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Abstract
Today’s orthopedic hardware is limited in its ability to restore native functionality to a site
of injury. Non-resorbable devices have impressive mechanical properties but they are associated
with long-term complications which often necessitate implant removal via secondary surgery.
Current resorbable orthopedic devices made from synthetic polymers lack much of the
functionality of non-resorbable implants (such as ease of implantation and sterilization) and are
also associated with long-term complications. However, since they are eventually absorbed by the
body, the window of opportunity for problems to arise is smaller. Previous work showed that
resorbable fixation devices made from the natural polymer silk fibroin improve on some aspects
of current resorbable options. However, it was also shown that silk-based orthopedic devices are
susceptible to infection and, if the rate of local bone regeneration cannot match the rate of silk
degradation, a gradual loss in mechanical strength. One method of addressing these issues is by
functionalizing the silk material with drugs that reduce the risk of these complications occurring.
In this work, aqueous-based silk material was functionalized with bioactive molecules to
investigate the bulk silk material’s ability to act as a drug delivery vehicle. A biomimetic process
was used to fabricate blocks of the aqueous silk bulk material which were then machined into
screws and pins. Antibiotics (ciprofloxacin and gentamicin) and osteoinductive peptides (p15 and
p24) were used to functionalize the material. Functionalized devices were then evaluated for
bioactivity, degradation rate, and release profile. Devices functionalized during the fabrication of
the bulk material were further investigated to see if encapsulation had any effect on their
mechanical properties.
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Chapter 1. Introduction
Around one third of the over 6 million bone fractures reported in the US each year require
treatment by internal fixation [1]. Most orthopedic fixation devices are made from nonresorbable
metals such as titanium alloys and stainless steel even though these materials have been associated
with long-term complications, including stress shielding, infection, radiological image
interference, and thermal sensitivity, which can necessitate removal of the implant via a follow-up
surgery. Such complications are why 12% of titanium implants used in craniomaxillofacial
surgeries must be removed in follow-up surgeries [2]. Current fixation devices made from
bioabsorbable synthetic polymers such as PLA and PGA address some of these problems but come
with their own set of drawbacks including their relative weakness, acidic degradation products,
and potential for sterile sinus formation [3]. Recently, screws and plates made from regenerated
silk fibroin bulk material were shown to have comparable mechanical properties to current
resorbable systems [4]. This material offers significant benefits over current resorbable options
due the beneficial properties of silk fibroin which include fully biocompatible degradation
products and drug stabilization. Functionalization of the devices with bioactive molecules allows
for added benefits such as antibiotic or osteogenic features.
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Chapter 2. Background

2.1 Internal Fixation
The tremendous variety of fracture types has led to the development of a range of
techniques and devices for their treatment. However, the scope of this work is limited to open
reduction and internal fixation. This is a surgical procedure wherein the bone is exposed, realigned
(reduced), and then held in place by implanted devices such as screws, plates, rods, and wire.

2.1.1 History
Although there is evidence that suggests intramedullary devices were used in early
Egyptian, Aztec, and Incan societies [5], the first recorded use of internal fixation devices in
Europe was in 1770 by the French surgeons Lapeyode and Sicre who bound the bones of patients
using copper wire [6]. Such techniques were largely controversial until the discoveries of
anesthesia (1846), antisepsis (1867), radiographs (1895), and penicillin (1928) significantly
improved the success rate of the surgeries [5].
Around this time the implanted devices themselves also became more sophisticated:
Halsted implemented the first fully implanted plate and screw system using a flat silver plate in
1893 which was then improved upon in 1909 by Lambotte who recommended using plates which
curved along a bone’s surface along with tapered and fully threaded screws. In 1912 Sherman
published a set of recommendations for effective devices which included vanadium plates and selftapping screws [7]. Metals such as silver, bronze, lead, gold, copper, brass, steel, and aluminum
alloys were commonly used for implants at the time but they were corrosive, not biocompatible,
and had poor mechanical properties. These characteristics were improved upon by the use of new
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metals such as vitallium, stainless steel, and titanium which were first used for implants in 1936,
1966, and 1983 respectively [8], [7], [9]. By the 90’s bioresorbable materials had started to be used
for fixation [9] and their development remains at the cutting edge of research today.
In 1949 Robert Danis was the first to formalize the principles of a proper internal fixation
which are listed in Table 1. Today, the international organization AO (Arbeitsgemeinschaft für
Osteosynthesefragen) accepts a set of principles that are very similar to those originally presented
by Danis: Both sets require the fixed area allow for safe and easy movement and the fractured bone
be reduced into its appropriate anatomical shape. However, since Danis’ time the scientific
community’s understanding of the biology and biomechanics behind fracture healing has
improved. Thus, AO added the requirement of maintaining blood flow to the injury site to prevent
necrosis. Furthermore, whereas Danis required a rigid fixation that prevented the formation of a
callus, the AO guidelines allow for either absolute or relative stability of the fixtures, depending
on their specific uses. Danis was first able to achieve absolute stabilization through the novel use
of compression plates in 1949 and within ten years these systems had become the dominant
paradigm in internal fixation [10]. The goal of this technique was to promote primary healing at
the fracture site. Callus formation, a hallmark of secondary healing, was seen as something to
avoid as it was associated with instability [7]. Subsequently developed splints that provided a more
elastic fixation, produced quicker, more reliable healing because of the stimulation of secondary
rather than primary healing and the improved blood flow allowed by the reduced surface contact
[10]. However, the possibility of mechanical complications arising from more elastic fixation
means that the choice of absolute or relative fixation is dependent on the nature of the fracture.
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Table 1. Evolution of the principles of internal fracture fixation.

Danis (1949) [11]
1.

Enablement of immediate, active movement
of muscles in the affected region and the
adjacent joints.

2.

Complete restoration of the original shape of
bone.

3.

Direct union of the bone fragments without
the formation of visible callus"

AO (2015) [12]
1.

Early and safe mobilization of the injured part
and the patient as a whole.

2.

Fracture reduction to restore anatomical
relationships

3.

Fracture fixation providing absolute or
relative stability as the “personality” of
fracture, patient and injury requires.

4.

Preservation of blood supply to soft tissues
and bone.

2.2 Current Fixation Systems
2.2.1 Non-resorbable Devices
Currently, metallic hardware is the “gold standard” for fracture fixation. Stainless steel,
vitallium, and titanium all see clinical use [13]. These metals have high mechanical strength which
allows them to be used for load-bearing applications. Their ductility allows them to be easily
shaped during a surgery. They also can be re-sterilized without appreciably lowering their
mechanical properties; No significant change in strength was seen in titanium craniofacial plates
after autoclaving the plates 50 times [14].
Metal devices also have significant drawbacks as listed in Table 6. The high strength of
metal can result in stress shielding – when the rigidity of a fixation device prevents a bone from
experiencing the physical loads that are required to maintain a high tissue density. Metal implants
also can create distortions in magnetic resonance imaging (MRI) scans that make imaging areas
near the implant difficult [15]. However, the biggest issue is that these metal devices remain in
patients indefinitely, barring follow-up surgery. After implantation of a metal device, the fracture
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site can get infected, have a foreign-body response, experience thermal sensitivity or become
otherwise symptomatic [9]. After the fracture, has healed the fixation device provides no more
benefit but the device can still become symptomatic. A second surgery can remove the device but,
due to the risks, removing an asymptomatic device is controversial [9].
Recently, devices made from the nonbiodegradable polymer polyetheretherketone (PEEK)
have become popular because they are bioinert and, unlike metals, do not interfere with imaging
techniques [16].

2.2.2 Resorbable Devices
Resorbable devices provide an alternative to the durable but permanent metal and PEEK
hardware. The most common resorbable devices available today are made from alpha polyesters.
These include polyglycolic acid (PGA), polyparadioxanone (PDS), polylactic acid (PLA), and
copolymer of PGA and PLA (PLGA) [3], [16]. These devices mostly appear in the form of plating
systems or suture anchors (listed in Table 2 and Table 3 respectively).
Such devices can become infected, but, since they are ultimately resorbed, the window of
time over which infection can occur is finite so the need for secondary surgery is dramatically
reduced compared to that for non-resorbable implants. The absorption of the device itself leads to
a gradual transfer of stress from the device to the bone which in turn reduces stress shielding [3].
Control over the degradation rate is of utmost importance. If an implant degrades faster than bone
tissue can grow to replace it, the mechanical properties of the area will be compromised [16].
Additionally, if degradation is so rapid that the implant produces metabolites faster than the body
can clear them, inflammation may increase [17]. Rapid degradation can also lead to the formation
of sterile sinus tracks which can interfere with the wound healing process [18]. A very slow
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degradation rate is also problematic because infection remains a possibility until the implant is
completely absorbed. After a bone union is established at the incidence area any additional time
an implant takes to absorb completely is a liability [17].
Today, most fracture fixation is still done using non-resorbable devices due to the multitude
of drawbacks saddling current resorbable options. Implanting resorbable devices is difficult
because they cannot be molded without a heat source, cannot withstand multiple autoclave cycles,
and lack the ability to self-tap -- thus requiring pilot holes be drilled into bone [18]. There are also
reports of resorbable implants resulting in osteolysis, or bone loss, though the mechanism by which
this happens is not well understood [19]. One of the biggest limitations of resorbable materials is
their mechanical strength. This narrows their scope but also makes these materials better suited for
certain clinical uses such as pediatric craniofacial procedures where the relative softness of the
material makes it more amenable to the growth of a child’s skull. This relative softness also allows
for micromotion which leads to accelerated regeneration [18]. Finally, current resorbable devices
are often much more expensive (In the US, current resorbable plates cost around ten times as much
as titanium plates [20]). However, in the last few years the cost of many resorbable devices has
become more competitive with the specialized versions of non-resorbable devices [21].

Table 2. Commercially available resorbable plating systems [17].

PLLA, poly-L-lactide; PGA, polyglycolic acid; PDLLA, poly-DL-lactide; TMC, Trimethylene carbonate
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Table 3. Commercially available suture anchors [16].
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2.3 Silk-Based Fixation Systems
2.3.1 Silk Background
Silk is a natural protein polymer synthesized in specialized glands. Its composition and
function differs between species. The silk produced by the domesticated silkworm, Bombyx mori,
is far and away the best characterized version. It is composed of fibers of silk fibroin and covered
in sticky globules of sericin. This component is boiled away early in the processing of silk fibers
because sericin is inflammatory. Fibroin itself is composed of a light chain and heavy chain
connected via a disulfide bond. These fibroin proteins can arrange themselves into 3
configurations: alpha helix (silk I), beta sheet (silk II), and helical (silk III). Silk I is water soluble
and is the form found in silk glands, silk II is insoluble and the form found in spun fibers [22], and
silk III is an unstable form found at interfaces between air and water [23].

Figure 1. Illustration of how the concentration of silk fibroin increases across the length of a B. mori silk worm’s
silk gland through gradual controlled dehydration [24] and a photograph of the morphology of a pair of B. mori
silkworm’s silk glands [25].

The specialized organ used by B. mori to spin silk fibers is composed of two glands, each
with a posterior, middle, and anterior section – as illustrated in Figure 1. Fibroin released from
secretory cells in the posterior is drawn through the middle and anterior sections of the gland while
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secretory cells in these areas release sericin. The resulting solution of liquid silk from both glands
then combine and exit the body via a spinneret and, upon contacting air, become a silk fiber [25].
These fibers are used by the silk-worm to create cocoons which can then be harvested and resolubilized to make regenerated silk solution. This silk solution can then be processed into a variety
of forms such as films, gels, and sponges, as shown in Figure 2, which can in turn be used for a
range of biomedical applications listed in Table 4. Silk has found many uses as a biomaterial due
to its many beneficial properties outlined in Figure 4, including biocompatibility, biodegradability,
oxygen permeability, robust mechanical properties, and the highly tunable nature of these
properties.

Figure 2. Various forms of material that can be made using silk solution including films, sponges, and mats [22].
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Figure 3. Properties of silk fibroin based biomaterials [25].

Table 4. Applications of silk fibroin based scaffolds [26].
Application
Tissue engineering

Tissue Type

Material Format

Bone

Cartilage

Soft tissue

Corneal vascular tissues

Disease models
Implant devices
Drug delivery

Cervical tissue
Skin
Breast cancer
Autosomal dominant cystic kidney disease
Anterior cruciate ligament
Femur defects
Mandibular defects
Drug delivery
Growth factor delivery
Small molecule
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HFIP sponges
Aqueous sponges
Electrospun fibers
HFIP Sponges
Aqueous sponges
Electrospun fibers
HFIP sponges
Aqueous sponges
Hydrogels
Patterned silk fibers
Tubes
Electrospun fibers
Aqueous sponges
Electrospun fibers
HFIP sponges
Aqueous sponges
Aqueous sponges
Fibers
HFIP sponges
Aqueous sponges
Spheres
Spheres
Spheres

Figure 4. Specific strength (Tensile Strength / Density) vs specific stiffness (Elastic Modulus / Density) for
different natural and synthetic materials [27].

Compared to other materials that compose current resorbable devices, silk has several clear
benefits. As shown above in Figure 4, the mechanical properties of silk fibers are exceptional
amongst synthetic polymers used to fabricate current resorbable hardware. Additionally, while
polyester polymers mainly degrade via bulk hydrolysis, silk is mainly degraded by surface
degradation which reduces the effect of degradation on its mechanical properties [3]. Furthermore,
the degradation of silk produces biocompatible products (amino acids and peptides) rather than the
acidic byproducts seen in polyester hydrolysis which lower local pH and lead to inflammation
[22]. Finally, silk has a stabilizing effect on small molecules and biological therapeutics which
allows it to be easily functionalized via adsorption, covalent attachment, entrapment, and/or
encapsulation [28], [29].
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Table 5. Mechanical properties and resorption time of relevant materials.

Material

Maximum Shear Strength
(MPa)

Elastic Modulus
(GPa)

Resorption Time
(Months)

Solid HFIP-derived silk
[4], [30]

90 (dry)
19 (hydrated)

2.17

NA

100

2

12–18

PLLA [2]

80-350

2.7

>24

PGA [2]

80-250

7

6-12

550

113.8

Never

50-100

4-24

Never

PLGA [4], [2]

Ti-6Al-4V [4], [31]
PEEK [32]

2.3.2 HFIP Silk
Although the mechanism by which it acts is unclear, 1,1,1,3,3,3 hexafluro-2-propanol
(HFIP) is an organic solvent commonly used to stabilize peptides in their α-helical structure [30].
This solvent was used by Perrone et al. to create a highly concentrated (25%w/v) stable solution
of silk fibroin to be cast in a mold and induced to beta sheet via an applied methanol-to-water
gradient [4]. As shown in Table 5, the dry shear strength was comparable to that of PLGA but once
hydrated the screws swelled and their mechanical properties weakened sharply. Pullout strength
also dropped significantly after hydration (80.7N when dry and 29N when hydrated) but the
material retained 80.3% of that strength 8 weeks after in vivo implantation (23.3N). However, the
hydrated material is very pliable and the swelling could prove to be beneficial because it secures
the threads of screws and suture anchors in place. Later work demonstrated that self-tapping screws
can be made from the material and that the material’s mechanical properties can be improved by
autoclaving [31]. Thus it is clear that surgically implanting HFIP-based silk devices would be far
easier than implanting typical resorbable devices such as those made from PLA. However, this
material has the downside of having a highly toxic organic solvent as its base and, even after
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applying the methanol-water gradient and drying steps, the likelihood of some residual HFIP is
high. Furthermore, it is quite expensive, pricing around $1000 a liter [32].

Table 6. Overview of the advantages and disadvantages of using internal fixation devices made from different
materials [3].

Material Used

Advantages

Disadvantages

Metallic

Easy implantation
Robust mechanical properties
Re-sterilization

Stress shielding
Temperature sensitivity
Plate exposure or migration
Growth disturbance in children
Palpability
Limited radiologic imaging
Infection

Current
absorbable
(PLA, PGA,
PLGA)

Fully degradable to avoid need for hardware
removal
Limited stress shielding: Improved bone
remodeling and accelerated healing owing to
micro-motion of devices
Flexibility for growing bones

Laborious implantation technique
Degradation to acidic products
No re-sterilization
Inflammatory reactions
Sterile sinus formation
Induced osteolysis

Silk

Ease of implantation
Re-sterilization
Degradable device
Flexibility for growing bones (hydrated
mechanicals)
Can be coated with bioactive compounds

Silk material may degrade too
slowly
Hydrated mechanicals may render
them too weak

2.3.3 Aqueous Silk
Recent efforts have moved away from using organic solvents instead relying on a
biomimetic aqueous-based process. As Figure 1 shows, the silk glands of B. mori can achieve silk
solutions in an aqueous environment of concentrations comparable to silk solutions made with
HFIP. This is done by dehydrating the solution and controlling the local microenvironment as the
solution is drawn through. Similarly, an increase in pH and series of controlled dehydration steps
is used to make the blocks of material that are then machined into orthopedic devices. This green
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chemistry approach to creating silk bulk material is healthier for the environment, safer for
patients, and far cheaper than the HFIP process. In addition, using an aqueous process also allows
for functionalization with bioactive molecules during the fabrication process of the bulk silk
material.

2.4 Incidence Area
2.4.1 The Craniomaxillofacial Complex
The material used in this research lacks sufficient strength to be used outside of non-loadbearing applications such as fixation of the craniomaxillofacial complex (CMF). The CMF refers
to all the bones of the craniofacial skeleton (Figure 1) aside from the mandible. This region is not
load-bearing; thus, resorbable fixation systems that would otherwise be prohibitively weak are
often used to treat fractures in this area. Resorbable devices are particularly effective in this area
for younger patients because they accommodate bone growth.

Figure 5. The craniofacial skeleton [35]
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Figure 6. Examples of maxillofacial plate geometries [36] and an how plates appear once screwed in [37].

2.4.2 Detached Ligaments and Tendons
Another opportunity for the application of this silk bulk material is for suture anchors used
in the fixation of ligaments and tendons to bone. Resorbable anchors on the market today have
been shown to have holding power comparable to those made from metal [21]. These anchors are
inserted into bone and the suture threaded through their eyelet is used to tie the soft tissue in place
as illustrated in Figure 7. Internal fixation of ligaments and tendons can also be carried out using
devices such as interference screws, buttons, washers, staples, cross pins, and suture posts [38].

A

B

C

Figure 7. Stepwise illustration of suture anchor fixation of a torn ulnar collateral ligament (UCL) of the
metacarpophalangeal (MCP) joint of the thumb: A hole with the same diameter as the anchor is drilled into the bone
(A). The anchor is threaded with a suture and inserted into the hole (B).The suture is looped around the ligament and
tied down to the anchor point (C) [39].
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2.5 Bone Tissue
Osseous tissue is composed of bone cells and their surrounding rigid inorganic matrix that
provide the structural support. Macroscopically, the tissue is composed of a compact outer shell of
cortical bone surrounding the highly porous cancellous bone.

2.5.1 Structural Hierarchy
This tissue is organized with a structural hierarchy that allows localized stress that would
otherwise result in a fracture to be effectively distributed [40]. Fibrils composed of type 1 collagen
molecules and hydroxyapatite nanocrystals combine into larger mineralized fibers which then
arrange into sheets called lamellae. Concentric layers of lamellae form around Haversian canals to
create osteons, the fundamental functional units of cortical bone. These Haversian canals are
channels that allow passage for nerve fibers and blood vessels through the densely packed cortical
bone. Cortical bone also contains circumferential lamellae which form concentric layers around
the outermost bone and interstitial lamellae which are irregularly shaped remnants of osteons
partially destroyed during remodeling. Irregularly arranged lamellae also form trabeculae, the
fundamental functional units of cancelous bone.

Figure 8. Diagram of the hierarchical structure of bone [41].
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2.5.2 Cell Types
There are four types of bone cells that reside in these tissues: Osteoclasts, osteoprogenitor
cells, osteoblasts, and osteocytes. Osteoclasts, derived from hematopoeietic stem cells, are large
cells found on the surface of bone that resorb bone matrix. Osteoprogenitor cells are mesenchymal
cells found in in cell layers that form the interface between the bone matrix and a surrounding
cavity or tissue. These cells differentiate into osteoblasts which exist on the surface of bone tissue
and synthesize and mineralize organic bone matrix (osteoid). Once osteoblasts completely
surround themselves with a synthesized matrix they are called osteocytes. Individual cells reside
in small cavities within or between sheets of lamellae called lacunae, interconnected through small
channels called canaliculi. This network of osteocytes throughout the bone tissue communicates
with other bone cells to regulate bone metabolism [42].

2.6 Bone Fractures
Fractures occur when a bone undergoes a load and the applied force cannot be completely
absorbed. The range of possible load and bone types results in a large variety in fractures. Thus,
classification guidelines such as the Müller AO system for long bones use fracture geometries like
those seen in Figure 9 along with the name of the bone involved and the region of the bone affected
to fully specify a fracture [43].

Simple

Greenstick

Compound

Displaced

Figure 9. Common geometries of bone fracture [44].

17

Comminuted

Fractures within the craniomaxillofacial region are often not limited to a single bone
because the individual bones within the area are linked together via cranial sutures. The oftencomplex nature of these fractures makes them difficult to classify. For example, despite being the
most commonly used classification system for midface fractures, the individual fracture patterns
of the Le Fort system, illustrated below in Figure 10, are rarely seen in isolation. Particularly
complex facial fractures are even occasionally not classified beyond “small injuries” [45].

Figure 10. The I, II, and III Le Fort midface fracture patterns [46].

2.7 Fracture Healing
Unlike most tissues in the body, bone has the natural capacity to fully regenerate without
any ultimate loss of function due to scarring. This process usually takes 6-8 weeks [47]. The
stability of the fracture site governs whether the regeneration occurs via primary or secondary
healing.
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2.7.1 Strain Theory
Strain at the fracture gap is defined as the change in the gap size (ΔL) over the original
distance between fragments (L) as depicted below in Figure 11. When this strain is <2% the
fracture can undergo primary healing, 2% to 10% regeneration still takes place but via secondary
healing, and >10% prohibit either healing process from taking place [48].

A.

B.

C.

Figure 11. Illustration of strain at a fracture site: Before strain is applied (A). When <10% strain is felt at the fracture
site primary or secondary healing will take place (B). When >10% strain is felt at the fracture site no healing can
occur (C) [48].

Comminuted fractures are more resistant to interfragmentary motion than simple fractures.
Figure 12 shows that, for a given total displacement, local strain is lower in comminuted fractures
than in simple fractures because the displacement is distributed between more fracture sites.
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Figure 12. Differences in local strain generated between a simple fracture site versus a comminuted fracture site for
an equivalent amount of total fragment displacement [48].

2.7.2 Primary Bone Healing
The two forms of primary healing (gap & contact) only occur when there is absolute
stability at the fracture site. If the fracture gap is smaller than 0.01mm then contact healing will
begin wherein cells on the surface of osteons at the fracture site organize into “cutting cones” that
form osteons across the gap. At the front of cutting cones, osteoclasts tunnel through bone while
trailing osteoblasts synthesize lamellar bone -- reestablishing Haversian systems across the fracture
[49]. If the fracture gap is larger than 0.01mm but less than 0.8-1mm, gap healing will take place:
lamellar bone is deposited perpendicular to the long axis of the bone which fills the space between
fragments with bone tissue and is subsequently remodeled to re-establish Haversian systems across
the gap [49].
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2.7.3 Secondary Bone Healing
The facial skeleton usually regenerates through secondary healing because of the difficulty
involved in eliminating all micromotion using fixation devices of the scale required [13]. This
healing process consists of a series of three phases that partially overlap as shown in Figure 13.

Figure 13. Overview of the process of secondary healing [29] [50].

The inflammatory phase begins immediately after the fracture when the peripheral and
intramedullary blood supply bleed into the injury site generating a hematoma. The hypoxic
environment leads to cell death and stimulates the release of angiogenic factors. The cell death in
turn stimulates the release of pro-inflammatory cytokines which attract inflammatory cells.
Platelets within the hematoma release pro-inflammatory cytokines in addition to growth factors
such as BMP-2. Necrotic bone is phagocytized by osteoclasts and the hematoma is gradually
replaced with granulation tissue. This early inflammation is crucial to bone’s ability to regenerate;
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Anti-inflammatory treatments within the first few days following fracture have been shown to
inhibit healing [51].
During the reparative phase, capillaries grow into the granulation tissue and mesenchymal
stem cells (MSCs) recruited to the injury site begin to differentiate into chondrocytes, and
fibroblasts that synthesize a soft callus of fibrocartilaginous matrix. MSC’s recruited to the
periosteum differentiate into osteoblasts which begin to directly produce woven bone around the
edges of the fracture site through intramembranous ossification. Subsequently a hard callus
develops through a process called endochondral ossification: the chondrocytes of the soft callus
calcify, which enables osteoclasts and osteoblasts to respectively resorb and replace the
mineralized cartilage with woven bone.
Finally, the remodeling phase begins in which the woven bone is replaced by lamellar bone.
The lamellar bone is much stronger than woven bone due to a higher degree of microstructural
organization. Eventually, vascularization reduces to prefracture levels and the medullary cavity is
recreated.

2.7.4 Complications
Inadequate reduction, inadequate immobilization, distraction, loss of blood supply, and
infection can result in delayed union (no fracture healing for >6 & <9 months) and eventually
nonunion (no fracture healing for >9 months) [52], [53]. 5-10% of fractures in the US fail to
adequately heal and develop into a non-union or delayed union [54]. However, when bone
fragments are not properly reduced at a fracture site, bone regeneration processes will usually still
occur. This leads to a malunion which in turn can result in a loss of function and chronic pain [55].
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2.8 Implant Associated Infections
One of the most serious risks involved with orthopedic devices is that of infection. Bone
infections, aka osteomyelitis, are difficult to treat and often require removal of the implant. 4.3%
of the 2.6 million orthopedic devices that are surgically implanted each year in the United States
become infected. Bacteria found in surgical equipment, a patient’s own body, and the ambient
atmosphere in an operating room, have been found to infiltrate a wound site and, despite the use
of sterilized equipment and aseptic technique, ~90% of implant sites become infected [56]. Most
of the bacteria responsible for these infections are Staphylococci such as Staphylococcus
epidermidis and Staphylococcus aureus [57]. These species are amongst the normal microbial flora
of human skin and mucous membranes where they remain benign unless certain conditions are
met – why they are referred to as opportunistic pathogens [58].

Figure 14. Occurrence of pathogenic bacteria found in isolates taken from implant associated infections [59].
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Figure 15. SEM images at 5000x of biofilms produced by strains of S. aureas and S. epidermidis in the air-liquid
interface of TSB-glucose medium after incubating for 24 hours at 37oC [60].

Figure 16. The 3 layers of a biofilm. The conditioning layer provides the interface between the substrate and the
layers containing cells. The base film contains bacteria cells as does the surface film. However, the surface film also
releases planktonic cells [61].

Much of the difficulty in treating these infections is due to the formation of biofilms (a
sessile collection of microbial cells embedded within an extracellular polymeric substance (EPS)
generated by the microbes themselves with multiple layers as illustrated in Figure 16) which
account for >80% of all infections in the body [62]. Compared to planktonic (free-floating)
bacteria, those within a biofilm colony benefit from better attachment to solid surfaces such as
implants, better access to nutrients due to trapping and dissemination of molecules by the EPS,
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and better resistance to external stresses such as antibiotics (cells within a biofilm are 10-1,000
times less susceptible to antibiotics than planktonic cells [62]) [61].

A.

B.

Figure 17. (A) Bacteria must irreversibly bind to the substrate before they can begin secreting matrix proteins and
maturing into an antibiotic resistant biofilm. Thus there exists a window of opportunity before this irreversible
attachment during which attached bacteria remain relatively susceptible to host defenses or antibiotics. (B) If host
cells irreversibly attach to the surface before the bacteria, winning the “race for the surface,” then it becomes much
more difficult for free-floating bacteria to achieve a foothold. ATB=antibiotics [63]

Figure 18. Phases of bacterial adhesion to the surface of a biomaterial. In Phase I cells attach reversibly. In Phase II
cells irreversibly bind to the surface using surface adhesion compounds. Finally, a protective biofilm is formed if the
attached bacteria is capable of producing one [56].

2.8.1 Biofilm Formation
Immediately following implantation, ambient host macromolecules including proteins
such as fibronectin, fibrinogen, albumin, and immunoglobulin spontaneously adsorb onto the
biomaterial’s surface forming a conditioning film. Many of these proteins act as binding ligands,
allowing for bacteria with appropriate receptors to attach to the film [64]. These bacteria compete
with tissue cells for space on the conditioning film in a “race for the surface” [65]. This period is
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crucial because once bacteria adhere to the implant’s surface, the body’s defenses are incapable of
preventing further colonization [56]. However, if host cells attach first, adhesion sites are blocked
off and it becomes more difficult for microbes to establish a colony, as illustrated in Figure 17.
The forces governing bacterial attachment to an implanted biomaterial occur in 2 phases as
illustrated below in Figure 18. In the first phase, physical forces such as van der Waals forces,
gravity, and electrostatic charge reversibly and instantaneously attract cells to the substrate. In
Phase II, specific irreversible molecular interactions occur between structures of the bacterial cell
membrane, such as polysaccharides and adhesion proteins, and those on the substrate surface (with
or without a conditioning film) creating molecular bridges [60], [56]. Microbial surface
components recognizing adhesive matrix molecules (MSCRAMMs) are used by bacteria to
irreversibly bind to a conditioning film [66].

Figure 19. Processes involved in the formation of biofilms [64].

After bacteria are irreversibly attached, those with the capacity to form biofilms begin
communicating between themselves in order to coordinate activity and begin generating the
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biofilm matrix as outlined in Figure 19. As cells divide and matrix proteins are released, the
biofilm’s thickness can grow 100 mm thick [67]. The biofilm can eventually release planktonic
cells which can then restart the entire process [61]. Large sections can also detach from the biofilm,
migrate, and infect another surface or even potentially cause a thromboembolism [64].

2.8.2 Treatments
Intravenously administered antibiotics are a common initial prophylaxis for osteomyelitis
and are usually effective at treating acute infections [68]. The bacteria responsible for acute
infections are planktonic whereas the pathogenic bacteria involved in chronic infections have
formed a biofilm. Such biofilms offer antibiotic resistance to the embedded bacteria and so larger
doses of antibiotic are required to kill the bacteria. Chronic osteomyelitis is usually treated with a
combination of implant removal (if feasible), debridement of dead bone and 4-6 weeks of
parenteral antibiotic therapy [69]. Such treatment is laborious and expensive – the removal of an
internal fixation device and the associated antibiotic regiment cost an estimated $15,000 per case
on average in the US around the year 2000 [70]. The dose of systemically delivered antibiotic
required to achieve relevant therapeutic levels is quite high due to the compromised vasculature at
the fracture site. Prolonged exposure to such high antibiotic concentrations can result in systemic
toxicity issues such as the ototoxicity (ear poisoning) caused by aminoglycosides (a group of
effective broad spectrum antibiotics including gentamicin) [70]. Additionally, systemic antibiotic
treatment often requires hospitalization, and the associated infection is susceptible to relapse [68].
Local antibiotic delivery strategies achieve therapeutic antibiotic concentrations in desired
tissues while limiting systemic exposure. This lowers the risk of systemic toxicity; however,
antibiotics delivered in this fashion can reach locally cytotoxic levels. For example, high local

27

concentrations of gentamicin have been shown to negatively affect the activity and viability of
osteoblasts [70]. Additionally, sustained release of sub-inhibitory antibiotic concentrations has
been shown to induce bacterial resistance [70].

Table 7. Non-Biodegradable vs Biodegradable Local Antibiotic Delivery Systems [68].

The most common mode for local delivery is antibiotic-loaded bone cement. Bone cement
(i.e. Poly(methyl methacrylate) or PMMA) is a self-curing paste, made from mixing liquid
monomer and polymer powder, that solidifies within minutes. The cement is either freshly mixed
and applied during the surgery to fill in free space between an implant and bone like grout in
masonry or it is cast into beads to better control the antibiotic dosage in addition to filling dead
space. Unreacted monomer reagents to the PMMA polymerization can be systemically toxic [70].
Antibiotic powder can be added to the other PMMA precursors during polymerization in order to
functionalize the cement. However, most antibiotics are heat labile and so cannot be effectively
incorporated into PMMA because the polymerization generates a significant amount of heat [70].
Most of the antibiotic-loaded into bone cement remains trapped and is never released because
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PMMA does not get resorbed by the body. For this same reason, once granulation tissue forms,
the beads are usually surgically removed [71].
Resorbable local delivery systems obviate the need for surgical removal. Collagen fleeces
loaded with antibiotics have been used but are absorbed too quickly to sustain a long-term release.
Degradable synthetic polymers such as PDLLA have been used for antibiotic-loaded beads,
spacers, and coatings. However, these synthetic polymers degrade and are resorbed primarily
through bulk degradation which is less controllable and less sustainable than surface erosion.
Furthermore, their degradation products can induce an inflammatory response.
The choice of loaded antibiotic is obviously crucial to the success of a local delivery
system. Ciprofloxacin and gentamicin are broad spectrum antibiotics commonly used in the
treatment of osteomyelitis owing to their effectiveness against most bacteria involved including S.
epidermidis and S. aureus. Ciprofloxacin belongs to a family of drugs called quinolones which act
by inhibiting DNA gyrase and topoisomerase IV – enzymes involved in the replication,
transcription, repair, and recombination of bacterial DNA [72]. Quinolones do not affect human
DNA because the enzymes they affect are not found in human cells. Gentamicin belongs to
another family of drugs, aminoglycosides, which inhibit protein synthesis within a bacterial cell
by binding to the small subunits of bacterial ribosomes and interfering with protein translation.
Aminoglycosides do not affect protein synthesis in humans because the small ribosomal subunits
found in eukaryotes are larger than their prokaryotic counterparts and have different compositions
[73].
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2.9 Osteoinductive Peptides
2.9.1 P15
Type I collagen accounts for about one third of the body’s total protein [74]. P15, a
synthetic peptide analogous to (766)GTPGPQGIAGQRGVV(780), is on the α1(I) chain of type I
collagen. It has been shown to improve cell adhesion, gene expression, mineralization [75].

2.9.2 P24
BMP-2 is a growth factor whose expression has proven to be essential to the process of
fracture healing in vivo [76]. It is composed of the knuckle epitope that binds to BMP receptor
type II and wrist epitope that binds to BMP receptor IA. Saito et al. showed that the synthetic
peptide KIPKASSVPTELSAISTLYL of residues 73-92 of the knuckle epitope of BMP-2
increased alkaline phosphatase (ALP) activity, ectopic bone formation, and expression of
osteocalcin

mRNA

in

murine

mesenchymal

stem

cells

[77].

P24

(S[PO4]KIPKASSVPTELSAISTLYLDDD) is a modified version of the original synthetic
peptide. The additional phosphorylated S and three Ds were added to help stimulate mineralization
[78]. This version of the peptide has been clinically applied in order to promote bone regeneration
at a fracture site [79].
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Chapter 3. Objective
Previous work investigated the viability of using aqueous-based silk material for
orthopedic devices [31]. In this work, aqueous silk solution was first concentrated to >20% w/v
via dialysis against a pH ~10 solution or centrifuging in a centrivap. Concentrated solutions were
then physically crosslinked using a solvent exchange with either ethanol or methanol, dried, and
autoclaved. This solvent exchange technique was effective at crosslinking when used with
solutions of silk fibroin dissolved in HFIP [4]. However, since the solvent exchange with the
aqueous solution occurs faster, resulting in a more loosely packed crystalline structure, this
aqueous-based silk bulk material was found incapable of withstanding the torsional forces used to
thread a screw with a die. Recently, the Lab developed an alternative aqueous process for
fabricating silk bulk material that can be machined into screws and plates. The research done for
this paper involves the functionalization of this material with antibiotics (gentamicin and
ciprofloxacin) and osteogenic peptides (p24 and p15) to investigate if and how such molecules
could effectively improve upon the functionality of orthopedic devices fashioned from this
material. To this end the bioactivity, release profile, and degradation of functionalized material
was looked at.
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Chapter 4. Experimental Methods
4.1 Preparation of Silk Solution
Silk solution was prepared using a slightly modified version of a previously described
method [26].

Figure 20. Stepwise schematic of the general procedure for making silk solution used in the fabrication of aqeous
based silk bulk material with modifications to the original procedure highlighted in red.
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Whole B.mori cocoons were first cut open and their pupa and inner layer removed. Silk
solution made without removing the innermost layer has been shown to produce an inflammatory
response. This is likely caused by proinflamatory compounds from the pupa embedded within this
layer contaminating the ultimate solution. Thus, the removal of the innermost layer was done to
improve the resulting material’s biocompatibility and more completely isolate the fibroin
molecules. The remaining cocoon halves were then diced into pieces half the size of a dime and
boiled in 0.02M sodium carbonate for 30min to remove sericin. In an effort to remove more of the
sericin, the pieces used were cut to half the size of those used in the original protocol to improve
the contact area between the silk fibers and the sodium carbonate solution and ultimately remove
more of the sericin. Longer boil times can be used to remove more of the sericin but at the cost of
further degrading the fibroin fibers. The resulting degummed silk fibers were then placed in a DI
water bath at a ratio of at least 2L of water to every 5g of silk and washed for 20 minutes twice
and then soaked overnight. The overnight soak was done as an extra precaution to completely
remove any residual sodium carbonate which can affect the pH of the resulting silk solution if not
removed. The fibers were then moved to a fume hood and left until completely dry (at least 24
hours). The dried fibers were then dissolved at 60oC with 9.3M LiBr solution for 4 hours to create
a 20% w/v silk solution. For the silk solution used to make osteogenic devices, the LiBr solution
was first adjusted to pH 8 using LiOH. Dissolving the silk in a more basic solution decreased the
interaction between the silk proteins ultimately increasing the concentration to which the silk
solution could be raised before spontaneously gelling. The freshly digested silk solution was
transferred into dialysis tubing and dialyzed against at least 100 times its volume in DI water.
Water was changed 4 times the first day with at least an hour in between changes then 3 times the
second and third days with at least 2 hours in between changes. The resulting solution was
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centrifuged for 20min at 9,000rpm at 2-10oC twice then stored at 4oC until used. The concentration
of the silk solution was determined by baking ~300uL in a 60oC over for 24 hours and dividing
the weight of the dried silk over the weight of the solution. The freshly dialyzed silk was
consistently found to have a concentration of ~7% w/v.

4.2 Peptide Synthesis
Unlabeled and FITC labeled forms of the previously described peptides P24 and P15 were
synthesized by the Tufts University core facility (TUCF) on an ABI 431 Peptide Synthesizer using
Fmoc chemistry and HBTU activation. Crude peptide was then purified to >90% using Varian
ProStar HPLCs with 100x20 mm reverse phase C18 YMC ODS-A columns, a Buffer A of 0.1%
TFA in water, and a Buffer B of 0.075% TFA in acetonitrile.

4.3 Preparation of silk block
Every 80mL of freshly dialyzed silk solution was transferred into a 12-30mL Slide-ALyzer dialysis cassette (Thermo Fisher, USA) using a 16-gauge needle. Cassettes were then
incubated at 10oC for 12 hours to slowly evaporate water out of the solution. The solutions
remaining were then consolidated so each cassette had ~80mL of the concentrated solution as well
as an additional 2ml of air before being incubated for another 12 hours at 10oC. Every few hours
the cassettes were rotated causing the air bubble to physically stir the solution and prevent local
beta sheeting in areas of high concentration. The cassette walls were then cut open and the
concentrated solution emptied into an open glass dish. The cassette walls were cut because the
solutions were too viscous to be moved out of the cassettes with a needle without introducing large
amounts of shear. These dishes were then incubated at 10oC for another 12 hours, stirring gently
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every few hours with a pipette tip to prevent local gelation or formation a surface film. At this
point the solution’s concentration was checked using the previously mentioned technique and,
while the aliquot of solution used to check the concentration was baking, the dishes were covered
in paraffin and stored at 4oC. If the concentrated silk solution was found to be <25% w/v, its dish
was covered with a kimwipe to slow the evaporation process and incubation at 10oC was continued
as before for 6 hour intervals until the concentration of the solution reached 25% w/v. Between
intervals the dishes were covered with paraffin and stored at 4oC.

Figure 21. Schematic of the biomimetic process used to fabricate aqueous silk-based orthopedic devices.

The fully concentrated solutions were then placed in a vacuum desiccator and sparged in
30 minute intervals until all the small air bubbles within the solution were brought to the surface.
Each 21mL of this solution was then transferred to a 3-12mL cassette along with 2mL of air using
a 16-gauge needle. These cassettes were then placed upright inside ziplock bags and stored at 4oC
overnight. The local humidity preserved within the ziplock bags delayed crystallization which
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allowed any bubbles introduced during the solution transfer to float to the top. The air pocket
within the tubing at the top of the cassette was covered with tape to prevent local evaporation at
the top of the solution from occurring faster. These cassettes were incubated at 10oC for a week.
During the first 48 hours, the cassettes were monitored, air was added to keep the walls of the
dialysis tubing in the cassette flush with the plastic frame, and any air-filled tubing exposed by this
process was covered with more tape. After one week at 10oC the now hard material was cut out of
the cassette and placed in a fume hood for at least a week. During this period the block of solid
silk material shrank slightly in size and became noticeably less opaque as illustrated in Figure 21.
These silk blocks provided the raw materials for the machined orthopedic devices.

4.4 Machining Orthopedic Hardware
Silk blocks were cut into pieces with a band saw before being milled into square bars with
faces of dimensions 3/16” by 3/16.” These bars were held in place using a square collet of the
same size and then machined into 1.5mm or 3mm diameter cylindrical rods using a CNC lathe
(Trak TRL 1440 EX). A razorblade was used to cut the 1.5mm cylinders into pins of ~6mm or
~3mm in length.

A

B

C

Figure 22. Steps of machining silk material into pins. Silk blocks cut into strips with a band saw (A), then milled
into 3/16” by 3/16” square bars (B), and finally cut into cylindrical rods with a CNC lathe (C). Scale bar =10mm.
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Blanks (screws without threads) were machined from the 3mm diameter cylindrical rods
by cutting 2mm inner diameters into the cylinders using the CNC lathe. A custom single point
external cutter (Vargus USA) was used to cut screw threads. The turning speed and horizontal
speed were controlled to produce a pitch of 600um and outer thread diameter of ~2mm. A diamond
cutter was then used to cut a slot screw drive into the head of the screw. The dimensions of the
machined screws are illustrated in Figure 23. Slight variations in diameter were observed in both
the machined screws and pins; these were attributed to machining error as well as additional
dehydration of the material after machining.

Figure 23. Dimensioned drawings of bone screws. Proportions are not drawn to scale.

Figure 24. Illustration of the screw thread geometry including angles α (35o) and β (35o), diameters d1 (1.6mm) and
d2 (2mm), rounding r1 (0.4) and r2 (0.1), effective thread length e (0.1mm), and pitch length P (0.6mm).
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4.5 Sterilization
Ethylene oxide sterilization was carried out using an Anprolene AN74i tabletop
sterilization system. Samples of machined hardware were sealed in autoclave pouches and placed
in a sterilization bag along with a Humidichip ® (AN1071), ethylene oxide gas ampoule, and purge
tube. The sterilization bag was then placed inside the Anprolene AN74i unit, purged, the ampoule
broken, and a 12-hour sterilization cycle initiated. After sterilization, the autoclave pouches
containing samples were removed and left in a fume hood for at least 24 hours before using in
order to air out any residual ethylene oxide.

4.6 Characterization
4.6.1 SEM imaging
A ZEISS EVO MA10 scanning electron microscope (SEM) was used to observe the
structure of silk pins and screws. Pins were cut with exact-o-blades to expose their internal
morphology. Samples were placed on an aluminum stage covered with carbon tape and sputter
coated with gold for 60 seconds using a SC7620 Sputter Coater (Emitech). Coated samples were
then placed on a stage holder, inserted into the SEM, and imaged using the Smart SEM software.

4.7 Functionalization
The array of functionalization techniques and concentrations attempted is summarized in
Table 8. The advanced functionalization techniques were designed to improve upon the release
profiles found for silk material functionalized through encapsulation, adsorption, or nano-coatings
alone.
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Table 8. Summary of the functionalization techniques used for experiments.
Concentrations used
Drug Loaded

Ciprofloxacin
Gentamicin
P24-FITC
P15-FITC
P24
P15

Encapsulation
[ % w/w silk]

Adsorption
[mg/mL]

Nanocoating
3 Layers [mg/mL]

2,5
2,5,7,14
0.1
0.1
0.1
0.1

10
10

10

2
2

4.7.1 Encapsulation
Unlike the other functionalization techniques used, encapsulation was done before the silk
solutions were processed into blocks. 21mL of ~25% w/v silk solution prepared as mentioned
earlier was transferred into a 50mL conical tube. One of the drugs listed in Table 8 was then
weighed and mixed with enough solvent (1-3mL) to dissolve it. The antibiotics (ciprofloxacin and
gentamicin) and unlabeled peptides (p24 and p15) were dissolved in DI water while the labeled
peptides (p24-FITC and p15-FITC) were dissolved in 70% EtOH because of the FITC marker’s
prohibitively low solubility in water. This drug concentrate was then added to the silk solution.
This mixture was mixed by gently pipetting it in and out of the conical tube with a 30mL syringe.
A vacuum desiccator was used on the solution twice for 30 minutes to sparge out bubbles
introduced during the mixing. The solution was then added to a cassette and used to create a silk
block as described earlier.
In order to isolate the effect of adding ethanol to silk solution before it was crystalized into
a solid block, 1, 2, and 3mL of 70%v/v ethanol to water were mixed with 21 mL of ~25% silk
solutions using a 30mL syringe, sparged twice for 30 minutes using a vacuum desiccator, loaded
into a cassette, and concentrated into a solid silk block as outlined earlier.
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4.7.2 Adsorption
Drugs were loaded onto machined devices via adsorption using a method based on that
used by Pritchard et al. [80]. Samples were immersed in 500uL of a drug loaded solution (20
mg/mL ciprofloxacin in water, 20 mg/mL gentamicin in water, 1mg/ml p15-FITC in ethanol) for
24 hours and then dried at 37oC for an hour. Loading was estimated by taking the difference in
weight before and after adsorption

4.7.3 Nano-coatings (standardize by volume)
Layer-by-layer drug loaded nanofilm coatings were added to machined devices in a process
based on that used by Pritchard et al. [80]. Aqueous-based silk devices were soaked in a drug
solution (20mg/mL ciprofloxacin in water, 1mg/mL p25 in ethanol, or 1mg/mL p15 in ethanol) for
3 minutes and dried for 30 min at 37oC. Then, the devices were soaked in 0.2% w/v silk solutions
for 3 minutes and dried for 30 min at 37oC. Next, the devices were soaked in a 90:10 v/v solution
of MeOH/water for 1 minute and dried for 30 minutes at 37oC. This process was repeated two
more times to create a total of 3 layers. The final silk solution used was at a concentration of 4%
w/v rather than 0.2% in order to form a thicker outer layer to moderate the burst release.

4.8 Shear Test (dry, hydrated)
A double lap shear test was conducted for pins of diameter ~1.5mm using a stainless-steel
fixture mounted on an Instron 3366 test frame that interlocked with a stainless-steel base placed
on a flat platform as shown in Figure 25. Pins were threaded through a pair of 1.5mm diameter
holes in the base that were aligned with each other and perpendicular to the socket for the top
fixture. The Instron test frame was then lowered at a rate of 5 mm/min until the loaded pin fractured
to find the maximum compressive shear strength. This test was carried out for both dry pins and
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those that had been soaked in 37oC PBS for 72 hours. Multiple bases, with hole diameters ranging
from 1.5mm to 1.85mm, were used when testing the hydrated pins so that, despite the variable
degree of swelling observed between different types of pins, each pin fit tightly within the aligned
holes of the base it was used with. The maximum load and cross sectional area of each pin was
then used to determine the maximum shear stress.

Figure 25. Fixture used for double lap shear testing. On the left is a photograph of an actual fixture (The scale bar is
1cm) while the images on the right illustrate how a sample fits into the fixture.

4.9 Swelling
Silk pins of diameter ~1.5mm were weighed to find their dry weight (Wd) and then
submerged in 37oC pH 7.4 PBS baths. Pins were removed and weighed after their surface was
dabbed dry with a kimwipe at 1 min, 2 min, 4 min, 8 min, 15 min, 30 min, 60 min, 2 h, 4 h, 24 h,
48 h and 72 h. Each pin’s dry weight and fully swollen weight (Ws) were then input into equation
1 & 2 to solve for their water uptake and swell ratio.

Equation 1.

Equation 2.
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4.10 In Vitro Bioactivity
Human mesenchymal stem cells (hMSCs) were isolated from whole bone marrow (Lonza,
USA). Marrow was first diluted to 1x106 cells/mL with expansion media (Dulbecco’s modified
eagle medium (DMEM), 10% fetal bovine serum (FBS), 1% non-essential amino acids, 1ng/mL
basic fibroblast growth factor (bFGF), and 1% antibiotic-antimycotic (Thermo Fisher, USA) and
35mL aliquots were added to 175cm2 tissue culture flasks (Corning, USA). The flasks were
incubated at 37oC and 5% CO2 until adherent cells reached 80% confluence. These cells were then
lifted using trypsin, suspended in solutions of 10% (DMSO) in FBS, aliquoted into cryovials, and
stored in liquid nitrogen. Frozen cells were thawed and expanded, using expansion media, through
passage 2 for experiments.

4.10.1 3D Tissue Model
Salt-leached scaffolds with 400-500um diameter pores were prepared using a method
described previously [26] and illustrated in Figure 26. Plastic molds were each filled with 2mL of
6 % w/v aqueous silk solution and then 4g of 500-600um diameter salt particles before being
capped and left to gel at room temperature for 1-2 days. These molds were then soaked in ultrapure
water for 3 days and the water was changed 2-3 times a day for the first 2 days. Biopsy punches
were used to cut out annular scaffolds with inner and outer diameters of 2mm and 4mm
respectively. These scaffolds were then sterilized with an autoclave.
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Figure 26. Process used to fabricate salt leached silk sponges [26].

Individual silk screws inserted into tubular silk sponges were placed in the wells of 24 well
cell culture plates and then the sponge of each construct was seeded with 1x106 hMSCs as
illustrated in Figure 27 in order to create a 3D tissue model. These constructs were cultured using
osteogenic medium at 37oC and 5% CO2 for 6 weeks before being stained for HAP using an
OsteoImageTM Bone Mineralization Assay (Lonza, USA) and imaged with a Keyence BZ-X710
fluorescent microscope (Keyence, USA).

Figure 27. Diagram illustrating the process of creating each 3D tissue model. Silk-based screws were inserted into
tubular silk sponges and seeded with 1x106 hMSCs.
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4.10.2 Bacterial Clearance
The ability of silk material functionalized with antibiotics to inhibit bacterial growth was
evaluated using a test modeled on one used by Sanna-Mari et al. [81]. 0.2 optical density (OD)
bacterial suspensions were prepared by diluting overnight cultures of S. epidermidis (ATCC
35989) or S. aureus (ATCC 25923) in tryptic soy broth (TSB). Agar plates were inoculated with
150ul of 0.2 OD bacterial suspension and then sterile glass beads were used to spread the inoculate
evenly. A silk pin was placed at the center of each plate and pushed slightly into the agar. Plates
were then inverted, incubated overnight at 35oC, and observed the next day to check for areas
surrounding each pin free from bacterial growth – also referred to as a zone of inhibition (ZOI).

4.10.3 3D Biofilm Inhibition
The ability of silk screws functionalized with ciprofloxacin or gentamicin to inhibit
development of biofilm on their surfaces was evaluated using a BacLightTM bacterial viability kit.
Each silk screw was first incubated for 2 hours at room temperature in 4mL of a 0.2 OD
suspension of S. epidermidis in TSB that was prepared as described earlier.
These samples were washed with sterile saline solution and then incubated at 3 in 4mL of
fresh TSB for 48 hours at 35oC. The media was replaced with fresh TSB media after 24 hours.
After 48 hours, the screws were taken out of the media, stained using the BacLightTM kit, and
immediately imaged using a Keyence BZ-X710 fluorescent microscope.

4.11 In Vitro Release
Silk pins of diameter ~1.5mm were weighed to find their dry weight and then submerged
in a 2mL pH 7.4 bath of PBS, 5 U mL-1 solution of protease XIV in PBS, or 5 U mL-1 α-
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chymotrypsin. The bath volume of 2mL was chosen because it exceeded the perfect sink volume
for each sample calculated using Equation 3 (where V is the perfect sink volume, L is the weight
of loaded drug, and S is the drug’s solubility). These baths were incubated at 37oC. Solution was
withdrawn and replaced with an equivalent volume of fresh solution at regular time intervals.
Withdrawn solutions were stored at -20oC.

Equation 3.

4.11.1 Detection by Spectroscopy
The amount of ciprofloxacin released at each time point of an in vitro release was
determined by checking its absorbance spectra maximum in PBS (270.5nm [82] ) on a microplate
reader and applying the Beer Labert law. Similarly, the amount of FITC tagged peptide released
at each time point of an in vitro release was determined by FITC’s florescence at excitation
maximum (492nm [83]).

4.11.2 Detection by ZOI
The maximum absorbance of ciprofloxacin is very close to that of protein (280nm). Thus,
silk that degrades into solution could artificially inflate the amount of ciprofloxacin detected from
the in vitro releases – particularly for the releases from enzymatic digests. Additionally, gentamicin
cannot be directly detected by UV because it has no UV or visible chromophores [84].
Aliquots of solutions of these drugs were instead quantified indirectly using the antibiotics’
ability to inhibit growth of a bacterial lawn in a process modeled after one described by SannaMari et al. [81]. 150uL 0.2 OD S. epidermidis or S. aureus suspensions prepared as detailed
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previously were spread over an agar plate using sterile glass beads. 1uL droplets of release
solutions and standard solutions of known drug concentrations were then patterned onto agar
surfaces in triplicate. Plates were inverted, incubated at 35oC, and photographed after 24 hours.
ImageJ software was then used to quantify the size of ZOIs. Unknown drug concentrations were
quantified by comparing their ZOIs to those generated by standard solutions of known drug
concentrations.

4.12 In Vitro Degradation
Silk pins of diameter ~1.5mm were weighed to find their dry weight and then submerged
in a 2mL pH 7.4 bath of PBS, 5 U mL-1 solution of protease XIV in PBS, or 5 U mL-1 αchymotrypsin. These baths were then incubated at 37oC. Solution was withdrawn and replaced
with an equivalent volume of fresh solution at each time point. Pins were removed at 3, 6, and 9
weeks and dried in an oven at 60oC for at least 24 hours. Dried samples were weighed to determine
the mass lost by each time point. A SEM was used as described before to observe the morphology
of the pins at each time point.
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Chapter 5. Results
5.1 Functionalization of Aqueous Orthopedic hardware
In this project, aqueous-based silk bulk material was made by evaporating water from
dialysis cassettes filled with silk solution. This produces a block of silk material from which
cylindrical rods must be cut to create pins or screws. Previous methods used to generate aqueousbased silk bulk material did so by injecting the silk solution into cylindrical molds and then
applying a crosslinking agent or critical point drying in order to directly produce a cylindrical rod
of material. The added machining steps for the process used in this project result in a relative loss
of usable material when machining pins or screws. In an attempt to reduce the amount of material
lost, hanging dialysis tubes tied off at each end were used in place of a cassette. Several diameters
of tubing were used and weights were added to prevent the tubes from curling. However,
evaporation occurred so quickly that the tubes collapsed into irregular pieces too thin to use.
Silk bulk material generated via the biomimetic aqueous technique used in this project were
successfully machined into cylindrical rods with a CNC lathe and threaded with a single point
external cutter. This includes silk bulk material functionalized prior to machining.
Functionalization of machined devices did not appear to affect the surface morphology for pins as
depicted in Figure 28, Figure 30, and Figure 31. The surface marks that are seen on many of the
pins appear to be from the CNC lathe. However, Figure 29 shows that screws with nanolayers of
p15, nanolayers of p24, and adsorbed ciprofloxacin all appear to have morphological distortions
that suggest their coatings were uneven. The cross-sections of these pins depicted in Figure 31 also
appear to be unaffected by functionalization. Bulk silk material containing encapsulated
ciprofloxacin appears more white and opaque than the unloaded material. Encapsulated gentamicin
had the same effect but only at the highest concentration tested (14%).
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Group

Macro Lens Image

Brightfield Image

Silk + Encapsulated Ciprofloxacin (2%)

Silk + Encapsulated Ciprofloxacin (5%)

Silk + Encapsulated Gentamicin (2%)

Silk + Encapsulated Gentamicin (5%)

Silk + Encapsulated Gentamicin (7%)

Silk + Encapsulated Gentamicin (14%)

Silk + Encapsulated p15 (0.1%)

Silk + Encapsulated p24 (0.1%)

Figure 28. Images of pins machined out of blocks of silk bulk material made using a biomimetic aqueous process.
Functionalized pins containing p15, p24, ciprofloxacin, or gentamicin were created via encapsulation, adsorption, or
nanocoatings. Pins were also machined from silk bulk material made using a variation of the biomimetic process
which included the addtion of enthanol. Macro lens was used to capture the overall shape of the pins (left column)
while bright-field microscopy was used to image them in finer detail (right column). Scale bar = 1.5mm. (continued
on next page)
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Brightfield Image
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Silk + Encapsulated Ciprofloxacin (5%)

Silk + Encapsulated Gentamicin (2%)

Silk + Encapsulated Gentamicin (5%)

Silk + Encapsulated Gentamicin (7%)

Silk + Encapsulated p15 (0.1%)

Silk + Encapsulated p24 (01%)

Figure 29. Images of screws machined out of blocks of silk bulk material made using a biomimetic aqueous process.
Functionalized screws containing p15, p24, p15-FITC, p24-FITC, ciprofloxacin, or gentamicin were created via
encapsulation, adsorption, or nanocoatings. A macro lens was used to capture the overall shape of the screw (left
column) while bright-field microscopy was used to image them in finer detail (right column). Scale bar = 1.5mm.
(continued on next page)
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Brightfield Image

Group

Macro Lens
Image

Brightfield
Image

Fluorescent
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Silk + Encapsulated p15-FITC
(0.1%)

Silk + Encapsulated p24-FITC
(0.1%)

Silk + Nanolayers of p15-FITC

Silk + Nanolayers of p24-FITC

Figure 30. Images of pins machined out of blocks of aqeous-based silk bulk material containing p15-FITC or p24FITC created via encapsulation, or nanocoatings. Macro lens was used to capture the overall shape of the pins (left
column) , bright-field microscopy was used to image them in finer detail (middle column), and fluorescent
microscopy was used to visulaize the loaded FITC tagged peptides. Scale bar = 1.5mm. (continued on next page).

Silk material functionalized through encapsulation were generated by mixing drug
concentrate into 25% aqueous silk solution. The solubility of FITC is very low in water
(0.1mg/mL) compared to ethanol (20mg/mL) so concentrated solutions of FITC peptides were
made using ethanol. Adding 1mL of 100% ethanol was shown to induce local crystallization before
it could be homogenously mixed into the 25% silk solution. However, 1mL and 2mL of 70%
aqueous ethanol could be successfully mixed into the solution. As with the 100% ethanol, at 3mL
the aqueous ethanol could not be mixed into the silk solution homogenously. FITC labeled peptides
were dissolved in <2mL of ethanol before being added to the silk solution. The resulting pins
containing encapsulated FITC were much more yellow in color than unloaded silk bulk material.
Additionally, all the pins functionalized with FITC tagged peptides displayed fluorescence above
that of the background fluorescence of the silk bulk material.
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SEM Image
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Figure 31. SEM images of pins machined out of blocks of silk bulk material made using a biomimetic aqueous
process. Functionalized pins containing p15, p24, p15-FITC, p24-FITC, ciprofloxacin, or gentamicin were created
via encapsulation, adsorption, or nanocoatings. (continued on next 2 pages)
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5.3 Shear
In order to observe the effect additives mixed into the silk solution have on the mechanical
properties of the final bulk silk material, silk-based pins were tested for maximum shear strength
while dry and after soaking for 72 hours in PBS (hydrated). The dry and hydrated maximum shear
strength of the unmodified aqueous-based silk material (69.9 MPa and 10.9 MPa respectively) was
found to be lower than that of HFIP based silk material (90MPa and 19MPa respectively [4]).
As shown below in Figure 32, the loaded antibiotics did not have a significant effect on
dry shear strength but the addition of ethanol significantly decreased it. This could be a result of
the added ethanol speeding up the crosslinking process and in turn lowering the packing density
of the beta sheets. In all cases the hydrated mechanics were significantly lower than their dry
counterparts but silk pins containing 2% gentamicin and silk pins containing 5% ciprofloxacin
demonstrated significantly higher hydrated shear strength than the unloaded silk pins.
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Figure 32. Shear strength for silk-based pins (mean ± 1 SD, n=3). Means with different letters are significantly
different (Tukey’s test, p<0.05)
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5.4 Swelling
The final time point of 72 hours was chosen because HFIP-based silk pins were previously
shown to swell completely by this time point. There was no significant difference in swollen
weight between samples taken at 24, 48, and 72 hours which is consistent with what was found for
the HFIP based samples. However, aqueous-based silk pins were found to have a much larger
swell ratio and % water uptake than calculated for the HFIP based samples (0.22±0.03, and
17.9±1.99% respectively) [4]. Figure 33 shows that both the swell ratio and % water uptake were
found to be significantly lower in pins loaded with ciprofloxacin.
Many of the pins swelled unevenly which resulted in elliptical cross-sections. However,
the relative size of the major and minor axis of these cross sections was not consistent among pins
and some swollen pins had very circular cross sections. Drying the swollen pins did not reverse
the relative size of their cross-section’s major and minor axis.
This asymmetry may have resulted from unevenly dried silk bulk material. The center of
these blocks took longer to crystalize than areas nearer to the surface. If this center region was
never fully dried it follows that a pin machined from this block could have a cross section
containing areas with different levels of hydration which in turn would result in an irregular crosssectional geometry after swelling in PBS.
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Figure 33. Summary of calculated swell ratio and % water uptake (mean ± 1 SD, n=3). Means with different letters
are significantly different (Tukey’s test, p<0.05)
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5.5 In Vitro Bioactivity
5.5.1 3D osteoinduction
Bioactivity of p24 encapsulated in silk bulk material was tested by inserting screws into
annular silk sponges, seeding the sponges with hMSCs, culturing them in osteogenic media,
harvesting them after 6 weeks, and finally staining them for deposited hydroxyapatite with an
OsteoImageTM kit. The results are presented in Figure 34. The sponges with BMP-2 and p24 loaded
screws have similar distributions of fluorescence; most of the stained hydroxyapatite appears at or
at the screw-sponge interface and throughout the sponge. In contrast, fluorescently stained
hydroxyapatite was only found at the edge of the sponge containing the unloaded screw.
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Figure 34. Crossections of silk-based screws within hMSC seeded silk sponges stained with the OsteomageTM
Mineralization Kit following a 6 week incubation in osteogenic media. The screw [Sc] and sponge [Sp] are labeled
in each image. The areas of green fluorescence denote deposited hydroxyapatite. Scale bar = 400um.
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5.5.2 ZOI
Silk pins functionalized with antibiotics were placed onto inoculated agar plates and
cultured overnight to verify that their loaded drugs retained bioactivity. In all cases, save for the
unloaded silk pin control, enough bioactive drug was released to inhibit the bacterial growth of S.
epidermidis and S. aureus. The area of each bacterial clearance is summarized in Table 9.

Table 9. Areas of ZOI around pins incubated overnight on agar plates inoculated with S. epidermidis or S. aureas.

Group

Area of ZOI (cm2)
S. epidermidis

S. aureus

Silk + Adsorbed Ciprofloxacin

11.54663896

7.73794362

Silk + Adsorbed Gentamicin

12.55543313

4.224754158

Silk + Encapsulated Gentamicin (2%)

2.374183232

3.4194365

Silk + Encapsulated Gentamicin (5%)

2.915819129

4.093170466

Silk + Encapsulated Gentamicin (7%)

8.293355361

7.284764762

Silk + Encapsulated Gentamicin (14%)

8.34666944

5.205916613

Silk + Encapsulated Ciprofloxacin (5%)

10.69175287

6.002786047

Silk + Encapsulated Ciprofloxacin (2%)

8.342197858

5.586603514

Silk + Nanolayers of Ciprofloxacin

9.767472829

8.022393705
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Group

Species of Bacterial Lawn
S. epidermidis
S. aureas

Silk + Encapsulated Ciprofloxacin (2%)

Silk + Encapsulated Ciprofloxacin (5%)

Silk + Encapsulated Gentamicin (2%)

Silk + Encapsulated Gentamicin (5%)

Silk + Encapsulated Gentamicin (7%)

Figure 35. ZOI test for drug loaded pins. Silk-based pins ~3mm long were incubated overnight in agar plates
inoculated with S. aureas or S. epidermidis. Scale bar = 20mm. (continued on the next page)
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Group

Species of Bacterial Lawn
S. epidermidis
S. aureas

Silk + Encapsulated Gentamicin (14%)

Silk + Nanolayers of Ciprofloxacin

Silk + Adsorbed Ciprofloxacin

Silk + Adsorbed Gentamicin

Silk
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5.5.3 Biofilm
Screws inoculated with S. epidermidis were cultured in tryptic soy broth media for 48 hours
before being harvested and treated with a BacLightTM staining kit. The large background
florescence of silk interfered with the live stain and overwhelmed any meaningful output of the
dead stain. However, the live stain fluorescence revealed morphology clearly indicative of biofilm
formation on unloaded silk screws as well as silk screws containing encapsulated gentamicin. This
is consistent with the cloudiness indicative of bacterial growth seen in the media surrounding these
screws prior to harvesting. The silk screws functionalized by adsorbed gentamicin did not appear
to form a biofilm; however, there was a slight amount of turbidity in the media at the time of
harvesting. None of the screws functionalized with ciprofloxacin exhibited any biofilm
morphology or media turbidity.
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Group

Well at 48 hours

Biofilm Formation On Screw Threads

Silk +
Nanolayers
of
Ciprofloxacin

Silk +
Adsorbed
Ciprofloxacin

Silk +
Adsorbed
Gentamicin

Silk

Figure 36. Formation of biofilm on silk-based screws inoculated with S. epidermidis. Screws were stained with
BacLightTM after 48 hours. (continued on the next page)
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Group

Well at 48 hours

Biofilm Formation On Screw Threads

Silk +
Encapsulated
Ciprofloxacin
(2%)

Silk +
Encapsulated
Ciprofloxacin
(5%)

Silk +
Encapsulated
Gentamicin
(2%)

Silk +
Encapsulated
Gentamicin
(5%)

Silk +
Encapsulated
Gentamicin
(7%)

67

5.7 In Vitro Releases
Drug releases carried out in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U ml-1 protease XIV
were plotted in Figure 38-Figure 48 as a function of the cumulative % of loaded drug released.
Concentrations of aliquots taken at each time point were found using UV spectroscopy,
fluorescence spectroscopy, or ZOI measurement. These concentrations were multiplied by the
volume of solution that the pins released into (2mL) and divided by the total amount of loaded
drug to solve for the % released at each point. However, the total amount of loading was
determined using different methods depending on the type of functionalization involved: Pins with
encapsulated drug were assumed to contain the amount of drug they should theoretically have
given considering the amount of powder added to form a block of material (i.e. the amount of
ciprofloxacin loaded into a pin cut from a block of silk bulk material made to contain 2%
ciprofloxacin was assumed to be 2% of the weight of the pin). For pins with adsorbed drug, loading
was found by taking the difference in dry weight before and after functionalization. Lastly, for
pins functionalized using nano layers it was assumed that all the loaded drug would be released
after incubating the pins in 5.0 U ml-1 protease XIV for 9 weeks.
Drug release from pins functionalized with ciprofloxacin was quantified at each time point
using both UV spectroscopy and ZOI measurement. The maximum UV emission wavelength for
ciprofloxacin (270nm) is very close to the one for protein (280nm). To account for degraded silk
protein artificially inflating the amount of “released ciprofloxacin” detected, unloaded silk pins
were incubated in the same solutions (PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U ml-1 protease
XIV) and aliquots were collected at each time point. These absorbance values were then subtracted
from the corresponding ciprofloxacin releases (i.e. absorbance values at 270nm for 2%

68

ciprofloxacin release in PBS were corrected by subtracting absorbance values at 270nm for an
unloaded silk pin in PBS at the same time point).
The resulting cumulative releases were plotted in Figure 38-Figure 40. These techniques
produced very similar release profiles; however, releases measured by ZOI ended earlier. This is
because the threshold concentration of ciprofloxacin needed to have an inhibitory effect against S.
aureas (0.25ug/mL [85]) is larger than the concentrations that could be detected by absorbance.
Within each functionalized group, the plots of ciprofloxacin release in α-chymotrypsin are not
much different from those for PBS. However, releases in protease XIV had a higher % cumulative
release for all functionalized groups involving ciprofloxacin save for pins with adsorbed
ciprofloxacin. This could be because pins loaded with adsorbed ciprofloxacin had the drug
concentrated on the surface and lacked a physical barrier of unloaded silk material between the
loaded drug and the surrounding solution that would require enzymatic removal for a faster release.
Release profiles of ciprofloxacin found using UV spectroscopy were very close to those using ZOI
measurements except for the release of ciprofloxacin from pins coated with nano layers incubated
in protease XIV solution. This could be because the silk protein released by the degradation of the
nanolayers of silk films is not accounted for. Finally, the degree of cumulative release is larger in
the pins loaded with 5% rather than 2% ciprofloxacin.
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Drug Release from Silk + Encapsulated Ciprofloxacin (2%)
Detected by ZOI measurement
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Figure 37. Release of ciprofloxacin from pins of silk containing 2% ciprofloxacin incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement and UV
spectroscopy.
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Cumulative Release (%)

Drug Release from Silk + Encapsulated Ciprofloxacin (5%)
Detected by ZOI Measurement
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Drug Release from Silk + Encapsulated Ciprofloxacin (5%)
Detected by UV Spectroscopy
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Figure 38. Release of ciprofloxacin from pins of silk containing 5% ciprofloxacin incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement and UV
spectroscopy.
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Cumulative Release (%)

Drug Release from Silk + Nanolayers of Ciprofloxacin
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Figure 39. Release of ciprofloxacin from pins of silk with nanolayers of ciprofloxacin incubated in PBS and 5.0 U
ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement and UV spectroscopy.
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Cumuluative Release (%)
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Figure 40. Release of ciprofloxacin from pins of silk with adsorbed ciprofloxacin incubated in PBS and 5.0 U ml-1
protease XIV (n=3 for each time point) detected by ZOI measurement and UV spectroscopy.
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Drug release from pins functionalized with gentamicin was quantified at each time point
using ZOI measurement. The resulting cumulative releases were plotted in Figure 41-Figure 44.
These were relatively short compared to the ciprofloxacin releases; None of the releases in PBS or
α-chymotrypsin even lasted a full week. The release profiles for gentamicin loaded pins incubated
in protease XIV, α-chymotrypsin, and PBS became more and more distinct as the concentration of
gentamicin increased. A release was not taken for 14% gentamicin in α-chymotrypsin however the
relationship between the release profile of 14% gentamicin pins in PBS relative to in protease XIV
followed this trend. Lastly, the ultimate amount of cumulative release achieved increased as the
percent of encapsulated drug increased.
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Figure 41. Release of gentamicin from pins of silk containing 2% gentamicin incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Cumulative Release (%)

Drug Release from Silk + Encapsulated Gentamicin(5%)
Detected by ZOI Measurement
100
80
60

Protease XIV

40

α-Chymotrypsin

20

PBS

0
0

2

4

6

8

10

12

14

Time (days)
Figure 42. Release of gentamicin from pins of silk containing 5% gentamicin incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Figure 43. Release of gentamicin from pins of silk containing 7% gentamicin incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Figure 44. Release of gentamicin from pins of silk containing 14% gentamicin incubated in PBS and 5.0 U ml-1
protease XIV (n=3 for each time point) detected by ZOI measurement.
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Drug release from pins functionalized with p15-FITC was quantified at each time point
using fluorescence spectroscopy. The resulting cumulative releases were plotted in Figure 45 and
Figure 46. The burst release from pins containing encapsulated p15-FITC was larger when
incubated in protease XIV solution compared to PBS or α-chymotrypsin. However, at 9 weeks the
difference between cumulative releases became much smaller. The burst release from pins
functionalized with nano layers of p15-FITC continued for a longer period in protease XIV
solution than in PBS.
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Figure 45. Release of p15-FITC from pins of silk containing 0.1% p15-FITC incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Figure 46. Release of p15-FITC from pins of silk covered with nanolayers of p15-FITC incubated in PBS, 5.0 U ml1
α-chymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Drug release from pins functionalized with p24-FITC was quantified at each time point
using fluorescence spectroscopy. The resulting cumulative releases were plotted in Figure 47 and
Figure 48. The burst release from pins with encapsulated p24-FITC was higher in solutions of
protease XIV than in PBS or α-chymotrypsin. The 9 week cumulative release in protease XIV and
α-chymotrypsin were both higher than in PBS. The entire release into protease XIV from pins
functionalized with nano layers of p24-FITC occurred within the first 2 days. The release from
PBS lasted 11 days but achieved a cumulative release less than half the size of the release in
protease XIV.
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Figure 47. Release of p24-FITC from pins of silk containing 0.1% p24-FITC incubated in PBS, 5.0 U ml-1 αchymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.
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Figure 48. Release of p24-FITC from pins of silk covered with nanolayers of p24-FITC incubated in PBS, 5.0 U ml1
α-chymotrypsin, and 5.0 U ml-1 protease XIV (n=3 for each time point) detected by ZOI measurement.

77

5.8 In Vitro Degradation
Silk pins incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U ml-1 protease XIV were
removed at 3, 6, and 9 weeks. These pins were dried to remove any absorbed solution and then
weighed to determine the % of mass lost relative to the weight of the pin prior to incubation. This
data was then used to plot the decrease in mass remaining for each group of pins tested in Figure
49-Figure 62.
Trend lines used to model the degradation are summarized in Table 10-Table 12. Pins in
α-chymotrypsin and PBS were barely degraded; after 9 weeks in either solution the pins lost <14%
of their original mass. Linear trendlines were used to fit this data, however they have very low R2
values since they are essentially flat which implies that there is not a strong relationship between
% mass remaining and time. Pins incubated in protease XIV did undergo major degradation; pins
containing 0.1% p15-FITC, 0.1% p24-FITC, 5% gentamicin, and 7% gentamicin were all
completely degraded by 9 weeks. Pins of 14% gentamicin were fully degraded in protease XIV by
6 weeks. This protease XIV data can be well modeled with polynomial trend lines across the 0 to
9 week timeframe. However, many of these polynomial equations do not cross the origin and so
cannot be used to project the time required for protease XIV to completely degrade each pin. In
these cases, the data was also fit to a linear trendline. All of these trendlines and projected
degradation times are summarized in Table 12.
The projected time to complete degradation in protease XIV for all the functionalized pins
is shorter than that for the unloaded silk pins (19.0725 weeks). Furthermore, the projected time to
complete degradation is shown to go down as the concentration of an encapsulated drug increases.
The difference in projected degradation time between 5% and 7 % is the one exception (7% is
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projected to take 2 more days to degrade). However, this is most likely an artifact of only checking
the weights at the 3,6, and 9 week time points.
Pin surfaces and cross sections were also imaged for each time point with an SEM. As with
the degradation plot, neither α-chymotrypsin nor PBS appear to appreciably degrade the silk pins.
However, protease XIV resulted in rapid degradation. In all cases the pin’s surface were degraded
and fissures formed toward the center. However, all the cross sections remained compact. This all
supports the idea that the degradation of this silk bulk material is dominated by surface erosion
rather than bulk erosion.
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Figure 49. Mass loss of silk material incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U ml-1 protease XIV as a
function of time with curve fits (n=3 for each time point).
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Figure 50. Mass loss of silk material coated with nanolayers of ciprofloxacin incubated in PBS and 5.0 U ml-1
protease XIV as a function of time (n=3 for each time point).
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Figure 51. Mass loss of functionalized silk material containing 5% ciprofloxacin in PBS, 5.0 U ml-1 α-chymotrypsin,
and 5.0 U ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 52. Mass loss of silk material containing 2% ciprofloxacin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and
5.0 U ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 53. Mass loss of silk material with adsorbed ciprofloxacin incubated in PBS and 5.0 U ml-1 protease XIV as a
function of time (n=3 for each time point).
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Figure 54. Mass loss of silk material with adsorbed gentamicin incubated in PBS and 5.0 U ml-1 protease XIV as a
function of time (n=3 for each time point).

Silk + Encapsulated Gentamicin (14%)

Mass Remaining (%)

120
100
80
60

PBS

40

Protease XIV

20
0
-20

0

2

4

6

8

10

Time (weeks)

Figure 55. Mass loss of silk material containing 14% gentamicin incubated in PBS and 5.0 U ml-1 protease XIV as a
function of time (n=3 for each time point).
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Figure 56. Mass loss of silk material containing 7% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and
5.0 U ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 57. Mass loss of silk material containing 5% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and
5.0 U ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 58. Mass loss of silk material containing 2% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and
5.0 U ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 59. Mass loss of silk material coated with nanolayers of p15-FITC incubated in PBS and 5.0 U ml-1 protease
XIV as a function of time (n=3 for each time point).
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Figure 60. Mass loss of silk material containing p15-FITC incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U
ml-1 protease XIV as a function of time (n=3 for each time point).
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Figure 61. Mass loss of silk material coated with nanolayers of ciprofloxacin incubated in PBS and 5.0 U ml-1
protease XIV as a function of time (n=3 for each time point).
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Figure 62. Mass loss of silk material containing p24-FITC incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U
ml-1 protease XIV as a function of time (n=3 for each time point).
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Table 10. Linear trendlines for degradation in PBS.

Group
5%c
2%c
14g
7g
5g
2g
Np15f
E15_fitc
blank
Np24-fitc
E24_fitc
Ag
Ac
Nc

Trendline
y = -0.6907x + 100.26
R² = 0.17654
y = -1.3428x + 104.46
R² = 0.49512
y = 0.1677x + 98.782
R² = 0.1578
y = 0.0248x + 99.835
R² = 0.00405
y = 0.2155x + 99.608
R² = 0.2534
y = 0.6385x + 99.326
R² = 0.73894
y = -0.8355x + 103.08
R² = 0.40274
y = 0.6334x + 98.81
R² = 0.27234
y = -1.1802x + 100.58
R² = 0.70229
y = -0.4261x + 101.22
R² = 0.23318
y = 0.4308x + 98.655
R² = 0.29852
y = -0.5156x + 101.82
R² = 0.478
y = -0.6694x + 102.28
R² = 0.45021
y = -0.4856x + 101.96
R² = 0.40332
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Table 11. Linear trendlines for degradation in α-chymotrypsin.

Group
5%
2%c
7g
5g
2g
E15_fitc
blank
E24_fitc

Trendline
y = -1.0186x + 97.752
R² = 0.72204
y = 0.1165x + 100.67
R² = 0.05495
y = -0.2194x + 101.05
R² = 0.09528
y = 0.2533x + 98.949
R² = 0.43275
y = -1.3665x + 104.98
R² = 0.42383
y = -0.9644x + 102.15
R² = 0.31495
y = -0.525x + 99.568
R² = 0.46694
y = -1.5265x + 103.44
R² = 0.70147
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Table 12. Linear trendlines for degradation in protease XIV and projected time for complete degradation.

Group
5%c

Trendline
y = 0.8226x2 - 15.355x + 97.406
R² = 0.95793
y = -7.952x + 90.002
R² = 0.8894
2%c
y = 0.5869x2 - 11.528x + 100.83
R² = 0.99259
y = -6.2459x + 95.553
R² = 0.93326
14g
y = 2.512x2 - 31.739x + 100
R² = 1
7g
y = 0.3016x2 - 13.739x + 99.61
R² = 0.99945
5g
y = 0.4914x2 - 15.757x + 101
R² = 0.99658
2g
y = -0.1733x2 - 9.0407x + 99.831
R² = 0.99989
Np15f y = -5.5708x + 96.69
R² = 0.92623
E15_fitc y = -0.0572x2 - 10.267x + 98.518
R² = 0.99167
blank
y = 0.6292x2 - 10.635x + 100.51
R² = 0.99591
y = -4.9727x + 94.842
R² = 0.89297
Np24- y = 0.407x2 - 11.941x + 98.011
fitc
R² = 0.9754
y = -8.2775x + 94.348
R² = 0.95871
E24_fitc y = -0.057x2 - 9.9278x + 96.984
R² = 0.96426
Ag
y = 0.9743x2 - 14.399x + 98.069
R² = 0.95876
y = -5.63x + 89.3
R² = 0.7887
Ac
y = 0.87x2 - 14.204x + 97.525
R² = 0.94419
y = -6.3736x + 89.694
R² = 0.8325
Nc
y = 0.8001x2 - 13.574x + 98.388
R² = 0.97509
y = -6.3727x + 91.187
R² = 0.87569
*does not cross the x axis
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Projected Degradation (weeks)
N/A*
11.3
N/A*
15.2985
5.99875
9.04684
8.85542
9.36222
17.3566
9.13109
N/A*
19.0725
N/A*
11.3981
9.27502
N/A*
15.8615
N/A*
14.0727
N/A*
14.309
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Protease XIV

PBS

3

Figure 63. SEM images of silk pins incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U ml-1 protease XIV at 3,
6, and 9 weeks.
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Silk + Encapsulated Ciprofloxacin (2%)
Time (weeks)
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α-Chymotrypsin
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Figure 64. SEM images of silk pins containing 2% ciprofloxacin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and
5.0 U ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Encapsulated Ciprofloxacin (5%)
Time (weeks)
6

9

α-Chymotrypsin

Protease XIV
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3

Figure 65. SEM images of silk containing 5% ciprofloxacin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U
ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Nanolayers of Ciprofloxacin
Time (weeks)
6

9

Protease XIV
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3

Figure 66. SEM images of silk pins coated with nanolayers of ciprofloxacin incubated in PBS and 5.0 U ml-1
protease XIV at 3, 6, and 9 weeks.
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Silk + Adsorbed Ciprofloxacin
Time (weeks)
6

9

Protease XIV
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3

Figure 67. SEM images of silk pins with adsorbed ciprofloxacin incubated in PBS and 5.0 U ml-1 protease XIV at 3,
6, and 9 weeks.
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Silk + Encapsulated Gentamicin (2%)
Time (weeks)
6

9
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Protease XIV

PBS

3

Figure 68. SEM images of silk pins containing 2% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0
U ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Encapsulated Gentamicin (5%)
Time (weeks)
6

9

Protease XIV

PBS

3

α-Chymotrypsin

N/A

Figure 69. SEM images of silk pins containing 5% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0
U ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Encapsulated Gentamicin (7%)
Time (weeks)
6

9

Protease XIV

PBS

3

α-Chymotrypsin

N/A

Figure 70. SEM images of silk pins containing 7% gentamicin incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0
U ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Encapsulated Gentamicin (14%)
Time (weeks)
6

9

N/A

N/A
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3

Figure 71. SEM images of silk pins containing 14% gentamicin incubated in PBS and 5.0 U ml-1 protease XIV at 3,
6, and 9 weeks.
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Silk + Adsorbed Gentamicin
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Figure 72. SEM images of silk pins with adsorbed gentamicin incubated in PBS and 5.0 U ml-1 protease XIV at 3, 6,
and 9 weeks.
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Silk + Encapsulated p15-FITC
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6
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Figure 73. SEM images of silk pins containing p15-FITC incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U
ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Nanolayers of p15-FITC
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Figure 74. SEM images of silk pins coated with nanolayers of p15-FITC incubated in PBS and 5.0 U ml-1 protease
XIV at 3, 6, and 9 weeks.
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Silk + Encapsulated p24-FITC
Time (weeks)
6

9

Protease XIV

PBS

3

α-Chymotrypsin

N/A

Figure 75. SEM images of silk pins containing p24-FITC incubated in PBS, 5.0 U ml-1 α-chymotrypsin, and 5.0 U
ml-1 protease XIV at 3, 6, and 9 weeks.
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Silk + Nanolayers of p24-FITC
9

Protease XIV
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3

Time (weeks)
6

Figure 76. SEM images of silk pins coated with nanolayers of p24-FITC incubated in PBS and 5.0 U ml-1 protease
XIV at 3, 6, and 9 weeks.
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Chapter 6. Discussion
6.1 Fabrication of Functionalized Silk Orthopedic Hardware
This research sought to discover whether or not functionalized orthopedic devices,
specifically pins and screws, could be made from silk bulk material generated via an aqueous
process.
Functionalization of an orthopedic fixation device allows it to confer benefits at a wound
site beyond mechanical stability. However, drugs added during fabrication can interfere with the
formation of beta sheets and take up physical space in the final material which can affect its
machinability. Drugs can also be added after machining. However, such functionalization can alter
the overall shape of the device which in turn may affect its ability to serve its primary function of
mechanical fixation (i.e. dulling a screw tip or making the screw threads irregular).
Bioactive coatings have been developed for titanium implants that enhance
osseointegration, mitigate the foreign body response, or mitigate infection [86]. However, these
implants still suffer all of the disadvantages inherent to nonresorbable devices and thus may require
a secondary surgery. Polyester-based orthopedic devices have been successfully functionalized
with drugs such as the ciprofloxacin releasing PLGA based screws developed by Tienen et al. [87].
Screws have also been successfully machined from HFIP-based silk bulk material containing
encapsulated BMP-2 [88].
Silk bulk material was successfully cut into pins using a CNC lathe and successfully
machined into screws by threading blanks with a single point external cutter. These devices were
then functionalized by adsorbing a drug or adding nanocoatings of a drug to their surfaces. Among
these devices, only the screws with nanocoatings of p15 or p24 appeared to have a significantly
rougher surface suggestive of uneven functionalization. Silk bulk material containing encapsulated
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drugs was made using variations of the biomimetic aqueous process in which the drugs were added
into the silk solution before the evaporation steps. Pins and screws were successfully machined,
using a CNC lathe and single point external cutter, from all of the material containing encapsulated
drugs that was tested.
In summary, functionalized pins can be machined from aqueous-based silk bulk material
containing encapsulated gentamicin (up to 14%), ciprofloxacin (up to 5%), p15 (up to 0.1%, p24
(up to 0.1%), p15-FITC (up to 0.1%), or p24-FITC (up to 0.1%) and functionalized screws can be
machined from aqueous-based silk bulk material containing encapsulated gentamicin (up to 7%),
ciprofloxacin (up to 5%), p15 (up to 0.1%), or p24 (up to 0.1%). Furthermore, with the exception
of nanocoatings of p15 or p24 on screws, both drug nanocoatings and adsorption were found to
minimally affect the structure of the orthopedic devices they were applied to.

6.2 Material Properties
This research also aimed to find out whether the encapsulation of drugs into silk bulk
material affects the material’s shear strength or degree of swelling.
An internal fixation device must have both the strength to hold fractured pieces of bone
together and a stable shape so that it can hold pieces in the correct alignment. As mentioned before,
drugs added during fabrication can interfere with the formation of beta sheets and take up physical
space. This in turn can affect the strength and degree of swelling of a material.
Previously, the dry and hydrated shear strengths of silk bulk material made using a HFIPbased process were found to be 69.9 MPa and 10.9 MPa respectively. These values are comparable
to the shear strengths of common materials used for resorbable orthopedic devices today such as
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PLGA (100 MPa [4]). However, the swell ratio of the HFIP-based silk material (0.22±0.03) was
found to be much higher than that for PLGA (.031 [89]).
The dry shear of unloaded aqueous-based silk bulk material was not found to be
significantly different from material loaded with ciprofloxacin, and material loaded with
gentamicin. However, the shear strength of silk bulk material that had 1mL or 2mL of ethanol
added during processing showed significant decreased hydrated maximum shear strength. This
suggests that the FITC-tagged peptide releases may not be entirely representative of the unlabeled
p15 and p24 releases they were intended to model. Additionally, the hydrated shear of the unloaded
aqueous-based silk bulk material was significantly higher in pins containing 2% gentamicin and
pins containing 5% ciprofloxacin but not in those containing 5% gentamicin or 2% ciprofloxacin.
Thus, the relationship between antibiotic loading on the hydrated shear strength of the aqueous
silk pins is unclear.
The swell ratio and % water uptake values of ciprofloxacin encapsulating aqueous-based
silk material was lower than the swell ratio and % water uptake found for the unadulterated
aqueous-based silk pins.
The swell ratio and % water uptake values for aqueous-based silk pins were all also found
to be much higher than those for HFIP based silk pins. This could be because the aqueous-based
silk pins were crystalized in water rather than an organic solvent so more of the hydrophilic
domains of the silk fibroin would present on the protein’s surface and thus the material would
more readily attract water.
A larger amount of swelling could explain why the decrease in maximum shear strength
after hydration is more pronounced in aqueous-based silk material; 84.4% of the dry maximum
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shear strength found for aqueous-based pins is lost during hydration compared to 78.9% for HFIPbased silk material.
Aside from the degree of swelling, the unevenness of the observed swelling is notable since
the relative dimensions of orthopedic fixation devices would ideally be stable.
In summary, the addition of ciprofloxacin (up to 5%) or gentamicin (up to 5%) during the
fabrication of silk bulk material has little effect on the dry shear strength of the resulting material
but the addition of ethanol (1mL or 2mL) does significantly decrease the dry shear strength of the
resulting material. Furthermore, the addition of ciprofloxacin (up to 5%) during the fabrication of
silk bulk material results in a significantly decreased value for % water uptake and swell ratio.

6.3 Bioactivity
This research also aimed to find out whether the bioactive drugs remained active after
being used to functionalize aqueous silk bulk material.
A therapeutic’s bioactivity is compromised as it degrades. Thus, it is essential that drug
carriers maintain the stability of a loaded drug during fabrication, storage, and delivery. The
processing used to fabricate functionalized silk devices exposes the incorporated drugs to
environmental factors (namely temperature, light, and moisture) that may degrade them to such an
extent that the drugs no longer confer their therapeutic benefit. For example, dissolving a drug into
an aqueous solution makes it susceptible to hydrolysis – particularly when left in solution for an
extended period of time such as in the encapsulation and adsorption methods used.
A wide assortment of drugs, including small drugs, peptides, proteins, and plasmid DNA,
have been successfully loaded into polymeric materials such as PLGA [90]. Such drug-loaded
polymers have been successfully used to make functionalized orthopedic screws [87] as well as
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coat metallic implants [91]. Silk-based biomaterials have also been used to deliver a wide variety
of small molecule and biological drugs. These silk-based formulations have been found to stabilize
the drugs loaded within their fibroin matrix [28]. HFIP-based silk screws loaded with BMP-2 have
been successfully shown to generate more collagen and a higher cell density than unloaded HFIPbased silk screws [88].
Aqueous-based silk pins functionalized with ciprofloxacin or gentamicin were found to
generate ZOIs after overnight incubation in agar plates inoculated with S. aureus or S. epidermidis.
Ciprofloxacin-loaded silk screws incubated in suspensions of S. aureus were found to have no
visible biofilm growth after 48 hours. Gentamicin-loaded silk screws incubated in suspensions of
S. aureus were found to have some amount of biofilm or bacterial growth but less than the amount
of biofilm growth on unloaded silk screws after 48 hours.
The osteoinduction models containing p24 peptide loaded screws were shown to have
hydroxyapatite deposition at the screw-sponge barrier as well as throughout the rest of the sponge
similar to the pattern of hydroxyapatite deposition in the osteoinduction models containing BMP2. However, it is notable that the hydroxyapatite deposition seen in the model with p24 is more
localized around the center of the sponge than in the model with BMP-2. This suggests that p24 is
not only osteoinductive but it could provide more control over which area is targeted and thus
reduce ectopic bone formation.
Taken together, these results suggest that each functionalized device contained enough
active drug to produce its desired effect within a vitro environment.
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6.4 Degradation & Release
This research also aimed to discover whether both the degradation of the orthopedic
devices and the release of drugs loaded into these devices occur over the extended period required
for fracture healing (6-8 weeks [47]).
The benefit of an implanted drug delivery system over other methods of delivering
therapeutics is that it has the capacity to release drugs over the long-term at a therapeutic level
without repeated systemic delivery as illustrated in Figure 1. Resorbable drug delivery systems are
superior to nonresorbable alternatives such as PMMA bone cements because they do not require a
secondary surgery to remove the drug delivery device. Similarly, resorbable fixation devices
obviate the need for a secondary surgery. It is important that this degradation occurs in a gradual
fashion so that mechanical stresses experienced at the fracture site can gradually be transferred
from the fixation device to new bone tissue that grows to replace it.
Fixation devices made from synthetic resorbable materials have been shown to have
controllable long-term degradation rates e.g. PLGA based devices that degrade over 12-18 months
[2] . However, polyesters like PLGA break down into acidic byproducts and primarily degrade via
bulk hydrolysis which is more difficult to control than surface erosion. Silk material has also been
shown to degrade over an extended period of time in vivo with controllable resorption rates ranging
from days to years [4]. Furthermore, silk degrades into nontoxic byproducts and primarily degrades
via surface erosion. Polyesters are also commonly used as drug delivery vehicles in orthopedic
settings e.g. PLGA based pellets that released ciprofloxacin over a period of 150 days [69]. Silk
materials are also capable of extended controlled releases e.g. 6.7 w/w silk lyogels that release
IgG1 over a period of 160 days [69].
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All of the ciprofloxacin loaded pins in protease XIV digests fell short of releasing active
ciprofloxacin for 6 weeks. However, ciprofloxacin loaded pins functionalized via encapsulation in
α-chymotrypsin or enzyme-free PBS digests released active ciprofloxacin through 6 weeks as did
ciprofloxacin loaded pins functionalized via adsorption in or enzyme-free PBS digests. All of the
releases from gentamicin loaded pins fell short of releasing active drug through 6 weeks. All of
the pins loaded with fluorescently labeled peptides except for the pins coated in nanolayers of p24FITC appear to have some degree of release through the entire 9 weeks. However, it is unclear
how active these released peptides were.
The release profiles found for gentamicin loaded silk bulk material were all relatively short.
This could be because the release of highly water soluble antibiotics (such as gentamicin) is
governed by diffusion since the dissolving process occurs faster than the diffusion process [92]. In
contrast, the rate of release for relatively insoluble antibiotics such as quinolones is governed by
matrix porosity and dissolution of drug in the matrix [93]. This is consistent with the longer release
profiles seen for ciprofloxacin loaded materials, specifically those functionalized by encapsulation.
All of the pins in α-chymotrypsin or enzyme-free PBS digests were minimally degraded
after 9 weeks. Furthermore, with the exception of pins loaded with 14% gentamicin, all of the pins
in protease XIV digests took at least 6 weeks to degrade.
In general, the degradation of and release from bulk silk material over 9 weeks in PBS was
comparable to that in α-chymotrypsin. This is consistent with previous work which found that for
a porous silk fibroin sheet, its degradation profile in α-chymotrypsin and PBS are very similar; It
was determined that α-chymotrypsin cannot degrade fibroin sheets (but can degrade dissolved
fibroin protein) [94]. This may explain why the cumulative release from pins containing
encapsulated p24-FITC was higher in α-chymotrypsin than in PBS. The α-chymotrypsin could
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have degraded solubilized p24-FITC trapped within the silk matrix so much so that the shortened
FITC tagged peptide would then be able to release more quickly. The cumulative release from pins
containing encapsulated p15-FITC was not higher in α-chymotrypsin than PBS. However, this
peptide may have already been small enough to release from the silk matrix.
In summary, while all of the pins – aside from those with 14% encapsulated gentamicin in
protease XIV digests – took at least 6 weeks to degrade, only a subsection of FITC tagged peptide
loaded pins as well as ciprofloxacin loaded pins degraded in α-chymotrypsin or enzyme-free PBS
digests were shown to release drugs over 6 weeks. Furthermore, the activity of the released FITC
tagged peptides was not determined.
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Chapter 7. Conclusions
Today, internal fixation devices are predominantly made of nonresorbable material because
current resorbable devices are made from polyesters such as PLLA, PLGA, and PGA which have
relatively weak mechanical properties, are not easily implanted, degrade into acidic byproducts,
and degrade via bulk erosion. Although silk bulk material has weaker mechanical properties than
metal, it is easily implantable (owing to its ductility while hydrated and the self-tapping capability
of screws made from the material), has nontoxic degradation products (amino acids), and has a
favorable mode of degradation (surface erosion). Furthermore, if an aqueous method is used, the
process is much cheaper and drugs can be encapsulated inside of the material. In this research, a
biomimetic process was used to fabricate and functionalize aqueous-based silk bulk material.
Functionalization with antibiotics and peptides by way of encapsulation, adsorption, and
nanocoatings, were applied to this material in order to fabricate silk-based bioactive orthopedic
devices. The capacity of this functionalized material to be machined into pins and screws was
demonstrated. Bioactivity of material functionalized with antibiotics was successfully verified
using bacterial clearance and a biofilm inhibition test while the bioactivity of loaded p24 was
successfully verified using a 3D osteogenic model. Double lap shear tests revealed that, while the
aqueous-based silk bulk material is weaker than HFIP based silk bulk material, functionalization
by encapsulation of up to 5% ciprofloxacin or 7% did not reduce the material’s hydrated maximum
shear strength. Swell testing revealed that the swell ratio and % water uptake of aqueous-based
silk bulk material are much larger than for HFIP based silk bulk material. Drug release studies
were conducted over 9 weeks for pins functionalized with ciprofloxacin, gentamicin, p15-FITC,
and p24-FITC. Pins functionalized with ciprofloxacin were found to release the drug over weeks
while most of the pins functionalized with gentamicin stopped releasing the drug within the first
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week. Encapsulated FITC labeled peptides were also shown to have long-term releases. However,
the volumes of aqueous ethanol used to create the concentrated drug solution were found to affect
the material’s structure and so these releases are likely not entirely representative of those for the
unlabeled peptides. Degradation studies done over a 9 week period found that functionalized
material was degraded more quickly by the proteinase XIV. Ultimately, the potential of this
aqueous-based material to be used as a resorbable bioactive internal fixation device functionalized
with antibiotics or peptides has been demonstrated.
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Chapter 8. Future Work
8.1 Fabrication of Functionalized Silk Orthopedic Hardware
Given the successful fabrication of silk devices functionalized via nano-coatings,
adsorption, or encapsulation, more functionalization strategies should be tested in order to
determine how potentially robust the aqueous-based silk material is as a drug delivery system.
Carbodiimide chemistry can be used to modify the carboxyl groups of silk fibroin with bioactive
peptides before or after the formation of silk bulk material and allow for longer release profiles
than simple adsorption. In addition, non-homogeneously distributed drug loading, such as a
gradient distribution or spatially separated deposition, should be tested. Such functionalization
could allow for more locally directed releases. A simple way that this may be achieved is by
soaking only one part of a material in solution.
Despite having a lower shear strength than HFIP based material, the aqueous silk bulk
materials used in this project were all successfully machined into blanks and threaded with a single
point external cutter. Silk bulk materials fabricated using several of the aqueous-based processes
previously developed were capable of being machined into blanks. However, the processes were
abandoned after they proved unable to withstand the torsional stresses associated with being
threaded using a die. It is worth revisiting those processes to see if they can be successfully
threaded with the single point external cutter and if the mechanical properties of silk bulk material
fabricated using those techniques compares favorably to the biomimetic aqueous process used in
this research.
Furthermore, while all of the fabricated aqueous-based silk material was found to be
machinable, a large amount of silk material was lost in the machining of each block into cylindrical
rods. Much of this waste could be avoided if the silk bulk material were crystallized into a shape
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with dimensions closer to that of the final desired orthopedic device. This could likely be achieved
by loading the concentrated silk solution into a hanging dialysis tube tied off at each end. This was
attempted and failed during the course of this project. However, if the humidity and temperature
surrounding the dialysis tube were more precisely controlled during the evaporation process, this
strategy could allow for the direct production of cylindrical rods.

8.2 Material Properties
In this work, aqueous silk material was found to have lower hydrated and dry shear strength
values than HFIP based silk material. Improving the hydrated mechanics of the aqueous material
is essential. Neither the hydrated nor the dry shear strength of aqueous silk material was greatly
affected by the encapsulation of drugs despite them all decreasing the degree to which the silk
material swelled. Thus, reducing swelling further may not be the most effective strategy for
improving the hydrated mechanics. Alternatively, the dry mechanics can be improved though this
will likely be inefficient since the hydrated mechanics will likely still be a fraction of the dry
mechanics. The most straightforward way to do this is by optimization of the variables that go into
the silk bulk material fabrication process e.g. the length of time silk fibers are degummed, the pH
at which silk fibers are digested, the humidity at which 25% silk solutions are crystallized, etc.
Although the properties of silk materials have generally been found to be highly tunable, silk
materials made using HFIP based processes have been found to be largely unaffected by
adjustments to their processing. Thus, it is highly possible that, through process optimization, the
mechanical properties of the aqueous-based silk material could match or even surpass those of the
HFIP based silk material. Alternatively, additives such as hydroxyapatite could be included into
the silk solution prior to crystallization in order to try and create a stronger composite material.
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Ultimately however, the most relevant test of an aqueous silk bulk device’s mechanical
properties is its ability to successfully reduce a fracture and allow for proper bone healing.
Previously the Kaplan Lab used HFIP based silk screws and plates to fix a Sprague Dawley rat
femur fracture. After a month, the femur could bear the weight of the rat, but the fractured pieces
were not correctly aligned owing to the weakness of the fracture fixation [31]. Given that aqueousbased silk bulk material is even weaker than its HFIP counterpart, a non-loadbearing model should
be used such as the fixation of nasal bone osteotomies as depicted in Figure 77.

Figure 77. Diagram of a rabbit maxillofacial bone osteotomy that is fixed using a screw and plate system [95].

8.3 Bioactivity
Some degree of in vitro bioactivity was observed for all of the tested functionalized
materials. These materials warrant further investigation via in vivo models in order to evaluate
whether the observed in vitro bioactivity is therapeutically relevant. In vivo osteogenic bioactivity
of the p24 and p15 peptides could be determined by taking histological samples at the implantation
site of the model used by De la Riva et al. in which the investigated material is placed inside a hole
drilled into a rabbit’s intercondylar space [96]. In vivo antibiotic bioactivity of ciprofloxacin and
gentamicin could be determined using the method detailed in Lee et al. wherein incisions are made

113

on the backs of Sprague Dawley rats and drug loaded matrices are loaded into the subcutaneous
area before sewing the area shut as depicted in Figure 78. These matrices are then removed at
predetermined time intervals, placed on inoculated agar plates, and checked for ZOI formation
after incubating for 24 hours at 37oC [97].

Figure 78. Diagram of rat with subcutaneous insertions in its back [95].

8.4 Degradation & Release
The aqueous-based silk bulk material was found to be highly resistant to degradation by αchymotrypsin and enzyme-free PBS. Unloaded silk materials even retained over 50% of their mass
after 9 weeks in a protease XIV digest. It would be beneficial to investigate how degradation
affects the mechanical properties of the silk bulk material. Based on the collected SEM images of
degraded pins, the material is primarily degraded via surface erosion as would be expected from a
matrix of silk fibroin beta sheets. This would suggest the mechanical properties will be largely
unaffected by the degradation process unlike polyester-based materials. [24]
Most silk pins were not fully degraded after 6 weeks; including those incubated in
enzymatic digests. Given the large discrepancy between the amount of degradation silk material
underwent in protease XIV versus α-chymotrypsin, it would be of particular interest to implant the
material into an animal model and evaluate the degree of degradation in vivo. This could be done
by harvesting samples from the models described previously for testing in vivo bioactivity.
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A number of silk materials sustained controlled in vitro releases across a full 6-week
period. These materials warrant further investigation via in vivo release studies. The releases of
p15 and p24 could be quantified in vivo using a previously developed method where peptides are
tagged with Iodine 125 before loading them into their drug carrier and a gamma counter is used
on the material after harvesting it at predetermined time points from a hole drilled into the
intercondylar space of a rabbit [96]. The in vivo release of antibiotics could be modeled using the
process developed by Mäkinen et al. in which drug loaded material is inserted into a medullary
defect created in the right proximal tibia of a rabbit. Drug release itself could be tracked by
homogenizing samples of harvested bone taken at the implantation site and quantifying the
antibiotic concentration using an HPLC method [69].
`
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