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Abstract
In the modern era of medicine there exist numerous approaches to safe,
efficacious drug delivery. Implantable systems containing reservoirs of drug offer
several advantages over traditional oral regimens, including improved drug
bioavailability, limited systemic toxic effects of potent therapeutics through local
implantation, modulated and multi-phase release, and reduced dosing frequencies
allowing for enhanced patient compliance. Furthermore, sustained delivery
implants have the ability to secrete drug at a near-constant release rate over long
periods, providing even more robust alternatives to chronic oral medications. The
materials used to construct these systems, however, can exhibit several
shortcomings; they are often not bioresorbable and thus require a secondary
surgery to remove from the body, and can sometimes only be generated by
fabrication processes that require harsh chemical solvents. Here, a novel
fabrication process to create biodegradable drug reservoir systems made from
regenerated silk fibroin protein solution (23% w/v) is demonstrated. Loadable
systems (inner diameter 3.0 mm; wall thickness < 250µm) were developed in a
reproducible manner using an all-aqueous solution-gel-solid phase transition
curing process, and released two different clinically-relevant therapeutics at a
near-constant rate for 30 days (> 100µg / day). Systems were analyzed for both
their chemical and mechanical characteristics – analysis of crystalized protein
secondary structure revealed the systems to be of similar composition compared
to previously-generated solid silk materials, while radial compression (1mm /
min) testing of unloaded systems suggests they have a range of Young’s modulus
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values similar to cancellous (spongy) bone (100 – 250 MPa), which is relevant
when considering potential implantation sites of functional systems. These silk
reservoirs demonstrated a degree of compliance when placed under cyclic
compression (12.5mHz up to 17.5% strain), and are the first solid silk materials to
be generated as “complex” shapes (hollow cylinders) via an additive molding
manufacturing process. Therefore, this fabrication approach has the potential to
be leveraged for applications outside of drug delivery including in the areas of
tissue engineering and diagnostic sensing.
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List of Definitions
Biomaterial – Any material that can interface with and / or provide some
function to living tissue.
Drug Reservoir – A type of implantable system containing an inner layer of
encapsulated drug, usually in powder form, surrounded by a polymer membrane
that acts as a diffusion barrier, controlling the rate of drug solvation and release.
Zero-Order Release – Describes a controlled release profile where the rate of
released drug remains constant as a function of time.
First-Order Release – Describes a controlled release profile where the rate of
drug decreases linearly as a function of time.
Non-immunogenic Material – A material that is able to be implanted into living
tissue without eliciting a full humoral or cell-mediated immune response.
pKa – Acid dissociation constant of an organic molecule. It is used as a predictor
of the charged state of the molecule at a given pH, specifically whether acidic or
basic components of the molecule will be in a protonated or deprotonated state.
pI – The isoelectric point is the pH at which the individual amino acid residues
comprising a protein render a net neutral charge.
logP – A useful measure of lipophilicity for small molecule drug compounds.
Specifically, it is the logarithm of the ratio of dissolved compound in a biphasic
composition of lipophilic and hydrophilic solvent.
Layer-by-layer (LbL) Fabrication – In the context of drug delivery, LbL
materials are formed by repetitive thin film deposition of a polymer or other
substance, usually alternating between drug-loaded and non-loaded layers to
create a pulsatile or other clinically useful release profile.
Bioavailability – For oral delivery of drugs, bioavailability is the proportion of
administered drug that actually is absorbed into systemic circulation.
Fibroin- One of two proteins comprising raw silk fiber from the Bombyx mori
silkworm, often functionalized as a biomaterial for drug delivery, tissue
engineering and other applications in biomedicine or materials science.
Sericin – The other protein comprising the raw silkworm fiber - it is the glue-like
substance that holds the raw fiber together. For most purposes, it is separated
from fibroin and not used towards purposes in biomedicine given its
immunogenic characteristics.
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Sol-gel transition – In the context of polymers, it is the process whereby a
solution of polymer fragments transforms into an integrated polymer gel network
through dehydration and enhanced association of polymer fragments.
SDRs – Silk Drug Reservoirs
AP-SDRs – Silk Drug Reservoirs fabricated via an all-aqueous process leveraging
the sol-gel transition of concentrated silk solution in a mold.
SP-SDRs – Silk Drug Reservoirs fabricated via a solvent process whereby
methanol (MeOH) instantaneously gels a concentrated silk solution in a mold.
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1. Introduction
1.1 Drug Implants for Sustained Therapeutic Delivery
Recent trends in the medical community coupled with advancements in
biomaterials and pharmaceutical technology platforms have resulted in the
expanded use and applicability of implantable drug delivery systems to treat a
variety of medical conditions. Between 2008 and 2014 the global market for drug
delivery systems rose from $134B to nearly $200B (Stevenson et al, 2012), with
implant and reservoir systems comprising roughly one third of that market
(Anselmo and Mitragotri, 2014). FDA approval in 2016 for the first implant that
delivers buprenorphine for treatment of opioid dependence (U.S. Department of
Health and Human Services, 2016) and the use of Implanon® as an implantable
form of birth control (Planned Parenthood, 2014) are two well-known examples.
The use of these systems stems from their superiority over oral regimens in terms
of drug bioavailability (Gupta et al, 2012), maintenance of serum drug
concentrations within the therapeutic window, adaptability for localized release
(Coburn et al, 2015; Overstreet et al, 2015), and the lower risk they present in
terms of compliance issues and abuse (Tiihonen et al, 2012). Moreover, depot
systems comprised of non-immunogenic and bioresorbable components do not
require a secondary surgery to remove the device, lowering the risk of infectionassociated removal of non-biodegradable implants. Depending on device material
and construction, drug efflux from depot delivery systems can occur along
diffusive or solvent penetration pathways. Diffusion-based release profiles are
affected by a plethora of factors; in terms of drug physicochemical characteristics
3

these include solubility, size, pKa, pI (protein therapeutics), and hydrodynamic
radius, among other things. These drug characteristics in combination with system
and material characteristics, which include surface degradation rate, matrix swell
ratio and density, presence of hydrophobic or charged domains, and degree of
mass loading, together affect the therapeutic release profile. Controlled first order
and extended near-zero order (constant) release profiles are desirable when
designing reproducibly safe and efficacious depot release systems. The fabrication
processes by which these systems are designed include 3D printing (Wu et al,
2016), layer-by-layer fabrication (Min et al, 2014), and solvent-based chemical
methods (Makadia et al, 2011). However, in many cases the materials used to
construct sustained release implants are non-biodegradable (such as ethylene
vinyl acetate), which limits the applicability of these systems in the clinical
setting.

1.2 Silk Fibroin Biomaterials
The purified silk protein, fibroin, has been widely studied for its use as a
biomaterial towards tissue engineering, materials engineering, and drug delivery
applications, among others. Silk is desirable in that it can assume a variety of
material formats (Rockwood et al, 2011) (films, hydrogels, fibers, porous
scaffolds, microspheres, etc.) that in many cases use all-aqueous processing
methods to generate .Silk is bioresorbable within the human body (Lu et al, 2011),
and has tunable mechanical and physicochemical properties (Li et al, 2016; Zhu et
al, 2008).
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These characteristics of silk fibroin align with the expanding clinical need
for sustained release drug delivery systems mentioned in section 1.1, specifically
as related to implantable systems that are able to safely degrade after releasing
their therapeutic payload. One subset of systems where silk has the greatest utility
potential are reservoir-based drug implants, given that there exists a need to
expand the library of biomaterials used to construct the rate-limiting polymer
membrane that encases the reservoir of drug. Natural polymers such as silk are
seeing a resurgence of use over synthetically-derived polymers for this purpose.
In this work, we report on the development of an all-aqueous additive fabrication
process to attain “complex” 3-dimentional solid silk structures that can be
leveraged towards these specific applications as drug delivery implants. Figure 1
provides an overview of the logic for using natural polymers such as silk to meet
an expanding need for sustained drug implant systems.

Figure 1 Overview diagram connecting the intrinsic properties of silk fibroin
protein to types of implantable drug delivery systems to meet the ever-expanding
need for innovative sustained drug delivery solutions.
5

2. Background
2.1 Drug Implant Systems
2.1.1 History of Drug Implants
The emergence of drug implant systems during the 1960s was an
important development that both embodied the principals of the controlled release
explosion of the prior decade and sought to improve upon some of the
shortcomings of oral controlled release formulations. Many of these shortcomings
are still relevant today, including the high dose volumes necessary for drugs with
low oral bioavailability, the potential for systemic toxicity effects for certain drug
classes including chemotherapy agents, and risk of decreased efficacy due to
patient compliance or administration issues. One of the earliest examples of a
controlled drug delivery system was expressed as a thought experiment by a
Harvard medical researcher (Hoffman 2008), who proposed that closed segments
of silicone rubber could house clinically-relevant doses of drug and, depending on
the thickness of the closed sections, modulate the release of drug from the system
in a controlled manner (Folkman and Long, 1964). This concept of altering
macroscale features such as thickness for bio-inert materials such as silicone
rubber served as the basis for development of the first phase of market-ready drug
implant systems. These systems were designed to serve a wide range of clinical
applications, from implantable contraceptive devices (Stewart and Novak, 1978),
to ocular implants delivering anti-glaucoma therapeutics (Klaisle and Wysocki,
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1992). Figure 2 gives a sense of scale of these devices, and Table 1 summarizes
the design characteristics and performance capabilities of these early systems.

Figure 2 Form factor and scale of two important early-market drug implant
systems. Left, the Ocusert ® ophthalmic implant for treatment of glaucoma.
Right, the Norplant ® subcutaneous contraceptive implant system. Images
courtesy of Google images.

Table 1 Material, physicochemical, and clinical relevance of two early controlled
release implant systems. (Jain and Soni, 2012; Lavik et al, 2011; Shoupe and
Mishell, 1989).
Ocusert ®
Norplant ®
Size
13.4mm x 5.7mm
2.4mm x 34mm
Material
Poly-EVA
Silicone rubber
Alginic Acid
Active Drug
Pilocarpine
Levonorgestrel
Control Mechanism
Polymer diffusion
Low solubility of drug
barrier
compound
Release Rate
20 – 40 mg/hr
35 – 85 µg/day
Residence Time
7 days
5 years
Implant Method
Direct application by
Surgical incision
user
Drawbacks
Difficulty in application, 6 capsules per system,
patient discomfort
non-biodegradable,
invasive implantation
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Today, when we think of drug implant systems, we usually consider
polymer-based systems to be the starting point of rational system design.
polymer-based systems can be broadly divided into three categories: polymerdrug conjugates, where a drug is functionalized and / or stabilized via a linker
interaction with a water-soluble polymer backbone (Larson and Ghandehari,
2012), matrix systems, where the drug is dispersed throughout the polymer
network (Jeong et al, 1997), and reservoir systems, where the drug layer is
encapsulated by a rate-controlling polymeric layer that serves as a diffusion
barrier (Yang and Pierstorff, 2011).

2.1.2 Material Selection for Drug Implant Devices
Since the early phase of controlled drug delivery system design and
experimentation, a wide array of drug delivery vehicles has been developed; these
systems vary widely in terms of their size, construction and release mechanisms.
First and foremost, one important trend for implantable delivery systems has been
the movement away from using non-degradable materials for device construction
and towards the use biodegradable and bioresorbable materials. Early nondegradable materials include silicone rubbers such as polydimethylsiloxane
(PDMS) and ethylene vinyl acetate (EVA)/ These were often used due to their
well-characterized physicochemical properties, diverse fabrication methods, and
the fact that they interacted minimally with human tissue or endogenous
macromolecules, minimizing the chance they would compromise the therapeutic
efficacy of the device or illicit an unwanted immune response (Lessner et al,
1996). Also of relevance is the fact that there is reduced risk of system rupture
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(e.g. for reservoir systems) due to lack of proteolytic degradation or hydrolysis of
the implant material for non-degradable systems. Even some modern systems
today employ non-degradable polymers such as poly(ethylene glycol) and N-(2hydroxypropyl methylmethacrylate).
Despite some advantages to non-degradable systems, from a practical
perspective there are numerous reasons why biodegradable and, more specifically,
bioresorbable material selections are made for developing drug implants.
Bioresorbable polymers are defined as those materials which exhibit bulk or
surface degradation, but are able to be further broken down in vivo into basic
macromolecular segments that are able to be eliminated through natural pathways
(Woodruff and Hutmacher, 2010). In this respect, popular types of polymers often
employed

in

implant

device

design

are

polyamides,

polyesters,

and

polycarbonates, all three of which are able to undergo biodegradation via
hydrolytic or enzymatically-mediated pathways (Holowka and Bhatia, 2014).
Table 2 lists several characteristics of some common biodegradable polymers and
their uses in drug implant systems.
Of all the biodegradable polymers used in construction of drug implant
systems, one of the most relevant and widely-studied over the last several decades
has been poly(lactic-co-glycolic acid) (PLGA). PLGA is a desirable polymer for
drug delivery applications given that it’s degradation profile is tunable by varying
the ratio of glycolic and lactic acid in the overall formulation (Niwa et al, 1993).
Also of importance is the fact that PLGA degrades via a combination of several
pathways, adding another layer of versatility for varied release of hydrophobic
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compounds. The Zoladex ® implant is one example of a device using PLGA as
the matrix polymer. The implant delivers goserelin, a gonadotropin releasing
hormone (GnRH) agonist analog, for the treatment of advanced breast cancer in
premenopausal women and as a pain management tool in women suffering from
endometriosis (AstraZeneca Pharamceuticals, 2013). The system is bioresorbable
and is able to deliver sustained doses of goserelin from its bulk-loaded PLGA
matrix for 28 days.

Table 2 Properties of polymer materials used in drug implant devices.
Polymer

Polycaprolactone

(Hydroxypropyl)
methyl cellulose

Structure

Glass
Transition
Temperature

Compressive
Modulus

Examples

-60˚C

297.8 –
317.1 MPa

Intracameral implant for
Glaucoma treatment

(Eshragi and
Das, 2010)

(Kim et al, 2016)

N/A (used as
excipient or
additive)

Surodex™ intravitreal
implant for treatment of
post-surgical
inflammation

162˚C

(Lee et al, 2010)
Poly (D,Llactide-coglycolidide)
85/15

50 - 55˚C

2 - 5MPa (as
scaffold)
Xu et al,
2014)

Zoladex ® implant for
treatment of
premenopausal breast
cancer and endometriosis
pain management
(AstraZeenca
Pharmaceuticals, 2013)

Chitosan

200 – 220˚C

2 – 10MPa
(for dry
scaffolds)
(Levengood
and Zhang,
2014)

Hybrid Polymer-lipid
implant for localized
delivery of anti-ovarian
cancer therapeutic
(Soo et al, 2008)
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2.1.3 Functionality of Reservoir-based Implants
Implant systems classified as reservoirs contain a depot of drug
encapsulated in a polymer membrane. The polymer membrane acts as a diffusion
barrier and is the rate limiting component of drug diffusion out of the system.
This simple compartmentalization of the drug and release system is the instrument
through which sustained release can be achieved. The release rate itself is affected
by a plethora of factors, both properties of the encapsulating polymer
(composition, molecular weight, presence and ratio of hydrophobic and
hydrophilic domains), and those of the drug itself (solubility, acid dissociation
constant, Stoke’s radius, particle size, etc.) (Langer, 1990).
The utility of these types of systems is enhanced in cases where mid-to
long-term delivery of therapeutics is required, either in a specific organ or tissue
region (as with cancer treatment), or when sustained systemic release is required.
Drugs having poor solubility, for example, can be integrated into and delivered
more easily with a reservoir format over a bulk-loaded matrix system because
reservoir systems allow more drug to fit into the same implant volume. In certain
instances, this can make the difference in justifying use of an implant or injectable
system over an oral regimen. However, it’s important to consider the failure case
of an implant rupture, and the fact that this would result in much worse clinical
fallout for a reservoir system over a matrix-based system given that the drug is
freely packed inside. Nonetheless, the more widely cited reason for not
prescribing an implant system is the fact that it requires a surgical incision to
administer to the patient, which opens the potential for infection of the incision
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area. Recent trends in manufacturing processes of these systems, however, offers
the opportunity to miniaturize implants to a scale where they can be injected
directly into a local tissue area, thereby avoiding surgical implantation (Stevenson
et al, 2012).
Several implant systems embodying the reservoir design are available on
the market today, and are often used to address medical conditions of the ocular
region. However, one example of a subdermal reservoir implant is Supprelin ®
LA, marketed by Endo Pharmaceuticals. This non-degradable reservoir implant is
composed of a swellable hydrogel outer layer (Polymethyl methacrylate and its
derivatives), and contains a 50mg depot of histrelin acetate, a synthetic analog of
naturally occurring gonadotropin releasing hormone (GnRH), used to treat
children with central precocious puberty (CPP), a condition that results in earlyonset puberty in both boys and girls. (U.S. Department of Health and Human
Services, 2011). Figure 3 below shows the physical form of the implant and its
size relative to human features.

Figure 3 The Supprelin ® LA implant is a non-degradable swellable polymer
reservoir implant, containing 50mg of histrelin acetate which can be delivered in a
sustained manner for up to 12 months in children with central precocious puberty
(CPP) (U.S. Department of Health and Human Services, 2011).
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2.2 Drug Overview: Letrozole and Rifampicin
2.2.1 Uses and Mechanisms of Action
Letrozole (LET), sold under the brand name Femara, is principally used in
the treatment of hormonally-responsive breast cancer in postmenopausal women.
Specifically, the FDA has approved its use for early-stage hormone receptorpositive breast cancer, and breast cancers that have locally advanced or
metastasized in women who have already received other treatment (National
Cancer Institute, 2017). Patients who use it are prescribed a once-daily oral dose
of 2.5 mg. LET belongs to the third generation of a class of drugs called
aromatase inhibitors, which function by blocking the action of the enzyme
aromatase in completing the final step of estrogen biosynthesis (Bhatnager, 2007).
As estrogen production is important for tumor growth in hormone-responsive
breast cancers, this blocking action serves to interrupt tumor development. In
several cases LET has been shown to be more potent in its anti-cancer effects than
similarly prescribed aromatase inhibitors such as Anastrozole (Bhatnager, 2007;
Geisler, 2011). However, if prescribed for extended breast cancer treatment LET
and other aromatase inhibitors can have the undesirable systemic side effect of
increased bone porosity, and are therefore often associated with greater incidence
of osteoporotic fractures and loss of bone mineral density (Perez, 2006).
Accordingly, treatment pathways (such as localized delivery) that limit the
systemic exposure of aromatase inhibitors over chronic administration periods are
desirable.
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Rifampicin (RIF) is a potent antibiotic used in combating several types of
bacterial infections, including tuberculosis (Abdool et al, 2010) and methicillinresistant Staphylococcus aureus (MRSA) (Lefebvre, 2010). It is commonly
administered in adult oral doses of 300mg or 600mg (U.S. Department of Health
and Human Services, 2010). In cases of pulmonary tuberculosis, RIF is
administered in parallel with several other antiretrovirals for periods up to 6
months (Verbeeck et al, 2016). RIF works by binding at the active site of RNA
polymerase, where it interrupts the process of RNA synthesis critical to formation
of host bacterial proteins (Calvori et al, 1965). While RIF generally exhibits
excellent bioavailability during oral delivery, repeated administration can reduce
bioavailability from 80-90% to below 70% in some cases (Loos et al, 1985).

2.2.2 Physicochemical Properties of LET and RIF
Table 3 Summary of drug characteristics relevant to stability and sustained
release. Definitions: pKa is a useful measure of the extent to which the acidic and
basic components of a small molecule are protonated or deprotonated; used
indirectly to infer the charged state of small molecules. logP is a measure of
lipophilicity. Oral bioavailability refers to the proportion of drug that enters
circulation based on the orally administered dose. Drug Properties from (Sigma
Aldrich, 2017).
Property
Chemical Formula

LET
C17H11N5

RIF
C43H58N4O12

Molecular Weight
pKa
logP
Solubility (Water)

285.3 g/mol
2.0 – 3.0
2.5
80 – 150 µg/mL

822.4 g/mol
7.0 – 8.0
3.85
2.5 mg/mL

Oral Bioavailability

99%

68%

Melting Point

181 – 183 ˚C

183 – 188 ˚C

Structure

14

2.2.3 Examples of RIF, LET Implant Systems and Their Design
Both drug compounds have been studied in previous work as candidates
for use in sustained release drug implants. This makes sense considering their
relatively poor aqueous solubility and potential for negative systemic side effects
consistent with prolonged oral administration.
In one instance LET was stabilized in a polyvinyl alcohol (PVA) layer
grafted onto a non-degradable polymer backbone (Siddiqa et al, 2014).
Researchers were able to demonstrate near-constant in vitro release over a period
of 10 days, with a subsequent sustained release profile demonstrated up to day 30.
Two limitations of the system included the fact that it was non-biodegradable, and
that the actual mass of drug released was below a clinically relevant threshold.
This is relevant given that implant size is a limiting factor in creating a usable
device in a medical setting – as implant size increases, ease of implantation
(whether through surgery or injection) diminishes rapidly. Thus, when designing
implants with the goal of adopted use by the medical community, the optimization
of loaded dose of drug and implant size is a critical optimization problem to
overcome.
Similarly, RIF has been employed as a sustained release agent in several
iterations of drug implants. In one instance researchers designed a multilayered
3D-printed implant system comprised of RIF and Isoniazid, commonly
administered together for treatment of bone tuberculosis (Wu et al, 2009). They
were able to demonstrate near-constant sustained release of the drugs at a daily
release rate of 6-12 µg/mL for 50 days. These implants were fashioned from
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poly(DL-lactic acid), and demonstrated biocompatibility and biodegradability in
vivo. Another implant designed to deliver RIF was prepared as a bulk-loaded bone
cement, with RIF encapsulated in alginate microcapsules added to a Polymethyl
methacrylate-based cement (Sanz-Ruiz et al, 2017). This implant achieved 0.5
mg of cumulatively released drug over a 5-week period.

2.3 Silk as a Biomaterial and Applications in Drug Delivery
2.3.1 Characteristics of Silk Fibroin
The purified silk protein, fibroin, has been extensively studied and put into
practice as a versatile biomaterial. Silk-based medical devices have existed for
decades, one of the earliest examples being non-absorbable sutures (General and
Plastic Surgery Devices, 2017). More recently, silk has been fashioned into
implantable mesh scaffolds used to regenerate native tissue following mastectomy
procedures in breast cancer patients (Sofregen Medical, 2017). Several qualities
make silk fibroin a useful and versatile biomaterial, including its tunable
degradation properties, the fact that it demonstrates hypoallergenic qualities when
interacting with biological tissue, its ability to stabilize and preserve function of a
wide array of clinically-relevant small molecules and macromolecules, and its
compatibility with a plethora of manufacturing techniques allowing for creation of
a wide array of material formats.
The fibroin protein exists as a block copolymer containing both
amorphous and crystalline regions, with the crystalline region containing
repetitive sequences of amino acids (-Gly-Ala-Gly-Ala-Gly-Ser-) (Cao and Wang,
16

2009). The two protein subunits that comprise the fibroin macrostructure are a
hydrophobic heavy chain (~390kDa) with a secondary structure mainly comprised
of ß-sheets, and a less-ordered light chain (~25kDa) that exhibits hydrophilic
properties (Zafar et al, 2015). Balancing the ratio of hydrophobic and hydrophilic
domains is a fundamental principle of creating silk materials with diverse
therapeutic encapsulation and degradation profiles.

2.3.2 Material Formats of Silk Fibroin Useful for Drug Delivery
Over the past two decades, silk fibroin has been fashioned into a multitude
of physical formats for a number of biomedical applications, including as scaffold
materials for tissue engineering and would healing purposes (Gil et al, 2013),
directive seeding structures for a variety of dermal and neural cell lines (TangSchomer et al, 2014), machined devices for orthopedic applications (Perrone et al,
2014), and as an imprinting surface for electronic components (Kim et al, 2010).
However, one of the most robust and widely-studied applications of the many
material formats of silk has been as a drug delivery vehicle. Table 4 below
presents a summary of some of the past work developing drug delivery devices
from silk.
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Table 4 Examples of silk devices made for drug delivery applications.
Silk Material
Format
Microneedle
(Tsioris et al, 2012)

Microspheres
(Wang et al, 2007)

Thin film
(Coburn et al, 2015)

Hydrogel
(Lovett et al, 2015)

Thin coatings
(Pritchard et al, 2010)

Sponges
(Pritchard et al, 2013)

Device
Type
Matrix /
bulk
loaded
Layered
depot &
matrix

Device
Size
~1cm2
~5µm3

Fabrication
Process
Casting on
machined
molds
Solvent
processing /
lyophilization
Aqueous
casting /
waterannealing

Drug /
Molecule

Release
Period

Tetracycline

2d

Horseradish
peroxidase

20d

Doxorubicin
Vincristine

30d

Matrix /
bulk
loaded

~1cm2

Matrix /
bulk
loaded

50µL
doses

sonication

bevacizumab

90d

Reservoir

~2cm2

Press-fitting /
dip coating

Adenosine

14d

Matrix /
bulk
loaded

~1cm2

Lyophilization

Rifampicin
Gentamicin

8d

One additional example of a silk drug delivery system extremely relevant to this
research is that of a fiber-spun silk reservoir implant for the sustained delivery of
Anastrozole (Yucel et al, 2014), an aromatase inhibitor and anti-cancer
therapeutic mentioned in earlier sections. In this work, high-concentration
aqueous silk was injected through a spinneret onto a polymer-coated metallic rod,
where it was shaped into a thin rod, removed, loaded with powder drug, and
closed with a capping layer of silk. These fiber-spun loaded rods demonstrated
release of Anastrozole at a near-constant rate for over 30 days, and exhibited
successful implantation in an animal model.
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2.3.3 Processing and Fabrication of Monolithic Silk Materials
Recently, there has been interest in expanding the mechanical utility of
silk materials in order to develop refined, “complex” 3-dimensional structures.
This would expand silk’s utility towards more advanced orthopedic, tissue
engineering, and drug delivery applications. Through an all-aqueous transitory
process, concentrated silk can undergo gelation and subsequent solidification
through varying the pace of water removal from the system (Marelli et al, 2017).
This sol-gel-solid pathway enables the creation of solid silk monolith structures,
which exhibit extremely robust mechanical properties, are able to be fashioned
into various shapes such as screws (Li et al, 2016), and can be loaded with
thermosensitive materials or drug compounds to create functional systems. The
ability of these systems to retain multifunctional properties makes them especially
useful towards applications in drug delivery. Figure 4 provides an overview of the
macroscale and nanoscale processes that contribute to the formation of solid silk
structures from a starting concentrated solution.
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Figure 4 Macro- and Nano-scale visualizations of the sol-gel-solid process
resulting in monolithic silk material. Gels are formed through increased
association of silk polymer fragments into nanoparticles and nanomatricies
(center column, middle image), which upon further removal of free water
coalesce into ß-sheet-rich homogeneous regions (center column, bottom image)
that make up the macrostructure of silk monoliths. Borrowed from (Marelli et al,
2017).
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3. Objectives
Through this research we seek to simultaneously address several
shortcomings of current drug implant devices while also diversifying and
improving upon current manufacturing pathways available to create functional
silk materials.
With respect to drug implants, a host of devices currently in market are
made using PLLA / PLGA mixtures and variants as a starting material. Aside
from the organic solvent processing steps required to make the final implant
devices or implantable delivery systems, PLGA devices can suffer from inherent
limitations that can affect drug stability or the chemical equilibrium of the
implantation environment, restricting their overall applicability to a variety of
clinically-relevant therapeutics. Taking that into account, the ideal material for a
given drug implant system should be one that meets a high standard of
biodegradability (more specifically, bioresorbability), has the ability to be
processed in a manner that allows for varying degrees of charge and hydrophobic
interactions with active drug compounds, can stabilize those compounds prior to
release, and then release those compounds variably depending on the desired
therapeutic outcome. In this context, implants that don’t have the ability to
degrade predictably and naturally over time have reduced utility given that they
require secondary surgeries to remove from the patient and introduce the
possibility of postsurgical site infections.
Given that silk fibroin exhibits all of the characteristics mentioned above
ideal for sustained drug delivery, and has additional utility towards tissue
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engineering and material science applications, there is a constant need to
continuously develop new fabrication pathways for silk variants addressing one or
more of these areas of research. Often, when manufacturing popular types of
functional silk material (hydrogels, films fibers, tubes, micro-particles, monoliths,
fiber-spun mats, etc.), there is a tradeoff between the mechanical qualities of the
final material and the ability to engineer small-scale features, excluding cases that
require technical post processing steps and equipment. This issue is highlighted in
the case of solid “monolithic” silk materials, which exhibit robust mechanical
properties but require specific and variable process alterations to render
“complex” functional 3-dimensional structures. Machining raw blocks of solid
silk to construct functional devices wastes both material and time and energy of
the researcher. Taking these items into account, we seek to achieve three specific
goals through this research:

•

Create a simple, reproducible process for additive manufacturing of
“complex” 3-dimensional silk monolithic materials, overcoming the
throughput and utility limitations of other approaches such as machining,
fiber spinning, and 3D printing.

•

Characterize the physical, chemical and mechanical properties of systems
resulting from this additive fabrication process.

•

Pursue a specific demonstration of system utility in the form of a
bioresorbable zero-order release drug implant, and design the system to
reproducibly release two drugs, Letrozole and Rifampicin, in a clinicallyrelevant context.
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4. Methods and Materials
The experimental processes outlined in this section were rationalized and
carried out in a defined order relevant to the design of implantable drug delivery
systems. First, two drugs, Rifampicin and Letrozole, chosen due to the fact that
they have clinical potential as sustained release candidates, were vetted in terms
of how they interact with silk fibroin to ensure the possibility of controlled
released based on their ability to bind and release from silk films. In parallel, two
distinct fabrication processes were developed for creating “complex” hollow solid
silk materials that meet the definition of thin-walled cylinders, a common
geometry of drug implants also relevant in areas of materials research outside
drug delivery. The AP-SDR variants underwent further characterization in terms
of their swelling time course, a relevant metric when considering how initial burst
release of drug will transition into sustained and predictable long-term release in
vivo. They were also observed microscopically to quantify their reproducibility
and morphology with micron-scale precision as compared to previously-generated
machined hollow solid silk materials. Next, a standardized spectroscopic method
for silk protein was employed to gather information on the secondary protein
composition of the AP-SDR systems given that different conformations of
secondary silk structures directly affect material properties of silk materials as
well as their ability to release certain drugs in a sustained manner. SP-SDRs
ascertained via the alternate solvent-processing fabrication pathway were
compared to AP-SDRs in terms of how they perform under static and cyclic
compression, which imposed circumferential loads on both system types often
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experienced by implanted systems in vivo. Finally, AP-SDRs were loaded with
both drugs and underwent release in vitro for a period of 30 days to test whether
the systems could maintain near-constant release of both drugs at levels
approaching clinical relevance. Taken as a whole, the results of these experiments
serve as a starting point for future investigation into these specific fabrication
pathways, in addition to additional experimentation with SDRs in animal models.
In this manner, these solid silk materials have the potential to inform development
of market-ready silk delivery devices for sustained therapeutic release.

4.1 Preparation of Regenerated Silk Fibroin Solution
Purified solutions of silk fibroin protein were prepared from cocoons of
the Bombyx mori silkworm according to well-established methods (Vepari and
Kaplan, 2007). Figure 5 highlights the main processing steps to attain 4% w/v silk
solution from raw cocoons (Rockwood et al, 2011). Raw B. mori cocoons (Tajima
Shoji Co., LTD, Yokohama, Japan) were manually cut into ~5 cm2 pieces and
boiled in 10.0 g (2.5 g/L) increments for 60 minutes in a 0.02 M solution of
sodium carbonate (Sigma-Aldrich, St. Louis, MO) to remove sericin, the outer
glue-like protein that solidifies the structure of the native silk cocoon. Following a
three-step rinsing process in deionized (DI) water, the newly de-gummed silk
fiber mats were dried overnight in a fume hood, and then dissolved in a 9.3 M
solution of lithium bromide (Sigma-Aldrich, St. Louis MO). This protein –
chaotropic salt solution was incubated at 60 ˚C for 4 hours to allow for physical
breakdown of the silk fibers, resulting in a ~20% w/v solution. This protein – salt
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solution was then placed in a closed volume of dialysis tubing (Fisher Scientific,
Hampton, NH), comprised of a 28 µm thick semipermeable membrane of
regenerated cellulose, and dialyzed against a set volume of DI water for 48hr with
frequent water changes. The resulting purified fibroin solution had a
concentration of 5-6% w/v, which was centrifuged in two 20-minute increments at
9000 rpm and then stored for repeated use at 4 ˚C.
Concentrated silk solutions were made from this stock concentration in the
following manner. Known volumes of 5-6% solution were concentrated in
dialysis tubing hung in the fume hood to between 11-12% w/v. This semiconcentrated solution was then parsed into 2mL Eppendorf tubes (Sigma-Aldrich,
St. Louis MO) and concentrated to 22-23% using a Centrivap concentrator
(Labconco, Kansas City, MO) operating at 20 Hz, 55 ˚C and connected to a 0.12
kW vacuum pump (Gast Manufacturing, Benton Harbor, MI). This concentrated
stock solution was used incrementally within a period of 1-2 weeks stored at 4 ˚C.
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Figure 5 Standard methodology for obtaining purified 4% w/v silk fibroin from
raw cocoons. Two important diversions from this process employed for this
research include boiling times of 60 min rather than 30 min, and using dialysis
tubing in place of dialysis cassettes due to the high volume of silk solution
processed. Borrowed from (Rockwood et al, 2011).
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4.2 Drug Binding and Release Studies
Before moving to full-scale release from SDR systems it was critical to get
a sense of how each drug would interact with lower-concentration silk films. If
either drug were to bind too heavily to the films that would limit their utility in
release from higher-concentration solid silks (as the higher mass of silk would
result in even higher levels of mass binding, reducing the amount of drug actually
available for release). Thus, kinetic binding and release experiments were carried
out as a standard vetting process for these drugs to justify scaling up their mass
loading in the SDRs.

4.2.1 Preparation of Silk Fibroin Films
Water-stable silk films were prepared from 4% w/v stock silk solution.
Films were cast in 100 µL solution aliquots on 4 cm2 blocks of
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Corp. Midland, MI)
and allowed to cure for 12 hr. The dried films (4 mg) then underwent a post
processing water-annealing treatment for 6 hr, increasing the crystalline character
of the films and rendering them water-stable (Lawrence et al, 2008).

4.2.2 Preparation of Drug Standards
UV-vis absorbance standard curves for both Letrozole (LET) and
Rifampicin (RIF) were generated in both DI water and 1x phosphate buffered
saline (Life Technologies, Grand Island NY) in the following manner. Serial
dilutions of stock solutions (100 – 117 µg/mL) were prepared and absorbance
maxima for both drugs in both solvents were identified via a spectrum scan using
a UV-vis spectrophotometer (SpectraMax M2 spectrophotometer; Molecular
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Devices, Sunnyvale, CA) over a wavelength range 200 < λ < 800 nanometers. All
absorbance sample measurements were performed in UV-transparent 96-well
plates using 200 μL media. The resulting absorbance maxima generated for LET
(240nm) and RIF (475nm) in both solvents matched well with previously reported
standards (Benetton et al, 1998; Acharjya et al, 2010), and are shown in Appendix
I. Standard curves then generated using these peak absorbance values had an
observed linear range of < 1 µg/mL – 120 µg/mL and were similar to one another.
One potential source of error in calculating binding and released mass
quantification via UV-vis spectroscopy is the potential for silk autoflourescence
over the absorbance spectrum of Letrozole, however this proved to be
insignificant and was accounted for by using positive blank samples of silk films
immersed in binding and release media containing no drug and subtracting any
basal absorbance above baseline. This approach was also used for the full-scale in
vitro release of LET from AP-SDRs.

4.2.3 Kinetic Binding of LET and RIF to Silk Fibroin Films
Kinetic binding of both drugs of interest took place over 120 hr using DI
water as the binding media. This was done to prevent any unwanted competitive
binding of ionic species in 1x PBS at exposed charged domains present along the
fibroin polymer chain superstructure. 1 mL aliquots of stock solution of LET (117
µg/mL) and RIF (111 µg/mL) served as the baseline binding media, and binding
groups were comprised of n = 6 silk films per drug. Adsorption took place at 37
˚C with intermittent time points taken at 1, 5, 24 and 120 hr. At each time point
drug concentration in the binding media was attained using the absorbance
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standards referenced in section 4.2.2. After time points were taken the samples
used were placed back into the binding media. Binding took place in 2 mL
Eppendorf tubes undergoing constant agitation using a 2-D rotary shaker
operating at 100 rpm. The mass of total bound drug (Mb(t)) at each time point was
calculated using Equation 1 below, borrowed from (Coburn et al, 2015):

Eq. 1

Mb(t) = (Do – D(t)) x V

Where Do, D(t) and V are starting concentration of drug solution, time point
concentration of drug solution, and volume of drug solution respectively.

4.2.4 Kinetic Release of Bound Drug from Silk Fibroin Films
Release of drug mass bound to silk films was carried out over 120 hr at 37
˚C using the same experimental setup as described in 4.2.3 save that the release
media was changed from DI water to 1x PBS (pH 7.4). At each time point the
release media was replaced with new fresh media, providing appropriate sink
conditions to ensure maximal release of bound drug.

4.2.5 Statistical Methods for Silk Film Binding and Release
Both kinetic binding and release experiments took place using two
independent subgroups (n = 3 films / drug) of the full experimental set. Statistical
tests were performed on the combined data. Statistical significance of differences
in LET, RIF binding and release characteristics was determined using a student’s
t-test via MATLAB software (Natick, MA) for the two total n = 6 experimental
groups of the two drugs. Data are expressed as mean ± standard deviation (SD),
and SD calculations are additionally represented using error bars in binding and
release figures. Significance was determined for p values < 0.05.
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4.3 Fabrication of Monolithic Silk Drug Reservoirs
4.3.1 Mold Fabrication and Preparation
Molds for fabrication of monolithic silk drug reservoirs (SDRs) were
designed to create reproducible systems with structural profiles that required only
a minimal amount of silk to produce. An additive approach to fabrication was
employed to surpass the machine limit of monolithic silk (World Patent No.
WO2017015387 A1, 2017). Molds consisted of two parts, a machined inner wax
insert and an outer polystyrene sheath. The wax insert was machined from a
starting wax block (Machinable Wax, Inc., Traverse City, MI), using an A Trak
DPM SX3 3-axis bed mill (Southwestern Industries, Shrewsbury, MA). The
inserts were 14.0 mm in height, with a minor diameter of 3.00 mm and a major
diameter of 4.73 mm. The polystyrene sheaths were blade cut as open-end
segments from 3 mL syringes (BD, Franklin Lakes, NJ). Both the wax inserts and
accompanying polystyrene sheaths were soaked in a dilute (<1 mM) MeOH
solution and then subsequently washed in DI water. The wax inserts were then
allowed to dry overnight, after which a hydrophobic food-grade mold release
coating (CRC Industries, Horseham, PA) was applied as an aerosol spray to each
insert for 2-3 seconds (CRC Industries, 2017). Drying took place within minutes,
after which the wax inserts were placed into the polystyrene sheaths. The major
diameter of the inserts allowed for a seamless seal against the sidewalls of the
sheath. Before filling the mold with silk solution, air was sprayed into the molds
to ensure there were no small pieces of waste machined wax or water droplets.
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4.3.2 Fabrication of SDRs via All-Aqueous Processing
Figure 6 describes the complete fabrication of silk systems derived via an
all-aqueous process (AP-SDRs). Concentrated (22-23% w/v) silk fibroin solution
was warmed to room temperature and injected into prepared molds using a 22G
needle affixed to a 3-mL syringe (BD, Franklin Lakes, NJ). Solution was cast
radially around the inner 3.0 mm wax axis so as not to create any air pockets and
filled approximately 2 mm past the terminus of the wax insert for a total fill
volume of ~200 µL. Filled molds were then closed to the air with parafilm tape
(Bemis NA, Neenah, WI). After closing, the silk solution in the filled mold was
allowed to undergo a sol-gel transition (Matsumoto et al, 2006) over the course of
7-10 days, enjoying closed conditions held at near-constant temperature (25 ˚C).
After the sol-gel process was complete, shaped silk gels were removed from their
polystyrene sheaths and allowed to cure in open air at ~30% residual humidity
(Figure 7a), chosen based on prior experimentation with monolithic silk materials
(Marelli et al, 2017), for t = 8 hr, until the water content of the near-solidified silk
structures was between 6-8% of system mass. These near-solid silk structures
were then placed, still on the inserts, in a DI water bath to soak with subtle
agitation for t = 12 hr. Upon removal from the water bath, the now swollen
systems were removed from the wax inserts and placed to dry on a curved
polystyrene surface in open-air conditions for t = 8-10 hr (Figure 7c-e). During
the drying process the systems solidified completely into hollow, glassy solids
and their water content was reduced to below 5% system mass. At this point,
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these contiguous silk monolith structures could be functionalized as SDRs (Figure
8).
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Figure 6 The full fabrication process of AP-SDRs. A] wax inserts are milled from
stock wax blocks and B] sprayed with hydrophobic food grade mold release. C]
~200µL of concentrated (22-23% w/v) silk solution is injected using a 22G
syringe needle. The mold is closed to the air, and D] the solution undergoes a solgel transition over 7-10 days. E] The gelled silk-insert system is removed from
the polystyrene sheath and cured in the open air under ambient conditions (25˚C,
30% residual humidity) for t = 8hr to dry and shape itself on the coated wax
insert. F] Near-dry systems (residual water content ~6-8% by mass) are placed in
a stirred DI water bath for t = 12hr. G] Soaked systems are removed from the
water bath, taken off the wax insert, and set to cure on a curved polystyrene
surface for 8-10hr. As residual water content falls below 5% mass, the systems
are considered to be fully cured. H] Cured system are loaded with powdered drug.
I] Loaded systems are capped with a small volume of aqueous silk, which cures
and closes the system, rendering it ready for release.

33

Figure 7 Several key steps of SDR fabrication. Gelled systems are allowed to
dry in open air until nearly solid (a), then are subsequently removed from their
wax inserts (b) and set to cure on curved slabs of polystyrene (c-e). Top scale
bars = 10 mm, bottom scale bars = 4 mm.

34

Figure 8 A fully-cured AP-SDR is shown next to its hydrated counterpart (a).
Top-down (b) and profile (c) views of a fully cured AP-SDR system. All scale
bars = 3 mm.
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4.3.3 Fabrication of SDRs via Solvent Processing
An alternate fabrication method for SDRs was explored using 1Mmethanol (MeOH) solution as a curing agent, with the idea that these systems
would exhibit distinct mechanical properties from their all-aqueous process
counterparts. This curing process was much faster given methanol’s ability to
rapidly induce ß-sheet formation in silk materials (Lu et al, 2010) a process that
when applied to concentrated silk solution causes gelation to occur.
Thus, SDRs were fabricated via solvent processing (SP-SDRs) using the
same mold and injection processes as AP-SDR systems (Table 5). Once the molds
were filled with concentrated silk solution they were placed upright in 2.0 mL
Eppendorf tubes. MeOH solution (1.0 M) was injected around the polystyrene
sheath and allowed to fill the tube up to the lip of the exposed top of the sheath.
Slowly, more solution was added to the container, at which time the MeOH
spilled into the top of the open sheath, making contact with the silk solution. The
denser silk solution in the mold remained submerged in the methanol bath, and
over a period of 1-2 hr the solvent front of the methanol made its way down the
length of the aqueous silk, causing it to undergo gelation. The now-gelled systems
on the inserts were then soaked in a water bath for t = 12 hr to remove any
methanol under constant stirring and DI replacement, after which they were air
dried in the same manner as the passively cured systems to a marginal residual
water content. These semi-dry reservoirs were then soaked in DI once again for
12 hr, then pulled off the wax inserts and set to cure into a solid on curved
polystyrene segments.

36

Table 5 Similarities and differences between the fabrication processes used to
generate two types of SDR systems.
Process Step
Mold construction

Addition of silk solution

Organic Solvent
Sol-gel transition –
process

AP-SDRs
Machined wax insert
placed into outer
polystyrene sheath
segment
23% w/v concentrated
silk solution injected into
mold using 22G needle
N/A
Static process: closed-air
sol-gel transition shaped
by mold architecture

Sol-gel transition – timing 7 – 10 days
Wash of gelled systems
N/A

1˚ Drying of gelled
systems
Soak of semi-dry systems

2˚ Drying of gelled
systems
Abbreviation KEY

SP-SDRs
Machined wax insert
placed into outer
polystyrene sheath
segment
23% w/v concentrated
silk solution injected into
mold using 22G needle
1M MeOH solution
Solvent-based process:
1M MeOH solution
poured around open-top
filled mold resulted in
top-down axial gelation
of silk solution around
the mold
1 – 2 hours
12 – 24 hr DI wash of
gelled SDRs under
constant stirring to
remove MeOH
8hr open-air drying to 6 –
8% residual water
content by mass
12hr soak in DI water
bath under gentle
agitation
Cured to solid form on
curved cut segments of
polystyrene

8hr open-air drying to 6
– 8% residual water
content by mass
12hr soak in DI water
bath under gentle
agitation
Cured to solid form on
curved cut segments of
polystyrene
22G: 22-Gauge
w/v: weight per volume
SDR: silk drug reservoir
Sol-gel: solution-gel phase transition
DI: Deionized water
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4.4 Imaging & Image Analysis of Monolithic SDRs
4.4.1 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) images of SDR systems were taken
using a Field Emission SEM Ultra55 (Zeiss, Oberkochen, Germany). Images were
taken of unloaded and uncapped systems to capture both the micro-morphology of
the crystalline monolith surface as well as to characterize the reproducibility of
system fabrication. Image analysis was performed using ImageJ software
(National Institute of Health, Rockville, MD). The image analysis processes
performed served to quantify the proportional consistency of system thickness
(∆T) in addition to variability in average thickness (T) across several AP-SDRs.
Both of these measurements were ascertained in a similar manner.

4.4.2 ImageJ Analysis and Metrics
Raw SEM images were imported into ImageJ software and a sizing scale
was applied to normalize the dimensions of the imaging windows of the distinct
systems. To calculate ∆T, perpendicular measuring lines were traced at six points
around the circumference of systems (n = 3), measuring the perpendicular
distance between the inner and outer diameters of the SDRs. These six singlesystem measurements were averaged together and the percent error of each
individual measurement off the average was calculated, giving average ∆T as a
percent. This single-system statistic was then averaged across the n = 3 systems.
Similarly, cross-system variability in thickness T was calculated from comparing
the average of 6-point thickness calculations for individual SDRs. In this manner,
T macroscopically defined the reproducibility of the SDR fabrication process,
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whereas ∆T defined how closely each individual system came to describing the
ideal architecture of a thin-walled cylinder, one of several design architectures
often employed for biological implant systems. Figure 9 visually explains the
meaning and calculations of T and ∆T. Here, any uncertainly in measurements
gathered from this line-tracing approach would be the result of differences in
height of the reservoir surface, given that this approach assumes the imaging
plane is perfectly parallel to the top (open) cross-sectional surface of the
reservoirs. However, this uncertainly would be extremely minimal given that the
open surface of the implant was molded at the interface of the minor and major
diameters of the CNC-milled wax inserts. CNC-milling of the wax is an
extremely precise process to the order of a few microns, which would thus create
an extremely flat mirror surface on the silk reservoirs themselves.
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Figure 9 Methods of image analysis in ImageJ software. n = 3 SDRs were chosen
randomly and 6 measurements were taken of the perpendicular thickness of their
sidewalls. The average error of those measured values off the average thickness of
each sample were calculated, and then averaged together to attain the final ∆T
value. Similarly, the three average absolute thickness measurements were
averaged together to attain the final absolute average thickness T.

4.5 Swelling Kinetics of Monolithic SDRs
Quantifying the solvation of a polymer-based drug implant is necessary
for understanding how the initial phase of drug release will proceed – systems that
hydrate to equilibrium rapidly provide a steady length of polymer through with
the encapsulated drug needs to move, which allows release to reach a steady-state
phase more quickly. This is desirable given that we want to minimize unwanted
variability of drug release for any sustained release implant that is to be clinically
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effective. The swell ratio q(t) of monolithic SDRs was calculated using Equation
2, borrowed from (Yucel et al, 2014; Karve et al, 2011):
( )=

( )

Eq. 2

Here Mh(t) is the hydrated mass of the system as a function of time, which when
divided by the original dry mass Md of the system gives the swell ratio. The
swelling kinetics of polymer systems as related to drug implants helps
characterize the ability of these systems to equilibrate in an aqueous environment,
surpass a “burst” phase of boundary drug immersed in the polymer matrix (if the
system is bulk loaded), and move into a steady-state phase of drug delivery. Here,
n = 3 AP-SDRs were weighed using a Mettler AT20 precision microbalance
(Mettler Toledo Solutions, Billerica MA), then immersed in 1.0mL of 1x PBS
solution, and weighed at defined time points of 1, 2, 4, 10, 24, 36, and 48hr to
ascertain the time-dependent swell ratio of the systems.
Similarly, the equilibrium water uptake of systems was calculated from
the endpoint values of the kinetic swelling data via Equation 3, borrowed from
(Karve et al, 2014):
%

=

∗ 100

Eq. 3

Where Mh is now the equilibrium mass of the swollen systems and % H is defined
as the percent hydration of the swollen SDRs.
Two possible sources of uncertainty for measurements of hydrated SDR
mass include the evaporation of water from the systems during the time between
removal from the hydrated environment and equilibration on the microbalance, as
well as the microbalance precision itself. The former was overcome by leaving
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the systems soaking right up to the point where they were prepared to be weighed,
and then using a blotting technique to remove excess water from the surface and
hollow inner section of the systems. Conservatively speaking, the microbalance
used is rated for accuracy down to 1.0 mg which would be < 3% of the dry system
weight, so any uncertainty resulting from using this technique would be minimal.

4.6 Protease Degradation of Monolithic SDRs
Protease XIV degradation of SDRs was carried out using established
methods concerning physical degradation of silk fibroin materials (Lu et al,
2011). AP-SDR systems of known dry mass (36 ± 5 mg) were hydrated to
equilibrium water uptake, weighted once more, then subsequently incubated at 37
˚C in either a 1.0 mL control solution (n = 3) of 1x PBS, or an experimental
solution (n = 3) of 2.0U U/mL Protease XIV (Sigma Aldrich, St. Louis, MO). At
defined time points over the course of a 30-day period, systems were removed
from solution, weighed and replaced. Degradation data were reported as average
± standard deviation for the n = 3 systems across the two groups.

4.7 Structural Analysis of Monolithic SDRs
Fourier Transform Infrared Spectroscopy is a standard tool for acquiring
raw spectroscopic data that can then be used to quantify different conformations
of secondary structure existing in a protein. This is done through a mathematical
process called Fourier Self-Deconvolution, detailed below in section 4.7.2. This
process was leveraged in this research as a means to compare the protein
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conformations of AP-SDRs to previously-generated solid silk systems.
Specifically, the presence of Beta-sheet and Beta-turn conformations could be
used as a partial explanation of any differences in mechanical properties of these
systems as compared to solid silks made previously using this sol-gel-solid
fabrication approach (Marelli et al, 2017).

4.7.1 Fourier Transform Infrared Spectroscopy (FTIR)
Analysis of silk protein secondary structure of reservoir systems was
carried out using a Fourier Transform Infrared Spectrophotometer (Alpha-Eco
FT-IR, Bruker, Billerica, MA) in the reflectance regime using a Zn-Selenide
(ZnSe) Attenuated Total Reflectance (ATR) setup. A group of n = 6 AP-SDRs
were examined, with each sample spectrum being the Fourier transform of 128
scans (at 4cm-1 resolution) across a wavenumber range of 4-4000 cm-1. These raw
spectrums were then analyzed to quantify the contribution of various structural
conformations of silk protein within the SDRs. It’s important to note that the
individual SDR specimens represent a source of uncertainty for this mechanism of
analysis. The flat bases of molded SDRs were separated from the hollow
cylindrical section of the system and selected as the system component best suited
for analysis. This was to ensure uniform adherence of the ZnSe crystal to the flat
reservoir bases. The uncertainty in this approach stems from the potential for
different curing patterns (i.e. local differences in density) of the silk in the SDR
mold to arise during the gel-solid transition. Ensuring consistency of silk
concentration during processing and molding worked to address this uncertainty.
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4.7.2 Fourier Self-Deconvolution (FSD)
An established FSD process for quantifying contribution of different silk
protein conformations across the amide I (1590-1710 cm-1) region for silk
materials was used to further characterize the structure of monolithic SDRs (Hu et
al, 2006). The starting FTIR-ATR spectral data were analyzed using OPUS 5.0
software (Bruker, Billerica, MA). To begin, raw spectra were smoothed using a
nine-point smoothing filter (Savitsky-Golay). These smoothed curves then
underwent a baseline correction excluding carbon-dioxide (CO2) peaks, after
which a Fourier Self-Deconvolution (FSD) was performed over the amide I
region (Lorentzian line shape having a half-bandwidth of 25 cm-1 and a noise
reduction factor of 0.3). Spectra were then cut over the desired wavenumber range
and curve fit using Gaussian line shapes to generate 12 curves covering the
relevant deconvoluted peaks of the cut spectra. The area under these curves was
used to quantify the weighted contributions of different silk chain conformations
as related to their known positions within the amide I region. The generation of
these curves represents another source of uncertainty using this approach given
that it is up to the researcher to accurately place the correct number of curves
across the smoothed amide I spectrum. However, spreading this error across five
systems mitigates this uncertainty, an approach used in previous calculations of
secondary fibroin protein composition. Table 6 details how peaks falling over
different wavenumber ranges within the amide I region had their areas ascribed to
a specific protein conformation. The areas were normalized as percent
contribution over the area of the entire deconvoluted spectrum.
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Table 6 Wavenumber ranges in the amide I region associated with distinct silk
protein conformations (Yucel et al, 2014; Hu et al, 2006).
Peak Ranges (cm-1)
Conformation Assignment
ß-sheet
1610 – 1635
1696 - 1705
Random Coil
1640 – 1650
α-helix
1650 – 1660
ß-turn
1661 – 1695
Side-chain
1595 – 1609

4.8 Mechanical Testing of Monolithic SDRs
Compressive testing of both SDR variants was carried out in order to
compare the Young’s modulus of these unloaded systems to those values known
for different types of tissue. It is desirable for drug implants to match the
mechanical properties of their local tissue environment, as that reduces the risk of
unwanted immune responses that can affect rate of release (Reid et al, 2015).
More generally, understanding the mechanical limits of solid silk materials
provides insight as to how these systems may be tuned or leveraged for purposes
other than drug delivery. To this end, we tested the compliance of both SDR
variants to understand how they elastically responded to cyclical compression, a
process routinely used in tissue engineering to understand how materials may be
leveraged as vascular or muscular grafts (Huang and Niklason, 2014).

4.8.1 Static Compression Testing of SDR systems
Static compression testing was performed on both AP-SDRs and SP-SDRs
to highlight any differences in mechanical properties of the systems, and compare
them to similar properties of other silk material formats and biological tissues.
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Compression testing was carried out using an Instron 3366 test frame setup with a
100 N load cell. Testing was performed via BlueHill 3 software (Intstron,
Norwood MA) in the compression regime. Raw data gathered included extension
(mm) and load (N), which were converted to a measurement of Young’s modulus
calculated over the linear strain region. SDR systems underwent a circumferential
(transverse) compressive stress response rather than an axial response given how
they would likely experience compressive stress in an in vivo setting, and based
on where the systems were likely to fail; the SDRs are “non-slender” objects,
noticeably stouter than several current compliant implantable systems on the
market. Hence, failure based on a loading scenario such as a 3-point bending test
was deemed secondary to failure based on transverse compression. Figure 10
illustrates the experimental setup for both static and cyclic mechanical testing. For
the static tests, systems were compressed at a rate of 1mm / min, with n = 5
systems tested for both AP- and SP-SDRs. All mechanical testing took place on
SDRs that had been hydrated to equilibrium in 1x PBS buffer.
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Figure 10 Mechanical setup for compressive testing of hydrated AP- and SPSDRs. This setup was carried out under both static and dynamic (cyclic)
testing conditions for n = 5 of each system type. Scale bar = 5.0 mm

An equation for Young’s modulus was derived using a specific definition of
compressive strain and local bending forces applied to thin-walled cylinders
(Timoshenko and Woinowsky-Krieger, 1959). While both SDR variants had
measured wall thicknesses h slightly larger than one tenth of the swollen radius r
(h/r = 0.120), this derivation off the thin-walled assumption was deemed to be the
most accurate given the geometry of the systems and the compression regime.
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Here, a specific expression describing the vertical shortening of the cylindrical
shell diameter ∂ due to a transverse distributed compressive force P is defined as:

= 0.149

!"

Eq. 4

#$%

Where a is the radius of the middle surface of the shell, 2l is the axial length of
the cylinder, and D is the flexural rigidity, relating to the bending moment of the
material due to compression. D is defined as:
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'("

Eq. 5
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E is the Young’s Modulus of the material and ν is Poisson’s ratio, which when
taken to be ~0.5 as for most incompressible materials simplifies this expression,
which can be rearranged and plugged into Eq. 4 to solve for E(a,h,l,dP/d∂) as in:

, = 1.341
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Eq. 6
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In the static compression regime, the main source of uncertainty in measurement
would stem from a changing stress response during the time of compression due
to a slow dehydration of the reservoirs (given that they are put under compressive
load in the open air). However, if this was significantly affecting results there
would have been a cracking of the systems as they harden, which would have
resulted in very inconsistent linear strain regions for the five systems tested. This
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was not the case as documented in section 5.6.1. The same holds true for cyclical
compression.

4.8.2 Dynamic (Cyclic) Compression Testing of SDR Systems
Dynamic compression testing was carried out under the same
experimental setup described in section 4.8.1, and the testing regime was chosen
as a simple way to mimic compressive loads often experienced by implantable
systems in native soft tissue. 5 hydrated SDR replicants of each fabrication type
underwent cyclic loading for n = 10 cycles at a frequency of 12.5 mHz up to a
strain percentage of 17.5%. This value was chosen as it pushed the boundary of
the linear strain region as ascertained from static testing.

4.8.3 Statistical Methods for Mechanical Testing of SDRs
A comparison of moduli of the two SDR types calculated from static compression
data was carried out using a Student’s T-Test in MATLAB software. Significance
was considered for p values < 0.05. Similarly, a comparison of maximum load
during cyclical loading of the two fabrication types was carried out in a similar
manner looking at the load value after the 0.5 cycle mark.

4.9 in vitro Drug Release from AP-SDRs
4.9.1 Loading of AP-SDRs
AP-SDRs were directly loaded with raw powder of the two drugs of
interest, LET and RIF, as illustrated in Figure 11. A low-gauge syringe tip was
used as a funnel to fill the systems with drug powder, a process done in the
chemical fume hood while adhering to the safety precautions outlined in the
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safety data sheets for handling each individual drug. Both fabrication processes
used to derive the SDRs gave systems that are closed on one end and open on the
other. Therefore, after powder drug was loaded into each system, the drug was
packed down so as to achieve relatively constant drug loading masses along the
length of the reservoirs. After packing, the systems were closed by applying a
standard volume (~200 uL) of concentrated 23% silk solution to the open end of
the system. Loaded and capped SDRs were dried overnight and weighed; this
total weight was subtracted from the weight of the unloaded systems plus the dry
weight of the “capping” silk solution to attain the mass loading of each individual
system. The capping solution, once dried, created a seal between the open end of
the SDR and the encased powder reservoir. This sealing layer lasted throughout
the entire in vitro release process and did not degrade or separate from the main
system body (Figure 11A) Table 7 defines the average and variation in loading
weights for LET and RIF across the n = 9 systems (per drug) for which release
data was gathered.

Table 7 Mass loading data for AP-SDRs used in the release characterization study
(n = 9 SDRs per drug compound group).
Drug
LET
RIF

Mass Loading (mg)
29.80 ± 2.38
32.08 ± 4.51
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Figure 11 A capped AP-SDR loaded with RIF and ready for in vitro release.
A) The silk capping layer B) the RIF drug powder packed into the hollow
cavity of the system C) The sidewalls of the SDR, which act as a diffusion
barrier during release D) The closed bottom of the system, a result of the
fabrication process. Scale bar = 5.0 mm

4.9.2 in-vitro Release of AP-SDRs
Release of RIF- and LET-loaded SDR systems was carried out over a
period of 30 days, chosen as a minimal time window to justify implantation of a
drug release device versus an oral regimen. Loaded systems were immersed in 1.0
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mL of 1x PBS and kept incubated at 37 ˚C, undergoing constant agitation as with
film kinetic binding and release studies (see sections 4.2.3 and 4.2.4). At defined
time points occurring roughly every 24-36 hours samples were taken of the
release media and the released concentration of drug was quantified via UV-vis
absorbance spectroscopy. Over the first 12 hours samples were taken at 1hr, 2hr,
4hr, and 6hr time points to account for a preliminary “burst” release phase. Drug
released during this initial phase was not included in final data used to model the
release mechanism. Film blank and unloaded SDR blanks were used, in addition
to release media blanks, to remove any background signal generated by silk autofluorescence (as with film studies). After each time point, SDR systems were
placed in fresh release media so as to ensure sink conditions throughout the
duration of release. At the end of the 30-day release period, all SDR systems
were recovered, dried, and re-weighed in order to provide a physical measurement
of drug released based on loading mass data (see section 4.9.1) to be compared to
mass release data ascertained via spectroscopic methods. These two approaches
yielded values for cumulative mass release of both drugs that were well within
20% of one another.

4.9.3 Release Characterization & Model
Release profiles of AP-SDRs releasing both RIF and LET were
ascertained looking at both cumulative release data and daily release rate data.
Daily release rate was calculated by normalizing the amount of drug released by
dividing the hourly inter-sampling period by 24 hr so as to obtain values for mass
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released per day. Specifically, release profiles were analyzed using a commonly
applied controlled release model first obtained by Ritger and Peppas (Ritger and
Peppas, 1987). This simple model defines diffusion kinetics from swellable
systems, defined in general by equation 7:

/
0

=1

2

Eq. 7

Here, the left-hand side is the time-dependent fraction of drug released
from the system, k is the rate constant and n is the diffusion exponent that
describes the release kinetics and t is time. Taking the natural logarithm of both
sides of Equation 7 yields a linear version of the equation to which in vitro release
data was fit (Siddiqua et al, 2014) :
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In accordance with the model, plots of ln(

/
0

Eq. 8

) vs. ln(t) were generated, with the

slope of the line giving the diffusion exponent n. Values for n were averaged
across all systems in a given release class (RIF, LET), and used to define the
release mechanism along with the R2 statistic for the model, used to judge
goodness of fit. The release mechanism as defined by n vary from diffusion-based
release (n = 0.5), complex / amorphous release (0.5 < n < 1) to zero-order
(constant) release as n approaches 1. The limitations of the model include the
necessity to apply it only after the “burst” phase of release has been completed, as
well as the fact that it should only be applied to the first 60% of all cumulative
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mass to be released from the system (Hines and Kaplan, 2011) given that
competing release mechanisms can affect data truncated at both the beginning and
end of the release process. Furthermore, it’s important to note that this model does
not take into account the complex thin-walled cylindrical geometry of the release
systems (as would be relevant to make explicit inferences as to how the system
would release in vivo, such as approximating release rate for a model of a tissue
region of a specific density having a specific surface area of perfusion). Rather,
given that the geometry was held constant for all SDRs, this generalized model is
applied simply to understand relative quantitative differences that may exist in the
release profiles of both drugs from the SDRs and confirm that the release rate
from the system is indeed constant over the 30-day release window.

4.9.4 Partition Coefficient and Target Release Rate
The partition coefficient kd is a useful metric that helps define drug distribution
between a swellable polymeric release material (in this case the AP-SDRs) and
the surrounding solvent. Kd values greater than 1 indicate higher solubility of a
drug species within the polymeric vehicle, a result of a stronger degree of
interaction between the drug and the drug vehicle (Coburn et al, 2015; Seib and
Kaplan, 2015). Here, the partition coefficients for RIF and LET were calculated
as a comparison of their respective drug distributions between the SDR systems
and the surrounding 1x PBS solvent. AP-SDRs were incubated in triplicate in 1.0
mL of 111µg / mL solutions of LET and RIF, with a blank sample of each
concentrated drug solution used as a blank to ensure no drug bound to the
sidewalls of the Eppendorf tubes. Samples were collected from the binding drug
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solutions until apparent equilibrium was achieved, and then the partition
coefficients of each drug were calculated using equation 9 borrowed from (Yucel
et al, 2014; Karve et al, 2011):
1- =

:;

:;<;
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Eq. 9

Where Vs is the solution volume, Vsys is the volume of the SDR, CB is the
equilibrium concentration of the blank drug sample, and Csys is the equilibrium
concentration of the SDR samples incubated in the drug solution.
Finally, as a benchmark calculation, a steady-state target release rate of
LET, R, was calculated using a continuous infusion, one-compartment model
borrowed from (Yucel et al, 2014):
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Eq. 10

In this model, t1/2 is the terminal elimination half-life of the drug compound, V is
the volume of distribution, and Css is the steady-state blood plasma concentration
of drug. Taking standard values found in literature, R was calculated using t1/2, V
and Css values of 42 hr, 1.9 L/kg, and 128 nmol/L (Williams and Rahman, 1997),
giving a daily LET release rate of 1.65 mg / day, which for a 70 kg person implies
a 34% dose reduction could be expected in the case of zero-order LET release
from implanted SDR systems compared to the current 2.5 mg oral dose of Femara
tablets.
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4.9.5 Statistical Methods for Release Modeling
Values for the partition coefficient Kd for both drugs of interest were
calculated as mean ± standard deviation, and a student’s t-test was used to
compare Kd values for RIF and LET at the p < 0.05 significance level. Values for
the diffusion release exponent n were calculated for both drug compounds and
displayed as mean ± standard deviation.

5. Results and Discussion
5.1 Drug Binding and Release from Silk Films
5.1.1 Kinetic Drug Binding Analysis on Silk Films
Kinetic binding studies of both drug compounds were carried out in
controlled release vessels containing known concentrations of RIF, and LET and
4% w/v water-stable silk films. Over the 120 hr binding window, only a minimal
amount of LET suspended in binding media was observed to bind to (or, more
accurately based on the ionic character of LET at physiological pH, become
encased in) the silk film matrix (Figure 12), whereas roughly 20% of RIF initially
suspended in binding media was encased in the silk film as the kinetic binding
process moved towards equilibrium. These were interpreted as good results given
that an overly large proportion of each drug did not bind, meaning that there was
the potential for a majority of each drug to be available for release when loaded
into the full-scale SDR systems and not permanently bound within the silk
encapsulating layer.
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Indeed, at equilibrium the differences in mass binding / encapsulation of
the two drug compounds to the silk films were statistically significant at the p <<
0.01 level. Given a 4-mg silk fibroin film, RIF bound on average at a drug mass
ratio of 6.03 ± 0.64 µg/mg, while LET bound on average at 1.98 ± 0.55 µg/mg.
Equilibrium results for the silk film kinetic binding studies can be seen in Figure
13.

Figure 12 Time course of the kinetic binding process of LET (black) and RIF
(blue) drug compounds to 4% w/v silk films. The y axis indirectly quantifies
drug encapsulation in the film by quantifying the amount of drug remaining
suspended in solution over the binding time course.
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Figure 13 The endpoint mass binding of RIF (left) and LET (right) after the
expiration of the 120hr kinetic binding window. RIF bound far more than LET
(** indicates p << 0.01 level of significance).

These trends observed during the binding process can be explained at least
in part by the charged state of each drug compound at physiological pH.
Specifically, at pH 7.4 LET is largely deprotonated (pKa = 2.0 – 3.0), meaning it
would exhibit minimal charge interaction with anionic silk residues such as
tyrosine, thus preventing significant binding between the drug molecule and the
silk matrix (the isoelectric point of silk fibroin, pI, has been found to be 4.5
(Lammel et al, 2010), indicative of an overall negative charge at physiological
pH). On the other hand, RIF would exhibit enhanced charge interaction with silk
given its pKa = 7.0 – 8.0, as some of the molecular subunits would remain
protonated under the experimental conditions.
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5.1.2 Kinetic Release of drug compounds from silk films
The kinetic release process was rapid in the case of LET, and barely
discernable above baseline for RIF (Figure 14). The mass of LET encased in the
silk films during the kinetic binding time course was released almost immediately,
consistent with a loose binding interaction with the silk crystalline matrix. After
this quick burst release, virtually no LET was detected in the release media for the
duration of the 120 hr release window.
In contrast, almost none of the RIF that had bound to the silk films in the
binding study released over the measured time window. Spectroscopic data shows
a nominal amount, roughly 3 µg, released during the first 4 hours, after which a
controlled leak of ~0.5 µg released over the next 4 days. This sustained release
drip underlines the stronger binding interaction between RIF and the silk
crystalline matrix, and suggests that at the mass proportions of loaded drug in
solution and silk protein present in the films used for the study, the mass binding
of RIF to silk approached but did not reach its loading limit.
Taking into account the previously-mentioned charged state of each drug
molecule and that of the silk fibroin matrix under physiological conditions, the
minimal amount of RIF released compared to that which bound is not surprising –
the stronger charge interactions between the silk matrix and RIF would naturally
result in more drug mass bound per mass of silk, and that mass bound would
release less readily compared to LET, some minimal amount of which was
loosely encapsulated in the silk matrix, effectively soaking in drug solution during
the binding study. This marginal amount of trapped LET would then release
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immediately when presented with a strong diffusion gradient (as the films with
encapsulated LET were placed in fresh release media containing no additional
drug and no strong preventative binding interaction existed). These binding and
release trends are consistent with previous work investigating silk interactions
with charged drugs, where the more cationic drugs were found to exhibit more
robust binding to silk films, especially when those films were modified to have a
more anionic character (Coburn et al, 2015).
In this context, the minimal release of RIF from the films is useful when
considering transition to full-scale in vitro release given that the loose binding
interaction could play a role in slowing release, providing sustained release of
drug for a longer period over a system loaded with LET, which only has the
diffusion distance of the swollen silk layer to control the release rate.

60

Figure 14 The release time course of RIF (blue) and LET (black) from 4% w/v
silk films. Both compounds underwent a characteristic “burst” release during
the first 4hrs of the process, however a detectable amount of RIF remained
bound to the silk films over the release window, releasing basal levels of drug
throughout the experiment.

5.2 SDR Fabrication and Morphology / Image Analysis
Both the aqueous and solvent-processing approaches to SDR fabrication
proved to be successful, yielding reproducible systems that followed precise
morphology (Thickness variation ∆T within 15%), resolved micron-scale features
(Figure 15) that bested the quality of machined systems (World Patent No.
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WO2017015387 A1, 2017), and were reversibly swellable. All of these resulting
characteristics are generally more difficult to achieve for systems derived from
natural polymers versus synthetic polymers given the expansive library of
synthetic polymer variants. For both fabrication pathways, several processing
steps proved to be critical for successful and reproducible fabrication. First,
coating the CNC-milled wax inserts with hydrophobic food-grade mold release
proved to be essential for easy release of the hollow systems off of the central
wax rod segment following post-partial solidification soaking. Previous attempts
at all-aqueous fabrication with uncoated wax insert segments resulted in partial
cracking of a large percentage (> 50%) of systems upon removal. Similarly,
splitting the gel-solid transition into two steps with an intermediate soaking step
in DI water reduced the incidence of cracking by creating a more controlled
solidification process that allowed for water evaporation to take place more
slowly. The controlled evaporation of water content during both transitions vastly
improved reproducibility – in the three separate batches of AP-SDRs generated
that were used for mechanical, swelling surface characterization and release
testing, less than 15% of the systems cracked upon removal. This change in
process allowed solid silk monolith endcaps (Figure 16) to be generated as a
potential alternative to the drop-cast sealing approach used for in vitro release,
although production of these endcaps was not able to be achieved with the level of
accuracy required to match the -precise radial dimensions of the SDRs.
The main difference between the two unique fabrication processes is the
turnover time for each process as a whole. The all-aqueous pathway has a rate
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limiting step during the sol-gel transition, where even the relatively small
injection volume of ~200 mL of concentrated silk solution takes between 10-14
days to transition fully from solution to high-quality gel. In contrast, SP-SDRs
underwent transition from solution to gel in little over an hour due to how quickly
the MeOH curing agent worked its way down the axial length of silk solution
encased in the mold. Also of note is the fact that the sol-gel transition in the allaqueous pathway is a more variable process, given subtle fluctuations in
temperature and residual humidity.
Table 8 below quantifies the radial size characteristics AP-SDRs analyzed
via ImageJ Image Analysis software. Both the proportional thickness (∆T) around
the circumference of individual systems and the variability in average thickness
(T) were very consistent across the n = 3 systems analyzed.
The concept of slowing down the gel-solid transition to achieve greater
reproducibly in SDR fabrication suggests an important contribution of the microand nano-scale processes occurring during this material transition. Splitting this
process into two steps with an intermediate soaking step slows down the rate of
water removal from the system. As mentioned previously, during the removal of
free water there is increased association of nanolattices and nanomatrices as these
structures resolve into a solid crystalline matrix. Removing free water too quickly
reduces the time allowable for these features to develop homogenously
throughout the bulk silk material, resulting in brittle systems that don’t cure
evenly and are not suitable for use as functional SDRs. The fact that free water
acts as a plasticizer in regenerated silk materials (Brenckle et al, 2013) supports
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the concept that SDRs formed using an appropriate rate of water removal will
retain some degree of elasticity and function as compliant materials when
hydrated.
The SDR systems resulting from this fabrication process can be described
as having the form of “hollow silk tubes”, or more specifically, “hollow 3dimensional monolithic silk structures having orthogonal functions.” While prior
work has demonstrated the fabrication of similar systems that meet part or most of
these definitions, the SDRs developed here are differentiated from these systems
in several ways. From a processing perspective, tubular silk structures have been
previously generated via gel-spinning (Lovett et al, 2008) and dip-coating
methods (Rockwood et al, 2011). In the case of gel-spinning, silk tubes having
excellent fiber alignment and diameters of ~1mm have been generated. While this
is useful for tissue engineering applications, tubes generated in this manner can
have a degree of porosity and are overall less refined in their structure than SDRs.
When the process was adapted to generated silk tubes able to be loaded with
powder drug (Yucel et al, 2014), the resulting tubes had excellent uniformity in
thickness and were reproducible to a degree. However, the fiber-spinning process
in general has scaling limitations in that it requires a custom setup involving
mechanized and heating components that fabricate rods one at a time. Conversely,
the dip-coating method for silk tube fabrication is relatively low-tech in that it
involves simply immersing a Teflon-coated wire into concentrated silk solution,
manually twisting the rod to ensure even coating of multiple layers of silk, curing
the mandrel in methanol, then allowing the silk to cure further overnight into rods
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(Lovett et al, 2007). Again, while this process yielded tubes with mechanical
properties and material features useful for blood vessel engineering, the quality of
the tubes was not consistent with that needed for a device to be functionalized into
a drug reservoir implant. Furthermore, certain aspects of the fabrication process,
such as the twisting of the coated mandrel, were manual and seemingly arbitrary.
Thus, the SDR systems detailed here are most closely associated in structure and
form to the silk monoliths fabricated previously using the sol-gel-solidification
processing approach (Marelli et al, 2017). An important novel aspect not present
in prior work was the demonstration of 3-dimensional structures that are hollow,
and generated under static molding conditions and shrunk to solid form without
the use of specialized molds that have to shrink along with the gels during the gelsolid transition. These monolithic silk tubes are therefore novel in their physical
form as well as in their application towards sustained zero-order drug delivery.

Table 8 Summary of the quantitative data used to describe the sizing and macroscale structure of AP-SDRs. n = 3 systems used in analysis.
Metric

Measured Value (AVG. ± S.D.)

T

260 ± 65µm

∆T

15 ± 5%
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Figure 15 TOP: SEM images of the top profile of AP-SDRs reveal exceptionally
smooth and consistent structure down to the 10s of microns (scale bar top image =
300µm, inset scale bar = 50µm). BOTTOM: SEM image of first-run SDR
prototype machined from a raw starting block of solid silk. Cracks and other
machine imperfections limited the utility of this fabrication approach and it was
not pursued in creating the final design shown in the top image. Bottom scale bar
500 µm.

66

Figure 16 SEM images of aqueously-processed end cap prototypes. A similar
machined wax negative molding technique yielded these precise solid endcaps
that were able to be cured homogenously. The end caps were generated as having
different major and minor radii (top vs. bottom) based on appositely fabricated
molds. However, the starting volume of silk solution was relatively small to
ensure a necessary degree of process reproducibility. Scale bar = 1.0mm.
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5.3 Swelling and Hydration Characteristics of AP-SDRs
AP-SDRs were observed to undergo near-instantaneous hydration,
reaching their equilibrium swell ratios after roughly 4 hours. At the end of the
experimental soak period, systems reached hydration percentages of 46 ± 3.7%
(for n = 5 AP-SDR systems). Hydrated systems were qualitatively very similar
from a tactile perspective to their semi-solid counterparts still in production,
perhaps slightly more rigid and compliant when put under pressure. In this
hydrated state, the AP-SDRs still maintained a high degree of feature precision,
and were mechanically robust. Dropping these systems from a standing height had
no visible effects on their outer structure. Furthermore, they were able to
reversibly dry back into a dehydrated solid state, without the need of a curved
curing surface as was necessary during system fabrication. This could be useful
during the quality phase of delivery system design under a variety of experimental
environmental stressors. Figure 17 shows the time-dependent swelling kinetics of
the systems.
It’s important to note that the rapid pace of swelling is a critical
consideration when designing reservoir systems that modulate release simply
through the physicochemical and material characteristics of the drug barrier (as
opposed to osmotic or other means). A gradually swellable system, for example,
would be less desirable given that would indicate a longer period during which
the system has a variable-length diffusion barrier or variable permeability, thus
altering the release profile of drug out of the system during that period (Liechty et
al, 2010). Alternatively, a rapidly-swellable system minimizes this transitory
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period and arrives at a state of equilibrium conducive to sustained release at a
faster pace (Sung and Topp, 1995).

Swelling Kinetics of AP-SDRs
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Figure 17 The swelling time course of n = 5 AP-SDR systems. Swelling took
place rapidly in the soak media (DI water), with equilibrium hydration reached
after roughly 4 hours. Note the apparent constriction of the reservoirs after the 4
hr mark is a result of experimental error and not a physical phenomenon.
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5.4 Protease Degradation of AP-SDRs
Degradation of AP-SDRs took place over 30 days in 2.0 U/mL Protease
XIV (n = 3 systems), compared to a control group soaking in 1x PBS. Differences
in system weights between the two groups became evident around the five-day
mark, where those systems soaking in the protease solution started to take on a
yellowish-orange complexion and had visible rough patches and features started
to appear on their surfaces. By the end of the experimental period those systems
exposed to the protease solution had lost nearly 20% of their mass, while the
control systems were unchanged. Figure 18 shows the change in mass between
the two groups over time.
The degradation time course of AP-SDRs is comparable to that of fiberspun silk tubes undergoing degradation in vivo (Yucel et al, 2014). Nonetheless,
it’s essential to consider the long-term effects of surface degradation on system
mechanical properties and compliance, specifically under cyclical transverse
loading as could possibly occur in vivo. Losing this amount of mass over a
relatively short release period limits the immediate applicability of these systems
as implants. However, previous work has shown that subtle variations in not only
ß-sheet content, but proportions of the two crystalline variants of secondary silk
protein structure, silk I and silk II, affect the rate of degradation (Lu et al, 2011),
as well as the degree to which any post-processing treatments such as water
annealing or methanol treatment are applied to the system (Jin et al, 2005). It’s
also feasible to imagine applying a micro or nano-layer coating to the exterior of

70

future SDR systems containing protease-inhibiting agents (Pritchard et al, 2011)
to limit or retard implant surface degradation.

Protease Degradation of AP-SDRs
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Figure 18 illustrates the change in mass of AP-SDR systems over time as they
were incubated in 2U/mL Protease XIV solution (blue) or a control solution of 1x
PBS at 37˚C for a period of 30 days.

5.5 Protein Secondary Structure of AP-SDRs
Raw ATR-FTIR data was converted into proportional contributions from
structural conformations of silk comprising AP-SDRs via Fourier SelfDeconvolution. Beta sheets and turns comprised the majority of the crystalline
structure of the systems, with additional contributions by alpha helices. Random
coils and side chain domains were found to be present in a more limited capacity.
These structural contributions are consistent with previously defined secondary

71

structures of solid silk materials (Perrone et al, 2014). Furthermore, the more
pronounced presence of ordered structures (ß-turns, ß-sheets, α-helices) compared
to random coils and side chains than has been documented in slow-dried silk films
(Lu et al, 2010) underscores the differences in silk concentration and processing
parameters used to fabricate these systems. This high degree of crystallinity is
desirable as it can be used to further retard drug release given that these dense
regions are not easily hydrated and thus less permeable to drug diffusion. Figure
19 shows a sample deconvoluted spectral data taken for one AP-SDR system and
the weighted contributions of chain elements as described by the Gaussian line
shapes (dotted lines). The area under these curves and their location along the
amide I region were correlated to specific structural conformations given by Table
6. Table 9 quantifies these proportional contributions of the various chain

Absorbance (A.U.)

conformations as an average of the 5 AP-SDR systems tested.
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Figure 19 A sample FSD curve generated from the raw FTIR spectra for an APSDR. Solid line is the aggregate smoothed FSD curve and the dotted lines
represent contributions to the curve by various Gaussian line shapes.
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Table 9 Summary of proportional contribution of each silk fibroin molecular
conformation to aggregate protein secondary structure of AP-SDRs.
Conformation
ß-sheet
ß-turn
α-helix
Random Coil

Contribution (Mean ± S.D.) [%]
46.0 ± 4.2
25.3 ± 3.0
15.8 ± 3.8
9.6 ± 1.1

Side-chain

5.1 ± 2.5

5.6 Mechanical Properties of AP- and SP-SDR Systems
5.6.1 Static Compression
Static testing yielded significant results (p < 0.01) for difference in
Young’s modulus between AP-SDRs and SP-SDR systems (Figure 20), indicating
their potential to be used as implant systems in tissue environments having
different mechanical properties. Aqueously processed systems achieved a
modulus of 247.4 ± 53.01 MPa over a linear strain region of 5 - 20% strain, while
solvent processed systems achieved modulus values of 125.2 ± 57.11 MPa over
the same linear strain region. That range of linear strain is nearly 50% wider than
that of previously generated solid silk materials (Marelli et al, 2017) – a wide
range of linear stress response is desirable for drug implant systems in that they
are able to undergo a relatively large degree of loading and still maintain elasticity
and therefore system integrity. The wide-ranging linear loading profiles can be
visualized in Figure 21 (inset) along with the average load response vs. radial
(circumferential) deformation for both system variants. Also, Figure 22 provides a
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visual representation of this stress response upon manual squeezing of an example
system.
These values for modulus fit in an order of magnitude below those
observed for solid silk cylinders under compression (Li et al, 2016; Marelli et al,
2017), which makes sense given the differences in geometries tested (e.g. hollow
thin-walled cylinders versus solid cylinders). Furthermore, these values fall within
the range of tested values for Young’s Modulus of cancellous (spongy) bone (Pal,
2014), a useful benchmark when considering specific applications of SDRs for
use as implants or structural devices. In contrast, both SDR types demonstrated
more robust mechanical properties than silk tubes produced via gel or fiberspinning processes (Lovett et al, 2008), further differentiating them from
previously generated hollow silk structures.
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Figure 20 Average moduli (n = 5) of AP-SDR (left) and SP-SDR (right) systems,
calculated using the derived equation described in section 4.8.1.
** indicates p < 0.01.

75

Figure 21 Loading curves for SP-SDRs (top) and AP-SDRs (bottom). Insets
quantify the loads imparted on SDR systems over the linear strain region, which
was roughly 5-20% strain for both system types. This linear stress response over a
wide region of strain (radial deformation) is desirable for implant systems that
experience naturally-occurring compressive stresses in an in vivo soft tissue
environment.
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Figure 22 Visual representation of stress response for an AP-SDR system. These
systems demonstrate compliance when manually squeezed, a characteristic further
examined under cyclic loading conditions (section 5.6.2).
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5.6.2 Cyclic Compression
A comparison of maximum load achieved between the two system
variants after the completion of the 0.5 cycle mark at 17.5% strain did not yield
statistically significant results at the p < 0.05 level (p = 0.055). AP-SDRs
managed a maximum cyclical loading of 1.42 ± 0.28 N, while SP-SDRs
performed at 1.01 ± 0.06 N at maximum strain. Using a max strain rate of 17.5%
as the upper cycle limit resulted in a fatigue in stress response for both system
types after n = 10 cycles, which was expected considering that the strain was
chosen to push the elastic limit of the systems. However, even at this extreme
strain value, the system maximum load decreased by a relatively small amount
(8.7 ± 5.8% for AP-SDRs, and 10.9 ± 1.5% for SP-SDRs). This small amount of
hysteresis occurred over a 14-minute testing cycle. Figure 23 shows example
cyclical stress responses for the two system types going up to 17.5% strain.
Testing SDRs under cyclic compression conditions provides a quantitative
measure of the resilience of these structures and how they fatigue when repeatedly
pushed to their strain limits. While compliant testing is more often applied to bulk
loaded structures (Cezar et al, 2014) given that loaded reservoirs will exhibit
different cyclical loading limitations than unloaded systems, it’s useful to take the
unloaded case when considering other applications of swellable silk materials. As
an example, cyclical performance of SDRs resulted in less system fatigue over
more cycles than for silk elastomeric hydrogels (Partlow et al, 2014), which
demonstrated cell-seeding and structural applications carrying mesenchymal stem
cells (hMSCs). Hence, the mechanical performance and structurally-relevant
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modulus values attained for both SDR variants suggests additional applications
for such materials may be possible in areas such as bone tissue engineering.

Figure 23 Cyclic loading of SP-SDRs (Top) and AP-SDRs (Bottom) over a strain
range of 0 – 17.5%. n = 10 cycles. Arrows indicate direction of hysteresis during
cycle progression. Both systems experienced a small (<10%) of hysteresis over
the 14-minute loading cycle (1.4% per minute).
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Figure 24 The progression of hysteresis over time for both SDR system variants
(Top: SP-SDRs; Bottom: AP-SDRs). This creeping hysteresis represents a
challenge to be overcome in future systems that need to meet more rigorous
loading goals under longer stretches of cyclical compression. Moving from left to
right, each data point represents max loads for cycles 1 through 10.
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5.7 in vitro Drug Release from AP-SDRs
5.7.1 Partition Coefficient
Values for partition coefficient (KD) for LET and RIF followed trends
observed in kinetic film binding results for the two drugs. Values for KD were
statistically significant (p << 0.01), with LET achieving an apparent equilibrium
partition value of 5.87 ± 0.18, and RIF achieving a higher KD value of 10.93 ±
0.46. The degree to which higher partitioning of RIF in the SDR matrix was
observed is consistent with the higher mass binding values observed for the drug
over LET in section 5.1.1.
Taken in context, the partition coefficient values of KD > 1 obtained for
both drugs indicate that both were, to a certain degree, relatively soluble within
the swollen silk matrix and thus able to be dispersed effectively throughout the
SDRs. The higher partitioning of RIF within the film is likely due to its larger
molecular size and its stronger charge interactions with negatively-charged
domains present on the silk chain superstructure. Both partition coefficients being
slightly greater than but not orders of magnitude different than 1 is desirable for
sustained release, as it indicates both drugs are not extremely soluble in and thus
not able to permeate too quickly through the silk matrix (Kwon, 2001), or
conversely not soluble at all in the silk matrix making drug transport across the
diffusion barrier infeasible. Rather, their marginal solubility and, in the case of
RIF, binding interactions with silk help to control the release profile.
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5.7.2 in vitro Drug Release
Table 10 summarizes calculated values for the diffusion exponent n and
associated R2 statistics for both drugs based on cumulative release rate data
(falling within the first 60% of total mass released from the system following the
“burst” phase), following the linear model described by Equation 6. Both drugs
exhibited release characteristics consistent with a zero-order release mechanism,
having diffusion exponent values approaching the ideal value of 1. While the
release mechanism can be described as near-zero order, the model fit data suggest
a complex interaction that draws on elements of both diffusive and solventlimited release mechanisms. This is especially relevant when considering the
difference in acid dissociation constants and solubility of both drug species.
Figures 25 and 26 show both cumulative release and daily release rate profiles of
LET and RIF respectively. As a sanity check, cumulative mass release data for
both drug compounds were compared to physical mass measurements of dried
samples of all SDR release systems to justify the accuracy of spectroscopic data.
In the case of both drugs, cumulative mass release values attained by
spectroscopic methods were well within 20% of those data obtained by physical
weighing of dries systems. For LET, physical weighing of systems indicated
cumulative release of 3.91 ± 0.56 mg, while for RIF this process yielded
cumulative release values of 4.55 ± 0.81 mg. These values compare well to those
calculated release values via spectroscopic methods (4.33 ± 0.23 mg, 5.21 ± 0.44
mg for LET and RIF respectively).
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The partitioning of each drug and their respective physicochemical
properties explains much of the sustained release behavior observed during in
vitro release. The limiting factor of LET was most likely is sparse solubility in
aqueous media, while for RIF the enhanced bonding interaction and larger
absolute particle size retarded it’s release from the encapsulating silk reservoir.
Both of these characteristics resulted in near-zero order (constant) release profiles
over the full 30-day release period, with both loaded systems releasing less than
20% of encapsulated drug. The daily released mass, however, holds different
implications based on the clinical applications of each drug and prior work done
to develop sustained released systems to address associated medical conditions.
SDRs loaded with LET, for example, released ~100µg of drug per day, which
represents more absolute mass of drug released over a longer period than prior
systems (Siddiqa et al, 2014), and furthermore approaches clinical relevance
based on dose values and bioavailability of orally-administered LET (National
Cancer Institute, 2017). In the case of RIF, loaded SDRs achieved higher daily
doses of released drug than prior work (Pritchard et al, 2013), but further work
should be done in vivo to address how these systems, which release less drug than
is currently required for oral regimens of RIF, can most effectively be used for
local therapeutic delivery. Regardless, characterizing the release of a compound
having mild charge interactions with silk is a useful standard case to consider
when testing other compounds having similar physicochemical characteristics.
Thus, this in vitro testing yielded a useful base of examination for LET as a
locally-delivered anti-cancer therapeutic, and RIF as a locally-administered
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antiretroviral for adjuvant treatment of bone tuberculosis. Furthermore,
extrapolating the proportion of mass of released drug (15% and 16% for LET and
RIF respectively over 30 days) up to the 60% threshold that is one assumption of
the linear release model yields a potential constant release period of ~120 days for
both drugs. For LET specifically, this would mean at the current size and loading
volume a patient could have near-constant infusion of a clinically effective dose
of drug for up to 4 months. Alternatively, this indicates that there is a real
potential to shrink a silk implant device such as this to a size where it could be
injected subcutaneously rather than inserted via surgical incision while still
delivering drug for a shorter period of time. This would enhance the clinical
argument for such a system given that there is no need for either a primary or
secondary surgery to insert nor remove the device.

Table 10 in-vitro release diffusion exponent and R2 statistic values for LET, RIF.
Drug

Release Medium

n (AVG ± S.D.)

R2

LET

1x PBS

0.92 ± 0.05

0.996

RIF

1x PBS

0.87 ± 0.02

0.985
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Figure 25 Daily release rate (top) and cumulative mass release profile (bottom) of
LET-loaded AP-SDR systems (n = 9) over a 30-day incubation period. Total drug
mass released over this period (based on spectroscopic methods) was 4.33 ± 0.23
mg, or 15% of loaded mass.

85

Figure 26 Daily release rate (top) and cumulative mass release profile (bottom) of
RIF-loaded AP-SDR systems (n = 9) over a 30-day incubation period. Total drug
mass released over this period (based on spectroscopic methods) was 5.21 ± 0.44
mg, or 16% of loaded mass.
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6. Conclusion / Future Directions
Through this research we demonstrated sustained release of two clinically
relevant therapeutics, Letrozole and Rifampicin, from “complex” hollow 3D solid
silk structures. The in vitro release time course of loaded SDR systems exhibited
zero-order characteristics, and in the case of LET was a near direct match to the
daily oral dosage administered in a clinical setting. This indicates that a sustained
release biodegradable reservoir for localized delivery of LET could be presented
as an alternative to oral regimens. Furthermore, two fabrication methods, solventprocess and aqueous-process pathways, both successfully yielded reproducible
SDRs that followed precise morphology, resolved micron-scale features and were
reversibly swellable and compliant. These systems demonstrated robust
mechanical properties, including calculated values for Young’s modulus similar
to that of certain biological tissues and ability to undergo cyclic loading with
minimal fatigue.
Next steps for this line of experimental inquiry could follow several
distinct pathways. First, with respect to drug loading, additional system variants
could be fabricated to address a more diverse need of release profiles. These
include layered systems that use the SDR material as a sheath for a shaped
hydrogel bulk-loaded drug, or systems that have the interior of the inner radius
coated so that drug is only allowed to release from the system in a uniaxial
manner (Li et al, 2015). Expanding upon the idea of layered systems, drugs or
other functional macromolecules could be added during the aqueous phase of
SDR system casting, which as mentioned previously could work to alter the
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degradation of the silk diffusion layer, or impart a change to the local tissue
environment to modulate drug release indirectly (Yu et al, 2015). Similarly, the
SDR design, if loaded with thermosensitive materials such as gold nano-rods
could function as a localized heating element for ablation of cancerous tissue
(Wang et al, 2013).
Specifically, with respect to LET and expanding its potential applications
as a locally delivered therapeutics agent, in vivo work should be done using either
the current or similar SDR design to understand how release occurs in an animal
model (e.g. what plasma serum levels can demonstrably be achieved vs. using an
idealized compartment model). In parallel, it would be interesting to test whether
or not the fabrication process used here could be applied to create SDR systems
small enough to be injected subcutaneously rather than requiring invasive surgery
in order to be implanted into a given tissue region. Several biodegradable implant
variants for ocular delivery have already achieved this scale, and it would be
useful to understand the limitations of “macroscale” molding fabrication methods
of silk materials. Finally, as the mechanical properties SDRs have been compared
to similar hollow silk materials created for vascular grafting purposes, it would be
useful to consider at a high level other applications of complex molded solid silk
structures beyond drug delivery. The hollow core of these devices could, for
example, prove to be an excellent repository for diagnostic electronic
components. More generally, it’s important to consider the potential structural or
bio-directive applications of these devices or their variants, as they could be
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utilized to achieve a number of goals in tissue engineering not already
demonstrated by other silk materials or other biomaterials.

Appendix

Appendix I Absorbance maxima for LET (top) and RIF (bottom) drug
compounds, both in DI water and 1x PBS release media. Maximum absorbance
vales for both drugs match those found in prior work (Pritchard et al, 2013; Dey et
al, 2009).
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