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SUMMARY

Hydrogels are cross-linked networks of highly hydrophilic polymer chains. When
reduced to colloidal dimensions, particles of this sort are termed “microgels” and both
discrete particles and ensembles have intriguing properties. Microgels can be made to be
susceptible to numerous environmental stimuli, such as temperature and pH. The
resultant changes in the network hydration lead to characteristic swelling responses
which can have great impact on properties of the gel network such as the porosity,
hydrophilicity, stiffness, or particle-particle packing. The multitude of responsive stimuli;
the architectural versatility of discrete particles; and the variety of particle ensembles
have made the study of microgels and their assemblies a very rich field. Primarily due to
their physiological softness and the aforementioned versatility, responsive microgels are
of great interest as a material to address the daunting challenges facing the next
generation of healthcare.

This dissertation describes investigations into hydrogel nanoparticles and
assemblies thereof, with the goals of expanding their utility in applications such as drug
delivery and non-fouling interfaces through the development of novel materials to both
extend their synthetic versatility and to probe their underlying properties. Chapter 1
serves to introduce hydrogels, microgels, and to define the microgel assemblies of
interest in this dissertation. The principles behind responsive gels, microgel synthesis by
precipitation polymerization, as well as methods to control particle architecture are also
presented therein. The chapter also includes some brief examples of applications of

microgels and their assemblies, demonstrating the broad range of utility for these
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responsive materials. Chapter 2 describes efforts to incorporate hydrolytically
degradable cross-linking localized in the shell of a core-shell microgel. Shell-localization
of a degradable cross-linker serves to increase the overall density of the microgels by
restricting the ability of the particle interior to swell, allowing degradation of the shell to
result in dramatic changes in the mechanical properties of the microgel as a whole.
Continuing the theme of physiologically-relevant degradable cross-linking, Chapter 3
describes the synthesis of microgels cross-linked with disulfides. The resultant particles
are shown to rapidly degrade under reducing conditions, and this synthesis strategy is
also demonstrated to serve as a means of generating thiol-bearing microgels for
conjugation and reversible particle assembly.

Microgel films have been demonstrated to have numerous desirable properties for
biological applications, such as reduced cell attachment and drug delivery capabilities.
Chapter 4 is a demonstration of a technique for depositing microgel films onto colloidal
substrates, allowing these properties observed on macroscopic substrates to be conferred
onto smaller dimensional supports, suitable for novel applications. Another intriguing
property of microgel films is that multilayered films assembled via layer-by-layer
deposition of anionic microgels and linear polycation exhibit rapid self-healing upon
hydration. Chapter 5 expands on our fundamental understanding of this phenomenon by
studying the origins of the characteristic wrinkling pattern observed from stretching
films, demonstrating that ambient humidity is sufficient to restore film integrity following
damage, and expanding the range of materials that exhibit self-healing through alterations
in film connectivity. Chapter 6 similarly expands on previous observations that microgel

multilayer films strongly resist cell attachnment. While initially ascribed to reduced
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amounts of protein-fouling due to PEG incorporation within the microgels, this chapter
demonstrates that microgels lacking PEG still strongly resist cell adhesion in multilayers.
Changing the polycation used during film assembly provides a mechanism to switch the
films from a mobile, self-healing, cell-resistive interface to an immobile, brittle, cell-
adhesive interface. Taken together, this evidence suggests that the viscoelastic or mobile
character of the films is likely the main factor that directs cell adhesion.

Finally, Chapter 7 serves to provide some additional perspectives on each of the
prior chapters and to suggest directions for future investigations. The work in this
dissertation serves to both expand our toolset with regard to the functional synthesis of
microgels and assemblies and to improve our fundamental understanding of phenomena
of interest for a variety of potential applications. Both of these should serve to allow the
enormous potential of hydrogel nanoparticles and their assemblies to be more efficiently

tapped for a wide range of applications in the field of biomaterials.
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CHAPTER 1

INTRODUCTION

Portion adapted from:

Gaulding, J. C., Herman. E., Lyon, L. A. Responsive Colloids with Controlled Topology.
In Responsive Membranes and Materials. Bhattacharyya, D., Schafer, T. Eds. Wiley.
Chichester, UK, 2013. pp 269-300.

Copyright 2013, John Wiley & Sons, Ltd

1.1. Hydrogels

Polymer networks that have a three-dimensional, cross-linked structure and
undergo extensive swelling in water are termed hydrogels. A diverse range of constituent
polymers form hydrogels, but the common theme is that all are highly hydrophilic;
hydrogels are often more than 90% water by mass. The swollen structure of hydrogels
results from the highly favorable interactions of water with the polymer chains, while the
cross-linking serves to stabilize the gel against dissolution.** The nature of these
stabilizing cross-links serves to further classify types of hydrogels. Physically cross-
linked gels utilize complementary interactions such as ion-pairing, self-assembly of
hydrophobic domains, crystalline polymer domains, or even protein-antigen interactions
to preserve network integrity.> Chemically cross-linked gels, in contrast, incorporate
covalent linkages within the network, such that the gel is in effect a single molecule.
Cross-linkers can be incorporated directly during polymerization (bi-functional vinylic
molecules, such as N,N’-methylene bisacrylamide (BIS) and poly(ethylene glycol) (PEG)
diacrylate are common choices), or added post-synthetically through a variety of coupling

reactions.>>®



Interest in hydrogels is primarily driven through their applications in biological-
contacting materials, or biomaterials. In many ways, hydrogels represent an ideal starting
point for designing materials for biological interfacing:

e Their high water content gives them an exceptional loading capacity for
applications in drug delivery”®

e Hydrogels have similar hydration and mechanical properties to biological
tissues, making them excellent substrates for cell culture®*°

e Both natural and synthetic polymers are available, allowing gels to be

tailored to a specific application™*

1.1.1. Responsive Gels

Hydrogels incorporating environmentally responsive elements are of particular
interest in current research. This responsivity is due to their ability to change their
hydration state in response to stimuli such as temperature, pH, light, redox potential, and
even the presence of specific solutes.**** Of particular interest are thermo-responsive
polymers such as poly(N-isopropylacrylamide) (pNIPAmM), which undergoes an
entropically driven collapse to a globular form above its lower critical solution
temperature (LCST) of approximately 32 °C.™* Upon collapse, water within the gel
network is expelled as the pendant isopropyl groups self-associate, leading to a reduction
in the total volume and permittivity of the gel. Thus there are numerous examples of
interfaces, both macroscopic and colloidal, designed to exploit this attribute of pNIPAmM
gels or brushes to generate switchable or gated surfaces.>*® Similarly, hydrogels
featuring an abundance of weak acids or bases can undergo pH-responsive swelling, as
the extent of chain-chain interactions and the osmotic pressure of the gel vary as a
function of the network charge.*

Gel degradation represents a special case for responsivity, as the gel undergoes

temporal changes in response to a degradation stimulus. Network degradation can



proceed either through breakdown of the polymer chains themselves, or through
disruption of the cross-links that maintain gel integrity.”® The most widely-used example
of the former case are the polyesters poly(glycolic acid) and poly(lactic acid), co-
polymers of which undergo highly tunable degradation driven by hydrolysis of their ester
linkages.? In contrast, cross-link scission converts the gel network into individual soluble

polymer chains, and the degradation can be triggered by environmental factors such as

22,23 24-26 27,28
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redox state,?* enzymatic activity,?”? or light.?® Choice of the appropriate labile

p
chemistry in the cross-linker allows the network to respond in a predictable, controlled

manner to the environmental stimuli of interest.

1.1.2. Applications of Hydrogels

As previously alluded to, biomedical applications are a natural fit for hydrogels.
The earliest synthetic hydrogels were developed in the 1950’s for use in soft contact
lenses.® A recent review by Jindrich Kopecek provides an excellent overview of the
history of hydrogels in biomaterials research — from their origins in ophthalmic
applications to biocompatible prostheses for nasal implants and vocal cords.®> One major
avenue of exploration is drug delivery, an application investigated since the late 1960°s.’

Some of the major challenges in drug delivery are the sustained and controlled
release of active pharmaceuticals. Such approaches have numerous advantages, including
improved patient compliance, stable dosing to avoid sub-efficacious or toxic drug levels,
and long-term administration of the therapeutic.®* The general strategies for incorporating
a drug-eluting implant within the body are to create depots — wherein the drug is isolated
within a reservoir and drug release is controlled through a membrane — or matrices,
wherein the drug is dispersed homogeneously within the implant.*? Hydrogels are
suitable for inclusion in either approach, as their biocompatible and responsive properties
make them attractive to either regulate reservoir access or to serve as the delivery matrix.

Furthermore, they can offer potential advantages through formulations that gel in situ to



form biocompatible matrix for long-term delivery.® Both macromolecular and small
molecule therapeutics can be entrapped within the gel network, and release can be
governed by numerous factors.” Typically the gels of interest for drug delivery
applications incorporate some mechanism for physiologic degradation, such that there is
no need to remove the delivery scaffold once it has been depleted.?** One of the key
factors to regulating release is the gel’s mesh size, a function of its cross-link density and
the polymer-solvent interactions.?’ When the loaded therapeutic is much smaller than the
mesh, release is regulated by its diffusion within the network. If, on the other hand, the
therapeutic is larger than the mesh, the erosion or other stimuli-responsiveness of the
network may play a greater role in the release profile.”*

The softness of hydrogels tends to limit the amount of non-specific protein
adsorption and cell adhesion to their surfaces, which allows for synthetic gels to serve as
a “blank slate” with regard to applications in tissue engineering.* Such hydrogels offer
extensive control, both spatial and temporal, over the presentation and distribution of
growth factors, cell binding domains, as well as the mechanical properties of the
network.®1%3° These capabilities allow one to apply rational design principles when

creating tailored environments to regulate cell behavior. Additional discussion of cell-

interacting surfaces is featured in Chapter 6.

1.2. Microgels

Colloidal hydrogels, or microgels, retain the hydrophilic, cross-linked network
structure of a macroscopic gel, but have dimensions on the order of micrometers. Even
smaller particles with diameters measured in nanometers are sometimes dubbed,

appropriately, “nanogels.”



1.2.1. Microgel Synthesis

Microgels can be synthesized through a number of methods, including mini-
emulsion polymerization, self-assembly, microfluidic approaches, and controlled radical
polymerizations.***° The microgels described in this thesis were all synthesized using
free-radical precipitation polymerization, a technique first demonstrated for pNIPAm in
1986 by Phillip Chibante and Robert Pelton.*! For thermo-responsive polymers such as
pPNIPAM or poly(N-isopropylmethacrylamide) (pNIPMAmM), precipitation polymerization
provides a facile method to generate monodisperse particles in high yield using a single
aqueous solvent. A depiction of the synthesis is presented in Scheme 1.1. Synthesis is
conducted using free radical polymerization, typically with a radical source such as
ammonium persulfate (APS) or potassium persulfate (KPS), which undergoes thermal
decomposition, as this complements the mechanism for particle growth. As
polymerization proceeds, the oligomeric chains grow until they reach a critical chain
length, at which point they undergo entropically-driven collapse.** The resultant
“precursor particles” serve as insoluble hydrophobic nuclei for continued polymer
deposition through chain addition and aggregation.** Typically the particles have a net
surface charge resulting from the initiating species (i.e. anionic sulfate residues from APS
or KPS). The growing particles are stabilized once the surface becomes sufficiently
hydrophilic as to limit continued polymer addition.** Thus the concentration of an ionic
surfactant, such as sodium dodecylsulfate (SDS) used during the synthesis can also
strongly influence the final particle size by stabilizing the growing particles at an earlier
stage.”*** The concentrations of initiator and monomer used during the synthesis are also
critical to controlling particle size. The total microgel yield depends on the number of
precursor particles formed early in the synthesis - a function of the total radical
concentration, which is itself dependent on temperature for thermally decomposing
initiators such as APS. Ramping the temperature during the synthesis has been

demonstrated to be a successful method of synthesizing large microgels.*® By generating



a low number of radicals early by initiating at low temperature, there are few precursor
particles initially formed. Raising the temperature over the course of the polymerization
increases radical concentration to improve the overall polymer yield, while distributing

the mass across a smaller number of total microgels.*
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Scheme 1.1. Synthesis of thermo-responsive microgels through precipitation
polymerization.

Precipitation polymerization is exceptionally versatile, allowing a great deal of
control over the final composition of thermo-responsive microgels. While pNIPAm’s
homopolymeric phase transition temperature is fixed by the solvent conditions or quality,
acrylamide and tert-butylacrylamide have been demonstrated to raise and lower the phase

transition, respectively, allowing even that parameter to be tuned.*®*” Additionally, vinyl
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derivatives of carboxylic acids, primary amines, other weak bases,*® zwitterionic
moieties,® and even “click”-able derivatives of azide and alkyne functionalities® have
been incorporated into pNIPAmM or pNIPMAmM microgels.

As with bulk hydrogels, thermo-responsive microgels synthesized through
precipitation polymerization can be rendered degradable through the introduction of

labile cross-linking, a subject which will be further discussed in Chapters 2 and 3.



1.2.2. Architectural Control of Microgels

Controlling the presentation and distribution of functional groups in microgels can
further expand their applicability, and allow a rational design approach to microgel
synthesis. In some instances, the kinetics, reactivity, and/or hydrophilicity of a particular
co-monomer will naturally lead to a heterogeneous distribution within the particles.
Heterogeneity can take the form of microdomains distributed throughout the microgel
network as is observed for microgels co-incorporating pNIPAmM and pNIPMAm, similar
to a ‘plum pudding’ or “dirty snowball” as Keerl et al. described them.*® Radially
variable distribution of functionality is also common — the cross-linker BIS tends to core-
localize within pNIPAmM microgels, leading to a particle that is best approximated as a
densely cross-linked core with a loosely cross-linked, low density and highly branched
corona.>”™ The distribution of carboxyl groups within a pNIPAm microgel can be
controlled through the choice of the acidic co-monomer: acrylic acid tends to
homogeneously incorporate, while methacrylic acid tends to core-localize while
vinylacetic and fumaric acids are enriched at the particle periphery.®® Continuous infusion
of a co-monomer prone to phase segregation can aid in homogenizing its distribution, as

Wel I .61,62

1.2.2.1. Microgel Core-Shell Synthesis

Core-shell syntheses provide a mechanism to control the overall architecture of a
microgel. The synthesis of these particles proceeds through a “seed & feed”
polymerization approach, developed in our group in 2000 for controlling the localization
of acrylic acid within pNIPAm microgels.®® The technique is summarized in Scheme 1.2.
Following synthesis of the desired microgel cores, the particles are returned to conditions
above their volume-phase transition temperature (VPTT). The VPTT differs from the
LCST in that the collapse of polymer chains is described as transitioning at their LCST,

while cross-linked gels undergo transitions at their VPTT. The monomeric constituents of



the desired shell are added, at a concentration sufficiently low to inhibit new precursor
particle formation, along with optional surfactant. Initiator is then added to begin the
polymerization. As shell oligomers form, they undergo collapse and deposit onto the
templating cores. Once polymerization is complete, the solution is cooled, allowing the

core-shell particles to re-swell.
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Scheme 1.2. Control of particle architecture through core-shell microgel synthesis. Cores
of a desired composition are heated to collapse for use as templates during further
polymerization. The concentration of monomer and initiator added are sufficient to
prevent new particle formation, leading to deposition on the templating core during
precipitation polymerization.

1.2.2.2. Core Compression

The swelling relationship between core and shell is a complex one, however.*
Studies have probed the unique nature of core/shell coupling in microgel systems. Berndt
& Richtering described a system wherein two thermo-responsive polymers (pNIPAm and

pNIPMAmM) were used to form a core-shell microgel wherein the core and shell exhibited



different transition temperatures.®® When the pNIPMAmM phase (having the higher
transition temperature, ~44 °C) was located in the shell, it tended to prevent complete
deswelling of the pNIPAm core at temperatures between the two phase transitions. A
collapsed pNIPAm shell exerted a compressive effect on the pNIPMAmM core, preventing
it from achieving its fully swollen state below its own LCST.® The extent to which the
shell’s swelling behavior dominates the core’s scales with the thickness of the added
shell >

Shell domination of the particle swelling suggests that the addition of the shell is
affecting the swollen state of the core, preventing it from completely relaxing. This
phenomenon is called “core compression” and was probed by Jones et al. in our group
using fluorescence resonance energy transfer, or FRET.® In the case where no shell has
been added, the FRET efficiency was very low, as the core swelling (and hence inter-
chain distance) greatly separated the donor and acceptor. Above the transition
temperature, the degree of FRET increased sharply as the enhanced polymer-polymer
interactions brought the dyes closer together. When considering the core-shell case below
the transition temperature, the degree of FRET was less than the deswollen case, but
higher than in the free core. This suggested that the ability of the polymer chains in the
core to extend was inhibited by the added polymer of the shell, resisting the core’s
swelling ability and leading to an increased FRET signal.®®

Recently Xiaobo Hu working with our group demonstrated the first example of a

core-shell microgel wherein these strong influences between the core and shell can be

disrupted, leading to fully independent behavior of the core and shell.®®

These particles
were synthesized using the core-shell synthesis method described previously, followed by
the subsequent addition of a second shell, enabling a core-shell-shell architecture. By
using the oxidation-sensitive degradable cross-linker (1,2-dihydroxylethylene)

bisacrylamide (DHEA) in the first shell, the sacrificial inner shell can be degraded and



the free polymer removed from the particle. As a result, the core and outer shell are

mechanically decoupled by the void volume left upon removal of the inner shell.

1.2.3. Applications of Colloidal Hydrogels

1.2.3.1. Applications of Microgels

Responsive gels make for particularly interesting micro- or nanogels, as their
smaller dimensions lead to rapid equilibration compared to their bulk gel counterparts.”
Microgels retain the solvent swollen character and biocompatible softness of bulk gels,
and thus there is substantial overlap in their applications, though the colloidal nature of
microgels creates new opportunities unachievable by macroscopic hydrogels. For
example, microgels have been developed for use as nanoreactors, wherein catalytic metal
nanoparticles or enzymes are loaded within the gel network.”*"® The microgel support
leads to a greater surface area in contact with the solution, allowing more efficient mass
transport of substrate and product. Enzymatic activity can even be regulated in these
nanoreactors, through enhancement via immobilization or responsive elements
controlling accessibility. >

When considering hydrogels in drug delivery, the same factors to govern release
are in effect, but the dimensions of the particles allow them to be utilized as particulate
nanocarriers.® """ Such vehicles allow potentially immunogenic therapeutics which
would otherwise have poor circulation lifetimes, such as proteins or therapeutic nucleic
acids, to remain encapsulated and protected from degradation. Spatial control over
therapeutics can now be exerted upon the cellular scale, through strategies such as the use
of targeting ligands and triggered particle erosion or swelling sensitized to specific
intracellular conditions.®"®"

lon-pairing is an efficient means of loading microgels, as charge compensation

can lead to microgel collapse to enhance retention.®® Release can then be triggered by
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alterations in pH or ionic strength. The properties of the loaded drug affect its uptake and
distribution. For example, Bysell et al. have extensively studied the interactions of
polycationic peptides with poly(acrylic acid) microgels.2*#*# High molecular weight
polycations have a limited ability to diffuse into the microgel, and thus their loading
tends to rapidly collapse the periphery of the microgels. This creates a dense shell which
inhibits further loading.2® Particles of this type have been shown to efficiently load and
release peptides with antibacterial activity.*®

Going beyond charge-pairing, microgel affinity for a specific molecule can also
be tuned by altering the concentration of hydrogen-bonding and hydrophobic components
of the gel network.®” From analysis of the structure of the peptide melittin, a component
of bee venom, and from a screen of pNIPAmM microgels co-polymerized with a range of
charged, hydrophobic, and hydrophilic monomers, Hoshino et al. demonstrated than an
optimized composition exhibited the ability to sequester the peptide and selectively bind
it from complex media.®’ This effect is greatly enhanced when the microgels are
synthesized in the presence of the peptide, leading to a molecular imprinting effect.®®
These particles were also shown to retain their efficacy when injected into a mouse
model, as toxic doses of melittin are safely imbibed within the microgels.®® More
recently, this technique has been demonstrated to be effective with lysozyme, suggesting
that sequestration and release of active proteins is possible as well.”

The responsivity of microgels enables them to serve as unique sensors as well.
Microgels of pNIPAmM co-polymerized with a solvatochromic fluorophore underwent a
broad (~ 6 °C) transition above their VPTT of ~27 °C. The accumulation of relatively
hydrophobic domains within the microgels during the transition interval allowed the
particle fluorescence intensity to increase accordingly.” Thus, following calibration of
their “intracellular thermometers” Gota et al. were able to observe changes in cell
temperature as a function of time, and in response to cell processes and external stimuli.®*

Recently, their next generation effort for intracellular thermometry was demonstrated to
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have improved sensing range and spatial resolution, allowing discrimination of
temperatures within different cell compartments.®* Several other groups have developed
similar approaches for measuring the temperature or pH of regions inaccessible by other

probes using nanogels.**%

1.2.3.2. Applications of Core-Shell Microgels

The core-shell architecture is enabling for numerous applications. The shell serves
as a way to localize functionality on the surface of the particles. For example, a targeting
ligand can be bound to the surface of the nanoparticles for drug delivery applications.” %
Additionally, suitably-functionalized PEG has been incorporated into the shell of a
microgel, which increases the hydrophilicity of the particle and acts to inhibit protein
adsorption.®” Taking shell-localization to an extreme, Nayak et al. in our lab confined the
distribution of the degradable cross-linker DHEA into the core of a core-shell particle,
such that oxidation led to dissolution of the core and the production of hollow, i.e. shell-
only, microgels.”

The shell can also serve as a barrier that restricts access to the nanoparticle core.
Kleinen et al. compared a series of architectures, wherein a pNIPAm-co-methacrylic acid
core particle was covered in a pNIPAm shell. Incubation of the particles with the
polycation poly(diallyldimethylammonium chloride) (PDADMAC) led to interaction
with the anionic microgels. However, there was a strong molecular weight dependence.
Low molecular weight polymer (~15 kDa) was able to easily penetrate the shell, leading
to high levels of loading within the polymer, no charge reversal (i.e. the polycation is
confined to the interior), and no difference between the core-shell and the core particle
behavior. However, higher molecular weight PDADMAC (~450 kDa) was unable to
access the anionic sites on the particle interior as readily. As a result, the net charge of the
particle surface shifted from neutral (due to the pNIPAm shell) to positive (due to excess

PDADMAC adsorbed on the surface).*® Another example from our group described by
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Satish Nayak combined biotinylated core particles with a shell containing DHEA.
Initially, avidin was excluded from the interior of the particles by the added shell. Upon
erosion of the degradable cross-links, avidin was able to access the core and bind to the
biotin contained within.®

Responsive microgels with fine control over architecture can be used to develop
systems containing feedback loops, enabling more advanced applications. Lapeyre et al.
describe a system wherein microgels consisting of pNIPMAmM cores incorporate a
pNIPMAm shell co-polymerized with a phenylboronic acid derivative.'®* Phenylboronic
acids complex with glucose, and have been demonstrated to be an effective means of
generating microgels whose swelling responds to glucose concentration.**'%% In this
system, localization of the glucose-responsive elements to the surface enables a gating
porosity to occur based on the external glucose concentration. The microgels were
sufficiently swollen above their transition temperature to enable loading with
fluorescently-labeled insulin. Increasing the temperature above the VPTT of this system
(in this case, ~25 °C) collapsed the particles and retained the insulin within. Introduction
of glucose led to swelling of the shell, and thus enabled insulin to diffuse out of the

particles.

1.3. Microgel Assemblies and Films

There are four types of microgel assemblies that are discussed within this thesis:
1) concentrated microgel dispersions (colloidal crystals, glasses, and fluids), 2) microgels
covalently bound into three dimensional gels (“gel-of-microgels”), 3) microgels
interacting with macroscopic substrates (monolayer films), and 4) microgel
polyelectrolyte assemblies (multilayer films). Microgels have been extensively studied
with respect to their behavior in close-packed assemblies such as colloidal glasses and

103

crystals,”” and dense colloidal assemblies are a subject of discussion in Chapter 4. Gels

of microgels are distinguished in that the microgels are covalently bound upon formation
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of a dense assembly, as demonstrated in Chapters 3 & 7. The latter two types of

assemblies, microgel films, will be elaborated upon in Chapters 5 & 6.

1.3.1. Microgels as Building Blocks

In each case, it is of interest to consider how the properties of individual
microgels are influenced by their presence in an assembly. For example, pNIPAmM
microgels form a disordered glass when concentrated by centrifugation, but retain their
thermo-responsivity; this has been demonstrated as a method to induce conversion of
disordered colloidal glasses to crystalline arrays through manipulation of their volume
fraction.'®*'% Further, particle swelling is dependent upon the assembly, as concentrated
particle dispersions exhibit decreases in particle size — ascribed to particle-particle

contact!®

or to changes in the free ionic strength as a function of particle number
density.'®” In an intriguing example of this phenomenon, the lattice spacing in colloidal
crystals serves to impose a size constraint upon dopant microgels having radii greater
than twice that of the constituent matrix.'®® Other alterations in particle packing due to
responsivity to other environmental stimuli can allow colloidal crystals to function as
sensors. The Asher group has demonstrated that colloidal crystalline arrays of
polystyrene nanoparticles suspended in a variety of responsive hydrogels can undergo
diffraction changes as an analyte of interest affects particle-particle interactions or the
suspending gel network.%**1° Colloidal crystals of microgels have similarly been shown
to exhibit color changes in response to an analyte, as changes in their swelling alter the
particle-particle spacing in the colloidal crystal.'*

Surface-bound pNIPAmM microgels, as in monolayers, also retain their thermo-
responsivity.****** If these microgels are designed to be susceptible to other stimuli, that
responsivity can be exploited as a sensing modality.**>**® Biotin-functionalized microgels

bind to avidin present in solution, and the multivalency of the binding event leads to

multiple chain cross-linking. This both increases the polymer density and changes its
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refractive index, resulting in differences in microgel appearance discernible by visual
inspection.™* Similarly, responsive microgel monolayers sandwiched between thin gold
films form “etalons,” wherein the changes in particle swelling alter the distance between
the gold films, which can lead to dramatic color changes suitable for analyte
detection.*®**” Mixtures of microgels can also be deposited onto surfaces, allowing a
mosaic-type display of particles onto a surface, which may then allow for the

composition of responsive elements on the surfaces to be tuned.'®

1.3.2. Layer-by-Layer Film Assembly

Deposition of microgels as monolayers can be achieved through passive

118-120

means, Spin_coating’114,121,122

or centrifugal deposition.*?® In each case, to ensure
efficient surface coverage, Coulombic interactions between charged microgels and
oppositely-charged surface groups (such as amine-functionalized glass) or alternative
methods to effect covalent coupling are needed. From this foundation, additional layers
of microgels can be deposited using the layer-by-layer technique. First described by
Decher et al., films consisting of two complementary components, such as oppositely-
charged polyelectrolytes, can be readily assembled through alternating exposure (for
example, dipping or spraying) to solutions of each component.***'?® Exposing an anionic
microgel monolayer to a solution of a linear polycation, such as poly(allylamine
hydrochloride) (PAH) or PDADMAC, leads to uptake within the porous oppositely
charged particles. Rinsing and exposing to another microgel solution allows sequential
buildup of microgel multilayered films.

First demonstrated by Serpe et al. in 2003, our group has used this technique
extensively to form microgel films.*® As a result, the constituent particles assembled into
these films necessarily have two responsivities — thermo-responsivity arising from their
synthesis via precipitation polymerization, and pH-responsivity through weak acid

incorporation to generate the needed anionic groups to promote interactions with an

15



amine-functionalized substrate. Both of these properties are conferred onto the film
assembly, but microgel and polycation interactions lead to complex behaviors of the
films.™**! Though the films are assembled under neutral pH (corresponding to highly-
charged states for both microgels and polycation) the films maintain their structure
through pH excursions which result in a reduction in the overall charge of the microgels,
(i.e. exposure to acidic conditions) presumably through remnant polycation interactions
and entanglement of both microgel chains and the polycation. At low pH, the particles
retain their thermo-responsivity in the multilayer assembly, though the response is
suppressed at high pH — consistent with particle behavior in solution.**® The responsivity
of the films is also sensitive to the last layer deposited. When the top layer is polycation,
the charges within the microgels are compensated and as a result the particles are highly
condensed and extensively Coulombically cross-linked at neutral pH. When microgels
are the top layer under the same conditions, they remain highly swollen and act as a

distinctly different phase within the films.*?

1.3.1. Applications of Microgel Assemblies

Utilizing the responsivity of numerous microgels in concert is a common theme
for many of the potential sensing applications of these materials, as their hundreds of
nanometer sizes allow alterations in particle spacing to lead to changes readily discerned
as alterations in assembly color.****!%12% The range of responses that can be introduced
into microgels make sensors of this type potentially generalizable to many other stimuli.

Microgels have also been demonstrated to stabilize emulsions by forming
monolayers at the oil-water interface.?"*?® Contrary to conventional particle-stabilized,
or Pickering, emulsions, electrostatics is not the primary mechanism responsible for
stability. In fact, mixtures of Pickering emulsions, one stabilized by anionic microgels
and the other by cationic microgels, do not coalesce under conditions where both

microgels are charged — only acidic or basic pHs that neutralize one of the two sets of
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microgels lead to breaking of the emulsions.*® Instead, the deformable, amphiphilic
nature of the particles seems to be the major contributor to the overall stability of the
system.'?81%° Besides being extensively studied for their rich phase behavior at these
interfaces, the stimuli-responsivity of microgels allows the stability of the emulsions to
be controlled by microgel composition and their coalescence triggered by stimuli such as
temperature, pH, or ionic strength.*2"129132

Biomedical applications of microgel assemblies and films are primarily driven by
interest in drug delivery. The building block nature of the individual particles allows
them to be tailored for loading and release, and film or gel assembly serves to immobilize
the particles to create a delivery reservoir. In situ gelation of injected microgels has been
demonstrated to be a method of repairing intervertebral discs** or to allow sustained
release of a co-administered anesthetic.****® Others have also studied microgel
multilayer films for drug delivery,®® and even coated sutures for controlled release of
anti-inflammatory agents.**” For example, our group has demonstrated that microgel
multilayers assembled using layer-by-layer film buildup can be used to deliver the small
molecule drug doxorubicin®*® as well as the macromolecule insulin.****° Temperature
cycling of the responsive film served to both enhance loading®® and to allow pulsatile,
sustained release from the films.*° Our group has also studied microgel films as coatings

for biological interfaces, and this will detailed in Chapter 6.
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CHAPTER 2

HYDROLYTICALLY DEGRADABLE MICROGELS

Adapted from
Gaulding, J. C., South, A. B., Lyon, L. A. Hydrolytically Degradable Shells on
Thermoresponsive Microgels. Colloid and Polymer Science. 2013, 221, 99.

With kind permission from Springer Science and Business Media

2.1. Introduction

The burgeoning growth in macromolecular therapeutics has driven intensive
research in the realm of delivery vehicles.>? Unlike most traditional small molecule
drugs, protein and nucleotide-based therapeutics are not generally suitable for oral
delivery — their relative chemical fragility and functional dependence on an often-delicate
folded structure make them unable to tolerate the pH extremes and digestive enzymes
encountered along that delivery route. Furthermore, their hydrophilicity typically limits
gastrointestinal absorption.®> Immunological responses pose additional challenges to
macromolecular therapeutics that reach the bloodstream, regardless of the delivery route.
Consequently, a large body of research in drug delivery vehicles has been driven by the
need to provide methods to protect payloads from degradation, as well as to provide
additional advantages such as targeted delivery and regulation of release.™* Countless
constructs have been described in the literature with these goals in mind, with their basis
on a broad range of materials including liposomes,* polymeric vesicles,” and metal
nanoparticles.® Aqueous microgels — colloidal hydrophilic, cross-linked polymer
networks — offer a number of properties that make them suitable as drug delivery
vehicles. Several excellent reviews highlight the advantages microgels offer as a delivery

platform,”** some of which include: 1) a high water content that gives them a high
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payload capacity, 2) tissue-like consistency that improves biological interfacing, 3)
chemical flexibility to introduce a broad range of chemical functionalities, and 4) the
potential for environmental responsivity, such as swelling responses to triggers such as
pH or temperature. Responsive microgels thus enable additional dimensions of control
over the release properties of the microgel network.

Cross-link scission is one of the simplest ways to use a hydrogel network to
regulate the release of an entrapped drug.*? By incorporating labile cross-links that

respond to stimuli such as light,**** reduction/oxidation,**™®

or the presence of certain
enzymes,**? degradable hydrogel networks are formed, and network breakdown enables
therapeutics trapped within to be released in response. A number of pH-responsive,
degradable cross-links have also been described. Murthy et al. synthesized acetal-based
cross-linkers that degrade under acidic conditions and thus showed strong pH-
dependence on the release of protein loaded into hydrogels and microgels.?*# Base-labile
cross-linkers have also been described, such as those reported by Metz and Theato that
are based on an activated ester moiety.?® The cross-linker N,O-dimethacryloyl
hydroxylamine (DMHA) occupies an intriguing niche for physiologically relevant
degradation, as the cross-linker is stable under acidic conditions, yet degrades under
neutral to basic conditions.?* First synthesized by Ulbrich et al., hydrogels consisting of
N-(2-hydroxypropyl) methacrylamide and DMHA were shown to erode at pH > 5, and
consequently the release of both macromolecular and low molecular weight drugs was
enhanced under eroding conditions.?* Several groups have leveraged this characteristic of
the molecule to generate physiologically-relevant, degradable particles.>?’

Achieving all of the desired attributes of a delivery vehicle — payload retention,
targeted delivery, and release control — with a single material in a single phase is not
always feasible. Methods to control the architecture of delivery vehicles, particularly in

the form of core-shell particles, have been widely employed.?®*° Often this allows

segregation of the roles of each material, such as a core that is optimized for payload
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retention and therapeutic stability and a shell that is responsible for targeting and
regulation of release. Sometimes this segregation arises naturally due to the properties of
the vehicle (as in liposomes), but for materials such as microgels rational and intentional
synthetic efforts are necessary to generate multiple particle domains. Our group
pioneered the development of core-shell microgels via precipitation polymerization in
2000,*! and we have since demonstrated the utility of this architecture in generating
microgels that are effective vehicles for targeted siRNA delivery.**** In that case, the role
of the shell was to improve the efficiency of display of the targeting peptide, but other
functionalities may enable the shell to play a dynamic role in such a vehicle. For
example, erodible shells have been shown to serve as an effective means of regulating
access to ligands localized within the microgel core.®

In the work described in this chapter, we demonstrate the synthesis of thermo-
responsive core-shell microgels featuring a hydrolytically degradable shell consisting of
pPNIPMAmM cross-linked with DMHA atop a non-degradable pNIPAm core. We and
others have demonstrated that the interplay between core and shell in thermo-responsive
microgels causes the shell to dominate the swelling properties of the entire particle.**>%
Consequently, these particles featuring a degradable shell may enable large changes in
polymer density throughout both core and shell, as depicted in Scheme 2.1. Such a
construct may be interesting for a variety of biological applications, wherein changes
occurring under physiological conditions in the mechanical properties of the microgel
shell may allow for in situ changes in release rate, display of functionalized cores, or

even enhanced renal clearance.®’
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Scheme 2.1. Shell addition leads to compression of the microgel core, as the added
polymer mass and cross-linking prevents the core from re-swelling to its initial volume.
Scission of cross-links in the shell enables extensive swelling of both microgel
components, triggering major changes in the polymer density and mechanical flexibility
of the overall core-shell microgel.

2.2. Experimental

2.2.1. Materials

All reagents were purchased from Sigma-Aldrich (St Louis, MO) and used as
received, unless otherwise noted. The monomers NIPAm and NIPMAm were twice
recrystallized from hexanes (VWR international, West Chester, PA) and dried in vacuo
prior to use. Reagents hydroxylamine, methacryloyl chloride, pyridine, chloroform,
hydrochloric acid, hexane, diethyl ether, BIS, SDS and AP) were all used as received.
Water used in all reactions, particle purifications, and buffer preparations was purified to
a resistance of 18 MQ (Barnstead E-Pure system), and filtered through a 0.2 um filter to

remove particulate matter.
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2.2.2. Synthesis of DMHA

DMHA synthesis was performed as described originally by Ulbrich et al.?* and as
performed previously within our group.*®** In a typical synthesis, hydroxylamine
hydrochloride (10 g, 0.14 mol) was added to a 3-neck round bottom flask, which was
then sealed and purged with nitrogen for 45 min. The hydroxylamine was dissolved in
pyridine (50 mL), then cooled in an ice bath. Methacryloyl chloride (24 mL, 0.24 mol)
was added dropwise via syringe, while the ice bath was maintained to keep the reaction
cool. After all methacryloyl chloride was added, the solution was allowed to return to
room temperature while stirred for 2 hours. Conversion to DMHA was monitored via thin
layer chromatography, using chloroform as a mobile phase and a UV-lamp to visualize
the bands. Once converted, chloroform (100 mL) was added, and the solution cooled in
an ice bath. Hydrochloric acid (12 N, 21 mL) was added dropwise while the ice bath was
maintained. DMHA was isolated by 4 extractions from chloroform and DI water, keeping
the organic phase each time. Magnesium sulfate was added to the cleaned solution to
complete drying, then removed by filtration. The solution was evaporated to dryness,
then the recovered oil was dissolved in cold diethyl ether and crystallized by the addition
of hexane. The recovered solids yielded approximately 7.3 g of DMHA. The product was
confirmed using a Varian Mercury Vx *H-NMR: (300MHz, CDCls): & 2.02 [s, 3H,
CH,=C(CHj3)CO-NH-0-CO-C(CH3)=CH,] 2.05 [s, 3H, CH,=C(CH3)CO-NH-CO-
C(CH3)=CH,] 5.52 [s, 1H, CH,=C(CH3)CO-NH-CO-C(CH3)=CH,] 5.79 [s, 1H,
CH,=C(CH3)CO-NH-CO-C(CH3)=CH,] 5.87 [s, 1H, CH,=C(CH3)CO-NH-CO-
C(CH3)=CHj,] 6.35 [s, 1H, CH,=C(CH3)CO-NH-CO-C(CH3)=CH,] 9.20 [s, 1H,
CH,=C(CH3)CO-NH-CO-C(CH3)=CH,]

2.2.3. Core Particle Synthesis

NIPAmM (98 mol%) and BIS (2 mol%) were dissolved in deionized water, to a

final total monomer concentration of 140 mM. The solution was filtered and SDS was
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added to a concentration of 3 mM. The solution was heated to 75 °C and purged under
nitrogen for 75 minutes. Polymerization was initiated by addition of an aqueous solution
of 0.2 M APS (total final concentration = 3 mM). The solution was allowed to stir at 75
°C overnight, then cooled to room temperature and filtered through a #2 Whatman filter
paper. Particles were purified via dialysis against deionized water prior to

characterization.

2.2.4. Shell Syntheses

Shell addition was achieved via the “seed and feed” polymerization approach.
NIPMAm (96 or 98 mol%) was dissolved in 43 mL of deionized water, to a final total
monomer concentration of 60 mM. The monomer solution was filtered, and 5 mL of the
solution of core particles was added. SDS was added to a concentration of 1 mM. The
solution was heated to 75 °C and purged under nitrogen for one hour. A 1-mL solution of
DMHA (60 mM or 120 mM for 2 or 4% cross-linking, respectively) in methanol was
added, followed by initiation via addition of 1 mL of an aqueous solution of 26 mM APS
(total concentration = 0.5 mM). The solution was allowed to stir at 75 °C for 4 hours, then
was cooled to room temperature and filtered through a #2 Whatman filter paper. Particles

were purified by several rounds of centrifugation and redispersal in pH 3 formate buffer.

2.2.5. Particle Characterization

The microgel hydrodynamic radii were characterized via dynamic light scattering
(DLS) using a Dynapro DLS (WYyatt Technology, Santa Barbara, CA) equipped with a
temperature-controlled sample chamber. Microgel sizes in Figure 2.1 and Table 2.2 were
determined in pH 3.3 formate buffer. The microgel radii of gyration were characterized
using asymmetrical flow field-flow fractionation coupled to multi-angle light scattering
(A4F-MALS) using the Eclipse 1 Separation System (Wyatt) and DAWN-EOS (Wyatt)

detector. For A4F analysis, the eluent was a 15 mM ionic strength pH 3.3 formate buffer
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and particle separation was achieved using a constant cross-flow of 0.25 mL/min. The
sizes reported are the average of three sample runs. Imaging of surface-adsorbed particles
was conducted using an Asylum Research (Santa Barbara, CA) MFP-3D Atomic Force
Microscope (AFM) in tapping mode using silicon Pointprobe cantilevers (NanoWorld,
Neuchatel, Switzerland) with a force constant of 42 N/m. Dilute suspensions of microgels
before and after degradation were incubated in pH 3.3 formate buffer above cleaned glass
slides. The slides were then lightly rinsed with deionized water and imaged. The resultant
images were analyzed using the MFP-3D software written in the IgorPro software
environment (WaveMetrics, Inc. Lake Oswego, OR). Particle dimensions reported for

each sample type are the average and standard deviation from line traces of five particles.

2.2.6. Microgel Erosion

One mL of a 1.2 mg/mL solution of 2% DMHA shell particles or 1 mL of a 2.6
mg/mL solution of 4% DMHA shell particles was diluted into 4 mL of pH 7.4 HEPES
buffer. The solutions were placed in a 37 °C oven with agitation and allowed to erode.

The resultant particles were characterized after one month of degradation.

2.3. Results and Discussion

2.3.1. Particle Synthesis

Microgel core-shell particle synthesis has been reported by our group®“° and
others.>**! Though one might naively anticipate shell addition to lead to a definitive
increase in particle size (ry), the interplay between the core and shell components is more
complex. Because shell addition is conducted well above the LCST of pNIPAm, the core
particles are collapsed and largely deswollen during shell deposition. Consequently, shell
addition and the associated cross-linking at the core/shell interface can restrict the ability
of the core to fully re-swell upon cooling, leading to an effect known as core-

compression, which complicates the analysis of core-shell particle architecture.*? The use
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of two different thermo-responsive polymers allows the swelling responses of the two

phases to be analyzed somewhat independently by manipulating the temperature.
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Scheme 2.2. Structure of core-shell microgels with pNIPAm-BIS cores and pNIPMAmM-

DMHA shells.
Table 2.1. Synthesis of Core-Shell Microgels with Hydrolytically Degradable Shells
Sample | Core Total Total Monomer | Cross- SDS APS
Volume | volume | monomer | Mass (Q), linker (9), (9),
(mL) (mL) conc. mol% Mass (g), | conc. conc.
(mM) mol% (mM) | (mM)
Core -- 100 140 NIPAmM: BIS: 0.086, |0.069, 3
1.55,98% | 0.044, 3
2%
DMHA2 |5 50 60 NIPMAm: | DMHA: | 0.015, | 0.006,
(Shell) 0.374,98% | 0.010, 1 0.5
2%
DMHA4 |5 50 60 NIPMAmM: | DMHA: 0.014, | 0.006,
(Shell) 0.368, 96% | 0.020, 1 0.5
4%

For these constructs, we chose to utilize the thermo-responsive polymers,
PNIPAmM (LCST of ~32 °C) and pNIPMAmM (LCST of ~ 43 °C), in order to provide a
method of confirming shell addition. A schematic depiction of the core-shell particles is
shown in Scheme 2.2, and the details of the synthetic conditions are given in Table 2.1.
Particles featuring pNIPAm cores and pNIPMAm shells have previously been

35,43,44

synthesized by Berndt, Richtering, and co-workers and for thin, lightly cross-linked
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shells the characteristic volume-phase transitions for both polymers are typically
observed. Thus, the addition of a pNIPMAmM-co-DMHA shell can be confirmed by
observing the particle size as a function of temperature; the presence of the pNIPMAmM
shell will increase the particle size relative to the core particles above pNIPAm’s LCST,
with a second phase transition occurring at approximately 43 °C. As shown in Figure 2.1,
shell addition is confirmed via the presence of characteristic pNIPMAm swelling

behavior for both DMHA2 and DMHAA4.
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Figure 2.1. Mean hydrodynamic radius as a function of temperature for pNIPAm core
particles and pNIPAM/pNIPMAmM-DMHA core-shell particles. Shell addition is
confirmed by the increased particle size at temperatures > 32 °C, indicative of the
addition of pNIPMAmM.

Shell addition leads to two competing factors that affect the particle rms (the
particle radius weighted about the center of mass). Addition of polymer during shell
synthesis increases the overall mass of the particles, and the surface-localization of this
added mass thus increases the apparent ryns. However, the addition of polymer and dense
cross-linking at the core/shell interface restricts the ability of the core to re-swell. As a
result, the density of the core component becomes greater after shell addition. Since the

overall mass of the core is the same, but it occupies a smaller volume due to the
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compressive force from the shell, the s of the core decreases. The two factors combine
to make the net change in ryns associated with shell addition small. As shown in Figure
2.2, the addition of the 2% DMHA shell permits sufficient swelling of the core such that
shell addition results in an overall ryys increase of approximately 2.5 nm. In the case of
the 4% DMHA shell, the two factors seemingly cancel, as the particle size distribution
appears to match that of the core. Higher cross-linking, in the 4% DMHA case, despite
the addition of a thicker shell, apparently leads to greater influence from the core-

compression component leading to no net change in ryps.
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Figure 2.2. Distribution analysis from A4F-MALS for (a) DMHAZ2 and (b) DMHA4
pNIPMAmMm shell particles. Shell addition leads to an increase in the rys Of the core-shell
particles relative to the cores. Erosion of the shells leads to a further increase in ryms due
to the reduction in shell connectivity and concomitant core swelling.
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Direct observation of the core-shell particles using AFM reveals several changes
that accompany shell addition. The added polymer mass leads to stiffer particles, as
evidenced by the particle height traces shown in Figure 2.3. The pNIPAm-BIS core
particles spread thinly on the surface, having a diameter of 266 + 30 nm, with
accompanying particle heights of 7 £ 1 nm. However, deposition of DMHA2 & DMHA4
microgels onto a glass surface reveals a much stiffer particle. The diameter of the core-
shell particles is approximately the same (259 + 9 nm and 273 £+ 18 nm for DMHA2 &
DMHAA4, respectively) however the particle heights are now 4-5 times taller (32 £ 5 nm
for DMHA2 and 30 = 3 nm for DMHAA4). The added mass of the shell and compression
of the core lead to an increase in overall particle density, contributing to a decrease in
particle spreading on the surface. Additionally, the added connectivity and rigidity of the
shell likely also makes the core-shell particles less deformable than the bare cores

contributing to their greater height on the surface.
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Figure 2.3. AFM images and height traces of (a) Core particles, (b) DMHA2 core-shell
particles, and (c) DMHA4 core-shell particles. Shell addition leads to an increase in
particle stiffness, as evidenced by the increase in peak height observed in the line traces.
Scan sizes in each image are 5 um x 5 pm.
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As indicated previously, the two different thermo-responsive polymers in the core
and shell enable characterization of the two phases separately. A simple approximation of
the system would lead us to three different temperature regimes: 1) core and shell
swollen; 2) core collapsed, shell swollen; 3) core and shell collapsed. While it is clear
that condition 3 would occur at temperatures above the LCST of both polymers, the
transition between swollen and collapsed core is not as simply defined as the LCST of
pNIPAmM. Mechanical coupling of the core and shell leads to the shell dominating the
swelling behavior of the entire particle.***>* Thus, a pNIPAm core may continue to be
swollen above 32 °C because of its linkage to the still-swollen pNIPMAmM shell. As with
core compression restricting the ability of the core to re-swell, this core expansion due to
shell swelling is not easily discriminated via light scattering. The behavior of the core-
shell particles at temperatures between the two phase transitions is therefore difficult to
predict. We can, however, estimate shell thickness based on a few factors. The shell
thickness is readily determinable above the phase transition of both polymers, giving us
collapsed shell thicknesses of 17 nm for DMHAZ2 and 28 nm for DMHAA4. Similarly, the
maximum shell thickness can be estimated by subtracting the collapsed core size from
that of the swollen particles, giving us upper limits of 67 nm and 68 nm, respectively. By
considering the particle dimensions at intermediate temperatures, we can estimate the size

of the swollen shell by making the following approximations.

I:QH,sheII,T<43°C = I:QH,core—sheII,T:40°C - I:QH,core,T:40°C (21)

RH,core,T<32°C = RH,coregshell,T:ZO"C - RH,shell (22)

This assumes that at 40 °C, the influence of core expansion by the shells has been
minimized, while the pNIPMAmMm shell has yet to experience significant collapse.
Applying this methodology to the DMHA core-shell particles, we determine shell
thicknesses of 39 nm for DMHAZ2 and 48 nm for DMHAA4.
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2.3.2. Shell Erosion

Hydrolytic degradation of DMHA within the shells is expected to lead to several
changes in the structure and composition of the microgels, summarized here and in
Scheme 2.3: 1) cross-link scission in the shell should result in swelling of the shell; 2) the
remnant charged residues following DMHA hydrolysis will promote counterion ingress
and thus also increase shell swelling; 3) cross-link scission should relieve core-
compression, enabling the core to more closely approach its initial dimensions; and 4)
polymer loss from the degraded shell will decrease the shell mass. These factors are
interrelated, and their relative contributions to the swelling behavior are difficult to
discern. However, by comparing particle characteristics before and after erosion with a
variety of analytical tools, we can gain some insight into the degraded particles as a

whole.

Cross-link Scission

Shell Swelling

Relief of Core Compression

Polymer Loss

Scheme 2.3. Scission of DMHA cross-links in the shell leads to changes in the swelling
and connectivity of both the core and shell phases of the microgel.

Particle erosion was conducted at pH 7.4 and 37 °C. Our previous studies with
DMHA indicated that observable changes in particle swelling and molar mass occur
within a few hours under these conditions> but that complete particle erosion takes

several weeks. ® Characterization of the eroded core-shell particles after one month
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reveals several differences between the microgels before and after erosion. As shown in
Table 2.2, the changes in particle swelling as determined via DLS are small following
cross-link scission. However, the r, will be most sensitive to changes occurring at the
particle periphery (i.e. the eroded shell). The counteracting contributions of shell polymer
loss and shell swelling due to counterion ingress combine to make the apparent changes
in r, small over the course of the erosion. DLS is thus not well-suited for observing
changes in network connectivity, as swelling of the core is masked by the shell effects.
Significant polymer loss and softening of the remnant shell may lead to only small
changes observable by DLS. For example, conversion of the pNIPMAmM-DMHA cross-
linked shell to a remnant brush-like pNIPMAmM network may be expected to retain a
similar ry,, while the mechanical influence the shell exerts on the core particle is
weakened. The changes in polymer density accompanying such a change would reduce
the scattering intensity of the particles. In this case, equivalent volumes of particles
before and after degradation have their scattering intensity reduced by ~40%, suggestive
of a major reduction in polymer density due to cross-link scission. Other analytical tools,
such as MALS and AFM, provide a better understanding of the behavior of the pNIPAmM
core, where the expected changes accompanying erosion (relief of core compression) are

more limited than the changes induced to the network by DMHA hydrolysis itself.
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Table 2.2. Light Scattering Characterization of Core-Shell Particles

Batch Frms r, (20 °C)? r (40 °C)* | 1y core (20 | 1y shen (20
oc)b oc)b

Core 525+0.2 108 50 108 --

DMHA2 —non- | 55.1+0.5 116 80 86 30

degraded

DMHA4 — non- 53.4+0.2 116 93 73 44

degraded

DMHA2 — 579+04 121 81 90 31

degraded

DMHA4 — 57.4+0.3 126 96 79 47

degraded

% reported in pH 3.3 formate buffer, 15 mM ionic strength. ° calculated from Equations
21&22

MALS is a useful tool for observing changes in mass distribution within the
particles, and when coupled to A4F any oligomeric strands resulting from erosion can be
separated from the microgels, eliminating their impact upon the scattering signal.
Characterization of the particles before and after erosion via A4F-MALS enables changes
in particle topology to be observed. For shells containing both 2% and 4% DMHA, the
I'ms OF particles shifts towards larger values following erosion, as seen in Figure 2.2. This
shift, resulting from cross-link scission, may have contributions from the swelling of the
shell, coupled with a relaxation of the core-compression. The DMHA content of the shell
seems to scale with the magnitude of the change, as the 2% DMHA particles experience
an increase of approximately 2.8 nm, while the 4% DMHA particles increase in radius by
4.0 nm. This is likely due to both the more significant degree of core compression in the
4% case and the greater apparent shell thickness, rendering a greater impact on the total
particle size upon swelling. Comparison of the plots in Figure 2.2 also indicates that the
I''ms OF the two batches of particles converge upon cross-link scission, which may suggest

that the core is able to achieve a similar degree of swelling after erosion in the two cases.
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Figure 2.4. AFM images and height traces of DMHA2 (a-c) and DMHAA4 (d-f) following
one month of erosion in pH 7.4 buffer at 37 °C. Compared to particles before erosion,
there is a reduction in particle height and additional particle spreading. Scan sizes in (a,
d) are 5 um x 5 pm. Scan sizes in (b, e) are 1 um x 1 pm.

Direct observation of the eroded particles via AFM also enables characterization
of core/shell connectivity, while permitting analysis of individual particles. Comparison
of Figure 2.3 with Figure 2.4 reveals that the degraded core-shell particles of DMHA2
exhibit greater spreading on the surface (diameter of 353 + 28 nm) as well as a reduction
in particle height (12 + 1 nm, 20 nm height decrease). DMHAA4, in contrast, appears to
undergo minimal changes in particle spreading (286 + 18 nm) and the height reduction is
less pronounced (22 £ 2 nm, 8 nm height decrease). These heights, when compared to
Figure 2.3a, do not resemble those of the bare core particles. Thus we attribute the
differences between the parent core particles and the degraded core-shell as being

indicative of remnant polymer from the shell left behind following degradation. The loss
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of cross-linking in the shell associated with DMHA scission would reduce the
connectivity and thus rigidity of the shell, enabling the remnant shell to spread on the
surface and likely contributing to the larger apparent diameters of DMHAZ2 on the
surface. The relative resiliency of DMHAA4 suggests that the thicker shell either has not
eroded to the same extent as DMHAZ2, or that the polymer lost from the remnant shell
was sufficient to reduce the apparent footprint of the particle. The additional cross-link
density present in DMHAA4 would tend to decrease the average polymer chain length
between cross-links; the average chain length of soluble polymer liberated from the shells
would be correspondingly shorter. Thus, we would anticipate that any remnant
pNIPMAmM brushes grafted onto the pNIPAm core particles would be shorter than in the
DMHAZ case.

Taken together, it is clear that localizing DMHA into the shell of thermo-
responsive core-shell microgels leads to a dynamic particle wherein both chemical and
physical changes occur in situ under physiologically-relevant conditions. The erosion of
the shell of the particles leads to microgels that become mechanically softer and more
porous over time. Altering the extent of cross-linking and concentration of DMHA in the
shell may provide a mechanism to tune the duration and extent of these changes, and in

turn the release of macromolecular payloads from the core.

2.4. Conclusions and Outlook

In the work described in this chapter, we have demonstrated the synthesis of
pPNIPAm core particles bearing pNIPMAmM shells cross-linked by the hydrolytically
degradable cross-linker, DMHA.. A suite of analytical tools including DLS, MALS, and
AFM were used to characterize the resultant microgels. Shell addition is directly
observable by analysis of particle sizes above the phase transition of pNIPAm, and
suggested by changes in particle density observed by MALS and AFM. Additional

polymer and cross-linking from the shell synthesis conducted above the LCST of
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pNIPAM leads to compression of the pNIPAm core upon cooling, which greatly
increases the density of the overall particle. Upon cross-link scission, the microgel shell
undergoes a reduction in density due to polymer loss and shell swelling, and a reduction
in rigidity due to losses in network connectivity. As a result, the r;, of the microgels
undergoes only slight increases, suggestive of remnant low-density polymer on the
surface. Increases in the ryys Of the microgels following scission indicate that the loss of
cross-linking at the core/shell interface allows relief of core compression imposed by the
pNIPMAm shell. Direct observation of eroded particles deposited on glass via AFM
confirms the loss of connectivity, evidenced by spreading and a reduction in particle
height. Overall, these core-shell microgels provide a demonstration of particles that
undergo temporal chemical and mechanical changes under physiologically-relevant
conditions, which may be enabling for the rational design of drug delivery vehicles. The
capability of therapeutic carriers to undergo in situ changes with regard to several factors
of interest, including drug release rate, recognition or localization, and clearance, may

allow even more sophisticated control in the next generation of healthcare.
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CHAPTER 3
INCORPORATION OF DISULFIDES INTO THERMO-

RESPONSIVE MICROGELS

Adapted from
Gaulding, J. C., Smith, M. H., Hyatt, J. S., Fernandez-Nieves, A., Lyon, L. A. Reversible
Inter-and Intra-Microgel Cross-linking Using Disulfides. Macromolecules 2012, 45, 39.

Copyright 2012 American Chemical Society

3.1. Introduction

Within the realm of biomaterials, disulfide bonds are of great interest due to their
characteristic degradation in response to physiologically relevant reducing conditions.™
Polymeric drug delivery vehicles incorporating disulfide bonds as essential components
of vehicular integrity are expected to undergo selective erosion upon entering the
intracellular space, providing a means to trigger the delivery of payloads and improve
physiologic clearance. Several groups, using a variety of architectures, have exploited
this strategy.>® For example, Matyjaszewski et al. have used inverse mini-emulsion atom
transfer polymerization to produce nanogels capable of triggered erosion for the delivery
of small molecules to cancer cells.* Armes and co-workers have included disulfide cross-
linking in block copolymer micelles as a method to regulate the release of a payload in
the micelle’s interior.’ These examples represent only a small portion of the efforts in this
domain.

Our group has worked extensively on the development of drug carriers based on
poly(alkylacrylamide) nano- and micro-particles (nanogels or microgels).”** However,

one limiting characteristic of these vehicles is their non-degradable nature, as the polymer
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is not erodible and the network is typically cross-linked covalently with non-cleavable
units. Thus, the use of cross-linkers containing disulfide bonds was envisioned as a
potentially useful approach, where disulfide incorporation would enable erosion of drug
carrier in a triggered fashion, while also offering introduction of thiol functionalities
within microgels for bioconjugation and controlled assembly. Bulk hydrogels that
incorporate the reversible disulfide cross-linker N, N -bis(acryloyl)cystamine (BAC) have
been described in the literature,***® but there are few examples of microgels

incorporating this functionality,**"™*°

and none of these syntheses utilize the aqueous
precipitation polymerization method.

Precipitation polymerization has been repeatedly demonstrated to be a useful and
versatile means of generating monodisperse micro- and nano-particles, and is enabling in
the synthesis of particles with core/shell topologies.”?*?" A notable drawback is that the
method utilizes high temperatures (typically >70 °C) to promote the thermal
decomposition of a radical source, such as APS. Incorporating a disulfide bond during
microgel synthesis by such a process is challenging, as there are numerous side reactions
that disrupt the sulfur-sulfur bond. The disulfide bond may be homolytically cleaved at
high temperatures, resulting in sulfur radical formation during the synthesis.*
Additionally, the disulfide bond may enable a chain-transfer reaction, wherein radical
attack at the disulfide leads to the formation of a thioether, with a second sulfur radical
released as a result, as illustrated in Scheme 3.1.%% Finally, any conversion of the
disulfide to thiols during synthesis would promote a Michael addition between the thiol
and the vinyl groups of the monomers, again generating a thioether.?** Thioether

formation during synthesis is still an enabling mechanism for particle formation, however

the cross-links formed are no longer susceptible to reduction/cleavage.

53



Scheme 3.1. Potential side reaction involving radical attack on the disulfide bond during
particle synthesis, which leads to non-degradable thioether formation.

For bulk hydrogel synthesis, the accelerant N,N,N ’,N -tetramethylethylenediamine
(TEMED) is commonly used to enable room temperature syntheses. When paired with
APS, TEMED acts as a reducing agent, generating much higher levels of sulfate radical
in solution than are achieved by thermal dissociation at the same temperature. Recently,
we have shown that the use of the APS/TEMED pair is suitable for conducting microgel
synthesis using microfluidic devices at lower temperatures,?’ and when utilized in
conjunction with precipitation polymerization allows in situ encapsulation of proteins and
the control of parasitic chain transfer reactions.”® To attempt to mitigate the effects of the
possible side reactions, we focused on the generation of thermo-responsive microgels
containing disulfide cross-links by producing the particles at temperatures only slightly
above the LCST of the thermo-responsive polymer. In this work, we demonstrate the
synthesis of thermo-responsive microgels cross-linked with the commercially available
disulfide cross-linker BAC, utilizing aqueous precipitation polymerization with a redox
initiation pair. These particles are shown to erode in response to reducing conditions, in
contrast to comparable particles synthesized using the traditional thermally-induced
initiation approach. The improved control over disulfide incorporation was used in
combination with the non-degradable cross-linker BIS to generate thiol-bearing
microgels. These particles are shown to be suitable for iodoacetamide conjugation, and
the reversible nature of the disulfide bond is exploited to form and disperse doubly cross-
linked bulk gel networks of microgels, illustrating the potential utility of such particles in

both bioconjugation and gel assembly.

54



3.2. Experimental

3.2.1. Materials

All common materials were sourced and used as described in Chapter 2.
Additionally, reagents N,N -bis(acryloyl)cystamine (BAC), N,N,N’,N -
tetramethylethylenediamine (TEMED), dithiothreitol (DTT), cysteine, sodium periodate,
fluorescein iodoacetamide, methanol, and dimethylsulfoxide (DMSQ) were all used as

received.

3.2.2. Microgel Synthesis

3.2.2.1. BAC Cross-linked Particle Synthesis - Redox

NIPMAmM was dissolved in deionized water, to a final total monomer
concentration of 140 mM. The solution was filtered, then SDS was added to a
concentration of 6 mM. The solution was heated to 50 °C and purged under nitrogen for
one hour. A solution of 10% (by volume) TEMED in water was added, bringing the
TEMED concentration to 2 mM. Polymerization was initiated ten minutes later by
addition of an aqueous solution of 0.5 M APS (total concentration =5 mM — an excess
relative to TEMED to minimize interaction with BAC), followed immediately by a 172
mM solution of BAC in methanol to achieve a final molar ratio of 5 mol% cross-linker.
The solution was allowed to stir at 50 °C for six hours, then cooled to room temperature
and filtered through a #2 Whatman filter paper. (CHNS: Calculated for
NIPMAmM/BAC/APS 61.53 C, 9.52 H, 10.54 N, 4.04 S. Found 55.19 C, 9.41 H, 9.78 N,
5.01 S)

3.2.2.2. BAC Cross-linked Particle Synthesis — Thermal

NIPMAmM was dissolved in deionized water, to a final total monomer

concentration of 140 mM. The solution was filtered, then SDS was added to a
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concentration of 6 mM. The solution was heated to 80 °C and purged under nitrogen for
one hour. Polymerization was initiated by addition of an aqueous solution of 0.1 M APS
(total concentration 2 mM), followed immediately by a 172 mM solution of BAC in
methanol to achieve a final molar ratio of 5 mol% cross-linker. The solution was allowed
to stir at 80 °C overnight, then cooled to room temperature and filtered. (CHNS:
Calculated for NIPMAmM/BAC/APS 63.08 C, 9.76 H, 10.81 N, 3.07 S. Found 57.20 C,
9.80 H, 9.89 N, 3.04 S).

3.2.2.3. Co-Cross-linked Particle Synthesis

NIPMAm and BIS (2 mol%) were dissolved in deionized water, to a final total
monomer concentration of 140 mM. The solution was filtered, then SDS was added to a
concentration of 1 mM. The solution was heated to 50 °C and purged under nitrogen for
one hour. A solution of 10% (by volume) TEMED in water was added, bringing the
TEMED concentration to 2 mM. Polymerization was initiated ten minutes later by
addition of an aqueous solution of 0.5 M APS (total concentration 5 mM), followed
immediately by a 235 mM solution of BAC in methanol to achieve a final molar ratio of
5 mol% BAC. The solution was allowed to stir at 50 °C overnight, then cooled to room
temperature and filtered through a 1.2-um Acrodisc filter. (CHNS: Calculated for
NIPMAmM/BAC/BIS/APS 61.29 C, 9.44 H, 10.70 N, 4.02 S. Found 55.95 C, 9.70 H, 9.98
N, 3.45S).

3.2.3. Particle Characterization

The microgels were size analyzed via DLS and by A4F-MALS using the
instrumentation described in Chapter 2. To characterize their degradation, samples with
an identical particle concentration were prepared in pH 8.6 HEPES buffer. To one
solution, an excess of DTT was added and allowed to incubate for 90 minutes. The two

samples were analyzed using A4F-MALS using an identical procedure. The eluent was a
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10 mM ionic strength (7 mM NaNO3; + 3 mM NaNj3) aqueous buffer, and particle
separation was achieved using a variable crossflow method wherein the initial crossflow
rate of 1.0 mL/min was reduced over a period of 30 minutes to 0.1 mL/min. This same
protocol was used to distinguish the thermally initiated particles. Particle radii (ryms)
values are reported as the average of three separations.

Elemental (CHNS) analysis was performed in duplicate on purified and

lyophilized particles by Atlantic Microlabs, Norcross GA.

3.2.4. Fluorescent Labeling

Two (2) mL of a 4.5 mg/mL stock solution of co-cross-linked particles were
suspended into two centrifuge tubes. The particles were pelleted by centrifugation at
18,000 x g for 10 min. The supernatant was removed from each tube and 1.5 mL of a 10
mM solution of DTT in pH 8.6 HEPES buffer was added to each. After four hours of
reduction, the particles (now presenting reactive thiols) were purified by sequential
centrifugation and the supernatant replaced with pH 7.4 HEPES buffer. Each time the
particles were pelleted at 18,000 x g for 25 min, and the process was repeated five times.
200 pL of cleaned particle stock was added to 1.1 mg of fluorescein iodoacetamide, along
with 1.0 mL of pH 7.4 HEPES buffer + 200 uL of DMSO. The microgels were allowed
to react at room temperature in the dark overnight. The labeled particles were purified by
sequential centrifugation and the supernatant replaced with pH 7.4 HEPES buffer. The
particles were stored in the dark while redispersing, and the process was repeated ten
times until the fluorescence signal from the supernatant was indistinguishable from that
of buffer. Fluorescence was measured using a steady-state fluorescence
spectrophotometer (Photon Technology International), equipped with a Model 814 PMT
photon-counting detector. Samples were prepared by diluting labeled particles into pH
7.4 HEPES buffer. The excitation wavelength used was 494 nm, and emission spectra

were collected from 500-600 nm. Unlabeled particles were diluted to a similar
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concentration and spectra were collected under the same conditions. Additionally, co-
cross-linked particles that were not exposed to DTT were also reacted with fluorescein
iodoacetamide under the same conditions, similarly purified and spectra collected under

the same conditions.

3.2.5. In Situ Erosion

The erosion of pPNIPMAmM-BAC nanogels was monitored in situ, using a
previously reported light scattering method.?® Using Multiangle Light Scattering (MALS)
detection, the particle weight-average molar mass (Mw) was monitored in real-time
during the erosion reaction. Reactants were introduced to the MALS detector using the
Calypso syringe pump system (Wyatt Technology Corporation, Santa Barbara, CA). The
Calypso hardware consists of a computer-controlled triplet syringe pump and a
multichannel degasser, equipped with in-line filters, mixers and valves to allow rapid and
automated batch measurements. MALS was performed using the DAWN-EOS (Wyatt
Technology Corporation, Santa Barbara, CA) equipped with a temperature-regulated K5
flow cell with a GaAs laser light source (A = 685 nm). Data collection and subsequent
analysis was performed using the Astra software Version 5.3.4.14 (Wyatt Technology
Corporation, Santa Barbara, CA). Differential refractive index (dRI) analysis was
performed via composition-gradient static light scattering using the Calypso syringe
pump and the OptilabrEX systems, equipped with an LED light source (A = 690 nm).

In a typical erosion reaction, nanogels were prepared via dilution to a
concentration of 3.5 x 10% mg/mL in 0.1 pm-filtered pH 7.0 phosphate buffer (ionic
strength = 20 mM). To initiate erosion, the BAC nanogel solution and 20 mM DTT or 40
mM cysteine (prepared in the same buffer) were co-administered to the MALS flow cell
via the Calypso syringe pump system. Final concentrations of particles and reducing
agent were 1.74 x 10 mg/mL and 10 mM DTT and 20 mM cysteine, thus yielding 20

mM reactive thiolate in both cases. The particle Mw was monitored at stopped flow using
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the Astra software with a determined dn/dc value of 0.158 for BAC nanogels. The dn/dc
was measured in triplicate using the Calypso syringe pump system coupled with dRI
detection using a five-step calibration curve for BAC particles (1.75 x 10™ mg/mL — 3.50

x 102 mg/mL) suspended in filtered pH 7.0 phosphate buffer (1 = 20 mM).

3.2.6. Reversible Gelation

Two large centrifuge tubes were filled with eight (8) mL of a 4.5 mg/mL stock
solution of particles cross-linked with both BIS and BAC. The particles were purified by
sequential centrifugation at 15,500 x g for 25 min followed by re-dispersion in pH 7.4
HEPES buffer. After cleaning, the supernatant was replaced with 8 mL of 10 mM DTT in
pH 8.6 HEPES buffer. The particles were allowed to erode with light agitation overnight.
The now thiol-bearing particles were again purified using sequential centrifugation at
15,500 x g for 60 min, replacing the supernatant with additional 10 mM DTT. After
cleaning, the supernatant was replaced with 7 mL of 12 mM NalQ, in pH 7.4 HEPES.
After addition, the solution was centrifuged at 15,500 x g for 60 min. The resulting pellet
was a solid gel, which was scraped from the bottom of the centrifuge tube and provided
for rheology measurements.

The reversible nature of the double-network was demonstrated by equilibrating a
large piece of the oxidized network in pH 8.6 HEPES buffer. The piece was then split
into two approximately equal sized pieces and each piece placed into their own well
plate. To one was added 5 mL of a solution of 22 mM DTT in pH 8.6 HEPES, while the
other received only an equivalent volume of buffer. The two were allowed to shake for 24
hours until complete dissolution of the reduced network in the DTT-containing solution

occurred.

59



3.2.7. Rheology

Oscillatory rheology was carried out using a stress-controlled rheometer (Anton-
Parr Physica MCR 501) with cone-plate geometry and a roughened cone with 25 mm
diameter and 2° aperture. Before measurement, the instrument was calibrated to account
for different sources of instrument error: motor and air bearing noise due to
imperfections in motor operation, air bearing surface, turbulence in the air bearing and
the effect of the tool’s inertia on stress-strain measurements without sample. All
measurements were taken above the instrument’s minimum torque of 0.1 uNm. Though
the rheometer is stress-controlled, strain-controlled measurements can be made because
of a feedback loop: stress is applied and the resulting strain is measured, and the loop
enables the rheometer to adjust the applied stress to keep strain at the desired value. The
time to complete the loop is on the order of milliseconds, so the accessible frequency
range has an upper limit of about 100 rad/s. About 0.2 mL of the double network sample
was compressed beneath the cone and plate at room temperature. A linearity test was
performed at 10 rad/s between 0.1% and 1% strain; for strains below ~0.3%, the system
can be safely assumed in the linear regime, as shown in Figure 3.7a. The frequency
measurements were done at constant strain of 0.1% and frequencies on a logarithmic

scale decreasing from 100 to 0.01 rad/s with 6 points per decade.

3.3. Results & Discussion

3.3.1. Particle Synthesis and Characterization

In order to minimize interaction between TEMED and BAC, two modifications to
conventional precipitation polymerization were necessary: an excess of APS relative to
TEMED was utilized, and the BAC was added immediately following initiation by APS.
Particle formation was confirmed by DLS, and was successful under the two synthetic

protocols described, with the differences limited to the reaction temperature and hence
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the method of radical generation from APS. Elemental analysis confirms sulfur
incorporation for both the thermally and redox-initiated particles with BAC and APS
being the two potential sources of sulfur in the monomer feed. For the redox-initiated
particles, the reported sulfur values are slightly higher than expected from the feed
composition. This may arise from the bi-functional reactivity of the cross-linker, which
likely contributes to faster incorporation into the microgels, along with the high sulfate
radical yield that is typical for redox initiation. In contrast, the thermally-initiated
particles were in close agreement with their theoretical composition. This also likely
represents efficient incorporation of BAC, with perhaps a lower overall degree of sulfate
incorporation.

To more directly probe the cross-link density of the particles, DLS was used to
determine the swelling ratio for the particles by determining the hydrodynamic radius
above and below pNIPMAm’s LCST. The work by Senff and Richtering, Varga et al.,
and Duracher et al. focused on systematically studying the effect of cross-linking density
on the swelling ratio and particle topology (the ratio rm/r) of thermo-responsive
microgels.®*2 The data from the Varga study, which included swelling values in the
regime seen for the disulfide cross-linked particles, was used to estimate the BAC
particles’ cross-link density. Though this data utilized pNIPAm microgels instead of the

pNIPMAmM used in this case, a similar study from Duracher et al.*?

shows good
agreement in the overlap region with the Varga data. The method of least-squares
regression was used to determine a model that best fit the swelling data. An exponential
function provided the best fit with a correlation coefficient of 0.9874:

y =2.5752 - exp(—0.0683- x)
The model for estimating cross-linking, the source data, and the estimated cross-linking

points are shown in Figure 3.1.
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Figure 3.1. Data and best fit model used to estimate cross-link density for disulfide cross-

linked microgels. The Duracher data®* shows reasonable agreement for pNIPMAM as
well.

For the redox-initiated particles, the determined swelling ratio of 1.82 when
mapped onto the Varga cross-link model yields an estimated cross-link density of 5.1%,
in good agreement with the monomer feed composition. In contrast, the thermally-
initiated particles exhibited a higher apparent cross-linking (swelling ratio = 1.45),
corresponding to an estimated cross-link density of 8.4%. The higher apparent cross-
linking may be a result of chain-transfer located at the disulfide bond, Michael addition,

or any of the other potential cross-link forming side reactions described above.

3.3.1.1. Particle Erosion

Successful incorporation of BAC within the microgel network should lead to
particles that undergo cross-link scission via disulfide reduction. Generally, a reduction in
the amount of cross-linking in a particle would cause an increase in particle swelling as
the network becomes more flexible. In the extreme case wherein all cross-linking points
within the particle are labile, complete dissolution of the microgel should follow

reduction. A comparison of the chromatograms shown in Figure 3.2 highlights the
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impact the initiation method has on particle erosion following cross-link cleavage. When
the thermally-initiated particles were exposed to the reductant DTT, a small increase in
the A4F retention time and a reduction in the intensity of the scattering signal were
observed (Figure 3.2a). The increased retention time in the variable cross-flow
separation is indicative of decrease in the particle diffusion coefficient, which we propose
occurs due to cross-link scission and the concomitant increase in particle swelling and ry,,
The accompanying reduction in scattering intensity is further indicative of particle
swelling and thus a reduction in refractive index. The increase in particle ry suggests a
decrease in nanogel density as a result of cross-link scission. Offline analysis of the
particles before and after erosion by DLS confirmed the expected changes accompanying
cross-link scission, as shown in Table 3.1. Nanogel erosion resulted in an increase in the
swelling ratio from 1.45 to 2.18, which correlates to a remnant cross-link density of
2.4%. A large increase in ryys from 33 nm to 43 nm also resulted from scission, which
was further indicative of network expansion. Interestingly, the particle mass distribution
remained consistent throughout erosion reaction for thermally-initiated nanogels. The
mass distribution may be inferred through the ratio of the ryns (Weighted-size by the mass
distribution about the center of mass) and the r, (determined from the diffusion
coefficient of the particle). Monitoring changes in mass distribution following erosion is
a useful way to characterize the distribution of the labile bonds within the nanogel
architecture. For example, changes in mass distribution following erosion would indicate
that the labile cross-links were preferentially located in a particular region of the
particles. The value of riné/ry, for the thermally initiated particles (~0.56) is indicative of a
radially heterogeneous segment density, with the periphery having a lower density of
polymer. This value is frequently observed for nanogels prepared by precipitation
polymerization, where dissimilar reactivity between the monomers results in greater
polymer segment density towards the interior of spheres.*® Although erosion caused a

shift in the size and molar mass of the particles, there was no measureable change in
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I'ms/rh. This result suggests that cross-link scission from BAC featuring intact disulfide

bonds occurred evenly throughout the structure. As such, the heterogeneous segment

density suggests the non-labile and labile cross-link distributions are similar. However,

additional work may be necessary to verify this hypothesis.
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Figure 3.2. AAF-MALS separation of pPNIPMAm-BAC (5%) microgels formed by the (a)
thermal and (b) redox initiation methods. Incubating the particles with DTT increased
retention of the thermally-initiated particles, yet led to degradation of the redox-initiated

particles.

Table 3.1. Size, swelling, and topology characterization for BAC-cross-linked microgels.

7y, M | 7, NM Vrms/Tn | Est.

(20°C)* | (45°C)* | Swelling Ratio® | 7y, nm* | (20°C) | cross-link density®
5% BAC (T) 60 41 1.45 329+0.1 | 0.55 8.38%
5% BAC (T) + DTT | 73 34 2.18 42.4+1.8 | 0.58 2.43%
5% BAC (R) 48 26 1.82 36.9+0.6 | 0.78 5.12%

%Sizes reported in pH 8.6 HEPES buffer. "calculated as r, (20 °C)/ rn(45 °C). ‘calculated

from swelling ratio using VVarga mode

|31

In contrast to thermally initiated nanogels, the redox-initiated particles showed

complete dissolution after exposure to DTT; as evidenced by the disappearance of the

peak associated with the nanogel and the emergence of a peak at very short retention

times with diminished scattering signal. The loss of particle retention via A4F is

indicative of a drastic decrease in the polymer diffusion coefficient, whereas the loss of
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scattering signal is indicative of a significant reduction in particle density, suggesting
potential mass loss from the polymer. Together, those data suggest complete dissolution
of the nanogel into low molar mass, oligomeric products (Figure 3.2b). The differential
response seen in the A4F results for the two types of particles is indicative of the
difference in network structure between the two. The failure of thermally-initiated
particles to completely erode into oligomeric chains reveals the presence of non-erodible
residual cross-links in the structure, likely thioethers resulting from side reactions. In the
redox-initiated case these parasitic reactions are limited, leading to a particle whose

network integrity is completely controlled by disulfide cross-links.

3.3.2. In Situ Erosion

In the presence of a strong reducing agent, such as DTT, the nanogels synthesized
at lower temperatures via redox initiation completely dissolved into low molar mass
components. Thus, we hypothesized that those networks would be similarly sensitive to
the presence of cysteine and other thiols in their environment, resulting in thiol-disulfide
exchange reactions that would disrupt connectivity in the nanogel network. The timescale
of erosion for thiol competition under physiologically relevant reducing conditions, such
as those found in the cytoplasm, is of interest in drug delivery applications. Nanogel
erosion was monitored in situ via MALS detection, using a similar method as reported
previously.?® Through this approach, changes in the apparent Mw of nanogels were
monitored in real-time, enabling a direct comparison of erosion kinetics for particles in

response to DTT and cysteine (Figure 3.3).
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Figure 3.3. Nanogel erosion via cross-link scission occurs in presence of DTT (red) or
cysteine (blue), monitored in situ via MALS. Error bars (black) represent one standard
deviation about the mean of measurements.

In the presence of DTT, the Mw of nanogels decays by an order of magnitude,
eventually reaching equilibrium after ~40 minutes of the reaction (Figure 3.3.) This
indicates that swelling is accompanied by mass loss and that both effects give rise to the
decrease in light scattering intensity observed via A4F analysis (Figure 3.2). Erosion also
proceeds in the presence of cysteine, but at a much slower rate. The higher reaction rate
for DTT may result from differences in the erosion products. Following exchange DTT is
released from the thiol by a cyclization reaction, reverting to an internal oxidized
disulfide bond and leaving behind a pair of thiols on the microgel. In contrast, cysteine
likely disrupts the BAC by participating in a single thiol-disulfide exchange reaction; the
resulting product is therefore a mixed-disulfide. This leads to the possibility of reverse
reactions and continued thiol-exchange reactions that are not productive towards cross-

link scission.

3.3.3. Reactive Thiol Incorporation

The disulfide content imparted by BAC may enable the conjugation of thiolated

molecules within the nanogel network by thiol-disulfide exchange reactions, as shown in
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Figure 3.3 for cysteine. However, BAC may also be reduced to yield reactive thiols
within nanogel networks, which prepares those networks for a variety of other
bioconjugation chemistries. For example, reactive thiols within nanogels are of great
utility due to their selective reactivity with maleimides, iodoacetamides, and other thiols
under mild, aqueous conditions.*® Yet as depicted in our results, complete reduction of
BAC within the colloid results in particle decomposition. We therefore synthesized co-
cross-linked particles containing both BAC and a non-degradable cross-linker, BIS. The
resultant nanogels underwent a significant size increase in response to the reductant DTT,
from an ry of 183 nm to 232 nm at 20 °C and a pH of 8.6, accompanied by a large
decrease in turbidity due to a decrease in the cross-link density in the network, as shown
in Figure 3.4. The reduced form of the co-cross-linked particles presented free thiols
available for conjugation with an iodoacetamide derivative of fluorescein, yielding
fluorescent particles. In contrast, particles containing BAC in the oxidized form showed

significantly reduced fluorescence (Figure 3.5).

Figure 3.4. a) Images of vials containing pNIPMAmM-BAC-BIS microgel dispersions
(left) before and (right) after exposure to DTT.
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Figure 3.5. a) Fluorescence spectra (Aex = 494 nm) of (dark green) fluorescein-labeled
pPNIPMAmM-BAC-BIs particles, (orange) unlabeled particles, (blue) pH 7.4 HEPES buffer,
and (red) the supernatant following purification by centrifugation. Particles that were not
reduced and therefore retained their disulfide linkages (light green) had much lower
coupling efficiency than that of the reduced particles. b) Fluorescence microscopy image
(blue excitation) of pPNIPMAmM-BAC-BIS particles labeled with fluorescein
iodoacetamide.

3.3.4. Reversible Gelation

The reversible nature of the disulfide reduction enables cross-link formation
between thiols resulting from BAC reduction. Placing the thiolated particles together at
high concentration, such as by centrifugation, enabled the thiols to react under oxidizing
conditions and form a double network “gel of microgels”, wherein the individual
microgels retain their identity through incorporation of the non-degradable BIS cross-
linker, yet are tethered to one another by the resulting inter-particle disulfide linkages.

Centrifugation of the co-cross-linked particles resulted in a dense pellet (Figure 3.6-left),
whereas nanogels reacted with DTT, due to their decreased density, required a two-to-
three fold increase in centrifugation time at the same relative centrifugal force to form a
sediment. The resulting pellet of the reduced particles was less turbid in comparison to
non-degraded particles (Figure 3.6-center). Despite those differences, both degraded and
non-degraded nanogels were fluid in their highly concentrated, sedimented form, with
water-like viscosity rendering them readily capable of being drawn up via pipette for the

suspended drop images shown in Figure 3.6. Exposure of the thiol-bearing particles to
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the oxidant sodium periodate during centrifugation dramatically increased the viscosity of
the particle dispersion as a result of interparticle cross-linking. The volume and turbidity
of the pellet was similar to the disulfide particles prior to reduction, indicative of the
cross-link re-formation (Figure 3.6-right). However, the pellet did not flow when
inverted, indicating the formation of a viscoelastic solid capable of being handled with

tweezers, as shown in Figure 3.6.

Intra-Particle Thiol-Bearing Inter-Particle
isulfi Particles Disulfides
) ) +NalOs

Figure 3.6. Gelation of pNIPMAmM-BAC-BIS particles. Sedimented particles with intra-
particle disulfides form a dense pellet, yet retain fluidity (left). Reduction by DTT leads
to the production of thiol-bearing particles, a reduction in pellet density, and the retention
of particle fluidity (center). Oxidation by NalO, restores pellet density, but the resulting
solid is a double-network of microgels cross-linked by interparticle disulfides (right).

Through rheological characterization of the resultant solids, we find that the
storage modulus of our double-network is ~2000 Pa, while the loss modulus is ~100 Pa,
as shown in Figure 3.7b. As a result, within the experimental frequency range, the
complex shear modulus (G*) is dominated by the contributions from the elastic character
of the network. We note that the value of the shear modulus is comparable to that of a

34,35

variety of disulfide cross-linked hydrogel networks,*** acrylamide-based hydrogels,*

and densely-packed microgel assemblies.®” The shear modulus is also comparable to
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similar work by Hu et al.*® wherein microgels composed of pNIPAm, internally cross-
linked with BIS, and bearing N-hydroxymethacrylamide form a self-cross-linked “gel of

microgels” upon drying that is analogous to the double-network discussed in this work.
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Figure 3.7. Storage and loss moduli as determined by oscillatory rheology for the
pNIPMAm-BAC-BIS oxidized double-network. The linearity test (a) shows G’ (closed
symbols) and G’ (open symbols) as a function of strain at constant frequency of 10 rad/s.
(b) shows both moduli as a function of frequency at constant strain of 0.1%. The storage
modulus is an order of magnitude larger than the loss modulus, indicative of the solid-
like properties of the microgel double-network. Rheology experiments conducted by Mr.
John Hyatt.

The inter-particle disulfide bonds that bind the microgels within the double-
network can be reduced to restore the constituent thiol-bearing particles. Exposure of the
double-network to DTT resulted in network dissolution. As shown in Figure 3.8, a
significant loss in gel turbidity and a clouding of the solution occurred within 2 hours.
The loss in turbidity likely resulted from a reduction in cross-link density as the inter-
particle disulfides are cleaved, and the clouding was the result of dispersion of liberated
microgels. The double network gel completely decomposed within 24 hours. Such a

system may be enabling for numerous potential applications, such as creating erodible
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gels with tunable mechanical properties, or acting as a reservoir for delivery of either a
drug trapped within the matrix or for the release of microgel delivery vehicles

themselves.

Figure 3.8. Images depicting the erosion of the pNIPMAmM-BAC-BIS double-network. In
response to the addition of DTT, the network dissolves leading to the reversion of the
particles to their dispersed state in a matter of hours.

3.4. Conclusions & Outlook
In this work, we have demonstrated the ability to incorporate disulfide cross-links
into thermo-responsive microgels using the commercially available cross-linker N,N -
bis(acryloyl)cystamine while utilizing aqueous precipitation polymerization.

Conventional, thermally-initiated free radical precipitation polymerization leads to
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uncontrolled side (self-cross-linking) reactions, leading to significant disruption of the
central disulfide bond and generation of a non-degradable network. The use of a redox
pair as the radical source during the polymerization leads to a reduction in the
temperature needed to conduct the synthesis, while also reducing the rate of parasitic side
reactions. Chemical reduction or thiol exchange of the disulfide cross-links leads to fully
erodible nanogels, which may be enabling for drug delivery applications. We have
demonstrated that these particles erode under mild conditions in the presence of reducing
agents or a competing thiol on a timescale of minutes to hours. Furthermore, by
incorporating a non-degradable second cross-linking element, intact thiol-bearing
microgels can be generated through disulfide reduction, with such particles being
amenable to bioconjugation and reversible double-network formation. The ability to
incorporate disulfides and thiols into microgels via precipitation polymerization enables
these functionalities to be used in parallel with well-characterized techniques to control
particle size, topology, and functionality. We envision this additional capability to be

enabling for the design of future generations of microgels for numerous applications.
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CHAPTER 4

MICROGEL FILMS ON COLLOIDAL SUBSTRATES

Adapted from

Gaulding, J. C., Saxena, S., Montanari, D. E. & Lyon, L. A. Packed Colloidal Phases
Mediate the Synthesis of Raspberry-Structured Microgel Heteroaggregates. ACS Macro
Letters 2013, 2, 337.
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4.1. Introduction

Architectural control of nano- and microparticles is a powerful method for
modulating the properties of colloidal materials. In particular, hybrid colloids wherein
two distinct materials form a core-shell architecture are enabling for applications such as
drug delivery*® and catalysis.”® One common and versatile approach is the utilization of
templates for directed assembly of heterogeneous materials, especially in the case where
the surface layer itself consists of nanoparticles. Self-assembly via ion pairing has been
extensively used for the formation of nanoparticle hetero-aggregates,”* where solution
conditions have strong impact on the surface coverage.****> Hydrogen bonding or other
types of complementary interactions have also been utilized.'®*’ The resultant particles
consist of a shell of nanoparticles decorating the template “core”, leading to a bumpy
surface reminiscent of raspberries. The anisotropy and tunability in surface roughness has
made particles of this nature useful in altering the hydrophobicity of surfaces, for
example.'®*°
In the work described in this chapter, we utilize hydrogel particles (microgels) in

the fabrication of hybrid colloids. Microgels are of great interest due to their applicability

to a variety of fields such as sensing and drug delivery.?®** In particular, thermo-
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responsive microgels composed of pNIPAmM have been extensively studied either as
homopolymers,? or as co-polymers with other environmentally sensitive monomers (e.g.
acidic and basic monomers) to produce materials responsive to multiple stimuli.?? The
responsivity of microgels has been exploited in Coulombically-directed

25-27

heteroaggregation to form hybrid raspberry-like particles, and similar particles have

been formed that utilize microgels as templates for colloidal shell addition.?**° In
addition, thin films of microgels coated onto solid substrates have been shown to improve

the biocompatibility of the base material®*

and allow controlled drug release from that
surface.**** As such, microgels are attractive for incorporation into hybrid constructs for
controlled delivery, wherein the assembly of microgels on core particles would confer
soft, responsive properties to the core particle, while providing an opportunity for a
multi-compartment or multi-functional vehicle. Additionally, microgels have been shown
to exhibit rich phase behavior as concentrated dispersions due to their high water content
and responsive nature.>**® In this work, we exploit the soft, responsive matrix provided
by packed colloidal phases of microgels (e.g. colloidal glasses or crystals) to generate

hybrid particles whose surfaces are decorated with hydrogel colloids. Our method is

outlined in Scheme 4.1.
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Scheme 4.1. Raspberry-like particle synthesis. A concentrated dispersion of microgels is
centrifuged to form a pellet, then the supernatant is removed leaving behind a packed
colloidal phase. The addition of a small volume of solvent carrying the template particles
and mixing of the two leads to confinement of the cores within the packed phase.
Dispersal of the microgels leads to separation of the coated, raspberry-like particles from
the unincorporated microgels, which can subsequently be returned to packed colloidal
phases for additional assembly.

By introducing a variety of “core” particles to act as templates in a concentrated
colloidal phase, the surfaces become decorated with a close-packed monolayer of
microgels. The high volume fraction and close packing of the colloidal phase enables this
method to generate decorated particles in the absence of complementary surface
chemistries, which ordinarily drive heteroaggregation in dilute media. Due to the
amphiphilic nature and chemical versatility of these microgels, the resultant raspberry-
like particles can be stabilized on a variety of functional core particle surfaces. Upon
dispersion of the colloidal phase, the remaining microgels are then easily recovered and
recycled to re-form another packed colloidal phase for raspberry-like particle synthesis.

A number of “core” particles are available commercially, permitting the
exploration of different surface chemistries, size ratios, and surface structures. Microgels
offer a great deal of synthetic versatility, in terms of their composition, size, and
architecture. In this work, we limited our investigation to particles incorporating or

lacking acrylic acid (AAc) of approximately the same size. We found that concentrating
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the microgels into a concentrated colloidal phase (a colloidal fluid or glass from a spatial
point of view) prior to introduction of the core particles led to the coordination of the core
particles’ surfaces with a large number of microgels, ensuring high surface coverage.
Additionally this coordination leads to assembly in the absence of complimentary surface
interactions. The high viscosity of the dense colloidal phase tends to stabilize the cores
against aggregation, which can be a problem in dilute solutions when assembling

multiple multivalent building blocks via heteroaggregation.

4.2. Experimental

4.2.1. Materials

All common materials were sourced and used as described in Chapter 2.
Additionally, reagents acrylic acid (AAc), N-hydroxysuccinimide (NHS), 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC), 4-aminobenzophenone (AB),
ethanol, and dimethylsulfoxide (DMSO) were all used as received. 4-
acrylamidofluorescein (AFA) was synthesized as described previously.*’
Methacryloxyethyl thiocarbamoyl rhodamine B (MERho) was purchased from
Polysciences, Inc. (Warrington, PA) and used as received. Amine-modified silica
particles were purchased from Bangs Laboratories, Inc (Fishers, IN), carboxyl-modified
polystyrene spheres were purchased from Polysciences, Inc. and carboxyl-functionalized
magnetic (both smooth-surface and rough-surface) polystyrene particles were purchased

from Spherotech, Inc (Lake Forest, IL).

4.2.2. Microgel Synthesis

4.2.2.1. Sample ugel-G

NIPAmM and BIS were dissolved in deionized water, to a final total monomer

concentration of 100 mM. A mass of 1.0 mg of AFA was dissolved in 1 mL of DMSO,
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then added to the monomer solution. The final molar composition of the particles was
96% NIPAmM, 4% BIS, <0.1% AFA. The solution was filtered to remove any undissolved
solids then SDS was added to a concentration of 0.2 mM. The solution was heated to 68
°C and purged under nitrogen for 60 min. Polymerization was initiated by addition of 1
mL of an aqueous solution of 25 mM APS. The solution was allowed to stir at 68 °C
overnight, then cooled to room temperature, filtered, purified via centrifugation, and

lyophilized for storage.

4.2.2.2. Sample pgel-R

NIPAm, and BIS (and MERho when particle fluorescence was desired) were
dissolved in deionized water, to a final total monomer concentration of 124 mM. The
solution was filtered to remove any undissolved solids then SDS was added to a
concentration of 0.2 mM. The solution was heated to 70 °C and purged under nitrogen for
40 min. Acrylic acid was then added and the solution allowed to purge for an additional
10 min, bringing the final molar composition of the particles to 70% NIPAm, 3.5% BIS,
26% AAc, (and <0.1% MERnho in fluorescent particles). Polymerization was initiated by
addition of 1 mL of an aqueous solution of 35 mM APS. The solution was allowed to stir
at 70 °C overnight, then cooled to room temperature, filtered, purified via centrifugation,

and lyophilized for storage.

4.2.3. Preparation of Aminobenzophenone-functionalized Cores

A solution of 5 mM EDC, 8 mM NHS, and 25 mM 4-aminobenzophenone was
prepared in 12 mL of DMSO. To this was added 1.2 mL of a 2.5% w/v solution of the
desired carboxyl-functionalized polystyrene-based core particle, as provided in stock
solution by the manufacturer. The solution was allowed to react overnight in the dark at

room temperature. The resultant particles were purified by centrifugal sedimentation and
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redispersal in ethanol five times. Prior to raspberry-like particle conjugation, the particles

were sedimented and redispersed at a total of 0.1% w/v with pH 5.5 MES.

4.2.4. Raspberry-like Particle Synthesis

A volume of 0.5 mL of a 10 mg/mL solution of the desired microgel composition
in pH 5.5 MES buffer was added to small centrifuge tubes. The tubes were centrifuged at
18,000 x g for 30 min. Pellet volumes were estimated by comparison to identical
centrifuge tubes with known volumes of solvent. Effective volume fractions (defr) Were
calculated as k-c, where c is the microgel concentration expressed as wt / wt, and k is a
shift factor. Particles previously synthesized in our group with similar compositions to
pgel-G and pgel-R were used to estimate shift factors of 11 (],tgel-G)38 and 18 (],Lgel-R).39
The supernatant was discarded, leaving a remnant pellet of approximately 75 pL for ugel-
G (¢err=0.73) and 125 pL for ugel-R (derr= 0.72). To each pellet was added 50 pL of a
0.1% wi/v solution of desired core particles was added and the pellet was vortexed to mix.
The resultant ¢t after core addition was 0.44 and 0.51 for pgel-G and pgel-R,
respectively. When UV coupling was attempted, the pellets were then exposed to
longwave UV from a Blak Ray 100 W lamp for 30 minutes. If carbodiimdide coupling
was attempted, a solution of 50 mM EDC and 75 mM NHS in pH 5.5 MES buffer was
prepared, and 50 uL was added to each tube and allowed to react for two hours. When no
coupling was attempted, the glassy pellets were diluted in pH 5.5 buffer after 30 minutes
and vortexed. Centrifuge tubes were combined and the resultant raspberry-like particles
were isolated via sedimentation or magnetic separation. The free-microgel containing
supernatants were recovered and sedimented for subsequent additional raspberry-like
particle generation. The raspberry-like particles were then isolated and purified by
sequential sedimentation, vortexing, sonication, and washing in ethanol to remove

unincorporated microgels. Sonication served to ensure that any remnant microgels were
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strongly bound to the core particles and to disperse any aggregates formed during

sedimentation.

4.2.5. Dilute Heteroaggregation for Raspberry-like Particle Synthesis

A volume of 1 mL of a 10 mg/mL solution of the desired microgel composition in
pH 5.5 MES buffer was diluted into 3 mL of pH 5.5 MES buffer, leading to an overall
concentration of 2.5 mg/mL of microgels. To each was added 100 pL of a 0.1% w/v
solution of aminobenzophenone-functionalized smooth-surface magnetic polystyrene
core particles. The vials were illuminated by longwave UV from a Blak Ray 100 W lamp
for 30 min. The resultant particles were isolated by magnetic separation, and purified by
sequential sedimentation, vortexing, sonication, and washing in ethanol to remove

unincorporated microgels.

4.2.6. Characterization

Microgel r,, values were determined using dynamic light scattering (DLS) via a
DynaPro DLS (Wyatt Technology, Santa Barbara, CA). Zeta potential was determined
using a Zetasizer Nano ZS (Malvern, Worcestershire, UK) in pH 5.5 MES buffer at 20
°C. Microgel spreading was characterized by passive deposition of dilute solutions of
particles in pH 7.4 buffer over amine-functionalized silica glass coverslips, which were
then imaged using AFM, as described in Chapter 2. Brightfield and epifluorescence
microscopy images of microgels and raspberry-like particles were collected using an
Olympus IX-70 inverted microscope equipped with an oil-immersion 100x objective and
black and white or color PixelFly CCD cameras (Cooke Corporation, Romulus, Ml).
Fluorescence excitation was achieved by using a mercury lamp equipped with excitation
band-pass filters of 450-490 nm (blue excitation) or 510-560 nm (green excitation).
Samples for confocal microscopy were prepared by placing a drop of raspberry-like

particles suspended in ethanol on a microscope slide. A 22 x 22 mm coverslip was placed
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over the drop, and sealed using a polymer fixative. A Zeiss LSM 510 UV Confocal
Microscope (Carl Zeiss Inc.) was used with a Plan Apochromat 63X/1.4 NA Qil DIC.
An Argon laser with an excitation wavelength of 488 nm was used to image AFA
samples. A HeNE laser with an excitation wavelength of 543 nm was used to image
MERho samples. Image analysis was carried out using ImageJ. Scanning electron
microscopy (SEM) images were collected using an FEI Nova Nanolab 200 FIB/SEM.
Prior to analysis, samples were dried onto copper tape, affixed to sample stubs, and gold

or gold/palladium coated using a Hummer V Sputterer (Anatech USA, Union City, CA).

4.3. Results and Discussion

4.3.1. Microgel Synthesis

Table 4.1. Microgel Compositions and Characterization

Mol % | Mol % | Mol % | r, (pH rn (pH Zeta Radius on
NIPAm | BIS AAc | 3),nm* |5.5),nm* | Potential (pH | Surface,

5.5), mV nm®
ugelR | 705 |35 26 | 366 553 23.0 475
pgel-G | 96.0 4.0 0 437 448 -1.4 650

*measured by dynamic light scattering at 20 °C and 15 mM ionic strength. ° estimated
from AFM line traces.

The microgels used in this work, pgel-R and pgel-G, were synthesized according
to the compositions given in Table 4.1. The pH responsivity and zeta-potential are as
expected for particles containing (pugel-R) or lacking (ugel-G) acrylic acid. As shown in
Figures 4.1a and 4.2a, incorporation of the fluorescent co-monomers was successful.
Also notable is that, while the solution particle sizes appear to be similar, Figures 4.1 and
4.2 suggest that the apparent sizes of the two particles on the surface are very different,

potentially suggesting different behavior of the two microgels on contacting a surface.
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Figure 4.1. Characterization of pNIPAmM/3.5% BIS/26% AAc (Sample ugel-R). a) Green
excitation epifluorescence image of fluorescent particles. Scale bar is 5 um. b) AFM
image (20 x 20 um) and c) line trace reveal the spreading behavior of pgel-R.

Figure 4.2. Characterization of pNIPAmM/4.0% BIS (Sample pgel-G). a) Blue excitation
epifluorescence image of fluorescent particles. Scale bar is 5 um. b) AFM image (20 x 20
um) and c) line trace reveal the spreading behavior of pgel-G.

84



4.3.2. Raspberry-Like Particles

Highly-packed microgel assemblies were prepared by centrifugal sedimentation,
as described previously.*® Under applied centrifugal forces, sedimentation serves to
concentrate the microgels into a fraction of the available volume, until close-packing of
the colloidal particles leads to pellet formation. Removal of the supernatant confines the
volume available for the microgels to redisperse, thus the remnant microgels are trapped
in a highly-concentrated glassy state. In all cases, the resultant pellet was viscous, turbid,
and appeared homogeneous with no evidence of Bragg diffraction, as is consistent with
disordered packed phases prepared by our group in previous studies.** Core particles
were then introduced to the colloidal phase, and incorporated within the matrix via
vortexing. As shown in Figure 4.3, the core particles are distributed throughout the
microgel colloidal phase. Following incubation of the cores within the matrix for 30 min,
isolation of stable raspberry-like particles followed dilution of the colloidal assembly.
The much greater density of the core particles and subsequent raspberry-like particles led
to facile isolation of the raspberry-like particles from the excess unincorporated
microgels via sedimentation. The excess microgels could then be recovered and returned

to a colloidal packed state for sequential rounds of raspberry-like particle assembly.
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Figure 4.3. Brightfield microscopy image of aminobenzophenone-functionalized 4.6-pum
diameter magnetic polystyrene particles mixed in a dense colloidal phase of pgel-G.
Scale bar is 10 pm.

Upon isolation, the relative scattering intensity of the core particles and the
microgels made brightfield visualization of the adsorbed microgels impossible. However,
by incorporating a fluorescent monomer within the microgel network, the labeled
particles are observed to co-localize with the cores, as shown in Figures 4.4 and 4.5, and
discrimination of individual microgel particles is possible. Once the core particles have
become mixed within the high volume fraction colloidal phase, a variety of interactions
may lend stability to the resultant raspberry-like particles. Our initial efforts used simple
ion-pairing between the anionic pgel-R and amine-functionalized core particles, followed
by carbodiimide coupling, as in Figure 4.4a-c. However, further investigation revealed
that charge-pairing is unnecessary, as pgel-R also readily coated carboxylated
polystyrene core particles which had been conjugated to 4-aminobenzophenone (AB)
(Figure 4.4d-f). Under UV excitation, AB forms covalent linkages with numerous
organic groups, including simple aliphatic C-H bonds via hydrogen abstraction.** We

have previously demonstrated this technigue to conjugate microgels to functionalized
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polyethylene terephthalate surfaces.** As such, AB-bearing core particles would be
expected to covalently bind decorated microgels regardless of the microgel functionality.
Microgels of pNIPAm lacking acrylic acid (ugel-B) lack specific affinity for the core
particles, yet also show evidence of high surface coverage on carboxyl-functionalized and
AB-functionalized core particles (Figure 4.5). The stabilizing mechanism in these cases
is less clear, but likely results from the soft and amphiphilic nature of microgels, as
evidenced by their ability to stabilize Pickering-type emulsions.** Non-specific
adsorption of microgels onto such cores is sufficiently tenacious to withstand isolation
from the colloidal phase, along with subsequent sonication and purification from residual
microgels. Such coatings may additionally be reinforced through the use of appropriate
coupling chemistries, if warranted for a desired application. Importantly, the use of the
packed colloidal phase-mediated technique showed improved surface coverage relative to
stoichiometrically-matched controls performed under relatively dilute conditions, as

shown in Figure 4.6.

Figure 4.4. (a,d) Brightfield, (b,e) Green-excitation epifluorescence, and (c,f) SEM
images of isolated raspberry-like particles featuring pgel-R. Assembly of (a-c) was
charge-directed using 4.6-pum diameter amino-silica particles, where (d-f) utilized 4.4-pm
aminobenzophenone-functionalized polystyrene particles. The scale bar in each image is
2 pm.
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Figure 4.5. (a,d) Brightfield, (b,e) Blue-excitation epifluorescence, and (c,f) SEM images
of isolated raspberry-like particles featuring 4.6-um diameter magnetic polystyrene

particles decorated with pgel-B. (a-c) represent carboxyl-functionalized polystyrene, (d-f)
represent aminobenzophenone-functionalized polystyrene. The scale bar in each image is

2 pm.

Figure 4.6. SEM images of raspberry-like particle assembly from dilute (2.5 mg/mL)
suspensions of (a-d) ugel-G and (e-h) pgel-R onto 4.6-um aminobenzophenone-
functionalized magnetic polystyrene core particles. The scale bar in each image is 2 um.
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4.3.3. Microgel Spreading & Surface Coverage

Geometrically determining the number of microgels capable of packing onto the
surface of a sphere requires that we define two characteristics: the effective footprint of
the microgel, and the surface area to be covered. However, the number of microgels
capable of packing onto the surface of a spherical core particle is sensitive to the swelling
behavior of the microgels. Consequently, the microgel footprint (the projection of the
microgel radius onto the surface) and the microgel contact area (the actual surface area
interacting with the microgel) may be two different quantities. Two extreme cases can be
envisioned: one wherein the microgels act as hard spheres, with minimal area contacting
the surface of the core particle; and a second wherein the microgels conform to the

surface, which can be estimated as hemispheres. However, in either the spherical or

2
ugel *

hemispherical approximation, the effective footprint of the microgel is the same, 7R
Consequently, the variation between the two approximations lies in the surface area of

the sphere to be covered. Assuming completely deformable microgels, the microgel

footprint and the contact area are the same, thus giving us a surface area of 4z(R,,,.)".

The hard sphere approximation, in contrast, forces us to account for the height of the

microgel above the surface of the sphere in order to determine the effective surface area

to cover. The resultant area would be 47z(R,,. + Ruge|)2 . The difference in effective

core
sphere radius to cover due to deformable microgels is illustrated in Scheme 4.2. Further,
the packing efficiency will limit the effective area that the microgels are able to cover.
Random three dimensional close packing of spheres imposes a packing efficiency of 0.64
within the glass, but the spherical core surface is sufficiently larger than the microgels as
to present a 2-dimensional surface for coverage, with a theoretical close packing limit of
approximately 0.91. The ratio of the radii of the core particles and microgels will
determine where within this range the packing efficiency will fall — as the ratio decreases,

the greater the effect the curvature of the core particles will have on packing efficiency.
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In the systems studied, the microgel radii are approximately 20-25% that of the core
particles, suggesting the packing efficiency will be on the lower end of that range.
Estimations of the packing efficiency based on methods described by Balmer et al.** and
using solutions for points on a sphere available online,*® for the case of ugel-R and 4.4
um core particles suggest a theoretical maximum of 83 microgels and a packing
efficiency of 0.84. Significant deviation from this value can be expected due to
experimental factors such as microgel-microgel interactions, polydispersity, and the
adhesion between microgel and core. These factors compound with particle softness to
make particle coverage difficult to estimate numerically. Considering the theoretical
maximum of 0.84 packing efficiency, the range of particles expected to cover a given

core is estimated as:

ARere _ynp: A(Reore
(0.84) - —==— <#Microgels < (0.84) -
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+ Rugel)2

Scheme 4.2. The deformable microgel approximation maximizes the contact area with
the core, and thus minimizes the number of microgels on the surface. The rigid microgel
approximation minimizes the contact area, and thus increases the size of the effective
sphere to cover and maximizes the number of microgels on the surface.

Comparison of the particle dimensions observed in solution and upon surface
deposition via AFM (Table 4.1) shows the effect that particle de-swelling has on the
surface morphology of the particles. When contacting a planar substrate, such as the glass
slides used in AFM sample preparation, the microgels appear to have radii commensurate

with what is observed in solution, as the contact with the surface leads to deformation of
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the particles and thus anisotropic de-swelling. When introduced to the core particles
within the colloidal matrix, if the microgels underwent significant deformation upon
contacting the core surface, the resultant spreading would lead to surface pinning of the
spread state and thus more anisotropic de-swelling of the microgels. However, the limited
footprint observed via SEM indicates that the dried particles de-swell isotropically, and
the large reduction in particle diameter thus exposes much of the underlying substrate.
Scheme 4.3 depicts the differences expected of anisotropic and isotropic microgel de-
swelling on curved surfaces. In the case of pgel-R and pgel-G, the two particles exhibit

differing degrees of anisotropy in their de-swelling behavior on the surface.

Anisotropic
Deswelling

Isotropic
Deswelling

Scheme 4.3. Highly deformable microgels, with large surface contact area, would on
drying exhibit reductions in particle height from the surface, but minimal change in
spreading. The rigid microgel approximation, leading to low surface contact area, permits
isotropic de-swelling and thus an apparently sparse coating in the dry state.

The difference in appearance between pgel-R and pgel-G, as well as the
discrepancy in particle size with respect to characterization under dilute conditions, may
also have contributions from packing-induced de-swelling, which has been observed
previously for charged microgels.*®*” An additional possibility is that the differential
appearance of the two particles is the result of differences in the polymer density
distribution of the two different microgels. Microgels are well known to exhibit
differences in mass distribution as a function of their composition. The addition of acrylic
acid in ugel-R may lead to a particle architecture that is more akin to a dense core with a
lightly cross-linked corona. The highest density regions would be the most prominent by

SEM. Analysis of Pickering emulsions stabilized by microgels have been conducted
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using cryo-SEM, and the appearance of the microgels is observed to vary with regard to
factors like cross-linking density and solution pH for acid-containing microgels — factors
that govern the deformability of the particles.*®*° However Pickering emulsions represent
a liquid/liquid interface that directs the microgel shape, whereas the shape of microgels at
the solid/liquid interface, as well as the overall surface coverage of these raspberry-like
particles may not be entirely directed by the same factors.

For the case of the raspberry-like particles shown in Figure 4.4, the average
radius of pgel-R is approximately 550 nm and the average PS core radius is
approximately 2.2 um. This leads to a surface coverage of between 54 and 84 microgels
per particle. Though quantitative measurement of the number of microgels on the surface
is challenging using microscopic techniques, semi-quantitative assessment of the SEM
images in Figure 4.4 indicates that this is a reasonable approximation. Figures 4.4 and
4.5 also provide some insight into the microgel/surface interaction. Visualization of
swollen microgels, as in Figure 4.4b, 4.4e, 4.5b, and 4.5e, seems to indicate that the
microgels are densely packed on the surface, as we expect from the templating colloidal
phase. Thus, for ugel-R comparison of Figure 4.4b & 4.4c suggests that upon vacuum
drying, the particles de-swell isotropically leading to a reduction in apparent dry particle
diameter to approximately 30% of that observed via AFM. This suggests that the
effective particle footprint is commensurate with that of a spherical microgel contacting a
spherical core. Deformation upon contacting the core surface and the resultant spreading
would lead to surface pinning of the spread state and more anisotropic de-swelling of the
microgels, as is typically seen via AFM. This isotropic de-swelling in all dimensions save
the points anchored to the core substrate underneath contributes to the apparent
sparseness of the surface coverage. In contrast, the neutral microgels (ngel-G) in Figure
4.5 appear to coat the surface in a more uniform manner and undergo more spreading
with a reduction in particle diameter of approximately 50% of that observed via AFM.

Greater microgel-microgel interactions may also be occurring in this case as well, as the
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particles appear to have more irregular spacing following de-swelling and drying, though
this may simply be more prominent due to the smaller discrepancy with respect to the
AFM diameter.

More detailed observation of the swelling properties of swollen microgels can be
achieved using confocal microscopy. As shown in Figure 4.7 for raspberry-like particles
featuring each type of microgel, the swelling and spacing patterns observed via SEM
persist. Interestingly, the microgel diameters observed by confocal are similarly smaller
than the hydrodynamic and AFM diameters would suggest. This is likely due to greater
fluorophore density about the center of mass of the particles, but may suggest that the

particle coronas play a major role in determining their packing on the colloidal surface.

Figure 4.7. a) Green-excitation confocal image of 4.4-um AB-functionalized PS
decorated with pgel-R b) blue-excitation of 4.6-um AB-functionalized magnetic PS
decorated with pgel-G. The scale bar in each image is 2 pm. Confocal imaging performed
by Ms. Shalini Saxena.

4.3.4. Expansion of Raspberry-Like Particle Synthesis

The nature of the core particles can be used to impart additional functionality into
the raspberry-like particles, such as paramagnetism. We chose rough-surface magnetic PS
nanoparticles as a particularly challenging core. These particles were smaller (2.5 pm in
diameter) than the cores described previously, and had a very rough surface due to the

presence of surface-grown polymer brushes containing adsorbed iron oxide nanoparticles
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(Figure 4.8a). However, these rough surface core particles were readily incorporated
within the microgel colloidal phase, leading to successful raspberry-like particle synthesis
and recovery (Figure 4.8). This case exemplifies one of the advantages of hybrid,
compartmentalized vehicles such as these particles. The magnetic-functionality of the
core particles is conferred upon the entire assembly, while the soft and responsive nature
of microgels dominates the surface interactions. Thus, the core material and the microgel
coating retain different functionalities and synergistically benefit from the raspberry-like
particle assembly. Also notable in Figure 4.8c and 4.8e is that the characteristic surface
deformations of pgel-G and pgel-R are preserved on a surface with both greater curvature

and greater surface roughness.

Figure 4.8. (a) SEM image of an AB-functionalized magnetic PS particle with rough
surface topology. (b) Blue-excitation epifluorescence and (¢) SEM image following
coverage with ugel-G. (d) Green-excitation epifluorescence and (¢) SEM image
following coverage with pgel-R. Scale bar in all images is 1 pm.

In addition to high surface coverage and the stabilization of the core particles
brought about by the high microgel packing densities, another advantage that arises from
the use of jammed microgel phases is the ability to make multi-functional raspberry-like
coatings, or patchy particles. Microgel colloidal crystals have been shown to be highly
defect-tolerant,®® which enables mixtures of compositionally distinct microgels in a single

colloidal phase without extensive phase segregation. Thus we reasoned that multiple
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distinct microgels should be able to form a mixed coating on the surface of the core. We
demonstrated this using pgel-R and pgel-G. The two particles when sufficiently mixed in
the glassy state by vortexing yielded a homogeneously colored pellet. Upon introduction
of the AB-functionalized core particles, followed by UV excitation, raspberry-like
particles were recovered with both types of microgels present on their surface, as shown
in Figure 4.9. Comparison of the microgel morphologies via SEM in Figure 4.9 to their
respective panels in Figures 4.4 and 4.5 show the characteristic differences in surface

spreading between the two microgels.

Figure 4.9. (Left) Schematic of mixed colloidal glass for raspberry coating. (Right) SEM
image of 4.4-um diameter AB-functionalized PS particles decorated with a 1:1 w:w
mixture of pgel-R and pgel-G. Scale bar is 2 pm.

4.4. Conclusions and Outlook

Though this method shows a great deal of versatility, especially with regard to the
absence of the necessity for complementary interactions, there are several practical
limitations. The inefficiency of microgel incorporation due to the large excess of particles
inherent in the technique is only somewhat ameliorated by the ability to recycle the
residual microgels. While the ratio of cores to microgels within the matrix has a
theoretical maximum based on monolayer coverage of microgels, the practical limit for
incorporation will be lessened by factors such as the core-addition solution and core

mixing within the concentrated colloidal phase.
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In summary, we have demonstrated that responsive microgels can be used to coat
the surface of a variety of spherical, micron-scale substrates using a packed colloidal
phase-mediated approach. The use of a high-volume fraction and high-viscosity phase
during assembly provides a means to enable efficient surface coverage in the absence of
compatible surface chemistries to direct such assembly from dilute media. This method
seems highly tolerant with regard to microgel size, composition, and core substrate size,
functionality, and topography. Mixtures of compositionally dissimilar microgels were
also shown to form multi-functional surfaces. Overall, this method is a versatile
technique that exploits the softness of responsive microgels to form densely-packed
assemblies on the surfaces of micron-scale particles, providing a flexible method to

generate hybrid microgel constructs enabling for drug delivery or other applications.
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CHAPTER 5

DAMAGE AND HEALING IN MICROGEL MULTILAYER FILMS

Adapted from

Gaulding, J. C., Spears, M. W., and Lyon, L. A. Plastic Deformation, Wrinkling, and
Recovery in Microgel Multi-layered Films. Polymer Chemistry. Online Ahead of Print.
DOI: 10.1039/C3PY00173C

Reproduced by permission of The Royal Society of Chemistry

5.1. Introduction

Self-healing materials are particularly desirable in applications where the integrity
of a material or coating is crucial to its performance, especially if the material is to be
used for long durations. Biological materials provide inspiration for design of self-healing
structures because living systems have innate ability to sense and repair damage in order
to restore functionality to the injured site. Accomplishing this feat with synthetic
materials is a major challenge for current research, and requires thoughtful control over
the underlying chemistry, configuration, and mechanical properties of the materials.
Consequently, there is no “one-size-fits-all” approach to the development of self-healing
materials, as different applications have very different material demands.*™

Several distinctions can be made between types of self-healing materials.
Autonomic self-healing materials are able to self-repair in the absence of an external
trigger. Some of the best known examples feature encapsulated catalysts and monomers
contained within a matrix, such that damage to the matrix leads to capsule rupture,
catalyst and monomer mixing, polymerization, and thus restoration of matrix integrity.°
Taking a step towards bio-inspiration, this concept has been more recently extended such

that two-phase microvasculature serves to deliver the necessary components for healing.’
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Materials that require the input of energy, typically in the form of heat or light, in order to
begin repair are referred to as “non-autonomic.” Their self-healing capabilities originate
from the dynamic (and typically non-covalent) interactions that serve to reversibly
connect their substituents. The external trigger often serves to fluidize or decrease the
viscosity of the system or alter the equilibrium towards reactive, unconnected species.
Removal of the stimulus resets the connected, original state. Some examples of reversible

chemistries that have been used in self-healing systems include Diels-Alder reactions,®*°

13,14 17-20

- interactions, 2 disulfide linkages,"*** trithiocarbonates,** *® hydrogen bonding,

21,22 23,24

metal complexes, ion-pairing=>“" and even systems using combinations of
strategies.”

Our group has previously described thin films composed of anionic hydrogel
microparticles (microgels) cross-linked by linear polycations and assembled using layer-
by-layer techniques.?®%" An intriguing finding is that when such films are deposited on
elastomeric substrates, they undergo autonomic self-healing in agueous media in
response to damage events such as bending, stretching, or mechanical “poking”, leading
to restoration of the initial film integrity.?® Further investigation of such films found that
their mechanical properties could be reinforced by gold nanoparticles.?® The initial
discovery of this self-healing behavior was a serendipitous result of studying the
deposition of microgel-based films onto elastomeric substrates.?® However, none of the
studies so far have offered a great deal of insight into the mechanism of film damage or
what drives restoration of film integrity following damaging events. In the work
described in this chapter, we elucidate key factors in understanding the mechanical

origins of this damage, as well as the drivers that promote rapid self-healing. In addition,

we study the applicability of this healing effect to a range of film compositions.
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5.2. Experimental

5.2.1. Materials

All common materials were sourced and used as described in Chapter 2.
Additionally, reagents acrylic acid (AAc), monobasic sodium phosphate (NaH,PQO,),
sodium chloride, magnesium nitrate hexahydrate, potassium chloride, hydrochloric acid,
(3-aminopropytrimethoxysilane (APTMS), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and 2-(N-
morpholino)ethanesulfonic acid (MES) were used as received. Solutions of 20% w/w
PDADMAC in water with molecular weights of 100-200 kDa and 400-500 kDa were

used as received.

5.2.2. Microgel Synthesis

Microgels were synthesized using previously described aqueous precipitation
polymerization methods.*® Anionic microgels were prepared by dissolving NIPAm, BIS,
(100 mM total monomer concentration) and SDS (0.17 mM) in 100-mL of deionized
water. The solution was filtered through a 0.2 um syringe filter, heated to 70 °C, and
purged with N for one hour. AAc was added 10 minutes before initiation of the reaction,
which was achieved with 1 mM APS. The reaction was carried out under a N,
atmosphere for 4 hours with constant stirring. All syntheses were filtered through glass
wool to remove coagulum and then subjected to at least 4 rounds of centrifugation and
resuspension in distilled water. Finally, all syntheses were lyophilized for 72 hours before

use.

5.2.3. Microgel Characterization

Microgel hydrodynamic radii (r,) were measured using DLS, using
instrumentation detailed in Chapter 2. All DLS measurements were carried out at 20 °C

in either 10 mM PBS at pH 7.4 and 15 mM ionic strength or 10 mM formate buffer at pH
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3.0 with 15 mM ionic strength to confirm pH responsivity. The composition, sizes, and

pH responsivity of the recovered microgels are presented in Table 5.1.

Table 5.1. Microgel Characterization

NIPAmM, mol % | AAc, mol % BIS, mol% rn, NM (pH 3.0)% | r,, nm (pH 7.4)?
68 30 2 337 629
88 10 2 269 413

#Sizes determined via dynamic light scattering, reported at 20 °C in buffer with 15 mM
ionic strength

5.2.4. Substrate Preparation

Films were constructed using layer-by-layer techniques (LbL) previously
described by our group.? Briefly, poly(dimethylsiloxane) (PDMS) was mixed in a 10:1
ratio by weight of elastomer to curing agent (Sylgard 184 Silicone Elastomer Kit, Dow
Corning), degassed for 30 minutes, and cured at 50 °C overnight. Cured PDMS was cut
into 9 x 18 mm pieces, equilibrated in hexane for 2 hours, and again incubated at 50 °C
in an oven for 2 hours to remove hexane. Pieces were stored in individual Eppendorf
tubes filled with water until further use. Prior to use, the water was removed and replaced
with 1.2 M HCI for approximately sixteen hours. The pieces were then removed, washed
3 times with water, washed 2 times with absolute ethanol, and shaken in absolute ethanol
for 30 minutes. Finally, the pieces were removed and placed in a separate solution of 1%
APTMS in absolute ethanol for 2 hours while shaking. Once removed, the pieces were

rinsed with water, at which point they were ready for LbL coating.
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5.2.5. Film Construction

Films were constructed using an LbL approach described previously.?®? Briefly,
prepared substrates were placed in well plates and covered with a 0.1 mg/mL solution of
microgels in pH 7.4 PBS. The plates were centrifuged with an Eppendorf 5804 R
centrifuge in a microwell plate rotor at 2250 x g for 10 minutes. The substrates were then
removed and rinsed with water. The microgels were covalently coupled to the substrate
using a carbodiimide coupling reaction using 2 mM EDC and 5 mM NHS in 10 mM
MES pH 5.7 buffer for 2 hours. The microgel-modified substrates were then shaken in a
solution of polycation for 30 min in either 100-200 kDa or 400-500 kDa Mw PDADMAC
at a concentration of 0.1 monoM in PBS, and the layer-by-layer process was repeated up

to 8 layers of microgels.

5.2.6. Film Stretching

Films were loaded into a homemade stretching apparatus that allowed precise
mechanical control over the degree of strain applied to the substrate, as depicted in
Figure 5.1. Coated PDMS substrates were clamped at both ends between glass plates
connected to a micrometer-controlled, single-axis translation stage. The film was parallel
to the floor with the coated side up. Before applying a stress, the exposed film area was
wet with distilled water for at least 1 minute to heal any damage associated with

handling, dried with nitrogen, and measured along the stretching axis.
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Figure 5.1. The apparatus used to stretch microgel films on flexible substrates. The
sample is clamped between glass slides and held in place by rubber washers. The left post
is stationary while the right is attached to a micrometer-controlled translational stage that
allows precise movement, allowing controlled strain to be applied to the films.

5.2.7. Film Characterization and Analysis

Brightfield microscopy images at 40x or 100x magnification were captured on the
Olympus IX-70 inverted microscope described in Chapter 4. Atomic force microscopy
images were captured on an Asylum Research (Santa Barbara, CA) MFP-3D AFM in
AC-mode. The resultant images were analyzed using the MFP-3D software written in the
IgorPro software environment (WaveMetrics, Inc, Lake Oswego, OR). Cantilevers for the
Asylum instrument were operated in tapping mode and were Si-SPM with Al reflex
coating, 42 N/m force constant, model NCHR purchased from NANOWORLD
(Neuchatel, Switzerland). Atomic force microscopy images of films under stress were
captured using a Nanosurf (Boston, MA) EasyScan 2 AFM. Cantilevers used with the
Nanosurf were operated in tapping mode and were Si, N-type with Al reflex coating, 45
N/m nominal force constant, model ACLA purchased from APPNANO (Santa Clara,

CA). The Nanosurf scan head was positioned on top of the stretching apparatus to
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suspend the tip over a mounted sample. The scan head imaged at an angle 45 degrees
relative to the axis of stretching. Collected images were analyzed using analysis tools in
the Nanosurf AFM software (v. 3.0.2.4) to determine root-mean-square (RMS)

roughness, with values reported as the average + SD of four 20 x 20 um regions.

5.2.8. Steam Healing

A 200-mL beaker was filled with approximately 170 mL of DI water. The water
was heated until steam was visibly rising from the surface. Microgel films were damaged
by pressing a plastic pipette tip against the film and gently dragging the tip across the
coating, such that a mark was clearly visible. The sample was then suspended above the

steaming beaker, film side down, for a period of five seconds.

5.2.9. Healing Driven By Relative Humidity

To prepare the high relative humidity environment, two petri dishes were filled
with DI water, placed within slightly larger petri dishes to minimize spills, and placed
within a sealed 2-gallon plastic bag. This bag was sealed within a second bag, and
allowed to equilibrate. An Acu-Rite relative humidity sensor was sealed along with the
petri dishes and allowed monitoring of the humidity within the inner bag. The inner bag
was allowed to equilibrate until humidity measured within the bag exceeded 80%. To
observe intermediate humidity states, saturated solutions were prepared by adding the
following masses to approximately 80 mL of deionized water in a 100-mL beaker, such
that undissolved solids coated the bottom of the beakers: 71 g magnesium nitrate
hexahydrate (55% relative humidity), 30 g sodium chloride (73% relative humidity), 36 g
potassium chloride (78% relative humidity). These were again sealed within two bags
and allowed to equilibrate to the steady state humidity value. Films that were damaged
either through controlled stretching or pipette scratching (as described above) were

placed in open-topped 6-well plates, then placed within the inner bag of the humidity
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chamber. Films could be monitored visually during healing, and were removed after one

hour for further characterization.

5.2.10. Film Thickness

Cleaned glass coverslips were functionalized using 1% v/v APTMS in absolute
ethanol, then incubated overnight. Following rinsing and incubation in PBS for 30
minutes, film assembly proceeded as described for the PDMS substrates above, creating
films with identical composition. A clean razor blade was used to scratch the surface of
the films, exposing the glass substrate. The region of the scratch was imaged using the
Asylum MFP-3D AFM. Film thicknesses for hydrated films were determined using the
iDrive accessory for the MFP3D after incubating the scratched area in deionized water
for a minimum of thirty minutes. The iDrive cantilevers were silicon nitride coated with
Cr/Au with nominal spring constant of 0.02 N/m (Asylum Research, Santa Barbara, CA).
All images were collected at 512 x 512 scan resolution. The resultant images of the film
scratches were analyzed by averaging the results from 150 line traces wherein the surface
of the film and the glass substrate were clearly discernible, then the height difference

between the substrate and film used to determine the thickness.

5.3. Results and Discussion

5.3.1. Film Damage

Stretching microgel multilayered films on elastomeric substrates had previously
been shown to result in a series of parallel cracks perpendicular to the axis of applied
stress. These cracks subsequently disappear upon immersion in water.?®%® Though these
results demonstrate the reversibility of even large-scale damage, the origin of these
parallel cracks was unclear, with two prevailing hypotheses being that they arose due to
cracking of the microgel film under the applied stress (e.g. the films are brittle), or that

the films underwent plastic deformation as the degree of strain was increased (e.g. the
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films are deformable). The Nanosurf’s compact scanning head allowed it to be stationed

atop the stretching apparatus and thus allowed the surface topography of the films to be

monitored in situ under applied stress in order to ascertain the origin of the cracking or

wrinkling pattern.
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Figure 5.2. a, f, g) RMS roughness as a function of applied strain for 8-layer 30% AAc
microgels/400-500 kDa PDADMAC films. Maximal strain a) 30%, f) 20%, g) 10%. b-¢)
Representative AFM images obtained during in situ stretching of the films. Film
roughness remains relatively constant as the degree of strain increases (b, c), then
buckling occurs as the stress is removed (c, d). Wetting of the films leads to restoration of
the initial roughness (d, ). All AFM images are 40 um x 40 um.
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Before Damage 30% Strain Healed under strain Relaxed

Figure 5.3. Film healed under stress. a) Film before damage displays a smooth surface
with low roughness. b) Application of 30% strain does not result in a large change in
surface topography. ¢) Film exposed to water while under strain also has a smooth
surface with low roughness. d) When stress is removed from the film, the characteristic
buckling behavior results. All AFM images are 40 um x 40 um.

As shown in Figure 5.2, the RMS roughness of the film as a function of applied
stress remains relatively constant as the degree of strain is increased. As the stress is
released, however, the parallel cracking pattern appears and results in an increase in the
RMS roughness. Roughness continues to increase as stress is removed, until restoration
of the zero-strain state. At that point, wetting and subsequent drying of the film leads to
the characteristic healing response, and the RMS roughness returns to its baseline level as
the wrinkled pattern disappears. The same pattern is observed even when lower degrees
of maximal strain are applied (Figure 5.2f, g), as the roughness begins to increase only
when the strain is removed. Additionally, stretching the film to 30% strain, then exposing
to water, as shown in Figure 5.3, revealed minimal changes in surface topography.
Relaxation of the stress from this state leads to the same wrinkling pattern as that
observed without the intermediate wetting step.

Further in situ investigation of the stretched film revealed additional evidence that
the wrinkling pattern is the result of a plastic deformation. Figure 5.4 reveals that as an
undamaged film is subjected to 30% strain and then relaxed, the characteristic buckling
pattern appears. Returning that film to 30% strain without healing leaves wrinkles behind,
with the wrinkling pattern lying orthogonal to the original pattern. The wrinkles seen
upon initial relaxation of the film are always observed to lie on the diagonal from the

bottom left of the image to the top right, due to the Nanosurf’s 45 degree angle of
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imaging (see Figure 5.2, for example). This corresponds to wrinkles that are
perpendicular to the stretching direction, suggesting buckling behavior. However, when a
film was re-stretched to 30% strain without a healing step, the lines were observed to lie
along the opposite diagonal (Figure 5.4d), indicative that the wrinkles are now parallel to
the axis of stretching. We attribute this change in direction to the elongation and
compression forces that the film experiences during stretching on an elastomeric
substrate. As PDMS is stretched, it elongates along one axis and compresses along the
perpendicular axes (Poisson ratio = 0.5).3* Therefore, if we assume that the entire film
undergoes some deformation during the initial stretching event, the in-plane film axis
perpendicular to the initial stretching axis is actually under compression during a second
stretching event, thereby resulting in a new wrinkling pattern perpendicular to the axis of
the second stretch. As seen in Figure. 5.4e, this pattern persists following multiple

rounds of film stretching and relaxation.

m Relaxed (0% strain)
m Stretched (30% strain)

Rms Roughness, nm

Before Damage 30% Strain Relaxation Re-stretch to cycle1 cycle2 cycle3 cycle4 cycle5 cycle6
30% strain

Figure 5.4. Cycles of stretching of microgel films leads to sensitivity to perpendicular
compression. a) Film under 0% strain, before cycling, b) 30% strain leads to compression
along the short axis, perpendicular to the applied stress, c) the film is relaxed back to 0%
strain; during relaxation, the film is effectively being compressed along the long axis, d)
30% elongation is reapplied with compression again introduced along the short axis. e)
This pattern persists through multiple cycles of stretching when the film is not healed. All
AFM images are 40 um x 40 pum.

The above evidence supports the conclusion that the observed damage pattern
arises from plastic deformation (stretching) when the film is under linear stress, followed

by film wrinkling as the stress is removed. Upon stretching, the total area of the film
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increases to accommodate the stretching of the elastomeric substrate. Removing the stress
reduces the effective area of the substrate, while the film lacks the elasticity needed to
return to its original area, thus resulting in wrinkling. In contrast, observation of cracking
in the films as stress was applied would have indicated strain-induced cracking as the
origin of the observed damage pattern.

It is illustrative to think of the microparticulate structure of the films when
considering the origin of the differential responses to elongation versus compression. The
multilayered film consists of anionic polymer nanoparticles cross-linked Coulombically
with highly-charged, linear polycation chains. Consequently, the individual particles have
their own elastic properties, and connectivity to neighboring particles in the film is
through a strong, though non-covalent (charge-based) interaction. As stress
is applied, the Coulombic interactions between discrete acid sites on the microgels and
individual monomer units of PDADMAC would seem to be the weakest link, and these
interactions may be sacrificed in favor of an altered ion pairing structure that allows for
an increase in film dimension along the stretching axis. Upon removal of the elongational
stress, the original ion pairing arrangement does not recover, and the now elongated film
simply wrinkles to accommodate the elastic recovery of the substrate. The polymer and
ion mobility that occurs during hydration of the film then allows restoration of the

smooth, low-energy confirmation.

5.3.2. Film Healing

The rapidity with which damage to microgel multilayered films is resolved upon
immersion in water has limited our ability to observe the stages of the healing process,
and thus limited our understanding what drives self-healing. In an attempt to reduce the
influence of passing the film across the air/water interface during immersion, film healing
was attempted by exposure to the high relative humidity above a steaming beaker of

water. As can be seen in Figure 5.5, this too leads to the complete restoration of film
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integrity following damage by a plastic pipette tip. Once again, this response is rapid,
requiring less than five seconds of exposure to steam (a video depicting the rapid healing
is available online: http://www.rsc.org/suppdata/py/c3/c3py00173c/c3py00173c.m4v).
This finding suggests that immersion is unnecessary, as is the need for bulk water;

surface hydration is sufficient to effect healing.

<—— scratch

Figure 5.5. Damage induced by scratching an 8-layer 30% AAc microgels / 400-500 kDa
PDADMAC film rapidly heals in response to steam. a) Scratched film before healing b)
Film exposed to steam for 5 seconds. Insets: microscopy of the scratched region before
and after. Scale bars are 10 um.

Having ascertained that water vapor was sufficient to heal film damage, we next
sought to determine what level of ambient humidity was necessary to drive fully
autonomous film healing. We explored the effects of intermediate humidity on films that
had been stretched by 20%, thereby damaging the entire film area. These films were then
placed them into sealed environments with controlled relative humidity, ranging from 55-
84% by RH sensor. As shown in Figure 5.6e, little effect is observed in films at 55%
relative humidity. At 73% humidity, in Figure 5.6f, the films seem to have almost
completely healed — the wrinkled pattern has nearly disappeared, but small parallel lines
are still discernible. When exposed to higher relative humidity, as in Figure 5.6g & h, the
films do not show any remnant wrinkling. This suggests that the films are sufficiently
hygroscopic to imbibe enough ambient water under high humidity conditions to effect the
requisite polymer mobility for healing to occur. This hydration of the film leads to

swelling, which in and of itself necessitates a rearrangement of the microgels and
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polycation in the film. The intermediate state visible in Figure 5.6f suggests that healing
proceeds first in the dimension normal to the plane of the film, since the intensity of the
wrinkles diminishes as the film progresses from a wrinkled to a smooth state, as opposed
to changes in the periodicity or width of the wrinkled features. This ability to drive film
healing based on ambient humidity levels suggests that these coatings may be
autonomous in high humidity environments, making them “equatorial-" or “rainy-day-"

autonomous.

Before

After

55% RH 73% RH 78% RH 84% RH

Figure 5.6. a — d) Damage caused by applying 20% strain to 8-layer 30% AAc microgels
/ 400-500 kDa PDADMAC films. Film recovery following one hour exposure to €) 55%
relative humidity, f) 73% relative humidity, g) 78% relative humidity, h) 84% relative
humidity. Little change is noted at 55%, while slight remnant damage is visible at 73%.
Complete recovery proceeds at 78% or higher. Scale bar in all images is 10 pm.

Hydration and swelling of an individual microgel is very rapid because of its
relatively small dimensions, occurring within fractions of a second.**® Swelling
therefore may provide the driving force responsible for the rapidity with which film
integrity is restored. Film thickness measurements comparing the dry and wet thickness
of multilayered films are shown in Figure 5.7. Films composed of 30% AAc microgels
cross-linked with 400-500 kDa PDADMAC (8 microgel layers) have a typical dry

thickness of approximately 75 nm, while film swelling leads to a greater than four-fold
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increase in film thickness to approximately 350 nm. As observed by AFM, and shown in
Figure 5.8, wrinkling damage induced by pipette damage to the films leads to a feature
size of the damage on the order of 100 nm. As a result, swelling of the film leads to a
greater overall change in the film thickness than that which is introduced by damage. The
rearrangement of polymer chains in the microgels and polycation within the film

accompanying swelling are likely responsible for restoration of the overall film integrity.
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Figure 5.7. Representative images used to determine film thickness for a) dry films and
b) wet films. Scan sizes are 50 um x 50 um. The red line and two dashed red lines define
the area wherein 50 scan lines are averaged, and depicted in c¢) and d) for a) & b),
respectively. The height difference was determined between the film and glass at three
points in each image.
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Figure 5.8. a) Damage induced by pipette in an 8-layer 30% AAc/ 400-500 kDA
PDADMAC film. b) After being exposed to an 83% relative humidity environment for
one hour. Both AFM images are 20 x 20 um. c) Line traces across the two images reveal
the characteristic roughness associated with damaged and healed films.

5.3.3. Film Composition

To test the generalizability of the self-healing phenomenon in microgel
multilayered films, we explored changes in the charge density and distribution in the
films. Recently other examples of self-healing polyelectrolyte multilayer assemblies
driven by water addition have been demonstrated,*?* suggesting charge pairing and ion
mobility are an important component of the self-healing characteristics. We explored the
effects of particle charge density by reducing the AAc content of pNIPAmM-AAc
microgels from 30 to 10%. Additionally, film connectivity can be manipulated by
changing the length of the PDADMAC used during assembly. The longer polymer chains
associated with higher molecular weight polycation results in limited penetration into the
microgel network,3* as well as serving to cross-link neighboring microgels. As such, one
would also anticipate that higher molecular weights would tend to lead to higher levels of

microgel-to-microgel cross-linking within the films; shorter chains should result in poorer
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connectivity. The molecular weights of PDADMAC used in this work, 100-200 kDa and
400-500 kDa, would have estimated end-to-end distances ranging from 15 - 21 nm and
31 - 34 nm, respectively. As shown in Figure 5.9, using lower AAc content microgels
and shorter PDADMAC still leads to the formation of self-healing microgel multilayers,
as neither the reduced acid content nor the shorter polycation disrupts connectivity

sufficiently for the self-healing characteristic to be suppressed.

Figure 5.9. a, b) 8-layer 30% AAc microgel films cross-linked with 100-200 kDa
PDADMALC. c, d) 10% AAc microgel films cross-linked with 100-200 kDa PDADMALC.
e, ) 10% AAc microgel films cross-linked with 400-500 kDa PDADMALC. g, ¢, €) Films
subjected to 20% strain, then relaxed. b, d, f) Films heal after being exposed to 84%
relative humidity for one hour. Scale bars in all images are 10 um.
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5.4. Conclusions and Outlook

In this work, we have demonstrated that microgel multilayered films undergo
plastic deformation in response to elongation, as evidenced by the onset of a
characteristic buckling pattern upon removal of the linear stress. Additionally, the rapid
healing response of the microgel films does not require immersion in water as exposure
to a relative humidity greater than 75% is sufficient to promote healing. This suggests
that film swelling is a key driving force in the rearrangement of polymer within the film,
and hence healing. Finally, the generality of the self-healing phenomenon for microgel
multilayer films has been extended to lower acid content and shorter polycation, both of
which reduce film connectivity. Taken together, it is clear that microgel multilayered
films represent a dynamic and intriguing approach to self-healing materials, and that
better understanding of the fundamental parameters of these assemblies will aid in their

future applications.
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CHAPTER 6
CELLULAR ADHESION RESISTANT FILMS AND MICROGEL

FILM MOBILITY

6.1. Introduction

6.1.1. Films to Improve Biocompatibility

One of the major challenges facing biomaterials in many applications is the host-
immune, or wound-healing, response to implanted materials.* The presence of foreign
material within a body triggers a cascade of responses that detect, break down and/or
isolate the foreign body from the remainder of the host. The evolutionary benefits of such
a response have been clearly demonstrated, as this strategy serves to ward off infectious
organisms and improves healing from injury. However, modern medicine has progressed
such that vital treatments require long-term, intimate contact with physiological fluids;
these are the environments most prone to triggering a significant immune response,
which for many applications may impede their performance or lead to serious
complications for a patient.

Upon exposure of a foreign surface to blood or interstitial fluids, proteins present
in the solution, such as albumin, fibronectin, vitronectin, IgG, fibrinogen, and von
Willebrand factor, rapidly begin to adsorb.?® These proteins serve to “tag” the foreign
material, making it detectable by the host, and triggering a cascade of inflammatory
responses.” These proteins mediate interactions with immunological cells, predominantly
neutrophils during the acute inflammatory response, and begin the process of attempting
to destroy the foreign material.* Chemical signals released by these cells recruit
additional cells, such as macrophages and lymphocytes, to the implantation site.>®

Working in concert, the cells attempt to destroy the foreign material through
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phagocytosis as well as the extracellular secretion of reactive oxygen species and other
chemical degradants.”° Foreign objects larger than a few microns are unable to be
engulfed during phagocytosis, and material that is able to withstand chemical damage
does not deter this immune response. If the macrophages are unable to destroy the
invading material, they merge and change phenotype to a foreign body giant cell, which
eventually serves to form a fibrous capsule consisting of scar tissue, which isolates the
implanted material.*® This capsule is dense and avascular, which leads to numerous
complications for a range of medical devices. Some brief examples include:
e diminished pacemaker performance as the leads become electrically isolated from
the heart muscle™*?
e pain and discomfort associated with breast implants due to
compression/contraction induced by capsule formation**3
e inaccurate measurement of glucose levels by sensors segregated from blood**®
The most common strategies for preventing these responses seek to prevent the
initial protein adsorption step.'” There are a range of materials that have been shown to

1821 and zwitterionic polymers.®*

diminish protein adsorption, including polysaccharides
24 Far and away the most common method used is to incorporate lengths of poly(ethylene
glycol), or PEG, which tends to inhibit protein adsorption due to its hydrophilicity and
high conformational flexibility.> The specific mechanisms for preventing protein
adsorption for these materials are not completely understood, but contact with a surface
typically leads to disruption of protein folding as residues within the structure interact
with functionalities on the material surface. Thus a common theme for materials that
successfully resist protein fouling are efforts to preserve the natural, aqueous solution-
folded structure of serum proteins by either mimicking the protein-water interactions or
preserving those interactions through their own strong hydration.?

Denying cells suitable domains for adhesion through prevention of protein fouling

is but one approach to attempt to prevent the host inflammatory response. Other strategies
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include the incorporation of anti-inflammatory drugs,™“' the release of nitric oxide,
and biomimetic materials to promote healing interactions.*® Though there are many
promising candidates and strategies, long term in vivo use of such coatings places some

very strict requirements on their performance and endurance.

6.1.2. Microgel Films as Cellular Adhesion Resistant Interfaces

Microgels represent an intriguing strategy to form interfaces with respect to
cellular adhesion. In addition to their “building block™ nature with regard to film
assembly, their hydrophilicity and softness were expected to make them highly resistant
to protein adsorption, and this capability could be further extended by the incorporation
of PEG. Early studies conducted in the Lyon group by Dr. Daoji Gan first demonstrated
that the extensive incorporation of PEG methacrylate (mol% 5-40%) into pNIPAmM
microgels served to reduce the amount of protein adsorbed by the microgels in solution.™
Nolan et al. were able to demonstrate that even small amounts (<2 mol%) of PEG,
incorporated as a diacrylate cross-linker, adsorbed approximately 25% less protein than
similar microgels cross-linked with BIS, and that increasing the molecular weight of the
PEG-DA could lead to a reduction in protein adsorption by close to 75%.%* Cell studies
conducted in collaboration with the lab of Dr. Andres Garcia demonstrated that this non-
fouling characteristic of microgels in solution also correlated well with the ability of
monolayer microgel films to resist cell attachment, as the PEG-cross-linked particles
blocked cell attachment and spreading much more effectively than those cross-linked
with BIS.*

Building from this example, the Lyon and Garcia labs developed a method to coat
polyethylene terephthalate disks with a monolayer of PEG-cross-linked microgels
through a benzophenone-based UV-coupling reaction.® The disks were demonstrated to
reduce fibrinogen adsorption as efficiently as self-assembled monolayers of PEG brushes,

and reduced both the adhesion and spreading of macrophages in vitro.* Upon
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implantation of these disks within mouse models, the microgel-coated samples
significantly reduced the adherence of leukocytes and macrophages during the initial 48
hours associated with the acute inflammatory response, and adherent cells showed
reduced expression of pro-inflammatory markers.®* Longer-term studies on disks
implanted for 4 weeks revealed that the microgel coating led to thinner fibrous capsule
formation, suggesting that microgel monolayers were able to diminish the chronic
inflammatory response to foreign materials as well *

Examination of monolayer films by microscopy, however, suggests that there may
be opportunities for improving the cell-resistance capabilities by improving the surface
coating. Monolayers of particles have variable polymer density (radial from the particle
center), and are limited by their packing efficiency on the surface, such that one can
envision cells taking advantage of defects in the coating to interact with the substrate and
attach to protein found there. Microgel multilayers, of the sort described in Chapter 5,
serve to limit the appearance of these defects by addition of multiple layers of microgels
tethered to one another through Coulombic interaction with linear polycation. Using PEG
cross-linked microgels and PDADMAC, microgel multilayered films could be assembled
and were shown to also strongly resist macrophage adhesion.*

Having demonstrated that these films were suitable for prevention of non-specific
cell adhesion, my predecessor, Dr. Toni South, next sought to create films suitable for the
selective binding of cells. As discussed previously, the long-term stability of implanted
materials is dependent upon normalization of the surrounding tissue, and incorporating
biomimetic binding domains within otherwise cell-resistant coatings can promote non-
inflammatory reactions and wound healing.? She synthesized microgels featuring the
peptide RGD in the particle shell, and deposited them as the top layer on these multilayer
films.*” However, despite RGD’s widely demonstrated integrin binding affinity and its

38-40

ability to greatly promote cell attachment to many substrates, these films did not

show improved cell attachment compared to the films in the absence of the peptide.*’

125



Furthermore, additional work within the group conducted by Dr. Mike Smith revealed
that highly charged microgels, as are used during multilayer film assembly, actually
adsorb a great deal of protein from solution.* Finally, the discovery of the self-healing

#243 (for further discussion see Chapter 5) suggested that

characteristics of multilayers
hydrated films exhibit some degree of mobility. These findings taken together suggest
that our initial hypothesis that microgel multilayer films resist cell attachment due to a
non-fouling mechanism analogous to what is observed with monolayers is incomplete,
and that an alternative mechanism, based on the mobile or viscoelastic properties of these

films, may in fact be the dominant factor.

6.1.3. Cell-Substrate Interactions

To assess the possibility that microgel multilayers do not reduce cell adhesion
through a stealth, non-fouling mechanism (i.e. the cells remain naive of the substrate), let
us now consider how cells gather information on their substrates, and how mechanical
cues influence cell behavior.

Successful cellular attachment begins when integrins on the cell surface bind to
proteins in the extracellular matrix or other substrate. Typical proteins for allowing cell
attachment include collagen, laminin, and fibronectin, and may be present from passive
adsorption from serum or growth media, produced by the cells themselves, or otherwise
integrated into the substrate directly.>***** Cells present an array of integrins on their
surfaces, each consisting of an o and B subunit, creating 24 distinctive binding domains
that have been observed in mammalian cells.*® Once bound, additional integrins are
recruited to the site and begin to cluster and form a structure known as a focal adhesion.“°
These supramolecular structures form from integrins and proteins such as talin and
vinculin, and serve to mechanically connect the extracellular environment to the cell’s

cytoskeleton.*’

126



Focal adhesions are the primary mechanism by which cells mechanically probe
their external environment, and the past few decades have shown that these mechanical
cues play a major role in numerous cell processes. Once a focal adhesion complex is
formed, the cells exert a force on the substrate to probe its compliance. The cell seeks to
equilibrate its internal tension by pulling on the substrate, and thus match its elastic
modulus.”*"*® This leads to a characteristic cell appearance — on substrates that are
softer than the cells, the cells tend to remain in a rounded conformation, while stiff
substrates lead to spreading.*’

Cellular adhesion has been studied using a variety of synthetic gels following the
original demonstration by Pelham & Wang in 1997 that fibroblasts and epithelial cells
showed the ability to alter their spreading and motility in response to mechanically stiffer

(more highly cross-linked) polyacrylamide gels.* This observation has also been made

50-52 53,54

for other cell types, such as muscle cells and nerve cells,”>>" suggesting that
environmental mechanical cues are a major governing factor for many cell activities. As
the cells seek to balance their internal tension through the exertion of force on the
substrate, the spreading response indicates cells have greater and more mature focal
adhesions, a reduction in apoptosis rate, and greater proliferation.*’*® Cellular preference
for stiff substrates is also shown by monitoring cellular movement. Several groups have
demonstrated methods of forming substrates with patterned or gradient elastic moduli.>>
%8 For example, Lo et al. altered the extent of cross-linking in polyacrylamide sheets, and
by forming composite gels without mixing were able to create single substrates with a
step-gradient in elasticity.> Observation of cells approaching the soft-stiff interface
showed a clear preference for either crossing from soft to stiff, or turning back to remain
on stiff, depending on their original position.>> Many groups have used arrays of micro-
pillars to create a cell-adhesive substrate wherein the forces exerted by cells can be

determined by monitoring the displacement of the pillars, and the dimensions of the

pillars themselves provide a facile method to tune the mechanical properties of the
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substrate.”®® In these cases as well, cells are observed to exhibit a preference for stiff
substrates, demonstrated by differences in migration rate on soft vs stiff substrates,
greater density on stiff substrates, and depletion of cells from soft regions near a stiff

interface. 8
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Figure 6.1. a) Depiction of cell interacting with an elastic substrate. Stress fibers in the
cell cytoskeleton are coupled to the surface through integrins interacting with adhesion
ligands present on the surface, typically resulting from adsorbed protein. b) The range of
elastic moduli characteristic of fluids and tissues in the body. Reprinted from Rehfeldt et
al. in Advanced Drug Delivery Reviews,”* with permission from Elsevier. Copyright 2007
Elsevier B.V.

Let us now consider the biological relevance of “soft” and “stiff”. As shown in
Figure 6.1, the range of physiologically-relevant elastic moduli covers a range from a
few Pa, such as in brain tissue, to several hundred kPa, as in cartilage or pre-calcified
bone.®*%2 As the previous studies show, cells spread well and generally show preference
to being attached to substrates that are stiff. The transition from physiologically “soft” to
“stiff” refers to a modulus of approximately 10kPa.**®® Even far above that threshold, for
materials such as glass (modulus: tens of GPa), cell behavior shows little discrimination
outside of the physiologic window.**>®* Within that range, however, cells are

extraordinarily sensitive to these mechanical cues. Perhaps the most striking example
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comes from the work of the Discher group, as in 2006 they demonstrated that the
differentiation of multipotent mesenchymal stem cells could be directed from mechanical
cues from the matrix, under otherwise identical culture conditions.®* Polyacrylamide gels
with moduli ranging from 0.1 — 40 kPa were used to culture the cells, and after one week
they were assayed for morphology and for characteristic markers for different
differentiation pathways. Up-regulation of neurogenic markers and a highly-branched,
neuron-like morphology was found on the softest gels; similar morphologic and protein
expression profiles were observed for myogenic and osteogenic differentiation on
intermediate (8 — 17 kPa) and stiff (> 25 kPa) substrates, respectively.** When compared
to the characteristic tissue elasticities in Figure 6.1, these correspond to the local
mechanical environment these cells would experience in native tissue. Beyond stem cells,
the mechanical environment provides cues that regulate a variety of behaviors for many

cell types: a brief summary is shown in Figure 6.2.

&Y Apoptotic nucleus /9'€ ECM

I Focal adhesions ——  Stress fibers

Apoptosis Proliferation
Growth arrest Migration Fibrogenesis
Few focal adhesions Spreading
Non-fibrogenic f Adhesion

Figure 6.2. Mechanical properties of the substrate direct the activities of many cell types.
Cell attachment and spreading are correlated with matrix stiffness, and when possible
cytotaxis favors migration towards increasing substrate stiffness. Reproduced from
Wells, R. G. in Hepatology,®® with permission from Wiley. Copyright 2008 American
Association for the Study of Liver Diseases.
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6.1.4. Polyelectrolyte Multilayers

While there have been only limited studies on the cellular adhesion/resistance
properties of microgel multilayers, the broader class of films composed of polyelectrolyte
multilayers have been extensively investigated. These films are assembled from two (at
minimum) complementary components, which are added in an alternating, layer-by-layer,
fashion to lead to the buildup of multilayered film on a substrate of interest.?®®’ Layer
addition involves the dipping, spraying, spin coating, or other administration of one
component of the film, followed by rinsing and then administration of the complementary
component.®®®® The most common implementation utilizes a pair of highly charged
cationic and anionic polymers, such as poly(allylamine hydrochloride) (PAH) and
poly(styrene sulfonate) (PSS). In these cases, the surface to be coated undergoes charge
reversal as each layer is added, and thus buildup is driven by Coulombic interactions
between the film and the polyelectrolyte additive, as well as entropic gains from the
liberation of counterions from the film.?*"® LbL assembly of thin polyelectrolyte films
has many advantages®®"*"* :

e simple and inexpensive

e translatable to many surfaces (both macroscopic and colloidal)

e insensitive to substrate shape

e exquisite spatial control, both in two dimensions (patterning) and three
dimensions (control overall thickness and formation of functional strata)

These advantages have driven intensive investigation in applications of these
materials in fields as diverse as water purification, organic electronics, and biomaterials.”
While linear or branched polyelectrolytes are most commonly used in LbL

assembly, other complementary interactions such as hydrogen bonding or click
chemistry,’>" have been demonstrated, and other highly charged species such as DNA

and proteins,”*"® have also been successfully integrated into multilayer films through
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LbL assembly. Hybrid films, wherein nanoparticles constitute one of the charged species
during film incorporation, have also been demonstrated using materials such as silica,
gold, and of course, microgels.””*°

The properties of films composed of polyelectrolytes are highly dependent on the
individual components, the nature of their pair-wise interactions, and their assembly
conditions. Certain pairings of polyelectrolytes, such as PSS and PAH have long been
characterized as having very strong interactions, and this is manifested in the form of
linear film growth, low elasticity, and low chain mobility.®®”® Many other polyelectrolyte
pairs, like poly(L-lysine) and hyaluronan, exhibit exponential growth, higher in-film
diffusion coefficients, and more elastic film properties.®®"® These factors are interrelated
— for example, exponential film growth occurs when the in-film polyelectrolyte diffusion
is high. During new layer deposition, the film acts as a reservoir for additional polycation
or polyanion, which diffuses to the interface when the opposite polyion is present. Thus
the dependence is not limited to the surface charge (as it is for linearly growing films),
but scales with the overall film thickness, leading to exponential growth.®*"*® There is a
growing appreciation that the sensitivity of polyelectrolytes to factors such as pH
(affecting polyelectrolyte charge density) and ionic strength (affecting the screening,
solvation, and packing of the polymers) suggests that it is more than the polyelectrolyte
pairing, but also the solution conditions of assembly that affect the final structure of the
film.% The extent of ionic cross-linking, film water content, and the length and
flexibility of the component polyelectrolytes are all factors that can govern the “strength”
of the polyelectrolyte multilayer.™

A key factor in transitioning between linear and exponential growth is the
mobility of at least one phase of the polyelectrolyte. The ability of polyelectrolytes to
diffuse within the films can be observed both directly, through techniques like
fluorescence recovery after photobleaching (FRAP) for labeled components of the

82-84

films, and indirectly, such as monitoring the exchange or self-exchange with

131



polyelectrolytes in solution,®®

and demonstration of inherently mobile phenomena such
as self-healing.®”® Strong, linearly growing multilayers, formed from polymers such as
PSS / PAH typically have very low diffusion coefficients, and additionally show very
slow exchange with equivalent polymers in solution.®*®® Exponentially growing weaker
multilayers suppress chain mobility by approximately 2 to 3 orders of magnitude relative
to the solution state.?* The mobility of chains is also anisotropic — diffusion normal to the
substrate was 4 to 5 orders of magnitude slower than lateral diffusion for one
exponentially growing system.*

Multilayers that are strongly interacting will also tend to be mechanically stiffer,
with Young’s moduli on the order of hundreds of MPa, while weaker, more hydrated
multilayers are orders of magnitude softer, on the order of tens of kPa.”*** By reference
to the cell interaction discussion previously, polyelectrolyte multilayers should appear
physiologically stiff and promote cell attachment.

However, polyelectrolyte multilayers have been shown to form films capable of
both resisting and promoting cell attachment — even when the film composition is kept
constant. In 2003, Mendelsohn et al. explored these films and proposed a mechanism to
differentiate between cell adhesive and cell resisting films.*® Films assembled from
poly(acrylic acid) (PAAc) and PAH hydrochloride demonstrated differential responses to
cell adhesion as a function of their assembly pH. At intermediate pH (6.5), corresponding
to highly charged states for both polymers, cell attachment was greatest, while low pH
(2.0) led to highly cell resistive surfaces. No major differences in protein adsorption
(fibrinogen and lysozyme) were observed between the two states, nor could differences in
surface chemistry or wettability be correlated to the cellular response. The proposed
mechanism instead related to the hydration of the polyelectrolytes. Under low pH
conditions, when PAAc was weakly charged relative to PAH, the internal structure of the
film would be expected to be very “loopy” — that is there would be internal domains that

are enriched in protonated amine groups, their associated anions, and waters of hydration
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for both. More highly-charged systems, on the other hand, have more intrinsic charge
compensation and thus form thinner layer pairs, lacking these loop domains. Mendelsohn
et al. were able to show this property explained the pH-responsivity of the cell adhesion
properties of PAAc / PAH; poly(methacrylic acid) / PAH; and PSS / PAH. Even for the
strong polyelectrolyte pair PSS / PDADMAC, which does not show pH sensitivity,
modifying the assembly conditions by increasing the ionic strength leads to formation of
the necessary loop domains. Thus even these two strong polyelectrolytes are able to
switch from a cell adhesive to a cell resistive response. The characteristic that best
discriminated between films was the swelling response — films whose thickness increased
greater than 200% upon hydration resisted attachment, while films swelling less than that
threshold allowed attachment.®® Further expansion on this work by measuring the elastic
moduli of similar films revealed that, while films that encourage cell attachment are
orders of magnitude stiffer than those that prevent it, even the PAAc / PAH films
assembled at pH 2.0 had a modulus on the order of 400 kPa, far stiffer than other
matrices that were shown to prevent attachment through intrinsic “softness.”*

Other than assembly conditions, other chemical modifications can be introduced
into multilayers to affect their cell adhesive properties. One common strategy is
carbodiimide coupling, as many polyelectrolyte pairs feature components with carboxylic
acids and primary amines. Carbodiimide coupling, typically through the water-soluble
EDC, serves to convert the ion-pair nature of their interaction to a covalent peptide
bond.*® The result is an increase in matrix stiffness as a function of EDC

92,97,98

concentration, and improved cell attachment and spreading as a result. In this

regard, the same trends as observed from conventional gels — that cells prefer to attach

and spread on stiffer substrates — have been observed on polyelectrolyte multilayers

94,95,99 51,99-102

interacting with fibroblasts, myoblasts, osteoblasts,”” and even
prokaryotes.'® Other cross-linking modalities, such as photo-cross-linking™®* have also

been demonstrated and show the same general pattern.
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In summary, polyelectrolyte multilayers represent a rich and dynamic interface
for cell attachment. Films that inhibit cell attachment do so despite adsorbing substantial

amounts of serum proteins®*

and being orders of magnitude stiffer than common tissue
components.”>* Thus it is clear that there are other mechanisms directing the resistance
of these interfaces to cell attachment. Mobility of polyelectrolytes within many types of
polyelectrolyte films has been demonstrated and measured, confirming that there is a
viscoelastic component to these materials. Importantly, the same factors that lead to
increased film stiffness and cell adhesion, such as highly coordinated poly-ion pairing,
the addition of external cross-linking reagents, or a dense internal structure, would also
be expected to reduce the mobility of components within the film. Therefore, when a cell
begins binding to a substrate, the forces exerted by the cell on the substrate may allow the
relaxation or rearrangement of the substrate in response. The resultant feedback to the
cell suggests the overall substrate is too soft or compliant — or “slippery” to think of a
macroscopic analogy, and thus the cells halt their attempts to adhere. Such a mechanism

would reconcile the observations to date regarding the interactions of microgel films with

cells, and potentially other examples in the polyelectrolyte multilayer field as well.

6.2. Experimental

6.2.1. Materials

All common materials were sourced and used as described in Chapter 2.
Additionally, reagents AAc, sodium phosphate, PDMS, APTMS, poly(ethyleneimine)

(PEI) branched, 750 kDa Mw, and glycine were used as received.

6.2.2. Microgel Synthesis

Synthesis of microgels was conducted in a manner similar to that described in
Chapter 5. The monomer NIPAm, cross-linker BIS, and surfactant SDS were dissolved

in DI water. The solution was added to a 3-neck round bottom flask and purged with
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nitrogen for 50 minutes as the solution was warmed to 70 °C. Acrylic acid was added,
bringing the total monomer concentration to 100mM, with a molar composition of 66%
NIPAmM, 30% AAc, 4% BIS. After an additional 10 minutes of nitrogen purging, the
polymerization was initiated through the addition of 1 mL of a 0.1M solution of APS.
The reaction was allowed to proceed at 70 °C under nitrogen for 4 hours. The resultant
particles were filtered through glass wool to remove any coagulum, then purified via
sequential sedimentation and redispersal in deionized water. The particles were then

Iyophilized for storage and resuspended in PBS buffer for use.

6.2.3. Film Assembly

Films for cell adhesion studies were built on amine-functionalized glass, prepared
as described in Chapter 5. Films for self-healing assessment were constructed on PDMS
that had been amine-functionalized, again in the same manner described in Chapter 5.
Films were assembled from 0.1 mg/mL solutions of microgels in 10mM pH 7.4 PBS at
100mM ionic strength, and used polycation concentrations of 0.1 monoM PEI (750 kDa)
or PDADMAC (400-500 kDa) in the same buffer. Films on glass substrates were
assembled to four microgel layers, while those on PDMS were assembled to eight layers
as this enabled clearer visualization of the damage and recovery features. Analysis of
films during buildup was conducted using the Asylum Research MFP-3D with 42 N/m
silicon nitride cantilevers, as in Chapter 5.

Films that were cross-linked were first equilibrated in the appropriate buffer,
detailed as follows, for thirty minutes. For glutaraldehyde cross-linking, a 25% stock
solution (Alfa Aesar) was diluted to 2% in deionized water.. The films were allowed to
shake at room temperature for two hours to complete cross-linking. The films were then
rinsed and any residual cross-linking reagents were quenched using a 40 mM solution of

glycine overnight.
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6.2.4. Film Stretching

The damage and healing responses of films were assessed using a similar
approach to that outlined in Chapter 5. Using the same stretching apparatus, films were
mounted and strain applied in the same manner. To determine the onset of damage for
films in each state, strain was applied in 10% intervals, then the films examined by
brightfield microscopy to assess the damage response. Healing was attempted by
immersion of the films in deionized water for a period of at least fifteen seconds,

followed by drying with nitrogen.

6.2.5. Film Modulus Measurements

The elastic moduli of the multilayers were measured through the nanoindentation
technique using an Asylum Research (Santa Barbara, CA) MFP-3D AFM equipped with
an iDrive cantilever holder for in-liquid measurements. The tips used for imaging and
modulus determination were silicon nitride with a nominal spring constant of 0.02 N/m
(Asylum Reseach, BL-TR400PB). All images were collected in AC-mode, while all force
curves were collected in contact mode. Image analysis, spring constant determination,
force curve analysis, and elastic modulus determination were all conducted using the
MFP-3D software written in the IgorPro software environment (WaveMetrics, Inc, Lake
Oswego, OR).

Films assembled on glass coverslips were scratched in order to expose the glass
for cantilever calibration and mounted onto glass slides using silver paint. The samples
were allowed to equilibrate under the appropriate buffer conditions for a minimum of 30
minutes in the sealed AFM chamber prior to imaging. Images were collected in the
vicinity of the scratched region, such that exposed glass was visible. Force curves
collected on the glass and a thermal spectrum collected far from the surface were used to
determine the spring constant via the equipartition theorem using methods included in the

MFP-3D software. The imaging window was then adjusted to an area not including the
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scratch, and the film imaged. Force mapping then proceeded by reducing the scan size
(25 pm -> 20 pum, such that all points collected on the force map are visible in the
corresponding image) and collecting force curves in a 32 x 32 array. The trigger point
was set to be < 50 nm for all measurements. The elastic modulus of the films was
calculated for each point in the force map using the Hertz model, via modules available in

the MFP-3D software, and assuming a Poisson’s ratio of 0.5 for the films.

6.2.6. Protein Adsorption

Qualitative assessment of the protein-fouling characteristics of pNIPAmM / 4% BIS
/ 30% AAc cross-linked with 400 — 500 kDa PDADMAC was conducted by incubating
the film in 0.25 mg/mL of fluorescently labeled BSA overnight. The film was then rinsed
and imaged via epifluorescence under blue excitation, as described in Chapter 3.

Quantitative assessment of the amount of fibronectin loading achieved in
PNIPAM/30% AAc microgels cross-linked with either BIS or PEGDA was conducted by
Dr. Hiroaki Yoshida. Films were immersed in a solution of 0.005 mg/mL fibronectin
labeled with AlexaFluor-488 in PBS for 24 hours at 37 °C. The films were then rinsed

three times with PBS and the fluorescence measured using a multi-plate reader.

6.2.7. In Vitro Cell Adhesion

Initial cell studies on PDADMAC cross-linked multilayers were conducted by
Ms. Apoorva Salimath in the lab of Dr. Andres Garcia. Murine NIH3T3 fibroblasts were
cultured in standard serum-containing growth media (DMEM (Gibco), 10% fetal bovine
serum (Gibco), 100 U/mL penicillin G sodium (Sigma), 100 pg/mL streptomycin sulfate
(Sigma), 1% non-essential amino acids, 1% sodium pyruvate). Each sample was washed
with 70% ethanol and rinsed with sterile DPBS three times prior to cell addition.
Trypsinized cells were seeded at 2500 cells/cm? onto 2.2 x 2.2 cm cover slips, and placed

in sterile 6 well plates. Cells were allowed to attach in an incubator at 37 °C overnight.
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Cell attachment was determined through live/dead staining performed using Calcein AM
and Ethidium Homodimer-1 and subsequent film imaging. The number of adherent cells
was calculated based on the number of stained nuclei in the field of view for 15-20
images taken at 20x, 40x, or 60x magnification. The reported values are mean +/-
standard deviation for these measurements. Cell studies on PEI cross-linked multilayers
were conducted by Dr. Hiroaki Yoshida, with assistance from the Garcia lab. The
methods were similar to that described above, but cell attachment was calculated

following staining for actin, vinculin, and nuclei.

6.3. Results and Discussion

6.3.1. Assessment of Protein Fouling

As described in the introduction, the initial studies on cell attachment to microgel
films were directed towards limiting protein fouling on the substrate, and utilizing this
non-fouling characteristic to reduce cell attachment. Subsequent work with multilayered
films showed strong inhibition of attachment, but did not directly assess the protein-
fouling of the films. To that end, we first hypothesized that if non-fouling was not the
primary mechanism responsible for the resistance to cell adhesion, then multilayered
films lacking PEG should also inhibit cell attachment. Microgels were synthesized that

I.,% and built into

were BIS cross-linked analogues to the published study by South et a
multilayers in the same manner. These films were then subjected to cell attachment
studies conducted by Ms. Apoorva Salimath of the Garcia group. As shown in Figure
6.3, fibroblast attachment was strongly inhibited relative to both uncoated glass and

monolayers of the same microgels.
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Figure 6.3. a) Numbers of adherent cells on untreated glass coverslips, monolayers of
pPNIPAmM / 4% BIS / 30% AAc microgels, and 4-layer films of the same particles
assembled with PDADMAC. b-d) Representative images of Calcein-stained films
showing cell attachment. Microgel multilayers strongly inhibit cell attachment, even in
the absence of PEG cross-linking. Images and analysis conducted by Ms. Apoorva
Salimath.

The protein-fouling characteristics of the films were qualitatively assessed by
exposure to FITC-labeled BSA, a common serum protein. Figure 6.4a shows strong
fluorescence, indicative of high-levels of non-specific protein adsorption to the highly
charged films. A more quantitative assessment using fibronectin, another serum protein
important for enabling cell attachment, was conducted on these films by Dr. Hiroaki
Yoshida. Also in Figure 6.4, this data reveals that the protein content of the multilayers is
higher than in the monolayers, even for PEG-cross-linked microgels — a result that is

antithetical to protein-fouling as the driving force behind cell attachment. The
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combination of greater total film volume and the higher charge density of the multilayer

assembly likely lead to the differential protein loading.
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Figure 6.4. a) Epifluorescence microscopy image of a 4-layer pNIPAmM / 4% BIS / 30%
AAc / 400-500 kDa PDADMAC film exposed to FITC-BSA overnight. Scale bar is 10
um. b) Exposure to monolayer and 4-layer films to fluorescently-labeled fibronectin.
Multilayer films adsorb more protein than monolayers. b) is courtesy of Dr. Hiroaki
Yoshida.

6.3.2. Film Assembly

Since inhibition of protein fouling does not seem to be the major factor affecting
the ability of microgel films to prevent cell attachment, we next sought a way to alter the
viscoelasticity, or mobility, of the microgels. Chemical cross-linking of the films is an
attractive approach, however PDADMAC does not have any reactive groups amenable
gentle cross-linking reactions. Alternatively, PEI is a highly branched polycation
featuring numerous free amine groups suitable for cross-linking. It is also commercially
available with high molecular weight, which should ensure a sufficient degree of particle-
particle bridging in order to effect charge reversal and allow film buildup. The structures
and relevant attributes of the polycations are summarized in Scheme 6.1. It was first

attempted to discern whether PEI could be incorporated into multilayer films.
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Scheme 6.1. Comparison of PDADMAC and PEI for film assembly and cross-linking.

Film buildup can be directly monitored using AFM. As shown in Figure 6.5 PEI
films build up in a manner that is quite consistent with PDADMAC films that are also
assembled via centrifugal deposition. Following the fourth layer of microgel deposition,
the films appear uniform with no substrate visible, and individual microgels become

difficult to discern, as is characteristic of well-formed multilayers.
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Figure 6.5. Buildup of pNIPAmM / 4% BIS / 30% AAc films with PEI. Images taken after
a) one layer, b) two layers, c) three layers, and d) four layers of microgels. e) For
comparison, a film of the same particles assembled with four layers of microgels and
400-500 kDa PDADMAC. All images are 20 x 20 um.

6.3.3. Film Cross-linking and Moduli

Once the PEI films are assembled, there are a number of reactions which can be
used to covalently reinforce the cross-linking, and thus limit the mobile characteristics of
the films. Glutaraldehyde is one such common reagent,*® and in this context should serve
to cross-link the primary amines of PEI, which will convert the Coulombically assembled
multilayer into a gel that is more akin to an interpenetrating double network — the PEI
forming one largely immobile phase, and the cross-linking points serving to entangle the
microgels and thus restrict particle movement.

Cross-linking will also lead to changes in the mechanical properties of the films,
however. Therefore we sought to use nanoindentation techniques on the films to
determine their elastic moduli, which will both confirm the efficacy of the cross-linking

reaction and to provide physiological context to the stiffness of the two states. Since the
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films are composed of particulate gels and polycation, there is likely a great deal of
heterogeneity in the plane normal to the surface, particularly when sampling with a small
area such as an AFM tip (the ones in this case having a radius of ~42 nm). Therefore
force mapping, which correlates force curves with spatial positions, was seen as an
attractive method to minimize such effects. As is shown in Figure 6.6, film stiffness does
indeed show significant heterogeneity. However, when considering the elastic moduli of
the films in deionized water, the modulus of the non-cross-linked films (mean: ~600 kPa,
median ~500 kPa) is approximately an order of magnitude lower than the films cross-

linked with glutaraldehyde (mean: ~10 MPa, median ~4 MPa).
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Figure 6.6. Height traces (left) and force maps (right) of 4-layer pNIPAmM / 4% BIS /
30% AAc / PEI films in the before (top) and after (bottom) cross-linking with
glutaraldehyde. Cross-linking of the films is determined to be successful through an
increase in the elastic modulus of the films. Height traces are 25 x 25 um, Force maps are
20 x 20 pm and concentric with the height traces.
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6.3.4. Film Damage and Healing

Having ascertained that glutaraldehyde was a suitable way to cross-link the films,
we sought to evaluate the effect of cross-linking on microgel mobility. Observation of
self-healing of multilayers on flexible substrates remains our best method for determining
whether or not microgels are mobile. Films were assembled for that purpose, akin to what
was described in Chapter 5. Applied strain to the films did not lead to an observable
change in the films until a strain of at least 40% was applied. At that point, a
characteristic wrinkling pattern appeared in the films perpendicular to the axis of
stretching (see Figure 6.7a-c), as is consistent with the previously observed damage
events for films assembled with PDADMAC. The higher onset of damage for PEI films
relative to PDADMAC suggests that these films may be have a lower modulus, likely
arising from the differential amounts of particle-particle cross-linking that is possible due
to the PEI’s higher molecular weight and extent of branching. Once damaged, the films
readily healed upon immersion in water and drying with nitrogen, confirming that self-
healing in microgel multilayers is not confined to PDADMAC. After cross-linking the
films with glutaraldehyde, application of even 20% strain causes the film to exhibit
cracking. These features, shown in Figure 6.7e-f, are not consistent with the plastic
deformation characteristic of damage that self-heals. The cracks are more irregular,
though they are generally parallel to the axis of stretching. This suggests that cross-
linking makes the films brittle, causing this damage to occur upon stretching. Immersion
of the films in water and subsequent drying fails to restore the film’s integrity.
Consequently, these results demonstrate that PEI films can undergo a switch from a self-
healing, mobile state to a brittle, immobile one simply through the addition of an

exogenous cross-linker like glutaraldehyde.
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Figure 6.7. Brightfield microscopy images of pNIPAmM / 4% BIS / 30 % AAc films
assembled with PEI deposited onto PDMS. In the absence of extrinsic cross-linking (a-c),
the films undergo plastic deformation and wrinkle when strains in excess of 40% are
applied (b). The wrinkles disappear upon immersion in water (c). When cross-linked with
glutaraldehyde (d-f), the films undergo irreversible cracking when strained less than 20%.
(e, T). The features in €) and f) appear to be cracks largely perpendicular to the axis of
stretching, suggesting that the films become brittle once cross-linked. The films do not
recover upon immersion in water. Scale bars in a-e) are 30 um. Scale bar in f) is 100 um.

6.3.5. Cell Adhesion

The switchable nature of PEI assembled films make them an attractive substrate
to use to test the importance of film mobility on the cell adhesive properties of microgel
multilayers. Films were assembled in the same manner as described previously for
PDADMAC films, and the ability of murine fibroblasts to adhere was investigated by Dr.
Hiroaki Yoshida. As revealed in Figure 6.8, non-cross-linked PEI films also strongly
resisted cell attachment, which coupled with their self-healing characteristics suggests
that the mechanism is similar to that of PDADMAC multilayers. Cross-linking with
glutaraldehyde leads to a five-fold increase in fibroblast attachment to the films, which is

similar to the attachment observed with immobile monolayers. Though the stiffness of
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the films increased as well, the moduli measurements described previously suggest that
both states represent physiologically “stiff”” surfaces. Consequently, these studies provide
further evidence for a viscoelastic or mobile component to the cell-resistance properties

of microgel multilayer films.
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Figure 6.8. a) Numbers of adherent cells on glass, monolayers, and 4-layer pNIPAm /
4% BIS / 30% AAc microgels assembled with PEI. Cross-linking with glutaraldehyde
leads to a five-fold increase in cell attachment. b-c) Representative images of films
showing cell attachment. Images and analysis conducted by Dr. Hiroaki Y oshida.

While there is clear evidence that microgel multilayers behave in a manner similar
to the polyelectrolyte multilayer systems described previously, there are certain
differences when considering microgel assemblies which may strongly affect the cell
resistance of these materials:

e high molecular weight and spatial dimensionality relative to other single
molecule polyanions

e alower charge density on the microgels than is typical for linear or
branched polyanions

e anetwork structure defined by covalent cross-linking within the microgels

that is independent of the polycation
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e variable polymer density defined by each microgel
These factors may lead to greater mobility of the polycation in the films, as both the
charge density and the defined mesh size of the microgels should lead to the formation of
channels for which polycation passage can be relatively unhindered. The more densely
cross-linked cores, which should limit polycation accessibility, may actually represent
“islands” of relatively anionic polymer. Charge density for single particles within the film
would then decrease radially out to the interstitial regions of the films: areas enriched
with the polycation. Such structural effects may thus represent numerous domains for
serum proteins and integrins to experience, as well as contributing to the overall mobility
and viscoelasticity of the film. Modifications to the multilayers, such as cross-linking,
may not have substantial impact on these protein-binding domains, but would serve to
limit the diffusivity of the polycation in the film and convert the material to a type more

akin to a conventional, stiff hydrogel.

6.4. Conclusions and Outlook

When considering their interactions with cells, microgel multilayer films are
difficult to compare to the precedents in the field. The major components of the film, the
microgels, are colloidal derivatives of the bulk hydrogel systems widely studied.
However, by creating multilayer formations of these particles, driven by electrostatic
assembly, a second polymeric phase is introduced, as well as dynamic properties
common to polyelectrolyte multilayers. The key factors that govern cell attachment in
these two classes of materials are quite different, and thus it is difficult to ascribe the
resistance of microgel multilayers to cell attachment to a single mechanism without
detailed investigation. From previous studies with microgel monolayers, it seems clear
that the hydrogel factors (elimination of protein fouling) are most important (which is
unsurprising since a monolayer by definition lacks multiple layers). Multilayer buildup

leads to the emphasis on polyelectrolyte factors — as this chapter demonstrates, the
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mechanical properties and protein adsorption of these films are more akin to this class of

materials. Further studies may shed more light on this transition, or potentially reveal

novel mechanistic origins for the properties of these films derived from their gel /

polyelectrolyte duality.
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CHAPTER 7

OUTLOOK AND FUTURE DIRECTIONS

7.1. Introduction

The preceding chapters have described numerous innovations in microgel
synthesis and microgel assemblies, along with fundamental studies to better understand
each system. Individual chapters presented one avenue of inquiry on a variety of subjects
with regard to microgels and their assemblies. The goal of this chapter is to provide some
additional context for the work, and suggest future research directions that may enable
the translation of these materials into functional and beneficial technologies for use in

solving the major challenges facing drug delivery and healthcare.

7.2. Hydrolytically Degradable Microgels

7.2.1. Alternative Uses for DMHA

While the initial interest in pursuing DMHA for cross-linking of microgels was
motivated by the pH regime of its hydrolytic degradation, it also presents an opportunity
for particle functionalization. In the original synthesis of the cross-linker by Ulbrich et
al., the degradation products of the erosion were identified as carboxyl groups and
amines.! Thus the cross-link scission occurs upon hydrolysis, followed by Lossen’s
rearrangement to an isocyanate, whereupon further hydrolysis results in amine formation
and the release of carbon dioxide. The degradation mechanism is shown in Scheme 7.1.
If DMHA cross-linking were combined with the non-degradable cross-linker BIS, in a
manner similar to the production of thiolated microgels in Chapter 3, the erosion
products would lead to a stoichiometrically zwitterionic microgel, featuring two reactive

functional groups capable of orthogonal chemoligation. Synthesis of particles of this type
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via conventional precipitation polymerization is quite challenging due to the inherent
difficulties in multi-component synthesis, such as differences in polymerization kinetics
and hydrophilicity between different monomers. Achieving incorporation of both
functionalities in the form of a single, protected co-monomer may therefore provide a

simple synthetic route.
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Scheme 7.1. Scission of DMHA at neutral to alkaline pH proceeds following
deprotonation of the nitrogen, followed by Lossen’s rearrangement to form an isocyanate
intermediate which further hydrolyzes to result in amine formation.

7.2.2. Experimental and Results

Investigating this approach proved to be quite challenging, however. While the
synthesis of co-cross-linked microgels requires only the addition of BIS to the initial
monomer solution and results in successful particle formation, following degradation the
characterization of resultant particles proved quite challenging. Assessing the particle
size changes and responsivity using dynamic light scattering is significantly more
challenging for zwitterionic particles. Das and Kumacheva demonstrated for
poly(NIPAm-co-vinyl imidazole-co-acrylic acid) microgels that the weak nature of the
acidic and basic functional groups results in complex swelling behavior, with
hydrodynamic radii being minimized at the isoelectric point of the microgels.?
Characterization of degraded DMHA particles in this manner is challenging due to 1) the

low overall incorporation of the cross-linker (< 4 mol %), 2) ongoing particle degradation
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presenting a “moving target”, and 3) oligomeric loss from degradation making the exact
stoichiometric composition of the respective groups indeterminable. Therefore, reactive
labeling techniques were employed to demonstrate the presence and availability of the
two functional groups. However, despite successful labeling of carboxyls with
fluorescein-amine, the amine-reactive fluorophores fluorescein-isothiocyanate and
fluorescein-N-hydroxysuccinimide were unsuccessful in conjugating to any remnant

amines. Vial images of fluorescent conjugation attempts are shown in Figure 7.1.

pNIPMAmM-BIS-DMHA
(degraded)

lorescein-amine
EDC/NHS

Figure 7.1. Following degradation, attempting to fluorescently label the expected amine
and carboxyl groups produced by DMHA degradation leads to mixed results. Amine-
targeted reactions, such as NHS-derivatized fluorescein, do not show efficient labeling,
while carboxyl-targeted reactions are successful.

The inability to demonstrate incorporation of reactive amines may suggest that the
primary degradation mechanism for DMHA in these microgels is hydrolysis of the cross-
linker, leading to carboxyl release, and resulting in a stable isocyanate, a stable
hydroxamic acid, or a second hydrolysis occurs on the hydroxamic acid leading to the
production of two carboxyls. Ascertaining the degradation products is not only key for
determining DMHA’s suitability for multi-functional zwitterionic particles as described

above, but also is critical for any future drug delivery applications.
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7.2.3. Future Perspectives

Introducing physiologically-relevant degradation motifs within microgels will
continue to be a key part of translating the great potential of these materials as therapeutic
carriers into impactful technologies. Thus far, our group’s interests in DMHA have been
limited to fundamental studies of its erosion properties: in solution,® supported by
surfaces,” or localized into microgels with complex architectures,” as in Chapter 2.
However, we have yet to investigate the potential utility of DMHA-bearing microgels in
drug delivery applications. One basic distinction to consider is whether DMHA is
suitable for release profile modification, or simply as a mechanism to ensure long-term
degradation and clearance. While degradable cross-linking as means to regulate solute
release is widely demonstrated for many materials, there are reasonable concerns as to
why DMHA microgels may not work well in this capacity. For macromolecular
therapeutics the loading and release is primarily governed by the polymer mesh size, and
if DMHA exhibits heterogeneous incorporation within microgels, the resultant particles
would have domains enriched in DMHA, which would likely have smaller mesh sizes
than other portions of the particles. Thus, macromolecular loading would be highest in
regions with lowest DMHA content, which may mitigate its effect on the release
properties. In addition, for DMHA-shell particles the added polymer density may limit
the ability of therapeutics to diffuse during loading, which would require alternative
strategies such as complementary interactions with other microgel components to ensure
efficient loading and retention.

For these reasons, DMHAs utility in microgel delivery vehicles is unclear. In the
twenty years since the original description of the synthesis, there have been only a few
published efforts to incorporate the cross-linker within colloidal gels to assess properties
relevant for drug delivery. PEG-based microgels cross-linked with DMHA have been
investigated both for their ability to regulate release of a small molecule therapeutic,® and

their ability to be taken in by cells.” Bartlett and Panitch recently demonstrated that
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pNIPAmM-based microgels could use combinations of DMHA and BIS cross-linking to
regulate release of an anti-inflammatory peptide.? These limited examples suggest that

the potential of DMHA-based microgels has yet to be fully tapped.

7.3. Disulfide Cross-linked Microgels

7.3.1. Introduction

Chapter 3 discussed the incorporation of disulfides into thermo-responsive
microgels via precipitation polymerization, and thus provided a means to incorporate
responsive sulfur chemistries. To fully exploit this capability, however, these disulfide
linkages need to be incorporated into more complex microgel architectures, such as the
core-shell particles used for drug delivery® or incorporated in conjunction with additional
orthogonal chemical functionalities, as this would enable simultaneous chemoligation of
targeting moieties, fluorophores, or payloads of interest.*® Expansion of the synthetic
space around microgels further extends our ability to approach potential applications with
a rational design perspective. Preliminary efforts in this area have focused on the
incorporation of acrylic acid within microgels co-cross-linked with BIS and BAC. The
resultant particles would be temperature, pH, and redox-responsive, and upon thiol
conversion would present two orthogonal functional groups suitable for post-synthetic

modification of the microgels.

7.3.2. Experimental

7.3.2.1. Materials

All materials and reagents were sourced and used in a manner consistent with
their description in Chapter 3. Additionally, the reagents Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Pierce) and dansylcadaverine hydrochloride (Sigma Aldrich)

were used as received.
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7.3.2.2. Microgel Synthesis

The target molar composition for these particles was: NIPMAm: 85.5%, BAC:
2.5%, BIS: 2%, AAc: 10%. The monomers NIPMAm and BIS were dissolved in
deionized water, then filtered through a 0.2-um Acrodisc filter into a 3-neck round
bottom flask. SDS was added to the solution to a total final concentration of 0.17 mM.
The solution was heated to 68 °C and stirred under nitrogen for seventy minutes. The
acrylic acid was then added while heat and stirring were maintained. Polymerization was
initiated by the addition of a 500 uL of a 0.1 M solution of APS. BAC was dissolved in
methanol, to a final concentration of 0.25 M, and added immediately following initiation,
bringing the total volume of the synthesis to 50 mL. The reaction was allowed to proceed
for approximately 18 hours, then the resultant solution was cooled and filtered through
glass wool. The recovered particles were purified by sequential sedimentation and

redispersal in deionized water, and lyophilized for storage.

7.3.2.3. Confirmation of Multiple Reactivity Incorporation

The pH-responsivity of the particles was confirmed using in a manner similar to
that of the anionic particles described in Chapter 5, by using dynamic light scattering
and measuring particle sizes in pH 3.0 formate buffer and pH 7.4 HEPES buffer. The
responsivity of the particles to reduction was demonstrated by adding 1 mL of a 7 mg/mL
solution of cleaned particles to 9 mL of a solution of 10 mM dithiothreitol (DTT) or to 9
mL of pH 7.4 HEPES buffer, and allowing to microgels to react for a minimum of two
hours. The particles were allowed to passively deposit onto APTMS-functionalized glass
coverslips, then the particle heights and spreading were compared for the reduced vs.

non-reduced particles using AFM, in a manner similar to that described in Chapter 2.
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7.3.2.4. Fluorescent Labeling of Carboxyls and Thiols

Approximately 4 mg of the co-cross-linked microgels were dispersed ina 5 mM
solution of TCEP in pH 3.3 formate buffer and allowed to react for eighteen hours. The
thiol-bearing particles were purified by sedimentation and redispersal in formate buffer,
before finally being dispersed into pH 7.4 HEPES buffer. A solution of fluorescein
iodoacetamide was prepared by dissolving 0.8 mg into 200 uL. of DMSO. This solution
was added to 1 mL of the particle solution in pH 7.4 HEPES buffer. A similar solution
was prepared by dispersal of the co-cross-linked particles into 1 mL of pH 5.5 MES
buffer. A solution of 0.85 mg of dansylcadaverine hydrochloride, 0.6 mg of EDC, and 1.4
mg of NHS in 200 pL. of DMSO was prepared and added to the MES suspension of
particles. The two conjugations were allowed to proceed with shaking overnight at room
temperature in the dark. Excess fluorophore was removed by sedimentation and
redispersal, repeated until the fluorescence intensity (using the steady-state fluorescence
spectrophotometer described in Chapter 3) of the supernatant was indistinguishable from
buffer. Labeled particles were imaged using the microscopy setup described in Chapter
4 Fluorescence excitation was achieved by using a mercury lamp equipped with
excitation band-pass filters of 450-490 nm (blue excitation) for fluorescein

iodoacetamide, or 350-370 nm (UV excitation) for dansylcadaverine.

7.3.2.5. Triple Network Gel Formation and Dissolution

To form the initial, disulfide cross-linked gel, an adapted method of that described
in Chapter 3 is presented here. Approximately 32 mg of co-cross-linked particles were
dispersed into 8 mL of a 5 mM TCEP solution in pH 3.3 formate buffer, split into two
centrifuge tubes. After 90 minutes, the solutions were sedimented at 8,228 x g for 10 min.
No difference in pellet density was observed, so the particles were allowed to continue
react for an additional fifteen hours to ensure complete conversion to thiols. At that point,

the particles were pelleted as before, and the supernatant replaced with pH 3.3 formate
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buffer to remove any liberated oligomers. The resuspended particles were pelleted once
more, the supernatants removed and replaced with 4 mL of a 10 mM solution of sodium
periodate in pH 3.3 formate buffer. Immediately following periodate addition, the
samples were centrifuged at 8,228 x g for 10 min. The resultant pellets were solid gels
that remained intact upon washing with formate buffer within the tube.

The disulfide cross-linked gels were transferred to a 6-well plate. For the double-
network gel, a solution of 4 mL of pH 7.4 PBS buffer (100 mM ionic strength) was added
to the well. For triple-network gel formation, 4 mL of a solution of 0.1 monoM 400-500
kDa PDADMAC in PBS was added, and the samples allowed to equilibrate for
approximately twenty hours. The gels were then carefully transferred to fresh wells and
equilibrated in fresh PBS, then allowed to remain there for 24 hours. No changes in gel
morphology were observed in that time, so the PBS was removed and 4 mL of a5 mM
solution of TCEP in PBS was added to each well. Gel degradation was then monitored

visually.

7.3.3. Results and Discussion

7.3.3.1. Particle Synthesis and Confirmation of Responsivity

Adding acrylic acid to the co-cross-linked particles described in Chapter 3
necessitated a reversal of the TEMED-assisted redox initiation. In the absence of
TEMED, a strong base, thermally initiated syntheses tend to be highly acidic (pH < 2).
This is well below the pKa of acrylic acid (~ 4.5), and thus normally acrylic acid
incorporates readily as it is not ionized during the synthesis. It is for this same reason that
incorporating primary amines during precipitation polymerization is a significant
challenge — these are highly charged under conventional polymerization conditions and
have a tendency to phase separate or prematurely stabilize the precursor particles, thus

leading to poor incorporation in the desired microgels. Altering the synthetic methods by
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changing the radical source or ionic strength can counteract these effects.** Maintaining
conventional thermal initiation using ammonium persulfate alone, as shown for the
thermally-initiated BAC particles in Figure 3.1, resulted in remnant cross-linking.
However, there is still a substantial response to the added DTT, indicative that this is still
a viable strategy for thiol incorporation. The added BIS cross-linking should serve to
further stabilize the particle against mass loss associated with reduction. The advantages
in remaining in a thermally-initiated initiation are thus the incorporation of an additional,
orthogonally-responsive functionality within the microgels, as well as greater
compatibility with other conventional synthetic design strategies, such as core-shell
syntheses.

Disulfide incorporation is confirmed by observing the redox-responsivity of the
resultant particles. Deposition of the particles onto solid substrates, as shown in Figure
7.2, confirms the monodisperse nature of the recovered particles, with radii on the surface
of 461 +/- 30 nm. The height of particles on the surface is 166 +/- 7 nm, which is
somewhat taller than expected for conventional microgels. However, the total cross-
linking in these particles (contributions from BIS, BAC, and any chain-transfer reactions)
is quite high, leading to the apparent stiffness on the surface. Exposure of the particles to
the reductant DTT leads to scission of the disulfides of BAC, and subsequent surface
deposition leads to particles that exhibit greater spreading (radius of 682 +/- 30 nm) and a
marked reduction in particle height (to 69 +/- 4 nm), as shown in Figure 7.2. These
factors combine to suggest that much of the BAC incorporated remains in its active,
disulfide form. This is further demonstrated by the ability to fluorescently label the

resultant thiols, as shown in Figure 7.3.
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Figure 7.2. AFM analysis of pNIPMAmM / 2% BIS / 2.5% BAC / 10% AAc deposited
onto solid substrates. The characteristic particle spreading (a) and height (b) in the
absence of DTT is shown. Reduction by DTT leads to greater spreading (c) and a
reduction in particle height (d). AFM images are 20 pm x 20 pm.

10 pm

Figure 7.3. Blue excitation epifluorescence microscopy demonstrates that fluorescent
labeling of the thiols produced by reduction of pNIPMAM/2% BI1S/2.5% BAC/10% AAC

microgels with fluorescein iodoacetamide was successful. Scale bar is 10 um.

Acid incorporation within these particles is readily confirmed by considering the
pH responsivity of the microgels. At pH 3.3, the particles have a hydrodynamic radius of

471 nm, and swell to 690 nm at pH 7.4. Further, the acid groups are available for
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fluorescent conjugation to the amine-bearing fluorophore dansylcadaverine, as shown in

Figure 7.4.

Figure 7.4. UV-excitation epifluorescence microscopy demonstrates that fluorescent
labeling of pNIPMAM/2% BI1S/2.5% BAC/10% AAc microgels with dansylcadaverine
was successful. Scale bar is 10 um.

7.3.3.2. Triple Gel Network Formation

The orthogonal nature of the thiol and carboxyl functionalities allows additional
control over the assembly and disassembly of microgel networks. The presence of acrylic
acid does not disrupt the ability of these particles to form a double network of the type
demonstrated in Chapter 3, at least at low pH, which minimizes repulsive particle-
particle interactions. Following oxidation, the gels do not dissolve when the carboxyl
groups are ionized at pH 7.4 (Figure 7.5a & b). The addition of a linear polycation such
as PDADMAC serves to Coulombically cross-link the gels. PDADMAC is able to
penetrate within the gel network and reinforce the interparticle disulfide linkages within
the gel network. Consequently, when the two gels are reduced through the addition of
TCEP, the gel lacking PDADMAC dissolves readily within a few hours (Figure 7.5¢). In
contrast, the gel incubated with PDADMAC is stabilized, undergoing only a swelling

response over the same time interval (Figure 7.5f).

168



a /ZOO 0]0]

&
Qo0 %Lo0
&6

- PDADMAC‘24 hours
c FOO 0]0]
S

Qo0 %00
X
+ TCEP lg hours

e LO0 ° coc

Figure 7.5. Gel networks formed by inter-microgel disulfide cross-link between reduced
NIPMAM/2% BI1S/2.5% BAC/10% AAc microgels are reinforced by the addition of
PDADMAC, leading to “rescue” of the network upon reduction. The state of the gels is
depicted schematically for each well (a-f).

7.3.4. Future Perspectives

The reversible nature of the thiol-disulfide relationship creates the opportunity for
reversible formation of ‘gels of microgels’, as demonstrated above and in Chapter 3.
Recently, the group of Brian Saunders at the University of Manchester has extensively
studied their own ‘gels of microgels’ or ‘DX’ gels, referring to the doubly-cross-linked
nature of their assembly. The earliest examples were achieved by conjugation of glycidal
methacrylate into methacrylic acid-bearing microgels.*?*® The post-synthetic
modification of the particles with vinyl groups enabled concentrated dispersions of the

particles to be converted to a DX gel through free radical polymerization. Subsequent
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demonstrations exploit the reversibility of disulfides, as well.***> The Saunders group’s
interests include creating biocompatible gel networks suitable for in situ gelation to repair
intervertebral disc wear or injury, an application which requires sufficient mechanical
stability to withstand load under physiologic conditions. These DX networks have been
shown to be promising candidates,'® and further integration of drug-delivery or
responsive elements would further serve to translate these innovative technologies into
needed treatments.

The Saunders group’s efforts are an elegant demonstration of the potential utility
of microgel assemblies for future biomaterials applications. Leveraging the reversible and
orthogonal nature of the disulfide bond in a biomaterial application such as described
above, whether through directing assembly or regulating release or degradation, enables

further refinement and synthetic control over such double network gels.

7.4. Films on Colloidal Substrates

7.4.1. Introduction

The original motivation for making particles of this nature was to support a new
collaboration with Dr. Todd McDevitt’s lab. Their interest is in regulating the
differentiation of stem cells. Pluripotent stem cells tend to form aggregates called
embryoid bodies, which are hundreds of microns in diameter. Cells form tight junctions
on the surface of these bodies, and consequently limit the ability of soluble growth
factors to homogeneously penetrate to the interior of the body.'” The McDevitt lab has
had great success incorporating a variety of microparticles within embryoid bodies by co-
assembling them during embryoid body formation. Once distributed, these microparticles
form loci for the release of soluble growth factors, which provides a more uniform
internal environment to direct the differentiation of the stem cells.® Microspheres of

poly(lactic-co-glycolic acid) (PLGA) approximately 8 microns in diameter led to facile
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incorporation within growing embryoid bodies, and delivered payloads throughout a
period of at least ten days to the differentiating cells. Observation of inter-embryoid body
diffusion of a small molecule fluorophore confirmed that the concentration of
fluorophore homogenized over that interval, and delivery of the growth factor retinoic
acid led to differentiation of cells in the embryoid body interior into an epithelial
phenotype, demonstrating the availability and sensitivity of the stem cells to factors

released from incorporated microspheres.™®

7.4.2. Experimental and Results

As originally conceived, our strategy was to synthesize large (micron-sized)
pNIPMAmM microgels bearing reactive amines or carboxyls and a fluorescent co-
monomer. These were to allow ligand coupling and visualization upon internalization.
Microgels of 85% pNIPMAmM / 10 % AAc / 5% Bis / < 0.1% MERho were synthesized
with a diameter of approximately 1.4 um. Ms. Anh Nguyen of the McDevitt group sought
to incorporate these microgels into embryoid bodies. However, fluorescent labels such as
AFA or MERho capable of incorporation during synthesis were not bright, stable, or
concentrated enough to allow visualization under the experimental conditions, which
necessitated post-synthetic labeling of the microgels with other fluorescent species.
Through visualization of these incorporation attempts, it became readily apparent that the
significant density mismatch between the cells and the microgels limited their ability to
co-assemble, as shown in Figure 7.6a. The McDevitt lab uses a centrifugally-assisted
method to drive embryoid body formation, and the microgels could not sediment under
centrifugal forces that were physiologically viable.

The solution was to seek raspberry-like particle formation, of the sort described in
Chapter 4, whereupon the biocompatible and solute-release properties of microgels
would be conferred upon a solid core particle to provide the density match needed for

efficient co-assembly. To validate this strategy, raspberry-like particles were synthesized
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according to the methods described in Chapter 4. The microgels used had a composition
of 88% pNIPMAmM / 2% BIS / 10% AAc /< 0.1% AFA and were conjugated via EDC
coupling to 2.5-um diameter amine-functionalized rough-surface magnetic polystyrene
core particles. In studies conducted by Ms. Anh Nguyen of the McDevitt lab, these
particles were shown to co-assemble within embryoid bodies, as shown in Figure 7.6b.
After demonstrating that in principle such constructs solve the density mismatch issues,
continuing work on this collaboration is based on these raspberry-like particles utilizing a
variety of core particles and microgel compositions in order to optimize the loading and

release of selected growth factors to regulate stem cell differentiation.

Microgel
aggregates

/

Microgels Alone Microgel Raspberry-Like Particles

Figure 7.6. Fluorescence images of embryoid bodies mixed with microgels or microgel
raspberry-like particles after eighteen hours. (a) pNIPMAmM-co-AAc microgels (labeled
green with chymotripsinogen-Alexa488) alone do not sediment during centrifugally-
assisted embryoid body assembly, except in the form of large, irregular aggregates. (b)
Magnetic polystyrene particles decorated with microgels (labeled red with BSA-Alexa
546) show more uniform and controlled co-localization during assembly. Individual
microwells in each image are 400 um x 400 pum for scale. Courtesy of Ms. Anh Nguyen.

7.4.3. Future Perspectives

As discussed in Chapters 1, 5, and 6, microgel films represent a rich toolset for

surface modification. The work described in Chapter 4 is merely the first step in
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translating these extensive possibilities. For example, the thermo-responsivity and drug
delivery capabilities of the particles remain untapped. In principle, the raspberry-like
particles could even be used to support the assembly of multilayers of microgels, which
may open up even more possibilities, or reveal as yet unexpected new phenomena.
Another intriguing approach would be to consider cores that are themselves functional or
responsive (in a more meaningful way than simply being embedded with magnetic
nanoparticles — for example, highly porous particles capable of slow solute release) and
to consider how the interplay between the core and microgel shells could further extend
the applications of such constructs.

To support the ongoing collaboration with the McDevitt lab, Ms. Shalini Saxena
has begun working with these materials. She has already shown promising results with
creating raspberry-like particles intended for “sampling” — that is, that are mixed with a
growing embryoid body which can undergo thermally-driven collapse to imbibe soluble
growth factors and other signals, which would enable unprecedented assay of the spatio-
temporal distribution of the chemical markers of stem cell differentiation. Translating
well-understood behaviors of microgels in free solution or bound to macroscopic
substrates to colloidal domains will likely continue to be a fruitful strategy in seeking
particle design solutions to challenges in biomedical engineering. | am confident that Ms.
Saxena, Dr. McDevitt, and their co-workers will be able to tackle these challenges and

develop innovative new technologies.

7.5. Self-Healing Films

7.5.1. Introduction

Self-healing materials will remain a key subject of study, and the field is full of
many examples of clever designs and strategies to incorporate this attribute into a

plethora of materials. The key challenges will be translating these demonstrations into
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functional applications. In this regard, microgel films have some advantages, in that the
healing response is autonomic in the presence of high humidity environments, meaning
that virtually any conceivable application of a microgel-film-coated device should also be
an environment that will promote healing of any damage. However, there are numerous
opportunities for fundamental studies on microgel films. The group’s previous studies on

the subject,'*?°

as well as the work in Chapter 5, are all very phenomenological in their
analysis — that is, the primary observables have been whether or not a particular film
composition undergoes reversible damage or healing, with little in the way of quantitative
analysis possible. Consequently, exploring both the design space to ascertain the key
factors governing self-healing, as well as additional characterization of the mechanical
properties of the films will be major areas of interest going forward.

To take one example, the stiffness of individual microgels would be expected to
affect the overall mechanical properties of a film. In particular, the film’s modulus should
be reflected in the strain necessary to bring about the onset of the wrinkling, plastic
deformation.? The disulfide-co-AAc particles described above in Chapter 7.3 provide
an opportunity to assemble films wherein the stiffness of individual particles can be

altered before and after assembly. These may allow analysis of the buckling properties of

the films to provide additional characterization of their overall mechanical properties.

7.5.2. Experimental

7.5.2.1. Film Assembly

Films were assembled onto amine-functionalized PDMS substrates in a manner
similar to that described in Chapters 5 & 6. Films were assembled from particles that
were in the co-cross-linked form (disulfide — SS) as well as particles that had been
reduced by addition of dithiothreitol to reveal thiols (SH). Particles were deposited from

0.1 mg/mL solutions in PBS buffer via centrifugal deposition, and 400-500 kDa
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PDADMAC was used to assemble the particles into multilayers. Film buildup proceeded
until eight microgel layers had been added. Films were characterized using AFM imaging
to observe buildup. Films that were reduced post assembly were exposed to 5 mM TCEP

in PBS at room temperature for a minimum of two hours.

7.5.2.2. Film Damage & Healing

Films were stretched and damaged using the apparatus described in Chapter 5.
Healing was attempted by immersion of the films in deionized water for a period of
fifteen seconds. Assessment of the damage and healing of films was conducted using

brightfield microscopy, consistent with methods in Chapter 5.

7.5.3. Results and Discussion

The disulfide-co-AAc microgels were able to assemble into multilayer films,
regardless of their oxidation state, as shown in Figure 7.7. The SH particles did seem to
form smoother gels, which is likely due to their reduced cross-linking following disulfide
cleavage. The SS particles also seemed to be prone to forming films with irregular cracks.
It is possible that the greater cross-link density in this case is both limiting PDADMAC’s
ability to penetrate the particles and strengthen particle — particle interactions, and

limiting the ability of the particles to deform in order to maximize interactions.
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Figure 7.7. 8-layer films assembled from pNIPMAmM-BIS-BAC-AAc microgels in the a)
oxidized (SS) state and b) reduced (SH) state. Images are 20 um x 20 pm.
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The film response to damage is also dependent upon the oxidation state of the
microgels during assembly. The SS films undergo additional cracking when stretched and
relaxed. These cracks are not of the same type observed with PEI films cross-linked with
glutaraldehyde, but do seem to generally be perpendicular to the axis of strain. Though
difficult to quantify, it also appears that these cracks may undergo limited healing upon
hydration, as shown in Figure 7.8a-c. In contrast, the SH films show the characteristic
wrinkling damage and healing as microgels lacking thiols or disulfides (Figure 7.8d-f).
Modification of the oxidation state of the microgels following assembly can still lead to
changes in their healing properties. SS films exposed to TCEP convert to SH films, as in
Figure 7.8g-i. While wrinkling patterns do appear that disappear on healing, they are
distinct from the patterns formed from SH particles initially, which suggests that there

may be some differences in film structure that are retained from the assembly condition.
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Figure 7.8. 8-layer films assembled from pNIPMAmM-BIS-BAC-AAc microgels in the a-
c) oxidized (SS) state, d-f) reduced (SH) state, and g-i) assembled in the oxidized state
then reduced following film assembly. The films undergo damage when exposed to b)
80% strain, €) 20% strain, or h) 10% strain. The SS films show increases in irregular
cracking following stretching, some of which seems to be reversible (c). Wrinkling
damage to the SH films (e, h) in contrast, is completely reversible (f, i). Scale bar in all
images is 30 pm.

7.5.4. Future Perspectives

As referenced in the introduction to this section, self-healing is ripe for additional
exploration with regard to microgel multilayers. While Chapter 5 serves to illustrate the
damage mode for the initial demonstrations of self-healing and establishes the minimal
conditions necessary for healing, there are numerous questions regarding particle and
film design and how these effects may impact self-healing. For example, PDADMAC
and (in Chapter 6) PEI have been demonstrated to confer self-healing onto microgel

multilayers, and the insensitivity of the response to polycation length in Chapter 5
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suggests that this may be a fairly general phenomenon. Therefore, substitution of
polycations in order to enable analysis of the films in a more quantitative manner should
be considered a viable approach.

Both my predecessor Dr. Toni South and myself attempted to investigate film
properties using FRAP on fluorescently-labeled microgels. Our efforts suggested that the
mobility of individual microgels in the film is rather low, but instrumental limitations
prevented robust measurements of particle diffusion in the films. Future investigations
utilizing fluorescently-labeled polycation, however, should yield much greater rates of
diffusion. Thus, carefully designed experiments could use this strategy to directly probe
the internal environment of the films and their connectivity. Such measurements could
also be conducted under varying conditions, like controlled humidity or in situ buffered
conditions to observe the effects on mobility of at least that component of the film.
Changes in film mobility might also be expected as a function of microgel composition —
for example, the charge content of the particles or particle stiffness, which as evidenced
above may affect the ability of films to damage and heal.

Finally, such quantitative measurements may dovetail nicely with qualitative
assays of the self-healing response, allowing for greater predictive power for more exotic
films. Additional exploration of the design space with regard to the self-healing response
is warranted. A simple example that may be of interest for a variety of applications would
be the healing response of a composite film; that is a film containing multiple types of
microgels. This case may be especially interesting for inquiry, such as whether the
mobility associated with damage and healing leads to de-mixing or other effects on the
microgels’ distribution. Furthermore, assessing the self-healing characteristics of
pNIPMAmM microgels, cationic microgels assembled with polyanions, and/or core-shell
particles can lead to a broader perspective on the key factors at the heart of self-healing

microgel films.
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7.6. Film Mobility and Cell Adhesion

As discussed in Chapter 6, our interests in film mobility arose from efforts to
reconcile some seemingly disconnected observations about microgel multilayers —
namely that they strongly resist cell attachment despite high levels of protein loading and
that hydrated films exhibit rapid reorganization from non-equilibrium states. While the
efforts described in that chapter present some promising efforts to make connections
between these two characteristics, this is a topic that merits more expansive studies. To
ascertain the importance of film mobility in cell adhesion, more direct methods of cell
observation and manipulation would enable us to go beyond correlative observations.

Efforts are already underway within the group to introduce photo-patterning into
multilayer films. There are a few different ways that this strategy can enable direct
observation of the cellular response to the films. One example would be similar to FRAP
studies previously described, however rather than observing passive mobility, the activity
of cells attempting to adhere could serve to disrupt a patterned framework of
fluorescently-labeled microgels or polycation. Such disruptions suggest that the forces
exerted by the cells suffice to move individual particles or film elements. Alternatively,
photo-cross-linking reactions can allow spatial control over the local mobility of the
films, allowing a single film to exhibit both regions of cell attachment and repulsion. Cell
motility in response to the two regimes would therefore represent a direct observable.

Introducing a switchable or reversible chemistry into these films would provide a
powerful method to probe cell adhesion. Disulfides are highly attractive for this purpose
—a cross-linked film rigidified by disulfide bonds could be made analogous to the cross-
linked films in Chapter 6, followed by physiologically-suitable reduction to convert the
films back to a mobile state. Disulfides can be incorporated in a variety of ways:

e The commercially available cross-linker bis[2-(4-azidosalicylamido)ethyl]
disulfide (BASED) features homobifunctional photo-reactive moieties with an

internal disulfide, suitable for cross-linking any combination of polycation and
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microgel. However, this molecule has poor aqueous solubility and its lack of

specificity may consign it to many “unproductive” reactions with respect to

altering film mobility.

e Incorporation of thiols within particles in films, as has been described previously
within this chapter, allows a secondary network to be formed that limits microgel
mobility. This network could also be supplemented with extrinsic bis-thiolated
polymers to improve or otherwise tune the connectivity, and any polycation could
be used during assembly. Incorporation of sufficient levels of disulfide without
altering the mechanical properties of the film may make this a challenging
strategy, however.

e Also commercially available is the homobifunctional amine-reactive crosslinker
dimethyl 3,3'-dithiobispropionimidate (DTBP), which features an internal
disulfide. Though it requires reactive amines in the polycation, this should serve
to create a double-network that restricts the mobility of both microgels and
polycation. Preliminary work with this cross-linker and its analogue lacking
disulfides, dimethyl suberimidate (DMS), has suggested that while it is suitable
for rigidifying a film to promote cell attachment, the reversibility has yet to be
demonstrated.

As we continue to build our understanding of microgel multilayers, particularly
with regard to the key factors that govern their mobility revealed from self-healing
analyses, our designs to understand their cell adhesive properties can benefit. The cells
currently serve both to test for a desired application outcome, and also as biological
probes to sample the mechanical properties of the film surface. Replacing the cells’ latter
role with more readily controllable experimental techniques can only serve to facilitate a

better understanding of microgel multilayered films as a whole.
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7.7. Concluding Remarks

There are many challenges facing the future of healthcare, and microgels are
poised to provide material-based solutions to some of the major obstacles. Their synthetic
versatility, stimuli-responsivity, and biocompatibility make them attractive for
applications as diverse as particulate nanocarriers for drug delivery and bio-contacting
surface modification. Much of the work presented in this thesis has sought to expand the
capabilities of thermo-responsive microgels as platforms for biological applications,
through incorporation of physiologically degradable modalities or the generation of
microparticulate-based films, or to study the fundamental basis of phenomena of applied
interest, such as cell adhesion resistance and self-healing. As some of the perspectives in
this chapter reveal, it is clear that the great potential of hydrogel nanoparticles and their

assemblies is only beginning to be fully realized within the realm of biomaterials.
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