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Abstract
Natural systems often outperform synthetic materials for their heterogeneous hierarchical
architectures. These biological composites are usually comprised of soft and hard phases
in complex pattern and structures, with dimension ranging from nanoscale to macroscale,
although built in ambient environments from limited components. The resulting systems
enable distinct integration of strength and toughness, leading to elegant structures with
tissue-specific functions. For example, continuous macroscale gradients present at the
osteochondral tissue interface with nano-/micro-scale patterns, reflect complex biological
functions and involve changes in extracellular matrix (ECM) composition, cell types and
mechanical properties.
To mimic these natural gradient hierarchical architectures, this dissertation provides
bioinspired mineralization strategies to create novel protein/mineral composite systems via
hierarchical assembly of nano-building blocks onto polymeric templates. Silk proteinbased composites, coupled with selective peptides R5 with mineralization domains, were
created to mimic the soft-to-hard transition in osteochondral interfaces. The gradient
composites supported continuous transition in composition and structural and mechanical
properties corresponding to the spatial concentration gradient of the mineralization
domains. The biocompatible and biodegradable gradient silicified silk/R5 composites
promoted and regulated osteogenic and chondrogenic differentiation of human
mesenchymal stem cells in an osteoinductive and chondroinductive environment in vitro,
respectively, in a manner consistent with the cellularity and ECM gradients at
osteochondral interfaces.
In addition, natural composites are usually complex and anisotropic at the microscopic
scale. Well-designed micropatterns present in native tissues and organs involve changes in
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ECM compositions, cell types and mechanical properties to reflect complex biological
functions. However, the design and fabrication of these micropatterns in vitro to meet taskspecific biomedical applications remains a challenge. In this dissertation, I also present a
de novo design strategy to code bio-functional micropatterns to engineer cell alignment
through integration of aqueous-peptide inkjet printing and site-specific biomineralization.
Inkjet printing allows for the direct writing of macroscopic R5 peptide patterns with
microscale resolution on the surface of silk hydrogels. This is combined with in situ
biomineralization of the R5 peptide for site-specific growth of silica nanoparticles on the
micropatterns, while avoiding the use of harsh chemicals or complex processing. The
resulting mineralized micropatterned systems were used to align human mesenchymal stem
cells and bovine serum albumin in vitro.
In conclusion, this dissertation explored the feasibility of using silk as a template to
combine selective mineralization domains to mimic the hierarchical architecture in
biological systems from the molecular level to microscale and ultimately macroscale. The
bioinspired multiscale design of mineral assembles on polymeric templates offers a useful
approach to develop complex heterogeneous organic/inorganic composites for a wide
range of applications in tissue engineering and regenerative medicine, especially
osteochondral tissue engineering.
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1.

Chapter 1: Introduction and background

1.1 Introduction
Natural biological systems are usually composed of soft and hard phases integrated in
complex hierarchical architectures with dimension ranging from nanoscale to macroscale,
although built at ambient temperature from limited components [1,2]. The resulting
materials often obtain distinct integration of strength and toughness, leading to elegant and
complex structure with tissue specific functions. For example, continuous macroscale
gradients present at osteochondral tissue interfaces, reflect complex tissue functions and
involve changes in extracellular matrix compositions, cell types and mechanical properties.
Osteochondral interface presents a combination of structural, mechanical, compositional
and cellularity gradients. The integration of these gradients ultimately lead to smooth
transition [3,4] between two mechanically mismatched tissues, facilitating load
transmission as well as reducing or eliminating delamination at the junctions [2,4–6].
To mimic these natural gradient hierarchical architectures, a variety of biphasic [7–11],
multiphasic [12–15], and gradient [4,16–18] composites have been developed. However,
unlike natural mineralization using non-collagenous components to regulate mineral
formation on collagenous matrix [19], most strategies directly blended inorganic phase
with substrate polymers [9,12,15,20–22], usually resulting in weakened structural
uniformity and mechanical performance [23,24]. To address these problems, several in
vitro biomineralization approaches have been reported [6,25] where deposition of
hydroxyapatite was directly regulated on self-assembled collagen templates [25]. However,
these strategies lack non-collagenous proteins as mediators to control mineralization on the
polymer templates. Thus hierarchical materials were difficult to achieve in order to mimic
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the complex architecture of natural tissues [26]. Moreover, the use of caustic chemicals
during scaffold preparation limits the incorporation of bioactive molecules during material
fabrication [6]. Thus, new and versatile biomaterial strategies are needed to create suitable
biomimetic engineered grafts for interfacial tissue engineering [27].
In addition, natural composites are usually complex and anisotropic at microscopic scale.
Micropatterns are widely found in native tissues and organs including diatoms, plant cell
walls, arthropod exoskeletons and bones [28,29]. These micropatterns facilitate mechanical
performance of tissues and organs, and also support biological functions, including
structural support, defense and prey capture, yet formed from limited components (e.g.,
proteins, polysaccharides, minerals) [28,30–35]. For example, the spatial oriented
micropatterns of collagen are found as parallel fiber bundles in tendons, concentric waves
in bone and oriented fibrils in cartilage, which always contribute to mechanical properties
and support cellular functions to these tissues and organs [36–38].
A variety of biomineralization strategies have been applied to mimic the components,
structure and function of natural micropatterned tissues, including photolithography,
microcontact printing and laser patterning, among others [31,35,39–42]. In particular,
silica-based micropatterns play a critical role in many biomedical fields, including tissue
engineering, drug delivery, cell transplantation, optics and in vitro tissue models, due to
the biocompatibility, versatility and osteoinductive properties of silica [39,42–45].
However, most silica patterns were created in harsh conditions through complex processing.
Moreover, such silica patterns exhibit weak substrate bonding to rigid substrates, thus can
be damaged easily due to the inherent brittleness of silica [42]. These limitations reduce
the broader utility of these composites due to costs or material weak points, and certainly
limit direct processing and integration with biological components such as cell or bioactive
therapeutics. Thus, novel design and fabrication of micropatterns in vitro are needed to
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recreate the hierarchical architecture at microscale in nature to meet task-specific
biomedical applications.

1.2 Purpose and organization
1.2.1 Goal
The goal of this dissertation is to explore the feasibility of using silk as a template to
combine selective mineralization domains to mimic the hierarchical architecture in
biological systems from the molecular level to microscale and ultimately macroscale. It is
hypothesized that through bioinspired mineralization design to control the assembly of
nano-building blocks on macroscale polymeric templates, these functional protein/mineral
composite systems will achieve multiscale hierarchical architectures with tunable
structural, compositional and mechanical properties for applications in tissue engineering,
especially osteochondral tissue engineering.

1.2.2 Research strategy
The research strategy is composed of three steps: first, developing a three-dimensional (3D)
gradient composite system with tunable control over compositional, mechanical and
structural properties that captures the soft to hard transition at osteochondral interfaces
(Aim 1); second, directing localized cellular differentiation towards osteochondral
lineages in vitro, in consistency with the cellular and ECM gradients in osteochondral
interfaces (Aim 2); third, coding cell micropattern and alignment through in situ
biomineralization of peptide micropatterns on protein substrates to achieve arbitrary
mineral architectures that can meet task-specific biomedical applications (Aim 3).
It is hypothesized that the gradient hydrogel systems coupled with spatial concentration
variation of silica-selective peptides R5 will achieve versatile and controllable transitions
of mineralization domains in biomaterial substrates, and ultimately achieve tunable
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chemical, structural and mechanical properties. The biomimetic environments provided by
the composite systems will direct human mesenchymal stem cells (hMSCs) towards
osteochondral lineages in a manner consistent with the trends in osteochondral tissues. In
addition, we hypothesize that macroscopic mineralized peptide patterns with microscale
resolution can be used to align cells and protein on silk protein substrates in vitro.

1.2.3 Overall approaches
Silk-based biomimetic hydrogel composites were enzymatically crosslinked with silicaselective peptides R5. The compositional, mechanical and structural properties of the
protein/mineral composites were modulated through concentration gradients of R5
peptides. Gradient hydrogel systems were used to guide human mesenchymal stem cells
(hMSCs) to form cellularity gradients that mimic the intrinsic features of osteochondral
interfaces. Inkjet printing of macroscopic R5 peptide patterns with microscale resolution
on silk hydrogels followed by site-specific mineralization will lead to well-designed
mineralized micropattern systems for cell and protein alignment.
Aim 1: development of silk-based gradient composites
The goal is to achieve silk-based gradient composites with tunable chemical, mechanical
and structural properties that capture the soft to hard transition in osteochondral interfaces
(Chapter 2). The research approaches are composed of three steps: 1) introducing spatial
variation of silica-selective peptide R5 to silk protein substrates via enzymatic crosslinking;
2) regulating mineralization extent and mechanical properties through varying
concentration gradients of the R5 peptide in the silk hydrogels; 3) achieving gradient
structural architecture with interconnected pore networks to facilitate cell infiltration and
osteo-/chondral- genesis. The hydrogel system coupled with spatial concentration
gradients of the R5 peptide will achieve versatile and tunable gradients of mineralization
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domains in protein substrates, and ultimately provide tunable chemical, structural and
mechanical properties. These findings should offer promise in elucidating structurefunction relationships that govern cell behaviors in Aim 2 and ultimately improving the
safety and efficacy of clinically translatable biomaterial systems.
Aim 2: assessment of in vitro cell differentiation
The goal was to direct in vitro stem cell differentiation towards osteogenic and
chondrogenic lineage within the gradient system in consistency with the cellularity
gradients and periceullular environments in osteochondral interfaces (Chapter 3). The
research approaches are composed of three steps: 1) investigating cell proliferation and
cytocompatibility of the gradient composites; 2) achieving tunable osteogenic and
chondrogenic differentiation of hMSCs in the gradient systems in vitro, in a manner
consistent with the trends in osteochondral interfaces; 3) demonstrating the formation and
distribution of pericellular bone-like/cartilage-like ECM in the gradient system consistent
with the trends in osteochondral interfaces. The chemical, mechanical and structural
properties of the 3D composites will interact with cellular behaviors and generate a
cellularity gradient in cell distribution, morphology, and pericellular ECM deposition in
vitro. These findings will give us unique insights into the progression of osteochondral
interfacial tissue development. Investigation of bone-like and cartilage-like tissue
development with molecular, morphological, and structural end-point assays will provide
feedbacks for material design (Aim 1), and guide tissue development in vivo ultimately.
Aim 3: development of micropatterned system
The goal was to provide a design strategy to code and synthesize functional micropatterns
to engineer cell alignment through peptide inkjet printing for arbitrary biomineralized
architectures (Chapter 4). The research approaches are composed of three steps: 1) inkjet

5

printing of arbitrary peptide micropatterns on silk hydrogel substrates; 2) introducing sitespecific mineralization on peptide micropatterns and assessing the spatial resolution of the
mineralized micropatterns; 3) investigating cell and protein alignment on the mineralized
micropatterns in vitro. The combination of peptide inkjet printing and site-specific
biomineralization will result in well-organized mineralized micropatterns, with control
over the organization of human mesenchymal stem cells (hMSCs) and BSA on the silk
hydrogels in vitro.

1.2.4 Future directions
Multiscale design and synthesis of biomimetic gradient protein/biosilica composites
for osteochondral tissue regeneration
The goal is to engineer gradient protein/biosilica grafts that mimic the intricate features of
osteochondral tissues and have capacity to enhance osteochondral regeneration in vivo. We
propose to: develop silk composites with the desirable features: structural (gradient
porosity), mechanical (controllable silk polymorphism and mineralization degree) and
compositional (tunable silk and mineral contents) (Aim 1); investigate the effects of
gradient systems on osteochondral coculture in vitro (Aim 2); evaluate the survival and
function of the engineered gradient grafts in animal models for osteochondral
reconstruction (Aim 3). It is hypothesized that the gradient composite system will direct
cells to form highly specialized osteochondral interface tissues with capacity for survival
and function in a rat model.
Coding cell micropatterns through peptide inkjet printing for arbitrary
biomineralized architectures
The goal is to code and synthesize multifunctional biomineralized micropatterns with
capacity to engineer the alignment of various cells types and functionality in different
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tissues including nerve tissues in vivo. We propose to: encapsulate a library of bioactive
molecules and substances (e.g., nerve growth factor (NGF)) in the silica particles to allow
for sustained release of functional biofactors from abitrary silica micropatterns (Aim 1);
direct neural cell growth on functionalized silica micropatterns for neuron growth (Aim
2); investigate the efficiency of axonal alignment on flexible and implantable protein
substrates in order to efficiently repair the injured sites of the nervous systems (Aim 3). It
is hypothesized that the funtional biominerlized micropatterns comprised of various
factors will have broaden applications in tissue engineering and regenerative medicine
including nerve tissue regeneration.
3D printing silk-based calcium phosphate scaffolds
The goal is to design a simple, green and versatile process to directly write the assembly
of silk protein and calcium phosphate nanoparticles and build up biomimetic ceramic-hard
tissue parts for bone and osteochondral tissue engineering. We propose to: 3D print silkcalcium phosphate scaffolds with gradient structure and interconnecting porous network
(Aim 1); incorporate functional biomolecules and substances in this system to screen for
optimal doses and combinations in 3D environment and create patient-customized tissue
engineered grafts (Aim 2); evaluate the cytocompatibility and osteoconductivity of 3D
printed scaffolds in vitro for treatments of osteochondral defects and osteonecrosis (Aim
3). The biocompatible 3D printed silk-based scaffold can be used to promote
vascularization and osteogenesis as a potential therapy for osteochondral defects and
osteonecrosis.
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1.3 Background
1.3.1 Hierarchical architecture in natural systems
1.3.1.1 Gradients in osteochondral interface
Impact on public health. With a rapidly aging population and increasing obesity rates,
osteoarthritis represents a worldwide common degenerative disease, often leading to severe
pain and functional loss of articular joints. Due to the avascular nature of these tissues,
adult human cartilage has a limited regenerative capacity. Novel therapies for cartilage and
subchondral degeneration are urgently needed. Current clinical treatments for
osteochondral defects such as autografts and prosthetic implants have achieved limited
success due to donor site morbidity, insufficient tissue availability and the risk of infections
[46]. Tissue engineering approaches offer to revolutionize the way we currently treat
osteochondral defects, enabling full repair and restoration of the structure, composition and
function of osteochondral interface tissue.
Osteochondral interface design. An attractive feature of natural tissue interfaces is their
unique gradient structure[1,47]. Osteochondral interfaces, for example, consist of spatial
variation in composition, architecture and mechanics from subchondral bone to cartilage
[4,48,49]. Bone mineral hydroxyapatite (HA) gradually diminishes from subchondral bone
to calcified cartilage and completely disappears in hyaline cartilage, which contributes to
a continuous change of mechanics along the trend [50]. The structural gradients consist of
spatial variation in ECM composition and orientation from subchondral bone to cartilage
[4,48,49]. Subchondral bone mainly is comprised of osteoblasts, osteoclasts and osteocytes,
while chondrocytes is the major cell type in cartilage region [51].
The natural osteochondral interface enables the smooth transition from hard bone to
viscoelastic articular cartilage covering the joint surface [51]. Continuous gradient
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osteochondral interface connects mechanically mismatched tissues, facilitates the
transmission of complex mechanical loads and minimizes stress concentration at the
junctions [52–54].

Figure 1-1. Schematic representation of osteochondral interface tissue with illustration of
gradient types. Adapted by permission from Luca et al., 2015 [4].

These gradients of minerals and ECM lead to a continuous change of mechanics along the
trend [3,4], and also play an important role in connecting mechanically mismatched tissues,
facilitating load transmission as well as reducing or eliminating delamination at the
junctions [4–6,47]. The repair and regeneration of osteochondral interface tissue present a
significant challenge in terms of representing the compositional and structural gradients
with varying mechanical properties to eliminate the stress concentration [55].
State of the art. In recent years, a variety of biomaterial designs have been proposed to
generate biphasic[7–9,12,18], triphasic [11,14], and multilayered scaffolds [12,13,37,56,57]
to mimic the natural osteochondral interface tissue or features [4]. Upon discovering the
continuous gradient transition from subchondral bone to articular cartilage, gradient-based

9

biomaterials presenting continuous variation of physical[12,18], biochemical signals[58]
and growth factor concentration[16,59] resembled the native tissue more closely. Thus
these systems have provided promising strategies for the regeneration of osteochondral
tissues in vitro and in vivo [2,4]. Detamore's group have proposed and tested an effective
method to generate microsphere-based gradient scaffolds incorporated with multiple
different biological signals in a scaffold to mimic the gradient behavior of the
osteochondral tissue.[2,17]
However, each design strategy holds limitations, such as failing to match the
biocompatibility and degradability of natural tissues, while also being resilient and elastic,
and allowing for incorporation of bioactive substances during the biological remodeling
process. More importantly, the persistent incidence of delamination between different
layers in composite materials present as a significant reduction in utility for the treatments
of osteochondral injuries in vivo and thus needs to be further addressed to reduce the
biomechanical instability.[7,9] Therefore, new designs are needed to recreate the
continuous gradation of the suite of features, such as structural, mechanical,
physicochemical, and biological that occur at osteochondral interfaces.
1.3.1.2 Micropattern in human tissues and organs
Cell micropatterns exert significant effects in regulating cell behaviors via reorganizing
cytoskeleton, relocating membrane proteins, control nucleus gene expression, remodeling
ECM etc. Cell alignment to patterns plays a key role in tissue regeneration and contribute
to mechanical properties of tissues such as tendon, cardiac muscle and skeleton. In vitro
engineering of cell alignment offers applications in biomechanics, cell biology, tissue
engineering and regenerative medicine. A variety of engineering approaches have been
developed to regulate cell alignment in vitro, such as mechanical loading, topographical
patterning, and surface chemical treatment [35].
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Figure 1-2. Various cell micropatterns in native tissues. (A) Alignment of endothelial
cells and vascular smooth muscle cells in blood vessels; (B) Alignment of muscle cells in
striated muscle tissues; (C) Alignment of Schwann cells in neurons. Adapted from
Biotechnology Advances, 32/2, Li et al., Engineering cell alignment in vitro, 347-365,
Copyright (2014), with permission from Elsevier [35].

Blood vessels are circumferentially arranged in fibrous helix within vascular media,
collagen fibers, stacked between bands of elastin, and discontinuous sheets of endothelial
basement membrane, leading to a unique structural organization with both resilience and
tensile properties [6] (Figure 1-2). Striated muscles actively generate sufficient contractile
forces for various body movements, such as heart beating, muscle stretching and
contraction. At cell level, this is attributed to the matured rod-like shaped muscle cells
consisting of highly organized intracellular myofilaments (e.g., actin-filaments, myosin
filaments) (Figure 1-2B) [60,61]. Cell alignment also exists in nerve tissues. In axonal
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regeneration, neural cells spontaneously orient parallel to aligned Schwann cells (SCs) in
injured peripheral and central nerve in vivo (Figure 1-2C) [62–64].
State of the art. A variety of biomineralization strategies have been developed to mimic
the components, structure and function of natural micropatterned tissues, including
photolithography, microcontact printing and laser patterning, among others [31,35,39–41].
The resultant micropatterns provide promising applications in regenerative medicine,
microelectronics, drug screening, and optical and biomedical sensors [35,42]. In particular,
silica-based micropatterns play a critical role in many biomedical fields, including tissue
engineering, controlled drug delivery, cell transplantation, optics, electronics as well as in
vitro tissue models, due to the biocompatibility, versatility and osteoinductive properties
of silica [39,42–45]. However, most of these silica patterns are created in harsh conditions,
such as extremely high temperature and/or pressures, strongly acidic solutions, or
complicated and energy-intensive processing techniques. Moreover, the silica patterns
generated by these methods usually exhibit weak substrate bonding to rigid substrates, thus
can be damaged easily due to the inherent brittleness of silica [42]. These features reduce
the broader utility of these systems due to costs or material weak points, and certainly limit
direct processing and integration with biological components such as cell or bioactive
therapeutics.

1.3.2 Biomineralization in natural organisms
Natural mineralized composites provide morphogenetic and biological blueprints for novel
biomaterial designs. Diatoms, which are known for its highly ordered periodic hexagonal.
construct silica micro-/nano- patterns with precise control through bottom-up growth under
physiological and ambient conditions [65]. The plywood-like micropatterns in arthropod
exoskeletons enhances toughness thousands of times greater than the pristine minerals, and
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iridescence derived from these features (known as structural color) provides adaptive
biological functions such as mating, signaling and camouflage[28,32–34]. (Figure 1-3)

Figure 1-3. Examples of highly organized mineralized tissues in nature. (A, B) Complex
silica nanopatterns in diatom. (C) Spicules of the deep-sea sponge exhibit well-organized
silica architecture. (D) Periodic extinctions concentric to human compact bone osteon
canal. (E) Biocalcification in sea shells. Adapted by permission from Sumper et al., 2002;
Sanchez et al., 2005 [66].

When designing materials for biomedical applications, three factors are critical: chemical
composition, nano/microstructure and architecture. Table 1-1 summarized the major
inorganic components in biological systems. Silicon, for example, is an essential trace
element that makes up 0.440 ±0.446 % of bone in human, improves bone strength and
stimulates collagen synthesis [67,68]. Biosilica is osteoinductive and can bind to calcium
crystals [69–73]. However, crystalline silica materials alone are hard and brittle, which
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makes them less favorable unless formed into composites, as in native bone (silica,
hydroxyapatite and collagen) to improve toughness.

Table 1-1. Major inorganic solids in biological systems [74]

Mineral

Formula example

Organisms

Calcium carbonate

CaCO3

Molluscs/Algae/exoskeletons/plants/fish

Calcium phosphate

Ca10(PO4)6(OH)2

Vertebrate/bone/teeth/mussels

Calcium oxalate

CaC2O4 • H20

plants

Silicon dioxide

SiO2 nH2O

Exoskeletons/algae

Ion oxide

Fe3O4

Bacteria/teeth

A variety of substitute calcium formula are also formed in natural systems.

1.3.2.1 Mechanism of biomineralization
Natural materials are hybrid composites of ceramic building blocks (i.e., calcium salts and
silica) arranged by polymeric frameworks (i.e., proteins and polysaccharides) [75–79]. For
example, seashells, bone and teeth are highly mineralized hybrid materials that provide
protection in nature [80]. Biomineralization provides insights to fabricate functional
materials through construction of architectures from molecular to macroscopic scales. The
basic constructional processes of biomineralization involves the following steps [74,81].
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1) Supramolecular pre-organization: The beginning step involves construction and
organization of reaction environments before the initiation of mineralization. The
preorganization of supramolecules adopts two approaches during the intra- and intermolecular mineralization: self-assembly of protein cages and lipid vesicles during
intracellular biomineralization; facilitated construction of extended protein-polysaccharide
networks during extracellular biomineralization [82].
2) Interfacial molecular recognition (templating): The second step is associated with
controlled nucleation of inorganic phase from aqueous solution. The pre-organized
supramolecular constructions provide a network for the assembly and growth of mineral
nuclei. The functionalized surfaces of these frameworks serve as templates to guide the
nucleation of the inorganics. The assembly of inorganic clusters is usually controlled by
three complementarities: electrostatic, structure and stereochemical complementarities at
the interface of organic templates and inorganic components [83,84].
3) Cellular processing: The last step in fabrication of biological minerals involves multi
constructional cellular activity at larger scale. Without the control of cellular intervention,
mineral clusters continue to grow within the confinement of organic frameworks, resulting
in biomineral particles with constrained size, crystallographic structure and morphologies
[85]. More strikingly, biomineral assemblies in natural materials often acquire elaborate
ultra-/micro-scale structures with delicate texture and architectures. The cellular processing
of mineral particles is often accompanied with a compromise between constrained
crystallization and genetic control of morphology.
1.3.2.2 Biosilicification in sponge
Biological mineralization is a process by which natural organisms deposit minerals in an
organized manner on the organic templates, leading to functional materials with desired
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hierarchical structures [83,86]. Biosilica deposition in nature is controlled by silicatein and
guided by collagen to form a highly organized pattern in sponges [87–89]. During the
formation of siliceous spicules in sponges (also known as in vivo silicification, as sketched
in Figure 1-4A), central protein filaments consisting of silicatein and scaffold protein first
self-assemble in the extracellular space. Silicatein then triggers and mediates the deposition
of biosilica particles on a fibrous network of collagen, which subsequently form concentric
lamellar layers around the filament [90].

Figure 1-4. Schematic representation of the spicule formation in sponge S. domuncula.
a) the initial intracellular stage of spicule synthesis. b) appositional growth of the spicules
extracellularly. c) maturation of spicules in the axial direction by appositional silica
deposition. Adapted by permission from Wang et al., 2010 [91].
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Spiculogenesis mainly consists of three stages:
1) Intracellular phase (initial growth): During the first step, silicatein is synthesized and
transported into vesicles for the formation of axial filaments [92]. Silica formation take
place in two directions on the filaments: centrifugal and centripedal. Finally, spicules are
released extracellularly for further growth.
2) Extracellular phase (appositional growth): Silicatein is arranged to larger clusters along
strings and organized in parallel to the surface of the spicules. The silicatein molecules
associate with galectin to allow for appositional growth of the spicules [93].
3) Extracellular phase (shaping): The organization of the galectin-silicatein complexes is
mediated by collagen fibers to form net-like structure. While collagen provides the
organized framework for the morphogenesis of the spicules, the silicatein/galectin strings
induced deposition of silica particles during growth of the axial filaments.
1.3.2.3 Biosilicification in diatom.
Organisms such as diatoms, which are known for their complex and intricate silica
architectures, construct silica micro-/nano- patterns with precise control through bottomup growth under physiological and ambient conditions without additional chemical
treatments or post-processing steps. A phase separation model reveals the molecular
mechanism that controls the nanofabrication process. During wall biogenesis, repeated
phase separation events take place to produce similar silica nanopatterns in smaller scales
[66].
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Figure 1-5. Schematic representation of the templating mechanism of the phase separation
model (A-D) and SEM images of diatom Cylindrotheca wailesii valves at different stages
(E-H). (A) monolayer of polyamine-containing droplets in close-packed arrangement
within the SDV guides silica deposition. (B, C) Subsequent segregation into smaller (300
nm) droplets offers new spaces for silica deposition. (D) Final dispersion into 50 nm
droplets. Silicification take place within the white areas (water phase). (E-H) SEM images
of the development of diatom valves correspondingly. Adapted by permission from
Sumper et al., 2002 [66].

At molecular level, biosilica morphogenesis in the diatom cell wall consists of a matrix of
organic macromolecules, i.e., native silaffin-1A (natSil-1A) protein for silica formation
and native silaffin-2 (natSil-2) protein for biosilica template organization. During in vivo
silicification, natSil-1A triggers and mediates the formation of the silica particles, while
natSil-2 moderates the activities of natSil-1A to form organized patterns through molecular
self-assembly and phase-separation processes [65,94].
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Figure 1-6. Proposed mechanism for polycondensation of silicic acid mediated by R5
peptide. Adapted by permission from Lechner et al., 2013 [96].

The R5 peptide (H-SSKKSGSYSGSKGSKRRIL-OH), as a repeating peptide sequence in
silaffin protein of the diatom Cylindrotheca fusiformis, involves silica precipitation in vitro
from a phosphate buffered solution of silicic acid at neutral pH and room temperature [87–
89,95]. During precipitation of silica particles by the R5 peptide, positive charged lysine
residues on the peptide mediate formation of siloxane bonds, followed by self-assembly of
these peptides [88,96].
1.3.2.4 Biocalcification in bone
Natural bone has a highly hierarchical structure with organized mineralized collagen fibrils
[97]. Bone mainly consists of three components: inorganic materials (65–70%,
hydroxyapatite, HA) for hardness, organic mass (20–25%, collagen type I, osteonectin and
osteoclacin) as basic building blocks, and water (10%) associated with collagen [98–100].
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Figure 1-7. Hierarchical architecture of bone. Bone is composed of spongy bone in the
interior and compact bone at the surface. Compact bone mainly consists of osteon and
Haversian canals surrounded by blood vessels. Individual lamella which is comprised of
patterned fibres oriented to form osteons with a lamellar structure. The fibres are composed
of tropocollagen molecules and nanocrystals of hydroxyapatite linked by an organic phase.
Adapted by permission from Wegst et al., 2014 [29].

In bone, macroscale arrangements involve both compact/cortical bone at the outside area
and spongy/trabecular bone (foam-like material with ∼100 μm thickness) in the interior.
Compact bone is composed of osteons and Haversian canals, which surround blood vessels.
Osteons have a lamellar structure, with individual lamella consisting of fibres arranged in
geometrical patterns. The fibres are comprisd of several mineralized collagen fibrils, with
tropocollagen formed from three chains of amino acids and nanocrystals of hydroxyapatite,
and linked by an organic phase to form fibril arrays (Figure 1-7).
Mineralization of bone involves two types of proteins, collagen type I and a family of noncollagenous proteins. Collagen type I serves as templates for apatite nucleation [101], while
non-collagenous proteins such as osteonectin and osteocalcin act as nanoprecursors to
stabilize amorphous calcium phosphate phases [102,103], and initiate of nucleation and

20

hierarchical assembly of apatite within the collagen framework [104]. Specifically,
osteopontin and bone sialoprotein are responsible for the initiation of bone mineralization.
Bone sialoprotein act as a crystal nucleator, while osteopontin is related to the formation
of crystals. Osteocalcin and osteonectin, as found in fully mineralized matrix, mainly
contribute to regulating the size and speed of crystallization. During bone resorption,
osteocalcin act as a chemoattractant for osteoclast, while osteopontin and bone sialoprotein
assist the association to osteoclasts [105]. Stupp et al. proposed a bottom-up approach
where peptide amphiphiles self-assembled to direct mineralization of HA. The
crystallographic c axes of HA were aligned with the long axes of the fibers, which is similar
to the alignment of hydroxyapatite crystals on collagen fibrils in bone [106,107].
1.3.2.5 Biocalcification in sea shells
Biocalcification by silk-like proteins in sea shells. Mollusca shell mainly consist of 95-99
wt% calcium carbonate CaCO3 boned with 1-5% organic supramolecules. Silk-like protein
were isolated from these shells (i.e., Pinctada fucata), which obtained an antiparallel βpleated sheet secondary structure with polypeptide chains of large amounts of glycine and
alanine[108]. The mineralized shell structure resulted from the combination of silk-like and
solution proteins, where silk-like protein establish the self-assembled sheet-like
architecture, while soluble proteins direct the nucleation process [109,110]. When
preadsored on the substrates of β-chitin and silk fibroin, macromolecules extracted from
the aragonitic or calcitic shell layers in mollusks induced aragonite or calcite formation in
vitro, suggesting that these macromolecules played a key role in the deposition of aragonite
or calcite in vivo [111].
1.3.2.6 Bioinspired material synthesis through biomimetic mineralization
To mimic these natural gradient structures, a variety of biomimetic material designs [112]
have been developed. For example, R5 peptide has been either genetically [73,113] or
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chemically [114] fused to the silk protein to control the assembly and deposition of silica
particles in 2D silk films for osteogenesis. The combination of silk and silica upregulated
bone sialoprotein (BSP) and collagen type I osteogenic markers, and promoted mineral
depositions [72,81].
1.3.2.7 Silk
Silks are spun by a number of different insects including silkworms, spiders, bees and
caddisflies among other arthropods [115]. Spider silk are stronger than silkworms, however,
their cannibalistics in nature prevent their large scaling. Cocoons from Bombyx mori
silkworm, which the primary commercial source of silk fibers, contains two proteins,
fibroin and sericin. Fibroin provides strength while sericin act as glue to maintain the shape
of cocoons. Owing to its excellent mechanical and optical properties, biocompatibility,
biodegradability and implant ability, silk fibroin (hereafter referred to as silk) is finding
various applications in tissue engineering, biomedical therapeutics, photonics, electronics
[116,117].
1.3.2.8 Silk structure
The silk fibroin mainly consists of a heavy chain (H) with 5263 amino acids (Mw ~390
kDa) and a light chain (L) with 266 amino acids (Mw ~26 kDa) [118]. The fibroin is a
semi-crystalline protein with highly repetitive pattern of amino acid sequences [119], rich
in hydrophobic β-sheet-forming domains (94% of the chain length) linked by small
hydrophilic amorphous segments [120]. The crystalline domain is comprised of 12 ordered
Gly-X repeats, where “X” represents alanine in 65%, serine in 23% and tyrosine in 9%,
self-assemble into anti-parallel β-sheets. In comparison, the hydrophilic subdomains
consist of 11 hydrophilic linkers between the crystalline domains and are rich in glycine,
alanine, serine and tyrosine [118,121,122]. The result β-sheet-forming regimes within the
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fibroin structure self assembles to form strong and resilient materials [123]. From here on,
silk fibroin is referred to as silk throughout the rest of the review unless otherwise specified.

Figure 1-8. Proposed 2-D schematic of silk heavy chain and light chain. The 3-D structure
is most likely lamellar [124]. Adapted by permission from Ha et al., Copyright (2005)
American Chemical Society.

While the structure and function of crystalline domains are widely reported, the role of
amorphous domain and their interaction with the crystalline segments are still poorly
understood. The crystalline domains are punctuated tyrosine rich motifs, where the serine
residues are substituted by tyrosine residues and eleven irregular linker regions [124].
Simulations and NMR studies of native fibroin suggested that the tyrosine residues in B.
mori silk fibroin have multiple functions, including enhancing the solubility, destabilizing
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the local semi-crystalline regions during the intermolecular chain arrangement [126]. One
study on poly(AG) model peptides also suggested that the phenolic side chains may be
susceptible to π-π interactions as shown in Figure 1-9 [125].

Figure 1-9. Illustration of the local environment surrounding two Tyr residues in poly(AG)
model peptides, calculated by MM from an initial silk II structure. The two Tyr are able to
interact with one another by aromatic π-stacking, if the peptides are in-register. Adapted
by permission from Asakura et al., 2004 [125].

1.3.2.9 The role of silk in biomineralization
Nature provides blueprints to assembly structure to synthesis novel functional inorganicorganic hybrid systems. With the unique recognition (amino acid residue) and selfassembly properties site, silk from different sources can assist the synthesis of novel
inorganic-organic composites for various applications including biomedical applications,
optics, electronics etc.
Nanocomposites from bioengineered spider silk-silica fusion proteins
Spider silk protein has strong mechanical properties with self-assembled fibrous structures.
Foo et al. combined the features of biosilica with silk through creating a family of chimeric
proteins of domains from the major ampullate spidroin 1 (MaSp1) protein of Nephila
clavipes spider dragline silk and the R5 peptide from the silaffin protein of diatom
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Cylindrotheca fusiformis [127]. The MaSp1 protein can self-assemble into films and fibers
through different post-processing procedures and thus provide control over the structure
and morphology of the composites. The R5 peptide plays a role in catalyzing and regulating
silica deposition under mild reaction conditions. The resulting mineralized composites
showed silica distribution of 0.5-2 um in diameter. Furthermore, through regulating
processing methods, different morphology and structure of the composites were achieved
to produce mineralized fibers and films [128–130].
To further understand the interaction between organic and inorganic components in the
hybrid system, three major domains of the chimeric proteins were systematically
investigated to study their effects on protein folding and mineralization: 1) a core silk
domain for material self-assembly, 2) a mineralization domain for silicification, and 3) a
histidine tag for purification [131]. Computational modeling revealed that the presence of
silica and histidine domains increased the accessible surface area to positive charged amino
acids in solvents and reduced the formation of β-sheet structure, thus resulting in higher
degree of silicification. Besides, the location of the silica domains has minimal effect on
the β-sheet formation and exposure to the silicon ions in the solvents. Furthermore,
processing conditions including reaction agents, types of crystallization induction and
temperature impact the secondary structure of the chimeric proteins and thus silicification.
Combination of modeling and experimental approached allows for identification of the key
factors in materials design and thus can provide control over the function of the
bioengineered functional materials [132–134].
The bioengineered spider-silica composite systems demonstrated osteoinductivity in vitro
with potential applications in bone tissue engineering [127,128,135,136]. The presence of
silica particles on the silk films promoted hMSCs proliferation, upregulate their osteogenic
markers and facilitated apatite formation. Furthermore, biodegradable silica particles in the
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hybrid systems lead to control over the degradation/remodeling rates of the
organic/inorganic composites [72,137].
Chemically-synthesized silk-silica fusion proteins
Silica binding peptide were chemically coupled into silk substrates to form silk-silica
chimera composites. The tyrosine groups on natural Bombyx mori silk were modified by
diazonium coupling and EDC/NHS activation of all acid groups in preparation for chemical
conjugating the silica binding peptide to the silk templates [138]. Upon silicification under
mild conditions, silica spheres formed on the biomolecule templates of the chimeric silksilica composites. Higher degree of silicification was observed on chemical chimeras,
probably owing to the higher amount of silica binding sites after surface modification as
compared to genetic chimeras. Conjugation variables include peptide sequence, silk source
and synthesis approach can be varied to control the silica formation on the composites.
In summary, these silk/R5/biosilica composites showed osteoinductive properties in the
form of two-dimensional (2D) films, with biocompatibility and low inflammatory response
[139–141]. In these systems, the R5 peptide has been either genetically [127] or chemically
fused [138] to the silk to control the assembly and deposition of the silica particles for
osteogenesis. However, several limitations still exist, as 2D systems fail to mimic the
complex cellular environments in vivo [142]. Moreover, constructs with uniform physical
and chemical properties lack the spatially and structurally defined hierarchical architecture
that exists in native tissues and fail to recreate the natural graded interface [143].
Silk-hydroxyapatite nanocomposites
Silk was also used as templates to direct the deposition of nano-HA particles [144–146].
The morphology and crystallization of nano-HA can be tuned through variation of silk
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content during biomineralization process. Nevertheless, these composite materials showed
limitations in mimicking the complex cellular environments in three dimensions to present
more representative response to the biological/physical stimuli in the surroundings.
In this dissertation, inspired by biomineralization strategies, silk-based mineral composites
coupled with silica selective peptide with mineralization domains were created to achieve
tunable structural, mechanical and chemical properties to mimic hierarchical architectures
that occur in natural systems.
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2.
Chapter 2. Gradient silk/silica composite system with
tunable chemical, mechanical and structural properties
2.1 Abstract
Continuous gradients present at tissue interfaces such as osteochondral systems, reflect
complex tissue functions and involve changes in extracellular matrix compositions, cell
types and mechanical properties. New and versatile biomaterial strategies are needed to
create suitable biomimetic engineered grafts for interfacial tissue engineering. Silk proteinbased composites, coupled with selective peptides with mineralization domains, were
utilized to mimic the soft-to-hard transition in the osteochondral interface. The gradient
composites supported tunable mineralization and mechanical properties corresponding to
the spatial concentration gradient of the mineralization domains (R5 peptide). The
composite system exhibited continuous transitions in terms of composition, structure and
mechanical properties.

2.2 Introduction
An attractive feature of natural tissue interfaces is their unique gradient structure [1,2].
Osteochondral interfaces, for example, consist of spatial variation in the extracellular
matrix (ECM) composition and orientation from subchondral bone to cartilage [4,48,49].
Hydroxyapatite (HA) also gradually diminishes from subchondral bone to calcified
cartilage and completely disappears in hyaline cartilage [51]. These gradients of minerals
and ECM lead to a continuous change of mechanics along the trend [3,4], and also play an
important role in connecting mechanically mismatched tissues, facilitating load
transmission as well as reducing or eliminating delamination at the junctions [2,4–6].
To mimic these natural gradient structures, a variety of biphasic [7–11], multiphasic [12–
15], and gradient [4,16–18] composites have been developed. However, unlike natural
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mineralization during which non-collagenous proteins initiate and regulate mineral
formation on the collagenous matrix [19], most of these materials were prepared through
mixing inorganic bioactive phase (e.g., chemosynthetic HA crystallites) with additional
substrate materials (e.g., collagen) [9,12,15,20–22]. These approaches generally result in
weakened structural uniformity and mechanical performance of the resultant composite
materials [23,24]. To address these problems, several in vitro biomineralization approaches
have been reported [6,25] where the nucleation and growth of inorganic mineral phase was
regulated directly on well-organized polymer templates. For instance, a three-layer scaffold
composed of HA nanocrystals nucleating on self-assembled collagen fibers was developed
to support cartilage and bone formation [25]. The gradient mineralization was achieved via
changing the ratio of HA/collagen in different layers. However, HA crystallization on selfassembled collagen fibers lacks non-collagenous proteins as mediators of the
mineralization process, thus well-controlled mineral deposition on the polymer template is
difficult to achieve for the synthesis of advanced materials that mimics the complicated
hierarchical natural tissues [26]. Moreover, the use of caustic chemicals during scaffold
preparation limits the incorporation of bioactive molecules during material fabrication [6].
Therefore, new strategies are needed to design and synthesize continuous gradient
materials using biomimetic mineralization [27].
In this work, inspired by the growth of natural sponge spicules, we designed a novel route
to

fabricate

gradient

protein/biosilica

composites

via

site-specific

in

vitro

biomineralization. The biosilica selective peptide-R5, a bioinspired analog derived from
the silaffin peptides that are used for silica synthesis in Cylindrotheca fusiformis [88], was
introduced into the silk fibroin (thereafter referred to silk) hydrogel composites through
enzymatic crosslinking. A well-controlled gradient distribution of the R5 peptide was
achieved by regulating the peptide concentration along the longitudinal direction of the
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composites. The final gradient silicified silk/R5 (GSSR5) composites presented a structure
with varied pore sizes and a gradient distribution of biosilica particles, similar to the
structural features of the natural osteochondral interface. More remarkably, these
continuous gradient structures endowed the composites with gradient mechanical
properties. In addition, unlike chemical synthetic methods which use caustic chemicals
[147–150], this simple and versatile approach allows for surface modification of biosilica
particles to encapsulate biomolecules and drugs [151]. This novel gradient biomaterial
design offers a useful approach to meet a broad range of needs in regenerative medicine
involving osteochondral tissue engineering.

2.3 Materials and Methods
2.3.1 Materials
All chemical reagents used for making the GSSR5 composites were purchased from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise specified. All materials and
reagents used for cell culture and analysis were purchased from Thermo Fisher Scientific
(Waltham, MA, USA) unless otherwise specified.

2.3.2 Preparation of aqueous silk solution
Silk solutions were prepared using our previously established procedures [152]. Briefly,
ten grams of silk cocoons were cut into pieces and boiled in 4 L of 0.02 M sodium carbonate
solution for 30 minutes to remove the coating of sericin protein. Degummed fibers were
rinsed with deionized water three times and dried in air overnight. Five grams of dried
fibers were dissolved in 20 ml of 9.3 M lithium bromide solution at 60°C for 4 hours. The
silk fibroin solution was then dialyzed against deionized water using a dialysis cassette
(Pierce 3.5 kDa MWCO; Fisher Scientific, PA) for 2 days. The solubilized silk solution
was then centrifuged twice at 9,000 RPM, 4°C for 20 min to remove insoluble particulates.
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Protein concentration was determined by drying a known mass of the silk solution at 60°C
for 12 hours and measuring the mass of the remaining solid.

2.3.3 Preparation of the gradient silk/R5 hydrogels
The biosilica selective peptide R5 (H-SSKKSGSYSGSKGSKRRIL-OH) with a purity of
95% was synthesized by GenScript (Piscataway, NJ, USA). Lyophilized horseradish
peroxidase (HRP, type VI) powder and the R5 peptide powder were dissolved in deionized
water to form a stock solution of 1,000 U/mL and 0.7 mg/μL, respectively. To generate the
gradient silk/R5 hydrogels with high, medium and low loadings of the R5 peptide
(thereafter referred to high, medium and low regions, respectively), the R5 peptide solution
was first mixed with the silk solution in a R5/silk molar ratio of 250/1, 125/1 and 62.5/1,
respectively. The mixture was then loaded sequentially into a cylindrical container layer
by layer. First, the high region was loaded and gelation were initiated by adding the HRP
and hydrogen peroxide (H2O2, 165 mM) solution at a ratio of 40 units and 40 μL per 1 mL
of silk solution, respectively. Before the complete gelation in high region, the medium
region was added on top of the high region followed by the addition of HRP and H2O2 with
the same concentration as in the high region. Then the low region was added on top of the
previous medium region followed by the addition of HRP and H2O2. The mixture was then
incubated at 37°C overnight to ensure complete gelation. Unsilicified plain silk control
hydrogels were prepared by crosslinking silk solution using HRP and H2O2 with the same
ratio as in the gradient silk/R5 hydrogels.

2.3.4 Biosilicification
Biosilica deposition was introduced into the gradient silk/R5 hydrogels post gelation. Prehydrolyzed tetraethoxysilane (TEOS) solution was prepared by mixing 2.23 ml of TEOS
solution with 7.76 ml of 50% ethanol/water solution, 10 μl of 1 M hydrogen chloride (HCl)
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and left at room temperature for 15 min. A 50 μl aliquot of the silk/R5 hydrogel was
immersed in 200 μl silicifying medium consisting of 40 μl prehydrolyzed TEOS solution
and 160 μl buffer solution (10.4 μl 1M bis-tris propane, 5.6 μl 1M citric acid solution and
144 μl deionized water) to allow for silicification at room temperature overnight. The
silicifying medium was changed twice every 4 hours during the silicification process.

2.3.5 Fluorescence imaging of the FITC-labelled GSSR5 composites
The

fluorescein

isothiocyanate

(FITC)-labelled

R5

peptide

(FITC-

SSKKSGSYSGSKGSKRRIL-OH, GenScript, NJ, USA) was added into the R5 peptide
solution in a molar ratio of 1 to 4,000. The resultant peptide mixture was used to create the
FITC-labelled GSSR5 composites following the same gelation and silicification process as
described earlier. The FITC-labelled composites were imaged using with the Olympus
mvx10 macroscope and captured by cellSens Dimension (ver 1.8.1) program (Olympus,
Tokyo, Japan).

2.3.6 Quantification of encapsulation efficiency
Quantification using FITC-labeled R5 peptide was performed to determine the
encapsulation efficiencies of the R5 peptide in the GSSR5 composites. The FITC-R5
peptide was added into the R5 peptide solution in a molar ratio of 1 to 4,000 following the
preparation process as described earlier. The silicifying medium was collected after
silicification of the silk/R5 hydrogels. The amount of the FITC-R5 peptide in the
supernatants was quantified by recording the emission signal using a SpectraMax M2e
multimode microplate reader (Molecular Devices, CA, USA). All conjugation reactions
were repeated in triplicate. The reaction efficiency was calculated as follows:
Encapsulation efficiency
=

Peptide amount added − Peptide amount in supernatant
× 100%
Peptide amount added
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2.3.7 Quantification of silicification
The amount of silica in the composite materials was determined using the silicon test
colorimetric assay kit (Merck, NJ, USA) according to the manufacturer’s instructions
[153–155]. The GSSR5 composites were evenly cut to three sections along the longitude
direction of the sample, as referred to the low, medium and high regions. The sections
were then washed three times with ethanol to remove unreacted TEOS and hydrolyzed
with 1 M NaOH overnight. The samples were diluted to quantify the released silicic acid.

2.3.8 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray
Spectroscopy (EDS)
The gradient silicified silk/R5 hydrogel composites were frozen at –20°C and lyophilized.
The samples were then quenched in liquid nitrogen, sputter coated with gold and imaged
with a Carl Zeiss Ultra 55 field emission scanning electron microscope (Carl Zeiss SMT,
Germany). Measurements of silica particle size were characterized by SEM. Energy
dispersive X-ray analysis was used to determine the local composition of the samples
(spectra of Si) over a depth of a few micrometers at different regions of the samples.

2.3.9 Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectroscopy of the lyophilized silicified silk/R5 hydrogel composites was
performed with a Jasco FT/IR-6200 Spectrometer (Jasco, OK, USA), equipped with a
deuterated triglycine sulfate detector (Pike Technologies, WI, USA). Unsilicified and
silicified silk/R5 hydrogels with a silk/R5 molar ratio of 1/62.5 were prepared based on
process described earlier and then frozen at –20°C and freeze dried for FTIR analysis. Each
measurement incorporated 32 scans from 600 to 4000 cm−1 to yield spectra with a nominal
resolution of 4 cm−1. Fourier self-deconvolution (FSD) of the infrared spectra covering the
Amide I region was performed with Opus 5.0 software (Bruker Optics Corp., MA, USA),
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as described previously [156,157]. The deconvoluted amide I bands were fitted with
Gaussian peaks, and the ratio of the peak area of each secondary structure component to
the total amide I band area were used to determine the fraction of each secondary structural
element in the composites. Absorption bands in the range from 1590 to 1610 cm-1 relate to
the side chain of amide I; bands from 1610 to 1637 cm−1 and from 1697 to 1703 cm−1
correlate to β-sheet structure; bands in the range from 1638 to 1652 cm−1 represent random
coil, bands ranging from 1652 to 1660 cm−1 were ascribed to α-helices, and peaks in the
range from 1660 to 1696 cm−1 were assigned to β-turn structures [156,158].

2.3.10 Mechanical tests
Unconfined compression tests were performed on the gradient silicified silk/R5 hydrogels
between two impermeable plates using an Instron 3366 machine (Instron, MA, USA). The
GSSR5 hydrogels were evenly cut to three sections along the longitude direction of the
composites and tested separately as the low, medium and high regions of the hydrogels.
The samples were subjected to a compressive ramp up to 15% strain at a strain rate
0.001 strain/s to obtain the stress-strain curves [159]. The 15% strain chosen here is within
the physiological range for articular cartilage [3]. Compressive modulus was calculated as
the slope of the curve from 5% to 10% strain. Five independent cylindrical samples (5 mm
in height and 4 mm in diameter) were tested for each condition.

2.3.11 Characterization of hydration properties
The lyophilized GSSR5 composites were evenly cut to three sections along the longitude
direction of the composites and tested separately as the low, medium and high regions.
Samples were immersed in distilled water at room temperature for 24 h followed by
removal of excess water. The wet weight of the hydrated sample (Wh) were determined
individually. Samples were then dried in an oven at 60°C for 24 h and the dry weight of
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samples (Wd) was determined. The swelling ratios and the water uptake percentage were
calculated as follows [160]:

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =

𝑊ℎ − 𝑊𝑑
𝑊𝑑

𝑊ℎ − 𝑊𝑑
× 100
𝑊ℎ

2.3.12 Statistical analysis
Paired or unpaired Student t-tests, as appropriate, were used to determine statistical
differences between groups. One-way ANOVA was used when comparing features
between groups. In all cases, n > 3 were used for data sets (p < 0.05 or 0.01). GraphPad
software (GraphPad Prism software, CA) was utilized.

2.4 Results and Discussion
2.4.1 The strategy of designing and synthesizing gradient protein/biosilica
composites.
Biomimetic mineralization is a process by which natural organisms deposit minerals in an
organized manner on the organic templates, leading to functional materials with desired
hierarchical structures [83,86]. During the formation of siliceous spicules in sponges (also
well-known as in vivo silicification, as sketched in Figure 2-1A), central protein filaments
consisting of silicatein and scaffold protein first self-assemble in the extracellular space.
Silicatein then triggers and mediates the deposition of biosilica particles on a fibrous
network of collagen, which subsequently form concentric lamellar layers around the
filament [90]. To mimic this natural biomineralization process, silk protein was chosen to
construct the 3D continuous porous structure due to its biocompatibility, degradability and
tunable mechanical properties [161]. The silk protein was enzymatically crosslinked via
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HRP and H2O2 to form a hydrogel [161], acting as templates to mimic the function of
collagen and other scaffold protein in nature [19,90]. The R5 peptides were simultaneously
crosslinked into the silk templates to trigger and mediate the in situ biomineralization in
the GSSR5 composites (Figure 2-1B). The spatial variation of silicification was achieved
by varying the molar ratio of the R5/silk along the longitudinal direction of the composites
(Figure 2-1C). The mixture of the high, medium and low regions of the GSSR5 composites
were loaded sequentially into a cylindrical mold layer by layer, followed by the addition
of HRP and H2O2 to initiate gelation. The gradient distribution of the mineralization
domains allows for tunable control over the morphology, self-assembly and distribution of
biosilica particles and ultimately regulation of the mechanical and structural properties and
architecture of the gradient composites.
The final hydrogels appeared free-standing and uniform without any cracks (Figure 2-1D).
Their gradient structures were confirmed by fluorescence imaging of the GSSR5
composites containing immobilized FITC-labeled R5 peptides and encapsulation
efficiency measurements. The GSSR5 composites displayed an increasing fluorescence
signal of FITC-R5 along the longitudinal direction of the composites (Figure 2-1C),
indicating the increasing content of the R5 peptide along the trend. The fluorescence
intensity along the gradient trend of the FITC-R5 in the GSSR5 composites were measured
(Figure 2-1C), indicating the continuous gradient evidence in the composites. Figure 21E shows the quantification of the R5 peptide in different regions of the GSSR5 composites.
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Figure 2-1. Biomimetic design of the GSSR5 composites. Silicatein mediates the
formation of biosilica particles within the siliceous spicules which is organized by collagen
in sponge (A). Biomimetic self-assembly of biosilica particles on the silk templates
catalyzed by the biosilica selective peptide R5 (B). Schematic representation of the
biomimetic GSSR5 composites and fluorescence microscopy image showing the gradient
of FITC-labeled R5 peptide along the longitudinal direction of the composites (C). The
high region contains a high content of the R5 peptide and biosilica particles in contrast to
the transition to the medium and low regions where the contents diminish. Gross
appearance of the GSSR5 composites (D). Molar ratio of R5/silk in the GSSR5 composites
(E), showing gradually increasing concentration of the R5 peptide from the low to the high
R5 peptide loading regions in the gradient composites. Scale bar, 2 mm.

37

The R5 peptide were loaded into the low, medium and high regions of the GSSR5
composites with a synthesis silk/R5 molar ratio of 1/62.5, 1/125 and 1/250, respectively,
whereas the R5 peptide encapsulated in the low, medium and high regions of the
composites after silicification had a final silk/R5 molar ratio of 1/60, 1/121, 1/205,
respectively. The slight difference is because some weakly attached R5 peptides were
released into the silicifying medium during in vitro silicification. According to the
encapsulation efficiency assay, the percentage of the released peptides in the low, medium
and high regions were 3.8±2.0%, 3.2±1.4% and 7.9±3.3%, respectively, while the
encapsulation efficiencies of the low, medium and high regions in the GSSR5 composites
were 96.2±2.0%, 96.8±1.4%, and 92.1±3.3%, respectively (Table 2-1).
Table 2-1. Quantification of the R5 peptide in the GSSR5 composites using FITC
labeling technique.
R5 loading

Low

Medium

High

Silk/R5 synthesis ratioa

1/62.5

1/125

1/250

R5 released (%)b

3.8±2.0

3.2±1.4

7.9±3.3

Silk/R5 final ratioc

1/60

1/121

1/205

Encapsulation efficiency (%)d

96.2±2.0

96.8±1.4

92.1±3.3

a

Silk/R5 molar ratio in the GSSR5 composites, determined by the amount of silk and R5

loaded to the composites. bThe release of the R5 peptide through the process of
silicification, determined by quantifying the amount of the FITC-R5 peptide released to the
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c

silicifying media. Silk/R5 molar ratio after silicification. dEncapsulation efficiencies of the
GSSR5 composites

2.4.2 Structural and mechanical properties of the GSSR5 composites.
To examine the mesoscopic structures of the GSSR5 composites, SEM measurements were
performed on the freeze-dried GSSR5 composites (Figure 2-2 A-F). Freeze-drying process
was performed on the materials to create a favorable heterogeneous matrix of pore structure
for cell culture. The final GSSR5 composites exhibited uniform porous structure in three
regions, while with different pore sizes. The pore sizes gradually decreased from the low
region to the high region in the GSSR5 composites. The pore sizes in the low regions were
significantly larger than those in the medium regions (p<0.01), which were larger than
those in the high regions in the gradient composites (Figure 2-3, p<0.05). In addition, the
gradient distribution of biosilica particles was observed (Figure 2-2 D-F). Spherical silica
particles (760±130 nm in diameter, Figure 2-2F) were embedded in the silk/R5 network
giving rise to a rough granular appearance superimposed on the bio-template network,
indicating the silicification function of the R5 peptide was maintained upon grafting to the
silk templates. More importantly, the amount of biosilica significantly increased by
increasing of the loading of the R5 peptide, which was further confirmed by EDS tests (the
insert images in Figure 2-2 D-F). The silica densities in the low regions were significantly
lower than those in the medium regions, which were lower than those in the high regions
in the gradient composites (Figure 2-4, p<0.05). The molar percentage of silicon increased
from low to high R5 peptide loading region, with values of 1.1%, 1.5% and 2.3% of low,
medium and high regions, respectively, as determined by silicon test colorimetric assay
(Figure 2-5). The Si distribution along the gradient composites were generated using EDS
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mapping (Figure 2-6), which further confirmed the continuous gradient silicification in the
composites.

Figure 2-2. SEM images of the GSSR5 composites with low (A, D), medium (B, E) and
high (C, F) loadings of the R5 peptide, respectively. EDS spectra (the inserted images) of
the GSSR5 composites with low (D), medium (E) and high (F) loading of the R5 peptide.
Scale bars are 50 µm (top), 5 µm (bottom). SEM, scanning electron microscopy; EDS,
energy-dispersive X-ray spectroscopy. The final GSSR5 composites exhibited uniform
porous structure in three regions, while the pore sizes gradually decreased from the low
region to the high region in the GSSR5 composites. The increasing distribution of
biosilica particles was observed from low to high regions in the composites, which was
further confirmed by EDS tests.

The pores of the gradient composites appeared highly interconnected without clearly
defined pore boundaries, the distance between adjacent lamellae appeared to be ∼50–150
μm in SEM images (Figure 2-3).
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Figure 2-3. Characterization of pore sizes in the gradient composites. (Significantly
difference: *, p < 0.05; **, p<0.01)

The gradient distribution of biosilica particles has been quantified and statistically analyzed
in Figure 2-4. The silica densities of low, medium and high regions in the gradient
composites were significantly different from each other.

Figure 2-4. Characterization of silica density in the gradient composites. (*Significantly
difference (p < 0.05))
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Figure 2-5. Extent of mineralization (measured as the molar percentage of silicon) in the
GSSR5 composites with different loadings using silicon test colorimetric assay. Increased
silicon content from the low to the high region in the GSSR5 composites demonstrated
the gradient mineralization in the composites.

To demonstrate continuous gradients in the materials, fluorescence microscopy was
performed to characterize the green fluorescence intensity of FITC-R5 along the increasing
trend of R5 in the FITC-GSSR5 composites. In addition, the gradient distribution of Si was
confirmed along the longitude direction of the composites by EDS mapping. The
continuous gradient of the materials was evidenced by fluorescence intensity
characterization of the FITC-labelled GSSR5 composites and EDS mapping of Si in the
GSSR5 composites.
The fluorescence intensity along the gradient trend of the FITC-R5 in the GSSR5
composites were measured (Figure 2-6), indicating the continuous gradient evidence in
the composites. The Si distribution along the gradient composites were generated using
EDS mapping (Figure 2-6), which further confirmed the continuous gradient silicification
in the composites.
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Figure 2-6. (A) Optical image of the GSSR5 composites. (B) Fluorescence image of the
FITC-GSSR5 composites. (C) Fluorescence intensity along the gradient trend of FITCR5 in the GSSR5 composites. (D) Si distribution along the gradient composites generated
by EDS mapping. Scale bar: 1 mm (A, B), 10 µm (D).

Compression tests were carried out to assess the mechanical performance of the GSSR5
composites, as shown in Figure 2-7, the gradient biosilica content in the protein network
endowed gradient mechanical behaviors. The GSSR5 composites with low, medium and
high loadings of the R5 peptide were evenly sectioned into three regions along the
longitude direction of the composites, whose representative stress-strain curves were
shown in Figure 2-7A. The calculated compressive Young’s moduli of the low, medium
and high regions in the GSSR5 composites were 20.7±5.0 kPa, 49.5±10.6 kPa and
128.5±16.4 kPa, respectively (Figure 2-7B). The results showed that a 2-fold increase of
biosilica content from low to high regions led to an approximately 6-fold increase in the
compressive Young’s moduli, indicating that the stiffening effect of biosilica was achieved.
The compressive modulus of the low region was significantly lower than that of the
medium region (p<0.05), which was again significantly lower than that of the high region
in the GSSR5 composites (p<0.01).
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Figure 2-7. Representative stress-strain curves (A) and compressive moduli (B) of the low,
medium and high regions in the GSSR5 composites. An approximately 6-fold increase in
the compressive Young’s modulus from low to high regions were achieved in the GSSR5
composites. (*p < 0.01, **p<0.05)

FTIR spectroscopy was used to investigate the secondary structure of the protein/biosilica
composites. Figure 2-8 shows the amide I bands in the FTIR spectra of the silk/R5
composites before (Figure 2-8A) and after (Figure 2-8B) silicification. The peaks at 1644
cm-1, 1656 cm-1 and 1675 cm-1 indicate that the non-crystalline structures, such as random
coil (1638-1652 cm-1), α-helix (1652-1660 cm-1) and β-turns (1660 to 1696 cm−1) [156,158]
dominated in the unsilicified silk/R5 composites (Figure 2-8A), which simultaneously
diminished in the silicified composites (Figure 2-8B). After silicification, the intensity of
β-sheet crystalline peak at 1621 cm−1 increased in the composites, indicating an increase
of the β-sheet content after silicification (Figure 2-8A, B). The content of β-sheet increased
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after silicification (from 36±3% to 48±4%) while the content of non-crystalline structures
decreased (α-helix: from 12±2% to 10±1%; random coil: from 22±2% to 18±2%) (Figure
2-8C). Recent work has characterized the secondary structure of the R5 peptide during
silicification. The R5 peptide was characterized as a disparate random coil ensemble in
solution, which remain unchanged in the presence of silicic acid solution [162]. The
increase of beta sheet content in the GSSR5 composites after silicification was due to the
formation of crystalline structure in silk protein [163].

Figure 2-8. Representative Fourier self-deconvolution of amide I spectra for the silk/R5
composite before (A) and after (B) silicification. Percentage of the secondary structural
elements in the composites (C). Key: open circles, measured data; wide solid line,
summation of Gaussian peaks; thin solid lines, individual amorphous Gaussian peaks.
The assignment of amide I bands was taken from the literature [156,158]. The content of
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non-crystalline structures including random coil and α-helix simultaneously diminished
after silicification (α-helix: from 12±2% to 10±1%; random coil: from 22±2% to 18±2%),
while the percentage of β-sheet crystalline structure increased after silicification (from
36±3% to 48±4%).

The secondary structure of the R5 peptides was characterized as disparate random coil
ensembles in solution, which remain unchanged during silicification in silicic acid solution,
as suggested by circular dichroism spectra and de novo structure predictions [162]. Our
recent work has demonstrated that the secondary structure of R5 remained unchanged in
the silk-R5 conjugates after silicification, as identified by computational simulations [131].
In addition, we characterized the swelling ratio and water uptake percentage of the gradient
composites (Figure 2-9, 2-10). The hydration properties of silk composites are valuable
impactors on bone tissue formation. The swelling ratios of the low, medium and high
regions in the GSSR5 composites are 11.0±1.6, 8.2±0.5, 5.4±1.3, respectively, while the
water uptake percentage of the low, medium and high regions are 95.7±0.02%, 91.9±0.04%,
92.4±0.05%, respectively. The silk scaffolds with a corresponding decrease in pore sizes
showed decreased swelling ratio. Water uptake of the aqueous-derived scaffolds in distilled
water remained constant, regardless of the concentration of silk fibroin and pore sizes in
the scaffolds.
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Figure 2-9. Characterization of swelling ratio in the gradient composites.

Figure 2-10. Characterization of water uptake percentage in the gradient composites.

Our recent work has characterized the hydration properties of silk-based scaffolds for bone
tissue engineering and their effects on bone formation [160,164–166]. Silk based scaffold
materials offered beneficial hydrophilicity for cell adhesion and survival, while also
maintained appropriate swelling ratio to avoid scaffold deformation [160,164–166]. There
was no significant difference in cell proliferation in silk scaffolds with different pore sizes
and the corresponding swelling ratios [160]. Furthermore, quantification of bone
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differentiation parameters showed that silk scaffolds with different pore sizes and the
corresponding swelling ratios resulted in comparable calcium deposition and bone volume
[164]. In summary, silk based materials offered beneficial hydrophilicity for cell adhesion
and survival, while also maintaining appropriate swelling ratios to avoid scaffold
deformation, as demonstrated in our previous work [77, 85-87].

2.5 Conclusions
3D GSSR5 composites were developed through integration of enzymatically triggered
protein gelation and R5-induced gradient silicification. This composite system offers
continuous transitions in terms of composition, structure and mechanical properties. Highly
tunable silk elastomers were created with gradient inclusion of mineralization domains.
The spatial distribution of functional peptides coupled into the hydrogel lead to patterning
gradients of mineralization domains with varied sizes and density, which in turn impact the
physical gradient of the system, such as mechanical stiffness, porosity and topology. These
features will ultimately interact with the cellular response to the composites and can be
optimized to achieve proper physical and biochemical properties in order to support cell
proliferation, distribution and differentiation, thus enhance the osteochondral regeneration
in these 3D systems. This novel biomaterial design offers a promising strategy to meet a
broad range of needs in regenerative medicine involving osteochondral tissue engineering,
as well as graded tissue interfaces.
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3.
Chapter 3. Directing in vitro cell differentiation towards
osteochondral lineages in the gradient systems for osteochondral
tissue engineering
3.1 Abstract
The composite system exhibited continuous transitions in terms of composition, structure
and mechanical properties, as well as cytocompatibility and biodegradability. The gradient
silicified silk/R5 composites promoted and regulated osteogenic and chondrogenic
differentiation of human mesenchymal stem cells in an osteoinductive and chondroinductive environment in vitro, respectively. The cells differentiated along the composites
in a manner consistent with the cellularity trends in osteochondral tissues. Moreover, these
continuous gradient structures endowed the composites with gradient ECM deposition.
This novel biomimetic gradient biomaterial design offers a useful approach to meet a broad
range of needs in regenerative medicine.

3.2 Introduction
Gradient silk protein-based composites coupled with the silica selective peptide R5 were
generated with versatile and tunable spatial gradients of mineralization domains in 3D
biomaterial substrates. The resulting composite system offered gradient chemical,
mechanical and structural properties that mimic the intricate features of osteochondral
interface tissues. These functional protein/mineral systems can be used to direct localized
in vitro stem cell differentiation towards osteogenic and chondrogenic lineage for
osteochondral tissue engineering.
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3.3 Materials and Methods
3.3.1 hMSC culture in the gradient systems
Human mesenchymal stem cells (hMSCs) were isolated from fresh bone marrow aspirate
(Lonza, NJ, USA) from a healthy, non-smoking, young male as previously described
[167]. hMSCs were cultured in expansion medium containing Dulbecco's modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential
amino acids, 1% antibiotic/antimycotic (100U mL−1 penicillin, 100 µg mL−1
streptomycin, 0.25µg mL−1 fungizone) and 1 ng/ml fibroblast growth factor-basic
(bFGF). For cell seeding, gradient silicified silk/R5 hydrogels were frozen at -20°C,
lyophilized and autoclaved for sterilization. Cells at passage 2–3 were seeded at 1 million
per GSSR5 composite (50 μl volume), and allowed to attach for 1 hours prior to flooding
the composites with growth media. The growth medium contained DMEM supplemented
with 10% FBS, 1% non-essential amino acids and 1% antibiotic/antimycotic. All cell
cultures were incubated at 37°C supplemented with 5% CO2. After 24 hours, the cultures
were switched to osteogenic differentiation medium consisting of DMEM with 10% FBS,
1% antibiotics-antimycotic, 1% non-essential amino acids, 10 mM β-glycerol-2phosphate (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), and 0.05 mM Lascorbic acid (Sigma-Aldrich). For chondrogenic differentiation, the cultures were
maintained in chondrogenic differentiation medium at 37°C supplemented with 5% CO2.
The medium was changed every 2-3 days. Unsilicified plain silk hydrogel scaffolds
served as controls.
hMSC proliferation in the composites was monitored by Alamar blue dye reduction assay
following the manufacturer’s protocol. Viable cells in the composites after 19-day culture
were observed using a live/dead assay kit. The actin expression of hMSCs in three-
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dimensional (3D) cell culture was visualized by fluorescence F-actin staining following
the manufacturer’s instructions.
3.3.2 Histology
The samples were harvested after 6 weeks of culture in osteogenic media and fixed in 4%
phosphate-buffered saline (PBS)-buffered paraformaldehyde at 4°C overnight. The
samples were then dehydrated through graded ethanol (70%, 90%, 95% and 100%),
embedded in paraffin and sectioned at 8 µm thickness. Hematoxylin and eosin (H&E)
staining was performed based on standard histochemical techniques. Calcium deposition
was analyzed using the von Kossa stain method [168]. Sirius red staining was performed
using the Picro-Sirius red stain kit (Abcam, UK) according to the manufacturer’s
instructions for the assessment of collagen fibers. The proteoglycan expression of hMSCs
in three-dimensional (3D) cell culture was visualized by Alcian blue staining following the
manufacturer’s instructions. Samples were imaged using a BZ-X700 series microscope
(Keyence, IL, USA).

3.3.3 Immunohistochemistry
Samples were harvested after 6 weeks of culture in osteogenic media and fixed in 4% PBSbuffered paraformaldehyde overnight. The samples were dehydrated through graded
ethanol (70%, 80%, 90%, 95% and 100%), embedded in paraffin and sectioned (8 µm).
Immunostaining

of

collagen

type

I

were

performed

based

on

standard

immumohistochemical techniques. Briefly, tissue sections were rehydrated and treated
with 5% BSA for 1 h. The samples were treated with anti-collagen I or collagen II
antibodies (Abcam, UK) for overnight at 4°C and then washed with PBS. The samples
were stained with secondary antibodies (Abcam, UK) for 1 h at room temperature and
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washed with PBS. Images were taken on a BZX-700 microscope (Keyence Corporation,
IL).

3.3.4 Gene expression.
Samples were collected at desired time points, rinsed in PBS and stored in TRIzol reagent
at -80°C until analysis. Total RNA was isolated using the PureLink® RNA Mini Kit. The
RNA was reverse-transcribed to synthesize cDNA using the High Capacity cDNA Reverse
Transcription Kit according to manufacturer’s instructions. Real-time PCR amplification
was performed on 1 µg cDNA using TaqMan® Universal PCR Master Mix with an ABI
Prism 7000 Sequence Detection System (Applied Biosystems, USA). Primer sequences
from TaqMan® Gene Expression Assays included the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH, Hs99999905_m1), osteogenic genes Runt-related
transcription factor 2 (Runx2, Hs00231692_m1), collagen type I (Col1, Hs00164004_m1),
alkaline

phosphatase

(ALP,

Hs01029144_m1),

and

bone

sialoprotein

(BSP,

Hs00173720_m1). Gene expression was normalized to GAPDH using the comparative Ct
(2-ΔΔCt) method.

3.3.5 Statistical analysis
Paired or unpaired Student t-tests, as appropriate, were used to determine statistical
differences between groups. One-way ANOVA was used when comparing features
between groups. In all cases, n > 3 were used for data sets (p < 0.05 or 0.01). GraphPad
software (GraphPad Prism software, CA) was utilized.

3.4 Results and Discussion
3.4.1 Cytocompatibility evaluation of the GSSR5 composites.
The lyophilized GSSR5 composites with gradient matrix pore structure were seeded with
hMSCs to guide cell growth and proliferation and to evaluate the cytocompatibility of the
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composites in comparison with uniform silk/R5 composites and unsilicified plain silk
controls. After a 19-day culture, hMSCs exhibited favorable metabolic activity, spread out
their actin filaments and aligned with the pores of the composites with uniform distribution
(Figure 3-1A, D).

Figure 3-1. Fluorescence staining of actin (green) and nuclei (blue) of hMSCs in the
GSSR5 composites in growth medium at day 19 (A). HMSCs spread out actin filaments,
aligned with the pores and evenly distributed in the GSSR5 composites after 19-day culture.
Live/dead staining of hMSCs cultured in the GSSR5 composites in growth medium at day
3 (B), day 11 (C) and day 19 (D). Strong green fluorescence with minimal visible red
fluorescence demonstrated the cytocompatibility of the material. Alamar blue assay (E)
showed the proliferation of hMSCs in the gradient (square), uniform (circle) and
unsilicified plain silk control (triangular) composites over a 19-day period (n>3). Uniform
silicified silk/R5 composites had a silk/R5 molar ratio of 1/125. Unsilicified plain silk
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composites served as controls. Scale bar, 200 μm. (*Significantly different from day 3 (p
< 0.01))

Alamar blue assay showed comparable proliferation of hMSCs in the gradient, uniform
and control groups during the culture (Figure 3-1E). There was a significant increase of
fluorescence intensity from day 3 to day 15 indicating favorable cell proliferation in all
groups during the culture period (p<0.01). Strong green fluorescence with minimal visible
red fluorescence (Figure 3-1 B-D) was detected from the live/dead staining of hMSCs in
the GSSR5 composites during the culture, indicating the cytocompatibility of the material.

3.4.2 The GSSR5 composites offered tunable osteogenic differentiation and
calcium deposition in 3D cell culture.
HMSCs were seeded into the lyophilized GSSR5 composites and unsilicified plain silk
controls and cultured under osteogenic conditions for 6 weeks. H&E staining revealed
heterogeneous cell morphologies, e.g., enlarged cuboidal cells in the regions with high
peptide loading, while most cells remained undifferentiated with a more elongated shape
in the regions with low peptide loading, as well as in the unsilicified plain silk controls
(Figure 3-2 A-D).
Von Kossa staining revealed increased calcification in the GSSR5 composites with high
loading of peptide, compared to the medium and low loadings and to the controls (Figure
3-2 E-H). Histological analysis revealed that hMSCs cultured in high regions deposited
minerals more intensely which clustered in the interstitial spaces of the pores and extended
to the walls of the pores, while the medium and low regions showed less mineral deposition.
Unsilicified controls showed minimal staining of calcium. The area ratio of calcium
staining in the low regions were significantly lower than those in the medium regions,
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which were lower than those in the high regions in the gradient composites (Figure 3-3,
p<0.01).

Figure 3-2. Histological sections taken from the unsilicified plain silk controls (A, E, I),
and the GSSR5 composites with low (B, F, J), medium (C, G, K) and high (D, H, L)
loadings of the R5 peptide after 6-week culture of hMSCs in osteogenic medium. H&E
staining (A, B, C, D), von Kossa staining (E, F, G, H) and Sirius red staining (I, J, K, L).
Schematic representation of cell differentiation along the GSSR5 composites (M). Scale
bar, 50 μm (A-D); 200 μm (E-L). Unsilicified plain silk composites served as controls.
Arrows indicate calcification; asterisks indicate composites. O, osteoblast-like cells; C,
collagen-like bundles; F, fibroblast-like cells.

Sirius red staining confirmed the secretion of collagen fibers in the GSSR5 composites
(Figure 3-2 J, K, L), whereas minimal collagen fibers were present in the controls (Figure
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3-2I). The deposition of bone-specific ECM in the gradient composites was evidenced by
immunofluorescence staining of collagen type I which is the major bone matrix component
[169,170]. Regions with high loading of the peptides showed stronger expression of
collagen type I compared to the medium regions, while minimum expression of collagen
type I was observed in the low regions of the gradient composites as well as in the controls
(Figure 3-4). Bone-like tissue formation was supported within the high region of the
composites, while most cells remained in undifferentiated state in the low region. The cells
differentiated along the composites in a manner consistent with the R5-gradient profile
(Figure 3-2M).

Figure 3-3. Characterization of the area ratio of calcium staining by von Kossa in the
gradient composites. (**Significantly difference (p < 0.01))

Figure 3-4. Immunostaining of collagen type I taken from the unsilicified plain silk
controls (A), and the GSSR5 composites with low (B), medium (C) and high (D) loadings
of the R5 peptide after 6-week culture of hMSCs in osteogenic medium. Scale bar, 50
μm.
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After six weeks of culture, strong transcript levels of bone markers (Runx2, collagen type
I, ALP and BSP) were observed in hMSCs cultured in the lyophilized GSSR5 composites
and uniform silk/R5 composites compared to the unsilicified silk controls represented by
the baseline (Figure 3-5). A signiﬁcant increase in Runx2 transcript levels in the GSSR5
and uniform composites was observed after 6 weeks (p < 0.05) (Figure 3-5A), supporting
the commitment of these composites to induce hMSC differentiation toward the osteogenic
lineage.
The expression of collagen type I, the most abundant extracellular matrix protein in bone,
was comparable between all four groups after 6-week culture (Figure 3-5B). The
expression of alkaline phosphatase was up-regulated by 2-fold in regions with high loading
compared with that in the controls (Figure 3-5C), indicating advanced osteoblast
development and matrix maturation to prepare for mineralization in the high region [171].
Moreover, the expression of BSP, the late-stage osteogenic differentiation marker, was
significantly improved in the GSSR5 and uniform composites than that in the controls after
6 weeks (p < 0.05, Figure 3-5D), which further supported the upregulation of osteogenesis
in these composites.
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Figure 3-5. Transcript levels from hMSCs cultured in the GSSR5 composites under
osteogenic conditions after 6 weeks. Expression of Runx2 (A), collagen type I (B), alkaline
phosphatase (ALP, C) and bone sialoprotein (BSP, D). Data are shown relative to the
expression of the respective genes in hMSCs cultured in unsilicified plain silk controls.
Uniform silicified silk/R5 composites had a silk to R5 molar ratio of 1 to 125. The solid
grey line represents the average of control and standard deviation is represented by dashed
grey line. (*Significantly different from unsilicified silk controls (p < 0.05))
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3.4.3 The GSSR5 composites offered tunable chondrogenic differentiation
and cartilage-like ECM deposition in 3D cell culture.
After 4 weeks of hMSC culture in chondrogenic medium, round cells and positive
extracellular matrix staining by Alcian blue and collagen type II staining were observed in
low regions of the gradient composites, while most cells in medium and high regions
appeared to be elongated shape with less ECM staining observed (Figure 3-6). The
formation of the proteoglycan-rich matrix in the gradient composites indicated that these
composites could be expected to support the formation of cartilaginous tissue during
osteochondral regeneration corresponding to the distribution and structure of native hyaline
cartilage.

Figure 3-6. Alcian blued (A-D) and collagen type II (E-H) staining of histological sections
taken from the GSSR5 composites with control (A, E), low (B, F), medium (C, G) and high
(D, H) loadings of the R5 peptide after 4-week culture of hMSCs in chondrogenic medium.
The formation of the proteoglycan-rich matrix in the gradient composites indicated that
these composites supported the formation of cartilaginous-like tissue. Scale bar, 50 μm.

In summary, when seeded with hMSCs and cultured in osteogenic medium, the GSSR5
composites showed elevated transcript levels of the osteogenic genes, increased collagen
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secretion and calcium deposition when compared with the unsilicified silk controls.
Increased osteogenic gene expression corroborates the development of advanced
osteoblasts, the maturation of extracellular matrix and mineral accumulation [102]. The
formation of the proteoglycan-rich matrix in the gradient composites indicated that these
composites supported the formation of cartilaginous-like tissue. Appropriate matrix design
is crucial to successful tissue engineered interface grafts and provides a foundation to
explore the mechanics and biological function. This gradient silk/silica matrix with
structurally, mechanically and biologically relevant properties is considered to eventually
meet the needs for tissue engineered osteochondral interface grafts, while there are clearly
many steps to go before in vivo validation can be pursued.
The GSSR5 composites combined two key structural properties–strength of the protein
templates and toughness of biosilica. Biosilica can effectively stimulate osteoblast
differentiation, inhibit osteoclastic activity and enhance mineral deposition in bone tissue
[172]. However, the degradability of biosilica is limited, and the materials by themselves
are brittle, which make it difficult to generate useful 3D materials [173,174]. To solve these
problems, several silk/R5/biosilica composites [73,113,175] have been developed for
osteogenesis in the form of two-dimensional (2D) films, due to the excellent
biocompatibility [141,176,177], tunable mechanical properties [161], and low
inflammatory response [178,179] of silk. In these systems, the R5 peptide has been either
genetically [73,113,114,175] or chemically [114] fused to the silk to control the assembly
and deposition of the silica particles in the silk films for osteogenesis. The R5 peptide
contains lysine residues which are crucial in mediating the polycondensation of silica
nanospheres during silicification [180,131]. Previous work has demonstrated that the R5
peptides promoted the intermolecular interactions of biosilica particles and the peptide.
The hydrophobic nature of the R5 peptide led to entropically favored peptide aggregates,
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while the positively charged residues on the R5 peptide activated silica precipitation
through an electron-donor-acceptor mechanism [128,131]. The combination of the silk and
silica promoted the osteogenic differentiation of hMSCs and enhanced nodular mineral
deposits on the films. Biosilica also accelerated cell proliferation, upregulating
osteoprotegerin (OPG) and bone morphogenetic protein 2 (BMP2) expression in
osteogenic cells on silicatein/biosilica-modified substrates [71]. However, several
problems still exist, as 2D systems fail to mimic the complex cellular environments in vivo
[142]. Moreover, constructs with uniform physical and chemical properties lack the
spatially and structurally defined hierarchical architecture that exists in native tissues and
fail to recreate the natural graded interface [4].
In this study, GSSR5 composites obtained continuous variation in compositional,
physiological and mechanical properties and created 3D biomimetic cellular niches for
osteogenic differentiation to better mimic the complex cellular environments in vivo with
more representative response to the external stimuli in the surroundings [142,181]. More
importantly, these combined gradients not only offered a favorable platform to template
mineral deposition, but also provided a suitable process that reproduced the role of cells.
The variation in mineralization, together with the structural and mechanical gradients,
triggered the cells to promote localized mineralization within the matrix. Cells deposited
minerals to the protein/biosilica matrix which further strengthened and hardened the
material itself. Bone-like tissue formation was supported within the subchondral end of the
composites (high region), while most cells remained in undifferentiated state in the low
region. The spatial osteogenesis of hMSCs along the gradient composites was confirmed
by the heterogeneous cell morphologies and varied calcification from the histology results,
the gradient expression of collagen type I as well as the elevated transcript levels of
selective bone markers in the GSSR5 composites.
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In the protein/biosilica composites, the mineralization domains acted as special loci to
support the formation and accumulation of HA crystallites with small size and low
crystallinity, which are important for the biochemistry of biomineralization [101]. Biosilica
bound to the mineralization domains were immobilized in the silk matrix and induced the
collagen synthesis [71,95,113,182]. Collagen fibers then further promoted the mineral
deposition and bound to apatite crystals resulting in intercalating mineral structure
[101,183,184]. Upon the formation of the apatite nuclei, spontaneous growth of apatite
occurred by the addition of calcium and phosphate ions from surrounding medium. The
features above derived from the molecular-level organic-inorganic interfaces were
established by the presence of the R5 peptide template, combined with the regional control
of such chemistries within the gradient design.
The GSSR5 composites also transmitted favorable gradient physical stimuli including
mechanics, mass and architecture to cells towards osteogenic lineage. These GSSR5
composites exhibited gradient pore microstructures, large pore size and an interconnected
pore structure which affected the osteogenic differentiation through various aspects,
notably surface area, matrix deposition and nutrient diffusion [164]. Enhanced
osteogenesis was observed in the stiffer regions of the GSSR5 composites. This mechanical
stimulus, via matrix stiffness, could affect cellular distribution, metabolic activity and the
ultimate mechanics of the tissue itself [185,186]. The stem cells differentiating towards
osteogenic lineage adhered better to rigid substrates and tended to form mineralized
nodules on rough surfaces [164]. More information is needed to establish whether
differential cell behaviors were due to the biomimetic cues (the R5 peptide, biosilica), the
mechanical transitions or the architectures of the composites.
The soft tissue-bone tissue interface is characterized by an elevated level of heterogeneous
structural architecture to facilitate joint function [187–189]. This gradient protein/biosilica
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system holds benefits in supporting cell growth and differentiation, mimicking the native
matrix heterogeneity and exhibiting tunable mechanics, which make it a promising strategy
design for interfacial tissue repair. However, limitations in soft tissue-bone repair would
need to be addressed before the gradient composites can be used in vivo. For example,
tendon-bone interface repair exhibits significant clinical challenges in promoting the
biological fixation of the engineered grafts with the implant sites and facilitating the
functional integration of tendon with bone after injury. Such fixation requires the
engineered graft to be pre-incorporated into the strategic design of the replacement grafts
in order to restore the function of the tissue interfaces [189–191].
In summary, such composite materials can be used to study the growth of natural tissues
and the processes of regeneration, but also to act as tissue engineering constructs in vitro
and in vivo, such as for osteochondral plugs. Silk-based materials offered beneficial
hydrophilicity for cell adhesion and survival, while also maintaining appropriate swelling
ratios to avoid scaffold deformation, as demonstrated in previous work [160,164–166]. The
biocompatibility of the silk-based materials has been demonstrated in vivo previously. Silk
hydrogels enzymatically crosslinked by HRP and H2O2 were implanted subcutaneously in
a mouse model and showed progressive cell infiltration and degradation [161]. Also, the
system can be easily scaled up to match the dimension of critical osteochondral defects. To
this end, further optimization would be useful, such as to extend the range of mechanics
through increasing the silk concentration and molecular weight within the composites. The
highest mechanics obtained in the GSSR5 composites may not reach that of the native bone,
as the stiffness of fresh cancellous human bone is around 700 MPa [192]. However, the
scaffold could be supported by the surrounding bone and invaded by the formation of new
bone during degradation.
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More importantly, the incorporation of biosilicification domains into the biocompatible
silk substrates under mild (peptide-mediated) conditions provides other potential
applications. Surface modifications of the inert biosilica particles would allow for
encapsulation of biomolecules, e.g., enzymes, and drugs which are sensitive to heat or
caustic chemicals [151]. The incorporation of biosilicification domains into the silk
substrates also provides opportunities to encapsulate various functional peptides and
molecules. For example, a variety of polycationic peptides e.g. silaffin that are able to
precipitate silica nanospheres individually can be encapsulated in the silk substrates,
leading to advanced functional materials with different mineral morphology and
organization [39,88]. Depending on the peptide used for biomineralization and the external
physical/chemical stimuli, different silica structures can be generated including sphere-like
(with R5), fibrous structures (with p-(lys)1642) and platelike (with p-(lys)189) in vitro
[193]. This novel gradient biomaterial design offers a useful approach to meet a broad
range of needs in regenerative medicine involving interfacial tissue engineering.

3.4.4 Conclusions
3D GSSR5 composites were developed through integration of enzymatically triggered
protein gelation and R5-induced gradient silicification. This composite system offers
continuous transitions in terms of composition, structure and mechanical properties as well
as cytocompatibility and biodegradability. The GSSR5 composites were competent to
promote and regulate the osteogenic and chondrogenic differentiation of human
mesenchymal stem cells in vitro respectively. The cells differentiated along the composites
in a manner consistent with the trends in osteochondral tissues. This novel biomaterial
design offers a promising strategy to meet a broad range of needs in regenerative medicine
involving osteochondral tissue engineering, as well as graded tissue interfaces.
Furthermore, this strategy offered a platform to create clinically relevant tissue engineered
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composites through encapsulating other functional molecules and proteins and to screen
for optimal doses and combinations in a 3D environment.
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4.
Chapter 4. Coding cell micropatterns through peptide
inkjet printing for arbitrary biomineralized architectures
4.1 Abstract
Well-designed micropatterns present in native tissues and organs involve changes in
extracellular matrix compositions, cell types and mechanical properties to reflect complex
biological functions. However, the design and fabrication of these micropatterns in vitro to
meet task-specific biomedical applications remains a challenge. We present a de novo
design strategy to code and synthesize functional micropatterns to engineer cell alignment
through

the

integration

of

aqueous-peptide

inkjet

printing

and

site-specific

biomineralization. The inkjet printing provides direct writing of macroscopic biosilica
selective peptide-R5 patterns with micrometer-scale resolution on the surface of a
biopolymer (silk) hydrogel. This is combined with in situ biomineralization of the R5
peptide for site-specific growth of silica nanoparticles on the micropatterns, avoiding the
use of harsh chemicals or complex processing. These well-designed protein/mineral
systems were used to align human mesenchymal stem cells and bovine serum albumin.
This combination of peptide printing and site-specific biomineralization provides a new
route for developing cost-effective micropatterns, with implications for broader materials
designs.

4.2 Introduction
Micropatterns are characteristic and intriguing features widely found in native tissues and
organs, such as diatoms, plant cell walls, arthropod exoskeletons and bones, among many
other systems [28,29]. These bio-micropatterns enhance mechanical performance (such as
strength and toughness) of tissues and organs, and also support biological functions,
including structural support, defense and prey capture, yet formed from a limited set of
components (e.g., proteins, polysaccharides, minerals) [30,31]. For example, the highly
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ordered periodic hexagonal or plywood-like micropatterns found in diatoms and arthropod
exoskeletons enhances toughness thousands of times greater than the pristine minerals, and
the iridescence derived from these features (known as structural color) provides adaptive
biological functions such as mating, signaling or camouflage [28,32–34]. Axially aligned
cell micropatterns in human muscle tissues provide structural anisotropy to maintain
contraction and tension resistance for tendons to facilitate mechanical functions, motility
and survival [35]. The spatial oriented micropatterns of collagen as parallel fiber bundles
in tendons, concentric waves in bone and oriented fibrils in cartilage, are always
accompanied with mechanical benefits and support cellular functions to these tissues and
organs [36–38].
A variety of biomineralization strategies have been applied to mimic the components,
structure and function of natural micropatterned tissues, including photolithography,
microcontact printing and laser patterning, among others [31,35,39–41]. The resultant
micropatterns suggest promising applications in regenerative medicine, microelectronics,
drug screening, and optical and biomedical sensors [42,79]. In particular, silica-based
micropatterns play a critical role in many biomedical fields, including tissue engineering,
controlled drug delivery, cell transplantation, optics, electronics as well as in vitro tissue
models, due to the outstanding biocompatibility, high versatility and osteoinductive
properties of silica [39,42–45]. However, most of these silica patterns are created in harsh
conditions, such as extremely high temperature and/or pressures, strongly acidic solutions,
or complicated and energy-intensive processing techniques [194]. Moreover, the silica
patterns generated by these methods usually exhibit weak substrate bonding to rigid
substrates, thus can be damaged easily due to the inherent brittleness of silica [42]. These
features reduce the broader utility of these systems due to costs or material weak points,
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and certainly limit direct processing and integration with biological components such as
cell or bioactive therapeutics.
In contrast, organisms such as diatoms, which are known for their complex and intricate
silica architectures, construct silica micro-/nano- patterns with precise control through
bottom-up growth under physiological and ambient conditions without additional chemical
treatments or post-processing steps [65]. For instance, biosilica morphogenesis in the
diatom cell wall consists of a matrix of organic macromolecules, i.e., native silaffin-1A
(natSil-1A) protein for silica formation and native silaffin-2 (natSil-2) protein for biosilica
template organization. During in vivo silicification, natSil-1A triggers and mediates the
formation of the silica particles, while natSil-2 moderates the activities of natSil-1A to form
organized patterns through molecular self-assembly and phase-separation processes
[65,94].
Inspired by the route that nature uses to synthesize micropatterns, in the present study, we
present a de novo strategy to code and synthesize bio-micropatterns for engineering cell
alignment. A series of previous studies have confirmed that micropatterns play a dominant
role in controlling cell-to-cell interactions, the microenvironment of individual cells and in
turn the decisions related to cell differentiation [79,195,196]. Here, the core methodology
for the design is the synergistic integration of aqueous-peptide inkjet printing and sitespecific biomineralization. The inkjet printing allows for non-contact, maskless, direct
arbitrary coding micropatterns with versertality and repeatability, and more importantly,
can be scaled-up to accelerate material assembly processes [197,198]. Piezo-electric driven
actuator dispenses droplets at different volume in a drop-on-demand (DOD) inkjet printer,
which can accept a wider range of ink and cause less damage to bioactive substances as
compared to thermal actuation [197,199,200]. When in combination with functional inks
and/or active substrates, this technique can be utilized in biofabrication for applications in
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biosensors, therapeutics, and regenerative medicine[200–202]. Nature typically constructs
patterns during growth phases, which is usually a slow process that takes place over months
to years or even hundreds of years. This low production efficiency cannot match the
requirements of commercial production. In contrast, site-specific biomineralization (in situ
biosilicification) can form well-organized silica structures on the micropatterns while
avoiding the use of harsh chemicals and energy-intensive processing. Furthermore, the silk
fibroin (hereinafter referred to as silk) protein-based substrates offer biocompatibility,
degradability and tunable mechanical properties to meet different requirements related to
biomaterials, tissue engineering and regenerative medicine depending on the specific goal
of a project [123,203]. Through these synergistic approaches, we obtained macroscopic
silica patterns with micrometer resolution. The dimensions of these micropatterns can be
initiated at small scale, while also scalable to sub-meters to match the dimension of human
tissues (e.g., centimeter to meter scale) [198]. Finally, in vitro cell culture experiments
confirmed that human mesenchymal stem cells (hMSCs) successfully aligned with the
printed silica patterns on the silk hydrogels. Fluorescence microscopy showed that bovine
serum albumin (BSA) was aligned to the R5/biosilica micropatterns. This combination of
peptide printing and site-specific biomineralization provides a new route for developing
cost-effective micropatterns, with implications for broader materials designs.

4.3 Materials and Methods
4.3.1 Materials
All chemical reagents used for making the micropatterned hydrogels were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise specified. All materials and reagents used
for cell culture and analysis were purchased from Thermo Fisher Scientific (Waltham, MA)
unless otherwise specified.
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4.3.2 Preparation of aqueous silk fibroin solution
Silk fibroin solutions (referred to silk in the paper) were prepared using our previously
established procedures [152]. Briefly, ten grams of silk cocoons were cut into pieces and
boiled in 4 L of 0.02 M sodium carbonate solution for 30 min to remove the coating of
sericin protein. Degummed fibers were rinsed with deionized water three times and dried
in air overnight. Five grams of dried fibers were dissolved in 20 ml of 9.3 M lithium
bromide solution at 60°C for 4 h. The silk solution was then dialyzed against deionized
water using a dialysis cassette (Pierce 3.5 kDa MWCO; Fisher Scientific, PA) for 2 days.
The solubilized silk solution was then centrifuged twice at 9000 RPM, 4°C for 20 min to
remove insoluble particulates. Protein concentration was determined by drying a known
mass of the silk solution at 60°C for 12 h and measuring the mass of the remaining solid.

4.3.3 Inkjet printing of the R5 peptide on the silk protein substrate
The biosilica selective peptide R5 (H-SSKKSGSYSGSKGSKRRIL-OH) with a purity of
95% was synthesized by GenScript (Piscataway, NJ). Lyophilized horseradish peroxidase
(HRP, type VI) powder and the R5 peptide powder were dissolved in deionized water to
form a stock solution of 1000 U/mL and 100 mg/mL, respectively. To initiate the silk
gelation, 6 µL of 1kU/ml HRP and 5 µL of 1% H2O2 solution were mixed with 1 mL of 6
wt% silk solution in a pre-made polydimethylsiloxane (PDMS) mold (size L×W×T:
60×24×0.6 mm), and left at 37℃ for 8 minutes before printing the R5 peptide [139]. The
printing was conducted at ambient conditions by a Dimatix Material Printer DMP-2830
equipped with Dimatix Materials Cartridges (DMS-11610 21 µm nozzle diameter, Fujifilm,
Santa Clara, CA). A custom designed jetting waveform was created, and the R5 peptide
solution was jetted at two firing voltages 40V and 25V to achieve different drop volume.
Gap spacing between lines were 20 µm, 50 µm, 100 µm or 200 µm. Drop spacing was 20
µm. The distance between the print head and the substrate was 300 µm. After printing, the
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silk hydrogel was left in a humidified chamber at room temperature for 2 hours to allow
sufficient bonding between the silk hydrogel and the R5 peptide.

4.3.4 In vitro silicification.
Biosilica deposition was introduced into the patterned hydrogels post printing. Prehydrolyzed tetraethoxysilane (TEOS) solution was prepared by mixing 223 μl of TEOS
solution with 776 μl of 50% ethanol/water solution, 10 μl of 1 M hydrogen chloride (HCl)
and left at room temperature for 15 min. The patterned hydrogel was then covered by 1 ml
silicifying medium consisting of 30 μl prehydrolyzed TEOS solution and 970 μl buffer
solution (65 μl 1 M bis-tris propane, 35 μl 1 M citric acid solution and 870 μl deionized
water) and allowed for silicification at room temperature for 12 hours, respectively. After
silicification, the patterned hydrogels were rinsed with DI water to remove excess reagents
and stored at 4°C for further characterization.

4.3.5 Morphology and structural characterization
The morphologies of the micropatterns were characterized by scanning electron
microscopy (SEM, Ultra 55 field emission scanning electron microscopy, Carl Zeiss, AG)
at an acceleration voltage of 5 kV. To prevent electrical charging, all specimens were
coated with a 5-nm-thick Au layer before observation. The samples used for morphology
characterization were treated by critical point drying (Tousimis 931 GL, MD). The
structures of the biosilica nanoparticles were characterized by Atomic Force Microscopy
(AFM) on a MFP-3D-BIO AFM instrument (Asylum Research, CA) in tapping mode. NPO10 SiN probes were used (k = 0.12 N/m, Bruker Corporation, MA). Fourier transform
infrared (FTIR) spectroscopy mapping was performed using a Bruker LUMOS FTIR
microscope system (Bruker, MA), equipped with a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector. The images of samples were obtained in ATR mode
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with an individual pixel size about 57 × 40 µm over a field of view of 1032 × 397 μm. For
FTIR mapping, spectra were collected in the mid-infrared (MIR) range of 800–3600 cm-1
at a resolution of 4 cm-1 with 26 co-added scans. All the data collection and processing
were performed using OPUS 6.5 (Bruker, MA) at Harvard University Center for Nanoscale
Systems.

4.3.6 Fluorescence microscopy of the fluorescent-labeled peptide
micropatterns
The

fluorescein

isothiocyanate

(FITC)-labeled

R5

peptide

(FITC-

SSKKSGSYSGSKGSKRRIL-OH, GenScript, NJ) was added into the R5 peptide solution
in a molar ratio of 1/400. The resultant peptide mixture was used to create the ink for
printing, following the same silicification process as described earlier. The FITC-labeled
micropatterns on the silk hydrogels were imaged using the BZ-X700 series microscope
(Keyence, IL, USA).

4.3.7 hMSC culture
Human mesenchymal stem cells (hMSCs) were isolated from fresh bone marrow aspirate
(Lonza, NJ) as previously described[193] and used in the cell alignment study. hMSCs
were cultured in expansion medium containing Dulbecco's modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids,
1% antibiotic/antimycotic (100 U ml−1 penicillin, 100 μg ml−1 streptomycin, 0.25 μg ml−1
fungizone) and 1 ng/ml fibroblast growth factor-basic (bFGF). Patterned hydrogels were
sterilized in 70% ethanol for 5 hours prior to cell seeding. Cells at passage 2-3 were seeded
onto the patterned and unpatterned control hydrogels from suspension in culture medium
at a concentration of 2 × 104 cells/cm2. Cultures were maintained in growth media
containing DMEM supplemented with 10% FBS, 1% non-essential amino acids and 1%
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antibiotic/antimycotic. All cell cultures were incubated at 37°C supplemented with 5% CO2.
The actin expression of hMSCs in three-dimensional (3D) cell culture was visualized by
fluorescence F-actin staining and counterstained by DAPI following the manufacturer's
instructions. Unpatterned plain silk HRP hydrogels served as controls.

4.3.8 Microscopy and analysis
Cell samples were rinsed in PBS and fixed in 4% paraformaldehyde (PFA) for 2 hours. For
SEM analysis, samples were serial dehydrated in ethanol, critical point dried under CO2,
Au sputter-coated, and imaged. For confocal microscopy, stained cells were imaged with
a Leica DMRX microscope (Leica Microsystems Inc., IL). HMSC alignment was
quantified using ImageJ software (NIH, Bethesda, MD) with a plug-in OrientationJ to
calculate the directional coherency coefficient of F-actin filaments. The coherency
coefficient ranges from 0 to 1. A coherency coeffient close to 1 represented as a slender
ellipse, indicating the filaments strongly oriented in the direction of the ellipse long axis
and greater cellular alignment [204].

4.3.9 Protein alignment on the micropatterned hydrogels
Fluorescein isothiocyanate (FITC)-labeled bovine serum albumin was added to the R5
peptide solution in a molar ratio of 1/1000. The resultant peptide mixture was used to create
the ink for printing, following the same silicification process as described earlier. FITClabeled BSA alone served as a control. The FITC-labeled micropatterns on the silk
hydrogels were imaged using the BZ-X700 series microscope (Keyence, IL, USA).

4.3.10 Statistical analysis
Statistical analysis was performed by paired or unpaired Student t-tests, as appropriate, to
determine statistical differences between groups. One-way ANOVA was used when
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comparing features between groups. In all cases, n = 6 were used for data sets (p < 0.05 or
0.01). GraphPad software (GraphPad Prism software, CA) was utilized.

4.4 Results and discussion
4.4.1 De novo design strategy to code mineral micropatterns
Figure 4-1a summarizes the bottom-up route to form biosilica micropatterns on protein
substrates. The starting steps were to prepare the silk hydrogel substrates and the aqueous
peptide ink. The enzymatically crosslinked silk hydrogels were used as protein substrates
due to their biocompatibility, degradability and tunable mechanical properties (Figure 41b).

Figure 4-1. Design strategy and processing diagram of coding micropatterns. (a) De novo
design to create silica bio-micropatterns on protein substrates by in situ mineralization of
silica-binding peptides and inkjet printing. (b) Silk fibroin hydrogelation mechanism. (c)
Biomineralization of biosilica particles catalyzed by the biosilica selective peptide R5.
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The biosilica selective peptide-R5, a bioinspired analog derived from the silaffin peptides
that are used for silica synthesis in Cylindrotheca fusiformis, was selected for the peptide
ink since it can directly serve as a trapping agent to trigger the site-specific in vitro
silicification (Figure 4-1c). Our previous studies indicated that enzymatic cross-linking
between the silk and R5 molecular chains allowed for tight bonding between the substrate
and printed peptide patterns [203].
A freshly printed 1.2 cm-wide peptide logo with micrometer resolution was visually
discernable from the transparent underlying silk hydrogel (Figure 4-2a). The logo was well
bonded with the hydrogels and deformed adaptively with deformation of the hydrogel.
Through inkjet printing of FITC-labeled R5 peptide, well-defined peptide patterns on the
substrates were evidenced by fluorescence images (Figure 4-2b). At the second stage,
these all-protein micropatterns were flooded with a silicifying medium consisting of 3 vol%
prehydrolyzed TEOS solution in buffer to induce biosilica deposition (in vitro silicification)
on the micropattern surfaces.
As a result, macroscopic peptide-biosilica patterns with 1.2 cm width were recognized from
the transparent silk hydrogel (Figure 4-2c). The whole free-standing protein system can be
removed from the container and used for further post-processing (Figure 4-2d). Our
previous studies revealed that the positively charged amino acids dominated the
silicification process, while the silk is negative charged31. As a result, the silica
nanoparticles grew selectively on the R5 peptide patterned surface, represented by the
schematic drawing and confirmed by optical imaging and scanning electron microscopy
(SEM) (Figure 4-2e).
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Figure 4-2. Arrays of biosynthesized silica micropatterns on the hydrogel substrates. (a)
Visual image shows freshly printed peptide logo with 1.2 cm width on the transparent silk
hydrogel. (b) Fluorescence images of FITC-labeled R5 patterns on the silk hydrogels. (c)
Visual image shows mineralized peptide logo with 1.2 cm width on the transparent silk
hydrogel. (d) The whole free-standing protein system can be easily removed from the
container used for gelation. (e) Schematic representation (left) and SEM images (right)
show the linear array of mineralized micropatterns printed with different gap spacing
between lines on the silk hydrogels. (f) AFM topography image of the silica particles on
the mineralized micropatterns scanned over a 2 μm × 2 μm area. (g) The corresponding
graph of the nanoparticle diameter distribution appears a sharp Gaussian distribution with
a center value of ~100 nm, in a range of 50-200 nm. (h, i) SEM images show the spatial
resolution of the gap spacing between two lines decreased to 20 µm and the linewidth
reached 1 µm.
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The silica nanoparticles covered the printed R5 peptide lines with individual diameters of
50-200 nm measured from atomic force microscopy (AFM) topography images (Figure 42f, g). The diameter of these nanoparticles appeared as a sharp Gaussian distribution with
a center value of ~100 nm. In contrast, no silica nanoparticles were observed on the silk
hydrogel alone surfaces.
We further reduced both the pattern linewidth and the gap between each line by adjusting
the drop volume and line spacing during printing to investigate the spatial resolution of the
method, with a gap distance between two lines of 20 µm and 1 µm linewidth reached
(Figure 4-2h, i). Careful examination of the silica nanoparticles on the micropatterns found
that the silica nanoparticles remained bound to the pattern surface and even conformed to
the wrinkled patterns that were caused by post-processing (ethanol treatment or freezedrying). Energy dispersive spectrometer (EDS) mapping of Si and corresponding SEM
image confirmed the presence of Si on the biosilica micropatterns (Figure 4-3).

Figure 4-3. EDS map of Si and corresponding SEM image (inserted) confirmed the
presence of Si on biosilica micropatterns. Scale bar, 5 µm.
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4.4.2 Fourier transform infrared (FTIR) mapping elucidated the structural
details of the mineral micropatterns
FTIR spectrometry coupled with microscope detection, supports mapping of spatial and
spectral information of the samples simultaneously, enabling chemical visualization of the
micro-scale patterns [205–207]. Previous studies demonstrated that FTIR mapping can
provide useful information on the composition and conformations of proteins at defined
locations with a spatial resolution of ~5-50 µm [205–207]. In this study, a 1032 × 397 µm
rectangle micropattern was mapped with the pixel size (spatial resolution) of 57 × 40 µm
(Figure 4-4a). To chemically image a particular component, the non-overlapping
characteristic FTIR absorption for each element was required. Here, Si-O stretching bond
(1300-1000 cm-1) and amide I band (1600-1700 cm-1) were chosen as representative peaks
of silica micropattern and silk, respectively. To eliminate thickness inhomogeneities in the
samples, the absorbance intensity ratios ASilica/ASilk (using A1060/A1625) were integrated for
all pixel spectra to obtain chemical images of the micropatterns. Accordingly, in the
resulting contour map (Figure 4-4b), the red/green and blue represent the strong and weak
absorption of silica nanoparticles. It can be found that the strong (red/green) and weak
(blue) silica absorption alternate, and the red/green lines in Figure 4-4b overlapped with
the visual patterns in Figure 4-4a, confirming that the silica nanoparticles grew selectively
only on the printed patterns.
In addition, FTIR mapping can be used to monitor the secondary structure of the silk in a
specific position. Figure 4-4c shows the single pixel spectra extracted from the white
dashed line range in the FTIR images. The blue and red/green FTIR spectra corresponded
to the spectra obtained from the blue (silk substrate) and red/green (silica micropattern)
regions, respectively (Figure 4-4b). Compared to the spectra in the blue region, the spectra
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in the red/green region present significantly weaker absorption in the amide I and II bands,
agreeing with the trend observed in the contour map.

Figure 4-4. FTIR mapping showed the structural details of the biosilica micropatterns on
the silk hydrogels. (a) Microscopic image of a 1032 × 397 µm rectangle micropattern. (b)
The contour map with the red/green and blue represent the strong and weak absorption of
silica nanoparticles. (c) The single pixel spectra extracted from the white dashed line range
in FTIR images. Compared to the blue spectra from the blue region of the silk substrate,
the red/green spectra from the red/green region of silica micropattern present significant
weaker absorption in amide I and II bands. (d) The red/green spectra dominate a sharp peak
at 1647 cm-1, which contributed to the random coil and/or helix structure. (e) The blue
spectra show the strongest absorption at 1624 cm-1 and a shoulder at 1695 cm-1, which
were assigned to β-sheets and β-turns, respectively. FTIR, Fourier transform infrared
spectroscopy.
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More dramatically, the red/green and blue spectra feature distinct maximum absorbance in
the amide I band, a useful band to estimate the secondary structure of the silk protein. The
red/green spectra dominated a sharp peak at 1647 cm-1, which contributed to the random
coil and/or helix structure (Figure 4-4d). In comparison, the blue spectra showed the
strongest absorption at 1624 cm-1 and a shoulder at 1695 cm-1, which were assigned to βsheets and β-turns of the hairpin-folded antiparallel β-sheet structure of silk, respectively
(Figure 4-4e).
The deconvolution of the amide I band provided an estimation of β-sheet (crystalline)
content in the blue region (silk substrates) at 11±3%, while that of the red/green part
(micropatterns) was 3±2%. These results revealed that the micropatterns had a lower
content of β-sheet. Our recent studies on the secondary structure of the R5 peptide before
and after silicification characterized the R5 peptide as a random coil structure [203]. Thus,
amide I absorption in the micropatterns was mainly contributed by the R5 peptide instead
of the silk amide I band at the blue regions. In addition, the β-sheet content of the silk
substrate was significantly lower than that of the silk hydrogel obtained with ethanol
treatment (25±3%). As a result, theses HRP cross-linked hydrogels were transparent due
to the limited β-sheet content, while the dityrosine bonds and limited β-sheets acted as
crosslink points to form interlocking protein chains to keep the silk hydrogels stable in
water.

4.4.3 Cell alignment on mineral micropatterns
To test whether the patterned cues could be used for cell alignment, hMSCs were cultured
on the micropatterned hydrogels with line spacings of 100 µm, in the range of the
micropatterns in human tissues and organs [31]. hMSCs were choosen because of their
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utility as self-renewal and multipotential cells to differentiate to various lineages, including
adipocytes, chondrocytes and osteoblasts [208–212].

Figure 4-5. hMSC alignment on the biosilica micropatterned and control hydrogels. (a, b,
c) hMSCs aligned to the biosilica micropatterns on the silk hydrogels; (d, e, f) hMSCs on
the unpatterned control silk hydrogels demonstrated typical morphology. Confocal
micrographs of hMSCs on the silk hydrogels stained for F-actin (green, a, d),
counterstained for nuclei and silk (blue, b, e) and overlay images (c, f). (g) Fluorescence
images of hMSCs stained for F-actin (green) on the micropatterned “Tufts” logo. (h) Partial
enlargement of Figure (g). (i) Zoomed view (left) and SEM (right) of hMSCs on the
biosilica micropatterns. (j) Graphical representation of cellular alignment quantified via
ImageJ software and an OrientationJ plug-in. (k) Coherency coefficients indicating cellular
distribution on the micropatterned and control hydrogels. Scale bars, a-f, 200 μm; g, 2 mm;
h, 700 μm; i, 50 μm (left), 10 μm (right).
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Aligned hMSCs are important in tissue regeneration as cell micropatterns result in highly
organized tissue architectures (e.g., bone, cartilage, cornea) [35,213]. However, previous
topographical micropatterning strategies often showed limited guidance of hMSC
orientation on rigid substrates consisting of synthetic materials in relatively short culture
periods[35]. In sharp contrast, striking cell alignment extending the width of the printed
micropatterns (e.g., 1 mm) on the hydrogel substrates was observed after 4-days of cell
culture, as shown in confocal micrographs of hMSCs on the silk hydrogels stained for Factin (green) and counterstained for nuclei and silk (blue, Figure 4-5a, b, c) [214]. In
comparison, cells randomly distributed on the unpatterned control hydrogels demonstrated
typical cell morphology which remained the same over the culture period (Figure 4-5d, e,
f).
Furthermore, after 14 days of culture on the micropatterned “Tufts” logo, fluorescence
images of hMSCs stained for F-actin (green) showed that cells had fully covered the logo,
aligned to the biosilica micropatterns on the logo, and formed a “Tufts” logo by themselves
(Figure 4-5g). The fluorescent intensity of F-actin stained hMSCs on the micropatterns
was about two-fold stronger than that of the surrounding silk control surface (Figure 45h), further evidence for specific cell attachment and alignment to the biosilcia
micropatterns.
Interestingly, the hMSCs appeared to favor the silica particles and showed specific
attachment to the silica patterns. Confocal micrographs of the stained hMSCs showed that
cell nuclei also aligned to the biosilica micropatterns (Figure 4-5i). SEM images provided
further evidence that a single hMSC attached to and spread its actin filaments on the silica
particles (Figure 4-5i, right). As a result, the F-actin of hMSCs aligned parallel with line
spacing of 100 µm, following the printed micropatterns (Figure 4-5c). Quantification of
cell alignment was performed on the confocal micrographs of the F-actin stained hMSCs
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on the patterned and control silk hydrogels using ImageJ software equipped with a
OrientationJ plug-in. Graphical representation of the cellular distribution showed that the
hMSC filaments strongly oriented in the direction of the ellipse long axis, indicating
significantly greater cellular alignment compared to controls (Figure 4-5j). The calculated
coherency coefficient (a measure of how well the cells were aligned in the predominant
direction) of the hMSCs on the micropatterns was 0.62, four times greater than that of the
unpatterned controls (0.14, Figure 4-5k). These quantitative analyses further confirmed
that cell orientation followed the peptide-silica micropatterns.

4.4.4 Protein alignment on mineral micropatterns
The efficacy of this design to micropattern protein on the silk hydrogels was demonstrated
by fluorescence microscopy (Figure 4-6). Printing FITC-labeled BSA and R5 peptide
followed by silicification resulted in FITC-BSA immobilized and aligned exclusively
along the biosilica micropatterns (Figure 4-6a). Fluorescence microscopy confirmed that
after 6 days of incubation in PBS, the FITC-BSA was mainly limited to the biosilica
regions, with FITC-BSA stripes distinctive along the biosilica micropatterns (Figure 4-6b).
Printing fluorescent-labeled BSA alone, followed by silicification, also resulted in FITCBSA stripes (Figure 4-6c). However, after 6 days of incubation in PBS, the area covered
by FITC-BSA extended over the hydrogel surface, with adjacent lines merged together
(Figure 4-6d). The stability of the FITC-BSA/R5/silica micropatterns revealed spatial
control of protein alignment using this design, probably due to BSA immobilization with
the silica particles induced by the presence of the R5 peptide.
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Figure 4-6. BSA alignment on the biosilica micropatterns. (a, b) Fluorescence microscopy
images of micropatterns containing FITC-labeled BSA and R5 peptide followed by
silicification; (c, d) fluorescence microscopy images of micropatterns containing FITClabeled BSA alone followed by silicification. Fluorescence microscopy images of
micropatterns in PBS at day 1 (a, c), day 6 (b, d). The distinctive FITC-BSA stripes in the
FITC-BSA/R5/silica micropatterns reveal the spatial control of protein alignment using
this design, in comparison to the extended distribution of the control FITC-BSA
micropatterns. Scale bars: a, b, c, d, 400 μm.

4.5 Conclusion
A de novo strategy to design and synthesize bio-micropatterns for engineering cell
alignment through the integration of aqueous-peptide inkjet printing and site-specific
biomineralization was demonstrated. The resulting micropattern systems supported the
alignment of hMSCs along and in micropattern directions and spaces. Aligned
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micropattern cues are crucial for cell proliferation, migration and differentiation, and also
result in the secretion and deposition of anistropic extracellular matrix (ECM) specific to
tissue types [31]. For example, the pattern cues in cartilage play an important role in
building mechanical strength and tissue functions, where interterritorial fibers are aligned
perpendicular to the joint surface in the middle zone, while being parallel in the superficial
zone [215]. Given the highly ordered mineral and collagen orientation in bone and cartilage,
this directed mineral micropattern is crucial in improving bone and cartilage formation in
vivo. Thus, this study emphasized the role of mineral micropatterns in osteochondral tissue
engineering as cells reciprocally interact with ECM to adapt to structures and topography
in the local environment [216].
In addtion, the micropatterns generated by inkjet printing of biosilicification domains on
the biocompatible protein substrates under mild (peptide-mediated) conditions provide
other potential applications. Inkjet printing of functional inks onto protein substrates offers
opportunities to micropattern a variety of other substances, such as peptides, growth factors
and biomacromolecules. Althougn inkjet printing has been used as a typical bioprinting
approach to pattern protein and cells [201,217], this work further extends its application by
introducing immobolization and alignment of functional substances in well organized silica
particles on protein substrates. Surface modifications of the inert biosilica particles allow
for controllable encapsulation and sustained release of a library of bioactive molecules and
substances (e.g., proteins, enzymes, and drugs), which are sensitive to heat or caustic
chemicals [218]. The micropatterned silk protein substrates offer biocompatiblility,
degradablity and tunable mechanical properties to provide well organized threedimensional extracellular microenvironments and extrinsic factor reservoirs for
applications in tissue engineering and regenerative medicine [219–221]. For example,
micropatterning of nerve growth factor (NGF) has potential for alignning Schwann cells in
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neurons with applications towards nerve tissue regeneration [222]. A variety of
polycationic peptides, e.g., silaffin and long chain polyamines which are able to precipitate
silica nanospheres individually, can be printed on the silk substrates leading to functional
material designs with different mineral morphologies [193]. Overall, this de novo design
strategy for creating bio-micropatterns meets a broad range of needs in biomaterials and
regenerative medicine involving interfacial tissue engineering, cell transplatation, cellbased sensors, and drug screening platforms [195,223], as well as providing a system with
which to improve the understanding of fundamental of cellular functions [224].
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5.

Chapter 5. Overview and Future directions

5.1 Conclusions
In conclusion, this dissertation explored the feasibility of using silk as a template to
combine selective mineralization domains with affinity to minerals to mimic the
hierarchical architecture in biological systems from the molecular level to microscale and
ultimately macroscale level. This bioinspired multiscale design of mineral assembly on
polymeric templates offers a useful approach to develop complex heterogeneous
organic/inorganic composites for a wide range of applications in tissue engineering and
regenerative medicine, especially osteochondral tissue engineering.

5.2 Future directions and associated projects
5.2.1 Multiscale design and synthesis of biomimetic gradient protein/biosilica
composites for osteochondral regeneration
The goal is to develop silk-based mineralized elastomers with spatial gradients of
mineralization domains and transitional chemical, structural and mechanical properties to
enhance osteochondral regeneration in vivo. We propose to: develop silk-based composites
with the desirable features: structural (gradient pore size and porosity), biomechanical
(controllable silk polymorphism and mineralization degree) and compositional (tunable
silk and mineral contents) (Aim 1); investigate the effects of gradient systems on
osteochondral coculture in vitro (Aim 2); evaluate the survival and function of the
engineered gradient grafts in animal models for osteochondral tissue reconstruction (Aim
3). It is hypothesized that the gradient composite system will direct cells to form highly
specialized osteochondral interface tissues with a capacity to survive and function in a rat
model. The mechanics of the engineered grafts can be tuned through varying silk
concentration and molecular weight as well as mineralization degree within the composites.
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Other functional peptides and substances can be incorporated in this system to screen for
optimal doses and combinations for osteochondral tissue development in a 3D environment.
Approaches
Osteochondral coculture. hMSCs will be seeded into the composites in osteochondral
coculture medium in vitro over six weeks, followed by various assessments for outcomes:
cell survival, proliferation and differentiation over time as a function of structure,
orientation, and biomechanics. Procedures reported for human bone and cartilage tissue
engineering will be used. Unsilicified plain silk scaffolds serve as controls.
Surgical implantation and histological evaluations. To better understand the immune
response and implant integration, engineered scaffolds will be implanted subcutaneously
in a rat model. The implantation of osteochondral grafts will be done with four
experimental groups: (i) no treatment, (ii) scaffolds alone (without added cells), (iii) cellseeded scaffolds (without culture), and (iv) tissue engineered grafts. Gradient composites
will be explanted and examined histologically at different time points after implantation
for osteochondral regeneration. Cell infiltration and degradation will be evaluated.
Biochemical analysis. DNA content will be quantified using the Picogreen assay. GAG
content will be measured using a dimethylmethylene blue assay. Alkaline phosphatase
activity will be determined at different time points and expressed as a measure of liberated
p-nitrophenol concentration/µg protein /min.
Statistical analysis. Paired or unpaired Student t-tests, as appropriate, will be used to
determine statistical differences between groups. One-way ANOVA will be used when
comparing features between groups. Two-way ANOVA will be used for comparing
features between groups over time. Turkey’s test will be used to determine which of the
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means significantly differs for multiple comparisons. ANOVA will be performed when
appropriate with P values less than 0.05. In all cases, n > 3 will be used for data sets.
Expected Outcomes
We anticipate that the silk-based gradient mineralization system will serve as 3D substrates
for the formation of bone-/cartilage-like matrices with suitable mechanical properties for
osteochondral tissue engineering and integrative cartilage repair. We also anticipate the
complete integration of the implanted grafts with the surrounding tissues and rapid
establishment of physiological architecture after implantation. The development of silkbased elastomers retains highly versatility while allowing for incorporation of other
bioactive molecules in the fields of natural tissue engineering, drug delivery and enzyme
immobilization.
Potential Problems and Alternatives
If we encountered difficulties with the formation of chondrogenic tissue matrix, we could
try alternative approaches such as changing cell culture timing, sequential application of
osteogenic and chondrogenic factors and/or the implementation of dynamic flow. Should
the plan not meet the expected chondrogenic outcomes, gradients of growth factor can be
considered given additional functionalization arises to control osteogenesis or
chondrogenesis.

5.2.2 Coding cell micropatterns through peptide inkjet printing for arbitrary
biomineralized architectures
The goal is to code and synthesize multifunctional biomineralized micropatterns with a
capacity to engineer the alignment of various cells types and functionality to meet tissuespecific requirments including nerve tissues. We propose to: encapsulate a library of
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bioactive molecules and substances (e.g., nerve growth factor (NGF)) in the silica particles
to allow for sustained release of functional factors from abitrary silica micropatterns (Aim
1); direct neural cell growth on functionalized silica micropatterns for neuron growth (Aim
2); investigate the efficiency of axonal alignment on flexible and implantable protein
substrates in order to efficiently repair the injured sites of the nervous systems (Aim 3). It
is hypothesized that the multifuntional minerlized micropatterns consisting of various
bioactive factors will have broaden applications in tissue engineering and regenerative
medice including nerve tissue regeneration. Micropattern different polycationic peptides
with mineralization domains will lead to micropatterned silica nanospheres with different
mineral morphologies for functional material design.

5.2.3 3D printing silk-based calcium phosphate scaffolds
The goal is to design a simple, green and versatile process to directly write the assembly
of silk protein and calcium phosphate nanoparticles and build up biomimetic ceramic-hard
tissue parts for bone and osteochondral tissue engineering. We propose to: 3D print silkcalcium phosphate scaffolds with gradient structure and interconnecting porous network
(Aim 1); incorporate functional biomolecules and substances in this system to screen for
optimal doses and combinations in 3D environment and create patient-customized tissue
engineered grafts (Aim 2); evaluate the cytocompatibility and osteoconductivity of 3D
printed scaffolds in vitro for treatments of osteochondral defects and osteonecrosis (Aim
3). The biocompatible 3D printed silk-based scaffold can be used to promote
vascularization and osteogenesis as a potential therapy for osteochondral defects and
osteonecrosis.
Abstract
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Natural composites often outperform synthetic materials for their superior mechanical
properties due to the heterogeneous hierarchical architectures. Here we present a simple,
green and versatile process to directly write assembly of silk protein and calcium phosphate
nanoparticles and build up biomimetic ceramic-hard tissue parts for bone and
osteochondral tissue engineering. 3D printing allows for precise control over the filament
size and arrangement and ultimately the architecture of the 3D scaffolds. The resulting
scaffolds will be assessed in vitro in terms of their degradability, mechanics, resolution and
stability before and after sintering. Direct writing of protein/mineral inks offers a novel
route to design elaborate reinforcement structures with a high level of customization in
arbitrary geometries. This bioinspired design offers a useful approach to develop complex
heterogeneous biocompatible composites with wide applications in tissue engineering and
regenerative medicine.
Introduction
During osteochondral defects, ruptured cartilage damage penetrates subchondral bone area,
leading to severe pain and morbidity. Current strategies show limitations in mechanical
failure, controllable degradation, risk of corrosion, lack of continuous gradient interfaces
with zonal cells and ECM organization [225]. Hence, suitable integration of biocompatible
composite systems with a biomimetic gradient structure, environmental cues and
mechanical properties are needed for osteochondral tissue regeneration.
The osteochondral interface presents a combination of gradients in cellularity,
compositional, mechanical as well as structural gradients from subchondral bone to
articular cartilage surface. The zonal cartilage region is mainly composed of 20% ECM,
80% water and 2% chondrocytes, which can be further separated into four regions:
superficial articular, middle, deep and calcified cartilage zones [226]. The superficial zone
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is composed of flattened chondrocytes and densely packed collagen fibrils (20 nm in
diameter), tangentially arranged to the articular surface. Randomly oriented proteoglycans
and extracellular matrix are predominant in the middle zone with more rounded
chondrocytes. In the deep zone, thicker collagen type II fibers (120 nm diameter) highly
occupied in this area. The subchondral bone provides support for the upper calcified
cartilage layer. It has been shown that by mimicking the zonal organization within cartilage
tissue, the local cell environment will stimulate synthesis of an organized cartilage
construction [227]. Therefore, 3D printing scaffolds with a structural gradient can be an
appealing strategy for osteochondral tissue engineering. Moreover, bone presents a radial
gradient structure from the outside to the inner center. The outside cortical bone is more
compact with a porosity ranging from 5% to 10%, while the inner cancellous bone is more
porous with a porosity ranging from 50% to 90% [228,229]. Thus, 3D printed scaffolds
with a built-in gradient structure can be used to mimic the radial bone architecture for bone
tissue engineering.
Rationale and material design
3D printing of silk-calcium phosphate scaffolds. To produce silk-calcium phosphate ink
for 3D printing, calcium phosphate particles (~200 nm) were dispersed in deionized water
to obtain a suspension with desired density of mineral particles. Silk solution (30%) was
mixed with the calcium phosphate suspension to produce a silk-mineral paste. During the
printing process, a moving nozzle (x- and y-axis) extruded silk-mineral filaments which
solidified once deposited on the printer platform. Successive layers were built upon each
other through changing the z-axis control of the nozzle.
Scaffold design. Silk-based scaffolds with desired structural and biomechanical anisotropy
were created through introducing the micro-scale interconnected pores/channels. The
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resulting scaffolds were aimed to match the biomechanical anisotropy of osteochondral
interface. 3D printed silk scaffolds will obtain four distinct levels of porosity with seamless
interconnectivity to mimic the structure of (1) articular cartilage, (2) hypertrophic
chondrocytes, (3) mineralizing chondrocytes and (4) subchondral bone. Mechanical
properties can be tuned by varying pore size, porosity and calcium phosphate components.
The combination of structural and compositional gradients will be used to stimulate
desirable cues and enhance osteochondral tissue regeneration. The resulting silk-based
scaffolds will be assessed for topography and mechanical properties with optimal
mechanical properties, physiological shape, functionality and machinability.
Expected outcomes
The 3D printed silk-based scaffolds with structural and biomechanical anisotropy could
serve as promising substrates to enhance osteogenesis and angiogenesis in vitro and in vivo.
Preliminary results and discussion
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Figure 5-1. (A) Schematic of 3D printing silk-calcium phosphate scaffolds.

(B)

Photograph of 3D printer. (C, D) Photographs of 3D printing process of silk-mineral ink.
(E, F, G, H) Photographs of 3D printed silk-calcium phosphate scaffolds with different
pore sizes and patterns. Scale bar: 1 cm.
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3D printed silk-mineral scaffolds with desired dimensions and patterns were achieved by
adjusting the extrusion path of printing head, the size of each layer and the number of layers.
Micro-sized interconnected pores/channels were uniformly distributed in the silk scaffolds
to allow for cell ingrowth and vascularization (Figure 5-1).

Figure 5-2. Schematic representation of ink formation and extrusion.

The ink for 3D printing was formulated with the mixture of calcium phosphate powder,
silk and DI water. Figure 5-2 demonstrates the ink preparation process, during which
calcium phosphate particles (~200 nm) were dispersed in deionized water to obtain a
suspension with desired density of minerals. Silk solution (30%) was then mixed with the
mineral suspension to produce a silk-mineral paste.
We investigated formulation of different mineral/silk/water ratio to optimize the filament
extrusion process in Figure 5-3. The final formulation contains 50% calcium phosphate,
42% water and 8% silk protein to allow for smooth extrusion of filaments during printing.
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Figure 5-3. Phase diagram of ink formulation with respect to silk, calcium phosphate and
water.

Based on this formulation, direct-write assembly of silk-mineral inks resulted in 3D
scaffolds with an interpenetrating network of varied pore sizes. Well-organized channels
with uniform width evenly distributed in the scaffolds. The pore sizes ranged from 200 nm
to 1mm. Figure 5-4 reveals the interconnected pores in the 3D printed scaffolds, and
filaments with smooth surface under SEM images.
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Figure 5-4. SEM images of printed silk/mineral filaments intersecting between filament
layers.

Upon sintering at 1080 °C in air, the structure of the 3D printed silk/mineral scaffold was
maintained (Figure 5-5). The silk molecules were decomposed and oxidized at high
temperature, and the scaffolds exhibited a weight loss of 25% after sintering. As shown in
the optical images of the scaffolds before and after sintering, the size of the scaffold
decreased after sintering (20% in x dimension), which was probably due to the shrinkage
of pores and voids during heating.

Figure 5-5. Optical images of the silk/calcium phosphate scaffold before and after sintering.
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Figure 5-6. SEM images of silk/mineral scaffold (a, c) before sintering and (b, d) after
sintering. (c, d), higher magnification view of the silk/mineral filament surface. Scale bars:
a, b, 100 µm; c, d, 4 µm.

The cross-sectional SEM images of the filaments within the scaffolds are shown in Figure
5-6. The cross-section of filaments before sintering consists bonded sub-um size granules,
implying a high degree of roughness. A few sub-um size pores were observed within the
filaments as well. After sintering, the microparticles on the surface was not observed,
probably owing to the crystallization of calcium phosphate particles during heating.
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Figure 5-7. Wet spinning of silk/mineral filaments. (a) Optical image of silk/mineral fibers
prepared by wet spinning in methanol bath. (b) Optical image of the fibers after sintering
at 1000 °C in air.

Mineralized silk fibers were wet spun into methanol bath through extrusion based on the
aforementioned silk/calcium phosphate/water ink. The fibers of around 1 mm diameter
were spun in methanol. After treatments in methanol to dehydrate the fiber and induce beta
sheet formation in silk, the fiber maintained its original shape. The shape of the fiber was
preserved even after sintering at 1000 °C in air for four hours. This wet spinning strategy
to create mineralized silk fibers can be used to create functional composites with high
mechanical performance with applications in biomedicine.
Future directions
The rheological properties of the protein/mineral inks will be investigated to create an ink
catalog for processing. Future work includes mechanical evaluation of 3D printed silkcalcium phosphate scaffolds. Silk nano-/micro-fibers can be incorporated into the silkmineral paste during ink preparation to strengthen the mechanical properties of the 3D
printed scaffolds. In vitro scaffold evaluations will be conducted to demonstrate
cytocompatibility. Once the anisotropic scaffolds with networks of channels/pores are
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finalized to meet the mechanical requirements of osteochondral grafts, support for
osteogenesis and chondrogenesis will be assessed in the 3D printed scaffolds in vitro.
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