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Abstract
Preterm birth is the leading cause of neonatal mortality, resulting in over 4,000
deaths each year. A significant risk factor for preterm birth is cervical
insufficiency, the weakening and subsequent deformation of cervical tissue.
Cervical insufficiency is both detectable and treatable but current treatments are
lacking. The most common approach requires multiple invasive procedures. This
work investigates the injection of silk foams, a minimally-invasive method for
supporting cervical tissue. Silk offers many advantages for use as a biomaterial
including strength, versatility, and biocompatibility. Injectable silk foams will
minimize patient discomfort while also providing more targeted and personalized
treatment.
A battery of mechanical testing was undertaken to determine silk foam
response under physiologically relevant loading and environmental conditions.
Mechanical testing was paired with analysis of foam morphology and structure
that illustrated the effects of injection on pore geometry and size. Biological
response to silk foams was evaluated using an in vitro degradation study and
subcutaneous in vivo implantation in a mouse model. Results showed that foams
exceeded the mechanical requirements for stiffening cervical tissue, although the
current injection process limits foam size. Injection was shown to cause
measurable but localized foam deformation. This work indicates that silk foams
are a feasible treatment option for cervical insufficiency but challenges remain
with foam delivery.
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1. Introduction
Silk produced by the Bombyx mori silkworm has been used as a textile
fiber for centuries and has recently been studied for use as a biomaterial. Part of
silk’s versatility comes from the ability to process it into a variety of formats
including gels, fibers, films, microspheres, tubes, and foams, as shown in Figure 1
[1–3]. Silk materials have been used in a wide range of fields and for various
applications including optics, nanotechnology, and tissue engineering [4]. The
versatility of silk constructs that can be produced stems from the ability to break
down the natural fiber into a solution of its elemental protein. The solution format
is the precursor for processing all of the material formats shown in Figure 1. Silk
biomaterials exploit the ability of the molecular chains that make up the protein to
be assembled into materials with tailored properties for each application.

Figure 1 – Silk biomaterial formats and applications [4].
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The benefits of using silk as a biomaterial extend beyond its processing
versatility. Silk materials of various formats have proven to be biocompatible
across multiple animal models. Long-term in vivo implantation in rats and pigs
showed little negative host immune response and integration of the implant into
the host tissue [5], [6]. Silk is also biodegradable. The rate of degradation can be
predicted and controlled by tuning the structure and geometry of the material [5],
[7]. Tunable degradation allows for the design of degradation profiles that best
support the needs of surrounding tissue. Silk also has remarkable mechanical
properties. Natural silk has greater extensibility and toughness (ability to absorb
energy) than common synthetic fibers such as Kevlar [8]. As with degradation
rate, the mechanical properties of silk materials can be tailored to fit the needs of
the application [9].
Silk’s unique properties make it an excellent material for tissue
engineering. Silk has been used to create artificial scaffolds, which support and
promote the growth of natural tissue. Porous three-dimensional constructs (called
foams) are one format that show significant promise for silk biomaterial
development. Silk foams have been developed for use as scaffolds in both hard
and soft tissue, including bone [10–13], cartilage [14–18], and ligament
applications [6].
One new application for silk foams is the treatment of cervical
insufficiency. Cervical insufficiency or funneling is the thinning and stretching of
the cervix during pregnancy. This can lead to preterm birth if the cervix weakens
to the point where it no longer has the mechanical strength necessary to withstand
3

the increasing pressure in the uterus. Current treatments use sutures to close off
the cervical canal and prevent preterm birth. A new approach under consideration
is the strengthening of cervical tissue by augmenting it with a stiffer material. It is
proposed that silk foams could be injected into the cervical tissue to strengthen
and support the cervix for the duration of the pregnancy. Cervical insufficiency is
a significant risk factor for preterm birth, which is the leading cause of neonatal
mortality [19], [20].
Traditional silk foams have not been designed with consideration of the
route, difficulty, and side effects of implantation. Previous implants have required
open incisions in skin and subsequent wound closure and care [5]. Surgery of any
kind can lead to additional complications and side effects. This research
investigates the creation of silk foam biomaterials that can be injected into the
body through a needle. This minimally invasive technique does not require
surgery or general anesthesia. Porous silk scaffolds have been researched for a
number of years but previous work has not focused on foams with the
compressibility and resilience necessary for insertion in a needle, injection into
the body, and subsequent expansion of the foam to produce a physiologically
relevant outcome. Successful and consistent production of injectable foams would
open up a number of new application areas for porous silk biomaterials as the use
of these constructs would no longer require an invasive procedure.
This thesis research focused on determining the viability of silk foams for
use as an injectable biomaterial. The baseline material properties were
characterized and the effects of injection on the material’s structure were studied.
4

Compressive mechanical response was evaluated under both standard testing
conditions and in vitro along with the mechanics of foam injection. In vitro
mechanical work was conducted with cervical tissue as a proof-of-concept
experiment. The bulk material properties were then paired with structural data
(morphology, pore structure, and molecular conformation). Foam response to
implantation was studied with in vitro enzymatic degradation and in vivo
implantation in a mouse model. These tests were used to better understand foam
behavior and structure and determine the feasibility of foams for use in treating
cervical insufficiency. The results point towards future efforts in both material
and delivery system development.

2. Background
2.1. Silk Structure
Silk fiber from Bombyx mori is composed of two proteins, fibroin and sericin.
Fibroin is the structural component of the fiber and forms the fiber core while
sericin forms a glue-like coating that allows silk fibers to adhere and construct a
cocoon [8]. A diagram of natural silk fiber and its component structures is shown
in Figure 2. The fibroin is structured into two symmetric filaments that run along
the center of the fiber. Multiple layers of sericin surround the fibroin filaments.
The filaments are organized into subunits called fibrils. Each fibril is less than a
micron in diameter. Fibrils are further divided into microfibrils which have
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diameters ranging from 100 to 150 Å. Microfibrils are composed of individual
fibroin molecules or chains, which make up the silk fibroin biopolymer [21].

Figure 2 - Diagram of natural silk fiber structure showing the sericin coating surrounding fibroin
filament cores [21].

Silk fibroin has three studied crystalline conformations: (1) water-soluble
silk I; (2) water-insoluble silk II; and (3) silk III, an unstable conformation that
forms at the water-air interface [22], [23]. Silk I is composed of random coil and
alpha helix structures and silk II is an anti-parallel beta-sheet structure [24]. The
transformation from silk I to silk II occurs as part of the natural spinning process
but can also be induced as part of silk biomaterial processing [25–27]. Silk II is a
more stable configuration than silk I. This stability is driven by strong inter and
intra chain hydrogen bonds and van der Waals forces [3].
6

Silk has been shown to self-assemble into crystalline forms in aqueous
solution. There are two types of fibroin molecules present in silk solution, heavy
chains and light chains. Heavy chains are composed of alternating
hydrophobic/hydrophilic peptide blocks with hydrophilic blocks at the chain ends
(Figure 3). This pattern suggests the formation of micelles in water with chains
folding to present the hydrophilic regions at the micelle surface. As the fibroin
becomes more concentrated, micelles begin to connect and form globules. During
natural spinning, the globules undergo shear which creates the elongated micelle
structure seen in spun fibers [28].

Figure 3 - Model of silk self assembly. a, fibroin heavy chains are composed of alternating
hydrophobic/hydrophilic blocks. b, chain folding and interactions leads to micelle formation. c,
micelles concentrate and form globules. d, shear is applied to form fibrillar structures. [28]
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Sericin serves a purpose in natural cocoon construction but does not
contribute to silk’s favorable biomaterial properties. Sericin/fibroin blends have
been shown to cause adverse reactions in vivo such as inflammation and
hypersensitivity. Therefore methods for silk biomaterial preparation have been
developed to separate and remove sericin from fibroin through a process called
degumming [2]. Degumming also serves to separate the fiber from its natural
cocoon format. The most commonly used degumming technique involves boiling
raw silk cocoons in a solution of 0.02 M sodium carbonate [1]. This provides
effective sericin removal but comes at the expense of fibroin chain integrity as the
chains may be shortened (a form of polymer damage). Chain damage is shown
experimentally as a decrease in molecular weight. The degree of chain shortening
is directly related to the length of the degumming process and the temperatures
used [29].
Another aspect of silk structure that can be affected by material processing
is the secondary structure. Exposure to alcohols is often used to induce beta sheet
crystallinity (silk II conformation) and subsequently strengthen the material and
turn it water insoluble [1], [30]. Methanol is hydrophilic and miscible with water.
Upon introduction of methanol to a silk solution, the hydrophobic fibroin domains
become dehydrated. Removal of water from the chain interfaces leads to chain
compaction, additional chain-chain contact, and the formation of beta sheet
structure [30]. A similar effect can be obtained with all-aqueous processing. Allaqueous processing replaces the use of organic solvents, such as methanol and
ethanol, by exposing the material to water vapor in a process called water
8

annealing. Water molecules bound to the fibroin chains allow for faster selfassembly and crystallization [31].

2.2. Freezer Processing
Multiple methods have been developed for processing silk solution into foams
[30]. This thesis research used a freezer processing method because it is an allaqueous process. All-aqueous foam processing is preferred for the target use in
pregnant cervical tissue, given the sensitivity of the tissue to potentially toxic
substances. Freezer processing of silk foams is a simple technique with easily
controlled process variables. Freezer processing consists of two steps: (1) freezing
the silk solution; and (2) lyophilizing the frozen samples. Previous freezer
processing work has used short freezing times, ranging from 2 to 24 hours [30],
[32–34]. This thesis used foams processed with a much longer freeze time (3
days). With a slower freezing time, the molecular structure is not immediately
locked in. Time is provided for structural relaxation or intermolecular
rearrangement.
During freezing, the fibroin chains are brought closer together when water
separates from the fibroin through the formation of ice. This process is called
freeze concentration and leads to a considerable increase in the local fibroin
concentration as fibroin chains transition from a homogenous distribution in the
liquid solution phase. As ice crystals grow, silk collects in the areas between ice
crystals and forms the porous structure seen in the final foams. The freeze
9

concentration of a solute continues until the solute either crystallizes or remains
amorphous but in a solid state, called a glass. Although lyophilization is required
to remove water from the material, the majority of desiccation during a freeze
drying process takes place during freezing as this is when water is separated from
the solute [35].
In the freezing of silk solutions, interactions between fibroin and water
play an important role. At the level of individual water molecules, there are
differences in the strength of water/silk interactions, which affect the
thermodynamic properties of the system. In hydrophilic polymer systems, such as
silk, water can actually be classified into three types: free water that freezes at the
same temperature as pure water (0° C), freezing bound water that freezes at a
lower temperature than free water, and non-freezing bound water. Absorbed water
forms hydrogen bonds with the polymer chains [36]. Free water is not bonded to
silk and it properties are unaffected by the presence of silk fibroin chains. Nonfreezing bound water has no detectable phase transition due to its strong
interactions with silk while freezing bound water weakly interacts with silk. The
relative amount of each water type is influenced by silk crystalline structure. As
illustrated in Figure 4, beta sheet rich silk contains less non-freezing bound water
[37].
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Figure 4 - Schematic of water absorbed in high beta sheet content silk (a) and low beta sheet
content silk (b) [37].

Ice crystal growth and freeze concentration are governed by the thermal
properties of the frozen construct. Transformation to the glass state during
freezing occurs at the glass transition temperature of a material. Phase changes
and glass transition temperature are commonly measured using differential
scanning calorimetry (DSC). DSC measures heat flow between the experimental
sample and a reference while undergoing heating. Li et al. performed DSC
11

analysis on silk solution samples flash frozen in liquid nitrogen (Figure 5). The
sharp endothermic regions on the curve indicate phase transitions. The glass
transition takes place between -34° C and -20°C and the initial melting point of
ice in the solution is -8.5° C [33]. The transition at -8.5° C represents the melting
of freezing bound water.

Figure 5 – Differential scanning calorimetry (DSC) curve of silk fibroin solution flash frozen in
liquid nitrogen. The glass transition region is between -34° C and -20 ° C and -8.5° C is the initial
melting point of ice [33].

Freezing of silk solution can also induce structural changes. A study of
silk solutions frozen at various temperatures showed that freezing above -20° C
results in a beta sheet dominant conformation while freezing below -20° C
produces more silk I structure [38]. Structural changes during freezing are
influenced by bound water. Bound water aids in the transformation to a beta sheet
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structure by acting as a plasticizer. Plasticizers lower the glass transition
temperature of the system and increase chain mobility. This facilitates the
rearrangement of molecules necessary for the change in conformation to take
place [26], [39]. The plasticizing effect of water is limited to strongly interacting
water molecules. The freezable water in the system, both free and freezing bound
water, does not affect the glass transition temperature [40].
After the freezing of silk solution, the frozen samples are run through the
second step in freezer processing, lyophilization. Lyophilization, commonly
known as freeze-drying, removes water from a frozen material without the water
entering the liquid phase, a process called sublimation. The frozen sample is
placed under vacuum, which allows the ice to sublimate and transition directly
into the gas phase (which is removed in the vacuum of a lyophilizer).
Lyophilization cycles have two distinct phases, primary drying and secondary
drying. Primary drying removes all the free water in the system as free water is
capable of freezing. Secondary drying removes bound (unfrozen) water [41]. All
lyophilization for this thesis used primary drying only. Given the in vivo
application and the hydrated testing, secondary drying was not necessary as the
foams would be rehydrated for use. The lyophilization of silk solution results in a
porous silk construct. Silk foams processed in this manner will be referred to as
freezer foams.
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2.3. Previous Work
2.3.1. Silk Foam Processing Methods
There are a number of commonly studied techniques used to process silk foams
including lyophilization [30], [32–34], [42–47], porogen leaching [9], [30], [42],
[45], [48], gas foaming [30], [49], freeze gelation [50], [51], and mechanical
agitation [52]. Although these can be stand-alone methods they are also frequently
combined [13], [30], [53].
Salt leaching or porogen leaching is the use of a dissolvable powdered
substance to form the pore structure of the foam. The porogen, frequently sodium
chloride, is mixed into silk solution and then dissolved away after the solution has
self assembled. Foam structure and performance can be tuned by controlling the
fibroin concentration in the precursor solution, the geometry and concentration of
porogen particles, and the silk-bound water interactions. Both aqueous and nonaqueous processing techniques have been developed and lyophilization is often
used prior to the porogen leaching [9], [30], [42], [45], [48].
A porous structure can also be formed by passing gases through silk
fibroin solution. Valluzzi et al. injected pure nitrogen gas into varying
concentrations of silk solution. Foam that formed at the surface of the solution
was continually collected and dried although the resulting construct was very
fragile [49]. Another gas foaming technique was used by Nazarov et al.
Ammonium bicarbonate particles were added to a mixture of high concentration
silk solution (17%) and hexafluoroisopropanol (HFIP). After allowing the HFIP
14

to evaporate, the mixture was immersed in alcohol and then immersed in hot
water, which sublimated the ammonium bicarbonate. The mechanical properties
of the resulting scaffolds were found to be suitable for use in bone tissue
engineering applications [30]. In a similar approach to gas foaming, Nogueria et
al. used mechanical agitation, via stirring, of a silk solution to create a foam on
the surface of the solution that was continually collected and then compressed to
remove excess water [52].
The freeze gelation approach to silk foam formation uses freezing without
subsequent lyophilization. Tamada mixed various organic solvents with fibroin
solution, froze the mixture at -20° C, and then thawed the samples at room
temperature to yield foam constructs [54]. Bhardwaj et al. used a modified version
of this process where pure fibroin solution was frozen and then immersed in
chilled ethanol solution [50].

2.3.2. Freezer Processed Foam Characterization
2.3.2.1. Mechanics
Nazarov et al. studied the effects of freezing temperature and alcohol addition on
the compressive mechanics of freezer foams. Their results are summarized in
Table 1. All samples were tested dry and silk solution processing involved a 30
minute degumming process, LiBr dissolution, and resulted in a 5.8% w/v fibroin
solution. Compressive strength was defined as the maximum stress before
fracture. For samples frozen at -20° C, foams had lower strength and lower
15

stiffness with the addition of alcohol. This could be caused by the alcohol
prematurely inducing beta sheet formation, resulting in an incomplete beta sheet
structure. The differences between the methanol and 2-propanol samples are
likely due to the difference in miscibility with water of the two alcohols.
Methanol is more hydrophilic than propanol and the methanol processed foams
were more brittle. Alcohol addition had less effect on the samples frozen at -80°
C. Dropping the freezing temperature significantly decreased the compressive
strength of the foam. Freezing below the glass transition temperature alters the
pore structure, and therefore the mechanical properties of the foam [30].
Table 1 – Effects of alcohol treatment and freezing temperature on mechanical properties of silk
freezer foams. From Nazarov et al. 2004 [30].

Freeze
Temperature
-20° C

-80° C

Alcohol
Treatment
none
15% methanol
25% methanol
15% 2-propanol
25% 2-propanol
none
15% methanol
25% methanol
15% 2-propanol
25% 2-propanol

Compressive
Strength (kPa)
80 ± 1
10 ± 2
10 ± 3
10 ± 2
10 ± 3
20 ± 2
20 ± 3
5±4
30 ± 2
20 ± 1

Compressive
Modulus (kPa)
170 ± 7
20 ± 1
10 ± 3
40 ± 4
50 ± 8
220 ± 7
90 ± 21
90 ± 40
100 ± 1
130 ± 1

Lv et al. studied the effects of fibroin solution concentration on the
compressive yield strength of freezer foams. Fibroin solution was processed using
a one hour degumming and dissolution in a ternary solvent of ethanol, calcium
chloride, and water. The solution was frozen at -20° C for 12 hours prior to
lyophilization and then treated with methanol for one hour after drying.
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Compression tests were performed on dry samples at room temperature. Although
no stress-strain curves were published, the authors reported ductile and spongelike behavior of the foams under compression in that pores deformed and changed
geometry at high strain. The yield strength results (Table 2) show considerable
increases in strength with fibroin concentrations over 6% [32].
Table 2 – Effects of fibroin concentration on the yield strength of silk freezer foams. From Lv et
al. 2006 [32].

Fibroin Concentration (wt/wt%)
6%
8%
12%

Yield Strength (kPa)
20 ± 2
560 ± 32
760 ± 57

2.3.2.2. Structure
Morphology, pore structure, and secondary structure have all been previously
studied in freezer foams. The principal method for morphological analysis is
scanning electron microscopy (SEM). SEM images from multiple studies have
shown a consistent two-layer morphology in freezer foams: a denser layer with
smaller pores and a region with larger pores. The larger pore region is more brittle
and flaky. As fibroin concentration decreases, the morphology becomes more
sheet-like. This morphology is related to the formation and growth of ice crystals
during the freezing process [30], [32].
The effects of processing conditions on pore structure were studied by Li
et al. Using different concentrations of fibroin solution processed with 1.5 hours
of degumming and ternary solvent dissolution, freezer foams were processed at
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various temperatures between -80° C and -8° C. For both porosity and pore size,
there was little change as freezing temperature increased from -80° C to -20° C
(Figure 6). Above -20° C the porosity increased for all concentrations except
16.7% and the average pore size increased considerably in all concentrations
studied. The temperature-related pore structure transition (at -20° C) corresponds
with the glass transition temperature of frozen fibroin solution [43]. Pore size at
higher freezing temperatures was found to be inversely related to fibroin
concentration. This correlates with a study by Lv et al showing pore size decrease
with fibroin concentration increase for foams processed at -20° C [32].
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Figure 6 – The effects of freezing temperature and fibroin concentration on the porosity and pore
structure of freezer foams. Both properties remain constant at freezing temperatures below the
glass transition temperature (-20°C) and then increase at higher temperatures. [43].

The secondary structure and crystallinity of silk freezer foams has been
investigated using fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). FTIR measures the light absorbance of a material across a
wide band of wavelengths and this data can be correlated to a materials structure
[55]. In XRD, materials exposed to a beam of X-rays cause the diffraction and
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scattering of the incident rays. XRD measures the angles and intensities of the
diffracted X-rays and this data is reflective of the material’s crystalline structure
[56]. Lv et al found no difference in FTIR results for different concentration
foams [32]. Using XRD, Li et al. showed an increase in crystallinity for foams
frozen above the glass transition temperature of -20° C [33]. This shows that
freezing processing variables can have an effect on structure but significant
conformation changes are likely to take place during treatment steps designed to
induce water insolubility, such as alcohol exposure or water annealing. Nazarov
et. al studied the effects of alcohol addition to fibroin solution prior to
lyophilizing. Through FTIR, it was found that methanol induced a transformation
to beta sheet while other alcohols (1-butanol and 2-propanol) had less of an effect
[30]. This corresponds with the mechanical results shown in Table 1.

2.3.2.3. Biological Response
A key advantage of porous biomaterials is the ability to allow cell and tissue
ingrowth while simultaneously providing mechanical support. Mandal et al.
studied the proliferation and migration of cells through freezer foams. The foams
were processed using fibroin collected directly from the silk glands of the nonmulberry tropical tasar silkworm Antheraea mylitta. The collected fibroin was
dissolved in a sodium dodecyl sulfate solution at room temperature and then
dialyzed and concentrated against polyethylene glycol. Resulting fibroin solution
(2, 4, 6% w/w) was frozen for 24 hours at -20, -80, or -196°C prior to
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lyophilization. The lyophilized foams were treated with 70% ethanol for 30
minutes and then rinsed prior to cell culture. All foams that were produced
supported cell growth but the degree of proliferation and migration was found to
trend with pore structure changes as processing conditions changed. The -196°C
foams had both the highest porosity and the highest cell proliferation and
migration. Fibroin concentration had little effect for the -196°C samples but
increasing fibroin concentration resulted in some decrease in proliferation for the
-20 and -80°C groups. Pore size varied across the samples tested but was found to
have less of an impact on cell movement and growth [57].
Other work has shown pore size to be a significant factor in cellular
attachment and response. Wang et al. compared cells cultured on freezer foams to
cultures seeded on salt-leached foams. Silk solution was processed using two, one
hour degumming cycles and LiBr dissolution. The freezer foams were formed by
freezing solution at -20° C for two hours prior to lyophilization and the dried
foams were water annealed for one day. Cell proliferation on the freezer foam
scaffolds was limited to the surface of the foam while the salt-leached foams
showed more homogenous distribution of cells. Pore size was significantly larger
for the salt-leached foams so it was concluded that pore size effects cell migration
[14].
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2.4. Cervical Insufficiency and Treatments
The cervix is a cylindrical structure that forms the lower end of the uterus (Figure
7). It is composed of three layers of tissue surrounding the inner canal: stroma,
mucosa, and fascia. The bulk of the tissue is densely packed collagen fibers
located in the stroma. The outer and inner layers of the stroma contain
longitudinally aligned collagen fibers while the middle layer has circumferentially
aligned fibers (Figure 7 and Figure 8). During gestation, the main function of the
cervix is to mechanically hold the fetus in the uterus [58]. Prior to labor, the
cervix naturally softens to allow for delivery. This process is referred to as
cervical ripening. Premature softening of the cervix leads to the condition of
cervical insufficiency. This manifests as cervical dilation and shortening [59].

Figure 7 – (a) Location of the cervix in relation to female pelvic organs. (b) The layers of tissue in
the cervix. From Myers et al. 2010 [58].
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Figure 8 – Collagen fiber arrangement in the cervical stroma [58].

Cervical cerclage is common treatment for suspected cervical
insufficiency. In cerclage procedures, surgical tape is sutured around the cervix,
which holds it closed and prevents undesired dilation. Two types of cerclage
procedures are available: vaginal and abdominal. For vaginal cerclage, the tape is
placed around the lower cervix at the junction with the vaginal canal. In
abdominal cerclage, the tape is sutured around the upper cervix inside the
abdomen [59]. Polyester tape and braided polyester thread are the most frequently
used cerclage materials. One study comparing the two materials found them to be
similarly effective treatments for prolonging gestation [60]. Polyester materials do
not degrade in vivo and require a second procedure to be removed. One
absorbable suture material, polydioxanone, has been studied for use in cerclages
and was found to cause no adverse effects [61]. Absorbable sutures eliminate the
invasive suture removal but the suture insertion is still required as with traditional
materials. Silk materials offer an alternative possibility of a minimally invasive
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cervical funneling treatment. Cervical cerclage has been shown to increase the
risk of maternal infection but non-invasive therapy should lower that risk [62].
Work has also been done to characterize the mechanical properties of
cervical tissue. Bauer et al. used an aspiration method to study the in vivo
biomechanical properties of the pregnant cervix. Testing showed stiffness
decreases as gestation progressed, this likely reflects the ripening process [63].
The in vivo approach is limited to intra-sample comparisons and cannot provide
common material properties such as elastic modulus. Myers et al. performed
compressive and tensile mechanical testing on cervical tissue samples removed
during hysterectomy procedures. Samples were taken from nonpregnant patients
with a history of previous deliveries, nonpregnant patients with no history of
previous deliveries, and from pregnant patients at the time of cesarean section.
Samples were tested in alignment with the longitudinal collagen fibers or in
alignment with the circumferential fibers. Figure 9 and Figure 10 show the
longitudinally aligned response of nonpregnant (with no history of previous
deliveries) and pregnant cervical tissue to three load/unload cycles up to 45%
strain. The pregnant tissue was significantly softer and more elastic than the
nonpregnant tissue [58]. This data can be used to estimate the required
mechanical performance for injectable foam treatments.
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Figure 9 – Response of nonpregnant cervical tissue to uniaxial compression. The tissue was tested
in alignment with the longitudinal collagen fibers or in alignment with the circumferential fibers.
Transverse deformation was constantly measured with a video extensometer and true stress and
strain were reported [58].

Figure 10 – Response of pregnant cervical tissue to uniaxial compression. The tissue was tested in
alignment with the longitudinal collagen fibers or in alignment with the circumferential fibers.
Transverse deformation was constantly measured with a video extensometer and true stress and
strain were reported [58].
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Other silk materials have been studied in vitro for use as injectable
treatments for cervical funneling. Heard et al. investigated the use of a silk–
polyethylene glycol (PEG) gel. Silk solution was combined with PEG during
injection into explanted cervical tissue through the use of a double-barrel mixing
syringe. One limitation of this method is that a post-injection ethanol treatment
was required to accelerate gelling and beta-sheet formation in the material. The
tissue-silk-PEG sample was soaked in ethanol prior to testing. Mechanical testing
showed a doubling of compressive tissue strength (as measured by indentation
force) after the gel injection and ethanol treatment [64]. The Myers et al. and
Heard et al. results can be used as a benchmark for the mechanical requirements
of injectable silk foams. Although it is not known what mechanical property best
measures cervical insufficiency treatment, stress values provide a reasonable point
of comparison. At 45% strain, pregnant cervical tissue had a peak strength of
approximately 0.25 kPa. Doubling the tissue strength would therefore require
foam with a compressive strength greater than 0.5 kPa. This provides a lower
bound but the ideal material would be significantly stronger to allow for a greater
safety margin when implanted.

2.5. Objectives
This thesis aims to further the study of silk foam biomaterials and work towards a
minimally invasive treatment for cervical insufficiency. A comprehensive
analysis of silk freezer foam mechanical properties is lacking in previous work.
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Studies of foam mechanics beyond single cycle compressive response will aid in
the development of silk foam applications beyond cervical insufficiency.
Mechanical testing is also used to evaluate the suitability of silk foams for treating
cervical insufficiency. This is accomplished by studying both the mechanics of
foam delivery as well as performance in tissue. To form a more complete
understanding of foam mechanical response it is necessary to also study the foam
structure. The baseline structural analysis is paired with application specific
testing of the structural effects of foam injection. For any biomaterial, it is
important to characterize the response of both the material and the surrounding
tissue when implanted. This is addressed using in vitro and in vivo studies.

3. Material Processing Methods
3.1. Silk Solution Processing
All silk solutions were processed according to the protocol outlined in Figure 11
and described by Rockwood et. al in 2011 [1]. Raw cocoons (Tajima Shoji, Japan)
were cut into fifths and the silkworms were disposed. To create the 0.02 M
Na2CO3 degumming solution, 8.48g of sodium carbonate (Sigma Aldrich, St.
Louis, MO) was dissolved in 4 L of ultrapure water (EMD Millipore, Billerica,
MA). The cut cocoons were added to the degumming solution in a ratio of 10 g
cocoons per 4 L solution and boiled for 10 or 20 minutes. These groups will
hereafter be referred to as 10MB and 20MB respectively. The degummed silk was
then rinsed in ultrapure water for 30 minutes to remove the sericin. This was
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repeated three times for a total of 1.5 hours of rinsing with water changes between
each rinse. The cleaned fibers were then spread out and dried in a fume hood for
12 hours.
To bring the silk into solution, the dry and degummed fibers were
dissolved in a 9.3 M LiBr solution. The LiBr solution was composed of 77.5 g
LiBr (Sigma Aldrich, St. Louis, MO) and ultrapure water for a final solution
volume of 96 ml. For every 96 ml of solution, 20 g of degummed fibers were
dissolved. The fiber and LiBr mixture was heated at 60° C for 4 hours to promote
solubilization. Next, LiBr was removed from the solution through dialysis.
Twelve milliliters of the fiber and LiBr solution was injected into dialysis
cassettes (3,500 MWCO, Slide-A-Lyzer, Pierce, Rockford, IL) and dialyzed
against ultrapure water for 48 hours with water changes every 6 hours. One
deviation from the previously published protocol was in the removal of solution
from the cassettes. Rockwood et. al removed solution through the side ports of the
cassette with a syringe and needle. To reduce shearing, all solutions for this work
were removed by puncturing the dialysis membrane and pouring out the solution.
To remove impurities, the solution was centrifuged twice for 30 minutes each
(Sorvall RC-5B refrigerated superspeed centrifuge) at 9,000 rpm and 4°C. All
solutions were stored at 4°C.
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Figure 11 – Regenerated silk fibroin solution processing [1].

3.2. Foam Processing
All foams used were processed according to the following protocol. Six milliliters
of silk solution were added to 3.5 cm diameter polystyrene Petri dishes and the
dishes were placed in a thermoelectric cooler (EdgeStar Model FP430, Austin,
TX) for 3 days. The cooler was set to -10°C and maintained between -8° C and 12° C. After freezing, the samples were lyophilized at -20° C (VirTis Genesis
Model 25L Genesis SQ Super XL-70, SP Industries, Warminster, PA) until
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pressure measurements indicated that drying was complete, which was typically
about 2 days.
After lyophilization, foams were water annealed for one day at room
temperature in a vacuum desiccator. The bottom of the desiccator was filled with
ultrapure water and the Petri dishes containing foams were placed uncovered on
the middle shelf. Water vapor annealing has previously been used with silk
freezer foams and was determined to be the best post-treatment method for
inducing crystallinity and water insolubility [14].

4. Mechanical Testing
4.1. Materials and Methods
4.1.1. Strength, Cyclic Loading, Stress Relaxation
An Instron 3366 testing frame with a 100 N load cell (Instron, Norwood, MA)
was used for all mechanical tests. Samples were cut from as-processed freezer
foams using an 8 mm diameter biopsy punch and hydrated in phosphate-buffered
saline (PBS) for at least 30 minutes prior to testing. During testing, samples were
submerged in room temperature PBS. All testing was performed using a
displacement control method at a rate of 1 mm/min and strain was automatically
zeroed at a 5 mN tare load. Single cycle compressive testing was carried out from
0 to 80% strain. For cyclic loading, samples underwent four consecutive
load/unload cycles from 0 to 25 % strain. Identical tests were performed from 0 to
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60% strain. In stress relaxation tests, displacement was ramped to 40% strain and
held for 30 minutes while recording load.
Elastic and plateau moduli were calculated by fitting a linear regression to
a small section of the elastic and plateau regions of the stress/strain curve. Yield
stresses were calculated using an offset yield approach (Figure 12). A line was
drawn parallel to the modulus line but offset by 0.5%. The point of intersection
between this line and the stress/strain curve was taken to be the yield stress. Stress
relaxation rates were determined by taking a linear curve fit of the last 5 minutes
of each stress relaxation test with the slope of the linear fit taken to be the
relaxation rate. Three samples were tested for each experimental condition and the
results are reported as mean plus standard deviation.

Figure 12 - Sample mechanical data analysis showing offset yield method for calculating yield
stress. The white curve is the measured data, the red line is the elastic region linear fit, and the
green line is the offset line used to calculate yield stress. This example uses a 2% offset for clarity,
actual yield stresses were calculated using a 0.5% offset.
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4.1.2. Injection Force
The ease of foam delivery through a needle can be equated to the amount of force
applied to the syringe required to achieve injection. Injection force tests were
conducted using a 1 ml luer fitting disposable syringe and a 1 kN load cell. A 3
mm diameter test sample was cut from the foam using a biopsy punch and placed
in the hub of the needle (Figure 13). The syringe was filled with ultrapure water
and connected to the needle. The test sample would not always immediately sit at
the bottom of the needle hub. Therefore the syringe was repeatedly emptied and
refilled with water until a significant pressure buildup was sensed. Upon detecting
resistance, the needle was removed and the syringe was filled with 0.7 ml water.
After reattaching the needle to the syringe, it was placed in a fixture to hold the
syringe vertically (Figure 14) and the top platen on the Instron was lowered so
that it was just touching the syringe plunger. Testing was performed using a
displacement control mode at a rate of 5 mm/s, which represents a moderate
injection speed as determined by comparison to injections performed by hand.
The peak load recorded during each test was taken to be the maximum injection
force.
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Figure 13 - Diagram of needle used in injection testing

Figure 14 - Injection force testing fixture.
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Two different needles were used in injection force testing. The first was a
14 gauge stainless steel luer lock needle and the second was a 3d printed needle to
test the effects of an alternative internal geometry. Figure 15 shows the internal
profiles and a photograph of the needles. The printed needle material is a rigid
thermoplastic. Additive manufacturing provides an excellent method for
prototyping new geometries but the resulting parts are not as strong as molded
parts. Given the much weaker print material compared to steel, the printed needle
has thick walls and does not have the same external geometry as standard
hypodermic needles. Although it cannot be used for injections into tissue, the
printed needle provides a simple method of testing new internal geometries.

Figure 15 - Internal geometry and photograph of the two needles used in injection force testing. In
the photograph, the printed needle is on the left and the standard needle is on the right.
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4.1.3. In Vitro Mechanical Testing
The in vitro mechanics of freezer foams were tested in both porcine tissue and
human cervical tissue. The procedure used was adapted from a similar study of
silk bulking agents conducted by Heard et al. [64]. Both tissue and foam samples
were hydrated in room temperature PBS prior to testing. To assess local changes
in tissue stiffness, the tissue was indented with a solid 5 mm diameter rod
attached to the load cell. This is analogous to palpating tissue by hand but with the
Instron measuring the force. Each loading cycle was conducted up to 20% strain
using a displacement control method at a rate of 1 mm/min and strain was
automatically zeroed at a 5 mN tare load. To assess repeatability, three loading
cycles were run prior to inserting the foam and after inserting the foam. Testing of
the porcine tissue without implants indicated that pre-conditioning (running
loading cycles on the tissue before data collection) of the tissue was necessary for
repeatable results. Therefore the reported data for no foam is from loading cycles
6 to 8 and the post foam insertion data is from loading cycles 10 to 12. The peak
load for each cycle was recorded.
For cervical tissue, the pre-implant data is from loading cycles 1 to 3 and
the post implant data is from cycles 4 to 6. The cervical tissue sample was
obtained from a 41 y/o premenopausal female who was having a hysterectomy for
a benign gynecological condition. Informed consent was obtained prior to the
surgery. The protocol was approved by the IRB at Tufts Medical Center. As
illustrated in Figure 16, the cervical tissue sample was a circumferential section
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from the inner canal outward. Each testing trial was performed on a different area
of the tissue sample.

Figure 16 – Biopsy location for cervical tissue sample [64]

4.2. Results
4.2.1. Compression Mechanics
The compressive response of all tested foams showed three distinct regions, an
initial elastic region, a plateau with slowly increasing stress over moderate strains,
and a sharp increase in stress at high strains (Figure 17). The elastic modulus and
yield strength refer to the first region and the collapse plateau modulus and
collapse plateau yield stress refer to the second region. Figure 18 and Figure 19
give the yield strengths and moduli for the elastic and collapse regions
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respectively. Changes in moduli and yield were primarily driven by changes in
silk concentration. At both 7% and 5% silk, increasing degumming time had no
effect on elastic yield strength and collapse plateau yield. Decreasing
concentration from 7% to 5% approximately halved the elastic yield and collapse
plateau yield strengths. A similar trend was seen in the collapse plateau modulus.
Elastic modulus is the only quantity that exhibited changes with both degumming
time and concentration. Increasing the degumming time decreased the elastic
modulus.
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Figure 17 - Freezer foam compressive stress-strain curves. Each sample exhibits three response
regions, initial elastic response, a plateau region, and high strain densification. These three regions
are outlined for the 7%, 10MB curve.
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Figure 18 - Yield strength and freezer foam collapse plateau yield stress for foams tested in
compression up to 80% strain
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Figure 19 - Elastic modulus and collapse plateau modulus for foams tested in compression up to
80% strain
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4.2.2. Cyclic Loading
Foams were tested under two cyclic loading conditions to determine their
response to repeat deformations. One test went to displacements of 25% strain at
each cycle and the second went to 65% strain at each cycle. Figure 20 displays
the stress-strain curves for two 7%, 10MB samples, one for 4 cycles to 25% strain
and one for 4 cycles to 65% strain. These are similar to the response of other
foams that were tested with different concentrations (5%) and degumming times
(20MB). Non-overlapping curves are in ascending cycle order from left to right
with the leftmost curve representing the first cycle. For a perfectly elastic
material, the stress/strain curve for each cycle would overlap the previous cycles
and would show consistent hysteresis (difference in the loading and unloading
curves). At small strains, there was little difference between the first and second
cycles and none at subsequent cycles. Each loading curve fell on top of the
previous. High strain loading resulted in significantly larger hysteresis in the first
cycle compared to the second. The response began to stabilize for subsequent
cycles as the difference diminished each time and the response become more
perfectly elastic.
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Figure 20 - Cyclic loading results for 7%, 10MB foams showing larger hysteresis at higher strain
cycles. This response is representative of other foams tested.

4.2.3. Stress Relaxation
The ability of foams to maintain stability when loaded was investigated with
stress relaxation tests. Figure 21 shows representative stress relaxation curves for
tested foams. Foams were deformed to 40% strain and then held at the point while
measuring load. Samples showed an initial sharp reduction in stress followed by
an incrementally decreasing plateau region for the reminder of the test. Estimated
stress relaxation rates are reported in Figure 22. The calculated rates were around
0.1 kPa/min for all conditions except for the 7%, 10MB foams, which had an
average relaxation rate more than twice that of the others.
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Figure 21 - Stress relaxation curves for foams of different processing conditions
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Figure 22 - Stress relaxation rates. Rates were calculated by taking a linear regression of the final
5 minutes of data for each trial.
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4.2.4. Injection Force and Reexpansion
All injection tests showed a rapid increase in force up to the point of foam
injection followed by a decrease down to almost no force for most of the plunger
travel as the remaining water was pushed out of the syringe (Figure 23). Figure 24
gives the peak injection force for all tested foam conditions. Differences between
experimental conditions were greater for the 7% concentration foams. The printed
needle resulted in a 50% decrease in force and a smaller range of recorded values.
Increasing the degumming time for 7% foams decreased injection force for the
standard needle but had little effect for the printed needle condition. At 5% silk
concentration, moving to the printed needle provided no benefit in force reduction
but it did decrease the standard deviation. The slight increases in force with the
printed needle for the 20MB, 5% and 10MB, 3% are likely due to the rougher
internal surface of the printed needle compared to the stainless steel needle.
The effect of construct size on injection force was also studied. Figure 25
gives the results for 2 and 3 mm diameter 10MB, 7% foams. Injections were
attempted with 4 and 5 mm foams in both standard and printed needles but were
not successful. Enough pressure built up that water would leak out of the
needle/syringe interface as the plunger was depressed. It is possible that with a
tighter connection injections would have succeeded. However, the required
injection force would likely exceed what can reasonably be applied by a
physician. Dropping the foam size down to 2 mm gave a six-fold decrease in
average injection force with the standard needle and a three-fold decrease with the
printed needle.
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To effectively serve as a tissue bulking agent, silk foams must re-expand
in situ after injection. Photographs of both standard-needle injected and
prototype-needle injected foams (10MB, 7%) are shown in Figure 26. There is
variability in the final foam geometry for both needle conditions but some trends
are visible. Standard needle injected foams tended to be more irregular and have
obvious regions of partial collapse. Foams injected through the prototype needle
had more uniform geometries that resembled elongated cylinders. In addition to
the post-injection reexpansion shown, all foams used in mechanical testing reexpanded after loading and showed no gross permanent deformations or damage.
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Figure 23 – Representative loading profiles for injection tests (3 mm diameter, 10MB, 7%,
foams).
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Figure 24 – Peak injection force for different foam processing conditions and needle geometries.
All foams were 3 mm diameter.
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Figure 25 – Injection force for 2 and 3 mm diameter foams (10MB, 7%) and different needle
geometries.
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Figure 26 – Collection of ten 3 mm diameter foams (10MB, 7%) injected through a standard
needle (top) and the printed needle (bottom). The geometry changes caused by injection are
representative of all foams tested.

4.2.5. In Vitro Mechanical Tests
In vitro mechanical testing was conducted to gauge the response of silk foams to
loading in actual tissue. All in vitro testing was conducted with 7%, 10MB foams.
As these were the stiffest foams studied, they had the greatest potential to support
tissue from a mechanical perspective. The first set of tests was conducted in
porcine tissue. Both injected and implanted samples were tested to determine the
volume and geometry of foam necessary to augment tissue. Injected samples were
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3 mm in diameter while implanted foams were 8 mm and 3 mm in diameter, all
foams were approximately 4 mm in height (Figure 27). Testing results are shown
in Table 3. Implanting one 3 mm foam at each test site resulted in little change in
peak indentation force however implanting one 8 mm foam doubled the peak
force. Following that result, a similar total volume of 3 mm injected foams (7)
was tested and found to create a small increase in indentation force. After testing,
the injected tissue sample was sectioned and photographed. Figure 28 illustrates
the location of injected foams in situ and shows no significant deformation or
damage caused by injection or indentation testing.
Table 3 – Porcine tissue in vitro mechanical testing results

Construct
3 mm Implant (n = 1)
8 mm Implant (n = 1)
3 mm Injections (n = 7)

Average Increase in Peak Indentation Force
3.83%
95%
15.6%
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Figure 27 - Photographs of foams implanted in porcine tissue for in vitro mechanical testing
(single 3 mm implant in top image, single 8 mm implant in bottom image). The 3 mm foam (top
image) is shown top down, so that the vertical and horizontal dimensions are both 3 mm. The 8
mm foam (bottom image) is shown from the side so that the horizontal dimension is 8 mm and the
vertical dimension (height of the foam) is approximately 4 mm.
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Figure 28 - Section of porcine tissue injected with a 3 mm diameter silk foam. The foam is located
in the boxed area and is oriented such that the vertical dimension is the diameter. The foam is
approximately 4 mm in height (horizontal direction in this image).

Following the tests in porcine tissue, 8 mm diameter foams were
implanted into human cervical tissue (Figure 29) and tested. The results are
displayed in Table 4. The change in peak force results were mixed, with the peak
force decreasing after implantation in one trial and tripling in another. Change in
peak force results inversely correlated with peak force recorded during the first
indentation of the tissue at each location. The initial pre-implant peak force is an
indirect measure of the tissue’s stiffness with a higher value indicating a stiffer
response.
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Table 4 - Cervical tissue in vitro mechanical testing results

Trial
1
2
3

Initial pre-implant peak
force (N)
0.572
0.108
0.09

Average Change in Peak Indentation
Force
-64.96%
63.83%
250.99%

Figure 29 - Silk foam implant (7%, 10MB, 8 mm diameter) in cervical tissue sample. The foam is
oriented such that the horizontal dimension is the diameter and the vertical dimension is the height
(approximately 4 mm)

4.3. Discussion
The compressive response displayed by silk freezer foams can be divided into
three distinct regions. This behavior mirrors the characteristic mechanics of
elastomeric foams, as shown in Figure 30. Elastic response is controlled by
bending of the walls or struts between pores while the plateau region corresponds
to elastic buckling. When pores have been pushed almost to the point of collapse,
the walls touch and begin to compress, behaving more similar to the bulk material
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than a foam construct. This response is described as densification and explains the
rapidly increasing stress at high strain [65].

Figure 30 - Characteristic three region elastomeric foam response showing: (1) Elastic response,
(2) Plateau region, (3) Densification. The elastic modulus and yield are represented by E * and σ*el
respectively. [65]

Calculated yield stresses and moduli show that elastic modulus was
affected by both degumming time and concentration while plateau modulus,
elastic yield strength, and plateau yield strength were only affected by silk
concentration. The mechanical response of foams is a function of both the bulk
material properties and the foam’s structure. The elastic region is more
representative of bulk material properties as large pore deformation is not
occurring. This explains why elastic modulus showed sensitivity to degumming
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time while other metrics did not. Silk concentration can be thought of as a
measure of the number of structural supports available to bear load per unit
volume of material. Lower concentration foams have fewer supportive fibroin
molecules and therefore lower strength and stiffness. Degumming time controls
the average length of fibroin chains with longer degumming creating shorter
chains but maintaining the same fibroin concentration. Previous work on silk film
mechanics has shown similar results with yield strength unaffected by moving
from at a 10 to 20 minute degumming [66].
For both modulus and yield strength, the data collected in this study is
lower than many previously reported values [30], [32]. This discrepancy can be
attributed to the use of hydrated mechanical testing, while the previous research
tested foams in a dry state. For salt-leached silk foams, hydrated mechanical
testing has been shown to significantly reduce modulus and yield compared to dry
testing [10]. One mechanical test of hydrated silk freezer foam has been noted in
literature but was conducted using pre-hydrated samples instead of in a bath. No
yield strength was determined but the study reported a 48 kPa elastic modulus
[14]. This lies within the range of moduli measured for this study but is not
directly comparable as that processing for that foam used different freezing time,
freezing temperature, degumming time, and solution concentration.
Silk foam mechanical properties can be compared to cervical tissue
mechanics as a baseline determination of efficacy. Data reported by Myers et al.
indicates a compressive elastic modulus for pregnant cervical tissue of about 1
kPa [58]. All tested foams had much higher elastic moduli (32 – 83 kPa),
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suggesting the possibility of significantly stiffening pregnant cervical tissue. Even
if deformation were to move into the collapse plateau region, all tested silk freezer
foams still have the ability to increase tissue stiffness. The calculated collapse
plateau moduli ranged from 18 to 43 kPa. Myers et al. did not report an elastic
yield strength but the largest compressive stress measured for pregnant cervical
tissue was approximately 0.5 kPa at 45% strain [58]. This is ten times less than
the minimum calculated silk freezer foam yield strength (5.29 kPa for 5%, 20MB
foams).
Traditional compressive mechanical tests allow for the determination of
baseline material properties but they only characterize a biomaterial under one set
of conditions that is not likely to be encountered in vivo. To better understand
how a material will perform under actual use conditions it is necessary to study its
response under repeated and sustained loads. The cyclic loading tests show the
ability of silk freezer foams to withstand repeated deformation without
significantly weakening. The hysteresis at higher strains does indicate that the
foam is undergoing some damage or change but there is still consistent elasticity
and the stress at peak strain remained unchanged.
Stress relaxation testing gauges how the load exerted by a stressed material
changes over time. This is directly relevant to the treatment of cervical
insufficiency as the goal is for the foam to maintain a chronic pressure in vivo.
The silk freezer foam stress relaxation tests show the foams are capable of
sustaining a significant outward pressure for shorter time periods. The estimated
stress relaxation rates do predict the eventual decay of stress down to zero.
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However, the linear fits used to calculate these rates offer a worst case analysis. It
is possible that the relaxation rates eventually level out at a higher strain. In the
initial region of relaxation, stress appears to decay exponentially and this trend
could continue.
The ease and controllability of foam injections can be represented by the
peak force required to depress the syringe plunger and achieve injection along
with the repeatability of that force. Predictable injection force allows the
physician to perform more consistent and safe procedures. Peak injection force
represents the pressure threshold on the foam required to overcome frictional
forces between the foam and needle and the foam’s stiffness.
Traditional hypodermic needles designed for delivery of fluids have a sharp
internal shoulder at the transition between the luer lock internal diameter in the
needle hub and the final internal diameter of the needle where it pierces the skin.
When injecting foams, this places the foam under a period of confined
compressive loading. Before injection, and the resulting immediate release of
pressure, the foam is stationary while being pressed against the internal shoulder
at the bottom of the needle hub. Confined loading can dramatically increase
pressure inside the needle leading to higher and inconsistent peak injection force,
possible damage to the foam, and impart unnecessarily high energy to the foam
when exiting the needle. The effects of this pressurization are illustrated by the
geometry of injected foams. Some foams have noticeable ridges and shoulders
that likely represent internal geometric features of the needle. When under high
pressure, those areas of foam partially collapsed and took on the needle’s features.
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A gradual internal needle taper applies a slower ramping of pressure on the foam.
It also focuses the pressure radially while allowing the bottom of the foam to
deform unencumbered.
Injection force results showed that switching to the gradual internal
geometry gave a considerable reduction in force for the 7% concentration foams
and led to a slight increase in force for some lower concentration samples. The
printed needle also resulted in more consistent injections for the 7%, 10MB foams
as shown by the reduced standard deviation. Lower concentration foams are more
ductile so the foam’s resistance to deformation is less of a factor and frictional
differences can become more apparent. The printed needles have a noticeably
rougher surface than the stainless steel needles, which would generate more
friction between the foam and needle during injection. This explains why average
peak injection force was slightly larger for the prototype needle with lower
concentration foams. Injection testing of different sized foams gave an upper limit
of 3 mm in diameter. Larger foams failed to inject as the internal pressures
required exceeded the limits of the current delivery system. The foam would
remain lodged in the needle while water leaked out of the needle/syringe
interface. The effects of foam size are further illustrated by the large drop in
injection force with a 2 mm diameter foam.
The in vitro mechanical testing shows that silk freezer foams are capable
of augmenting the mechanical response of tissue. The porcine tissue results point
towards volume and size requirements for foam augmentation. Individual 3 mm
diameter implants produced no change while individual 8 mm implants of the
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same foam successfully stiffened the tissue. This result could be partially due to
the indenter missing the area with foam on the small implants and impacting an
unmodified area of tissue. The problem of testing the wrong area has relevance
beyond data collection for this study. In clinical use, foams need to provide bulk,
and not local tissue stiffening.
With the larger implants there was a noticeable increase in tissue height at
the implantation site. Total volume of foam inserted is not necessarily the only
predictor of successful augmentation. Injection of multiple small foams, equal in
total volume to the 8 mm implant, resulted in only a small amount of stiffening.
With multiple injections it is difficult to ensure that all the foams are in the same
pocket of tissue. Even with ideal placement, foams can slide and move relative to
each other instead of compressing and sustaining loads as a single cohesive
structure. Failure of the injected samples to provide significant stiffening is not
likely due to any damage imparted during the injection process. Explanted foams
showed no gross deformations after injection and mechanical testing.
Given the results from porcine tissue testing, 8 mm implanted foams were
used for in vitro mechanical testing of human cervical tissue. The large variation
in tissue stiffening can be attributed to the heterogeneity of the cervical tissue,
which was not seen as significantly in the porcine tissue. This could be partially
due to the multiple freeze/thaw cycles the tissue had undergone during handling.
A separate section of the same tissue sample had been tested previously. Initial
tissue stiffness varied widely across the small sample used with softer locations
yielding greater augmentation with the foam. The tissue sample was from a non55

pregnant patient and non-pregnant cervical tissue is significantly stiffer than
pregnant tissue [58]. Therefore constructs that can augment non-pregnant tissue
will likely have at least the same response, if not greater, in actual clinical use.
The third cervical tissue testing trial exceeded the two times stiffness benchmark
result achieved by Heard et al. with injectable silk gel [64]. Injectable gels and
viscous liquids offer the benefit of material cohesiveness at larger injection
volumes. However, the gel studied by Heard et al. required immersing the tissue
sample in ethanol after injection to accelerate beta sheet formation of the silk. The
implanted silk foam was able to augment cervical tissue without post-injection
treatments.

5. Structural Characterization
5.1. Materials and Methods
5.1.1. Scanning Electron Microscopy
Foam morphology was investigated using scanning electron microscopy (SEM).
All samples imaged were 3 mm diameter cylinders cut from larger foams using a
biopsy punch. Samples were sputter coated for 120 seconds using a Quorum
SC7620 Sputter Coater System (Quorum Technologies Ltd, East Grinstead,
United Kingdom) and then imaged with a Zeiss Evo MA10 SEM (Carl Zeiss
Microscopy, LLC, Thornwood, NY). Pore sizes via SEM images were measured
using ImageJ (National Institutes of Health, Bethesda, MD). Two images per
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construct were analyzed with 10 pores measured at random in each image. Results
are reported as average plus standard deviation.

5.1.2. Mercury Intrusion Porosimetry
Mercury intrusion porosimetry was used to perform pore structure analysis of the
foams. Cylindrical samples (3 mm diameter, 4 mm height) were punched from
bulk foams. The number of samples tested was determined based on an estimate
of the necessary total sample mass to be in the ideal range of specific pore volume
for the porosimeter (PoreMaster 33, Quantachrome Instruments, Boynton Beach,
FL). This resulted in N = 10 for the 7% samples, N = 13 for the 5% samples, and
N = 20 for the 3% samples. Results were averaged over the cumulative volume of
all samples tested for each condition. Samples were held in 0.5 cm3 glass sample
cells during intrusion analysis. After evacuating the cells to a pressure of 50
millitorr, mercury was pneumatically intruded at incrementally increasing
pressures up to 50 psi. Pore size distribution and statics and measures of total
intruded volume were determined using PoreMaster for Windows 5.10
(Quantachrome). Porosity was calculated using the measured total intruded
volume and the previously reported density of silk (1.3 g cm-3) [67].
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5.1.3. Fourier Transform Infrared Spectroscopy (FTIR)
Freezer foam secondary structure was analyzed using a JASCO FTIR 6200
spectrometer (JASCO, Tokyo, Japan) with a MIRacleTM attenuated total
reflection (ATR) Ge crystal cell in reflection mode. Foam test samples (3 mm
diameter) were analyzed dry and two measurements were taken per sample. Three
samples were analyzed per experimental group and the resulting spectra were
averaged. Each measurement was an average of 32 scans at a resolution of 4 cm-1
over a range of wave numbers from 650 to 4000 cm-1. For analysis, data was
reduced to the amide I region from 1595 to 1705 cm-1 and peak normalized.

5.2. Results
5.2.1. Morphology
All foams imaged had an interconnected pore structure and exhibited the two
region morphology shown in Figure 31. The bottom portion of foams, which was
in contact with towels laid on the shelf of the freezer during processing, was
composed of larger and more irregular pores. Not all pores were clearly defined
and outlined and struts tended to be large, flat, and sheet like in structure. The
upper portion of foams, in contact with the air in the freezer, had smaller and
more regular pores. Connecting struts formed a cellular structure, with more
consistent sizes than in the large pore region. The large pore region comprised
more than half the foam thickness. In both regions, the larger pores or features
(sheets and cells) were bridged by interconnecting pores. The interconnecting
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pores tended to be more circular in the small pore region but there was
considerable variation in geometry for both regions. Micrographs of the large and
small pore regions for different silk foams are shown in Figure 32. There were no
obvious morphological changes between foams of different degumming time and
concentration.

Figure 31 - Micrograph of 10MB, 7% foam. This image is representative of the large scale
morphology for all foams and shows a compact small pore region on the right and a longer large
pore region on the left (1 mm scale).
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Figure 32 - SEM micrographs of the large and small pore regions of various silk freezer foams.
There were no noticeable morphological differences between groups (200 µm scale for all
images).
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The morphology of injected foams was also investigated using SEM.
Figure 33 and Figure 34 present images of a 7%, 10MB foam injected through a
standard needle and the prototype needle respectively. Both figures show
progressively higher magnification images moving from a view of the whole
foam to the large pore/small pore region transition, and finally the foam surface in
an area of deformation. As described in chapter 4, the post-injection geometry
differed between needle conditions but morphological changes due to injection
were similar for both needles. The majority of bulk deformation occurred in the
large pore region of the foam while the small pore region retained most of its
original geometry. Changes in the foam surface were also evident in the deformed
regions. Pores appeared to have collapsed as large open areas and individual struts
were no longer visible. There were openings similar to the interconnecting pores
of the undeformed foams but the majority of the surface was closed with
overlapping and textured layers of materials.
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Figure 33 - SEM micrographs of 7%, 10MB foam injected through a standard needle. A, view of
entire foam showing more deformed region to the right and intact small pore region to the left
(200 μm scale). B, transition between large and small pore regions (200 μm scale). C, close view
of deformed region surface showing pore flattening (100 μm scale).
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Figure 34 - SEM micrographs of 7%, 10MB foam injected through the prototype needle. A, view
of entire foam showing more deformed region at the top and intact small pore region at the bottom
(1 mm scale). B, transition between large and small pore regions (200 μm scale). C, close view of
deformed region surface showing pore flattening (100 μm scale).
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5.2.2. Pore Structure
Freezer foam pore structure was studied with both SEM image analysis and
mercury intrusion porosimetry. Figure 35 displays the results obtained through
SEM image analysis. There were no large differences in average between each
measured foam. However, there were large standard deviations in the
measurements. Mercury intrusion porosimetry was used to gain a more accurate
and complete analysis of the foam’s pore structure.
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Figure 35 - Mean pore size measurements from analysis of SEM images.

Mercury intrusion porosimetry outputs a histogram of the pore size distribution
along with distribution statistics. The distributions for studied silk freezer foams
are plotted in Figure 36 with pore size and porosity given in Table 5. For
undeformed samples, differences between samples were small but trends are
visible. Pore size increases with a decrease in fibroin concentration and an
increase degumming time. Moving from 7% to 3% increased the median pore size
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from 43 μm to 61 μm. Lengthening degumming raised the median pore size by 9
μm and 2 μm for the 7% and 5% foams respectively. Porosity varied from a low
of 88.84% for 7%, 20MB foams to a high of 93.8% for 3%, 10MB foams.
Injection resulted in both porosity and pore decreases, with the standard needle
samples showing a larger change from the undeformed samples. Foam
deformation due to injection also affected the range of pore sizes present in the
material, as shown in Table 6. Injection dropped the largest measured pore size
by 86 μm and 96 μm and the smallest pores decreased by 13 μm and 11 μm for
the standard needle and printed needle respectively.
Table 5 - Mercury intrusion porosimetry results for mean and median pore size and porosity
(needle column is blank for uninjected samples).

Construct
7%, 10MB
7%, 10MB
7%, 10MB
7%, 20MB
7%, 20MB
7%, 20MB
5%, 10MB
5%, 10MB
5%, 10MB
5%, 20MB
5%, 20MB
5%, 20MB
3%, 10MB
3%, 10MB
3%, 10MB

Needle
Standard
Printed

Porosity
90.38%
81.31%
84.82%

Median Pore Size (µm)
43.06
32.43
38.85

Standard
Printed

88.84%
77.79%
75.94%

52.24
42.89
39.67

Standard
Printed

91.88%
85.92%
84.13%

56.4
47.4
41.01

Standard
Printed

91.05%
84.42%
80.68%

58.56
50.21
41.32

Standard
Printed

93.80%
83.35%
79.44%

61.31
32.49
27.13
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Table 6 - Pore size ranges determined from percentage of total intruded volume (needle column is
blank for uninjected samples).

Construct

Needle

Standard
Printed

1% Intruded
Volume Pore Size
(µm)
173
87.20
76.59

99% Intruded
Volume Pore Size
(µm)
19.09
5.84
8.43

7%, 10MB
7%, 10MB
7%, 10MB
7%, 20MB
7%, 20MB
7%, 20MB

Standard
Printed

173.1
99.8
107

19.45
6.51
6.72

5%, 10MB
5%, 10MB
5%, 10MB

Standard
Printed

218
143
73.6

19.32
8.54
7.84

5%, 20MB
5%, 20MB
5%, 20MB

Standard
Printed

169.5
149
95.2

19.32
9.38
7.03

3%, 10MB
3%, 10MB
3%, 10MB

Standard
Printed

248
108
65.2

14.61
6.53
5.09
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Figure 36 - Pore size distribution from mercury intrusion porosimetry analysis.

5.2.3. Secondary Structure
Truncated and normalized FTIR spectra are shown in Figure 37. The region
displayed corresponds to the Amide I spectral band of silk. Shifts in absorbance
peaks between samples indicate differences in crystalline structure. All samples
displayed an identical peak at 1620 cm-1, which is characteristic of the beta sheet
(silk II) conformation induced by water annealing. An untreated sample included
for comparison peaks around 1640 cm-1 indicating random coil (silk I) structure,
which is expected for foams that have not been water annealed or methanol
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treated [31]. Therefore there were no evident differences in structure caused by
changes in degumming time or silk concentration. Injection of foams through
either the standard needle or prototype needle similarly showed no change in
conformation.

Figure 37 - Amide I band of FTIR spectra for various silk foams. There was no visible difference
between the experimental groups and all peaked at 1620 cm-1 indicating beta sheet structure.
Untreated 20MB, 5% foam is included as a comparison.

5.3. Discussion
The morphology of silk freezer foams is mostly created during the freezing step
of foam processing. Fibroin is concentrated out of the solution and forms the pore
walls and struts while ice crystals occupy the future void space. The two region
morphology in all foams tested for this study can be explained by the kinetics of
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ice crystal growth during freeze concentration. Ice crystal nucleation is controlled
by the degree of supercooling in the sample, with higher supercooling producing
more ice crystals. Supercooling is the difference between the equilibrium freezing
point of the sample and the temperature at which ice first forms. End crystal size
is smaller with supercooling as the total freezable water available is a fixed
quantity. Ice crystal growth is driven by heat transfer between the sample and
freezer. For samples in this study, the solution surface froze first where high local
supercooling produced many small ice crystals. Freezing then proceeded
downward with larger ice crystals forming as the ice/solution boundary moves
along [35]. Similar morphology has been reported for freezer foams processed at 20°C [30].
Ice crystal growth and pore structure is also regulated by freezing
temperature relative to the glass transition temperature. Below the glass transition
temperature of -20°C, quick freezing shortens the growing time, and therefore the
size, of ice crystals. Foams processed at varying temperatures below the glass
transition showed no temperature dependence in pore size or porosity and have
smaller pores. Freezing above the glass transition temperature, as was done in this
study, allows for more ice crystal growth and results in larger pores [43].
The small differences in pore structure shown by varying fibroin
concentration and degumming time support the idea that pore structure is largely
determined by the variables controlling ice crystal growth. Nevertheless, freezer
foam pore structure did trend with degumming time and concentration and the
concentration results agree with other studies [32]. This pore size reduction can be
69

attributed to the effects of silk solution processing on viscosity. Both increased
fibroin concentration and decreased degumming time lead to higher viscosities
[66], [68]. Thicker solutions restrict ice crystal growth and therefore reduce pore
size [43].
After injection, foams exhibited a range of permanent deformations from a
slightly tapered but still cylindrical geometry to almost complete collapse in some
regions of the material (Figure 26). The combined structure data helps to explain
and quantify the damage caused by injection. SEM images show surface pore
collapse in regions that also underwent some permanent deformation. The
flattened surface pore morphology could be caused by friction at the foam/needle
interface damaging the foam. Surface pores have already been damaged by the
biopsy punch when cutting out the individual samples and they are not complete
cell structures. Issues such as these weaken the pore structure and make it more
susceptible to damage. Surface pore structure changes likely contribute to any
large scale deformation but are not the sole cause as the surface damage is
relatively uniform across varying foam geometry. For the injection induced
deformations to be permanent there must also be pore collapse or damage within
the foam. SEM images of injected foams show the deformation to be greater in
the large pore region, indicating that the large pores are more likely to collapse
under the strain of injection. The irregularly shaped and size pores in that region
create stress concentrations that would not be as common in the more
homogenous and cellular small pore region.
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Mercury porosimetry provides a method for quantifying and further
analyzing the pore structure changes due to injection. Decreases in median pore
size and porosity suggest partial pore collapse or the full collapse of large pores,
which would shift the pore size distribution. Changes in the range of detected pore
size illustrate that both of these effects are possible. The approximately 100 µm
drop in the 1% intrusion pore size is a clear indicator that large pores are being
compressed or eliminated. At 99% intrusion there is also a decrease with injection
showing that small pores are affected along with large pores. Although SEM
images show the small pore region of the injected foams to be largely intact, small
pores aren’t limited to that region, they are just more common. The smaller range
of pore sizes for printed needle injected foams reflects the greater macroscopic
uniformity seen in those samples compared to standard needle injected foams.
Changes in fibroin chain conformation can modify the mechanical
properties of silk foams. Therefore the secondary structure of all experimental
samples was tested using FTIR. No change in structure was seen between any of
the conditions, including injected foams. The lack of variation correlates with
previous work on silk films and foams showing no structural changes for
variations in degumming time and fibroin concentration [32], [66]. Shearing of
silk solution can induce structural changes [28], [66], [69]. However the shearing
and deformation of the silk freezer foams is not likely to have the same effect.
Fibroin chains have already been locked into place and induced into beta sheet
conformation during lyophilization and water annealing.
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Pore structure also influences cell ingrowth and the biological remodeling
of tissue engineering scaffolds like silk foams [70]. A pore size limit of 80 μm has
been reported as the lower threshold for allowing cell ingrowth [71]. One study of
cartilage tissue regeneration on silk foams showed that larger pore sizes (> 300
μm) best supported cell ingrowth [14]. However work by Mandal et al. suggests
that porosity is a more significant determinant of cell migration and proliferation.
Silk freezer foams with porosities and pore sizes similar to those used in this
study successfully supported the growth and movement of cells through the
constructs [57]. For use in treating cervical insufficiency, the ideal tissue ingrowth
rate is not known. It is possible that biological remodeling will weaken the foam,
in which case it would be advantageous to prevent cell ingrowth for the necessary
length of treatment. In vivo studies will determine both the actual rate of ingrowth
and its effects on foam mechanics.

6. Biological Response
6.1. Materials and Methods
6.1.1. In Vitro Enzymatic Degradation
Differences in degradation rate between foams were measured using an in vitro
enzymatic degradation study. Foams (3 mm diameter and 4-6 mm height) were
incubated at 37° C in 2 ml of a protease XIV solution (0.5 U/ml in PBS, pH 7.4,
Sigma Aldrich) for desired time periods. The enzyme solution was replaced daily
to maintain enzyme activity and samples were rinsed with PBS between enzyme
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solution changes. Control samples were incubated in PBS under the same
conditions. At each measured time point, the samples were washed with PBS and
deionized water. They were subsequently dried in air at room temperature for 24
hours and then dried in a vacuum for 24 hours. Each sample was massed at day 0
and after degradation and drying. Three samples were measured for each
condition and time point and the results are reported as mean plus standard
deviation.

6.1.2. In Vivo Implantation and Histology
The in vivo implantation and animal care was performed in full compliance with
Tufts University Institutional Animal Care and Use Committee (IACUC) in
accordance with the Office of Laboratory Animal Welfare (OLAW) at the
National Institutes of Health (NIH). Female BALB/c mice were purchased from
Charles River Laboratories (Wilmington, MA) and allowed to acclimate for one
week prior to implantation. For the implantation procedure, animals were first
anesthetized with isoflurane (3% in oxygen) and then maintained with 2.5%
isoflurane. The incision site was cleaned with iodine and alcohol before pinching
the skin into a tent. An incision was made at the bottom of the pinched section
and foams were implanted subcutaneously in a dorsal pocket. Four foams were
implanted in each animal (one construct per experimental group) with two foams
on each side of the dorsal midline. The incision was closed with wound clips and
animals were allowed to awaken and had free access to food and water for the
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duration of the study. There were nine animals total, with 3 sacrificed at each time
point. Explanted samples were placed in 4% formalin for 24 hours. Next the
samples were run through an automated tissue processor, which exposed them to
a series of dehydration solvents followed by paraffin. Samples were cut into
section and adhered to glass slides. Finally the samples were rehydrated and
stained with Hematoxylin and Eosin (H&E).

6.2. Results
6.2.1. Mass Loss
The relative degradation rates of studied foams were compared by measuring the
change in mass over time of foam samples incubated in a solution of protease
XIV. The results in Figure 38 are presented as the percentage of original foam
mass remaining at each time point. While all samples degraded over time,
concentration, degumming time, and deformation all appear to have an effect on
degradation rate. The 3% foams were completely degraded by day 6 while smaller
differences were seen between the 5% and 7% samples. At the higher
concentrations, degumming time seems to have a larger impact on degradation as
the 7%, 20MB foams consistently lost more mass than either the 5% or 7%
samples that were degummed for 10 minutes. Deformation of the foam due to
injection through a standard needle showed a similar increase in mass loss at each
time point. Control samples of each condition exhibited no appreciable mass loss
for the duration of the study.
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Figure 38 - Results of enzymatic degradation study showing the percentage of original mass
remaining at each time point. After day 3, the 3% foams had completely degraded.

6.2.2. Histology
To evaluate the effects of in vivo foam implantation, histological staining was
conducted of explanted foams and the surrounding tissue. Slides for the 8 mm
diameter samples are not shown as the results were inconsistent and inconclusive.
Most of the 8 mm foam slides showed many obvious artifacts from sectioning and
processing and therefore cannot be used to draw any conclusions. Figure 39 and
Figure 40 show histology sections for the 7% and 3% foams respectively. Key
features labeled in each image are the foam, subcutaneous connective tissue, and
foreign body multi-nucleated giant cells. Subcutaneous connective tissue is a
normal layer of tissue that sits under the skin. Foams were implanted adjacent to
this tissue. Foreign body multi-nucleated giant cells (MGC’s) are part of the
typical inflammatory response for any foreign substance in the body and are
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formed by the fusing of multiple macrophage cells [72]. Results for the 7% and
3% foam are very similar. The foam pore structure appeared to remain unchanged
across all time points. There were no signs of pore collapse or significant
deformation. Prior to histology processing, there were also no visible differences
between the high and low concentration foams at 1 week and 2 weeks. Both sets
of samples were undeformed when explanted. At 8 weeks, the 3% samples
showed some small areas of deformation but still maintained a mostly cylindrical
shape.
After 7 days, foams were sparsely infiltrated with cells, as shown by the
small dark spots within the pores (H&E stains cell nuclei dark blue). These could
be neutrophils, which are typically the first cells to arrive during inflammation
[73]. Foreign body MGC’s had begun to encapsulate the implants at 1 week. At
two weeks, cells have begun to more thoroughly infiltrate the foams. With H&E
staining, it is not possible to determine with certainty what types of cells these are.
Cell ingrowth continued and cells had reached the center of the foams at 4 weeks.
There was still some void space visible in the foam so although cells had
infiltrated throughout the material they had not fully filled in the pores.
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Figure 39 - H&E stained histology sections from 7%, 3 mm implanted foams (200x
magnification). A) Foam; B) Subcutaneous connective tissue; C) Foreign body multi-nucleated
giant cells
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Figure 40 - H&E stained histology sections from 7%, 3 mm implanted foams (200x
magnification). A) Foam; B) Subcutaneous connective tissue; C) Foreign body multi-nucleated
giant cells
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6.3. Discussion
The in vitro degradation results show that silk foam degradation can easily be
tuned by controlling fibroin concentration during foam processing. These results
cannot be used to predict the actual degradation rate in vivo but concentration
differences should lead to differing degradation rates. Future implant studies can
be designed to assess degradation across a range of silk concentrations. Injection
of foams had little effect on degradation so minimally invasive foam delivery will
not impact the foam’s length of action in the body. For both the 7% and 3%
subcutaneously implanted foams, histology showed no obvious degradation. This
illustrates the expected differences in in vivo and in vitro performance as the 3%
samples incubated in protease XIV had completely degraded in 6 days. With
longer implantation time periods, degradation differences between samples should
become apparent.
The consistent cell infiltration shown in histology is a promising result for
the use of silk foams as an augmentation material. Tissue ingrowth will help to
secure the foams in place and prevent migration. Migration is a concern as foams
could move when loaded and therefore not stiffen the tissue. The overall host
response to the implant was consistent with a normal foreign body response to
any implanted material and was similar to previous subcutaneous implant studies
of salt-leached silk foams (unpublished work). There were no side effects or
negative responses such as irritation or swelling. This shows that the foams are
suitable for long-term implantation.
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7. Conclusion
The collected mechanical, structural, and biological data show that silk freezer
foams have the requisite properties for treating cervical insufficiency. Across all
tested silk concentrations and degumming times, the foams exceeded the strength
and stiffness values of human hysterectomy tissue. Foams also demonstrated the
ability to maintain stability under compression and withstand repeated
loading/unloading cycles without failure. Testing also revealed limitations of the
current approach to production and delivery of injectable silk foams, which uses
off-the-shelf injection tools. Injection of strong and large sized foams requires
significant and unpredictable levels of force to be placed on the syringe. Limits on
foam size interfere with the need for larger volume constructs determined from in
vitro mechanical testing.
Working within these constraints, the processing conditions resulting in the
best foam are 5% silk concentration and 20 minute degumming time. These foams
had manageable injection forces while still providing the required mechanical
properties. Structural investigation of foam properties revealed that solution
processing parameters had little effect on pore and secondary structure. Injection
of foams was found to result in areas of surface and internal pore collapse but
there were no indications of large scale bulk collapse. Therefore silk freezer
foams can withstand the deformations of injection. Studies of the biological
response to silk foams found that the degradation rate of foams can be tuned by
varying silk concentration. Implanted foams integrated with surrounding tissue
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and showed no negative host response, indicating suitability for in vivo
implantation.

8. Future Directions
This work proved the ability of silk freezer foams to function as a tissue
supporting implant for the treatment of cervical funneling. However, further work
is needed before these materials can be used in a clinical setting. With further
development, injectable silk foams could be used in a wide range of applications
as the challenge of supporting weakened tissue is not limited to cervical
insufficiency.

8.1. Cervical Tissue Mechanics
A better understanding of cervical tissue mechanics is needed to optimize the
design and delivery of silk foams for treating cervical insufficiency. This thesis
used stiffness and indentation force values of explanted cervical tissue for
evaluating the effectiveness of silk foams. Stiffness and indentation force provide
baseline values but they have not been directly related back to the progress of
cervical insufficiency in vivo. It is possible that another mechanical property, such
as toughness, better describes cervical tissue deformation and the effects of
cervical insufficiency treatment. Identifying the ideal mechanical property and
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threshold value for an augmentation material will lead to more targeted material
development and improved performance.

8.2. Silk Foam and Delivery Mechanism Development
Ease of delivery is the most significant limiting factor with current silk foams and
delivery systems. This can be addressed by working on both the foams and
injection mechanism. Varying pore structure, specifically pore geometry, is one
possible avenue for lowering the injection force. By employing novel freezing
methods during the freezing stage of foam processing, ice crystal formation and
growth can be controlled. Simply insulating the sides of the solution dish exposed
to air has previously been used to direct ice crystal formation in silk solutions
[57]. Additional control of heat transfer during freezing can be explored with
varying container geometries, insulation materials, and freezing techniques, such
as placing wires within the solution to create areas of locally increased heat
transfer. Along with freezing methods, variations in freezing time could be
investigated as a technique for controlling pore structure.
By optimizing the foam morphology it may be possible to provide
additional benefits beyond increased ease of injection such as the ability to further
tune mechanical properties. Changing the pre-injection geometry of foam samples
could also be explored. This thesis used cylindrical samples but new geometries
could both ease injection and provide benefits such as unique post-injection
geometries designed to fit specific locations in the body. Injectable biomaterial
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gels with shape-memory properties have been developed and silk foams could be
taken in a similar direction [74].
In conjunction with improvements to the material itself, further
prototyping of delivery hardware is needed. High pressure or ratchet style
syringes could make it easier to apply consistent pressure to the foam during
injection and therefore have more controlled delivery. This would also allow for
easier delivery of the higher concentration and stiffer silk foams.
An alternative to further tuning of the material for the specifications used
in this thesis (high stiffness, significant post-injection reexpansion) is to focus on
injecting high volumes of foam. This thesis showed that material volume is an
important factor in the ability of the material to augment cervical tissue. In their
current form, relatively low volumes of foam can be injected at once. When used
in cervical tissue, there is a concern that tissue deformation could proceed around
the regions of increased stiffness created by injected foams. A large number of
separate injections may be needed to combat this issue, which would decrease the
minimally-invasive benefits of the material. Increasing the volume of injected
foams would eliminate the need for large numbers of injections. This could be
done with current techniques by using softer (3% concentration) foams.
Reexpansion is less of a concern as less reexpansion would be compensated for
by the larger volume of material. Instead of small foam sections, longer strips of
foam would be injected. These would fold and bend within the tissue to create a
pocket of supportive material.
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8.3. In Vivo Evaluation
The subcutaneous implant study conducted for this thesis provides data on the
response of tissue to silk foams and on pore structure changes due to implantation.
These results are important going forward but they do not address the in vivo
material response in a load bearing situation. Future implant studies should
investigate foams in their target applications, such as treating cervical
insufficiency. This will require moving to a larger animal model. In addition to
histology, mechanical testing of explanted samples will be needed to investigate
any changes in material properties due to the in vivo environment and or
prolonged loading. Histology allows for some evaluation of pore structure but it is
dependent on the sectioning plane and it is difficult to assess three-dimensional
deformation. Micro-CT imaging of implanted samples would provide this
information.

84

References
[1]

D. N. Rockwood, R. C. Preda, T. Yücel, X. Wang, M. L. Lovett, and D. L.
Kaplan, “Materials fabrication from Bombyx mori silk fibroin,” Nature
Protocols, vol. 6, no. 10, pp. 1612–1631, Sep. 2011.

[2]

G. H. Altman, F. Diaz, C. Jakuba, T. Calabro, R. L. Horan, J. Chen, H. Lu,
J. Richmond, and D. L. Kaplan, “Silk-based biomaterials.,” Biomaterials,
vol. 24, no. 3, pp. 401–16, Feb. 2003.

[3]

C. Vepari and D. L. Kaplan, “Silk as a Biomaterial.,” Progress in polymer
science, vol. 32, no. 8–9, pp. 991–1007, Jan. 2007.

[4]

F. G. Omenetto and D. L. Kaplan, “New opportunities for an ancient
material.,” Science, vol. 329, no. 5991, pp. 528–31, Jul. 2010.

[5]

Y. Wang, D. D. Rudym, A. Walsh, L. Abrahamsen, H.-J. Kim, H. S. Kim,
C. Kirker-Head, and D. L. Kaplan, “In vivo degradation of threedimensional silk fibroin scaffolds.,” Biomaterials, vol. 29, no. 24–25, pp.
3415–28, 2008.

[6]

H. Fan, H. Liu, E. J. W. Wong, S. L. Toh, and J. C. H. Goh, “In vivo study
of anterior cruciate ligament regeneration using mesenchymal stem cells
and silk scaffold.,” Biomaterials, vol. 29, no. 23, pp. 3324–37, Aug. 2008.

[7]

R. L. Horan, K. Antle, A. L. Collette, Y. Wang, J. Huang, J. E. Moreau, V.
Volloch, D. L. Kaplan, and G. H. Altman, “In vitro degradation of silk
fibroin.,” Biomaterials, vol. 26, no. 17, pp. 3385–93, Jun. 2005.

[8]

J. G. Hardy, L. M. Römer, and T. R. Scheibel, “Polymeric materials based
on silk proteins,” Polymer, vol. 49, no. 20, pp. 4309–4327, Sep. 2008.

[9]

D. Yao, S. Dong, Q. Lu, X. Hu, D. L. Kaplan, B. Zhang, and H. Zhu, “Saltleached silk scaffolds with tunable mechanical properties.,”
Biomacromolecules, vol. 13, no. 11, pp. 3723–9, Nov. 2012.

[10] E. S. Gil, J. a Kluge, D. N. Rockwood, R. Rajkhowa, L. Wang, X. Wang,
and D. L. Kaplan, “Mechanical improvements to reinforced porous silk
scaffolds.,” Journal of biomedical materials research. Part A, vol. 99, no.
1, pp. 16–28, Oct. 2011.
[11] A. M. Collins, N. J. V. Skaer, T. Gheysens, D. Knight, C. Bertram, H. I.
Roach, R. O. C. Oreffo, S. Von-Aulock, T. Baris, J. Skinner, and S. Mann,
“Bone-like Resorbable Silk-based Scaffolds for Load-bearing

85

Osteoregenerative Applications,” Advanced Materials, vol. 21, no. 1, pp.
75–78, Jan. 2009.
[12] H. J. Kim, U.-J. Kim, G. Vunjak-Novakovic, B.-H. Min, and D. L. Kaplan,
“Influence of macroporous protein scaffolds on bone tissue engineering
from bone marrow stem cells,” Biomaterials, vol. 26, no. 21, pp. 4442–
4452, Jul. 2005.
[13] L. Meinel, R. Fajardo, S. Hofmann, R. Langer, J. Chen, B. Snyder, G.
Vunjak-Novakovic, and D. Kaplan, “Silk implants for the healing of
critical size bone defects.,” Bone, vol. 37, no. 5, pp. 688–98, Nov. 2005.
[14] Y. Wang, E. Bella, C. S. D. Lee, C. Migliaresi, L. Pelcastre, Z. Schwartz,
B. D. Boyan, and A. Motta, “The synergistic effects of 3-D porous silk
fibroin matrix scaffold properties and hydrodynamic environment in
cartilage tissue regeneration.,” Biomaterials, vol. 31, no. 17, pp. 4672–81,
Jun. 2010.
[15] B. B. Mandal, S.-H. Park, E. S. Gil, and D. L. Kaplan, “Multilayered silk
scaffolds for meniscus tissue engineering.,” Biomaterials, vol. 32, no. 2,
pp. 639–51, Jan. 2011.
[16] L. Meinel, S. Hofmann, V. Karageorgiou, L. Zichner, R. Langer, D.
Kaplan, and G. Vunjak-Novakovic, “Engineering cartilage-like tissue using
human mesenchymal stem cells and silk protein scaffolds,” Biotechnology
and Bioengineering, vol. 88, no. 3, pp. 379–391, Nov. 2004.
[17] Y. Wang, D. J. Blasioli, H.-J. Kim, H. S. Kim, and D. L. Kaplan,
“Cartilage tissue engineering with silk scaffolds and human articular
chondrocytes.,” Biomaterials, vol. 27, no. 25, pp. 4434–42, Sep. 2006.
[18] Y. Morita, N. Tomita, H. Aoki, M. Sonobe, S. Wakitani, Y. Tamada, T.
Suguro, and K. Ikeuchi, “Frictional properties of regenerated cartilage in
vitro.,” Journal of biomechanics, vol. 39, no. 1, pp. 103–9, Jan. 2006.
[19] M. Heron, D. Ph, and V. Statistics, “National Vital Statistics Reports
Deaths : Leading Causes for 2009,” vol. 61, no. 7, 2012.
[20] O. a Rust, R. O. Atlas, S. Kimmel, W. E. Roberts, and L. W. Hess, “Does
the presence of a funnel increase the risk of adverse perinatal outcome in a
patient with a short cervix?,” American journal of obstetrics and
gynecology, vol. 192, no. 4, pp. 1060–6, Apr. 2005.
[21] Y.-W. Lee, Silk reeling and testing manual. Vol. 136. Food & Agriculture
Organization of the UN (FAO), 1999.

86

[22] R. Valluzzi and S. Gido, “The crystal structure of Bombyx mori silk fibroin
at the air–water interface,” Biopolymers, vol. 42, pp. 705–717, 1997.
[23] R. Valluzzi, S. P. Gido, W. Zhang, W. S. Muller, and D. L. Kaplan,
“Trigonal crystal structure of bombyx mori silk incorporating a threefold
helical chain conformation found at the air-water interface,”
Macromolecules, vol. 29, no. 27, pp. 8606–8614, 1996.
[24] R. Valluzzi, S. Winkler, D. Wilson, and D. L. Kaplan, “Silk: molecular
organization and control of assembly.,” Philosophical transactions of the
Royal Society of London. Series B, Biological sciences, vol. 357, no. 1418,
pp. 165–7, Feb. 2002.
[25] X. Hu, D. Kaplan, and P. Cebe, “Determining beta-sheet crystallinity in
fibrous proteins by thermal analysis and infrared spectroscopy,”
Macromolecules, vol. 39, no. 18, pp. 6161–6170, 2006.
[26] X. Hu, D. Kaplan, and P. Cebe, “Effect of water on the thermal properties
of silk fibroin,” Thermochimica Acta, vol. 461, no. 1–2, pp. 137–144, Sep.
2007.
[27] X. Hu, D. Kaplan, and P. Cebe, “Dynamic Protein-Water Relationships
during Beta-Sheet Formation,” Macromolecules, vol. 41, pp. 3939–3948,
2008.
[28] H.-J. Jin and D. L. Kaplan, “Mechanism of silk processing in insects and
spiders.,” Nature, vol. 424, no. 6952, pp. 1057–61, Aug. 2003.
[29] L. S. Wray, X. Hu, J. Gallego, I. Georgakoudi, F. G. Omenetto, D.
Schmidt, and D. L. Kaplan, “Effect of processing on silk-based
biomaterials: reproducibility and biocompatibility.,” Journal of biomedical
materials research. Part B, Applied biomaterials, vol. 99, no. 1, pp. 89–
101, Oct. 2011.
[30] R. Nazarov, H.-J. Jin, and D. L. Kaplan, “Porous 3-D scaffolds from
regenerated silk fibroin.,” Biomacromolecules, vol. 5, no. 3, pp. 718–26,
2004.
[31] X. Hu, K. Shmelev, L. Sun, E.-S. Gil, S.-H. Park, P. Cebe, and D. L.
Kaplan, “Regulation of silk material structure by temperature-controlled
water vapor annealing.,” Biomacromolecules, vol. 12, no. 5, pp. 1686–96,
May 2011.
[32] Q. Lv and Q. Feng, “Preparation of 3-D regenerated fibroin scaffolds with
freeze drying method and freeze drying/foaming technique.,” Journal of

87

materials science. Materials in medicine, vol. 17, no. 12, pp. 1349–56,
Dec. 2006.
[33] M. Li, S. Lu, Z. Wu, H. Yan, and J. Mo, “Study on porous silk fibroin
materials. I. Fine structure of freeze dried silk fibroin,” Journal of Applied
Polymer Science, vol. 79, no. 178, pp. 2185–2191, 2001.
[34] J. Nam and Y. H. Park, “Morphology of regenerated silk fibroin: Effects of
freezing temperature, alcohol addition, and molecular weight,” Journal of
Applied Polymer Science, vol. 81, no. 12, pp. 3008–3021, 2001.
[35] M. J. Pikal, “Freeze Drying,” Encyclopedia of Pharmaceutical Technology
Vol.6. Marcel Dekker, pp. 1299–1326, 2002.
[36] Z. Ping, Q. Nguyen, S. Chen, and J. Zhou, “States of water in different
hydrophilic polymers DSC and FTIR studies,” Polymer, vol. 42, pp. 8461–
8467, 2001.
[37] K. . Lee and W. . Ha, “DSC studies on bound water in silk fibroin/Scarboxymethyl kerateine blend films,” Polymer, vol. 40, no. 14, pp. 4131–
4134, Jun. 1999.
[38] J. Magoshi, Y. Magoshi, M. Becker, and M. Kato, “Crystallization of silk
fibroin from solution,” Thermochimica acta, vol. 353, pp. 165–169, 2000.
[39] C. Mo, P. Wu, X. Chen, and Z. Shao, “The effect of water on the
conformation transition of Bombyx mori silk fibroin,” Vibrational
Spectroscopy, vol. 51, no. 1, pp. 105–109, Sep. 2009.
[40] Y. Kim, L. Dong, M. Hickner, and T. Glass, “State of water in disulfonated
poly (arylene ether sulfone) copolymers and a perfluorosulfonic acid
copolymer (Nafion) and its effect on physical and electrochemical,”
Macromolecules, vol. 36, no. 17, pp. 17–21, 2003.
[41] M. Pikal, S. Shah, M. Roy, and R. Putman, “The secondary drying stage of
freeze drying: drying kinetics as a function of temperature and chamber
pressure,” International Journal of Pharmaceutics, vol. 60, no. 3, pp. 203–
207, May 1990.
[42] U.-J. Kim, J. Park, H. J. Kim, M. Wada, and D. L. Kaplan, “Threedimensional aqueous-derived biomaterial scaffolds from silk fibroin.,”
Biomaterials, vol. 26, no. 15, pp. 2775–2785, May 2005.
[43] M. Li, Z. Wu, C. Zhang, and S. Lu, “Study on porous silk fibroin materials.
II. Preparation and characteristics of spongy porous silk fibroin materials,”
Journal of Applied Polymer Science, vol. 79, pp. 2192–2199, 2001.
88

[44] F. Byette, F. Bouchard, C. Pellerin, J. Paquin, I. Marcotte, and M. a.
Mateescu, “Cell-culture compatible silk fibroin scaffolds concomitantly
patterned by freezing conditions and salt concentration,” Polymer Bulletin,
vol. 67, no. 1, pp. 159–175, Jan. 2011.
[45] H. J. Kim, H. S. Kim, A. Matsumoto, I.-J. Chin, H.-J. Jin, and D. L.
Kaplan, “Processing Windows for Forming Silk Fibroin Biomaterials into a
3D Porous Matrix,” Australian Journal of Chemistry, vol. 58, no. 10, pp.
716–720, 2005.
[46] R. F. Weska, W. C. Vieira Jr., G. M. Nogueira, and M. M. Beppu, “Effect
of freezing methods on the properties of lyophilized porous silk fibroin
membranes,” Materials Research, vol. 12, no. 2, pp. 233–237, Jun. 2009.
[47] B. B. Mandal and S. C. Kundu, “Non-bioengineered silk fibroin protein 3D
scaffolds for potential biotechnological and tissue engineering
applications.,” Macromolecular bioscience, vol. 8, no. 9, pp. 807–18, Sep.
2008.
[48] X. Zhang, C. Cao, X. Ma, and Y. Li, “Optimization of macroporous 3-D
silk fibroin scaffolds by salt-leaching procedure in organic solvent-free
conditions.,” Journal of materials science. Materials in medicine, vol. 23,
no. 2, pp. 315–24, Feb. 2012.
[49] S. J. He, R. Valluzzi, and S. P. Gido, “Silk I structure in Bombyx mori silk
foams.,” International journal of biological macromolecules, vol. 24, no.
2–3, pp. 187–95, 1999.
[50] N. Bhardwaj, S. Chakraborty, and S. C. Kundu, “Freeze-gelled silk fibroin
protein scaffolds for potential applications in soft tissue engineering.,”
International journal of biological macromolecules, vol. 49, no. 3, pp.
260–7, Oct. 2011.
[51] Y. Tamada, “New process to form a silk fibroin porous 3-D structure.,”
Biomacromolecules, vol. 6, no. 6, pp. 3100–6, 2005.
[52] G. Nogueira, R. Weska, W. Vieira, B. Polakiewicz, A. Rodas, and M. Higa,
OZ, Beppu, “A new method to prepare porous silk fibroin membranes
suitable for tissue scaffolding applications,” Journal of Applied Polymer
Science, vol. 114, pp. 617–623, 2009.
[53] B. B. Mandal, A. Grinberg, E. S. Gil, B. Panilaitis, and D. L. Kaplan,
“High-strength silk protein scaffolds for bone repair.,” Proceedings of the
National Academy of Sciences of the United States of America, vol. 109,
no. 20, pp. 7699–704, May 2012.

89

[54] Y. Tamada, “New process to form a silk fibroin porous 3-D structure.,”
Biomacromolecules, vol. 6, no. 6, pp. 3100–6, 2005.
[55] P. Griffiths and J. A. De Haseth, Fourier Transform Infrared Spectrometry.
Hoboken, New Jersey: John Wiley & Sons, Inc., 2007.
[56] Y. Waseda, E. Matsubara, and K. Shinoda, Xray Diffraction
Crystallography. New York: Springer, 2001.
[57] B. B. Mandal and S. C. Kundu, “Cell proliferation and migration in silk
fibroin 3D scaffolds.,” Biomaterials, vol. 30, no. 15, pp. 2956–65, May
2009.
[58] K. M. Myers, S. Socrate, A. Paskaleva, and M. House, “A study of the
anisotropy and tension/compression behavior of human cervical tissue.,”
Journal of biomechanical engineering, vol. 132, no. 2, p. 021003, Feb.
2010.
[59] J. E. Norman, “Preterm labour. Cervical function and prematurity.,” Best
practice & research. Clinical obstetrics & gynaecology, vol. 21, no. 5, pp.
791–806, Oct. 2007.
[60] V. Berghella, J. M. Szychowski, J. Owen, G. Hankins, J. D. Iams, J. S.
Sheffield, A. Perez-Delboy, D. a Wing, and E. R. Guzman, “Suture type
and ultrasound-indicated cerclage efficacy.,” The journal of maternal-fetal
& neonatal medicine : the official journal of the European Association of
Perinatal Medicine, the Federation of Asia and Oceania Perinatal
Societies, the International Society of Perinatal Obstetricians, vol. 25, no.
11, pp. 2287–2290, Nov. 2012.
[61] Y. Abdelhak and J. Sheen, “Comparison of delayed absorbable suture v
nonabsorbable suture for treatment of incompetent cervix,” Journal of
perinatal …, pp. 250–252, 1999.
[62]

a Drakeley, “Cervical cerclage for prevention of preterm delivery: metaanalysis of randomized trials,” Obstetrics & Gynecology, vol. 102, no. 3,
pp. 621–627, Sep. 2003.

[63] M. Bauer, E. Mazza, M. Jabareen, L. Sultan, M. Bajka, U. Lang, R.
Zimmermann, and G. a Holzapfel, “Assessment of the in vivo
biomechanical properties of the human uterine cervix in pregnancy using
the aspiration test: a feasibility study.,” European journal of obstetrics,
gynecology, and reproductive biology, vol. 144 Suppl , pp. S77–81, May
2009.

90

[64] M. H. A. Heard, S. Socrate, K. Burke, E. Norwitz, D. Kaplan, “Silk-Based
Injectable Biomaterial as an Alternative to Cervical Cerclage : An In Vitro
Study,” Reproductive Sciences, 2012.
[65] M. F. Gibson, Lorna J., Ashby, Cellular Solids: Structure and Properties,
2nd ed. Cambridge, UK: Cambridge University Press, 1997.
[66] B. P. Partlow, “Optimization of Silk Processing for Enhanced Mechanical
Properties,” Tufts University, 2012.
[67] N. Minoura, M. Tsukada, and M. Nagura, “Fine structure and oxygen
permeability of silk fibroin membrane treated with methanol,” Polymer,
vol. 31, no. 2, pp. 265–269, Feb. 1990.
[68] C. Mo, C. Holland, D. Porter, Z. Shao, and F. Vollrath, “Concentration
state dependence of the rheological and structural properties of
reconstituted silk.,” Biomacromolecules, vol. 10, no. 10, pp. 2724–8, Oct.
2009.
[69] C. Holland, F. Vollrath, A. J. Ryan, and O. O. Mykhaylyk, “Silk and
synthetic polymers: reconciling 100 degrees of separation.,” Advanced
materials (Deerfield Beach, Fla.), vol. 24, no. 1, pp. 105–9, 104, Jan. 2012.
[70] V. Karageorgiou and D. Kaplan, “Porosity of 3D biomaterial scaffolds and
osteogenesis.,” Biomaterials, vol. 26, no. 27, pp. 5474–91, Sep. 2005.
[71] F. R. Rose, L. a Cyster, D. M. Grant, C. a Scotchford, S. M. Howdle, and
K. M. Shakesheff, “In vitro assessment of cell penetration into porous
hydroxyapatite scaffolds with a central aligned channel.,” Biomaterials,
vol. 25, no. 24, pp. 5507–14, Nov. 2004.
[72] M. Abdallah, “Foreign Body Reactions,” in Dermatology, Third., J. L.
Bolognia, J. L. Jorizzo, and J. V Schaffer, Eds. Saunders Elsevier, 2012,
pp. 1573–1583.
[73] J. Hall, Guyton and Hall Textbook of Medical Physiology, 12th ed.
Philadelphia: Saunders Elsevier, 2011.
[74] S. a. Bencherif, R. W. Sands, D. Bhatta, P. Arany, C. S. Verbeke, D. a.
Edwards, and D. J. Mooney, “Injectable preformed scaffolds with shapememory properties,” Proceedings of the National Academy of Sciences, no.
ii, Nov. 2012.

91

