also
for its biological function in corneal epithelium metabolism (i.e., K*, HCO3)

® Glycerol, monosaccharides and Disaccharides — Take glycerol as an example,
it is used as emollient and humectant for dry eyes.

® Polysaccharides — Mucilage (i.e., cellulose, guar gums), dextran and
mucopolysaccharides (i.e., hyaluronate) are applicable candidates. Polysaccharide
is essentially thickening agents to increase viscosity of the artificial tears for
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longer residence time.

® Synthetic Polymers — Development of polymer synthetic method makes us
possible to synthesis well-defined polymer for ocular application. Two major
groups are vinyl derivatives and ethylene glycol derivatives. Vinyl derivative
such as polyvinyl alcohol is used as contact lens lubricants and dry eye disorders.

® Gelatins — Extracted from animal collagen, gelatins are considered to be good
surfactant for artificial tears.

® Biological Fluids — For example, mucins are high molecular weight
glycoprotiens.

® Lipids — As one of the key component in natural tear, foremost lipid layer
delivery of lipid into eyes can either act as lubricant or supply additional lipid for
evaporation retention.

Hydroxypropyl guar and borate ions are adopted by Alcon Laboratories to produce
artificial tear solution for dry eye application. Their behaviors in the context of
artificial tear solution properties are of interest in my current work.

1.2 GUAR, HYDROXYPROPYL GUAR AND GUAR-BORATE
1.2.1 Guar & Hydroxypropyl Guar

Guar galactomannan is extracted from the seeds of Cyamopsis teragonoloba. The
chemical structure of guar galactomannan is composed by a linear backbone of -1, 4
_ linked mannose units and randomly distributed a-1, 6 linked galactose units as side
chains® (see Figure 1.2). One of the fascinating properties of guar is that high
solution viscosity can be obtained even at very low concentration. A number of
treatments can be applied to native guar galactomannan, leading to a series of guar
derivates such as hydroxyethyl guar, hydroxypropyl guar and carboxymethyl guar.
Hydroxypropyl guar is the most widely available guar derivates, which is substituted
by hydroxypropyl groups along the chains through its reaction with propylene oxide
in alkaline medium®. The presence of hydroxypropyl groups along guar chains leads
to a number of different solution properties compared with native guar galactomannan.
Some key results will be presented.
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Figure 1. 2 The structure of guar galactomannan (adapted from reference 22)%

Compared with other water soluble natural polymers, guar has non-uniform molecular
architecture along the chains. Mannose backbone and galactose branch have different
solubility in water, thus, less soluble mannose un-substituted regions may associate
each other to form partially crystalline structures®, which leads to very different
viscoelastic properties> %, i.e., relationship between intrinsic viscosity ([#]) and
molecular weight is departure from random coils when polymer concentration is
above overlap concentration (c*). Gittings and Weitz suggested loosely
interconnected aggregates might exist near @ solvent conditions using light scattering
techniques®™ %,

Prud’homme and colleagues uncovered a number of factors influencing native guar
and HPG solution network properties. For instance, they firmly demonstrated a
transition from liquid crystalline form to crystalline structure of native guar
solution—an intermolecular hydrogen bonding effect’®. The modification of native
guar into hydroxypropyl guar (HPG) blocks hydrogen bonding sites and increases
hydrophobicity of guar molecules. For example, temperature dependence of the
Huggins coefficient was observed only at high hydroxypropyl substitution. At the
same time, the characteristic ratio (Cs), an indicator of polymers intrinsic stiffness,
was 13.02 at molecular substitution (MS) 0.6 compared with C, =12.6 for native guar
reported by Robinson et al. * The characteristic ratio difference was interpreted as
steric hindrance provided by substituted hydroxypropyl groups, resulting greater chain
stiffness™.

1.2.2 Guar-borate

Borate anion (B(OH)") is able to react with polymers carrying cis-diol groups via
genetic borate-cis-diol reaction (see Figure 1. 3), which condenses borate ions onto
polymer chains and converts nonionic polymers into polyelectrolytes®’. In particular,
the bond is sensitive to temperature, pH and salt concentration. As it has been shown
in Figure 1. 3, borate-cis-diol reaction may lead to inter- or intra- molecular crosslink.
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Figure 1. 3 Two steps reaction between borate and polyhydroxy (adapted from reference 30)*'

The main features of these systems, compared with conventional polyelectrolyte with
fixed charge, have been summarized by Audebert’’. 1) The number of charges on the
chain is determined by chemical equilibria. Free counterions (in the case of borax,
Na' is the counterion) always exist even in the absence of passive salt, which may
partially screen out electrostatic interactions. In addition, new complex formation may
be suppressed by complexes already formed. 2) In dilute solutions, ions complexation
only occurs internally (intra-chains complexation only); inter-chains complexation
only takes place at semi-dilute concentration.

Interaction between guar and borate ions was extensively studied since the 1980s.
Audebert, Prud’homme and Leibler contributed both experimental data and
theoretical frameworks on guar-borate systems. Using ''B NMR spectra and
equilibrium dialysis techniques, Audebert was the first to explore guar-borate
intcraction systematically. The French group studied guar-borate complex formation
in terms of phase behavior’?, complex formation constant™, polymer concentration
effect’’ and polyelectrolyte effect™. Their experimental data, coupled with Leibler’s
self-consistent argument** **, firmly demonstrated the guar-borate solution propertics
listed above. In addition, Prud’homme and co-workers studied rheology of
guar-borate and HPG-borate gel. They found rheology was strongly dependent on the
number of effective cross-links*®. One of the most cited theories for reversible
network, which resembles guar-borate system, was proposed by Leibler and
Rubinstein®’, who predicted two maxima might exist in loss modulus function (can be
measured by oscillatory shear techniques™).

1.3 POLYMERS AT INTERFACES

Mixing guar-borate with tear film species may result a number of interesting
phenomenon. For example, it may bind with protein via electrostatic interaction or
hydrogen bonding, leading to liquid-liquid phase separation (often referred as
coacervation, first described by Bungenberg de Jong'). It may also be adsorbed or
depleted by lipid surfaces or corneal epithelium, depending on particular chemical,
physical or even dynamic features of the interfaces™. In addition, the physiological
environment should be seriously taken into account, 1.e., salt concentration, which
may have dramatic influence.
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Some background knowledge of polymers at interfaces will be described in this
section. Properties of polymer solution near interfaces are very different from bulk
solution. The behaviors of polymers at interfaces are dominated by the difference
between free energy of polymer segments/surface and solvent/surface. If free energy
of polymer segments/surface is larger than that of solvent/surface, polymers will be
adsorbed by the surface, leading to an increase of polymer concentration near the
surface. This is called polymer adsorption. By contrast, polymer will be depleted
from the surface—depletion effect, coined by Joanny, Leibler and De Gennes™ in
1979, leading to polymer concentration reduction near the surface. Here, a number of
fundamental aspects of polymers at interfaces will be presented. In addition, polymer

effects on colloid stability will be described.
1.3.1 General Features

Adsorption Isotherms — One of the key parameter of polymer adsorption is the
adsorbed amount. Adsorbed amount can be displayed on adsorption isotherms, which
are plotted as adsorbed amount versus equilibrium bulk polymer concentration at
fixed temperature®. In practical, units of adsorbed amount are milligrams per square
meters (mg/m?) or milligrams per substrate mass (i.e., mg/g).

rBX

Figure 1. 4 Typical high—afﬁﬁity adsorption

isotherm (adsorbed amount (mg/m”) against

equilibrium bulk concentration (kg/m’))

0 0.1 0.2 0.3 kgm

Typical polymer adsorption isotherm is high-affinity type. As is shown in Figure 1. 4,
adsorption reaches a maximum adsorbed amount at very low bulk concentration and
maintains a plateau value horizontally, indicating the surface is saturated. The
adsorbed amount is a function of molecular weight; higher molecular weight normally
generates higher saturated adsorbed amount under same solvent conditions. At the
same time, the molecular weight distribution of the polymer affects the shapes of
adsorption isotherms—polydisperse polymers give round isotherms than that of
monodisperse polymers. However, hydrogen bonding, covalent bonding and even
biological complexation may play roles in particular situations, which may influence
shape of isotherms.

Structural Aspects — 1t was Jenkel and Rumbach, who first proposed conformation
structure of adsorbed polymer layer”. The chain was divided into three sub-types:
trains, loops and tails (as it is shown in Figure 1. 5). Trains are all contacted with
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substrate. Loops do not contact with substrate but connect with two trains. Tails are
non-adsorbing chain ends.

Figure 1. 5 Schematic illustration of adsorbed

polymer layer

The development of experimental techniques (i.e., neutron scattering and reflectivity)
at the end of last century brought significant changes in polymer science’’. In polymer
adsorption for example, it made us possible to obtain polymer chain density profile
near the surface. When surface is far from full coverage, one found chains profile
decayed steeper than that of saturation condition. Well-accepted explanation is that
polymer has a tendency to be more “flatten down” under low coverage and gradually
“stand up” by increasing the length of loops and tails™ .

Polydispersity Effects — Guar is natural occurring polymers and widely distributed in
molecular weight. Adsorption of polydisperse polymer gives rounded isotherms. A
number of experimental works and thermodynamic analysis provided insight of this
interesting behavior****. It was found that high molecular weight polymers are more
likely to be adsorbed than low molecular weight fractions. Fleer and co-workers
argued that high molecular weight polymers have a lower mixing entropy, which
might subsequently leads to preferential **.

Take a mixture of two monodispersed polymers samples with different molecular
weight as a model system’ . Three distinct regions can be identified; first region,
when bulk polymer concentration is very low (i.e., lower than saturation level),
overall adsorption isotherm behaves the same as monodispersed polymer. Both
fractions have chance to attach onto the surface. Second region, around saturation
point, due to multi-point attachment on the surface, higher molecular weight polymer
get less chance to desorb compared with low molecular weight polymer. Thus, high
molecular weight polymer gradually “replaces” low molecular weight polymer on the
surface. In this region, adsorbed amount linearly increases. Third region, most of low
molecular weight polymer is replaced by high molecular weight polymer, plateau
value is finally obtained. This process can be verified by desorption experiments (see
reference 39, p 34)—it follows the track of high molecular weight polymer adsorption
isotherm*. In the case of multi-component mixtures, rounded adsorption isotherm
should be anticipated.
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Electrostatic Effects — Condensation of borate ions onto guar molecule converts the
nonionic polysaccharide into anionic polyelectrolyte. The key features of
polyelectrolyte adsorption are discussed in this section. Besides regular rules
presented above, adsorption of polyelectrolyte is also strongly dependent on charge
densities (both polyelectrolyte and surface) and salt concentration. If polymer is
charged, electrostatic repulsion between segments will impair polymer assembly on
the surface. In addition, if surface is charged, it will either promote or even inhibit
adsorption, depending on the charge sign. Salt, on the other hand, is able to screen out
the electrostatic interactions. In this part, polyelectrolyte adsorption will be discussed
in context of charge sign, salt concentration and pH effect (weak polyelectrolyte).
Both theoretical and experimental results will be presented.

We first consider polyelectrolyte and surface have fixed opposite charge sign. This
recalled a series of experimental and theoretical studies for last four decades ** Tt
is worth to mention that the formation of polyelectrolyte multilayer structures from
aqueous solution by Decher® in 1997 heated up investigation of fundamental question
behind the multilayer formation—charge inversion effect. A more elaborated
mechanism was proposed by Rubinstein and colleagues™ using scaling theory. Two
regions, distinguished by relative charge density between polyelectrolyte and surface,
are presented in Figure 1. 6.
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Figure 1. 6 Theoretical (left) and experimental (right) results of polymer adsorbed amount dependence

on ionic strength. Specifically, upper curve in left figure represents /ow charge density polyelectrolyte,
while lower curve represent high charge density polyelectrolyte. Labels on right figure indicate
different charge density. Figure on the left is adapted from reference 42, figure on the right is adapted

from reference 51, *!

When surface charge density is low, polyelectrolyte forms 2-D adsorbed layer. In this
case, clectrostatic repulsion between segments is relatively strong, leads to more
“swelling” polymer chains, and also dominates intra-molecular configuration as well
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as inter-molecular spacing on the surface. Subsequently, two dimensional “flatten”
polyelectrolyte layer is formed. Salt addition screens out electrostatic repulsion
between segments while it does not affect surface charge. Using scaling argument,
Dobrynin et al. *° concluded the adsorbed amount grows proportional to square root of
ionic strength (screening-enhanced adsorption™).

When surface charge density is relatively high, 3-D adsorbed layer is formed. Here,
polyelectrolyte accumulates onto surface through electrostatic attraction, which is
dominated by the surface charge. The layer is further stabilized by short-range
electrostatic repulsion between the segments. It was found adsorbed amount first
increased (screening-enhanced adsorption) and then decreased along with salt
addition (screening-reduced adsorption™).

The theory shows agreement with experiments. Durand and Audebert studied cationic
polyacrylamides adsorption onto anionic montmorillonite surface’' (see Figure 1. 6 on
the right side). They found adsorbed amount of polyacrylamides with low charge
fraction (i.e., 0.01) decreased with increasing ionic strength (screening-reduced
adsorption). Adsorbed amount with higher charge fraction (i.e., 0.13, 0.3) increased
with increasing ionic strength (screening-enhanced adsorption). Charge density in the
middle (i.e., 0.05), however, showed to be independent of ionic strength. According to
scaling theory, linear charge density lower than 0.05 may form 3-D adsorption layer,
while 2-D formation was favored when linear charge density is higher than 0.05.
Examplcs of Screening-reduced adsorption in other systems were also reported by
Pelton®, Audebert™ ** and other researchers® *®. Screening-enhanced adsorption was
reported by Kawaguchi®’, who studied highly ionized poly
(4-vinyl-N-n-propylpyridinium bromide) adsorption onto silica. Marra et al. >® found
adsorbed amount of poly (styrene sulfonate) (PSS) increased linearly against square
root of ionic strength, which is qualitatively in agreement with theoretical prediction

Adsorption of weak polyelectrolyte onto opposite charged surface was studied by
Fleer and colleagues™ . As a comparison, two patterns of adsorbed amount versus
pH are shown in Figure 1. 7. The one on the left side is adapted from Fleer’s work’”.
The one on the right side is experimental adsorption data of hydrolysed
polyacrylamide onto negatively charged siliceous minerals®'. When polyelectrolyte
and surface have opposite charge sign, a maximum adsorption plateau value was
found; experiments showed excellent agreement with theoretical calculation™. While
in the case of hydrolysed polyacrylamide (with 30% hydrolysis), adsorption was
almost inhibited when carboxyl groups are ionized®'.
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Figure 1. 7 Weak polyelectrolyte adsorption onto surface with different™ (left) and same®' (right)

charge signs under different pH values

Depletion — Concept of polymers depletion at interfaces has been briefly introduced.
Depletion induced by uncharged polymer and polyelectrolyte will be discussed in this
section, respectively. Phase behavior of Colloid/non-adsorbing polymer mixtures will
be presented in section 1.3.2.

Uncharged polymer depletion has been extensively studied since 1980s. The depletion
energy may be a product of polymer osmotic pressure and depletion overlap volume®
%3 However, depletion by polyelectrolyte is much more complicated, the influencing
factors, so far as we know including polyelectrolyte concentration, pH and ionic
strength®. While in both instances, solvent molecules near the surface (in the region
generally referred as depletion layer) have lower chemical potential than that of bulk
liquid, hence, overlap of two depletion layer is energetically favored, and attractive
force between the surfaces is subsequently generated.

Neutral polymer depletion has been described in some key theoretical papers by
Asakura and Oosawa® ®° (often referred as AO theory), Vrij®®, Sperry®’ and Fleer et
al. ® Depletion layer thickness, for example, has been even analytically derived.
Equation 1 shows so-called “pragmatic” analytical relationship between depletion
layer thickness (d) and bulk volume fraction for non-adsorbing polymer (q)” ),
developed by Vincent®.

R 2/3
5/Rg—Rg/5:Tg(ib—) {ln(l—gob)+q;”(l—l/r)+;((qob)2} (D)

Where: R, is radius of gyration of non-adsorbing polymer, / is length of one segment,
r 1s polymer chain length.
Overlap volume between two surfaces may be calculated by adding geometry factors.

Then, pair depletion energy may be calculated using appropriate osmotic pressure
expression. See equation 2 below for spherical colloids in the presence of

11
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non-adsorbing polymer, proposed by Fleer et al. 62 (Note that an analytical expression

considering many-body correlation effects is not available at present)

2 h hoo 1
a2 BGa+26+2)— (2
% ( 2)(61 2)kT (2)

b

14

dep

Where: h is distance between two colloids, a is radius of one colloid

A large body of experimental literature on depletion effect was focused on colloid
phase behavior® 7. In the case of neutral non-adsorbing polymer, hard spherical
colloids (i.e., hydrophobic silica particles) phase separation experiments demonstrated
the correctness of the theories’'. On the other hand, direct force measurement, an
alternative way to understand colloid/colloid and colloid/surface interaction, was also
applied72. For example Luckham et al. used surface force apparatus (SFA) to measure
depletion force between two mica surfaces induced by polystyrene in toluene”.
Milling and Biggs74 used atomic force microscopy (AFM) to study
poly(dimethylsiloxane) (PDMS) induced depletion force between a silica sphere with
planar silica surface in cyclohexane. They estimated the depletion layer of about 10
nm, which is very close to radius of gyration (R,) of their PDMS sample. These direct
(force measurement) and indirect (phase separation) results all confirmed the trends
predicted by the theories.

Depletion of polyelectrolyte is poorly understood. However, some experimental and a
few theoretical frameworks may somehow lead to general features. In the light of
neutral polymer depletion, discussion will also be presented in the context of
depletion layer thickness and osmotic pressure. In the first place, I will discuss
Bohmer’s work, who used self-consistent method to estimate depletion layer
thickness®. See Figure 1. 8,

15 grammesammcest | 1 e & Y

Figure 1. 8 depletion layer thickness as a
function of bulk polyelectrolyte
concentration at four salt concentrations,

dotted line is the case of uncharged

polymer.

1072 10°

In their mean-field approximation, depletion layer thickness in both charged and
uncharged polymer was found to be the same at low polymer concentration, even
under different ionic strength. At high salt concentration (>1 M) salt screened out
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electrostatic interaction, polyelectrolyte resembled the behavior of uncharged polymer.
Depletion layer thickness decreased above overlap concentration (c¢*). At low salt
concentration, increasing segment-segment repulsion lead to polyelectrolyte swelling
and overlap concentration decreasing. Hence, depletion layer thickness decreased
earlier than uncharged polymer in low salt regions.

Because of the complexity of polyelectrolyte solution”, most of experimental
estimation of depletion layer thickness was interpreted using scaling arguments. For
example, Ausserré et al. measured depletion layer thickness of xanthan at quartz wall
in aqueous solution using the evanescent wave techniques. It was found, above
overlap concentration, depletion layer thickness equated to ¢ %, while it equated to
R, below overlap concentration’®, Their results were in accordance with de Gennes’
work”’, in which exponent was predicted as -0.75 for good solvency conditions.
Milling measured depletion layer thickness of poly(styrenesulfonate) (PSS)’,
poly(acrylate)™ and poly(acrylic acid) (PAA)™ at silica-water interface using AFM.
Through scaling analysis, the exponents were estimated as -0.71, -0.62 and -0.33,
respectively. These data includes “strong” polyelectrolyte and “weak” polyelectrolyte,
indicating a very different scaling behavior.

Osmotic pressure of polyelectrolyte is also very different from uncharged polymer.
According to Donnan equilibrium®, electroneutrality dominates counterions
distribution across the “membrane” between polyelectrolyte solution and bulk. In
dilute polymeric solution with high salt, osmotic pressure may be calculated from
below equation®,

Where z is charge number of the polyelectrolyte, k is Boltzmann constant, ¢, is the
polyelectrolyte concentration. It is valid when ¢,>> zXc,,.

In semi-dilute condition, polymeric contribution is approximately k7T per correlation
volume &~ (€ is the correlation length). A better approximation for low salt,
semidilute polyelectrolyte solution is®,

%:,/(ch)2+4cs2 ~2c,+&E7 ()

Force measurement (i.e., AFM and SFA) and total internal reflection microscopy
(TIRM) may be the most widely used apparatus for polyelectrolyte depletion. For
example Biggs et al. * used AFM to study interaction between two silica surfaces in
sodium polystyrene sulfonate (PSS) solution. A secondary minimum was found on the
force-distance profiles. The minimum became deeper and moved to larger surface
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separation as molecular weight increased. This observation has not been solved at
present. Prieve and colleagues® studied polylysine depletion effects between glass
sphere and glass plate using TIRM. In both salt and salt-free system, depletion energy
profile shifted to smaller separation and the energy minimum increased with
increasing polylysine concentration. On the other hand, the depletion energy was
weakened with increasing ionic strength. Interestingly, they illustrated correlation
between depletion interaction and bulk polylysine concentration at fixed distance.
Ideally, depletion energy would be solely function of osmotic pressure. However, no
linear relation between polymer molar concentration and depletion energy was found,
indicating polymer concentration was »ot the only variable which affected depletion
(as it is shown in equation 3 and 4). In addition, osmotic pressure versus depletion
energy plots also scattered around a single straight line. (Osmotic pressure was
calculated according to equation 3.) To sum up, many factors influencing
polyelectrolyte depletion needed to be identified.

1.3.2 Stability of Colloidal Dispersion

The interaction between polymers and colloids has been extensively studied for
decades due to its wide application including food colloid, paper making,
pharmaceutical preparation and mineral processing®®. Factors influencing colloids
stability in the presence of polymers, such as colloids surface properties, polymers
chemical structures, solvent quality of the medium are argued under particular
situations. Thus, a big picture of is needed for the well-accepted conclusions. We
present a schematic illustration below to show how polymers affect colloids stability.
(Note the illustration is re-plotted according to Napper’s text®)
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Figure 1. 9 Schematic illusiration of colloids stability influenced by polymer addition (based on

reference 85)

Bridging Flocculation — When adsorbing polymer is added into bare colloids
suspension (see Figure 1. 9, bare dispersion), small amount of polymer (say several
ppm, below giving saturation coverage) will induce bridging flocculation (see Figure
1. 10, bridging flocculation). Bridging flocculation usually requires long polymers to
form long loops and tails, which are able to attach bare surfaces on a second particle
surface during a collision. The bridging flocculation is sensitive to flocculant amount.
In practical situations, the flocculation rate is low with small doses of flocculant and
reaches maximum when particles are half covered and then the rate is decreased by
increasing steric repulsion by covered polymers (see steric stabilization in the middle
of Figure 1. 10). However, bridging flocculation is rather a dynamic process which
involves several kinetic features. Studies on nonionic polymer induced charged
colloids flocculation gave out a number of interesting results®® ®’. For example
flocculation can be induced either by high molecular weight polymer (1 million
Dalton) or by low molecular weight polymer in the presence of salt. Colloids
concentration also plays a role — low colloids concentration gives weaker flocculation.
In the light of these results, Fleer and colleagues®™ * proposed a mechanism
considering “equilibrium” and “non-equilibrium” flocculation (see Figure 1. 10).
They summarized the results in the context of three characteristic time-scales:
polymer adsorption, adsorbed polymer rearrangement (spreading on colloid surface)
and colloids collision. If adsorbing polymers have sufficient time to flat down on the
colloid surfaces, no flocculation will occur (i.e., low colloids or polymers
concentration). However, flocculation may also happen if electrostatic barrier (x™) is
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lowered by salt addition. On the other hand, flocculation may happen if
colloid-colloid collision is faster than polymer rearrangement (i.e., high colloids
concentration). The latter case is named non-equilibrium flocculation® ¥.

high high
o attachment collision
N rate

;/ O rate
)+ ‘%3 M
4 /

non-equilibrivm flocculation
low collision rate

low attachment rate

1o flocoulation @‘
_ salt adh
Oy ————— X
\\,“ . 4

no flocculation equilibrium flocculation

Figure 1. 10 schematic illustration of equilibrium and non-equilibrium flocculation of charged colloids
by nonionic polymers (adapted from reference 77)

Depletion Flocculation — Considerable interest has focused on understanding the
entropy driven colloidal phase separation induced by non-adsorbing polymer. As it
has been discussed above, polymers are depleted from the colloid surfaces, leads to
osmotic pressure IT near the surfaces lower than that of in the bulk. The depletion
layers on each colloid surface, generated by excluded polymer segments, create
overlap volume Voyerqp when colloids approach each other through Brownian motion
(see Figure 1. 11, illustrate depletion mechanism of colloids in the presence of
non-adsorbing polymer”). The generation of overlap volume Vovertap lowers free

energy of the system through AG = — II X V,yenqp, which forces the colloids aggregate
into one separate phase.

Figure 1. 11 Schematic illustration of colloids in
non-adsorbing polymer solution, the depletion layer is
indicated by dashed lines. (adapted from figure 1 in reference
90)90
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A number of studies have used well-defined depletion systems to link experimental
and theoretical works. De Hek and Vrij estimated phase separation threshold by
mixing silica dispersion with polystyrene in cyclohexane’’. Their results can
semi-quantitatively fit Vrij’s penetrable hard sphere model (PHS)’%. The limiting
polymer concentration, from which phase separation starts, decreases with increasing
molecular weight at fixed silica volume fraction. At the same time, increasing silica
volume fraction lowers the limiting polymer concentration value (Figure 1. 11 shows
typical phase diagram of colloid/non-adsorbing polymer). Sperry and co-workers®”
studied charge-stabilized latex depleted by hydroxyethylcellulose (HEC). They found
polymer/colloid size ratio regulates phase behavior. If polymer is relatively small,
solid/liquid equilibrium was observed. If polymer is large, they found gas-liquid
equilibrium. Polymer/non-adsorbing polymer binary phase separation is one of key
topics in soft condensed matter; a detailed discussion can be referred to a number of
review articles® 7% %% Finally, depletion flocculation is non-equilibrium process;
different systems®” "% have been observed distinguished time scale for macroscopic
phase separation. Hence, operation time inevitably becomes another variable.

THESIS OBJECTIVES

The aim of this work is to understand interfacial behavior of HPG in the presence of
borate ions using model systems. Particular interest is focused on interaction between
HPG-borate and colloidal suspensions, such as hydrophobic polystyrene latex and
hydrophilic lipid-stabilized emulsions.

The hydrophobic polystyrene latex surface represents hydrophobic lipid layer and
exposed corneal epithelium surface. Adsorption of HPG-borate onto hydrophobic
surface may provide a key to understand curing efficiency of HPG-borate in dry eye.
The results will be presented in chapter 2. This work confirms that HPG and
HPG-borate readily adsorbs onto cationic and anionic hydrophobic surfaces.”

Lipid in eyes is a complex mixture. It composed by polar and non-polar molecules.
Interaction between HPG-borate and hydrophilic lipid mixture is quite universal in
artificial tear. In chapter 3, interaction between HPG-borate and lipid-stabilized
emulsions will be studied. This work showed HPG-borate is not adsorbed by the
emulsions. High HPG-borate concentration leads to depletion flocculation of the
emulsions. The presence of borate ions does not affect threshold depletion
concentration of HPG.

Chapter 4 is a theoretical study on interaction between oppositely anionic HPG-borate,
a Labile polyelectrolyte, and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
liposomes. This system was chosen because it displays extreme salt concentration
sensitivity, which may be operative in the tear film. The results are expressed as novel
stability domain diagrams where properties are mapped upon a surface where the
y-axis is salt concentration and the x-axis is the log polymer concentration. This gives
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formulators designing artificial tear products a tool for understanding their systems.
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Chapter 2
Charge Regulation Controls Anionic Hydroxypropyl Guar -
Borate Adsorption onto Anionic and Cationic Polystyrene

Latex

2.1 ABSTRACT

Reported are adsorption isotherms for guar and hydroxypropyl guar (HPG), with and
without the presence of borate ions, onto surfactant free anionic polystyrene latex.
Guar and HPG formed adsorbed monolayers on the hydrophobic latex. The maximum
mass of adsorbed polymer increased with molecular weight — classical behavior.

The presence of borate ions converted the nonionic guar and HPG into anionic
polyelectrolyte. However, there was no measurable influence of bound borate ions on
the adsorption of guar or HPG onto anionic, hydrophobic latex. By contrast, the
adsorption of oxidized HIPG was inhibited by the ionization of the carboxyl groups on
the HPG. We propose that as HPG-borate segments approach the latex surface, the
anionic charges bound to the latex surface induces the detachment of the labile borate
groups from HPG.
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2.2 INTRODUCTION

Hydroxypropyl guar (HPG), a derivatized natural polymer, has demonstrated efficacy
as an additive with boric acid in artificial tear formulations. "> As part of larger study
of HPG behavior in the tear film®, we have systematically investigated HPG mixtures
with boric acid in simple in vitro model systems with a view to understanding the
potential range of behaviors under ophthalmic conditions. This chapter describes the
adsorption behaviors of HPG-borate onto anionic, surfactant free polystyrene surfaces
that serve as model hydrophobic interfaces that may be present in unhealthy eyes. *

(A)

HPG-borate
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OH

(B)

Figure 2. 1. The structure of HPG-borate (A) and oxidized HPG (B). Note the extent of borate

substitution is very sensitive to pH and borate ion concentration.

B — ~
+ <D 5 6 + 2 H,0

OHOH
HG OH \/

Figure 2. 2. Borate ions can condense with two pairs of cis-diols introducing an anionic charge and a

crosslink.

HPG is a fascinating polymer, particularly in the presence of borate ions. It has been
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long known that borate will condense onto and crosslink guar and other polyols — see
Figure 2. 2. Audebert’s group was the first to emphasize that borate binding converted
nonionic guar, or HPG, into an anionic polyelectrolyte.” More importantly the French
group emphasized that borate linkage was very weak, akin to hydrogen bonding. 6
Thus the charge density on HPG-borate is very sensitive to the local environment,
leading to unusual properties; we coined the term “labile polyelectrolyte” for such
systems. ' Examples of unusual behaviors include the following.

Conventional anionie polyelectrolytes irreversibly and stoichiometrically form
complexes with cationic polyelectrolytes. This behavior forms the basis of the
polyelectrolyte titration, a technique that is routinely used to measure polyelectrolyte
concentration, or the charge density on a polyelectrolyte. When we attempted to
measure the fraction of occupied borate binding sites on HPG by titration with
polyDADMAC, a quaternary ammonium cationic polymer, we found that the
endpoint of the titration corresponded to the HPG chain being saturated with borate. ’
Thus, the act of forming the polyelectrolyte complex changed the local electrostatic
environment inducing more borates to bind to guar. Titration of traditional weak
polyelectrolytes, such as polyethylene imine, does not show this behavior.® Another
example of non-classical behavior involves the interaction with cationic surfactants.
All traditional anionic polyelectrolytes interact strongly with cationic surfactants,
usually resulting in precipitation.’ By contrast, we have recently shown that
HPG-borate does not interact with DTAB monomers and shows only a subtle
tendency to flocculate DTAB micelles. '

On the other hand, HPG-borate induced strong bridging flocculation of cationic
polystyrene latex, much like any other anionic polyelectrolyte. '! An interesting
distinction, however, is that the flocculation could be reversed by adding a sugar that
had a higher borate binding constant than guar. Finally, another manifestation of
labile borate binding is the observation the extent of guar crosslinking with borate is
pressure sensitive. '

The current work is a classical adsorption study of HPG-borate onto anionic
polystyrene latex, a negatively charged hydrophobic surface. There have been a
number of reports of guar and HPG adsorption, without borate, onto a number of
mineral surfaces because guar and HPG are used as additives (suppressants) in
mineral processing. > Guar forms an adsorbed monolayer on a number of mineral
surfaces. *° Although, there has been some discussion of hydrogen bonding and
acid-base interactions,' the currently accepted mechanism seems to involve
hydrophobic interactions.'* "> There have been no reports in the literature on the
adsorption behavior of HPG-borate, a labile anionic polyelectrolyte, onto any surface.
Herein we report HPG-borate adsorption onto surfactant-free polystyrene latexes.
We compare cationic and anionic latex substrates as well as types of guar.
Particularly interesting are the differences between the adsorption behaviors of
oxidized HPG, a conventional weak polyelectrolyte and HPG-borate, a labile
polyelectrolyte. Specifically, we provide evidence that the latex surface charge
regulates the borate binding density on HPG
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2.3 EXPERIMENTAL

2.3.1 Materials. Native gunar (Mw=3.0x 10), partially hydrolyzed native guar
(Mw=1.5x 10* and hydroxypropyl guar (HPG, Mw=1.5x10°) with a degree of
substitution of 0.36 were gifts from Alcon Laboratories (Fort Worth, TX). 500 nm
diameter polystyrene latex, bearing surface sulfate groups was purchased from
Invitrogen Corporation (San Diego, CA). Sodium chloride,
2,2,6,6-tetramethyl-1-piperidinyoxyradical (TEMPO) NaBr, NaClO and borax
(Na2B407 « 10H20) were purchased from Sigma-Aldrich. The parameters of the
samples are summarized in table 1.

Table 1. Parameters of the Samples

Name Designation Degree of Substitution  Molecular Weight
Hydroxypropyl guar HPG 0.36 hydroxypropyl 1.5 x 10°
Guar Guar 0 3 x 108
Partially Hydrolyzed Guar ~ PH Guar 0 1.5 % 10*
Oxidized HPG* OX HPG 0.36 hydroxypropy! 1.5 x 10
0.2 carboxyl

a— Use typical TEMPO oxidation procedure, method can be found below.

2.3.2 HPG Oxidation."® HPG 0.5 g was dissolved in 0.5 L distilled water. TEMPO
0.01 g and NaBr 0.05 g were added. The solution was stirred and cooled in an ice bath
(3+1°C). 15% sodium hypochlorite (3 ml) was cooled (3+1°C) and pH was adjusted to
9.4 with 2 M HCI. The solutions were mixed and pH was maintained at 9.4 by 0.5 M
NaOH. The reaction was quenched by adding 3 ml methanol and neutralized to pH 6
by adding 4 M HCI. Then excess sodium borohydride (0.25 g) was added and the
solution was stirred over night. The product was purified by exhaustive dialysis
against deionized water and the product was freeze-dried. The carboxyl content was
measured by conductometric titration.

2.3.3 Adsorption isotherms. 2 ml of polystyrene latex (0.1 wt%) were sonicated for
about 20 min to ensure good dispersion and then placed in Beckman 26.3 ml
polycarbonate centrifuge bottles (Beckman Coulter, Inc. USA). The solutions were
made up to 25 mL with buffer, electrolyte and polymer solution. Finally, the
centrifuge bottles were capped and slowly rotated end-over-end for 24 hours at room
temperature.

The latex dispersions were centrifuged for 30 minutes at 8000 RPM (4710 g) in an
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Optima L-XP Ultracentrifuge (Beckman Coulter, Inc. USA). The sediment was
washed by three cycles of dispersion in the corresponding solvent (i.e., salt solutions
with same ionic strength and pH used in adsorption experiments), centrifugation, and
decantation to remove all unadsorbed polymer. The washed latex was vacuum dried
over phosphoric anhydride and the atomic composition was measured with an
elemental analyzer (FlashEA 1112, Thermo Fisher Scientific Inc, USA). The content
of guar was calculated from the oxygen content of the precipitated latex. The
analysis of known guar/latex mixtures indicated that the measurements were accurate
within + 3%.

2.3.4 Electrophoresis. Electrophoretic mobilities were measured at 25°C with a
Brookhaven Zetapals Microelectrophoresis apparatus in the phase analysis light
scattering mode using BIC Pals Zeta Potential Analyzer software version 2.5.
Measurements were repeated 3 times.

2.4 RESULTS AND DISCUSSION

In earlier work we reported the flocculation of cationic, surfactant-free polystyrene
latex with HPG-borate (structure in Figure 2. 1). ' Some of the electrophoresis results
from that work are reproduced in Figure 2. 3. The key observations were that
nonionic HPG adsorbed onto the cationic latex, shifting the shear plane out from the
charged surface, lowering the cationic mobility. By contrast, the anionic
HPG-borate also adsorbed onto the cationic however the sign of the electrophoretic
mobility was reversed due to bound borate ions on adsorbed guar. In this case,
electrostatic and non-electrostatic interactions contributed to HPG-borate adsorption.
In the new work, we consider the interaction of HPG-borate with negatively charged
latex, a case in which electrostatics oppose adsorption.
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Figure 2. 3. The electrophoretic mobility of surfactant-free, cationic polystyrene latex as functions of
the concentrations of HPG and HPG-borate. Results adapted from "'

Figure 2. 4 shows the adsorption isotherms for HPG, with and without borax, onto
anionic, surfactant-free polystyrene latex. The isotherms display typical high
affinity behavior where essentially all the added polymer is adsorbed until the
surfaces are saturated around 1.5 mg/m®. However, the adsorption isotherms are not
as sharp as those from theory. The usual explanation from Fleer et al. involves
higher molecular weight displacing lower molecular weight polymer chains from the

surface - a polydispersity effect. 7
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HPG Adsorption on Anionic Polystyrene Latex
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Figure 2. 4. Top -adsorption isotherms of HPG on polystyrene latex at 25°C, one with borax
concentration 50mM (red square, pH 9.2), the other has 0.1M sodium chioride (blue circle, pH ~7).

Bottom — influence of HPG and HPG-borate on electrophoretic mobility.

31




Master Thesis — Liang Zhang McMaster — Chemical Engineering

Guar adsorption on mineral surfaces has been explained by both acid-base and
hydrophobic interactions — see summary in introduction. It is difficult to envision
acid base interactions between HPG and polystyrene decorated with sulfate (negative
latex) groups. We presume that hydrophobic interactions dominate.

Within experimental error, borax addition had no effect on HPG adsorption onto
anionic latex — see Figure 2. 4. Top -adsorption isotherms of HPG on polystyrene
latex at 25°C, one with borax concentration S0mM (red square, pH 9.2), the other has
0.1M sodium chloride (blue circle, pH ~7). Bottom — influence of HPG and
HPG-borate on electrophoretic mobility.. This was surprising to us as we anticipated
that the anionic charges on the HPG chain from borate binding (see Figure 2. 1),
would influence adsorption. We envisioned two effects with borate. First, the
negative charges on HPG-borate could interfere with adsorption onto a negatively
charged latex surface. Second, the ability of borate to crosslink or couple guar
chains (see Figure 2. 2) could lead to multilayer adsorption. Neither of these effects
seemed to have occurred.

In previous work we have argued that borate binds predominately to the galactose
moieties. ’ Under the conditions of our experiments we estimate that the average
number of bound borate groups per sugar ring is 0.34, assuming Jasinski’s binding
constant of 100 L/mol, and only binding to galactose. '8 Nevertheless, the results in
Figure 2. 4 suggest that borate does not influence HPG adsorption.

Anionic Polystyrene Latex

_ Guar, Borax 50 mi,
2 oH 9.2
|

$ & s 4 s 3
A HPG, Borax 50 mM,

A A A A

\ PH Guar, Borax 50 mM,

pH 9.2

'] 2 '] B ']

0 50 100 150 200
Residual Concentration / mg.L

Amount Adsorbed /mg.m

Figure 2. 5. Adsorption isotherms of guar (red squares), HPG (blue diamonds) and partially hydrolyzed
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native guar (black triangles) on anionic, surfactant-free polystyrene latex at 25°C, with 50mM borax.

Compared in Figure 2. 5 are the adsorption isotherms for two guars and HPG, all in
borax buffer. All three polymers gave high affinity isotherms — again there is no
evidence of multilayer adsorption. The adsorption plateau values increased with the
polymer molecular weight, which is classical behavior."”” The hydroxypropyl groups
on HPG may contribute to the hydrophobic interactions with polystyrene latex. We
do not have data to quantify this effect.

(3]
€, 1 Native Guar
(o)}
=
S * e 0
il
= HPG
g1
e A A A A A A A A
< /
£ PH Native Guar
3 1.0 g/L Anionic Latex
g 0.1 g/L Polymer
g 0 ] '] X 3 ; 3 3
-6 -5 4 -3 -2 -1 0
log [Na,B,0,/M]

Figure 2. 6 Guar and HPG binding capacity on anionic polystyrene latex as functions of borax
concentration. The polymer concentrations during adsorption were 0.1 g/L and the latex was
concentration was 1 g/L.. Note that the pH varied with borax concentration from 7.2 in 10-5M to 9.2
in 0.1M borax.

The potential impact of borax on guar adsorption was further studied over a broad
range of borax concentrations and the results are summarized in Figure 2. 6. The
maximum coverage of adsorbed HPG, guar and partially hydrolyzed guar was
independent of borax concentration up to 0.1 M. In this series of experiments the pH
increased with borax concentration from 7.2 to 9.2. Clearly pH or borax has no effect
on guar and HPG adsorption onto hydrophobic polystyrene latex surfaces.
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2
Oxidized HPG Adsorption onto Anionic Polystyrene Latex
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Figure 2. 7. The influence of pH and OX HPG charge density on the maximum adsorption onto anionic

polystyrene latex.

Generally we would expect negative charges on a polyelectrolyte to inhibit adsorption
onto a negatively charged surface. '° To illustrate this behavior we oxidized HPG with
TEMPO mediated oxidation, a procedure that converts primary alcohols to carboxyl
groups with little degradation of carbohydrate chains. *° Figure 2. 7 shows the
saturation adsorption of oxidized hydroxypropyl guar (OX HPG) onto anionic
polystyrene latex. At low pH, when OX HPG is essentially uncharged, the latex
adsorbed about 1.5 mg/m2. By contrast, above pH 7, where the OX HPG should be
completely ionized, very little adsorption occurs. The ionized carboxyl groups are
repulsed from the negative latex. The results can be further confirmed by
electrophoretic mobility data—see Figure 2. 8
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Figure 2. 8. The comparison of the effect of anionic oxidized HPG and anionic HPG-borate on the

electrophoretic mobility of anionic surfactant-free polystyrene latex.

The OX HPG had one carboxyl on every five sugar rings (i.e. DS = 0.2) and when
fully ionized, OX HPG did not adsorb onto anionic latex (Figure 2. 7). Similarly
under the conditions of the experiments in Figure 2. 1 we estimated that HPG was
more highly charged (DS = 0.34 vs. 0.2), nevertheless the borate did not influence
HPG adsorption onto the anionic latex. Why does the adsorption behavior of
HPG-borate differ from that of OX HPG (i.e. charged HPG-borate adsorbs whereas
charged OX-HPG does not)? Previously we have shown that the presence of a
cationic surface induces more borate to bind to HPG. ’ The extreme sensitivity of the
degree of borate binding to the local environment is a reflection of the very low
binding constant, 10 to 100 L/mol. The bound borate groups are labile. To explain
the results in Figure 2. 4 we propose that borate does not inhibit HPG adsorption on
latex because the borate ions desorb as HPG chains approach the anionic latex surface
—see Figure 2. 9. The following arguments support this proposal.
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Figure 2. 9. A schematic illustration of the proposed behavior of HPG-borate, a labile polyelecirolyte

adsorption onto anionic (upper arrow) and cationic (lower arrow) solid surfaces, respectively.

The concentration of borate ions near the latex surface, [Bs-], will be less than the
borate concentration in the bulk solution, [B-], because of the local negative potential.
The electrophoretic mobility of the latex was -4, which corresponds to ~-90 mV.
According to the Boltzmann equation, the borate concentration near the surface will
be only 3% of the concentration away from the surface — see Equation 1 where eo is
the charge of an electron,  is the electrical potential, k is Boltzmann’s constant, and
T is temperature. Because the borate binding constant is so low (100 L/mol), the DS
of bound borate will be reduced from 0.34 per sugar ring in solution to 0.086 near the
surface.

_ 1
Bf] =exp (ﬁi) =0.03 W
[B] kT

—/

With respect to the behavior of HPG-borate in the tear film, our work suggests that
HPG will adsorb onto hydrophobic lipid surfaces in the eye, and that bound borate
1ons will not interfere with adsorption.  As pointed out by Audebert many years ago,
the borate groups are weakly bound and the equilibrium concentration of ions in
solution is high.> Under these conditions HPG-borate displays the adsorption
characteristics of a nonionic polymer.
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2.5 CONCLUSIONS

The main conclusions from this work are:

Guar and hydroxypropyl guar (HPG) show classical high affinity adsorption onto
anionic polystyrene latex. The plateau adsorption maximum scaled with the
molecular weight.

Although borax addition to HPG converts a nonionic polyelectrolyte into an anionic

polyelectrolyte, HPG-borate adsorption onto anionic polystyrene latex was identical

to that of HPG alone. We propose that electrostatic repulsion did not prevent HPG

adsorption because bound borate ions detached from HPG segments near the anionic
latex surface.

Carboxyl groups are easily introduced into HPG by TEMPO mediated oxidation and
the resulting polymer does not adsorb onto latex when the carboxyl groups are
ionized.
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Chapter 3
Interaction between Hydroxypropyl Guar-borate and

Anionic Lipid-stabilized Emulsions

3.1 ABSTRACT

The interactions between hydroxypropyl guar-borate with anionic lipid-stabilized
emulsion were studied using dynamic light scattering and electrophoretic mobility.
Hydroxypropyl guar and native guar did not adsorb onto anionic emulsion, by
contrast, depletion flocculation was observed at high polymer concentration. However,
high polymer concentrations inhibited phase separation via increasing viscosity. The
presence of borate ions, which converted nonionic polysaccharide into anionic
polyelectrolyte, did not affect threshold polymer concentration for depletion-induced
macroscopic phase separation. lonic strength was found to have the biggest influence
in tuning stability of lipid stabilized emulsion.
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3.2 INTRODUCTION

Chapter 2 described adsorption of HPG-borate onto anionic hydrophobic latex, a
model for hydrophobic domains in the tear film such as exposed corneal epithelium
and lipid layers'. Our research group has systematically studied interaction between
HPG-borate and a series of well-defined models under physiological conditions, such
as proteins (i.e., lysozyme)?, cationic polyelectrolyte poly(diallyldimethyl ammonium
chloride)3, cationic lipid (DOTAP), cationic polystyrene latex" and cationic
surfactants (DTABY)’, respectively. However, the interactions of anionic lipids with
HPG have not been studied. Since ophthalmic lipids are generally anionic,
understanding HPG-borate/anionic lipid interaction is importance for designing
artificial tears. In this chapter, I describe results using lipid-stabilized emulsion as
model system to investigate the interaction between HPG (with or without borate) and
anionic lipid. Before describing new work, some background information is required.

As it has been introduced in Chapter 1, the lipid layer is outmost layer of the natural
tear film. It is composed by both polar and non-polar lipid molecules and is excreted
from meibomian glands. The excreted material follows a complicated delivery
process involving transportation through the aqueous phase and spreading on the air
interface'. McCulley and colleagues suggested that polar lipids spread out in the
aqueous phase and then followed by non-polar lipids, which are associated with polar
lipids on the hydrophobic “tails”®. The creation of lipid layer involves a number of
intermolecular interactions with species in aqueous phase, i.e., proteins and mucin.
One of the early studies by Holly in 19737 suggested mucin lowers surface tension of
lipid solution via lipid-mucin interaction (see figure 4 in reference 7)’. In addition,
complexation between lipid and /ipocalins, a kind of tear protein previously known as
tear-specific prealbumin’, has been démonstrated to provide low surface tension as
well as rheology properties close to that of natural tears®. Therefore, administration of
HPG-borate into eyes may face issues raised by its interaction with lipid molecules. In
current study, we simplify the problem by using lipid-stabilized spherical emulsions.
Specifically, the emulsifier is composed by phospholipids, non-polar lipids and fatty
acid, which is close to natural composition.

A number of studies have investigated interaction between lipids with natural or
synthetic polymers. Millar and co-workers studied lipids interaction with ocular
aqueous species using Langmuir-Blodgett trough, a classic technique for probing
surface phenomena with high sensitivity” '°. Lipid was distributed evenly on air/water
interface. By injecting ocular proteins (i.e., lysozyme) and mucin into aqueous phase,
mass uptakes from subphase onto lipid layer has been detected' ™. Raised by
interests in biomedical areas, some papers have reported liposome-polyelectrolyte
interactions'> '%, which are close to our emulsion system.

Interactions between polysaccharides and emulsions have been extensively studied for
the direct application in food, texture and emulsion industry'’. A large body of
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literature has dealt with protein-polysaccharide interactions on the oil-water
interface'” ', In the light of previous results, polysaccharide-emulsion interactions
may be classified in terms of intermolecular complexation between polysaccharide
and surface active agents (i.e., proteins, pectin). If polysaccharide complexes with
surface active agents via electrostatic attraction or hydrogen bonding, one may
observe bridging flocculation, sterically stabilization or even gelation'’, depending
upon the particular chemistry and polysaccharide concentration'”. If there is no
specific complexation between polysaccharide and surface active agent, depletion
flocculation is always anticipated. In this case, the emulsion remains stable when
polysaccharide is in small dose. However, emulsions will be flocculated with
increasing polysaccharide concentration, typically around overlap concentration (¢*)
for small volume fraction of emulsion?. The threshold polysaccharide concentration
for flocculation increases with decreasing emulsion volume fraction and decreasing
polysaccharide molecular weight, as predicted by theories® 2. In addition, kinetics of
macroscopic phase separation of emulsions by adding non-adsorbing polysaccharide
(often quoted as creaming), showed non-linear relation with polysaccharide
concentration, as interpreted from rheology data. Tuiner and de Kruif** found
creaming rate strongly increased with polysaccharide concentration at low
polysaccharide concentration, while the rate was slowed down at high polysaccharide
concentration due to formation of polysaccharide network.

3.3 EXPERIMENTAL

3.3.1 Lipid-stabilized emulsion — The emulsions were prepared by dispersing 150
mg original Lipoid Nanosolve 5400 (provided by Alcon Laboratories) in 10 ml
Millipore water. The emulsifier is composed by phosphatidy! choline (64-79 wt %),
Phosphatidyl ethanolamine (12-18 wt %) and small amount of non-polar lipids
(smaller than 5 wt %). Detailed parameters of the original sample can be found in
appendix. Then the dispersed samples were further diluted 10 times by Millipore
water. Using dynamic light scattering (DLS), we determined the emulsions diameter
remained 80 nm for at least 3 months

3.3.2 Polymers and emulsion mixture — Polymer and emulsion mixtures were
prepared in 20 ml glass bottles. Designed polymer amount was added carefully using
pipette. The ionic strength was adjusted using sodium chloride. Samples were capped
and then mechanically mixed up for 30 seconds using vortex mixer under 25°C.

3.3.3 Electrophoretic Mobility — It was performed on Brookhaven Zetaplus Zeta
Potential Analyzer, which used BIC PALS Zeta Potential Analyzer software (version
2.5). All samples were measured for 10 runs under room temperature (25 C).

3.3.4 Dynamic Light Scattering — The hydrodynamic diameters were measured

using Brookhaven Dynamic Light Scattering Instrument. The instrument was
equipped with BI-9000AT auto-correlator and 35 MV laser. The data was collected
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and analyzed by BIC dynamic light scattering software 9kdlsw32 (version 3.34) using
the cumulative statistical analysis. All measurements were performed under 25 C,
maintained by NESLAB water bath.

3.4 RESULTS

Salt Effects — We examined the effect of salt concentration on emulsions size and
electrophoretic mobility. All samples were characterized after 48 hours (see Figure 3.
1 and Figure 3. 2). The emulsion is stabilized by mixture of lipids, including
phospholipids, non-polar lipids and fatty acid. From dynamic light scattering data, salt
concentration higher than 0.05 M NaCl induced emulsions aggregation (see Figure 3.
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Figure 3. 1. Emulsion droplets sizes under different salt concentrations. Samples were measured after
48 hours.
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Figure 3. 2 Electrophoretic mobility of emulsion spheres under different salt concentrations.

Measurements were performed after 48 hours.

HPG-borate Interaction with Lipid-stabilized Emulsion — From our electrophoretic
mobility data (see Figure 3. 3) and dynamic light scattering data (see Figure 3. 4), we
found neither HPG nor HPG-borate were adsorbed by the emulsions. The presence of
borate ions does not affect HPG interaction with the emulsions.
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Figure 3. 3 Electrophoretic mobility of emulsion spheres in HPG solutions with (black solid circle) and

without (red solid square) borax.
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Figure 3. 4 Comparison of emulsion spheres sizes in HPG solutions with different salt concentrations.
No salt (black solid circles); S0 mM NacCl (red solid square) and 25 mM borax (blue solid diamond).

All samples were measured after 48 hours.
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Guar-borate Interaction with Lipid-stabilized Emulsions—HPG is hydroxypropyl
substituted guar derivates. The interaction between emulsion spheres and native guar
was also monitored by dynamic light scattering (see Figure 3. 5) and electrophoretic
mobility (see Figure 3. 6). Again, both sizing and mobility data shows native guar is
not adsorbed by emulsion spheres.

500
& Native Guar, 25 mM borax, pH 9.2
E @ Native Guar, 50 mM NaCl, pH 7
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Figure 3. 5 Dynamic light scattering results of emulsion-guar mixtures. Specifically, black solid
diamonds represent native guar with 25 mM borax at pH 9.2, red solid circles are native guar with 50

mM at pH 7, blue solid squares are partially hydrolyzed guar with 25 mM borax at pH 9.2.
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Figure 3. 6 Electrophoretic mobility of native guar/emulsion mixture, specifically, native guar with
borax (black solid squares), native guar with sodium chloride (red solid circles) and partially

hydrolyzed native guar (blue solid triangle)

Gravitational Stability of the Lipid-stabilized Emulsions by HPG— We also
estimated depletion-induced macroscopic phase separation influenced by HPG
concentration. Figure 3. 7 shows photographs of flocculated emulsions in 0.1M salt
with different HPG concentrations. It was found boundary between phase 1 (the upper
phase) and phase 2 (lower phase) went down with increasing HPG concentration.

Figure 3. 7. Photographs of depletion flocculated emulsions with increasing HPG concentrations (from
A to E: 10, 200, 500, 800, 1000 ppm, respectively). The phase boundaries are highlighted by black

solid lines. Thin oil layer was observed in Sample A. Sample E was a cloudy gel-like suspension. The
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pictures were taken after one week standing,

3.5 DISCUSSION

Salt Effects — Apparent size increasing was observed above 0.05 M NaCl (see
Figure 3. 1). Clearly, salt concentration higher than 0.05 M NaCl induced aggregation.
Emulsion particles in our experiments were stabilized by surfactant mixture, which is
composed by phospholipids, non-polar lipids and fatty acid. The threshold salt
concentration for our emulsion is lower than other type of emulsion such as
proteins-stabilized emulsion® (in the case of casein, > 0.1 M). The difference might
be contributed by rigid nature of the lipid molecules, which cannot provide high
flexibility since phospholipids own two hydrophobic tails. At higher salt
concentrations, electrostatic repulsions are partially “screened”— see our
electrophoretic mobility data in Figure 3. 2. At the same time, the rigid lipid layer
limits steric stabilization®®. This explanation is supported by Gruner”’, Kahlweit*® and
Lindman®, who emphasized rigidity of phospholipids monolayer, i.¢., two orders of
magnitude larger than oligo (ethylene oxide) layer?’.

HPG-borate Interaction with Lipid-stabilized Emulsion — In Figure 3. 3 and Figure
3. 4, we found both HPG and HPG-borate were not adsorbed onto the emulsions. The
trends can be compared with literature describing interactions between non-adsorbing
polymers with emulsions'”**3>. (Note we only carried out mobility measurements
less than 100 ppm HPG to reduce viscosity effects). The borate ions did not affect
depletion threshold HPG concentration. This result surprised us because HPG-borate
and lipids were both negatively charged.. We envisioned HPG-borate, as anionic
polyelectrolyte, would induce stronger depletion phase separation than that of neutral
HPG, as suggested by Prieve and co-workers, who used total internal reflection
microscopy to measure total interaction between polylysine and glass beads™.
However, depletion threshold concentration of HPG and HPG-borate was found to be
approximately the same in our experiments.

Salt impairs stability of the emulsions, as it is shown in Figure 3. 4. Emulsion spheres
with salt (borax or sodium chloride) were flocculated by HPG within 48 hours,
however, no size change was observed in salt-free solution during this period of time.
Further observation confirmed cloudy suspensions appeared after 2 weeks standing in
all salt-free samples (data not shown).

Depletion-induced phase separation is a dynamic process which normally depends on
experimental time scales. Interaction between emulsion spheres is controlled by van
der Waals attraction, Columbic repulsion (partially screened) and polymer-induced
depletion attraction. The characteristic time of aggregation (z,) can be tuned by either
salt or polymer concentration®”**. Using dimer formation theory of Brownian
flocculation®, 7, can be expressed as,
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3
r, =1L (1)
b, T

_ exp(fu(r))
W =2a Jj Ry dr (2)

Where «a is radius of spheres, @ is volume fraction of spheres, W is the stability ratio,
n is solvent viscosity. Total energy u(r) may be expressed using classic DLVO theory
via simple summation of van der Waals potential #,,,(7), Coulomb potential z.(7) and
depletion potential tep(r): 1(r) = tyan(v) + tei(t) + vaep(r). f = 1kpT. G(r) is
hydrodynamic function describes relative mobility of two spheres along their
center-to-center lines™.

Guar-borate Interaction with Lipid-stabilized Emulsion — It has been reported that
HPG has larger chain stiffness than native guar due to intra-chain steric effects
between hydroxypropyl groups®'. The interaction between emulsion spheres and
native guar was also monitored by dynamic light scattering (see Figure 3. 5) and
electrophoretic mobility (see Figure 3. 6). Both sizing and mobility data shows native
guar is not adsorbed by emulsion spheres. The threshold polymer concentration from
dynamic light scattering shows classic behavior: it increases with decreasing polymer

molecular weight™ *2.

Gravitational Stability of the Emulsion Spheres by HPG — From dynamic light
scattering and electrophoretic mobility, we demonstrated HPG was not adsorbed by
the emulsions. Hence, non-adsorbing HPG induces depletion attraction via volume
exclusion effects; however, HPG also increased viscosity to slow the phase separation
— gravitational stability** **. This conclusion may be important for artificial tear
formulations, i.e., coexistence of hydroxypropyl guar and lipid emulsion for drug
delivery. Under physiological conditions, the presence of HPG may retard
macroscopic phase separation of the emulsions in eyes, which may impair optical
transparency of tear film.

3.6 CONCLUSION

1. Hydroxypropyl guar (HPG) does not adsorb onto 80 nm diameter, negatively
charged emulsion droplets stabilized by anionic lipid (Lipoid Nanosolve 5400).

2. HPG concentrations above 0.1 g/L induce depletion flocculation of the lipid
stabilized emulsion.

3. Although presence of borate ions converts nonionic HPG into anionic
polyelectrolyte; borate addition does not affect influence the HPG concentration
required to induce depletion flocculation. threshold concentration of HPG under
the same ionic strength. (i.e., using sodium chloride as alternative)

4. lonic strength plays significant role in tuning HPG-lipid stabilized emulsion phase
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behavior, especially in the terms of phase separation time. Higher salt
concentration accelerated speed of phase separation.
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Chapter 4
Colloid Stability Maps for Anionic Labile Polyelectrolytes

Interaction with Cationic liposomes

4.1 ABSTRACT

We reported an analytical study on Labile polyelectrolytes (HPG-borate) interaction
with cationic 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) liposomes.
Salt-induced adsorption/desorption transition is tested by Muthukumar theory (J.
Chem. Phys. 1994, 100, (10), 7796-7803.). After electrostatic attraction is screened
out, depletion flocculation was observed at high HPG concentration. DLVO-type pair
depletion potential shows agreement with our experiments. Finally, we assembled all
of our calculation onto a phase diagram, which reflects stability of Labile
polyelectrolyte/oppositely charged liposomes mixture in terms of salt and polymer
concentration. Influencing factors such as polymer molecular weight, colloid size and
colloid volume fraction are presented, respectively.

54



Master Thesis — Liang Zhang McMaster — Chemical Engineering

4.2 INTRODUCTION

The formulation of artificial tear solutions may face stability issues when water
soluble polymers and colloid are mixed. For example, we have shown that both
anionic lipid-stabilized emulsions (see chapter 3) and cationic liposomes' can be
flocculated by HPG-borate via bridging or depletion mechanisms. Under
physiological conditions, we found electrostatic attraction between anionic
HPG-borate and cationic liposomes can be regulated by salt concentration. i.e., the
electrostatic attraction can be screened out by excess salt. Namely, a critical salt
concentration exists. Figure 4. 1 illustrates different events may happen between
HPG-borate and cationic liposomes depending upon the polymer and salt
concentrations. Box A and B correspond to interactions above critical salt
concentration for adsorption/desorption transition. Box C to F correspond to
interactions below the critical salt concentration. When salt screens out electrostatic
interactions, liposomes only experience depletion flocculation at high polymer
concentration. Below critical salt concentration, Labile polyelectrolyte adsorbs onto
the liposomes which results in either flocculation or enhanced stabilization.

Box A and B are Separated by Critical Salt Concentration with Box C, D, E and F

A&

Stable Unstable (Depletion Flbvc.)

o
e

Increasing Polymer Concentration

D E F
'y P oo W
Q—‘ '3 £ w qs\ @
<
Stable Unstable (Bridging Floc.) Stable Unstable {Depletion Floc.)

Grey Circles - liposomes Bilyers; White Disks - Water

Figure 4. 1 Schematic illustration of the mechanisms by which soluble polymers can interact with

dispersed particles. Box A and B are separated by critical salt concentration with box C-F.

The events in Figure 4. 1 can be assembled onto a stability map (see Figure 4. 2 as an
example).
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Increasing Salt Concentration

Increasing Polymer Concentration

Figure 4. 2 Schematic illustration of HPG-borate interaction with cationic liposomes. Regions shaded

by gray color indicate phase separation where liposomes are flocculated.

In Figure 4. 2, unstable regions (where colloids are flocculated by polymer) are
grey-shaded. Segments are labeled by numbers. Line 3 is critical salt concentration for
electro-adsorption. Polymers are depleted from the colloids surfaces only when salt
concentration is above line 3. Generally speaking, region above line 1 represents
critical coagulation concentration, where salt screen out electrostatic repulsion
between colloids. Region between line 1, 2 and 3 is depletion flocculation region as
well as region between line 3 and 6. Region between 3, 4 and 5 is bridging
flocculation region. Before we start, some background information about modeling
individual segment will be introduced.

Modeling the Critical Salt Concentration for Polymer Adsorption, Line 3 in Figure
4.2

Adsorption of polyelectrolytes with fixed charge onto charged surfaces is a classic
problem which has been extensively studied for decades™®. One of the first analytical
calculation of polyelectrolyte adsorption onto a charged surface was proposed by
Wiegel”. Under Gaussian statistics of polyelectrolyte chains, he calculated adsorption
amount and thickness as function of salt concentration. Muthukumar and co-workers®
? also considered interaction between charged segments, and derived more general
analytical formulas for polyelectrolyte adsorption. In their calculation, polyelectrolyte
can adopt any conformation from self-avoiding walk to rod-like structures, depending
on ionic strength of the solution. According to their theory’, critical conditions for
adsorption-desorption transition are described by,

B 127z|aq| [

oF 1—exp(-2xa)] (1)

- 3
¢ &x’b,
where: T, is temperature; e, is the charge of an electron; a is the liposome radius, o, is
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the liposome charge density, a is the charge per step length of polyelectrolyte, x is the
Debye screening parameter, kj is Boltzmann’s constant, b is the Kuhn step length of
the polymer, which we assumed was 0.54 nm corresponding to two mannose units;
and, b step length that we assumed equaled 13b, where 13 is the Cheng et al.’s value
for the characteristic ratio of HPG'®. The charge per step length, a, was calculated as a
function of pH from the HPG and borate concentrations, assuming that only galactose
units bound borate'' and that the borate binding constant was 100 L/mol'* "*, Herein
we solved Equation 1 for k which we converted to the equivalent salt concentration.

Modeling the Bridging Flocculation Regions — Line 4 and 5 in Figure 4.2. If
polymers have tendency to adsorb onto surfaces of colloids, the colloids may undergo
bridging flocculation due to adsorbed polymer “loops™ and “tails” attach to other
colloids nearby. However, adsorbing polymer can improve stability of a colloid
system via steric stabilization'* '*. Apart from direct calculation of interaction energy
between adsorbed layers using mean field theory or scaling approach'®, kinetic
argument has been widely used in practical. The very early framework was proposed
by La Mer and colleagues'”?’, who assume the flocculation rate (F) is a product of
collision frequency (k), particle number density (/V) and collision efficiency factor

(E))
F=kEN? (2)

The collision efficiency factor E in equation 2 describes fraction of “successful”
collision leading to inter-particles adhesion. It was defined to be the product of
fraction of covered surface on one colloid and fraction of un-covered surface on
another colloid,

E=0(1-6) (3

Where 4 is fraction of surface of colloids covered by polymer. Hogg pointed out a
probability of reverse process should also account for collision efficiency factors®,
therefore, E can be rewritten as,

E=20(1-6) (4

Modeling the Depletion Flocculation Regions - Line 2 and 6 in Figure 4.2. If
non-adsorbing polymer is added into colloidal system, only volume exclusion effect is
anticipated®. The colloids may be flocculated after polymers occupy the “free
space”—depletion flocculation, which maybe understood via pair potential between
two colloids. In general, the pair potential can be calculated using superposition
approximation, which is composed by Van der Waals potential, electrostatic potential
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and depletion potential. The former two can be obtained using classic formulas®,
while depletion potential may be a product of depletion layer thickness and osmotic
pressure (see chapter 1). Polymer segmental concentration is zero near the surface and
then increases to bulk value over a distance with specific gradient. The distance is
known as depletion layer thickness®, which is considered to be the orders of radius of
gyration (Rg)24 of free polymers. Several theories have been developed to calculate
depletion layer thickness®*®. As a rule, it decreases with increasing free polymer
concentration and increases with increasing polymer molecular weight. Osmotic
pressure, on the other hand, can be calculated using either Flory-Huggins expression
or Virial expansion?’.

The goal of this work is to calculate individual boundary segments 1 to 6 (as labeled
in Figure 4. 2). The rest of the chapter is organized as follows. In theory part, method
for individual segment calculation will be presented. Different factors which influence
the boundary concentrations, such as HPG molecular weight, colloids volume fraction
and colloids size will be modeled. In results and discussion part, we assembled the
segments into phase diagrams. Segments shift corresponding to different factors will
be discussed

4.3 THE THEORY

4.3.1 Adsorption-Desorption Transition (Line 3). As a starting point, it is crucial to
understand the nature of interactions between borate ions and HPG. Linear charge
density of HPG-borate can be estimated via standard Langmuir equation,

K,, [B]

0=—"
1+X,, [B]

©)

Where: @ is defined as percent of occupation of all available bonding sizes. K., is the
effective equilibrium constant. /B/ is concentration of adsorbate.

Leibler et al. emphasized electrostatic repulsion between neighboring bound borate
ions decreased probability of borate-cis diol formation®®. As a result, the equilibrium
constant can be expressed by,

K, =K, exp(aU/kT) (6)

Where: numerical factor a is an adjustable parameter represents effect of newly
formed charges on existing charges®. K., approaches K., if electrostatic repulsion
between bound ions is “screened out”, i.e., large excess of salt. Typical polyelectrolyte
titration experiment from our lab showed borate ions would further bond to HPG
when cationic poly(diallyldimethyl ammonium chloride) forms complexation with
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HPG-borate'!. On the other hand, we demonstrated borate had no effects on
hydrophobic-driven HPG adsorption onto anionic polystyrene latex. We argued
electrical field on latex surface detach the existing charges—a reverse process (see
chapter 2).

We found nonionic HPG did not adsorb onto hydrophilic DOTAP liposomes surface.
Therefore, adsorption of anionic HPG-borate onto cationic DOTAP is electrostatic
driven. Considering K,,’ = K., for HPG-borate at DOTAP surface (with 0.1 M NaCl
and 50 mM borax), we estimate linear charge density of HPG-borate to be ~ 0.2 by
standard Langmuir equation (equilibrium constant 100 L/mole'® ", details of the
calculation can be found in appendix).

Now we can calculate critical salt concentration as a function of linear charge density
using equation 1. The results are shown in Figure 4. 3. The lower point corresponds to
HPG-borate without NaCl. The upper point corresponds to HPG-borate with 0.1 M
NaCl. Two curves are plotted corresponding to two values of DOTAP liposome
surface charge density. The higher one is 0.23 C/m?, assuming 0.7 nm® per head group.
This value may be overestimated because it does not consider salt condensation™” .
The other curve corresponds to 0.08 C/m? fits well with our experiments—the lower

and upper points fall into adsorption and desorption regions, respectively.

0.5 —
-
-
&
o

= 04 | L~ R Ccritical Salt Cone.
= e # 0=0.23 C/m®
8 ” ,,
& 03 P f
= - HPG-borate
@ & +0.1 MNaCl
o 0.2 | ff - W\ Critical Salt Cone.
- ’ 6=0.08 C/m’
o 7
o) 01 }+ . HPG-borats

: A no added salt

0 ’ 1 1 1 1 1

0 0.1 0.2 0.3 04 0.5 0.6

a (Charge per 2 Mannose Groups)

Figure 4. 3 Critical salt concentration versus linear charge density for electrostatic-driven
polyelectrolyte adsorption onto oppositely charged curved surfaces, calculation is performed using
Muthukumar model®.
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The height of line 3 can be picked from intersecting point (see point C labeled in
Figure 4. 3)

4.3.2 Depletion Flocculation (line 2 and 6) Pair potential of two approaching
liposomes can be expressed using superposition approximation. Add depletion
potential into total pair potential between two liposome spheres Vi reads,

I/total Velecl + I/vdu + Vdep (7)

Vereer represents electrostatic potential between two liposome spheres. Vygy, 1s the
attractive potential from van der Waals interactions. ¥y, is the depletion potential
contributed by non-adsorbing polymer. (Note, all potential energies are normalized by

ksT)

We used well-documented expressions for electrostatic and Van der Waals potentials,

=QRrep*aln(l+exp(- K_‘]’l)))—f (8

b

elect

Jg &k, TZC'Z'

A 4q° 44* W+dah 1

vV, =— + +21In 10
v 12(h2+4ah W +4ah+4d (h2+4ah+4a2))ka( )

o is effective surface potential. # is inverse Debye screening length, &, denotes the
relative permittivity (g, =78 for water). & denotes permittivity of free space (&g
=8.854x10712 F/m). kj is the Boltzmann constant, V,, is Avogadro’s constant, ¢; is
concentration of ion type i (mol/L), Z; is valence of ion type i (1, 2 or 3), T is the
absolute temperature; e, is the charge of electron (1.6x10™" coul). @ is radius of
liposome sphere. A is inter-sphere distance.

In this model, we use an old analytical formula derived from SCF*. It didn’t treat
polymers as penetrable hard spheres and more generally, the depletion layer thickness
is subjected to change with polymers addition.

2 ko ho 1
=—ZxTI(A-2) Ba+2A+=)— (11
37r( 2)(61 2)/T()

2

14

dep

H=RTph(——+8,pp) (12)

w
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I is osmotic pressure. B3 is the second viral coefficient of the solution. M,, and @ is
molecular weight and volume fraction of non-adsorbing polymer. z is charge number
of the polyelectrolyte. ¢ is total salt concentration. 4 is depletion layer thickness,
which is decreased along with non-adsorbing polymer addition.'® We used analytical
formula developed by Vincent *® for calculation of A.

213
A Lo NaPf¥ 13
A A 2 \¢

Ay is the range of the depletion effect in the limit that bulk polymer concentration
goes to zero. Using calculated results from Fleer and colleagues *°, 4y is equal with
1.4R,. R, is radius of gyration. v is molecular volume of a single chain. (v=M,,/Nu, p)

It is critical to incorporate volume fraction of the colloids (@) into our model. Here
we use linear approximation reported by Fleer, Vincent and co-workers>> __see
equation 14. In very dilute colloid suspension (say, ®°= 10"%), we may expect phase
boundary located at polymer overlap volume fraction (¢*). The threshold polymer
concentration for phase separation decreases with increasing @°.

Y itical o
crificai =C+ 10 (4 14
———ka Blogg® (14)

Where: Viinicar is critical pair potential at secondary minimum for phase separation. C
is critical pair potential at secondary minimum under @°= 10" colloid volume
fraction. # value is adopted from reference 1%°. We estimate C by inserting secondary
minimum value at polymer volume fraction @ = c¢* into equation 8. (Specifically, we
use Veriticar=4.49 kT at @°= 10" and Ve = | kpT at &°=0.2%)

We show effects of HPG molecular weight, colloids size and colloids volume fraction
on Cuep (g/L). General features are summarized in Figure 4.3 to 4.5. Assuming
liposome radius a 45 nm, surface potential ¢ 38 MV and colloid volume fraction ®°
0.2 %, figure 2 shows the influence of HPG molecular weight on Cy, (g/1).We find
larger mass is required for lower MW HPG to induce depletion flocculation.
Modeling results can be compared with our experimental data. We found larger
amount low molecular weight guar is required to flocculate liposomes than high
molecular weight guar. On the contrary, smaller mass is required to flocculate larger
particles at a given MW—see figure 3. Larger liposomes volume fraction (&)
requires smaller amount of polymer to induce depletion flocculation—see figure 4.
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Figure 4. 4 Patterns of the depletion flocculation boundary polymer concentration Cy,, (g/L) against

salt concentration under various of HPG molecular weight (1, 500, 000 g/mole as the initial value, 2, 4,
6, 8 and 10 times lower, from the right side to the left, respectively). Corresponding values of radius of
gyration (r,) are also listed in the figure. The radius of gyration for each molecule weight are calculated

using proportional relation r, ~ M wh’
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Figure 4. 5 Changing patterns of depletion flocculation boundary concentration Cy,, (g/L) against salt
concentration under a number of liposomes radius (the initial value is 45 nm, from left to the right, 0.5,

0.6, 0.8, 1, 1.5 and 2 times initial liposome radius a, respectively).

0.5
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01 F —_—c 0.10%
e G 0.15%
— G 0.20%
0.01 0.1 ! "

Polymer Concentration/g/L

Figure 4. 6 Influence of liposomes volume fraction on threshold polymer concentration for depletion
flocculation. Increasing liposomes volume fraction leads to decreasing threshold polymer

concentration.

Note depletion flocculation below critical salt concentration occurs after colloids are
saturated. Therefore, adsorbed amount should be added in to total polymer
concentration when line 6 is plotted on the phase diagram.

4.3.3 Bridging flocculation boundary concentrations (line 4 and 5) Bridging
flocculation usually starts from a few ppm flocculant and stops when saturation is
reached. The optimum polymer dose for bridging flocculation is around half coverage
(~0.5 mg/m?) of liposome spheres. Here, saturation value of polymer adsorption onto
liposome is assumed to be around 1 mg/m*—see equation 9. In our experiments,
DOTAP concentration is ImM. Calculated spheres concentration is 6.7x10" per Liter,
indicates a maximum value of 170 mg polymer is adsorbed by 1 liter liposome
suspension—the upper boundary. On the other hand, lower boundary of bridging
flocculation may be determined by considering at least one polymer chain to link
every two colloids—see equation 10. Therefore, lower boundary is equal to 1/2
colloid concentration, which is 11 mg per 1 Liter liposome suspension.

c 30 g5

upper
a
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_3¢°M,

lower 3
8za’N,,

(16)

Where: @° is number density of liposomes particles (i.e., 0.2 % in our experiment). I"
is saturation amount of HPG onto liposomes surfaces (i.e., 1 mg/m?). a is radius of the
liposomes. It is clear that Cyyper and Coyer are linearly against liposomes volume
fraction. Figure 4. 7 shows calculated results compared with experimental data.
Mathcad file of one calculation example can be found in appendix 3.

1500
£ 1000
% Theoretical Upper
B boundary
vla
E - \
] Theoretical Lower
o 500 boundary
O 1 B - 1
0.0001 0.001 0.01 0.1 1 10

CMG/gL"

Figure 4. 7 Comparison between experimental results (black square) with calculated boundary position.
Experimental data was adapted from reference. Specifically, experimental results shows dynamic light

scattering results of DOTAP lipsomes mixed with carboxymethyl guar.

4.4 RESULTS AND DISCUSSION

Figure 4.8 to 4.10 show molecular weight, colloid size and colloid volume fraction
effects on the phase separation boundaries, respectively. Original phase boundaries
are plotted in black solid lines (by assuming MW 1.5 M, r, 135 nm, a 45 nm, oy 38
MV and &° = 0.2 %). Shifted boundaries are plotted in dotted blue lines. After the
colloids are saturated with adsorbed polymer, the size is assumed to be 1.5 times

larger than original one and surface charge potential is assumed to be the same value
(38 MV).
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The blue lines in Figure 4. 8 show boundaries when molecular weight lower 2 times.
In depletion flocculation regions, larger polymer mass is required to induce depletion
flocculation at lower molecular weight. However, larger colloid size requires smaller
amount of polymer to induce depletion flocculation. Therefore, both dotted blue lines
move to the right hand side with a different magnitude. The lower boundary for
bridging flocculation, smaller molecular weight polymer has higher number of
density under same mass, hence, lower boundary of bridging region moves towards
left hand side.

The blue lines in Figure 4. 9 show boundaries when colloid radius lower 2 times.
Under same volume fraction, smaller colloids have larger surface-to-volume ratio,
leading to higher number density and larger surface area. Therefore, more polymers
are needed to bridging the colloids as well as saturating the colloids (see bridging
zone is moved to the right hand side).

The blue lines in Figure 4. 10 show boundaries when colloid volume fraction lower 2
times. It requires smaller amount of polymer to induce bridging flocculation. Smaller
amount of colloids needs more polymers to induce depletion flocculation because
only volume exclusion exists in depletion zones. Therefore, critical pair potential
becomes larger in the case of smaller volume fraction of colloids.
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Figure 4. 8 Analytical phase diagram for Labile polyelectrolyte interaction with oppositely charged
liposomes. Specifically, MW = 1.5 M, r, = 135 nm, a =45 nm, &° = 0.2 %, g, = 38 MV, borax
concentration 50 mM; for black solid lines. Blue lines are for MW = 0.75 M, r, = 83.1 nm, g = 45 nim,
D°=02 %, 069p=38MV ;
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Figure 4. 9 Analytical phase diagram for Labile polyelectrolyte interaction with oppositely charged
liposomes. Specifically, MW = 1.5 M, r, = 135 nm, a =45 nm, ®° = 0.2 %, 6= 38 MV, borax
concentration 50 mM for black solid lines. Blue lines are for MW =1.5M, r,= 135 nm, ¢ = 22.5 nm,
D°=02%, 6,=38MV
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Figure 4. 10 Analytical phase diagram for Labile polyelectrolyte interaction with oppositely charged
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liposomes. Specifically, MW = 1.5 M, r, = 135 nm, & =45 nm, &°=0.2 %, 6, = 38 MV, borax
concentration 50 mM for black solid lines. Blue lines are for MW = 1.5 M, r, = 135 nm, a = 45 nm, @°
=0.1%, 6p=38 MV

4.5 CONCLUSIONS
1. Novel colloid stability maps provide formulators a clear picture of the interplay
between electrolyte concentration and HPG-borate concentration.

2. The effects of critical parameters including polymer molecular weight, colloid
volume fraction and colloid size are clearly illustrated on the stability maps.
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Appendix 1
LIPOIDE S80S

Description

Fatfree egqg lecithin with 64 — 79 % phosphatidy! chaline

Arl.-No. 120
EINECS - No. 297-638-2
CAS - No. 93685-90-6

Chemical Composition

Phospholipids [gf00 ¢l

Phosphatidy! choline 64.0-79.0
Phosphatidyi ethanolamine 120-18.0
Lysophaosphatidyl choline nmt 3.0
Sphingomyslin nmt 3.0
Diher patural components nmt 15
Nan-polar lipids [g/100 g] nmt 50
Triglycerides nmt 3.0
Cholestero] n.mt 1.0
Free faity acids nmi 1.0
DL-«-Tocopherol g05-01
Typical fatty acid composition in % to total fatty acids)
Palmitic acid 28-34
Stearic acid 12 —15
Oleit acid 26-30
Lincleic acid 13-18
Linglenic acid nmt 1.0
Polyunsaturated fatty acids C 20 and higher 5-110
Analytical Data
Phosphorus fa/100 g] 35-41
Water {g/100 g] nmi 2.0
Ethanal {g/100 g] nmt 0.2
Peroxide value [meq Oaikg] namt 3
lodine value B4 — 69
Heavy metals  [ppm] nmt 10

Physical Properties

Cansistency
Caolour

coarse agglomerates
light yellow

Selublity {5 % solution)

Water
Fat

Chlorinated hydrocarbons

Ethanol

Document D-120 of 01.02.20086
Supersedes 07.02.2003

dispersible 20°C
soluble 80°C
s30luble 20°C
soluble 20°C
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Bacteriological Data

C.FU. gl n.mt 100

Yeasts [fqi nm.t 10

Moulds {lai nmti 10

Escherichia coli {110 gl negative

Salmonelae 110 g} negative

Staphylococcus aursus [710 ¢l nagative

Pseudomonas aeruginosa (/10 g] negative
Endotexins

Endotoxins [EU/g] nmtB
Aflatoxins

Aftatoxin B1 {ppb] nmt 2

Aftatoxins B1, B2, G1, G2 {ppb] nmt 4
Particle Test

Particle test complies with methad PM 1
Packaging

Standard packaging 5 kg in double PE-bag
Storage Conditions

Racommended storage: in closed containers at —20 £ 5°C.
Close opened containers immediataly.

n.m.t. = not more than

All data and recommendations as well as formulations made herein are based on our present state of
knowledge. We disclaim all liability on risks or formulae that may result from the use of our products,
including improper and illicit use.
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Appendix 2
TEMPO Oxidation of Guar and its Derivatives
Selective oxidation of polysaccharides using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).

Polymer 0.5 g was dissolved in 0.5 Liter distilled water. TEMPO 0.01 g and NaBr 0.05 g were
added. The solution was stirred and cooled in an ice bath (3£ 1°C).

15% sodium hypochlorite (3 ml) was cooled (3 1°C) and pH was adjusted to 9.4 with 2M HCL
The solutions were mixed and pH was maintained at 9.4 by 0.5M NaOH. The reaction was

quenched by adding 3 ml methanol and neutralized to pH 6 by adding 4 M HCI. Then excess
sodium borohydride (0.25 g) was added and the solution was stirred over night.
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Appendix 3: The goal is to generate phase diagram for liable
polyelectrolyte (HPG-borate) interaction with oppositely charged
colloids

Constants in this calculation

- - i i . &m
T:=208k temperature a=45nm  Radius of liposomes ;= 3 Density of HPG

er=T8 €= EgEr rg:= 135nm  radius of gyration
. HPG volume fraction,
NaCl:= 0.25 mzle R:= 8314 %“lil Gas constant b= 0.01 numerically same with
mee mass fraction
My = 1500000 25 HPG molecular weight
= 38mV mole
. 3
A=410" 2ljoule By = 0.0000325 S second virial coefficient of HPG
gm’
0.5
0 av
Ch)i=| ———2- .
ech (eo'Er'kb'T 2 NaCJ calculate kappa h:=nm surface-surface distance

Theoretical Framework (Note: all potentials are normalized by k,T)

Electrostatic Potential

Velect{r, NaCl, h, @) := (2'7\'-8-(p2~a~1n(1 + exp(—n(NaCl)Ah)))-ﬁ
b

Van der Waals interaction potential

2 2 2
—-A 4.2 4.3 h™ + 4-ah 1
V. h,A,a):= —- + + 21n| f—_—
vdw( )=, ( 2 2 2 ( 2 zj] kT

h™+4ah h +4ah+4a h™ + 4ah+4a
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Depletion potential

1. Calculate depletion layer thickness A using Vincent's analytical approach
(Colloids and Surfaces, 50 (1990) 24 1-249)

A 1 _Nayp(v2 I 5 Governing equation modified by Seebergh and Berg
2T 2 \%) g PR (Langmuir, Vol. 10, No. 2, 1994)

My
27 Navp molecular volume of a polymer chain
¢ = 0.001
A= 400m use "root function" to solve A

2
By
& My, T B2 4NaCl

2
Ky 2
3 .
My 30002{%}
N, Nav M
Ay = roo azv'P_ av P | [ w +|: A 1:|,A

2. Depletion potential calculation using Fleer & Scheutjens & Vincent's approach
(ACS Symp. Ser. 1984, NO. 240, page 245)

10000™-

z(p-d)J

2
-2 1 My h h [
V, ,a,h) = —-mRTpp{ — +Bopdp+ ————= | Ay — = | |3a+2Ar+ — [ ——
dep(¢ ) 3 M b My 200 4-NaCl (t 2) ( t 2) kp T

Vdep(0.001,a,h) = ~15.8795
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Imput viables to plot DLVO-type pair potential

h:=0.01nm, 0.02nm.. 100nm Ig= 135.1nm gm
My = 1500000 =——
mole
org(h) := 0 = 0.001 = 38mV
&) ¢ ® NaCl = O.ZLOl
L
2
Mw 3
Nav Nav' A 1
At = roo avP | Tave . i+Bz-p-d>2)+ — - —[.A
2 ) Mw L 4'fg)2 A

At = 132.2058-nm

2
-2 1 h h i
V, ,a,h My} = — 1 RTpd) — +Bop-db || Ar— =] | 3a+20+— | ——
dep(¢ w) 3 ™ [ Cb(Mw 2P d))( t Z) ( t 2) ko T

Vdep(d% a,2nm, Mw) = -6.0782

30,

Velect(a, NaCl, h, )
o

Vvdw(h,A,a) 2
o ==

Vvdw(h,A,8)+Veject(a, NaCl, h, p)

org(h) 10

Vydw(h, A, a)+Veleei(a, NaCl, b, )+ Viep(0.000001 , 2, b, Myy)

Vudw(h, A, 8)+Velect(a, NaCl, b, ) +Vep(0.00001 , 2, h, My)

Vydw(h, A, 8+ Velect(a, NaCL, b, )+ Vetep(0.0002, a, b, Myy)

Vydw(h, A, a)+Velect(a, NaCl, h, (p)+Vdep(0,00085 ,a,h, Mw)

- 10

0.01 . 0.1 i 10 100
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Solve required polymer concentration for depletion flocculation at a -
given salt concentration

h:= 6nm a:= 45nm

Given

Vydw(h, A, ) + Velect(a,NaCLh, ) + Vdep(d,a,h, Myy) = -1

Inm < h £ 10nm

dep(h, a,NaCl, My) := Find(¢)

mole

- ,Mw) —14300x 1074

dep(énm ,45nm, 0.1

Plot Salt concentration against threshold HPG concentration for
depletion flocculaion

1 !
NaCl:= 0 mole 0,01 mole 05 mole
L L

NaCl
mole 0.4~

NaCl 0.3

mole lonic strength versus
L |  threshold HPG (different
> 02 MW) concentration for
Nacl depletion floc.
mole ol B

§or 0.1 10 100
dep(h,a,NaCl,My,) dep(h,a,NaCl,0.5My,) dep(h,a,NaCl,2My)
0.001 ’ 0.001 ’ 0.001

We find smaller mass is required for lower MW of HPG to induce depletion flocculation

76



Master Thesis - Liang Zhang McMaster - Chemical Engineering

Modeling Bridging Flocculation TOL:= 10~ 1

mg

Prmax = E Assumed monolayer coverage of HPG on DOTAP
1
Clip = 6-7'1015{ Number density for 1 mM DOTAP
diip = 45nm Liposome radius

Lower boundary for Bridging flocculation

Assumption: To form a macroscopic floc needs at least one polymer chain to link every two
particles

Mw = 106Da

clip:Mw
FBL2:= —b—
av

FBL2 = 11.1256-%

Summary - upper boundary choose floc conc. giving saturated coverage
- lower boundary choose floc conc. equal to 1/2 particle conc.
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