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ABSTRACT

Phosphate-metal complex formation is a naturally occurring toughening mechanism in

underwater materials and has been incorporated into the synthetic hydrogel material discussed

in this dissertation. Polyphosphate hydrogels were loaded with Ca2* which crosslinks OPO3
groups in the hydrogel which increase the initial modulus from 0.04 to 10.3 MPa and rupture at a
critical force to dissipate strain energy and act as a sacrificial network to preserve the integrity of
the hydrogel. Phosphate metal crosslinks are electrostatic domains that are easily recoverable,
which adds to the durability and usefulness of the hydrogels. This toughening mechanism was
borrowed from the underwater caddisfly larvae, which spin a tough, adhesive silk fiber to

manufacture protective mobile cases from sticks, rocks and other advantageously gathered

materials. The caddisfly silk also uses serial domains of phosphates crosslinked with ca2t to
increase modulus and produce strain induced yield, energy dissipation, and recoverability.

In addition to metal ions, positively charged aminoglycoside antibiotics such as
tobramycin can also be used as crosslinking agents. Due to electrostatically delayed diffusion,

tobramycin is gradually released and exchanged with metal ions in biologically relevant CaZ*

and Mg2+ containing solutions. In the polyphosphate hydrogel system, tobramycin was included

with and without the presence of Ca2* to form a hydrogel with the capability to sustain

tobramycin release for up to 70 days and totally eradicate pseudomonas aeruginosa biofilms

within 48 h. In the case of hydrogels loaded with Ca2* and tobramycin, the hydrogels retained

their toughness, and durability and thus may be used as structural materials in total joint



replacement to reduce incidence of infection.

Complex coacervation is an alternative to the polyphosphate-tobramycin hydrogel
system and occurs as a phase separation where a dense coacervate of polyphosphate and
tobramycin is formed. The formation of clear, fluid coacervate phase is dependent on salt
concentration and is maximized at ~1M NaCl. Polyphosphate-tobramycin coacervates have a
sustained release assay for up to 60 days. Additionally, the coacervate can be resuspended into
micro droplets by vortex and subsequently aerosolized for pulmonary delivery of tobramycin.
Aerosolized coacervate is ideal for treating chronic pulmonary infection in cystic fibrosis. It could
not only improve rates of pseudomonas aeruginosa infection but also reduce the number of

required doses and thus improve patient compliance.
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CHAPTER 1

INTRODUCTION

1.1 Biomimetic materials: reverse engineering nature

Nature has excelled for millions of years at solving difficult problems using relatively
few constituent materials, primarily comprising proteins and minerals.! Central to many of
these solutions is the complex, hierarchical structuring of natural materials.? For example, the
hierarchical arrangement of Nephila clavipes orb weaving spider silk, including a central core of
parallel fibers encased in an outer skin layer, has been accredited with the silks remarkable

strength.3 These biological structures have often provided inspiration for engineering challenges

5 6

in the areas of architecture,* aerodynamics,®> mechanical engineering® and materials science.
Of particular interest is the innate ability for natural tissues to self-repair. This occurs not only
on a molecular level with the inclusion of sacrificial reforming bonds, as observed in wood’ and
bone where bonds are broken and reformed, but also at a cellular level where cells such as
osteoblasts or fibroblasts lay down new tissue during repair processes.*

Nature has adapted a simple arsenal of building materials into intricate solutions for
complex problems. An underlying theme of the work presented here suggests that equally

intricate answers to today’s problems can originate from mimicking simple structural

components or design themes found in nature.



1.2 Aquatic caddisfly silk

1.2.1 Caddisfly larva: the underwater architect

The inspiration, behind the works presented, is nature’s underwater architect, the
caddisfly.® Caddisflies, order trichoptera, inhabit numerous fresh water habitats and mountain
rivers and streams worldwide. Caddisfly lay their eggs underwater where new larvae live most of
their yearly lives before pupation and brief mating and egg laying, Figure 1.1. The caddisfly larvae
draw silk fibers from glands filled with fluid precursors, similar to related moth and butterfly
larvae. The caddisfly silk is an adhesive fiber, used to assemble mobile protective cases and weave
webs to gather food, Figure 1.1. This inventive use of silk has given rise to the widespread
success of the species which is the second most abundant aquatic insect comprising
approximately 14,291 different species. Details concerning the molecular makeup of caddisfly
silk and its connection to mechanics and function has only recently been brought to light, in great

part due to the efforts of Nicholas Ashton and Russell Stewart et.al.>4

1.2.2 Caddisfly silk: structure and function

Caddisfly silk is a sticky, pressure sensitive tape comprised of a viscoelastic core encased
in an adhesive outer coating. Silk attributes are uniquely derived from either the fibrous core or
the adhesive outer layer, Figure 1.2. The fiber core imparts mechanical strength from multiple
sub-fibers which are axially aligned, similar to other natural silks from moths, butterflies or
spiders. The adhesive component is vital to full functionality as a binding substance for caddisfly
cases. Inspiration for a biomimetic material was mechanically based, and thus, obtained solely
from the structural core portion of the silk and not the outer adhesivelayers.

The primary component of the silk core as determined through quantitative PCR is the

protein H-fibroin, Figure 1.3.1# H-Fibroin is highly repetitive and has up to 35 mol% of the amino



acid residues charged including Glu, Asp, Arg, and Lys. Additionally, approximately 15.5 mol % of
Ser are negatively charged via post-translational phosphorylation.!> In fact, the phosphorylation
of Ser residues has been identified across a wide range of suborders and appears to be conserved
across the species. Of particular importance is the conservation and repetitive nature of a
specific residue sequence termed the (pSX)n domain where n is 4-6, X is typically aliphatic Val,
Leu or lle and pS is phosphorylated Ser.® Comparable repetitive sequences, like the poly(GA)
domains found in terrestrial moths or spider silks, have been directly linked to a structural role
in forming antiparallel B-sheets.’® The (pSX)n domain in caddisfly silk has likewise been

attributed formation of antiparallel B sheets.}”"18 Stewart and Wang revealed the central role of

ca2* crossbridging between dianioic-pSs in stabilizing an antiparallel structure in caddisfly silk. A
model was proposed where 2 (pSx)n domains flanking a central Pro-Gly sequence leads to the

peptide backbone folding back on itself with aliphatic residues stabilized due to hydrophobic

effects and pS by CaZ* crosslinking, Figure 1.4.° The presence of these parallel beta sheet
structures throughout the silk fibers has been shown to play a vital mechanical role in
preserving the integrity and durability of caddisfly silk.

Caddisfly silk exhibits various mechanical properties that are of interest for
biomaterials. Principally, the silk displays striking toughness for a highly hydrated material,
~66% water by weight. Caddisfly silk has an initial modulus of 86.5 +/- 19.2 MPa and work of
extension to failure of 17.3 +/- 6.2 MJ m™3.2° Additionally, the silk displays a pseudo yield point,
large strain hysteresis and energy dissipation. Following strain, the silk self recovers 100% of the

mechanics within 120 m. Stewart and Ashton et. al. presented a convincing case that directly

links the Ca2* and phosphate crosslinked (pSX)n domains with silk modulus, pseudo yielding

behavior and spontaneous self-recovery following strain.>'%1? Through the use of a custom



novel micro- materials testing system, single silk fibers were strained in tension allowing for the

connecting of caddisfly silk micro-structure with mechanics. By removing Ca2* with EDTA the
native silk showed a reduction of initial modulus and complete loss of yielding behavior, Figure
1.5. By the same token, the initial modulus and stress required for yield could be modulated by

2+ \ith other di or tri-valent metal ions.® A trend emerged linking increased

exchanging Ca
modulus, yield stress, and peak stress with increasing electronegativity.*? The yielding behavior
and self-recovery was attributed to the reversible nature of the metal-phosphate bonds and a
viscous unravelling of the (pSX)n domains that would reform as guided by an elastic recoiling
force.

In nature, the caddisfly silk works to dissipate impact energy to maintain the structural
integrity of the case while the complete recovery leads to long term durability. These mechanical

properties are desirable for translation into hydrated but tough prosthetic biomaterials and

served as an inspiration for the development of caddisfly mimetichydrogel.

1.3 Double network hydrogels

1.3.1 Evolution of hydrogels: from single to double networks

Hydrogels are three dimensional polymer networks capable of retaining large quantities
of water. The field of modern hydrogels began in the 1960s with the publications of Wichterle
and Lim on a poly(2-hydroxyethyl methacrylate) hydrogel and subsequent hydrogel based
contact lenses.?% These early hydrogels were synthesized from primarily hydrophilic monomers
or polymers in the presence of multifunctional crosslinkers. The most commonly used hydrogels
were poly(2-hydroxyethyl methacrylate) (pHEMA), poly(vinyl alcohol) (PVA), poly(ethylene
glycol (PEG), and poly(acrylamide) (pAAm).2! Hydrogels are generally considered to be

biocompatible due to the high water content and similarities to natural tissues, a motivating



factor in the exponential growth of the field over the last few decades.??

Following the early pioneering work into simple, water swollen hydrogel networks,
there was a shift in the 1970s toward more complicated, environmentally responsive hydrogels.
These smart hydrogels undergo swelling changes facilitated by external stimuli including pH,
temperature, ionic strength, solvent type, electric or magnetic fields, light, pressure, and presence
of chelating agents.?>2* A popular, widely studied responsive system has been the in situ
forming systems of poly(N-isopropylacrlyamide) (pNIPAAm) which rely on hydrophobic
interactions to set the gel with increased temperature.?! Hybrid hydrogels consisting of
synthetic materials and biological macromolecules or synthetic peptides have exploited the
biocompatibility of the traditional hydrogel network and functionality from the bio-
macromolecules for an overall synergistic effect.?* For example, Gallot et. al. prepared di-block
copolymers of polystyrene and poly(benzyloxycarbonyl-L-lysine) or poly(benzyl-L-glutamate)
peptides which induced formation of lamellar structures which was subsequently linked to
peptide secondary structures.?’> Environmentally responsive hydrogels have been applied to a
variety of applications including tissue engineering, biosensors and microfluidics.2* However, in
many instances the weak mechanical nature of hydrogels has limited their use to drugdelivery.
The current arsenal of hydrogel materials are collectively weak and brittle, which has led to
attempts to strengthen hydrogel materials for use as implantable prosthetic biomaterials. In
contrast, natural tissues such as tendons, ligaments, muscle, and cartilage are highly hydrated
(30- 80% water), soft materials but are also tough and capable of load bearing or shock
absorption.?® The lack of strength in traditional hydrogels may be a result of the low density of
polymer chains, limited friction between the chains and the inhomogeneous structure which
concentrates stress around defects and promotes facture propagation.?® Some efforts to make

the hydrogel structure more homogeneous have included a tetra-PEG hydrogel made from



tetrahedron type monomers, which use a slide-ring structure with mobile crosslinking
points.?”?8 Composite hydrogels of NIPAM and inorganic clay have also been shown to have
improved toughness over single network systems.?® An alternative and increasingly widespread
approach for toughened hydrogels involves incorporation of multiple network structures,
termed double network (DN) hydrogels.

Early DN hydrogels as reported by J.P. Gong et.al. were a tightly crosslinked rigid poly(2-
acrylamido-2-methylpropanesulfonic acid) (PAMPS) network interpenetrating within a second
loosely crosslinked pAAm network.3° These hydrogels exhibited both a high modulus from the
rigid network with the extensibility of the loosely crosslinked network. This combination of

increased modulus (0.1 — 1 MPa) and extensibility (1000-2000%) resulted in significantly higher

tearing fracture energy (100-1000 J m'z), or toughness. During cyclical strain, energy is
dissipated through chemical breakdown of polymer chains in the rigid or sacrificial network
leading to accumulation of damage and a loss of toughness over time.® To counteract fatigue
related failure in early DN hydrogels, a multitude of creative approaches replaced the covalent
linkages in one network with reversible non covalent bonds. Jie Zheng et. al. polymerized Agar
and pAAm to create a DN hydrogel with a covalently linked pAAm network and sacrificial agar
network with physically entangled helix bundles.3! Haque and Gong et. al. used a PDGI/pAAm
hydrogel with stacked lipid-like bilayers as a sacrificial domain with excellent self-recovery.3? Bai
and Lu et. al. produced a similar effect in a PAN/PMPC hydrogel with CN dipole moieties which
interact to form the sacrificial network.3® Sun and Gong et. al. crosslinked cationic sodium p-
styrenesulphonate (NaSS) and anionic 3-(methacryloylamino)propyl-trimethylammonium
chloride (MPTC) monomers to form a hydrogel with both covalent linkages and ionic crosslinks
of varying strength, leading to recoverable yield.3* Other hydrogels have used charged moieties

crosslinked with positively charged metal ions leading to increased modulus, toughness and



recoverability. Sue et. al. crosslinked carboxyl groups with divalent Ca2* while Shull et. al.

investigated a wider variety of divalent metals including Ca2*, zn2*, Ni2*, Co*, and Cu?™* 3536

Shull et. al. concluded that different metal ions resulted in bonds of varying strength with the

transition metal ions creating stronger ionic bonds than Calt

, which was postulated to interact
electrostatically.3® While a more complex bonding method related to d-orbital configuration

was expected for certain transition metals the authors stopped short of a discussion into

coordination bonding, which will be discussed in Chapter 2.3°

1.3.2 Intersection of caddisfly silk and double network hydrogel design

While there have been great strides in increasing the strength and durability of
hydrogels by incorporating a reversible sacrificial domain into DN hydrogels the modulus,
toughness and recoverability falls short of the mechanics of the natural underwater caddisfly
silk, Table 1.1. It is noteworthy to state that while some of the DN hydrogels in Table 1.1 have
impressive strength, this toughness is only academic and occurs as a result of 100s to 1000s of
percent extension at failure, an event not experienced in vivo. The motivation behind Chapter 2
was to reproduce the mechanics observed in caddisfly silk, within a synthetic caddisfly mimetic

hydrogel by the simple inclusion of phosphate side chains within a pAAm network.'®

1.4 Impact of biofilms and infection

1.4.1 Expanding the functionality of caddisfly inspired hydrogels
Modern biofilm theory can be traced to the work of J.W. Costerton beginning in 1978.37
His basic theory was a culmination of observations and works suggesting that bacteria will
preferentially adhere to surfaces forming complex colonies. By 1982, this phenomena was shown

to be true for medical device surfaces, as illustrated in a case study by T. Marrie M.D. and J.W.



Costerton involving a pace maker contaminated with Staphylococcus aureus biofilm.3® Two
years later, A Gristina M.D. and J.W. Costerton reported a similar incidence in several
orthopedic implants.3? In an effort to expand the function of a caddisfly inspired DN hydrogel,
Chapter 3 will present the results of loading poly-cationic tobramycin antibiotic into a
polyphosphate hydrogel. Antibiotic-loaded DN hydrogels have the potential to prevent initial
infection as a component of implantable or invasive medical devices or as a prophylactic to

combat difficult infections such as those involving biofilms.

1.4.2  Characterization of biofilms and antibiotic resistance

The biofilm is an exopolysaccharide matrix secreted by adhered cells which increases
antibiotic resistance by up to 1000 fold.*>*? Early observations by Lawerence et. al. used
scanning confocal laser microscopy to reveal complex biofilm structure including large plumes
and channels, hypothesized to transport nutrients throughout the biofilm and improve
survivability.*? These features can be clearly identified in SEM images of P.aeruginosa biofilms in
Figure 1.6.

Some resistance may stem from frustrated penetration of antibiotic into the biofilm, in
the case of positively charged aminoglycosides absorption to negatively charged biofilm
components will reduce effectiveness.***> Slowed diffusion of aminoglycosides would seem to
be a short-term problem as eventually all binding sites would be occupied and lead to a
restoration of diffusion, although some authors have argued that slowed diffusion may
accentuate an enzymatic inactivation of the antibiotics.*%4?

While the three-dimensional (3D) biofilm structure and potential reduction in diffusion
are factors in antibiotic resistance they do not explain why even after eventual saturation of the

biofilm with antibiotics there is ineffective eradication of bacterial cells. Multiple authors have



revealed a significant nutrient and oxygen gradient across the biofilm.*®*’ Oxygen levels and
protein synthesis are directly linked to metabolic activity in the bacterial cells with only
metabolically active cells having normal antibiotic susceptibility.*®*° Near the biofilm surface,
bacteria remain in an aerobic metabolic state and are readily killed with chemotherapy. In
contrast, bacteria in the biofilm interior transition to an anaerobic metabolic state, with far less
susceptibility to aminoglycoside antibiotics.*%*

Along with nutrient driven metabolic changes, it is known that some subset of the
population (~1%) will experience a phenotypic change resulting in immunity to antibiotics. This
phenomena was first observed by Joseph Bigger, an army doctor in World War 2.°° After
observing reoccurrence of infections following penicillin treatment, he isolated a staphylococcal
subset in the lab resistant to penicillin. After culturing this subset and subsequent exposure to
penicillin there was no increase in the percentage of surviving bacteria. He concluded that the
resistance was not due to mutation and termed these survivors “persistors.” It is thought that
these persister cells are used to reseed the colony following catastrophic events such as
exposure to antibiotic treatment.>?

Biofilm eradication becomes more complex when addressing long term infections, like
those observed in cystic fibrosis-related chronic pulmonary infection. There has been observed
genetic adaptation in chronic infections over several years which leads to a loss of virulence
factors. While these factors are important for initial invasion it has been postulated that these
factors are also ligands for the immune system and the subsequent loss may yield a more
robust population.”? In addition, these mutations may represent a symbiotic step in preserving
the host organism as well as a decreased need to injure the host to generate nutrients. The

culmination of these genetic changes is a more diverse and healthy population.



10

1.4.3 Impact on medical devices and orthopedics

Half of the 2 million cases of nosocomial infections in the United States are credited to
indwelling devices.>® The bulk of these infections occur in either cardiovascular or orthopedic
devices with associated direct medical costs of $3 billion annually.>* It has been predicted that
device related infections will continue to rise; a result of increased biomedical implants (14%
increase in knee and hip replacement from 1996 to 2001) and an aging population with increased
life expectancy.”® The occurrence of infection has been attributed to the presence of a host
derived layer of adhesive proteins such as fibrinogen and collagen followed by adherence of
planktonic bacterial cells and formation of biofilm in and around the implanted device.”® The
process of protein absorption has been well characterized by Andrade and Hlady et. al. and occurs
immediately upon implantation.>®> A survey of nosocomial infection and data from the United
States Center of Disease Control (CDC) estimate that 65% of infections in the developed world
arise from biofilm formation.”® It is important to note an alarming trend in device related
infection with the emergence of resistant strains of bacteria and a reduction in the

effectiveness of current antimicrobial strategy.

1.4.4 Emergence of resistivity: an ongoingconcern
Following the widespread use of antibiotics in the 1940s each sequential decade brought
the emergence of drug resistant strains, including strains with resistance to multiple drugs.>’
Drug resistance first appeared in hospitals where antibiotics were used frequently. Sulfonamide
resistant Streptococcus emerged from military hospitals in the 1930s and penicillin-resistant
Staphylococcus aureus arose from London hospitals shortly after penicillin’s introduction in the
1940s.°%7%0 Fueled by increases in antibiotic use, the rise of resistant strains became more and

more frequent. The 1980s saw a re-emergence of tuberculosis in multidrug resistant strains.®!
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Currently in the United States 40-60% of S. aureus nosocomial infections are methicillin —
resistant (MRSA).>8%2 There have even been a handful of isolated cases of MRSA with resistivity
to vancomycin, that until the expansion of new drugs daptomycin and linezolid, was a last line
of defense. P.aeruginosa strains have been found that are resistant to most anitbiotics and have
resulted in deaths, especially in immune-compromised patients.’®%36% There are indications
that biofilms may facilitate development of resistant strains. Bacterial strains can experience a
gradual increase in resistance as the use of antibiotics suppresses susceptible strains while
selecting for resistant cells. Additionally, drug resistant genes can be shared between bacterium
through mechanisms including plasmids, bacteriophages, naked DNA or transpoons.>”>8 These
mutations can directly lead to mechanisms of resistance such as antibiotic efflux pumps, and
antibiotic degrading or altering enzymes. In bacteria dense communities like biofilms, the
spread of resistant genes is promoted. In 1999, Hausner and Wuertz used fluorescent labeling
and confocal laser scanning microscopy to quantitatively show that P.aeruginosa in biofilms
could transfer plasmids between cells 1000 times faster than planktonic cells.®® This ongoing
concern over the spread of resistant organisms will be addressed in Chapters 3 and 4, where a
localized sustained tobramycin release profile could maintain high local drug concentrations and

speculatively reduce the risk of creating resistant strains.

1.5 Cystic fibrosis an impactful future for polyphosphate-tobramycin

complex coacervates

1.5.1 Cystic fibrosis leads to chronic pulmonary infection with biofilm presence
Cystic fibrosis (CF) is a life shortening genetic disease, with a higher prevalence in
Caucasian populations.®® Mutation occurs in the cystic fibrosis transmembrane conductance

regulator (CFTR) gene leading to abnormal CFTR protein. This abnormality results in ineffective ion
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transport across epithelial mucosal cells leading to NaCl and water imbalance and consequently
viscous, sticky mucus excretions.®’~79 Associated complications include: liver disease, pancreatic
insufficiency, diabetes, and chronic lung infection, the leading cause of CF related death.%%7%72

The effect of CF on the lungs is profound and disrupts normal lung immune response.
The primary factor reducing the pulmonary immune response is unhclear but is speculated to
multifaceted. Frustrated mucosal clearance from the airways provides an ideal niche for the
invasion of opportunistic bacteria. Recent publications by Mike Welsh et. al. have revealed a
link between the absence of CFTR protein with low secretion of HCO3 which, in the presence of
continued proton release, results in lower pH or acidification of the surface airway liquid.”* This
acidification has been proposed as an important factor for explaining reduced effectiveness of the
host immune system.”®> The combination of reduced hydration in mucus, lack of mucosal
clearance, surface airway acidification, and formation of biofilms illustrates the complex
environment that has resulted in the presence of chronic airway infection in cystic fibrosis.
Most CF patients experience acute infection of gram-negative Pseudomonas aeruginosa which
eventually progresses into chronic biofilm based infection in almost all cases.>? Despite ongoing
research and clinical efforts to eradicate chronic infection in CF patients, there is to date no
successful solution for eradicating chronic P.aeruginosa infection.>>747>

State of the art care guidelines for P.aeruginosa infection includes inhaled tobramycin
(aminoglycoside) for 28 day cycles.”® Accumulation of tobramycin on bacterial cell surface
triggers energy dependent uptake into the cell, where subsequent binding to RNA prevents
protein synthesis, resulting in cell death.”” While this approach has shown success in early acute
infection, it is ineffective in terms of total eradication of chronic infection. Additionally, the
burden of taking multiple doses per day for 28 day cycles, including the time to nebulize the

drug and sanitize the equipment after every dose, leads to decreased patient compliance. This
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is further exacerbated by additional time intensive tangential therapies including physical
therapy and pharmaceutical treatments for inflammation of airways, mucolytics, digestion,
diabetes, and liver disease. While these metrics are difficult to measure, the compliance rates
for some treatments is estimated to be as low as 16-20%.78-81

Chronic P.aeruginosa infection in CF airways presents an impactful opportunity for a
sustained tobramycin releasing material. While Chapters 2-4 will focus on the application of
bulk hydrogels, Chapter 5 will present the applicability of a micro-particle polyphosphate-
tobramycin material for pulmonary delivery of aminoglycosides. This is significant not only as a

means of eradicating chronic infection, but also as a means of decreasing patient care burdens

and improving compliance by reducing the number of required daily doses of tobramycin.

1.5.2 The phenomena of complex coacervation

Coacervation is a liquid-liquid phase separation in a colloidal system. The more
concentrated colloid component is termed the coacervate while the other more dilute phase is
the equilibrium solution. The coacervation process is entropically driven and has been
associated with delocalization of counter ions from poly-cationic and poly-anionic components
to form a neutral “complex”.?? Coacervations derived from polyelectrolytes have thus been
coined complex coacervations.

The phenomena was first identified by F.W. Tiebackx in 1911 but not thoroughly
investigated until 1929 when Bungenberg de Jong et.al. reported on a gum Arabic-gelatin
coacervate.838482 The first theoretical model for coacervation was proposed by J. Overbeek and
M. Voorn in 1957.8> This model described complex coacervation as a competition between
electrical attraction and accumulation of charged particles, based on Debye-Huckel equations,

and an entropic dispersing force, based on the Flory-Huggins theory for entropy. Since its
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publication, extensions have been made to the Voorn-Overbeek theory to better fit unique
circumstances such as aggregation of soluble complexes and excess polyions.8788 |n a recent
review of complex coacervation theory, Charles Sing compared Voorn-Overbeek and extensions
with work by Borue and Erukhimovich involving random phase approximation (RPA) that
describes a globular structure of coacervate droplets and subsequent aggregation.®® RPA theory
predicts aggregation due to a tradeoff between increased hydration area and entropic release
of counter ions. Sing also extended a comparison to include modern theories including
complexation theory, field theory and molecular dynamic simulation.88 While Sing states that “a
unified theory of complex coacervation is still missing,” it is evident that all theories point to a
entropic driven process from release of counter ions and electrostatic interactions between
polyelectrolytes.®® Work by Renko Vries et. al. described the physiochemical conditions for
complexes to stay in solution.®? It was predicted that strong polyelectrolytes may form
precipitates rather than liquid coacervate, charge balancing leads to maximum coacervate yield,
and salt will have a dissociating effect on complex formation at both high and low

concentrations.82

1.5.3 Adapting coacervates for treatment of cystic fibrosis
Stewart and Wang et. al. derived inspiration for a synthetic complex coacervate from
naturally occurring underwater glue of the Sandcastle worm (Phragmatopoma californica).®® The
sandcastle glue protein composition contains more than 50 mol % Ser and Gly residues, and

thus has many negatively charged carboxyl groups (Gly) and over 90% of Ser residues

phosphorylated. Elemental analysis revealed the presence of Mg2+ and Ca2* at ratios of 0.6
to 1.0 metals per phosphate respectively. Although the authors discounted the role of complex

coacervation in the formation of sandcastle glue, it directly led to the use of synthetic glue silk
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analogs for complex coacervation.

The work with sandcastle glue analogs for underwater adhesives is similar to the
exploration of caddisfly silk analogs for the purpose of designing a tobramycin releasing
polyphosphate coacervate. Chapter 5 will illustrate the development of polyphosphate
coacervates as a pulmonary drug delivery vehicle with sustained release of aminoglycosides.
The application of which has great potential for addressing the problem of chronic pulmonary

infection in CF patients.

1.6 Motivation and rationale for the study

Recent investigations into mechanochemical characterization of caddisfly silk as a
unique underwater material is noteworthy. Caddisfly silk fibers are strong and dissipate large
amounts of strain energy before completely recovery. The remarkable strength is particularly
impressive for a highly hydrated material. Unfortunately, there is no current method for
harvesting large quantities of natural caddisfly silk. Any impactful result of the caddisfly silk
discoveries may necessarily arise from the development of a caddisfly silk analog that mimics
the mechanochemical components of the naturalsilk.

The short term motivation for the study is to view the caddisfly silk as a naturally
occurring underwater hydrogel. From this vantage point it is reasonable to incorporate caddisfly
silk components, primarily dense regions of phosphates crosslinked by divalent metals into a
double network hydrogel. While recent strides in hydrogel design have addressed the
mechanical shortcoming of traditionally weak and brittle hydrogels they fall well short of
replicating the stiffness, strength and toughness of caddisfly silk, Table 1.1. The work presented
here aims to advance the field of tough hydrogels through caddisfly inspired design principles.

Additionally, the inclusion of caddisfly like features into a synthetic material serves as proof on
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concept and confirmation for the explanations and hypothesis presented in the works of Russel
Stewart and Nicholas Ashton.

The study also aims to make new strides in controlled drug delivery. Incorporation of
aminoglycoside antibiotics as electrostatic crosslinks and structural components of the hydrogels,
pushes the boundaries of the current state of the art in drug delivery. Furthermore, there exists
a gap in the literature in terms of hybrid hydrogels that combines toughening mechanisms with
sustained drug elution. The motivation of this study is to fill that gap and provide a tough, highly
hydrated material for use as structural biomaterials with the dual purpose of preventing and
fighting infection.

Over the long term it is hoped that these materials will eventually be used in new
orthopedic implants like knee or hip arthroplasty with the ability to decrease incidences of
infection. These materials may possibly serve a role in revision surgeries, where it may be
necessary to eradicate an established infection. Tough, drug eluting hydrogels could also be
used as surface coatings or materials for invasive devices such as stents, heart valves, vascular
access lines, and catheters.

Of particular importance is the potential use of this material in coacervate form as a
pulmonary delivery system for tobramycin in CF patients. Almost all CF patients suffer from
chronic and sometimes debilitating lung infection that leads to decreased lung function and
ultimately death. To date, there is no known cure for CF or any successful method at eradicating
chronic infection. It is the hope of this author that these new materials may provide a better
platform for attacking chronic CF infection, while directly leading to better patient compliance

and thus more promising clinical results.



Table 1.1: Mechanical properties of DN hydrogels

17

. Recovery

1st 2nd . Stress Strain | |
Network | Network Description Modulus at Fail at Fail A. and | REF

(Time)

Interpenetrating 0
PAMPS pAAmM Network (IPN) 21 MPa | 98% None 80
ge””bs Gelatin | IPN 21MPa |3.8MPa|28% | None 91
Agarose | PEG IPN 149 kPa | 1.6 MPa | 90% None 92
0,
PDGI pAAmM Lamellar Bilayers -- 0.6 MPa | 2200% (1303::) 82
MPC PEGDA Dipole-Dipole 2.8MPa | 3.5MPa | 255% | -- 83
MPTC NaSS lonic Crosslinks 8 MPa 1.8 MPa | 750% 100% (2h) | 84
PMMA PMAA Metal Crosslinks 21 MPa (|3/|E|332 420% 61% (12h) | 86
. . 0.16
Alginate | pAAm Metal Crosslinks 29 kPa MPa 2000% | 74% (1d) 85
0,

Gellam pAAmM Metal Crosslinks 121 kPa | 0.216 77% >3% 93
Gum (80m)

PDMA Silica Silica Hybrid 175 kPa | 0.45 260% -- 94
PVA PEG Controlled 160 kPa | 5.1 40000 | \one 95
Structure %

IPN with
PAMPS pAAmM Controlled micro- | 400 kPa | 0.9 1100% | None 96
structure
1 o)
Agarose | PAM Physical 123kPa | 0.16 2250% | 8% 81
Entaglement (10m)
TAPEG TNPEG Tetrahedran 40 kPa 4 90% - 28
. . . 86.5 o 100%
Caddisfy Silk Natural Material MPa 32.7 130% (120m) 9
. L 34.2 o 100%
pPEMA pAAmM Caddisfly Mimetic MPa 3.8 90% (30m) 19
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Figure 1.1. Photographs of caddisfly insects A) Photograph of caddisfly larvae with rock case,
collected from Red Butte Creek, Salt Lake City. B) Photograph of caddisfly larvae with case
partially composed of glass beads. C) Photograph of adult caddisfly.
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Figure 1.2. SEM image of caddisfly silk. Showing stitching pattern of caddisfly silk between
pieces of the case with adhesions apparent between silk and substrate and silk-silk adhesions.
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Figure 1.3. Partial Hesperophylax sp. H-fibroin sequence. The continuous sequences are arranged
to highlight the pattern of conserved D, E, and F subrepeats. The shared arginine-rich motif with
a central proline is highlighted in gray. (pSX)n motifs are underlined. The hypothetical [(pSX)4]2
B- hairpin sequence is highlighted in turquoise. (A) N-terminus. Bold italics indicates the secretion
signal peptide. (B) C-terminus; * = stop codon. (C) Schematic representation of the irregularly
repeating pattern of conserved subrepeats. This figure was published by Stewart et. al. and
used with permission.°
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Figure 1.4. Hypothetical molecular structure of caddisflyH-fibroin B-domains and silk fibers. (A)
Representative structure the D subrepeat [Ca?*(pSX)s]2 B-hairpin from cluster analysis of a 40 ns
MD simulation. Ca?* = blue spheres, CI”= green spheres. (B) Representative structure after 10 ns
of MD simulation of an extended B-sheet modeled with three antiparallel [Ca?*(pSX)4]2 B-hairpins.
(C) Representative structure of a three- sheet B-domain stabilized through alternating pS-Ca?*
bridged interfaces and hydrophobic interfaces. Calculated dimensions of the domains are
indicated. (D) Macroscale nanocomposite fiber model: semicrystalline Ca?*-stabilized, pS-rich B-
domains (turquoise) form interfiber cross-links connected by amorphous regions (black). (E) The
core of the silk fiber consists of 100-80 nm nanofibrils (turquoise) running parallel with the
macrofiber axis. (F) The paired subfibers (turquoise) are fused together and have a thin, poorly
characterized peripheral layer (blue). This figure was published by Stewart et. al. and used with
permission.°
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Figure 1.5: Single caddisfly fiber mechanics. (A) Five fibers were stained to failure in 1 mM Ca?*
(green) or in 1 mM EDTA (blue). (B) Force—extension profiles of a single native fiber cyclically
loaded 4 times to 0.5 in 1 mM Ca?*. The fiber was relaxed for 15 m between each strain cycle.
(C) Green: force-extension profile from the third cycle of a single fiber cyclically loaded three
times to 0.5 in 1 mMCa?". Red: force—extension profile of a fiber cycled to 0.5 after 30 m in 1
mM EDTA. Blue: force-extension profile 24 h after replacing EDTA with 5 mM Ca?*and cycling to
0.5 strain. This figure was published by Stewart et. al. and used with permission.1®
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Figure 1.6 SEM images of pseudomonas aeruginosa biofilms. Biofilms were grown with a
modified CDC biofilm reactor onto stainless steel coupon surfaces.
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Toughened hydrogels inspired by aquatic
caddisworm silk

Cwight D. Lane, Sarbjit Kaur, G. Mahika Weerasakare and Russell J. Stewart®

Aguatic caddisworm silk is a tough adhesive fiber. Part of the toughening mechanism resides in serial,
Ca“"—phosphate crosslinked nano-domains that comprise H-fibrain, the major structural protein. To
mimic the toughening mechanism, a synthetic phosphate-graft-methacrylate prepclymer. as a simple
H-fibrein analog, was copelymerized within a covalent elastic network of pelyacrylamide. Above a
critical phosphate sidechain density, hydrogels equilibrated with Ca® or Zn”" ions displayed greatly
mereased initial stiffness, strain-rate dependent vield behavior, and requirgd 100 times more work o
fracture tham hydrogels equilibrates with I‘\t'lgz+ ar Mat ions Conceptually, the enhanced toughness
i attributed to energy-dissipating, viscous unfolding of clustered phosphate—metal ion crossinks at 2
critical stress. The toughness of the bicinspired hydrogels excesds the toughness of cartilage and meniscus
suggesting potential application as prosthetic biomalterials. The tough hydrogels also provide a simplified
model to test hypotheses about cacdisworm silk architecture, phosphate metal ion interactions, and
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Introduction

Despite considerable progress in lissue engineering approaches
to regenerate damaged or worn-out soft structural tissues, there
likely will always be a need lor inert, biocompatible, synthetic
replacement materials.' Hydrogels of crosslinked water-soluble
synthetic polymers have long been candidate materials for soft
tissue prosthetics, partly because of their high water content and
biccompatibility. Progress has been limited, though, because the
structure and mechanical properties of conventional hydrogels
have little resemblance to the exquisite hierarchical organization,
strength, toughness, and graded mechanics of natural tissues.
While the strength and stiffness of conventional hydrogels can be
inereased toward that of natural connective tissues by inereasing
the erosslink density, the resulting hydrogels are brittle and fracture
at [ow strains, The usefulness of traditional synthetic hydrogels is
also limited by their propensity to swell in watery environments,
which further degrades their mechanical attributes,

New and creative approaches 1o synthesizing hydrogels have
led to much tougher and fracture resistant materials more
elosely suited for soft structural tissue replacement. Hydrogel
toughness, as reflected in the work of extension to fracture, is a
function of both stiffness and extensibility. A common archi-
tectural feature of the new generation of toughened hydrogels
are two or more quasi-independent but interspersed networlks, a
stiffer network of energy-dissipating sacrificial linkages within a
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mechanochemical toughening mechanisms.

softer network of highly extensible linkages.* * Early double-
network [DN] hydrogels comprised a densely crosslinked polymer
network of 2-acrylamide-2-methylpropanesulfonic acid within a
loosely crosslinked elastic polymer network of aerylamide.” The
DM hydrogel  possessed compressive strengths 20-40 times
higher than either hydrogel network alone. Because strain energy
is dissipated by sacrificial chemical scission of polymer chains in
the stiff network, permanent damage accumulates in the double
covalent network hydrogels during strain cycles, resulting in poor
farigue resistance. Subsequent toughened DN hydrogel designs
replaced the covalent sacrificial network with a network of
reversible non-covalent saerificial crosslinks. A multitude of non-
covalent network linkages have been reported, including physical
erosslinks,”® hydrophobie bilayers,” dipole-dipole coupling,"”
electrostatic bonding between oppositely charged functional
groups,'’ metal jon complexes,"” ' and reversible polymer
absorption to solid particles."™"® This latter group of DN
hydrogels show, to varying extents, self-recovery of their indtial
dimensions and toughness during cyclical strains. Distinet
from DN hydrogels, other reported approaches to toughening
hydrogels include the use of multifunctional erosslinkers,'”
and hydrogels with uniform networks synthesized with symmet-
rical tetrahedral macromers.'®

The adhesive silk of aquatic caddisworms is a tough natural
multi-networl: fiber."** The silk is used by the larvae like a
pressure-sensitive adhesive tape to bond gathered stones, sticks,
or leaves into composite protective structures under water. Like
natural tissues, the biphasic fibers contain around 70% water by
mass. The initial modulus ranges from 80-140 MFPa. The fibers
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yield at 2-5% strain, after which the stress plateaus, then
gradually increases until the fibers fracture at an average stress
over 30 MPa and strains of 100-150%. The vield stress shows a
logarithmic strain-rate dependence, doubling over a two decade
range of strain rates. The work of extension to fracture, around
17 M] m %, is higher than the 7 M] m * work of extension to
fracture of the best reported synthetic DN hydrogels."' Caddisworm
silk deformation is reversible; when strained to 20% then
unloaded, the sill fibers recover 99% of their initial dimensions,
stiffness, and strength within 120 min. High strain eyele hysteresis
and nearly full recovery allow the fibers to repeatedly dissipate
energy (o protect interfacial adhesive bonds, and thereby the
structural integrity of the composite case. The tough, fatigue
resistant, adhesive silk is highly adapted to the caddisworm's
construction activities in an energetic agquatic niche, As such, it
is an excellent natural source of design principles for develop-
ment of tough synthetic materials for use in wet environments,
including soft tissue prosthetics.

The viscoelasticity, wughness, and self-recovery of caddisworm
sill has been attributed to a dynamic multi-neowork fiber structure,™
We proposed a working model in which two independent metal
ion-crosslinked protein networks each reversibly vield at differ-
ent critical stress for a given strain rate.”” Exchange of divalent
metal ions in native fibers with monovalent Na” ions destroyed
fiber stiffness, strength, vield behavior, and toughness." In
native fibers, Ca™ is the predominant metal ion.'”*' n our
madel, the first and stiffer metal ion-dependent network is
crosslinked through Ca®-phosphoserine [ps) coordination
complexes, the second softer network through Ca* -carboxylate
complexes.” Our model includes a third, covalently crosslinked
network, comprising in part a peripheral ring of peroxidase-
catalyzed covalent dityrosine crosslinks,™ which provides a
passive elastic restoring force and memory of the permanent
fiber structure to guide recovery of the metal ion-crosslinked
yield domains when the fibers are unloaded. Although aquatic
caddisworms [Trichoptera) are closely related phylogenetically
to terrestrial silkworms (Lepidoptera), with numerous simila-
rities apparent in their silk gland physiology and silk fiber
molecular structure,”**! the silk toughening mechanisms of
caddisworm silk, based on multivalent metal ion coordination
complexes, is more akin to other aquatic structural materials,™
especially the byssal threads of mussels,* %

The Ca* ~phosphate crosslinks reside within and between
H-fibroin proteins, by mass the major structural component of
the silk fibers. H-fibroin is a large protein, M, greater than
350000 g mol ', with short and unigue M- and C-termini Mank-
ing the central region, which comprises an imperfectly alternat-
ing patlern of three types of sequences blocks. Each bpe of
repeating sequence contains at least one [pSX), motif, wherein ps
is phosphoserine, X is an aliphatic amino acid or arginine, and
o= 2-621 0 rotal, about 15 mol% of H-fibroin residues
are pS, and on the order of 100 [pSX), domains oecur in each
H-fibroin molecule.® The [pSX), motifs have been predicted
to form a serial arrangement of inter- and intrachain Ca*'-
stabilized fi-domains,” on the order of 10 per H-fibroin, which
are responsible for the initial stiffness and strength of the fibers,
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and the unfolding of which under strain is responsible for the
distinct pseudoyield point® The Ca* -carbosylate crosslinks of
the second dynamic network may occcur within and between
abundant PEVE-like structural proteins that have more than
20 mol% amino acids with carboxylate sidechains.*

The multi-network caddisworm silk model® relating silk
molecular structure to fiber mechanics, and the natural toughening
mechanism based on Ca**-phosphate coordination complexes,
provided an initial framework for creating tough  biomimetic
hydrogels. Here, we report the synthesis of first generation mult-
network hydrogels modeled after caddisworm sille with a first
network crosslinked by reversible divalent metal ion-phosphate
coptdination complexes to provide strength, within a second
eovalently crosslinked elastie network of polyacrylamide to provide
extensibility and recovery from deformation, Mechanical character-
ization of the hydrogels demonstrated that their toughness, as
reflected in work of extension to fracture, can exceed that of soft
structural tissues, such as cartilage.

Materials and methods

Materials

Phosphorus(v) oxychloride, 2-hydrowyethyl methacrylate, triethyl-
amine, and glycidyl methacrylate were purchased from Alfa Aesar
(ward Hill, MA). 4-Methoxyphenol was purchased from Tokyo
Chemieal Industry Co., Ltd, [Tokyo, Japan). Methaerylie acid,
2,2 -azobis(2-methylpropionitrile}, acrylamide, N,V methylene-
bisacrylamide, and NNN,N'-tetramethylethylenediamine were
purchased from Sigma Aldrich (St Louis, MO). Ammonium
persulfate was purchased from Fischer Scientific (Pittsburgh, PA).

Phosphate monomer synthesis

2-[Methacryloyloxy Jethyl phosphate [MOEP] was synthesized as
deseribed previously.® Briefly, phosphorus oxyehloride (33.9 g,
220 mimol) was mixed with hydrosyl-ethyl-methacrvlamice (HEMA)
at a 0.7 : 1 molar ratio in dry toluene (480 mij under Mowing argon.

The reaction was stirred at 4 °C while wriethylamine [TEA) (77 mi)

was added slowly over 10 min. Following addition of TEA, the
reaction was stirred under argon gas for 6 h at 22 °C, then
filtered to remove precipitated salt. The reacrion was cooled to
4 “C before addition of DI water (480 ml}, then stirred under
argon at 22 “C for 2 h. The reaction was extracted twice with
diethyl ether (100 ml). The organic laver was discarded. The
aqueous layer was extracted using tetrahydrofuran (THF) and
diethyl ether (1:2, 12 x 225 ml), then dried over anhydrous
sodium sulfate, The monomer was verified by 'H and *'P NMR.

Synthesis of polyMOEP-MA

PolyMOEFP was synthesized by free radical polymerization of
MOEP (45 mol%), and methacrylic acid (15 mol%) in methanol
{12.5 ml mg~" MOEF). The reaction was initiated with azo-bis-
isobutyronitrile (AIBN, 4.5 mol%) at 55 "C, and proceeded for
15 h. The product was precipitated with acetone, then dissolved
in water (200 ml H,O per 17 g pMOEP]. Subsequently, meth-
acrylate groups (MA) were grafted onto the methacrylic acid
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sidechains with glycidyl methacrylate in 9-fold molar excess
relative to the methacrylate sidechains. The methacrylated pMOEP
[pMOEP-MA) was purified by tangential flow filtration using a
Millipore Pellicon 3 cassette filter with an Ultracel 10 kD
membrane. The polymer was washed with 10 volumes of water
during filtration. The pH was adjusted to 7.3 with NaOH, the
product Ivophilized, and stored at —20 "C. The resulting phos-
phate prepolymer contained 62.6 mol% phosphate sidechains,
10,9 maol% HEMA, and 26.5 mol% M sidechains, as determined
by 'H and *'P NMR. The molecular mass (M,,,] and polydispersity
index [PDI) of pMOEP-MA was determined by size exclusion
chromatography [SEC) using an Amersham Pharmacia AKTA-
FPLC system equipped with Wyatt MiniDawn Treos (light scatter-
ing} and Wyatt Optilab rEX (refractive index) detectors. The
Superose & HR 10/30 column was equilibrated with 0.1 M sodium
acetate [pH 6.5) containing 30% [volivol) acetonitrile. The average
My, and PDI were calculated using Wyatt MiniDawn ASTRA soft-
ware to be 89 kg mol ™" and 2.6, respectively.

Hydrogel polymerization

Hydrogels were formed by free radical polymerization of acryl-
amide (Aam} and ¥N-methylencbisacrylamide (bis-Aam) with
the pMOEP-MA prepolymer in 150 mM NaCl and 5 mM tris
[pH 8.0} (Fig- 1}. The total with of Aam, bis-Aam and MOEP-MA
pre-polymer was held constant at 7.5%, while the wit% of the
prepolymer was varied from 0.5% to 7.0 wi%. The molar ratio of
Aam o bis-Aam was 60:1. Polymerization was initiated by
adding 10% ammonium persulfate [APS] and tetramethyl-
ethylenediamine (TEMED) to final concentrations of 70 ug ml™'
and 2.4 pl ml™', respectively, to the monomer/pre-polymer
solution. Polymerization proceeded in dog bone-shaped molds
for 90 min at 22 "C. Molds were laser cut from 2 mm thick
silicone rubber sheets, which were clamped berween two acrylic
plates to form the complete molds, A layer of mineral oil was
floated on top of the polymerization reaction to limit exposure
to oxygen. Polymerized gels were soaked in 150 mM Nacl,
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5 mM tris (pH 8} with repeated changes of solution for 24 h
to remove unreacted materials.

Hydrogel metal ion exchange

Hydrogels were immersed in 1530 mM NaCl, 10 mM wis (pH 8.0}
with metal ions (Ca®™, Mg™", or Zn*"} added in 5 mM increments
up to 50 mM over 24 h. Gradual addition of metal ions improved
the homogeneity of the deswelled hydrogels. The hydrogels were
then socaked in 50 mM metal ion and 10 mM tris (pH 8.0) for an
additional 24 h with frequent solution changes. Images of hydro-
gels were recorded using a dissection microscope during volume
equilibration and their dimensions were measured using Image].
Isotropic shrinking was assumed to caleulate volume changes.
Hydrogels were considered to be fully equilibrated when the
volume reached steady state. Hydrogel density was measured by
the buoyancy method using an analytical balance density kit
[Mettler Toledn, Ine.) and calculated using the equation:

EP“E""PID wEigh'air:l * |.I||"u_u|.'r = .f’:m} +1J
(sample weight,;, — sample weight,, . }

Pample = nir

The density of water was corrected for temperature. Metal
phosphate ratios were determined by ICP-OES of two independent
hydrogel specimens at a commercial testing facility (Advanced
Labs, Salt Lake City, UT).

Mechanical testing of hydrogels

Hydrogels were strained while submerged in 5 mM tris, pH 2.0,
containing 5 mM of the test metal ion on an Instron 3342
material test system controlled with Bluehill software (Instron,
Inc.). Ca*equilibrated hydrogels were strained at rates ranging
fram 0.01 to 1.0 s, Strain to fracture and cyclical strain tests
were done at 0.15 5~

Infrared spectroscopy
Sodium equilibrated hydrogels were incubated overnight in 10 mM
Na” EDTA to remove rouge divalent metal ions potentially seavenged

.kn;_bfndt'i,ﬂaml
\/]\‘ i /L'/

Binwrrlarmichr Eoe-Adre]

— = polpham g < b-Aam cosikne ¢ = phosphate sdechain
— = polOLP g - MA Aam crawdink gy = photphaseimenal o arosding

Fig. 1 Double neteork hydrogel synthesis. (A) The sodium salt of the pMOER prepolymer was copolymerized with AAm and bis-AAm monomers. The
total polymer concentration was kept constant at 7.5 witi. (B] The pAAm network was covalently connected to the pMOER network through BMA
sidechains to form a double network hydrogel (C) The pMOEP network was crosslinked and de-swelled by exchange of Ma' with divalent metal ions

al’

t.M.gh, Ca®™ and Zn®). The collapsed pMOER-divalent metal jon mebwork is conceptualized as dense clusters that function as sacrificial yield domains.
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during polvmerization and processing. Na™ gels were stored in
1 mM EDTA to prevent binding of trace divalent metal ions.
Divalent metal ion hydrogels were equilibrated with the respec-
tive metal ion as described above. After volume equilibration,
the samples were rinsed with water, then lyophilized to remove
water, and crushed into a powder using an agar monar and
pestle before applying to the diamond ATR crystal. The IR spectra
were normalized to the intensity of an absorption band centered
at 1665 e ', which corresponds to absorption by amide groups
in the polmethacrylamide backbone,™ A linear baseline eorree-
tion was applied to the intensity normalized spectra belween 800
and 1300 em ', which contains several phosphate vibrational
mades. ATR-FTIR absorbance spectra were collected using
a Nicolet 6700 spectrometer [Thermo Scientific, FL) with a
diamond Smart iTR accessory, a deuterated triglyeine sulfate
detector, and a KBr/Ge mid-infrared optimized beamsplitter.
Spectra were recorded with a resolution of 4 em™" and as 512
averaged scans.

Processing of experimental data

Data was processed in matlab (MathWorks). Linear fits to the
initial part of the stress strain curve were used to estimate the
initial modulus. The yield point was determined using a 5%
strain offset from the initial linear portion of the curve, Energy
dissipation, strain eycle hysteresis, was computed by subtract-
ing the trapezoidal integration of the reverse curve from the
forward curve of cyclical tests, Residual strain was measured by
extending the initial linear portion of the stress strain curve
[disregarding toe regions] through the base line.

Results

Synthesis of divalent metal-ion crosslinked double network
hydrogels

The toughness of natural caddisfly silk is contributed mostly by
the Ca**-phosphate crosslinked (pSX), domains in the H-fibroin
protein,™ To create a simple analog of H-fibroin, polymethacrylate
random copolmers were synthesized with varying mol% of ethyl-
phosphate (MOEP), ethyl-hydroxy (HEMA) sidechains, and carbosyl-
ate (MAA) sidechains (Fig. 1A} The MAA groups were sub-
sequently grafied with gheidyl methacrylate as erosslinking groups.
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To prepare double network hydrogels, the sodium salt of
methacrylated polyphosphate (pMOEP-MA] prepolymers were
mixed with acrylamide [AAM) and bisacrylamide (bis-AAM)
monomers and copolymerized in 150 mM NaCl, and 5 mM tris
(pH 8.0}. The total wi% of polymer in the hydrogels was kept
constant at 7.5 wt%. During polymerization, the pMOEP-MA
prepolymer became crosslinked into the pAAM network through
the MA sidechains (Fig. 1B). The pAAM network served as an
analog of the passive elastic network of namral caddisfly sille. The
resulting dog bone-shaped hydrogels, with Na™ counterions, were
clear and transparent.

As Na~ was exchanged with the divalent metal-ions, Mg,
Ca*’, and Zn*", the hydrogels shrank to about 65% of their
initial volume (Table 1}. The final volume had little dependence
on the divalent metal ion species (Fig. 2). However, the hydro-
gels shrank fastest in Mg®”, equilibrating in 90 min, whereas
volume equilibration in both Ca®* and Zn** took approximately
24 h. During divalent metal ion exchange, the initially trans-
parent Na'-hydrogels became slightly translucent. The result-
ing divalent ion-equilibrated DN hydrogels had three types of
crosslinks within and between networks: covalent bis-AAM
junctions between pAAM chains, covalent bis-AAM junctions
between pAAM and methacrylated side chains in pMOEP net-
works, and reversible phosphate/metal ion junctions within the
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Fig. 2 Hydrogelvolurme change during metal ion excharge. The hydrogels
contained 7.5 total wif polymer, comprising 6.5 wti pMOEP and 1.0 wi¥
pAdm, before deswelling by the addition of divalent metal ions. For each
data peint n = 3 and errcr bars = +1 sd.

Table 1 Composition and properties of DR bydrogels and native caddiseorm sill

PMOEF/pAAm Hydrogels”

Mative caddisworm silk”

Ton n* ca*” My Na" [Ca® ¥
Volume [% of inital) 66.2 £ 1.2 66.5 £ 2.1 636 £ 3.3 97.2 £ 24

Water [wt%) 53.6 = 1.3 55.6 + 2.1 56.3 = 1.9 92.5 £ 0.5 66!
Density [g r_'111"‘;| 1.10 £ 0.02 1.07 £ 0.02 1.05 £ 0.02 1.01 £+ 0.01

M/F molar ratic kR 1.7 1.5

Initial modulus (MPa) 3.2 + 2.5 103 + 3.5 01+ 0,04 0.04 + 0.01 B6.5 + 19.2
Yield stress (MPa) 3.5 % 04 1.8 +£0.2 Mo yield No yield 28+ 04
Stress at fracture [MPa) 3BL03 1.9 L 0.1 3 L ool 0,05 L 0.004 32.7 L 66
Elongation at fracture t%j 40 £ 10 90 £ 50 220 £ 20 227+ 14 126 + 29
Waork to fracture (M) m™) 10.4 = 0.4 105 + 1.2 0,3 = 0,00k 0.09 + 0.01 17.3 £ 6.2

6.5 wt pMOEE, 1.0 wt®h pAAM. ¥ Mechanical data from ref, 16 and 17, © Native caddisworm silk contains mostly Ca®”, @ Unpublished.
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pMOEP network, which were lilely a mix of inter- and intra-
molecular erosslinks (Fig. 1C).

The mechanical effect of varying the ratio of the pMOEP-MA
prepolymer network to the pAAM network in hydrogels equili-
brated with Ca®" ions was evaluated by tensile testing. The
concentration of pMOEP-MA prepolymer was varied from 1.5 to
7.0 wi% while holding the total polymer/monomer concen-
tration constant at 7.5 wi% [Fig. 3A). The hydrogels were
strained to failure at room temperature (20-22 °C) while fully
submerged in a water bath to prevent water evaporation and to
limit potential effects of uneven water Mux out of and into the
gels. The bath solutions contained 5 mM Ca*™ and were
buffered at pH 8.0, above the pk,; of the phosphate sidechains.
At the lowest ratio of pMOEP-MA to pAAM, 1.5: 6.0 wi%h, the

Ca*"-equilibrated hydrogels were soft with an initial modulus of

0.020 + 0.004 MPa. The stress increased linearly with strain
until fracture occurred at 0,054 + 0.002 MPa and less than
150% strain (Fig. 3AL As the pMOEP-MA to pAAM ratio was
increased to above 5wt pMOEP-MA, the initial modulus rose
sharply, strain at fracture increased toward 200%, and vield-like
behavior—dramatic strain softening—appeared around 20%
elongation (Fig. 3A). Hydrogel toughness, as reflected in the
work of extension to fracture (Fig. 3B), also increased sharply
with increasing pMOEP-MA, due primarily to the increase in
yield stress of the hydrogels.

Hydrogel synthesis using pMOEP-MA as a prepolymer with a
high mol% of phosphate sidechains was essential to toughen
the Ca* -erosslinked DN hydrogels. Other hydrogel synthesis
methods failed to produce toughened hydrogels. For example,
hydrogels of 7.5 wi%h pMOEP-MA with no pAAM, were brittle
and lrequently fractured during equilibration with divalent
metal ions. Hydrogels prepared with 6.5 mol% pMOEP-MA
with only 40 mol% phosphate sidechains stiffened considerably
with Ca*’, but did not display yield-like behavior, shrank less
during equilibration with Ca*", and were less tough (not shown).
Hence, further DN hydrogel mechanical characterization was
done with hydrogels synthesized with 6.5 wi% pMOEP-MA and
1.0 with pAAM/bis-AAM.
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Fig. 4 Spontaneous recovery of initial length of a Ca‘-" -hydrogel strained
to 200 underwater. Scale bar = & mm
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Hysteresis and self-recovery kinetics of Ca™'-crosslinked
hydrogels during cyclical loading

The yield-like response of Ca®" hydrogels was not a permanent
plastic deformation. Instead, the initial length, modulus, and
vield stress of hydrogels strained to 50% recover approximately
90% of their initial values within 90 min after unloading (Fig. 5
and 6), Henee, we refer to the phenomenon as pseudo-yield, The
area within the forward and reverse curves of the highly hysteretic
cyeles represents dissipated strain energy, which also recovered
to approximately 90% of the initial cyele value within 99 min. The
recovery did not fit a single exponential process, In contrast, Mg™”
hydrogels had a linear elastic response to cyclical strains, dis-
playing little hysteresis [Fig. 34, green curves). Hydrogels equili-
brated with Zn™” were more brittle beyond the pseudo-vield point
and eould not be reliably strained to 50% elongation. Therefore
the rate of refolding was not determined.

Strain rate dependence of Ca®'-crosslinked hydrogels

The pseudo-vield stress of Ca*-equilibrated hydrogels strained
to 100% at strain rates ranging over three orders of magnitude
increased 5-fold (Fig. 6B). Likewise, the initial modulus, work of
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Fig. 3 Critical pMOEP concentration dependence of {_}a""-hy*dmgc{ toughening. (Al Representative stress strain curves tor hydrogels prepared
with increasing pMOEP and decreasing pAAm concentrations. The total polymer concentration was fixed at 7.5 wit¥. Ovals represent the area
enclosed by +1 =.d. of the mean stress and elongation for each hydroge! formulation {n 2= 31 {B) The equilibrium volume of the hydrogels declined with
Imcreasing pMOER pAAM wii ratic, The inltial modulus and yield stress had a non-lines dependence on pMOER paAm wii ratio, Error bars represent
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extension, and dissipated energy increased by, 60%, 2-fold, and
2a-fold, respectively (not shown), Pseudowield stress had a
logarithmic dependence on strain rate (Fig. 6B). Strain rate had
little effect on residual strain, which varied by only 5% over the
range of strain rates,

Metal ion species dependence of hydrogel toughness

Hydrogels containing Na”™ counter ions were soft, lincar elasto-
mers that could be elongated about 250% before fracture [Fig. 4
and Table 1). Exchange with divalent metal ions increased the
pseudo-yield stress in the following order: Mg™™ < Ca™ < Zn"".
Hydrogels exchanged with Mg™, like Na™ hydrogels, were soft
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and displayed a linear dependence of stress on strain, whereas
Ca™ and Zn*” hydrogels both displayed dramatic strain soft-
ening (yvield-like] behavior around 20% strain. Although Zn™
hydrogels fractured soon after the yield point, at strains of 40%
compared to average strains of 90% for ca™ bydrogels, the
work to fracture of C#** and Zn® was nearly the same, 10.4 and
10,5 MJ m 3, respectively, more than three times higher than
Mg*” (Table 1).

IR spectroscopy of divalent metakion crosslinked hydrogels

Interactions of divalent metal ions with phosphate sidechains
was evaluated by IR spectroscopy (Fig. 8). Bands corresponding
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o degenerate P-0° symmetric strecching modes occur between
950 and 1050 cm . Band assignments were based on literature
precedents for primary phosphate esters and pH Hitrations 54
The Na™ absorption band centered at 980 cm— corresponds to the
mmbined absorpton of two P-O~ bonds of dibasic phosphate,
The Na™ absorption band centered at 980 cm ! worres ponds to the
mmbined absorpton of twe PO~ bonds of dibasic phosphate,
The 962 cm ™ band is notdue to a phosphate vibration based on
pH titrations [not shown). The 980 an " was blue-shifted ~11,
17, and 21 em™? for Ca™, Mg", and Zn®", respectively, The
absorbance intensity of the shifted band increased in the order:
In*t > Ca™ > Mg™

Discussion
Caddisworm-inspired hydrogel structure and mechanics

Above a threshold concentration of phosphate sidechains on the
PMOEP prepolymer, exchange of monovalent Na™ with divalent
metal ions resulted in collapse of the DN hydrogel structure,
scmmpanied by oelusion of about 40% of its equilibrium water
mass (Table 1), and a change in appearance from transparent to
slightly translucent. Mechanically, the hydrogels transitioned from
soft and elastic o tough and viscoelastic with non-permanent
strain softening (vield) at a critical stress (Fig 7). The synthetic
method of concentrating the phosphate groups on a prepolymer as
a separate, but covalently connected network within s second
polyacrylamide network was critical to achieve the viscoelastic
behavior and toughening effect on the hydrogels.

We interpret these observations as evidence divalent cations
crosslinked the polyphosphate prepolymer network, both intra-
and intermolecularly, through the phosphate sidechaing into
dense partially dehydrated clusters, as illustrated in Fig, 20, that
function as pseudo-domains. The collapsed phosphate prepolymer
clusters are connected o one another through the elastic
polyacry amide network. The toughening effect—the extra work
required to fracture the ca™ equilibrated hydrogels versus the
Na" equilibrated hydrogels—was due to energy absorbed and
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Ag. 7 Stress response duning strain 1o facture for hydrogets equiliorated
with Ma*, Mg, Ca™, and Zn'*. Ellipses represent the mean +1 s.d. Inset:
Expanded scale to accent Mg®™ and Na* hydrogel stress respornse.
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dissipated by rupture and unfolding of the ca™ phosphate
crosslinked clusters. The dense clusters functioned as a series
of sscrificial yield domains undergoing sequential, viscous
unfolding and extension in the stress plateau region. Rupture
of the Ca™ phosphate crosslinked clusters was reversible,
which allowed the domain-like regions to slowly reform when
unloaded, guided by the memory of the elastic polyacrylamide
network, About 90% of the capacity to dissipate strain ene rgy at
moderate strain rates was recovered within 90 min The less
than complete recovery suggested some permanent damage
oecurred during the first strain cyele. The fatigue resistance of
the hydrogels has yet to be thoroughly characterized.

Modulating hydrogel strength and toughness with divalent
metal ions

The stress response of the caddis silk-mimetic hydrogels can be
tuned to some extent by multivalent metal ion selection, as one
means to design hydrogels to meet the specificatons of a
partcular applicaton. Details of the metal ion interactions with
the phosphate sidechains are not known, but several observa:
tions are worth noting. According to the HSAB classification
scheme, Mg:h and Ca® are hard acids, Zo®™ is interme diate, and
dibasic phosphate is 2 hard base* The interacton between non-
polarizable hard acids and hard bases is predominantly ionic in
charscter. Therefore, the divalent metal jon-phosphate com-
plexes in the DN hydrogels may be more electrostatic in char
acter, as opposed to charge ransfer complexes. Exchange of Na®
with Mg”causnddchydmﬁ.unand deswelling of the hydrogels to
similar extents as Ca®” and Zn™, although deswelling was fastest
in Mga" (Fig. 2). The interaction ufMg:* with phosphate side
chains was likewise evident in the blue-shift of absorption bands
corresponding to the P-0~ symmetric stretching modes in the
IR spectra (Fig. 8). Despite evidence of phosphate Mg®™ coordi-
nation complexes, the complexes did not function as load
bearing crosslinks in the bydrogels since there was comparatively
little stiffening of the M’g‘h equilibrated hwdrogels compared to
Ca™ and Zn™ bydrogels (Fig, 7). Significantly, the weak medha
nicl effect of Mg"™ phosphate complesation, despite similar
dehydration and volume change, rules out that the increased
stiffness, strength, pseudo-plastic yield, viscoclasticity, and hyster-
esis of hydrogels equilibrated with Ca™ and Zn® was due to more
extensive debydration and deswelling,

The preferred coordination geometry of Mg'™ is ocahedral
both in water and when bound by proteins or nucleic acids, In
water, the coordinaton geometry is satsfied with six inner
sphere water molecule ligands, Perturbing this rigid coord ination
geometry is energetically msﬂy.ﬂ Proteins and mucleic acids bind
Mf‘ ions differently, protein sidechain Bgands bindMg" directly
(inner sphere mode), while nucleic acids bind Mg™ indirectly
through the hydration shell [outer sphere mode). Protein Mg®*
binding sites are usually buried in the protein interior where the
low dielectric constant makes ligand exchange between inner
sphere waters and anionic sidechains more energetically favor-
able All protein Mg‘h-blndlng sites retain at least one, and on
average 2.2 inner sphere HaO molecules in the Mg"“ binding
site.® In nucleic acids, on the other hand, Mg™ ions are usually
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complexed by outer sphere phosphate oxygens leaving the
octahedral hydration shell intact, or mostly intact.™ For example,
of the four octahedral Mg™” ions that stabilize tRNA tertiary
structure, one is bound as Mg{H,0,"", two as Mg(H;0).*", and
one as Mg[H,0),*", with zero, one, and two direct inner sphere
phosphate oxygen coordinate bonds, respectively.™ The wealk
effect of Mg®' on pMOEP/pAMM hydrogel mechanics may be
due to indirect coordination of Mg{H,0),"” ions as outer sphere
ligands by phosphate sidechains, or as a mix of outer and inner
shell ligands with only partial exchange of inner shell water
molecules, as observed in tRMAs. Although the blue shift of the
P-07 symmetric stretehing mode band suggests at least some
direct inner sphere eoordination between Mg®” and phosphates,
the predominantly outer sphere nature of the phosphate-Mg™”
complexes may be too wealk or too dynamic to form load bearing
intra- or interchain crosslinks.

The greater stiffness and strength of the Ca® and Zn™
hydrogels may be due to a greater propensity for their hydration
shells to be displaced by inner sphere phosphate oxygen bonds,
which may result in effectively stronger, load bearing, inter- and
intra-chain crosslinks. The coordination numbers and geo-
metries of Ca®* and Zn*" are more flexible than Mg*’, and there
are smaller energy barriers for transitions between coordina-
tion number and geometry.” In protein binding sites, Ca®” ions

6988 | Soff Matter, 2015, 11, ES81-6550
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mostly have 6 or 7 inner sphere oxygen ligands, and on average
only 1.5 H,0 ligands." Protein bound Zn®* ions have a coordi-
nation number of six when coordinated by oxygen ligands, as is
the case in the pMOEP/pAAM hydrogels. The radii, 0.74-1.04 A
and 0.71-1.03 A, respectively, and therefore charge densities of
Zn*" and Mg*' ions are similar.’® The higher charge densities
of Zn*" and Mg"" produce a blue shift of similar magnitude,
relative to Na', in the P-0" symmetric stretching mode (Fig. 8]
Divalent €a®" jons, which have a radius of 1.14-1,48 & and
lower charge density than Zn® and Mg, produce a smaller
blue shift relative to Na™ ions. Although their respective absorp-
tion coefficients are not known, the higher absorption intensity
in the Zn*" band compared to Mg™ may be evidence that Zn*"
forms more inner sphere bonds with phosphate oxygens than
Mg™", which may account for its much greater effect on hydrogel
mechanical properties. The higher strength and stiffness of Zn*"
hydrogels compared o Ca® hydrogels may be due to stronger
phosphate crosslinks, which in murn may be due to higher
coordinate bond strengths, or the geometry of the complexes,
or the number of complexes. The contribution, if any, of the
higher Zn to P ratio compared to Ca and Mg is unknown and
requires further investigation. The similar work of extension to
failure, or toughness, of the Ca** and Zn®" hydrogels is difficult
to explain and may be coincidental.

Comparisons to other DN hydrogels, natural and synthetic
Several aspects of the mechanical response of natural silk fibers to
controlled strains, including pseudo-ield behavior, logarithmic
strain rate dependence, and selfrecovery,™ were qualitatively
reproduced in the caddisworm silk mimetic DN hydrogels, The
initial stiffness and work of extension to failure (toughness) fell
well short of the natural fibers (Table 1, Fig. 9k). Much of the
toughness of natural caddisfly silk is due to strain stiffening
bevond the stress plateau region, where presumably the visco-
elastic yield domains have been mostly unfolded." In future
work, design efforts will be directed, in part, toward increasing
the stiffness and strength of the elastic network to further improve
toughness of the synthetic DN hydrogels. The hydrogel toughen-
ing effect required high concentrations of phosphate sidechains
compared to the natural fibers. The greater stiffness, vield stress,
and fatigue resistance of the natural fibers with lower densities of
Ca* —phosphate crossbridges may result from greater cooperativ-
ity in the strain dependent unfolding and refolding of the highly
organized Ca® —phosphate frdomains compared to the random,
less organized Ca**~phosphate pseudo-domains in the synthetic
hydrogels.™ """ Another factor may be the effective dielectric
constant in the vicinity of the metal ion-phosphate bonds. The
precise folding of fedomains in the natural fibers may exclude
water from the local environment of the Ca*-phosphate com-
plexes more effectively than the random collapse of the poly-
phosphate chains in the hydrogels. If so, the dielectric constant
would be lower and the strength of the Ca®” ion-phosphate bonds
higher in the natural fibers than in the hydrogels.

The strength and toughness of the first generation caddisworm
sill inspired hydrogels compare favorably with other reported
synthetic DN hydrogels (Fig. 9). The initial modulus of Ca®
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hydrogels was in the same range as previous DN hydrogels, while
Zn* hydrogels were considerably stiffer. Both Ca™ and Zzn™
hydrogels were tougher than all other synthetic DN hydrogels,
primarily because of greater stiffness rather than extreme extensi-
hility. Synthetic hvdrogels that achieve high toughness primarily
through being highly extensible are not suitable as mechanical
replacements for soft soructural tssues, which do not operate under
such extreme strains. Over three decades of strain rate, the initial
stiffness and yield stress increased five-fold for the Ca®" equili-
brated pMOEP/pAAM hydrogels, and strain evcle energy dissipation
(hysteresis) more than doubled (Fig. 6). Comparison of strain rate
dependence of caddis silk-inspired DN hydrogels to earlier DN
hydrogel architectures is difficult because strain rate dependence
has rarely been reported. Strain rate dependence is a critical feature
of viscoelastic hydrogels because the utility of a material will be
limited to applications were the mechanieal response is appropri-
ate for the expected strain rates. At very low strain rates, below the
relaxation time of the viscous yield domains, the toughening
mechanism becomes irrelevant; the stress response of the hydro-
gels will correspond to only the elastic network component. Under
sudden sustained loads, the stress will relax to the load supported
by extension of the elastic network only. Finally, the mimetic
hydrogels are tougher than articular cartilage and the fibrocartilage
meniscus when compared to reported values of tissues that were
loaded in tension (Fig. 9i and j).** The materials were compared in
tension because cartilage and menisci loaded in unconfined
compression experience radial tensile forees.

Conclusions
Using a greatly simplified polvphosphate analog of H-fibroin as a

prepolymer network with dynamic phosphate metal ion cross-
links within an extensible polvacrylamide network a DN network
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hydrogel architecture was created that qualitatively replicated
the mechanical properties of natural caddisworm sill, including
high stiffness, pseudo-yield behavior, logarithmic strain rate
dependence, high strain cycle hysteresis, and self-recovery.
It was possible to replicate the mechanical properties by copying
only relatively simple and synthetically accessible structural
features of the natural fiber. We are confident that as further
details of the natural caddisworm silk fiber architecture and
metal phosphate chemistry are determined, the design of sm-
thetie hydrogels can be improved to bring their toughness closer
to the nataral fibers. Beyond their potential utility as prosthetic
hiomaterials, the caddisworm mimetic hydrogels provide a sim-
plified, inexpensive, and convenient model system to test hypo-
theses concerning the relationship between chemistry, structure,
and mechanical properties of natural silk fibers.

Acknowledgements

This work was supported by the Army Research Office, award
#WO11NF1310319. We thank Nic Ashton for helpful discussions
and Monila Sima for help with SEC.

References

1 A C.T. Vrancken, P. Buma and T. G. van Tienen, Int. Orthop.,
2012, 37, 291-299,

2 M. A, Hague, T. Kurolkawa and J. P. Gong, Polymer, 2012, 33,

1805-1822.

5. Maficy, H. R. Brown, J. M. Razal, G. M. Spinks and

P. G. Whitten, Aust, f. Chem,, 2011, 6d, 1007,

X. Zhao, Saft Matter, 2014, 10, 672-687.

5 R. Long, K. Mayumi, C. Creton, T. Narita and C.-¥. Hui,
Macromolecules, 2014, 47, 7243-7250.

6 J. P. Gong, Y. Katsuvama, T. Kurokawa and Y. Osada,
Adv. Mater., 2003, 15, 1155-1158.

7 Q. Chen, L. Zhu, C. Zhao, Q. Wang and J. Zheng, Adv. Mater.,
2013, 25, 4171-4176.

8 D. Myvung, W. Koh, J. Ko, Y. Hu, M. Carrasco, J. Noolandi,
C. M. Ta and C. W. Franlk, Polymer, 2007, 48, 5376-5347.

9 M. A. Haque, T. Kurokawsa, G. Kamita and ]J. P. Gong,
Macromolecules, 2011, 44, 8916-5924,

10 Y. Han, T. Bai, ¥. Liu, X. Zhai and W. Liu, Macromol, Repid
Conumun,, 2011, 33, 225-231.

11 T. L. Sun, T. Kurokawa, 5. Kuroda, A. Bin Thsan, T. Akasali,
K. Sato, M. A Haque, T. Nakajima and J. P. Gong, Nai. Mater.,
2013, 12, 932-937.

12 F. R. Kersey, D. M. Loveless and 8. L. Craig, [ R Soc,
Interface, 2006, 4, 373-380.

13 K. |. Henderson, T. C. Zhou, K. J. Otim and K. R. Shull,
Macromolecules, 2010, 43, 6193-6201.

14 J-Y. Sun, X. Zhao, W. R. K. Hleperuma, 0. Chaudhuri,
K. H. Oh, D. J. Mooney, J. J. Vlassak and Z. Suo, Nature,
2012, 489, 133-136.

15 W.-C. Lin, W. Fan, A. Marcellan, D. Hourdet and C. Creton,
Macromolecules, 2010, 43, 2554-2563.

-

iy

Soft Matter, 2005, 11, 69H1-65%0 | 6989



Paper

16

-
-

18

1%

20

21

22

23

24

b
=

a7

28

29

5. Rose, A, Dizeux, T, Narita, D. Hourdet and A. Mareellan,
Macromolecules, 2013, 46, 4095-4104,

7 X Qin, F. Zhao, Y. Liu, H. Wang and 5. Feng, Colloid Folym.

Sei., 2009, 287, 621-625.

T. Sakai, T. Matsunaga, Y. Yamamoto, C. Ito, B. Yoshida,
5. Suzuki, M. Sasaki, M. Shibayama and U.-L. Chung, Macro-
molecules, 2008, 41, 5379-5384.

N. M. Ashton, D. R. Roe, K. B. Weiss, T. E. Cheatham and
R. J. Stewart, Biomacromolecules, 2013, 14, 3668-3681.

N. M. ashton and R. J. Stewart, Soft Marer, 2015, 11,
1667-1676.

R. Stewart and C. Wang, Biomacromolecules, 2010, 11,
969-974,

C.-S. Wang, N. N. Ashton, R. B. Weiss and R. J. Stewart,
Insect Biochem. Mol. Riol., 2014, 54, 69-79,

N. Yonemura, K. Mita, T. Tamura and F. Schnal, J. Mol
Evol,, 2000, 68, 641-653,

F. Sehnal and M. Zurovee, Biomacromolecules, 2004, 5,
GOG-6T4.

5 E. Degtyar, M. J. Harrington, Y. Politi and P. Fratzl, Angew.

Chem., Int. Ed., 2014, 53, 12026-12044.

M. J. Harrington and J. H. Waite, [ Exp. Biol, 2007, 210,
4307-4318.

M. Harrington, A. Masie, N. Holten-Andersen, J. Waite and
P. Fratzl, Sctence, 2000, 328, 216.

N. Holten-Andersen, A, Jaishankar, M. ]. Harrington,
D. E. Fullenkamp, G. DiMarco, L. He, G. H. McKinley,
P. B. Messersmith and K. Y. C. Lee, J. Mater. Chem. B,
2014, 2, 2467-2472,

N, Yonemura, F. Schnal, K, Mita and T, Tamura, Biomacro-
molecules, 2006, 7, 3370-3378,

G990 | Soit Mafter, 2015, 11, 6581-6550

30

3

32

3

D

34
35

36
37

18

349

40

4

-

42

43

44

42

Soft Matter
K. Ohkawa, Y. Miura, T. Nomura, R. Arai, K. Abe,
M. Tsukada and K. Hirabayashi, Siofouling, 2013, 29,

A57-367.

H. Shao, G. M. Weerasekare and R. J. Stewarl, J. Biomed.
Muater. Res., 2011, 97A, 46-51.

J. Sanchez-Ruiz and M. Martinez-Carrion, Biochemistry,
1988, 27, 3338-3342,

€. Fernandez, 5. F. Ausar, R. G. Badini, L. F. Castagna,
I. D. Bianco and D. M. Beltramo, fnt. Dairy [, 2003, 13,
B97-901.

R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533-3539.

C. W. Bock, A, Kaufman and [. P. Glusker, fnorg. Chem.,
1994, 33, 419-427,

T. Dudev and C. Lim, Chem, Rev., 2003, 103, 773-788,

A, K. Katz, J. P. Glusker and 5. A. Beehe, [ Am. Chem. Soc.,
1996, 118, 5753-5763.

H. Robinson, Y. G. Gao, R, Sanishvili, A, Joachimiak and
A H. Wang, Nucleic Acids Res., 2000, 28, 1760-1766,

5. R. Holbrook, ]. L. Sussman, K W. Warrant, . M. Church
and S.-H. Kim, Nuclele Acids Res., 1977, 4, 2811-2820.

1. P. Glusker, A, K. Katz and C. W. Bock, Rigaku [, 19949, 16,
H=16.

5. Keren, Z. Xu, B. Thle and M. ]. Buehler, Nar. Mater., 2010,
9, 359-367.

E. K. Danso, J. T. J. Honkanen, S. Saarakkala and R K
Korhonen, . Biomech., 2014, 47, 200-206.

B. Stuart, Infrared Spectroscopy: Fundamentals and Applications,
John Wiley & Sons, Hoboken, NJ, 2004.

F. A, Cotton, G, Wilkinson, C. A, Murillo and M, Bochmann,
Advanced Inorganic Chemisiry, John Wiley & Sons, New York,
NY, 1999,

[hiis foirrial s € The Huyal Sociely of Chermistry 2015



CHAPTER 3

SUSTAINED TOBRAMYCIN RELEASE FROM POLYPHOSPHATE DOUBLE

NETWORK HYDROGELS
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Sustained local delivery of antibiotics from a drug reservoir to treat or prevent bacterial infections can
avold many of the drawbacks of systemic administration of antibiotics. Prolonged local release of high
concentrations of antibiotics may also be more effective at treating bacteria in established biofilm pop-
ulations that are resistant to systemic antibiotics. A double network hydrogel comprising an organic
polyphosphate pre-polymer network polymerized within a polyacrylamide network de-swelled to about
50% of its initial volume when the polyphosphate network was crosslinked with palycationic tobramycin,
an aminoglycoside antibiotic. The antibiotic-loaded hydrogels contained approximately 200 mg/ml of
tobramycin, The hydrogels continuowsly released daily amounts of tobramycin above the Pseudomaonas
aeruginosa minimal bactericidal concentration for greater than 50 days, over the pH range G.0-810, and

Keyweords:

Double network hypdroge]
Aminoglycoside
Tabramycin

Local drug delivery complerely eradicated established P geruginesa biofilms within 72 hin a flow cell bioreactor, The pres-
Sustalned release ence of physiological concentrations of Mg®* and Ca*' jons doubled the cumulative release over 60 days.
Palyelectrolyte The polyphosphate hydmgels show promise as materials for sustained localized tobramycin delivery to
Biofilm

prevent post-operative P agruginosa infections including infections established in biofilms.
P ipdornonas aemginose

Statement of Significance

Polyphosphate hydrogels were loaded with high concentrations of tobramycin, The hydrogels provided
sustained release of bactericidal concentrations of tobramycn for 50 days, and were capable of com-
pletely eradicating P aeruginosa in established biofilms. The hydrogels have potential for localized pre-
vention or treatment of P, asruginosa infections.

@ 2016 Acta Materialia Inc. Published by Elsevier Ltd, All rights reserved,

1. Introduction Some resistance may stem from frustrated penetration of antibi-

otic inte the biofilm, as in the case of positively charged aminogly-

Infection prevention or eradication is a pivotal concern in man-
agement of chronic or deep wounds, at surgical sites, and in inva-
sive medical procedures [1-4). This is especially true at the
surfaces of indwelling medical devices, such as catheters, vascular
grafts, orthopedic fixtures, periodontal implants, wound dressings,
and contact lenses, Bacteria preferentially adhere to and colonize
biomaterial and medical device surfaces, often leading to the for-
mation of biefilms [5]. Biofilms are communities of bacreria with
exopolysaccharide matrices secreted by adhered bacterial cells
that increase their antibiotic resistance by up to 1000 fold [6-8].

#* Corresponding author,
E-moif oddress: russell stewartiutah.edu [R). Stewart).

http: | fdxdolorg 10,101 6fj.actbio 2016,12.030
1742-7061 )@ 2016 Acta Materialia [nc, Published by Elsevier Ltd, All rights reserved

cosides that absorb to negatively charged biofilm components
[9,10]. Additionally, nutrient depletion across the biofilm induces
a transition to anaerohic metabolism with far less susceptibility
to aminoglycosides [11]. Along with these growth state changes
it 15 known that some subset of the population {~1%] will experi-
ence a phenotypic change resulting in increased resistance to
antibiotics. It is thought that these “persister” cells reseed the col-
ony following antibiotic regimens [12,13]. As a result, infections in
chronic wounds or on medical device surfaces may require hospital
readmission, long courses of high-dose antibiotics, and revision
surgeries [4,14,15]. All of this culminates in patient discomfort,
increased morbidity rates, and elevated health care costs [15,16].
While rates of infection are low, for example 1.2% following
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arthroplasty and 3-6% in revision surgeries [17], both the large
number of procedures performed annually and an aging popula-
tion drive predictions for a significant increase in procedure
acquired infections [17-20). Thus, preventing and eliminating
infections remains a pressing healthcare problem.

The traditional approach to preventing and treating infections is
systemic delivery of antibiotics. Adverse effects of systemic antibi-
otic use include organ toxicity, reduction of beneficial bacteria
populations, and overgrowth of naturally resistant organisms, like
Candida and Clostridium difficile [21]. Sustained local delivery of
antibiotics from a delivery device avoids many of the pitfalls of sys-
temic delivery [22-24). Hydrogels have been extensively explored
as vehicles for localized drug delivery due to their high water con-
tent, excellent biocompatibility, and ease of drug loading [24-26].
Passive loading and release of antibiotics from hydrogels generally
does not provide for significantly prolonged release [27.28]
MNumerous strategies have been devised for sustained release from
hydrogels [28] that include controlling microstructure and poros-
ity to slow diffusion [29-32], coupling release to the slow degrada-
tion of the hydrogel matrix [33], covalent conjugation to the
hydrogel matrix with degradable linkers [29,33-35], environmen-
tally triggered volume changes that modulate diffusion kinetics
[31,32,36,37], and thin surface films that restrict diffusion
|30.317). Diffusion of charged molecules can also be restricted and
release prolonged by electrostatic interactions with charged
groups in the hydrogel matrix [38-44).

Here, we report prolonged release of tobramycin, a polycationic
aminoglycoside antibiotic, from a double network polyphosphate
hydrogel [45]. The hydrogel provided sustained release of tobra-
mycin above the minimal bacteriocidal concentration (MBC) for
the P. geruginosa strain tested and eradicated established biofilms.,
The reported hydrogels show promise as materials for delivering
aminoglycoside antibiotics during knee arthroplasty or revision
surgery, and other indications |17 46-48].

2, Materials and methods
2.1, Materials

Phosphorus(V) oxychloride, 2-hydroxyethyl methacrylate, tri-
ethylamine, and glycidyl methacrylate were purchased from Alfa
Aesar (Ward Hill, MA). Methacrylic acid, 2,2-azobis(2-methylpro
pionitrile), acrylamide, NN -methylene-bisacrylamide, and N NN,
N-tetramethylethylenediamine were purchased from Sigma
Aldrich (5t Louis, MO} Ammonium persulfate, FilmTracer™
LIVE/DEAD Biofilm Viability kit, Brain heart infusion (BHI) broth
and cation adjusted Mueller Hinton broth (CAMHB) were pur-
chased from Fischer Scientific {Pittsburgh, PA). Tobramycin [(97%)
was acquired from Acros Organics (New Jersey, USA)L P aeruginosa
ATCC 27853 was purchased from the American Type Culture
Collection (Manassas, VA) This strain was chosen because it is
well-characterized and representative of pathogenic P. aeruginose
I vitro results with ATCC 27853 have been shown to correlate with
in vivo pathogenicity [49-52]. Columbia blood agar plates were
purchased from Hardy Diagnostics (Murray, UT).

2.2, Synthesis of MOEP monamer and polyPEMA-MA copalymers

2-[MethacryloyloxyJethyl phosphate (MOEP) was synthesized
as previously described |53, Briefly, phosphorus oxychloride
(33.9¢g 220mmol) and hydroxylethyl-methacrylamide [HEMA)
were mixed at a 0.7:1 M ratio in dry toluene (480 mL) under argon.
The reaction was stirred at 4 °C while triethylamine (TEA) (77 mL}
was added in three increments over 10 m. Following addition of
TEA, the reaction was stirred at 22 “C for & h under argon, then

filtered to remove precipitated salt, The reaction was cooled to
4 °C before the addition of deionized water (480 mL), then stirred
under argon at 22 °C for 12 h. The reaction was extracted twice
with diethyl ether {100 mL) and the organic layers were discarded.
The agueous layer was extracted using tetrahydrofuran {THF) and
diethyl ether (1:2, 12 = 225 mL), then dried over anhydrous
sodium sulfate before evaporating the solvent. The monomer
structure was verified by 'H and *'P NMR (Fig. 51A and B).

Poly{ phosphoethyl-methacrylate-co-acrylic acid) (pPEMA-AA)
was synthesized by free radical polymerization of MOEP (85 mol
%), and methacrylic acid (15 mol%) in methanol (125 mL mg *
MOEP). MOEF and methacrylic acid were degassed by bubbling
with argon for 1h, followed by addition of azo-bis-
isohutyronitrile (AIBN, 4.5 mol%) at 55 °C to initiate polymeriza-
tion. The reaction was stirred for 15 h before precipitation with
acetone, then dissolved in water (200 mL H;O per 17 g pPEMA-
AAL Subsequently, methacrylate groups (MA) were grafted onto
the methacrylic acid sidechains with glycidy] methacrylate in 9-
fold molar excess relative to the carboxylate sidechains. The
methacrylated pPEMA-AA (pPEMA-MA) was adjusted to pH 7.3
with MaOH and purified by tangential flow filtration using a Milli-
pore Pellicon 3 cassette filter with an Ultracel 10 kD membrane.,
The polymer product was Iyophilized, and stored at —20°C.

The malecular weight (Mw) and polydispersity index (PDI) of
PPEMAGE-MAZZ were determined by size exclusion chrematogra-
phy (SEC) on an Agilent Infinity 1260 HPLC system with a PL-
Aquagel-OH Mixed-M column (8 pm, 300«7.5 mm) column. The
column buffer was 0.1 M NaMO5/0.01 M NaHaPO,, pH 8.0 with a
flow rate of 1 mLm~". The average M,, and PDI, 46 kg mol~' and
1.67, respectively, were estimated using sodium polymethacrylic
acid standards. The structure and composition of the polymers
were verified by '"H and *'P NMR (Fig. 51C). The phosphate pre-
polymer contained G5 mol® phosphate sidechains, 12 mol% HEMA,
and 23 mol® MA sidechains, The copolymers are referred to as
pPEMAGS-MAZS to indicate the mol#® phosphate and methacrylate
sidechains,

2.3, Hydrogel synthesis: copolymerization of polyPEMAGS-MA23 and
acrylamide

Hydrogels were formed by free radical polymerization of the
PPEMAGS-MAZ3Z prepolymer with acrylamide (Aam) and MNM-
methylenebisacrylamide (bis-Aam), a bifuncrional crosslinker, in
150 mM NaCl (Fig. 1A and B). The wt¥ of pPEMAG5-MAZ3 and
Aam|bis-Aam were 6.5% and 1.0%, respectively. The molar ratio
of Aam to bis-Aam was 60:1. Polymerization was initiated by add-
ing 10% ammonium persulfate (APS) and tetramethylethylenedi-
amine (TEMED) to final concentrations of 70pgml~' and
2.4 plmi~', respectively. Following addition of APS and TEMED,
250ul aliquots were placed in wells of a 48 well plate with
200 pl of 2-propanol floated on top to limit oxygen exposure, After
90 m, polymerized hydrogel disks were removed and soaked in
150 mM MaCl for 24 h to remove unreacted reagents.

2.4, Hydrogel lnading and measurement of tobramycin concentrations

Unifarm 250 pl hydrogel disks were immersed in 2 M MaCl and
5 mM tobramycin adjusted to pH 7.7 with HCl for 8 h, The salt con-
centration was then diluted ro 150 mM NaCl while maintaining the
5 mM tobramycin concentration at pH 7.7 for a total of 24 h (Fig. 1
C). Initial loading in 2 M NaCl prevented cracks and defects in the
hydrogels caused by rapid deswelling. Time lapse videos of hydro-
gel deswelling during tobramycin loading were analyzed in Image |
to measure hydrogel diameters. lsotropic shrinking was assumed
to calculate volume changes from the diameter.
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Total tobramycin concentrations in the hydrogels was deter-
mined by two methods: i.) gravimetrically by subtracting the aver-
age dry weight of unloaded hydrogels from the average dry weight
of tobramycin equilibrated gels, ii.) by depletion of tobramycin in
the loading solution. Tobramycin concentrations were measured
colorimetrically using a Pyrogallol Red-Molybdate (PMR) assay
for primary amines [54-36]. A PMR solution was prepared by mix-
ing 0.4 mL of 1.2 mg/ml. pyrogallol red in methanal, 9 ml of a solu-
rion of 535 mM succuinic acid and 4 mM sodium benzoare, and
0.04 mlL each of 12 mM disodium molybdate and 261 mM sedium
axalate, Tobramycin containing samples {0.2 mL) were added to
0.8 ml of the PRM solution. After 45 m at 22 *C absorbance at
600 nm was measured in a Spectra Max M2 plate reader and com-
pared to tobramycin standards.

2.5, Determination of release kinetics from tobramycin hydrogels

Three tobramycin loaded hydrogels disks for each time point
were submerged in 2 ml of either 150 mM NaCl or 130 mM Nadl,
plus 1.5 mM Mg®* and 2.5 mM Ca®* at pH 7.3 to approximate phys-
inlogical ionic stremgth and the presence or absence of physiologi-
cal concentrations of divalent metal ions [57]. The 2 mL solutions
were replaced with fresh 2 ml solutions after 1, 2, 4, 12, and 24 h
on day one, then every 24 h thereafter. The 2 mL volume was
~15 times greater than the wvolume of the loaded hydrogel
(- 140 pl). The tobramycin concentration in the solutions was
determined using the PRM colorimetric assay. The effect of pH
on tobramycin release kinetics was determined by incubating the
hydrogel disks in solutions of 150 mM NaCl buffered with 5 mM
2-(N-morpholino jethanesulfonic acid (MES) at pH 6 and 6.5, and
with 5mM  4-[2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) at pH 7, 7.5, and 8,

2.6, Measuring zones of inhibition (Z01) against P. aeruginosa
Columbia blood agar plates were used to determine Z0ls, To do

50, P. aeruginesa cultures were re-suspended and agar inoculated
following protocels of the Manual of Antimicrobial Susceptibility

Testing and Clinical Laboratory and Standards Institute (CLSI)
MO2-A12, Briefly, a 0.5 McFarland standard culture, approximately
1 107 CFUs mL ", was resuspended. A sterile cotton swab was
dipped into the solution and aseptically swabbed in three direc-
tions over the agar plate surface to create a lawn of bacteria, Sub-
sequently, one tobramycin loaded gel was placed in the center of
each plate and left for 24 h at 37 =C. After 24 h the plates were pho-
tographed and the diameter of the ZOls were measured using
Image | software, The hydrogels were transferred same side down
onto new plates. Z01 measurements were taken as described every
24 h until the ZOI decreaszed to zero.

2.7, Determining minimum infibitory concentration (MIC) and
minimum bactericidal concentration (MBC)

The MIC of the P. aeruginosa ATCC 27853 isolate used in this
study was determined following a modified protocol of the Clinical
and Laboratory Standards Institute {CLS1) guideline MO7. Using a
fresh overnight culture of bacteria grown in CAMHB, a 0.5 McFar-
land standard culture was made in phosphate buffered saline (PBS)
using a nephelometer. The culture was diluted 1:100 in PBS to
achieve a bacteria concentration of approximately 5 = 10°-
CFUmL™'. A tobramycin solution in CAMHB was serially diluted
1:2 with CAMHB in the wells of a 96 well plate to achieve final cul-
tures  with tobramycin concentrations ranging from 64 to
11125 pg ml- ", 50 pl of the diluted culture were added to each
well to a final volume of 100 ul, the solutions were mixed, the
plate was covered with adhesive film, and incubated 24 h at
37°C, The negative growth control contained tobramycin only
without bacteria. The positive growth control contained bacteria
without antibiotic, The lowest concentration of tobramycin that
inhibited growth, the MIC, was 0.5 pgmL ™", The MBC was deter-
mined in conjunction with MIC testing by following the CLSI
M26-A standard |58]. The cultures in wells with tobramycin con-
centrations above the MIC were plated in a 10-fold dilution series
to quantify CFUs. The concentration of antiblotic that resulted in a
3 logyp reduction in CFUs was defined as the MBC, The MBC for
tobramycin for P aeruginosa ATCC 27853 was 2 mgmL~".
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2.8 Testing tobramycin loaded hyvdrogels against P. aeruginosa
biofilms

P aeruginosa ATCC 27853 biofilms were grown using a biofilm
reactor from Biosurface Technologies (Bozeman, MT) following
published methods |59,60]. To set up the system, stainless steel
(316L) coupons were loaded into reactor holders. The reactor was
assembled, rinsed with deionized water, then autoclaved. Five
hundred mL of BHI broth were aseptically poured into the reactor
and an additional 1 mL of a 0.5 McFarland standard was added to
the 500 mL of BHI resulting in ~2 « 10° CFUmL '. The reactor
was placed on a hotjstir plate set at 34 °C and 130 rpm. Bacteria
were allowed to grow and estahlish a biofilm in batch phase for
24 h. A solution of 10% BHI was then flowed through the reactor
at a rate of 70mLm " for an additional 48 h, following which
the coupons were aseptically removed and used for analysis,

281, Biofilm exposure to tobromycin-loaded gels in a biomimetic flow
cell

Ta test the efficacy of the loaded hydrogels against biofilms, a
custom flow cell was used to mimic an in vive environment
[61,62]. Tobramycin loaded hydrogels were placed on both sides
of bhiofilm-covered stainless  steel coupons  (total  surface
area = 400 mm?) and placed inside polystyrene cage. Cages were
fashioned by cutting individual wells from a 24 well plate and dril-
ling holes in the sides and bottom. The coupon containing cages
were placed into flow cell chambers that contained 20 mL BHL
Fresh 10% BHI! broth was flowed into the flow cell chambers
through inlets and exited an effluent port at a flow rate of
~5mLh~" to mimic physiological fluid flow. Three coupons were
removed every 24 h for up to 72 h and the CFUs per coupon was
quantified, The affect of unloaded hydrozels on biofilm viability
was tested in the same way.

2.8.2. Quantification of CFUs

Using standard methods [59,60], coupons were removed fol-
lowing treatment and placed in sterile 50 ml falcon tubes with
2 ml CAMHB and vortexed for 1 m, sonicated 10 m and then vor-
texed for 1005, In a 10-fold dilution series, five 10 gL droplets were
placed on agar plates and grown for 24 h at 37 °C, after which the
CFUs were counted and used to calculate the CFU mm * biofilm.

2 8.3 Assessment af biofilm viability by confocal microscopy

Biofilm wiability was also assessed using the FilmTracer™ live/
dead biofilm viability kit and then imaging with confocal micro-
scopy. Blofilms were fluorescently labeled using the viability kit
protocols. Briefly, biofilm coated coupons were immersed for
30m at 22 *C in 3 ul each of 5YTO™ 9 (green stain for live cells)
and propidium iodide (red stain for dead cells) and 1 mL sterilized
water. Coupons were then rinsed with sterilized water and imaged
within 1 h with a Nikon A1 confocal microscope using a 10x objec-
tive and Nikon NIS-Elements acquisition software.

2.9, Statistical methods

All experiments were done with at least three independent
samples. Results are reported as the mean +/— 1 standard devia-
tion, The statistical significance of tobramycin release over time
in MNa' versus Ca®'/Mg”" (Fig. 4A) and versus pH (Fig. 5A) were
tested by two-way repeated measures ANOVA using SPSS, version
24 [1BM). Following the two-way repeated measures ANOVA of the
pH dependent release over time, the differences between the mean
daily release over the first 10 days for each pH value (Fig. 5C) were
evaluated for statistical significance by ANOVA followed by post
hoc Tukey-HSD tests. P values less than 005 were considered
significant,

3. Results and discussion
3.1. Tobramycin loading of pPEMA-pAAm hydrogels

The highly negatively charged pPEMA-pAAm hydrogel disks
containing Na® counterions collapsed rapidly when equilibrated
in a 5mM solution of tobramycin in 150 mM MaCl (pH 7.7). At
pH 7.7, each tobramycin molecule on average contained 2-3 ion-
ized primary amine groups (Fig. 1) [63]. At physiological ionic
strength the volume collapse as tobramycin crosslinked phosphate
sidechains was so rapid and energetic that the de-swelled hydro-
zels were extensively fractured. To prevent fracture, the hydrogels
were initially incubated with 5 mM tobramycin in 2 M NaCl (pH
7.7) to slow tobramycin induced deswelling. The hydrogel was
then transferred to 5 mM tobramycin and 150 mM NaCl (pH 7.7}

The hydrogel volumes equilibrated at ~35% of their initial volume

(=140 pl} within 15h (Fig. 2). The resulting tobramycin loaded
hydrogel disks were transparent and homogeneous,

The tobramycin concentration in the pPFEMA-pAAmM hydrogels
was determined gravimetrically after lyophilizing unloaded and
tobramycin-loaded hydrogels. On average, dried unloaded hydro-
gels weighed 18.7 +/— 0.7 mg, while leaded hydrogels weighted
316 +/— 1.1 mg. which corresponds to 12.8 +/— 1.8 mgjgel, or
207 +/- 29mg mL" of hydrogel, Tobramycin was concentrated
40-fold in the hydrogels compared to the incubation solution. To
confirm the high loading capacity, tobramycin concentrations in
the pPEMA-pAAM hydrogels was also determined by measuring
the depletion of tobramycin in the equilibration solutions using a
colorimetric assay for primary amines. At equilibrium, the tobra-
mycin concentration in solution was 16.5 +/— 1.7 mg/ml, which
commesponded to loading 13.5 +/- 3.2 mg tobramycin per hydrogel
disk, or 218 +/— 52 mg tobramycin per mL of pPFEMA-pAAmM hydro-
zel. For comparison, 7.5 wi% pAAm hydrogels incubated in 5 mM
tobramycin contained 8.8 +/- 2.0 mg/ml as determined gravimet-
rically, and 9.6 +/— 1.2 mg/ml as determined by tobramycin deple-
tion. The pAAm hydrogels did not deswell in the tobramycin
solution with 150 mM NaCl.
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Fig. 2. Wolume change of pPEMA-pAAm hydrogels following the addition of 5 mM
tobramycin. The red line indicates the point at which salt concentration was
decreased from 2 M to 005 M MNaCl, Volwme change is normalized to the average
starting volume. n= 3. error bars are +/- 1 5.0, (For interpretation of the references
o colour in this figure legend, the reader is referred to the web version of this
article.)
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3.2 Sustained tobramycin release

3.2.1. Tobramycin hydrogel Z00

Sustained release was verified by placing the tobramycin-
loaded pPEMA-pAAmM hydrogel disks on freshly plated P. aeruginosa
(Fig. 3A) After 24 h, the diameter of the Z0] were measured and
the hydrogel disks were transferred to new P. aeruginosa plates.
The diameter of the 201 decreased by 17% during the first 24 h per-
iod for the tobramycin loaded pPEMA-pAAm hydrogels, after
which the ZOI diameter remained constant until day 10, then
declined steadily to zero by day 25 (Fig. 3B). The initial burst of
tobramycin release was likely due to passive release of unbound
tobramycin. As a control, the Z01s created by 7.5 wt¥ pAAm
hydrogel passively loaded by incubation with 5 mg/mL tobramycin
were determined. The pAam hydrogel disks did not shrink during

A PPEMA hydrogel Z04s  pidum hydragel 201s

Mormalized Z0Is (%)

=

incubation in the tobramycin solution, The diameters of the 201
during the first 24 h period were 30% larger than the pPEMA-
pAAmM Z01s and rapidly declined to zero by day 6, consistent with
passive diffusion of tobramycin out of the swollen hydrogel (Fig. 3).
The prolonged tobramycin release from the pPEMA-pAAmM hydro-
gels compared to pAAm hydrogels was likely due to a combination
of 1.} restricted diffusion of tobramycin due to reversible electro-
static interactions with phosphate sidechains, il.) restricted diffu-
sion due to tobramycin crosslinking and hydrogel shrinkage,
which resulted in decreased porosity of the hydrogel network,
and iii.) substantially higher tobramycin concentrations in the
pPEMA-pAAmM hydrogels. Slow hydrolysis of the two ester linkages
in the phosphate sidechains may have also contributed to the
release of tobramycin by decreasing the negative charge density
within the hydrogel matrix.
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Fig. 3. (4] 201s created by mobramycin-loaded pPEMA-pAAM and pAAM hydrogels after sto days. (B) 201 diameters normalized to the 201 on day 1. Black: Tobramycin-loaded
pPEMA-pAAmM hydrogels, Red: Tobramycin loaded pAAm gel, =3, error bars =+~ 1 50, (For interpretation of the references to colour in this fgure legend, the reader is

referred to the web version of this article)
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3.2.2. Quantitative tobramycin release

Multivalent cations compete with tobramycin for phosphate
binding sites and thereby change the release kinetics. The tobramy-
cin release rate was therefore determined in the presence and
ahsence of Mg”®" and Ca”" ions, the most abundant multivalent metal
ions in blood and serum |57, Tobramycin-loaded pPEMA-pAAmM
hydrogel disks (250 pl volume] were incubated in 2 ml solutions
of either 150 mM NaCl, or 130 mM NaCl plus 3 and 5 mM Mg**
and Ca”", respectively, at pH 7.3. The solutions were changed every
24 h and the tobramycin concentration in the solution was deter-
mined using a colorimetric assay for primary amines [46-48). The
pPEMA-pAAmM hydrogels released about 70 pg of tobramycin in
the first 24 h in solutions with and without Mg**/Ca** ions (Fig. 4],
The initial burst was likely due passive diffusion of unbound tobra-
mycin entrapped in the hydrogel matrix. During the next 24 h, the
rate of release declined to 10 and 7 ug ml * for the solutions with
and without Mg**jCa® ions, respectively. The MBC of tobramyein
for P. aeruginosa, 2 pg ml~" was included in Fig. 4 as a reference point,
The daily release from a 140 ul hydrogel remained above the MBC for

greater than 50 days. The daily release was less than (L1% of the tofal
tobramycin loaded in the hydrogel. The cumulative release after
G0 days was 600 and 350 pg, respectively, in the saline solutions with
and without Mg®*(Ca® ions (P < 0,001} (Fig. 4A). For comparison, the
rate of release from a 7.5 wt® pAAm hydrogel decreased to zero
within two days and the cumulative release was ~2 mg, close to
100% of the loaded tobramycin (Fig. 4A). A major concern with antibi-
otic eluting materials and devices is that the antibiotic concentration
could fall below the bactericidal concentration before the infection is
completely eradicated, creating an environment for selection of
antibiotic resistance strains. The in vitro elution conditions may not
have accurately reflected in vivo conditions in tissues. Mevertheless,
the continuous release of a bactericidal concentration for greater than
50 days, as well as the large total amount of tobramycin released, sug-
gested the pPEMA-pAAmM hydrogels will be capable of complete erad-
ication of established infections in vivo, and therefore may have low
potential for promating development of bacterial drug resistance.
Total cumulative release after 50 days was only 5% of the total
robramycin loaded into the hydrogels. Similarly low percentages
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Fig. 6. Schematic of the flow cell bioreactor. Left: P geruginesa biofilms {green) were grown on both surfaces of stainless steel coupons (shaded grey) that were then placed in
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Representative confocal micrascope Auorescent images of untreated biofilms and blofilms in contact with tobramycin hydregels. Blofilm CFUs +/— 1 5.0, per surface area
{m= 3] are displayed to the ght of the confocal images. Scale bars = 400 pm. (For interpretation of the references to colour in this figure legend, the reader i$ referred o the
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of total release have been observed in other ionic systems. For
example, a viscous gel of poly{allylamine hydrochloride) and inor-
ganic polyphosphate released less than 3% of a charged drug proxy
over 160 days [44]. Additional experiments with other aminogly-
coside antibiotics with fewer positive charges, and with alternate
PPEMA-pAAmM hydrogels structures, fewer crosslinks and less des-
welling for example, are necessary to understand the mechanistic
basis for the modest total release.

Similar to the pPEMA-pAAm hydrogels, 2-methacryloxyethyl
phosphate (MOEP) monomers were incorporated into soft contact
lenses to release of naphazoline [ 2-{1-naphthylmethyl}-2-imidazo
line hydrochloride), a vasoconstrictor with a single positive charge,
for up to 5h [38], Compared to the pPEMA-pAAmM hydrogels
reported here, the concentrations of phosphate sidechains was lim-
ired by the need to maintain the precise shape and volume of the
contact lenses,

3.2.3. pH dependence of tobramycin release

The pH at the application site of the tobramycin releasing
hydrogels can vary considerably, For example, the pH can range
from less than & to greater than & in a healing wound [64]. To
investigate release in a range of physiological conditions, the effect
of external pH on the tobramycin release rate was determined over
the pH range 6-8. During the first 24 h, the cumulative release was
approximately 90 pg for all pH values, which was likely due to the
burst release of unbound tobramycin (Fig. 5B). After 24 h, the
release varied significantly with pH (P <0.001). Comparing the
average daily release over the first 10 days (Fig. 5C), showed that
the minimum release rate ocourred near pH 7.5 and increased sig-
nificantly at both higher and lower pH values (P < 0.001-0.05)
Based on published potentiometric titrations of tobramycin, the
pK, values of the five tobramycin primary amines are 5.7, 7.1,
7.8, 8.3, and 8.9|63]. Correspondingly, the calculated average num-
ber of positive charges on tobramycin are 4.2, 2.8, and 2.1 at pH 6.0,
7.5, and 8.0, respectively. The degree of ionization of the phosphate
sidechains in the pPEMA-pAAmM hydrogel as a function of pH was
determined by potentiometric titration in 150 mM NaCl (Fig. 52
The mid-point of the transition from mono- to dianionic occurred
around pH 7.4, near the pK,z of free phosphate (Fig. 52). However,
the transition was broad due to the range of phosphate microenvi-
ronments in the hydrogel matrix. The average charge on the phos-
phate sidechains varied from —1 to —2 as the pH was varied from 6
to 8.

The release rate minimum at pH 7.4 suggests that the ratio of
tobramycin positive charges to phosphate negative changes at pH
7.4 results in the maximum electrostatic restriction of tobramycin

diffusion, and thereby the slowest release rate. At lower pH, the
average charge on tobramycin increased, but the decrease in phos-
phate charges in the hydrogel matrix resulted in less electrostatic
restriction on tobramycin diffusion out of the hydrogels and
greater release. The higher release rates at lower pH were not
due o greater hydrogel porosity because the volume of the hydro-
gels was unchanged (Fig. 5D). The higher release rates at pH 8
could be due to both decreasing average charge density on tobra-
mycin and to hydrogel swelling as additional phosphate sidechains
were jonized (Fig. 50) [26,37 65]. Regardless of the mechanism of
the pH dependence, the results demonstrated that the pPEMA-
pAAm hydrogels were capable of sustained release of tobramycin
ahove the P. aeruginosa MBC over the pH range of 6 to 8 for at least
50 days.

3.3, Efficacy agoinst established P. aeruginosa biofilms

To evaluate effectiveness against bacteria in established bio-
films, the hydrogel disks were placed in direct contact with P
aeruginosa biofilms grown on stainless steel coupons in a flow cell
bioreactor (Fig, &) Medium was flowed past the biofilm at
~5mlh " to mimic fluid flux in a living tissue environment [60].
The continuous flow prevented accumulation of free tobramycin
in the chamber as it was released from the hydrogels. The effect
of tobramycin loaded hydrogels on the biofilms compared to
untreated biofilms was visualized by confocal microscopy using a
fluorescent livefdead stain (Fig. 6]. Untreated biofilms contained
5.0 +/— 03 x 10° CFlUsmm™* (n=3). Biofilms in contact with
tobramycin-loaded hydrogels had a 4 log,; reduction of CFUs
mm * after 24 h. The CFUs were reduced to zero—a 6 logy, reduc-
tion in CFUs mm~*=after 72 h (Fig. 6). In other words, a bacterici-
dal concentration of tobramycin penetrated the biofilm within 72 h
resulting in complete eradication. Unloaded hydrogel controls
showed that eradication of the biofilm was not caused by physical
contact with the hydrogels. The complete eradication of estab-
lished biofilms is critical because some biofilms are capable of
reinitiating infections with as few as 107 CFUg ' of tissue 66—
G68]. Administration of free tobramycin is considered successful if
1-3 logq reductions to below 10° CFU g ' are achieved.

4. Conclusions

Localized and prolonged delivery of high concentrations of
tobramycin from pPEMA-pAAm bulk hydrogels was shown to be
effective both against planktonic P. aeruginosa and also established
P. aeruginosa hiofilms. The sustained release profile maintained
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tobramycin concentrations above the P, aeruginosa MBC for greater
than 50 days, in the presence of physiological concentrations of
divalent metal ions, and over the pH range expected in healing
wounds. Synthesis and loading of the hydrogels were simple com-
pared to other methods of achieving prolonged release from hydro-
gels [30,34,36,39), The hydrogels can be molded to any size and
shape, or applied as thin films on rigid substrates, The tobramycin
loaded hydrogels are promising candidates for localized and pro-
longed prevention or treatment of P geruginosa infections in
wounds and surgical sites, including bacterial populations in estab-
lished biofilms. In future studies other polycationic aminoglycoside
antibiotics, which are expected to have gualitatively similar load-
ing and elution characteristics, will be evaluated against P gerugi-
nosa and other pathogenic bacteria, including Staphylococous
aureus, the major causative agent in bone and joint infections
|69]. This additional characterization will allow the pPEMA-
pAAm hydrogels to be designed for specific clinical indications,

Finally, we have reported previously that similar double net-
work pPEMAGIMAZY-pAAm hydrogels crosslinked with multiva-
lent metal ions are tough, self-recovering, and load dissipating
[45]. In fact, pPEMAGIMA27-pAAm hydrogels loaded with Ca®'
or Zn?" were tougher than articular and meniscal cartilage loaded
in tension, Since only 5% of the rotal whramycin loading capacity
of the hydrogels was sufficient to maintain the concentration
above the tobramycin MBC for P. aeruginasa for up to 50 days, it
is concelvable that combined loading of lower amounts of amino-
glycosides in combination with multivalent metal ions could result
in tough double network hydrogels that play a structural role in
tissue replacement as well as providing sustained local release of
antibiotics.
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CHAPTER 4

TOBRAMYCIN RELEASE FROM CADDISFLY INSPIRED TOUGH CA?*/POLYPHOSPHATE

DOUBLE NETWORK HYDROGELS

4.1 Introduction

Hydrogels are three-dimensional polymeric structures that retain large amounts of water
and are currently employed as contact lens material, wound dressings, as scaffolds for tissue
engineering, and as localized smart drug delivery materials.? Localized controlled delivery
systems are intended to deliver drugs at prearranged rates for targeted periods of time and
maintain high local concentrations while limiting the adverse effects from high systemic doses.
The first hydrogels were developed in the 1960s and were simple networks like poly(2-
hydroxyethyl methacrylate) (pHEMA) or poly(acrylamide) (pAAm).2 Drug release from these
simple single network hydrogels is purely diffusion based, for example, a pAAm hydrogel was
shown to release its entire payload of tobramycin within 24 h.* However, more complex
hydrogels have been adapted for in vivo use as controlled drug delivery materials with an ability
to sustain drug release for much longer than 24 h.> Some strategies for sustained release have
included: modification of gel microstructure to reduce diffusion of large molecules,®™ tying
release to hydrogel degradation,® degradable conjugation of drug to the hydrogel network,®!%
12 externally triggered volume changes to control diffusion,®>!3* diffusion restrictive thin

surface coatings,”® and electrostatic binding of charged molecules.>2! There is a particular need
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for localized antibiotic drug release materials to both eliminate infection and avoid the pitfalls
of traditional systemic delivery including organ toxicity, reduction of beneficial bacteria and
overgrowth of resistant organisms such as Candida and Clostridium difficile.??

While hydrogels are promising materials for controlled drug delivery their application as
in vivo implantable materials is hindered by their weak and brittle nature. Incorporation of a
sacrificial component into the hydrogel structure results in increased toughness and blunting of
crack propagation as the sacrificial network breaks resulting in preservation of the other
network and maintaining hydrogel integrity. Sacrificial domains have been integrated into
hydrogel structure through the use of Interpenetrating networks (IPN) or inclusion of double
networks (DN). An example of an IPN hydrogel uses a densely crosslinked network of 2-
acrylamide-2-methylpropanesulfonic acid interpenetrating within a sparsely crosslinked
acrylamide network.? IPN hydrogels have the compressive strength of the densely crosslinked
network in combination with the elasticity and extensibility of the loosely crosslinked network.
During strain one network acts as an energy dissipating sacrificial domain, however
accumulating damage in the sacrificial network reduces the long term usefulness of these IPN
hydrogels. More complex hydrogels use covalent and noncovalent crosslinking to form a DN
where the noncovalent crosslinked network acts as a reversible sacrificial domain to increase
toughness while preventing damage accumulation through the reformation of noncovalent

crosslinks. Examples of DNs include physical crosslinks,*#?> hydrophobic bilayers,?® dipole—dipole

27 28

coupling,®’ electrostatic bonding between oppositely charged functional groups,” metal ion

2931 controlling network structure and pore alignment3?, and reversible polymer

complexes,
absorption to solid particles.3® By combining toughness with reversible crosslinks, DN hydrogels

have emerged as a promising biomaterial compared to weak and brittle single network

hydrogels and may expand the usefulness of hydrogels as in vivo controlled drug delivery
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materials.

Caddisfly insects (order Trichoptera) have adapted a unique underwater silk that acts as
a naturally occurring tough double network hydrated material. Caddisfly larva reside
underwater in freshwater streams and lakes worldwide.®* The success of this order in
maintaining a diverse population across multiple freshwater habitats derives from a unique use
of adhesive and tough underwater silk. Caddisfly silk comprises a viscoelastic silk core encased in
a sticky peripheral layer allowing the larvae to construct protective underwater habitats from
leaves, sticks, or stones. The viscoelastic properties of the silk has been associated with
repetitive blocks of highly phosphorylated residues in the H-fibroin protein structure, the major
protein constituent of the silk core.®® When the silk is excreted in freshwater habitats the
natural calcium present in freshwater sources crosslinks the phosphates inside the silk forming
serial B-sheet domains of calcium crosslinked with phosphates. These phosphate-calcium
domains rupture in response to stress leading to a pseudo-yield behavior that is recovered as
phosphate and calcium domains reform in response to an elastic recoiling force. The tensile
modulus of caddisfly silk ranges from 80-140 MPa with a strength of 10-20 MPa at 80%
elongation and near 100% recovery of modulus and hysteresis within 120 m.3*3” The modulus
and toughness of the silk can be modified by exchanging calcium with other divalent metal ions
further supporting the link between phosphate-metal crosslinks and observed mechanics.®

Other synthetic DN hydrogels have been improved by replacing the covalently linked
sacrificial network with numerous types of reversible non-covalent crosslinks. These have
included physical crosslinks,?*?> hydrophobic bilayers,?® dipole—dipole coupling,?’ electrostatic

bonding between oppositely charged functional groups,?® metal ion complexes,?*3!

controlling
network structure and pore alighment??, and reversible polymer absorption to solid particles.33

By increasing toughness, DN hydrogels have emerged as a promising biomaterial compared to
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weak and brittle single network hydrogels and can expand the usefulness of hydrogels as in vivo
controlled drug delivery materials.

A biomimetic DN hydrogel was designed to derive toughness from phosphate-metal
crosslinks, a common toughening component in natural materials such as caddisfly silk, spider
fangs, stingers, and rag worm mandibles.33°%° The DN hydrogel was synthesized from
copolymerization and crosslinking of a polyphosphate prepolymer (pPEMA-MA) and
polyacrylamide (pAAm).*! The DN polyphosphate hydrogel was covalently crosslinked with bis-
acrylamide crosslinker and MA groups on the prepolymer with a second network being formed
with the addition of divalent metal ions. The result was a viscoelastic phosphate-metal
crosslinked network in combination with an elastic covalently linked pAAm network. The
resulting mechanics were strikingly similar to the caddisfly silk, including increased modulus up
to 34.2 +/- 2.5 MPa, and pseudo yield behavior as metal-phosphate domains ruptured during
strain. Like the caddisfly silk, the polyphosphate DN hydrogels self-recovered up to 90% of the
modulus and hysteresis within 30 min as metal-phosphate crosslinks were reformed under the
restoring force from the elastic network.

In addition to using phosphate metal complexes as a toughening component, the
phosphate network can function as an aminoglycoside delivery vehicle by replacing divalent
metals with polycationic aminoglycoside antibiotics.* Tobramycin loaded polyphosphate DN
hydrogels were capable of sustained tobramycin release for up to 60 days, a result of
electrostatically reduced diffusion of tobramycin out of the hydrogel. The sustained release
resulted in formation of zones of inhibition against Pseudomonas Aeruginosa (P.aeruginosa) for
25 days and total eradication of P.aeruginosa biofilms within 72 h.

Despite extensive investigation into hydrogels as both drug delivery vehicles and as

tough materials for in vivo applications there is an absence of reported DN hydrogels with
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mechanisms for both toughening and sustained antibiotic release. Presented here is the use of a
dual purpose double network polyphosphate hydrogel capable of replicating the toughness seen
in caddisfly silk through phosphate-Ca?* crosslinking while simultaneously binding and slowly
releasing tobramycin antibiotic for over 60 days. This dual mechanism allows for tough
hydrogels that could not only be used as structural materials in orthopedics, vascular access
lines and bandages but also prevent and eliminate infections during and after invasive medical

procedures.

4.2 Experimental section

4.2.1 Materials
Phosphorus(V) oxychloride, 2-hydroxyethyl methacrylate, triethylamine, and glycidyl
methacrylate were purchased from Alfa Aesar (Ward Hill, MA). Methacrylic acid, 2,2’-azobis(2-
methylpropionitrile), acrylamide, N,N’-methylene-bisacrylamide, and N,N,N’,N’-
tetramethylethylenediamine were purchased from Sigma Aldrich (St Louis, MO). Ammonium
persulfate, Orion lonplus calcium standard, and A optimum results filling solution were
purchased from Fischer Scientific (Pittsburgh, PA). Tobramycin (97%) was acquired from Acros

Organics (New Jersey, USA).

4.2.2 Synthesis of MOEP monomer and polyPEMA-MA copolymers
2-(Methacryloyloxy)ethyl phosphate (MOEP) was synthesized as previously described 2.
Briefly, phosphorus oxychloride (33.9 g, 220mmol) and hydroxylethyl-methacrylamide (HEMA)
were mixed at a 0.7:1 molar ratio in dry toluene (480 mL) under argon. The reaction was stirred
at 4°C and triethylamine (TEA) (77 mL) added in three increments over 10 m. Next the reaction

was stirred at 22°C for 6 h under argon, then filtered to remove precipitated salt. The reaction
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was cooled to 4°C before the addition of deionized water (480 mL), then stirred under argon at
22°C for 12 h. The reaction was extracted twice with diethyl ether (100 mL) and the organic
layers discarded. The aqueous layer was extracted using tetrahydrofuran (THF) and diethyl ether
(1:2, 12 X 225 mL), then dried over anhydrous sodium sulfate before evaporating the solvent.

Poly(phosphoethyl-methacrylate-co-acrylic acid) (pPEMA-AA) was synthesized by free
radical polymerization of MOEP (85 mol%), and methacrylic acid (15 mol%) in methanol (12.5 mL
mg! MOEP). MOEP and methacrylic acid were degassed by bubbling with argon for 1 h,
followed by addition of azo-bis-isobutyronitrile (AIBN, 4.5 mol%) at 55°C to initiate
polymerization. The reaction was stirred for 15 h before precipitation with acetone, then
dissolved in water (200 mL H,0 per 17 g pPEMA-AA). Afterward, methacrylate groups (MA) were
grafted onto the methacrylic acid sidechains with glycidyl methacrylate in 9-fold molar excess
relative to the carboxylate sidechains. The methacrylated pPEMA-AA (pPEMA-MA) was adjusted
to pH 7.3 with NaOH and purified by tangential flow filtration using a Millipore Pellicon 3
cassette filter with an Ultracel 10 kD membrane. The polymer product was lyophilized, and
stored at -20°C.

The structure and composition of the monomer (MOEP) and polymers (pPEMA-MA)
were verified by 'H and 3P NMR.* The pPEMA-MA polymer contained 65 mol% phosphate
sidechains, 12 mol% HEMA, and 23 mol% MA sidechains. The molecular weight (Mw) and
polydispersity index (PDI) of pPEMA-MA were determined by size exclusion chromatography
(SEC) on an Agilent Infinity 1260 HPLC system with a PL-Aquagel-OH Mixed-M column (8 um,
300x 7.5mm) column. The column buffer was 0.1 M NaNO; / 0.01 M NaH,PO,, pH 8.0 with a
flow rate of 1 mL m™. The average M. and PDI, 46 kg mol? and 1.67, respectively, were
estimated using sodium polymethacrylic acid standards.

MOEP; H NMR (D20, 400 MHz); 5.9 (s, 1H), 5.5 (s, 1H), 4.2 (m, 2H), 4.0 (m, 2H), 1.7 (s, 3H).
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31p NMR (D20, 400 MHz), 0.213 (s).
pPEMA-MA; H NMR (D20, 400 MHz); 6.1 (s, 1H), 5.6 (s, 1H), 4.2 (m, 2H), 4.1 (m, 2H), 3.5 (m,

2H), 1.8 (t, 2H), 1.0 (s, 3H), 0.8 (s, 3H).

4.2.3 Hydrogel synthesis: copolymerization of polyPEMA-MA and acrylamide

Hydrogels were formed by free radical polymerization of the pPEMA-MA prepolymer
with acrylamide (Aam) and N,N-methylenebisacrylamide (bis-Aam), a bifunctional crosslinker, in
150 mM NaCl (Figure 4.1 A,B). The wt% of pPEMA-MA and AAm/bis-AAm were 6.5% and 1.0%,
respectively. The molar ratio of AAm to bis-AAm was 60:1. Polymerization was initiated by
adding 10% ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) to final
concentrations of 70 ug ml™* and 2.4 ul ml?, respectively. Following addition of APS and TEMED,
250 ul aliquots were placed in wells of a 48 well plate with 200 ul of 2-propanol floated on top
to limit oxygen exposure. After 90 m, polymerized hydrogel disks were removed and soaked in

150 mM NaCl for 24 h to remove unreacted reagents.

4.2.4 Determination of Ca** and tobramycin loading by measuring
depletion in loading solutions

Uniform 250 pl hydrogel discs were immersed in 150 mM NaCl and Ca?* at molar ratios
of 1.8, 0.8, 0.3 and 0.1 total Ca**:0P0s%. Ca* loaded hydrogels were subsequently loaded with 5
mM tobramycin and 150 mM NaCl adjusted to pH 7.7 with HCI for 12 h. Time lapse videos of
hydrogel deswelling during Ca®* and tobramycin loading were analyzed in Image J to measure
hydrogel diameters. Isotropic shrinking was assumed to calculate volume changes from the
diameter. Mechanical tests were performed both prior to and after loading with tobramycin.

Total tobramycin concentrations in the hydrogels was determined by depletion of
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tobramycin in the loading solution. Tobramycin concentrations were measured colorimetrically
using a Pyrogallol Red-Molybdate (PRM) assay for primary amines . A PRM solution was
prepared by mixing 0.4 mL of 1.2 mg/mL pyrogallol red in methanol, 9 mL of a solution of 55
mM succuinic acid and 4 mM sodium benzoate, and 0.04 mL each of 12 mM disodium
molybdate and 261 mM sodium oxalate. Tobramycin containing samples (40 uL) were added to
160 pul of the PRM solution in a clear 96 well plate. After 45 min at 22° C absorbance at 600 nm
was measured in a Spectra Max M2 plate reader and compared to tobramycin standards.

Total Ca?* concentration was determined by depletion of Ca%" in the loading solution.
Ca?* concentrations were measured using an Orion 9700 BNWP calcium selective probe paired
with an Orion Dual Star meter from Fisher Scientific. A direct calibration curve of electrode
potentials of standard solutions were measured and experimental solutions were compared to
the linear range of the standard curve to determine concentration. Orion lonplus calcium
standard (0.1 M Ca?') was diluted in 130 mM NaCl for the calibration curve and Orion A

Optimum Results filling solution was used to fill the interior of the probe.

4.2.5 Determination of release kinetics from Ca%*-tobramycin hydrogels

Three tobramycin and 0.5 Ca?":0P0s? loaded hydrogels disks were submerged in 2 mL
of 130 mM NaCl, plus 1.5 mM Mg?, 2.5 mM Ca* and 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) at pH 7.3 to approximate physiological ionic strength and
the presence of physiological concentrations of divalent metal ions %. The 2 mL solutions were
replaced with fresh 2 mL solutions after 1, 2, 4, 12, and 24 h on day one, then every 24 h
thereafter. The tobramycin concentration in the solutions was determined using the PRM
colorimetric assay. The 2 mL volume was ~15 times greater than the volume of the loaded

hydrogel (~140 pL) and resulted in tobramycin concentration within the detectable window of
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the colorimetric assay (0.001 to 0.05 mg mL?).

4.2.6 Loading and release of vancomycin using
UV-Vis spectroscopy
Uniform 250 pL hydrogel discs were immersed in 150 mM NaCl and 5 mM Vancomycin
HCI for 24 h. Vancomycin concentrations were measured by comparing absorbance values at
280 nm with a standard curve. Total vancomycin loading was measured via depletion of
vancomycin in the loading solution. Vancomycin release kinetics was performed as described for
tobramycin in section 2.5. Absorbance measurements were taken from a Spectra Max M2

cuvette reader.

4.2.7 Mechanical testing of hydrogels

Hydrogels were compressed while submerged in 130 mM NaCl, 1.5 mM Mg%, 2.5 mM
Ca?*, and 5 mM HEPES at pH 7.3 on an Instron 3342 material test system controlled with Bluehill
3 software (Instron, Inc.). Hydrogels were compressed at a rate of 0.15 s to 80% compression
for mechanical comparison of loading ratios. For recovery tests hydrogels were cyclically
compressed to 50% 10 times to maximize hysteresis and modulus reduction. Following the 10
cycle the hydrogels were rested while submerged for 30 min and cycled to 50% to determine
recovery of modulus, hysteresis and strength. In all tests hydrogels underwent an initial
conditioning compressive cycle to 50% with a 60 min dwell time before beginning mechanical

tests.
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4.2.8 Compressive cycles and subsequent tobramycin release
Hydrogels were cyclically compressed to 50% at a rate of 6 cycles per min to assess the
effect of compression due to manipulation of joints or normal gait on release of tobramycin.
Hydrogels were immersed in 2 mL of 130 mM NaCl, 1.5 mM Mg?*, 2.5 mM Ca?* and 5 mM HEPES
at pH 7.3 during compression with control gels immersed in the same volume under no
mechanical strain. The solution was replaced every 24 h and concentration of released

tobramycin was measured with the PRM colorimetric assay.

4.2.9 Infrared spectroscopy

Ca?* and tobramycin loaded pPEMA-pAAm hydrogels were lyophilized to remove water,
and crushed into a powder using an agar mortar and pestle before applying to the diamond ATR
crystal. ATR-FTIR absorbance spectra were collected using a Nicolet 6700 spectrometer (Thermo
Scientific, FL) with a diamond Smart iTR accessory, a deuterated triglycine sulfate detector, and
a KBr/Ge mid-infrared optimized beamsplitter. Spectra were recorded with a resolution of 4 cm"
1and as 512 averaged scans. The IR spectra were normalized to the intensity of an absorption
band centered at 1665 cm™, which corresponds to absorption by amide groups in the
polymethacrylamide backbone.*” The integrated intensity of bands corresponding to degenerate
P-O" symmetric stretching modes between 950 and 1050 cm™ were measured for changes over

time to identify any loss of phosphates due to hydrolysis.36484°

4.2.10 Statistical methods and data processing
Data are reported as mean +/- 1 standard deviation with an n of 3. Mean and standard
deviation was calculated using Microsoft Excel. Mechanics data was processed using Matlab

software (Mathworks). The initial modulus was determined from the slope of a linear fit of the
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first 15% of the compressive cycle. Strength at 80% represents the maximum stress in the cyclic
stress strain curve. Energy dissipation, strain cycle hysteresis, was computed by subtracting the
trapezoidal integration of the reverse curve from the forward curve of cyclical tests. Difference
between means was tested for statistical significance using a one way ANOVA using IBM SPSS

Statistical Analysis 24 software.

4.3 Results and discussion

4.3.1 The utility of a tough, tobramycin loaded hydrogel

Tough Ca? loaded pPEMA-pAAmM hydrogels were subsequently loaded with tobramycin
to act as a prophylactic in orthopedic procedures or to eradicate biofilm based infections arising
after joint replacement surgery. Tobramycin and gentamycin are the most commonly used
antibiotics for loading bone cement for orthopedic applications.® Tobramycin was selected for
loading into pPEMA-pAAM hydrogels due to its broad spectrum effectiveness against both staph
and pseudomonas which make up over 80% of orthopedic infections.?%°®>% Vancomycin is a
common antimicrobial for use in orthopedics, especially against methicillin-resistant S aureus
(MRSA), and was also explored for loading into pPEMA-pAAM hydrogels but lacked the

sustained release profile as observed with loaded aminoglycoside antibiotics.>*>>

4.3.2 Synthesis of Ca?* and tobramycin crosslinked double
network hydrogel
Crosslinking polycations with phosphates in pPEMA-pAAm hydrogels results in shrinking
and can be controlled by adjusting the concentration of polycation, which results in sequential
binding of different fractions of total phosphates. Submerging pPEMA-pAAm hydrogels in Ca®

or polycationic aminoglycoside antibiotics like tobramycin resulted in rapid shrinking of the
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hydrogel by up to 50% and the emergence of a second network structure comprised of
electrostatic crosslinks between phosphates and Ca?* or tobramycin (Figure 4.1C). pPEMA-pAAm
hydrogels were first loaded with varying ratios of Ca* to OPOs* resulting in a controlled volume
decrease of 50% for higher Ca?*:0P0s* ratios (1.8 and 0.8), and only 20% volume decrease for
0.3 Ca**:0P0s%. There was no volume decrease when Ca?* was sufficiently low, 0.1 Ca?*:0P0s*
(Figure 4.2A,C). The degree of volume change correlates with the amount of available Ca?* and
the quantity of formed crosslinks with phosphates. More available Ca?* and thus more crosslinks
leads to greater volume change. This volume change was used to estimate quantities of calcium
required to crosslink only a fraction of phosphate binding sites, thus allowing for a subsequent
equilibration and crosslinking with positively charged tobramycin.

To further explore the effect of charge on complex formation and crosslinking, pPEMA-
pAAM hydrogels were loaded with tobramycin at pH ranging from 4 to 9. Gels shrink to ~50%
the original volume at pH 4 due to crosslink formation between monovalent phosphates and
tobramycin with 5 positively charged amines with pKa’s of 6.2, 7.4, 7.4, 7.6 and 8.6, Figure
4.3A.5% As pH is increased up to 7.7 the hydrogels still shrink by ~50% as phosphates become
divalent with approximately 2.5 positive charges on tobramycin at pH 7.7.5¢ At pH 8 the volume
shrinks by 30% and only by 4% at pH 9, which corresponds to a drop in charge to less than 2+ on
tobramycin, Figure 4.3A, B. This supports the argument that crosslinking is a result of multiple
phosphates (that may be monovalent or divalent) interacting with tobramycin, which must have
at least 2 positive charges to form the complex.

The combination of a calcium selective probe and colorimetric assay for tobramycin
provided a quantitative measure of loaded Ca®* or tobramycin and verified the possibility of
sequential crosslinking of fractions of unbound phosphates. The total loaded Ca** decreased

from 355 +/- 41, 177 +/- 38, 124 +/- 14, and 47 +/- 11 mg mL?! with decreasing Ca?* to OPOs*
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ratios of 1.8, 0.8, 0.3, 0.1 respectively (Figure 4.2D). The decreasing mass of loaded Ca?
correlated with less shrinking observed with lower amounts of available Ca** and is consistent
with less Ca?*-tobramycin crosslinking. Ca** loaded pPEMA-pAAmM hydrogels were subsequently
submerged in 5 mM tobramycin resulting in a volume decrease down to 50% for hydrogels
loaded with Ca?* to OPOs? ratios of 0.3 and 0.1 and no volume change for hydrogels already at
50% volume (Figure 4.2B,C). During tobramycin crosslinking some Ca?* was exchanged with
tobramycin in addition to crosslinking the remaining unbound phosphates. The loaded Ca?*
decreased during tobramycin loading from ratios of 1.8, 0.8, 0.3 and 0.1 Ca?:0P03* to 1.6. 0.5,
0.2, and 0.1 respectively. Total tobramycin loaded into the hydrogels was determined by
measuring depletion of tobramycin in the loading solution via a colorimetric assay and was
greatest at 15 +/- 3 mg mL™* for hydrogels loaded with the least Ca?* (0.1 Ca®* to OPOs?). Loaded
tobramycin decreased to 72 +/- 2, 164 +/- 3 and 191 +/- 9 mg ml? for hydrogels with increasing
loaded Ca?*; 0.2, 0.5, and 1.6 Ca?* to OPOs?* respectively. This trend of greater tobramycin
loading with decreasing loaded Ca% is illustrated in Figure 4.2D and is explained by there being a
greater fraction of phosphates available for binding.

While polyphosphate hydrogels are adept at binding and concentrating aminoglycoside
antibiotics other antibiotics like glycopeptides such as vancomycin are not retained in the same
way. For comparison, hydrogels loaded with vancomycin did not result in hydrogel shrinking and
had a lower loading concentration (1.02 +/- 0.1 mg mL?) and therefore little or no crosslinking of
phosphates. Vancomycin has more diverse ionizable groups including one carboxyl, two amino
and three phenolic and has a total net charge from 2+ to 4-, depending on pH.>” At pH 7.7, the
net charge falls between 0 and 1-, which may explain the lack of electrostatically driven
crosslinking of negatively charged phosphates.’” In addition to charge differences, glycopeptides

have much larger molecular weights than aminoglycosides; 1449.3 g mol? for vancomycin
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versus 467.5 g mol? for tobramycin. Furthermore, glycopeptides have cyclical structures with
carbohydrate and peptide components, which could affect the charge distributions or densities

and therefore binding with phosphates in the hydrogel.

4.3.3 Metal-phosphate crosslinks increase modulus and strength

The formation of Ca**-phosphate crosslinks has been shown to significantly increase the
modulus and toughness of pPEMA-pAAm hydrogels, which is dependent upon the quantity of
available Ca?* and thus number of added crosslinks. Caddisfly silk derives toughness from serial
regions of Ca**-phosphate domains that viscously unravel upon strain followed by self-recovery
of ruptured Ca?*-phosphate bonds as directed by an elastic recoiling force. The inclusion of a
sacrificial, self-recovering domain in combination with a permanent elastic network and high
water content classify the caddisfly silk as a naturally occurring double network hydrogel
material. This natural toughening mechanism has been replicated in the double network
pPEMA-pAAm hydrogels with similar Ca*-phosphate domains coinciding with a covalently
crosslinked elastic pAAmM network. The initial modulus of the Ca?* loaded hydrogels was highest
at 0.8 +/- 0.07 MPa with the highest amount of loaded Ca? at 1.8 mol Ca?*:0P0s*. As the molar
ratio of loaded Ca?* to phosphate decreased from 1.8 to 0.1 the modulus decreased from 0.8 +/-
0.07 MPa to 0.01 +/- 0.001 MPa, corresponding to decreased Ca*-phosphate crosslinks (Figure
4.3C). The strength at 80% compression was 2.9 +/- 0.6, 2.6 +/- 0.7, 0.07 +/- 0.003, 0.05 +/-
0.001 MPa for Ca?*:0P0s? ratios of 1.8, 0.8, 0.3, 0.1 respectively (Figure 4.3F).

Like volume decrease, change in hydrogel initial modulus can also be used as a rough
indication of quantity of crosslink formation. While a decrease in volume and increase in
modulus indicate crosslink formation, the volume change and initial modulus do not correlate in

exactly the same way. Volume was minimized around ~50% with only 0.8 Ca?* per OPOs?%,
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however the initial modulus continued to increase with increasing Ca®* up to 1.6 Ca%* per OPOs%.
This may suggest there is some fraction of phosphates required for complete volume decrease
upon crosslinking, which is less than the total number of possible crosslinks as evidenced by
increased modulus and strength with increasing calcium after volume has reached steady state.
Alternatively, there may be an optimization process where increased Ca%* promotes reformation

of transient Ca**-phosphate bonds leading to more stable complexes.

4.3.4 The effect of tobramycin crosslink formation on
hydrogel mechanics

Inclusion of tobramycin crosslinks into Ca?* loaded pPEMA-pAAm hydrogels reduces
toughness by reducing the initial number of possible Ca?* crosslinks and through an exchange
process where some existing Ca** bonds are replaced by weaker tobramycin crosslinks. For
hydrogels with a ratio of 1.8 and 0.8 Ca?*:0P0s?%, the addition of tobramycin and corresponding
reduction in Ca%* OPOs? crosslinks led to a decreased modulus from 0.8 +/- 0.07 to 0.7 +/- 0.2
MPa and 0.6 +/- 0.1 to 0.2 +/- 0.1 MPa, respectively (Figure 4.4A-E). Additionally there was a
change in strength at 80% compression from 2.9 +/- 0.6 to 3.0 +/- 0.2 and 2.6 +/- 0.7 to 1.8 +/-
0.05 MPa respectively (Figure 4.4A,B,D-F). Previously the strength of metal-phosphate crosslinks
was shown to be dependent on metal species identity; driven by changes in charge density,
atomic radii, and coordination geometry between metals and phosphates where metals like Ca®*
were suspected of binding in an inner sphere mode and metals like Mg?* with a high affinity for
an inner sphere hydration shell bind phosphates in an outer sphere mode.** Tobramycin at 468
g/mol is >> than Ca?* at 40 g/mol and results in a decrease in charge density resulting from the
greater molecule size. Additionally the increased molecular size may result in less efficient

crosslinking with less phosphates complexed compared to metals. Consequently, tobramycin
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crosslinked hydrogels are weaker than Ca?* crosslinked hydrogels as evidenced by the decrease
in initial modulus and strength.

When the initial amount of loaded Ca?** drops below 0.5 Ca?:0POs* tobramycin
crosslink formation has a marginal toughening effect compared to unloaded pPEMA-pAAmM
hydrogels and resists fracture. For hydrogels loaded at lower ratios of 0.3 and 0.1 Ca?":0P0s?%,
the addition of tobramycin results in an increased modulus from 0.03 +/- 0.01, and 0.01 +/-
0.001 to 0.09 +/- 0.02 and 0.04 +/- 0.01 MPa respectively (Figure 4.4C). This is a result of
minimal Ca%* crosslinking initially, thus the final mechanics of these hydrogels is driven by
tobramycin crosslink formation instead of Ca?*. In both cases (more Ca?* crosslinks or more
tobramycin crosslinks) the emergence of a double network structure comprising both
electrostatic bonds and covalent crosslinks increases hydrogel toughness. Both Ca** and Ca?-
tobramycin hydrogels resist fracture and do not fail when compressed to 80%. In contrast,
primarily single network hydrogels with low calcium, 0.1 Ca?*:0POs%, and no tobramycin fail

prior to 80% compression (Figure 4.4E, blue curve).

4.3.5 Reversible phosphate crosslinks lead to recovery of
modulus and hysteresis
Natural caddisfly silk strained in tension recovered close to 100% hysteresis area or
energy dissipating potential after 120 m. The recovery behavior has been linked to rupture and
reformation of electrostatic bonds between phosphate and divalent metal ions, which allow for
beta-sheet protein structure to unravel and reform over multiple strain cycles. Double network
pPEMA-pAAm hydrogels crosslinked with Ca** and tobramycin exhibit a recoverable reduction of
modulus, energy dissipation, and strength at 80% compression over multiple compressive cycles

(Figure 4.5A). The reduction in modulus, energy dissipation, and strength is 0.2 +/- 0.02, 0.1 +/-
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0.01 and 0.6 +/- 0.02 MPa respectively between the 15t and 10™ cycles. This is recovered by 113
+/- 10%, 108 +/- 7%, and 93 +/- 3% respectively over a 30 min dwell time (Figure 4.5B). The
mechanical recovery mirrors observations from caddisfly silk and can be attributed to the
transient nature of the Ca*" or tobramycin OPOs* crosslinks. In natural systems, like caddisfly
silk, phosphate-Ca?* complexes play a mechanical role and recoverability was linked to the
reversible nature of the phosphate-metal complexes, which rupture upon strain and then
spontaneously recover. Additionally, prior work with pPEMA-pAAm hydrogels loaded with Ca?*
demonstrated pseudo-yield behavior in tension as crosslinks were ruptured at a critical stress
and reformed following strain as directed by an elastic restoring force. The hysteresis, shown in
Figure 4.5A, is evidence of rupture of phosphate-Ca®* bonds and associated energy dissipation.
Progressive loss of hysteresis across multiple strains can be attributed to accumulating ruptured
complexes with insufficient time for complete recovery between cycles. When the cycle dwell
time is increased to 30 m, Figure 4.5B, recovery is near 100%. This shows that the recovery
behavior of pPEMA-pAAM hydrogels is similar in compression compared to tests in tension and

is dependent upon a transient crosslinked network of phosphate-metal complexes.

4.3.6 Sustained elution of tobramycin and vancomycin from tough
double network hydrogels
Interactions between phosphates and tobramycin led to retention and sustained release
of tobramycin for up to 66 days, Figure 4.6A. The tobramycin release rates were determined in a
saline with Mg?* and Ca?" ions, the most abundant multivalent metal ions in blood and serum.*®
Ca?" and tobramycin loaded pPEMA-pAAm hydrogel disks (250 pL volume) were incubated in 2
ml solutions of 130 mM NaCl plus 2.5 and 1.5 mM Ca?* and Mg?*, respectively, at pH 7.3. The

solutions were replaced every 24 h and the tobramycin concentration in the solution was
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determined using a colorimetric assay for primary amines. The pPEMA-pAAm hydrogels
released 59 +/- 8.7 ug of tobramycin in the first 24 h (Figure 4.5B). The initial burst was likely
due passive diffusion of unbound tobramycin entrapped in the hydrogel matrix. During the next
24 h, the rate of tobramycin release declined to 27.9 +/- 4.8 ug and then declined gradually to
0.1 +/- 0.5 pg mL* over 66 days (Figure 4.5B). The cumulative tobramycin release after 66 days
was 1089 +/- 67 pg (Figure 4.5A). The sustained tobramycin release from the pPEMA-pAAmM
hydrogels has been speculated to be due to restricted diffusion of tobramycin, due to reversible
electrostatic interactions with phosphate sidechains, or restricted diffusion due to hydrogel
shrinkage, which resulted in decreased porosity of the hydrogel network. Furthermore, slow
hydrolysis of the two ester linkages in the phosphate sidechains, and thus a degradation driven
release, was not seen as a major contributor because the integrated intensity of ATR-FTIR
spectra corresponding to the P-O" vibrational modes remained unchanged over 66 days, Figure
4.7. Additionally, the compressive modulus was 0.19 +/- 0.1 MPa after 8 weeks which was not
statistically different (P>0.9) from hydrogels at week 1 (0.2 +/- 0.1 MPa) suggesting a constant
quantity of phosphate-calcium crosslinks.

Total cumulative tobramycin release after 66 days was ~ 12% of the total tobramycin
loaded into the hydrogels. Similarly low percentages of total release have been observed in
other ionic systems. For example, a viscous gel of poly(allylamine hydrochloride) and inorganic
polyphosphate released less than 3% of a charged drug proxy over 160 days.?! In comparison,
when pPEMA-pAAm hydrogels were previously loaded with only tobramycin the release of total
drug was 5%. The difference in total drug released is not explained by tobramycin loading; 0.5
Ca?":0P0s* tobramycin crosslinked hydrogels had lower total loaded drug 70 mg mL™? versus 200
mg mL?in the tobramycin only loaded hydrogels. Additionally the total amounts of released

tobramycin were similar, 1.089 mg for Ca*-tobramycin loaded hydrogels versus 0.75-1.25 mg



73

for tobramycin only loaded hydrogels, despite the difference in total loaded drug. This could be
explained if tobramycin is released primarily from the surface resulting from accumulative
electrostatic resistance to diffusion that may increase with hydrogel depth. By loading hydrogels
in Ca** and inducing volume change before loading with tobramycin there may be an associated
decrease in tobramycin loading in the center of the hydrogel but maintaining the total drug
released from the surface.

In contrast to tobramycin loaded hydrogels, vancomycin loaded hydrogels did not
exhibit the same prolonged release profile and are only usable in applications that would
require a short vancomycin regimen of up to 5 days. The pPEMA-pAAm hydrogels released 560
+/- 11.1 pg of vancomycin in the first 24 h (Figure 4.6B). The daily release of vancomycin
decreased to 0.2 +/- 0.2 ug ml* over 5 days (Figure 4.6B) with a cumulative vancomycin release
of 730 +/- 17 pg. In comparison, a pAAm hydrogel loaded with tobramycin released 100% of its
payload within 48 h.* In this case, an absence of phosphates in the hydrogel led to passive
diffusion of the entire drug payload. While vancomycin has no net positive charge at pH 7.3 the
release rate is twofold greater than diffusion of tobramycin from a pAAm hydrogel. It is possible
that there are localized positive charges related to the two primary amine groups in the
vancomycin structure, which interact with phosphates but are insufficient to extend release
beyond 5 days. The increased size of vancomycin may also contribute to differences in charge
distribution or density which may prevent crosslinking. Furthermore, vancomycin loaded
hydrogels released 70% of the payload within 5 days illustrating some minimal level of
electrostatic retention but not enough to produce dramatic hydrogel shrinking and retention of
the drug.

A concern with antibiotic eluting materials and devices is that the antibiotic

concentration could fall below the bactericidal concentration before the infection is completely
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eradicated, creating an environment for selection of antibiotic resistance strains. While the in
vitro elution conditions may not perfectly reflect in vivo conditions in tissues, the continuous
release above 2 ug mL?! for 60 days is greater than a previously determined bactericidal
concentration for tobramycin against P.aeruginosa.* This prolonged elution as well as the large
cumulative amount of tobramycin released, suggested the pPEMA-pAAm hydrogels can be
capable of complete eradication of established infections in vivo before the release rate tails off,

and therefore will have low potential for promoting development of bacterial drug resistance.

4.3.7 The effect of compression on tobramycin elution

Where pPEMA-pAAm hydrogels may be used as structural materials in joints
compressive strains can effect the release behavior of tobramycin. Tobramycin loaded hydrogels
were compressed to 50% at a rate of 6 cycles per min for 24 h increments. Over the first 24 h,
tobramycin release increased from 59 +/- 8.7 ug mL™ to 88.7 +/- 6.1 ug mL* with the addition of
compressive cycles, Figure 4.8. Under cyclic compressive strain, tobramycin release through
days 2-4 was increased by 6, 10, and 5 pg per day, Figure 4.8. Compressive strain could increase
tobramycin release in multiple ways. One, strain induced rupture of phosphate tobramycin
crosslinks could result in an increase of the population of tobramycin bound to only a single
phosphate and thus rise the rate at which tobramycin diffuses out of the hydrogel. Two,
compressive cycles force additional fluid flow both in and out of the hydrogel structure which
can result in transportation of tobramycin due to the introduction of a flow rate which is faster
than passive diffusion. While compressive cycles led to an increase in daily tobramycin release
the increase was not great enough to deplete the loaded tobramycin reserve in a way that

would shorten the duration of tobramycin release.
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4.4 Conclusions

The polyphosphate hydrogels used a network dense in phosphates as a dual mechanism
for toughening with Ca®" crosslinks and sustaining tobramycin release for over 60 days via
electrostatically reduced diffusion rates and could be useful as orthopedic materials for both
fighting infection and structural components. In orthopedic applications antibiotics are chosen
to have broad spectrum effectiveness and limited resistant strains. Tobramycin and gentamycin
are the most commonly used gram negative antibiotics and vancomycin for gram positive.>®
Orthopedic materials often include calcium-phosphate matrices such as hydroxyapatite,>
biphasic calcium phosphate®®®® and calcium polyphosphate powders® paired with vancomycin
to create bone replacement materials while fighting infection. In these cases the calcium-
phosphate matrix are ceramic or dense putty and release of antibiotic is driven by diffusion and
degradation of the matrix with sustained release for only a few days. Bone fillers and antibiotic
impregnated bone cements have also been deployed as a preventative measures in joint
replacement. An inorganic bone filler ProOsteon 500R has been mixed with polycaprolactone,
polyethylene glycol, poly(D,L-lactide-co-glycolide), and tobramycin to form a moldable
composite bone void filler with sustained release of tobramycin for over 20 days.®* Gentamycin
and tobramycin loaded cements like Palacos-R or Simplex-P have been formed into spacers via
injection molding for use as a high dose prophylaxis during joint replacement and were
demonstrated to release for up to 1 week.®? Simplex-P cement loaded with tobramycin was
shown to be effective against 99 strains representative of orthopedic infection including both
gram positive, gram negative and strains resistant to systemic levels of tobramycin.®® Previously,
similar polyphosphate hydrogels loaded with only tobramycin were shown to totally eradicate
P.aeruginosa biofilms in vitro within 72 h and were capable to maintaining zones of inhibition

against P.aeruginosa for 4 weeks.* While polyphosphate hydrogels are probably not realistic
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complete replacements for bone substitute materials that are replaced over time by natural
bone, they could be included as a bone patch or mixed in as particles to extend the release of
tobramycin.

A more obvious application for tough, tobramycin releasing polyphosphate hydrogels is
as a spacer or artificial cartilage layer in total joint replacement surgery. In addition to localized
sustained antibiotic elution the reported hydrogels mechanically demonstrated potential as
structural components in joint replacement. Articular knee cartilage acts as a load distributer
with normal loads ranging between 1-3 body weights depending on gait and cartilage location,
proximal or distal and medial or lateral.®#%> Loads were normalized by dividing by the average
normal knee contact surface area.®® As a result, cartilage or meniscus replacement materials
should be capable of distributing forces of 1-2 MPa, this is in agreement with a similar published
benchmark by J.P. Gong.®” pPEMA-pAAm hydrogels loaded with Ca?* and tobramycin were
capable to withstanding several MPa loads by 80% compression without failure. The modulus of
articular cartilage ranges from 6 to 14 MPa,®% while the reported 0.5 Ca?*:0P0O? hydrogel had a
modulus of 0.2 MPa. Previous work showed an increase in modulus for pPEMA-pAAm hydrogels
from 10 MPa to 34 MPa by replacing Ca%" with Zn?*, which could be explored in future work.*
Aditionally, the loading and release mechanism is unique, as mechanical manipulation of the
material can alter the release behavior and expand the possible uses of pPPEMA-pAAM hydrogels

as a strain induced drug releasing material.
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Figure 4.1: Schematic diagram of the synthesis and loading of pPEMA-pAAm tobramycin double
network hydrogels: A) Structure of pPEMA-MA, acrylamide and bis-acrylamide. B) Double
network structure after copolymerization of pPEMA and pAAm. C) Collapse of the
polyphosphate network and expulsion of water due to electrostatic crosslinking of phosphates
by Ca*" and tobramycin.
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Figure 4.2: Loading of Ca** and tobramycin and associated volume change. A) Normalized
volume change with addition of Ca?* at ratios of 1.8 (Purple), 0.8 (black), 0.3 (green) and 0.1
(blue) Ca?* to OP0Os%. B) Post Ca2+ addition of tobramycin results in further volume change and
final Ca?* to OPOs® ratios of 1.6 (purple), 0.5 (black), 0.2 (green) and 0.1 (blue). C) Final
normalized volumes with Ca?* (blue) and after tobramycin loading (red). D) Total loaded cation
in mg per ml of hydrogel, Ca* (blue), Tobramycin (red). Error bars are +/- 1 S.D. with n=3.
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Figure 4.4: Representative stress strain curves for pPPEMA-pAAm hydrogels with Ca?* (blue) and
after tobramycin loading (red). A) Final ratio of 1.6 Ca**:0P0s?. B) Final ratio of 0.5. D) Final ratio
of 0.2. E) Final ratio of 1.6. C) Comparison of initial modulus for hydrogels loaded with Ca?
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Figure 4.5: Recovery of mechanics following multiple cyclical compressive strains. A)
Representative series of 10 compressive cycles of a pPPEMA-pAAM hydrogeld loaded with 0.5
Ca?*:0P0s% and tobramycin. B) Representative stress strain curves showing the 2" compressive
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Figure 4.6: Controlled release of vancomycin or tobramycin from pPEMA-pAAm hydrogels
loaded with 0.5 Ca?":0P0s*. A) Cumulative release of tobramycin (black) and vancomycin (red).
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Figure 4.7: Normalized ATR-FTIR spectra in the region corresponding to P-O" vibrational modes
of Ca?* and Tobramycin equilibrated pPEMA-pAAm hydrogels. The initial spectra for hydrogels is
shown in red and then the spectra is retaken after 65 days in 130 mM NacCl, 2.5 mM Ca?*, and
1.5 mM Mg* at pH 7.3. Spectra curves are representative and there was no statistical
significance (P>0.9) between the integrated intensity of the area between 875 and 1025 cm™.
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CHAPTER 5

EMULSION OF POLYPHOSPHATE- TOBRAMYCIN COMPLEX COACERVATES FOR

PULMONARY DELIVERY OF AMINOGLYCOSIDES TO TREAT CHRONIC

INFECTION IN CYSTICFIBROSIS

5.1 Introduction

5.1.1 Cystic fibrosis leads to chronic pulmonary infection

Cystic Fibrosis (CF) is a life shortening genetic disease with significant adverse effects to
the lungs including irregular mucus secretions and increased risk for infection.! Mutation occurs
in the cystic fibrosis transmembrane conductance regulator (CFTR) gene leading to abnormal
CFTR protein. This abnormality results in ineffective ion transport across epithelial mucosal cells
leading to salt and water imbalance and consequently more viscous sticky mucus excretions.>™
Associated complications include: liver disease, pancreatic insufficiency, diabetes, and chronic
lung infection, the leading cause of CF related death.%’

The effect on the lungs is profound and disrupts normal lung immune response. The
principal cause of reduced pulmonary immune response is complex and derives from multiple
sources. Because mucus cannot be easily cleared from the airways, it provides an ideal niche for
invasion of opportunistic bacteria. There is a link between the lack of CFTR protein and
associated decrease in secretion of HCOs, which in the presence of continued proton release

results in lower pH or acidification of the surface airway liquid.® This acidification has been
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suggested as an critical factor for explaining reduced effectiveness of the host immune system.®
The combination of lack of mucosal clearance, surface airway acidification and formation of
biofilms illustrates the complex environment that has resulted in chronic airway infection in
cystic fibrosis.

Most CF patients experience some form of acute infection with gram-negative
Pseudomonas aeruginosa most common. These initial infections eventually progresses into
chronic biofilm based infection in almost all cases.’ Despite extensive research and clinical
efforts to eradicate chronic infection in CF patients, there is currently no successful solution for

eradicating chronic P. aeruginosa infection.®™!

5.1.2 Biofilms reduce the effectiveness of current chemotherapies

Biofilms are an exopolysaccharide matrix secreted by adhered bacterial cells that
increases antibiotic resistance by up to 1000 fold.'>* The complex biofilm structure includes
large plumes and channels, hypothesized to transport nutrients throughout the biofilm and
potentially transporting antimicrobials away, both of which improve surviability.> Furthermore,
even after successful infection eradication these complex biofilm structures may be vacant but
still intact, thus facilitating an external reseeding event by new pathogen invaders. This could be
a potential explanation for why acute infection in younger CF patients eventually transitions into
chronic infection.

Increased resistance could result from frustrated penetration of antibiotics into the
biofilm. In the case of positively charged aminoglycosides, absorption to negatively charged
biofilm components may reduce drug effectiveness.'®!’ Frustrated diffusion of aminoglycosides
may be a short term problem because eventually all binding sites would be occupied and lead to

a restoration of diffusion. As a contrasting view, some authors have argued that slowed
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diffusion may accentuate an enzymatic inactivation of the antibiotics.'?3

While the 3-dimensional biofilm structure and potential reduction in diffusion are
factors in antibiotic resistance they do not explain why even after eventual saturation of the
biofilm with antibiotics there is ineffective eradication of bacterial cells. Multiple researchers
have revealed a significant nutrient and oxygen gradient across the biofilm.?®° Oxygen levels
and protein synthesis are directly linked to metabolic activity in the bacterial cells with only
metabolically active cells having normal antibiotic suceptiability.2>?* Near the biofilm surface
bacteria remain in an aerobic metabolic state and are readily killed with chemotherapy. In
contrast, bacteria in the interior transition to an anaerobic metabolic state with far less
susceptibility to aminoglycoside antibiotics.'®°

Along with nutrient driven metabolic changes, biofilm structures, and frustrated
antibiotic diffusion it is known that some subset of the population (~1%) will experience a
phenotypic change resulting in tolerance to antibiotics. Called “persister” cells, these bacterial
cells repopulate the colony following what would have been eradication events such as
exposure to antibiotic treatment.?? Treating biofilm infections becomes more complex over
time. Long term infections, like those observed in chronic pulmonary infection in cystic fibrosis
become more difficult to combat as the infection matures. There are genetic adaptations in
chronic infection over several years that leads to a loss of virulence factors.® While virulence
factors are important for initial invasion, it has been suggested that these factors are also
ligands for the human immune system and the subsequent loss may yield a more robust
bacterial population.® In addition, these mutations may represent a symbiotic step in preserving
the host organism as well as a decreased need to injure the host to generate nutrients. The

culmination of these genetic changes is a more diverse and healthy population.
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5.1.3 Current treatments and patient compliance

State of the art care guidelines for P. aeruginosa infection includes inhaled Tobramycin
(aminoglycoside) for 28 day cycles.?* Tobramycin works via accumulation on the bacterial cell
surface, prompting an energy dependent uptake into the cell. Subsequent binding of tobramycin
to RNA prevents protein synthesis, resulting in cell death.?* Treatment with tobramycin has
shown success in early acute P.aeruginosa infection, but is ineffective in terms of total
eradication of chronic infection. Additionally, the burden of taking multiple doses per day for 28
day cycles including the time to nebulize the drug and sanitize the equipment after every dose
leads to decreased patient compliance. This is further exacerbated by additional time intensive
tangential therapies including physical therapy and pharmaceutical treatments for inflammation
of airways, mucolytics, digestion, diabetes, and liver disease. While these metrics are difficult to
measure the compliance rates for some treatments is estimated to be as low as 16-20%.2>%8
pPEMA-tobramycin coacervates can be used to prolong delivery of tobramycin and could
decrease the number of daily treatments thus easing the burdens that decrease patient
compliance. Additionally, tobramycin coacervates could improve tobramycin effectiveness
against Aeruginosa biofilms by maintaining a constant concentration of tobramycin and by
sequestering metal ions, which have been linked to the biofilm structure and inflammation, in

an exchange process with tobramycin.

5.1.4 Complex coacervates: formation and physiochemical

properties
It is proposed that a complex coacervate of poly-anionic polyphosphate and poly-
cationic tobramycin can be aerosolized and delivered to the lungs, resulting in sustained release

of tobramycin. Coacervation was first identified by F.W. Tiebackx in 1911 as a liquid-liquid phase
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separation in a colloidal system. 2°3! A coacervate is comprised of a dense “coacervate” phase
and a dilute “equilibrium” phase. A theoretical explanation of coacervation began in 1957 by
J.Overbeek and M. Voon, which described coacervation both electrostatically and through
entropy. 32 Coacervation is driven by attractive forces between oppositely charged particles and
an entropic driving force from delocalization of counter ions from cationic and anionic

I “"

components to form a neutral “complex”.3! When both polyions are oppositely charged
polymers the process has been coined complex coacervation. Several physiochemical conditions
have been identified that effect coacervate formation including: polyelecrolyte strength, mixing
ratio and charge balancing, salt concentration, polymer mobility and temperature.®® It was
predicted that strong polyelectrolytes may form precipitates rather than liquid coacervate,
charge balancing leads to maximum coacervate yield, and salt will have a dissociating effect on
complex formation at both high and low concentrations.3! By mixing negatively charged pPEMA

with positively charged tobramycin in an aqueous solution of 1 M NaCl, tobramycin coacervates

can be formed and then aerosolized for deposition in the airways.

5.2 Experimental Section

5.2.1 Materials
Phosphorus(V) oxychloride, 2-hydroxyethyl methacrylate, triethylamine, and glycidyl
methacrylate were purchased from Alfa Aesar (Ward Hill, MA). Methacrylic acid, 2,2’-azobis(2-
methylpropionitrile), acrylamide, N,N’-methylene-bisacrylamide, and N,N,N’,N’-
tetramethylethylenediamine were purchased from Sigma Aldrich (St Louis, MO). Ammonium
persulfate was purchased from Fischer Scientific (Pittsburgh, PA). Tobramycin (97%) was

acquired from Acros Organics (New Jersey, USA).
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5.2.2  Synthesis of MOEP monomer and polyPEMA-MA copolymers

2-(Methacryloyloxy)ethyl phosphate (MOEP) was synthesized as previously described.
Briefly, phosphorus oxychloride (33.9 g, 220 mmol) and hydroxylethyl-methacrylamide (HEMA)
were mixed at a 0.7:1 molar ratio in dry toluene (480 mL) under argon. The reaction was stirred
at 4° C and triethylamine (TEA) (77 mL) added in three increments over 10 m. The reaction was
stirred at 21-23° C for 6 h under argon, then filtered to remove precipitated trimethylamine
hydrochloride salt . The reaction was cooled to 4° C before the addition of deionized water (480
mL), then stirred under argon at 22° C for 12 h. The reaction was extracted twice with diethyl
ether (100 mL) and the organic layers discarded. MOEP was extracted from the aqueous layer
into tetrahydrofuran (THF) and diethyl ether (1:2, 12 X 225 mL), then dried over anhydrous
sodium sulfate before evaporating the solvent. A pale yellow, oil product (MOEP) was produced
with an approximate 60% yield. Monomer structure was verified through H1 and P31 NMR.

Poly(phosphoethyl-methacrylate-co-acrylic acid) (pPEMA-AA) was synthesized by free
radical polymerization of MOEP (85 mol%), and methacrylic acid (15 mol%) in methanol (12.5 mL
mg?! MOEP). MOEP and methacrylic acid were degassed by bubbling with argon for 1 h,
followed by addition of azo-bis-isobutyronitrile (AIBN, 4.5 mol%) at 55°C to initiate
polymerization. The reaction was stirred for 15 h before precipitation with acetone, then
dissolved in water (200 mL H,O per 17 g pPEMA-AA). Afterward, methacrylate groups (MA) were
grafted onto the methacrylic acid sidechains by adding glycidyl methacrylate to the aqueous
solution in 9-fold molar excess relative to the carboxylate sidechains and stirred at 21-23° C for
12 h. The methacrylated pPEMA-AA (pPEMA-MA) was adjusted to pH 7.3 with NaOH and
purified by tangential flow filtration using a Millipore Pellicon 3 cassette filter with an Ultracel 10
kD membrane. The polymer product was lyophilized, and stored at -20°C. To produce a

fluorescently labeled pPEMA-MA, fluorescein o-acrylate was added during polymerization at a
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molar ratio of 1 fluorescein to 100 MOEP.

The structure and composition of the monomer (MOEP) and polymers (pPEMA-MA)
were verified by 'H and 3'P NMR.** The pPEMA-MA polymer contained 65 mol% phosphate
sidechains, 12 mol% HEMA, and 23 mol% MA sidechains. The molecular weight (Mw) and
polydispersity index (PDI) of pPEMA-MA were determined by size exclusion chromatography
(SEC) on an Agilent Infinity 1260 HPLC system with a PL-Aquagel-OH Mixed-M column (8 um,
300x 7.5 mm) column. The column buffer was 0.1 M NaNOs / 0.01 M NaH;PO,, pH 8.0 with a
flow rate of 1 mL m™. The average M, and PDI, 46 kg mol® and 1.67, respectively, were
estimated using sodium polymethacrylic acid standards.

MOEP; H NMR (D20, 400 MHz); 5.9 (s, 1H), 5.5 (s, 1H), 4.2 (m, 2H), 4.0 (m, 2H), 1.7 (s, 3H).

31p NMR (D20, 400 MHz), 0.213 (s).

pPEMA-MA; 'H NMR (D20, 400 MHz); 6.1 (s, 1H), 5.6 (s, 1H), 4.2 (m, 2H), 4.1 (m, 2H), 3.5 (m,

2H), 1.8 (t, 2H), 1.0 (s, 3H), 0.8 (s, 3H).

5.2.3 Determination of effects of salt and temperature on yield and form
of pPEMA-MA and tobramycin complex coacervates
Complex coacervates were formed by dissolving pPEMA-MA and tobramycin in ageous
NaCl (0-1.5 M) at a 1:1 charge ratio,pH 7.4 and 5° to 40° C. Solutions comprised 25 mg mL? of
both pPEMA-MA and tobramycin for a total concentration of ~50 mg mL?, Figure 5.1.
Coacervate formation was assumed to be complete with the formation two liquid phases and
when the dilute phase changed from cloudy to clear which indicated coalescence of coacervate
droplets into a single, fluid coacervate phase, Figure 5.2. The mid-point of pPEMA-MA
phosphate transition from mono- to dianionic has been previously estimated at pH 7.4 and the

total charges on tobramycin have been estimated at ~2.8 at pH 7.5, which leads to a 1:1 charge
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ratio with equal mass of polymer and tobramycin.3*3° The effects of salt during coacervation on
yield and form were determined by varying NaCl concentration from 0 to 1.5 M. The effect of
temperature was determined using a MJ Research PTC-150 Mini Cycler to vary the temperature
between 5° and 40° C. Single coacervate samples were used over a variety of temperatures but
the order of temperature points was randomized. Yield was optically measured by
photographing coacevates in PCR 250 uL tubes and comparing to a standard curve derived from
photographs of PCR tubes with known volumes. After 24 h coacervates were classified as cloudy
or clear or as a gel if there was no flow after tilting the tubes at 90 degrees for one min, Figure

5.3 D-F. Coacervates for subsequent experiments were formed in 1 M NaCl at ~22° C.

5.2.4 Determining tobramycin concentration in both dense
and dilute phases

Tobramycin concentration in the coacervate was determined by measuring depletion of
tobramycin from the dilute phase after coacervation was assumed to be complete. Tobramycin
concentrations were measured colorimetrically using a Pyrogallol Red-Molybdate (PRM) assay
for primary amines 3638, A PRM solution was prepared by mixing 0.4 mL of 1.2 mg/mL pyrogallol
red in methanol, 9 mL of a solution of 55 mM succinic acid and 4 mM sodium benzoate, and 0.04
mL each of 12 mM disodium molybdate and 261 mM sodium oxalate. Tobramycin containing
samples (40 pL) were added to 160 pL of the PRM solution in a clear 96 well plate. After 30 m at
22° C absorbance at 600 nm was measured in a Spectra Max M2 plate reader and compared to

tobramycin standards.
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5.2.5 Resuspension of coacervate emulsion and analysis of aerosolized
mass and droplet size

Clear, fluid coacervates were hand shaken for 1 m to re-suspend the coacervate into a
cloudy solution of micro-coacervate droplets. Droplet size was estimated by taking DIC images
from emulsion droplets placed on microscope slides immediately following resuspension by
vortex. Using Image J, DIC images were converted to 8-bit images then a common threshold was
applied and particle size calculated using the Image J analyze particles function. The
resuspended solution or coacervate emulsion was aerosolized using a Respironics nebulizer
attached to an Inspiration Elite compressor. Mass of aerosolized coacervate was estimated by
aerosolizing coacervate emulsion onto pre-weighed tissue paper for 2 m. Subsequently, the
tissue paper was dried via evaporation at 22° C for 15 m. Dry tissue paper was weighed and the
mass of aerosolized materials between coacervate, free tobramycin and saline was compared.
Additionally, an aerosolized mist of tobramycin coacervate was collected onto round glass cover
slips for between 4-5 s and immediately placed into 2 mL of 130 mM NacCl, 1.5 mM Mg2+ and
2.5 mM Ca2+ at pH 7.3. After 24 h concentration of aerosolized tobramycin was quantified using
the colorimetric PRM assay. Finally, fluorescently labeled pPEMA-MA was used in tobramycin
coacervate formation and aerosolized onto standard glass slides and fluorescently imaged.
Rapid formation of salt crystals prevented estimation of aerosolized droplet size via fluorescent
microscopy but coacervate thin film formation was verified by measuring integrated intensity of
the image using Image J and compared to the integrated intensity of an aerosolized 1 M NaCl

saline.
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5.2.6 Invitro release kinetics of tobramycin from tobramycin
phosphate coacervate

Polyphosphate-tobramycin coacervates were formed in 2 mL aliquots in glass vials to
form a thin coacervate layer on the bottom of the vial. The thickness of the coacervate layer was
calculated by using the known surface area of the glass vial and know coacervate volume yield.
The coacervate layer from a single 2 mL aliquot was approximately 0.3 mm thick. After
coacervate formation the dilute phase was replaced by new 2 mL aliquots to produce
coacervate layers of 0.6 and 1.2 mm thickness. After coacervate formation the dilute phase was
replaced by 150 mM NaCl or a solution containing biologically relevant metals, 1.5 mM Mg?* and
2.5 mM Ca%, then replaced again every 24 h and measured for tobramycin concentration using

the PRM colorimetric assay.

5.2.7 Assessing the effectiveness at polyphosphate-tobramycin coacervate
against gram negative bacteria in cystic fibrosis sputum
and CFU quantification
Cystic fibrosis sputum was collected from patients from the Adult Cystic Fibrosis Center
at the University Hospital, Salt Lake City, Utah. The study was reviewed and approved by the
University of Utah Investigational Review Board (IRB). Written, informed consent was obtained
from patient volunteers prior to collecting samples and data. Patients who presented with
chronic P.aeruginosa infection were selected for sputum collection. Efforts were made to simply
the experiment by avoiding collection from patients who were infected with other bacteria such
as burkholderia cepacia to simply the experiment. Sputum was pipetted in 200 pL alliquots and
spread evenly onto the bottom of 24 transwell plate inserts. The insert was subsequently placed

into a custom holder in a 100 mL specimen cup with 80 mL of 0.9% saline. 25 ug of tobramycin-
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polyphosphate coacverate or free tobramycin was spread across the top of the sputum and
colony forming units were counted at 24 h. For CFU quantification sputum was resuspended in
saline and removed from the transwell membrane. In a 10-fold dilution series, five 10 pL
droplets were placed on agar plates and grown for 24 h at 37° C, after which the CFUs were
counted. Since sputum samples contain a diverse microbiome, quantification was carried out for

any gram negative strain against which aminoglycosides are particularly effective.

5.2.8 Data processing and statistical analysis
Data is reported as mean +/- 1 standard deviation with an n of 3. Mean and standard
deviation was calculated using Microsoft Excel. Difference between means was tested for
statistical significance using a one way ANOVA using IBM SPSS Statistical Analysis 24 software

with a P value < 0.05 considered significant.

5.3 Results
5.3.1 Salt concentration and temperature affect coacervate
yield and form

Both NaCl concentration and temperature were explored for their effects on coacervate
volume yield, transparency and phase state, either gel or coacervate. Coacervate yield was
maximized at 0.9 M NaCl and decreased with either increasing or decreasing salt concentration,
(Figure 5.4). Temperature did not have an effect on coacervate yield. At zero NaCl a dense gel
was formed (Figure 5.3 D) and at 0.15 mM NaCl the coacervate remained cloudy (Figure 5.3 A)
. Clear coacervates were formed with 0.3 M NaCl between 5° and 30° C and with 0.9-1.5 M NaCl
between 5° and 35° C, Figure 5.3 B. Temperature above 35° C resulted in cloudy coacervates

across all salt concentrations, 0.15 M to 1.5 M, Figure 5.4.
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5.3.2 Salt concentration affects tobramycin concentration in the
coacervate phase

NaCl concentration not only affects coacervate volume yield and form but also affected
the amount of tobramycin in the dense coacervate phase. Tobramycin content was measured in
the supernatant of pPEMA-MA and tobramycin coacervates across NaCl concentrations from 0
to 1.2 M, Figure 5.5. The concentration of total tobramycin in coacervate and dilute phases was
25 mg mL2. At zero NaCl the tobramycin was concentrated primarily in the gel phase, 24 mg mL
1 and decreased gradually to 20 mg mL? as NaCl concentration was increased to 0.9 M.

Increasing NaCl concentration above 1 M resulted in more tobramycin remaining in the

supernatant and only 9 mg mL? tobramycin in the coacervate at 1.2 M NaCl.

5.3.3 Aerosolization of coacervate by traditional jet nebulization

The current clinical methods for pulmonary delivery tobramycin requires aerosolization,
therefore, the same methods were employed for aerosolizing tobramycin-pPEMA-MA
coacervates. Aerosolization was accomplished using a standard clinical jet nebulization system,
Figure 5.6. Before aerosolization clear coacervates were shaken by hand to resuspend the
coacervate into an emmulsion of micro-coacervate droplets, Figure 5.6, 5.3 C.

Commercial jet nebulizers produce an aerosolized mist of particles between 1-5 pm and
coacervate droplets can be nebulized in a similar size range as individual droplets or as smaller
droplets contained in a larger droplet of dilute phase solution, Figure5.2. To assess droplet size
prior to nebulization pre-aerosolized droplets were pipetted onto a glass slide immediately after
resuspension and imaged using DIC microscopy. Using image J particle analyzer the droplet
diamaters were calculated to be between 1 and 4 um with the majority of droplets between 1

and 2 pum, Figure 5.7 C.
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To determine successful aerosolization of coacervate droplets, nebulized particles were
lected on filter paper for 2 minutes and weighed to compare mass. Weight of aerosolized
coacervate was 17.7 +/- 4 mg, free tobramycin 8.7 +/- 4 mg, and saline 7 +/- 2 mg, Figure
5.6. There was significantly (P<0.05) more coacervate by weight nebulized versus aerosolized
free tobramycin or 1 M saline, thus illustrating that the weight of material nebulized was not a
result of free tobramycin or salt but in fact successful aerosilization of coacervate material.

As an alternative method to verify successful coacervate aerosolization, fluorescently
labeled pPEMA-MA was used to form tobramycin-pPEMA-MA coacervates and was
subsequently aerosolized onto glass slides and imaged with fluorescent microscopy. Evaporation
of water quickly left salt crystals on the slide which prevented un-obstructed visualization of the
aerosolized coacervate film and determination of droplet size or film formation. However, the
integrated intensity of the fluorescent images is directly correlated with the quantity of
fluorescent signal from surface b coacervate. The normalized integrated intensity was 1.5 +/- 0.8
for surfaces with labeled coacervate and 0.18 +/- 0.04 for surfaces with only aerosolized saline,

Figure 5.8.

5.3.4 Invitro release of tobramycin from coacervates

The release kinetics of tobramycin from tobramycin pPEMA-MA coacervates was
determined in both 150 mM saline and a more biolocically relevant solution of 130 mM NacCl,
1.5 mM Mg? and 2.5 mM Ca*. While polyphosphate-tobramycin coacervates dissolved
completely within 48 h in 150 mM NaCl, they were stabilized in the presence of Ca?* and Mg?*
due to formation of metal-phosphate complexes, which prevent dissociation of the coacervate.
There was a corresponding sustained release of tobramycin as it exchanged with metal ions for

up to 10 days. Immediately after replacing the dilute phase with a 130 mM Nacl, 1.5 mM Mg?*
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and 2.5 mM Ca? solution, the coacervate spontaneously re-suspended into a partly cloudy
solution which was immediatly centrifuged to re-settle the coacervate phase. The quantity of
tobramycin released was related to the thickness of the coacervate film. The initial 24 h release
of tobramycin was 0.81 +/- 0.07, 1.08 +/- 0.05, and 1.35 +/- 0.02 mg for coacervates thickness of
0.3, 0.6 and 1.2 mm respectively, Figure 5.9. Tobramycin release decreased gradually to close to
zero release at day 12 regardless of coacervate thickness, Figure 5.9. After 12 days, cumulative
tobramycin release was 2.3 +/- 0.16, 3.1 +/- 0.14, 3.9 +/- 0.21 mg for coacervates thickness of

0.3, 0.6 and 1.2 mm respectively.

5.3.5 Efficacy against bacteria in CF sputum

CFUs were counted before and after exposure of sputum to free tobramycin and
tobramycin coacervate. After 24 h there was a reduction in CFUs from 570 CFU gram positive
mL1 sputum to 14 CFU gram positive mL1 sputum with free tobramycin and 10 CFU gram
positive mL-1sputum with coacervate. At the same time point there was a corresponding drop in
gram negative CFU’s from 5 CFU mL-1sputum to 4 CFU mL-1 with free tobramycin and 1 CFU mL-
with tobramycin-coacervate. It is important to note that there was a significant reduction of

CFU’s in all samples including the control over a 48 h time course.

5.4 Discussion
5.4.1 Factors effecting the yield, form and tobramycin content of

pPEMA-MA coacervates

Formation of clear coacervates is dependent on the type of polyions. Strong polyions
trend toward precipitation while weak polyions form coacervates.3' For example, coacervates

have been formed by weak interactions between negatively charged carboxyl groups and



105

charged residues in proteins such as B-lactoglobulin, whey protein, and albumin.3**> On the
other hand, precipitates, instead of coacervates, resulted from stronger interactions between
sulfate or phosphate groups and proteins like albumin and whey protein.***° Preliminary work
by Stewart and Song have shown that pPEMA-MA will form precipitates with Ca** and clear
coacervates with Mg?* an ion shown to form a weaker complex with phosphates.(unpublished)
In pPEMA-pAAmM hydrogels strong phosphate-Ca?* crosslinks resulted in increased toughness
while phosphate-Mg?* crosslinks had much lower modulus and negligible work to fracture. The
weakness of the Mg?* bonds may be due in part to a higher affinity to retain an inner sphere
hydration shell, a feature that may also assist in forming hydrated coacervates.3**° Like Mg,
tobramycin forms weak crosslinks in pPEMA-MA pAAm hydrogels, as evidenced by lower
modulus and lack of yield (Chapter 4), and as a weak polyion also was shown to form clear
coacervates with pPEMA-MA.

Coacervates were formed with a 1:1 charge ratio between the charged phosphates on
pPEMA-MA and primary amines on tobramycin. Maximizing coacervate yield has been linked to
forming neutral complexes or complete charge balance, a result that has been verified with
polyphosphate-tobrmaycin coacervates (unpublished).3! Both high and low NaCl concentrations
have a general dissociative effect on complex formation, which explains the drop off in
coacervate volume yield at salt concentrations higher or lower than 0.9 M NaCl, Figure 5.4.
Lower salt concentration may result in electrostatic repulsive forces between charged
phosphates while very high salt concentration shields these charges and may result in a
shortened debye length, thus a reduction in complex formation.>® Alternatively, high salt may
also reduce the entropic driving force through counter ion release for complex formation.
Furthermore, while the lower salt coacervates have a reduced volume the state change from

clear coacervate to gel may suggest a denser material that is a result of dense crosslinking and
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gel formation. Tobramycin content was shown to be maximized at low salt and supports the
argument that, at low NaCl concentrations, the coacervate volume decrease is a result of
condensing into a gel versus formation of less coacervate. Raising the salt concentration of
beyond 1M NaCl results in less tobramycin in the dense coacervate phase due to increase
charge screening and a reduction of tobramycin-pPEMA-MA complex formation. It is also
possible that the presence of coacervate, when a majority of tobramycin remains in the dilute

phase, may be driven by a salting out of the polymer from the dilute solution.>?

5.4.2 Coacervates can be aerosolized using traditional jet nebulization

The current method for pulmonary delivery of tobramycin is jet nebulization of a
solution of dissolved or unbound tobramycin. These devices use negative pressure arising from
high-velocity gas, which draws liquid from a reservoir up a narrow opening or venturi where is it
aerosolized, called the Bernoulli effect.®® The overall technology for jet nebulization has
remained consistant since the 1940’s although recent designs by Pari LC® have increased

efficiency.”*>>

Efforts to directly aerosolize the dense caocervate phase using current
nebulization techniques was unsuccessful due to the high viscosity and cohesive forces. To aid in
nebulization coacervates were shaken by hand to re-suspend the dense coacervate phase into
micro-droplets in the dilute phase, forming a tobramycin-pPEMA-MA coacervate emmulsion.
These re-suspended micro coacervate droplets were imaged with DIC microscopy and had
diameters between 1-4 pm with ~90% below 2 pm. These droplet sizes fall into the normal
range for nebulized droplets (1-5 um) and it is expected that coacervate droplets are either
directly aerosolized or aerosolized as contained in droplets of dilute phase solution.

Re-suspended pPEMA-MA and tobramycin coacervates were successfully nebulized for

pulmonary delivery as determined by both gravimetric data and fluorescent imaging. The
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significantly (P<0.05) higher weight (+9 mg) of aerosolized coacervate material over tobramycin
and 1M NacCl illustrates that the material aerosolized is due to coacervate complexes and not
due to the salt content alone or from aerosolization of released or unbound tobramycin. In
addition to increased aerosolized mass from nebulized coacervates fluorescein labeled
coacervates were also nebulized and collected onto a glass slide as a film composed of collected
aerosolized coacervate droplets. It is evident from fluorescent images and integrated pixel
intensity that aerosolized droplets are collecting on the slide surface and merging to form a
coacervate film. The significantly higher (P<0.01) integrated intensity of images of surfaces with

labeled coacervate show successful nebulization of tobramycin-pPEMA-MA coacervate.

5.4.3 Evidence for sustained release from polyphosphate-
tobramycin coacervate films

In the presence of divalent metal ions, coacervates are stabilized and have a sustained
release profile with an initial bolus release followed by a slower release for up to 12 days. Initial
replacement of the dilute phase with 150 mM NaCl and no divalent metal ions results in
disruption of the equilibrium between dense and dilute phases and leads to dissolving of the
coacervate within 48 h. However, in the presence of Ca®* and Mg?*, the dense coacervate phase
is stabilized as tobramycin is released and replaced with metal-phosphate bonds. This was
evident in pPEMA-pAAmM hydrogels where metal ions such as Mg2+, Ca2+, and Zn2+ were shown
to crosslink phosphates in the hydrogel. Similarly, metal ions can crosslink phosphates in the
coacervate with a subsequent transition from fluid coacervate to crosslinked gel. The metal
crosslinked coacervate or gel does not dissolve and leads to a sustained tobramycin release.
The bolus release in the initial 24 h could be a result mixing that occurs during the first

replacement of the dilute phase with the release solution. Divalent metal ions appear to initially
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cause dispersion of the coacervate, increasing the interface area between the coacervate and
release solution. Subsequent solutions changes did not result in any observable dispersion of
the coacervate or change to solution transparency and the related tobramycin release was
much lower than day 1. The quantity of tobramycin released in the first 24 h correlates with
coacervate thickness with 0.81 +/- 0.07, 1.08 +/- 0.05, and 1.35 +/- 0.02 mg tobramycin for
coacervates thickness of 0.3, 0.6, and 1.2 mm, respectively. This is expected, especially with an
initial mixing event, that the tobramycin bolus release should increase with increasing mass of
coacervate.

After the first 24 h, daily release decreased steadily down to zero by day 12. The
percentage of total tobramycin release is dependent upon coacervate thickness. There is a 6%,
10%, and 15% release of total payload for coacervates with 1.2, 0.6, and 0.3 mm thickness
respectively, Figure 5.9. A similar pPEMA-MA and pAAm hydrogel showed sustained release of
tobramycin over 70 days but only released ~5% of total loaded tobramycin.3* Both hydrogel and
coacervate retain tobramycin through electrostatic interactions between phosphates and
primary amine groups on tobramycin. Additionally, in both cases the release is suspected to be a
gradual result of electrostatically reduced diffusion in combination with replacement by Ca?* or
Mg?*. It has been argued in Chapter 3 that release of tobramycin from pPEMA-pAAm hydrogels
may occur primarily from the surface of the material with interior tobramycin experiencing an
insurmountable electrostatic barrier to diffusion. This may explain the release profile from
tobramycin coacervates. While the amount of tobramycin coacervate doubles from thickness of
0.3 to 0.6 and from 0.6 to 1.2 mm the total drug release only increases by ~ 35% with most of
the difference resulting from the initial bolus release, Figure 5.9. Additionally, since all
coacervate samples have the same surface area and transition from fluid coacervate to gel in

the presence of Ca?, it is reasonable to suggest that tobramycin release between days 2 and 12
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is primarily from the surface of the coacervate, while interior tobramycin experiences a steep,
electrostatic barrier to diffusion. This would explain the disproportionate increase to release
tobramycin with increasing coacervate thickness and aligns with observations from tobramycin

loaded hydrogels.

5.4.4 Reduction of bacteria in CF sputum by exposure to polyphosphate-
tobramycin coacervate

Quantification of colony forming units from CF sputum showed a reduction in gram
positive CFUs from 570 to 14 CFU ulL? sputum for free tobramycin and 10 CFU uL? sputum for
tobramycin coacervates. There was also a reduction in gram negative bacteria from 50 CFU uL?
sputum to 4 and 1 with unbound tobramycin and tobramycin-coacervate respectively. In both
cases, the coacervate samples were marginally more effective than free tobramycin. However, it
is important to note that the control sample also saw a reduction in CFUs from 570 CFU ulL?
sputum to 54. This suggests some external event or environmental factor, which prevented
growth of the bacteria. There are several potential sources for this observation: one, decreasing
CFU count may have resulted from the freezing or storage process of sputum samples; two,
sputum samples were taken from a patient on a current cycle of tobramycin. Prior preliminary
experiments with fresh sputum showed little to no reduction of bacterial CFU’s in sputum
samples in a similar experimental set up over a 24 h time point. This could mean that the
current results have discounted the sustained release of tobramycin from the coacervates
because the bacteria in the unbound tobramycin sample was not capable of growing once the
antibiotic had diffused out of the system. These results warrant further experimentation with
fresh sputum samples and use of more stringent patient selection criteria to select only patients

at least a week or two removed from their last tobramycin cycle. Additionally, progress can be
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made by using tobramycin-coacervate in chronic pulmonary infection rat models or CF animal

models.

5.5 Conclusions

Spontaneous coacervation between negatively charged polyphosphate polymer and
positively charged tobramycin results in a phase separation into two aqueous layers, where
tobramycin and polyphosphate polymer is concentrated into a dense coacervate phase. This
tobramycin rich dense phase can easily be re-suspended, by simple vortexing, into an emulsion
of micro droplets that are then readily aerosolized using current, standard nebulization
equipment. Characterization of the coacervation process including NaCl concentration and
temperature has revealed optimal synthesis conditions and a corresponding in vitro release
assay has illustrated the materials potential for sustained delivery to tobramycin. Furthermore,
initial tests of coacervate against bacteria in CF sputum show that coacervate particles
successfully penetrate and deliver bactericidal levels of tobramycin. While it is unclear yet if
there is significant improvement over the current state of the art, in terms of total infection
eradication, the in vitro release assays show a prolonged release action, which can lead to a

reduction of dosing frequency and thereby improve clinical outcomes.
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Figure 5.1: Schematic of tobramycin-polyphosphate coacervate formation. A) Starting materials
consist of pPEMA-MA and tobramycin at initial concentrations of 50 mg mL?* and pH 7.7. B)
Combining both materials produces a liquid-liquid phase separation or coacervate. The dilute
phase is shown in purple and the dense coacervate phase in blue.
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Cloudy Clear Dispersed by
150 mM NaCl 1 M NacCl shaking

Figure 5.2: Photographs of coacervates to determine form and flow. NaCl concentration effects
the transparency of coacervate: A) low salt (150 mM NaCl) resulted in cloudy coacervate, B)
higher salt (1 M NaCl) results in a clear coacervate. C) Clear coacervates can be re-suspended
into an emulsion of micro-coacervate droplets. D-F) The flow rate of coacervates is dependent
on NaCl concentration: D) minimal flow in the gel-like coacervate with 150 mM NaCl, the flow
rate increases with increasing NaCl concentration E) 500 mM NaCl and F) 1 M NacCl.
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Figure 5.3: Four dimensional phase diagram for coacervate yield and form with varying salt
concentration and temperature. Phase is gel (blue), cloudy (red) or clear (green). Total
coacervate yield is presented as a percentage of total volume. Clear, fluid coacervates (area in
green) are optimal for easy resuspension of the coacervate by simple shaking, followed by

aerosolization.
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Figure 5.5: Gravimetric assessment of coacervate aerosolization. The weight of nebulized
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Figure 5.6: Schematic of coacervate resuspension and subsequent nebulization using a
traditional jet nebulizer system. Dense coacervate is shown in dark blue and is easily
resuspended into the dilute phase by shaking, shown in light blue. The coacervate suspension is
placed into a nebulizer reservoir and aerosolized using high velocity gas jet and capillary. The
resulting aerosolization should produce droplets between 1 and 5 um diameter.
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Figure 5.7: Coacervates can be resuspended into microdroplets with diameters less than 5 um.
A) DIC image of coacervate droplets within 1 minute of resuspension of coacervate droplets. B)
DIC image after 8 bit conversion, thresholding and was used for particle size analysis. C)
Histogram of droplet size from automated particle size analyzer function in Image J. Droplet
diameter should be less than 5 um for efficient aerosolization in the jet nebulizer system.
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Figure 5.8: Fluorescently labeled pPEMA-MA tobramycin coacervates were aerosolized and
collected on a glass slide. The integrated intensity of these images were compared between
aerosolized coacervates and 1 M NaCl saline. The increased integrated intensity for the
coacervate images indicated successful aerosolization of pPEMA-MA. Error bars are +/- 1 S.D.,
n=3, and connecting bar and P value indicate statistical significance.



119

A

1.5
=)
£ 4]
Q
v
(53]
<
L
o
>
‘w 05}
O

0t}

0 2 4 6 8 10

B Time (Days)

4l ps!
o) 1
E
g 3 1T 1
(53]
<
g .,._4»--""‘""
v 2
=
e
L
=
E a1l
]

0 F M N .

0 2 4 6 8 10
Time (Days)

Figure 5.9: In vitro release of tobramycin from polyphosphate coacervates. A) Daily release of
tobramycin from coacervate films of varying thickness, Red: 1.2 mm, Blue 0.6, and Black 0.3. B)
Cumulative release of tobramycin summed from the daily tobramycin release data. Error bars
are +/- 1S.D. and n=3.



(1)

(2)

(3)

(4)
(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

120

5.6 References

Rosenstein, B. J.; Cutting, G. R. The Diagnosis of Cystic Fibrosis: A Consensus Statement. J.
Pediatr. 1998, 132 (4), 589-595 DOI: 10.1016/50022-3476(98)70344-0.

Cheng, S. H.; Gregory, R. J.; Marshall, J.; Paul, S.; Souza, D. W.; White, G. a; O’Riordan, C.
R.; Smith, a E. Defective Intracellular Transport and Processing of CFTR Is the Molecular
Basis of Most Cystic Fibrosis. Cell 1990, 63 (4), 827-834 DOI: 10.1016/0092-
8674(90)90148-8.

Sheppard, D. N.; Ostedgaard, L. S. Understanding How Cystic Fibrosis Mutations Cause a
Loss of Cl- Channel Function. Mol.Med.Today. 1996, 2 (7), 290-297 DOI: 10.1016/1357-
4310(96)10028-9.

Quinton, P. M. Chloride Impermeability in Cystic Fibrosis. Nature 1983, 301, 421-422.

Welsh, M. J.; Smith, a. E. Molecular Mechanisms of CFTR Chloride Channel Dysfunction
in Cystic Fibrosis. Cell 1993, 73 (7), 1251-1254 DOI: 10.1016/0092-8674(93)90353-R.

FitzSimmons, S. C. The Changing Epidemiology of Cystic Fibrosis. J. Pediatr. 1993, 122 (1),
1-9 DOI: 10.1128/CMR.00068-09.

Singh, P. K.; Schaefer, a L.; Parsek, M. R.; Moninger, T. O.; Welsh, M. J.; Greenberg, E. P.
Quorum-Sensing Signals Indicate That Cystic Fibrosis Lungs Are Infected with Bacterial
Biofilms. Nature 2000, 407 (6805), 762—764 DOI: 10.1038/35037627.

Shah, V. S.; Meyerholz, D. K.; Tang, X. X.; Reznikov, L.; Alaiwa, M. A,; Ernst, S. E.; Karp, P.
H.; Wohlford-lenane, C. L.; Heilmann, K. P.; Leidinger, M. R.; Allen, P. D.; Zabner, J.; Jr, P.
B. M.; Ostedgaard, L. S.; Stoltz, D. A.; Randak, C. O.; Welsh, M. J. Airway Acidification
Initiates Host Defense Abnormalities in Cystic Fibrosis Mice. Science (80-. ). 2016, 351
(6272), 503-507.

Singh, P. K. Evolving Stealth: Genetic Adaptation of Pseudomonas Aeruginosa during
Cystic Fibrosis Infections. Proc. Natl. Acad. Sci. U. S. A. 2009, 103 (22), 1-5.

Nguyen, D.; Emond, M. J.; Mayer-Hamblett, N.; Saiman, L.; Marshall, B. C.; Burns, J. L.
Clinical Response to Azithromycin in Cystic Fibrosis Correlates with in Vitro Effects on
Pseudomonas Aeruginosa Phenotypes. Pediatr. Pulmonol. 2007, 42 (6), 533-541 DOI:
10.1002/ppul.20620.

D’Argenio, D. a.; Wu, M.; Hoffman, L. R.; Kulasekara, H. D.; Déziel, E.; Smith, E. E.;
Nguyen, H.; Ernst, R. K.; Larson Freeman, T. J.; Spencer, D. H.; Brittnacher, M.; Hayden, H.
S.; Selgrade, S.; Klausen, M.; Goodlett, D. R.; Burns, J. L.; Ramsey, B. W.; Miller, S. I.
Growth Phenotypes of Pseudomonas Aeruginosa lasR Mutants Adapted to the Airways of
Cystic Fibrosis Patients. Mol. Microbiol. 2007, 64 (2), 512-533 DOI: 10.1111/j.1365-
2958.2007.05678.x.

Stewart, P. S.; Costerton, J. W. Antibiotic Resistance of Bacteria in Biofilms. Lancet 2001,
358, 135-138.



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

121

Stewart, P. S. Mechanisms of Antibiotic Resistance in Bacterial Biofilms. Int. J. Med.
Microbiol. 2002, 113, 107-113.

Drenkard, E. Antimicrobial Resistance of Pseudomonas Aeruginosa Biofilms. Microbes
Infect. 2003, 5, 1213—-1219 DOI: 10.1016/j.micinf.2003.08.009.

Lawrence, J. R.; Korber, D. R.; Hoyle, B. D.; Costerton, J. W.; Caldwell, D. E. Optical
Sectioning of Microbial Biofilms. J. Bac 1991, 173 (20), 6558-6567.

Dorrington, S. M.; Slack, M. P. E.; Walmsley, H. L. Inhibition of Tobramycin Diffusion by
Binding to Alginate. Antimicrob. Agents Chemother. 1988, 32 (4), 518-523.

Whitchurch, C. B.; Tolker-nielsen, T.; Ragas, P. C.; Mattick, J. S. Extracellular DNA
Required for Bacterial Biofilm Formation. Science (80-. ). 2002, 295 (22), 1487.

Ill, M. C. W.; Roe, F.; Bugnicourt, A.; Franklin, M. J.; Stewart, P. S.; lii, M. C. W.; Roe, F.;
Bugnicourt, A.; Franklin, M. J.; Stewart, P. S. Contributions of Antibiotic Penetration ,
Oxygen Limitation , and Low Metabolic Activity to Tolerance of Pseudomonas Aeruginosa
Biofilms to Ciprofloxacin and Tobramycin Contributions of Antibiotic Penetration ,
Oxygen Limitation , and Low Metabolic Activi. Antimicrob. Agents Chemother. 2003, 47,
317-323 DOI: 10.1128/AAC.47.1.317.

Borriello, G.; Werner, E.; Roe, F.; Kim, A. M.; Ehrlich, G. D.; Stewart, P. S. Oxygen
Limitation Contributes to Antibiotic Tolerance of Pseudomonas Aeruginosa in Biofilms
Oxygen Limitation Contributes to Antibiotic Tolerance of Pseudomonas Aeruginosa in
Biofilms. Antimicrob. Agents Chemother. 2004, 48 (7), 2659-2664 DOI:
10.1128/AAC.48.7.2659.

Allison, K. R.; Brynildsen, M. P.; Collins, J. J. Metabolite-Enabled Eradication of Bacterial
Persisters by Aminoglycosides. Nature 2011, 473 (7346), 216-220 DOI:
10.1038/naturel10069.

Gilbert, P.; Collier, P. J.; Brown, M. R. Influence of Growth Rate on Susceptibility to
Antimicrobial Agents: Biofilms, Cell Cycle, Dormancy, and Stringent Response.
Antimicrob. Agents Chemother. 1990, 34 (10), 1865—1868 DOI: 10.1128/AAC.34.10.1865.

Davies, D. G.; Parsek, M. R.; Pearson, J. P.; Iglewski, B. H.; Costerton, J. W.; Greenberg, E.
P. The Involvement of Cell-to-Cell Signals in the Development of a Bacterial Biofilm.
Science (80-. ). 1998, 280 (April), 295-298.

Mogayzel, P. J.; Naureckas, E. T.; Robinson, K. a; Brady, C.; Guill, M.; Lahiri, T.; Lubsch, L.;
Matsui, J.; Oermann, C. M.; Ratjen, F.; Rosenfeld, M.; Simon, R. H.; Hazle, L.; Sabadosa, K.;
Marshall, B. C. Cystic Fibrosis Foundation Pulmonary Guideline. Pharmacologic
Approaches to Prevention and Eradication of Initial Pseudomonas Aeruginosa Infection.
Ann. Am. Thorac. Soc. 2014, 11 (10), 1640-1650 DOI: 10.1513/AnnalsATS.201404-1660C.

Taber, H. W.; Mueller, J. P.; Miller, P. F.; Arrow, a S. Bacterial Uptake of Aminoglycoside
Antibiotics. Microbiol. Rev. 1987, 51 (4), 439-457.



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

122

Zindani, G. N.; H, M. P.; Streetman, D. D.; Pharm, D.; Streetman, D. S.; Pharm, D.; Nasr, S.
Z.; D, M. Adherence to Treatment in Children and Adolescent Patients with Cystic
Fibrosis. J. Adolesc. Heal. 2006, 38, 13—17 DOI: 10.1016/j.jadohealth.2004.09.013.

Patricia, R.; Llorente, A.; Bousofio, C.; José, J.; Martin, D. Treatment Compliance in
Children and Adults with Cystic Fibrosis. J. Cyst. Fibros. 2008, 7, 359-367 DOI:
10.1016/j.jcf.2008.01.003.

Ziaian, T.; Sawyer, M. G.; Reynolds, K. E.; Carbone, J. A,; Clark, J. J.; Peter, A.; Couper, J. J,;
Kennedy, D.; Martin, A. J.; Staugas, R. E.; French, D. J. Treatment Burden and Health-
Related Quality of Life of Children with Diabetes , Cystic Fibrosis and Asthma. J. Paediatr.
Child Health 2006, 42, 596—600 DOI: 10.1111/j.1440-1754.2006.00943.x.

Sawicki, G. S.; Sellers, D. E.; Robinson, W. M. High Treatment Burden in Adults with Cystic
Fibrosis : Challenges to Disease Self-Management. J. Cyst. Fibros. 2009, 8 (2), 91-96 DOI:
10.1016/j.jcf.2008.09.007.

Tiebackx, F. W. Gleichzeitige Ausflockung Zweier Kolloide. Colloid Polym. Sci. 1911, 8 (4),
198-201.

Bungenberg de Jong, H. G.; Kruyt, H. R. Coacervation (Partial Miscibility in Colloid
Systems). Proc K. Ned. Akad. Wet. 1929, 32, 849—-856.

De Kruif, C. G.; Weinbreck, F.; De Vries, R. Complex Coacervation of Proteins and Anionic
Polysaccharides. Curr. Opin. Colloid Interface Sci. 2004, 9 (5), 340-349 DOI:
10.1016/j.cocis.2004.09.006.

Overbeek, J. T. G.; Voorn, M. J. Phase Separation in Polyelectrolyte Solutions. Theory of
Complex Coacervation. J. Cell. Physiol. 1957, 49, 7-26.

Shao, H.; Weerasekare, G. M.; Stewart, R. J. Controlled Curing of Adhesive Complex
Coacervates with Reversible Periodate Carbohydrate Complexes. J. Biomed. Mater. Res.
A 2011, 97 (1), 46-51 DOI: 10.1002/jbm.a.33026.

Lane, D. D.; Fessler, A. K.; Goo, S.; Williams, D. L.; Stewart, R. J. Sustained Tobramycin
Release from Polyphosphate Double Network Hydrogels. Acta Biomater. 2016, 50, 1-9
DOI: 10.1016/j.actbio.2016.12.030.

Walter, F.; Vicens, Q.; Westhof, E. Aminoglycoside - RNA Interactions. Curr. Opin. Chem.
Biol. 1999, 3, 694—704 DOI: 10.1016/51367-5931(99)00028-9.

Marshall, Thomas and Williams, K. Elimination of the Interference from Aminoglycoside
Antibiotics in the Pyrogallol Red-Molybdate Protein Dye-Binding Assay,. Clin. Chem. 2004,
50 (9), 1674-1675 DOI: 10.1373/clinchem.2004.033548.

Yip, S. P.; Wong, M. L. Aminoglycoside Interference in the Pyrogallol Red-Molybdate
Protein Assay Is Increased by the Addition of Sodium Dodecyl Sulfate to the Dye Reagent.
Clin. Chem. 2003, 49 (12), 2111-2112 DOI: 10.1373/clinchem.2003.023622.



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

123

Bernard, S. An Improved Pyrogallol Red-Molybdate for Determining Total Urinary
Protein. Clin. Chem. 1989, 35 (11), 2233-2236.

Burgess, D. J.; Kwok, K. K.; Megremis, P. T. Characterization of Albumin-Acacia Complex
Coacervation. J. Pharm. Pharmacol. 1991, 43 (4), 232-236 DOI: 10.1111/j.2042-
7158.1991.tb06674 .x.

Girard, M.; Turgeon, S. L.; Paquin, P. Emulsifying Properties of Whey Protein-
Carboxymethylcellulose Complexes. Food Eng. Phys. Prop. 2002, 67 (1), 113-119 DOI:
10.1111/j.1365-2621.2002.tb11369.x.

Kazmierski, M.; Wicker, L.; Corredig, M. Interactions of B-Lactoglobulin and High-
Methoxyl Pectins in Acidified Systems. J. Food Sci. 2003, 68 (5), 1673-1679 DOI:
10.1111/j.1365-2621.2003.tb12312.x.

Laneuville, S.; Paquin, P.; Turgeon, S. Effect of Preparation Conditions on the
Characteristics of Whey Protein—xanthan Gum Complexes. Food Hydrocoll. 2000, 14 (4),
305-314 DOI: 10.1016/50268-005X(00)00003-5.

Weinbreck, F.; de Vries, R.; Schrooyen, P.; de Kruif, C. G. Complex Coacervation of Whey
Proteins and Gum Arabic. Biomacromolecules 2003, 4 (2), 293-303 DOI:
10.1021/bm025667n.

Sanchez, C.; Mekhloufi, G.; Schmitt, C.; Renard, D.; Robert, P.; Lehr, C. M.; Lamprecht, A,;
Hardy, J. Self-Assembly of B-Lactoglobulin and Acacia Gum in Aqueous Solvent: Structure
and Phase-Ordering Kinetics. Langmuir 2002, 18 (26), 10323-10333 DOI:
10.1021/1a0262405.

Schmitt, C.; Sanchez, C.; Thomas, F.; Hardy, J. Complex Coacervation between [-
Lactoglobulin and Acacia Gum in Aqueous Medium. Food Hydrocoll. 1999, 13 (6), 483—
496 DOI: 10.1016/50268-005X(99)00032-6.

Weinbreck, F.; Nieuwenhuijse, H.; Robijn, G. W.; De Kruif, C. G. Complex Formation of
Whey Proteins: Exocellular Polysaccharide EPS B40. Langmuir 2003, 19 (22), 9404-9410
DOI: 10.1021/1a0348214.

Galazka, V. B.; Smith, D.; Ledward, D. A.; Dickinson, E. Complexes of Bovine Serum
Albumin with Sulphated Polysaccharides: Effects of pH, lonic Strength and High Pressure
Treatment. Food Chem. 1999, 64, 303—310 DOI: 10.1016/S0308-8146(98)00104-6.

Antonov, Y. A.; Gongalves, M. P. Phase Separation in Aqueous Gelatin—k-Carrageenan
Systems. Food Hydrocoll. 1999, 13 (6), 517-524 DOI: 10.1016/50268-005X(99)00037-5.

Gurova, A. N.; Gurova, N. V.; Leontiev, A. L.; Tolstoguzov, V. B. Equilibrium and Non-
Equilibrium Complexes between Bovine Serum Albumin and Dextran sulfate—I.
Complexing Conditions and Composition of Non-Equilibrium Complexes. Food Hydrocoll.
1988, 2 (4), 267-283.

Lane, D. D.; Kaur, S.; Weerasakare, G. M.; Stewart, R. J. Toughened Hydrogels Inspired by



(51)

(52)

(53)

(54)

(55)

124

Aquatic Caddisworm Silk. Soft Matter 2015, 11, 6981-6990 DOI: 10.1039/C55M01297..

Seyrek, E.; Dubin, P. L.; Tribet, C.; Gamble, E. A. lonic Strength Dependence of Protein-
Polyelectrolyte Interactions. Biomacromolecules 2003, 4 (2), 273-282 DOI:
10.1021/bm025664a.

Grover, P. K.; Ryall, R. L. Critical Appraisal of Salting-out and Its Implications for Chemical
and Biological Sciences. Chem. Rev. 2005, 105 (1), 1-10 DOI: 10.1021/cr030454p.

Watts, A. B.; McConwville, J. T.; Williams, R. O. Current Therapies and Technological
Advances in Aqueous Aerosol Drug Delivery. Drug Dev. Ind. Pharm. 2008, 34 (9), 913-922
DOI: 10.1080/03639040802144211.

Byrne, N. M.; Keavey, P. M.; Perry, J. D.; Gould, F. K.; Spencer, D. a. Comparison of Lung
Deposition of Colomycin Using the HaloLite and the Pari LC Plus Nebulisers in Patients
with Cystic Fibrosis. Arch. Dis. Child. 2003, 88 (8), 715—-718 DOI: 10.1136/adc.88.8.715.

De Boer, A. H.; Hagedoorn, P.; Frijlink, H. W. The Choice of a Compressor for the
Aerosolisation of Tobramycin (TOBI?? With the PARI LC PLUS?? Reusable Nebuliser. Int. J.
Pharm. 2003, 268 (1-2), 59—69 DOI: 10.1016/j.ijpharm.2003.09.004.



CHAPTER 6

CONCLUSION

6.1 Study discussion

The mechanical characterizations of polyphosphate and metal ion hydrogels has re-
affirmed the importance of phosphate-metal complexes as a natural toughening mechanism.
Simple inclusion of this feature into a synthetic polyphosphate hydrogel, as discussed in this
dissertation, resulted in a replication of caddisfly silk mechanics including increased modulus with
a defined pseudo-yield point. The vyielding behavior has been conclusively linked to the
presence of phosphate-metal complexes as the yield height can be modulated based on metal
ion identity or eliminated after removal of metal ions with EDTA treatment. The serial regions of
phosphate- Ca®* in caddisfly silk, as well as the polyphosphate hydrogels, rupture following a
critical stress resulting in large strain hysteresis and energy dissipation. The reversible Ca%-
phosphate complexes are reformed during recoil and can completely recover the mechanical
potential within 90 m for tensile tests or 30 m for compression. Furthermore, the strength and
toughness of caddisfly inspired hydrogels compares favorably with other synthetic double
network hydrogel discussed in chapter 2. The initial modulus of Ca?* loaded gels were within the
upper range of other DN hydrogels and Zn?* loaded gels exceeded the stiffness of other
compared hydrogels. Moreover, the toughness of polyphosphate-metal hydrogels was much

greater than other hydrogels which derive toughness from great extensibility and not increased
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modulus and yield behavior. As a result, the caddisfly inspired hydrogels are more suitable as
mechanical replacements for soft structural tissues, which do not operate under such extreme
strains.

Replacement of Ca?* with tobramycin aminoglycosides resulted in a hydrogel densely
crosslinked with tobramycin. Tobramycin loaded hydrogels in an in vitro solution with biologically
relevant levels of Ca?* and Mg?* will gradually release tobramycin for up to 70 days. This in vitro
release assay was further verified by placing tobramycin loaded hydrogels on a daily lawn of fresh
P. aeruginosa where there was a measurable ZOIl for 25 days. In addition to sustained ZOl
formation tobramycin loaded hydrogels were used to totally eradicate P.aerugionsa biofilms
within 48 h in a biomimetic flow cell. While tobramycin incorporation into the polyphosphate
hydrogel had an impactful effect on bacterial eradication, tobramycin crosslinks were much
weaker than the previous phosphate-metal complexes and as a result there was a related loss in
hydrogel toughness. Since the polyphosphate hydrogels exhibited an ability to eradicate
P.aeruginosa biofilms by releasing only 5% of the total tobramycin payload it was conceivable
that combining metal ions with lower amounts of loaded tobramycin could eradicate biofilms
while maintaining hydrogel toughness.

Itis important to note that this dissertation explores an uncharted area of hydrogel design
by incorporating both phosphate-metal complexes in combination with phosphate-tobramycin
crosslinks for a dual mechanism for toughening and sustained aminoglycoside release. It was
shown that inclusion of tobramycin crosslinking into a polyphosphate-Ca?* hydrogel maintained
the sustained release profile for up to 60 days. While there was a reduction in modulus (~0.4 MPa)
and strength at 80% compression (0.8 MPa), the mechanical properties were sufficient for
inclusion of the hydrogel as a cartilage replacement material or in total joint replacement surgery

as a structural component or spacer.
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Finally, the dissertation has presented a complex coacervate of polyphosphate polymer

and tobramycin for use as a pulmonary delivery vehicle for sustained tobramycin release to
combat chronic CF infection. This work may present the most impactful future application for
these materials due to a lack of any current clinical options for total eradication of P.aerugionsa
infection in CF patients. Furthermore, current efforts to improve delivery of tobramycin have
centered on improvements to nebulization equipment. For example, some drugs, such as
Aztrozeonam, are used with newer vibrating mesh nebulizers which dramatically increase
efficiency and decrease treatment time. However, these newer devices require more frequent
dosing and therefore an increased risk of poor compliance. There is an opportunity for a new
delivery product that increases efficiency and increases compliance, and the tobramycin-

polyphosphate coacervates fit this role.

6.2 Future work

6.2.1 Development of an antibiotic releasing, underwater,
pressure sensitive tape

The works presented here have explored applications for the phosphate-metal complex
toughening mechanism but have ignored the silk’s underwater adhesive properties. The caddisfly
silk is comprised of not only a viscoelastic, energy dissipating core but also an adhesive outer layer
that has been thoroughly explored by Ching-Shuen Wang and Russel Stewart et. al.»? Caddisfly
silk has a fuzzy, adhesive peripheral layer that is present along the silk fiber, even inside the silk
gland. The adhesive layer of the caddisfly silk is remarkably stable and, unlike terrestrial butterfly,
moth or silk worm silk, is not easily stripped with detergents. Adhesion is proposed to occur in
two steps. First, initial adhesion occurs from interactions between the peripheral glycoprotein

layer and the surface. These initial interactions could be polymer-polymer entanglement or
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physical crosslinking with surface absorbed macromolecules. Negative carbohydrate components
could also interact with the surface electrostatically. Sugar —OH groups might also participate in
surficial hydrogen bonding. Second, peroxinectin in the peripheral layer crosslinks tyrosine
residues in the peripheral with phenolic groups absorbed on a surface. Such a complex form of
adhesion may not be necessary as pPEMA-pAAm hydrogels could incorporate a surface layer of
very low crosslinked hydrogel to provide an adhesive interface. It may also be possible to explore
polyphosphate hydrogel adhesion to calcium rich bone matrix. Over time phosphates in the
hydrogels could complex with calcium phosphates like hydroxyapatite in bone, leading to a stable

adhesion.?

6.2.2 Hydrogels with dual delivery of drugs and synergistic molecules may
improve clinical outcomes
A general principle in eradication of difficult infections is that the application of multiple
antibiotics is more successful than single antibiotic use. Future work can include design of
polyphosphate hydrogels that sustain the release of tobramycin in combination with other
antimicrobials to produce a synergistic effect. Synergistic effects can be determined by isolating
the CFU reduction from each single antimicrobial component and comparing with total CFU
reduction from the combination. If the CFU reduction of the combination is greater than the sum

of the individual components it would be considered a synergistic effect versus only additive.*

6.2.3 Delivery of copper-tobramycin complex to promote ROS
or reduce inflammation
Copper has been identified as a cofactor to enhance the effectiveness of tobramycin

although there is some disagreement as to the specific action of a copper-tobramycin complex.
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Kozlowski et. al. claimed copper has been shown to complex at several binding sites on
tobramycin and can accentuate its antimicrobial properties by promoting formation of free
radicals or reactive oxygen species (ROS).® On the other hand, J.K. Shute et. al. have reported
the Cu-Tobramycin complex as acting as an anti-inflammatory and antioxidant by removing
ROS.” Future work may perhaps incorporate polyphosphate propensity for binding metal ions
into a delivery device for copper-tobramycin, which may help shed light into the role this

complex as an antimicrobial or as an anti-inflammatory agent.

6.2.4 Delivery of metabolites in combination with tobramycin to
eliminate persister cells

Nutritional gradients across the biofilm results in starvation driven antibiotic tolerance,
where cells at the surface consume the majority of resources while underlying cells become
inactive and less susceptible.® Providing nutrients and metabolites to the population has been
shown to accentuate the effectiveness of aminoglycosides. This could stem from cells reverting
back to an aerobic form of metabolism or from contributions to the energy dependent step of
aminoglycoside uptake. Metabolites such as glucose, fructose, mannitol and pyruvate might be
delivered by passive diffusion from hydrogels or coacervate particles in accompaniment with
tobramycin. ° This approach has shown promise but is accompanied by increased risk to patient
health. By increasing active bacterial cells there is increased risk of sepsis. Polyphosphate
hydrogels have the potential to locally deliver a short burst of metabolites in combination with
long term aminoglycoside release, which can kill bacterial cells as they become active and thereby

reduce potential adverse effects to patient health.
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6.2.5 Delivery of multiple antibiotic agents

Anti-pseudomonas penicillin’s, such as piperacillin and carbenicillin, are recommended in
combination with aminoglycosides, both to increase success of eradication and to prevent
formation of drug resistant populations.’® Anwar et. al. showed a synergistic effect of attacking
mucosal pseudomonas with a 2:1 piperacillin to tobramycin ratio.'* In the polyphosphate system,
non-charged penicillin may diffuse from coacervates or gels in under a week, similar to the
vancomycin release in chapter 4, followed by a prolonged release of tobramycin. Release of both
drugs can be quantified using HPLC at various time points to determine a dual antibiotic release
profile from the polyphosphate hydrogel orcoacervate.

In addition to multiple antibiotic release, DNase drugs can also be included in a
polyphosphate delivery system to aid in cleavage of DNA, an important contributor to mucosal
viscosity. DNase drugs are frequently used to facilitate greater mucous clearance as well as
supporting particle adhesion and penetration.'? Furthermore, negatively charged regions in DNA
are suspected of ensnaring positively charged aminoglycoside molecules thus preventing bacterial
uptake.®® The combination of a DNase such as dornase alfa and tobramycin could be tested for
synergistic effects and may possibly be a less time consuming vehicle for delivering tobramycin in

conjunction with mucolytics leading to improved patientcompliance.

6.2.6  Using hydrogels to increase oxygen availability and increase ROS
Formation of free radicals is a shared effect of many antibiotics and has been shown to
contribute to a common pathway of microbial death.’*% In benchtop experiments, increased
availability of oxygen at the surface of a bacterial population is sufficient to enhance antibiotic
effectiveness.'’ This suggests that an increase in ROS has meaningful effects on eradication that

could be tested with a combination of tobramycin and hydrogen peroxide. Hydrogen peroxide
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could be loaded into polyphosphate hydrogels or coacervates at 1 mM, which has been shown to

be high enough to induce cell death.'® Free radical concentration could be quantified using

hydroxyphenyl fluorescein dye following published methods.*®°In this case, future efforts would

also need to monitor the effects of 1 mM hydrogen peroxide on polyphosphate polymer by

looking for changesin NMR and ATR-FTIR spectras that can indicate changes in structure including

loss of phosphate groups.
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