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Abstract
Pelvic organ prolapse is a serious health condition that may affect 11.1%
of all women and up to 20% of women who have gone through natural childbirth.
Known as POP, the condition is characterized by a soft tissue failure which leads
to the prolapse of the bladder, vaginal apex, uterus, rectum, or bowel into the
vaginal canal. The most popular form of surgical correction used in the past two
decades has been through the permanent implantation of surgical meshes
fabricated from synthetic polymers. Recently, however, the FDA has released a
statement definitively labeling the devices as unsafe and recommending doctors to
warn against their use. As a result, modern mesh manufacturers have been the
target of numerous, multi-million dollar lawsuits due to serious physical and
emotional trauma experienced by many women who have suffered serious
damage.
Regenerated silk films formed into mesh devices may be a safe and
attractive alternative to current pelvic tissue repair options due to silk’s
programmable degradation and proven biocompatibility. The focus of this
research is on various silk film processing and post-processing methods and how
they affect films’ mechanical strength data, in vitro degradation profiles, and
crystallinity classifications. The data provides important guidance for silk film
customization in future biomedical device design and gives insight into film
formation mechanics. Future in vivo testing is necessary to further explore silk’s
feasibility as a degradable substitute for current POP treatments.
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1. Introduction
For centuries, silk created by the Bombyx mori silkworm has been utilized
in textiles across the world. More recently, scientists and doctors have explored
its use as a biomaterial for various medical applications. Silk is extremely
versatile in its ability to be formed into several formats, including fibers, gels,
foams (or “sponges”), films, tubes, and microspheres [1-3]. As a result, silk has
shown promise in multiple areas of study, such as optical fibers, microfluidics,
photonics, and more as displayed below in Figure 1. Silk’s modern versatility can
be attributed to the development of a process to create an aqueous-based silk
solution. This solution can then be treated and processed to create various
constructs [4].

Figure 1: Some silk constructs and applications [4].

Besides its ability to be shaped and formed to meet requirements for
numerous applications, silk has been proven to exhibit tunable biodegradation.
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To date, several in vitro studies have examined silk’s reaction to protease XIV, a
proteolytic (or protein destroying) enzyme that mimics enzymes present in the
human body that may compromise silk constructs. Long term changes in
construct mass, strength, and crystallinity have been documented [5], [6]. Further
studies have been undertaken to assess possible effects on osteogenesis as well as
in vivo assessments of real tissue response and vascularization [7], [8]. Results
show that silk causes little negative response within host tissue and that the rate of
degradation can be effectively controlled by tuning the construct’s structural
characteristics, such as the degree of crystallinity, concentration, and molecular
weight of silk’s structural protein, fibroin [9], [10]. By adjusting processing
methods, degradation profiles can be appropriately matched to the biochemical
and physical needs of the surrounding tissue.
Silk also has very impressive mechanical properties. Natural silk fibers
have strength, extensibility, and toughness that rival those of commonly used
synthetic fibers such as Nylon or Kevlar [11]. Similar to its many possible
degradation profiles, silk’s mechanical properties are very sensitive to the
processing methods used while forming constructs such as the control of water
interaction, air interaction, and temperature [12].
Perhaps the most simple of silk’s possible solid constructs is the film. Silk
films can be prepared by simply casting aqueous silk solution on a surface and
waiting for free water within the solution to evaporate, leaving a stable solid
behind. Additional steps can be taken to create small pores within the structure as
well as modify the surface topography to change optical characteristics [1]. As a
3

result of these possibilities, films have been used to create complex structures
such as cornea repair grafts and microfluidic devices [13], [14].
One particularly promising application for silk films could be in the
treatment of pelvic organ prolapse (POP), a serious female health condition.
Pelvic organ prolapse is caused by either a traumatic or steady weakening of
pelvic floor muscles and tissue and can result in the complete or partial prolapse,
or emergence, of an organ into the vaginal canal. One of five pelvic organs can
be affected: the vaginal apex, uterus, bladder, rectum, and the bowel. Recently,
the most common treatment for POP has been to reinforce the weakened tissue
with an anchored fibrous mesh, most often made of the relatively biocompatible
polymer polypropylene. Unfortunately, large rates of mesh failure and serious,
permanent health complications due to the devices have raised significant concern
[15]. A recent statement by the FDA, which advises doctors to better inform
patients of the risks of surgical mesh treatment, has incited a surge of lawsuits
aimed directly at the manufacturers [16].
This thesis research has focused on silk films as a possible alternate
physical treatment option for pelvic organ prolapse. Rather than using a textilebased approach(which is currently being pursued by a biomedical firm for
reconstructive surgery purposes), creating regenerated films cut to mesh-like
geometries similar to current devices was the ultimate goal. Care was taken to
create a mesh that can improve upon existing designs to avoid device failure and
serious health events.

Silk utilized as a biopolymer displays little foreign body

reaction and has the ability to degrade which could eliminate the need for
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expensive and painful recurrent surgeries if complications arise. Basic film
properties were analyzed and tailored to optimize device performance by
analyzing processing methods such as casting, water annealing, microporous and
macroporous pore creation, and uniaxial strain hardening. Combinations of these
methods were used to observe analytical differences in film strength, degradation
rate, structural crystallinity, and general morphology. Results also further
characterized silk’s general structural and behavioral patterns, which may be
utilized to develop various applications in the future.

2. Background
2.1 Biological Application
2.1.1 Pelvic Organ Prolapse
Pelvic organ prolapse, or POP, is a common disorder that occurs in up to
50% of women who have undergone natural childbirth, 10–20% of which develop
symptoms [17]. Reportedly, a woman has a lifetime risk to undergo surgery to
repair pelvic organ prolapse symptoms of 11.1% and a second operation is needed
in 29.2% of cases [18]. POP is characterized by a weakening of pelvic floor
muscles and tissue, leading to a complete or partial prolapse, or emergence, of a
pelvic organ into the vaginal canal. One of five pelvic organs can be included: the
vaginal apex, uterus, bladder, rectum, and the bowel. Prolapse of these organs is
referred to as apical prolapse, procidentia, cystocele, rectocele, and enterocele
respectively. Patients may experience prolapse of more than one organ at a time.
Figure 2 below illustrates a case of cystocele [19].
5

Figure 2 - Cystocele, or pelvic organ prolapse of the bladder [19].

Women that experience symptoms of POP often complain of pelvic
discomfort during daily activities and interferences in sexual, defecatory, and
urinary functions. Another serious health condition of note to women at risk of
developing POP is female stress urinary incontinence, or SUI. This condition,
like POP, is characterized by a weakening of pelvic tissue. Women with SUI
experience involuntary urination during stressful events such as laughter or
surprise and may develop POP symptoms. In particular, it is thought that losing
the physiological “backboard” consisting of the pubic bone, middle region of the
urethra, and the pubourethral ligaments leads to incontinence [20]. It is estimated
that up to 50% of women will be affected by SUI symptoms in their lifetime and
between 4% and 10% will undergo surgery [15].
Pelvic organ prolapse has an alarming amount of common causes and
situations that can lead to symptoms. Risk factors for POP include natural
childbirth, constipation, heavy lifting that increases intra-abdominal pressure,
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hypoestrogenism, obesity, connective tissue disorders, congenital diseases, and
diseases and conditions such as chronic obstructive pulmonary disease [21].

2.1.2 Treatment Options
Several treatment options, both noninvasive and somewhat invasive, are
available to women experiencing POP symptoms. Traditional colporrhaphy, or a
suturing of the vagina along the edges of torn tissue, has led to a high rate of
recurrent prolapse and follow-up surgeries [22]. Alternatively, a fairly
noninvasive process known as vaginal sacrospinous colpopexy can be undertaken.
Here, surgical mesh devices are permanently implanted within the vaginal canal
to effectively support weakened pelvic tissue and promote regeneration. Patients
experiencing prolapse of the uterus or vaginal apex can utilize abdominal mesh
surgery, also known as sacral colpopexy. Patients using the latter method
typically experience less recurrent prolapse compared to patients who use no
meshes for the same condition [23]. Figure 3 below displays the final
transvaginal mesh (TVM) positions and their anchor points at either the
sacrospinous ligaments utilized in vaginal sacrospinous colpopexy or the uterosacral ligaments used in sacral colpopexy [24].

7

Figure 3 – Anterior and posterior transvaginal mesh positions, resulting from sacral colpopexy or vaginal
sacrospinous colpopexy respectively [24].

For the past decade, the most common treatment method for POP has been
with the use of surgical meshes fabricated from polypropylene fibers. According
to market data from surgical mesh manufacturers, approximately 300,000 women
underwent surgical procedures in the United States in 2010 to repair POP and
approximately 260,000 underwent surgical procedures to repair SUI. It is
estimated that approximately one in three POP surgeries used mesh devices [19].
Several classifications of meshes have been utilized and considered, including
macroporous meshes(type I) with large pore sizes, microporous meshes(type II),
macroporous meshes with microporous components(type III), and absorbable
meshes [25], [26]. Human allograft materials have also been used as a possible
alternate treatment [27]. Several examples of commonly used meshes are
displayed in Tables 1 and 2 below. Meshes are classified according to their
material they are fabricated from, their ability to be absorbed by the body, and
8

pore size. Additionally, meshes are listed as either a “monofilament” or
“multifilament” type, which describe whether the basic strands that make up the
mesh consist of one filament of plastic or several filaments, as seen in ropes.
Table 1 - Characteristics of common mesh devices [28].

Table 2 - Additional mesh materials and their braid types [29].

A few studies have been undertaken to characterize the strength of some
of these devices. Data on various mesh devices used to treat either SUI or both
SUI and POP was obtained by J. S. Afonso, et al. by tensile testing the meshes to
failure and is displayed in Table 3 below. The two different “stiffnesses”, labeled
“E1” and “E11”, were found by fitting a line to the load response curve, shown in
Figure 4. The response region associated with the second stiffness value, E11,
9

most closely resembles the region used to calculated elastic modulus values in this
study. The region associated with E1 did not display a consistent shape
throughout the research and was seen as representing the response of “slacked”
material.
Table 3 - Mechanical stiffness data from uniaxial tensile testing several SUI and POP mesh devices [30].

Figure 4 – Typical load response curve of a mesh used in SUI or POP repair [30].

Cosson, et al. have collected relevant mechanical response data on several
name brand mesh devices including the widely used transvaginal tape(TVT),
displayed in Table 4. Though these products are used to treat SUI, similar
material and mesh geometries are typically used in POP repair. Here, the
“elasticity limit” is defined as the last point on a stress-strain response diagram
that separates the mesh’s elastic response from its inelastic response zone, in
which it becomes permanently deformed. The “breaking point” properties are
10

measured immediately prior to device failure. Unfortunately, due to a lack of
biomechanical data on in vivo pelvic tissue, it is not clear which mechanical
properties are more appropriate for the application.
Table 4 - Mechanical properties of several SUI mesh devices [26].

Unfortunately, large rates of mesh device failure as well as serious health
complications due to the use of these devices have recently raised significant
concern in the health community [15]. A study conducted as early as 2005
identified some troubling trends. In a normalized sampling of 277 patients who
had undergone pelvic prolapsed surgery between January 2002 and December
2003, 16.25% of patients had already undergone prolapsed repair in the past,
10.47% had had surgical treatment for SUI, and 58.84% of the patients had SUI
symptoms as well as POP problems [24]. Because the sampled population was
random, these results suggest that a large population who received previous mesh
surgery have had to return for follow-up surgery due to serious complications or
general dissatisfaction.
Dozens of studies have been done on the efficacy of mesh installation for
the repair of POP and SUI alike. Because the devices used in both cases are often
identical and are installed in the same tissue, results can be assumed to be similar.
In a recent article, researchers assessed the difference between two types of
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urinary slings, the polypropylene mesh devices used to treat SUI. They found
between 6.4 and 13.8% of patients experienced a “serious adverse event” listed
below in Table 5 as a result of mesh installation. Not listed are additional adverse
effects including numbness, weakness, persistent incontinence, self-reported pain
6 weeks after the procedure, and several other symptoms. The rates for these less
serious events averaged 2%, 5%, 11%, and 2.2%, respectively.
Table 5 – Adverse events related to urinary sling use [15].

While these results may be astonishing to some, several physicians believe
a lack of surgical training due to the sudden surge in popularity of mesh devices
to be the largest cause. It has been suggested that new mesh removal techniques
should be adapted to adjust for improper installation and mesh failure [31].
Others believe that there are other explanations for the alarming collection
of adverse health effects. It has been well established through animal and human
studies that polypropylene meshes can retract up to 50% of their original size
once implanted [32]. As listed in Table 6, women experiencing mesh contraction
are highly likely to experience severe pain, dyspareunia (pain during sexual
12

intercourse), vaginal tightness, discharge, and significant migration of the device
from the wound site known as “mesh erosion”.
Table 6 - Clinical presentation of women with vaginal mesh contraction [32].

Additionally, many researchers agree that the rate of local infection is
directly related to the mesh device’s pore size; some have even argued that the
total number of pores and their individual shapes affect tissue bonding and
development of fibrous tissue in the wound healing process [29]. Figure 5
displays three examples of common mesh designs exhibiting different pore
shapes.

Figure 5 - Several pore configurations in A. Marlex, B. Mersilene, C. Prolene meshes [29].
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According to one study, pores with diameters between 500–600 µm permit
ingrowth of soft tissue, pore sizes between 200–300 µm favor neovascularization, pores under 200 µm hinder liquid circulation at physiological
pressures, and pores under 100 µm only lead to ingrowth of single cell types
instead of building up new tissues. Pore sizes under 10 µm in diameter do not
allow for any ingrowth at all [33]. Ideally, a device of this sort would provide full
ingrowth of soft tissue to the wound site. Additionally, pores less than 1000 µm
are almost guaranteed to display a “bridging effect” between 1 and 3 weeks after
implantation in which structures made of foreign body cells called granulomas
may completely fill the distance between mesh fibers. This narrowing of pore
size could prevent important vascularization and ingrowth needed for a successful
device implantation. As previously mentioned, it is known that implanting most
synthetic meshes in a collagen-rich environment can lead to device shrinkage of
up to 50% which further inhibits tissue ingrowth. The pathophysiology of this
problem remains unclear; some researchers have reported this as a cause of the
body’s natural inflammatory response while others view it as a result of
inadequate tissue integration [32]. Table 7 below shows the approximate effect
these factors have on the porosity of a few commercially available meshes, found
by light scanning technology and an image analysis system [33]. These factors
may prove to be important to understanding the numerous adverse health effects
of modern surgical mesh devices.
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Table 7 - Effective porosity of several modern meshes [33].

A recent statement by the Food and Drug Administration, which advises
doctors to better inform patients of the risks of surgical mesh treatment, has
incited a surge of lawsuits aimed directly at the manufacturers. The 2011 warning
preceded a notification in 2008 regarding mesh performance sent to physicians by
David Schultz, the director of the Center for Devices and Radiological Health at
the FDA. In his notification, Schultz recommends that physicians should: obtain
specialized training for each mesh placement technique, be aware of common
adverse events such as erosion, inform patients that mesh placements is
permanent and that additional surgery may be required after implantation, and
inform patients about the potential for serious complications and their effect on
quality of life [34]. This message was spurred by over 1,000 reports of mesh
complications from nine device manufacturers over the three previous years.
The most recent statement provided by the FDA, released in 2011, made more
bold statements about mesh device usage as adverse events increased. In
particular, the FDA warns: mesh used in transvaginal POP repair introduces risks
not present in traditional non-mesh surgery, that there is no evidence that
transvaginal apical repair or posterior repair with mesh provides any added
benefit compared to traditional surgery without mesh, and that while conducting
anterior surgical mesh repair to correct weakened tissue between the bladder and
vagina may provide an anatomic benefit compared to traditional POP repair
15

without mesh, this anatomic benefit may not result in better symptomatic results
[16].
As a result of these official statements, dozens of law firms offering their
services to affected patients can easily be found by searching the terms “vaginal
mesh lawsuit” on the Internet. Major mesh manufacturers such as Ethicon,
Boston Scientific, American Medical Systems, C. R. Bard, and Coloplast A/S are
now defendants in legal actions regarding the issue. Several cases have already
closed, with plaintiffs claiming several millions of dollars in damages [35].

2.2 Thesis Objectives
The goal of this thesis work is to develop and test a silk construct which
could possibly be used in the future as a successful alternative to modern
synthetic mesh devices. Care is taken to create a mesh that can improve upon
existing designs to avoid device failure and serious health events. For example,
polypropylene and similar polymers have proven to drastically change
morphology, and therefore pore size and orientation, under physiological loads
and conditions. Silk utilized as a biopolymer displays little foreign body reaction
and has the ability to degrade which could eliminate the need for expensive and
painful recurrent surgeries if there are complications. Though absorbable devices
made of Dexon (polyglycolic acid) and Vicryl (polyglactic acid) have shown to
leave weak scar tissue behind after absorption which is typically unsuccessful in
preventing recurrent organ prolapse [26]. It may be possible to program silk’s
degradation to leave behind stronger tissue and avoid the same fate. During
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device development there is also a desire to explore advanced silk film mechanics
to fully understand several of the natural and synthetic processes that may alter
silk’s crystalline structure and ultimately dictate the material’s performance and
range of appropriate applications.

2.3 Silk Structure
Natural silk fibers created by Bombyx mori are composed of two proteins,
fibroin and sericin in approximate mass ratios of 70-80% to 20-30%, respectively.
While fibroin provides the structural backbone of the fiber, sericin acts as a gluelike coating connecting everything together. As illustrated in Figure 6, sericin
coats two core fibroin filaments, forming one cohesive silk fiber. Within the
fibroin core, subunits less than a micrometer in diameter named fibrils are packed
together. Each fibril is composed of approximately 1,000 microfibrils, each
ranging from 100 to 150 Å. Microfibers are then composed of individual fibroin
molecules, arranged in both crystalline and amorphous segments [36].
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Figure 6 - Natural silk fiber structure, displaying filament structure and sericin coating [36].

Bombyx mori fibroin has been observed in three distinct crystalline
formations, widely referred to as silk I, silk II, and silk III. Alpha helix and
random coil structures dominate silk I, which is generally water soluble.
Conversely, silk II is observably water insoluble and is composed of anti-parallel
beta sheet crystals [37]. Beta sheet crystals provide more mechanical strength due
to strong hydrogen bonds and van der Waals forces within the molecules [3]. Silk
III is a less common, unstable conformation that is seen at the water-air interface
[38], [39]. Silk I is naturally transformed into silk II within the silkworm gland
during spinning, but is also often artificially performed as part of biopolymer
processing in laboratories [40-42].
Silk’s basic building blocks display intricate chemical structures that allow
the material to accomplish its natural purpose. Fibroin molecules are classified
into two categories: heavy chains and light chains. Heavy fibroin chains exhibit
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alternating hydrophobic and hydrophilic blocks with hydrophilic peptides at both
ends of the polymeric chain, as depicted in Figure 7. As a result of this patterning
and resulting chain folding, structures called micelles are formed as seen in part B
within the figure. Part C shows how the chain’s hydrophilic ends form the
micelle’s surface, which then interacts with other micelles as the silk becomes
more concentrated and forms globules. Finally during spinning the silkworm’s
gland then applies shear forces to the globules, which take on the oblong shape
and multifibrillar structure seen in native spun fibers and in part D [43].

Figure 7 - Schematic of silk self assembly. A, Fibroin heavy chains are composed of alternating
hydrophobic and hydrophilic blocks. B, Chain folding and bond interactions lead to micelle formation. C,
Micelles concentrate, which forms globules. D, Shear is applied in spinning within Bombyx mori [43].
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Water plays a crucial role in the production of silk, whether the process is
occurring in the silkworm’s gland or the laboratory. Essentially, water forms
hydrogen bonds with the hydrophilic ends of fibroin chains and acts as a
plasticizer; protein chains require less energy to move and rearrange due to
water’s ability to reduce intermolecular friction and micelles are formed. Because
the core of the micelles is hydrophobic, much of the fibroin molecules are not
bound to water. For this reason, two kinds of water can be referred to when
discussing regenerated aqueous silk solution in the lab: “bound” water and
“unbound” or free water. Bound water is the term for water molecules that have
occupied hydrogen bonding sites connected to fibroin chains. The second type is
essentially excess water and is lost when silk is allowed to dry and dehydrate. In
nature, rapid evaporation of unbound water occurs upon natural extrusion from
the silk gland. This allows for efficient spinning under ambient conditions
without the use of volatile solvents, which are typically used in synthetic polymer
manufacturing processes [44].
Silk’s natural self assembly behavior has led to the repeatable generation
of a highly crystalline biopolymer with robust mechanical properties and
degradation profiles.
Another important aspect of silk is its ability to be structurally changed on
the molecular level by various processing methods. Secondary structure
classification can be easily tuned by several physical and chemical processes,
labeling silk as an essentially programmable biomaterial. For example, silk II
conformation can be induced through applying sheer stress, sonication, micro and
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nano particles, and heat to regenerated silk solution [1]. More information on
processing methods used for silk films can be found in the next section.

2.4 Previous Work
2.4.1 Silk Film Processing Methods
The content of this thesis is focused on film structures fabricated from
aqueous silk solution. Variations in several lab practices can essentially control
key attributes of the solution and the resulting construct, such as its molecular
weight, protein concentration, crystalline structure, directional strength, porosity,
and physical appearance.
Sericin proteins, as previously mentioned, are critical for silkworm cocoon
construction. Recent studies, however, link certain levels of sericins to adverse
inflammatory reactions within the body and suggest that they be removed for
more effective biomaterial use [4]. In a process known as degumming, sericin
proteins are stripped from silk fibers and cocoons are dismantled [2]. The most
commonly used degumming procedure calls for boiling cocoons in a solution of
0.02 M sodium carbonate [1]. Though this method effectively removes the
inflammatory proteins, fibroin chains are also shortened, or damaged. The
amount of damage is observable as a clear decrease in molecular weight, or the
mass of a single continuous molecule. Damage has also been shown to occur as a
result of longer boiling times and higher temperatures experienced by the silk
during degumming [45].
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To create a film, solution is simply cast on a clean, level surface composed
of a hard plastic such as polystyrene or a soft polydimethylsiloxane (PDMS)
mold, which can be flat or patterned [1]. Several studies have demonstrated
patterned films’ potential in creating microfluidic devices [46], cornea tissue
grafts [13], biosensors [47], and drug release channels [48]. A film’s thickness
can either be controlled by the amount of silk solution used in a control volume,
or by varying the fibroin concentration of the solution [1], [49]. Solution is then
allowed to dry in a sealed environment, sometimes featuring airflow, humidity, or
temperature control. Drying rate and temperature have both been cited as factors
that contribute to determine a film’s overall crystal structure as it solidifies [50],
[51].
Several properties or features can be built into films by blending silk
solution with additives. Chitosan has been used to create films with higher beta
sheet conformation than normal [52] and glycerol has been used to make flexible
films [53]. Additionally, blending silk with polyethylene oxide (PEO) and then
leeching out the additive after the film has dried creates pores throughout the film
structure [1], [54]. These small features have been proven to affect degradation
profiles [10] and may allow for better tissue ingrowth for silk medical implants.
Utilizing PEO with a molecular weight of 900,000 g/mol creates pores ranging
from 1.5-9.5µm in diameter depending on the ratio of fibroin to PEO. This
process can also drastically change a film’s mechanical strength characteristics
[54].
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After the film is cast and dried, several “post processing” methods can be
used to further tune structure. Alcohols such as the water soluble methanol have
been commonly used to induce silk II conformation [1]. Methanol effectively
makes the material water insoluble by dehydrating the hydrophobic fibroin
domains. Once water has been removed, chains naturally compact, interact with
nearby chains, and form beta sheet crystalline structures [55].
Additionally, a process known as water annealing utilizes water vapor in a
heated, depressurized chamber to trigger chain movement within the silk
structure, leading to water insolubility similar to alcohol and methanol treated
films. In this case, heated water molecules disrupt protein hydrogen bonds and
reduce hindrance to movement and reorientation, therefore acting as a plasticizer
to drive self assembly in non-crystalline protein zones, similar to its role within
the silkworm gland [56]. Essentially, this drastically lowers the material’s glass
transition temperature, or the temperature in which the molecules convert from a
static solid to a molten, rubber-like state. This method eliminates the need for
organic solvents which could lead to detrimental reactions within the body after
device implantation.
Both methanol treatment and water annealing have been used extensively
in labs to create more robust films, but the two methods have different effects on
strength and flexibility, due to different structural conformations achieved [51,
56-57]. Figure 8 shows wide angle X-ray scattering (WAXS) data of several
films, displaying crystallinity differences. This process exposes the sample
material to x-rays and then measures their scattering pattern, which is translated
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into curves displaying wavenumbers and amplitudes for analysis. The peaks of
the curves can be correlated to wavenumbers of known crystallinity patterns;
therefore, a change in peak position is linked to a change in conformation.

Figure 8 - Wide angle X-ray scattering (WAXS) data of silk films prepared through different processes: (a)
water-soluble silk film; (b) methanol-annealed silk film; (c) water-annealed silk film; (d) water-insoluble
silk film through slow drying [51].

Water annealing has the ability to create films with a variable combination
of strength and toughness. The material’s final conformation, strength
characteristics, and degradation profile are dependent on the temperature of the
water vapor and the amount of time it is being annealed [56]. Figure 9 shows that
changing the temperature, a drastic difference in crystallinity can be seen over
time: as the curves (curves a-i in Figure 9a and curves a-k in Figure 9b) in the two
graphs progress through time, the peaks can be seen to shift from the “random
coil” wavenumber range to the “Silk II” or “β-sheets” range. Peaks can be seen
more prominently in the silk II region in the 95 ˚C graph, suggesting a faster
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crystallization rate [56]. Beta sheet levels are shown more prominently in higher
temperatures and longer annealing times.

Figure 9 – Fourier Transform Infrared Spectroscopy (FTIR) spectra of silk films during water vapor
annealing at two temperatures: (a) 25˚C: a, 0 min; b, 7 min; c, 15 min; d, 30 min; e, 45 min; f, 1 h; g, 2 h; h,
6 h; and i, 12 h and (b) 95˚C: a, 0 s; b, 1 s; c, 2 s; d, 10 s; e, 30 s; f, 1 min; g, 3 min; h, 10 min; i, 45 min; j,
MeOH-treated control; and k, steam-autoclaved-control [56].

Mechanical extension, or drawing, is another process that can be
undertaken to alter films after they have been cast. The process is known to alter
chain orientation, which generally directionally strengthens the polymer [58].
Depending on the draw ratio (or the film’s final length divided by its original
length), this method can dramatically affect the directional mechanics of films,
such as its elastic modulus, ultimate tensile stress, and strain at failure. In this
way, silk films can be altered to meet directional loading needs present in the
body or elsewhere.

2.4.2 Regenerated Silk Film Characteristics
2.4.2.1. Mechanical Properties
A large collection of mechanical data has been collected on silk constructs
since the novel material’s inception as a biomaterial. Current research on silk
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films’ large range of mechanical properties tend to vary several important
parameters: the silk solution’s fibroin concentration, degumming time, the film’s
thickness, the various processing methods used in preparing it, the testing
environment’s humidity and temperature, and various programmable test
parameters such the rate of elongation (or strain rate). The latter parameter is
important due to the material’s viscoelastic behavior, or its tendency to display
different stress and strain responses when the strain rate is varied.
Table 8 below compares the mechanical effects that slow drying, methanol
treatment, and water annealing may have on films. The authors generally found
that samples immersed in methanol were much stiffer (had a higher modulus), but
not tougher than slow dried and annealed films. Slow dried films exhibited the
most elongation and ductility while methanol-treated films had the least
elongation and were the stiffest. Silk solution containing 2%, 4%, and 7.6%
fibroin by weight and films about 200 µm in thickness were utilized. An
elongation rate of 2 mm/min was used during tensile testing [51].
Table 8 - Mechanical properties of water-insoluble silk films prepared by slow drying, room temperature
water annealing for 6 hours, and 80% methanol treatment for 1 hour, tested in 37˚C PBS solution [51].

Similarly, Table 9 below compares room temperature water annealed and
methanol treated films by their mechanical performance. The difference between
the two studies’ modulus of elasticity is almost one full order of magnitude and
can perhaps be attributed to a difference in film post processing methods: the
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study depicted in Table 8 water anneals for an hour longer than this study and
utilizes 80% methanol treatment for one full hour while the second uses a 50%
solution of water and methanol for 20 minutes. The second study also uses an 8%
fibroin silk solution to produce 31-63µm films which are tested at an elongation
rate of 10 mm/min [51], [59]. Because the testing was done in an aqueous
environment, strength data can be expected to be an order of magnitude less than
the study depicted in Table 8. This is a reasonable expectation because of water’s
previously mentioned role as a plasticizer, which could result in compromised
structural integrity when sufficient stress is introduced.
Table 9 - Mechanical properties of films that have been water annealed at room temperature for 5 hours
and 50% methanol solution treated for 20 minutes in 37˚C PBS solution [59].

As discussed earlier, films are sensitive to both the amount of time spent
in the annealing chamber and the annealing temperature used. Figure 10
graphically displays how dramatic a difference these parameters can have on the
mechanical characteristics of a film. Raising the temperature alone, a film’s
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modulus of elasticity can change from 10 to 75 MPa, its ultimate tensile stress
from 2 to 8 MPa, and its yield strength from 1.5 to 5 MPa. The authors here
utilize a water diluted 1-2% fibroin solution, forming very thin films that
averaged 15 µm in thickness. Tensile testing was done with a sample length of 15
mm and an elongation rate of 5 mm/min [56].

Figure 10 – Aqueous annealed film mechanics using different anneal temperatures: (a) stress/strain
curves for films tested in 37˚C PBS providing (b) modulus of elasticity, (c) yield strength, and (d) ultimate
tensile strength data [56].

The sample’s thickness, length, and strain rate are all important to
consider when comparing results to other mechanical research done on
viscoelastic materials such as silk. Because a silk films display different
responses to different elongation rates, they can be said to be strain rate dependent
and care must be taken when making comparisons. Care must also be taken when
considering the researchers’ solution processing, casting, and annealing or mixing
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steps as any of these can alter fibroin chain length, chain orientation, and
conformation classification which in turn affect bulk mechanics.
Another processing option that could be used to cater silk films for POP
repair is the utilization of PEO to induce pores to allow for tissue integration.
Depending on the concentration of PEO within the silk solution, different pore
sizes and therefore, different mechanical characteristics can be seen. This is
documented well in Table 10. The numbers after the “PEO” label in the sample
title signify the percentage of PEO present by weight in each silk solution.
Mechanical characteristics appear vastly superior to the previous examples, as the
testing was done in a dry environment. The authors used a 7-8% fibroin solution,
resulting in films that approached 200 µm in thickness. Testing was undertaken
with a sample length of 30 mm and an elongation rate of 15 mm/min [54].
Table 10 - Dry mechanical properties of dry silk fibroin and silk fibroin/PEO blend films before and after
90% methanol treatment for 30 minutes [54].

Film drawing’s effect on mechanics has also been well documented. Yin
et al. demonstrate directional strengthening at draw ratios of 2 and 3 in Table 11.
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The “draw ratio” is defined as the final length divided by the original length prior
to drawing. Films develop a higher strain at failure, ultimate tensile stress, and
elastic modulus parallel to the direction of drawing, but lower properties
perpendicular to the same direction. Silk solution with 6% fibroin was used to
create 200 µm films, which were treated in 80% (by volume) ethanol solution for
24 hours. The films were then swollen in water for 30 minutes and drawn at
500% strain per minute while still wet and ductile. Next, films were allowed to
dry under stress for at least 3 hours, before removing the load and being dried
under vacuum for more than 48 hours. Tensile testing was finally done using an
original sample length, or “gauge length”, of 10 mm and a crosshead speed of 10
mm/minute in a 25 ˚C room, without the use of an aqueous environment [58].
Table 11 - Dry mechanical properties of films with different draw ratios, RSF-E: ethanol treated but not
drawn, RSF-E-2 and RSF-E-3: ethanol treated and stretched to drawing ratios of 2 and 3 respectively. Both
parallel and perpendicular directions were tested for RSF-E-2 and RSF-E-3 to show directional differences
[58].

The literature’s presentation of such a wide range of mechanical results seems to
suggest that there is either inherent variability within the silk material and
processing methods, or that much better process control is needed.
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2.4.2.2. In Vitro Degradation
Silk’s biological degradation profile, or the rate of and mechanism by
which it naturally degrades in the body, has been documented. Though most
degradation in implants can be viewed and characterized through histological
studies in vivo, extensive in vitro degradation studies driven by enzymatic activity
are typically undertaken before a device can be deemed safe for implantation.
Several studies have demonstrated that aqueous solutions containing protease
XIV, a protein-degrading (or proteolytic) enzyme extracted from the bacteria
streptomyces greiseus, can successfully degrade silk fibroin in a predictable
manner similar to how human proteases and enzymes degrade proteins within the
body [6], [56-57].
Lu et al. demonstrate the use of protease XIV in studying how films
degrade when exposed to different post processing methods. Figure 11 shows
different degradation ratios, measured by the samples’ mass loss, for films
exposed to slow drying, water annealing, and drawing processes [6]. Films going
through “stretch treatment”, or drawing, maintained a higher degradation ratio
throughout the 24 hour study, meaning more mass was consistently lost in these
samples compared to water annealed and slow dried films.
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Figure 11 - Enzymatic degradation of water-insoluble silk fibroin films prepared by slow drying process
(SD-SF), water annealing treatment (WA-SF), and stretching treatment (ST-SF), respectively. The silk
fibroin films were cultivated in protease XIV solution [6].

In order to understand how the protease degrades silk films, Lu et al.
observed how crystalline structure was altered over time. A process known as
Fourier transform infrared spectroscopy (or FTIR) was utilized to assess these
structural changes. After a solid sample is exposed to multiple wavelengths of
light, the amount of reflected light is recorded and “absorbance” data can be
displayed. Crystalline structures are known to display absorbance data at specific
wavelengths, or “wavenumbers”, and this provides researchers a way to analyze
the spectral results. Figure 12 displays a sharp decline in silk I content in a water
annealed film within the first day of enzymatic degradation. As time advances,
the FTIR spectra’s peaks visibly shift from the silk I wavenumber (~1660 cm-1) to
the silk II locations (~1620 and 1700 cm-1). According to their results, Lu et al.
estimate that protease XIV first break down alpha helix and less organized
random coil fibroin structures before degrading beta sheet crystals [6].
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Figure 12 - FTIR spectra of degraded silk fibroin films prepared by water annealing treatment, taken at 24
hours, 12 hours, and 0 hours after exposure to protease XIV solution [6].

As previously mentioned, a film’s annealing temperature can heavily
affect its structure and mechanical attributes. In their research, Hu et al. observe
how this variable shapes a film’s degradation profile. Figure 13 shows that films
annealed at higher temperatures (which in turn have more beta sheet content and
are stiffer) degrade significantly slower than films annealed at cooler
temperatures. Also displayed below are scanning electron microscope (SEM)
images that provide time lapse evidence of how protease XIV can physically
damage silk films [56]. From top left to bottom right, the SEM images display
increasingly large holes on the surface of a film at different time points. This
suggests that the protease attacks the film surface by cutting hole-like patterns
before advancing deeper into the fibroin structure.
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Figure 13 – In vitro enzymatic degradation of water annealed films, (a) a 3-day protease XIV study
prepared by 12 hours of annealing and different annealing temperatures and (b) SEM images of
degradation of a 70˚C annealed sample at different degradation times: A, control; B, 4; C, 12; D, 24; E, 36;
and F, 75 hours (bar length: 200 nm) [56].

3. Material Processing Methods
3.1. Silk Solution Processing
All silk solution used in this research was processed according to the
protocol described by Rockwood et. al in 2011 [1]. First, raw cocoons (Tajima
Shoji, Japan) were cut into thirds and the silkworms and waste products were
removed. A 0.02 M Na2CO3 degumming solution was then made by dissolving
8.48 g of sodium carbonate (Sigma Aldrich, St. Louis, MO) in 4 L of ultrapure
Milli-Q 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
15 minutes. The silk was then rinsed in Milli-Q water for 30 minutes to remove
excess sericin. Silk fibers were wrung out and the water was changed in between
each rinse. After three rinses, the cleaned fibers were then spread out and dried
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under a chemical fume hood for 12 hours. These steps, along with the final
processing steps, are illustrated in Figure 14.

Figure 14 – Regenerated silk solution creation protocol [1].

To create the aqueous silk solution, the degummed fibers were dissolved
in a 9.3 M LiBr solution composed of 77.5 g LiBr (Sigma Aldrich, St. Louis,
MO). For every 96 ml of LiBr solution, 20 g of degummed fibers were dissolved.
The fiber and LiBr mixture was then heated for 4 hours at 60 °C to completely
dissolve the silk. Next, 12 mL of the fiber and LiBr solution was injected into
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dialysis cassettes (3,500 MWCO, Slide-A-Lyzer, Pierce, Rockford, IL) and
dialyzed against Milli-Q water for 48 hours. The water supply was changed after
one hour, then every 6 hours from then on. To reduce possible shear damage to
the silk, solutions were removed from the cassettes by puncturing the dialysis
membrane and pouring out the solution into a beaker. To remove solid impurities,
the solution was centrifuged twice for 20 minutes at 9,000 rpm and 4 °C (Sorvall
RC-5B refrigerated superspeed centrifuge). All solutions were finally stored at 4
°C before film creation and further processing. The final fibroin concentration
can be determined by weighing a set amount of solution, heating it at 60 °C for at
least 3 hours, and then weighing the dried sample. In this research, all silk
solutions averaged 7.82% fibroin by weight and varied at most by +/- 0.50%.

3.2 Film Processing
All films were processed using the following protocol. Aqueous silk
solution was cast on to a polystyrene Petri dish by using an appropriately sized
syringe and injecting the solution slowly, in circles from the origin. The Petri
dish was then rocked gently to promote consistent film thicknesses. Dishes were
then allowed to sit in a chamber equipped with a humidity controller, an air pump
desiccator, and an air humidifier (all from Electro-Tech Systems, Glenside, PA)
for at least 24 hours. The casting process involved evenly spreading 10 mL of 8%
fibroin silk solution across the surface of 30 mm diameter Petri dishes through the
use of a standard syringe. To test the effect of different casting conditions, air
humidity within the chamber was programmed to range between 60% and 80%.
After drying, the films were removed from the dishes and trimmed with razor
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blades to create rectangular strips that were 6.8 mm in width. This method
consistently created water soluble films that averaged 125 µm in thickness, with
max variations of +/- 30 µm.

3.3 Film Post Processing
After films were made through casting and drying, they had to be made
water insoluble in order to structurally resist wet in vivo environments. This was
done by inducing beta sheet conformation through the previously detailed process
of water annealing [51], [56-57]. Film samples were placed in Petri dishes and
loaded into an Isotemp Vacuum Oven (Thermo Fisher Scientific, Asheville, NC)
with a reservoir of ultrapure water on the bottom of the chamber. All films were
exposed to air pressures as low as 635 mm Hg for six hours at either 60 ˚C or 100
˚C before being removed and soaked in Milli-Q water for at least 24 hours.
In order to provide additional mechanical strength, some films were strain
hardened by aqueous drawing, utilizing a method similar to that discussed earlier
[58]. After annealed films were soaked in water, samples were loaded onto an
Instron 3366 testing frame equipped with a 100 N load cell (Instron, Norwood,
MA) and a Biopuls tank full of phosphate buffered saline (PBS) solution with
temperature control to heat the solution (Instron, Norwood, MA). Films were
exposed to PBS close to 37 ˚C, which is approximately body temperature, for at
least five minutes before drawing. Drawing was performed at a displacement
speed of 1 mm/min to a final stress equivalent to the samples’ predetermined
yield strength before reversing the pull and returning to zero stress. A preload of
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0.05 N was used to ensure the films were taut before processing. Films were
drawn in this way twice before unloading and re-soaking in Milli-Q water to
preserve the sample for further testing.
Two kinds of pores were created to promote tissue integration:
microporous and macroporous. The former classification was performed by using
PEO and PEG (which is chemically equivalent to PEO, but has a lower molecular
weight of 20,000 g/mol) as previously mentioned [1], [54], and [55]. PEO
powder (Sigma Aldrich, St. Louis, MO) of three different molecular weights was
blended and dissolved in Milli-Q water to create a 5% PEO solution by weight.
This solution was then blended with 8% fibroin silk solution before casting,
drying, and water annealing the resulting films. Films were finally soaked in
Milli-Q water for 24 hours, which removed the PEO or PEG through phase
separation and created pores visible through high resolution microscopes.
The second pore size was created after the casting and drying steps of film
creation. A commercially available printer-cutter (Silhouette America, Orem,
UT) and a Trotec Speedy 300 laser cutter (Trotec Laser, Inc., Canton, MI) were
used to create large, visible pores in films. Samples could then be cut, annealed,
or drawn to prepare for testing.

4. Testing Materials and Methods
4.1. Mechanical Testing
4.1.1. Sample Preparation
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All films were soaked in Milli-Q water for several hours before testing.
Thickness was measured with a waterproof thickness gauge (Mitutoyo Electronic
Micrometer, Aurora, IL) immediately after samples were exposed to air. To
prevent slippage or failure due to stress concentration at grip edges, specimens
were then glued with Loctite 406 super glue (Henkel Corp, Westlake, OH)
between two cardboard windows prior to mounting on test fixtures. Windows
displaying a gap length of 14 mm were most commonly used, though 10 mm gap
windows were developed in order to test mechanically drawn films as well as
films that had degraded to shorter lengths. Drawn films were originally loaded on
to larger, 24 mm cardboard window prior to drawing and then had to be severed
via lab scissors from the windows, requiring the development of shorter sample
support. Two size varieties of cardboard windows and a properly prepared film
sample are displayed in Figure 15.

Figure 15 – Key materials used for Instron testing: A) 14 mm gap cardboard windows (top) and 10 mm gap
cardboard windows (bottom); B) properly glued silk film sample in a 14 mm cardboard window.
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4.1.2. Cyclic Loading, Stress Relaxation, Tensile Testing
All mechanical testing was performed utilizing a mechanical preload of
0.05 N on an Instron 3366 testing frame (Instron, Norwood, MA) equipped with
100 N load cell. Additionally, all films were thoroughly soaked in a Biopuls tank
filled with 37 ˚C heated PBS solution.
Samples underwent cyclic loading in order to determine parameters that
could then be used to create a drawing protocol. Films were generally drawn to
50%, 75%, or 100% of their determined yield strength before returning to zero
load. This process was done repeatedly with each sample until yielding (or a
consistent decrease in properties) was observed.
Stress relaxation was assessed using two machines simultaneously: the
previously described Instron 3366 testing frame and a Biaxial testing frame (Z20,
Zwick USA, Kennesaw, GA). The second machine was chosen because of its
ability to use strain control, based on visual data obtained by video extensometers.
Films were drawn to 25% strain in five minutes and then held at the resulting
loads for 6 hours. The Instron machine could not visually assess strain and
therefore could only extend to an approximate strain based on the sample’s
original length. Because silk is an inherently viscoelastic material, the actual
strain experienced by the Instron sample could have been greater or less than
25%, and could have exhibited many local variations within the 14 mm sample
(gauge) length.
During tensile testing, specimens were pulled at a speed of 1 mm/min until
failure. The data was then analyzed for linear elastic modulus, yield strength,
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ultimate tensile stress, and maximum strain determination using Bluehill 2
software (Instron, Norwood, MA). The modulus was calculated using a “segment
modulus” approach. In this approach, a least squares fit was performed on all test
data between preselected load values. The slope of the fit was reported as the
modulus of the material. For most testing, load values of 0.1 and 0.4 N were used
for this calculation. Occasionally, the load values determining each segment were
objectively adjusted to match the material’s elastic region, due to slight variations
in material response. A sample’s yield strength was determined using a 1% offset
yield method. This was reported as the stress at which a line parallel to the
modulus line (offset by 1% on the strain scale) crossed the sample’s stress/strain
response. Typically, the ultimate strength (or tensile strength) of a material is
determined as the maximum stress that the sample experiences before failure.
However, in this thesis research, the ultimate tensile stress was taken as the stress
achieved at 30% strain. This strain limit was chosen because of how variable
maximum strain values tend to be when analyzing silk films. Reasons for this are
further explained in the discussion section (5.1.3). Finally, the maximum strain
before failure was the strain achieved before a > 10% decrease in (the maximum)
applied load. Mechanical data was averaged and displayed with error bars
representing one standard deviation above and below the mean. Statistical
analysis determined differences between groups with the use of independentsamples t-tests assuming equal variance. A critical p value of 0.05 was assumed to
determine whether the null hypothesis (that the data sets are equal) appeared true
or not.
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4.2. Structural Characterization
4.2.1. Scanning Electron Microscopy
Film morphology was investigated using scanning electron microscopy
(SEM). Samples imaged were typically 5 mm by 5 mm square films cut with
either common scissors or by liquid nitrogen cleaving for cleaner cross sectional
views. Samples were first sputter coated for at least 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). Degraded film morphologies were observed
in this way. Additionally, during micropore studies, PEO-induced pores were
both observed and measured within the system’s software. At least two images
per film were saved at different magnifications and used to assess microporous
pore size.
Images of in vitro degraded films were also captured by this method to
provide more information on the method of degradation and to compare to
published results.

4.2.2. Fourier Transform Infrared Spectroscopy
Structural crystallinity was analyzed using a JASCO FTIR 6200
spectrometer (JASCO, Tokyo, Japan) with a MIRacleTM attenuated total
reflection (ATR) Ge crystal cell in reflection mode. All film samples were
analyzed dry. For annealing temperature analysis, three 60 ˚C and 100 ˚C
annealed film spectra were averaged, with two samples taken per film. When
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assessing casting humidity effects, two kinds of films (as cast and annealed) were
viewed for each of three casting humidities, making six experimental groups in
total. FTIR assessment was also undertaken to explore the effects of enzymatic
degradation on films exposed to different casting humidities and drawing effects.
Each measurement represents an average of 32 scans at a resolution of 4
cm-1 over a range of wavenumbers from 650 to 4000 cm-1. During analysis the
horizontal, or wave number, range was reduced to the amide I region from 1600
to 1705 cm-1 and peak normalized from 0 to 1. Results were then selfdeconvoluted using OPUS 5.5 spectroscopy software (Bruker Optics Inc,
Billerica, MA) to numerically compare approximate crystallinity levels between
experimental groups. To determine alpha helix and beta sheet content, 13
Gaussian curves were fit to the Lorentzian-deconvoluted amide I curve. The
wavenumbers associated with each curve were then aligned with the crystalline
assignments discussed in Hu, et al, 2006 while the area under each curve
represented the amount of crystallinity present within each sample [40]. A visual
example of this process can be seen in Figure 16. Crystallinity levels within each
experimental group of samples were averaged and presented with standard
deviation error bars. Statistical analysis determined differences between groups
with the use of independent-samples t-tests assuming equal variance.
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Figure 16 – Fourier self-deconvolution: reconstructed amide I curve of a FTIR spectrum using the
summation of 13 Gaussian curves. The y-axis represents absorbance while the x-axis displays
wavenumbers of light used.

4.3. In Vitro Enzymatic Degradation
Degradation profiles were measured with in vitro enzymatic degradation
studies. Water annealed films cut to 45 mm x 6.8 mm were incubated at 37 °C in
polystyrene well plates containing 2 ml of a protease XIV solution (1 U/ml in
PBS, pH 7.4, Sigma Aldrich) per well for desired time periods. Drawn films were
shorter, measuring 24 mm in length. The enzyme solution was replaced daily to
maintain enzyme activity similar to in vivo processes and each sample was gently
rinsed with PBS between enzyme solution changes. Control samples were
incubated in PBS under the same conditions. At each measured time point the
desired samples were washed with PBS and Milli-Q water before subsequently
being allowed to dry in air at room temperature for 24 hours. Each sample was
weighed at day 0 and after degradation and drying. Three samples were measured
for each condition and time point and the results are displayed as the mean with
standard deviation bars. Statistical analysis was undertaken by independentsamples t-tests assuming equal variance.
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After drying and weighing, the samples were either SEM imaged,
analyzed through FTIR, or allowed to soak in Milli-Q water for 24 hours once
again before mechanical testing.

5. Results and Discussion
5.1. Mechanical Testing
5.1.1. Cyclic Loading
Cyclic loading experiments were undertaken to develop a meaningful
drawing protocol and ultimately, to improve understanding of film behavior under
repeated loads. Figure 17 below shows seven stress vs. strain curves of a film
cast at 65% humidity, annealed at 60 ˚C, and drawn to 0.845 MPa, which was
about 75% of the film’s yield strength (YS). Samples tested in this way were
allowed 2 minutes to relax between loading cycles.
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Figure 17 – Stress vs. Strain curves for a sample drawn 7 times to 0.85 MPa.
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The initial response curve, and therefore the film’s modulus of elasticity,
visually changed dramatically within the first four draws. Modulus values rose
from 15.14 MPa to 17.41 MPa as a result. This response was attributed to a
realignment of fibroin molecules and chains within the film, effectively strain
hardening. After 4 draws, however, the response curve exhibited more ductile
behavior and modulus values decreased. This was seen as yielding or chain
damage due to cyclic limits. To further explore this yielding limit, films
processed under varying conditions were exposed to similar stresses. Both 60%
and 80% humidity films were drawn to 50%, 75%, or 100% of their respective
yield strengths and modulus values were tabulated, as seen in Figure 18.
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Figure 18 - Draws vs. Modulus of Elasticity for 60% and 80% casting humidity films. Samples were
repeatedly drawn to 50%, 75%, or 100% of their respective yield strengths.

After observing steadily increasing modulus values for the 50% YS, 60%
humidity film, it was determined that a 50% YS trial for an 80% humidity sample
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was not necessary as no decrease in modulus data was observed. Both films
exposed to 75% YS exhibited an initial decrease in modulus data after 6 draws,
while both films exposed to 100% YS initially lost stiffness after 2 or 3 draws.
This “modulus yielding” was thought to possibly be due to strain induced damage
to intermolecular connections and fibroin chains. Care was taken to attempt to
promote chain alignment without causing significant chain damage, which could
potentially affect the films’ future mechanical performance.
During cyclic loading trials, another kind of yield evidence was seen in
strain values at specific points. Figure 19 below displays a zoomed in view of the
stress vs. strain curve of Figure 17, highlighting differences between the peaks of
each response. Strain hardening was seen from draws 1-3, while yielding was
evident after the third draw. As the sample yielded, it effectively stretched more
and more. Notably, the “modulus yield point” and “strain yield point” differed by
one draw cycle, but this can be attributed to the fact that strain data was taken
later in the cycle when the film has already been exposed to between 0.45 and
0.75 MPa more stress than the elastic portion of the curve utilized to calculate
modulus data. Tabulated mechanical data from this cycle can be found in Table
12 below.
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Figure 19 - Stress vs. Strain curves for a sample drawn 7 times to 0.85 MPa, focusing on the location of
stress peaks.
Table 12 – Modulus of elasticity (E) and maximum strain values for a sample drawn 7 times to 0.85 MPa.
Green cells display apparent material strengthening and red cells display yielding, as defined by a
decrease in modulus and increase in max strain information. Yellow cells are the “modulus yield point”
and “strain yield point”, the points immediately prior to apparent yielding.

Draw #
1
2
3
4
5
6
7

E (MPa)
15.14
16.47
16.9
17.41
17.07
16.68

Max Strain
6.16%
5.89%
5.77%
5.79%
5.85%
5.99%

16.35

6.13%

Based on these findings a drawing protocol was formulated as follows:
draw films to 100% of their respective yield strength (determined by casting
humidity) 2 times before re-soaking and further testing. This recommendation
was based on the maximum amount of cyclic draws that could be performed on
samples without an apparent decline in modulus data or an increase in final strain
data. These two deleterious effects were defined as evidence of fibroin chain
damage.
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Mechanical data related to silk films would not be entirely relevant to
biomedical applications without assessing cyclic loads. The pelvic floor and
ceiling areas involved in POP are regularly subjected to loads from neighboring
organs and structures, so a film’s performance in a simulated environment is
crucial to assessing its feasibility as a replacement for current treatment options.
While physiological load ranges are not available for exact design specification
with regards to pelvic tissue in situ, it can be generally seen that silk has a cycle
limit in which its behavior changes. Depending on the physiological
requirements, this “cyclic yield point” may even be beneficial to the patient;
increased ductility could allow implants to better fit patients and the loads
associated with their lifestyle.

5.1.2. Stress Relaxation
Stress relaxation behavior was assessed by effectively stretching two
samples of equal thickness and processing variables to 25% strain in 5 minutes
and holding the sample for 6 hours. Two testing machines were used as a means
of comparison; the more accurate strain control-equipped biaxial Zwick frame and
the Instron frame, which could not account for viscoelasticity. Both films were
cast at 65% humidity and annealed at 60 ˚C for 6 hours. The film tested on the
Instron frame exhibited a gauge length of 14 mm, dictated by the sample’s
cardboard window, while the biaxial machine’s film featured a gauge length of
4.62 mm. Both films were 14 mm in length between the cardboard ends, but
strain data from the biaxial machine’s sample was only measured in a 4.62 mm
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rectangular section located in the approximate center of the sample. Responses
are graphically depicted in Figures 20 and 21 below. Raw load data was placed
through a running average filter in Excel in order to smooth results. This was
done to eliminate slight noise from ambient building vibrations and perhaps air
movement; the original biaxial machine’s load response can be found in Figure
22.
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Figure 20 – Smoothed stress relaxation profile of silk film using an Instron frame with simple extension
control.
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Figure 21 - Smoothed stress relaxation profile of silk film using a biaxial machine with precise strain
control.

Raw Stress Relaxation Data (Biaxial)

Standard force (N)

2.5
2
1.5
1
0.5
0
0

1

2

3

4
Time [hr]

5

6

7

Figure 22 – Original load relaxation data obtained by a biaxial machine before smoothing.

The Instron sample relaxed 42.65% of its original stress while the sample
used on the biaxial machine relaxed 39.32% by the end of the test. Additionally,
the biaxial machine sample reached a higher stress than the Instron sample at 25%
strain. There are several explanations for these discrepancies.
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The most important difference between the two tests was the electronic
control methods utilized by the testing frames. As previously mentioned, since
the Instron 3366 used in this research does not currently have strain control
capability, only the initial strain (based on a measurement of “gauge length”
between the two clamps) is known accurately. A proper stress relaxation test
cannot be performed without strain control. In the case of the Instron 3366, the
crosshead motion was stopped when the target strain was estimated to be
achieved. The Zwick biaxial machine had a functional video extensometer which
could automatically detect the sample’s length and be used in a “strain control”
mode. In this mode, the biaxial machine could be programmed to maintain a
specific strain based on dynamic sample data throughout the test. The gauge
length in this second case was measured between two dark stickers applied to the
film surface, as shown in Figure 23. Data from the video extensometer was
relayed to two separate motors connected to both ends of the sample, which
automatically adjusted to maintain local strain between the stickers. Because
strain is typically not evenly distributed throughout a viscoelastic sample, the
biaxial sample applied more load in order to cause the middle section of the
sample to exhibit 25% strain. Because of this viscoelastic effect, it is probable
that the outer edges of most samples are strained first when exposed to uniaxial
stress.
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Figure 23 – Biaxial frame sample, displaying marks used by the video extensometer to determine and
maintain gauge length.

Constant strain control also did not allow the sample to relax as much as
the simple extension control utilized by the Instron machine. As the sample
naturally lengthened and pushed towards the two load cells, the motors pushed
back to maintain 25% which effectively shrunk the sample (but not the localized
gauge length) and provided for accurate stress relaxation data. The larger 14 mm
sample was free to relax, but accurate and localized strain data was not available
to the machine.
Stress relaxation data is directly relevant to the treatment of pelvic organ
prolapse in vivo. Silk’s notable viscoelastic responses could separate the material
from current mesh treatment options, which are known to shrink and tighten
under physiological conditions and lead to vaginal shrinkage and scarring. The
profiles shown in Figures 20 and 21 suggest that though silk films can completely
relax within one hour of strain, they only relax to 40% of the applied load. This
suggests that significant permanent strain occurred, which could be useful when
devices have to change shape to match surrounding physiology. Paired with the
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cyclic yielding results discussed above, these findings suggest that silk films
could be considered structurally adaptable in reaction to persistent loads.

5.1.3. Tensile Testing
Tensile testing was undertaken to understand the mechanical effects of
several processing method variables, including water annealing temperature,
casting humidity, and drawing effects. Films exposed to these conditions were
also enzymatically degraded by incubating samples at 37 ˚C in a PBS solution
containing 1 U/mL of protease XIV and the effects on strength were noted.
Higher annealing temperatures, according to the literature, promote more
β sheet conformation in thin films and thus, stiffer and stronger films as depicted
in Figure 13 [56]. Because films used in this research were much thicker than
those used in the study, and therefore may have had different internal chain
patterns and alignment, the experiment was repeated. Two annealing
temperatures, 60 ˚C and 100 ˚C, were used to capture these differences.
Additionally, films were subjected to enzymatic degradation over 12 days, using
the methodology previously explained. Three samples per experimental and
control group were tested on average, as some samples in the 100 ˚C protease
group failed before proper sample loading could occur. This was seen to be a
result of excessive degradation. Mechanical results at 4, 8, and 12 days of
degradation can be seen below in Figure 24.
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Figure 24 – Tensile testing results from films water annealed at 60˚C and 100˚C and degraded with PBS
and protease XIV over 12 days, alongside control groups incubated in PBS: A) modulus of elasticity data in
MPa; B) yield strength data, in MPa; C) ultimate tensile strength data in MPa; D) maximum strain before
failure in % strain.

In all, no significant difference was found to exist between the two control
groups, which displayed statistical p values of 0.61, 0.75, and 0.17 in t-tests. An
obvious decrease in modulus, yield strength, and ultimate tensile strength could
be seen between the control and degraded groups. Additionally, no significant
difference between the degraded 60 ˚C and 100 ˚C films could be seen (p = 0.13,
0.15, 0.33). The elongation at failure, or maximum strain, data contained the
most variability between samples as illustrated by larger error bars (determined
from +/- one standard deviation). This result, as discussed earlier, influenced the
decision to define a film’s “ultimate tensile strength” as the stress at 30% strain
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instead of the maximum strength seen. Most films tested within this research
were able to be tensile tested to 30% strain before failing. In addition, this strain
value was large enough to include the entirety of a film’s elastic response curve,
ensuring each film was exposed to similar yielding behavior prior to reaching it.
The effects of casting humidity on mechanical strength and performance
were also investigated utilizing tensile tests. Three humidities were examined:
60%, 70%, and 80%. Testing involved groups of 6 samples each and were
undertaken one day after films were water annealed and subsequently soaked in
water. Results are depicted in Figure 25 and 26.
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Figure 25 - Yield strength (YS) and ultimate tensile strength (UTS) data from tensile testing films cast at
60%, 70%, and 80% humidity.
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Figure 26 – Modulus of elasticity (E) and maximum strain (є max) data from tensile testing films cast at
60%, 70%, and 80% humidity.

It was apparent that films cast at 60% humidity were the stiffest (p =
0.0042 compared to 70% samples) and strongest (p = 0.018, 0.0004 for YS and
UTS data compared to 70% samples). Stiffness and strength decreased with
increasing humidity levels, but no significant difference could be found between
casting humidities with regards to maximum strain (p = 0.21, 0.69, 0.27). Results
suggest that less humid conditions may influence the casting and drying process
in such a way that promotes superior mechanical performance in silk films.
Perhaps a larger range of humidities can be observed in the future to test this
claim.
In order to more fully investigate casting humidity’s effect on a possible
silk implant, a 12 day enzymatic degradation study was held. This study
additionally introduced drawing as a processing method, utilizing the drawing
protocol previously described. Experimental (degraded) groups used were as
follows: undrawn 60% humidity films, drawn 60% humidity films, undrawn 80%
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films, and drawn 80% films. Control groups not exposed to protease solution
mirrored each group. Three samples of each experimental and control group were
tested, though many degraded samples could not be assessed due to excessive
degradation and a resulting small sample size. Only one drawn 80% humidity
sample was able to be successfully loaded on to the Instron testing frame,
allowing only one piece of data. Testing was undertaken after 0, 4, 6, 8, 10, and
12 days of degradation. Sample numbers used and mechanical results can be
found in Figures 27, 28, and 29 below. Figure 27 displays modulus data, Figure
28 shows yield strength, and Figure 29 displays ultimate tensile strength data
taken over time. Maximum strain data was omitted due to large data variations
and little to no conclusive results.
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Figure 27 – Modulus of elasticity data for 12 day degradation study utilizing films cast at 60% and 80%
humidity and either drawn twice or not drawn prior to testing.
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Figure 28 – Yield strength data for 12 day degradation study utilizing films cast at 60% and 80% humidity
and either drawn twice or not drawn prior to testing.
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Figure 29 – Ultimate tensile strength data for 12 day degradation study utilizing films cast at 60% and 80%
humidity and either drawn twice or not drawn prior to testing.

All three figures display a decrease in mechanical properties between
control and experimental groups (p = 0.03, 9E-6, 8E-9 between 60%
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undrawn/drawn films for E, YS, and UTS data). Significant differences were also
found between 60% humidity and 80% humidity samples in modulus (p = 1.1E-8,
0.012, 1.3E-8, 0.061 between undrawn control, undrawn degraded, drawn control,
and drawn degraded groups respectively), yield strength (p = 1.1E-12, 0.005, 1.5E8

, 0.071), and ultimate tensile strength results (p = 1E-11, 0.006, 2.46E-13, 0.10).

Furthermore, control drawn 60% and 80% samples exhibited slightly more
consistent modulus values than their undrawn counterparts as seen in Figure 27.
Though no differences could be found between drawn and undrawn groups (p =
0.36, 0.72, 0.25, 0.45 for modulus results between 60% control, 60% degraded,
80% control, and 80% degraded respectively), this may be evidence of chain
alignment achieved by strain hardening. Large deviations in sample groups were
attributed to stress concentrations created by enzymatic degradation, standard
instrument error, film thickness variation across the sample, and silk’s general
inhomogeneous nature. Many degraded samples visibly displayed cracks and
other evidence of stress concentration prior to testing, leading to some variations
in results.
Tensile testing was used not only to define film performance for possible
in vivo applications; it was a useful tool for comparing specimens and providing
clues about the macroscopic effect of subtle, microscopic changes in film
morphology and structure. Films processed with different annealing
temperatures, casting humidities, and mechanical drawing have been exposed to
enzymatic degradation and the resulting interactions have been documented,
giving rise to several data-driven conclusions:
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125 µm-thick films that were water annealed at 100˚C for 6 hours do not
exhibit superior mechanical properties compared to films annealed at 60˚C
for 6 hours.



Films cast at 60% humidity are mechanically stiffer and stronger than
films cast at 70% and 80% humidity.



The drawing method investigated in this research provides more consistent
stiffness results in films that are not enzymatically degraded, but does not
generally improve mechanical performance.



In vitro degradation of silk films with protease XIV decreases mechanical
performance more in samples cast at 80% humidity than in 60% humidity
samples.

5.2. Structural Characterization
5.2.1. PEO Micropore Structure
Pore size and structure were observed in films mixed with PEO particles,
utilizing the previously mentioned method. Three molecular weights of the
additional polymer were investigated: 20,000 g/mol, 600,000 g/mol, and
1,000,000 g/mol. Weights were chosen to compare to as well as expand upon
PEO weights used in existing literature [54]. Several ratios of silk fibroin to PEO
were used to further change film and pore morphology. Both surface porosity and
cross sectional porosity were observed. Pore sizes are expressed as an average of
several height and width readings (n=4) and were measured within the SEM
machine’s software. Results are tabulated in Table 13.
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Table 13 – Pore size in silk films acquired by SEM images and software, organized according to PEO
molecular weight and silk fibroin/PEO concentration by weight.

PEO Molecular Weight
(g/mol)

Concentration
(%wt fibroin/PEO)

Avg. pore diameter
(µm)

20,000
20,000
20,000
20,000
600,000
600,000
600,000
600,000
1,000,000
1,000,000
1,000,000
1,000,000

60%/40%
80%/20%
90%/10%
95%/5%
60%/40%
80%/20%
90%/10%
95%/5%
60%/40%
80%/20%
90%/10%
95%/5%

0.769
2.327
0.729
N/A
1.993
2.749
2.035
1.607
0.510
0.822
N/A
1.881

SEM images depicting the largest and visibly clearest pores found are shown in
Figure 30. Samples shown in the left column were commonly viewed at a
magnification of 2,000X. Illustrations located in the figure’s right column (B, D,
and F) show the same films as seen in the left column, but at a significantly higher
magnification of 9,000X. The column also features the length and width sizing
tools provided by the SEM software and a few pore sizes.
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Figure 30 – SEM images of pores created with PEO blends. Shown: A) 600,000 MW, 80%/20% fibroin/PEO
ratio; B) closer view of film in (A) with pore size measurements; C) 1,000,000 MW, 95%/5% fibroin/PEO
ratio; D) closer view of film in (C) with pore size measurements; E) cross-sectional view of 600,000 MW,
80%/20% film; F) cross-sectional view of 1,000,000 MW, 95%/5% film.

Generally, pore sizes observed were much too small to promote tissue
growth, vascularization, or even single cell migration according to the literature
[33]. PEO blended samples did, however, exhibit improved adhesive properties
compared to unblended samples. Additionally, very few samples were
structurally robust enough to properly load onto an Instron testing frame,
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suggesting that significant structural integrity is compromised with the addition of
PEO particles. Though it did not produce films with adequate pore size or
mechanical strength for POP mesh repair, this blending technique could perhaps
be used in the future to create films that could better adhere to objects or tissues
due to the numerous surface irregularities and small pores it introduces. For this
purpose, more research would be necessary to further develop robust and testable
PEO films, quantify their adhesive properties, and optimize overall device design.

5.2.2. Crystallinity
Fourier transform infrared spectroscopy (FTIR) spectra were obtained
from six dried films originally cast at 65% humidity. Three samples were
annealed at 60 ˚C and the other three at 100 ˚C for 6 hours and both groups were
soaked in ultrapure water for a day prior to drying. Resulting spectra were
normalized from 0 to 1, clipped to display the amide I region, and averaged for
visual analysis. The two averaged curves can be seen in Figure 31 below. The
vertical bars displayed regions previously proven to be associated with alpha helix
and beta sheet crystalline structures. It is important to note that these results were
not deconvoluted through FSD analysis and therefore may not display peaks
associated with alpha helix, beta sheet, random coil, or turn structure locations
presented throughout the literature [40].

64

Figure 31 – Averaged FTIR curves and labeled crystallinity regions (between vertical bars) within the
amide I band of films annealed at 60 ˚C and 100 ˚C. The x-axis displays wavenumbers while the y-axis
corresponds to absorbance, normalized from 0 to 1.

Samples annealed at 60 ˚C appeared to contain both more alpha helix and
beta sheet content. For further comparison, FSD was undertaken on all FTIR
spectra obtained. Figure 32 shows that even when standard deviations are
accounted for, 60 ˚C samples contained more beta sheet conformation and
marginally more alpha helix.
60
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100 deg

10
0
Alpha helix Beta sheet
Figure 32 – Alpha helix and beta sheet content of films annealed at 60 ˚C and 100 ˚C, obtained by FSD
after FTIR analysis.
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Though differences in crystalline content appear evident, t-tests produced
p values of 0.46 for alpha helix content and 0.11 for beta sheet content, making
any differences statistically insignificant. Additionally, films annealed at both
temperatures did not exhibit large differences in mechanical performance, seen
when comparing the two control groups in Figure 24. From this data, it is not
possible to suggest that higher annealing temperatures positively or negatively
affect crystallinity in silk films.
Casting humidity has been previously seen to drastically change
mechanical performance and thus proved to be another appropriate variable for
FTIR and FSD analysis. Six groups were established and examined: 60%
humidity as cast and annealed films, 70% humidity as cast and annealed films,
and 80% humidity as cast and annealed films. Three samples were examined in
each experimental group. Annealed films were water annealed at 60 ˚C for 6
hours prior to being soaked in ultrapure water for one day and dried. Figure 33
displays the resulting averaged FSD data.
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Figure 33 – Effect of casting humidity and water annealing on crystallinity.

No statically significant differences were found between any of the “as
cast” films with regards to alpha helix content (p = 0.59, 0.16, 0.11). However,
annealed, 70% humidity films clearly displayed the most alpha helices (p = 0.019
compared to 80% annealed films). Assessing beta sheet content between samples
did not display the same relationship, and no significant differences were found (p
= 0.56, 0.55, 0.85, 0.53, 0.47, 0.23). Water annealing films only increased alpha
helix content in 70% humidity films (p = 0.016) and only definitively increased
beta sheet content in 60% films (p = 0.028). Some 80% humidity films appeared
to lose beta sheet content after water annealing, but these results could have been
due to the relatively small sample size per experimental group used. Throughout
the study, it was common to see slight (at most 5%) variations in beta sheet
content less than one centimeter away from a previous FTIR reading on the same
sample, owing to the heterogeneous physical nature of regenerated silk constructs.
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Water vapor annealing has been reported to increase alpha helix and beta
sheet content after 12 hours in thin films averaging 15 µm in thickness [38].
Samples used here underwent 6 hours of annealing and may have been more
complex in overall structure as they averaged 125 µm in thickness. Only
statistically significant increases in silk I structure were found, which could be
due to the fact that complex beta sheet structures may require more time and
energy to achieve. Films could have required more casting or water annealing
time; only one casting and one water annealing time were used throughout this
research. Casting humidity had an obvious effect on the films’ crystalline
development. Alpha helices appeared to develop more in 70% humidity and
rapidly grew once these films were water annealed. It is possible that too much
water was present in the air at 80% humidity to allow for chain movement
induced by rapid water evaporation. On the other hand, 60% may have formed
films that dried too quickly to allow fibroin molecules to form enough strong
hydrogen bonds required for higher levels of crystallinity.
FTIR and FSD analyses were also undertaken in conjunction with the 12
day enzymatic degradation study which featured drawn and undrawn films cast at
60% and 80% humidity. Four control groups mirroring the conditions, except for
protease exposure, experienced by the experimental groups were also tested.
Three samples per group were typically examined, though many of the degraded
80% humidity samples were too small to be tested. More samples were able to be
successfully tested than in tensile tests, however, because the minimum sample
size was much smaller on the FTIR machine than the Instron. Approximate alpha
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helix content after 0, 4, 6, 8, 10, and 12 days of degradation can be found in
Figure 34 while beta sheet content is shown in Figure 35.
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Figure 34 – Alpha helix levels as a percentage of the amide I band crystalline content during a 12 day
degradation study utilizing films cast at 60% and 80% humidity and either drawn twice or not drawn prior
to testing.

Measurements of alpha helix structures in this study were difficult to draw
conclusions from. Generally, degraded samples did display lower levels of the
crystalline structure (p = 8E-5 between 80% undrawn degraded and control films),
but this difference did not change over time. Due to large data variability, no
significant differences between drawn or undrawn films and no obvious
differences between humidity levels were observed (p = 0.6, 0.31, 0.22 between
60%/80% drawn, 60%/80% undrawn, and 60% drawn/undrawn samples). Several
factors could have led to these results, including the inhomogeneous nature of
thick silk films, the innate subjectivity of FSD data processing, and possible
inhomogeneous degradation experienced by the experimental groups.
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Figure 35 – Beta sheet levels as a percentage of the amide I band crystalline content during a 12 day
degradation study utilizing films cast at 60% and 80% humidity and either drawn twice or not drawn prior
to testing.

Beta sheet content displayed less relative variability throughout the study.
Similar to alpha helix results, no significant change in content was observed over
time within each experimental group (p = 0.14 for 60% undrawn, degraded films)
and no significant difference between drawn and undrawn films appeared to exist
(p = 0.70, 0.40 between 60% control drawn/undrawn and 80% control
drawn/undrawn groups). There was, however a notable increase in beta sheet
content across all degraded film groups compared to control groups (p = 0.0001
between 60% undrawn degraded and control groups). This effect, if at first
counterintuitive, can be explained by the documented behavior patterns of
protease XIV enzymes that have been exposed to regenerated silk constructs. The
protease has been observed to quickly degrade the less organized and amorphous
fibroin structures, which are located within the amide I band: random coils and
turn structures [6], [40]. As a result of this step of the degradation process
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occurring first, beta sheet content appeared to rise close to 10% in degraded
samples, but this increase was only relative to the amount of other crystalline
structures present in the amide I band. It is possible that beta sheet structures
were also degraded along with other crystalline structures, but this data may be
invisible utilizing the current data processing methods which rely on comparative
analysis of content solely within the amide I band. It is also possible that the
protease did not have enough time to reach the more robust beta sheets and that a
study longer in time length or one utilizing more protease per sample would
display clear beta sheet degradation.
Crystallinity level data was utilized mainly as a means of comparison
between films exposed to varying processing conditions in this research in order
to more fully understand silk film mechanics on the intermolecular level. The
procedure, however, has also has provided insight into the connection between a
regenerated silk film’s conformation and its mechanical performance. Based on
the data, the following conclusions can be made:


Films water annealed at 60 ˚C for 6 hours appear to contain statistically
similar alpha helix and beta sheet crystalline structures compared to films
water annealed at 100 ˚C for 6 hours.



Water annealing films at 60 ˚C increased alpha helix content in films cast
at 70% humidity and marginally increased beta sheet content in films cast
at 60%.



Exposure to protease XIV caused a measurable decrease in random coil,
and fibroin turn content for drawn and undrawn 60% and 80% humidity
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films. No decrease or increase in beta sheet content was measurable and
no significant change in crystalline content was visible after 4 days of
degradation, similar to mechanical testing results.


Drawn and undrawn films displayed no significant difference in
conformation. This was attributed to general heterogeneity in material
structure and inherent variance within FTIR data analysis.

5.3. In Vitro Enzymatic Degradation
5.3.1. Mass Loss
As mentioned in detail in previous sections, enzymatic degradation studies
were undertaken to quantify differences between films treated with various
annealing temperatures, casting humidities, and drawing conditions. The degree
of degradation was presented as the samples % mass loss, found by weighing the
samples before and after degradation. After a “screening run”, described in detail
in the next section, an appropriate protease concentration was selected for an
average regenerated silk film used in this research. After this selection, two
enzymatic degradation studies were subsequently performed and are outlined in
this section.
The first study involved films which were water annealed at either 60 ˚C
or 100 ˚C for 6 hours before being soaked in ultrapure water for 24 hours.
Degradation rates were assessed by measuring the original sample mass and mass
at 4, 8, and 12 days after initial incubation. Figure 36 shows the percentage of
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mass remaining for the two experimental groups, as well as control samples that
were incubated in PBS without protease XIV.
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Figure 36 – Enzymatic degradation profile showing original mass remaining at 4, 8, and 12 days.
Degraded and control samples included films annealed at 60˚C and 100˚C for 6 hours.

Visually, films annealed at 60 ˚C appeared to degrade at the highest rate in
the first 8 days, but seemed to stop degrading afterward, while films annealed at
100 ˚C continued to lose mass past the 8 day mark. However due to large sample
deviations seen mostly in the 60 ˚C group (visualized by the error bars),
differences between the two groups were not seen as significant (p = 0.23, 0.20,
0.07 at days 4, 8, and 12 respectively). The lower p seen associated with data
from day 12 suggest that it’s possible that the 100 ˚C group did not in fact stop
degrading and may degrade more extensively than 60 ˚C provided more time.
Future studies utilizing the same amount of protease may benefit from allowing
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more time for samples to degrade, as sample mass losses did not generally
stabilize within 12 days.
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Figure 37 - Enzymatic degradation profile showing original mass remaining at 4, 8, and 12 days. Degraded
and control samples included drawn and undrawn films cast at 60% and 80% humidity.

The second degradation study, shown in Figure 37, included drawn and
undrawn films cast at 60% and 80% humidity, as described in previous sections.
Predictably, control groups did not degrade over time. The slight gain in mass
experienced by some samples could be attributed to water annealed silk films’
“sponge-like” behavior in aqueous solutions: films visibly bulged and retained
water after soaking throughout various aqueous tests during this research. Films
cast at 80% humidity visibly degraded to a much higher extent than films cast at
60% humidity (p = 1E-7, 9.7E-8 between 60%/80% undrawn and 60%/80% drawn
samples). One experimental group, the drawn 80% humidity films, presented no
samples able to be properly measured on the sixth day. It is also worthy to note
that some 80% humidity films appeared completely degraded and unable to be
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tensile tested on the second day of the degradation study. Many films were even
visibly damaged from routine protease changes.
Large variations in mass data make conclusions related to drawn and
undrawn films impossible (p = 0.59, 0.19 for 60% and 80% groups), similar to
conclusions related to mechanical strength and crystallinity levels presented
earlier. Drawn films cast at 60% humidity and undrawn films cast at 80%
humidity appeared to differ from their counterpoints (undrawn 60% films and
drawn 80% films, respectively) at certain time points, but this was seen as a result
of possible inhomogeneous protease degradation, natural variations in film
structures, and poor handling of the excessively deteriorated 80% humidity films.
Future degradation studies could either define what a degraded piece of mesh
mass is (which would avoid confusion of what “broken off” pieces of samples
should be weighed) or perhaps use larger wells equipped with devices designed to
catch all “broken off” pieces of samples to allow for more consistent mass
measurements.
Some key conclusions could be made with respect to mass loss in
regenerated silk films:


No significant difference in degradation profiles was seen between
films water annealed at 60 ˚C and films water annealed at 100 ˚C for 6
hours.



No significant difference in degradation profiles was seen between
drawn and undrawn films of both casting humidities observed.
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Films cast at 80% humidity for 24 hours degraded at a much higher
rate than films cast at 60% humidity.



Unclear distinctions of degraded material compared to undegraded
material, inhomogeneous degradation between samples, and general
difficulty in handling significantly degraded silk films make it
generally unclear if significant degradation occurred after the fourth
day of incubation.

5.3.2. Degradation Method
Films were degraded to better understand the source of structural
deterioration from in vitro studies. Protease XIV and PBS solution were used as
previously described, but in several concentrations: 0.23 U/ml, 1 U/ml, 2 U/ml,
and 4 U/ml. Films were incubated for one week, dried, massed, and sputter
coated for SEM analysis. Resulting masses are shown in Figure 38 and associated
images in Figure 39.
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Figure 38 – Percent of original mass after 7 days of enzymatic degradation at different protease
concentrations.
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Figure 39 - SEM images of degraded films using A) 0.23 U/ml, B) 1 U/ml, C) 2 U/ml, D) 4 U/ml protease in
PBS solutions. Images were taken after 7 days of degradation at 3,140X magnification.

Though the control group was not incubated with protease, mass loss
appeared to occur. This was thought to occur as a result of not soaking the
samples in ultrapure water for 24 hours after the water annealing step, which may
have left samples in a semidry state with large amounts of bound water trapped in
the film’s hydrogen bonds. Degradation profiles tested after this revelation did
not display this discrepancy when soaking was allowed after water annealing.
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SEM images shown in Figure 39 revealed small bite-like pores in 0.23
U/ml samples, which displayed the least amount of degradation. As degradation
increased, these pores were replaced with larger, honeycomb-like matrices of
degraded material on the surface of films. The relative size and frequency of
these structures also increased with increasing protease concentrations, correlating
with mass loss data.
In order to further explore why films cast at 80% humidity degraded much
more rapidly than 60% humidity films (shown in Figure 37) and therefore
displayed inferior mechanical performance (seen when comparing experimental
groups in Figures 27-29), a water mass loss study was conducted. It was
theorized that films cast at 80% humidity naturally contain more bound water
between fibroin structures and therefore may expose more protein surface area to
small, intruding enzymes such as protease XIV. To generally test the amount of
bound water within films, masses were measured every day after samples were
cast for 3 days, after then drying in a standard oven set to 60 ˚C for 4 hours, and
for two subsequent days after that. Three samples of both casting humidities were
used. Mass changes with respect to the mass obtained on the previous day were
calculated and averaged for each experimental group. These curves can be seen
below in Figure 40. Standard deviations were also calculated and displayed as
error bars.
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Figure 40 – Mass loss of films cast at 60% and 80% and subsequently let to dry for 3 days before exposure
to 60˚C air and let to dry for 2 additional days. Data is displayed as change in mass with respect to the
previous day; therefore there is no “Day 1” data.

Water mass was clearly lost more between the first and second days in
films cast at 80% humidity (p = 0.00013) and was gained slightly more by the
same group the day after removing samples from the oven, though this did not
appear statistically significant (p = 0.10). This suggests that films cast at 80%
humidity display more water absorbing, sponge-like behavior. Though
statistically significant differences in hydrogen-bonding crystalline structures
were not found between 60% and 80% humidity films, it’s possible that there
were different amounts of amorphous fibroin structures present. This could in
turn show a difference in the amount of free hydrogen bonds available for water
binding. Though this may support the theory that protease XIV degrades 80%
humidity films more rapidly as a result of more exposed protein surface area,
other explanations are possible. Future work is needed to more fully explore the
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significant difference evident in degradation profiles between films exposed to
varying casting humidities.
Visual SEM results suggest that mass loss caused by the protease XIV
enzyme is caused by surface erosion and possibly followed by a “tunneling”
activity as the enzymes diffuse deep into the film’s structure. This agrees with
statements made by other studies and is important to consider before exposing silk
biomaterials to animal or human studies [6]. This is because various
physiological factors such as loads, chemical reactions, and aggressive immune
system response cells may degrade constructs topically or throughout the device’s
thickness depending on the patient and treatment site. In vivo long term device
strength and degradation profiles are more accurately predictable when in vitro
degradation is done under very similar conditions, as was attempted in this
research.

6. Conclusion
Mechanical, FTIR, mass loss, and SEM imaging data were collected on
regenerated silk films and have given rise to several key conclusions. Findings
explain thick film mechanics and point towards possible directions for future
development of a silk film-based POP repair device. Despite prior film research
that has linked beta sheet and alpha helix content with mechanical performance
and degradation profiles, little connections were found between the variables
within the scope of the research. This was most likely due to a difference in
overall structure between thinner films used in prior studies (ranging between 15
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to 40 µm in some cases) and the much thicker, 125 µm films used in this research.
Surprising results were, however, discovered when a new processing method was
discovered by simply controlling the environment in which a film was cast and
dried. Additional processing methods such as water annealing, PEO induced
micropores, and mechanical drawing were also investigated and documented.
Complete device optimization for POP repair was not possible, as device
requirements are still not known or published succinctly in the literature. Key
conclusions based on the data collected are listed in Table 14.
Table 14 – Summary of major conclusions.

1

A film’s thickness plays a large role in its mechanical behavior and
may determine the extent at which intermolecular changes occur as a
result of water annealing and mechanical drawing treatments.

2

Casting humidity was found to be a very important factor in
determining a film’s mechanical performance, crystalline content,
and degradation profile.

3

Water annealing films was shown to increase alpha helix in all films
observed. Alpha helix increased in films cast at 60% humidity and
beta sheet content increased in films cast at 70% humidity,
suggesting that conformation customization is possible by
combining the two processing methods.

4

Mechanically drawing films to promote fibroin chain alignment was
not found to improve mechanical performance or affect degradation
profiles, but it did produce films with more consistent stiffness
values.

5

Little to no additional deterioration of mechanical performance,
crystallinity levels, or mass levels occurred after 4 days of in vitro
enzymatic degradation using 1 U/mL of protease XIV in 12 day
studies.

6

PEO particles were found to structurally weaken films and create
pores much too small to promote vascularization needed for POP
repair devices.

81

7. Future Directions
There is much room for additional research with regards to the use of
regenerated silk films as a biomedical device. Further experimental investigation
of casting humidity effects, different drawing methods, and different degradation
study approaches can all provide a better understanding of both natural and
synthetic changes in a film’s intermolecular structure. This could grant
researchers the intelligence needed to optimize and customize devices for
applications that may extend beyond POP repair in the future.

7.1. Pelvic Tissue Mechanics
Though researchers have characterized the mechanical performance and
integrity of current meshes made of synthetic polymers, a clear range of design
requirements to repair damaged pelvic tissue has yet to be developed and widely
circulated [26], [30]. As a result of widespread health concerns, the material
characteristics have come into question for the application. In order to avoid
adverse effects commonly exhibited by current mesh designs such as mesh
erosion, pain, vaginal shrinking, and infection, a clear understanding of pelvic
tissue biomechanics should be established. Perhaps after this advancement,
appropriately biocompatible devices can be developed and introduced more
quickly to properly treat POP symptoms.
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7.2. In Vivo Evaluation
All degradation testing conducted in this research was done in an in vitro
environment, customized to simulate an in vivo situation. Though samples were
incubated at body temperature and proteolytic enzymes were regularly changed to
simulate dynamic immune responses, degradation rates cannot be said to
accurately portray what would occur naturally within the human body. The next
logical step before devices can be implanted in humans is that of an in vivo animal
study. Films processed under different conditions could be implanted within a
mammal at a site that contains similar tissue as exists in human female’s pelvic
region. In the past, some devices have been tested within porcine test subjects, as
these animals are known to exhibit types of collagen commonly found in the
human body [28], [60]. Histological data can provide clues about realistic
degradation rates and shed light on the device’s exact immunogenic response
within the body. Simple visual data at different time points after implantation can
also assess whether degradable silk film constructs are robust enough to adapt to
normal physiological loads.

7.3. Alternative Silk Constructs
It is possible that other constructs fabricated from regenerated silk solution
may be equally or more suited to treat POP symptoms. In addition to films,
regenerated silk can be formed into multiple varieties of fibers, gels, foams, tubes,
microspheres, and electrospun mats [1-3]. A silk fiber mesh construct for
possible POP repair has also been developed, though not mechanically tested
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[61]. Though these other formats typically exhibit inferior mechanical properties
when compared to films, it is possible to combine formats to create composite
constructs. It is plausible, for example, to cast a film on top of a fiber mesh or an
electrospun mat. It is also possible to utilize silk gels as an adhesive for any of
the previously mentioned constructs, or silk microspheres for possible on-site
drug delivery. Though many silk constructs may not prove adequate options for
pelvic tissue repair alone, attractive features such as improved device adhesion
(from gels), pore structure (from sponges), and directional strength (from fiber
matrices) could infuse film constructs with additional effectiveness in treating
POP symptoms as well as introduce a larger range of biomedical applications.
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