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Abstract
Keratins are a family of proteins found within human hair, skin and nails, as well as a broad variety
of animal tissue. Prior research suggests hydrogel constructs of keratin and keratin derivatives
exhibit several mechanical and biological properties that support their use for tissue engineering
and regenerative medicine applications. Microparticle formulations of these hydrogels are an
intriguing delivery vehicle for drugs and cellular payloads for tissue engineering purposes due to
the ability to exploit size, surface area, loading potential and importantly, non-invasive delivery

(i.e. injection) of cells and biologics.

Here we examine the water-in-oil emulsion synthesis procedure to produce keratin microparticles
using an oxidized keratin derivative, keratose (KOS). Analyses of particle size, microstructure,
and other characterization techniques were performed. Drug loading characteristics, release
kinetics, and feasibility of use in two different microparticles was subsequently investigated, first
using a model-drug and later testing an antibiotic payload on bacterial cultures to validate
antibacterial applications. A suspension culture technique was developed to load bone marrow-
derived mesenchymyal stromal cells (BM-MSCs), testing the capacity to maintain viability and
express key protein-based factors in cell growth and development. Finally, we tested the in vitro
effects of cell-loaded microparticles on the L6 skeletal muscle cell line to determine potentially

beneficial outcomes for skeletal muscle tissue regeneration.

Largely spherical particles with a porous internal structure were obtained, displaying hydrogel

properties and forming viscoelastic gels with small differences between synthesis components



(solvents, crosslinkers), generating tailorable properties. The uniquely fibrous microstructure of
KOS particles may lend them to applications in rapid drug release or other payload delivery
wherein a high level of biocompatibility is desired. Data showed an ability to inhibit bacterial
growth in the emulsion-generated system, and thereby demonstrated the potential for a keratin-
based microparticle construct to be used in wound healing applications. Dense cell populations
were loaded onto particles. Particles maintained cell viability, even after freeze-thaw cycling, and
provided a material substrate that supported cell attachment through the formation of focal
adhesions. Finally, in vitro studies show that both KOS and BM-MSCs support varying aspects of
skeletal muscle development, with combinatorial treatments of cell-loaded particles conferring the

greatest growth responses.
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General Audience Abstract

Keratins and keratin hydrogels may exhibit several properties that support their use for tissue
engineering and regenerative medicine applications. Microparticle formulations of these hydrogels

are an intriguing delivery vehicle for payloads for tissue engineering purposes.

Here we examine the water-in-oil emulsion synthesis procedure to produce keratin microparticles
that were analyzed based on drug loading characteristics. A suspension culture technique was
developed to load bone marrow-derived mesenchymyal stromal cells (BM-MSCs). Finally, we
tested these products to determine potentially beneficial outcomes for skeletal muscle tissue

regeneration.

Particles with a porous structure were obtained. The microstructure of these particles may lend
them to applications in drug release or other payload delivery. Data showed an ability to load and
unload specific drug payloads. Dense cell populations were loaded onto particles. Finally, studies
show that both keratin and BM-MSCs support skeletal muscle development, with combinatorial

treatments of cell-loaded particles conferring the greatest growth responses.
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Specific Aims

Introduction: To date, muscle tissue regeneration practices have yet to successfully regenerate
the mass and function of severely damaged or resected tissue. Human hair keratins are a currently
underutilized polymeric biomaterial for cell and biologic payload delivery as a means of bolstering
tissue regeneration rather than scar formation. This study introduces a novel water-in-oil emulsion
synthesized keratin derivative (KOS) based microparticle (MP) as a method of exploiting size,
surface area and the intrinsic biological compatibility of the protein, to create a non-invasively
delivered vehicle capable of high loading potential coupled with an ease of delivery to tissue. Here
therein, I hypothesize that a novel keratin-based microparticle can be synthesized which possesses
the necessary physical, chemical and ultimately biological properties to make this biomaterial
suitable for applications in simultaneous cell and bioactive agent delivery for improved

regeneration of muscle, compared to previous MP biomaterial constructs.

Specific Aim 1: Synthesis and Characterization of Keratin Microparticles for Biological
Applications. This aim seeks to validate the water-in-oil emulsion process as it pertains to the
synthesis of KOS MPs. As a concurrent factor, successful MP synthesis will also be contingent on
whether the synthesized materials exhibit mechanical, physical and biological properties deemed
suitable for cell and payload delivery. Product analysis will delve into key parameters such as
size, shape, surface topography and mechanical properties while cell-related inspection will ensure
cell viability is unperturbed in the presence of these materials. We hypothesize that KOS MPs can
be synthesized via the established water-in-oil emulsion methods with product characteristics

within the confines of those required for feasible cell and payload delivery.

Specific Aim 2: Drug and Cell Payload Assessment. 2A. The proficiency of KOS as a bioactive

load-carrying vehicle will be evaluated. Water-soluble agents chosen based on efficacy in treating

xii



the needs of and underlying complications related to muscle tissue regeneration will be integrated
into MPs during synthesis procedures. Controlled sample degradation and resulting release of
keratin and payload will be quantified over a period of days. We hypothesize that the chemical
mechanisms attributed to the water-in-oil emulsion procedures support localization and retention
of water-soluble agents in MPs at concentrations high enough to be delivered for significant tissue
regeneration on the timescale of days. 2B. Assess cell-loading potential of normal rat bone
marrow-derived mesenchymal stromal cells (BM-MSCs) onto KOS MPs. Loading efficiency will
be determined as a function of particle size, number, and live cell count as well as cellular adhesion
assays, all tests being performed at specific time intervals. Here we hypothesize that the employed
BMSC line can viably be loaded at densities high enough to support tissue regeneration, per

documented cell payloads.

Specific Aim 3: In vitro Effects of Stromal Cell-loaded KOS MPs on Muscle Cell Growth.
The effects of BMSCs integrated with KOS MPs and the subsequent activation of factors that
promote regeneration in the wound environment will be evaluated by identifying changes in cell
characteristics such as proliferation rate as well as cellular markers commonly upregulated during
regeneration in the wound. Here we hypothesize that the innate properties of keratin or cell laden
MPs can induce pro-regenerative properties in cells that can then further support regeneration of

the surrounding wound.
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Chapter 1. Introduction

1.1. Physiological Relevance of Skeletal Muscle

Skeletal muscle is the most dynamic and plastic tissue in the human body, consequentially forming
a required structure for human motility and mobility. In humans, skeletal muscle comprises
approximately 40% of total body weight and contains 5075 % of all body proteins (Clowes Jr et
al. 1983, Goodpaster et al. 2006). Generally, muscle functionality depends on the interplay
between protein production and use, both of which are impacted in the case of muscle injury (Endo
2015, Yusuf and Brand-Saberi 2012). From a mechanical standpoint, skeletal muscle converts
chemical energy into mechanical energy to generate forces and produce movement. From a
metabolic standpoint, skeletal muscle provides contributions to basal energy metabolism, serving
as storage for important amino acids and carbohydrates, producing heat and the consuming oxygen
(Saltin and Gollnick 1983, Egan and Zierath 2013). Of similar or potentially greater importance in
some cases is the function of a reservoir of amino acids for other tissues (heart, brain, skin etc.)
for the synthesis of proteins specific to organ processes (Argilés et al. 2016). Consequently, in
terms of health and quality of life, reduced muscle mass impairs the body’s ability to respond to

stress and chronic illness, attributing to an overall decreased quality of life.

1.2. Traumatic Muscle Injury

Skeletal muscle comprises over half of the human body weight in non-obese subjects. With such
prevalence and the exigent role played in the body, the loss of muscle through primary traumatic
injuries (burns, lacerations, muscle crushing) or secondary loss as seen in some disease states,
impacts to bodily support, motility and metabolic functions are seen almost immediately and often

with negative prognosis (Yusuf and Brand-Saberi 2012, Blau, Cosgrove, and Ho 2015). The loss



of functional muscle occurs in all patient demographics, impacting those with a predisposition for
major injury, soldiers for example, all the more. The result is a diminished quality of life due to

pain, inferior motile capabilities, lack of muscle contractibility or a combination of all three.

Subsequent natural regrowth of tissue after injury can vary depending on the presence of blood
vessels, neuromuscular and myotendinous connections and importantly, the distance the reforming
tissue needs to span to complete these connections. Regeneration of damaged muscle can also be
sporadic as the tissue strata largely attempts to reform the aforementioned connections with less
concern about reproducing the native architecture and contractile capabilities, in an effort to limit
the eventual necrosis of the tissue due to incomplete connections. The result is seen in the form of
altered patterns of contractile unit striations, unfused myotubes, “fiber splitting”, segmental
necrosis and scar formation (Ciciliot and Schiaffino 2010, Goodman, Hornberger, and Robling
2015), all of which contribute to diminished tissue regeneration and an overall lack of functionality
in the muscle. To date, it has been hypothesized that a biomaterial construct capable of filling and
spanning a skeletal muscle wound, while also supporting the chemical and physical requisites to
bolster the wound healing process, is a viable option to improving tissue regeneration compared
to wounds healing without such a construct (Woo, Park, and Lee 2014, Kim et al. 2014). It is
believed that a keratin-based MP filler is a potential biomaterial (Cilurzo et al. 2013, Tomblyn et

al. 2016).

1.3. Current State of Biomaterial Scaffolds for Skeletal Muscle Regeneration

To date, a wide array a biomaterial scaffolds have been tested to determine efficacy in skeletal

muscle regeneration. The term scaffold has been applied previously as a general indication of a



biomaterial that provides a support, whether it be mechanical, chemical or biological in nature, to
improve the regeneration process. Several materials have thus far been tested, ranging from
completely synthetic in poly(glycolic acid) (PGA) or poly-g-caprolactone (PCL) to large scale
decellularized organ constructs, and each has shown some promise (Choi et al. 2008, Juhas et al.
2014, Mase et al. 2010). Generally speaking, scaffolds considered to be any sort of success or
eliciting potential for skeletal muscle regeneration have been shown to support cellular survival.
However, many of these scaffolds exhibit notable failures in terms of complete skeletal muscle
regeneration. For example, synthetic scaffolds can be exceptionally bioinert but do not produce
biologic stimuli for cell growth. As a result, additional coatings, several of which have been shown
to display toxicities in the body, are required (Choi et al. 2008). Decellularized scaffolds contain
a number of naturally occurring proteins that support cell survival. However, in culture they often
require long incubation times to become functional or not all required cell types integrate into the
construct (Wolf et al. 2012, Machingal et al. 2011). Highly touted biopolymer-based scaffolds,
based on materials such as collagen or fibrin, display biocompatibility and tailorable properties
but currently we see consistent shortcomings in retention of mechanical properties with many of
these materials failing or degrading rapidly (Kin et al. 2007, Page et al. 2011). A suitable
biomaterial should therefore be identified, that displays a propensity to overcome most if not all

of these current shortcomings.

1.4. Keratin as a Biomaterial

The process of muscle wound repair can be broken into three phases: i. The initial inflammatory
response ii. activation, infiltration and differentiation of satellite stem cells and iii. the formation
and maturation of myofibers (Ciciliot and Schiaffino 2010, Yin, Price, and Rudnicki 2013, Tidball

2017). As a result, a biomaterial of suitable characteristics must take all of these phases into



account to ensure enhancement of the regenerative process. The biopolymer keratin is one such
material that has been shown to exhibit satisfactory properties, warranting further consideration

(Forbes and Rosenthal 2014).

Two types of mammalian a-keratin proteins have been characterized and denoted as “soft” a-
keratins, largely found in skin (epidermal keratins), and the “hard” a-keratins (trichocyte keratins)
commonly found epidermal appendages such as hair, claws and quills which often serve the
functional need of more durable structures. (Ferraro, Anton, and Santé-Lhoutellier 2016, Hill,
Brantley, and Van Dyke 2010). Both forms of protein are stabilized by disulfide bonds between
pairs of cysteine residues. The number of disulfide bonds in trichocyte keratin is greater than in
epidermal keratin (8% vs 3% respectively) (Yu et al. 1993) and the relatively high cysteine content
of human hair keratins, in particular, offers several opportunities for biomaterial applications by
regulating the amount of binding which, when coupled with favorable chemical properties, can

produce advantageous mechanical properties as well.

Electron micrographs have shown keratin exhibits a filament and matrix-like texture (Bragulla and
Homberger 2009). The cores of the filaments are formed from rod domains that are approximately
40-50 nm in length. A comparable structure exists in the keratins of birds although the structural
content is chiefly in the form of B-sheets (Wang et al. 2015). Coinciding with the presence of
cysteine residues, a considerable difference between trichocyte and epidermal keratins is that the
matrix in trichocyte keratins contains considerable amounts of sulfur-rich and glycine-tyrosine-
rich proteins which can be altered to affect material properties. Also, during transition to the
oxidized state of keratin, the framework of the intermediate filaments undergoes both molecular

slippage and compaction, a process that is much more apparent under chemically induced



processes but can similarly alter material properties (Grune, Reinheckel, and Davies 1997, Thiele
et al. 1999). This brings the cysteine residues of neighboring molecular segments into axial
alignment and enables the formation of disulfide linkages (Hill, Brantley, and Van Dyke 2010).
By comparison, epidermal proteins contain very little cysteine and particular regions contain none
at all, which indicates that any change in the framework of epidermal intermediate filaments on
oxidation will not depend on changes in free energy associated with the formation of disulfide
linkages. There is a distinct functional relationship between the concentration of disulfide bonds
in the two types of keratin and their respective mechanical properties (Sun and Green 1978,

McLellan et al. 2019).

The natural characteristics found within keratin promote its use as a biomaterial. Found within a
broad variety of tissues including skin and human hair, the toughness and hardness of these
proteinacious materials is derived from the organization and extensive crosslinking of the
individual proteins. The study and application of keratins pertaining to this work chiefly use the
keratin derivative keratose (KOS), isolated from human hair. Keratose employs a number of
attractive properties including a lack of disulfide bonds, allowing for more control over
degradation rates compared to its counterpart derivative (keratein), water solubility and
hygroscopicity allow for improved water absorbance and subsequent gelation. A basic chemical

schematic of KOS extraction can be seen in Figure 1.1.
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Figure 1.1. Schematic of Keratin Extraction. Schematic of oxidative (keratose) or reductive (kerateine)
reactions using human hair isolates derivative keratin proteins. Successive washing of keratose produces a

hygroscopic protein rich material lacking disulfide bonds.

Prior research suggests keratin and keratin derivatives exhibit several mechanical and biological
properties that support their use as a cell delivery vehicle. Upon hydration, keratin hydrogels
mechanically perform as a flexible viscoelastic material. The compressive modulus of keratin
hydrogels ranges from 10-19 kPa with elastic moduli ranging from 0.15-12 kPa (de Guzman et al.
2011, Papir, Hsu, and Wildnauer 1975). Compared to native skeletal muscle, with compressive
and elastic moduli of ~2 kPa and ~0.03 kPa respectively, keratin hydrogels are well within the
mechanical scope of application in terms of matching mechanical properties. In terms of biological
cues, keratin contains intrinsic amino acid binding motifs in the form of Arg-Gly-Asp (RGD), Leu-

Asp-Val (LDV) and Leu-Asp-Ser (LDS) amino acid binding sites, which support cellular adhesion



specifically (Sando et al. 2010). Along with a natural propensity for cell adhesion, keratin proteins
exhibit a uniquely low inflammatory response upon implantation. The mechanisms of the process
are still in question, but the validity of this low response has been documented via analyses of
macrophage activation when in contact with keratin, where keratin increased and decreased, anti-
inflammatory and pro-inflammatory macrophage cytokines, respectively (Fearing and Van Dyke

2014, Chazaud 2014, Waters, VandeVord, and Van Dyke 2018).

Pertaining to the regeneration of muscle tissue, along with decreased inflammation and the
presence of RGD, LDV and LDS amino acid binding sites, KOS 1is resistant to proteolytic
degradation (Rouse and Van Dyke 2010) and capable of maintaining properties under cyclic
loading, as would be seen during muscle contractions. Prior studies have shown that KOS supports
adhesion and proliferation of muscle progenitor cells (Tomblyn et al. 2016) as well as improving
compound motor action potential (CMAP) latency and the recovery of baseline nerve conduction
velocity (NCV) (Hill, Brantley, and Van Dyke 2010, Pace et al. 2014), promoting increased
functionality of recovered skeletal muscle. KOS also promotes angiogenesis without exacerbating
inflammation (Shen et al. 2011), while also promoting myoblast differentiation of human
mesenchymal stromal cells (HMSCs) (Ledford et al. 2017, Fearing and Van Dyke 2014). The
assembly of these properties in one biomaterial overcomes several limitations of currently tested
natural and synthetic biomaterial constructs, which includes an inability to support vascularization,
myofiber alignment or to retain the biomaterial as is seen in synthetic PLA scaffolds, minced native

skeletal muscle and natural collagen scaffolds, respectively (Grasman et al. 2015).



1.5. Diglycidyl Ether Crosslinkers

The chemical crosslinking of proteins has many applications in biomaterials research but are
largely applied to stabilize a protein structure, modify protein properties or to allow for bound
conjugates (Fingas 1995, Lu et al. 2006). Various crosslinkers with different reaction chemistries
are available but ease of use, affinity for binding to the target protein and scalability concerns (such
as cost) must also be considered to determine the most efficacious crosslinker. Diglycidyl ethers
are a series of crosslinkers that have previously been shown to bind to nucleophiles, amino and
carboxyl groups particularly, with a high affinity (Lu et al. 2006, Yamazoe et al. 2008). In this
work, three diglycidyl ethers were applied in the synthesis of keratin biomaterials with the intent
to stabilize the keratin construct and potentially alter (or tailor) material properties for improved
use. Butane-diol diglycidyl ether (BDDE), ethylene-glycol diglycidyl ether (EGDE) and
poly(propylene)-glycol diglycidyl ether (PGDE) (Figure 1.2.); each is a diglycidyl ether with
similar binding mechanisms but with differences in chain length as a naturally occurring variant,
which may become the principal factor in altering material properties. The epoxide regions on the
ends of the molecules facilitate efficient binding of carboxylic acid in keratin proteins specifically.
Intrinsic properties such as biocompatibility and biodegradability as well as current FDA approval

make this family of diglycidyl ethers an attractive set of crosslinkers.



o
?/\O/\/ \/W
Ethylene Glycol Diglycidyl Ether (EGDE): MW 174.19

S

Poly(propylene) Glycol Diglycidyl Ether (PGDE): MW ~380
o

Butanediol Diglycidyl Ether (BDDE): MW 202

Figure 1.2. Diglycidyl Ether Crosslinkers. Chemical schematic of three diglycidyl ethers used as
chemical crosslinkers capable of binding and stabilizing keratin biomaterials. Crosslinkers display similar
binding mechanisms to keratin through the epoxide regions located at the ends of the molecules. These
biocompatible chemicals may allow us to tailor material properties due to the dissimilarities between chain

length.

1.6. Hydrogels

Hydrogels are a class of biomaterials with high water content and soft tissue-like mechanical
properties (Dubbini et al. 2015) that make them attractive as scaffolds for a variety of tissue
engineering applications. Moreover, highly moldable hydrogels can be injected into irregular
shaped defects, enabling targeted delivery of cells for in vivo tissue engineering (Jeong Park et al.
2000) with limited surgical invasion (Zhang et al. 2014). Further, injectable biomaterials may be
designed to crosslink in situ to facilitate integration and tissue regeneration at the region of interest
(Montanari et al. 2015). In situ crosslinking is generally accomplished by chemical polymerization,
photopolymerization or thermal crosslinking (Berger et al. 2004, Hennink and van Nostrum 2012,
Montero-Rama et al. 2015). Chemical polymerization and photopolymerization have been applied
extensively for gelation of injectable hydrogels, though the use of chemical initiators risks
cytotoxicity and introduces undesired complexity to the delivery systems (Elias et al. 2015).
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Thermal crosslinking is applicable for thermosensitive hydrogels that undergo phase transitions in
response to temperature change, although these systems are consequently limited to temperature
ranges that are well tolerated by living cells. Rapid swelling, subsequently forming a viscoelastic

material, can be seen in Figure 1.3.

t=0s t=10s | t=20s

Figure 1.3. Hydrogel Rapid Water Uptake. Time course of keratin microparticles swelling during water
absorption and subsequent binding. Rapid water uptake leads to a mechanically attractive biomaterial from
a soft tissue standpoint. Along with intrinsic biocompatible properties, keratin-based hydrogel biomaterials

serve a number of requisite properties for soft tissue regeneration.

1.7. Keratin as a Cell Loaded Scaffold

Prior research suggests keratin and keratin derivatives exhibit several attractive mechanical and
biological properties that support their use as a cell delivery vehicle. Upon hydration, keratin
hydrogels mechanically perform as a flexible viscoelastic material. Analysis of the compressive

modulus of keratin hydrogels ranges from ~4 MPa in dry scaffolds to almost 0.01 MPa after just
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five minutes of hydration (de Guzman et al. 2011). Tensile tests on keratin from various sources
have shown that, once isolated, keratinized structures can display an elastic modulus anywhere
between 0.01 and 9 GPa (Papir, Hsu, and Wildnauer 1975). In terms of biological cues, keratins
intrinsic amino acid motifs in the form of RGD, LDV and LDS amino acid binding sites, which
are integrin specific, as well as other classes of receptors which are non-integrin specific based on
antibody blocking of the B2 integrin subunit, support cellular adhesion specifically (Rouse and
Van Dyke 2010, Hill, Brantley, and Van Dyke 2010, Sando et al. 2010). Along with a natural
propensity for cell adhesion, keratin proteins exhibit a uniquely low inflammatory response upon
implantation. The mechanisms of the process are still in question but the validity of this low
response has been documented via analyses of macrophage activation when in contact with keratin,
where keratin increased anti-inflammatory macrophage cytokines and decreased pro-inflammatory

macrophage cytokines (Fearing and Van Dyke 2014, Waters, VandeVord, and Van Dyke 2018).

1.7.1 Fabrication
Keratins are generally extracted through chemical means that first break the disulfide bonds
prevalent in keratinized tissues. Initially, the alpha- and less common gamma-keratins are
converted to their non-crosslinked forms via oxidation or reduction, as cystine is converted to
either cysteic acid or cysteine, respectively. Next, free proteins are extracted with solvents capable
of denaturing the proteins for subsequent purification (by filtration and dialysis). Here, oxidizing
denaturants produce derivatives referred to as keratoses, while reducing denaturants produce
cysteine-containing proteins called kerateines. While essentially homologous, the sulfur-
containing cysteine groups primarily define the differences between keratoses and kerateines.
Keratoses are non-disulfide crosslinkable, water soluble, and susceptible to hydrolytic degradation

due to the polarized protein backbone. The higher polarized nature of keratoses causes them to
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degrade relatively quickly in vivo (days to weeks). Kerateines are less polar and therefore slightly
less soluble in water. They are more stable and can be re-crosslinked through oxidative coupling
of cysteine groups. This results in biomaterials that can persist in vivo for weeks to months

(Noishiki 1982).

1.7.2. Applications
Documented as beginning as early as the 1970’s for biomedical applications, the processing of
these protein solutions into derivative physical states such as gels and films began appearing in
literature (Van Dyke and Nanney 2002). Early keratin biomaterials appeared in the form of a wool
derivative applied as a vascular graft coating, which was successfully implanted into a canine
model for nearly 6 months (Noishiki et al. 1982). Since then, keratins have been used in several in
vitro and preclinical models for hemostasis, wound healing (Burnett et al. 2013), bone regeneration

(Zhao et al. 2015) , and peripheral nerve repair (Sierpinski et al. 2008b).

Pre-clinical studies have suggested the viability of a keratin-based nerve repair biomaterial.
Keratin hydrogels introduced in vivo have resulted in significant increases in Schwann cell
proliferative and migratory ability, suggesting a potentially improved nerve regenerative response
(Nakaji-Hirabayashi, Kato, and Iwata 2008, Sierpinski et al. 2008b). These materials were
mechanically weaker compared to other hydrogels but maintained their structure after hydration.
In other previous studies, keratin-based hydrogels carrying integrin-binding polypeptides were
synthesized and evaluated as a substrate for Schwann cells (Sierpinski et al. 2008a). However, in
some cases the requirement of strong denaturants to dissolve keratin molecules makes it difficult
to prepare cell-seeded hydrogels for transplantation, as residual denaturants in the hydrogel can
disrupt cellular processes or act in a cytotoxic manner against seeded cells.
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Keratin has also been previously exploited for its ability to induce cell differentiation. Previously,
human cardiac stromal cells (hCSCs) have been shifted to a smooth muscle cell lineage in vitro
(Ledford et al. 2017). Other studies display keratins ability to induce macrophage differentiation,
suggesting it be exploited as a potential wound healing therapy (Fearing and Van Dyke 2014).
Results from other studies suggest that keratin biomaterials can in fact promote a greater
production of anti-inflammatory cytokines and suppress production of pro-inflammatory
cytokines. This is thought to be a function of keratins ability to modulate macrophage phenotype
during the wound healing process, leading to decreased inflammation and an improved
environment for regeneration as a whole (Fearing and Van Dyke 2014, Waters, VandeVord, and

Van Dyke 2018).

1.8. Microparticles

Microparticles (MP), 1 micrometers to 1000 micrometers (um) in diameter, have been touted as a
multimodal delivery vehicle, capable of serving as a building block for 3-Dimensional (3D)
constructs to fill tissue voids while simultaneously providing delivery of soluble factors and cells
(Qazi et al. 2015, Moulin, Mayrand, Messier, Martinez, Lopez-Valle, et al. 2010, Huang and Fu
2010). The application of MPs provides a larger surface area for exterior cell loading while
avoiding concerns about clearance commonly viewed as a potential negative side effect of
similarly touted nanoparticles (Behrens et al. 2014). The benefit of a microscale protein construct
lies in the interplay between the individual products size, capable of non-invasive injectable
delivery, and the physical agglomeration of gel particles wherein once fully hydrated particles

form a nearly contiguous hydrogel construct (Oliveira and Mano 2011, Woo, Park, and Lee 2014).
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1.9. Water-in-oil Emulsion Synthesis

Emulsions are disperse systems in which two or more largely insoluble liquid phases are mixed.
Except for unique cases such as high internal phase emulsions with a foam structure, the internal
phase is contained in the external phase in the form of spherical droplets. This is found to be true
in the case of either an oil in water (o/w) or a water in oil (w/0) emulsion (Leal-Calderon, Schmitt,
and Bibette 2007). The sequestering of a material (KOS for example) that is highly preferential to
one phase (water) produces concentrated droplets. Similarly, the addition of water-soluble factors

like drug payloads also preferentially isolates the drug in the regions with higher water affinity.

From a synthesis standpoint, emulsion systems are highly attractive due to their simplistic
mechanism of formation. The two (or more) liquid phases are innately prone to separate based on
their chemical composition. The addition of rapid or even mild stirring in some formulations
creates separation that eventually has a tendency to yield more monodisperse droplets (Yan and
Texter 2006, Boutonnet et al. 1982). These droplets, as they are formed from a lack of affinity
between the phases rather than a uniquely high affinity for self-binding, are often fragile in nature.
Keratins produce an interesting solution to this problem due to the self-crosslinking capabilities
found within its structure, thus producing a more stable particle. Often the addition of a chemical
crosslinker with favorable chemical properties can help aid in MP stability. This work employs a
series of diglycidyl-ethers which display low biological toxicity, are biodegradable, highly
preferential to water-solubility and are currently approved by the Federal Drug Administration

(FDA) (Nishi, Nakajima, and Ikada 1995, Zeeman et al. 1999) to produce stable MP formulations.
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1.10. Biologic Payloads

Incorporation of drug or biomolecular payloads into biomaterial constructs has been a common
approach in regenerative medicine (Dang et al. 2016, Martino et al. 2014, Saul, Ellenburg, de
Guzman, and Van Dyke 2011). The need to control local flora has long been recognized as an
imperative for wound healing. In some cases, specifically in less developed parts of the world,
patient’s risk to develop a nosocomial infection is as high as outside of the hospital. Delivering
antibiotics in large or systemic doses carries with it the possibility of insufficient delivery of the
antibiotic to the wound site, or an eventual resistance to antibiotic treatment (Saul, Ellenburg, de
Guzman, and Van Dyke 2011, Park, Kim, and Suh 2004, Roy et al. 2016, Du, El-Sherbiny, and
Smyth 2014). Thus, several technologies have been developed for the sustained release of
antibiotic drugs from biomaterial-based topical dressings (Elsner, Berdicevsky, and Zilberman

2011). Triggered, local release has been less common (Yan et al. 1994b).

The chemistry and evolutionary biology of keratins provide a unique opportunity for a keratin
biomaterial-based drug delivery system for control of microbial populations. Mammals never
developed a compliment of keratinases because there was no need for a turnover mechanism
directed at hard keratin-containing tissues. Horns, hair, feathers and hooves did not rely on
remodeling; they were sloughed or worn off and replaced. However, microbes, particularly
bacteria and fungi, developed a compliment of keratinases such that they could make use of the
keratin-containing structures of mammals as a food source. As a consequence, the presence of
keratinases at a wound site is a hallmark of microbial contamination in mammalian wound healing,
and hence can be used as the basis of a triggered, local, keratin biomaterial-based drug delivery

system.
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1.11. Cellular Payloads

Often natural tissue regeneration relies on the presence of undifferentiated progenitor cells with a
high proliferative potential to replace damaged and terminally differentiated cells (Hunt and
Grover 2010, Man et al. 2012, Uludag, De Vos, and Tresco 2000). Characterized by the ability to
self-renew and differentiate into a variety of specialized cell types, many cellular therapies for
tissue regeneration employ adult progenitor cells, like mesenchymal stromal cells (MSCs). MSCs
are culture-adherent, multipotent progenitor cells capable of differentiating into muscle, bone,
cartilage, fat, tendon and nerve (Gao et al. 2014, Xu et al. 2015). Isolated from various sources
including bone marrow, adipose tissue, muscle tissue, amniotic fluid, human placenta, periosteum,
cord blood and even peripheral blood (Niemeyer et al. 2007, Cowan et al. 2004, Prigozhina et al.
2008), the efficacy and survival of MSCs have proven to be a contributor to tissue regeneration,
but this also depends heavily on the method of delivery prior to transplantation (Nicodemus and

Bryant 2008, Oliveira and Mano 2011).

The foregoing technologies have since provided optimism that the aforementioned characteristics
can be combined into a single system, one with a keratin biomaterial as its main constituent, and
in which chemistry, materials engineering, pharmacology and biology can be combined to create

constructs with utility in regenerative medicine.
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Chapter 2

Synthesis and Characterization of Water-in-oil Emulsion Synthesized Keratin
Microparticles for Biomedical Applications
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Abstract: Keratins are a family of proteins found within human hair, skin and nails, as well as a
broad variety of animal tissues (Hill, Brantley, and Van Dyke 2010, Rouse and Van Dyke 2010).
Prior research suggests hydrogel constructs of keratin and keratin derivatives exhibit several
mechanical and biological properties that support their use for tissue engineering and regenerative
medicine applications. Microparticle formulations of hydrogels are an intriguing delivery vehicle
for tissue engineering purposes due to the ability to exploit size, surface area, loading potential and
importantly, non-invasive delivery of cells and biologics. Here we examine the application of the
well-documented water-in-oil emulsion synthesis procedure to produce keratin s using an oxidized
keratin derivative, keratose (KOS). The cause and effect relationships between synthesis
parameters and properties are not known for keratin s. Therefore, in this study, we conducted pilot
experiments to establish a robust oil-in-water emulsion system, and investigated the use of both
water and saline solutions of KOS, as well as three different crosslinkers to produce s with different
properties. We examined particle size, microstructure, swelling behavior, surface topography,
porosity, as well as rheological properties and enzyme-mediated degradation of -based gels.
Largely spherical particles of wide size distribution were obtained, which re-hydrated readily,
swelling up to 80% and forming viscoelastic gels. The strong self-assembly characteristic of KOS

was evident in the rough surface and underlying fibrous nature of the particles, which caused rapid
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release of a model compound payload. Small differences between crosslinker type were observed
in some of the parameters tested. The unique microstructure of KOS particles may lend them to
applications in rapid drug release or other payload delivery wherein a high level of

biocompatibility is desired.

2.1. Introduction

The classical tissue engineering approach of using a scaffolding system can present a bulky
construct that requires surgical implantation due to its size and rigidity. A minimally invasive
implantation approach is often desired, provided the properties of the biomaterial lend themselves
to procedures such as injection through a needle. Prior research suggests keratin and keratin
derivatives exhibit several mechanical and biological properties that support their use as scaffolds
for cells that can incorporate various payloads. Upon hydration, keratin hydrogels mechanically
perform as a flexible viscoelastic material. Based on previous studies, compressive moduli of
keratin hydrogels range from 10-19 kPa with elastic moduli ranging from 0.15-12 kPa, supporting
its use in a number of tissue regeneration systems (de Guzman et al. 2011, Papir, Hsu, and
Wildnauer 1975). However, most reports of keratin biomaterials in tissue engineering utilize cell-
free constructs, despite keratin’s intrinsic biocompatibility and apparent support of cell health and
function (Konop et al. 2018, Mori and Hara 2018). This may be a consequence of the formation
of keratin hydrogels being incompatible with cells, particularly in the kerateine (KTN) system
where gelation is best driven by protein self-assembly at basic pH (Hill, Brantley, and Van Dyke
2010). The KOS hydrogel system is more conducive to inclusion of cells as these gels can form at
physiologic pH, but the resulting constructs can be fragile and degrade rapidly. Crosslinking can

be used to mitigate this, but some chemistries may compromise cell viability (Steinert et al. 1993,
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Tanabe, Okitsu, and Yamauchi 2004a). Pre-formed keratin microparticle (MPs) may be a solution

to these challenges.

2.2. Chemicals and Reagents

Human hair was obtained from a proprietary source. Peracetic Acid (PA), tris(hydroxymethyl)-
aminomethane (Tris) base, sodium hydroxide, phosphate buffered saline (PBS) (Gibco), ethylene-
glycol diglycidyl ether (EGDE) (TCI Chemicals), poly(propylene)-glycol diglycidyl ether (PGDE)
(Sigma Aldrich), butane-diol diglycidyl ether (BDDE) (Alfa Aesar), light mineral oil (Thermo
Fisher), hexanes (Thermo Fisher), elastase (MP Biomedicals), collagenase (Worthington) were all

used as received.

2.3. Materials and Methods

2.3.1. Validation of Water-in-oil Emulsion Procedures

2.3.1.1. Keratose Extraction

Keratin proteins were extracted as previously described (de Guzman, Tsuda, et al. 2015, Hill,
Brantley, and Van Dyke 2010). Briefly, human hair fibers were oxidized using a 2% peracetic acid
(PA) solution (pH 2) over 18 hrs using a 20:1 ratio of PA to hair mass (20 mL PA: 1 g hair). Fibers
were washed with deionized (DI) water to remove the oxidant and a Tris base (100 mM) removed
the soluble keratin proteins. Extracted KOS proteins were centrifuged, filtered to remove
suspended solids, and dialyzed against phosphate buffer. Sodium hydroxide neutralized the

material to pH 7.4 where it was subsequently frozen and lyophilized until further use.
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2.3.1.2 Water-in-oil Emulsion Microparticle Synthesis

MP synthesis via the water-in-oil emulsion process was adapted based on previous methodologies
(Yan et al. 1994b, Yin Hsu, Chueh, and Jiin Wang 1999). Lyophilized KOS proteins were weighed
out and dissolved in either DI water or PBS to a working concentration of 60 mg/mL. One of three
diglycidyl ether-based chemical crosslinkers (EGDE, PGDE or BDDE) was added to form a 48
wt% solution (previous raman spectroscopy determined the partitioning of crosslinkers between
the water and oil phases occurred in a 1:3 ratio of water and oil, therefore final crosslinking
concentrations were approximately 12 wt%), which was vortexed and centrifuged at 1000 rpm for
5 min to remove air bubbles; samples were allowed to equilibrate overnight. These crosslinkers,
each of which exhibits keratin binding through similar mechanisms at the epoxy region of the
chain ends, were chosen for their similar structures with marginally different molecular weights
due to their respective chain length. From an applicability standpoint, these particular crosslinkers
are also attractive due to their documented low toxicity, biodegradability and current FDA
approval for use in cosmetic fillers (Vasconcelos and Cavaco-Paulo 2013, Tanabe, Okitsu, and
Yamauchi 2004b). KOS solutions were added to light mineral oil at a 1:20 volume ratio and stirred
using a Caframo tabletop mixer at 2000 rpm for 24 hours. The light mineral oil was aspirated off,
removing as few MPs as possible, and the resulting particles were washed with chilled hexanes at
approximately -25 °C using a lab bench shaker set to a medium speed setting for 5 min. Residual
hexane was aspirated and this step was repeated 2 more times to further remove any oil. MPs were
stored at -25 °C. Finally, any residual hexane was aspirated from the product and MPs were
lyophilized to form a stable product for subsequent analysis. A schematic of this process can be

seen in Figure 2.1.

20



1:20 ratio
Sol.:0il 2,000 rpm Lyophilization
—

Oil + KOS Emulsification Stable Particles ~ Hexane Washing

WD=87mm  EMT=500k  SinalA=SEZ
o P

Date 7 Apr 2018

Figure 2.1. Schematic of Microparticle Formation via Water-in-oil Emulsion Synthesis. Schematic
representation of synthesis procedures for KOS MPs using the developed water-in-oil emulsion
methodology. The employed procedures produce stable particles with a spherical shape as expected and

what appears to be relative monodispersity in terms of particle size.

2.3.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed to image particles for an observation of size,
shape and surface topography. MPs were fixed on a metallic chip using adhesive carbon tape and
sputter coated with a 10 nm thick layer of platinum/palladium using a Leica ACE600 sputter coater
prior to imaging. Samples were imaged using a Zeiss field-emission scanning electron microscope.
The resulting SEM images were used largely for contextual purposes but were also utilized for

size measurements.

2.3.3. Size Analysis (SEM/Particle Size Analyzer)

The average size of the synthesized MPs was determined using two methods. In the first method,
the previously mentioned SEM images were processed using the ImageJ (Schneider, Rasband, and
Eliceiri 2012) image processing software. Diameter measurements of several spherical particles
(n=20) were taken based on a length to pixel ratio determined via the SEM and averaged to

determine the mean and standard deviation of particle size.
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The second method involved analyzing samples using a Horiba LA-950 particle size analyzer. MP
samples were suspended in ethanol to prevent water absorption and swelling, consequently altering
the size of the particles. Samples were agitated using a combination of stirring and sonication to
prevent particle agglomeration. Samples were analyzed via laser diffraction to determine the size

and variance in sizes between particles.

2.3.4. Swelling Behavior

The swelling behavior of the KOS MPs was tested to validate water absorption and determine the
expected size of a hydrogel particle in vivo. The diameter of dehydrated particles was measured
using light microscopy. Individual particles were hydrated using one type of a gradient
combination of water and ethanol (0:4, 1:3, 2:2, 3:1, 4:0). Particles were allowed to hydrate and
swell for 5 min, after which the size of the particle was measured again. Individual diameters were
measured and quantified by correlating the before and after light microscopy image to the imaged

length of a standard hemocytometer as a reference, at the same imaging plane.

2.3.5. Water Uptake Capacity

The capacity for water uptake and lasting water binding (thus forming the hydrogel) (Ahmed 2015,
Oyen 2014) was confirmed via a simplistic water uptake experiment (Hartrianti et al. 2017). 20
mg of particles under all combinations of crosslinkers and solvents were saturated with DI water
and allowed to swell for 1, 12, or 24 hours at room temperature or were immediately removed
from water. After removal of the residual water, the particle mass was measured immediately after
the respective incubation times as well as after a 24-hour period of air drying at ambient

temperatures.
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2.3.6. Surface Characterization

The topography of hydrated MPs was observed using a Veeco Multimode atomic force microscope
(AFM). Particles were fixed using adhesive carbon tape prior to testing and stored in a water-tight
chamber with inlet and outlet tubing to allow for water flow and hydration. Particles were hydrated
for 10 minutes prior to 10 um x 10 pm surfaces being analyzed under scanning mode with a scan

speed of 3.9 ums! using a Bruker non-conductive silicon nitride probe tip (k=0.12 Nm!) (n=20).

2.3.7. Structural Analysis

To analyze particle shape and internal structure we investigated the average porosity and relative
pore connectivity within samples of synthesized particles using confocal microscopy. MPs were
incubated with a 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) cellular stain (0.1 pgmL"
1) that was readily absorbed by the keratin protein. Particles were incubated at room temperature
in the dark for 5 min, washed with PBS three times and visualized using a Zeiss confocal
microscope. Z-stacks measuring between 4 um and 5 um in thickness were taken and compiled to
create a 3-dimensional construct of an individual particle’s internal structure. ImageJ image
processing software, specifically the BoneJ plugin (Doube et al. 2010), was used to quantify both
the pore fraction which pertaining to this study is defined as the volume of pore space divided by
the total volume of a particle, the average pore size and the overall connectivity of the pores in

three different batches of particles (n=50).

2.3.8. Elastic Properties of Hydrogels

Atomic force microscopy (AFM) was applied to measure elastic properties of individual hydrated
particles under conditions that would be seen in a wound environment. Particles were fixed to the
AFM chip and sealed within the air tight chamber. Inlet and outlet tubing allowed for the chamber

to be filled with DI water via syringe through the inlet while the outlet tube was closed off via a
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plastic clasp. Particles were allowed to hydrate for 10 min prior to testing. The Veeco Multimode
AFM unit was calibrated and used a Bruker non-conductive silicon nitride probe tip (k= 0.6 N/m)
in tapping mode measuring deflection upon surface contact with a forward velocity of 5.75 um/s

and a scan rate of 1 Hz. All combinations of solvents and crosslinkers were tested (n=10).

Rheological properties were tested to determine the viscoelastic properties of a bulk hydrated gel
particles for a mechanical comparison to human tissues. Briefly, 60 mg of dry particles were loaded
into a circular 20 mm adhesion-reducing silicone mold. Particles were hydrated with 2 mL of DI
water and allowed to hydrate for 24 hours. In preparing the rheometer setup, the instrument was
calibrated for rotational mapping, geometric inertia and gap width measurements. After complete
sample hydration, the resulting gel was removed from the mold and placed on the Peltier plate
using a plastic spatula. Frequency sweeps from 0.1-20 Hz at a constant 1% strain were performed
on the gel samples. Subsequent stress sweeps from 1-500 Pa at a constant frequency of 1 Hz were
similarly performed on the same gels. Elastic as well as loss moduli were quantified in each sample

using Rheology Advantage, rheological analysis software.

2.3.9. Statistical Analysis

To compare experimental groups, analysis of variance (ANOVA) and/or linear regression analysis
with a Tukey’s post hoc test was performed in all experiments. To determine significant variances,
for all tests, a p-value <0.05 was considered statistically significant. Sample sizes were determined
using a power analysis where a power (1-£) of 0.9 and an alpha (a) of 0.05 was employed. All

statistical analyses were performed using JMP Pro 11.

2.4. Results

2.4.1. Scanning Electron Microscopy

24



The resulting MPs exhibit a three dimensional and largely spherical shape when dehydrated
(Figure 2.2). Particle surfaces appear rough although this roughness was later quantified via atomic
force microscopy. Agglomeration is seen between some particles. No distinguishable differences

between samples synthesized using either solvent or the three crosslinkers were observed.

200 pm WD=87mm  EHT= 5.00kV Signal A = SE2
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Figure 2.2. SEM of Synthesized Water-in-oil Emulsion Synthesized Microparticles. Representative
scanning electron microscopy (SEM) image of the resulting KOS MPs. Particles appear largely spherical
with rough surfaces. Sizes of samples also appear to vary somewhat.

2.4.2. Size Analysis (SEM/Particle Size Analyzer)

The size analysis of individual particles using ImageJ generated by scale bars provided by the SEM
software suggest average particle diameters of 236 = 80.4 um. Based on laser diffraction analyses,
mean particle diameters appear to be 366 £59.4 um when in an ethanol suspension (Figure 2.3).
Increases in particle diameter from one method of measurement to the next may be attributed to
the hygroscopic nature of these particles and associated absorption of water from the ambient air.
It should also be noted that some samples initially produce particle diameters greatly outside of

the normal range with diameters almost verging on the mm scale; this can be attributed to particle
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aggregation. It is due to this agglomeration that the apparent large particle sizes are expected and
contribute to higher average diameters, although simplistic post-processing steps such as sifting
through membranes of a specific pore size are believed to circumvent issues of sample variability

(Gauthier et al. 1999).
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Figure 2.3. Laser Diffraction Analysis of Particle Diameters. There are no statistically significant
differences between the average particle size based on crosslinkers or solvents used, primarily due to the
broad distribution. Noticeable variations in the low or high end of particle sizes are attributed to particle
agglomeration (high end) or residual unbound protein left in the sample (low end).

2.4.3. Swelling Behavior

The applied gradient of ethanol and water produced a relatively linear trend in particle swelling.
Little to no swelling was seen in particles soaked in 100% ethanol, which was to be expected.
Particles hydrated with 100% DI water produced the greatest level of swelling. Overall, there
appears to be a swelling coefficient of approximately 1.6 under pure water conditions (Figure 2.4),

which would be expected to be similar in vivo.
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Figure 2.4. Microparticle Factor of Expansion. Factor of expansion of particles under variable solution
ratios of water and ethanol. As expected, ethanol elicits little expansion. Pure water provides the most
expansion in a system most similar to physiological conditions, producing a factor of expansion of ~1.6.

2.4.4. Water Uptake Capacity

Keratin hydrogels were confirmed using the water uptake experiment (Figure 2.5). No
statistically significant changes were seen between either the respective crosslinker or solvent
used. However, in all cases particles swelled and reached masses over 1000% of their original
mass upon immediate hydration. Stable water-bound particles were achieved after 12 hours as
the high water content was retained (greater than 95%) after air-drying for 24 hours. As slightly
over 75% of the hydrated mass is retained after 1 hr of saturation it could be suggested that
hydrogels are formed within the first few hours of hydration, rather than at 12 hrs, although

further analysis must be performed to validate this aspect.
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Figure 2.5. Water Uptake of Dehydrated Microparticles. Water uptake capacity and subsequent
hydrogel formation was tested and confirmed by the rapid swelling, increase in mass and retention of water
in particles shortly after saturation. After 24 hours of air-drying, hydrogel formation was established in the
12 hr and 24 hr hydrated samples, by a retained water uptake percentage within 95% of the original mass
after hydration. No significant differences were seen between crosslinkers or solvents used.

2.4.5. Surface Characterization

Based on the 10 pm X 10 um scans of the AFM, hydrated particle surfaces exhibit relatively rough
topographies with larger ridges in some regions. Results suggest an overall average surface
roughness of 264 nm with no significant variations in the topographies between particles with a
given solvent or crosslinker (Figure 2.6). Surfaces of this roughness with the aforementioned
intrinsic binding sites suggest the feasibility of cellular attachment (Goldmann 2016, Hallab et al.

1995).
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Figure 2.6. Surface Characterization of Hydrated Microparticles. Two samples of AFM scanning
surface characterization of hydrated MPs. No differences can be observed between synthesis components
but all particles exhibit high surface roughness (~264 nm) with ridges and peaks appearing randomly on
surfaces.

2.4.6. Structural Analysis

The internal structure of the oil-in-water generated MP can be described as that of a coarsely
fibrous particle with high porosity (Figure 2.7). Quantitative results indicate a protein to pore
fraction of 0.58 +£0.04, suggesting that ~40% of a given particle’s volume is occupied by empty
space (pores) for emulsion synthesized particles. The pore size of particles was calculated to be
704 £387 um?, assuming a spherical pore shape the average pore size should facilitate entry of a
cellular payload (Ge et al. 2014, Zanetti et al. 2015). The pore connectivity of the structure was
relatively high with a connectivity of 0.53 £0.17, correlating to approximately half of the pores in
a given particle being interconnected (Figure 2.7). Extrapolating this value from laser diffraction
size analysis, the calculated average particle diameter of approximately 350 pm proposed from
earlier tests (data not shown) and assuming a spherical nature suggests a number of pores ranging
in the low thousands (~1,600) per particle. Based on these results, taking into consideration that a
larger pore network may provide a greater surface area for cells to adhere to, keratin-based MPs
synthesized via the water-in-oil emulsion procedure may support cellular loading from a physical
and not merely a chemical standpoint. Similarly, mass transport of waste as well as nutrients to
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and from a wound defect, which has been proven to be a significant factor in tissue regeneration
(Siepmann, Faisant, and Benoit 2002), could be improved due to both the high porosity and high

pore connectivity of the water-in-oil emulsion particles.

o0 m

Figure 2.7. Analysis of Microparticle Internal Structure. Fluorescence microscopy image of water-in-
oil emulsion synthesized MPs stained with DAPI show a relatively low solid volume fraction of 0.588
(~40% of the given volume is void space) and what appears to be a high pore interconnectivity with a
connectivity value of 0.53 £0.17. Relatively high void fractions as well as pore connectivity may contribute
to both the overall surface area with which to load cells and provide improved mass transport, facilitating

enhanced cellular function.

2.4.7. Elastic Behavior of Particles

Elastic moduli of individual hydrated particles (Figure 2.8) range between approximately 5 and 13
kPa. No statistically significant differences can be seen between the particles based on respective
solvents, although it does appear that PBS dissolved particles produce slightly larger individual
elastic properties. There is a significance difference in samples in terms of which crosslinker
produces a more elastic MP, however. PGDE crosslinked particles produce significantly greater
elasticities than EGDE particles and BDDE crosslinked particles produce significantly greater

elasticity than either PGDE or EGDE particles. Based on this data, it is thought that the crosslinker
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size or molecular weight (MW) may play a role in the variability between individual MPs elasticity
(EGDE MW: 174.19, PGDE MW: ~188, BDDE MW: 202), which also warrants further
examination to determine the extent of crosslinking density between individual crosslinkers.
Despite the mechanism of binding being similar, it is expected that disparities between the

achievable crosslinking density will similarly alter material properties.
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Figure 2.8. Elastic Properties of Individual Particles. AFM analysis of elastic properties of individual
KOS MPs. Individual particles exhibit a range of elastic moduli. Significant differences appear to exist
based on the crosslinker used during synthesis (p<0.05). This may be a factor of the differences in MW or

binding density of respective crosslinkers. Error bars represent standard deviation (SD).

2.4.8. Rheological Properties of Microparticle-based Hydrogels

Rheological properties of bulk MP-based hydrogels do not produce a similarly significant trend
determined by crosslinkers. Rather, the solvent used for a particular sample produces a more
distinct difference in material characteristics. All bulk gels demonstrated elastic moduli between

0.5 and 3.5 kPa. MPs produced from KOS dissolved in DI water produced significantly more
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elastic bulk gels compared to the average elastic moduli of all particles synthesized using PBS.
There was no clear trend that could be gleaned from the application of crosslinkers in this analysis.
Using PBS or DI water for MP synthesis may produce differences at the molecular level. The two
solvents are largely similar except for the salt content. KOS is a polyanionic protein at neutral pH,
and therefore may be susceptible to electrostatic repulsion induced by the salts present in PBS

(Na*, K*, CI', HPO4?) that could interfere with crosslinking chemistry.

To investigate whether the presence of salts makes a significant difference to hydrogel rheological
behavior, a 50:50 ratio of PBS to DI water was used as a solvent and MP samples including the
array of all crosslinkers (in duplicates) was taken through rheological analyses, the same as
previously mentioned. Result show no clear differences other than the 50:50 ratio gels are
statistically stiffer than PBS gels, although the trend does suggest that 50:50 ratios of hydrogels
fall in between elastic properties of gels that use one solvent or the other. Although crosslinkers
elicited no clear trend in impacting elastic moduli in earlier rtheological studies, it is believed that
the broad variations seen in the 50:50 solvent elastic moduli can be attributed in some part to the
various crosslinkers used while the global average of moduli still falls in between those of a pure

DI water and pure PBS solvent solution-based bulk hydrogel.
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Figure 2.9. Rheological Analyses of Bulk Hydrogels. (Top) rheological analysis of elastic moduli show
statistical differences between samples based on the solvent used to dissolve KOS material; error bars
represent standard deviation. (Bottom) 50:50 ratio of solvents do not show a statistically significant
difference between solvents, but suggest a trend towards a lower salt concentration producing more elastic
bulk gels.

2.5. Discussion

The synthesis of keratin-based MPs in a water-in-oil emulsion system has been shown in the
present study. The size of the MPs appear to be in the 200-400 pm diameter range with largely
spherical shapes, which offers a construct that may be delivered through a needle rather than
surgical implantation, although further investigation is needed to ensure this. The mechanisms
surrounding the efficacy of the water-in-oil emulsion procedure, namely the phase separation
between water and oil, do not necessarily mandate that the water-soluble phase (KOS protein and
associated crosslinkers) remain homogenous during the stirring step. As a result, it is likely that a
combination of uneven agitation due to mechanical stirring and heterogeneous protein aggregation
during stirring, contribute to any non-spherical MP assembly and variations in size. Similarly,

variations in protein localization within individual particles appear to contribute to varying surface
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structures. Upon initial analysis by SEM, some particle surfaces appear smooth and continuous
while others exhibit what appears to be significantly greater porosity. Because there is no clear
mechanism to attribute to this characteristic, it is potentially a standard to expect for these
particular protein-based MPs with a high self-assembly affinity. During synthesis, particles are
finely dispersed and display no heavily agglomerated portions based on periodic inspection of the
stirring phase by light microscopy. It was noted however, that during hexane washing some
particles have a slight tendency to agglomerate. Further efforts to use particles of a specific size
can rely on simplistic size exclusion techniques such as filters or sieves of a specific pore diameter

to circumvent this issue.

The KOS MPs tested under hydrated conditions behave similar to classical hydrogel materials
based on the elastic properties. Interestingly, the MPs take the form of a highly interconnected,
porous particle, suggesting that the keratin proteins and additional chemical crosslinker are still
capable of assembly back towards an equilibrium structure of intermediate filaments and not

merely dispersed in the continuous oil phase.

The value of the water-in-oil emulsion synthesis technique lies in the straightforward ability to use
a relatively safe material in a biopolymer such as keratin without generating potentially deleterious
secondary chemical interactions upon synthesis. The resulting particles are stable, inexpensive and
easy to process (Van Dyke 2009, Oh, Lee, and Park 2009). Deficiencies arise mainly in this
processes reliance on random protein agglomeration and the high apparent porosity as it pertains
to loading and retention of a payload in vitro and eventually in vivo, as it may be difficult to attain
sustained or delayed release with such a porous construct (Yan et al. 1994b, Viswanathan et al.
1999). The tailorable properties such as elastic modulus of individual particles or bulk gel

constructs are somewhat tailorable based on the results but are limited in the precision in which
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these properties can be controlled when compared to other synthesis techniques such as extrusion,
molding and lithographic methodologies, which produce contiguous hydrogels (Oh, Lee, and Park
2009). From a delivery standpoint, the data supports that a water-soluble compound is loadable.
However, a specific concentration of a payload that is favored or acceptable in a “burst release”

format would be ideal, but is limited for payloads that require sustained release.

The discussed MP formulation employed as a cell-delivery vehicle may prove more advantageous
compared to other biomaterial constructs. A highly porous delivery vehicle offers improvements
with regards to the total accessible surface area available for cell loading and material stability
compared to solely topical loading onto similar biopolymer constructs, such as contiguous
collagen-based gels, for example (Park et al. 2007, Lu et al. 2015). Similarly, cellular loading can
be improved using the proposed construct through intrinsic affinities found between cells and the
keratin substrate. As previously mentioned, keratin exhibits a number of properties that support
cellular interactions. The surface characterization of the synthesized MPs, while yielding no
indication of a difference between products based on solvents or crosslinkers, does show surfaces
that could be amenable to adhesion of cells. This natural affinity may neutralize the need for added
processing steps that require surface functionalization or cell encapsulation which can hinder mass
transport, namely nutrient and waste transport to and away from cells respectively. Both of these
can become a detriment to cell motility, functionality and survival as commonly seen in chitosan

and alginate based gels (Nicodemus and Bryant 2008, Tan and Takeuchi 2007).

2.6. Conclusions

Cell therapy can be a viable approach toward tissue regeneration. Several studies have
demonstrated that a primary challenge is cell retention at the site of injury. Biomaterials may aid

in cell retention, integration and tissue formation, and injectable hydrogels are well-suited for this
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application as they can be delivered non-invasively and conform to defect sites. Many forms of
keratin biomaterials that form hydrogels are not compatible with cell incorporation. In order to
circumvent this, we have proposed the approach of first creating a crosslinked keratin-based MP,
with or without an optional drug or biologic payload, and then attaching cells to the outside of the
particle. Toward that goal, we demonstrated the synthesis of KOS MP using a water-in-oil
emulsion system. The resulting MP demonstrate tissue-like elasticity when hydrated and
agglomerate to form hydrogel-like constructs. Interestingly, the microarchitecture is that of a
fibrous MP with high surface roughness and porosity. While this may make the KOS MP less
amenable to sustained drug or biomolecule delivery in the absence of a molecular-level binding

interaction, this microarchitecture may be conducive to attaching a cellular payload to the surface.
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Abstract: Keratin-based biomaterials present an attractive opportunity in the field of wound
healing and tissue regeneration, not only for the wide array of positive chemical and physical
properties they display but also for their straightforward and effective loading potential. This study
employs well-established water-in-oil emulsions, as well as specific acid-precipitation methods to
synthesize drug-loaded keratin microparticles. The loading characteristics, release kinetics, and
feasibility of use for these two different synthesis procedures was subsequently investigated. First,
a fluorescein isothiocyanate-bound bovine serum albumin (FITC-BSA) protein-based payload was
tested, and later, a broad spectrum antibiotic, ciprofloxacin, was tested on bacterial cultures to
demonstrate their reduction and therefore the potential for antibacterial applications. The model
compound, represented by albumin, showed a burst release profile in the emulsion-generated
system but the two microparticle synthesis methods demonstrated contrasting release kinetics in
terms of both FITC-BSA release, ciprofloxacin payload release as well as keratin biomaterial
degradation. Data showed an ability to inhibit bacterial growth in the emulsion-generated system,
and thereby demonstrated the potential for a keratin-based microparticle construct to be used in
wound healing applications. These two microparticle systems may therefore cover a broad variety

of degradation and release kinetics, depending on the size and chemistry of the payloads.
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3.1. Introduction

Prior research demonstrates that keratin and keratin derivatives exhibit several mechanical,
chemical and biological properties that support their use as delivery vehicles of chemical factors
in tissue regeneration applications (Hill, Brantley, and Van Dyke 2010, de Guzman et al. 2011,
Van Dyke 2009). Keratin has been specifically selected in these investigations, not only for its
mechanical/chemical characteristics and biocompatibility, but for its ability to bind certain classes
of compounds and provide sustained release (Saul, Ellenburg, de Guzman, and Van Dyke 2011,
Cilurzo et al. 2013). The binding interactions in these systems is often at the molecular level (e.g.
acid-base pairing), resulting in release mechanisms that are closely tied to the degradation of the
keratin matrix (Roy et al. 2016, Saul, Ellenburg, de Guzman, and Van Dyke 2011). This is an
important and unique aspect as mammals, including humans, do not make keratinases — enzymes
that specifically target the destruction of keratin (Brandelli 2008). Therefore, there is no targeted
turnover mechanism for tissues or extracellular matrix (ECM) made primarily from trichocytic (so
called “hard”) keratin. As a result, keratin-based biomaterials may be better able to withstand harsh

proteolytic environments such as inflamed, damaged tissue.

Incorporation of drug or biomolecular payloads into biomaterial constructs has been a common
approach in regenerative medicine (Dang et al. 2016, Martino et al. 2014, Saul, Ellenburg, de
Guzman, and Van Dyke 2011). The need to control local flora has long been recognized as an
imperative for wound healing. In some cases, specifically in less developed parts of the world,
patient’s risk to develop a nosocomial infection is as high as outside of the hospital. Delivering
antibiotics in large or systemic doses carries with it the possibility of insufficient delivery of the
antibiotic to the wound site, or an eventual resistance to antibiotic treatment (Saul, Ellenburg, de

Guzman, and Van Dyke 2011, Park, Kim, and Suh 2004, Roy et al. 2016, Du, El-Sherbiny, and
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Smyth 2014). Thus, several technologies have been developed for the sustained release of
antibiotic drugs from biomaterial-based topical dressings (Elsner, Berdicevsky, and Zilberman

2011). Triggered, local release has been less common (Yan et al. 1994b).

The chemistry and evolutionary biology of keratins provide a unique opportunity for a keratin
biomaterial-based drug delivery system for control of microbial populations. Mammals never
developed a compliment of keratinases because there was no need for a turnover mechanism
directed at hard keratin-containing tissues. Horns, hair, feathers and hooves did not rely on
remodeling; they were sloughed or worn off and replaced. However, microbes, particularly
bacteria and fungi, developed a compliment of keratinases such that they could make use of the
keratin-containing structures of mammals as a food source. As a consequence, the presence of
keratinases at a wound site is a hallmark of microbial contamination in mammalian wound healing,
and hence can be used as the basis of a triggered, local, keratin biomaterial-based drug delivery

system.

Emulsions are disperse systems in which two or more largely insoluble liquid phases are mixed, a
common example is the immiscibility of water in oil (Fingas 1995). In this study the water-soluble
keratin solution is less abundant and known as the dispersed phase. The dispersed phase is mixed
into a liquid oil continuous phase of greater volume. With sufficient agitation shear forces from a
stirring apparatus and potentially fluid forces of the continuous phase (Adams et al. 2007) disperse
the KOS solution into droplets that subsequently rely on a combination of keratin and chemical

crosslinking, forming stable microparticles (MPs).

This process produces particles on the micron scale that are advantageous due to their volume
(greater than nanoparticles) increasing the drug payload capacity, size scale an order of magnitude

larger than cells for efficient loading, while still being small enough to deliver by non-invasive
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injectable means to reduce the need for invasive surgeries that have been shown to be a detriment

to wound recovery (Prow et al. 2011, Boutonnet et al. 1982).

This study investigates the synthesis of keratin-based MPs developed using two documented
methods, the water-in-oil emulsion and acid-precipitation (Hsu, Chueh, and Wang 1999, van de
Weert, Hennink, and Jiskoot 2000). Subsequent tests investigate the loading and unloading of the
water-soluble fluoroquinolone antibiotic ciprofloxacin (“cipro”), with the expectation that the
water-soluble drug is ionically bound to the keratin such that its release is tied to the degradation
of the keratin, as has been shown previously (Saul, Ellenburg, de Guzman, and Van Dyke 2011).
We hypothesize that bacterial metabolism, which produces proteolytic enzymes, will trigger the
release of cipro, thereby creating a novel, self-extinguishing delivery system, particularly suited
for contaminated skin wounds. Oxidized keratin, also known as keratose (KOS), was used in this

investigation.

3.2. Materials and Methods

3.2.1 Water-in-oil Emulsion Microparticle Synthesis

MP synthesis via the water-in-oil emulsion process was adapted based on previous methodologies
(Yan et al. 1994b, Yin Hsu, Chueh, and Jiin Wang 1999). Lyophilized KOS proteins were weighed
out and dissolved in PBS to a working concentration of 60 mg/mL. The chemical crosslinker
butanediol diglycidyl ether (BDDE) was added at 48 wt% (previous raman spectroscopy
determined the partitioning of crosslinkers between the water and oil phases occurred in a 1:3 ratio
of water and oil, therefore final crosslinking concentrations were approximately 12 wt%) which

was vortexed and centrifuged at 1000 rpm for 5 min to remove air bubbles. Samples were allowed
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to equilibrate overnight. The KOS solution was added to light mineral oil at a 1:20 volume ratio
and stirred using a Caframo tabletop mixer at 2000 rpm for 24 hours. The light mineral oil was
aspirated off, removing as few MPs as possible and the resulting particles were washed with chilled
hexanes at approximately -25 °C using a lab bench shaker set to a medium speed setting for 5 min.
Residual hexane was aspirated and this step was repeated 2 more times to further remove any oil.
MPs were stored at -25 °C. Finally, any residual hexane was aspirated from the product and MPs

were lyophilized to form a stable product for subsequent analysis.

3.2.2. Acid-Precipitation Microparticle Synthesis

Alternatively to the water-in-oil method of synthesis, acid-precipitation synthesis procedures were
employed to produce MPs with different characteristics. 60 mg/ml of KOS was placed in PBS,
stirred and allowed to dissolve for 24 hrs. 48% w/w of BDDE relative to the KOS mass was added
and the solution stirred for an additional 12 hrs. For formation of acid-precipitated MP, the solution
was stirred at 400 rpm using a magnetic stir bar while hydrochloric acid (HCI) was added dropwise
until a fine dispersion of KOS particulate was obtained. The dispersion was washed with hexane,

frozen at -25°C for 24 hrs and lyophilized.

Similar to the loaded particles synthesized via water-in-oil emulsion, solutions comprised of the
same materials (FITC-BSA and Ciprofloxacin), at the same concentrations, were added to the
KOS solutions prior to BDDE crosslinking and MP formed by acid precipitation as described
above. SEM images were taken of particles synthesized via both methods to determine initial

size, shape and structure of the products.
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3.2.3. FITC-BSA Loading Model

As a preliminary test of hydrophilic drug loading, a 4 mg/mL solution of FITC-BSA (5 mL) was
dissolved in PBS and added to the 60 mg/mL KOS solution and BDDE crosslinked for 12 hrs. The
solution was subsequently stirred for at least 24 hrs at 2000 rpm, hexane washed, frozen and
lyophilized as previously described. Loaded particles were imaged using scanning electron
microscopy (SEM) to ensure there were no visible structural differences between samples that may

alter release outcomes.

For acid-precipitation methods a FITC-BSA solution of the same concentration and volume was
added to a similar KOS solution prior to crosslinking and resuming the initial acid-precipitation

methods.

3.2.4. Antibiotic Loading Model

For ciprofloxacin loaded MPs, 5 mL of a 5 mg/mL ciprofloxacin solution dissolved in sterile DI
water was added to the aforementioned 60 mg/mL KOS solution, stirred, and allowed to
homogenize overnight. BDDE was then added to again create a 48% w/w solution that was allowed
to crosslink for 12 hrs. The solution was subsequently stirred for at least 24 hrs at 2000 rpm, hexane

washed, frozen and lyophilized.

For acid-precipitation methods a cipro solution of the same concentration and volume was added

to a similar KOS solution prior to crosslinking and resuming the initial acid-precipitation methods.

3.2.5. Bacterial Culture

Gram negative E. coli and gram positive S. aureus were cultured atop agar plates consisting of 1%
Bacto-Tryptone, 0.5% Yeast extract, 85 mM NaCl, 1.5% Bacto Agar and cultured at 37°C.

Separate inoculant cultures were generated by culturing bacteria from these plates in a similar
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media (without Bacto Agar) and with shaking at 500 rpm for 24 hours at 37°C to a working

concentration of ~1X10” CFU/mL.
3.2.6. FITC-BSA Release Kinetics

60 mg of both FITC-BSA-loaded as well as non-loaded particles were suspended in separate
solutions of either 0.5 U/mL type I collagenase, 0.5 U/mL elastase or a control of PBS to
investigate the degradation rate and release of KOS and the molecular payload under conditions
of enzyme mediated degradation (n=3). KOS release was quantified by measuring the
concentration of KOS using a bicinchonininc acid (BCA) assay (Figure 3.3.), and the concentration
of the FITC was measured via plate reader at a fluorescent excitation and emission wavelengths
of 490 nm and 525 nm, respectively. Concentrations were sampled for each of the first 6 hours,

at 12, 24 and 48 hours.
3.2.7. Bacteria-Mediated KOS MP Degradation

The unique ability of bacteria to degrade keratin proteins (Brandelli 2008), which is atypical of
enzymes produced within the human body, was tested to qualify whether, in the presence of
bacterial infections, payload release may potentially be triggered during the incidence of heavily
infected wounds. 5 mg of dried, non-loaded KOS MPs were saturated with 1 mL of protein rich
lysogeny (LB) broth comprised of inoculum generated from ~1X107 CFU/mL that was centrifuged
at 5000 rcf for 5 min to remove bacteria. 100 pL of the supernatant solution was sampled and
replaced with fresh LB broth at varying time points and the concentration of KOS was quantified
using the BCA assay. Treatment (Bact + MP) was background subtracted from the protein
concentration generated from a bacterial inoculation and compared to particles degraded by base

LB broth having no interaction with bacteria (Control).
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3.2.8. Ciprofloxacin Release Kinetics

Using similar methods to the FITC-BSA release kinetics experiments, 60 mg of both
ciprofloxacin-loaded and non-loaded particles were suspended in separate solutions of either 0.5
U/mL type I collagenase, 0.5 U/mL elastase or a control of PBS to measure the degradation rate
of KOS and subsequent release of ciprofloxacin. Concentrations of KOS were determined as
previously described with ciprofloxacin being quantified at excitation and emission wavelengths
of 340 and 450 respectively for the first 6 hours, at 12, 24 and 48 hours. The cumulative percent
of ciprofloxacin released was determined as a measure of the ciprofloxacin loaded into the initial

KOS solution.
3.2.9. Bacterial Zone of Inhibition (ZOI) Assay

The zone of inhibition assay was performed to validate a ciprofloxacin loaded MPs ability to
deliver the broad spectrum antibiotic to both gram negative and gram positive E. coli and S. aureus,
respectively, not only to inhibit growth but to reduce colony formation. Varying masses of
ciprofloxacin-loaded MPs were pelleted using a tablet press and placed atop a bacterial lawn
formed by adding inoculum (~ 1X107 CFU/mL) to a T100 petri dish and allowing it to incubate
for 24 hrs at 37°C. Ciprofloxacin-loaded MP pellets as well as controls of non-loaded pellets were
hydrated with 1 mL of sterile DI water and placed atop the bacteria to incubate overnight at 37°C.
Zones of inhibition were calculated by measuring the area of the initial bacterial monolayer and

the area of monolayer reduction after 24 hrs of incubation.
3.2.10. Statistical Analysis

To compare experimental groups, analysis of variance (ANOV A) and/or linear regression analysis

with a Tukey’s post hoc test was performed in all experiments. To determine significant variances,
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for all tests, a p-value <0.05 was considered statistically significant. Sample sizes were determined
using a power analysis where a power (1-f£) of 0.9 and an alpha (a) of 0.05 was employed. All

statistical analyses were performed using JMP Pro 11.

3.3. Results

3.3.1. Acid-Precipitation Microparticle Synthesis

To determine if MP synthesized using an alternative method produced similar release kinetics, a
process for producing MP using acid precipitation was developed. Stable particles were formed
during the acid-precipitation process (Figure 3.1), which appeared to have no common shape or

size, and were quite irregular. These MP also showed rougher surface structure, and a less

pronounced fibrous microarchitecture, compared to emulsion-generated MP.
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Figure 3.1. SEM Images of Acid-precipitated Microparticles. These MP share no common shape or
size, which may be due to the method of synthesis. Particles exhibit what appear to be an open surface with

increased roughness compared to emulsion-generated MP.
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3.3.2. Particle Porosity and Pore Connectivity

The internal structure of the oil-in-water generated MP (A) can be described as that of a coarsely
fibrous particle with high porosity, while the architecture of the acid-precipitated MP (B) is less
coarse with relatively less porosity (Figure 3.2). Quantitative results indicate a protein to pore
fraction of 0.58 +£0.035 suggesting that ~40% of a given particle’s volume is occupied by empty
space (pores) for emulsion synthesized particles. The pore connectivity of the structure was
relatively high at 0.53 £0.17 (Figure 3.2). Extrapolating this value, the calculated average particle
diameter of approximately 366 pm proposed from earlier tests (data not shown) and assuming a
spherical nature suggests a number of pores ranging in the low thousands (~1,600). The volume
fraction of the acid-precipitated particles, 0.756 £0.053, was comparably larger than the emulsion
method with the average particle consisting of ~25% pore space. The quantitative value of the
connectivity was calculated to be similarly smaller than that of the emulsion particles (0.24 +0.09).
Extrapolating the average size of these particles which was ~200 um based on previous analyses
(data not shown), it is reasonable to expect differing release kinetics to somewhat be a factor of

particle internal structure.
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Volume Fraction Connectivity

Water-in-oil Emulsion 0.588 +0.035 0.53 £0.17
Acid Precipitation 0.756 +0.053 0.24 +0.09

Figure 3.2. Comparison of Particle Internal Structures. (A) Fluorescence microscopy image of water-
in-oil emulsion synthesized MPs stained with DAPI show a relatively low solid volume fraction of 0.588
(~40% of the given volume is void space) and what appears to be high pore interconnectivity of 0.53 +0.17,
which suggests approximately 50% of a given particle contains interconnecting pores. (B) Acid precipitated
particles display a higher solid volume fraction with approximately 25% void space and display a lower

connectivity (0.24 £0.09) as a result.

3.2.3. FITC-BSA Release Kinetics

SEM images indicate no structural differences between non-loaded or loaded particles synthesized
via either method, prompting further degradation analyses. The FITC-BSA concentrations eluted
into solution were quantified at each of the noted time points (Figure 3.3). Results suggest what is
commonly known as a burst release profile in both methods, with a significant concentration of

FITC-BSA released within the first few hours of hydration and a plateau in release after the initial
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burst. Concentrations then stabilize, which may indicate that all or most of of the loaded FITC-
BSA had been released. Noticeably less release was observed in acid precipitated particles as less
than 10% or the calculated payload was released over the 96 hour period. This particular level of
release is attributed to the density of the material and the amount of access for hydrolytic

degradation, which is supported by the similarly decreased KOS release seen in the acid-

precipitated particles.
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Figure 3.3. Small-molecule and KOS Release Kinetics. SEM images of FITC-BSA loaded particles
synthesiszed via water-in-oil emulsion (A) and acid precipitation (B) display no noticable structural
differences between un-loaded and loaded particles. Plate reader analysis of FITC-BSA concentration up
to 48 hours. Results show FITC-BSA was in fact loaded into particles but exhibits a burst-release profile,
releasing most of the available payload within the first 6 hours of hydration. No clear differences in the
kinetics of release can be distinguished between control (PBS) samples or enzyme-mediated degradation
samples. Cumulative measures of release show that between 40-60% of FITC-BSA is released in water-in-
oil emulsion synthesized particles whereas 2-4% percent is released in acid-precipitation synthesized
particles. These values are respective of the loaded FITC-BSA relative to the initial load concentrations

released within the first 96 hours of hydration.

3.3.4. Bacteria Mediated KOS MP Degradation

Results indicate that secreted protein-rich LB broth generated from bacterial cultures does
significantly increase the degradation of KOS MPs for close to 48 hours (Figure 3.4). Some
residual bacterial likely remained in the broth, which, over the 48 hour period, led to further growth
and the subsequent increase in protein concentration seen in the control. These results suggest that
there may be potential for delivery of antibiotics to an infected wound that can be triggered by the

presence of active bacteria.
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Figure 3.4. Bacteria-mediated KOS Degradation. Degradation of KOS MPs via secreted products of
active bacteria E. coli and S. aureus. MPs saturated with LB broth from bacterial cultures experience greater
degradation than controls of broth without inoculant bacteria. Asterisks denote statistically significant

differences (p<0.05).
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3.3.5. Ciprofloxacin Release Kinetics

The extent of KOS degradation and release of ciprofloxacin occur again in a burst pattern, with
concentrations plateauing around the first 24 hours. No statistically conclusive patterns could be
determined between the particular solvent used. Based on the cumulative percentages of material
released (Figure 3.5), less than 5% of the ciprofloxacin is released compared to 40% of KOS after
4 days in water-in-oil emulsion synthesized particles. Conversely, cipro shows greater release in
acid-precipitated particles with little KOS release over the same period of time. This, along with
similar release patterns of KOS under FITC-BSA loading suggests that the acid-precipitation
method may loosen the quaternanry sodium salt that comprises ciprofloxacin in its binding to
keratin. Prior studies suggest that alterations made to solutions can affect the binding and/or
retention of cipro. This provides a better understanding of how to efficiently load and release an
antibiotic payload under desireable conditions and rates (Wischke and Borchert 2006, Buck et al.

2018).
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Figure 3.5. Ciprofloxacin Release Kinetics. (Top Left) Successful detection of ciprofloxacin in control
and enzyme solutions suggest that ciprofloxacin is effectively loaded into water-in-oil emulsion particles
and experiences burst release within the first 12 hours of hydration, which becomes more gradual thereafter.
(Top Right) Cumulative percent release of KOS. The release profiles of ciprofloxacin and KOS are similar
in overall shape, suggesting reproducible and therefore predictable degradation and release profiles.
Ciprofloxacin release profile from acid-precipitated MP. Ciprofloxacin concentrations in solution are
increased and prolonged compared to water-in-oil emulsion particles, even in PBS saturated samples.
(Bottom Left) Greater cumulative ciprofloxacin percent release rates are seen in these MP in the presence
of enzyme. (Bottom Right) The cumulative percent of KOS released from these particles is highest for PBS,
despite the slower relative ciprofloxacin release.

3.3.6. Zone of Inhibition Assay

Ciproflaxacin-loaded MPs were visibly able to reduce the bacterial colony presence after 24 hours
of incubation in water-in-oil emulsion synthesized particles (Figure 3.6). For reasons yet to be
determined, release of ciprofloxacin from acid precipitated particles was non-existent or not
substantial to induce significant bacterial reduction on cultured monolayers (data not shown). It is

theorized that insufficient saturation may have contributed to a lack of release and ultimately less
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than necessary concentrations. Bacterial reduction does occur in a concentration-dependent
manner for emulsion synthesized particles, beginning at 20 mg pellet masses where introducing
more particles, and consequently more ciprofloxacin, induced marked reductions in the areas
coated with E. coli as well as S. aureus. S. aureus appears to be more resistant to ciprofloxacin
under the same conditions. There were minor reductions to bacterial colonies in control groups,

although this was attributed to physical displacement due to pipetting the bacterial monolayer.

Hydration of acid precipitated particles was performed under the same methods, yielding
significantly different results. Under the same conditions, acid-precipitated particles yielded

negligible bacterial reduction using all pellet masses.

=k
70 N S. Aureus Blank *
c 60 = E. Coli Blank
2
G so u'S. Aureus
3
E. Coli
& a0 £
(1]
Q3
<
R 5 ‘
R T il L. i 1
Control 10 mg 20 mg 30 mg 40 mg 50 mg

Pellet Mass

Figure 3.6. Ciprofloxacin-loaded Microparticle Bacterial Reduction. Bacterial zone of inhibition assay
before (A) and after (B) 24 hrs incubation at 37°C with hydrated ciprofloaxcin loaded MPs. Results show
bacterial prescence is inhibited upon ciprofloxacin release which occurs in a dose-dependent manner
beginning at a pellet mass of 20 mg. Asterisks denote statistically different treatment effects compared to

respective blank pellet masses (p<0.05).
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3.4. Discussion

The aforementioned synthesis procedures for water-in-oil emulsion and acid-precipitation
methods were successful in generating KOS MPs, although size, size distribution, and
microarchitecture varied, not only between the two methods, but also within each method.
Morphology within the MP was fibrous, suggesting that the propensity for keratin toward self-
assembly was not overcome by interfacial forces of the emulsion and/or the shearing force of the
vigorous mixing method employed. This created a unique microarchitecture, with loosely packed
fibers in the emulsion-generated particles and more densely packed in those generated by acid-
precipitation, which exerted a measurable effect on payload delivery. In the case of FITC-BSA,
the high porosity and interconnectivity lead to rapid release, likely facilitated by the lack of an
apparent BSA-keratin binding mechanism. Although the binding of lipids, ions, certain drugs and
other proteins to serum albumin is well-known (Kraghhansen 1981, Spector 1975, Anand and
Mukherjee 2013), the binding of keratin to albumin has not been studied. Absent a specific binding
mechanism, the BSA, which as a molecular weight similar to that of a keratin monomer (i.e. 66 K
Daltons), easily diffused out of the MP’s molecular network. Indeed, FITC-BSA release was
nearly identical to KOS release (i.e. 60% after 48 hours), which was only studied in the emulsion-

generated MP system.

The incorporation of ciprofloxacin as a payload produced interesting and contrasting release
kinetics in the two different MP systems. Incorporation into emulsion-generated MPs showed
relatively slow release (i.e. approximately 4% over 4 days; Figure 3.5) of ciprofloxacin, despite
the relatively large release of KOS (ca. 30%) over the same time period. This data suggests a
system in which ciprofloxacin is most likely bound to the most stable portion of the KOS network

structure, as these cipro-KOS interactions remain intact despite enzymatic-mediated degradation
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of the network. Acid-precipitated MPs appeared to show the opposite behavior (Figure 3.5). The
KOS network seemed almost impervious to enzyme-mediated degradation with only a few percent
of cumulative release after 24 hours. Surprisingly, ciprofloxacin release was extensive at
approximately 40% in the same time period. This suggests that the acid precipitation method may
interfere with molecular interactions that would otherwise tightly bind the ciprofloxacin to the
KOS. This binding mechanism was suggested in our earlier work (Saul, Ellenburg, de Guzman,
and Van Dyke 2011), albeit for a hydrogel system. Obviously, the generation of MPs via an acid
precipitation method forms a protein network that is highly stable toward enzyme-mediated
degradation, compared to the equilibrium system represented by the emulsion-generated method,
but may not offer a sustained release mechanism for certain ionic compounds, depending on their
acid dissociation constant. Further experimentation may look into the effects of synthesis

components, such as crosslinkers, on their respective payloads as well.

While there are numerous fibrous proteins, fibrous protein MP systems appear to be rare, with only
one based on egg white protein (i.e. avian albumin) having been published (Chang et al. 2016).
Many MP systems, particularly those that are protein-based, take the form of aggregated structures,
formed via forces created at the oil-water interface. The fact that KOS retains its fibrous network
assembly characteristics in the presence of these forces, and the apparent contrasting enzyme
stability of the two systems studied here, provide a unique approach for creating KOS MP with
tailored degradation and payload release characteristics. Moreover, KOS degradation appears to
increase under the influence of the secreted proteome of E. coli and S. aureus (Figure 3.6),
suggesting the potential for triggered release in the presence of a bacterial infection. Bacteria-
triggered release of antibiotics is not a new concept, as similar systems have been envisioned for

synthetic biomaterials that contain lipase-sensitive linkages, for example (Komnatnyy et al. 2014).
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Conventional core-shell systems have also been developed and shown to be stable when exposed
to human wound exudate, but degrade upon exposure to bacterial protease (Craig et al. 2016).
Payloads using either approach to KOS MP synthesis appear to be sufficient as suggested by the
bacterial zone of inhibition assay (Figure 3.6), but this system cannot be considered strictly “on”
or “off” because these data show some ciprofloxacin release even in the presence of PBS. Further
research may also investigate the effects of crosslinkers on the respective payloads as this may
similarly effect the ability to load and eventually release a payload and prior studies did little to
determine the effects of varying crosslinker concentrations (Saul, Ellenburg, de Guzman, and Van

Dyke 2011, Roy et al. 2015a).

Previous application of ciprofloxacin-loaded keratin hydrogels includes two published burn
studies in swine (Roy et al. 2016, Roy et al. 2015a). Oxidized keratin (i.e. KOS) was also used in
these studies but was in a less pure form than the current study as it had 5 weight percent of so-
called “gamma-keratose” added back into the hydrogel; it was also not crosslinked. As a
consequence, approximately 50% of the payload was delivered in four days, which was sufficient
to significantly reduce, but not eliminate, P. aeruginosa in the first study. However, re-
epithelialization was reduced in the ciprofloxacin groups at early time points, perhaps due to a
combination of the known cytotoxicity of ciprofloxacin and burst release in this hydrogel system
(Tsai, Chen, and Hu 2010, Gurbay et al. 2002). In the second study, the ciprofloxacin-loaded KOS
hydrogel was able to reduce, but not eliminate, both P. aeruginosa and, to a lesser extent,
methicillin-resistant S. aureus (MRSA) in burns; re-epithelialization was not reported at early time
points. These reports demonstrate the feasibility of topical delivery of an antibiotic using keratin

biomaterial but underscore the necessity of attaining an inhibitory dose that avoids cytotoxicity of
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the drug, which may be attainable through the use of different keratin biomaterials (i.e. higher

purity), crosslinking chemistry, formulation processing techniques, and/or combinations thereof.

3.5. Conclusions

The intrinsic properties of keratin and keratin derivatives make them an attractive choice for tissue
engineering. An ability to add various drug payloads and deliver them in efficacious amounts over
time is a desirable characteristic in many systems. Leveraging molecular interactions for payload
binding can be advantageous when sustained release, and/or avoidance of burst release, is desired.
In this study, a non-interacting model compound, represented by BSA, showed burst release from
a fibrous, highly porous and interconnected, oxidized keratin MP. Conversely, when strong acid-
base pairing was facilitated, burst release was reduced and sustained delivery achieved. Different
methods of production not only resulted in different microarchitecture of the particles, but
completely changed the KOS degradation and drug release kinetics. These results suggest that

keratin-based MP systems can be tuned within a range of delivery characteristics.
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Chapter 4

A Novel Keratin MP for Stromal Cell Delivery
Marc Thompson!, Alex Gibson?, Claire McClenny?, Dr. Mark Van Dyke!

1. Department of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA
2. Department of Biological Systems Engineering, Virginia Tech, Blacksburg VA
Abstract: Keratin-based biomaterials present an attractive opportunity in the field of wound
healing and tissue regeneration, not only for the chemical and physical properties they display but
also for their straightforward and effective loading potential. This study employs well-established
water-in-oil emulsion procedures as well as a suspension culture method to load keratin-based
MPs with bone marrow-derived mesenchymal stromal cells. Fabricated MPs were characterized
for size, porosity and surface structure, and further analyzed to determine whether or not they
exhibit favorable hydrogel properties. The suspension culture technique was validated based on
the ability for loaded cells to maintain their viability and express actin and vinculin proteins, which
are key factors for cell adhesion and growth. Maintenance of cell plasticity was also a determinant
for success. As a comparative model, cells were taken through similar procedures with a collagen-

coated MP as a control.

Key Terms: Keratin, MP, Stromal Cell, Tissue Engineering

4.1. Introduction

Current tissue engineering approaches rely on the use of naturally- and synthetically-derived
materials as platforms for regenerating tissue (Kanbe et al. 2007, Endres et al. 2010). Incomplete

or insufficient regrowth of the native tissue in traumatic scenarios, a lack of autologous tissue with
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which to replace the damaged tissue, or a lack of endogenous cells and factors to supply the
necessary stimuli that produce further regeneration are documented as impeding tissue
regeneration (Naderi, Matin, and Bahrami 2011, Endres et al. 2010). Naturally derived
biomaterials in particular display several advantages including inherent biocompatibility,
comparable mechanical properties to native tissue and biological cues that support cellular

adhesion and growth (Kretlow and Mikos 2007, Wang et al. 2015).

Often, natural tissue regeneration relies on the presence of undifferentiated stromal cells with a
high proliferative potential to replace damaged and terminally differentiated cells (Hunt and
Grover 2010, Man et al. 2012, Uludag, De Vos, and Tresco 2000). Characterized by the ability to
self-renew and differentiate into a variety of specialized cell types, many cellular therapies for
tissue regeneration employ adult stromal cells, isolated from the mesenchyme (MSCs). MSCs are
culture-adherent, multipotent progenitor cells capable of differentiating into muscle, bone,
cartilage, fat, tendon and nerve (Gao et al. 2014, Xu et al. 2015). Isolated from various sources
including bone marrow, adipose tissue, muscle tissue, amniotic fluid, human placenta, periosteum,
cord blood and even peripheral blood (Niemeyer et al. 2007, Cowan et al. 2004, Prigozhina et al.
2008), the efficacy and survival of MSCs have proven to be a contributor to tissue regeneration,
but this also depends heavily on the method of delivery (Nicodemus and Bryant 2008, Oliveira

and Mano 2011).

Microparticles (MPs), 1 micrometer to 1000 micrometers (um) in diameter, have been touted as a
multimodal delivery vehicle, capable of serving as a building block for 3D constructs to fill tissue
voids while simultaneously providing delivery of soluble factors and cells (Qazi et al. 2015,
Moulin, Mayrand, Messier, Martinez, Lopez-Vallé, et al. 2010, Huang and Fu 2010). The

application of MPs provides a larger surface area for exterior cell loading while avoiding concerns
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about clearance, commonly viewed as a potential negative side effect of similarly touted
nanoparticles (Behrens et al. 2014). The benefit of a microscale protein construct lies in the
interplay between the individual products size, capable of non-invasive injectable delivery, and
the physical agglomeration of gel particles wherein once fully hydrated particles form a nearly
contiguous hydrogel construct of varying sizes and shapes (Oliveira and Mano 2011, Woo, Park,

and Lee 2014).

Prior research suggests keratin and keratin derivatives from human hair exhibit several mechanical
and biological properties that support their use as scaffolds for cells that can incorporate various
payloads including cells and growth factors (Ledford et al. 2017, Rouse and Van Dyke 2010, Hill,
Brantley, and Van Dyke 2010, Saul, Ellenburg, de Guzman, and Dyke 2011, Kowalczewski et al.
2014, Han et al. 2015, Roy et al. 2015b, Ham et al. 2015, Baker et al. 2017, Cohen et al. 2018).
Upon hydration, keratin hydrogels mechanically perform as a flexible viscoelastic material.
However, most reports of keratin biomaterials in tissue engineering utilize cell-free constructs,
despite keratin’s intrinsic biocompatibility and apparent support of cell health and function (Konop
et al. 2018, Mori and Hara 2018). This may be a consequence of the formation of keratin hydrogels
that are incompatible with cells, particularly in the kerateine (KTN) system where gelation is best
driven by protein self-assembly at basic pH (Hill, Brantley, and Van Dyke 2010). The keratose
(KOS) hydrogel system is more conducive to the inclusion of cells as these gels can form at
physiologic pH, but the resulting constructs can be fragile and degrade rapidly. Crosslinking can
be used to mitigate this, but some chemistries may compromise cell viability (Steinert et al. 1993,

Tanabe, Okitsu, and Yamauchi 2004a).

This study employs a KOS MP synthesized via the documented water-in-oil emulsion synthesis

procedure (Yan et al. 1994a, Viswanathan et al. 1999) as a potential delivery vehicle for bone
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marrow-derived mesenchymal stromal cells (BM-MSCs). Initial experiments characterize the
product particles and validate their potential as a hydrogel vehicle. Later experiments validate a
cell loading methodology in terms of cellular response to the KOS substrate as well as cell adhesion

compared to a collagen-coated MP control (Schlapp and Friess 2003, Batorsky et al. 2005).
4.2. Materials and Methods
4.2.1. Cell Culture and Loading Procedure

Primary BM-MSCs (ATCC) were isolated from the femurs of male rats and cultured in growth
medium consisting of MEM-a media supplemented with 10% Fetal bovine Serum and 1%
Penicillin-streptomycin. Cultures were stored in a sterile incubator at 37 °C with 5% CO,. To
integrate cells with particles, a sterile P100 petri dish was pre-wetted with growth medium. 60 mg
of MPs, formed from KOS dissolved in PBS and crosslinked at 12% w/v with butanediol

diglycidyl ether (BDDE), were previously sterilized using a 100 Gy dose of x-ray irradiation, and

were added to the wetted petri dish to allow for swelling and media absorption. 5 x 106 cultured
BM-MSCs were added to the MP/media mixture. A magnetic stir bar was added and the suspension
was stirred at 200 rpm for 3 hrs to induce integration, after which the petri dish was returned to the
previously mentioned cell culture conditions. As a control, BM-MSCs were taken through the same
loading procedure with commercially procured Type-I collagen MPs (Sigma) to determine the
efficacy of a keratin based MP compared to another well-documented biomaterial substrate
(Batorsky et al. 2005, Yin Hsu, Chueh, and Jiin Wang 1999). Step-by-step methods for cell loading

can be seen in Figure 4.1.
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1. Sterile petri dish pre-wetted with MEM-a media
(10% Fetal bovine Serum, 1% Penicillin-streptomycin).

2. 60 mg sterile microparticles added to the cell
media, allows for swelling and media absorption.

3. 5 x 108 cells/mL cultured BMSCs added
to the microparticle/media mixture.

Dehydrated Microparticle

BM-MSC

®
. Hydrated Microparticle
(o)
(a1

4. Magnetic stir bar is added to the mixture and solution

StirBas is stirred at 200 rpm for 3 hrs to induce integration.

Figure 4.1. Schematic of BM-MSC Loading onto KOS MPs. Procedure for stromal cell loading onto
KOS MPs. Due to intrinsic biocompatibility of KOS and mechanical properties of hydrogels, loading can

be performed with a short series of basic laboratory techniques.

4.2.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed to image particles and observe size, shape
and surface topography. MPs were fixed on a metallic chip using adhesive carbon tape and sputter
coated with a 10 nm thick layer of platinum/palladium using a Leica ACE600 sputter coater prior
to imaging. Samples were imaged using a Zeiss field-emission scanning electron microscope. The

resulting SEM images were used for descriptive purposes and size measurements.

4.2.3. Size (SEM/Particle Size Analyzer) and Structure Analysis

The average size of the synthesized MPs was determined using two methods. In the first method,
the previously mentioned SEM images were processed using the ImageJ (Schneider, Rasband, and

Eliceiri 2012) image processing software. Diameter measurements of spherical particles (n=20)
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were taken based on a length to pixel ratio determined via the SEM and averaged to determine the

mean and standard deviation of particle size.

The second method involved measurements using a Horiba LA-950 particle size analyzer. MP
samples were suspended in ethanol to prevent water absorption and swelling. Samples were
agitated using a combination of stirring and sonication to prevent further particle agglomeration.
Samples were analyzed in triplicate via laser diffraction using refractive indices of 1.54 and 1.36

for the keratin particles and ethanol, respectively (Leertouwer, Wilts, and Stavenga 2011).

To analyze particle shape and internal structure, we investigated the average porosity and relative
pore connectivity within samples using confocal microscopy. MPs were incubated with a 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI) cellular stain (0.1 pgmL™) that was readily
absorbed by the keratin protein. Particles were incubated at room temperature in the dark for 5
min, washed with PBS three times and visualized using a Zeiss confocal microscope. Z-stacks
measuring between 4 um and 5 pm in thickness were taken and compiled to create a 3-dimensional
construct of an individual particle’s internal structure. ImageJ image processing software,
specifically the BoneJ plugin (Doube et al. 2010), was used to quantify both the pore fraction,
which is defined as the volume of pore space divided by the total volume of a particle, as well as
pore connectivity, which is defined as fraction of interconnectivity per unit volume (um), in three

different batches of particles (n=50).

4.2.4. Quantifying Loaded Cell Counts

Upon loading particles with BM-MSCs, the number of cells was quantified using confocal

microscopy. BM-MSCs loaded onto keratin and collagen MPs was confirmed with a DAPI nucleic
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stain. Cell-loaded particles were sampled 24 h after culture and at 24 h intervals for a total of 72
hours. Particles were DAPI stained for 5 min and washed with PBS three times, after which they
were suspended in PBS and imaged within 30 minutes after washing. This process was performed

for both keratin and collagen MPs.

4.2.5. Validating Cell Adhesion

24 h after the initial suspension culture, loaded particles were immunofluorescently stained using
the FAK100 Actin Cytoskeleton and Focal Adhesion Staining Kit (Millipore) to identify key
cellular components in structural development, motility and adhesion, as these particular proteins
are documented as being critical in cellular development and survival and therefore act as crucial
indicators of a cells affinity for a material substrate (Wang, Taraballi, et al. 2012). Cells loaded
onto particles were fixed for 20 minutes with a 4% paraformaldehyde solution, followed by wash
buffer. A 0.1% Triton-X 100 solution was applied to permeabilize the cell membrane and was also
removed with wash buffer. Cells were incubated initially with primary (anti-vinculin) antibody
diluted in blocking buffer and then a secondary (Goat x mouse, FITC-conjugated) antibody, both
at room temperature for 1 hour. Post washing, cells were kept in PBS and imaged within 30
minutes of the finished staining procedure. The same staining procedure was used on cells loaded
onto collagen MPs. Cells loaded onto both substrates were imaged using confocal microscopy to

compare the presence of these key proteins.

4.2.6. Maintenance of Cell Plasticity

Prior to the integration of BM-MSCs to KOS MPs, initial tests were performed to document the

expression of markers associated with cell plasticity were present in the cells before any material
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or chemically induced differentiation was possible. Cells were immunofluorescently stained for
surface markers C90+/CD73+/CD34-, as cells of this type would be indicative of maintaining their
“stem cell” nature, and analyzed with flow cytometry (Pittenger et al. 1999). Briefly, 100 uL of
cell suspension (~1x10° cells) was used for each sample. ~1 pg of fluorochrome-conjugated
antibodies were added to their respective tubes. Tubes were vortexed and incubated on ice for 20
minutes while protected from light. To wash off excess antibody following staining, 1 mL of 1X
PBS was added to each tube where they were subsequently centrifuged in a tabletop
microcentrifuge for 5 minutes at 2000 rpm. The supernatant was aspirated and the pellets were
resuspended in 500 puL of 2% paraformaldehyde prior to flow analysis, which occurred within 2
hrs after the process was completed. Controls for flow analyses included blank (unstained) cells

and cells stained with individual antibodies.

Cells loaded onto particles were cultured for 72 hours under the same conditions mentioned
previously. Elastase has previously been proven effective at digesting keratin hydrogels (Ledford
et al. 2017), and was employed to facilitate cell harvest. Briefly, post-integration, cells were
detached by degrading the keratin protein in a 0.5 UmL™! elastase solution for 5 minutes and
subsequently vortexing. After pelleting by centrifugation, cells were immunofluorescently stained
as previously described, with the full spectrum of stains or used as controls to compare to unstained
but loaded cells or cells stained with individual fluorophores that underwent the same loading

conditions.
4.2.7. Statistical Analysis

To compare experimental groups, analysis of variance (ANOVA) and/or linear regression analysis
with a Tukey’s post hoc test was performed in all experiments. To determine significant variances,

a p-value <0.05 was considered statistically significant. Sample sizes were determined using a
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power analysis where a power (1-f) of 0.9 and an alpha (a) of 0.05 was employed. All statistical

analyses were performed using JMP Pro 11.

4.3. Results

4.3.1. Water-in-oil Emulsion Microparticle Synthesis

SEM images of water-in-oil emulsion particles and a cell body atop the keratin surface can be seen
in Figure 4.2. MPs appear three dimensional and spherical with a rough surface structure as
determined by AFM of hydrated particles. These results can be expected based on the mechanisms
of synthesis. Relying on the random aggregation of KOS proteins and associated crosslinker, the
suspension of which are naturally inclined to form spherical droplets. The mechanisms
surrounding the efficacy of the water-in-oil emulsion procedure, namely the phase separation
between water and oil, do not necessarily mandate that the water-soluble phase (KOS protein and
associated crosslinker) remain homogenous during the stirring step, which may account for the
non-spherical MP assembly, variations in size, and the uneven and rough surface. In addition,
freeze drying may also contribute to particle morphology as protein re-arrangement can occur upon

concentration.

MPs integrated with cells were, by necessity, hydrated and dehydrated after going through the
loading and SEM imaging processes, respectively. As a result, the rapid changes in particle size
and shape may have contributed to cell detachment during SEM sample preparation, and
observations of intact cells on particles was sparse. Also of note, MPs imaged after hydration are
visibly more porous than dehydrated particles. This is attributed to loosely bound keratin
nanomaterial being removed upon particle hydration and agitation as keratin particulates were

visible after the culture process. Imaged cells appear to conform to the shape of the available
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keratin, flattening along the material, indicating that the substrate is amenable to cell adhesion
(Sierpinski et al. 2008b). Adhesions formed along the periphery of the cell appear to bind along

the keratin material, although these adhesions cannot be solely verified using SEM and rely more

heavily on the results of immunofluorescent analyses.
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Figure 4.2. SEM of Cellular Loading. SEM image of water-in-oil emulsion synthesized KOS MPs (Left)
and cell-integrated particles (Top Right, Bottom Right). Particles appear spherical in shape with variation
in surface roughness. The wrinkled appearance may be due to a combination of microarchitecture and the
freeze drying process. Cells are sparingly present in dried particles. Imaged cells appear to adhere to the

particle surface and display noticeable adhesion at the cell-to-keratin interface.

4.3.2. Size (SEM/Particle Size Analyzer) and Structure Analysis

The size analysis of individual particles using ImageJ was translated by scale bars provided by the
SEM software and indicate average particle diameters of 236 + 80.4 um (data not shown). Based
on laser diffraction analyses, mean particle diameters appear to be 350 £71.5 um when in an

ethanol suspension (Figure 4.3). As laser diffraction was capable of processing the sizes of entire
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batches (on the order of thousands) of particles, we are more inclined to rely on the results of this
study to determine the average diameter of particles. It should be noted that some samples initially
produce particle diameters greatly outside of the normal range, verging on the mm scale; this can
be attributed to particle aggregation. Post-processing steps such as sifting through membranes of

a specific pore size can be employed to circumvent issues of sample variability (Gauthier et al.

1999).

The internal structure of the oil-in-water generated MP can be described as that of a coarsely
fibrous particle with high porosity (Figure 4.3). Quantitative results indicate a protein to pore
fraction of 0.58 £0.035, suggesting that ~40% of a given particle’s volume is occupied by empty

space (pores).

The average pore size of synthesized particles was determined to be 704 +387 pm?. This value
may be particularly relevant in terms of both access to and invasion of BM-MSCs into this
construct, which are found to have diameters ranging from 15 pm to 30 pm in suspension (Zanetti
et al. 2015), suggesting successful access between the average cell and average pore of the MP
construct. Spread BM-MSCs cells reach on the order of hundreds of microns in diameter (Wang,
Clements, et al. 2012), which may have resulted in improved cell survival and retention on the
KOS MP. Along a similar note, pore connectivity of the structure was relatively high with a
connectivity of 0.53 +£0.17 (Figure 4.3), suggesting about half of a given particles’ pores are
connected. Based on these results, and taking into consideration that a larger pore network may
provide a greater surface area for cells to adhere to, KOS MPs may support cellular loading from
a physical and not merely a chemical standpoint. Similarly, mass transport of waste and nutrients

to and from a wound defect, which has been proven to be a significant factor in tissue regeneration
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(Siepmann, Faisant, and Benoit 2002), could be improved due to both the high porosity and high

pore connectivity of the KOS MP.
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Figure 4.3. Size and Structure of MPs for Cellular Loading. Laser diffraction histogram displaying the
average diameter of batches of synthesized MPs. Average particle diameters are approximately 350 £71.5
um with a normal distribution of diameters. Y-axis indicates the percentage of particle within that specific
range of diameters. Fluorescence microscopy image of water-in-oil emulsion synthesized MPs stained with
DAPI show a relatively low solid volume fraction of 0.588 (~40% of the given volume is void space) and
what appears to be high pore interconnectivity with a connectivity of 0.53. Relatively high void fractions
as well as pore connectivity may contribute to both the overall surface area with which to load cells and

provide improved mass transport, facilitating enhanced cellular function.

4.3.3. Quantifying Loaded Cell Counts

Results show that BM-MSCs integrated with KOS MPs as part of the previously mentioned
suspension culture procedure, are present at least 72 hours after integration and are attached at

higher density compared to collagen-based MPs loaded using the same process (Figure 4.4).
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Significant differences in the viable cell counts can be seen after 2 days and appear to increase as
culture continues. High variability can be observed in the keratin-based samples and was
determined to be a factor in sparse or incomplete loading observed in randomly selected particles.
Confocal imaging suggests a more porous nature in the keratin-based MPs compared to that of the
collagen-based control, and this likely contributes to the overall loading capacity. This
characteristic of porosity coupled with enhanced surface area may be uniquely present in keratin

MPs due to self-assembly, although further tests must be completed to confirm this postulate.
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Figure 4.4. Quantifying Loaded Cell Counts. Fluorescent image of a DAPI stained BM-MSCs 24 h post
suspension culture with keratin (A) and collagen-based (B) MPs. Nuclei of cells can be seen as dense,
brightly fluorescent, blue regions with the MPs absorbing small amounts of dye, exhibiting a weaker blue
fluorescence. KOS MPs show a greater density of cells than collagen MPs per mm? of surface area. This
characteristic is quantified over 72 hours for each type of particle and shows statistically significant

differences (p<0.05) after 48 h. (error bars represent standard deviation)
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4.3.4. Validating Cell Adhesion

BM-MSCs suspension cultured with KOS MPs, shown in Figure 4.5, display the formation of
distinct actin cytoskeletal filaments after 24 h. Similarly, vinculin membrane proteins can be
identified along various cell bodies. Formation of the same protein complexes were observed in
the collagen-based model, suggesting that a keratin-based MP can promote the same if not an
improved cellular response compared to the commonly touted collagen-based MP substrate.
Immunofluorescent images of keratin particles show the full cross section, so it is unclear whether

the cells are migrating into the core of the MP or remain on the surface.

Actin Vinculin Combined

Keratose

Collagen

Figure 4.5 Validation of Formation of Key Cell Structures for Growth and Development.
Immunofluorescently stained BM-MSCs 24h after suspension culture on keratin (A-C) and collagen (D-F)
MPs. Images of individual channels show the distinct formation of cytoskeletal actin filaments in red (A)
and vinculin focal adhesions in green (B). The same proteins are present in a collagen-based MP (D, E
respectively) cultured under the same methods. The combined channels show the localization of these

proteins around cell bodies (C, F).
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4.3.5. Maintenance of Cell Plasticity

The SSC vs. FSC flow cytometry plot (Figure 4.6) of BM-MSCs prior to integration shows a
homogeneous population based on cell size and intracellular content, maintaining the notion that
any differentiation observed is a factor of the integration and/or detachment procedure and not
from the presence of subpopulations. Prior to integration, BM-MSCs exhibit stem-like qualities
with greater than 99.0% of analyzed cells testing CD90+/CD73+, and 78.0% of the analyzed
population testing CD34-. 72 h after suspension culture a shift in the population was observed with
only 63.1% of the detached cell population remaining CD90+/CD73+ positive while 74.9% of the

cell population remained CD34-.

A number of factors may have contributed to these shifts. It was interesting to see a slight shift
away from CD90+/CD73+ without a marked decrease in CD34-. This may suggest that the loaded
cells are experiencing enough physical stimuli from the loading and/or unloading procedure to
invoke the onset of differentiation, but a lack of other specific stimuli prevents further
differentiation. However, CD34 negativity was still present, suggesting the lack of definitive
differentiation. It should also be noted that the generation of a subpopulation is more unlikely
rather than likely based on the fact that, post-integration, cells remained in one general population
as indicated by the clustering of the flow cytometry data. Future studies will likely be necessary
that track the expression of markers from these detached cell populations to determine if lineage-
specific differentiation is due to the mechanisms of both loading and unloading. Moreover,

alternative markers for more likely differentiation pathways should also be explored.
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Figure 4.6. Maintenance of Cell Plasticity. (Top Left) Preliminary flow cytometry analysis for plasticity
of isolated BM-MSCs. SSC vs. FSC plot show no indication of subpopulations within the stromal cell
population. Based on controls, cells express positively for CD90/CD73 and negatively for CD34 (Pre-
integration) which indicates plasticity. After 72 h (Post-integration), shifts in marker prevalence may be the

result of the loading or unloading process or the early stages of differentiation due to the keratin biomaterial.
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4.4. Discussion

The aforementioned synthesis procedure for water-in-oil emulsion synthesis was successful in
generating KOS MPs, although size and size distribution varied considerably compared to initial
expectations. Morphology within the MPs suggested that the propensity for keratin to self-
assemble into a more homogeneous structure was not overcome by interfacial forces of the
emulsion and/or the shearing force of the vigorous mixing method employed, or was introduced
after emulsion during the freeze drying process. This created a unique microarchitecture, with
loosely packed fibers in the emulsion-generated particles, which likely contributes greatly to the
highly porous nature of the construct. Upon analysis of cell-loaded MPs by SEM, particle surfaces
appear significantly more porous than unloaded particles. Loosely bound keratin was likely
removed during agitation which may consequently provide a greater surface area for cells to form
adhesion junctions although this has yet to be confirmed. SEM images of loaded particles display
that, post-fixation, cells exhibit morphologies indicating survival upon the MP surface and an
ability to conform to the protein structure to form sustainable adhesion at the cell-to-substrate

interface.

Variations in protein localization within individual particles appear to contribute to rough and
varying surface topography but may, overall, provide a rougher and therefore more effective
substrate in terms of cellular attachment to the material (Goldmann 2016). Hydrated KOS MPs
behave similarly to classical hydrogel materials based on water retention, swelling and elastic
properties, allowing for several advantages in cell-loading from a materials standpoint (Hallab et
al. 1995). Interestingly, MPs take the form of a highly interconnected and porous particle

suggesting that, despite the high shear environment, the keratin proteins are still capable of some
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level of self-assembly back toward their equilibrium structure of intermediate filaments, adding to

the mechanistic simplicity with which this process is performed.

The suspension culture methodology used in this study was validated by the retention of viable
cells onto the KOS MP at significantly higher levels than that of the control collagen biomaterial,
beginning 48 h after culture. It is also notable that cell populations may begin to increase going
into 72 h post culture. This may display a propensity not only for cell survival but improved cell

proliferation on this keratin biomaterial compared to other MP biomaterial constructs.

Apart from nucleic activity acting as a representation of cell viability, as is the case with DAPI
staining, loaded BM-MSCs form noticeable actin cytoskeleton filaments indicating a substrate
amenable to cellular spreading and growth. Vinculin proteins were similarly present, which was
expected based on keratins naturally occurring amino acid binding sites (Hill, Brantley, and Van
Dyke 2010). The formation of these cytoskeletal and membranous proteins was found to be
comparable to that of the collagen MP control, adding credence to the application of a similar

keratin-based MP.

BM-MSCs were confirmed to be of their initial stem-like nature by a series of markers identified
by flow cytometry. No significant shifts away from that stem-like nature were seen once cells were
detached after 72 h of culture on KOS MPs. It was unclear whether these shifts were a product of
loading or unloading, but further analysis should be performed to determine if unloading was the
cause as this step is not necessary for implantation of loaded KOS MPs and cells may therefore

retain their plasticity.
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4.5. Conclusions

The value of the water-in-oil emulsion synthesis technique lies in the straightforward ability to use
a relatively safe material such as keratin without generating potentially deleterious secondary
chemical interactions upon synthesis. The resulting particles are stable, inexpensive and easy to
process (Van Dyke 2009, Oh, Lee, and Park 2009). Deficiencies arise mainly in this processes
reliance on random protein agglomeration and the high apparent porosity as it pertains to loading
and retention of a payload in vitro and eventually in vivo, from a biomaterials standpoint (Yan et

al. 1994b, Viswanathan et al. 1999).

The discussed MP formulation employed as a cell-delivery vehicle may prove more advantageous
compared to other biomaterial constructs. A highly porous delivery vehicle offers improvements
with regards to the total accessible surface area available for cell loading and material stability
compared to solely topical loading onto similar biopolymer constructs such as contiguous
collagen-based gels, for example (Park et al. 2007, Lu et al. 2015). Similarly, cellular loading can
be improved using the proposed construct through intrinsic affinities found between cells and the
keratin substrate. As previously mentioned, keratin exhibits a number of properties that support
cellular interactions. The surface characterization of the synthesized MPs, while yielding no
indication of a difference between products based on solvents or crosslinkers, does show surfaces
are amenable to the adhesion of cells. This natural affinity may neutralize the need for added
processing steps that require surface functionalization or cell encapsulation, which can hinder mass
transport, namely nutrient and waste transport to and away from cells, respectively, both of which
can become a detriment to cell functionality and survival, as commonly seen in chitosan and

alginate based gel capsules (Nicodemus and Bryant 2008, Tan and Takeuchi 2007).

75



Chapter 5

In vitro Effects of a Bone Marrow Derived Mesenchymal Stromal Cell Loaded Keratin
Microparticle on the L6 Skeletal Muscle Cell Line

Marc Thompson', Claire McClenny?, Dr. Mark Van Dyke!

1. Department of Biomedical Engineering and Mechanics, Virginia Tech, Blacksburg, VA
2. Department of Biological Systems Engineering, Virginia Tech, Blacksburg VA

Abstract: The delivery of cells, specifically stromal cells, as a method of improving the quality of
tissue engineering and regeneration under wound scenarios has become an attractive option over
the past decade. Bone marrow derived mesenchymal stromal cells (BM-MSCs) are a mesenchymal
cell source with properties of self-renewal and multipotential differentiation that have also been
shown to improve wound healing when localized in a wound environment. 3D tissue engineering
scaffolds are better able to mimic the in vivo cellular microenvironment, which benefits the
localization, attachment, proliferation, and differentiation of BM-MSCs. This study investigates
the potential of a keratin-based microparticle formulation synthesized via the water-in-oil emulsion
method. We observe cellular loading capabilities and the in vitro effects of the L6 skeletal muscle
cell line to determine potentially beneficial effects on skeletal muscle regeneration. Components
of delivery, specifically stromal cell secreted factors, improved L6 cell viability beginning at 48
hours. Both keratin and stromal cells displayed an ability to activate L6 cells in terms of
intracellular calcium levels. Several factors secreted by L6 cells that are correlated with improved
skeletal muscle regeneration were seen in higher prevalence under keratin and stromal cell

treatment groups, compared to controls.
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5.1. Introduction

A prerequisite of classical tissue engineering approaches is the development of a suitable
biomaterial scaffold or substrate with an architectural design, chemical, mechanical and physical
makeup comparable to that of the native tissue. Early practices of delivering cell suspensions
directly into a defect site have proven to be problematic—if not ineffective—due to insufficient
retention within the defect and subsequent flushing into the surrounding tissue (Endres et al. 2010).
Consequently, the implementation of naturally derived vehicles, composed of more durable
materials found readily in the body, are an attractive option for mimicking the native host tissue in
the form of 3D prefabricated scaffolds that retain the delivered cell population (Kretlow and Mikos
2007, Wang et al. 2015). Herein we focus on a keratin-based hydrogel scaffold derived from

human hair that can then be processed into a beneficial size and shape for cell delivery.

Keratin and keratin derivatives from human hair exhibit several mechanical and biological
properties that support their use as scaffolds for cells (Ledford et al. 2017, Rouse and Van Dyke
2010, Hill, Brantley, and Van Dyke 2010). Upon hydration, keratin hydrogels mechanically
perform as a flexible viscoelastic material. However, most reports of keratin biomaterials in tissue
engineering utilize cell-free constructs, despite keratin’s intrinsic biocompatibility and apparent
support of cell health and function (Konop et al. 2018, Mori and Hara 2018). This may be a
consequence of the formation of keratin hydrogels being incompatible with cells, particularly in
the kerateine (KTN) system where gelation is best driven by protein self-assembly at basic pH
(Hill, Brantley, and Van Dyke 2010). The keratose (KOS) hydrogel system is more conducive to
the inclusion of cells as these gels can form at physiologic pH, but the resulting constructs can be
fragile and degrade rapidly. Crosslinking can be used to mitigate this, but some chemistries may

compromise cell viability (Steinert et al. 1993, Tanabe, Okitsu, and Yamauchi 2004).
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Microparticles (MPs) act as a building block for 3-Dimensional (3D) constructs to fill tissue voids
while simultaneously providing delivery of soluble factors and cells (Qazi et al. 2015, Moulin et
al. 2010, Huang and Fu 2010). The application of MPs provides a larger surface area for exterior
cell loading while avoiding concerns about clearance commonly viewed as a potential negative
side effect of similarly touted nanoparticles (Behrens et al. 2014). The benefit of a microscale
protein construct lies in the interplay between the individual products size, capable of non-invasive
injectable delivery, and the physical agglomeration of gel particles wherein once fully hydrated,
particles form a nearly contiguous hydrogel construct (Oliveira and Mano 2011, Woo, Park, and

Lee 2014).

This study employs a KOS MPsynthesized via the documented water-in-oil emulsion synthesis
procedure (Yan et al. 1994a, Viswanathan et al. 1999) as a potential delivery vehicle for bone
marrow-derived mesenchymal stromal cells (BM-MSCs). Initial studies characterize the product
particles and validate their potential as a hydrogel vehicle. Later studies validate a cell loading
methodology in terms of cellular response to the KOS substrate as well as loading capacity
compared to other documented biomaterial constructs (Schlapp and Friess 2003, Batorsky et al.
2005). BM-MSCs from bone marrow have proven to be negative for immunologically relevant
surface markers and inhibit proliferation of allogenic T-cells in vitro (Prigozhina et al. 2008). They
promotes tissue regeneration by the localized retention of cells and delivery of therapeutic trophic

factors over a desirable period of time.

As such, we take an early look at the effects of this cell-laden vehicle on the L6 skeletal muscle
cell line as a model for skeletal regeneration. This study aims to observe effects in vitro that may

later carry over to the in vivo environment.
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5.2. Materials and Methods
5.2.1. Cell Culture and Loading Procedure

Primary bone marrow-derived mesenchymal stromal cells (BM-MSCs) (ATCC) were isolated
from the femurs of male rats and cultured in growth medium consisting of MEM-a media
supplemented with 10% Fetal bovine Serum (FBS) and 1% Penicillin-streptomycin (PS). Cultures
were stored in a sterile incubator at 37 °C with 5% CO». L6 skeletal muscle cells (SMCs) were
isolated from the thigh muscles of rats. Cells were cultured in DMEM (Gibco) supplemented with
10% FBS, 1% PS and similarly cultured in a sterile incubator at 37 °C with 5% CO,. To integrate
cells with particles, a sterile P100 petri dish was pre-wetted with growth medium. 60 mg of MPs

which were previously sterilized using a 100 Gy dose of x-ray irradiation, was added to the wetted

petri dish to allow for swelling and media absorption. 5 x 106 cultured BM-MSCs were added to
the microparticle/media mixture. A magnetic stir bar was added and the suspension was stirred at
200 rpm for 3 hrs to induce integration after which the petri dish was returned to the previously
mentioned cell culture conditions. As a comparative method of study, BM-MSCs were taken
through the same loading procedure with commercially procured Type-I collagen MPs (Sigma) to
determine the efficacy of a keratin based MP compared to another well-documented biomaterial
substrate.

5.2.2. Validating Component Effects on Cell Viability

In vitro co-cultures of SMCs and KOS MPs were cultured using a transwell culture system
(Corning) consisting of a lower culture chamber and an upper culture chamber with 4 pum diameter
pores allowing for interactions with the lower chamber, to determine any potential effects on cell

viability. SMCs were seeded in 12-well plates at 2,000 cells/mL with SMC growth medium in the
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lower well while varying masses of KOS MPs (1, 5, 10 mg) suspended in SMC growth media were
deposited in the upper well to induce an interaction with the SMCs. Bicinchoninic assay (BCA)
measurements of protein concentration determined the effective delivered concentrations under
these conditions were approximately 2.5, 2.75 and 3 mg/mL. An alamar blue MTS assay (Hamid
et al. 2004) was used to compare cell viability between the treatments. 100 uL of alamar blue was
added to each of the wells and allowed to incubate for 3 hrs protected from light at culture
conditions. Treatments were compared to control cultures of growth media without MPs in the

upper well and analyzed over 48 hrs.

We next aimed to determine if the factors secreted by BM-MSCs could bolster the proliferative
capacity of L6 cells. BM-MSCs (1,000 cells/mL) were cultured in 12-well plates for 48 hrs with
SMC growth media to collect secreted factors. The resulting supernatant media was transferred to
SMC cultures at varying ratios of conditioned media and untreated growth medium (0, 25, 50,
100% conditioned media) again seeded at 2,000 cells/mL in 12-well plates and were cultured for
48 hours. The MTS assay was employed as previously mentioned and in both treatment scenarios,
fluorescent measurements of the wells were taken at 0, 24 and 48 hrs using a Synergy H1 plate

reader (Biotek) at excitation and emission wavelengths of 560 nm and 590 nm respectively.

5.2.3. Invitro Co-culture System

The transwell culture system is an attractive technique to measure indirect cell-to-material as well
as indirect cell-to-cell interactions. Using this apparatus, a well-plate consisting of two separate
chambers (upper and lower) separated by a permeable and removable support membrane of
varying porosity, depending on the manufacturers specifications, can effectively integrate the
environments of two components (cells/cells, materials/materials, cells/materials) without the

requirement of direct contact. Therefore, we can evaluate the effects of mg/mL concentrations of
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KOS as well as stromal cell secreted factors on the L6 skeletal muscle cell line as it pertains to
delivery from the skeletal muscle cell extracellular space, as would be seen in an in vivo setting

(Figure 5.1).

L6: 2,000 cells/mL
24 h Culture

KOS:5 mg
BM-MSC: 1,000 cells/mL
S ——— KOS+BM-MSC: 5 mg
72 h Treatment
Control KOS BM-MSC KOS + BM-MSC

Figure 5.1. Schematic of In vitro Co-culture System. Schematic of transwell co-culture system use for
determining effects of treatments on the L6 cell line. L6 cells seeded in the lower well can receive individual
treatments of KOS MPs, BM-MSCs or a combination of both, measuring effects from indirect introduction

of these components.

5.2.4. Intracellular Calcium Production

Intracellular calcium levels are ubiquitous with efficiency in both development and recovery from
injury due to the fact that calcium is essential to muscle function (Tu et al. 2016, Ferrari,
Rohrbough, and Spitzer 1996). L6 skeletal muscle cells were treated with individual treatments of
BM-MSCs, KOS MPs or combinatorial treatments of BM-MSC loaded KOS MPs to determine
effects on intracellular calcium production. L6 cells at a concentration of 2000 cells/mL in growth
medium were seeded in the bottom well of a 12-well transwell plate (Corning). Individual

treatments consisted of BM-MSCs at a concentration of 1,000 cells/mL, 5 mg of saturated
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unloaded KOS MPs or 5 mg of saturated BM-MSC loaded KOS MPs; each was deposited into the
upper transwell with a 4 um pore diameter to facilitate the transport of stromal cell secreted factors
and nanoscale KOS. Treatments lasted for 72 hr, after which the upper wells were removed. Fluo-
4 (Thermofisher) ester for calcium specific binding was diluted in a combination of dimethyl
sulfoxide (DMSO) and Pluronic F-127 (Sigma) for dispersion of the non-polar ester, to a working
concentration of 5 uM. Cells were incubated with the dye for 60 min at 37 °C and subsequently
washed with Hank’s buffered salt solution (Gibco). Cells were imaged using a Zeiss confocal
microscope, fluorescence intensity was quantified using ImageJ and was normalized to individual

cell bodies.

5.2.5. Growth Factor Production

Multiplexed detection of 14 cytokines (growth factors) documented as being important to
angiogenesis, neurogenesis and skeletal muscle cell growth was performed using a high specificity
biotinylated antibody growth factor array (RayBiotech). L6 cells at a concentration of 1000
cells/mL in growth medium were seeded in the bottom well of 12-well transwell plate. Individual
treatments consisted of BM-MSCs at a concentration of 1,000 cells/mL, 5 mg of media-saturated
non-cell-loaded KOS MPs or 5 mg of media-saturated BM-MSC-loaded KOS MPs. Controls
consisted of untreated L6 cells. Treatments lasted for 72 hr, after which the upper wells were
removed, cells were then allowed to grow in fresh serum-free culture media for 48 hrs, and the

supernatant media sampled for testing.

Antibody array membranes were incubated in blocking buffer for 30 minutes and aspirated prior
to incubating membranes in the resulting undiluted supernatant media for 3 hrs, to measure the
production of secreted growth factors. Membranes were washed and immediately incubated in a

biotinylated antibody cocktail for 3 hrs before subsequent washing and incubation in an HRP-
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streptavidin cocktail for 3 hrs. Finally, membranes were washed, detection buffer was added and
membranes were sandwiched between plastic sheets. All incubation steps were performed at room
temperature under gentle shaking (~1 cycle/sec). Within 5 min, membranes were imaged by
chemiluminescence using a Fujifilm LAS-3000 CCD camera to generate semiquantitative
comparisons between controls. Comparisons were determined based on protein fold changes

relative to controls and were considered statistically significant at a fold change greater than 1.5

5.2.6. Statistical Analysis

To compare experimental groups, analysis of variance (ANOVA) and/or linear regression analysis
with a Tukey’s post hoc test was performed in all experiments. To determine significant variances,
for all tests, a p-value <0.05 was considered statistically significant. Sample sizes were determined
using a power analysis where a power (1-£) of 0.9 and an alpha (a) of 0.05 was employed. All

statistical analyses were performed using JMP Pro 11.

5.3. Results

5.3.1. Validating Component Effects on Cell Viability

Results of MTS assays (Figure 5.2) suggest that KOS MPs elicit no significantly deleterious effect
on cell viability at any tested concentration but do nothing to significantly improve cell
proliferation over a 48 hr period. This result was to be expected, although keratin biomaterials
have been shown to significantly increase the proliferative capacity of certain cell lines (Ledford
et al. 2017, Wang, Taraballi, et al. 2012), while eliciting a marginally positive effect in
proliferation on others (Hill, Brantley, and Van Dyke 2010, Rouse and Van Dyke 2010). On the
other hand, KOS MPs may still prove to be an efficient cell delivery vehicle due to its mechanical
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properties as well as it’s documented immunomodulatory effects, which may naturally counter the
inflammatory stimuli generated by other materials (Burnett et al. 2013, Cilurzo et al. 2013, Rouse

and Van Dyke 2010).

Media conditioned with BM-MSC-secreted factors that were used to culture L6 cells showed
increased proliferation of the cell line under all treatment conditions within 12 hours of measuring.
Similarly, trends appear to indicate that as more of these secreted factors were present, as indicated
by the higher ratio of conditioned media to standard growth media, proliferation seemed to
increase, although this is not born out with statistically significant differences. As such, the
delivery of BM-MSCs for sustained regenerative stimuli is suggested to be a beneficial factor in
improving the overall regenerative capacity of L6 muscle cells. The delivery of which may be
improved with a KOS-based MP delivery system based on prior research, which maintains that
without an appropriate delivery vehicle, delivered cells are often flushed from the system of

interest (Lu et al. 2015, Park et al. 2007).
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Figure 5.2. Component Effects on Cell Viability. Effects of respective components on L6 cell viability.
(Left) KOS MPs at delivered masses as high as 10 mg (~3 mg/mL KOS delivered), show no significant
changes in cell viability over a 48 hr period. (Right) Secreted factors from BM-MSCs produce significantly
greater (p<0.05) cell viability using as little as 25% conditioned media. These results are present in as few
as 24 hours and trend upwards as time and treatment concentration increase (error bars represent standard

deviations, asterisks denote statistical significance).
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5.3.2. Intracellular Calcium Production

Intracellular calcium levels of the L6 cell line after 72 hrs of treatment, seen in Figure 5.3, indicate
that all potential components elicit significantly greater intracellular calcium compared to controls
of no treatment. A point of note is that the calcium levels present in the BM-MSC group appear to
be greater than that of the KOS group. The ability to proliferate more rapidly or simply entering a
more excited state may be indicated by the increase in stores of intracellular calcium, which has
been supported in altering proliferative capabilities (Stiber and Rosenberg 2011). KOS MPs did
not produce significant differences in cell viability, seen in the previous MTT assays. Therefore
further studies are necessary to determine by what mechanisms increases in skeletal muscle cell
activity (indicated by calcium levels) may be produced. Also of importance, the combinatorial
treatment of BM-MSC loaded KOS MPs appear to produce close to the greatest increase in

intracellular calcium levels.
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Figure 5.3. Intracellular Calcium Production as a Result of In vitro Culture Treatments. (Left)
Confocal microscopy images of L6 muscle cells. Cell fluoresce green based on the levels of intracellular
calcium. Cells undergo treatments of KOS MPs (KOS), BM-MSCs (BM-MSC), combinatorial treatment
of cell-loaded MPs (KOS+ BM-MSC) or untreated controls (Blank). (Right) All treatments produce
significantly greater intracellular calcium than the control group (p<0.05). The stromal cell component of
treatment appears to be more of a factor than its KOS component counterpart. Of benefit is to see that the
combination treatment produces the largest calcium signal of all groups (error bars represent standard

deviations).

5.3.3. Growth Factor Production

Semiquantitative analysis of growth factors produced by L6 cells after respective treatments can
be observed in Figure 5.4. Of the 14 cytokines measured, most display increases, albeit statistically
insignificant in the KOS group (fold change<1.5 times controls) compared to that of untreated
controls. The BM-MSC group shows a greater disparity of changes, with several factors (Bngf,
Bfgf, EGF and FLT-3 Ligand, PDGF-AA and PDGF-BB) showing a greater than 1.5 times fold

change. Similarly, several growth factors exhibit statistically singificant increases in production in
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the combinatorial treatment (Activin A, bNGF, bFGF, HGF, IGF, PDGF-AA, PDGF-BB).
Interestingly, factors in the combination treatment exhibited decreases in production or did not
exhibit production on the same level as the BM-MSC treatment alone, EGF for example. It was
thought that the delivery of factors from BM-MSC payloads may be hindered by their adsorption
into the KOS MPs, which has been documented as a factor in delivery (de Guzman, M. Tsuda, et
al. 2015, de Guzman et al. 2013). It was beneficial, however, that increases in these essential
growth factors compared to controls samples were observed across the array of cytokines

measured.

Activin A
BDNF
bNGF
bFGF
EGF
FLT-3 Ligand
GDNF
GM-CSF
HGF
IGF-1
PDGF-AA
PDGF-BB
IGFBP-5
VEGF

Fold Change
~n

-

Control KOS Control BM-MSC

Fold Change

KOS + BM-MSC

Control KOS+BM-MSC

Figure 5.4. Growth Factor Expression as a Results of In vitro Treatments. Results of the multiplexed
array analysis. KOS treatment groups show light increases in growth factor production although none are
statistically significant. BM-MSC treatment groups show significant increases in several factors and slight
down shifts in a few others. Combinatorial treatments are increased across the board, producing the most
significantly increased production in factors. Several of the growth factors in the combinatorial treatment
are less than their pure BM-MSC counterparts, this is thought to be an outcome of the MPs adsorbing a

significant concentration of secreted factors.
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5.4. Discussion

We have found that the water-in-oil emulsion procedure has been validated for producing keratin
MPs with a range of size and spontaneous formation of surface topography. The size of these
particles is amenable to multiple cell loading verging on the order or hundreds of cells per particle
and the largely spherical nature of the particles provides ample surface area compared to other
construct shapes (Oliveira and Mano 2011, Park et al. 2007). The structure and stability of this
highly porous delivery vehicle may also provide a beneficial combination of access for improved
cell loading and adhesion given the higher surface area and innate binding motifs found in keratin

(Rouse and Van Dyke 2010, Hill, Brantley, and Van Dyke 2010).

The components of this potential biomaterial construct, namely keratin and BM-MSCs, were
validated as not eliciting a statistically significant negative response in L6 skeletal muscle cell
viability. The factors secreted by BM-MSC:s, as noted by the use of BM-MSC conditioned culture
media, produced improved cell viability and proliferation in the L6 cell line. Together, along with
the documented biocompatible crosslinker in BDDE (Hermitte and Benoit 2011, Johnson and
Goodman 1989), the simplicity of both the components and the synthesis procedures offers

significant value from a biomaterial standpoint.

Components of this biomaterial construct promoted activity in the L6 cell line as indicated by
increased intracellular calcium levels after culture with both components. Intracellular calcium
levels are considered critical due to the fact that calcium is a key factor in a number of cellular
processes related to skeletal muscle growth and recovery (Tu et al. 2016). As it was postulated,
the combinatorial treatment produced the greatest change in calcium levels. The mechanism of
this production, especially with regards to keratin, will need to be further elucidated. The same

treatments produced a number of interesting increases in growth factor production. Optimization
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of delivered components needs to be further reviewed considering the fact that KOS MPs may
sequester some of the factors secreted by BM-MSCs, but it was beneficial to see that several
growth factors that support a range of aspects of skeletal muscle regeneration including
neurogenesis, angiogenesis and skeletal muscle cell proliferation (Cattaneo and McKay 1990, Yu

et al. 2015), were all significantly increased compared to negative controls.

5.5. Conclusions

The intrinsic properties of keratin biomaterials, protein-to-protein self-entanglement and innate
biocompatible features, makes them an attractive candidate for delivery of cellular payloads. A
combination of simplistic synthesis as well as simple culture procedures allows us to generate a
viable cell-loaded construct that is shown to support the viability and development of the cellular
payload. The combination of keratin and BM-MSCs have been shown to excite skeletal muscle
cell activity while upregulating a myriad of factors associated with the major aspects of muscle
recovery and functionality (neurogenesis, angiogenesis, skeletal muscle regrowth). In all, the
evaluated biomaterial construct may offer the potential for improvements to the innate skeletal

muscle recovery process compared to other cell-loaded biomaterial constructs.
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Chapter 6.

Conclusions and Future Directions

6.1. Conclusions

6.1.1. Specific Aim 1

Identifying that a primary challenge in cell retention at the site of traumatic skeletal muscle injury
can be overcome in the presence of an applicable biomaterial construct, a non-invasively injectable
hydrogel may be well-suited to conform to defect sites. Many forms of keratin biomaterials that
form hydrogels are not compatible with cell incorporation. In order to circumvent this, we have
proposed the approach of first creating a keratose-based crosslinked keratin microparticle (MP),
with or without an optional drug or biologic payload, that possesses innate material properties that
support natural regrowth of human skeletal muscle. Toward that goal, we demonstrated the
synthesis of KOS MP using a water-in-oil emulsion system. The resulting MP demonstrate tissue-
like elasticity when hydrated and agglomerate to form hydrogel-like constructs. Interestingly, the
microarchitecture is that of a fibrous MP with high surface roughness and porosity. While this may
make the KOS MP less amenable to sustained drug or biomolecule delivery in the absence of a
molecular-level binding interaction, this microarchitecture may be conducive to attaching a
cellular payload to the surface and the intrinsic properties of keratin may provide a more

sustainable substrate than that of a bare wound defect.

6.1.2. Specific Aim 2

The intrinsic properties of keratin and keratin derivatives make them an attractive choice for tissue
engineering. An ability to add various drug payloads and deliver them in efficacious amounts over
time is a desirable characteristic in many systems. Leveraging molecular interactions for payload
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binding can be advantageous when sustained release, and/or avoidance of burst release, is desired.
In this study, a non-interacting model compound, represented by BSA, showed burst release from
a fibrous, highly porous and interconnected, oxidized keratin MP. Conversely, when strong acid-
base pairing was facilitated with alternative synthesis procedures, release was affected,
contributing to potentially tailorable properties for release. Different methods of production not
only resulted in different microarchitecture of the particles, but completely changed the KOS
degradation and drug release kinetics. These results suggest that keratin-based MP systems can be

tuned within a range of delivery characteristics.

The value of the water-in-oil emulsion synthesis technique lies in the straightforward ability to use
a relatively safe material such as keratin without generating potentially deleterious secondary
chemical interactions upon synthesis. The resulting particles are stable, inexpensive and easy to
process (Van Dyke 2009, Oh, Lee, and Park 2009). Desired tailorable deficiencies arise mainly in
the reliance on random protein agglomeration and the intrinsic properties of keratin as physical
properties of the resulting MPs, such as the high apparent porosities in water-in-oil emulsion
synthesis, may affect loading and retention of certain payloads (Yan et al. 1994b, Viswanathan et

al. 1999).

The discussed MP formulation employed as a cell-delivery vehicle may prove more advantageous
compared to other biomaterial constructs. A highly porous delivery vehicle offers improvements
with regards to the total accessible surface area available for cell loading and material stability
compared to solely topical loading onto similar biopolymer constructs such as contiguous
collagen-based gels, for example (Park et al. 2007, Lu et al. 2015). Similarly, cellular loading can
be improved using the proposed construct through intrinsic affinities found between cells and the

keratin substrate. As previously mentioned, keratin exhibits a number of properties that support
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cellular interactions. The surface characterization of the synthesized MPs, while yielding no
indication of a difference between products based on solvents or crosslinkers, does show surfaces
are amenable to the adhesion of cells. This natural affinity may neutralize the need for added
processing steps that require surface functionalization or cell encapsulation, which can hinder mass
transport, namely nutrient and waste transport to and away from cells, respectively. Both of these
can become a detriment to cell functionality and survival, as commonly seen in chitosan and

alginate based gels (Nicodemus and Bryant 2008, Tan and Takeuchi 2007).

6.1.3. Specific Aim 3

The intrinsic properties of keratin biomaterials, protein-to-protein self-entanglement and innate
biocompatible features, makes them a considerable candidate for delivery of cellular payloads that
can contribute to tissue regeneration. A combination of simplistic synthesis as well as simple
culture procedures allows us to generate a viable cell-loaded material that was shown to support
the viability and development of its cellular payload. The combination of keratin and BM-MSCs
have been shown to excite skeletal muscle cell activity while upregulating a myriad of factors
associated with the major aspects of muscle recovery and functionality (neurogenesis,
angiogenesis, skeletal muscle regrowth). In all, the evaluated biomaterial construct may provide a
significant improvement to the innate skeletal muscle recovery process compared to other cell-

loaded biomaterial constructs.

6.2. Future Work

The water-in-oil emulsion procedure has been validated in producing stable microscale particles

out of keratin and crosslinker components. The shape of particles is relatively consistent based on
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synthesis procedures and mechanisms, although experimentation may be performed to synthesize
particles of a more specific size. Alterations may include limiting the stirring times or alterations
to crosslinker concentrations to more efficiently stabilize the particle size under specific stirring
times. Further work may be pursued to tailor the properties of synthesized particles to better suit
the regeneration of skeletal muscle or other tissues, if need be. The effects of the applied
crosslinker as well as the salt concentration appear to have a direct effect on individual and/or bulk
hydrogel properties, a fact that may better suit this biomaterial construct to additional skeletal
muscle or alternate soft tissue-based biomaterial constructs, whether they be innate mechanical

properties or those associated with payload loading potential.

MP drug loading has been established under two particular loading mechanisms. Assuming water
solubility, isolation and loading of a number of drug payloads can be performed. Based on the
current results, drug delivery efficiency will vary based on: 1) The synthesis procedures and 2) the
intrinsic properties of the payload. Water-in-oil emulsion particles produce burst release whereas
acid-precipitated particles retain similar drugs. However, this does appear to vary based on factors
such as solution pH and affinity for hydrolytic degradation, among many other possible
characteristics. An array of water-soluble payloads with known properties may allow us to
determine which characteristics can effectively and reliably alter loading and release kinetics. The
efficacy of an antibiotic payload in particular has shown a propensity for delivery and its

application in vivo has warranted further study.

The properties of a hydrogel keratin construct have proven sufficient in loading a stromal cell-
based payload. The current mechanisms of loading are based on classical suspension culture
methodologies. Applicability in an in vivo environment should be the ultimate goal of this

research. However, once validated, optimizing the construct should be a goal. Optimization of cell-
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loading in the current construct will vary based on the overall MP construct, the cellular
concentration, stirring times as well as a number of other variables. While these factors may not
be optimized in the current study, the overall optimization of this suspension culture procedure
will almost assuredly produce more effective results in terms of cell loading and in vitro/in vivo

efficacy.

Current applications of the tested biomaterial construct, specifically BM-MSC loaded particles and
the effects on skeletal muscle cells, warrants further in vitro experimentation. Further work may
include the determination of whether or not treated skeletal muscle cells can efficiently form
multinucleated myofibers, an experiment that can easily be employed under the current
methodologies. Another interesting facet could be, upon forming myofibers, noting that these
treatments have increased intracellular calcium, measuring the conduction potential of the
generated myofibers to support the overall functionality of repaired muscle. The current
methodology, however, can reliably be employed to further the investigation of cell-loaded keratin

MPs and their effects on skeletal muscle for the purpose of improved skeletal muscle regeneration.

In closing, several questions regarding the use of keratin-based MPs for biomedical have been
answered. The results do in fact warrant further investigation into the possibilities of using this

construct and its constituent components (payloads) to aid in the progress of biomedical research.
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