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Abstract

DEVELOPMENT OF SMART BIOMATERIAL ARCHITECTURES THROUGH
NATURAL AND ENGINEERED SILK

By Nicholas E. Kurland, Ph.D.

A dissertation submitted in partial fulfillment of the requirements of the degree of Doctor

of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2013

Major Director: Vamsi K. Yadavalli, Ph.D., Associate Professor of Chemical and Life

Science Engineering

Silk proteins have provided a source of unique and versatile building blocks in the
fabrication of biomedical devices for addressing a range of applications. Critical to
advancing this field is the ability to establish an understanding of these proteins in their
native and engineered states as well as in developing scalable processing strategies,
which can fully exploit or enhance the stability, structure, and functionality of the two

constituent proteins, silk fibroin and sericin. The research outlined in this dissertation

17
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focuses on the evolution in architecture and capability of silks, to effectively position a
functionally-diverse, renewable class of silk materials within the rapidly expanding field

of smart biomaterials.

Study of the process of building macroscopic silk fibers provides insight into the
initial steps in the broader picture of silk assembly, yielding biomaterials with greatly
improved attributes in the assembled state over those of protein precursors alone. Self-
organization processes in silk proteins enable their aggregation into highly organized
architectures through simple, physical association processes. In this work, a model is
developed for the process of aqueous behavior and aggregation, and subsequent two-
dimensional behavior of natural silk sericin, to enable formation of a range of distinct,
complex architectures. This model is then translated to an engineered system of fibroin
microparticles, demonstrating the role of similar phenomena in creating autonomously-

organized structures, providing key insight into future “bottom up” assembly strategies.

The aqueous behavior of the water-soluble silk sericin protein was then exploited
to create biocomposites capable of enhanced response and biocompatibility, through a
novel protein-template strategy. In this work, sericin was added to the biocompatible and
biodegradable poly(amino acid), poly(aspartic acid), to improve its pH-dependent
swelling response. This work demonstrated the production of a range of porous scaffolds
capable providing meaningful response to environmental stimuli, with application in

tissue engineering scaffolds and biosensing technologies.

Finally, to expand the capabilities of silk proteins beyond process-driven

parameters to directly fabricate engineered architectures, a method for silk

18
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photopatterning was explored, enabling the direct fabrication of biologically-relevant
structures at the micro and nanoscales. Using a facile bioconjugation strategy, native silk
proteins could be transformed into proteins with a photoactive capacity. The well-
established platform of photolithography could then be incorporated into fabrication
strategies to produce a range of architectures capable of addressing spatially-directed
material requirements in cell culture and further applications in the use of non-toxic,

renewable biological materials.

19
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Biomaterials constitute a diverse subset of materials that can interact with
biological systems, in order to augment, repair or replace the structure and function of
tissues and organs.[1] These materials have been incorporated into applications ranging
from matrices for cell culture in tissue engineering, to vehicles for drug delivery, and
further, to biologically-integrated arrays and bioactive devices for conducting
fundamental biological studies.[2, 3] Desired specifications for biomaterials include a
high degree of biocompatibility with minimal immune response, and, in the case of
implantation, either in vivo stability or controlled biodegradability. These requirements
have been fulfilled by a range of synthetic and natural materials, from poly(lactic acid)
and poly(ethylene glycol) to collagen and silk.[4-7] The building blocks as components
of various biomedical devices often balance a range of functionalities in order to address
application-specific needs. While synthetic materials are associated with facile processing
strategies and the development of mechanically-robust architectures with tailored
structure and mechanics, naturally-derived biomaterials offer a renewable source of
abundant materials displaying fundamental compatibility with established in vivo

1
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pathways in the host’s complex biological systems.[8, 9] Often, the choice has to be
made between these conflicting parameters to best select the material of choice for a

specific application.

Considerable effort has been directed at matching biomaterial structure to desired
functionality through diverse processing strategies in order to address a range of material
applications, including tissue engineering, biosensing, and other biologically-integrated
devices.[5, 10-12] Despite the many mechanical, biological and chemical advantages of
natural materials, their employment as biomaterials has been hindered by limited
fabrication strategies, uneven stability, loss of function, and lack of versatility in use.[13,
14] Thus, the rational design of biocompatible and biofunctional materials that can be
precisely engineered and tailored to address diverse applications remains a critical

technological challenge.

Amongst natural materials, silk provides a renewable source of abundant, protein-
based materials that has gained considerable interest for addressing varied biological
applications. Chemical stability, high biocompatibility, and remarkable mechanical
strength all contribute to silk’s role as an ideal biomaterial. Silk exists in nature as a
biopolymer consisting primarily of the fibrous protein fibroin, and glue protein sericin
(Figure 1.1).[15] The ability to tune protein surface chemistry and functionality is desired
in order to precisely control the bulk physical attributes and interactions between silk
materials and living systems.[16] When isolated, these proteins can be translated into
simple architectures, or blended with other, often synthetic, materials to form composites
for enhancing silk functionality. These strategies enable the creation of specialized silk-

based films, electrospun fibers, aqueous sponges, and hydrogels for drug delivery and

2
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tissue engineering.[15, 17-21] While composite architectures may improve silk
performance in specific areas, they may be limited in their ability to preserve the
fundamental properties of silk—biodegradability, biocompatibility and mechanical
strength, which are easily degraded due to processing steps.[22, 23] Therefore, in order to
position silk as a renewable, natural alternative to the use of synthetic biomaterials, a
challenge lies in tailoring the structure and function of silk to directly address a broader
range of biomedical applications, without negatively impacting the biologically favorable

aspects of constituent silk proteins.

protein coating

P

sericin and protein coating =5~ IIEELEL fibroin

Figure 1.1. SEM and schematic of a silk fiber, depicting the self-assembled

configuration, in which sericin and a protein coat envelop a fibroin ‘core’.

The ability to tune protein surface chemistry and functionality is desired in order
to precisely control the bulk physical attributes and interactions between silk materials
and living systems.[16] In recent years, the use of surface immobilization and chemical
modification strategies for proteins has effectively demonstrated the widespread reactions
available for protein chemistry.[24-26] The incorporation of these techniques for

3
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conducting silk modification enables enhancement of the limited properties of silk, or
diversifying the bioactive functionalities of silk proteins, which would otherwise require
blended biomaterials.[15] To date, numerous silk bioconjugation reactions have been
established that enhance silk biocompatibility in tissue engineering, or extend new
functionality to silk, such as anticoagulant activity.[27, 28] Engineered approaches to silk
modification provide advantages of relatively mild processing conditions when compared
to synthetic routes, as well as the ability to produce structured architectures preserving

the fundamental properties of silk.[21]

Increasingly, the incorporation of sustainable processing strategies to biomaterial
synthesis and processing has demonstrated the potential for effectively producing
biofriendly, renewable materials.[29] An advantage to this philosophy of “green
chemistry” based biomaterial synthesis is the enhanced biocompatibility and decreased
toxicity of resulting materials as a result of altered processing strategies.[30-32] A critical
challenge in combining these approaches lies in the formation of concerted, ‘green’
strategy for conducting bioconjugation and subsequent processing in order to produce
complex, biologically-relevant architectures, which has not been demonstrated in a
consolidated platform to-date. Furthermore, the relative structural impact of covalently-

linked functionalities has not been established.

Biochemical modification of silk thus provides an avenue to forming a new class
of materials with greater chemical and mechanical versatility, and tunable parameters—
including stability, biodegradability and biocompatibility. This opens up possibilities in
applying silk in hitherto difficult or impossible ways, while retaining its unique properties
and not requiring composite formation with synthetic materials. Possibilities range from

4
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spatial patterning of protein to enable controlled cellular patterning for tissue engineering
applications, to the creation of a new class of natural materials with the ability to actively
respond to their environment with dynamic changes in morphology. This ultimately
allows the creation of a class of tailorable silk materials able to better address the
growing requirements within the biomedical field, and further positions silk as
sustainable, green alternative to existing synthetic materials. This research is intended to

explore the implications and pathways to diversifying silk structure and functionality.

1.1.1 Research Objective

The primary objective of this research was to investigate natural architectures
produced by silk proteins and evaluate the impact of physical and chemical modification
strategies, and their ability to form complex silk-based biomaterials. In this work, it was
desired to explore a hierarchy of natural and engineered assembly strategies in order to
facilitate the production of smart silk architectures capable of demonstrating application-
specific response to environmental parameters. Initially, the study of the isolated silk
protein, sericin, established a general mechanism for silk self-assembly, which was
translated to a system of engineered fibroin microparticles. The aqueous self-aggregation
behavior of water-soluble sericin was then expanded upon and exploited in order to
fabricate protein-based pH-responsive biomaterials capable of enhanced swelling
response. Based on fundamental limitations governing the use of water-soluble silk
proteins in complex architectures, a bioconjugation technique was developed to improve

the physical properties of silk fibroin and sericin, and enable a light-based stimuli-
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response. From these conjugates, the incorporation of a modified photolithography
strategy allowed the production of precisely-patterned arrays of micrometer-scale protein
features. Micropatterned silk architectures were characterized for their guidance of cell-
adhesive and proliferative properties, establishing the bioactive aspects of engineered silk
species. Overall, these engineering approaches provide valuable insight into the
production of modular biomaterials from abundant natural precursors, adding value and
expanding the repertoire of potential applications through the use of natural site-specific

additions and engineered assembly techniques.

1.2 Specific Aims

The relative lack of knowledge and intrinsic limitations in translating the simple
properties of silk materials into complex architectures and functionalities has hindered
the use of silk across diverse applications. Fundamental and applied research into silk
fibroin and sericin proteins can enable the effective integration of physical and chemical
modification strategies in order to develop biologically-relevant and compatible

architectures. This research project is directed along two key specific aims:

1. Elucidating the fundamental self-assembly properties of silk peptides to
enable bottom-up fabrication. This is achieved through the development of

models to understand self-assembly of silk proteins.
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2. Development of strategies for producing stimuli-responsive silk conjugates to
enable versatile fabrication across length scales. The formation of sustainable
protein composites and biochemical modifications of silk proteins to form

responsive architectures provides a framework for satisfying this aim.

1.2.1 Investigation of the intrinsic self-assembly of silk proteins

Silk proteins are unique biopolymers due to their ability to undergo independent
and autonomous self-organization processes, which drive the transition of precursors into
macroscopic fibers. These processes prove insightful in order to generate highly-ordered
structures at the nano- and microscales relevant to materials fabrication approaches. The
aim of the initial portion of this research will be to elucidate these self-assembly
processes in order to develop a coherent model for silk peptide self-assembly—
effectively demonstrating the formation of bottom-up architectures through control of

environmental parameters.

1.2.2 Development of engineered, stimuli-responsive silk biomaterials

To overcome limitations in self-assembly processes, the development of
processing strategies allows the production of versatile silk architectures, exhibiting
stimuli-responsive properties. Strategies of biocomposite formation and chemical
bioconjugation provide a route to the sustainable production of engineered silk materials,

capable of exhibiting environmentally-dependent properties. The aim of this work is to
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expand the repertoire of potential silk functionalities, effectively enhancing silk protein
stability and mechanics, while preserving the intrinsic properties of silk critical to its use

in materials research.

1.2.3 Fabrication of novel silk architectures at multiple length scales

Expanding on the previous aim, the incorporation of engineered silk materials into
a range of biologically-relevant architectures, such as hydrogels, films, and scaffolds, is
desired for harnessing the bioactive functionalities of silk proteins. In order to produce
architectures across a range of length scales, stimuli-responsive properties are taken
advantage of to conduct bottom-up assembly into a range of microscale architectures.
Conversely, architectures may be formed initially, that are capable of presenting stimuli-
response in the assembled configuration. The aim of this work is to establish the potential
for silk proteins to undergo assembly through environmental modification and controlled
assembly techniques. From this work, a versatile platform for the production of ‘green’

biocompatible silk architectures across diverse length scales will be established.

1.3 Background and Significance

The research outlined in this dissertation is focused on the fabrication of stimuli-

responsive silk architectures, capable of addressing biologically-relevant structure and
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function requirements. In order to produce such materials, initially, fundamental and
applied studies were conducted on natural and engineered silk proteins using a
multidisciplinary approach of physical and chemical techniques. This section will define
the background and significance of this research, first introducing the intrinsic
capabilities and limitations of silk proteins, and expanding into proposed approaches to

yield engineered silk architectures.

1.3.1 The influence of molecular assembly in biological processes

Spontaneous assembly is responsible for the organization of molecular subunits
into highly-ordered functional assemblies in nature.[33] This process arises from weak
molecular interactions which act to direct self-assembly into supramolecular complexes.
As a result, biomolecules combine through self-organization to yield specialized
structures including phospholipid bilayers, protein assemblies such as collagen fibers and
B amyloid fibrils, and even enginecered DNA nanostructures.[34, 35] Understanding the
underlying mechanisms is therefore of interest, to establish how bulk architectures arise
out of nanoscale subunits. This ultimately can provide routes to exploit intrinsic self-

assembly and form specialized architectures, with user-specified properties.

Silk is a prominent example of an extensively-characterized, self-assembled
system with diverse biomedical and renewable materials applications. The in vivo silk
assembly process in silkworms and spiders consists of protein subunit folding and self-
organization to produce macroscopic silk fibers. Functional silk fibers are formed as a

result of a number of precisely-controlled steps, during which shear forces, pH and ionic
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strength play a key role in the liquid crystalline spinning of these fibers.[36] This
autonomous assembly is exhibited by constituent peptides when isolated from each
other.[37-39] As a result, the macroscale self-assembly process is a function of assembly
at smaller length scales, down to individual silk peptides. The in vivo environment merely
directs otherwise intrinsic self-assembly of constituent silk proteins to produce

mechanically robust, macroscale silk fibers.

Specifically, this research focuses on silk and its constituent proteins, due to their
intrinsic  self-assembly potential and diverse range of chemical and mechanical
properties. Silk-based materials are widely studied as biomaterials, due to mechanical
robustness and a high degree of biocompatibility.[5] Silk provides a natural, renewable
material gaining an increasing focus for diverse applications in biomaterials research.
Silk proteins thus present a unique platform of materials to yield insight into intrinsic
assembly, and enable the exploitation of their remarkable properties for use in developing

novel, functional biomaterials.

1.3.2 Silkworm silk

Silk has played an integral role in history, with the earliest known use dating back
6,000 years to the Yangshao culture in China.[40] This early use has predominantly
exploited the fibrous state of silk, which has proved ideal for the production of textiles—
owing to the significant mechanical robustness and durability of silk. These properties
have profound implications in the use of silk as a century-old biomaterial, enabling silk to

act as a key material in the clinical setting.[41] In recent years, silk has experienced a
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resurgence in the research and biomedical communities due to a high relative abundance,
relatively low-cost, facile processing strategies, and attractive mechanical and biological

properties.[5, 42]

The most widely-available silk originates from the domesticated mulberry
silkworm, Bombyx mori. Silk from this species has been extensively characterized
through a range of physical, biochemical, and functional studies, establishing a solid
framework of properties and potential applications.[43-46] In contrast, spider silk, which
possesses far superior mechanics to that of silkworms, is of greater difficulty to source
due to comparatively lower yields and the territorial nature of some spider species.[47]
Silkworm silk is produced through in vivo self-assembly of the fibroin and sericin
proteins, and extruded as a self-assembled biopolymer. Silk fibers primarily consist of the
mechanically-robust protein fibroin (~70% of fiber), which composes the core of the silk
fiber, and a glue glycoprotein sericin (~30% of fiber) surrounds this core, adhering
multiple two fibroin fibrils into an adhesive, microscale silk fibrous subunit.[48] This
unique configuration results from distinct amino acid compositions—the relative strength
of fibroin is derived from an abundance of Gly-Ala-rich repeats arranging into [3-sheet
rich regions, while sericin presents a significant quantity of hydrophilic amino acids,
enabling the formation of a soluble protein coat (Table 1.1).[49] This makes it possible to
yield a single high tensile strength (> 0.5 GPa), high elasticity (5 — 12 GPa) fiber from the

additive contributions of multiple single fibroin subunits.[50]
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Table 1.1. The relative abundance of common amino acids in silk fibroin and sericin

proteins. Cysteine, tryptophan, methionine, and proline occur in trace amounts <

0.5%.

Amino Acid Fibroin Sericin
Alanine 29.4 5.0
Arginine 0.5 3.2

Aspartic acid 1.3 185

Glutamic acid 1.0 4.3
Glycine 44.6 16.8
Histidine 14 0.9

Isoleucine 0.7 0.6
Leucine 0.5 1.0
Lysine 0.3 2.6

Phenylalanine 0.6 0.4
Serine 12.1 28.6

Threonine 0.9 9.9

Tyrosine 5.2 3.3
Valine 2.2 2.8

In native silk, self-assembly mechanisms are responsible for the process in which
B-sheet interactions drive hierarchical organization of fibroin into macroscopic fibrils.
The concurrent self-assembly of sericin then provides an adhesive outer layer to fibrils,
which enables sticky fibrils to adhere, and produce macroscopic, mechanically stable

fibers.[51] Self-assembling biomaterials are not a novel concept, however self-assembly
12
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often arises from highly-modified biomolecules and engineered synthetic materials.[52,
53] Silk stands apart from other biomaterials due to this remarkable in vivo assembly

process, which offers potential for utilization in complex architectures and applications.

Silk has demonstrated effectiveness across a range of clinical applications in the
purified state. However, in the native assembled configuration, the use of silk has been
contraindicated in biomedical settings due to a high degree of immunogenicity in the
form of a macrophage response and the formation of IgE and IgG antibodies to silk
peptides.[54] For many decades, this immunogenicity has been attributed to the presence
of the sericin protein coat, allowing the use of purified fibroin as a suture material.[55]
However, recent studies on the relative immunogenicity of isolated silk proteins have

demonstrated that sericin alone is immunologically inert, possessing a low inflammatory

potential.[56] When separated, silk provides two new materials with a vast array of
properties including: biocompatibility, antibacterial activity, oxidation resistance, and
controllable degradation, in addition to facile processability and mechanical strength

exceeding comparable synthetic materials.[5]

Silk fibroin

The silk fibroin protein composes the bulk of modern biomaterials research,
largely due to an impressive set of properties: high tensile strength and elasticity, in
addition to native biocompatibility.[5, 42] In order to understand how these properties
arise, it is necessary to consider the structure and chemistry of fibroin. Silk fibroin fibers

from the domesticated silkworm, B. mori, are composed of a light chain (MW = 26 kDa)
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and a heavy chain (MW = 390,000 kDa) linked by a single disulfide bridge.[57] Silk
fibroin is essentially a block copolymer consisting of hydrophobic [-sheet blocks,
interspersed with small non-repetitive hydrophilic linker sequences.[42] These crystalline
domains are predominantly composed of glycine-X repeats, where X is alanine, serine,
threonine, or valine.[58] Within these domains are subdomain hexapeptides (e.g.
GAGAGS, GAGAGY, GAGAGA, and GAGYGA), which incorporate the abundant
amino acids glycine (43%), alanine (30%) and serine (12%). Self-assembly of core
sequences enables the formation of a hydrophobic protein that is structurally and

mechanically stable.

The high abundance of B-sheet crystalline domains within the fibroin imparts the
protein with high tensile strength, elasticity, and overall toughness.[59] The toughness
and extensibility of silk greatly exceeds that of some of the strongest synthetic materials
available, including Kevlar, carbon fiber, and high-tensile steel.[60] Furthermore, the
strength and elasticity of silk exceeds that of many biodegradable polymers commonly
employed in biomedical applications, such as collagen and poly(L-lactic acid), and even
chemically-crosslinked collagen.[61, 62] B. mori silk demonstrates an ultimate tensile
strength of 500 MPa and an elastic modulus of 5 — 12 GPa.[42, 46] After degumming, an
enhancement in these mechanical properties is demonstrated in comparison to native
silk.[63] For these reasons, fibroin provides an excellent source of a mechanically-robust

biopolymer for biomedical applications.

B. mori silk fibroin is an intrinsically biodegradable and biocompatible polymer,
which provides marked benefits to its use as a biomaterial. The rate of biodegradation is

primarily a function of B-sheet crystallinity, which is controlled through silk processing
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and material fabrication steps, however environmental and mechanical parameters of
implantation also influence degradation.[64, 65] Degradation of fibroin is mediated by
proteases, which hydrolyze peptide bonds to allow for metabolism of resulting peptide
fragments. Proteolytic degradation of B. mori fibroin via Protease XIV demonstrates
predictable degradation due to surface erosion, which corresponds to a loss of mechanical
integrity protein molecular weight over periods up to 12 weeks.[43] This degradation
occurs for many species of fibroin-producing silkworms.[66] However, the rate of fibroin
degradation may also have biological impacts on cells cultured or in contact with the
material, leading to altered metabolism and osteogenesis for human mesenchymal stem
cells.[67] Therefore, elucidation of silk biodegradation and impacts on mechanics and

biological activity makes fibroin ideal for use in regenerative biomedical applications.

Silk fibroin demonstrates minimal inflammatory potential and low overall
immunogenicity when utilized in the purified state.[56, 68] Immune response to silk
fibers is largely attributed to the presence of the sericin protein, which when removed,
results in favorable immunological properties.[54, 55] For this reason, silk fibroin must
necessarily be utilized in the purified state in order to ensure biocompatibility. The in
vitro culture of macrophages in the presence of silk fibroin demonstrates pro-
inflammatory cytokine levels comparable to that of a tissue culture plate.[56]
Furthermore, in vivo culture of mesenchymal stem cells on fibroin films demonstrates a
lower inflammatory tissue reaction than that of implanted collagen and poly(L-lactic
acid).[69] Silk fibroin thus provides an ideal candidate material for the fabrication of
biocompatible, mechanically robust biomaterials that may be tuned to the structural

properties of the host tissue, yet are able undergo predictable biodegradation. However,
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despite the excellent biomaterial capabilities of fibroin, its processing leaves behind
sericin as a waste product, for which properties and potential applications have been

largely overlooked in past biomaterials research.

Silk sericin

The processing of natural silk to isolate fibroin for both textile and research use
results in the extraction of sericin, typically as an undesired waste product. Despite the
natural existence of silk as a biocomposite of two proteins, silk sericin is both chemically
and structurally distinct from silk fibroin. Silk sericin is a natively water-soluble
glycoprotein, composed primarily of polar amino acids serine (33%) and aspartic acid
(17%). This serine-rich protein is organized into the highly conserved 38-mer repetitive
sequence, SSTGSSSNTDSNSNSVGSSTSGGSSTYGYSSNSRDGSV.[70] Sericin from
the common B. mori silkworm consists primarily of three polypeptide chains, at 400, 250,
and 150 kDa molecular weights, with the extreme chains having similar amino acid
sequences.[71] Structurally, sericin is dominated by amorphous random coil regions, with
little or no a-helical content.[72] Thus, sericin displays a high degree of water-solubility,
which is determined by the ratio of random coil to B-sheet structure—an environmentally

dependent parameter.[73]

Studies on sericin behavior in in vivo and in vitro settings are far limited in
comparison to that of fibroin. In the past decade, studies have begun to illuminate the
biological activity of sericin, which is largely attributed to the 38-amino repetitive

domain.[70] Work from Panilaitis et al. (2003) on the inflammatory potential of silk
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fibroin has demonstrated sericin alone is not inherently immunogenic, a finding which
has upended decades of research aversion to sericin due to assumed biological
incompatibility.[56] Despite this, sericin has extensively demonstrated native
cytocompatibility, effectively promoting cellular adhesion and proliferation, as a result of
the 400 kDa fraction and the serine-rich regions.[74] This is demonstrated for fibroblasts,
and osteoblasts, for which culture on sericin is associated with increased alkaline
phosphatase activity.[75] In contrast, smaller sericin fractions serve as effective
mitogenic factors, demonstrating an enhancement in mammalian cell proliferation over
that of larger fractions.[76] Therefore, preliminary silk sericin cytocompatibility has been

established, providing a foundation for further work involving sericin biomaterials.[77]

A recent finding has demonstrated the conservation of self-assembly in isolated
silk sericin, providing fundamental insight into a key process of silk assembly.[37]
Combined with simple processing, the biomedically-relevant attributes of sericin place a
focus on characterizing how sericin self-assembly may add yet another unique property to
the repertoire of silk functionalities. However, limited research on silk sericin to date in
comparison to the well-studied fibroin, provides an incomplete foundation of
fundamental knowledge and properties on which to build. For this reason, further
evaluation of the self-assembly capacity of silk proteins, which have only been lightly
studied, enables the combining of biologically-relevant properties with self-assembly for
the formation of biologically-active silk architectures. A number of potential applications
in biomaterials such as hydrogels and membranes have already been demonstrated, due to
the ease of sericin processing and favorable mixing with other water-soluble biomaterial

precursors.[78] In this work, strategies are explored for producing complex sericin
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architectures with biomedical relevance—that is, it is desired to establish sericin as a
structurally-stable and versatile biomaterial with comparable utility to fibroin. However,
as will be expanded upon in the following section, fabrication strategies are limited in

their capacity to produce stable, biologically-active architectures.

1.3.3 Architectures of silk proteins

Native architecture and applications

Including the self-assembly highlighted in previous sections, silk proteins are
capable of forming structurally-diverse architectures for tissue engineering, biologically-
integrated devices, and drug delivery applications, without the need to introduce
additional materials or chemical modification steps.[21] After degumming and
regeneration, water-soluble fibroin is easily transformed into films, membranes, and
hydrogels through casting fibroin onto a substrate or patterned ‘master’ for reproduction
of nano- and microscale surface and bulk features.[79-82] Patterning of optically-
transparent fibroin introduces potential applications in biomedically-related diffractive
optics, microfluidics, and spatially-organized substrata for cellular culture.[83] Using a
variation on these techniques, patterning topographies are introduced via nanoimprinting
of thin fibroin films, which enables self-sensing optofluidics for conducting bioanalytic
studies.[84] Techniques are often combined with treatments to improve [-sheet
crystallinity, in order to increase mechanics, decrease aqueous solubility, and decrease
the rate of biodegradation.[64, 65] When water-soluble attributes are desired, the native

degradability and flexibility possessed by silk fibroin is advantageous in acting as a

18

www.manaraa.com



temporary or permanent ‘supporting substrate’ for applications such as biodegradable and
conformal bio-electronics.[85-87] Dissolution of purified fibroin in fluorinated solvents
allows electrospinning into nanofibers and nonwoven mats; however, considerable
mechanics are lost as a result of this process.[88, 89] Despite the range of architectures
available, fibroin has been limited to a finite set of attributes following materials
processing steps which have often exchanged solubility and flexibility for stability and

stiffness, which can lead to degradation of fibroin characteristics.

The same tendency is observed for the silk sericin protein—the high degree of
water solubility exhibited by sericin hinders fabrication into materials that provide
sufficient strength and environmental stability.[78] The formation of simple architectures,
such as films and hydrogels therefore demonstrate inadequate mechanics for employment
in many relevant applications.[72, 90] Similar B-sheet crystallinity-inducing treatments to
those of fibroin offer a means of decreasing solubility of the sericin architecture.
However, sericin gel films fabricated out of ethanol-precipitated sericin demonstrate that
while improving aqueous stability is possible, this occurs at the expense of diminished
cellular adhesion capacity both in the presence and absence of serum.[77] This
effectively demonstrates that non-chemical techniques to stabilize sericin for uses in an
aqueous environment also reduce potentially desired cellular adhesive and mechanical

properties. Limitations in architecture stability, the finite range of silk protein

functionalities, and complex fabrication strategies have provided an impetus to look to

advanced processing strategies, involving the formation of silk protein composite

biomaterials instead.
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The initial effort of this research is to study the assembly mechanisms of silk
proteins at multiple length scales. The study of fundamental silk assembly is intended to
provide a framework establishing the capabilities of natural silk proteins, which may
produce higher-ordered architectures. To expand the repertoire of silk, structural
modification can lead to enhanced function, or the presentation of non-native
functionalities, such as the ability to photocrosslink, and stimuli-responsive capabilities,
such as temperature or pH-responsive properties.[15, 16] By focusing on the addition of
well-characterized systems to silk, silk proteins may retain their remarkable chemical and
mechanical properties, yet yield functionalities better suited to use in biomaterials. Thus,

the intrinsic self-assembly of silk coupled with engineered assembly approaches leads to

the ability to form new biological materials with application in a variety of higher-order

architectures.

Enhanced Functionality Through Composite Architectures

Based on the discussion above, it is evident that the evaluation of advanced
processing techniques to address shortcomings of silk protein performance across a range
of applications is needed. An alternative and more widespread approach is the creation of
physical blends of silk proteins with other materials to incorporate multiple properties
into a single composite biomaterial. These composites are created by techniques such as
self-assembly, copolymerization of interpenetrating networks, co-fabrication and direct
inclusion. The formation of silk-based composite materials allows silk to act as a protein

building block for producing new materials with improved performance and functionality
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over that of silk alone.[15] In fact, the existence of natural silk as a biocomposite greatly
enhances elastic modulus over that of the isolated proteins.[63] Conversely, the addition
of silk proteins to existing systems provides enhanced properties as well. These
approaches provide an avenue to augmenting silk functionality, while preserving the

native attributes of silk alone.

Silk is able to form composites that are electrically conductive, demonstrate
improved water permeability, possess enhanced biocompatibility and novel anticoagulant
properties, and display improved cellular adhesion.[20, 91-93] Enhancement of
mechanics and biocompatibility has been demonstrated via self-assembly of
nanostructured silk with polycaprolactone to produce durable, composite scaffolds for
bone regeneration.[94] Silk fibroin improves cellular attachment and differentiation over
that of polycaprolactone alone, and conversely, the compressive strength of fibroin is
improved. The addition of other materials, such as chitosan, has the ability to form water-
stable, porous scaffolds with improved tensile strength and cell adherent behavior.[95,
96] In situ polymerization of conductive monomers enables enable the coating of silks
with electrically-conductive layers, leading to potential use in nerve regeneration
applications.[97] The concept of producing biocompatible blends of silk and other well-
established biomaterials provides valuable options for integrating sericin into a functional

architecture without structural degradation.

This concept of silk composite formation is harnessed in conjunction with a
number of other critical design philosophies: the need for generating fundamentally
biocompatible and biodegradable materials, and the incorporation of naturally-sustainable

materials into such designs to improve function. This can be achieved by the composite
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fabrication of silk with naturally-occurring species, such as collagen, chitosan,
hydroxyapatite, cellulose, and polylactic acid.[95, 98-101] These chemical species offer a
class of naturally-sourced materials displaying native biocompatibility, tunable or
predictable rates of biodegradation, diverse mechanics including elasticity and tensile
strength, and assorted bioactive functionalities.[102] Processing strategies to develop
composites into complex two- and three-dimensional architectures with satisfactory
stability and mechanical properties are lacking, however.[22, 103] In recent years, natural
poly(amino acids), such as poly(e-L-lysine) and poly(glutamic acid), have been embraced
due their natural existence in vivo and ability to undergo naturally-controlled proteolytic
degradation processes.[69, 102, 104] The benefit of utilizing additional peptides for silk
composites extends beyond physical properties—processing strategies of natural, water-
soluble amino acids, in addition to unique side chain chemistry, facilitates the
development of complex architectures. Previously, fibroin has been demonstrated in
conjunction with poly(aspartic acid), enabling the formation of highly-porous
scaffold.[19, 105, 106] The broad class of polyelectrolytic poly(amino acids), such as
poly(aspartic acid) and propylated-poly(glutamic acid), possess intrinsic pH- and thermo-
sensitivity, demonstrating stimuli-dependent hydration behavior.[107] To date, these
attributes in conjunction with silk have not been investigated. A goal of this research was
to take advantage of the relatively similar water solubility between poly(amino acids) and
hydrophilic sericin in order to achieve a complex, 3D architecture. Through the
investigation of stimuli-response in this complex, a route to augmenting silk functionality

to add the nascent ability to respond to environmental influences is achievable.

22

www.manaraa.com



Stimuli-responsive materials are defined as those which exhibit a meaningful
mechanical change in response to specific physical and chemical stimuli.[108] The
advanced capabilities of stimuli-responsive polymer-based materials provide significant
potential in materials science and biosensing applications. These materials are produced
in such a way that structural changes or ‘output’ is proportional to the amount of material
present. As such, macroscale architectures provide a maximal signal to certain stimuli,
such as temperature, pH, light, or chemical composition.[109, 110] These “smart”
architectures rely on engineered assembly between stimuli-responsive molecular
subunits. This provides a means of directing sensitivity of response, as well as other

material properties, as necessary to ensure compatibility in a given application.

Investigation of biopolymer composite-formation methods provides an avenue for
adding non-natural functionalities (e.g. pH-dependent swelling, temperature-responsive
morphological changes, and fluorescent signaling). Silk-based materials have been
characterized in arrangements such as hydrogels responsive to molecular binding.
However extensive work on physical response to chemical cues is not well
characterized.[111] One of the stimuli investigated in this research is pH and attempting
to fabricate porous protein hydrogels for utilization in pH response. In order to achieve
this, hydrophilic silk sericin is incorporated into a protein-based, pH-sensitive network
polypeptide, producing a hydrogel network capable of response to environmental

changes.
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Chemically-Modified Silk Architectures

A new class of functional silk materials is realized when the desired properties to
be imparted unto silk as a result of composite formation are instead added to silk directly.
Chemical functionalization can be employed to yield an improvement of existing
properties (physical or biochemical), or to expand the library of potential functionalities.
These can range from chemical modification of amino acid residues to functionalization
via insertion of chemical species into silk. Chemical modification strategies such as
covalent grafting and chemical crosslinking, provide an avenue to the site-specific
grafting of functional moieties onto structurally-diverse amino acids. Residue-specific
bioconjugation enables the preservation of fundamental attributes of silk fibroin and
sericin proteins, while improving stability, mechanics, and overall functionality.[78] For
example, the covalent decoration of silk fibroin fibers with the integrin-recognition
sequence Arg-Gly-Asp (RGD) improves the cytocompatibility of silk.[12] Interestingly,
the RGD motif is naturally present in non-mulberry silk fibroins, making this

modification applicable only to mulberry silks, i.e. B. mori.

In the interest of developing biologically-relevant architectures, stimuli-
responsive parameters, in conjunction with bioconjugation approaches, can be exploited
to yield improvements in silk structure and function. There is a considerable gap to fill in
existing research into silk protein applications using engineered assembly methods.
Fabrication processes have traditionally been conducted in a non-specific manner, using
chemical crosslinking or physical processing approaches.[112, 113] Of available stimuli-
responsive moieties, the addition of moieties capable of response to a stimulus input with

an ‘assembly’ or stability-enhancing output, enable the generation of highly-ordered
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patterns. By taking advantage of the fundamental biocompatibility and biodegradability
of silk proteins, their potential utility is expanded through the investigation of further
conjugation techniques. Due to the importance of this area, the next section is dedicated
in its entirety to the consideration of proteins in microfabrication strategies by means of

chemical conjugation.

1.3.4 Development of a Platform for Protein Microfabrication

A critical step in the development of biologically-integrated silk-based materials
is the ability to spatially organize silk proteins over large areas with micrometer-
resolution. While induced self-assembly of silk and other biomolecules provides a route
to the fabrication of 2D architectures, fundamental limitations exist in the generation of
large-scale patterns with defined size and geometries. These limitations make self-
assembled architectures impractical for applications utilizing protein micropatterns,
including tissue engineering, fundamental research studies in cellular biology, and
bioelectronics.[114, 115] For tissue engineering in particular, the presence of substrate
microstructure is crucial to directing cellular spatial orientation and behavior of cells, in
order to encourage cellular adhesion and proliferation along preferential gradients.[116]
In addressing silk’s contribution to areas of tissue engineering and cell culture, these
fields demand biocompatible and biodegradable materials with precisely micropatterned
architectures.[117, 118] In order to produce higher-ordered features at length scales
greater than those exhibited by self-assembly processes alone, directed assembly

techniques can provide a versatile avenue to yielding such architectures. This offers silk
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the opportunity to not only replace existing biomaterials, but importantly, offer their
fundamental properties of biocompatibility and low immunogenicity to existing

biomaterials.[118, 119]

Conventional Approaches to Protein Patterning

A number of approaches have been extensively demonstrated for the fabrication
of general protein architectures, including soft lithography and the generation of
patterned self-assembled monolayers.[117] For silk fibroin in particular, soft lithographic
casting and nanoimprinting have enabled the creation of architectures down to 200 nm
resolutions.[80, 84] For these soft lithographic approaches, the physical (i.e. mechanical
properties) and chemical (i.e. solubility) properties of silk proteins remain unchanged as a
result of soft lithographic steps, which may leave architectures unstable and subject to

degradation, potentially limiting applications.

Protein crosslinking agents, such as NHS esters, diisocyanates, carbodiimides,
and naturally-derived genipin, offer a route to increased stability through the induction of
bulk crosslinks in protein architectures.[120-122] Crosslinking of silk proteins has
previously been successful in stabilizing architectures, for example: sericin-poly(vinyl
alcohol) hydrogel crosslinking via glutaraldehyde, fibroin-collagen hydrogel crosslinking
via EDC (a carbodiimide), and fibroin-sericin film crosslinking via PEG/genipin.[98,
112, 123] The crosslinkers employed for silk protein crosslinking are primarily aimed at
decreasing solvation and improving mechanic, rather than stabilizing the 3-dimensional

configuration silk-based biomaterials. However, as chemical crosslinking occurs during
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the addition of the crosslinker, this essentially leads to the kinetics of crosslinking
occurring in competition with the process of mixing, preventing homogeneity in
crosslinking and bulk material properties. Furthermore, employment of these crosslinkers

in biomaterials is limited by toxicity of the crosslinker and reaction byproducts.

Photocrosslinking offers a viable alternative for overcoming the limitations of
bulk crosslinking strategies during polymeric biomaterials fabrication.[124] This strategy
achieves the same crosslinking as chemical crosslinkers, yet presents the requirement of a
light stimulus prior to the initiation of crosslinking. Ease of processing and the rapid
reaction of photocrosslinkers enable the patterning of polymers into various
architectures.[125, 126] Furthermore, through focused light and photolithographic
approaches, selective crosslinking can be achieved with high spatial resolution, allowing
light-directed syntheses and fabrication of micro and nanometer-scale patterns.[127-129]
Synthetic photocrosslinkers and photoinitiators have been used for developing
biologically-interacting materials without cytotoxic effects.[130-132] Despite the use of
photocrosslinking in synthetic polymers, the lack of intrinsic photoactive functionality in

proteins limits their employment in light-based processing methods.

Common silk microfabrication approaches fundamentally depend on conventional
photolithography, to either generate a ‘master’ stamp for soft lithography of silk, or to
enable selective patterning of protein-adherent ligands, often based on silane
chemistry.[114, 133] For example, biomolecule patterning may be achieved through a
lift-off strategy, in which a biocompatible photoresist is used to generate patterned, non-
adherent regions of a substrate, selectively limiting biomolecule localization.[134]

Sequential photoexposure and biomolecule immobilization steps enable the creation of
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multifunctional, complex biomolecule arrays.[135] This bio-lithographic technique
enables the incorporation of conductive substrates, effectively imparting biomolecular
arrays with diverse electrochemical functionalities for potential use in biosensing. For
self-assembled monolayer (SAM)-based approaches, photolithography is incorporated to
generate biomolecule patterning indirectly—a reactive SAM layer (e.g.,, n-
octadecyltrimethoxysilane) is deposited, and through light exposure the SAM is
selectively removed to create high contrast patterns for directing protein adhesion.[133]
These techniques often incorporate non-covalent bonding—molecular adsorption is
demonstrated for inducing protein adhesion, and furthermore bulk, mechanically-resilient

architectures of adhered protein are not possible due to reliance on monolayer adhesion.

Harnessing conventional photolithography in conjunction with a silk ‘photoresist’

would enable the direct fabrication of microstructures of silk, and have implications for
the broad class of proteins and other biomolecules. Photolithographic patterning of
proteins numerous benefits over soft lithography, allowing the generation of static
patterns of silk proteins, which are covalently bonded to improve chemical stability, and
further enables greatly improved mechanics. Furthermore, the fabrication of tethered and
independent shapes directly formed at micrometer scales without mold fabrication or
transfer steps has not been previously demonstrated for silk. In order for this approach to
be viable, the development of a facile process for photoactive modification, and

translation of biomolecules into a multi-step platform is necessary.
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Strategies for Photoactive Modification

The development of an intrinsically photoactive silk protein is dependent on the
attachment of a stable, covalently-bonded photo-reactive ligand. A number of methods
are available for biomolecular functionalization, ranging from bioconjugation techniques
to recombinant synthesis.[136, 137] The addition of a photo-reactive amino acid, p-
benzoyl-L-phenylalanine, to the genetic code of E. coli has been demonstrated via the
orthogonal synthesis of an aminoacyl-tRNA synthetase/tRNA pair.[138] Recombinant
synthesis in an E. coli host has provided a modular route to creating photo-reactive
proteins, via the orthogonal addition of non-canonical photoactive peptides.[139, 140]
The complexity of recombinant gene expression, involving numerous steps of sequence
cloning, plasmid design and purification in combination with low vyield, has made
bioconjugation techniques a more suitable alternative for generating photoactive proteins.
For example, residue-specific modifications may be achieved through thiol to cysteine
functionalization, NHS ester to primary amide conjugation, or EDC-based conversion of
carboxyl-containing residues into reactive moieties.[120, 141] Lower specificity reagents
such as isocyanates are capable of undergoing promiscuous conjugation to nucleophilic
amino acids.[142] To date, bioconjugation techniques are comparatively limited in their
production of photoactive protein conjugates—a prominently reported exception is the
conjugation of recombinantly expressed proteins via NHS ester—diazirine.[143] Among
all reagents available for conjugation, the diverse reactions possible through isocyanates
provide an ideal route to demonstrating bioconjugation in structurally-diverse silk

proteins. The proteins fibroin and sericin are therefore, ideal biomolecular pairs in
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conjunction with an isocyanate-based photoactive group, for the demonstration of a

versatile photolithography process.

General Approaches and Limitations to Conventional Photolithography

Photolithography holds a prominent position in the microelectronics field for the
large-scale, high-throughput fabrication of micro- and nanoscale architectures. Recently,
photolithography has undergone a translation to applications including biologically-
integrated devices, light-directed synthesis and Bio-MEMS fabrication.[128, 144] In this
process, light-sensitive ‘photoresists’ are employed, providing a response to light in the
form of chemical crosslinking (negative photoresist). In conjunction with a selectively
light-permeable photomask, employing patterned light-absorbing chrome on a glass
substrate, reproducible patterning is achieved via UV/optical light exposure. The epoxy-
based photoresist, SU-8, has been extensively utilized for the formation of biocompatible
architectures, and more recently has shown applicability in biomolecule patterning and
Bio-MEMS.[145, 146] Despite its favorable biocompatibility in vivo, the use of toxic
solvents in processing (e.g.,y-butyrolactone and 1-methoxy-2-propyl acetate) and limited

data on in vivo stability and biodegradation, limits potential biological applications.

The general process of photolithography employs multiple steps: 1) substrate
preparation to improve photoresist adhesion, 2) spin-coating to form a thin, homogenous
layer of photoresist, 3) soft baking removes excess photoresist solvent, 4) exposure (UV

or optical) induces photoresist crosslinking, 5) a post-exposure bake removes exposure
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artifacts, and finally, 6) development enables the removal of unexposed photoresist,

revealing micropatterns (Figure 1.2).
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Figure 1.2. Conventional UV lithography, demonstrating application and UV exposure

of photoresist to produce micropatterns.

Contact and proximity lithography comprise two simple and inexpensive
photolithographic exposure techniques capable of 1:1 reproduction of micrometer-scale
features from a patterned photomask.[147] Both techniques can be conducted at the
bench-scale with a UV light source and chrome photomask, in contrast to the more
complex projection lithography technique, which employs an expensive stepper system—
containing a reduction projection lens system.[148] Contact photolithography employs
the photomask in contact with the underlying photoresist, effectively minimizing
diffraction effects to ensure high resolution of reproduction. However, this technique
degrades the photomask chrome layer due to mechanical contact, while trapped dust and
particulates produce altered patterns in the photoresist. Proximity photolithography offers
an alternative, in which the photomask is separated from the photoresist by a small gap,

however, diffraction effects limit the resolution attainable through this method.[149]
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Feature resolution is largely a function of the wavelength of light used in optical
lithography, which for monochromatic light, Rayleigh’s scaling laws of resolution
produce an approximate minimum resolution of ~ 0.5 um. Fresnel (near-field) diffraction
effects occur as light travels through an aperture (i.e. optically transparent portions of the
photomask), expanding outwards as distance from the aperture increases. For
photolithography techniques in which: 1) the aperture is in close proximity to the area of
photoresist exposure, and 2) the gap between aperture and photoresist is greater than the
aperture size and/or the wavelength of light, Fresnel diffraction effects are significant.
Taking this diffraction limit into consideration, the minimum resolvable feature size

achieved through photolithography is determined by the equation [150]:

3
R=> //1(5+;)

A 1s the wavelength of exposing radiation, s is the gap between the mask and photoresist

surface (um), and z is the photoresist thickness (um).

Depending on the mode of photolithography utilized, the minimum resolution ranges
from 0.6 um (s = 0), largely limited due to the diffraction of light, to 3 pm (s = 10 pm) in
proximity mode. Together, these modes offer two approaches to conducting
photolithography down to the resolutions into the single-digit micrometer scale, while

providing the option to preserve the integrity of the photomask during photolithography.
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Design Considerations of Protein Photolithography

The investigation of silk protein bioconjugation and photolithography provides a
platform for the generation of high-resolution silk microstructures using light-based
patterning. However, a number of important design considerations must be addressed to

effectively demonstrate silk modification and photolithographic processing:

1) Chemical modification of silk proteins has the potential to impact physical,
biological properties via blocking the interactions of critical amino acids. For
example, polar amino acids in sericin (e.g. serine) are integral to polar zipper
interactions in B-sheet-rich regions.[151] Serine-rich regions are simultaneously
responsible for biologically favorable interactions.[70] In fibroin, structural
concerns arise as well—the hexapeptide GAGAGS dominates the crystalline 3-
sheet-rich regions responsible for structural integrity.[58] Modification of key
sequences silk proteins could thus prove disastrous for preserving the properties

that make silk proteins biologically-relevant.

2) The introduction of a non-native chemical group onto silk has the potential to
alter protein surface chemistry, and negatively impact solubility. It has long since
been established that even the introduction of fluorescent labels has pronounced
effects on solubility.[152] The surface hydrophobicity presented by a protein
directly influences aggregation potential, thus determining relative
solubility.[153] Common photoactive moieties such as acrylates possess a
partially hydrophobic character due to the vinyl functional group.[154] This

hydrophobic character has the potential to destabilize the silk conjugates,
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inducing aggregation or insolubility in common solvents.

3) In conventional photolithography, the development of negative photoresist is
achieved through solvents capable of solvating only unexposed photoresist. In
translating this process to silk proteins, it is necessary to consider the use of a
novel solvent system for achieving film casting, and subsequently, development
without markedly degrading the proteins. For sericin, certain dissolution
processes have been associated with significant protein degradation, negatively
influencing biological properties.[155] These dissolution steps may also have an

impact on mechanics and other properties, as is observed with fibroin.[156]

Potential challenges further exist due to the chemical and structural diversity
possessed by constituent silk proteins, which necessitates the fabrication of a broadly
accommodating platform for silk protein photolithography. The design of a platform
applicable to both sericin and fibroin has a wider applicability to proteins of variable
sequence and structure, allowing potential use for proteins in general. However,
preserving the functional attributes of silk proteins is key in this approach, as any loss of
function is detrimental to the concept of protein patterning. This platform offers the
potential to address deficiencies implicit to current patterning methods, to yield large-
scale patterning and the creation of features down to the microscale. This provides an
opportunity to greatly simplify and improve upon currently existing methods for
producing accurately-patterned silk for use in protein arrays, cellular scaffolds and other

biomaterials applications.
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Fabrication of “Smart” Silk Architectures

The extensive field of silk materials research has been steadily evolving alongside
research into biomaterials design, with increasing overlap as the capabilities of silk are
slowly expanded upon. An extraordinary amount of work has been invested into the study
of silk in the design of novel architectures, for their unique mechanics, ease of
processing, and position as renewable, natural materials. Currently, there is an untapped
potential in expanding on the valuable properties of silk proteins by actively augmenting
function to create a new library of silk-based biomaterials.[16] While silk fibroin has
been thoroughly characterized and transformed into an array of architectures, concerns of
biocompatibility have delayed similar studies on sericin.[5] For this reason, sericin is of
particular interest in order to expand potential capabilities and function in the role of a
new class of materials capable of eliciting stimuli-responsive attributes. Recent research
has highlighted the role of sericin in producing enhanced biological function in terms of
cellular attachment and proliferation.[74, 75] This has provided a push to evaluate new
assembly techniques for the formation of protein architectures, in order to place sericin
into biologically-relevant architectures capable of presenting the unique properties
presented by sericin. These studies may be further translated to fibroin to demonstrate

equivalent properties and versatility of the platforms established.

The primary objective was to demonstrate the development of a scalable and
versatile silk protein photolithography system capable of producing functional,
biologically-relevant silk protein structures. Recent techniques in creating cell-adherent,
photoactive proteins through recombinant engineering have provided an incentive to

designing an equivalent, yet modular biochemical approach applicable to silk
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proteins.[139] Optimizing this process to enable large-scale patterning and the creation of
features down to the microscale provides a method to form high-resolution patterns ideal
for use in tissue engineering scaffolds, biosensing and other bioengineering
applications.[115, 157] Silk fibroin was initially investigated in this platform, due to the
wealth of chemical knowledge available and superior mechanics, and this technique was
then translated to producing sericin through a biofriendly, water-based processing
approach. In this research, strategies are developed that take advantage of the
fundamental properties of silk proteins to yield non-toxic, naturally-derived silk materials

of enhanced structure and function, capable of spatially directing cellular behavior.

1.3.5 The Scope of Attainable Silk Protein Structure and Function

The research presented in this dissertation sought to demonstrate the role of silk in
establishing “smart” architectures by capitalizing on the fundamental attributes of silk
proteins. This was achieved through establishing the role of silk proteins in a hierarchy of
configurations and length scales: 1) from elucidating the intrinsic properties of individual
silk proteins, to 2) the design of silk biocomposites for allowing the evolution of novel
stimuli-responsive properties, and 3) lastly, to the millimeter-scale and beyond, by
evaluating the application of chemically-versatile bioconjugation and lithographic

approaches to producing precisely tailored, biologically-relevant silk architectures.

To date, the deficiency of fundamental characterization data on the properties and
function of sericin have significantly limited its incorporation into biomedical

microdevices. As a means of assembly, self-organization is an attractive attribute to
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potentially harness for biomaterials development at the nano- and microscales.[37]
Taking advantage the self-assembled, aggregated state of this protein allows
enhancement of the biologically-favorable, yet functionally-inert, sericin with the ability
to provide a meaningful response to external environments at the range of micro-to-
centimeter scales. Finally, the necessary evolution of this approach incorporates moieties
directly responsible for activity in bioconjugates, to modify silk protein directly. The
hitherto unexplored strategy of inserting a naturally-derived, biocompatible material into
photolithographic techniques provides immense benefits over the use of synthetic
materials, and as a technique for enabling facile processing of silk, greatly expanding the

repertoire of potential applications.
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CHAPTER 2

SELF-ASSEMBLY OF NATURAL AND ENGINEERED SILK PROTEINS

2.1 Introduction

Spontaneous organization at various length scales to form larger, functional
complexes via molecular self-assembly is common in diverse natural systems.[33]
Multiple weak, non-covalent interactions mediate this process, allowing the assembly of
supramolecular structures from smaller building blocks.[158] Understanding this
aggregation or agglutination of small particles to form larger assemblies and clusters has
widespread applications. These include colloid and gel formation, as well as beneficial
and detrimental biomolecular aggregation processes.[34, 159] Self-assembly of natural
precursors demonstrates potential applications in materials engineering, whereby
autonomous assembly from components with an apparent lack of order into well-
structured complexes, can be used to create novel biomaterials.[53, 160] The
identification of natural and synthetic systems that can enable the study of self-assembly
processes is therefore of great benefit to such fundamental and applied investigations,

enabling the incorporation of biomolecules in new classes self-assembling materials.
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Self-assembly and organization processes are generally modeled on the basis of
architecture, dimensionality, and Kkinetic regimes—fast, diffusion-limited cluster
aggregation (DLA), ballistic aggregation, and a slower, reaction-limited aggregation
(RLA).[161, 162] The process of substrate deposition and aggregation from protein
solutions occurs as the solvent evaporates, eventually allowing precipitation of the
soluble species, resulting in structures having a smaller fractal dimensionality than that of
the embedding space or lattice.[163, 164] In two dimensional models on simple planar or
curved substrates, these mechanisms result in complex architectures, classified by

physical properties, including fractal dimension, density, and texture.[165, 166]

Currently, studying such 2D self-assembly processes and aggregation processes is
achieved primarily via theoretical models and computer simulations.[164, 167] It has
been hypothesized that these limiting cases of aggregation are universal and independent
of the chemical nature of the systems.[168] While this has been shown using various
colloids, to date, there have been limited demonstrations in natural protein systems,
particularly in the absence of salt or other chemicals such as stabilizing agents.[168, 169]
With notable exceptions, most models deal with “ideal” particles of a single size, an
approximation that rarely holds true in nature.[170] A small set of natural species
including engineered polypeptides, lysozyme, gelatin and polyelectrolyte complexes have
been reported.[163, 171-173] Identification and characterization of real systems as
models for the characterization of DLA and hierarchical self-assembly would greatly
enhance the global understanding of self-assembly, as well as allow exploiting this
behavior in the development of functional, self-assembling materials that are self-similar

across length scales.
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The silk biopolymer, originating from a wide range of silkworm and spider
species, is a unique example of a self-assembling material, providing evidence for the
phenomenon whereby the whole (i.e. macroscale silk fiber) is greater than the sum of the
parts (i.e. constituent silk proteins). An early reported on the assembly of a silk protein,
sericin that spontaneously associates to form micro-scale structures.[37] Silks are widely-
studied examples of hierarchical assembly, forming chemically and mechanically stable,
B-sheet-rich composites, exhibiting superior biocompatibility in the purified state, and
favorable biomechanics.[5, 174, 175] Sericin has the ability to form various fractal
architectures in the absence of salt or electrolytes that can shield charge or encourage
attraction between particles. This novel observation is elaborated on in order to model
and study self-assembly phenomena in natural systems. To enable the modeling of fractal
architectures as a two-dimensional process, the behavior of sericin from different sources
leading to a diversity of cluster aggregation morphologies is discussed. Self-assembly
with distinct patterns on hydroxylated silicon substrates is characterized across multiple
length scales. Atomic force microscopy (AFM) and scanning electron microscopy (SEM)
are used to provide topographic and morphological data on aggregates. These different
mechanisms leading to DLA formation can be explained by considering differences in the
physical properties of protein particles, measured via particle size estimation and zeta

potential.

The core fibroin protein has been thoroughly studied in research, largely due to
the implications of a mechanically-robust material in biomaterials design. In order to
translate the aforementioned model of protein self-assembly to a structurally and

chemically-distinct species, engineering strategies are explored for producing sericin-like
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architectures of fibroin. The exploration of B-crystalline-inducing desolvation strategies
enable the translation of a hydrophobic, fibrous silk protein into a relatively
monodisperse range of microparticles, the properties of which are dependent on a number
of treatment strategies.[176] Investigation of monodisperse particle fractions
demonstrates the applicability of a similar model of diffusion-limited aggregation to a
protein that shares little in common with sericin, aside from its co-production in silkworm
species. This observation helps to demonstrate the ease of translation of diffusion-limited
aggregation models to distinct protein systems, in producing diverse architectures

through autonomous assembly processes alone.

The observed self-assembly may potentially be harnessed in the formation of
novel, composite bio- and nanomaterials with self-similarity at different length scales. It
is demonstrated that self-assembly in protein systems can be modeled as a purely
physical phenomenon depending on properties such as particle size, dispersity and charge
that causes differences in architectures from proteins that may share the same chemical
function. These findings thus have profound implications in the formation of future
classes of mechanically-robust, and structurally-stable materials through self-assembly

alone.
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2.2 Experimental Section

2.2.1 Materials

Silk samples were obtained from cocoons of: Bombyx mori (Jhargram Tropical
Tasar Farms, West Midnapore, West Bengal, India), Antheraea mylitta (Debra
Sericulture Farm, West Midnapore, West Bengal, India), Antheraea assamensis (Central
Silkboard Farm, Coochbehar, West Bengal, India), and also used in the form of
commercially-available pure sericin (subsequently referred to as Wako sericin in this
work). Note: Wako sericin is considered a commercial source of Bombyx mori silkworm
sericin, due to the high relative abundance and widespread commercial use of this
species. Molecular biology grade water (0.1 um filtered, < 2 uS/cm, Fisher Scientific,
Fair Lawn, NJ) was used for solubilizing sericin powders. Sodium carbonate (Na,CO3)
and lithium bromide (LiBr) were employed for fibroin purification from Fisher Scientific
(Fair Lawn, NJ). Phosphate buffered saline (PBS, Fisher Scientific, Fair Lawn, NJ) was

employed after 0.22 um filtration at pH 7.4.

2.2.2 Sericin Extraction and Purification

The former three samples were utilized in the purified form, after extraction from
silkworm silk by using a hot boil method under pressure (via autoclaving).[177] In this
method, 50 mL of deionized water was added to 1 g of silkworm cocoons, which were
then heated at 110 - 120 °C for 120 minutes. The resulting solution, containing

solubilized sericin, is then filtered through a glass microfiber filter to remove insoluble
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fibroin, and then dialyzed and lyophilized to yield a dried protein powder. Wako sericin
was used as received, without further treatment. Sericin was reconstituted by dissolving
the protein powder in molecular biology grade water to create 2 mg/ml stock solutions.
Samples were vortex mixed at low-speed for 30 minutes to ensure complete dissolution.
Finally, filtration with 0.22 um nylon syringe filters removed large insoluble particulates,

and the resulting solutions were stored at 2 °C.

2.2.3 Fibroin Extraction and Purification

Fibroin was extracted and purified from B. mori silkworm cocoons. Hot boil
degumming was first conducted in order to remove the sericin glue protein.[21] Silk
cocoons (1 g) were cut into small, 1 cm? fragments and a solution (400 mL) of 0.02M
Na,SO3 was prepared and heated until boiling. The silk cocoon fragments were added to
the boiling solution of sodium carbonate and intermittently stirred for a period of 30
minutes. The degummed fiber mass was removed from the solution, and immersed for 30
minutes in a stirred solution of cold deionized water, for a total of three rinses. The
degummed fiber was then dried overnight at ambient temperature. Regeneration of silk
fibroin was achieved via a solution of 9.3M LiBr. The degummed fiber was packed into a
small beaker with 9.3M LiBr added to form a 20% (wt/vol) solution, and dissolved in an
oven at 60 °C for 4 hours. The resulting solution was optically transparent, with a dull
yellow coloration. This solution was then transferred to 3500 molecular weight cut-off
(MWCO) dialysis tubing, and dialyzed against deionized water for 48 hours, with buffer

changes at 1 and 2 hours, and subsequently every 8 hours. The regenerated fibroin
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solution was then recovered, and centrifuged at 4500 rpm and 4 °C for 20 minutes to
remove insoluble particles. This process was repeated following recovery of the
supernatant for a total of three times. The resulting solution (7 — 8 % (wt/vol)) was then

stored at 4 °C until ready to use.

2.2.4 Preparation of silk fibroin particles

Microparticles of fibroin were prepared according to established methods.[176]
The concentrated fibroin solution was diluted down to 3.0% (wt/vol) in preparation for
microparticle formation. Variable amounts of ethanol (Vewon/Vsk of 6:20, 8:20, and 9:20)
were slowly added over a period of 2 minutes to a volume of fibroin (200 pL) while
undergoing low-speed vortex mixing. The sample was then incubated at -20 °C for a
period of 24 hours. The sample is noted to be milky white in appearance after defrosting.
A subsequent 10x dilution enabled storage at 4 °C without gelation of the fibroin
solution. Subsequent isolation of particles with a particular size range was conducted via
filtration using a 0.22 um syringe filter, on samples diluted to 50x to prevent clogging of

the filter.

2.2.5 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

To evaluate particle size and distribution, dynamic light scattering (DLS) was
conducted using a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd.,

Worcestershire, UK) at 20.0 °C, repeated three times. Zeta potential analysis was
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performed as a measure of protein aqueous stability, via a zeta potential aqueous dip cell,

following analysis of particle size.

2.2.3 Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
used to determine species molecular weight. Along with 10 pL of SeeBlue protein
standard, 10 pL mixtures of 5 pg of sericin, mixed with 5 pL 2x Novex Tricine SDS
sample buffer (Invitrogen, Carlsbad, CA) were loaded into wells of a 5% stacking gel
cast on top of a 8% polyacrylamide gel. The gel was run at 150 V for approximately 90

minutes and stained with MagicBlue rapid protein stain to enable band visualization.

2.2.4 UV-Visible Spectroscopy

Sericin was spectroscopically analyzed to ensure consistency between samples (at
1 mg/ml), and to verify accurate protein concentration in serial dilutions of the stock
solutions. A Shimadzu BioSpec-mini UV-Vis Spectrophotometer was used to determine
relative absorbance (Azgo) at 280 nm for each solution. Analyses were conducted on 200
pL volumes in a quartz cuvette. A deionized water-filled blank was utilized as a reference

sample, to which the A,gp value was set to zero.
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2.2.5 Substrate Preparation

Protein self-assembly was observed on hydroxylated p-type <111> silicon (Si)
substrates. Si substrates were cut to sizes of 1 cm?, and rinsed thoroughly with deionized
water and ethanol to remove Si dust and surface contaminants. Substrates were then
treated with a Piranha solution of 3:1 98% H,S0,4:30% H,O,, for a period of 30 minutes,
to remove organic contaminants and render the substrate hydrophilic (Caution: Piranha
solution reacts violently with organic materials and must be handled with extreme care).
The surface was repeatedly washed with deionized water and ethanol and dried at 150 °C.
Small volumes (5 pL droplets) of solubilized sericin protein were placed on the clean

substrates, and allowed to air-dry overnight at ambient temperature (22 °C).

2.2.6 Optical Microscopy

Optical imaging of dried samples (Nikon Eclipse LV100 optical microscope,
Nikon, Japan) was used to analyze microscale self-assembly of sericin architectures.
Samples were observed under brightfield illumination, using LU Plan Fluor lenses at 10x
and 50x magnifications. In addition to providing low-magnification representations of
dried protein architecture, images acted as a reference for locating regions of interest for

further investigation.
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2.2.7 Atomic Force Microscopy (AFM)

AFM images of the self-assembled architectures were obtained on an Asylum
Research MFP-3D AFM (Asylum Research, Santa Barbara, CA). Imaging was performed
in tapping (AC) mode using an AC240TS AFM probe (nominal spring constant k ~2
nN/nm, Olympus, Japan). The tip was operated at an optimal driving frequency of ~73
kHz, at a scan rate of 0.80 Hz to minimize imaging noise. Images were collected over a
decreasing range of scan sizes (90 um down to 1 pm), at a resolution of 512 x 512 points.

Selected areas of the samples were examined further using scanning electron microscopy.

2.2.8 Scanning Electron Microscopy (SEM)

SEM imaging was conducted on a Hitachi SU-70 high-resolution field emission
microscope, (3 nm resolution via secondary electron detection). Due to the relatively non-
conducting nature of proteins, among many other biological samples, it was necessary to
coat samples with a thin layer of metal to allow for electron conduction, and to minimize
charging during imaging. Samples were sputter coated with palladium to a thickness of
4.0 nm using a Denton Vacuum Desk V cold sputtering system (Denton Vacuum,
Moorestown, NJ). To further prevent protein degradation due to electron bombardment,
the accelerating voltage was run significantly lower than the default of 20 kV: image
quality was found to be optimal at 5.0 kV accelerating voltage and a working distance of
10 mm. At high magnification (> 100,000x), image collection was limited due to visible
sample degradation when focused on a single area over an extended period of time.

Magnification otherwise varied from 1,000x for single aggregates up to 100,000x for
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discrete particles.

2.2.9 Fractal Dimension Calculations

Fractal dimensions were determined for both AFM and SEM images of sericin
using the ImageJ image processing program.[178] Images were converted into a 2-
dimensional binary form (B&W) to enable accurate analysis in ImageJ. The box-counting

algorithm was used to estimate the fractal dimension (D) as previously described.[179]

2.2.10 Circular Dichroism (CD)

a-Helix and B-sheet content for the sericin samples were measured using a Olis
DSM 1000 Circular Dichroism Spectrophotometer (Olis Inc, Bogart, GA). Analysis of
the CD spectra was performed using DichroWeb Online Circular Dichroism Analysis via

the SELCON3 secondary structure reference database at 178-260 nm.[180, 181]

2.2.11 Salt-Mediated Protein Assembly

Investigation of the influence of physiological buffers on sericin self-assembly
was conducted via a 1x PBS solution, at pH 7.4. The PBS was filtered prior to use, to
remove precipitated salts and other contaminants. Solutions of Wako sericin at 1 mg/ml
in deionized water and PBS buffer were formulated, and 20 puL volumes were cast onto

Piranha-treated silicon to study self-assembly effects. A solution of 1x PBS in the
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absence of protein, acted as a control.

2.3 Results and Discussion

Models for aggregation have shown that structures formed have a characteristic
fractal dimension (Ds) that is smaller than the embedding space or the lattice.[163, 164]
Two-dimensional (2D) aggregates differ from higher dimensional assemblies in their
substrate-dependence, a phenomenon absent in bulk solution. This aggregation can occur
on hydrophilic substrates, or be stimulated by substrate modifications, where the addition
of charge can allow for the favorable assembly of an oppositely charged biomolecular
species.[173, 182] Here, the individual characterizations of the self-assembly of sericin
from different species are presented as models for investigating diffusion limited
aggregation behavior in 2D. On a surface, this protein would therefore assemble with a D¢
< 2. This assembly by a pure protein in the absence of any charge shielding or
modulation represents a novel system for fundamental and applied studies. In particular,
the ability to control self-assembly at the molecular scale on surfaces by non-covalent

forces can serve as a powerful model and tool in developing nanoscale biomaterials.

While the structural and functional role of sericin is conserved between silkworm
species, its physical and chemical properties may vary greatly. Sericins from 3 different
species of silkworms are characterized: Bombyx mori, Antheraea mylitta and Antheraea

assamensis. The cocoon sericin from B. mori is the most extensively characterized for
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sequence, molecular weight distribution, and chemical properties of all silkworm
species.[5] B. mori sericin is comprised of a group of proteins ranging from 20 to 400
kDa with three major fractions at 150, 250 and 400 kDa.[71] Another characterized non-
mulberry silkworm species, A. mylitta has higher molecular weight sericins with a light
chain at 70 kDa, and heavy chains at 200 kDa, and > 200 kDa.[183, 184] A. assamensis
has not been characterized to the extent of other sericin sources, though it is known to
consist of a single 66 kDa chain.[185] Little information exists on the properties and
origin of commercially-available Wako sericin, though it appears to have been purified
from the common B. mori silkworm. Following autoclave-based extraction, these
dominant fractions are degraded from their native state, yielding bands across a range of
molecular weights and the presence of high molecular weight fractions for B. mori and A.

mylitta (Figure 2.1).
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Figure 2.1. SDS PAGE (8%) gel pictures of 0.1% sericin solutions isolated from
cocoons of different species: M - Molecular weight marker, 1 - B. mori sericin, 2 - A.

mylitta sericin, 3 - A. assamensis sericin.

Incomplete and/or unknown sequence data, molecular weight distribution, amino acid
compositions, and crystal structures preclude making a direct comparison between sericin
proteins from the wvarious silkworm species. However, it is possible to use a
morphological and mechanistic evaluation of these systems to determine models for

protein self-assembly via diffusion-limited aggregation.

The secondary structural content of sericin, predominantly B-sheets, with minimal

a-helical content, may play a role in the observed hierarchical self-assembly described
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below.[72] This was confirmed by circular dichroism measurements (Table 2.1).
Aqueous solutions of sericin were further analyzed by UV-Vis spectroscopy to obtain

absorbance values at 280 nm (Azgo) for each protein (Table 2.2).

Table 2.1. Tabulated results from DichroWeb’s SELCON3 secondary structure analysis

at 178-260 nm, demonstrating relative similarity in structural content of various sericins.

Sericin a-Helix (%)  B-Sheet (%) B-Turn (%) Random Coil (%)
B. mori 2.3 43.6 22.3 32.4
Wako sericin 0.0 48.1 23.6 31.2
A. mylitta 1.9 48.8 23.9 29.3
A. assamensis 1.7 44.7 22.3 33.3

Table 2.2. UV-Vis spectroscopy data for sericin samples, determined at 1 mg/ml
concentrations. Variations in A,gy values are attributed to relative differences in the
abundance of tryptophan, tyrosine and phenylalanine (in order of descending molar

absorption coefficient) in that respective sericin sample.

Sericin Absorbance, 280 nm (Azg)
B. mori 0.273
Wako sericin 0.380
A. mylitta 1.071
A. assamensis 1.356
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From variation in Apgp data for sericin, it can be inferred that there exist relative
differences in the abundance of 280 nm absorbing residues—trytophan, tyrosine and
phenylalanine. This observation suggests that the variation in secondary structural
content is tied to species-dependent amino acid compositions of sericin. Overall, the
driving forces present in these sericin species may be quantified by considering the
tendency to spontaneously aggregate in solution, through electrokinetic measurements,
summarized in Table 2.3. The zeta potentials for sericin species are similar in distribution
ranging from -10.0 to -30.0 mV. B. mori, at -14.5 mV, is comparable to an earlier
reported value of -20.7 mV for heat-degraded sericin, where the extraction method may
account for the difference.[155] The low zeta potential values are all in the incipient
instability regime, indicating that sericin possesses intrinsic instability in solution. This
relationship between low zeta potential and tendency for DLA has also been previously
observed in colloidal systems.[186] DLVO theory supports this colloidal instability as a
function of both van der Waal’s and electrostatic interactions between discrete particles
undergoing Brownian motion. It is hypothesized that the presence of sufficiently weak or
negligible energetic barriers due to weak surface charges between particles, favors the

DLA process for proteins as well.[187]

The drying induced self-assembly of sericin was observed on silicon substrates.
This process can be studied across multiple length scales using optical microscopy
(millimeter), atomic force microscopy (AFM) and scanning electron microscopy (SEM)
(micrometer and nanometer). Three discrete modes of self-assembly are present based on
the general structural features and characteristics of the studied species, as seen in optical

microscope images (Figure 2.2).
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Figure 2.2. Optical images of (A) 1 mg/ml Bombyx mori, (B) 1 mg/ml Wako sericin, (C)

2 mg/ml Antheraea mylitta; (D) 1 mg/ml Antheraea assamensis. Scale bar = 50 pm.

B. mori and Wako sericin form irregular, dense dendritic aggregates, which are different
in structure and dimension to A. mylitta, which also possesses an outward-branching
regular, orthogonal architecture. Interestingly, A. assamensis falls outside of the outward-
branching tendency exhibited by other species, and appears to aggregate into spherulitic
form of DLA. Using the size distributions and the observed architectures, a hypothesis is
presented for the possible mechanisms for the DLA based on the self-assembly of sericin
nanoparticles and nanorods. The application of colloidal aggregation mechanisms to a

coalescing protein is simplified by the assumption that the size difference between
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protein molecules and the solvent allows treating globular protein particles in solution as
colloids.[188] For the sake of simplifying the explanation of self-assembly, the

mechanisms can be separated by architecture and species, and analyzed independently.

2.3.1 Mechanisms for assembly of mulberry silk sericin

The radially-branched, dendritic architectures of the mulberry silkworm sericins,
B. mori and Wako sericin (Figure 2.2A, B) are best described by theoretical models on
the random aggregation of solid particles into branched structures.[189] The classical
diffusion-limited aggregation (DLA) model is described using the irreversible
coalescence of colloidal particles into an outward-branching aggregate. For this protein,
this process occurs during solvent evaporation, leaving a two-dimensional, fractal

structure on the substrate, seen in AFM images (Figure 2.3A, B).
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Figure 2.3. AFM images of (A) 1 mg/ml Bombyx mori, (B) 1 mg/ml Wako sericin, (C) 2

mg/ml Antheraea mylitta, and (D) 1 mg/ml Antheraea assamensis. Scale bar = 20 pm.
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Self-similarity in fractal architectures is observed in SEM for B. mori and Wako (Figure
2.4A, C). Importantly, these images confirm the absence of microscale salt crystals or

aggregates that may integrate and guide architectures.

Figure 2.4. SEM images of (A and B) 1mg/ml Bombyx mori (C and D) 1 mg/ml Wako
sericin. Panels B and D are higher magnification images highlighting similar dendritic

architecture and scale for single branches.

In this model, the diffusion of colloidal particles into a growing cluster acts as the
rate-limiting step of aggregate formation, to form intricate branched structures from
dendrites to other random patterns.[190] DLA starts with a seed particle acting as the

nucleation center of the cluster. Subsequent particles at a random position and infinite
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distance undergo a ‘random walk’, or Brownian motion, to encounter and irreversibly
integrate with the growing cluster. The diffusion rate-limiting step occurs with a
negligible repulsive force between adjacent particles, thus the aggregation process is
entirely under the influence of Brownian motion. The net gain of protein particles
resulting from this randomness possessed by the diffusion field yields a highly branched

dendritic aggregate, or Brownian cluster.

The presence of a polydisperse particle size distribution found from dynamic light
scattering (DLS) (radii of 10.8 + 0.8, 132.8 + 19.8 nm for B. mori, and 8.2 £ 0.6, 123.0 £
18.5 nm for Wako sericin) implies that this system deviates from the aggregation of

same-size particles in previously described computational DLA models (Figure 2.5).
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Figure 2.5. Sericin particle size analysis via DLS: (A) B. mori. (B) Wako sericin (B. mori
commercial source). (C) A. mylitta. (D) A. assamensis. DLS data indicates both B. mori
and Wako sericin possess two predominant particle sizes, while A. mylitta and A.

assamensis have single, broad particle size distributions.

The presence of smaller molecular weight fractions results in smaller particles
that play a key role in the dense architectures observed. A dynamic interplay between
aggregation of small and large particles is likely whereby larger particles act as new
nucleation sites for smaller particles.[191] Higher magnification SEM imaging of B. mori
(~30,000 x) (Figure 2.4 B) presents a topography for which protein particles in branches
are visible, incorporated into a tightly packed configuration. This rough microscale
topography is shared by Wako sericin (Figure 2.4 D). The particle-cluster variant of

DLA, where particles sequentially collide with and further the growth process of single
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aggregates, is thus supported by the presence of aggregates consisting of a single
nucleation site.[164] The lack of resolvable single particles commonly present in DLA
models highlights the role of the smaller fraction of particles in competing for
incorporation into the cluster. Particle analysis from SEM images (Figure 2.6 A-B),

indicates a disparity between DLS data and particle dimensions in aggregates.
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Figure 2.6. Particle size analysis of SEM images: (A) B. mori, (B) Wako sericin, (C) A.

mylitta. Particles of a 25 pixel minimum threshold were located and analyzed.
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The small range of B. mori and Wako particle radii, respectively at 17.3 + 11.9 nm, and
22.1 £ 10.1 nm, suggests an initial aqueous aggregation process of the smaller particle
fraction observed in DLS data. The significant size difference between particle radius in
aggregates observed in SEM images, and DLS data indicating 120 - 130 nm particle size,

suggests tight packing and structural rearrangement of particles during the DLA process.

The significance of intermolecular interactions can be observed by considering
the probability of approaching sericin particles to adhere to the growing structure.
Spherical particles undergoing Brownian motion have some probability to ‘stick’ to
developing branches, irreversibly associating and allowing branch growth.[190] At a
stickiness parameter, s = 1, the system possesses perfect absorption, where coalescing
particles encounter with protruding branches at the largest current radius of cluster
growth. Lower stickiness yields denser (short branches of large width) aggregates as
subsequent particles are able to penetrate further into the cluster before irreversible
aggregation occurs.[192] Preferential growth also manifests as the addition of particles to
outer branches, despite the aggregate’s interior being just as accessible, due to peripheral
arms having a flux screening effect for approaching particles.[189, 190] A moderately-
dense architecture, along with the shielding of particles at smaller radii (a key
characteristic of DLA) is seen in these sericin aggregates, displaying a preferential
elongation by addition of particles to protruding ‘arms’ (Figure 2.2 A-B). An
intermediate sticking probability likely causes peripheral arms to grow preferentially,
allowing flux screening to occur. These observations imply that favorable protein surface

charge interactions are a driving force in the emergence of collision probability.[193]
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Protein concentration also has a profound influence on the formation of
aggregates via DLA. At higher protein concentrations, aggregates of B. mori are observed
to increase in both size and relative surface coverage (Figure 2.7 A-B). While this
phenomenon resembles a higher apparent stickiness parameter, the formation of denser
aggregates results from close contact between solubilized aggregates, allowing a larger
number of particles to participate in the DLA process per unit area. As protein
concentration is decreased (Figure 2.7 C), aggregates become discontinuous in branching
and occur over smaller areas—this phenomenon results from the relatively low
abundance of particles participating in the DLA process, reaffirming a link between

concentration-based effects and aggregate density.
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Figure 2.7. Optical micrographs B. mori at (A) 2 mg/ml and (B) 1 mg/ml, depicting
thinning of branches and increasing void space with diminishing concentration. At a
concentration of 0.2 mg/ml, features are no longer visible by (C) optical microscopy, and

branches are discontinuous in (D) AFM images. Scale bar = 100 pm.

Similarly, for Wako sericin, these observations hold—in the case of a high concentration,
the formation of a thick protein film prevents the observation of individual aggregates
(Figure 2.8 A-B). This occurs due to significant surface coverage concealing aggregates

under multiple layers of protein particles.
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Figure 2.8. Optical micrographs of Wako sericin (A) 2 mg/ml and (B) 1 mg/ml. At high

concentrations, Wako forms films of dense aggregates visible in (A). Low concentrations

of (C) 0.2 mg/ml lack adequate protein for DLA to occur. Scale bar = 100 um.

The fractal nature of DLA architectures is determined from the fractal dimension
parameter (Df), which is used for classifying two-dimensional aggregates into
aggregation regimes. In terms of architectural properties, fractal dimensionality
represents the degree of space-filling of a fractal. The fractal dimension found in
modeling off-lattice  DLA clusters is commonly 1.715 (DLA without dipolar

interactions), though higher values have been reported.[194, 195] For B. mori and Wako
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sericin, the Ds has been calculated to be 1.75 and 1.78, respectively (Table 2.3).

Table 2.3. DLS data for zeta potential and particle size of sericin protein samples.

Sericin Sample Mean Particle Size Zeta Potential
(nm) (mV)
B. mori 132.8+19.8,10.8+0.8 -14.5
Wako sericin 123.0+18.5,8.2+£0.6 -22.0
A. mylitta 207.8 +46.0 -17.5
A. assamensis 200.2+44.1 -17.7

These dimensions, consistent with previously reported scaling models, are explained by
the presence of a polydisperse distribution of particles, where multiple particle sizes
provides additional nucleation sites for branch growth, increasing D; (Table 2.4).[170,

191]

Table 2.4. Fractal dimensions (Df) of sericin protein microarchitectures.

Sericin Fractal Dimension Ds
B. mori 1.75+0.08
Wako sericin 1.78 £ 0.02
A. mylitta 1.68 + 0.08
A. assamensis 1.72+0.01
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2.3.2 Mechanisms for assembly of non-mulberry silk sericin

Sericins from two non-mulberry silkworms A. mylitta and A. assamensis were
investigated as described above. The A. mylitta sericin aggregates into low-density, self-
similar architectures with near-constant angle (~ 60°) between successive branches
(Figure 1C). This hierarchical, 4-fold semi-symmetric growth process of slanted branches
has been previously modeled as a DLA variant, and observed in interfacial
solidification.[164, 196] The presence of single particles composing architectures in
AFM images (Figure 2.3 C) was investigated at higher resolution in SEM images (Figure
2.4 A). Unlike those architectures observed for mulberry silk sericin, micro-to-millimeter
scale aggregates are observed with loosely-packed particles possessing spatial separation

between neighbors.

Concentration-dependent morphological effects are observed similarly for both A.
mylitta (Figure 2.9) and A. assamensis (Figure 2.10). As the concentration of A. mylitta
sericin is decreased, fewer particles are available to participate in DLA, leaving
significant voids and incomplete branches (Figure 2.9 A-B). For A. assamensis, there
exists a clear transition around 1 mg/ml, at which stage the formation of DLA fractal
structures is evident. This trend has been previously established, as branched DLA-
formed architectures give way to denser aggregates as particle concentration is

increased.[197]
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Figure 2.9. Optical micrographs of A. mylitta (A) 2 mg/ml and (B) 1 mg/ml, depicting
the loss of orthogonal architecture with diminishing concentration. AFM images of (C) 2
mg/ml and (D) 1 mg/ml indicate the extent of branching and surface coverage also

decrease with concentration. Scale bar = 100 um.

67

www.manharaa.com




Figure 2.10. Optical micrograph of 2 mg/ml A. assamensis (A), showing sericin protein
forming clumps, and as concentration is decreased to 1 mg/ml (B), protein begins to form
aggregates. At 0.5 mg/ml, these aggregates dissipate (C), and concentrate further towards

the contact line of drying, as is seen in AFM images (D). Scale bar = 100 pum.

The colloidal mechanics driving this assembly mechanism are the same as
particles undergoing coalescence characterized by DLA. Variations in this 4-fold
branched architecture are attributable to a combination of a quasi-static growth process

most prominent in snowflake crystals, with tip splitting, and a generally monodisperse
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particle size distribution for this species.[198, 199] Tip splitting, or the bifurcation of a
single branch into multiple species relates to the consideration of a noise parameter,
possessing significant influence in the growth process. Noise may result in irregularities
in the growing aggregate—branching periodicity, phase and amplitude, as well as length
and position, though this parameter is better defined by resulting fluctuations in the
growth process caused by fluid dynamical instability.[199] In classical DLA models, a
noise parameter m = 1 is considered. With noise reduction (m > 1), perimeter sites for
particle adhesion are screened for particle collisions. A random walk is evaluated m times
before particle addition is successful and the unoccupied perimeter site is then occupied
by a new particle. This results in incoming particles approaching the elongating branch at
various positions and angles, further leading to a more ‘regular’ and preferential growth.
This effect drives the transition from the branched DLA models observed in mulberry

silk species to the snowflake-like architecture seen in A. mylitta.

Furthermore, from the particle size analysis (Table 2.3), the absence of smaller
particles in A. mylitta results in more discrete, separated particles as also confirmed by

higher magnification SEM imaging (Figure 2.11).
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Figure 2.11. Higher magnification SEM images of non-universal DLA assembly of (A) 2

mg/ml Antheraea mylitta and (B) 1 mg/ml Antheraea assamensis.

Conversely, the presence of smaller particles in the mulberry silk sericin (B. mori)

implies that it is possible for these to occupy the interstitial spaces between the larger
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stringy structure, is likely due to the inability for these large sericin particles to deeply
interpenetrate into a growing cluster, i.e. a low stickiness parameter.[200] Discrete,
resolvable particles exist in A. mylitta aggregates for comparison to aqueous size data.
Particle sizes of 207.8 + 46.0 nm from DLS show substantially larger particle sizes than
branched B. mori and Wako sericin. The statistical analysis of particles in SEM images
estimates radius to be 591.5 + 345.6 nm (Figure 2.6 C). Comparison between radii
indicates subsequent aggregation of colloidal particles in solution, creating DLA
composed of particles 3-fold larger. Importantly, in comparison to B. mori sericin, it must
be noted that these particles have a distribution about a single peak with only higher
molecular weight fractions resulting in these larger particles and hence, a difference in
assembly. The low zeta potential of A. mylitta supports this additional rapid aggregation
through an incipient instability. In two-dimensions, fractal dimension of the classical
diffusion-limited aggregation has been determined to be ~ 1.71. Despite the non-ideality
of this DLA system, A. mylitta architecture is still within range for DLA to occur. The
fractal dimension, Dy, for A. mylitta of 1.68 is only slightly lower for aggregates in

models of noise reduction and quasistatic growth processes.[167]

The compact aggregates observed for the third species of silkworm studied, A.
assamensis, are not directly comparable to the highly-branched clusters observed in other
sericin samples above. Instead, the sericin from this species exhibits a non-universal DLA
more similar to spherulitic growth (Figure 2.2 D). The process results from the growth of
stacked lamellae from a nucleation site to packed elongated fiber-like aggregates and
circular, outward-branched patterns. Similar morphologies have been observed for

proteins such as lysozyme and bovine insulin, though generally to a more mature growth
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state than that of A. assamensis sericin.[201] The formations from A. assamensis can be
compared to that of polycrystalline polymers, via stacking of protein growth units into

sterically-filling structures.

A. assamensis behavior can be approximated to a process of nanorod mediated
fractal assembly, forming spherulite-like architectures (Figure 2.12). This process begins
with the assembly of nanoparticles into nanorods with a characteristic dimension of
around 200 nm, as observed in DLS measurements. The nanorods then come together as
the essential diffusion units in this assembly to the spherulite-like and branched
formations observed for this species (Figure 2.3 D). The observation of nanorods was
further confirmed by high-resolution SEM (Figure 2.11 B). This model of nanorod
mediated assembly was proposed earlier for short dipeptide derivatives that first formed
rods on the order of around 1 um prior to fractal assembly on surfaces.[202] In order to
explain the formation of nanorods, it is useful to consider the difference in the sericin
from A. assamensis from the other sericins studied above. This sericin is unique in that it
consists only of a single polypeptide band at 66 kDa.[185] Comparison to other globular
proteins of similar size (e.g. bovine serum albumin) allows us to consider that this sericin
consists of particles around 3 — 4 nm.[203] Unlike the larger nanoparticles observed
above (typically from a range of molecular weights from 20 - 400 kDa), these particles
are incapable of forming fractal structures by themselves. Instead they assemble to form
nanorods with characteristic dimensions of around 200 nm (Table 2.3) which then come

together to result in the architectures observed.
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Figure 2.12. Proposed models for diffusion limited self-assembly of different particle
distributions. Polydisperse nanoparticles self-assemble to classical DLA. Monodisperse
nanoparticles self-assemble to less dense DLA with tip-splitting. Small nanoparticles first

form nanorods, which assemble to nanorod-mediated DLA.

The Ds of around 1.69 is similar to that observed earlier for self-assembled
peptide nanorods that assembled into similar fractal patterns.[202] This system is also
morphologically comparable to the assembly of short DNA fragments into fractal

patterns.[204] The central regions of these assemblies are analogous to spherulitic growth
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that has a homogenous nucleation from single crystalline needles to form sheaf-like
branching pattern. This mechanism may be attributed to a combination of the formation
of protein-rich droplets via liquid-liquid phase separation and subsequent crystallization.
High resolution SEM imaging (Figure 2.11 B) clearly shows self-assembled nanorods < 5
um. These short nanostructures are precursors to the non-universal fractal DLA. As
observed for B-polyalanine peptides and dipeptide nanorods, these short nanorods are
unable to form hydrogels via water immobilization.[204, 205] Instead they are ideally
suited to form fractal architectures as observed. As the aspect ratio approaches that of a
nanofiber, there is an enhancement of [-sheet content and intrinsically flexible fibers

entangle and prevent self-assembly.[205]

Overall it is hypothesized that in protein systems, the process of colloidal
diffusion limited aggregation stems from inherently unstable protein nanostructures
(nanoparticles, nanorods) in solution. By virtue of sufficiently low repulsive interactions,
these self-assemble to form observed fractal structures. Interestingly, these structures are
observed to form in the absence of salt. The presence of salt tends to shield particle
charges and allow rapid aggregation via diminishing repulsive interactions. However, low
zeta potentials indicate an unstable system that may also account for rapid aggregation in
the absence of salt. Diversity of architectures is hypothesized to result from the
differences in the physical properties of these systems primarily in the form of their sizes
in solution (Figure 2.12). In a polydisperse system (B. mori), the competition between
particles an order of magnitude different in size, allows DLA to proceed to yield denser
structures for which single particles cannot be easily differentiated. Smaller particle sizes

allow tight packing to occur, filling voids and forming continuous branching. When

74

www.manaraa.com



considering a monodisperse system (A. mylitta), aggregate particles undergo a DLA-like
growth mechanism to form linear structures. From these simple linear structures, tip
splitting phenomena enable the formation of progressively smaller orders of branches
until only branches of single-particle-widths remain. A third mechanism of self-assembly
IS present in A. assamensis, where homogenous nucleation of a single polypeptide
fraction enables the formation of nanorods, which in turn assemble to form nanorod-
mediated DLA architectures. While the sericin protein is functionally similar across
silkworm species, each species possesses differences in protein sequences and molecular
weights. The diversity of self-assembly modes is attributed to the significant differences

between these physical properties.

2.3.3 Environmental control of sericin self-assembly

In this work, considerable effort has been directed towards the isolation and
characterization of sericin protein in the purified state, in the absence of any organic or
inorganic contaminants—mostly biomolecules, which were removed during the silk
degumming process. Self-assembly and subsequent analyses have largely established a
number of possible 2D architectures, available on the basis of the silkworm species from
which the sericin protein was extracted. These architectures each possess specific
morphological and physical properties, which influence assembly to producing a specific
architectural type. Methods for influencing the assembly of sericin, or proteins in general,
are not well-represented in literature—thus, it was of interest to evaluate the potential for

directing sericin assembly to into defined architectures.
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The introduction of salts and/or metals has proven integral to modifying the
structure and function of proteins.[206, 207] For example, protein scaffolds have been
fabricated by utilizing a physiological buffer in order to induce the formation of
macroscopic protein structures.[160, 208] Even in silk fiber assembly, specific
physiological parameters, such as pH, ionic strength, and other environmental
characteristics, play a key role in inducing specific protein morphologies.[209, 210]
Phosphate buffered saline (PBS) was selected to examine the architectural impacts of a
physiological buffer on sericin self-assembly. Experiments involved the evaluation of a 1
mg/ml solution of Wako sericin in 1x PBS, and separate sericin and PBS controls, onto
planar surfaces of Piranha-treated silicon. This salt-mediated self-assembly was observed
to have a significant impact on architectural features of sericin, inducing the formation of

a dense, orthogonal network with distinct hierarchy (Figure 2.13).
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Phosphate buffered saline, pH =7.4 Wako sericin (1 mg/ml)

-'\'&

Figure 2.13. The salt-mediated self-assembly of sericin is achieved through
reconstituting sericin in a 1x PBS solution, and casting onto a 2D substrate to form

well-organized, orthogonal architectures. Scale bar = 200 um.
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By comparison, PBS crystal growth occurs in controls, and Wako sericin forms dendritic
structures similar to prior observations. The structurally-distinct architecture is thus a
biocomposite of PBS-templated sericin protein, which incorporates the basic 90°
crystalline structure of PBS salts into an expansive, well-organized structure. The simple
strategy of salt-mediated self-assembly thus provides an effective means for altering
sericin morphology—effectively transforming the dendritic Wako architecture into A.
mylitta-like orthogonal branching patterns—findings which may further be incorporated

into fundamental and applied studies on the formation of tunable silk architectures.[211]

2.3.3 Self-Assembly of Engineered Fibroin Microparticles

The self-assembly of silk sericin occurs secondary to the initial in vivo
aggregation of fibroin polypeptides into nanoscale fibrils. This autonomous assembly
occurs with a progression in scale and complexity as fibroin steps through the process
from a polypeptide to a mechanically-robust fibrous form, supporting the adhesion of the
sericin glue layer. In contrast to sericin, which displays the ability to rapidly self-
assemble ex vivo into an architecture not exhibited in natural silk formation processes,
fibroin is unable to produce similarly ordered architectures in the absence of in vivo
conditions. In the case of fibroin, a myriad of complex environmental parameters in vivo
produces the necessary conditions for enabling assembly into meaningful architectures.
Further steps are necessary to produce a form of fibroin which can readily undergo self-

assembly in the absence of these complex environmental parameters.
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In this section, the self-assembly of engineered fibroin is investigated similarly to
sericin, in order to demonstrate that the fundamental parameters responsible for silk self-
assembly are intrinsic to the peptides themselves. This will support the notion that the
formation of complex architectures in vivo is a result of a highly controlled environment
manipulating the process of self-assembly. Furthermore, these observations effectively
demonstrate the limitations of using self-assembly of silk proteins to produce highly-
ordered, complex architectures. Particle architectures of fibroin were thus produced using
a microsphere fabrication strategy.[176] This strategy utilized ethanol-based
microcrystalline induction, where it was found particle size was directly correlated to
fibroin concentration, freezing temperature, and inversely correlated with the amount of
ethanol added. On this basis, parameters were selected to produce an intermediate size of
particles, using a 3.0% (wt/vol) solution of fibroin, compositions of Veon/Vse 6:20, 8:20,

and 9:20 ethanol to fibroin solution, and incubation at -20 °C.

Shape and Morphology of Microparticles

Analysis of particle shape and morphology was conducted by casting volumes of
microparticle solutions onto clean silicon, and drying the substrates overnight. Fibroin
particles are observed to be localized in dense aggregates on the surface, and layered in
some regions (Figure 2.14). The morphology of fibroin microparticles is spherical and
topographically coarse in appearance, without apparent aggregation into distinct
architectures. These observations were previously observed for a similar system, and

attributed to the structural conformation of fibroin in an aqueous environment.[176]
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Figure 2.14. Fibroin microparticle shape and morphology investigated via AFM.
Microparticles composed from a Veon/Vse ratio of 6:20 are depicted here. (A) Expansive
distribution of particles is noted, without apparent aggregation into any specific
architecture. (B) Microparticles are observed to be rough and distributed in layers on the

surface, with a significant variation in size.

Analysis of Microparticle Size and Distribution

Analysis of particle size and polydispersity via has supported observations from
fibroin topography, in which particles exhibit a significant variation in size (Table 2.5).
From dynamic light scattering, a decreasing trend in particle size is observed with
increasing ethanol-fibroin ratio, which supports prior observations. Furthermore, the
existence of two discrete particle radii is observed, in which a smaller radii possesses
approximately one-third of the size dimension of the larger microparticle. Interestingly,
the particle size distributions follow those of B. mori sericin, however without apparent

dendritic aggregation observed from AFM characterization. As a number of particle sizes
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were analyzed with similar results, it was of interest to isolate fractions to evaluate the

effects of a single particle size on self-assembly potential.

Table 2.5. Dynamic light scattering on fibroin microparticles (FMP), indicating an

inverse correlation between ethanol-fibroin ratio, and particle size.

L Large Small
Fibroin Sample

Particle Radius (nm) Particle Radius (nm)

FMP 6:20 619 + 132 158 + 21
FMP 8:20 286 + 81 68 + 18
FMP 9:20 208 * 64 64 +11

Isolation of Fibroin Fractions

Particular focus on the 6:20 fibroin microparticle composition enables the
application of a simple, syringe filtration method, and also allows study of a broader size
distribution of particles. Separation was achieved via a facile, 0.22 pm syringe filtration
method, in which dilute solutions of fibroin microparticles were slowly pushed through
the filter and recovered. After rinsing the filter with excess deionized water, the filter was
backwashed with deionized water to recover particles unable to pass through the filter.
This technique proved to be effective in separating particles on the basis of size, provided

there is sufficient distribution around the porosity of the filter. For example, DLS of the
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filtered 6:20 particle fraction indicates the smaller fraction is well-preserved in terms of

dimensions: 157 + 27 nm.

Characterization of Monodisperse Fibroin Microparticle Morphology

Isolation and characterization of single fibroin microparticle fractions via optical
microscopy demonstrates dendritic aggregates characteristic of DLA for both the small

fraction (filtered), and the larger, recovered fraction (Figure 2.15).
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Figure 2.15. Optical microscopy of 6:20 fibroin microparticles, (A) filtered and (B)
recovered, demonstrating similar dendritic architectures for both particle sizes. The
recovered image is presented in darkfield to enhance visibility of fractal aggregates. Scale

bar = 500 pum.

Further analysis via SEM reveals the nature of these architectures, as expansive

branching structures composed of discrete spherical particles arranged in a discontinuous,
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non-contacting configuration (Figure 2.16). Direct comparison of fibroin self-assembled
architecture to that of silkworm sericin proteins is not possible due to the distinct
chemistry of fibroin. However, B. mori fibroin aggregates are observed to posses the
discontinuous branching and non-contacting characteristics of the A. mylitta sericin
model, while the overall architecture closely resembles that of B. mori sericin. This

observation strongly suggests the existence of a distinct mechanism for self-assembly,

possibly due to the predominantly hydrophobic nature of fibroin.

Figure 2.16. SEM characterization of the recovered 6:20 fibroin microparticles reveals a

dendritic architecture, composed of discrete, non-contacting particles. Scale bar = 25 pum.

A model has been proposed to explain this phenomenon, which considers the self-
assembly of fibroin molecules into microspheres, and finally microscale aggregates.
Initially, ethanol induces a conformational change in fibroin from the random coil to a 8-
sheet-rich structure, creating soluble nucleation sites.[64, 65] These crystalline nucleation
sites act as seeds for further crystal growth during stirring, to form microcrystalline, -

sheet-rich subunits.[212] Upon freezing, the shearing forces present enable further

83

www.manaraa.com



microcrystal self-assembly to produce an ordered particle, with ordered, crystalline core
and unordered, amorphous shell.[213] Cao et al. (2007) established that this
conformation of fibroin, with hydrophobic microcrystalline regions and hydrophilic side
chains, contributes to the organization of particles into a sphere, with a hydrophobic core
and radially-oriented side chains in an aqueous setting. Topographic characterization
(Figure 2.17) supports this observation, and furthermore, particle size analysis reveals an
average particle diameter of 565 + 172 nm, which is in agreement with that of DLS. This
theory explains the existence of hydrophobic protein microparticles in solution, however
the aggregation behavior into dendritic architectures is largely attributed to sericin-like

assembly without further aggregation of particles from the soluble state.

500

Figure 2.17. AFM of fibroin microparticles recovered post-filtration (500x dilution), via
a 6:20 fibroin-ethanol composition, indicates particle aggregation is limited to single
particles, or dumbbell-like aggregates. Average particle size: 565 £ 172 nm.
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The process of diffusion limited aggregation for fibroin microparticles occurs as
an evaporation-induced assembly process in aqueous solutions of single particle
fractions. In a manner similar to A. mylitta sericin, this particular aggregate growth
pattern is described by a quasi-static growth process and tip splitting phenomena. The
significant difference in aggregation for engineered fibroin microparticles occurs due to
differences in surface chemistry, particle size, and particle abundance. The existence of
fibroin as an amphiphile accounts for the lack of aggregation behavior that would
otherwise be characteristic of hydrophobic, crystalline particles. The presentation of
hydrophilic side chains at the particle surface enables favorable solubility and partial
aggregation during solvent evaporation. However, the balance between hydrophilic and
hydrophobic character of fibroin enables the ordering of discrete particles into rough
patterns while preserving spacing due to the burial of hydrophobic core residues in an
aqueous environment. Overall, this strategy of microsphere formation and isolation
enables the production of an engineered, relatively monodisperse protein system, which

behaves as described by the silk sericin DLA model.

2.4 Conclusions

Sericin silk proteins display the ability to assemble via multiple aggregation
mechanisms that allow study of self-assembly processes. When translated to an

engineered system of fibroin microparticles, this aggregation behavior is again observed
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to occur. The remarkable observation of self-assembly is the occurrence of these
mechanisms in the absence of electrolytes that enable repulsive barriers to be effectively
shielded. This leaves the issue of aggregation as a purely physical consideration, which
highlights DLA processes across organic and inorganic systems, as being a product of
simple size and charge properties. These architectures manifest as DLA processes for B.
mori and Wako sericin, which have been determined to be the same protein, and A.
mylitta, which possesses some modifications to the classical DLA model. The key
differences observed in aggregation mechanisms are the presence of monodispersity vs.
polydispersity in colloidal particles, particle sizes both in solution and in the aggregates,
and surface charge anisotropy. The presence of polydisperse colloidal particles allows the
aggregation mechanism to occur, with a filling in of gaps normally exhibited by DLA
models. In a monodisperse system, the absence of smaller size fractions enables single,
isolated particles to be resolved. It is these physical differences between colloidal systems
that are postulated to yield remarkable changes in branching architectures. In the absence
of crystal structures and amino acid sequencing, these physical considerations can

illustrate how architectures arise from proteins sharing only function.

[This chapter contains results that have been previously published:
Kurland, N.E., et al., Self-assembly mechanisms of silk protein nanostructures on two-

dimensional surfaces. Soft Matter, 2012. 8(18): p. 4952-4959.]
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CHAPTER 3

ENHANCING BIOMATERIAL MICRO-ARCHITECTURE AND STIMULI-
RESPONSE VIA SILK PROTEIN TEMPLATING

3.1 Introduction

As discussed in the previous chapters, a silk processing waste product, the sericin
glycoprotein, has a unique set of attributes, including water-solubility, biocompatibility,
and potential bioactivity—all of which support the applicability of sericin in materials
fabrication strategies. Longstanding concerns of immunogenicity have lessened the focus
on sericin as a useful material, however recent studies have shown these concerns to be
unfounded, reigniting interest in the use of sericin as a biofriendly building block with
applications in the aqueous setting.[56] In the previous chapter, self-assembly
mechanisms of sericin and fibroin were explored, which revealed a hierarchical assembly
process from an aggregated protein state in solution, into sub-millimeter scale organized
patterns of sericin.[39] As a fundamental study, this research highlighted the step-wise
growth in complexity of sericin in particular, and a means of augmenting this
architecture, however, potential applications of the fragile two-dimension aggregates
were limited. In order to translate the properties of aqueous-based sericin aggregates into
a meaningful material, the potential for sericin to integrate into a composite architecture,
and the subsequent effects of sericin in composite form, were investigated. Here, the
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incorporation of sericin into a composite architecture capable of displaying expanding an
enhanced set of structural and functional attributes is of interest. A significant challenge
lies in the ability to demonstrate the successful incorporation of sericin into a composite,

and to preserve the biocompatibility of the resulting architecture.

Materials capable of altering their properties in response to environmental stimuli
have wide ranging applications ranging from aerospace design to tissue engineering and
drug delivery.[214, 215] Such “smart” materials are able to actively modify, often in a
targeted manner, their physico-chemical properties including structure, optical properties,
and permeability in response to changes in temperature, light, ionic strength, irradiation
or pH. For materials that interact with biological systems, additional challenging design
constraints must be satisfied. For instance, such biomaterials must also possess a low
toxicity, high biocompatibility, and often, favorable biodegradation characteristics.[216]
A variety of materials, such as crosslinked hydrogels, polypeptides and shape memory
polymers and alloys have been proposed in recent years as stimuli responsive materials to

be exploited as filaments, membranes, particles and scaffolds.[217-219]

Of specific interest are hydrogel—three-dimensional crosslinked networks
capable of absorbing and retaining large quantities of water.[220] These polymers can be
structurally designed with discontinuous phase transitions, controlled degradation and
responsiveness, making them valuable for various applications, specifically as materials
that can induce volume change in response to stimuli such as temperature and pH.[221,
222] As highly biocompatible biomaterials, hydrogels have been widely used in
biomedical applications.[223, 224] While traditionally synthetic, new materials such as

hybrid hydrogels with synthetic and natural molecules, and poly(amino acid) hydrogels
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produced by genetic engineering have greatly expanded the application space of
hydrogels.[225, 226] One of the driving forces for developing these classes of materials
is the desire to limit products of synthetic polymer degradation. Being comprised of
naturally occurring building blocks, upon their degradation, poly(amino acid) hydrogels

have the possibility to diminish toxicity typically associated with synthetic materials.

A range of “responsive” hydrogels from polypeptide building blocks, to
recombinant natural structural proteins like elastin and silk have been reported.[160, 218,
227] A structurally simpler alternative is poly(aspartic acid) (PASP), a pH-sensitive,
water-soluble, biodegradable polymer which can be synthesized through the thermal
polycondensation of the amino acid, L-aspartic acid (Figure 3.1).[228] A variety of
methods for its synthesis have facilitated the low cost and widespread industrial
production of PASP, with a range of physical and chemical characteristics. PASP and its
derivatives form excellent stimuli responsive hydrogels as naturally biodegradable, non-
toxic, cost efficient and easily prepared materials. PASP hydrogels can be crosslinked
using various natural polyamines and retain an elastic modulus consistent with ideal
polymer gels.[109] However, thermally-synthesized PASP materials have typically been
primarily used in industrial applications to prevent scaling, inhibit dental plaques or as

additives for other materials in biological applications.[228, 229]
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Figure 3.1. The thermal condensation, and subsequent hydrolysis of L-aspartic acid

enables a low-cost route to the synthesis of poly(aspartic acid).

To enhance the stimuli responsiveness of PASP and to develop versatile
biodegradable amino-acid based hydrogels as cellular scaffolds and biocompatible
matrices, a protein-directed templating strategy was developed to augment the
microstructural morphology of the network. This technique is partially based on
template-directed synthesis, in which a template material acts as a scaffold for the
fabrication of porous architectures.[230] To date, template-directed assembly using
proteins has been shown as a biomaterial-based equivalent to soft lithography
microfabrication.[231] Incorporation of protein-based templating utilizes the agqueous
behavior of a protein to create void spaces within a templated species. Here, the water-
soluble protein enables the formation of voids within the PASP hydrogel microstructure,
effectively increasing porosity, after which the template molecule may be solubilized and

removed.

The intrinsically biocompatible and water soluble silk protein, sericin, was
selected for use as a template agent in the PASP hydrogel network. In the introduction,
sericin was introduced as a macromolecular, water-soluble, glycoprotein produced by the
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middle silk gland, which forms the counterpart to the more widely used silk protein,
fibroin.[5] Sericin is also rich in B-sheets which lend excellent mechanical integrity,
attracting considerable interest in its use in composite biomaterials. Unlike fibroin,
sericin has many hydrophilic amino acid chains which lend to its excellent susceptibility
to modification and therefore an ideal candidate for hydrogels. Silk proteins have been of
recent interest to enhance biocompatibility and decrease cytotoxicity of materials in
vivo.[20, 232] Indeed, silk proteins have previously been used to fabricate hydrogels but

there have been very few studies into their use as templating agents.[90, 233]

In this chapter, the formation of pH-responsive bio-templated poly(amino acid)
hydrogel is reported. Using poly(aspartic acid) structurally modified with the silk protein
sericin, a biocompatible, protein-based architecture is demonstrated that is highly
responsive to changes in external pH and is suitable for cell growth. PASP is classified as
a polyelectrolyte which can be swelled after crosslinking due to protonation and
deprotonation to different volumes dependent on the pH. Silk sericin is a low cost natural
protein obtained from mulberry silkworms that has high mechanical strength but does not
in itself possess any pH responsiveness.[234] Sericin is unable to crosslink directly with
itself, but being water soluble, provides an avenue to be used with another protein or
polymer as a structural modifier to form a hydrogel. Importantly, sericin has been
demonstrated to be a biocompatible material when isolated from silk fibroin, and in fact
leads to enhanced cellular proliferation.[235] The combination of these materials is
therefore highly suited to form a responsive scaffold material. Furthermore, through the
formation of a biocomposite, it is possible to expand the range of potential structure and

function exhibited by sericin.
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Here, a number of parameters are analyzed: the swelling behavior of this
composite protein-based biomaterial, the effect of the protein (sericin) templating on the
composite, and finally the investigation of their use as cellular substrata. The resulting
hydrogels are capable of significant mass swelling, and demonstrate the ability to absorb
up to 26x their dry weight in water, while simultaneously displaying a ~25% mass
change when transitioned from acidic to basic conditions. These sericin-PASP hydrogels
retain structural integrity during this process, and display reversibility in returning to their
original mass after pH cycling. Overall, this process provides a low-cost avenue to the
production of highly absorbent, pH-responsive protein-based hydrogels. Through the use
of the naturally-derived biocompatible protein, sericin, cytocompatibility is effectively
maintained during the fabrication process, supporting future applications of sericin as a

composite biomaterial.

3.2 Materials and Methods

3.2.1 Materials

L-Aspartic acid (98% reagent-grade, Sigma-Aldrich, St. Louis, MO), sericin silk
protein (Wako Chemicals USA, Richmond, VA), 14-butanediamine (BD),
ethylenediamine (ED, anhydrous), and N,N-dimethylformamide were used as received
for synthesis of the hydrogel. Imidazole, boric acid, acetic acid, sodium chloride and

citric acid (Sigma-Aldrich, St. Louis, MO), were employed for preparation of buffered
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solutions in deionized water (18.2 MQecm, Millipore) across a range of pH values. All
chemicals were purchased from Fisher Scientific (Pittsburgh, PA) unless otherwise

specified.

3.2.2 Synthesis of Polysuccinimide

The synthesis of polysuccinimide was performed via thermal polycondensation of
L-aspartic acid, according to established protocols.[228] Briefly, 10 g (0.075 mol) of L-
aspartic acid was added to a 50 mL three-neck round-bottom flask equipped with a
thermometer and stir bar. The powder was heated to 260 °C for 6 hours under a dry N;
gas purge, to initiate the condensation of aspartic acid monomers. During this process,
sufficient gas flow is required through the flask to ensure clearance of water vapor
generated as a side product of the condensation reaction. The resulting product was
washed thoroughly with deionized water and methanol, and vacuum dried at 85 °C. A
conversion of aspartic acid to polysuccinimide of ~90% was determined directly from the
dry weight of the product, as any residual aspartic acid is readily soluble during the post-

reaction wash.

3.2.3 Polysuccinimide hydrolysis

Polysuccinimide was hydrolyzed to poly(aspartic acid) using alkaline hydrolysis
for the purposes of determining average molecular weight. 1g polysuccinimide was added

to a 25 mL beaker, along with 0.4 g sodium hydroxide (added as a molar equivalent per
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succinimide repeat). The beaker was cooled on a bed of ice, and 7 mL deionized water
was added, prior to stirring the mixture for 1 hour. At the completion of hydrolysis, 1M
HCI was added dropwise to the reaction solution, until the solution pH = 7.0. The
solution was precipitated in 100 mL methanol, and the precipitate recovered and vacuum-

dried at 40°C.

3.2.4 Static light scattering of poly(aspartic acid)

The molecular weight of the synthesized poly(aspartic acid) was determined by
static light scattering on a Malvern Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
Worcestershire, UK). A range of poly(aspartic acid) concentrations < 1.0 mg/ml were

analyzed to generate a Debye plot, and enable determination of molecular weight.

3.2.5 Fabrication of sericin templated-poly(aspartic acid) hydrogels

pH-responsive hydrogels were formed by crosslinking the poly(aspartic acid)
precursor, polysuccinimide in the presence of the silk protein, sericin. Hydrogel samples
(15 mg) were produced in this fashion, with 0, 25, 50, and 75% sericin, to yield hydrogels
of 100, 75, 50, and 25% PSI by mass respectively. The two constituents were dissolved in
100 pL of DMF in a 1.5 mL conical tube and well-mixed prior to crosslinking. The
crosslinkers, 1,4-butanediamine (BD) or ethylenediamine (ED), were added over a short
time period (30 seconds) to an agitated reaction solution, to ensure homogenous

distribution of the crosslinker. To demonstrate the effects of crosslinker length on
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hydrogel swelling, crosslinkers were added at a 20 wt% to 50% and 75% PSI hydrogels
(3 mg crosslinker). Subsequently, the shorter linker BD was selected due to the superior
swelling of hydrogels. Samples were prepared using a 0.5 molar ratio of BD to
succinimide subunits (99.09 g/mol). Reaction mixtures were left for 12 hours at ambient
temperature to allow the crosslinking reaction to proceed to completion. The resulting
hydrogels were then immersed in deionized water (18.2 MQ-cm) for 24 hours to allow
for dilution of DMF, as well as diffusion of free crosslinker and sericin protein. After the
crosslinked hydrogel was formed, the imide ring of the polymer backbone was
hydrolyzed in 0.1M NaOH solution for 12 hours. The resulting structure is a 3D hydrogel
network, consisting of a poly(aspartic acid) backbone with intermittent crosslinks,

henceforth referred to as PASP-S in this chapter.

3.2.6 pH response of PASP-S hydrogels

The pH sensitivity of each hydrogel sample was investigated by studying the
swelling behavior across a range of pH values, from pH 3.0 to 9.0. As reported before,
either the equilibrium swelling based on mass or volume can be reported. In these
experiments, the mass swelling degree is utilized as an indicator of hydrogel
performance. Buffer solutions (¢ = 0.1 M, |1 = 0.25 M) were employed at pH 3 (citrate),
pH 5 (acetate), pH 7 (imidazole), and pH 9 (borate). PASP-S hydrogels (n = 3) were
immersed in buffer solutions for 30 minutes at each pH value, and incremented to the
next buffer at this time interval. To demonstrate reversibility of swelling, hydrogel

repeats were immersed initially in different pH buffers, and cycled through the range of
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pH values (3 — 5 — 7 — 9) back to their starting pH (for instance, a sample initially
swollen in pH 7 is immersed in pH 9 —3 —5 — 7). This simultaneously serves to
support a positive trend in swelling with pH as resulting from pH-dependent swelling,
rather than from a time-dependent process. Sample mass was determined for the swollen
samples, and the swelling ratio of the hydrogels was determined according to the

following equation:

Equilibrium Swelling Ratio (Qm) = [(Ws - Wq) / W]

where W and Wy represent swollen and dry sample weights, respectively.

Following swelling studies, samples were immersed in deionized water to remove any
residual salts, then vacuum dried overnight and weighed to determine the final dry mass.
Volume changes were also observed by measuring the size of the hydrogel disks at

different pH.

3.2.7 Bulk characterization of PASP-S hydrogels

Bulk morphologies of PASP-S hydrogels were characterized using scanning
electron microscopy (SEM). To preserve hydrogel porosity and microstructure for
morphological analysis, hydrogel samples were cryofixed. Samples were swollen in
buffered solutions (citrate at pH 3 — 4 and borate at pH 9 — 10, respectively) for 24 hours.
Samples were then rapidly cooled via a 30 second immersion in liquid N2, and
immediately fractured to expose bulk interfaces of the hydrogel network. The frozen

hydrogel fragments were then lyophilized for 48 hours, mounted on conductive stubs and
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sputter-coated with platinum to a thickness of 18 A. SEM imaging was carried out at a 15
kV accelerating voltage on a Hitachi SU-70 high-resolution field emission microscope
and at a 2.0 kV on a JEOL SM-5610 SEM. Bulk morphology of hydrogel fragments was

specifically investigated using this technique.

3.2.8 Surface and mechanical characterization

Atomic Force Microscopy (AFM) analysis of surface morphology was performed
on an MFP-3D AFM (Asylum Research, Santa Barbara, CA), operating in AC mode. The
AFM was further used to determine Young’s modulus of the hydrogels in the dry state
via AFM-based nanoindentation. Thin hydrogel segments (> 1 um thickness) were
indented with 10 indents at 3 discrete locations under a constant load of 500 nN to a total
depth of ~10 nm using an AC240TS tip (nominal k = 2 nN nm™, Olympus, Japan). Force-
distance curves were subsequently analyzed via fitting tip extension data to the Oliver-

Pharr model to determine values for Young’s moduli.[236, 237]

3.2.9 Cytocompatibility of PASP-S hydrogels

Hydrogel samples with different compositions varying from 25% sericin to 75%
sericin were investigated for their absence of cytotoxicity and their ability to function as
cell scaffolds. Murine fibroblast (L-929) cells were seeded on the scaffolds (10° cells/ml).
Cell viability and proliferation was measured by conducting the alamarBlue Cell

Viability Assay (Invitrogen, CA) (1:10 in incomplete media) on the samples at day 12.
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The supernatant was collected and the optical density (OD) was measured at 570 and 600
nm. Data were plotted in comparison with tissue culture plate (TCP) as a positive control.
Cell seeded scaffolds were then washed with incomplete media and 1x PBS followed by
staining using Live/Dead stain (Invitrogen). Imaging was performed using confocal laser
scanning microscopy (FV1000, Olympus, Center Valley, PA). Statistical analysis of cell
viability on PASP-S hydrogel scaffolds and tissue culture polystyrene controls was
conducted—the alamarBlue cell viability assays were represented as mean + S.E. for n =
3. Comparisons between groups were performed using analysis of variance (ANOVA)
and differences between means were evaluated via Dunnett’s multiple comparison post-
hoc test. From this data, p-values < 0.01 (*) and < 0.05 (**) were considered statistically
significant. Analysis of live/dead assay data was conducted through the determination of

percentage live cells at day 12, via confocal microscopy.

3.3 Results and Discussion

3.3.1 Sericin-templated poly(aspartic acid) (PASP-S) hydrogel fabrication

Poly(aspartic acid) (PASP) and its derivatives are well known as environmentally
friendly, biodegradable alternatives to traditional polyanionic materials such as
poly(acrylic acid). Poly(aspartic acid) is a very effective surface reactive polymer that has
been proposed as a water soluble, biodegradable scale inhibitor against salt scaling in

industrial applications and is easily and cheaply obtained in commercial quantities.[229]
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Polymeric micelles of poly(ethylene oxide) and PASP as well as pure PASP have been
shown as drug-delivery vehicles.[238] Sericin is a glue-like protein that is traditionally
discarded in the early stages of silk processing, or from processes for silk degumming to
form fabrics.[239] The protein is characterized by the presence of strongly polar side
groups such as hydroxyl, carboxyl, and amino groups and in particular, serine (38%),
aspartic acid (16%) and glycine (16%).[183] The glue-like property of sericin is
attributed to the hydrogen bonding between serine residues of sericin with serine residues
in the fibroin components of silk fiber. In this work, the fabrication of pH-sensitive
hydrogels is achieved through the use of the largely poly-anionic precursors L-aspartic
acid and sericin. Using these commercially viable and available materials represents an
opportunity to create low-cost, biodegradable and biocompatible smart hydrogels that are

purely amino acid based.

Dry thermal polymerization of poly(aspartic acid) is a relatively simple process
adaptable to large scale synthesis with high yields. The thermal polycondensation of
aspartic acid yields long-chain amino acid polymers of polysuccinimide (PSI) as an
intermediate. This polymerization reaction has the added advantage of a simple
conversion process (Figure 3.2A) that produces no other products other than the polymer
and the water of condensation. The ring structure of the polyimide is then hydrolyzed to

form the polyamide.
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Figure 3.2. Reaction scheme of L-aspartic acid to produce pH-sensitive hydrogels:
(A) the thermal polycondensation of L-aspartic acid results in the formation of linear
poly(succinimide), which may then be further crosslinked with diamine compounds.
(B) Alkaline hydrolysis of diamine-crosslinked polysuccinimide produces the

poly(aspartic acid) (PASP) hydrogel network.

Through the hydrolysis of poly(succinimide) into poly(aspartic acid), a water-
soluble polypeptide is created. This product enables determination of the average
molecular weight through static light scattering (SLS). SLS is an alternative to gel
permeation chromatography (GPC) or size exclusion chromatography (SEC) for the
facile determination of molecular weight. By measuring the scattering intensity of an

incident light source as a function of scattering angle, and correlating this data with
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Rayleigh theory, a Debye plot is generated (Figure 3.3).[240-243] From this data,

poly(aspartic acid) indicates an average molecular weight of 106,000 Da.

12 4 y =10.28x + 0.95
R?=0.96
L 4

KC/RoP x 10 (1/Da)
(o)}

0 0.2 0.4 0.6 0.8 1
Concentration (mg/ml)

Figure 3.3. The Debye plot of poly(aspartic acid) generated through static light scattering

techniques, indicates an average molecular weight of 106 kDa.

In order to achieve a stable hydrogel architecture, linear PSI chains are
crosslinked prior to their conversion to poly(aspartic acid). This avoids potential cross-
reactions with native carboxylic acid-containing residues in the sericin protein. The
succinimide rings of PSI readily react with primary amines at ambient temperature.[244]
Crosslinking of PSI is thus possible through bi-functional and multifunctional amine
species, of which a number of naturally-derived diamines are available.[109, 245] During
this process, sericin provided a template for crosslinking in the resulting hydrogels—
sericin effectively occupies volume in the PSI during nascent crosslink formation, while

maintaining solubility (Figure 3.4 A). The result is a sericin-templated PASP network
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(PASP-S), after which a large fraction of the water-soluble sericin may be diffused out
over 24 hours to leave voids, occupied by water. This is observed from SEM, which
demonstrates the formation of micrometer-scale voids after the process of hydrolysis
(Figure 3.4 B-C). In contrast, a hydrogel consisting of PASP is limited in the complexity
and abundance of microstructural voids during the crosslinking process. Since both
constituents of the hydrogel, PASP and sericin are naturally biocompatible and
biodegradable, crosslinking is achieved using the natural polyamines (ethylenediamine or
1,4-butanediamine) to help preserve compatibility and result in an amino acid-based
hydrogel that exhibits pH sensitive behavior. It was noted that the resulting hydrogels
may contain small amounts of residual sericin (typically calculated < 10%). However,
owing to the biodegradability and biocompatibility of both constituents, the overall

composite hydrogel still retains these properties.
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Figure 3.4. The highly absorbent properties of PASP-S hydrogels are a result of the
incorporation of sericin into the network, which acts as templating filler increasing void
space in the hydrogel network. Following hydrolysis, large hydrogel scaffolds can be
formed with a concomitant color change signifying the conversion of PSI to PASP. SEM
images of the (B) PSI hydrogel, and the (C) sericin-templated PASP hydrogel, showing

the porous microarchitecture of the hydrogel network formed due to the sericin filler.

Scale bar = 10 pm.
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Hydrolysis of succinimide rings occurs under alkaline conditions, resulting in the
production of a racemic mixture of o and B aspartic acid residues.[246] Immersion in
buffer (pH > 8) enables hydroxide ions from the alkaline buffer to engage in nucleophilic
attack of PSI, yielding ring-opening of succinimide subunits. This step is associated with
a significant change in the appearance of hydrogels—opaque orange PSI hydrogels
gradually attain a translucent white coloration when hydrolyzed (Figure 3.4 A).
Hydrolysis of succinimide is also accompanied by a change in water solubility—water-
insoluble imide groups are converted to a highly water-soluble carboxylic acid-
terminated form. At this stage, the previously neutral polysuccinimide network is
converted into a polyelectrolytic aspartic acid-based hydrogel (Figure 3.2 B). As a result,
the hydrogel network possesses a nascent ability to respond to environmental pH

changes.

3.3.2 Effects of crosslinker on swelling

PASP-S hydrogels exhibit an increase in swelling degree relative to the pKa
values of o- and [-aspartic acid constituents (3.3 and 4.5), yielding a change in
morphology from pH 3 to 6.[109, 247] The swelling properties of the PASP-S hydrogel
network are expectedly, dependent on the identity and physical properties of the diamine
crosslinker.[109, 248] The crosslinkers, ethylenediamine (ED) and 1,4-butanediamine
(BD), were initially analyzed for use in pure PASP hydrogels. Samples fabricated from
relatively low concentrations (20 wt%) of both crosslinkers yield remarkable swelling

properties (Figure 3.5). Ethylenediamine-crosslinked hydrogels indicated significant
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swelling at pH 9, Qn of 14 (50% sericin) and 17 (75% sericin). Analysis of varying
sericin content also showed an increase in swelling ratio, in which samples composed of
increasing amounts of sericin (75% vs. 50%) displayed enhanced swelling behavior. In
comparison, 1,4-butanediamine demonstrated superior swelling over ethylenediamine for
both hydrogel compositions. At pH 9, BD-crosslinked hydrogels had swelling ratios of 19
(50% sericin) and 25 (75% sericin). Both crosslinkers enabled swelling of hydrogels to
occur, and each was associated with preservation of hydrogel structure and integrity.
However, the superior swelling ratio exhibited by BD-crosslinked hydrogels was of
interest for a more thorough investigation into the effects of sericin inclusion on swelling.
It should be noted, this observation does not preclude further investigation of other
multifunctional amines, particularly those of increasing length (e.g., 1,5-pentanediamine
and 1,6-hexanediamine). Overall, hydrogels fabricated from a 20% weight ratio of
crosslinker display exceptional swelling ratios, however the relatively low structural
integrity of such samples precludes study without significant degradation. As a result, BD
was next incorporated at an increased quantity into a further set of hydrogel compositions

(Table 3.1).
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Figure 3.5. Mass swelling data for hydrogels crosslinked with 20 wt% crosslinker,
shows a consistent increase in swelling ratio for 1,4-butanediamine (BD) over
ethylenediamine (ED). A similar relation between increasing sericin content and

swelling ratio is also evident.

3.3.3 pH-sensitivity of sericin-templated poly (aspartic acidAsp) hydrogels

The effects of sericin inclusion on overall swelling of PASP-S networks were then
investigated. The crosslinker BD was incorporated into PSl/sericin reaction mixtures at

50 mol% of the total amount of reactive succinimide units (Table 3.1).
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Table 3.1. Hydrogel formulations fabricated at varying ratios of PSI and sericin, ata 0.5

(50%) molar ratio of crosslinker BD to succinimide monomer units (SI).

PSI PSI Sericin PSI (x 10 BD (x 10
(Wt%0) (mg) (mg) (mol) (mol)

100 15 0 1.51 0.8

75 11.3 3.7 1.14 0.6

50 75 75 0.76 0.4

25 3.7 11.3 0.37 0.2

Hydrogels formed at this ratio of BD incorporation were structurally and morphologically
indistinct from those formed at a lower crosslinker ratio. It was noted that these hydrogels
remained intact, and possessed a greater structural integrity during their preparation and
subsequent pH testing. Swelling data for hydrogels is exhibited in Figure 3.6. Swelling
data on these BD-crosslinked PASP-S hydrogels established a clear trend, in which
swelling ratio at individual pH values increased with increasing sericin content, ranging
from Qm of 9 (0% sericin) to 26 (75% sericin) at pH 9. Hydrogels resulting from the
inclusion of 75% sericin were shown to possess the greatest water uptake, per weight of
dry hydrogel. The significant void space in hydrogels formed via 75% sericin likely
enables infiltration of buffers in greater volume and at a faster rate than those composed
of 100% PASP, which possess a higher crosslink density. As the overall swelling
behavior is directly tied to the amount of sericin present, the protein is established as an

effective structural modifier of PASP microstructure.
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Figure 3.6. Analysis of swelling ratios across an increasing pH gradient yields a clear
relation between increasing sericin content and an increase in swelling ratio. PASP-S
hydrogels fabricated with 75% sericin content display almost double the swelling of those

fabricated from pure PASP.

Reversibility of pH-dependent swelling behavior was also demonstrated for
different hydrogel compositions. Through the analysis of hydrogels via a pattern of offset
pH testing, described above, it was established that the final mass of samples back in
their respective starting buffer was equivalent to initial mass in the starting buffer.
Reversibility was established after hydrogels reached a maximum mass gain at pH 9, by
subsequently cycling hydrogels to pH 3 buffers. This behavior provides supporting data
indicating full crosslinking of the PASP chains—evident through the lack of significant
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mass changes after pH-dependent swelling. This step had the added benefit of
demonstrating that the significant water uptake at pH 9 exhibited by all hydrogels was not
merely a process based on total immersion count or immersion duration. Thus, hydrogel
swelling was shown to be a pH-dependent process, instead of a time-based phenomenon,
dependent on the total duration of hydration. Additionally, no apparent loss of structural
integrity or hydrogel degradation was observed as a result of this cycling, or immersion
in acidic or basic buffers (pH 3 or 9). The recovery of swelling behavior is depicted

below (Figure 3.7).

Closed marks = Run #1
Open marks = Run #2

50 % sericin

75 % sericin

pH

Figure 3.7. Cycling of the hydrogel samples from pH 3 to 9 and back again. The
closed tick marks represent Run #1 and the open tick marks show a close

correspondence in Run #2.
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Overall, the swelling data on these crosslinked PASP-S hydrogels established a
clear trend, in which swelling ratio at individual pH values increased with increasing
sericin content, ranging from 9 (0% sericin) to 26 (75% sericin) at pH 9. The swelling
degree of PASP-S hydrogels demonstrates a remarkable enhancement in swelling
capacity over that displayed by 100% PASP hydrogels alone. Overall, hydrogels resulting
from the inclusion of 75% sericin were shown to possess the greatest water uptake of all
analyzed compositions. In comparison, other reported work on diaminobutane-
crosslinked PASP hydrogels, have demonstrated a comparable mass swelling ratio
increase from 6 (pH 3) to 17 (pH 9), expressed in percentage of swollen mass to dry
mass.[249] The reported hydrogels therefore achieved approximately 50% greater
swelling response. When hydrogels are fabricated utilizing a cleavable crosslink in
conjunction with diaminobutane, this trend in swelling drops further, to 5 (pH 3) and 15
(pH 9), in terms of the equilibrium mass swelling ratio.[250] As a note, if the volumetric
equilibrium swelling degree descriptor is utilized, a 3-fold increase in volumetric capacity
of gels is observed when hydrated.[109] Thus, from data collected on PASP-S hydrogels,
significant swelling is demonstrated over pure PASP hydrogels, which is observed in this

study, and from literature-reported data on PASP hydrogels.

3.3.4 Surface topography, porosity and microstructure of hydrogels

Surface topography of the hydrogels were studied using Atomic Force

Microscopy (AFM). Overall, the morphology of sectioned PASP-S segments was
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observed to be flat with root mean square (RMS) roughness around 2 - 3 nm, which is

comparable to that of a glass slide (Figure 3.8).

20 nm

15

1 um
C——

Figure 3.8. AFM image of PASP-S surface. RMS roughness of 2 — 3 nm over 5 pm is

comparable to that of a glass slide.

The mechanical properties of the 50% PASP + 50 % sericin hydrogel with an
intermediate composition were investigated using AFM-based nanoindentation. Sample
triplicates were indented at least 30 different locations to obtain the mechanical properties
of the material in the dry state. The Young’s modulus of the PASP-S hydrogels was
measured to be ~400 MPa (404 + 148 MPa) (Figure 3.9). In comparison, the Young’s
modulus of sericin was earlier reported to be ~600 MPa in the dry state, and is known to
be a material of high mechanical strength.[251] The protein templating strategy therefore
confers some of the mechanical strength of the sericin to the PASP hydrogel which is an

added benefit of this process. The mechanical properties were not estimated in the
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hydrated state owing to the typical difficulty of obtaining force distance curves of high
reliability in liquid.[252] However, it may be anticipated that the modulus values in the
fully hydrated state would be around 1/10 the value in the dry state making this material

comparable to other polymeric scaffold materials.[237]

15 nN

Force

Distance (nm)

Figure 3.9. Overlay of 5 example nanoindentation curves on the PASP-S hydrogels.
Samples were investigated at 50% PASP + 50 % sericin using a SizN4 cantilever with
a nominal spring constant of 2 nN nm™. Values were recorded at constant depth mode

at a loading rate of 50 nm/sec. Only the dwell toward curves are presented for clarity.

Swollen hydrogel networks of both PASP and PASP-S hydrogels were studied to
provide insight into the effects of buffer pH on their internal microstructure. SEM images

of the hydrogels formed by the hydrolysis procedure reveal the difference between
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polysuccinimide and sericin-templated poly(aspartic acid) hydrogels (Figure 3.4),
illustrating the templating as noted earlier. Typically, hydrogels of 75% sericin and 50%
sericin compositions demonstrate highly porous architectures (Figure 3.10). Significant
differences in microarchitecture between hydrogels at varying compositions are
considered to be an effect of the relative content of sericin—a greater incorporation of
sericin within the hydrogel induces a significant change in porosity, leading to an
abundance of micrometer-scale pores within the network. The effects of environmental
pH are clearly observed in the SEM images. As pH is increased from weakly acidic to
weakly basic, the network of small pore size (Figure 3.10 A-B) expands to produce a

high porosity matrix with large pore dimensions (Figure 3.10 C-D).
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Figure 3.10. SEM of PASP-S hydrogels, demonstrating a change to pore size and
structure as pH is increased from an acidic to basic environment. (A) 50% PASP + 50%
sericin to (C). (B) 25% PASP + 75% sericin to (D). Images show a change in architecture
from a densely-packed morphology at acidic pH to a highly porous, high surface area

morphology at basic pH. Scale bar = 10 um.

For example, in the 75% sericin hydrogels, this change corresponds quantitatively to an
enhancement in pore size from r = 1.8 £ 0.5 um at low pH to 2.4 £ 0.5 um at high pH,
when bulk hydrogel pore dimensions are analyzed (Figure 3.11). This transition is a
direct result of the deprotonation of aspartic acid side chains, as pH is increased beyond

the pKa of PASP. The deprotonation of carboxylic acid groups produces negatively-
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charged carboxylate moieties, which further leads to -electrostatic repulsion of
neighboring carboxylate residues, and ultimately, expansion of the network as water

infiltrates the hydrogel. Thus, SEM images establish the pH-response connecting

swelling behavior at the macroscale to morphological changes at the microscale.

Figure 3.11. SEM analysis of of the 75% PASP-S hydrogels, at low pH (A) and high pH
(B), demonstrating characteristic changes to void space and pore dimensions: r = 1.8 +

0.5 um (low pH) to 2.4 £ 0.5 um (high pH). Scale bar = 10 pm.

3.3.5 Cell culture and viability on hydrogel scaffolds

Sericin has long been used to enhance the growth of different cell lines as a
cellular substratum. These have included mouse fibroblasts, several human cell lines and
mouse hybridoma particularly when added to culture media.[74] The synthetic serine-rich
repetitive domain of sericin was shown to replace bovine serum albumin in mouse
hybridoma and insect cell culture.[235] Cultured human skin fibroblasts were shown to
be enhanced by 250% on sericin in comparison to a sericin-absent control. Similarly,

amino acid homopolymers such as poly(aspartic acid) are fully biodegradable polymers
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that have interesting biochemical properties. PASP has also been shown in conjunction
with other materials to be suitable for cell culture. Poly(D,L-lactic acid) films modified
with PASP have enhanced interactions with osteoblasts.[253] PASP used with aqueous-
derived silk fibroin scaffolds showed increased osteoconductive outcomes with an
increase in initial content of apatite and BMP-2 in the porous matrix.[19] However,
studies of PASP as a scaffold material by itself have been limited despite its reported

biocompatibility.

In this study, thin, sectioned PASP-S hydrogel scaffolds (25% — 75% sericin)
were evaluated for their ability to support healthy adhesion and proliferation of cells.
Murine fibroblasts were seeded onto scaffolds and allowed to attach and proliferate for a
period of 12 days. The employment of the alamarBlue assay for studying in vitro cell
growth was selected to monitor populations of fibroblasts on PASP-S scaffolds without
inducing cell death (Figure 3.12).[52] Statistical analysis of proliferation over time
intervals up to 12 days demonstrated significant differences, (*) and (**), between
scaffolds and controls. While viability data indicates the ability of scaffolds to support
cell growth, a reduction in cell viability (to 70 — 80% viability) was indicated for all

tested PASP-S compositions on day 12 in comparison to tissue culture polystyrene.

116

www.manaraa.com



120 1

100 A

- %

5]
o
1

%

Cell Viability (%)
3

NS
o
1

20 -

Control 25 50 75

Sericin Composition (%)

Figure 3.12. The alamarBlue assay provides a quantitative indication of fibroblast
viability on PASP-S hydrogel scaffolds versus control surface: p-values < 0.01 (*) and <
0.05 (**) were considered statistically significant. Cell viability was observed to decrease
on scaffolds, however still remains at 70 — 80% viability for 25%, 50%, and 75% sericin

hydrogels.

To further establish whether this reduction was a function of cytotoxicity resulting
from scaffold components or possibly differences in initial cell concentration, the
live/dead assay was employed to qualitatively evaluate cytotoxic effects of PASP-S
scaffolds (Figure 3.13). Cell death (red) was localized to very small regions of scaffolds,
and overall, the cell population exceeds 85% live cells at day 12. This preservation of cell
viability over long-term assays suggests that while PASP-S scaffolds do not enhance cell

viability in comparison to polystyrene, adverse effects on cell growth and proliferation
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are limited, and overall cytotoxicity is low. The ability to act as a suitable cellular
scaffold material demonstrates the usefulness of this material, particularly given its pH-

responsiveness in comparison to other static materials.

Figure 3.13. L-929 fibroblast proliferation on the 75% sericin PASP-S hydrogel at (A)
day 3 (B) day 12, demonstrating limited long-term cytotoxicity of scaffolds. Green

denotes live cells and red denotes dead cells. Scale bar = 250 pm.

3.4 Conclusions

An effective method has been demonstrated for producing pH-responsive amino
acid-based hydrogels, demonstrating enhanced swelling as a result of sericin

incorporation. The hydrogels are formed from the templating of poly(aspartic acid) using
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a silk protein sericin that behaves as a ‘structural modifier’ during the crosslinking of the
polysuccinimide precursor. Synergistically utilizing the biocompatibility of both aspartic
acid and silk sericin, it is demonstrated that both can be templated into a hydrogel that is
an excellent scaffold and will exhibit an enhanced stimuli response to pH changes in
comparison to PASP alone. Differences in swelling behavior are demonstrated to occur
during a simultaneous transition in pore size and porosity of hydrogels at the micrometer-
scale. Overall, this novel protein-protein templating strategy offers the possibility of
producing mechanically durable stimuli-responsive amino acid based materials that are
also biocompatible and biodegradable. This has numerous potential applications in
biomaterials research as base materials for scaffolds or drug delivery systems. By
incorporating biocompatible proteins as the bulk of the hydrogel architecture, it is
possible to significantly augment existing environmentally-responsive properties without
inducing changes to chemistry or biocompatibility. This hydrogel provides a low-cost,
high-throughput option for analyzing swelling behavior as well as possible platform for
cell proliferation, drug delivery, or as selectively permeable gates for microfluidic
devices. Furthermore, these results demonstrate the implications of the unique attributes

of sericin on the formation of a biocomposite architecture with high-value applications.

[This chapter contains results that have been submitted for publication in the paper
“pH-responsive amino-acid based hydrogels formed via silk sericin templating” in Acta

Biomaterialia, 2013.]
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CHAPTER 4

DEVELOPMENT OF A PLATFORM FOR SPATIALLY-DIRECTED
PATTERNING OF SILK VIA PROTEIN PHOTOLITHOGRAPHY

4.1 Introduction

The research conducted in the previous chapters provided key information on
some of the more fundamental assembly properties of silk proteins, and the capacity for
silk to structurally augment existing architectures to improve function. Silk proteins have
been widely used in biological applications, owing to their ease of processing,
biocompatibility, and biodegradation. These proteins have been demonstrated to undergo
self-assembly processes to produce complex, ordered architectures in two dimensions.
This has the potential for bottom-up nanoscale fabrication as discussed above. However,
limited customization of dimensional parameters, combined with a lack of durability of
self-assembly necessitates investigating alternate strategies to enable fabrication across
length scales. In the previous chapter, the development of stimuli-responsive protein-
based materials using the water-soluble sericin protein, enables enhancement of stimuli-
response, however this effect occurs at the expense of protein loss. These functional and
biologically-relevant architectures together display promise for the use of silk in bio-

functional materials such as photonics, implantable bioelectronics, drug delivery and

120

www.manaraa.com



nanostructured scaffolds.[82, 254, 255] In order to produce stable architectures of silk
proteins, it is necessary to investigate biochemical approaches to improve the stability
and ease of architectural fabrication for silk proteins. A significant challenge lies in
transforming the fundamental properties and attributes of silk proteins—mechanical
strength, biocompatibility and ease of processing, from those displayed for intractable
processes leading to randomly structured and simple biomaterial architectures, to produce
large-scale microarchitectures through facile methods. In this chapter, the development of
silk protein conjugates capable of undergoing crosslinking to induce specific
microstructural presentations, in addition to improving physical and chemical properties,

is considered.

The incorporation of silk into modern biomaterials development has established
silk’s wversatility in addressing diverse applications and improving overall material
properties and functionality. Silk protein integration into biomaterial composites has
provided an avenue to improving micro- and macrostructural mechanical properties,
enhancing biocompatibility, and augmenting existing architectures.[20, 78, 95, 256-258]
Conversely, through the formation of composite materials, silk may be indirectly
imparted with properties ranging from improved mechanics to electrical conductivity,
and fabricated into a range of architectures.[15] Thus, the development of a silk protein
photolithography platform is considered in order to translate the unique properties of
individual silk proteins into stable, micropatterned architectures via light-based stimuli.
In contrast, the use of soft lithography patterning techniques provides limited value in
producing complex, yet stable silk microarchitectures.[32, 79, 259, 260]

Photolithography provides a route to rapidly and directly fabricating complex features
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with high fidelity, however the use of an inherently photoactive species is required.[124,
261, 262] Protein photolithography, and the development of a ‘protein photoresist’, has
been limited in scope when considering the bulk of available literature. As was elaborated
upon in the background, studies on developing a comprehensive strategy incorporating
protein bioconjugation and high-resolution lithographic processing, are largely non-
existent. Instead, past efforts have filled in some gaps in protein photolithography,
contributing to expansion into a complete platform. To address this discontinuity in
research efforts, investigations to demonstrate tractable and versatile processing systems
for creating a system capable of modifying and employing the common biomaterial, silk

fibroin protein, were explored.

In the past, recombinant approaches have proven of value to efforts in creating
photoactive species, due to their ability to innately modify existing proteins using non-
canonical amino acid incorporation in vivo. The addition of non-canonical,
photocrosslinkable amino acids to the genetic code enables the incorporation of
photoactive capacity to proteins.[138, 263] Carrico et al. (2000) demonstrated the
microbial expression and subsequent photolithography of artificial extracellular matrix
proteins utilizing non-canonical incorporation of the photoactive moiety, p-
azidophenylalanine.[139] However, development of aryl azide-containing proteins using
the denaturant, guanidine hydrochloride, makes these approaches poorly suited to
exhibiting conjugated silk proteins that retain their structure and function during
photolithography. Combined with the complexity of design, costs of recombinant
synthesis, low yield (< 40 mg/L), and inability to modify intact, naturally-available

proteins, bioconjugation was selected as a route to producing protein photoresists.
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Bioconjugation  strategies enable site-specific or promiscuous graft
polymerization of chemical moieties, such as fluorescent tags, crosslinkers, and other
functional groups, onto proteins.[264] Bioconjugation strategies provide a means for
modifying silk fibroin by: a) introducing novel chemical functionalities, b) enhancing
mechanical properties and c) improving stability. Carbodiimides (i.e. EDC) have been
utilized for fibroin EDC/NHS-based conjugation in the presence of carboxyl-containing
residues, however poor stability of EDC-based linkages is noted, ruling out potential use
for fibroin.[265] Alternatively, the synthesis of NHS ester-conjugated perfluorophenyl
azides enables protein photoactive labeling of amine-containing residue lysine.[266] The
underrepresentation of lysine in silk proteins artificially limiting the maximum degree of
photoactive incorporation to < 5 mol%.[267] Direct attachment of visible/IR-active (e.g.
porphyrin, chlorin, and bacteriochlorin), isocyanate-conjugated reagents to bovine serum
albumin has been demonstrated with a high degree of success.[268] However, the use of

isocyanates for silk fibroin has not been thoroughly investigated in literature.

Of the available bioconjugation techniques, isocyanate modifications provide an
ideal balance in their ease of use and moderate specificity to a range of biologically
relevant functional groups, reacting with nucleophilic amine-, hydroxyl-, sulfhydryl-, and
carboxylic acid-containing substrates.[269, 270] This has traditionally made them
valuable for conjugating fluorescent probes or acting as molecular ‘rulers’ for probing
biochemical structural features.[271-273] However, the site-specific reactions of
isocyanates often occur in competition with the hydrolysis of the isocyanate group in the
presence of water, to produce carbon dioxide, providing a challenge for achieving

conjugation of water-soluble silk proteins. Grafting of 2-methacryloyloxyethyl
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phosphorylcholine has previously been conducted through isocyanate addition of 2-
methacryloyloxyethyl isocyanate on fibroin fabric (i.e. insoluble fibroin) by taking
advantage of the large abundance of nucleophilic centers in fibroin.[274] The use of
significant molar quantities, exceeding 50-fold excess, makes establishing relative
stoichiometric control a goal in the proposed synthesis of photocrosslinkable fibroin. Silk
proteins in general possess a number of reactive nucleophilic groups: a) hydroxyl groups
are present in serine, threonine, and tyrosine, b) amines are present in lysine and arginine,
and c) carboxylic acids are present aspartic and glutamic acid residues, enabling the
formation of stable linkages (Figure 4.1). The isocyanate group (-N=C=0) is capable of
reacting with alcohols and amides present in polypeptide chains, to form urethane and
urea bonds, respectively, in addition to amide linkages with carboxyl-containing residues.
Thus, isocyanates allow a wide degree of grafting efficiency to be realized, enabling
variable functionalization to preserve key amino acids and allow for the creation of multi-

functional materials.
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Figure 4.1. The reaction of isocyanates with nucleophilic amino acid side chains enables

conjugation with moderate substrate specificity.

Addressing the fundamental limitations of conventional photolithography
presented in the introduction is possible through careful selection of key steps of
photolithography, and adaptation of the process as necessary. To aid in these efforts,
research on photolithography of acrylate-containing species for microstructural
fabrication in 2-dimensions, often incorporating water-based processing strategies, is
considered for use with photoactive fibroin.[129, 275, 276] Furthermore, simple

modifications of substrate surface chemistry promote photoresist adhesion through the
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formation of covalent linkages between acrylate-containing photoresist species, and the
underlying substrate.[129] This provides a relative simple framework which will be

adopted in order to conduct photolithography of the photoactive conjugate.

This research thus employed the isocyanate-containing reagent, 2-isocyanatoethyl
methacrylate (IEM, MW = 155.15 Da) in 0.1% butylated hydroxytoluene inhibitor, as a
means of producing stable, photoactive silk proteins.[277] IEM possesses a terminal
methacrylate, which enables photopolymerization to be conducted at the vinyl end group.
In order to expand on the work of Furuzono et al. (2000), who demonstrated isocyanate-
based functionalization of silk fabric, a non-aqueous environment was considered for
dissolution of fibroin. However, the use of DMSO is limited to producing suspensions of
fibroin fibers, which are not easily fabricated into architectures for photolithography. Silk
sericin has previously been modified through isocyanate addition, in 1M LiClI/DMSO,
which is known to interrupt interchain hydrogen bonds, enabling protein
dissolution.[278] This solvent system was employed in the following research to enable

fibroin solubilization by the same process as sericin.

An approach based on the modular biochemical design of a silk photoresist is
reported in the following chapter that can be used in conjunction with optical lithography
to form precise patterns and architectures. Silk fibroin from silkworm sources is readily
available at low cost, and the facile chemical protocol described provides a versatile
material that may be combined with the manufacturing scalability of photolithography.
Fibroin provides several modifiable amino acids for site-specific chemical modification
without significantly altering protein structure and function.[49] The design of the

“protein photoresist” is achieved by the introduction of photo-reactive groups in native
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fibroin. Multifunctional acrylate groups are used due to their ease of use, high reactivity,
widespread prevalence in existing photolithography techniques, and generation of high-
resolution features.[129, 279] These moieties readily react with commercially available
photoinitiators, resulting in a material that behaves as a negative photoresist that can be
crosslinked using light. Using photolithography, silk protein features can be patterned at
sub-microscale resolution (um) over macroscale areas (cm) (Figure 4.2) in a laboratory
environment using a novel technique, termed Silk Protein Photolithography (SPL). It is
further demonstrated that these high resolution microstructures can function as bio-
friendly cellular substrates for the spatial guidance of cells without use of cell-adhesive
ligands. The high mechanical strength and controllable degradation of this material
provides opportunities in fabricating sustainable, nanostructured scaffolds and flexible

microdevices.
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Figure 4.2. The proposed Silk Protein Photolithography (SPL) platform, depicting
synthesis of a fibroin-methacrylate photoresist from silkworm cocoons and subsequent

photolithography process to form high-resolution silk micropatterns over large areas.

4.2 Experimental Section

4.2.1 Materials

Silk fibroin was extracted and purified from Bombyx mori silkworm cocoons
using established protocols (Jhargram Tropical Tasar Farms, West Midnapore, West
Bengal, India).[21] The reagent 2-isocyanatoethyl methacrylate, 98% with < 0.1% BHT
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inhibitor (IEM, MW = 155.15 Da) was utilized for chemical modification of fibroin.
Anhydrous dimethyl sulfoxide, anhydrous lithium chloride (LiCl) and dimethyl
sulfoxide-dg were purchased from Sigma-Aldrich (St. Louis, MO). 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP) was obtained from Oakwood Chemical (West Columbia,
SC). Irgacure 2959 (1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-
one, Ciba, Tarrytown, NY) was employed as a photoinitiator for photolithography
experiments. The fluorescent dyes, fluorescein isothiocyanate-labeled albumin, and
Alexa Fluor 555-labeled ovalbumin were obtained from Sigma-Aldrich (St. Louis, MO)
and Life Technologies (Grand Island, NY), respectively. All chemicals were used as

received without further purification.

4.2.2 Synthesis and purification of photoreactive fibroin

Photoactive silk fibroin conjugates were synthesized in a process adapted from
Teramoto et al. (2004) and Furuzono et al. (2000).[274, 278] Specifically, the solvent
system of 1M LiCl in DMSO was adapted for the dissolution of fibroin, and fibroin was
reacted with an isocyanate-terminated group. During the reaction, reagents and associated
glassware were dried to prevent the moisture-sensitive isocyanate group of IEM from
reacting with water and decomposing. Fibroin was initially added to a round-bottom flask
and vacuum-dried for 24 hours at 70 °C to remove residual water. LiCl was dried at 120
°C for 24 hours before use. Fibroin was dissolved at a concentration of 1% (w/v) in 1M
LiCI/DMSO, while heating at 60 °C for 45 minutes. This mixture was continuously

stirred under a dry N, purge throughout the dissolution process. A stoichiometric amount
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of IEM was added to the round bottom flask, and the reaction was maintained at 60 °C
for 5 hours in a dry N, atmosphere. Immediately thereafter, the resulting solution was
poured into excess cold ethanol and centrifuged to precipitate the product. The product
was then twice collected and washed in a mixture of cold ethanol/acetone and
centrifuged. The remaining precipitated mass was then frozen at -80 °C and lyophilized
for 48 hours to yield an off-white powder (fibroin). For the purposes of calculating
reaction stoichiometry and degree of conjugation, an average molecular weight of 74 Da
per residue was used (via fibroin heavy chain: 391,000 Da, 5,263 residues). Reaction
recovery was calculated as a ratio of final dry mass to initial fibroin mass, assuming

complete recovery of fibroin following the reaction.

4.2.3 IR Spectroscopy

FTIR was conducted on HFIP-cast films of native fibroin and FPP using a Nicolet
iIS10 FTIR spectrometer. The spectrometer was operated using a Smart iTR ATR
(Attenuated Total Reflectance) sampling accessory with a low-penetration depth Ge
crystal. Spectral data was collected in the region of 4000 - 800 cm™ at 4 cm™ intervals,

and averaged over 32 scans.

4.2.4 Nuclear Magnetic Resonance

Proton nuclear magnetic resonance (*H-NMR) was conducted on a Varian

Mercury 300 MHz NMR spectrometer. A system of 1M LiCl in DMSO-ds was utilized

130

www.manaraa.com



for dissolution and analysis of the fibroin-methacrylate conjugates. The figure shows the

assigned peaks with the amino acids and the acrylate moieties.

4.2.5 Circular Dichroism (CD)

Secondary structure was measured using an Olis DSM 1000 Circular Dichroism
Spectrophotometer (Olis Inc, Bogart, GA). Post-processing was performed using the Olis
Spectralworks software containing SELCON3 and CDSSTR reference databases at 178—
260 nm. The normalized root mean square deviation (NRMSD) parameter was utilized to
quantify differences between experimental and reconstructed data during CD data

deconvolution[280]:

_ (ZLallo Gy - [e]mlui)]z}l/z
NRMSD = { Iivzl[[g]exp(/li)]z

where A 1s wavelength, N is the number of data points collected for a spectrum, and

[6]%P()) and [0]°® (L) represent the experimental and reconstructed spectra.

4.2.6 Surface Functionalization of Silicon and Glass Substrates

Silicon and glass substrates were incorporated for patterning of silk
microstructures. Squares of silicon (1 x 1 cm?) and glass (2 x 2 cm?) were initially washed
thoroughly with ethanol and deionized water to remove surface contaminants. Substrates
were treated with Piranha solution (3:1 98% H2S04:30% H,0,) for 30 minutes to remove

organic contaminants and to hydroxylate the surface, in order to present silanol surface

131

www.manaraa.com



groups for further modification (Caution: Piranha solution reacts violently with organic
materials and must be handled with extreme care). Surfaces were then repeatedly washed
with deionized water and ethanol and dried at 150 °C. Functionalization to silanol groups
was conducted using 3-(trichlorosilyl)propyl methacrylate (TPM) by means of a chemical
vapor deposition (CVD) technique.[281, 282] 100 uL TPM was added to a desiccator
containing the substrates. The chamber was then drawn down to 0.4 bar and left for a
period of 12 hours for the TPM to react and present covalently bound functional groups.
Methacrylate-modified surfaces were extensively washed with hexane and water, and

dried before further use.

To enable patterning and subsequent delamination of features, Si surfaces were
modified to create a chemically-inert, hydrophobic surface. This was achieved via the
modification of Si with a SAM of octadecyltrichlorosilane (OTS). Substrates were then
modified using vapor deposition of OTS in a desiccator (0.4 bar for 12 hours). These

substrates were washed alternatively with ethanol and water, and dried prior to use.

4.2.7 Silk Protein Photolithography (SPL)

Micropatterns of silk fibroin protein photoresist (FPP) were fabricated using
contact photolithography. FPP was dissolved at 2% (w/v) in HFIP with 0.6% (w/v) of
Irgacure 2959 photoinitiator and vortexed at low speed for a period of 15 minutes, at
which point no solids remain. The FPP solution was cast onto methacrylate-
functionalized Si/glass and spread via gentle rotation of the substrate. An ambient ‘pre-

bake’ step was then conducted, in which substrates are allowed to sit at ambient
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temperature for 5 minutes to allow excess photoresist solvent (HFIP) to evaporate, and
decrease photoresist to photomask adhesion. Cast substrates were polymerized via an
OmniCure S1000 UV Spot Curing lamp (Lumen Dynamics, Ontario, Canada) equipped
with a 320 — 500 nm filter. Substrates were exposed at 150 mW/cm?, for 4.5 seconds
exposure through a chrome photomask. Development of uncrosslinked and unexposed
FPP was performed using 1M LiCl in DMSO for 2 hours followed by copious rinsing
with deionized water. Substrates with the developed protein patterns were then dried in a

gentle stream of No.

4.2.8 Protein Microstructure Staining

In order to establish the success of photopolymerization, protein staining of
microstructures was accomplished via the Coomassie Blue R-250 dye. A modified rapid
stain protocol was employed, in which substrates were stained in a solution of 10% acetic
acid in water, containing 60 pg/ml Coomassie Blue R-250.[283] The qualitative
appearance of protein-bound dye occurs after 30 minutes, and staining was allowed to
proceed for 60 minutes to provide sufficient dye intensity for visualization. Immersion in
deionized water for a period of 60 minutes was conducted to remove unbound dye from
microstructures and substrates. Analysis of dye localization was subsequently achieved

through digital camera imaging and optical microscopy.
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4.2.9 Scanning Electron Microscopy (SEM)

SEM imaging was carried out at a 15 kV accelerating voltage on a Hitachi SU-70
high-resolution field emission microscope and at a 2.0 kV on a JEOL SM-5610 SEM.
Patterned silicon substrates were sputter coated with 20A platinum (Denton Vacuum
Desk V cold sputtering system, Denton Vacuum, Moorestown, NJ) to enhance

conductivity prior to imaging.

4.2.10 Atomic Force Microscopy and Nanomechanical Analysis

Atomic Force Microscopy (AFM) imaging of surface microarchitectures was
conducted on an Asylum Research MFP-3D AFM (Santa Barbara, CA), in AC mode
(AC240TS probes, Olympus, Japan, k = 1.81 nN nm™). The AFM was used to determine
Young’s moduli of the materials. A Tap 190DLC cantilever (k = 48 nN nm™) was
employed for AFM-based nanoindentation. All force constants were measured prior to
the experiments using the thermal fluctuation method.[284, 285] Thick films (>10 um
thickness) were indented in air with ~10 indents at 3 different spots in both constant force
and constant indent modes. For constant force a load of 1 uN was applied; constant depth
indents were performed to a depth of 10 nm. Force-distance curves were analyzed via

Hertzian mechanics to determine values for Young’s modulus.[286]
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4.2.11 In Vitro Proteolytic Degradation

Crosslinked films (~ 5 mg) of photoactive sericin prepared via silk protein
photolithography, as described above, with a single experimental modification—films
were cast from 100 pL of total solvent to limit the spread of the film, and thus maximize
film thickness. Photo-crosslinked films were initially weighed in the dry state, and then
incubated at 37 °C in a solution of (1 unit/mg protein) Protease XIV (Streptomyces
griseus, >3.5 units/mg, Sigma-Aldrich) in PBS. Films incubated in PBS in the absence of
protease acted as negative controls. The Protease XIV and control solutions were
changed initially at 3 days, and subsequently every 4 days thereafter to ensure the
preservation of protease enzyme activity (Protease XIV activity is > 80% following 3
days of incubation).[66] At designated time points, samples were removed from the
buffer, and rinsed with deionized water before drying for analysis—films were first

weighed and then cryofractured in liquid N, for SEM study.

4.2.12 Fibroblast Cell Culture

A range of fibroblast cell lines was employed for cell culture experiments: human
fibroblasts were kindly provided by the laboratory of Dr. Raj Rao (Department of
Chemical and Life Science Engineering at Virginia Commonwealth University,
Richmond, Virginia) while L-929 murine fibroblasts were provided by the laboratory of
Dr. Subhas Kundu (Department of Biotechnology, Indian Institute of Technology,
Kharagpur, India). Cells were initially seeded in 75 cm? polystyrene tissue culture flasks

and incubated at 37 °C in a 5% CO; atmosphere in DMEM high glucose media, with
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10% FBS and 1% non-essential amino acids. After reaching 70% confluence, fibroblasts
were passaged with 0.025% trypsin and incubated at 37 °C for 5 minutes, at which point
the cells were observed to attain a spherical morphology and detach from the sidewalls of
the tissue culture flask. Additional media was added to dilute the trypsin, and the cell
suspension was centrifuged at 1000 rpm for 5 minutes at 4 °C to precipitate the cells. The
supernatant was removed, and the cells were washed and resuspended in fresh media. A
small aliquot was removed from the homogenized cell solution, and using a
haemocytometer, the cell density was determined. Prior to cell seeding, microstructured
FPP scaffolds were hydrated in PBS overnight, and UV sterilized for 30 minutes in a
laminar flow hood. Cells were seeded onto 1 in® scaffolds, consisting of 0.5 mg FPP
protein, and controls in a 6-well tissue culture plate at 50,000 cells per well. FPP
scaffolds were then incubated at 37°C for 3 — 4 days to allow for sufficient cell

proliferation prior to imaging.

4.2.13 Characterization of cell culture

After reaching approximately 70% confluence (assessed via analysis of glass slide
controls), substrates were washed in PBS and fixed with 4% paraformaldehyde.
Following permeabilization with wash buffer, actin staining was performed with
rhodamine-conjugated phalloidin (1:200 dilution) for L-929 cells, and Alexa Fluor 488
phalloidin for 3T3 cells. Nucleus counterstaining was conducted with Hoechst stain for
L-929 cells, and DAPI for 3T3 cells. Focal adhesion was observed by vinculin staining

using FITC-conjugated vinculin (Sigma-Aldrich). Imaging was conducted at 405 nm and
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488 nm using a confocal laser scanning microscope (Olympus FVV1000) with 20 and 60x

oil immersion lenses.

4.2.14 Fabrication and Harvesting of Monodisperse Microparticles

The fabrication of free-standing shapes and patterns was achieved through a
similar technique to the silk protein photolithography described above, however with a
non-wetting substrate capable of allowing facile delamination of features. Surface
functionalization was conducted on Piranha-treated silicon substrates using hydrophobic
alkylsilanes, octadecyltrichlorosilane (OTS) and trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (FOTS), which were then characterized using contact angle analysis
to ensure success of chemical vapor deposition. Fabrication of microparticle shapes was
conducted using a 2.5% (wt/vol) solution of FPP in HFIP with 0.6% (wt/vol)
photoinitiator). This solution contained 1 mg of FPP per 1 cm? substrate in a cast volume
of 40 pl HFIP. Photoexposure and development were conducted as described in Section
4.2.7 on Silk Protein Photolithography. This procedure was slightly modified through by
the removal of rinsing steps to prevent loss of particles from the substrate—instead the
developer volume was replaced in situ with deionized water three times for 1 hour per
immersion to assist in removal of latent developer and unexposed FPP. Fluorescent
labeling of specific particle shapes was conducted to enhance localization via loading
with a fluorescent dye, either albumin-fluorescein isothiocyanate conjugate, or the
ovalbumin-Alexa Fluor 555 conjugate. Fluorescent dyes were added to FPP solutions at

1:10 fluorescent dye:FPP, in terms of total mass. Delamination and harvesting of
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microparticles was conducted using a cell scraper to ‘corral’ particles on the substrate.
Removal of particles entirely was achieved through collection with a 1 mL micropipette,
or brief sonication of the substrate in deionized water to detach all shapes present on the
surface. Imaging was conducted on an Asylum Research MFP-3D-BIO Inverted Optical
AFM, equipped with fluorescein isothiocyanate (FITC) and tetramethylrhodamine

isothiocyanate (TRITC) filter cubes for fluorescent imaging.

4.3 Results and Discussion

4.3.1 Synthesis of Silk Fibroin Conjugates

In order to produce a photoactive silk conjugate, it was necessary to select a
modification strategy that could enable grafting under mild conditions, without adversely
affecting protein conformation or other fundamental properties. A previously-reported
method for incorporating 2-methacryloyloxyethyl phosphorylcholine substituents onto
silk fibroin ‘fabric’ through isocyanate addition was considered for fibroin
modification.[274] However, this reaction was conducted on suspended and otherwise
insoluble fibroin, which greatly limits the ability to process the resulting conjugate into
alternative, non-fibrous architectures. Another method for conjugating sericin using
isocyanate addition, with the assistance of a DMSO-based solvent system for solubilizing
the products has been demonstrated, which enables the reaction to be conducted under

mild conditions.[278] The reaction conditions required for this method were observed to
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result in minimal degradation of the sericin protein. Using this knowledge, a reaction

scheme was designed and implemented for dissolving and conjugating silk fibroin.

The reagent 2-isocyanatoethyl methacrylate (IEM) was incorporated for grafting
to the protein.[277] IEM was used for conjugation to fibroin due to the possibility of
reaction with hydroxyl terminated amino acids serine, threonine and tyrosine.[277] In the
absence of protecting groups, the isocyanate reaction can modify hydroxyl-terminated
amino acids serine, threonine, and tyrosine, via an alcoholysis mechanism (Figure
4.3).[287] To a lesser extent, the isocyanate is reactive with carboxyl- and amino-
terminated amino acids.[49] In order to achieve successful grafting to fibroin, DMSO was
selected as a solvent for the conjugation due to its polar, non-aqueous character. This
provides an environment enabling isocyanate dissolution and reaction, while minimizing
moisture responsible for premature hydrolysis. However, DMSO alone is not able to
achieve dissolution of native fibroin. To induce fibroin dissolution, a solvent system of
1M LiCl in DMSO was selected due to previous observations in which it was able to
support silk sericin conjugation.[278] This solvent system is known to interrupt hydrogen
bonding of fibroin’s B-crystalline structure, enabling dissolution. Ethanol precipitation
following IEM conjugation enables selective removal of the methacrylate-conjugated

fibroin product from the water-miscible DMSO solvent and soluble IEM monomers.
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Figure 4.3. Schematic of the isocyanate addition of IEM to serine, with the terminal
hydroxyl group attacking the isocyanate carbonyl to yield the initial transition state.
Displacement of the hydroxyl proton onto the adjacent nitrogen forms a stable amide
linkage, resulting in a vinyl-functionalized serine residue. This mechanism occurs
similarly for other hydroxyl-terminated amino acids (e.g. Thr and Tyr, or even water),

and primary amines.

Due to the number of side reactions available to subvert IEM from the primary
protein-conjugation reaction, IEM does not react with fibroin amino acids in an efficient
manner. As a result, it was found to be necessary to add IEM in excess to the number of
reactive groups. A 5-fold excess of IEM to the stoichiometric quantity of reactive amino

acids was found ideal for conjugation. Purification and recovery of the fibroin-
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methacrylate conjugate was achieved at 150.0 mg product for a 129.9 mg starting fibroin

mass, or 116% of the protein input if all product is assumed to be efficiently recovered.

The degree of methacrylate substitution can be calculated from the mass gain of
fibroin following isocyanate addition. Fibroin contains an abundance of modifiable
nucleophilic amino acids: hydroxyl-containing residues (i.e. Ser 12.1 mol%, Thr 0.9
mol% and Tyr 5.2 mol%) account for 18.2 mol% of residues, while amino and carboxyl-
containing residues account for only 3.1 mol%. This allows for conversion of up to 21.3
mol% of total residues in fibroin. The mass gain thus indicates that that ~7.8 mol% of all
amino acid residues (i.e. both reactive and unreactive amino acids), or 36.6 mol% of
reactive nucleophilic residues in fibroin are converted to the methacrylate substituent.
After successful conjugation, the product is henceforth referred to as fibroin-

methacrylate, or fibroin protein photoresist (FPP).

4.3.2 Characterization of Silk Fibroin Conjugates

Solubility of Fibroin-Methacrylate

Fibroin displays limited solubility when extracted from silk fiber. This
necessitates preliminary dissolution in a 9.3M LiBr solution, a process which ‘activates’
the fibroin.[288] Once dissolved, the protein solution may be dialyzed and lyophilized to
yield a product which is readily water-soluble, in addition to being soluble in 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP). However, with the chemical conjugation described, the
solubility characteristics of the FPP change significantly. Following precipitation and
recovery, the fibroin-methacrylate conjugate was observed to be water-insoluble, in
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addition to being insoluble in most alcohols (methanol, ethanol, isopropanol, and 2,2,2-
trifluoroethanol) and other common organic solvents (chloroform and dichloromethane).
Solvent systems known to solubilize fibroin, including water and buffers ranging from
the 9.3M LiBr used for initial fibroin solubilization, to the 1M LiCI/DMSO system used
for the reaction solution, to N-methylmorpholine N-oxide (NMMO), are observed to be

ineffective at solubilizing the fibroin-methacrylate conjugates to any extent.[289]

This loss of solubility is attributed to a combination of factors: a) the introduction
of a hydrophobic alkene and carbonyl groups onto fibroin via the methacrylate moiety, b)
conformational changes induced by 1M LiCI/DMSO dissolution, and c) the process of
ethanol precipitation. The 1M LiCI/DMSO solution, which provided a non-aqueous
environment for fibroin conjugation, has not been well-characterized for its effects on
fibroin. This unique solvent system has been previously utilized for the dissolution of
cellulose.[290] This process was mechanistically attributed to the interaction of lithium
moieties of the undissociated ion pairs of lithium chloride with hydroxyl-group oxygen
molecules in cellulose, effectively disrupting interchain hydrogen bonding. However, no
studies are available on structural or conformational effects of this dissolution process. In
addition, the treatment of fibroin with ethanol has been previously studied as a method

for enhancing [-sheet crystallinity in order to render fibroin water-insoluble.[291]

As a result of these numerous factors, 1,1,1,3,3,3-hexafluorisopropanol (HFIP), a
strong hydrogen bond donor, was investigated and found to be an effective solvent for
fibroin-methacrylate. This solvation capability is attributed to the highly electronegative
structure of HFIP, enabling the disruption of interchain hydrogen bonds, in addition to

strong hydrophobic interactions resulting from —CF3; groups. HFIP has been extensively
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utilized for the dissolution of ‘activated’ fibroin (i.e. fibroin which has been previously
solubilized using 9.3M LiBr) prior to electrospinning, and its conformational effects are
known.[292] As a result, HFIP induces and stabilizes the a-helical conformation of
fibroin, while decreasing B-sheet content.[293] HFIP was the only solvent to provide
solubility and was thus used as a carrier for characterization as well as deposition of
fibroin-methacrylate. Solubility in HFIP was observed up to concentrations of 10%

(wt/vol), and solubilization was noted to occur over a period of 15 minutes.

Verification of Conjugation

The conjugation of silk fibroin with the IEM moiety was verified using IR
spectroscopy and *H-NMR spectroscopy, to enable comparison of the fibroin conjugate
to the unmodified, native fibroin. ATR-FTIR spectroscopy was conducted on films of
fibroin-methacrylate and fibroin cast from HFIP solutions, in addition to the pure IEM

reagent (Figure 4.4).
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Figure 4.4. FTIR spectra of films of fibroin-methacrylate conjugate, native fibroin films
and the modifying reagent IEM. Characteristic amide I-111 peaks of fibroin, in addition to
stretching vibrations at 1720 cm™ (ester carbonyl C=0) and 1630 cm™ (vinyl C=C), and
rocking vibrations at 1160 cm™ (CHs) are observed on fibroin-methacrylate. The co-
existence of these signals in fibroin-methacrylate indicates the successful conjugation of

IEM onto native fibroin.

The predominant region of relevance for the native protein and conjugation product, at
1800 — 1000 cm™, was expanded for peak assignments. Figure 4.4 demonstrates the
spectrum of native fibroin (in blue), with clear peaks at 1660, 1550, and 1260 cm %,
assigned to characteristic fibroin amide I, I, and Ill, respectively. Analysis of the IEM
reagent (in green) yields intense stretching vibrations at 1720 cm™, representing carbonyl

ester C=0, and 1640 cm™, assigned to vinyl C=C (which confers photoreactivity). An
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additional intense peak is present at 1160 cm™, resulting from CHs; rocking
vibrations.[294] The fibroin-methacrylate conjugate (in red) preserves fundamental
amide I/11/111 signals from native fibroin, while carbonyl C=0 (1720 cm™) and vinyl C=C
(1630 cm™) stretching vibrations are present as moderate-intensity shoulder peaks of
amide . Rocking vibrations, assigned to CHg, are also present as a strong absorption
band at 1160 cm™. The clear observation of characteristic IEM groups in the fibroin-
methacrylate product provides strong proof to support the successful grafting of the IEM

monomer onto native fibroin.

In the expanded spectrum, a broad intense peak at 2270 cm™*, resulting from
isocyanate (-N=C=0) stretching, is evident. The absence of this isocyanate stretching
vibration from the fibroin-methacrylate product indicates the absence of residual
isocyanate. The reaction supernatant, consisting of solute left over after precipitation of
the FPP product, was separately analyzed for signals from potential IEM side reaction
products. From this spectrum a significant amount of IEM is observed to being removed
from the fibroin product in the unconjugated state. Amide I/11/111 peaks are not evident in
this spectrum, indicating the absence of fibroin, and further providing an explanation for
the lower than expected degree of methacrylate grafting. Together, these observations
indicate the successful precipitation and purification of the fibroin-methacrylate product,
from which degraded or oligomerized IEM monomer has been removed, and remains

soluble in the DMSO solvent.

Further analysis of the fibroin-methacrylate product was conducted using *H-
NMR. Due to the limited solubility of the conjugate in common deuterated solvents (i.e.,

D,0 and chloroform-d), the initial solvent system utilized for conjugation of 1M LiCl in
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DMSO was tested found to be compatible with NMR. In order to re-solubilize the
fibroin-methacrylate in 1M LiCI/DMSO, it was first necessary to dissolve and cast the
conjugate from a solution of HFIP. This dynamic solubility behavior of fibroin-
methacrylate results from the conformational change induced by HFIP, enabling facile
dissolution in the LiCI/DMSO buffer. Thus, samples were analyzed in a solution of 1M
LiCl in DMSO-ds. Annotated 'H-NMR spectra for native fibroin and fibroin-

methacrylate are presented in Figure 4.5, and Figure 4.6, respectively.
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Figure 4.5. Proton NMR of native, unmodified fibroin in a system of 1M LiCI/DMSO.
Characteristic signals of the glycine- and alanine-rich protein are assigned to prominent
shifts. Doublets belonging to tyrosine ® are clearly identifiable around 6.6 — 7.0 ppm, in
a region where the methacrylate modification would manifest.

146

www.manaraa.com



CH, o H2O DMSO-de
S Owt
HaC \/\N R
C H
o
Ala B
Backbone NH
|
I
l
|
A
C Aaa
TY”I’ | Sera
, 4& rVaIv
; - I ‘ j_
.“ J U i J Ukj‘t
(A LJ N LAt W e
T o ] T T T | T I L — T T |"Y_r_'r_'_?_|_|_[
s a 3
B e L e e [ o e [ e ppm
0.500.19 0.32 0.54 1.38 2.34 2.08 3.00
1.29p.72 0.51 0.19 0.67 2.68 0.18 D.61 0.583

Figure 4.6. Proton NMR of fibroin-methacrylate and native fibroin solution. Groups

identified by A, B, C and D on the IEM are assigned on the spectra of FPP.

The successful conjugation of fibroin was verified by comparison of the fibroin-
methacrylate conjugate (Figure 4.6), to native fibroin (Figure 4.5). *H resonances were
assigned by examining and comparing NMR data to literature-reported NMR spectra for

fibroin.[295] Analysis of native fibroin indicates major shifts from the Gly (H,), Ala
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(Ha), Ser (Hqp), from 3.4 — 4.3 ppm, in addition to Val (H,) and Ala (Hg) from 0.6 — 1.4
ppm. These chemical shifts reflect the relatively high abundance of the (GAGAGS)
amino acid repeat. Analysis of fibroin-methacrylate reveals vinyl resonance peaks at 5.6
(1H) and 6.0 (1H) ppm, in addition to the occurrence of characteristic chemical shifts of
native fibroin. Additional resonance assignments were made by comparing chemical
shifts to NMR data for pure IEM, and the spectrum was overall found to be in agreement
with literature-reported data for IEM.[296] An approximation as to the methacrylate
content can also be quantitatively determined by comparison of methacrylate shifts to
prominent amino acid shifts. The abundant amino acids glycine and serine compose 56.7
mol% of the fibroin protein, and share an overlapping chemical shift from NMR data.

The degree of methacrylate substitution was calculated from the following equation:

AUC(H1 + H2)x100x0.567

M itution (%) =
ethacrylate Substitution (%) AUC (Ser BCH + Gly aCH)/2

Thus, the degree of methacrylate substitution was calculated to be 9.2%, which indicates
a conversion of 43.2% of nucleophilic amino acids. This NMR-derived value is in
reasonable agreement with calculations made from product mass, indicating 7.8%
substitution. Overall, NMR analysis supports the observations made via FTIR, and
positively indicates the presence of the methacrylate substituent on the fibroin protein

backbone.
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Structure and Stability of Fibroin-Methacrylate

Chemical functionalization of proteins is known to have the potential to
drastically change secondary structural conformation, as is observed for the PEGylation
of fibroin.[297] Considering the nature of the fibroin-methacrylate modification—the
replacement of hydrophilic hydroxyl groups with a hydrophobic vinyl moiety, it is
expected that some structural effects will manifest. However, significant changes to
secondary and tertiary protein structure threaten the fundamental properties of fibroin,
which make it such a remarkable material. For example, the significant mechanical
capabilities of fibroin, including high strength and toughness, result from the presence of
B-sheet-rich nanocrystalline regions.[298] For this reason, secondary structural analysis
was carried out on fibroin-methacrylate via circular dichroism spectroscopy, to assess the

impact of methacrylate grafting on structural conformation.

Circular dichroism (CD) spectroscopy enables the analysis of differential
absorption of circularly polarized components of plane polarized light, which results from
intrinsic chirality (i.e. optical activity) in a protein.[280] The determination of ‘ellipticity’
resulting from this analysis represents the degree of circular polarization, and this
parameter thus provides a key insight into the structural configuration of certain
biomolecules. When CD is conducted, ellipticity is measured over a range of
wavelengths, for which a similarity in ellipticity profiles suggests structural similarity
between protein species. Deep UV absorbance of the chloride ion of LiCl necessitated
analysis of fibroin samples in HFIP solutions. Superimposed spectra fibroin and FPP

indicates structural similarity, despite the methacrylate grafting of FPP (Figure 4.7).
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Figure 4.7. Circular Dichroism (CD) of 0.2 mg/ml solutions of fibroin protein photoresist

and native fibroin in HFIP.

For silk proteins, signals of interest occur due to the peptide bond (absorption < 240 nm),
aromatic amino acids (absorption 260 - 320 nm), and disulfide bonds (weak absorption, ~
260 nm). The presence of specific secondary structural configurations (i.e. a-helix, -
sheet, B-turns, and random coil) results in characteristic CD signal profiles. With the
assistance of reference datasets (i.e. SELCON3, CDSSTR, etc.) for samples of known
structural configurations, these proteins may be analyzed to provide a quantitative
indicator of the abundance of secondary structural features. The calculation of an
NRMSD parameter provides an indication of the “goodness of the fit” of experimental
data to reconstructed data (i.e. curves resulting from fitting via the reference program).
This parameter ranges from 0 (i.e. perfect fit) to 1 (i.e. no fit). When NRMSD < 0.1, the

fit of the experimental data to the reference data is assumed to be sufficient for analysis.
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CD spectra were thus fit to multiple databases, SELCON3 and CDSSTR, in order
to select the algorithm best fitting experimental data. Via SELCON3 secondary structure
reference database at 178-260 nm, fibroin-methacrylate is estimated at 42% a-helical
content and 6% P-sheet (in comparison to fibroin: 36% a-helix and 9% [-sheet).
However, NMRSD values for the SELCON3 reference database are calculated to be .54
and .84, respectively for fibroin-methacrylate and fibroin. Via CDSSTR, a better fit
between experimental and model data is achieved, and fibroin-methacrylate is estimated
at 46% a-helical content and 22% B-strands (in comparison to fibroin: 48% a-helix and

21% B-sheet) (Figure 4.8)

151

www.manaraa.com



12000 T T T T T T T
/\ experimental data ——
reconstructed data —=—
difference (exp — Fecon?
10060 —
000 —
3l
ha
oo a0 —
e
=
In]
o g0 -
=
=
W
LT}
(=4
o 2000 -
T
LT}
=
o
2000 —
_4000 1 1 1 1 1 1 1 1
170 180 190 200 210 220 230 240 280 260
Wawelength
25000 T T T T T T T T
B T experimental data ——
reconstructed data —=—
difference Cexp - reconl
20000 — 1
15000 — 1
)
=
a
e
210000 -
I
o
=
=
@ GO0 — 1
[=%4
=
T
L1}
=
o
=5000 — 1
_10000 1 1 1 1 1 1 1 1
170 180 190 200 210 220 230 240 250 260

Wavelength

Figure 4.8. Fitting of (A) fibroin-methacrylate and (B) native fibroin CD spectra to the
Dichroweb CDSSTR reference database yields agreement between reference and

experimental data (purple).[180, 181]
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NMRSD values via the CDSSTR database are < 0.1, enabling a direct comparison of

data, summarized in Table 4.1.

Table 4.1. CD spectral data was analyzed using the CDSSTR database in Olis
SpectralWorks software (dataset 1, 178 — 260 nm) for secondary structure estimation,

showing close agreement between fibroin-methacrylate and native fibroin.

Sample  a-Helix  p-Sheet p-Strand Random  Total NRMSD

FMA 0.46 0.22 0.16 0.16 1.00 0.09

Fibroin 0.48 0.21 0.17 0.18 1.04 0.01

The structural composition for unmodified fibroin is in good agreement with prior CD
characterization, showing fibroin in HFIP to possess an a-helical-rich structure of 50% o-
helix and 24% B-sheet content.[299] The similarity in secondary structural content of FPP
to fibroin indicates the presence of a methacrylate substituent does not adversely disrupt
the formation of a-helical and f-sheet structure and preserves the fundamental structural

characteristics of fibroin.

The impact of these observations on solubility are also noted—once solubilized in
HFIP, CD data shows secondary structural content is roughly that of the starting fibroin
material, which once again enables solubilization in the LiCI/DMSO system. This reveals

how HFIP solubilization is able to alter conformation, fundamentally changing fibroin-
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methacrylate solubility. However, it is not possible to fully investigate the structural
transition induced by LiCI/DMSO, as the chloride anion absorbs strongly in the far UV
range (A < 195 nm) during CD studies, preventing deconvolution of protein and salt

signals.[300]

Overall, these analyses support the presence of the methacrylate group in the silk
fibroin product. In order to conclusively establish the photoactive capability of the fibroin
conjugate, it is necessary to conduct studies demonstrating photocrosslinking of fibroin.
Further work on processing the fibroin conjugate enables an expansion of this simple

photocrosslinking property into the fabrication of complex 2- and 3D architectures.

4.3.3 Silk Protein Photocrosslinking

In an effort to demonstrate the versatility of the fibroin-methacrylate conjugate, a
number of processing techniques were initially employed to create stable 2D films and
3D architectures. During these fabrication steps, methacrylate polymerization and the
effects on protein stability were investigated. Considerable work has been performed on
mechanistic and applied studies using acrylate-based polymers in conjunction with
photopolymerization steps to achieve effective crosslinking.[301, 302] Previously,
crosslinking agents such as polyethylene glycol diglycidyl ether have been demonstrated
to yield simple compliant films of crosslinked silk fibroin.[303] However, in contrast to
chemical methods, photopolymerization enables crosslinking of methacrylate in response
to a physical stimulus (light) rather than a chemical stimulus, enabling molding or

patterning prior to crosslinking.
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Photopolymerization of Thin Films

To demonstrate the chemical stability advantages of FPP over native fibroin, the
fabrication of simple thin films wusing photolithography was studied. For
photopolymerization trials, Irgacure 2959 (Ciba Specialty Chemicals, Tarrytown, NY)
was employed as a free-radical photoinitiator. This solid photoinitiator was selected due
to its high solubility in polar organic solvents such as alcohols (ethanol: 10 % (w/w),
methanol: 50 % (w/w)), enabling dissolution in HFIP. Maximum absorbance values
occur around 220 and 280 nm, however absorbance occurs as high as 380 nm, making
exposure in the near-UV region suitable for photo-crosslinking. Highly viscous films of
FPP (2.0 % wt/vol with 0.6 % wt/vol Irgacure 2959 in HFIP) and fibroin (2.0 % wt/vol in
HFIP) and were cast onto a PDMS substrate, which allowed facile removal and
manipulation of films. Exposure to UV light at 200 mW/cm? for a duration of 5.0 s was
found to be ideal for minimizing exposure duration, while minimizing sample heating—a
process which was observed to result a competing polymerization with UV light.
Delamination of the films yields a similar appearance between FPP and fibroin (Figure
4.9). As was expected from fundamental fibroin solubility, immersion in water degrades

native fibroin films, while the crosslinked FPP remains intact.
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Figure 4.9. UV-exposed films: (A) HFIP-cast fibroin, (B) HFIP-cast fibroin-

methacrylate.

Soft Lithography of Silk

FPP is also observed to possess the intrinsic ease of processing of native fibroin,
which is capable of micropatterning down to the nanometer scale (> 30 nm) of transverse
resolution.[80] Both materials form flexible, free-standing optically transparent films,
with little observable structural differences. Previously, the application of soft
lithography to photolithography has previously been demonstrated to enable 3D molding
of photoactive diazirine-conjugated ELP protein.[143] In this experiment, 3D molding
was used to produce free-standing FPP films with micropatterned topography. A
concentrated solution of 6% FPP (w/v), containing 2.0% Irgacure 2959 in HFIP was cast
onto a photoresist master with embossed micrometer-scale features. Following
crosslinking in UV light and evaporation of the HFIP solvent, the formed film was then
gently peeled using tweezers. High resolution patterns from the master transfer to the film

showing its applicability for soft lithography (Figure 4.10).
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Figure 4.10. Soft lithography of the FPP on a PDMS master showing the formation of

high resolution features. Scale bar = 50 pum.

4.3.4 Silk Protein Lithography (SPL) Platform

The potential for employing FPP in conventional photolithography techniques
was next investigated by incorporating a micropatterned photomask in order to directly
produce selectively crosslinked regions of FPP. In contrast to soft lithography, this
technique enables production of binary microscale architectures without a 3D mold.
Common steps from conventional photolithography are adapted for use with FPP,
however a number of modifications were made to the photolithography steps in order to

accommodate a protein photoresist without degradation.

To improve adhesion between the substrate (Si or glass) and FPP,
functionalization of substrates via a self-assembled monolayer of 3-(trichlorosilyl)propyl

methacrylate (TPM) was considered (Figure 4.11).[129] TPM presents a terminal
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methacrylate substituent, capable of participating in covalent bonding of methacrylate-
conjugated FPP during the photocrosslinking reaction. Si and glass substrates were
initially treated with Piranha solution in order to hydroxylate surfaces, presenting silanol
groups for further chemical reaction. Chemical vapor deposition enables the formation of
self-assembled monolayer of the TPM. Trichlorosilane groups of TPM react with surface
Si-OH groups to form a dense network of Si-O-Si bonds to the substrate, presenting a
nascent adhesion-promoting layer of pendant methacrylate groups for enabling FPP
conjugation. This surface modification was qualitatively verified by observing an
increase in the contact angle of hydrophilic glass/Si (glass: 71 * 2°, Si: 78 + 2°), reflecting

the presence of the hydrophobic methacrylate alkylsilane monolayer.
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Figure 4.11. Methacrylate functionalization of Si and glass substrates is achieved

O —

through treatment with Piranha solution to present a reactive hydroxyl-terminated

substrate, followed by chemical vapor deposition of TPM.

The formation of FPP films on methacrylate-functionalized substrates was
achieved through use of a HFIP as a carrier for FPP and the Irgacure 2959 photoinitiator.

Typically, spin-coating of the photoresist provides a means of achieving a sufficiently
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thin film for polymerization. Through careful manipulation of photoresist solution
viscosity, angular velocity, acceleration, and spin-coating time, the thickness of the film
can be precisely controlled.[304] However, rapid evaporation of HFIP is observed during
the spin-coating process due to its high vapor pressure (120 mm Hg at 20 °C). This leads
to an increase in viscosity as the photoresist becomes more concentrated during spin-
coating, eventually resulting in FPP precipitating into uneven deposits on the substrate.
At significantly low polymer concentrations, HFIP spin-coating is reported to be
successful in yielding homogenous thin film deposition; however for FPP in HFIP, the
protein is observed to undergo random aggregation on the substrate.[305] In contrast,
conventional spin-coating processes incorporate solvents such as y-butyrolactone and
cyclohexanone which possess exceptionally low vapor pressures (1.5 mm Hg, and 2 mm
Hg, respectively). Low ambient evaporation rates prevent this rapid evaporation and
increase in concentration early in the spin-coating process, which further preserves the
solubilized state of the photoresist until sufficient spreading can occur on the substrate.
For these reasons, drop casting of FPP onto substrates was incorporated for thin film
formation, with precise control of film thickness being achieved through manipulation of

FPP concentration and HFIP volume.

For conventional photoresists, such as SU-8, a pre-bake step at 100 °C after spin-
coating helps to drive off excess solvent from the film and harden the photoresist. Due to
the significant differences in evaporation rates between the SU-8 solvent, y-
butyrolactone, and HFIP, in addition to concerns of protein degradation at high
temperatures, an ambient ‘pre-bake’ step is employed. FPP-coated Si and glass substrates

are maintained in darkness at ambient temperature after drop casting of the photoresist,
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for a period of 5 minutes. At this point, the FPP films become hard and non-adherent

during manipulation (and subsequently, non-adherent to the photomask).

Photoexposure was investigated in both proximity and contact regimes, at a range
of UV exposure intensities and durations. In order to properly evaluate the results of
photoexposure, a number of developing systems were simultaneously investigated,
including 100% HFIP and HFIP/TFE blends. Selective removal via solubilization of
uncrosslinked, monomeric photoresist is desired, while crosslinked regions should be
resistant to dissolution and/or dimensional loss (i.e. swelling/hydration) when selecting
the proper developer.[306] The use of HFIP as a developing agent, while effective in
removing unexposed regions of FPP, is less than ideal due to its significant distortion of
crosslinked microstructures. Partial solvation occurs as HFIP penetrates the bulk of FPP
microstructures, interrupting interchain hydrogen bonds, despite the presence of
methacrylate crosslinks. Investigation of TFE as a developer adulterant, intended to
diminish the solvation of HFIP (i.e. FPP is insoluble in TFE alone), provided marginal
gains in minimizing this distortion (Figure 4.12). For these reasons, 1M LiClI/DMSO was
selected as the primary developing agent, which provided slow solvation of unreacted

FPP, while preserving microstructural integrity.
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Figure 4.12. Limited reproducibility of microstructures is observed due to proximity

photolithography (< 5 mm gap) and lack of substrate pre-bake. (A) Development via a
75/25 HFIP/TFE mixture—significant swelling of crosslinked FPP leads to
unrecognizable patterns. (B) Development via 1M LiCI/DMSO—incomplete exposure

and rounded feature edges indicates over/under-exposure of pattern. Scale bar = 200 um.

Initial efforts to accurately reproduce microstructures via proximity
photolithography (5 mm gap between photomask and photoresist) demonstrates
significant expansion of feature dimensions in the case of both HFIP/TFE and 1M
LiCI/DMSO development. In proximity mode, a 10 um gap offers the minimum distance
to minimize defects to the photomask resulting from photoresist contact, at the expense of
a reduced resolution limit of 3 um, however such a gap is not easily achieved without an
automated aligner system. Visible exposure artifacts are characteristic of diffractive
effects at the edges of opaque features, resulting from resolution limitations intrinsic to
proximity photolithography and/or overexposure (Figure 4.12). The minimum feature

resolution in this mode of exposure is calculated to be 64 pum, necessitating a significant
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reduction in the proximity gap.

Incorporation of proximity photolithography with a 0.5 mm gap is calculated to
minimize this resolution limit to 20 um, which while significant, enables photoexposure
to be conducted on adherent FPP films without photomask contact and damage.
Development with 1M LiCI/DMSO is demonstrated to be successful in removing protein
in unpatterned areas of the substrate. Reproduced features are observed to have a
significant increase in size, yielding impinging edges with little separation between
structures (Figure 4.13). This is indicative of overexposure and/or limitations of

proximity photolithography, which leads to overexposure of photomask features due to

the wave-like expansion of light between the photomask-photoresist gap space.

Figure 4.13. Limited reproducibility of microstructures due to proximity
photolithography (< 1 mm gap) and lack of substrate pre-bake. However, development
strategy via 1M LiCI/DMSO is demonstrated to be successful in removing unexposed
areas of photoresist. (A) 1.0s UV exposure at 250 mW/cm? (B) 3.0s UV exposure at 250

mW/cm? 1M LiCl/DMSO for 24 hours. Scale bar = 200 um.
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Contact photolithography was finally investigated, due to fundamental issues in
the incorporation of FPP in proximity photolithography. Photolithography in contact with
the photoresist providing a minimum feature resolution that is a function of the
photoresist thickness (for FPP films < 1 pum). However, the soft surfaces of recently cast
FPP films are observed to be deformable under photomask contact, and significant
adhesive ‘tack’ results in unintended photomask adhesion and film destruction during
removal. Employing a pre-bake step, by delaying exposure after film casting, provides
sufficient time for carrier solvent evaporation, allowing photomask contact without FPP
film degradation, and facile substrate removal (Figure 4.14). In addition, development is
found to be complete after 2 hours of immersion in the 1M LiCI/DMSO developer. In
lower panels, the effects of conducting contact lithography are visible—feature
dimensions are valid reproductions from the photomask, however translation of the

pattern across the substrate is observed.
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Figure 4.14. FPP photolithography demonstrates successful photolithography at 1.0s UV
exposure, with development in 1M LiCI/DMSO for 2 hours. (A)(B) Proper UV exposure
and development enables production of architectures down to 3 pm. (C)(D)
Photoexposure without a photoresist ‘pre-bake’ step leads to distortion of features due to

the high deformability of the soft FPP film. Scale bar = 200 pum.

In contact mode, a light pressure is applied to minimize any spacing between photomask
and photoresist, and thus, for a 1 um thick photoresist layer at a 365 nm average exposure
wavelength, the minimum resolution is 0.6 pm. Despite the presence of 3 pum features in

FPP photolithography trials, ‘hard’ contact between photomask and photoresist may still
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allow separation between the photomask and photoresist, producing a gap for which

diffraction can occur to effectively limiting minimum resolution.[307]

Using the aforementioned findings, micropatterns of silk fibroin on silicon and
glass substrates were able to be fabricated via photolithography using the FPP as a
negative photoresist that is crosslinked in the presence of UV light. The protein precursor
is cast on a substrate and exposure through a patterned mask results in crosslinking.
Photoexposure was found ideal in yielding optimal patterns when employing UV
exposure at 150 mW/cm? intensity for 4.0s, following removal of residual HFIP.
Removal of the unexposed and uncrosslinked protein photoresist (via 2 hour immersion
in 1M LiCI/DMSO, followed by rinsing with copious deionized water to remove solvent
and traces of photoinitiator and salts) results in clearly defined micro-architectures. Using
the above methods, diverse architectures depicting a range of high-resolution (um)

geometries, letters, and numbers, are able to be rapidly fabricated.

Confirmation of protein composition

Protein staining was conducted to conclusively establish the protein-based
composition of microstructures. Coomassie Blue R-250 binds to proteins through a
number of interactions, including ionic interactions between R-250 sulfonic acid groups
and positively-charged protein amine groups, in addition to Van der Waals
attractions.[308] These interactions provide a qualitative indicator for the presence of
protein, with high sensitivity enabling detection down to 0.1 pg of protein. As such, the

dye is easily visualized despite the low levels of protein loading per substrate (0.7 mg per
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substrate, pre-development). Figure 4.15 demonstrates the characteristic blue dye binding
selectively to protein micropatterns. The scalability of photolithography implies that large
areas (several cm) with microstructural topology can be fabricated. This enables
translation to large scale production of micropatterned silk substrates or macroscale

objects with microscale control, as is seen in the patterned silicon substrate below.

Figure 4.15. Microstructural features down to 1 pum resolution can be patterned over
large areas (mm to cm) on Si. Inset shows expanded optical micrographs of a test pattern
on glass formed by FPP photolithography. Patterns were stained with Coomassie Blue

(R-250) stain to confirm presence of protein. Scale bar = 200 pum.

166

www.manharaa.com




Analysis of Micropattern Topography

Atomic force microscopy (AFM) and SEM were used to characterize the surface
morphology and fidelity of architectures formed. The addition of photoreactive groups
makes FPP very versatile owing to its suitability for the formation of complex structures

with microstructured morphologies ranging from 1 — 100 um (Figure 4.16).

Figure 4.16. Scanning electron microscopy images of high resolution fibroin
microstructure formed on silicon surfaces. Line widths of 1 um and lower can be easily

fabricated using

the photolithography process described. Scale bars = 50 pm.
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By controlling the thickness of the protein layer deposited on the substrate,
structures of varying height in 3D can be created. This is achieved either through varying
the concentration of photoactive protein (i.e., varying concentration for a volume of HFIP
sufficient to cover the substrate, approximately 40 uL for a 1cm? substrate) or limiting the
amount of solvent deposited onto the substrate. In the latter case, it is possible to create
constrained areas of FPP microstructures that are localized to specific regions of the
substrate. In contrast, simply increasing protein concentration has a tendency to produce
samples with poor height homogeneity distributions, due to capillary flow effects leading
to protein ‘pile up’ at substrate boundaries.[309] This effect is observed widely in the
casting of solvent-rich films, which exhibit a sufficiently rapid evaporation, that leads to
insufficient leveling and an inability to ‘heal’ surface roughness induced by Marangoni
instabilities.[310] For this reason, it is preferred to work with smaller solvent volumes for
developing features with characteristic height profiles, to effectively limit spread of the
protein. Patterns ranging from ~300 nm to several microns in height are easily fabricated
in this manner. Figure 4.17 depicts AFM images of a ‘5’ numeral with approximate
height of 300 nm, in contrast to an adjacent ‘7’ numeral, at 700 nm. The surface
topography of the silk fibroin material is depicted below, which indicates surface
roughness roughly comparable to that of a glass slide (RMS roughness of 1.8 nm over a 5
pm X 5 pm area). This low roughness and relative height homogeneity across large
microscale areas (50 pm x 50 pum) demonstrates the versatility of controlling solvent

parameters in order to establish control of feature height.
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Figure 4.17. AFM topographic analysis showing two microstructures of varying height
(300 nm and 700 nm) and surface characterization. Top: both features result from 0.6 mg
of FPP cast per substrate: ‘5’ (40 uL HFIP, covering entire surface of Si), and ‘7’ (20 uL
HFIP, limiting spreading to 50% of Si surface). Below: a close up of AFM surface
morphology: 5 pm? surface of a developed feature (red square on “7”) shows a surface

with a roughness comparable to a glass slide (RMS roughness of the surface ~2 nm).
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Fabrication of Free-Standing Microstructures

Smart materials that possess direct programmed responses to external stimuli and
biomolecular recognition events are critical to the development of materials capable of
binding assays and directing cellular localization.[2, 311, 312] To properly achieve the
intended result, it is necessary to engineer particle shape, morphology, and chemistry
according to the desired biologically-relevant function. In order to potentially move
beyond forming structures on planar substrates, further strategies were thus explored for
the formation of isolated shapes and morphologies of fibroin using photolithography.
This provides a route towards the application of the silk protein photolithography strategy
to creating monodisperse protein shapes that may be harvested for the delivery or

presentation of biologically functional agents, among other applications.[313]

To date, general lithographic techniques have been characterized as being
incompatible with the use organic materials and/or biomolecules, due to the significant
differences between using traditional photoresist materials, and incorporating fragile
biomolecules. Previously, an influential method has been demonstrated for the precise
control of morphology and structure using top-down assembly for fabricating shaped,
organic particles.[314] By embracing the silk photolithography platform described above,
direct and rapid fabrication of proteins can be enabled, allowing the creation of

biocompatible and biodegradable scaffolds containing functional agents.

Research on the fabrication of monodisperse particle shapes has demonstrated the
use of fluorinated substrates for creating non-wetting substrates, allowing facile

delamination and harvesting of architectures.[314] This strategy was embraced to explore
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the use of various surface treatments and alkylsilanes, preserving adhesion during
photoresist application and development, while enabling removal without damage to
particles. The effects of silicon surface treatments are summarized in Table 4.2. While the
use of FOTS provided similar observed hydrophobicity and higher theoretical
hydrophobicity over that of OTS, difficulty in controlling the deposition of single
monolayers, in addition to the sufficiently high hydrophobicity leading to loss of particles

during development, led to OTS being embraced for surface treatments.

Table 4.2. Contact angle values for various surface treatments of silicon. OTS and FOTS
enabled the development of non-adherent, hydrophobic surfaces. OTS was selected due

to superior abilities in the ease of chemical vapor deposition, and favorable anti-adhesion

properties.
Treatment Contact Angle
Untreated Si 334+27°
Piranha solution 6.8+1.3°
Octadecyltrichlorosilane (OTS) > 100°
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) > 100°

Fabrication of monodisperse shapes is easily achieved using the standard SPL
strategy, while using a cell scraper to harvest particles into aggregates while the substrate

is still partially hydrated with deionized water (Figure 4.18). Here, water is thought to act
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as a ‘collection’ medium, enabling displacement of particles which are observed to

aggregate on the surface of water droplets, preventing mechanical damage.

R SR R L R R
R R R
FEEY T B DP IR IR U B S
EoHEE R A EH XK
PR TR IR R EIR E  R
ISR IR IR IR S R S
IR IR R R SR A R
PR PP R RS I T
HH H kKRR KEEX

&
L %K
0 ‘ w

Figure 4.18. Fabrication of independent structures: monodisperse shapes of fibroin in

the form of microparticles fabricated through SPL on a non-wetting substrate. (A)

Stars after development, however prior to mechanical harvesting. (B) ‘Corralling’ of

shapes usina a standard cell scraper.

Further strategies were explored, this time using fluorescent dye loading for

allowing visualization of particles to effectively demonstrate the ease of incorporation

and successful entrapment of functional agents. This strategy also establishes the

versatility of the SPL platform in incorporating multiple functional materials as a

composite without any changes to structure or noticeable degradation. Initially,

fluorescein isothiocyanate-conjugated albumin was loaded into 50 pm stars via a 1:10

mass ratio of fluorescent dye to FPP. UV exposure and development were unremarkable,

without any observed leaching of dye (Figure 4.19).
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Figure 4.19. Monodisperse FPP stars, 50 um, loaded with FITC-albumin at 1:10

FITC-albumin:FPP. Lack of detectable fluorescence in background indicates retention
of dye throughout the lithography process. Images are false-colored using emission
wavelength after image collection via a monochromatic camera. (A) Stars on Piranha-
treated silicon surface, displaying adhesion to the underlying susbtrate. (B) Stars on

OTS-treated silicon, after development and harvesting. Scale bar = 200 pum.

The combination of functional agents is possible through the blending of FPP
particles, where the inclusion of a particular molecule is done so based on shape. Using
procedures similar to above, a range of architectures was fabricated using FITC-albumin-
loaded triangles, and Alexa Fluor 555-loaded circles (Figure 4.20). Shapes were
photoexposed on a shared substrate, by selectively exposing regions coated with a
specific dye using desired regions of shapes on the photomask. Development and rinsing
is conducted as described for single shape, monodisperse particles, to yield substrates of
dispersed particles. Alternatively, harvesting by pipette is possible, through pipette

collection and introduction onto a single, shared substrate. This monodisperse shape
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fabrication strategy yields a qualitative tool for gauging the cargo of a particle on the
basis of shape, enabling the rapid identification of particle contents. Thus, the ability to
accurately control size, shape, and particle cargo is of great value in the rapid
development of drug delivery and molecular sensing tools, for use in emerging

biotechnology applications.

Figure 4.20. Composite of monodisperse stars and circles: FPP stars, 50 um, loaded
with FITC-albumin at 1:10 albumin:FPP, and circles, 50 um, loaded with Alexa
Fluoro 555-ovalbumin at 1:10 albumin:FPP. The emission wavelength of FITC is 520

nm (green), and Alexa Fluor 555 emits at 565 nm (red).
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4.3.5 Characterization of the Stability of Crosslinked FPP

Proteolytic Degradation of Crosslinked FPP

Fibroin from silk cocoons exists in a fibrous and intrinsically insoluble form but
can be rendered soluble, typically using a solution of 9.3M LiBr.[21] This activated
fibroin can dissolve in water and various solvents, facilitating processing into specific
architectures. The degree of solubility of architectures cast from soluble fibroin is highly
tunable through the use of treatments to increase B-sheet crystallinity, which imparts
water insolubility to the fibroin.[64, 113, 315] This solubility is an important
consideration for ensuring silk degradation across various applications.[85, 255, 316] In
the native state, fibroin has been established to undergo enzymatic biodegradation in
vitro, exhibiting predictable long-term degradation characteristics.[43, 66] With the
assistance of the aforementioned treatments, fibroin is thus able to act across a wide
spectrum of solubility, and effectively demonstrate behavior from controllable dissolution

and degradation, to high chemical stability and solvent resilience.

In contrast to native fibroin films that readily dissolve in water, the addition of
photoactive moieties to fibroin results in a loss of aqueous solubility. Crosslinked films of
FPP are observed to remain relatively unchanged and undegraded after immersion in
deionized water. This is attributed to the presence of nascent methacrylate substituents
and chemical crosslinks in photocrosslinked FPP, which has unknown effects on the
long-term degradation properties of FPP. However, conjugated methacrylate crosslinks
have been previously associated with decreased degradation rates as the density of

crosslinks increases.[317] For this reason, it was of interest to investigate the degradation
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behavior of FPP, to evaluate the effects of methacrylate-based crosslinks, and the

potential for FPP to act as a bioresorbable material.

The in vitro stability of FPP has been evaluated through use of proteolytic
degradation. In evaluating fibroin films, as-cast fibroin is observed to rapidly solubilize in
PBS buffer. In contrast, FPP films are intact and are relatively stable even after 15 days in
PBS. However, in an aqueous solution of protease (Protease XIV from S. griseus, >3.5
units/mg), FPP films degrade significantly over the same 15 day time period. This was
observed quantitatively by measurement of film mass and thickness over time (Figure
4.21). Figure 4.21 (A)-(B) establishes the film mass retention (remaining dried mass as a
percentage of starting mass) and thickness over time. SEM images were taken of cross-

sections of 3 films on days 0, 7, and 15 (Figure 4.21, C-E).
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Figure 4.21. Analysis of the degradation profile of the FPP crosslinked films. In the
absence of protease the films remain largely intact over a period of two weeks. In the
presence of protease (1 unit/mg of FPP), the films degrade as observed by the film
thickness and mass loss. The SEM images below show the cross-section of the films.

Scale bar = 100 pm.

The initially observed mass loss for FPP controls (absent protease), occurring prior to day
3, is attributed to the efflux of latent photoinitiator from the films, which comprises ~25%
of the total mass. After a 15 day time period, film surface morphology is significantly
altered, and immediately thereafter, a loss of structural integrity and fragmentation of

films is observed as FPP degrades into smaller, soluble polypeptides (Figure 4.22). In the
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case of cast fibroin films, since they immediately degraded in water, there was no film to

follow over the time of the experiment.

Figure 4.22. FPP undergoes a significant change in surface morphology during a 15 day
proteolytic degradation study: (a) 0 day control, (b) 15 days in protease XIV. Scale bar =

S5 pm.

The degradation behavior of FPP structures is also tunable. At lower crosslinking
of the material, the degradation is much more rapid. For instance, for FPP films with
0.1% initiator (w/v), ~40% of the mass is lost within 3 days and the films are fully
fragmented by day 7. The enzymatic degradation of FPP demonstrates its potential to act

as a material that can retain its structure prior to bioresorption.

Mechanical analysis of Crosslinked FPP

The crosslinking of the biopolymer also confers a benefit in terms of mechanical

strength. The mechanical properties of native fibroin and FPP were compared via AFM-
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based nanoindentation studies.[236, 237, 286] A stiff diamond like carbon coated
cantilever (k = 48 N/m) was used to indent thin films of each material using a constant
force of 1 pN, at 1 pN/s. These constant force indents were observed to yield force
curves with greater reproducibility and less adhesion than constant indent curves,
enabling a more reliable calculation for Young’s modulus. The elastic modulus for
fibroin was calculated via the Hertz model, and determined to be 11.0 + 0.9 GPa, a value
that is close to its reported values as one of the strongest and toughest natural fibers.[318]
Photocrosslinked FPP (0.6 % wi/v crosslinker) was measured to have an elastic modulus
of 15.6 £+ 1.1 GPa (Figure 4.23B). Representative force-distance curves for the

nanoindentation of the two materials are presented (Figure 4.23A).
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Figure 4.23. (A) Representative AFM nanoindentation curves obtained from indenting
surfaces of fibroin (dashed) and FPP (solid) thin films. The force-distance indent curves
were fit using the Hertz model to obtain the elastic modulus and stiffness of the material.
(B) FPP is observed to have a Young’s modulus of 15.6 = 1.1 GPa, which is significantly

higher than that of native fibroin, at 11.0 + 0.9 GPa.
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It is hypothesized that the increased crosslinking between the biopolymer strands
can influence the modulus of the material. By controlling the precursors and the
photocrosslinking steps, it is possible to tune the mechanical properties of the fibroin
photoresist. For instance, an increase in photoinitiator concentration results in an increase

in crosslinking density of the FPP as observed via FTIR (Figure 4.24).
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Figure 4.24. FTIR data on films of FPP to investigate extent of crosslinking. The extent
of crosslinking was monitored by following the 1630 cm™ (terminal C=C stretch) peak
for samples with 0% photoinitiator (uncrosslinked films) to higher concentrations of
photoinitiator (0.9%). Due to the photopolymerization reaction, as the concentration of

photoinitiator increased, vinyl groups are consumed reflecting an increase in crosslinking.

180

www.manaraa.com



In the experiments reported, 0.6% (w/v) photoinitiator was used which was found to be
optimal for high-fidelity microstructures. This tunability of the mechanical properties of
the FPP coupled with direct cellular attachment on a degradable, yet mechanically strong
matrix without the use of cell adhesion peptides (e.g. RGD) offers new possibilities in

using this material for load bearing applications such as bone tissue engineering.[319]

4.3.6 Cell Culture Studies on Silk Fibroin Scaffolds

Films of native fibroin have been demonstrated to support cellular culture and
proliferation.[320] Fibroblasts cultured on these films demonstrate rapid adhesion and
elongation, preferring to adhere to stiffer regions of the substrate. However, in the case of
FPP, the introduction of hydrophobic methacrylate groups onto fibroin was expected to
result in a decrease in the hydrophilicity typically associated with native B. mori
fibroin.[321] In order to assess the ability of photoactive fibroin to act as a substrate for
supporting cell growth, FPP microstructured scaffolds were fabricated with a range of
architectures. The micropatterning of FPP on a TPM monolayer creates distinct raised
FPP layers with contrasting, unpatterned hydrophobic regions. The relative
hydrophobicity of the TPM monolayer is associated with favorable cell adhesion,
spreading and proliferation, providing an opportunity to study the influence of FPP on
spatial control of cell adhesion.[275] Fibroblast cells were seeded at a density of
7500/cm? on micropatterned surfaces and incubated for 3 — 4 days, with polarized light

microscopy being used to assess cell proliferation at specified time intervals.
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At 48 hours, human fibroblasts displayed a more significant localization on the
fibroin protein patterns in comparison to the surrounding methacrylate-functionalized

glass surface (Figure 4.25). The human fibroblasts are observed to elongate on and

around the base of FPP structures, effectively maximizing their area of contact with FPP.

Figure 4.25. Patterning of human fibroblast cells on patterns of FPP. Fibroblast cells
display a preferential attachment to pattern surfaces and sidewalls versus attachment to

hydrophobic glass. Scale bar = 200 um (white), 200 um (yellow).
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To investigate the influence of the substrate, murine fibroblasts were similarly
cultured onto grids of 10 pum lines of FPP, with 200 pum spacing, and onto TPM-
functionalized (methacrylate-functionalized) glass controls. In the absence of FPP,
fibroblasts are observed to indiscriminately spread and proliferate across the substrate,
owing to the hydrophobic surface presented by TPM functionalization (Figure 4.26 B).
When FPP patterns are present, fibroblasts migrate to and cluster on the raised FPP
material, which is indicative of specific adhesive processes resulting in preferential

adhesion to the FPP material (Figure 4.26 A).
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Figure 4.26. (A) Confocal light microscopy of murine fibroblasts grown on fibroin grids.

Cells are observed to clearly align along the patterned fibroin lines. (B) In control
experiments on silicon surfaces without grids, cells spread non-specifically on the

surface. Scale bar = 100 um.

Focal adhesion of the fibroblasts to the underlying fibroin micropatterns was
studied by staining for the presence of focal adhesion complexes using a fluorescent anti-

vinculin monoclonal antibody (Figure 4.27). Vinculin is an actin-binding protein, which,
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when conjugated to a fluorescent dye, acts as a marker for cell-cell and cell-extracellular
matrix adhesion junctions.[322] Here, the presence of focal adhesion complexes is
indicated by green fluorescence signal. These structural membrane-associated focal
adhesion complexes function as nucleation sites for actin filaments connecting the ECM
on the outside to the intracellular actin cytoskeleton. Cells were observed to be well
anchored to the patterned fibroin, effectively demonstrating that FPP patterns can be used

to spatially micropattern and direct cellular attachment.

Figure 4.27. Focal adhesion contacts (green) to the underlying fibroin micropatterns
(center) are revealed using anti-vinculin monoclonal antibody and FITC-conjugated

secondary antibody. White arrows indicate example focal adhesion junctions.
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4.4 Conclusions

In summary, in this chapter, a platform termed “Silk Protein Photolithography”
(SPL) for the rapid patterning of protein architectures across 4 orders of magnitude (1 pum
to cm) is demonstrated via a novel photoreactive silk fibroin. While optical lithography
has been used to indirectly pattern proteins in prior works, direct patterning of proteins to
form high fidelity and high-resolution structures still remains a challenge. The inherent
simplicity of the process described coupled with mature photolithographic techniques
from the microelectronics industry allows formation of complex structures that can be
precisely tailored in terms of shape, size (nm to um). Furthermore, the high degree of
reproducibility, indicated by the observation of similar results across multiple batches of
silk, helps to alleviate concerns of the potential variability in naturally sourced
materials.[117] The tunable mechanical strength and degradation of FPP presents
opportunities for the fabrication of sustainable, silk-based microdevices. FPP can be used
for further synthesis of functional nanomaterials through bio-templating or in prototyping
tools such as multiphoton lithography—areas which have typically been the purview of
synthetic polymers.[323-325] The use of a developing agent with established effects on
protein structure, potentially enables recovery and reuse of the fibroin-methacrylate
conjugate, providing an avenue to a renewable means of protein photo-processing.
“Photoresist-like” natural silk with light-activated direct-write processes can be adapted
for wide ranging applications in biological arrays, tissue engineering and drug delivery.
Independent, flexible and optically transparent silk protein shapes can be fabricated and

harvested for drug delivery applications. Organic and inorganic molecules can be coupled
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to enhance fibroin applications for cell guidance on micro and nanostructured wires and
scaffolds.[42] Furthermore, these results establish a potentially versatile method for
conducting protein photolithography on structurally and chemically distinct protein

species.

[This chapter contains results that have been previously published:
Kurland, N.E., et al., Precise Patterning of Silk Microstructures Using
Photolithography. Advanced Materials, 2013. 25(43): p. 6207-6212.]
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CHAPTER 5

APPLICATION OF SILK PROTEIN PHOTOLITHOGRAPHY TO THE
PHOTOPATTERNING OF SILK SERICIN

5.1 Introduction

As a natural, renewable silk protein, sericin provides an excellent building block
for producing tailorable, biocompatible materials to address a wide range of
biotechnological needs. The cytocompatibility and water-soluble nature of sericin makes
it ideal for cellular culture, enhancing cell attachment, improving cellular growth, and
accelerating proliferation when added to culture media.[45, 74, 235] Despite these unique
physicochemical properties, the limited ability to form sericin into complex patterns
necessitates implementing a novel approach for its development into biologically-
relevant architectures.[73, 75] In comparison, the plethora of knowledge available for silk
fibroin has enabled it to engage in a variety of physical and chemical modification
strategies, to yield a range of biofunctional silk materials.[16, 21] Furthermore, despite
reports on its intrinsic biocompatibility and that the perceived inflammatory behavior of
silk sericin is often when it is present in conjunction with fibroin, sericin has had an
uphill climb in its overall acceptance in the biomaterials field. As a natural silk

biopolymer, sericin provides an equivalent green chemistry alternative to the use of
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fibroin and synthetic materials for applications in bioelectronics, tissue engineering and
photonics.[32, 254] A key challenge lies in the development of chemical processing
strategies which take into account environmental factors, particularly in the use of other

benign chemical species.

Increasing the use of biologically-derived materials and enabling sustainable
manufacturing have emerged as important considerations in the development of the next
generation of biologically-integrated devices. Integrating high-resolution fabrication
platforms using materials from biological precursors to form rationally designed and
engineered structures have been proposed as feasible routes not only for viable
bionanomanufacturing, but also to form organic devices that can interface and interact
with biological systems.[32, 326, 327] Silk sericin demonstrates an important
intermediate bridging this evolution of sustainable manufacturing with the limitations in
silk manufacturing strategies. Some of the key challenges in this process lie in the
development of techniques to fashion sericin, and biomaterials in general, into the
structural components of an electronic or photonic device with desired spatial resolution,
complexity or mechanical properties. This problem extends to the fabrication of intricate
microstructured scaffolds for directing cellular growth in two and three dimensions,
which have not been demonstrated using existing sericin processing strategies.[313, 328-
330] One potential solution to this lies in the applying photolithographic processing to
sericin as a means of enhancing stability and allowing sustainable processing using a

natural, water-soluble biomolecule.[278, 331]

In the previous chapters, sericin was investigated for development into functional
protein architectures by taking advantage of intrinsic properties and engineered assembly
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techniques. This work highlighted the ability of sericin to self-aggregate into highly-
ordered architectures, and further took advantage of its water-soluble state to demonstrate
the implications in improving stimuli-response of silk-based materials. These studies
noted the lack of durability of sericin architectures in agqueous environments—sericin was
not prevented from re-solubilizing, leading to partial loss of structural features. Aside
from common de-solvation methods using alcohols to improve B-sheet crystallinity,
limited options exist for improving this stability.[77, 90] Furthermore, the loss of native
protein structure associated with inducing a crystalline secondary structural
conformation, has the potential to negatively impact mechanics and biological
interactions.[23, 332] On the basis of the silk protein photolithography (SPL) platform
described in the previous chapter, by taking advantage of similar reactive amino acids,
the process of fibroin photolithography can be adapted for sericin processing. This
expands the flexibility of the silk protein photolithography platform, allowing the

incorporation of environmentally favorable water-based processing strategies.

In this chapter, translation of the silk protein photolithography (SPL) platform to
the patterning of silk sericin is considered, effectively demonstrating the applicability of
SPL to a chemically and structurally-distinct silk protein. In contrast to fibroin, which
supports cellular adhesion and proliferation, sericin demonstrates far greater bioactivity
and specificity to use for tissue engineering applications. The absence of cell-recognition
integrin-binding sequences in B. mori fibroin imply that cellular interactions observed in
the previous chapter are attributable to the morphology of fibroin, as specific biological
interactions have not been conclusively established.[333, 334] On the other hand, sericin

has well-documented bioactive properties, promoting cellular adhesion and proliferation
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across multiple cell lines.[76, 235] To date, this activity has been extensively
investigated, and is hypothesized to be a result of serine-rich repeats facilitating specific
cellular adhesion.[70, 74] This observation allows sericin to potentially serve as cell-
guiding material, inducing specific adhesive properties as a biomaterial. Thus, the
preservation of serine-rich regions of sericin is considered critical to maintaining
bioactivity. In the previous chapter, partial conversion of nucleophilic centers, such as
serine residues, was noted through the isocyanate bioconjugation step of SPL. In
exchange for demonstrating the versatility of the SPL platform to species other than
fibroin, this platform opens further applications to sericin owing to its ability to produce

tailorable, stable microarchitectures.

The modular biochemical modification of sericin may therefore be used to create
a photoactive hydrophilic protein species—sericin protein photoresist (SPP). This
material can be combined with photolithography to generate micro and nano-scale
architectures over large areas in a strategy that parallels the one discussed in the previous
chapter. Silk sericin thus provides a structurally- and chemically-distinct renewable
protein that provides a route to the “green synthesis” of engineered structures. Due to the
site-specific modification strategy, the resulting silk sericin conjugate is demonstrated to
retain fundamental properties of the protein, while possessing nascent photoreactive
capacity. Photoactive sericin conjugates are combined with optical lithography to create
high-resolution patterned architectures (um) across macroscale areas (cm) conducive to
cellular attachment and proliferation. The application of these microstructured substrates
as cellular scaffolds for the directed culture of osteoblasts is further demonstrated. The

facile processing of this photoactive sericin into complex architectures, while preserving
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intrinsic protein properties, provides diverse opportunities for this protein in the
formation of scaffolds for tissue engineering, and further advances in biomedical

engineering (Figure 5.1).
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Figure 5.1. Schematic of fabrication of sericin microstructures using silk protein

lithography.

5.2 Experimental Section

5.2.1 Materials

Pure sericin protein (Wako Chemicals USA, Richmond, VA) and 2-
isocyanatoethyl methacrylate (IEM, Sigma-Aldrich, St. Louis, MO) reagents were

utilized for chemical conjugation. Anhydrous dimethyl sulfoxide (DMSQ) and anhydrous
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lithium chloride (LiCl) were utilized as a solvent for the reagents. 2,2,2-Trifluoroethanol
(TFE, 99.8%, Sigma-Aldrich, St. Louis, MO) was used as a solvent for the sericin-
methacrylate conjugate. Irgacure 2959 photoinitiator (1-[4-(2-Hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propane-1-one, Ciba Specialty Chemicals, Tarrytown, NY) was
employed as a free-radical photoinitiator. Standard 75 x 25 cm glass slides (Fisher
Scientific, Fair Lawn, NJ) and P-type <111> silicon (Si) wafers were utilized as
substrates. Hydrogen peroxide (30%, H,0,) and sulfuric acid (95 - 98%, H,SO,, Sigma-
Aldrich, St. Louis, MO) were employed for substrate cleaning and hydroxylation. 3-
(trichlorosilyl)propyl methacrylate (TPM, Sigma-Aldrich, St. Louis, MO) was used for
functionalizing substrates to allow photoresist adhesion. Nanopure, deionized water (18.2
MQ-cm, Millipore, Billerica, MA) was used as a developing agent. Protein staining was
conducted using Coomassie Brilliant Blue R-250 (Sigma-Aldrich, St. Louis, MO) and
glacial acetic acid (Fisher Scientific, Fair Lawn, NJ). Osteoblast mineralization media
was prepared using Dulbecco's Modified Eagle's Medium (DMEM) powder, ascorbic
acid, gentamicin, calcium chloride (CaCl,), sodium bicarbonate (NaHCOj3), HEPES
buffer, antibiotic antimycotic solution (10,000 units penicillin, 10 mg streptomycin and
25 pg amphotericin B per mL), and fetal bovine serum (FBS), all of which were obtained

from Sigma-Aldrich (St. Louis, MO).

5.2.2 Synthesis and purification of photoreactive sericin

Photoactive silk sericin conjugates were synthesized in a similar fashion to the

process shown in the previous chapter, for silk fibroin conjugation. Methacrylate grafting
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was conducted via chemical conjugation between sericin and the reactive isocyanate
group of IEM. The conjugation was conducted in an anhydrous solvent system of 1M
LiCl in DMSO, to prevent premature isocyanate reaction.[278] Lithium chloride and all
related glassware was thoroughly dried at 150 °C for 24 hours prior to use, while silk
sericin was dried at 70°C to remove residual moisture prior to reaction. Sericin (100.0
mg) was suspended at 1% (w/v) in a solution of 1M LiCI/DMSO in a 25 mL round
bottom flask. To enable dissolution of sericin, the flask was stirred at 60 °C in a dry N,
atmosphere for 45 minutes, at which point no solids remained suspended in solution. A
stoichiometric amount of IEM was added to the round bottom flask, which was
continuously purged with dry N,. The reaction was allowed to proceed to completion at
60 °C for 5 hours, after which the product was precipitated out into cold ethanol, and
centrifuged. The protein pellet was then washed with a mixture of cold ethanol/acetone
and centrifuged, and this process was repeated three times. The remaining precipitated
mass was then frozen at -80 °C and lyophilized for 48 hours to yield a brilliant white

powder of sericin-methacrylate.

For the purposes of calculating reaction stoichiometry and degree of conjugation,
an average molecular weight of 100 Da per residue was used.[278] In comparison, by
using the core repeat sequence of sericin, the average molecular weight per residue is 95
Da (via 38-mer core sequence composition,
SSTGSSSNTDSNSNSVGSSTSGGSSTYGYSSNSRDGSV), which is increased by
larger amino acids at chain termini.[70] Reaction recovery was calculated as a ratio of
final dry mass to initial sericin mass, assuming complete recovery of sericin following the

reaction. Henceforth, this photoreactive version of sericin that behaves as a negative
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photoresist will be referred to as a sericin protein photoresist (SPP).

5.2.3 IR Spectroscopy

To confirm the presence of the methacrylate moiety on sericin, Fourier transform
infrared spectroscopy (FTIR) was conducted on unmodified sericin and sericin-
methacrylate films cast from TFE solvent, using a Nicolet iS10 FTIR spectrometer. The
spectrometer was operated using a Smart iTR ATR (Attenuated Total Reflectance)
sampling accessory with a low-penetration depth Ge crystal. Spectral data was collected

in the region of 4000 - 1000 cm™ at 4 cm™ intervals, and averaged over 32 scans.

5.2.4 Surface Functionalization of Silicon and Glass Substrates

Silicon wafers were cut into 1 x 1 cm? squares for use with micropatterning
experiments. Glass slides for sericin-methacrylate scaffold fabrication were segmented
into 0.75 x 0.75 in.? pieces to facilitate use in tissue culture plates. Surfaces were initially
treated with Piranha solution (3:1 98% H,S0,4:30% H,0,) to hydroxylate the surface for
further chemical modification (Caution: Piranha solution reacts violently with organic
materials and must be handled with extreme care). Following treatment, surfaces were
washed with copious deionized water and ethanol and dried at 150 °C on a hot plate.
Functionalization to silanol groups was conducted using 3-(trichlorosilyl)propyl
methacrylate (TPM) by means of a chemical vapor deposition (CVD) technique.[281,

282] 100 pL TPM was added to a desiccator containing the substrates. The chamber was
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then drawn down to 0.4 bar and left for a period of 12 hours for the TPM to react and
present covalently bound functional groups. Methacrylate-modified surfaces were

extensively washed with hexane and water, and dried before further use.

5.2.5 Silk Protein Photolithography (SPL) of Sericin

Micropatterns of silk sericin protein photoresist (SPP) were fabricated using
contact photolithography. SPP was dissolved at 2% (w/v) in TFE with 0.5% (w/v) of
Irgacure 2959 photoinitiator and mixed at low speed for 12 hours, at which point the SPP
is observed to be fully dissolved. The SPP solution was cast onto methacrylate-
functionalized glass at 0.3 mg sericin-methacrylate per substrate, and spread via gentle
rotation of the substrate. An ambient ‘pre-bake’ step was then conducted, in which
substrates are allowed to sit at ambient temperature for 10 minutes to allow excess
photoresist solvent (TFE) to evaporate, and decrease photoresist to photomask adhesion.
Contact photolithography was performed in direct contact with SPP films, via an
OmniCure S1000 UV Spot Curing lamp (Lumen Dynamics, Ontario, Canada) equipped
with a 320 — 500 nm filter. Substrates were exposed at 150 mW/cm?, for 3.0 seconds
exposure through a chrome mask. Development of uncrosslinked and unexposed protein
photoresist was performed using deionized water (18.2 MQ-cm) for 2 hours followed by
copious rinsing with deionized water and ethanol. Substrates with the developed protein

patterns were then dried in a gentle stream of dry N..
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5.2.6 Protein Microstructure Staining

To establish the success of the photopolymerization steps and to verify that the
structures formed were indeed protein, staining of the microstructures was performed via
the Coomassie Blue R-250 dye. A modified rapid stain protocol was employed, in which
substrates were stained in a solution of 10% acetic acid in water, containing 60 pg/ml
Coomassie Blue R-250.[283] The qualitative appearance of protein-bound dye occurs
after 30 minutes, and staining was allowed to proceed for 60 minutes to provide sufficient
dye intensity for visualization. Immersion in deionized water for a period of 60 minutes
was conducted to remove unbound dye from microstructures and substrates. Analysis of
dye localization was subsequently conducted through digital imaging and optical

microscopy.

5.2.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was conducted using a JEOL high-
resolution field emission microscope, at a 2.0 kV accelerating voltage. Prior to SEM,
patterned substrates were sputter coated with 15A platinum to enhance conductivity prior
to imaging (Denton Vacuum Desk V cold sputtering system, Denton Vacuum,

Moorestown, NJ).
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5.2.8 Atomic Force Microscopy and Nanomechanical Analysis

Atomic Force Microscopy (AFM) analysis of surface morphology was performed
on an Asylum Research MFP-3D AFM (Santa Barbara, CA), operating in AC mode. The
AFM was further used to determine Young’s modulus of the sericin-methacrylate
conjugate, through AFM-based nanoindentation, with an AC240TS tip (hominal k =2 nN
nm™, Olympus, Japan).[236, 237, 286] All force constants were measured prior to the
experiments using the thermal fluctuation method. Films (>1 pm thickness) were
indented in air with 10 indents at 3 discrete locations under a constant load of 500 nN, to
a total depth of ~10 nm. Force-distance curves were subsequently analyzed via fitting tip

extension data to the Hertz model to determine values for Young’s moduli.

5.2.9 In Vitro Proteolytic Degradation

Crosslinked films (~ 5 mg) of crosslinked sericin prepared via silk protein
photolithography, as described above, with a single experimental modification—films
were cast from 100 pL of total solvent to limit the spread of the film, and thus maximize
film thickness. Crosslinked films were initially weighed in the dry state, and then
incubated at 37 °C in a solution of (1 unit/mg protein) Protease XIV (Streptomyces
griseus, >3.5 units/mg, Sigma-Aldrich) in PBS. Films incubated in PBS in the absence of
protease acted as negative controls. The Protease XIV and control solutions were
changed initially at 3 days, and subsequently every 4 days thereafter to ensure the
preservation of protease enzyme activity (Protease XIV activity is > 80% following 3

days of incubation).[66] At designated time points, samples were removed from the
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buffer, and rinsed with deionized water before drying for analysis—films were first

weighed and then cryofractured in liquid N, for SEM study.

5.2.10 Human Osteoblast Cell Culture

Normal human osteoblasts were kindly provided by the laboratory of Dr. Xuejun
Wen (Department of Chemical and Life Science Engineering, Virginia Commonwealth
University, Richmond, Virginia). Cells were seeded in 75 cm? culture flasks and
incubated at 37 °C in a 5% CO, atmosphere in osteoblast media. Osteoblast
mineralization media was prepared via reconstitution of 13.5 g DMEM high glucose
powder with 1L distilled water, and supplemented with 2.54 g NaHCOs3, in addition to
0.0588 g ascorbic acid, 0.588 g gentamicin, 0.0783 g CaCl,, 3.905 g HEPES buffer, and
20 mL antibiotic antimyotic solution. The pH was then adjusted to 7.35 — 7.37, and the
solution was filtered before finally adding 88 mL FBS per 500 mL volume of resulting
media. After reaching 70% confluence, osteoblasts were passaged with 0.025% trypsin,
and washed with osteoblast media. Cells were seeded onto 0.75 x 0.75 in® scaffolds,
consisting of 0.3 mg SPP protein, and controls in a 6-well tissue culture plate at 50,000
cells per well. Cell adhesion and proliferation was monitored via polarized light

microscopy every 24 hours post-seeding.
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5.2.11 Murine Fibroblast Cell Culture

A range of cell lines was employed for cell culture 3T3 murine fibroblasts and
isolated human fibroblasts were provided by the laboratory of Dr. Xuejun Wen
(Department of Chemical and Life Science Engineering, Virginia Commonwealth
University, Richmond, Virginia), while L-929 murine fibroblasts were provided by the
laboratory of Dr. Subhas Kundu (Department of Biotechnology, Indian Institute of
Technology, Kharagpur, India). Cells were initially seeded in 75 cm? culture flasks and
incubated at 37 °C in a 5% CO, atmosphere in DMEM high glucose media, with 10%
FBS and 1% non-essential amino acids. After reaching 70% confluence, fibroblasts were
passaged with 0.025% trypsin and incubated at 37 °C for 5 minutes, at which point the
cells were observed to attain a spherical morphology and detach from the sidewalls of the
tissue culture flask. Additional media was added to dilute the trypsin, and the cell
suspension was centrifuged at 1000 rpm for 5 minutes at 4 °C to precipitate the cells. The
supernatant was removed, and the cells were washed and resuspended in fresh media. A
small aliqguot was removed from the homogenized cell solution, and using a
haemocytometer, the cell density was determined. Prior to cell seeding, microstructured
SPP scaffolds were hydrated in PBS overnight, and UV sterilized for 30 minutes in a
laminar flow hood. Cells were seeded onto 0.75 x 0.75 in? scaffolds, consisting of 0.3 mg
SPP protein, and controls in a 6-well tissue culture plate at 50,000 cells per well. Cell
adhesion and proliferation was monitored via polarized light microscopy every 24 hours

post-seeding.
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5.2.12 Characterization of cell culture

After reaching approximately 70% confluence (assessed via analysis of glass slide
controls), substrates were washed in PBS and fixed with 4% paraformaldehyde to prepare
for staining and fluorescence imaging. Following permeabilization with wash buffer,
actin staining was performed with rhodamine-conjugated phalloidin (1:200 dilution) for
L-929 cells, and Alexa Fluor 488 phalloidin for 3T3 and human osteoblast cells. Nucleus
counterstaining was conducted with Hoechst stain for L-929 cells, and DAPI for 3T3 and
human osteoblast cells. Imaging was conducted at 405 nm and 488 nm using a confocal

laser scanning microscope (Olympus FVV1000) with 20 and 60x oil immersion lenses.

5.3 Results and Discussion

5.3.1 Synthesis of Silk Sericin Conjugates

Photoactive sericin (also referred to as SPP) was produced through the
biochemical modification of the silk sericin protein, using a synthesis method thoroughly
characterized in the previous chapter on silk protein photolithography. The processes
depicted in the previous chapter were initially derived from isocyanate-based
modification of silk sericin in the LiClI/DMSO solvent. In the reported study, the process
of sericin dissolution in LiCI/DMSO and heating at 60 °C for 5 hours was associated with
negligible degradation of high molecular weight sericin chains.[278] Silk sericin has

demonstrated dissolution in this solvent system, up to high concentrations of 30%
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(w/v).[335] When conducted at elevated temperature, this modification is associated with
the preservation of cellular interactions of interest for sericin—low cellular toxicity to
fibroblasts and the activation of extensive type | collagen production.[155] Direct
conjugation of the protein with a photoactive-capable isocyanate is achieved due to the
hydroxyl-rich nature of sericin (~36 mol% Ser, 9 mol% Thr, 3 mol% Tyr), providing a
composition of ~50% reactive hydroxyl groups.[71] The methacrylate was selected due
to the extensive employment and characterization of acrylate biocompatibility in
biomaterials techniques.[336, 337] Facile processing of acrylates also ensures the novel
photoactive sericin conjugate is able to be inserted into existing fabrication steps to
produce stable protein-based scaffolds.[129] The sericin protein was modified to impart
25% of hydroxyl-containing amino acids with photoreactive methacrylate groups, leaving
the bulk of serine groups untouched to preserve these regions associated in favorable
cellular interactions.[74, 75] Upon exposure to UV light, these pendant methacrylate
groups rapidly crosslink in the presence of a photoinitiator to form long chain polymers,

which enables the fabrication of stable networks of sericin-methacrylate.

The degree of substitution of methacrylate was established from the weight
increase of sericin-methacrylate recovered following the IEM reaction, which
corresponds to a conversion of ~11% of amino acids to methacrylate moieties. From this
observation, a stoichiometry of 2.3 moles of IEM to moles of primary hydroxyl-
containing amino acids is required in order to achieve a desired degree of substitution.
This substitution degree was maintained at a low population of amino acids converted in
order to preserve the fundamental bioactive properties of sericin, and to minimize

widespread modification of serine-rich repeats. However, controlling the degree of
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substitution provides a means of producing architectures of variable crosslinking
densities. Alternatively, the presence of unmodified amino acids also enables the
production of multifunctional biomaterial architectures via concurrent or subsequent

modification strategies.[121]

5.3.2 Characterization of Silk Sericin Conjugates

Solubility and Stability of Sericin-Methacrylate

Sericin-methacrylate solubility was initially investigated to facilitate analysis and
processing of the conjugate. Native sericin is highly water-soluble, owing to its secondary
structural content—sericin is structurally dominated by amorphous random coil regions,
with additional B-sheet content, and little or no a-helical content.[72] From the results on
fibroin modification observed in the previous chapter, it was expected that the addition of
a hydrophobic methacrylate in addition to masking of hydrophilic serine groups, would
induce a significant change in solubility characteristics for sericin conjugates.
Furthermore, efforts to modify sericin with a hydrophobic cyanophenyl substituent have
demonstrated a rapid loss of solubility.[278] However, despite the introduction of a
hydrophobic substituent, the resulting sericin conjugate is observed to retain the
characteristic solubility properties of unmodified sericin, dissolving in water to form
solutions up to 10% (w/v). In contrast to fibroin-methacrylate, this water-solubility offers
the opportunity to replace key steps of the photolithography process with aqueous-based

processing, at considerable environmental and safety benefits.
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To enable rapid processing of sericin-methacrylate, the solubility of sericin in a
range of high-volatility solvents was investigated. In the previous chapter, methacrylate-
conjugated fibroin was observed to readily solubilize in HFIP. However, in an effort to
demonstrate an alternative to this high-toxicity processing method, a substitute for HFIP
was sought. Alcohols are known to follow a trend of protein solubilization: HFIP > TFE
> isopropanol > ethanol > methanol, where the fluorinated alcohols HFIP and TFE are
specifically known to enhance solubility thorough stabilization of the a-helical
conformation.[338] Isopropanol, ethanol, and methanol do not yield any detectable
solvation of sericin-methacrylate, however, over a period of 12 hours, the conjugate
dissolves completely in TFE. This is attributed to the ability of TFE to act as a hydrogen
bond donor, disrupting interchain bonding in a similar fashion to HFIP. TFE has
demonstrated wide utilization as a peptide solvent, and is significantly less toxic than
HFIP.[339] Furthermore, solubility of sericin, and by corollary sericin-methacrylate, in
non-aqueous solvents DMSO, N,N-dimethylacetamide (DMAc), and N,N-
dimethylformamide (DMF) is negligible without use of salts to disrupt hydrogen
bonding.[278] Thus, TFE was embraced as the primary carrier of sericin-methacrylate for

incorporation into later photolithography steps.

Verification of Conjugation

This successful conversion of native sericin to sericin-methacrylate was verified
via ATR-FTIR spectroscopy on TFE-casted protein films (Figure 5.2). Here, comparison

of spectra to that of the reagent, IEM, demonstrates functionalization of IEM to sericin.
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Figure 5.2. ATR-FTIR spectroscopy on the sericin conjugate confirms the presence of
both amide I/11/111 peaks from native sericin, in addition to stretching vibrations at 1720
cm™ (ester carbonyl C=0) and 1630 cm™ (vinyl C=C), and rocking vibrations at 1160

cm™ (CHs) from the methacrylate substituent.

Native sericin (green) displays intrinsic amide I/11/111 signals, which are simultaneously
observed for the sericin-methacrylate product (blue). Analysis of the IEM reagent (red)
yields intense stretching vibrations at- 1720 cm™, representing carbonyl ester C=0, and
1640 cm™, assigned to vinyl C=C (which confers photoreactivity), and an additional
intense peak is present at 1160 cm™, resulting from CHs rocking vibrations.[294] The
modified sericin-methacrylate product also indicates peaks representing an ester
carbonyl, terminal C=C stretching vibrations as broad shoulder peaks of amide I, and
CHj3 rocking vibrations, all provided by the methacrylate group. In the expanded

spectrum, a broad intense peak at 2270 cm?, resulting from isocyanate (-N=C=0)
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stretching, is evident. The absence of this isocyanate stretching vibration from the sericin-
methacrylate product indicates the absence of residual isocyanate. The clear observation
of characteristic IEM groups in the sericin-methacrylate product provides evidence to
support the successful grafting of IEM onto the sericin protein. From prior efforts on this
modification strategy, depicted for silk fibroin in the previous chapter, the secondary
structural content of the polypeptide backbone remains relatively unchanged with this
methacrylate bioconjugation reaction. This establishes that, while the conjugation is
successful, the biochemical addition of methacrylate does not adversely affect the core

structure of sericin.

5.3.3 Application of the Silk Protein Lithography (SPL) Platform to Sericin

When sericin-methacrylate monomers are exposed to UV light in the presence of
the Irgacure 2959 photoinitiator, the conjugate becomes insoluble in water—a transition
which is attributed to chemical crosslinking of methacrylate vinyl groups between large
constituent polypeptide chains of the sericin protein. Biomaterials fabricated from pure
sericin are readily water-soluble unless chemically treated to modify secondary structure,
however complexity of architectures using this method are limited.[90] The crosslinking
of sericin-methacrylate provides significant benefits in terms of aqueous solubility,

enabling the production of water-insoluble biomaterial architectures.

Sericin-methacrylate was investigated for the production of microscale
architectures through photolithography. In the previous chapter, the Silk Protein

Photolithography (SPL) platform was introduced. Silk fibroin was incorporated into this
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initial attempt and thoroughly characterized, due to its standing as one of the more
difficult silk proteins to process. Despite being sourced from the same B. mori silk fibers,
the sericin glycoprotein is structurally-distinct from fibroin in amino acid constituents,
displaying differences in physical and chemical properties, structure and function, and
overall solubility.[73] The water solubility of sericin-methacrylate greatly aids in the
process of photolithography using innocuous solvents in contrast to fibroin-methacrylate,
allowing casting and development with water as the only solvent. This offers the
opportunity to embrace water-based processing strategies, such as those utilized for
biocompatible,  poly(ethylene  glycol) diacrylate (PEGDA) microfabrication
processes.[129] However, the solvent 2,2,2-trifluoroethanol (TFE) is associated with a
greater evaporation rate in comparison to water, allowing rapid casting of thick
homogenous films for photolithography. By avoiding repeated solvation/de-solvation

events in multiple solvent systems, significant conformational change can be avoided.

Using the findings in the previous chapter, micropatterns of silk sericin on silicon
and glass substrates were able to be fabricated via photolithography using the sericin-
methacrylate as a negative photoresist that is crosslinked in the presence of UV light.
Irgacure 2959 is employed as a photoinitiator, dissolved in TFE at a ratio of 1:4 to the
total mass of sericin-methacrylate, to yield films of variable thickness. Here, the total
volume of TFE and mass of sericin-methacrylate will determine the substrate surface
coverage and film thickness, respectively. The sericin-methacrylate solution is drop cast
onto methacrylate-treated substrates and exposure through a selectively patterned mask
results in crosslinking between adjacent methacrylate moieties. Prior to photoexposure,

substrates are covered for a period of 10 minutes to allow residual TFE to evaporate (i.e.
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‘pre-bake’), preserving film integrity and preventing film adhesion to the photomask.
Photoexposure was found ideal in yielding optimal patterns when employing UV
exposure at 150 mW/cm? intensity for 4.0s. The development step consists of immersion
in deionized water for 2 hours, followed by rinsing with copious deionized water to
remove unexposed and uncrosslinked sericin-methacrylate. The formation of a
methacrylate self-assembled monolayer on glass substrates promotes covalent bonding
between crosslinked protein features, allowing the emergence of insoluble protein
microstructures with a range of architectural features after development (Figure 5.3). The
process of photolithography using sericin-methacrylate is capable of producing a
diversity of micro-architectures, similar to what is achieved by the application of soft
lithography to materials patterning. Coomassie Blue R-250 staining of 1.0 mg sericin-
methacrylate on a 1 x 1 in? glass substrate establishes the composition of protein
microstructures. A linear array of 10 pum lines is depicted in Figure 5.3 (B), which is to be
used for cellular culture studies. Furthermore, large-scale patterning of micro-scale

features is possible via silk protein lithography (Figure 5.3 C).
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Figure 5.3. (A) Optical image of 100 um, Coomassie Blue R-250 stained lines
patterned over 1 cm. Scale bar = 100 um. (B)(C) Optical micrographs of 10 um and
50 pum stars, demonstrating reproducible patterning over 1 cm areas. Scale bar = 100

um.
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AFM and SEM were employed for the analysis of surface topography and to
ensure the fidelity of high-resolution features. The versatility of this rapid, large-scale
fabrication process is depicted—this technique is applied to micrometer-features existing
in millimeter-scale arrays, enabling fabrication of thousands of similar structures (Figure
5.4). Importantly, in features produced at the single-micrometer regime, the underlying

hydrophobic monolayer of methacrylate remains present in unexposed regions after

development, ensuring compatibility of the substrate in cell culture applications.[276]

Figure 5.4. Microscopy of SPP microarchitectures. SEM images depict various patterns
formed by photolithography. Features with observable height and lateral dimensions

down to a few microns are easily created over large areas. Scale bar = 100 pm.
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Varying the protein loading per substrate (1 cm?) is associated with the ability to
create features of well-defined height profiles, producing features ranging from sub-
micrometer height upwards to tens of micrometers. Via AFM, a ~2 pm height profile (1.0
mg sericin-methacrylate) is clearly highlighted, with corresponding surface roughness of
2.8 £ 1.9 over a 5 um area (Figure 5.5). This scalability in height and feature aspect
allows the fabrication of thin microstructures, appropriate for cellular adhesion, up to
thick-walled microwells. Furthermore, the ability to vary feature height and spatial
resolution of sericin-methacrylate allows fabrication of cellular scaffolds over a large

range of aspect ratios.

A

Figure 5.5. Surface characterization of the photopatterned sericin: (A) AFM image of a
patterned “7” on a silicon surface. The feature is around 2 pum in height (B) 5 um surface

scan of the photopolymerized product, demonstrating RMS surface roughness <5 nm.
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5.3.4 Characterization of the Stability of Crosslinked SPP

Mechanical analysis of Crosslinked Sericin-Methacrylate

Photocrosslinking was expected to yield an improvement in mechanical properties
in comparison to native sericin, due to the presence of a flexible crosslink between
polypeptide chains. To understand the mechanical implications of crosslinking, AFM
nanoindentation studies were conducted to yield elastic modulus values for sericin-
methacrylate, in comparison to native sericin. Adherent films (> 1 um) of sericin-
methacrylate (1.0 mg) were fabricated on Si-methacrylate substrates, in a process
identical to those depicted in the previous section. To date, mechanical properties of
sericin films have not been thoroughly investigated, and data consists of studies on
complex architecture, indicating a relatively low modulus (0.5 MPa).[340] Crosslinked
sericin-methacrylate presents an elastic modulus of 8.6 + 1.0 GPa, which provides a 72%
increase over that of native sericin, at 5.0 £ 0.4 GPa (Figure 5.6). This is attributed to
nascent crosslinks between adjacent protein chains, which enhance network elasticity,
indicated by an enhancement of Young’s modulus. This improvement in mechanical
stability of the crosslinked protein, in addition to the ability to ‘tune’ the degree of
crosslinking, enables sericin-methacrylate to satisfy a range of load-bearing requirements

in diverse tissue engineering applications.[319]
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Figure 5.6. (A) AFM nanoindentation of sericin-methacrylate demonstrates improvement
of elasticity (Young’s modulus), increasing from 5.0 £ 0.4 GPa (native sericin), to 8.6 +
1.0 GPa (sericin-photoresist material). (B) Nanoindentation curves overlaid, from which

the Hertz mechanics model is fit to determine elasticity.

Proteolytic Degradation of Crosslinked Sericin-Methacrylate

Stability of the resulting protein network has been analyzed through incubation
studies in PBS buffer, in addition to Protease XIV (S. griseus, >3.5 units/mg) in PBS
buffer, to assess proteolytic degradation. As-cast sericin-methacrylate films exhibit
water-solubility, dissolving over short time periods (< 4 hours). Photocrosslinked sericin-
methacrylate films in PBS buffer alone demonstrate an initial rapid decrease in mass,
corresponding to the loss of residual photoinitiator from the network (Figure 5.7). In the

presence of the protease XIV is added to the buffer, sericin-methacrylate shows a
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significant reduction in mass, and loss of the film’s structural integrity over a 3-day
period. Films initially swell in the aqueous environment, and slowly fragment during
incubation, gradually losing peripheral aspects of the film. The relatively hydrophilic
nature of sericin-methacrylate network is implicated in this rapid loss of structural
integrity—swelling of the sericin-methacrylate ‘hydrogel’ allows influx of the protease
enzyme, which then digests the polypeptide backbone, eroding the bulk of the film. This
gradual in vitro degradation establishes the ability of crosslinked sericin-methacrylate
architectures to undergo controlled biodegradation and bioresorption. Both of these
properties are important considerations for cellular culture and tissue engineering
applications, in which the rate of scaffold degradation must ideally match that of tissue
regeneration.[319, 341] Thus, by controlling the crosslinking degree of the sericin-
methacrylate network, it may be possible to create architectures of tailored physical

(biodegradation and bioresorption) and mechanical (Young’s modulus) properties.
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Figure 5.7. Proteolytic degradation of sericin-methacrylate indicates a rapid initial
degradation of crosslinked films in the presence of Protease XIV. In the first 3 days of
analysis, films swell in PBS buffer and gradually lose fragments up to day 21. In
comparison, control films indicate an initial loss of mass, without significant mass loss

over time.

5.3.5 Cell Culture Studies on Silk Sericin Scaffolds

To effectively translate sericin-methacrylate into biologically-relevant tissue
scaffolds, the conjugate was patterned into pre-defined microstructures on glass
substrates. Scaffolds tested included parallel 10 pum lines, and a grid of 10 pum lines
arranged at intersecting 90° angles with 200 um separation (Figure 5.8). Protein loading
per substrate was 0.3 mg, corresponding to a height of < 1 um, in order to establish the

role of sericin-methacrylate in directing/promoting cellular attachment and proliferation.
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Figure 5.8. Photopatterns utilized in cell culture experiments: (A) array of parallel um

lines with ~100 micrometer spacing, (B) grid of 10 um lines with 200 pum spacing. Scale

bar =500 pm.

Osteoblasts were selected for cell culture experiments in an effort to explore the
potential use for 2D scaffolds to address tissue engineering applications in fundamental
and applied studies involving bone formation and regeneration. Human osteoblasts were
seeded onto patterned glass substrates and incubated over 96 hours in the presence of
osteoblast mineralization media. The process of seeding yields nonspecific adhesion and
subsequent spreading, as evident in initial optical images—cells are located at the site of
initial seeding, in regions on the scaffold and in between features. Osteoblasts display
preferential migration and adhesion of osteoblast cells to micropatterned sericin
architectures, effectively demonstrating the ability of sericin to selectively promote
adhesion in a desired pattern. At 96 hours, osteoblasts tended to specifically follow
elevated protein patterns, producing a mimicking architecture localized on the existing

sericin scaffold (Figure 5.9 A). More specifically, non-specific adhesion is not evident in
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such scaffolds, and cellular adhesion outside of patterns is only observed when
significant osteoblast clustering is present. Close-up images very clearly demonstrate this

pattern-following behavior of osteoblasts (Figure 5.9 B).

Figure 5.9. Fluorescence micrographs of osteoblast proliferation on SPP scaffolds
demonstrate selective growth on microstructures. (A) Rhodamine-conjugated phalloidin
staining of osteoblasts on a dense grid (A) displays cellular adhesion over a widespread

area, with (B) clear deficiency of osteoblasts in the grid void space. Scale bar = 100 pm.
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Figure 5.10. Fluorescence micrographs of human osteoblast proliferation on SPP
scaffolds demonstrate selective growth on microstructures. (A) FITC-phalloidin and
DAPI stained osteoblasts are displayed with the ability to selectively follow SPP patterns

(B), avoiding growth on unpatterned regions. Scale bar = 100 pum.

The absence of osteoblasts from growth and spreading on methacrylate-
functionalized Si is unexpected, given the high degree of hydrophobicity of this substrate
in comparison to the relatively hydrophilic sericin-methacrylate. In addition, numerous
studies exist that utilize methacrylate-presenting TPM monolayers for selective cellular
adhesion.[276] Poly(methacrylic acid) is associated with an inhibition of cellular
adhesion, which implies that the observed osteoblast adhesion and proliferation on
crosslinked sericin-methacrylate features is due to the sericin component alone.[75]
Furthermore, sericin-methacrylate is relatively hydrophilic in comparison to the

hydrophobic Si-methacrylate substrate. Thus, the selective adhesion and proliferation of
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osteoblasts on sericin-methacrylate surfaces is attributed to the chemical properties of silk
sericin, rather than surface wetting phenomena. The preservation of serine-rich repeats in
sericin, implicated as critical regions for cellular interactions, enables sericin-
methacrylate to actively promote adhesion and proliferation, while existing in the bound,
patterned configuration.[74] The low surface roughness (~ 3 nm) of sericin-methacrylate
is additionally implicated in this preferential adhesion of osteoblasts, which are known to
display a marked improvement in adhesion on low-roughness surfaces.[342] As a result,
the primary cause of pattern-specific adhesion is considered to be the serine-rich regions

of sericin protein, followed by favorable nanotopography, promoting integrin adhesion.

5.3.6 Formation of Sericin-Methacrylate/Fibroin-Methacrylate Biocomposites

As discussed above, the fabrication of micropatterned silk architectures has been
limited to the use of covalently-functionalized two-dimensional silicon or glass
substrates. The incorporation of a rigid Si-based substrate has been a necessary
requirement for the retention of silk microstructures and their stability. This approach
follows the traditional use of an inert, non-degradable substrate for the purposes of 2D, in
vitro tissue culture, in contrast to biodegradable 3D substrates for implantable, in vivo
use.[343, 344] To expand the scope and applications of the structures developed in this
work, we investigated the idea of combining these two photoreactive materials into one
platform that could form a flexible substrate. To fabricate 3D, biodegradable silk
architectures, a multilayer process is necessary for allowing patterning of sequential

layers.[345] However, the utilization of multilayer photolithography is not a viable

219

www.manaraa.com



strategy for sericin-methacrylate, or even fibroin-methacrylate, due to the high swelling
potential exhibited by carrier solvents. This results in significant swelling and loss of

fidelity of the underlying layer when a subsequent layer of silk protein photoresist is cast.

While soft lithography offers an alternative strategy to multilayer lithography, it
was desired to establish the capacity for silk to undergo patterning by photolithography
alone.[346] Noting the decrease in protein solubilization exhibited from HFIP to TFE, a
strategy was devised by using the stronger hydrogen bond donor, HFIP, to cast and
photopolymerize a planer substrate of fibroin-methacrylate. Here, the low solubility of
fibroin-methacrylate in TFE enables casting of a subsequent layer of sericin-methacrylate
without distortion of the underlying layer. This strategy was utilized for the fabrication of
stable sericin-methacrylate micropatterns on a thick film of fibroin-methacrylate (Figure

5.11).
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Figure 5.11. Optical microscopy of a sericin-fibroin biocomposite, (A) composed of
50 pm triangles of sericin-methacrylate on a flexible layer of fibroin-methacrylate. (B)

The contoured biocomposite, flattened into a two-dimensional representation of film

topography via a z-series capture.
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The multilayer silk biocomposite strategy enables the integration of two
mechanically-robust, biodegradable materials into a free-standing architecture. This
demonstrates the ability to isolate fibroin and sericin components of a silk fiber, and
recombine functionalized proteins into a novel three-dimensional architecture with
tailored surface topography. Multilayered silk fabrication therefore offers exciting
possibilities in the use of silk protein photolithography for fabrication of flexible
materials exhibiting diverse functionalities—this effectively provides a novel, tractable
processing strategy for the incorporation of a naturally-derived, renewable material into

fields of degradable bioelectronics and biologically-integrated optics.[85, 347, 348]

5.4 Conclusions

In conclusion, in this chapter, the application of a biochemical modification
strategy of sericin to produce a photoactive conjugate, capable of rapid photopatterning
into 2D scaffolds is demonstrated. Sericin  microstructures resulting from
photocrosslinking of the conjugate are observed to act as ideal 2D substrates for the
spatial guidance of osteoblast adhesion and proliferation. Sericin scaffolds
simultaneously exhibit a high degree of cytocompatibility to cultured human osteoblasts.
Sericin-specific patterning of osteoblasts is attributed to the presence of specific serine-

rich cell-binding sequences within the sericin polypeptide chain, in addition to a low, 3
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nm nanotopography of scaffolds. Despite the impartation of a nascent photoactive
potential, sericin was demonstrated to remain mechanically stable during the fabrication
process, and exhibited controlled proteolytic degradation in vitro. The ease of
biomaterials fabrication using modified sericin, combined with a stable, highly
cytocompatible configuration, provides an incredibly versatile material for future
biomaterials fabrication. The incorporation of silk sericin into the SPL platform further
provides a powerful foundation for fabrication strategies incorporating structurally- or
environmentally-unstable biomolecules in general. By incorporating this technology for
silk sericin, this offers the ability to overcome limited materials processing strategies,
providing an avenue to the formation of highly complex, multifunctional nanomaterials,
which possess significant potential in tissue engineering applications. Furthermore,
through the use of a multilayer modification to the SPL platform, biocomposites formed
via photoactive silk proteins enable the creation of flexible and free-standing

architectures, opening a host of applications to this modification strategy.

[This chapter contains results that have been submitted for publication in the paper
“Fabrication of sericin microstructures via silk protein lithography” in Advanced

Functional Materials, November 2013.]
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The research described in this dissertation is focused on the investigation of
silkworm silk proteins (sericin and fibroin), their self-assembly and the development of
new fabrication strategies that can enable the control of complex architecture and
functionality across multiple length scales—from the nanoscale to the macroscale. These
studies on the impact of physical and chemical modification strategies and their role in

forming complex silk biomaterial architectures involved the following:

1. Fundamental investigations of protein self-assembly of chemically-distinct silk
sericins sourced from a range of silkworm species. A mechanism describing the
resulting two-dimensional aggregations was developed, showing the influence of
various physical and biochemical factors in inducing protein self-assembly. These
include electrokinetic potential, globular particle size, particle size dispersity and
abundance, and amino acid composition. This model was demonstrated to be
broadly applicable to general protein systems via investigations involving the
other silk protein fibroin. Fibroin nanoparticles prepared in accordance with the

self-assembly model similarly exhibited a tendency to self-organize into dendritic
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architectures. These results help to understand the unstudied role of self-assembly
in the formation of silk fibers, and further provide an insight into potential roles in
bottom-up nanoscale fabrication strategies for biomaterials.

The unique characteristics of sericin as a water-soluble silk protein were
harnessed for incorporation into a pH-responsive hydrogel composite. A
poly(aspartic acid)-sericin hydrogel was formed using a novel protein-based
templating strategy. Sericin provides a biocompatible material for controlling pore
structure and enhances the pH-based stimuli-response of the composite hydrogel,
which was observed to support cell growth. This fabrication approach helps to
demonstrate the use of sericin as a class of protein-based composite materials
capable of in vitro incorporation and cell-friendly usage.

To overcome limitations in fabricating complex architectures using conventional
platforms, a novel protein-based photolithography technique was subsequently
developed. This involved biochemical modification of the silk fibroin and sericin
to enable photoreactivity and thereby, microfabrication of silk proteins. The “Silk
Protein Photolithography” platform is capable of preserving the structure and
unique functions of the silk proteins, while offering a renewable, biologically-
active and biodegradable material as a viable replacement in conventional
synthetic-reagent-based photolithography platforms. Effective cell adhesion and
proliferation behavior is demonstrated on the microstructures formed, which
further possess the ability to actively guide the spreading of various cell types.
These results open new avenues to harness silk proteins in hitherto unavailable

methods and form complex macroscale architectures in two- and three-
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dimensions, with applications in flexible bioelectronics and tissue engineering

scaffolds with micro- and nanoscale resolution.

The implications for this work go beyond the scope of the tested applications, via
the formation of hitherto uncharacterized, stable structures and functionalities from silk
proteins. Fundamental insights into self-assembly help to elucidate the mysteries of
biological systems, while providing the opportunity to harness natural organization
processes to build a new class of materials. The fabrication of stimuli-responsive
biocomposites provides a new purpose for silk sericin in particular, enabling the use of
biologically-integrated materials responsive to microenvironmental conditions, in
biosensing, protein arrays, and cellular scaffolds. Importantly, the versatility
demonstrated for the SPL platform allows facile production of biocompatible and
biodegradable building blocks with precisely engineered structure, function and
mechanics, appropriate for use in biomedical applications demanding specific physical
and chemical attributes. Overall, the high abundance, low cost, and sustainable (‘green
chemistry’) approaches by which a new class of silk biomaterials may be fabricated
creates significant potential in the use of silk proteins as inert, non-toxic replacements for

future engineering opportunities.
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6.2 Future Work

Synthesis of Hybrid pH-Responsive-Silk Protein Hydrogel Networks

In general, silk proteins and their composites demonstrate remarkable potential as
biocompatible, renewable building blocks for biomedical applications—sericin-modified
poly(aspartic acid), for example, was fabricated into pH responsive architectures. The
potential for incorporating these materials into planar, or particle-based architectures
(nano- and microparticles, or even fibers) is highly advantageous to catering overall
structure to intended function—such as in stimuli-responsive cellular substrates, drug
delivery devices, and biosensors. Effective applications may be realized through the
coupling an environmentally-dependent stimuli response with a stable surface-

immobilized, or pre-patterned, free-standing architecture, exhibiting intrinsic bioactivity.

Photoactive “Green Chemistry” Bioconjugation Via Aqueous-based Modification

Efforts on bioconjugation of silk proteins demonstrate a reproducible and scalable
strategy for effective conversion of these structurally and chemically distinct proteins to a
versatile “photoreactive” form. The evolution of this approach can extend to proteins
outside the realm of silk, exhibiting a vast combination of specific functionalities, for
which microfabrication strategies are valuable. Further work is necessary to evaluate a
generalized approach to enabling photoactive conversion on diverse chemical species.
For example, N-hydroxysuccinimide ester (NHS) coupling provides an amine-specific

means of modification in mild, aqueous-based reaction conditions and furthermore
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reduces the time required by isocyanate conjugation through non-aqueous solvents. This
method offers the potential to rapidly produce a variety of photo-reactive proteins in high
yield, and through facile synthesis under ambient conditions, in contrast to more

complex, expensive strategies such as recombinant synthesis.

Active Induction of Cellular Adhesion in Silk Scaffolds

Fibroin, with hitherto unknown bioactivity, was demonstrated to promote
selective cell patterning. Conjugation of the RGD peptide sequence was demonstrated to
promote adhesion and proliferation of fibroblasts through favorable interactions with cell
adhesive proteins.[349] The incorporation of RGD offers the ability to enable specific
cellular adhesion through the induction of focal adhesion complexes in specific cell types
in the case of fibroin, or enhance existing cellular adhesion for sericin. This provides a
route to inducing cellular adhesion in silk and non-bioactive materials, creating
opportunities for unrelated proteins with unique properties to undergo both
micropatterning, and participate as cell-friendly materials. Specifically, the fabrication of
complex cellular scaffolds in 2 and 3 dimensions can be coupled with bioactive agents

and growth factors to achieve enhanced growth for tissue repair and replacements.

Flexible Bioelectronics and Optics

Photoactive silk conjugates were demonstrated to be capable of photopatterning

on rigid two-dimensional substrates, specifically glass and silicon—while subsequent
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work demonstrated the potential for fibroin-methacrylate to act as a substrate for sericin-
methacrylate patterning, effectively forming a structurally-compliant composite material.
The fabrication of photo-crosslinked films of fibroin thus offers the potential for creating
flexible and degradable micropatterned films pure protein origin. The use of silk as a
scaffold has previously demonstrated expansive applications in biologically-integrated
fields, ranging from bioelectronics, optical applications, and biosensing.[85, 347, 350]
The development of composites incorporating fibroin-methacrylate and sericin-
methacrylate, provides the possibility to fabricate flexible, silk-based materials exhibiting
tailorable mechanics, degradation, and bioactivity while enhancing functionality to

address specific electronic and optical requirements.

Expansion of Protein Photolithography into the Three-Dimensional Constructs

Photolithography, as demonstrated in this work, is fundamentally limited in
single-step processes to two-dimensional, bottom-up fabrication. Structures are capable
of possessing a height aspect, however spatial patterning does not vary in the spatial xy-
dimension with an increase in the z-dimension. The rapid evolution of microfabrication
strategies has demonstrated additive manufacturing strategies, such as extrusion molding
and stereolithography, as influential approaches to forming intricate, three-dimensional
structures.[351] The implications of stereolithography in the biomedical setting are vast,
encompassing the rapid fabrication of cellular and tissue scaffolds, bioprinting, and the
printing of cells, tissues and whole organs.[352-354] Furthermore, the potential to

spatially incorporate multiple chemical species at the nanoscale provides immense benefit
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in producing complex, 3D hydrogel architectures with applications in spinal cord
regeneration and vascular grafts. The ability to incorporate modified silk proteins in this
setting, using optical photolithography and modified photoinitiators is within grasp in the
very near future. After decades in the commercial setting, affordable digital
microcontrollers have advanced this field to enable the design and construct low-cost
computer-controlled stereolithography systems using off-the-shelf components. An
example of such a project is shown in Figure 6.1 showing how technologies such as 3D

printing may be combined with novel biomaterial technologies to enable low cost

manufacture of biomedically relevant architectures.

Figure 6.1. A 3-axis optical laser stereolithography system constructed from machined

aluminum, and operated using an Arduino microcontroller.
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