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Abstract

RNA interference (RNAi) is a powerful technology that provides a means to alter the
expression of a specific protein based on a targeted RNA sequence. This is done by taking
advantage of existing cellular machinery present within all eukaryotic cells which use short
double-stranded RNA sequences as guides for RNA induced silencing. The potential for RNAi
in medicine is enormous, providing a new approach to treat the complex biological dysregulation
underlying many diseases. This promise of a new branch of therapeutics however has been
mired with difficulties. RNA is quickly degraded by nucleases that are prevalent in the blood
and throughout the body, it is highly immunogenic, and systemic delivery is complicated by high
clearance rates. As such, developing formulations for the effective delivery of short RNAs

presents significant hurdles.

Local delivery can limit numerous unwanted systemic side effects of therapies and it
maintains the highest therapeutic index possible in a targeted area before clearance. As such, the
local delivery of siRNA may hold just as much potential as systemic delivery with significantly
reduced complications. Layer-by-layer (LbL) assembly is a robust method that has been
successfully demonstrated for the localized and sustained delivery of many biologic therapeutics
and biomolecules. Developing an LbL film capable of delivering siRNA locally would offer a
powerful new approach to the treatment of local disorders. This approach could be combined

with existing medical devices to improve patient outcomes by directly addressing pathologic



dysregulation in the area of interest. One field where the local treatment of dysregulation could

be of particular interest is that of wound healing.

Wound healing is a complex and highly synchronized process of multiple biological
pathways, consisting of an assortment of cytokines, growth factors, and varied cell types which
evolves over time. The development of a drug delivery system that can locally modify cell
behavior on the basic level of gene transcription would be a powerful tool to alter the dynamics
of wound healing. There are many known complications of wound healing, ranging from
chronic ulcerative wounds to hypertrophic contractile scars, which dramatically affect the lives
of tens of millions of patients every year. Through RNA interference, one could specifically
target the key mediators of these complications, providing a means to more effectively regulate
the wound healing process in vivo. The capability to deliver siRNA locally to address these
complications is a significant advance in the current state of wound treatment. As such, this
work presents an opportunity to substantially improve the current standard of treatment for

patients and their wound healing outcomes.

Herein, we present the design and preclinical evaluation of a number of strategies to
develop ultra-thin polymer coatings for the controlled delivery of RNA both in vitro and in vivo.
We used Layer-by-Layer assembly to create siRNA containing polymer-based films that can
sustain the release of complexed siRNA over physiologically relevant timescales for ‘local
delivery into tissues. We describe the development of the first high-throughput approach for
LbL assembly and screening and its use to identify lead candidate film architectures for RNA
delivery. We then apply these findings to treat dysregulation in two distinct animal models; a
chronic diabetic mouse wound model and a third-degree burn model in rats, targeting three
different genes of interest independently. These coatings were demonstrated to effectively coat a
number of medically relevant substrates including bandages, sutures, surgical staples,
nanoparticles, microparticles, and microneedles. This body of work provides insight into how
siRNA can be incorporated into thin film assemblies and the design criteria to achieve successful

gene knockdown in vitro and in vivo.

Thesis Supervisor: Paula T. Hammond

Bayer Professor of Chemical Engineering
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“We pass through this world but once. Few tragedies can be
more extensive than the stunting of life, few injustices
deeper than the denial of an opportunity to strive or even to
hope, by a limit imposed from without, but falsely identified
as lying within.”

Stephen Jay Gould

The Mismeasure of Man, 1981
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Chapter 1

Introduction

1.1 Introduction to Wound Healing

Wound healing is a complex, multi-stage process that involves several interdependent
biological components'”. It is classically thought of as occurring in four distinct phases: (1)
hemostasis, (2) inflammation, (3) proliferation, and (4) tissue remodeling [5]. Each of these
phases has its own balance of signaling molecules and cell types associated with it, creating a
unique evolving microenvironment within the injured tissue in which wound healing

interventions must operate®"!

. Immediately post-injury the body responds by clotting within the
site of injury. This clot acts both to stop blood loss as well as to seal the body’s surface from
bacteria that may try and infect the available tissue. The formed clot consists of a number of
extracellular matrix (ECM) proteins as well as many cytokines and growth factors that are key in
promoting wound healing. This clot forms the first scaffold within the wound site on which later

granulation tissue will be built.

The process of hemostasis in healthy healing wounds only lasts a few minutes to hours*”.

Inflammation within the wound begins alongside hemostasis but can last for days or even longer
in infected or chronic wounds. Inflammation plays an incredibly important role in determining
the progression of the wound healing process. Recruitment of white blood cells into the healing
tissue is driven by the cytokines of inflammation, brining neutrophils initially into the wound and
later drawing monocytes and macrophages into the tissue’. Macrophages are especially

important within the healing wound as they coordinate many of the later inflammatory processes.
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Figure 1-1 The phases and cellular make-up of the wound healing process
The wound healing process is a highly orchestrated process involving multiple overlapping

phases each with its own unique make-up of cells and cy‘u;)kines.77

The next stage of wound healing is proliferation, or new tissue formation, which begins
during the later inflammatory phase’. This phase is responsible for creating the granulation
tissue that closes the wound. During the proliferative phase fibroblasts and keratinocytes migrate
into the healing tissue and divide to create a highly cellularized and disorganized tissue, called
granulation tissue. This new tissue provides the scaffold for reorganization and regeneration of
normal dermis, while also being home to many of the key regulators of the progressing wound
healing process, such as macrophages, lymphocytes, and myofibroblasts. These cells produce an
wide array of regulatory cytokines as well as proteases and ECM proteins that determine the
progression of healing. The final phase of wound healing is tissue remodeling, which can last in
some instances for up to 18 months after the original injury. This process is a slow and
methodical reorganization of ECM proteins, formation of new and remodeled vasculature, and

the regeneration of normal tissue structures, such as hair follicles and sweat glands.

Dysregulation in the highly orchestrated process of wound healing can lead to very

Ry ot . 10-12
significant complications for patients .

Disruption of the clotting cascade can lead to severe
blood loss. Even when hemostasis is proceeding appropriately, large traumatic injuries often

require interventional approaches to promote clotting to reduce blood loss. Chronic prolonged
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inflammation within a wound often leads to fibrosis and scar tissue formation. In diabetic
patients chronic inflammation often contributes to delayed wound healing, making it a major

13,14

driver of ulcer formation ™". Dysregulation in ECM deposition, low growth factor production,

or poor growth factor signaling can slow angiogenesis, retard re-epithelialization, and impair

subsequent wound healing'>"®

. Many of these processes are inter-connected and complications
of wound healing often involve a number of them, making it difficult to determine potentially
causative pathologic dysregulation. Developing tools and methods to better understand
expression within poor healing wounds is a key area where research should focus to improve the

treatment of these disorders.

To date little research has been done to investigate direct local intervention to address
known dysregulated expression within wounds. This is due to a number of complicating factors,
one of the most crucial of which is the lack of drug delivery systems that can effectively deliver
targeted therapies into the wound environment. Developing new technologies to deliver
therapeutics to wounds that can address known pathologic dysregulated expression, such as
siRNAs, provides a necessary new approach to better understanding the pathology of wounds to

create new treatments.

1.2 Prevalence of Soft Tissue Wounds

Soft tissue wounds are a broad and heterogeneous category of injuries varying in severity
and prevalence’. They include things as seemingly simple as small cuts and bruises'’ to more
major injuries such as chronic ulcers, major traumatic injuries, and burn wounds. Understanding
that each of these pathologies affects soft tissues differently creates a major driving force to
develop a versatile approach to their treatment. Treatment options for critical injuries vary based
on the nature of the injury and the anticipated results of natural healing. In cases of delayed
healing recombinant growth factors may be used or in some cases artificial tissue simulants or
skin grafts may also be considered. These therapies require dramatically different approaches

and are greatly limited in their flexibility as

Chronic ulcerative wounds are a major concern in many diseases, one of the most
prominent of which is type two diabetes mellitus (T2DM). Patients with T2DM often have a

complex pathology that creates a poorly vascularized and neuropathic environment in their
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extremities. These conditions contribute significantly to the delay in wound healing. These
patients often have significant lower extremity edema which along with nerve loss increases the
likelihood of injury in that area. Chronic inflammation is also key in the pathology of these
wounds once they are created, leading to increased inflammatory cytokine expression, increased
proteolytic expression and activity, as well as decreased growth factor signaling. Diabetic foot
ulcer (DFU) is one of the most serious complications of diabetes and it directly affects the
quality of life for patients, with more than 750,000 DFUs and 70,000 lower extremity
amputations annually in the USA. DFU contributes significantly to the morbidity and the

financial burden of diabetes both for the patient and for healthcare providers®*?'.

Even when normal wound healing is allowed to progress and is not impeded by overlying
chronic conditions it can become complicated due to the severity of the damage. Large soft
tissue wounds can require significant medical intervention to heal completely and very often lead

to scar tissue formation, which can be both disfiguring and debilitating™ **.

These injuries
however are difficult to quantify due to the multitude of causes. Even in a seemingly controlled
wound creating environment such as surgical operations, the risk of creating scars is nearly as

24,25
prevalent™

. It is estimated that over 60% of patients who undergo abdominal or pelvic surgery
develop peritoneal adhesions as a result of complications during wound healing®. These
adhesions are the result of inflammation and the natural healing response within the abdomen
and contribute significantly to morbidity in these patients. Specifically abdominal adhesions are

known to cause infertility in women, bowel obstructions, and chronic pain.

One class of difficult large traumatic injuries is burn wounds. Burns are graded based on
the level of damage to the tissue affected from an approximation of the depth of tissue involved.
These wounds are notorious for poor healing outcomes and contractile scarring. There are more
that 6.6 million reported cases of burns in the United States each year®®. The options for patients
with burn wounds are often just simple hydration dressings and creams, which have been
demonstrated to reduce contractions to a small degree, but no approach in clinic currently is able

to address the pathology of scarring and gain meaningful changes in outcomes for these patients.

1.3 Inflammation during Wound Healing
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Immediately following injury the physiological response of wound healing is well under
way. The inflammatory response begins only a few hours after wounding, with the infiltration of
neutrophils into the wound bed to phagocytize debris and bacteria®*. Leukocyte infiltration and
chemotaxis is mediated through a complex milieu of chemo-attractants and cytokines, a number
of which are key targets of current therapeutics (e.g. TGFB, TNFa, IL-1B). Within 24 to 48
hours, monocytes begin to move into the wound tissue, and differentiate into macrophages:
together with other cells within the wound, they release many signaling molecules, including
growth factors important for fibroblast proliferation and for re-epithelialization of the wound
(e.g. FGF, VEGF, PDGF)*"®. Many of these same signaling molecules play key roles in the

inflammatory response3°.

The hypoxic wound stimulates production of angiogenic growth factors that promote
fibroblast and epithelial cell proliferation by inducing new capillary growth, while matrix

metalloproteinases break down the extracellular matrix*!”!

. This process is controlled through
a complex balance of growth factors and signaling molecules, where small imbalances can lead
to improper or dysfunctional wound healing (e.g. diabetic ulcers, venous ulcers, etc).
Myofibroblasts within the wound begin to contract this newly formed extracellular matrix, which
can lead to scar tissue formation. Remodeling of the wound takes place over weeks and months.
From initial wounding to the end of wound remodeling the healing process can take up to a year

or more depending on complications*’.

1.4 Controlled Localized Drug Delivery

Controlled localized drug delivery refers to the concept of focusing therapeutic treatment
to a discrete target site while being able to control the temporal distribution of the drug
delivered®"*?. Controlled drug release systems have been used clinically for more than 35 years,
and their sales now comprise a multi-billion dollar annual market’®. By focusing delivery to a
specific target area these systems provide increased control over the distribution of drug released
and improved bioavailability of the drug where it is required”. For drugs that are delivered
orally or intravenously the impact on the body is systemic and often inconsistent due to small

33, 34

variations in the patient’s state of hydration or diet . This poses a significant difficulty for

drug therapies; since the initial delivery of a therapeutic can often create a risk for toxicity and
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re-administration the drug can be inefficient and dangerous as drug regimens are often hard to

follow™.

Controlling the release of a therapeutic in a target tissue can often be very difficult due to
the complicating physiology of the target site. Often it is seen in tissues with medical implants
that the body reacts to the foreign material by producing a fibrotic capsule to isolate the
structure. This capsule presents a number of difficulties for drug delivery as diffusion through
the fibrotic tissue is often greatly hampered compared to the normal behavior in that tissue. In
the case of wound healing this behavior is less of an issue as the tissue is already trying to create
tissue within the defect site. Redirecting this behavior through drug delivery presents a
fascinating approach to modify the healing process while also extending the delivery capabilities

of the device being used.

1.5 Benefits of Controlled Local Drug Delivery

There are many benefits to using controlled local drug delivery’*”. First, by focusing
drug delivery only to the target tissues it reduces the amount of drug that is necessary to induce a

therapeutic response®”™

. Second, by delivering the therapeutic to the site where it is needed you
can’'increase the bioavailability of the drug and subsequently increase its effectiveness*®’. One
of the most promising benefits of controlled local drug delivery is the capability to deliver new
therapeutics that cannot be safely or effectively administered systemically, such as recombinant
growth factors®®, small interfering RNA*, and many other powerful therapeutics that require

targeted delivery to be safe and effective®.

The effective release or delivery of a drug at a designed dose to a tissue is key in
determining its effect on that tissue. Control over this characteristic is a primary target for
pharmaceutical manufacturers and researchers. Achieving this control on a local level however
is extremely difficult for technologies that rely on systemic delivery. By creating material that
slowly elutes a compound or active complex locally one could imagine circumventing much of

the constraints that currently complicate controlled delivery.

1.6 Existing Medical Devices
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There are a number of existing medical therapies that take advantage of the concept of

controlled local drug delivery41’42

. One of the most common of these is localized drug delivery
to augment the natural immune response to implanted devices. This can work both by reducing
the likelihood of infections at the site of implantation, either by attenuating the local
inflammatory response to decrease fibrosis or other negative tissue responses®’. Examples of
FDA approved medical devices that use local delivery of therapeutics include drug-eluting stents
(e.g. TAXUS Express, Xience-V, Cypher), drug-impregnated central venous catheters (e.g. Cook

Spectrum), as well as many other applications (e.g. Nuvaring, GLIADEL, etc.).

The success of drug-device combination products as described above demonstrates the
potential of this approach and it highlights the promise that continued development of such
technologies may hold for addressing complex conditions. These devices, though a step forward
towards improving drug delivery technologies, rely on simple polymer-drug blends to
incorporate sensitive drug materials making controlled release difficult and resulting in very low
drug loading. Many of these formulations have as little as 0.5% of the drug within their coatings,
with the majority of the volume being made of excipients, and often forming phase-exclusion
structures supporting a burst-release profile of drug delivery that is often not desirable. This
method of encapsulating drug product can also be quite harsh, resulting in significant

inactivation of the drug product.
1.7 Layer-by-Layer (LbL) as a Platform for Controlled Localized Drug Delivery

The term “layer-by-layer” (LbL) is derived from the sequential “layering” of chemical
species on an activated substrate. The process takes advantage of complementary features
between different materials to bind them to a surface®”. Electrostatic interactions, hydrogen
bonding, and Van der Waals forces have all been demonstrated to create LbL films****. Each
layer promotes the adsorption of the next, while layer saturation of one species repels excess

aggregation. LbL assemblies can include many different types of materials from proteins®,

polymers*®, and small molecule drugs‘”’48

to nanomaterials’. LbL films are an especially
attractive technology for drug delivery as they can be coated onto very complex micro- or nano-
scale features and do not require harsh handling techniques, making them well suited for delicate

therapeutics®.
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Figure 1-2 The process of Layer-by-Layer assembly

Materials are adsorbed to a surface sequentially either by dipping the substrate in a bath
containing a high concentration of the material to be adsorbed or spraying that material solution
over the surface. Materials are adsorbed through complementary interactions with the substrate
surface and then washed thoroughly to remove non-specifically adsorbed materials. This process

is repeated a pre-determined number of times to create robust ultrathin coatings.

1.8 Existing Layer-by-Layer Drug Delivery Assemblies

LbL assemblies have been used for the delivery of antibiotics™™’

, anti-inflammatory
drugs*’, growth factors®, and DNA™*' Drug delivery from LbL films is dictated by two major
factors: 1) the rate of film erosion, and ii) the inter-layer diffusion of the therapeutic’' %%, The
inclusion of biodegradable synthetic polymers to regulate erosion within a film assembly is an
especially promising concept, as it allows these film structures to be tailored to degrade at
designed rates™®*, thus permitting controlled drug release for therapeutics with limited inter-
diffusion. However, many therapeutics that would benefit from localized delivery are small

4748 This inter-diffusion results in a bulk release

molecule drugs that readily diffuse within films
that can be useful, as in the case of antibiotics where a higher initial dose can help with
immediate eradication of bacteria’'”>. In many other cases, however, inter-diffusion 1s a

significant drawback, as the body quickly clears the excess therapeutic without any realized
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benefit. The use of barrier layers, macromolecule carriers, and covalent modifications have all

been employed to address this issue to promising results®.

Previous attempts to use LbL to create assemblies that could effectively load and deliver
siRNA were seen to be poorly controlled and unable to achieve in vitro success®. These
approaches viewed siRNA as behaving similarly to DNA. In some ways this is an obvious
comparison, importantly both materials are made of nucleotide bases and the resulting
biopolymer is densely negatively charged. These species however are incredibly different in
their capability to interact with complexing materials based on the flexibility or lack of flexibility
of siRNA. This rigidity of siRNA makes complex formation with a polycation species difficult,
requiring both longer exposure to reach equilibrium on a surface and different materials for

complex formation.

1.9 Localized Delivery of Nucleic Acids

Delivery of nucleic acids has been an active area of research for decades®. From this

research a great deal of knowledge has been gained, especially in understanding the potential
complications of systemic delivery of nucleic acids as it relates to clearance mechanisms and
immunologic stimulation®®. Recently, a great deal of focus has been on the development of

nanomaterial platforms for the targeted systemic delivery of RNA®"%

. RNA is far more easily
degraded than DNA in body fluids, and elicits strong immunogenic activity if presented
uncomplexed to cells through toll-like receptor binding’. Delivery of short interfering RNAs
(siRNAs) has been an especially active area of research, as these short synthetically produced
RNAs can potentially be used to target any gene expressed in the body for knockdown’'. There
have been significant difficulties in developing the technology to deliver siRNAs however, as we
described earlier in this chapter.

Localized delivery of RNA provides a means to address one of the primary limiting
factors for these approaches, creating the highest bioavailability of the delivery material directly
at the sight of interest. Layer-by-layer has been used in this context for over a decade of research
in the delivery of nucleic acids, primarily focused on the delivery of DNA>”. The films that
have been described for this purpose focus largely on pairing DNA with a poly(beta-aminoester)

(PBAE). This same film architecture when tested with siRNA, however, demonstrated only

limited efficacy in releasing siRNA and no ability to achieve siRNA-specific gene knockdown®.
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Other work in the field of localized delivery of siRNA has been focused on only a few
different formulation strategies. In particular hydrogel and re-purposed nanoparticle systems

74-76 .
. There are however a number of substantial

have been two of the largest areas of focus
drawbacks to these types of approaches that are difficult to overcome. In the case of hydrogel-
based formulations, they demand significant injection site volumes, where significant volume is
occupied by either excipient material or water. Tuning delivery of siRNA from hydrogel
formulations also presents a number of difficulties as it requires altering the injection volume
significantly with dosing.

Nanoparticle formulations on the other hand are often quickly evacuated from the site of
application through lymphatic drainage. These formulations become systemic and can contribute
to many of the complications known from other systemic applications. Nanoparticle approaches
also do not offer an obvious means for controlled delivery of siRNA, as the material that is taken
up by cells is quickly active and that which is not goes systemic and often largely accumulates in
the liver. Thus, chronic pathologies would require repeated dosing, which may be difficult for
some application sites.

Here we describe the first successful application of LbL technology to incorporate and
delivery siRNA in vitro and in vivo. We hamessed the films developed in this work to target a
variety of disparate pathologies with great success in multiple animal models. The work

described in this thesis is the first such demonstration of LbL for siRNA delivery in vivo.

1.10 Significance

Using LbL assemblies to locally deliver siRNA to soft tissue wounds is a novel approach
to directly alter known pathologic dysregulation within wounds to improve wound healing
outcomes. Layer-by-layer films are truly nano-scale, and as such are well suited for addition to
existing structures without interfering with the beneficial physical properties of the coated
device. As previously reported, LbL films have already been demonstrated to effectively

functionalize orthopedic implants, catheters, and cardiovascular stents® ',

Applying this
technology to one of the most commonly used medical devices, the bandage, is a new concept to
incorporate drug delivery into existing technologies. This approach is especially promising for
use in soft tissue wound healing, since delicate and powerful therapeutics can be incorporated
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directly into wound dressings to treat the underlying causes of pathologies without requiring
significant changes in wound care or additional medical devices to be used. This work has the
potential to significantly advance the field of wound healing interventions as well as expanding
opportunities in a myriad of other applications where control over local gene expression may be

of interest.

Localized RNA interference has been previously described by a number of investigators.
These approaches have taken a few different forms. Many of the published approaches to local
RNA interference use nanoparticles either applied locally as a solution or entrapped within a
larger material for application. These approaches have demonstrated limited success as the
knockdown of a number of target genes has been achieved in vivo. These successes however
have primarily focused on reported genes without limited pathology of the targeted tissues with
minimal inflammation. Extrapolating these findings to suggest that they would perform
similarly in treating pathologic disorders provides a great deal of motivation but this promise has

yet to be realized.

1.11 Scope and Outline of Thesis

This thesis describes the development of layer-by-layer thin film coatings for the
controlled local delivery of siRNA. The work presented here begins with early preliminary
studies covering a multitude of LbL film architectures and potential material combinations. In
the first chapter of this thesis we describe the background and rationale that drove the formation
of the work presented here. Specifically, we focused on describing the current climate for

localized delivery, current wound therapies, and the potential for RNA interference in medicine.

In Chapter 2 we detail our earliest preliminary results for the incorporation and delivery
of siRNA from LbL films. This work covers material systems that incorporated nanoparticles as
well as free siRNA into film assemblies. Within this chapter we also describe the potential for
LbL assembly to achieve the controlled delivery of multiple siRNAs simultaneously as well as
with temporal control. These findings suggest that LbL assembly could be a highly versatile tool

in controlled siRNA delivery formulations in the future.

In Chapter 3 we described the first LbL film to successfully achieve significant siRNA-
specific knockdown of a reporter gene in vitro. This film, [PrS/CaP/PrS/Lap},s, was able to
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sustain the delivery of siRNA out to ten days in vitro, while maintaining the bioactivity of the
released siRNA. The film was demonstrated to uniformly coat a medically relevant substrate, a
woven nylon bandage used in wound care. This film was demonstrated to sustain the
knockdown of a reporter gene in multiple cell lines for out to one week in vitro without the need

for external transfection agents and with minimal impact on cell viability.

In the fourth chapter of this thesis we describe the development of the capillary flow
layer-by-layer (CF-LbL) system for the high-throughput assembly and screening of LbL films.
The development of the device described within that chapter greatly accelerated our capability to
investigate LbL films for the delivery of siRNA. The device as described is a modular
microfluidic platform that allows for in situ testing of assembled LbL films for physic-chemical
and biologic properties as well as in vitro assays. Additionally, the device can be operated as a
stand-alone bench top tool or combined with liquid handling robotics for high-throughput
screening, requiring less than 0.1% of material solutions per film constructed compared to

traditional LbL methods.

In Chapter 5 we describe the first application of an LbL coated substrate in vivo for the
targeted knockdown of a pathologically upregulated proteinase within a mouse model of chronic
diabetic wound healing. Within this chapter we describe the extensive in vitro analysis of a
tunable hierarchical LbL film structure. We demonstrated, similar to Chapter 3, that the film
uniformly coated a nylon bandage substrate and could effectively knockdown a reported gene in
vitro for up to one week with minimal impact on cell viability. Building beyond our previous
investigations we applied these film coated bandages in vivo in a genetically diabetic mouse
model of impaired wound healing, targeting a known upregulated protease that had been
implicated in the pathology of diabetic ulcers, MMP-9. In vivo we observed a significant
siRNA-specific reduction in MMMP-9 expression and activity. This knockdown correlated
positively with increased granulation tissue formation within the healing wounds as well as
accelerated wound closure. This work was the first such demonstration of effective siRNA

delivery into a diabetic ulcer for the knockdown of MMP-9.

In Chapter 6 we turned our focus from Chapter 5 to another potential target within
impaired diabetic wound healing, the pro-inflammatory cytokine TNFa. TNFa overexpression

has also been well-reported as a potential cause for impaired wound healing in diabetic chronic
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ulcers due to its pro-inflammatory nature within the healing wound. We applied the film first
described within Chapter 3 in vivo within this chapter and demonstrated the effective sustained
knockdown of TNFa in an siRNA-specific manner. The work presented in this chapter detailed
the effect of TNFa knockdown on the expression of TNFa stimulated genes within the tissue, as
well as its effect on wound healing. It was observe that the knockdown of TNFa within the
wound significantly accelerated wound healing and improved granulation tissue formation within
the wound bed. The work presented in this chapter reinforced our findings from the previous
chapter that siRNA therapy within impaired wound healing may offer a powerful new approach

to correct pathologic dysregulation within the healing tissue.

In Chapter 7 we decided to apply the same LbL film from Chapter 5 in a different animal
model, a rat burn model, and on a new delivery substrate, a silk suture. In this chapter we
targeted the well-reported connective tissue growth factor, an important mediator of TGF pro-
fibrotic response in cutaneous wound healing. Previous research has demonstrated the efficacy
of CTGF knockdown in vivo in reducing scar formation; however, we were interested in how our
platform could improve on these studies by offering a means for controlled delivery within the
healing tissue. Within this work we described thorough in vitro analysis of the LbL coated
suture and its application in a third-degree burn model in rats. The knockdown of CTGF
significantly altered the expression of related genes known to be upregulated by CTGF
expression, and resulted in significantly reduced scar contraction out to one month in vivo.
Histological analysis of the healing wound supported these gross findings, and suggested

increased wound remodeling with reduced contraction.

In Chapter 8 we explored the delivery of siRNA from LbL coatings applied to a rapid
release microneedle array for transdermal delivery of siRNA. This work was largely a proof-of-
concept approach, where we aimed to demonstrate the flexibility of the LbL film on a new
platform. We describe the in vitro study of the LbL film along with in vivo knockdown of a

reporter gene in mice.

In Chapter 9 we cover a new area of work focused on the formulation of all-trans retinoic
acid for sustained delivery. This work was built in a collaborative effort with Dr. Mohiuddin
Quadir, a post-doctoral researcher in the Hammond lab. The concept we pursued in this work

was the covalent conjugation of ATRA with an FDA approved excipient known to increase
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residence within mucosa for dermal retention through an ester bond linkage. The work looked to
establish the methods of producing an amphiphillic polymer-drug conjugate that could sustain
the release of active ATRA out to 10 days. This conjugate, PATRA, was demonstrated to have
improved in vivo tolerability along with substantial dermal residence, staying present within the

skin of mice for up to six days.

The final chapter of this thesis covers an overview of each chapter, with the main

findings and conclusions explained as well as a presentation of envisioned future work.
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Chapter 2
Preliminary Studies of LbL for the
Controlled Delivery of siRNA

2.1 Introduction

In Chapter 1 we described the complex process of wound healing, described two major
pathologies related to complications in wound healing, and gave a brief overview of layer-by-
layer technology in the arena of controlled delivery. In this chapter we introduce our earliest
work in developing LbL films for incorporating and delivering siRNA. This work helped form
the basis of our broadening investigations and gave us great insights into the capabilities of LbL

technology for siRNA delivery.

Layer-by-layer (LbL) assembly of polyelectrolyte thin films has been used for a wide
range of applications due to its simplicity and robustness'®. These films have found a
particularly interesting use in drug delivery as they have the capability to load significant
quantities of a desired drug component with tunable release characteristics™>. This approach has

demonstrated great success for the delivery of small molecule drugs®®, bi01<)gic59’l ' and DNA'*

14 15

. The use of LbL to incorporate and release siRNA however had not shown much promise
A few reports have suggested that incorporation of into LbL films is possible, but releasing
siRNA in a form that would transfect cells presents many more difficulties that must be

addressed.

This difficulty can be understood by considering how siRNA is released from a
complexed state on a surface. One common approach to achieve release of a material from LbL

films includes the incorporation of a degradable polymer™ ' 7.

This polymer would either
directly interact with the released component or make up some part of the film architecture so as
to create controlled increasing instability within the film during degradation'® '*. Often the
degradable polymer is hydrolytically degradable, which is a very suitable approach for drug

delivery as all biological fluids are water-based. Other forms of degradable materials can also be
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2021 or photo-cleavable polymerslg. These

incorporated, such as enzymatically degradable
approaches, either independently or in combination, can be used to develop ultra-thin films with
controlled release properties that can be tuned by media conditions or external activation. The
way in which a film degrades will influence how the incorporated material will be released,

affecting both the rate of release as well as the form of the released material.

Short interfering RNAs have a high density of negative charge, allowing for effective
complexation with positively charged polymers, called polycations® **. Numerous reports have
demonstrated how the appropriate design and structure of the complex formed between
polycations and siRNA influences important delivery properties such as biodistribution, cell

uptake, and endosomal escape’" 2

. Similarly one would expect that the materials used to drive
complex formation with the siRNA onto a surface, once released, would affect how the released
material behaved. To begin to investigate this hypothesized role of the complexing polycation,
we started by screening a number of commercially available polycations that had been reported
in literature for their capability to complex with nucleic acids for in vitro delivery, in particular

we focused on polymers reported for use in siRNA delivery (Figure 21y,
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Figure 2-1 Chemical structures of polycation repeat units
Polycations commonly reported in the delivery of nucleic acids were investigated. Polymers

ranged from synthetic to biologically derived and commercially available to in house produced.
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These investigations were initially limited to the simple evaluation of siRNA
incorporation and release in combination with analysis of film growth properties. The film
architectures that were seen to effectively load siRNA and release that siRNA in a sustained
fashion were evaluated in vitro for the knockdown of the reported gene green fluorescent protein
(GFP) in NIH-3T3 cells. Cell cultures exposed to film coated substrates and were analyzed for
film-specific and siRNA-specific changes in cell viability. The best performing architectures
were identified and evaluated further in vitro to follow cell uptake and to assess the coating of

meaningful medical devices such as bandages and medical staples.

2.2 Methods and Materials

2.2.1 Materials

SiRNA for GFP and siControl were received as a gift from Sanofi-Aventis. Alexafluor
488-labeled and Alexafluor 546-labeled siRNA were purchased from Qiagen (Valencia, CA).
Linear poly(ethyleneimine) (LPEI, MW = 2.5 kDa, 25 kDa, and 250 kDa), Branched
poly(ethyleneimine) (BPEI, MW = 5 kDa, 50-70 kDa, and 100 kDa) low molecular weight
chitosan (LMW Chitosan, M,, of 15-30k), high molecular chitosan (HMW Chitosan, M,, of
300k), gelatin (pH=2.5), diethylaminoethyl-dextran (DEAE-Dextran), protamine sulfate (PrS),
poly-L-lysine (PLL, My, of 15-30k and 30-70k) and poly(allylamine hydrochloride) (PAH, M,, of
60k) were purchased from (St. Louis, MO); and the degradable poly(beta-aminoesters)
(designated Poly 1, and Poly 2) were synthesized using the method that was previously
published'®. Dextran sulfate (DS, MW = 500 kDa), Alginate (ALG), and chondroitin sulfate
(ChS) were purchased from Sigma Aldrich (St. Louis, MO). Phosphate buffered saline solution
(PBS, 10x), Advanced-MEM, fetal bovine serum, antibiotic-antimycotic solution and 200mM L-
glutamine solution were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, MDA-MB-235,
and M4A4 cells were purchased from ATCC (Manassas VA). Tegaderm® was purchased from
Cardinal Health (Newark, NJ).

2.2.2 The Formation of siRNA Polyplexes
Polyplex nanoparticles containing siRNA were synthesized by rapid mixing of polycation
and siRNA. N:P ratios were calculated based on monomer structure for each polymer and

siRNA used. All complexes were tested at 100mM sodium acetate buffer at pH 5.0 unless
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otherwise noted. All solutions prepared were nuclease free and sterile filtered prior to use with a
0.2pum syringe filter. The diameter and zeta potential of the formed nanoparticles were measured
both prior to and after film assembly using a ZetaPALS dynamic light scattering and zeta
potential analyzer. The siRNA nanoparticles were always prepared just prior to LbL film

construction.

2.2.3 Fabrication of LbL Films

Film assembly was performed using an HMS series Carl-Zeiss programmable slide
stainer. Substrates to be coated were first cleaned sequentially with methanol, ethanol,
isopropanol and water and then dried under filtered nitrogen. These substrates were plasma
cleaned for 5 minutes on the high RF setting and then immediately placed in a 2 mg/mL solution
of LPEI and allowed to adsorb the material for at least 30 minutes prior to use. After this initial
coating, substrates were then placed into specially designed holders for the programmable slide
stainer to move between dipping baths. A generic bilayer LbL assembly protocol consists of first
dipping the substrate into a polycation solution for some specified time, then moving that
substrate through two wash steps where excess polymer is allowed to desorb from the surface.
The washed substrate is then placed in a polyanion solution and allowed to adsorb polymer.
After adsorption of the polyanion the substrate is then washed two more times to remove any
excess polymer. This process can then be repeated for multiple depositions of the bilayer

architecture.

All films were assembled on top of 10 baselayers of (LPEI/DS) to ensure a conformal
charged coating of the substrate for siRNA film deposition. Assembly of baselayers was carried
out in 100 mM sodium acetate solution at pH 5.0. All solutions were filtered using a 0.2 pm
membrane syringe filter prior to use.  Polymer solutions used were prepared at a 2 mg/mL
concentration and all siRNA solutions contained a 20 pg/mL concentration of siRNA. Polymer
deposition steps were done for 10 minutes and polyplex nanoparticle or siRNA deposition steps
were done for 30 minutes. All deposition steps were followed with two 1 minute washes in pH

adjusted nuclease free water.

2.2.4 Film Thickness and Surface Characterization
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The thickness of the LbL films were assessed for films assembled on silicon and glass
substrates using both spectroscopic ellipsometry (XLS-100 Spectroscopic Ellipsometer J.A.
Woollam Co., Inc) and profilometry (Dektak 150 Profilometer). Ellipsometric measurements
were performed on LbL films assembled on silicon substrates. Films were dried under filtered
nitrogen prior to measurement. Measurements were performed at room temperature with a 70°
incidence angle. The acquired spectra were then fit with a Cauchy dispersion model to obtain an
estimated thickness for the film. For measurement of film thickness by profilometry, films were
built on either silicon or glass and scored by a razor then tracked over. Step height from the
untouched film to the bottom of the score was measured in six different locations on each sample

to obtain an average thickness.

Atomic force microscopy (AFM) was performed using a Dimension 3100 AFM with
Nanoscope 5 controller (Veeco Metrology) in tapping mode. Film areas of 25 pm by 25 um
were examined for each film after 5, 15 and 25 architecture depositions. Nanoscope analysis

v1.10 software was used to calculate the root mean squared roughness for films.

2.2.5 Quantification of siRNA Loading into LbL Assembly

Incorporation of siRNA within the LbL film assemblies were quantified after 5, 10, 15
and 25 architecture repeats. To quantify the amount of siRNA within the film a one square
centimeter sample of a film coated substrate was placed into 500uL. of 1 M NaCl solution
prepared from nuclease free water. The sample was then subjected to vigorous agitation for 30
minutes to completely remove the film from the surface. The substrate was then removed from
the salt solution, washed with deionized water and dried under filtered nitrogen. These
substrates were evaluated by SEM to check that the entire film had been removed from the
surface. Quantification of siRNA was performed using Oligreen dsDNA reagent (Invitrogen) as

per the manufacturer’s instructions or by quantification of fluorescently labeled siRNA.

For quantification using Oligreen the degradation solution containing the released film
was diluted 1:20 into nuclease free water to reduce salt concentration to within the tolerance
range of the assay. 25 pL of degradation sample was then added to 100uL of prepared Oligreen
reagent (diluted 1:200 in TE buffer of reagent in kit) in a fluoroblock (BD) 96-well plate.

Samples were then read with a fluorescent plate reader with 490/520 Ex/Em wavelengths.
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SiRNA standards were prepared using similar salt concentrations to that in the diluted

degradation samples.

2.2.6 Degradation Studies and Release Characterization

Experiments for the quantification of film degradation were carried out in either PBS or
cell conditioned media at 37°C. To assist in the visualization of the degradation of the film,
AlexaFluor 488-labeled siRNA was used. Cell conditioned media was prepared from NIH-3T3
cells grown to confluence. NIH-3T3s were seeded into a 24-well plates (50,000 cells/well) and
cultured in Advanced-MEM (Invitrogen) media containing 5% FBS, 1% antibiotic-antimycotic
solution, and 2mM L-glutamine. Cells grew to confluence within approximately 1 day after
seeding. Media was removed from wells after 72 hours in contact with the cells. This media
was filtered using a 0.2 um syringe filter to remove cellular debris. This filtered media was then
placed directly onto of the films to be degraded. Degradations were carried out at 37°C with the
entire degradation media exchanged daily. Unlabeled siRNA served as a blank non-fluorescent
control. A standard curve of the fluorescently labeled siRNA was used to interpret the
concentration of siRNA within the release media. SEM analysis of all samples was done in
JEOL 6700F scanning electron microscope. Confocal imaging of degrading samples was

performed on a Zeiss LSM 510 Confocal Laser Scanning Microscope.

2.2.7 Characterization of in Vitro Knockdown

GFP knockdown was characterized by flow cytometry measurements of mean cell
fluorescence in NIH-3T3, MDA-MB-435, and M4A4 cells that constitutively expressed GFP.
5,000 cells per well were seeded in a 48 well plate in 600uL of cell growth media and allowed to
incubate for 24 hours. Films coated substrates were cut into 0.5x0.5 cm (0.25cm? total area)
squares and placed into the wells with the cells. After 3, 5, or 7 days of exposure to the film
coated substrates cells were trypsinized and mean cell fluorescence was determined by flow

cytometry, using a BD FACSCalibur flow cytometer.

2.2.8 In vitro Transfection with Fluorescently Labeled siRNA

Transfection of NIH-3T3s was monitored using fluorescently labeled siRNA. Similar to
knockdown experiments films containing the labeled siRNA were built on Tegaderm samples
and placed in culture with NIH-3T3 cells grown on coverslips in cell growth media. Cells were

exposed to films for up to 1 week in vitro with media being changed every two days. At day 3,
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5, and 7 samples were taken for microscope analysis of transfection. Cells were fixed in

formalin diluted in PBS and counterstained with DAPI nuclear stain.

2.3 Results

Initial testing was conducted to determine if any single or combination of film
architectures could effectively incorporate and release siRNA. These films were then evaluated
in vitro for their efficacy in knocking down a reporter gene green fluorescent protein (GFP).
Incorporation and release of siRNA was quantified by a number of approaches. Early trials were
evaluated using Picogreen or Oligreen assays’ for nucleic acid quantification. These dyes are
highly sensitive to nucleic acids, Oligreen assay is especially well suited for quantifying dsRNA,
however they rely on direct interaction with the RNA which may be difficult in a complexed
state. One way to prove such a behavior is to force complex dissolution by the addition of
heparin to solutions containing complexed siRNA. Heparin is a highly negatively charged
natural polymer that can out-compete siRNA for interactions with complexing polycations®®. In
this process the heparin makes siRNA available for binding to the dyes used, theoretically
allowing for the differential quantification of loose siRNA and complexed siRNA. This
approach however is difficult to reproduce and results in wide variability between samples. A
more straightforward approach is to use fluorescently labeled siRNAs. This process is somewhat
more expensive than the previous approach but the results were found to be more consistent for
our purposes. In this work the labeled siRNA can be used as all of the siRNA incorporated or as
a fraction of the siRNA, so as to dope the film with the labeled siRNA.

2.3.1 Polyplex Nanoparticles for the Incorporation of siRNA into LbL Films

The first films investigated in this work focused on the incorporation of nanoparticles
containing siRNA and a complexing polycation. This structure, regardless of the siRNA
complexing polymer, will be referred to as a polyplex. The first such film that was evaluated
was a polyplex of linear polyethylene amine (LPEI). The formation of these polyplexes is
known to be determined by the ratio of charge species in the polycation to charge species in the
RNA?7! This ratio is referred to as the N:P ratio™. Investigating the role that the N:P ratio
played in the size and stability of the complexed siRNA was performed for up to 24 hours at
room temperature. Size of particles was determined by dynamic light scattering (DLS). All
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polyplex particles were seen to increase in size during the study period. Particles at lower N:P
ratios were significantly larger than those at high N:P ratios and were seen to aggregate up to

multiple microns in size.

To incorporate these polyplexes into the LbL film architecture, they were assembled with
material that could form stable complementary interactions with them. The polyplexes being
made at an N:P ratio greater than one were on average strongly positively charged providing a
means to incorporate them into the film structure with negatively charged polymers, called
polyanions. Films were built and evaluated for growth rate and siRNA release in PBS at each
N:P ratio shown in Figure 2-2. Growth rate was seen to vary significantly between the films.
Increased film thickness was observed to correlate with increased siRNA incorporation in all

films tested.

The first approach tested was a simple bilayer structure using three different polyanions:
(1) dextran sulfate (DS), (2) hyaluronic acid (HA), and (3) alginate (AL), with a selection of
different N:P ratio polyplexes. None of these films were observed to release any siRNA, though
incorporation of siRNA was observed in all films assembled to varying degrees. The highest
siRNA incorporating of these films was the 10 N:P ratio film with dextran sulfate which loaded
approximately 5.8 = 0.9 ug of siRNA per cm” of coated surface after 15 layers.

The issue of promoting the release of siRNA was apparent after these tests. One possible
cause for this issue was identified shortly after reconsidering our approach, as none of the
material used in the film assemblies significantly changed during the attempted release, there
was little driving force to facilitate the desired release. To improve the release of siRNA from
the films we decided to incorporate a hydrolytically degradable polymer commonly used in LbL
delivery assemblies called a poly(beta-aminoester) (PBAE)'®.  Specifically we turned to two
such PBAEs called Poly 1 and Poly 2 in this work (Figure 2-1). This was done by including the
PBAE as part of a tetralayer architecture. An example of one such architecture is

[PBAE/DS/NP/DS], where n is the number of architecture repeats.

Total siRNA incorporation into the tetralayer polyplex nanoparticle films was relatively

low, with the highest incorporation being seen in the 10 N:P film of [Poly2/DS/NP/DS], which
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achieved approximately 7.2 + 0.6 pg of siRNA per cm’ of coated surface after 15 layers. Release

of siRNA from all tetralayer films was near completion after six days in PBS at 37°C.
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Figure 2-2 Early investigations into LPEI polyplex LbL film assemblies
(a) Time-study comparison of hydrodynamic diameter for different N:P ratio LPEI/siRNA
polyplexes at room temperature. (b) Growth curve for [Poly 2/DS/NP/DS] where N:P = 10. (c)

AFM of assembled films after 5, 10, and 15 layers assembled on silicon substrate.

Film growth for the 10 N:P LPEI polyplex containing tetralayer film was observed to not
follow a linear growth pattern. Instead the film was observed to grow slowly at first and then
rapidly increase in size followed by a slower period of film deposition. These findings may be
indicative of the increasing particle diameter during the dipping process, expedited by the
removal of loose LPEI from the solution. We investigated the dipping baths during this process
and found that the particle diameter was on average increased after dipping compared to those
left alone in solution. Assessment of the growing surfaces by AFM shows a fascinating change

from relatively small sub-micron particulate to larger multiple micron size materials

48



incorporating on the surface. After 15 tetralayers these features however are largely ablated and

a more flat surface with fine peaks is observable.

Both 10 N:P and 90 N:P films were applied to cells to observe their impact on cell
viability over a five day period. These films were observed to significantly reduce cell viability
compared to uncoated control. The 10 N:P film had a significantly more negative impact on cell
viability, this was believed to be due to the increased amount of film material released from the
surface compared to the 90 N:P film. Neither film was observed to successfully knockdown the
reporter gene GFP in vitro. Together these results suggested that the material was released,
however the contained siRNA was unable to effectively transfect cells. Combining this material
with Lipofectamine 2000, as per the manufacturer’s protocol, did achieve significant reduction in
GFP expression in NIH-3T3 cells. This reduction was greatest in cells treated with the pooled
release material from the 10 N:P ratio film, achieving an approximate 37% reduction in mean

cell fluorescence.

Table 2-1 Summary of polyplex containing LbL film architectures

siRNA siRNA Film
Degradable Loaded Released Thickness GFP
Architecture Polycation  (pg/cm?)  (pg/cm?) (um) Knockdown Described Release Profile

Small bolus release initially with

LPEI Tetralayer Yes 72:06 62+10 23+07 099:003 large destabilization at around 1

(N:P 10)45 day.
Smallbolus release, with film

(L:, = Ig;’a'aye‘ Yes 4311 41%03 25108 101:002 destabilizationaround 1 day.

’ 1 siRNA in complex with LPEL

Similarto N:P 15 film with less

LPEI Tetralayer siRNA release, and not able to

(N:P 25) 45 Yes 20203 19£05 24x07 1.00+0.04 visualize siRNA complex with
LPEI.

LP.EI Tetralayer Yes 12402 08+01 18409 102+ 004 Full release in 3 days, no bolus.

(N:P 80) 5

LPEI Tetralayer Sustained release over first three

(N:P 90) 15 Yes 1.1+02 06zx0.1 19105 0.96 + 0.07 days of degradation.

BPE! Tetralayer Smallbolus release within first 6

(N:P 5),s Yes 9412 06+03 11103 0.98+0.08 hours.

BPEI Tetralayer Small bolus release within first 12

(N:P 90) 15 Yes 0604 0.1:004 06+0.1 1.01+0.10 hours.

PrS Tetralayer Near complete release seen after

(N:P 90) 55 Yes 16+08 15x05 09102 0.99+0.07 24 hours.

Multi-Bilayer 80% bolus siRNA release in first

LPEI (N:P 10) Yes 38109 09102 16106 1.02+0.06 30min, full degradationin 3 days.

[(Poly2/DS)3(NP/DS)s}5

Multi-Bilayer Low sustained release over first

LPEI (N:P 10) Yes 46+1.1 04+02 14106 0.96+0.08 two days, no release beyond

[(Poly2/DS)s(NP/DS),}5 that.
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Polyplex containing LbL films were attempted using Poly-l-lysine at two different
molecular weights. At N:P ratios from 5 to 90 no polyplexes were observed by DLS at any
condition evaluated. Similarly, no nanoparticles were seen for mixtures of chitosan, at two
different molecular weights, with siRNA. In contrast, 10 kDa BPEI was seen to form very stable
complexes with the siRNA at N:P ratios of 5 and above. These nanoparticles were built into
tetralayer films. The highest siRNA incorporating film of BPEI polyplex tetralayer architecture
was reached for the 5 N:P particles, with a total loading a total of 9.4 + 1.2 pg of siRNA per cm?
after 15 layers. These films were observed to release only 0.6 + 1.2 ug of siRNA over a 14 day
release period in PBS at 37°C. It has been shown by numerous previous investigations that LbL
films undergo inter-penetrating processes during construction. We believe that the lack of

release in these BPEI containing films compared to the LPEI films was due to the increased

inter-layer diffusion and subsequently increased film stabilization.

No polyplexes were observed for mixtures of Poly 1 or Poly 2 and siRNA at any N:P
ratio tested, ranging from 5 to 90. We also investigated a number of commercially available
polycations including protamine sulfate (PrS) and poly(allylamine) hydrochloride (PAH). PrS
did form nanoparticles with the siRNA at N:P ratios about 10 but loading of complexed siRNA
into LbL films was very low, approximately only 1.6 + 0.8 ug of siRNA per cm? after 25 layers.
Nearly all of this siRNA was observed to be released from the film after 1 day of degradation in
PBS at 37°C. This material was unable to achieve significant reduction in GFP expression in
vitro, but when combined with lipofectamine 2000, as per the manufacturer’s protocol, was able
to reduce mean cell fluorescence significantly. These data and more investigations are

summarized in Table 2-1.

Beyond only using tetralayer architectures to incorporate polyplex nanoparticle we also
investigated the use of hierarchical film architectures. We termed this approach multi-bilayer
films as they aimed to separate the two roles that the LbL film was attempting to simultaneously
play: (1) incorporate siRNA and (2) release siRNA in a controlled fashion. By separating these
roles in the nanoparticle film we hoped to reduce the interaction between the siRNA
incorporating materials and the other film components. This approach however was not
observed to appreciably increase siRNA incorporation or improve controlled release of the

siRNA. In fact, what was seen was a significant increase in film thickness and a reduction in
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both the amount of siRNA incorporated and the fraction of siRNA released. These findings

pushed us away from this approach for polyplex film architectures; however, later in our further

investigations into other film architectures we revisited this concept.

2.3.2 Direct Incorporation of siRNA into LbL Films

Incorporating siRNA first into nanoparticles and then into LbL assemblies was a largely

unsuccessful endeavor, with no polyplex nanoparticle containing films capable of effectively

delivering siRNA in vitro. This failure to achieve gene knockdown pushed us to investigate

other formulations. One such approach, which has been investigated for the delivery of DNA,

was to directly incorporate the material as a polyanion species into the LbL assemblies. This

route, which we will term direct incorporation, was used to investigate a number film

architectures comprised of a myriad of polycation species.

Table 2-2 Summary of siRNA bilayer LbL film architectures

siRNA SiRNA Film
Degradable Loaded Released Thickness GFP
Architecture Polycation (vgicm?)  (pg/cm?) {nm)  Knockdown Described Release Profile

. All siRNA release occurs within
{LPEL 5/siRNA)s No 49+1.1 21104 52+8 1.02+0.08 first 12 hours

. Large burst release of over 80%
(LPElys/siRNA);s No 6.1+09 28108 48+ 6 0.99+0.07 total release in first 30 minutes.

; Nearly 50% of siRNArelease
(LPEls/SiRNA),s No 64106 22107 4619 0.97+0.10 occurs in first 30 minutes.

DEAE No burst release observed,
( " No 7117 1.3+04 87+ 11 1.04 £ 0.08 sustained release for three
Dextran/siRNA),s d
ays.

Sustained siRNA release for
(PLL5k/SIRNA)s Yes 3.6+08 18106 638 0.92+0.05 five days with no further

observed.

Sustained siRNA release for
(PLLgo/SIRNA),s Yes 41+12 12105 59 +12 0991+ 0.09 two days with no further

observed.

. All observed siRNArelease
(BPEL; 5k/siRNA),5 No 33+09 04103 55+ 11 1.06+0.11 occurs in first 24 hours.

. All observed siRNA release
(BPEl;ok/siRNA),5 No 69+12 04+£02 519 1.01+0.08 oceurs in first 12 hours.

. All observed siRNArelease
(BPElso/siRNA),s No 39+05 06+0.1 33t4 0.98 £ 0.06 oceurs in first 30 minutes.
(Poly 2/siRNA)ys Yes 3005 06:0.1 33:4 0981006 /llobseved siRNArelease

occurs in first 30 minutes.
. All observed siRNArelease
{Poly 1/siRNA),s Yes 39+05 06101 334 0.98 + 0.06 occurs in first 30 minutes.
Our first attempts at direct incorporation of siRNA into LbL assemblies looked at

relatively simple bilayer structures of siRNA with a complexing polycation (Table 2-2). The

first architecture investigated was the bilayer [Poly2/siRNA]. This film was able to load fairly
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high amounts of siRNA per area, reaching 11.6 + 2.1 pg of siRNA per cm? after 25 layers. It
was noted for this film that significantly more siRNA was incorporated when a lower
concentration buffer solution was used, from 100mM to 10mM. This film demonstrated
sustained release of siRNA for up to eight days in PBS at 370C. This released material was
pooled and then dosed onto GFP expressing NIH-3T3 cells. At no tested concentration was any
significant siRNA-specific gene knockdown observed. Films containing Poly 1 behaved
similarly in vitro, though loading significantly less siRNA (3.2 + 1.1 pg) per cm? after 25 layers,

and releasing siRNA for only approximately five days.

Films comprised of LPEI were built using three different molecular weights ranging from
2.5 kDa to 250 kDa. These films loaded relatively high amounts of siRNA, reaching
approximately 6.4 = 0.6 pg of siRNA per cm? of coated surface after 25 layers. Release of
siRNA from these films however was observed to only occur within the first hour to six hours of
release. Approximately 30-40% of the loaded siRNA in each of these formulations was
observed to be released in this time period. This released siRNA was unable to effect siRNA-
specific knockdown when dosed onto GFP expressing NIH-3T3 cells. This style of release,
which is common in many drug formulations, is referred to as a burst release. It is often due to a
rapid change in the media surrounding a drug releasing device, which alters the interactions that
facilitate the inclusion of the drug to be delivered. This burst profile of release is not desirable in
controlled delivery formulations as it takes away the designed ability to slowly deliver a drug
and maintain a therapeutic level. In this specific formulation the destabilization of the siRNA
complexed within the film not only takes away control of release but also changes the form of
the released material. The siRNA released in this burst profile is uncomplexed, demonstrated
both by DLS measurement and gel electrophoresis of the released material, and thus open for

rapid degradation and unable to effectively transfect cells.

Burst release of material from the coatings was a common issue observed in nearly all
direct incorporation formulations tested. A number of approaches were investigated to minimize
this effect. One such approach we looked into was to incorporate materials that would not go
under changes in charge density between assembly and release or biological conditions.
Particularly we looked to include PrS, poly-l-arginine (PLA), and poly-l-lysine (PLL) as these

are biologically degradable polycations that have been reported in literature for use in siRNA
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delivery formulations. Of these PrS reduced siRNA burst release the most while maintaining the
highest loading of siRNA (5.6 = 0.8 pg/em? after 25 layers) when incorporated in a tetralayer
structure with Poly 2. PLA and PLL were observed to load far less siRNA than PrS (1.6 + 0.6
and 0.9 £ 0.4 pg/cm’ respectively after 25 layers), and have only minimal effects on the burst
release of siRNA from the films. Release of siRNA from the PrS tetralayer film was sustained
for nearly 10 days in vitro in PBS at 370C. When applied to cells in culture none of these films
were observed to significantly impact cell viability after 72 hours, however none were also
observed to effectively reduce GFP expression in an siRNA-specific manner. These in vitro

studies were followed out to one week with no positive results observed (Table 2-3).

Interpreting these results we considered the impact that the positively charged polymer
might have on endosomal escape. One mechanism by which materials have been hypothesized
to escape the endosomal compartment is by the proton sponge effect’, wherein the some
component of the material taken up by a cell buffers the endosome during its maturation®*°.
This buffering effectively forces the cell to increase the amount of counter ions introduced into
the endosome subsequently increasing osmotic pressure and creating instability in the
compartments structure. By using polycations that do not buffer in this physiological range we
hampered this capacity of our films released material. This consideration inspired a change in
focus to use a strongly negatively charged material that could also create a physical barrier to
inter-layer diffusion. To do this we looked at nanomaterials used in other reported drug delivery
formulations and decided upon using laponite clay (Lap), a silicate clay platelet that is strongly

negatively charged and which has been reported in the creation of LbL films®’>°.

Table 2-3 Summary of more complex siRNA LbL film architectures
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siRNA SiRNA Film

Degradable Loaded Released Thickness GFP
Architecture Polycation {ugicm?) (ng/cm?) (nm) Knockdown Described Release Profile

35% of siRNArelease in first 30

{LPEls«/siRNA/DS )5 No 106+18 4712 526+ 72 091+0.05 minuteswith sustainedrelease
over one week.

(LPElysi/SIRNA/ALG)ps No 22:04 0905 691+110 106011 Over 90%of siRNArelease
occurs within first day.

(DEAE- Over 30% of siRNAreleased in

Dextran/siRNA/DS) No 51112 1606 741+ 86 0.94+0.08 first 30 minutes with sustained

25 release out to four days.

40% initial bolus in first 30

(Poly2/siRNA/DS),s Yes 46+12 39+08 620 + 80 0.90+0.05 minutes, sustained release out to
five days.

. o .
(LPElgs/siRNA/LPE I No 6.3+22 0.6+0.3 905 + 68 0.98+010 Over 85% of release within first
/DS)ys day.

(LPEIl,s/SIRNA/LPE |55 1608 + Over 90% of siRNA release
IALG)ys No 55+19 10104 197 1022006 i erved in first 12 hours.

. Nearly 70% of siRNA release
(LPEl,s/siRNA/Poly2/ Yes 97124 19:07 1210 1964000 occursin the first day followed by
DS)ys 131 :

sustained release for five days.
Over 50% of siRNA release
(LPEl,s/siRNA/Poly2/ Yes 71426 23408 2211+315 0.89+ 0.08 obseryed in first day with
ALG)ys sustained release out to three
days.
(LPEl5x/SIRNA/LPE 5 5240 + All siRNA release observed in
IDS/Poly2/DS),s Yes 121 9618 408 1022004 goihour

As laponite clay is a negatively charged species its incorporation into LbL assemblies
with siRNA required the use of tetralayer and more complicated film architectures. Our first
attempt to use Lap focused on the film architecture of [Poly 2/siRNA/LPEIl/Lap]. This film
loaded approximately 9.8 + 1.2 pg/cm® after 25 layers and released this siRNA with only
approximately 10% burst release and sustained release out to seven days. When placed in
culture however this film did not significantly reduce gene expression in a siRNA-specific
manner. When the released material was pooled and mixed with lipofectamine 2000 however
the siRNA was able to achieve significant knockdown of nearly 40% at 100nM concentrations.
This observation demonstrated that the siRNA was still intact and capable of knocking down a
targeted gene, but the released material was unable to effectively gain access to the cytoplasm of
the cells. We then began to screen other material combinations using Lap in tetralayer

architectures.

Of these films one demonstrated early in vitro success, [Chi/siRNA/Poly 2/Lap], where
low molecular weight chitosan (Chi) was used as the polycation for incorporating siRNA into the
film (Figure 2-3). Chitosan has been well reported in literature for use in a number of siRNA

40-43

delivery formulations To this point the use of chitosan in bilayer and tetralayer structures
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with Poly 2 had not demonstrated any efficacy in releasing significant quantities of siRNA.
Particularly the simple bilayer structure of [Chi/siRNA] did load nearly 14 pg/em” siRNA after
25 layers, but nearly 80% of the release of the siRNA occurred in the first few hours with no
observable in vitro efficacy. Combining this bilayer structure into a tetralayer architecture

containing Poly 2 and Lap however resulted in a significant improvement in the in vitro delivery
of siRNA.

The [Chi/siRNA/Poly 2/Lap] tetralayer film was observed to grow in a near-linear
fashion on flat silicon substrates over the range investigated. SiRNA loading was observed to
increase per tetralayer similarly, achieving nearly 12.3 + 1.9 ng/em” after 25 layers. It took
approximately 15 hours to fully assemble the 25 tetralayer film for testing. This film when
placed in culture with NIH-3T3 cells constitutively expressing GFP was able to achieve
significant and sustained knockdown in an siRNA-specific manner of up to 45% for five days

with no significant loss in cell viability.
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Figure 2-3 Assembly of Tetralayer Lap Containing LbL Film Architecture
(a) Schematic representation of assembly process for tetralayer structure. (b) Growth curve for

[Poly 2/Lap/Chi/siRNA]. (c) Quantification siRNA incorporation during film assembly.

This finding was a very interesting observation as the introduction of the Lap and Poly 2
material into the film architecture facilitated the sustained release of siRNA in a form that could
effectively transfect cells. When this structure was combined with the previously tested
[LPEI/siRNA]>s film we also saw a positive in vitro response, resulting in an approximate 22%

reduction in mean cell fluorescence after three days in an siRNA-specific manner. It was noted
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however that this film also negatively impacted cell viability, reducing it by approximately 30%

compared to uncoated controls.

After a number of attempts to combine the previously investigated bilayer films with
[Lap/Poly 2] we determined that the [Chi/siRNA/Poly 2/Lap] film architecture was the best
performing one. This film both sustained delivery of siRNA over a physiologically relevant
timescale and that the siRNA that was released after five days was still able to transfect cells to
achieve significant siRNA-specific gene knockdown. In evaluating this system we were also
very interested to see if siRNA sequence would make any significant difference in the loading or
release of siRNA. To do this we used two different siRNA sequences, one for GFP targeting and
one for GADPH which do to their different sequences had different molecular weights. In both

cases we saw statistically similar incorporation and no significant changes in release profiles.

2.3.3 Tuning siRNA Incorporation
It has been widely reported that siRNA incorporation in most formulations does not

significantly change based on the siRNA used® *.

This is understandable considering the
physic-chemical similarities that all siRNA share that are used for assembly of these
formulations. We were then interested to see if we could tune the loading of one siRNA in
respect to another within this film structure. This was visualized by using two different labeled
siRNA, one labeled with an alexafluor-488 (AF-488) label and one with an alexafluor-546 label
(AF-546). We found that indeed we could design the differential loading of one siRNA over
another by controlling their relative concentrations in the assembly material (Figure 2-4). These
films were followed in vitro and demonstrated no preference for uptake of one siRNA over
another, suggesting that we could theoretically target multiple genes using this approach in a

very specifically controlled fashion.
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Figure 2-4 Controlled Incorporation and Delivery of Multiple siRNAs within a Tetralayer
LbL Film Architecture

(a) Fluorescent imaging of LbL assemblies constructed within a microchannel device
demonstrating the controlled tunable incorporation of one siRNA relative to another. (b)
Quantification of relative channel fluorescence normalized to films only containing one labeled
siRNA. (c) Fluorescent imaging of HeLa cells treated with film coated substrates constructed of
different ratios of labeled siRNA, demonstrating no preferential uptake of one siRNA over the

other.

Attempts to target multiple reporter genes in vitro however were significantly
complicated by a number of issues including contamination and poor cell viability. Preliminary
results seemed to indicate that we were able to effectively achieve siRNA-specific reductions in
both reporter genes targeted, but reproducing these results was made difficult by lost timepoints
and the eventual loss of the dual reporter expressing cell within our lab. Following the
controlled delivery of multiple differentially labeled siRNAs in vitro support the assertion that

we should be able to knockdown multiple genes however.
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We were also interested in targeting multiple genes simultaneously with control over the
sequential delivery of siRNA. This sort of temporal control over release would be important in
the effort to create coatings that could address the evolving nature of a wound environment*® *’.
Timing knockdown of individual factors so as to better control biological processes and from this
develop better outcomes. The ability to sequentially deliver factors from LbL films has been

described by a number of previous researchers for other drug delivery formulations**'

. Here we
took a similar approach, but were able to leverage the benefits of already including a high-aspect
ratio nanomaterial as a means to reduce layer interdiffusion and thus improve control. Our

approach is detailed in Figure 2-5a.

Loading of siRNA was seen to behave similarly to what we had found in our precious
study of this films architecture. Unlike our previous investigations however we assembled up to
50 total layers of film onto the surface. The incorporation of the two differently labeled siRNAs
is shown in Figure 2-5b. It was observed that there was some level of replacement during the
film construction as the total amount of siRNA labeled with AF488 reduced slightly from the
increasing layers of AF546 labeled siRNA. To evaluate the release of the labeled siRNAs from
the film we coated samples of Tegaderm® and degraded the film in PBS at 37°C for up to 14
days. At predetermined time points we drew samples from the degradation media and imaged
the degrading samples. Release of the top most layer of siRNA containing LbL film was seen to
start in these films immediately after being placed in the PBS for degradation. It was noted that
release of the lower LbL film began similarly to the upper most layer, with a more delayed and
sustained profile. This style of release suggests that even though the top layer may physically

block the lower layer that both may be releasing simultaneously from the coated surface.
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Figure 2-5 Control over Sequential Delivery of siRNA Based on Hierarchical LbL Film
Architecture

(a) Schematic detailing the assembly of LbL film architecture. (b) Quantification of incorporated
fluorescently labeled siRNA. (c) Fluorescent imaging of Tegaderm® coated with LbL film
demonstrating sequential controlled release of siRNA. (d) Quantification of siRNA release from

coated substrate in PBS at 37°C followed over a two week period.

After 14 days of degradation it was observed that the majority of the film had been
released from the coated surface. The uppermost layer of the film had finished releasing after
approximately 10 days while the lower film released out until the end of our study. These
findings endorse two very important concepts, (1) that we should be able to control the release of
a single siRNA based on total film constructed and (2) that the potential exists to design a tuned

sequential delivery of siRNAs from a single LbL coating for more complex therapies.

2.4 Discussion

Within this chapter we have covered the early and very broad approaches that we took to
investigate LbL films to incorporate and deliver siRNA. This work ranged from using polyplex
nanoparticles encapsulating siRNA to directly incorporating siRNA as a film component as well

as a multitude of variations in film architectures. A number of interesting phenomena were
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described by their impact on film assembly. We believe most important of which were many of
the negative results we observed, demonstrating the need for such a thorough screen of potential
film combinations. From this early screen of film architectures we arrived at an LbL film which

could incorporate and deliver siRNA in vitro.

As a proof of concept we demonstrated many of the interesting potential opportunities
that LbL-based siRNA delivery could present with this selected film architecture. Using LbL
assembly we were able to effectively coat surfaces with nanometer thin polymer coatings that
could load micrograms of intact siRNA and active siRNA. This work was expanded to detail
much of the potential that these films could have in the design of controlled release formulations
of siRNA. We also demonstrate some early findings of how LbL assembly could be used to

create hierarchical film structures for sequential release of siRNA.

While not easily described through text, numerous early stumbling blocks were
discovered during this work, refining our conceptions and overall plan for the work. An example
of such a shift in thought can be readily seen in our first attempts at building siRNA LbL films
focusing on architectures used for the delivery of DNA. We thought that due to their similar
composition, incorporating siRNA should be practically the same as DNA. However, this was
not at all what we found. Many, if not most, reported LbL approaches for the delivery of DNA
had focused on the use of a simple bilayer film architecture using Poly 2 as the complexing
polycation. When we used this film for siRNA delivery we found that very little of it loaded into
the film structure and that which we could release was unable to transfect cells effectively. This
early work for us was essential to make apparent the important role that the released complex

must play in that siRNA delivery.
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Chapter 3
Nanolayered siRNA Dressings for Sustained
Localized Knockdown

Reproduced in part with permission from “Nanolayered siRNA Dressing for Sustained Localized

Knockdown” by Castleberry, S., Wang, M. & Hammond, P.T. ACS Nano 7, 5251-5261 (2013).

3.1 Introduction

In Chapter 2 we discussed our preliminary investigational studies that helped us refine
our techniques and focus for developing LbL films for local delivery of siRNA. This work
looked at polyplex nanoparticle and direct incorporation approaches to determine film structures
that could achieve siRNA delivery in vitro. Further investigation into other possible film
structures, however, led us in a new direction from that described in Chapter 2, primarily
focusing on calcium phosphate nanoparticles for siRNA incorporation. In Chapter 3 we present

our in vitro investigations into LbL film architectures using calcium phosphate nanoparticles.

RNA interference (RNAI) is the process in which small segments of double stranded
RNA are used to identify and facilitate the destruction of target mRNA sequences. RNAI1 holds
enormous potential both as a tool in molecular biology as well as a powerful therapeutic agent'™.
Currently however there remain significant questions as to the viability of RNAIi in medicine due
to the difficulty in delivering the molecule effectively to areas of interest while maintaining its

7-10

activity and avoiding toxicity’'’. Whether advances in the systemic delivery of siRNA''""" can

effectively address these concerns is yet to be seen; technologies for the local administration of

18-23

RNAi may offer more easily realized opportunities Local delivery can limit numerous

unwanted systemic side effects of therapies and maintains the highest load possible in the

targeted area before clearance® *°

. The direct release of siRNA to certain regions of the body
could be of significant interest in many applications: modifying cellular interactions with
medical implants such as orthopedic implants and vascular stents, altering how cells respond to

tissue engineering constructs, or serving as a localized reservoir for sustained therapeutic benefit.
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To the best of our knowledge there have been relatively few attempts to develop material

systems for localized and sustained delivery of siRNA to tissues®> 262,

Layer-by-layer (LbL) assembly is a robust method that has been successfully
demonstrated for the localized and sustained delivery of many biologic therapeutics and

29-32

biomolecules LbL is the sequential adsorption of materials onto a surface using

33,34 Materials of interest

electrostatic, hydrogen bonding, or other complementary interactions
can be uniformly coated on a surface with alternating interactions to generate nanometer-scale
thin films that can deliver small molecule drugs35, growth factors®®, and DNA®*’. LbL films have
been used to coat many different surfaces ranging from stainless steel®® and titanium® to
synthetic and naturally derived polymer constructs and even coating living organisms™. In
addition, the delivery of siRNA from an LbL film could provide a platform for future
applications where sequential and coordinated release*'** siRNAs along with other biologically

relevant components>® may be possible.

The potential for localized RNAI in regenerative medicine is of particular interest, as the
opportunities for a therapeutic that could selectively tune expression locally so as to modulate the
natural healing response are immense. As described in the introductory chapter of this thesis, we
are primarily focused on using localized siRNA delivery to treat complications in wound healing.
The known complications of healing are numerous and varied, however RNAI has the potential
diversity to target all of them. This unique characteristic of RNA interference is the driving
force behind a lot of this work. By systematically investigating the knockdown of one target
after another, and potentially in combination, we can gain better insight into the biology of these

pathologies as well as develop materials to improve outcomes for patients.

Herein we describe the development of an LbL assembled nano-layer coating for the
delivery of siRNA that is capable of sustaining significant knockdown in multiple cell lines for
over one week in vitro. This film as described required no externally delivered transfection
vectors or mechanical transfection techniques (e.g. electroporation) to achieve these results. This
coating was applied to a commercially available woven nylon bandage for testing and showed
only minimal impact on the viability of cells exposed to it. A schematic of the application of

such an LbL film is presented in Figure 3-1 where the coating is shown applied to a generic
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woven substrate. Figure 3-1b illustrates a range of potential applications for such a coating in

multiple different localized delivery applications.
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Figure 3-1 Layer-by-layer coating Tegaderm® and potential applications for localized
delivery of siRNA

(A) Schematic representation of LbL Film coated Tegaderm. Shown in the zoomed in portion is
a depiction of the Laponite® containing LbL film architecture. (B) Potential application of LbL
films releasing siRNA containing fragments of film into various environments where modulation
of cellular responses may provide some therapeutic benefit. Inset illustrates an idealized film

mixture released from the coating.

3.2 Methods and Materials
3.2.1 Materials
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SiRNA for GFP and siControl were received as a gift from Sanofi-Aventis. Alexafluor
488-labeled siRNA was purchased from Qiagen (Valencia, CA). Linear poly(ethyleneimine)
(LPEI, MW = 25 kDa) and dextran sulfate (DS, MW = 500 kDa or 9kDa) were purchased from
Polysciences (Warrington, PA). Phosphate buffered saline solution (PBS, 10x), Advanced-
MEM, fetal bovine serum, antibiotic-antimycotic solution and 200mM L-glutamine solution
were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, MDA-MB-435, and M4A4 cells
were purchased from ATCC (Manassas VA). Tegaderm® was purchased from Cardinal Health
(Newark, NJ).

3.2.2 The Formation of siRNA loaded Calcium Phosphate Nanoparticles

Calcium phosphate nanoparticles containing siRNA were synthesized by rapid
precipitation of CaCl, and NH;PO, in the presence of siRNA. NH;PQO,. (3.74mM) and CaCl,
(6.25mM) working solutions were prepared in nuclease free water pH 8.5 and filtered using a
0.2um syringe filter. To prepare 3 mL of CaP nanoparticles, a dipping solution containing 20
pug/mL siRNA and 200 pL of NH3PO4 was added to 60pg of siRNA in 100uL nuclease free
water. 200 pL of the CaCl, solution was then added with vigorous mixing. After approximately
30 seconds 2.5 mL of pH 8.5 nuclease free water was then added to dilute the particles to the
dipping concentration.  The diameter and zeta potential of the formed nanoparticle were
measured both prior to and after film assembly using a ZetaPALS dynamic light scattering and
zeta potential analyzer. The CaP siRNA particles were always prepared just prior to LbL film

construction.

3.2.3 Fabrication of LbL Films

Film assembly was performed using an HMS series Carl-Zeiss programmable slide
stainer. Substrates to be coated were first cleaned sequentially with methanol, ethanol,
isopropanol and water and then dried under filtered nitrogen. These substrates were plasma
cleaned for 5 minutes on the high RF setting and then immediately placed in a 2 mg/mL solution
of LPEI and allowed to adsorb the material for at least 30 minutes prior to use. After this initial
coating, substrates were then placed into specially designed holders for the programmable slide
stainer to move between dipping baths. A generic bilayer LbL assembly protocol consists of first
dipping the substrate into a polycation solution for some specified time, then moving that

substrate through two wash steps where excess polymer is allowed to desorb from the surface.

68



The washed substrate is then placed in a polyanion solution and allowed to adsorb polymer.
After adsorption of the polyanion the substrate is then washed two more times to remove any
excess polymer. This process can then be repeated for multiple depositions of the bilayer

architecture.

All films were assembled on top of 10 baselayers of (LPEI/DS) to ensure a conformal
charged coating of the substrate for siRNA film deposition. Assembly of baselayers was carried
out in 100 mM sodium acetate solution at pH 5.0. All solutions were filtered using a 0.2 um
membrane syringe filter prior to use.  Polymer solutions used were prepared at a 2 mg/mL
concentration and all CaP nanoparticle solutions contained approximately 20 pg/mL
concentration of siRNA. Polymer deposition steps were done for 10 minutes and CaP
nanoparticle deposition steps were done for 45 minutes. All deposition steps were followed with
two 1 minute washes in pH adjusted nuclease free water. All solutions for siRNA containing

films were prepared in pH 9.0 nuclease free water.

3.2.4 Film Thickness and Surface Characterization

The thickness of the LbL films were assessed for films assembled on silicon and glass
substrates using both spectroscopic ellipsometry (XLS-100 Spectroscopic Ellipsometer J.A.
Woollam Co., Inc) and profilometry (Dektak 150 Profilometer). Ellipsometric measurements
were performed on LbL films assembled on silicon substrates. Films were dried under filtered
nitrogen prior to measurement. Measurements were performed at room temperature with a 70°
incidence angle. The acquired spectra were then fit with a Cauchy dispersion model to obtain an
estimated thickness for the film. For measurement of film thickness by profilometry, films were
built on either silicon or glass and scored by a razor then tracked over. Step height from the
untouched film to the bottom of the score was measured in six different locations on each sample

to obtain an average thickness.

Atomic force microscopy (AFM) was performed using a Dimension 3100 AFM with
Nanoscope 5 controller (Veeco Metrology) in tapping mode. Film areas of 25 um by 25 pm
were examined for each film after 5, 15 and 25 architecture depositions. Nanoscope analysis

v1.10 software was used to calculate the root mean squared roughness for films.

3.2.5 Quantification of siRNA Loading into LbL. Assembly
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Incorporation of siRNA within the LbL film assemblies were quantified after 5, 10, 15
and 25 architecture repeats. To quantify the amount of siRNA within the film a one square
centimeter sample of a film coated substrate was placed into S00uL of 1 M NaCl solution
prepared from nuclease free water. The sample was then subjected to vigorous agitation for 30
minutes to completely remove the film from the surface. The substrate was then removed from
the salt solution, washed with deionized water and dried under filtered nitrogen. These
substrates were evaluated by SEM to check that the entire film had been removed from the
surface. Quantification of siRNA was performed using Oligreen dsDNA reagent (Invitrogen) as
per the manufacturer’s instructions. The degradation solution containing the released film was
diluted 1:20 into nuclease free water to reduce salt concentration to within the tolerance range of
the assay. 25 pL of degradation sample was then added to 100uL of prepared Oligreen reagent
(diluted 1:200 in TE buffer of reagent in kit) in a fluoroblock (BD) 96-well plate. Samples were
then read with a fluorescent plate reader with 490/520 Ex/Em wavelengths. siRNA standards

were prepared using similar salt concentrations to that in the diluted degradation samples.

3.2.6 Degradation Studies and Release Characterization

Experiments for the quantification of film degradation were carried out in cell
conditioned media. To assist in the visualization of the degradation of the film, AlexaFluor 488-
labeled siRNA was used. Cell conditioned media was prepared from NIH-3T3 cells grown to
confluence. NIH-3T3s were seeded into a 24-well plates (50,000 cells/well) and cultured in
Advanced-MEM (Invitrogen) media containing 5% FBS, 1% antibiotic-antimycotic solution, and
2mM L-glutamine. Cells grew to confluence within approximately 1 day after seeding. Media
was removed from wells after 72 hours in contact with the cells. This media was filtered using a
0.2 pm syringe filter to remove cellular debris. This filtered media was then placed directly onto
of the films to be degraded. Degradations were carried out at 37°C with the entire degradation
media exchanged daily. Unlabeled siRNA served as a blank non-fluorescent control. A standard
curve of the fluorescently labeled siRNA was used to interpret the concentration of siRNA
within the release media. SEM analysis of all samples was done in JEOL 6700F scanning
electron microscope. Confocal imaging of degrading samples was performed on a Zeiss LSM

510 Confocal Laser Scanning Microscope.

3.2.7 Characterization of In Vitro Knockdown
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GFP knockdown was characterized by flow cytometry measurements of mean cell
fluorescence in NIH-3T3, MDA-MB-435, and M4A4 cells that constitutively expressed GFP.
5,000 cells per well were seeded in a 48 well plate in 600uL of cell growth media and allowed to
incubate for 24 hours. Films coated substrates were cut into 0.5x0.5 cm (0.25cm2 total area)
squares and placed into the wells with the cells. After 3, 5, or 7 days of exposure to the film
coated substrates cells were trypsinized and mean cell fluorescence was determined by flow

cytometry, using a BD FACSCalibur flow cytometer.

3.2.8 Preservation of siRNA Knockdown During Release

Films were created using GFP specific siRNA. GFP expressing NIH-3T3s were seeded
as previously described. Films were pre-degraded in cell conditioned media for 24, 72 or 120
hours and then placed in culture with cells. Cells were exposed to films for 72 hours. Mean cell
fluorescence was measured using flow cytometry. Films containing negative control siRNA

were used for quantification of relative cell fluorescence.

3.2.9 In Vitro Transfection with Fluorescently Labeled siRNA

Transfection of NIH-3T3s was monitored using fluorescently labeled siRNA. Similar to
knockdown experiments films containing the labeled siRNA were built on Tegaderm samples
and placed in culture with NIH-3T3 cells grown on coverslips in cell growth media. Cells were
exposed to films for up to 1 week in vitro with media being changed every two days. At day 3,
5, and 7 samples were taken for microscope analysis of transfection. Cells were fixed in

formalin diluted in PBS and counterstained with DAPI nuclear stain.

3.3 Results

3.3.1 Thin Film Assembly

Here we report the investigation of four LbL film architectures containing siRNA loaded
calcium phosphate (CaP) nanoparticles for the sustained localized delivery of siRNA. We chose
to use CaP nanoparticles based on a number of advantageous characteristics, most important of
which was the fact that they have been previously demonstrated to remain intact after
incorporation into LbL assemblies®. CaP nanoparticles are known to dissociate with the
maturation of the endosome. This happens when the pH of the endosome falls below

approximately 6.6-6.8. Within the endosomal compartment, the dissociation of the CaP
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nanoparticles creates increased osmotic pressure and this increased pressure can for endosomal

rupture and subsequent release of the packaged siRNA into the cytosol** .

The films to be tested were constructed of different film architectures consisting of
bilayer or tetralayer combinations of polyelectrolyte materials and CaP nanoparticles.
Protamine sulfate (PrS), a naturally derived protein isolated from salmon sperm, was chosen for
the polycation for all of the films investigated in this paper. PrS was chosen based on its
relatively high isoelectric point of around pH 12* and its capability to readily complex with
nucleic acids in an effective manner'’*°. PrS consists largely of arginine and has been shown to
bind DNA and siRNA and protect them from nuclease degradation for multiple days when

49, 50
exposed to serum nucleases*”

. We investigated three polyanions to use in combination with
the CaP nanoparticles and PrS in LbL assemblies: (1) low molecular weight (9kDa) dextran
sulfate (DSL), (2) high molecular weight (500 kDa) dextran sulfate (DSH), and (3) Laponite®
silicate clay (Lap)’'.  All of these components are either readily degraded by enzymes in the

body, or are naturally occurring biomolecules that can be readily resorbed or cleared from the
body.

The four films tested in this investigation were: (1) [PrS/CaP nanoparticle] bilayer, (2)
[PrS/CaP nanoparticle/PrS/DSL] tetralayer, (3) [PrS/CaP nanoparticle/PrS/DSH] tetralayer, and
(4) [PrS/CaP nanoparticle/PrS/Lap] tetralayer. These four different films gave very different
results in their respective rates of film growth, siRNA incorporation, and the level of knockdown

observed.

CaP nanoparticles were analyzed using a ZetaPALS dynamic light scattering and zeta
potential analyzer before and after film construction to evaluate any change in particle
characteristics during the film building process. Prior to film construction the average
nanoparticle diameter was approximately 217 nm and had a negative zeta potential of nearly -30
mV. After the generation of the LbL multilayer film ( 25 bi- or tetralayers), the particle size of
the remaining CaP particles in solution was 199nm and the particles exhibited a similar zeta

potential to nanoparticles prior to dipping (-28 mV).

Film growth was measured for each film using both profilometry and ellipsometry on

films built on silicon substrates®” *2. The growth curve for each architecture is plotted in Figure
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3-2A. The thinnest film, [PrS/CaP], grew linearly (as plotted R*=0.97) with an average growth
rate of approximately 4 nm per layer, reaching 103 nm + 18.5 nm after 25 layers. Even after 25
layers this film did not approach a thickness equal to the average diameter of the particles being
incorporated, suggesting that less than a complete monolayer of coverage was obtained during
assembly. Interestingly, AFM imaging of the surface of the film at different stages of assembly
showed many small nanoparticle-sized features that were observed to increase in density with
increasing number of bilayers. The roughness of this film was also seen to increase during film
assembly from approximately 9.6 nm at 5 bilayers to 16.6 nm at 25 bilayers. The linear nature of
the film growth suggests that siRNA may have been incorporating directly into the film, with

only a fraction of the incorporated siRNA loaded being encapsulated within CaP nanoparticles.

The [PrS/CaP/PrS/DSL] film growth was not truly linear over the 25 layers investigated
(as suggested by the plotted R2= 0.91 for a linear fit). For the first 15 layers the film grew at
approximately 6.8 nm per layer which increased significantly in to nearly 25 nm per layer from
layers 15 to 25. Although it is unclear from the growth rate data alone, this kind of increase in
film thickness is a characteristic of inter-diffusion taking place during film construction® .
After 25 tetralayers, the [PrS/CaP/PrS/DSL] was the second thickest film tested at 380 nm + 30.2

nm and had a surface roughness of approximately 35 nm.

Both the Lap and DSH containing films were observed to exhibit near linear growth
patterns over the 25 architecture repeats tested (as plotted R?=0.98, and 0.95, respectively). The
[PrS/CaP/PrS/DSH] film grew by approximately 10.5 nm per tetralayer and reached a total
thickness of 257 nm + 24.5 at 25 tetralayers. The [PrS/CaP/PrS/Lap] film in contrast grew by
nearly three times that rate at approximately 31 nm per layer reaching 633 nm + 72 nm at 25
layers. The roughness of these two films however was similar with the DSH containing film

being around 18.3 nm and the Lap being 21.6 nm after 25 layers.

The amount of siRNA incorporated into each coated square centimeter of the different
film architectures varied significantly with the choice of polyanion (Figure 3-2B). After 25
layers the [PrS/CaP/PrS/DSL] film had incorporated the least amount of siRNA, only 2.1 + 0.6
ug/em?, while the [PrS/CaP/PrS/Lap] film contained nearly 10 times that amount (18.9 = 1.4
ug/em?). Tt is interesting to note that increased film thickness did not correlate with increased

siRNA loading, as the DSL containing film was nearly 1.5 times thicker than the DSH film at 25
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tetralayers and yet held less than one-sixth the amount of siRNA (12.9 + 2.6 pg/cmz). The
[PrS/CaP] film incorporated 6.3 + 0.7 ng/em? after 25 layers, approximately one-third as much
as the Lap containing tetralayer film, however it was one-sixth as thick. Together these data
suggest that siRNA incorporation is dependent not only on the polycation used to complex the
siRNA onto the surface, but also on the other materials used in the film architecture. In addition
to this it is also apparent when comparing the DSH and Lap tetralayer films to the bilayer
architecture that increasing overall film thickness in combination with appropriate materials may

also be important in achieving high siRNA incorporation.

A i . B ; ;
S0 Film Thickness 250 siRNA Loading Per Area
00 ] O BiLayer g —tr— Bilayer
-E g00 4 @ Tetralayer (tap) - + % 200 - @ = TetraLayer (Lap) - 4
.:_'. soo 4 DTetralayer (DSL) - -7 % i = (= Tetralayer (DSL) .- -
3 400 4 WTetralayer (OSH) §, - 9 % ' --@-=Tetralayer (DSH) ’+' -“
e - - 1
% 30 - 3 100 .+’ SRR
= ” ’
200
= ; 5.0
100 [
w
0 0.0 v - 3
[+] s 10 15 20 25 30 0 5 10 15 20 25 30
Number Architecture Repeats Number Architecture Repeats

Figure 3-2. LbL film growth and siRNA incorporation

(a) Plot of film thickness versus the number of film architecture repeats for all four film
architectures deposited on flat silicon substrates. The data points represent average
measurements taken by both profilometry and ellipsometry, error bars represent 95% confidence
interval. (b) Plot of total siRNA loading per film area of all four tested films measured using

Oligreen dsDNA assay of fully degraded samples.

To test the in vitro efficacy of films, each of the four films needed to be assembled on a
non-degradable inert substrate that could be placed in close contact with cells. In this way the
assembled film and substrate would function as a sort of reservoir from which the films would
degrade and release siRNA. We chose to use a woven nylon bandage (Tegaderm®) for this
substrate. Tegaderm® is commonly used in medical practice as a contact layer on top of wounds

to reduce tissue infiltration into absorbent wound dressings, thereby greatly reducing the level of
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unwanted tissue adhesion to the dressings. The structure of the material is highly uniform,
consisting of woven fibers of approximately 50um in diameter which form pores within the
weave of nearly 0.01lmm? (Figure 3-3B). Coating the substrate with LbL film did not disturb
these features, as can be seen by SEM in Figure 3-3A.

Films were created using both siRNA specific for GFP and a control sequence of siRNA
that is known to not target any mRNA sequence (siControl). Knockdown of GFP was followed
for one week in vitro. Film coated substrates were placed into culture with GFP expressing NIH-
3T3 cells in 48-well plates. Relative mean cell fluorescence of the cell populations treated with
each of the different film architectures on days 3, 5, and 7 can be seen in Figure 3-3C. GFP
expression was most reduced in cells exposed to the [PrS/CaP/PrS/Lap] film coated bandages.
On day 3, cells exposed to this film had a 55% reduction in mean cell fluorescence which
increased to 58% by day 5 and finally to a 64% reduction by day 7 compared to cells treated with

the siControl containing film.

Building on our earlier findings of the importance for material choice in assembling LbL
films for siRNA incorporation, it was observed that even in the case of the same material,
changing the molecular weight can make a significant impact on siRNA delivery. This is seen in
the strikingly different levels of GFP knockdown for the two dextran sulfate containing films.
The [PrS/CaP/PrS/DSL] film reached a maximum reduction in mean cell fluorescence of
approximately 18% on day 5, which decreased slightly by day 7 to only 14%. The
[PrS/CaP/PrS/DSH] film on the other hand achieved nearly a 48% reduction in mean cell

fluorescence on day 3 which had increased to a 53% reduction by day 7.

The [PrS/CaP] bilayer film showed no measurable reduction in GFP expression over the
1 week period in vitro. Further investigation into this film architecture demonstrated that this
lack of efficacy most likely was due to the lack of siRNA release from the coated substrate.
Measurement of the siRNA remaining in the film after degradation showed more than 80% of
the loaded siRNA remained within the film after one week. This unreleased siRNA when
combined with Lipofectamine 2000 was demonstrated to be able to transfect cells and achieve

significant gene knockdown.
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Figure 3-3. [In vitro characterization of LbL films

(a) SEM image showing the regular woven pattern of Laponite® containing film coated on
Tegaderm® used for in vitro testing. Scale bar =100 pm, inset scale bar = 10 um. (b) SEM of
uncoated Tegaderm® substrate. Similar scales as in A. (c) Plot of flow cytometry data for
NIH-3T3 cells stably expressing GFP exposed to LbL film coated Tegaderm for 3, 5, and 7 days.
Data is shown as relative mean cell fluorescence normalized to cells treated with siControl
containing films of the same architecture. (d) Cell viability of NIH-3T3 cells exposed to LbL
film coated Tegaderm as compared to cells exposed to uncoated Tegaderm®, measured using

AlamarBlue® metabolic assay.

The impact on cell viability for each film was quantified using AlamarBlue assay. The
viability of cells exposed to film coated substrates was normalized to cells exposed to uncoated

substrates. This was done to control for the effects of the bandage making contact with the cell
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surfaces. This control was not seen to be statistically different from cells left untreated,
suggesting that the bandage within the well was inert. These results can be seen in Figure 3-3D.
Cells proliferated rapidly under all testing conditions, growing to near confluence by day 5.

Exposure of cells to 100 pmol of free siRNA did not impact cell viability significantly.

Of the films tested only the [PrS/CaP/PrS/Lap] film exhibited no statistically significant
cytotoxicity at any time over the one week test period. The other film coated substrates were
observed to reduce cell viability from 10-30%. An important comparison to make is in the case
for the DSH and DSL films. The DSL film was seen to cause significant reductions in cell
viability while the DSH film did so to a much lesser degree. We believe this is due to the
increase in overall film material released from the DSL coated surface compared to the DSH

surface.

3.3.2 siRNA Film Characterization

Of the four films tested the [PrS/CaP/PrS/Lap] film showed the greatest reduction in GFP
expression, had the least impact on cell viability, and incorporated the most siRNA per area. For
these reasons this film was determined to be the best performing film and was chosen to be the
focus of further investigation. Specifically we were interested to investigate the full siRNA

release profile and characterize the siRNA-specific gene knockdown in multiple cell lines.

SEM imaging of the film coated substrate showed near uniform coating with some
bridges of film appearing to connect the woven fibers (Figure 3-4A) confirming our gross
examination of the LbL coated bandages. Incorporation of siRNA was similarly uniform over
the coated substrate; as observed by confocal imaging of the coated bandages using a
fluorescently labeled siRNA in Figure3- 4B. The sections used to render the projection
highlight the uniform and continuous nature of the coating on the fibers (Figure 3-4C). The
sections shown are at 8 pm steps, starting near the apex of a fiber, moving through the fiber until

reaching the center.

Fluorescent imaging of the coated bandages made apparent a punctate presentation of
fluorescent localizations within the film coating (Figure 3-4B). This feature was observed
uniformly over the coated surface and had an almost regular appearance to it, suggesting that it

was not an artifact of assembly or drying. In contrast we have seen for a number of films
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assembled on flat silicon substrates that there are “edge effects” on the coated surface where
aggregation of material is observed due to drying of the film between depositions. This

appearance however does not look like it is caused by such an effect.

To investigate these formations, the same film was built on silicon substrates and
characterized by atomic force microscopy (AFM). Figure 3-4 D-F show the surface topography
as measured by AFM at 5, 15, and 25 architecture repeats on the surface. Large (approx. 3-5um
in diameter) features began to appear on the surface of the film at 15 tetralayers. These features
are in close agreement with the size of the punctate fluorescent localizations seen by confocal
imaging. As we are incorporating nanoparticles into our LbL film we were understandably
concerned that our film assembly process was leading to particle aggregation and that these
aggregates were what we were observing. Dynamic light scattering measurements of the
solutions used to construct the films however showed no particulate in excess of 300 nm in
diameter. These findings suggest that the aggregations we are observing are most likely formed
on the surface during film growth and do not represent the incorporation of particle aggregates
from solution. This is a fascinating observation as LbL assembly is based on a uniform creation
of films on surfaces. It is intuitive however that incorporation of nanomaterials on the same

scale as the final thickness of the LbL film may lead to less-than uniform growth pattern.

AFM imaging showed a gradual change in surface profile during film construction.
Initially small sub-micron particulate can be observed in a near uniform layer covering the
surface. After 5 layers these particulate range in size from 100nm to 500nm with the majority
lying around 250nm in width. At 15 layers of film deposited larger 1-2 micron aggregates begin
to appear on the surface. These clusters are rough and have multi-globular features, suggestive
of aggregations of smaller particulate. When 35 layers have been assembled these clusters now
form large 5+ micron clumps on the surface. It is these foci that we believe correlate with the

increased fluorescent intensities.
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zMax

Figure 3-4. Characterization of Laponite® containing LbL film coating on Tegaderm®
substrate.

(a) SEM imaging of film coated substrate, scale bar = 25 pm. (b) Three dimensional projection
of fluorescent confocal imaging of film coated substrate using AlexaFluor 488-labeled siRNA.
Scale bar = 25 um. (c) Selected confocal images used to generate projected image. Images were
selected at 8 pm steps to show the conformal nature of the film coating. (d-f) Atomic force
micrographs at 5, 15, and 25 architecture repeats respectively, Zmax = 57nm (d), 138nm (e), and

182nm (1), scale bar =5 pm.

3.3.3 Degradation and Sustained Release Profiles of LbL siRNA
Release of siRNA from the [PrS/CaP/PrS/Lap] film was followed in cell conditioned
media at 37°C for 10 days using fluorescently labeled siRNA. The release profile can be seen in

Figure 3-5A-B. Over the first six days of degradation, the film released siRNA at an average
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rate of 1.8pug/cm?® per day. This rate dropped to approximately 0.5ug/cm?® per day after day 6
until the end of the study period. The cumulative release of siRNA for the 10 days was
12.7 ug/cmz. The total amount of siRNA incorporated within this film was shown to be nearly
19pg/cm2, meaning that approximately two-thirds of the siRNA incorporated was released over

the 10 day test period. No further release of siRNA from the film was observed after 10 days.

When this study was carried out in PBS at 37°C only 0.7ug/cm’® of siRNA was observed
to be released. This siRNA was released in a burst within the first 6 hours of study and no other
quantifiable siRNA release was observed. This style of release suggests that materials within the
cell conditioned media were required to facilitate its degradation and the subsequent siRNA
release. The concept of environmentally stimulated release of a therapeutic is a long-standing
goal in drug delivery, and using biologically degradable materials is one means that has been
well studied. Here the use of the enzymatically degradable protamine sulfate allows for such
control, however we do not know at this time what sort of tenability we would desire to better
treat wounds with our released siRNA material. This idea however suffices to provide more

conceptual framework for our later focused approaches.

The degradation and release of the film from the substrate was monitored optically by
SEM and by confocal fluorescent imaging. A sample taken prior to degradation is shown in
Figure 3-5C. The non-degraded film coats the substrate with few surface defects and
fluorescent imaging shows uniform covering of the substrate with only a few areas of increased
fluorescent signal. Samples of degraded film were taken on day three and day seven to inspect
the film that remained attached to the substrate. Images of the film at three days of degradation
show that it has swelled noticeably and that the distribution of fluorescence along the bandage
surface has become less uniform. Large defects in the coating are apparent and flaps of film that
are falling off of the coated surface are visible where the fibers of the bandage cross. SEM
images show large surface defects in the coating with significant portions of the film loosely

bound to the substrate (Figure 3-5D).

After seven days of degradation most of the film was observed to be largely released from the
substrate surface with only a few notable pieces of film remaining attached. The fluorescent
images of the film at this point also show that most of labeled siRNA contained within the film

has been released (Figure 3-5E). SEM imaging of the bandage shows only small patches of film
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loosely associate with the surface. These patches ranged from a few microns in diameter to tens

of microns and could be easily removed from the substrate by vigorous agitation in deionized

water.
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Figure 3-5. LbL film degradation and release of siRNA

(a) Plot of siRNA release measured on a daily (days 1-6) or bi-daily (days 7-10). Release
measured during degradation of FITC-labeled siRNA containing film in cell conditioned media.
(b) Cumulative release of siRNA over the 10 day period tested. (C-E) Side-by-side comparison
of SEM and confocal imaging showing the degradation of the film on day 0 (c), day 3 (d), and
day 7 (e), in cell conditioned media. SEM scale bar = 50 um, Confocal scale bar = 100 pm.
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3.3.4 Demonstration of Maintained siRNA Bioactivity

Degradation and release studies showed that siRNA was released from the LbL film for
up to 10 days in vitro. This release however only followed the fluorescent label attached to the
siRNA and does not give any indication of whether the siRNA is intact and active or not. As
siRNA is known to undergo rapid nuclease degradation when unprotected'?, it was important to
demonstrate that the siRNA released at every time points was still bioactive. To investigate this,
films were degraded as previously described for 24, 72, or 120 hours in cell conditioned media
prior to introduction to GFP-expressing NIH-3T3 cells. These films, having been degraded for
predetermined amounts of time, provide us with snap shots of the film at each time and thus

allow for evaluation of the activity of the siRNA being released at that time point.

The experiment was carried as follows: cells were seeded at a density of 5,000 cells per
well in a 48-well plate and allowed to seed for 24 hours prior to testing. After this period
0.25cm” bandages were placed within each well and cells were exposed to these pre-degraded
films for 72 hours. After this period of exposure, cells were trypsinized and then assessed for
mean cell fluorescence using flow cytometry (Figure 3-6). All films tested were demonstrated
to reduce GFP expression relative to cells treated with control films. The extent to which the
films reduced mean cell fluorescence was comparable to the estimated siRNA release under the
test conditions. A slight reduction in function could also be due to degradation of the siRNA
released or changes in the way that the siRNA is complexed when it is released from the film at

later periods.
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Figure 3-6. Continued function of siRNA released from LbL films assessed over a one
week period in vitro
Films introduced to cells after degradation in cell conditioned media for up to five days (120

hours) prior to introduction to cells were still able to affect knockdown of GFP in NIH-3T3 cells.

3.3.5 Cellular Uptake of siRNA

The uptake of siRNA released from the degrading film was followed in NIH-3T3 cells
using a fluorescently labeled siRNA over a | week period. Figure 3-7 shows images of 3T3
cells after being exposed to the degrading film for 3, 5, and 7 days respectively. At day three the
fluorescent signal within the cells was largely localized to punctate spots. By day 5 and 7 cells
were more diffusely fluorescent although they still contained many punctate localizations of

fluorescent signal.
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Figure 3-7. siRNA released from LbL assembly continues to transfect cells and remains
active over 1 week period in vitro

(a-c) Uptake of AlexaFluor488-labeled siRNA by NIH-3T3 cells at 3 (a), 5 (b), and 7(c) days
exposure to LbL films containing labeled siRNA. Cells were seen to become more diffusely
fluorescent over the one week period. Scale bar = 10 pm. (d) Average fluorescent intensity for

cells

To better understand the way that the released siRNA was being presented to the cells in
culture we looked to evaluate how film material was accumulating within the wells. To do this
we used confocal imaging of cells exposed to the released film material for three days. A
number of fascinating features were apparent from this study. Most important of which was a
potential answer as to how material was coming into contact with the cells. We had assumed
that the released micron sized film material was further being broken down and taken up by
cells, but had little evidence to support such assertions. Imaging studies showed however that

such a route was possible, as large 3-8 um diameter particles were seen to come to rest on top of
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cells in culture. These cells were observed to contain multiple small punctate localizations of the

labeled siRNA.

Many of these particles were seen within cells and outside of the cell bodies. This
presentation suggests that the material released from the film coated bandages were
accumulating in the bottom of the wells with the cells and were thus presented for cellular
uptake. The signal within the cells was observed to be largely contained within small

localizations; however many of the cells also had a more diffuse fluorescent signal, suggesting

the released film material (Figure 3-8).

Figure 3-8. Release of siRNA from the surface is in the form of large pieces of LbL film
These large multi-micron sized pieces are then further degraded until they can transfect cells
effectively. The white arrows point to pieces of the labeled film material that are in excess of 2

um in diameter, while the red arrows point to foci that are less than 0.5 um. Scale bar =20 pm.
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3.3.6 Extension to knockdown in MDA-MB-435 and M4A4 Cells

To this point we performed all in vitro experiments using NIH-3T3s as a representative
cell type. It is known that different cell types, especially cell lines derived from cancers, have
very different transfection efficacies. We were interested to evaluate our approach in such cell
lines so as to gain insight into the effect that our assembled drug delivery device may have when
placed in vivo where multiple different cell types from differing cell lineages will most likely be
present. To evaluate the effectiveness of this film in achieving knockdown in more cell types we
chose to investigate two commonly used cancer cell lines that were made to constitutively

express GFP, the MDA-MB-435 and M4A4 cell lines.

Similar to our testing of the LbL coated bandages with NIH-3T3 cells, knockdown of
GFP was observed as early as three days after application in both cell lines and was maintained
for the entire one week study (Figure 3-9a). Cell viability was seen to be reduced (Figure 3-9b)
in the M4A4 cells over the one week period, although it remained relatively high (~90%)
compared to that of cells treated with uncoated controls. These results suggest that delivery of
siRNA from this film can transfect multiple cell types and provide interesting capabilities for this

modular platform in future use.

Compared to the NIH-3T3 cells we observed significantly less reduction in gene
expression for the M4A4 cell line while comparable reduction in the MDA cell line. These
cause for these differences is hard to determine. We believe that as we have screened our
candidate films for efficacy in the NIH-3T3 cell line that we may have come to a more optimal
formulation in that testing group relative to other cell line. It may also be however that GFP
expression in these two cancer cell lines may be higher than expression in the NIH-3T3 cells due
to metabolic differences in the cell lines. One last factor to consider is the relative cell density as
well, as the cancer cells were much faster proliferating than the 3T3 cell line, perhaps leading to
a reduced intra-cellular concentration of the delivered siRNA, thus reducing the RNA
interference effects observed. Whatever the cause however, we do see a significant siRNA-

specific gene reduction in both of these cell lines with minimal impact on cell viability.
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Figure 3-9. Knockdown of GFP characterized in two separate cancer cell lines

(a) Flow cytometry measurement of mean cell fluorescence of either MDA or M4A4 cells that
constitutively express GFP exposed to GFP-siRNA containing LbL films followed over a 1 week
period. Data shown normalized to mean cell fluorescence of cells exposed to siControl
containing film of the same architecture. (b) Viability of cells exposed to coated Tegaderm®
substrate normalized to cells exposed to uncoated substrates. Viability measured by metabolic

assay AlamarBlue.

3.4 Conclusions

The nano-layered siRNA dressings presented in this work demonstrate an effective
method for the incorporation and controlled localized delivery of siRNA. Commercially
available nylon bandages when coated with the film developed in this work were able to achieve
and maintained significant gene knockdown in multiple cell lines for up to one week in vitro
without the need for external transfection agents. The films described here are only a few
hundred nanometers in thickness and coat the dressings uniformly, leaving the structure of the

bandage unaffected.

In total we detailed four distinct siRNA delivering LbL film architectures and evaluated

these systems to isolate the best performing for a more focused investigation. The materials used
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in creating the films were all biocompatible and all process steps were done in aqueous solution
at ambient conditions and at mild pH and ionic strength conditions. This approach demonstrated
within this work helps to detail the impact that different multilayer compositions have on drug

delivery characteristics, independent of film thickness or drug loading.

The ability to deliver siRNA locally in a controlled and sustained manner is a promising
tool in many areas where modulation of local cellular responses could provide benefit. The
capability to load siRNA into an ultra-thin polymer coating for safe and effective delivery of
siRNA over an extended period of time provides a significant advance in the existing capabilities
of RNA interference. The film described in this work has great potential in many applications
ranging from coatings for medical implants and tissue engineering constructs to uses in

molecular biology and basic research.
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Chapter 4

Capillary Flow Layer-by-Layer:

A Microfluidic Platform for the
High-Throughput Assembly and Screening
of Nanolayered Film Libraries

Reproduced in part with permission from “Capillary Flow Layer-by-Layer: A Microfluidic
Platform for the High-Throughput Assembly and Screening of Nanolayered Film Libraries” by
Castleberry, S.A., Li, W., Deng, D., Mayner, S. & Hammond, P.T. 4CS Nano (2014).

4.1 Introduction

In Chapter 2 we described our early investigations into LbL films for incorporating and
delivering siRNA. These studies helped us to refine our techniques, however they also served as
a lesson in the slow pace that such investigations must proceed at due to the available modes of
film assembly. This lesson was reinforced in Chapter 3 as our total investigations were unable to
broaden beyond four individual films for testing, and even then we needed to focus onto one film
for in depth in vitro testing. These important points focused our attention on the way in which
we screen LbL assemblies and drove us to develop the technology described in this chapter for

high-throughput screening of LbL film libraries.

Layer-by-layer (LbL) assembly is a powerful tool with increasing real world applications
in energy, biomaterials, active surfaces, and membranes; however, the current state of the art
requires individual sample construction using large quantities of material. Here we describe a
technique using capillary flow within a microfluidic device to drive high-throughput assembly of
LbL film libraries. This capillary flow layer-by-layer (CF-LbL) method significantly reduces

material waste, improves quality control, and expands the potential applications of LbL into new
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research spaces. The method can be operated as a simple lab bench top apparatus or combined
with liquid handling robotics to extend library size. Here we describe and demonstrate the
technique and establish its ability to recreate and expand on known literature for film growth and
morphology. We use the same platform to assay biological properties such as cell adhesion and
proliferation, and ultimately provide an example of the use of this approach to identify LbL films

for surface-based DNA transfection of commonly used cell types.

Layer-by-layer (LbL) assembly is the alternating adsorption of materials onto a surface
using complementary interactions, one layer of material at a time, creating nanometer-scale thin
films'™. This process enables fine control over the assembly of functional materials into ultra-
thin coatings which exhibit a range of interesting properties and have found diverse applications
in reactive membranes, drug delivery systems, and electrochemical and sensing devices™™. Over
the past decade, exciting new developments have demonstrated the power of LbL assembly in
biomedical applications, with examples ranging from bone tissue engineering” '’ to vaccine

delivery'' and creating biological interfaces'* °.

Several recent advances have led to the adaptation of LbL toward commercial translation,
including the use of convection in automated Spray-LbL'* ' to coat a broad range of surfaces

with accelerated cycle times and the use of Spin-Assisted LbL'®'®

to generate thin films on
planar surfaces with control of molecular orientation. These advances enable the
implementation of promising LbL systems at the speed and throughput needed for commercial
products and processes; however, to date there is no approach capable of assembling libraries of

LbL films for research, development, and optimization.

Attempts to create and examine libraries of different LbL film systems can yield
understanding of the impact of simple compositional changes in the polymers incorporated on

final film structure and property'*2'.

The existing methods for LbL assembly for new materials
discovery, however, rely on the individual production of film samples using large reservoirs of
material, and must generally be facilitated using specialized or modified lab equipment. The
limitations of current LbL techniques are particularly significant when precious, rare, and costly
materials are incorporated in the film assembly. For biomaterials applications in particular,

optimizing incorporation and/or release of siRNA, DNA, active growth factors, engineered
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peptides or other therapeutics would require significant quantities of material, thus severely

limiting investigations and potential discoveries in these areas.

As research into LbL film technology continues to expand and researchers pursue new
discoveries along with commercial translation in the pharmaceutical industry, several challenges
need to be overcome. These include simplifying in vitro analysis of films, improving material
conservation, and making the LbL process more accessible to a broader scientific community.
To address these challenges and enable more thorough investigations of LbL film assemblies, we
have developed a simple microfluidic approach for the high-throughput construction of multiple
LbL films in parallel. We have termed this approach “Capillary Flow Layer-by-Layer” (CF-

LbL) as we harness capillary action to fill microchannels in which LbL films are assembled.

The CF-LbL device consists of an array of these microchannels formed by bonding a
polydimethylsiloxane (PDMS) mold to an oxygen plasma treated substrate (e.g., glass, silicon,
etc.). This approach requires as little as 0.1% as much material per film compared to
conventional methods, while enabling the simultaneous assembly of nearly 400 times as many
independent films. LbL assemblies of varying compositions, morphologies, and architectures
can be rapidly produced in a format that suits a number of physico-chemical and in vitro

biological assays, and screened for meaningful material properties using this method.

4.2 Methods and Materials

4.2.1 Materials

Linear polyethylenimine (LPEI, M,, of 2.5k, 25k, 250k), and branched polyethylenimine
(BPEL, M,, of 1.2k, 10k, 50-100k) were purchased from Polysciences; low molecular weight
chitosan (LMW Chitosan, M,, of 15-30k), high molecular chitosan (HMW Chitosan, M,, of
300k), gelatin (pH=2.5), diethylaminoethyl-dextran (DEAE-Dextran), protamine sulfate (PrS),
poly-L-lysine (PLL, My, of 15-30k and 30-70k) and poly(allylamine hydrochloride) (PAH, M,, of
60k) were purchased from Sigma Aldrich; and the degradable poly(beta-aminoesters)
(designated Poly 1, and Poly 2) were synthesized using the method that was previously
published*®.
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4.2.2 Device Fabrication

Masters templates for preparing microfluidic channels were made with an SU-8
photoresist in bas-relief on silicon wafers. The microfluidic device was fabricated in
polydimethylsiloxane (PDMS) by using a standard soft-lithography method*’. In brief, masters
with microchannels were prepared with features of SU-8 on silicon wafers with diameter of 4
inches by a photolithography technique. The PDMS elastomer was prepared by mixing pre-
polymer with the curing agent (Sylgard 184, Dow Corning) at the weight ratio of 10:1,

respectively.

The mixture of the pre-polymer and curing agent was then poured onto the master, and
cured in an oven at 75 °C for 4 hours. After curing, the replica was carefully peeled off from the
master, and holes with various diameters were made by a Harris micro-punch at the designated
positions. The patterned PDMS sheet and a glass slide were plasma treated for 90 s in a plasma
cleaner chamber (PDC-3XG, Harrick, USA), and then brought to contact and immediately
sealed. The thickness of the formed microchannel is approximately 100 um. Micro-patterned

surfaces inside micro channel were created by using multilayer soft-lithography as previously

described™.

4.2.3 LbL Film Assembly

Material solutions were prepared at a 2 mg/mL concentration and pH adjusted to desired
level. All solutions were sterile filtered using a 0.2 pm syringe filter prior to use. Material
solutions were introduced to the inlet of a microchannel by pipette. Solutions are drawn into the
microchannel via capillary force to fill the entire channel within 1-3 seconds. After channel
filling the excess material within the inlet is recovered from the inlet. Material in solution is
allowed to adsorb for a pre-determined amount of time (e.g. 5, 10, or 15 min) and then the

channel is cleared either by vacuum or by pressurized air.

The channel is then washed three times with a washing solution to remove material that is
not well adsorbed to the channel surface. This process is then repeated with a complimentary
species for adsorption and the entire process can be repeated to reach the desired number of
layers of LbL film. After film assembly is complete the PDMS sheet can be removed from the
substrate, leaving a micro-strip of LbL film on the substrate. Dip LbL films were assembled

using a Carl Zeiss HMS DS50 slide stainer. Films were either built on Si wafers or glass slides.
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Rinsing steps were performed using UltraPure™ DNase/RNase-Free water (Life Technologies)

that was pH adjusted to match with the prior material adsorption step.

4.2.4 Multilayer Film Characterization

Film thickness was measured for films built on Si wafers using a Veeco Dektak
(Plainview, NY,USA) surface profilometer. Surface roughness was measured using a Veeco
Dimension 3100 atomic force microscope (AFM). Coating of microstructure containing CF-LbL

devices was performed using a ZEISS Axiovert 200 fluorescent and brightfield microscope.

4.2.5 Cell Culture and Transfection Studies

NIH-3T3 and HeLa cells were used in this work; both were purchased from ATCC
(Manassas VA). NIH-3T3 cells were used to evaluate cell behavior on PAA/PAH LbL films.
HeLa cells were used for all transfection studies. Cells were seeded within the CF-LbL assembly
device following LbL film construction at an initial density of 0.1M/mL and allowed to settle for

30 minutes, after which media was exchanged to remove unattached cells.

All cell lines were cultured in Advanced-MEM with 5% FBS and 1% Pen-Strep and
2mM L-glutamine. Media was exchanged daily by placing a droplet at the inlet and removing
the waste at the exit of the microchannels. Bright field and fluorescent imaging of cells was
done with a ZEISS Axiovert 200. Images were analyzed using ImageJ image analysis software.
Confocal imaging of cells seeded on microchannel walls was done with a Nikon A1R Ultra-Fast
Spectral Confocal Microscope and three-dimensional projection was created using Velocity

software. Flow cytometry was performed with FACSCalibur flow cytometer.

4.2.6 Statistical Analysis
Data analysis was performed between groups using Student’s r-test. These were rectified
using ANOVA for comparisons between multiple groups. A value of p < 0.05 was used to

indicate statistical significance.

4.3 Results

4.3.1 Design of a High-Throughput LbL Device
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Each microchannel is comprised of a main channel where material from solution adsorbs
onto the substrate, as well as three openings: an inlet well (1), a capillary flow break well (2),
and an exit well (3) (Figure 4-1a). Capillary flow within the channel is controlled by covering
select regions of the PDMS mold during plasma treatment (Figure 4-1c¢ and Figure 4-2). This
leaves these regions hydrophobic, while the uncovered areas receive plasma treatment and
become hydrophilic. Material held within the channel is cleared by vacuum which is selectively
applied by covering both holes (2) and (3) simultaneously (Figure 4-1b). The layout of channels
is modular by design and can be based on 96- and 384-well plate dimensions for high-throughput
screening or consist of only a few microchannels for easy bench top use (Figure 4-3). The
characterization of films assembled within the microchannels is performed similar to those
created by existing LbL methods using ellipsometry, profilometry, light microscopy, and atomic

force microscopy.
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Figure 4-1 Design of capillary flow layer-by-layer (CF-LbL) device

(a) Top and side view of a single channel within a CF-LbL device, the red region is O, plasma
treated. (b) The process of alternating adsorption of material inside of the microfluidic channels,
(+) polycation and (-) polyanion species. (c) Multiple independent channels within a single CF-

LbL device. The top image is fully O, plasma treated, the bottom image selectively treated, scale
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= 3mm. (d) Measurement of film thickness for a sample PAA/PAHgrc LbL film. (e) Screening
LbL film architectures for material incorporation. Fluorescently labeled PAA is incorporated
into bilayer LbL films with the polycations: PAH, branched polyethylenimine (BPEI), linear
polyethylenimine (LPEI). Data shown as mean + S.D.

To demonstrate the application of this technology in the construction and evaluation of
LbL films, we began by assembling a simple bilayer film architecture of poly(acrylic acid)
(PAA) and poly(allylamine hydrochloride) (PAH). PAH was labeled with a fluorescent dye and
the growth of the film was measured by profilometry. The film grew linearly and resembles
similar films assembled on glass slides constructed via Dip LbL technique (Figure 4-1d) with

regard to thickness per bilayer.

For current LbL assembly techniques, investigating libraries of LbL films is a very time
and material intensive task, as it requires up to multiple days to construct a single sample while

using milliliters of material solution®*.

To demonstrate this capability with CF-LbL we
assessed the incorporation of a labeled polyanion (PAA) with candidate polycations in simple
bilayer assemblies (Figure 4-1e). This experiment demonstrates that by using common lab
imaging modalities, such as a gel imager, arrays of LbL films can be assessed for material
incorporation. This type of approach could be very useful in determining the best polymer

pairing for incorporation of a material of interest, such as a small molecule drug or protein

therapeutic.

An important feature for the successful application of the CF-LbL device is the
maintained independence of the multiple channels. The separation of the channels can be done
in a number of ways, however to facilitate automation of the device a branching manifold system
is preferable for material transport as it reduces material streams to only a few outlets, reducing
complexity and difficulty for the operator. Such a manifold system then requires some level of
inter-connection between the channels. To allow for this interconnection to be variable we
determined that creating a large hydrophobic barrier between the channels was important. This
barrier is created by selectively plasma treating the PDMS mold prior to adherence to the

substrate.  Shown in FIGURE 2 is such an application, where the light grey zone is blocked
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from the O2 plasma and thus retains the hydrophobic nature of the PDMS as cast. This barrier
can be broken when a strong driving pressure is applied across the channel in the direction of the
main outlet. Importantly, the material that leaves the channel and goes into the manifold does
not return to the depositing channels, as capillary forces are greatly reduced in this hydrophobic

Zone.
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Figure 4-2 Photolithographic Mask Showing Partial O, Plasma Treatment
The shaded portion of the design is covered during O; plasma treatment so that it remains
hydrophobic. This maintains the separation of material between channels to reduce the chance

of cross-contamination during assembly.

4.3.2 CF-LbL Array Design

Use of this simple device in liquid robotic systems is most easily achieved by conforming
the distribution of inlet wells to common labware, such as 96- or 384-well plates. Such designs
are easily created and allow for a great deal of flexibility in the arrays created. Many liquid
handling systems operate with a single 8-pipette arm with capabilities to mix in-well and remove
material remaining in the well. Such practicalities allow for rapid loading of the microchannels
within the device (Figure 4-3a). We designed a number of different microchannel arrays to
investigate the practical application of vacuum for material removal through the created
manifolds. We found that connecting 16 microchannels with a width of more than 100um was
operable with house vacuum. Reducing microchannel width or increasing the number of

channels connected lead to unemptied channels due to increased flow resistance.

These arrays as described have some obvious limitations constraining the placement of

microchannel inlets so as to facilitate use with common micropipettes; however the design and
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layout of channel dimensions is largely up to the creator’s discretion. Much of our preliminary
work looked at relatively simple straight channel designs. We also designed curved and angled
channels as well as channels with varying widths to demonstrate some of the 2-dimensional

freedom within the device.
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Figure 4-3 CF-LbL device arrangement is modular and customizable

(a) Each channel is independent of neighboring channels. Channel spacing is designed to pair
with multichannel pipettes. (b) The device can be operated where channels are connected with
an in-device manifold system (G 1.5 & G 2.0) or are held completely separate (G 1.0). Shaded
regions denote the portion of the PDMS mold that is covered during plasma treatment so as to
remain hydrophobic. (c) The CF-LbL channels can be arranged to 384-well plate spacing with
96 independent channels contained in the space of a common well-plate. This design consists of
three modular units (A-B, C-D, and E-F) which can each be placed on individual microscope

slides.

4.3.3 Incorporation of Microstructures with the CF-LbL Device
The layout and design of the microchannels within the device are easily customized for

different applications. Channel parameters such as length, width, and shape can be modified by
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designing different lithographic masks for creating the PDMS mold; however, using more recent
advances in soft lithography techniques we can incorporate even more diverse designs. This
includes the capability to incorporate microstructures as a part of the PDMS mold that forms the
channel, which can be accomplished via multilayer soft lithography™. Introducing
microstructures within the channel opens many interesting avenues for investigation, particularly

in the area of in vitro experiments where the structures could be used to influence cell behavior.

:f-PDMS Mold with Microstructures

<+— Material Solution

*-Substrate (e.g. glass, silicon, etc.)
l Channel Cleared with Vacuum or Air

HAMMOND
HAMMOND
LAB mIT

Figure 4-4 CF-LbL coating of microstructures contained within microchannels for diverse
customized applications

(a) Schematic for the coating of microstructures within the CF-LbL channels. (b) Demonstration
of patterned microstructures included within the microchannels, (1&3) Lithographic mask
designs for the micro-wells, (2&4) fluorescent imaging of channels containing microstructures
coated with PAA/PAHprc. Scale bar = 150pum. (¢) Micro-patterned surface within the channel
used to direct NIH-3T3 cell seeding. (1) Imaged immediately after clearing uncaptured cells
from main channel with media. (2) Fluorescent imaging of spread cells after 24 hours. Scale bar

=50pum.
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Microstructures contained within the channels of the device can be uniformly coated with
LbL films, similar to coating flat surfaces (Figure 4-4a). These structures can be used to
increase the active surface area within the channel, and influence cell-surface interactions and
adhesion, allowing for the generation of patterned cell surfaces. To demonstrate the capability of
CF-LbL to coat these microstructures we assembled a simple bilayer film of PAA/PAH using a
fluorescently labeled PAH. Fluorescent imaging of the coated channels shows the uniformity of
the film coating, with well reproduced films assembling within and around the microstructure

features (Figure4-4b).

The use of microstructures, such as micro-wells, in cell sampling and small-scale cell
culture has been well described by other research groups®**’. The micro-well features contained
within the CF-LbL device are recessed into the PDMS mold and as such are positioned outside
of the flow of the main channel and can thus enable cell seeding on the recessed surface features.
This is accomplished by first filling the channel with a cell suspension and flipping the device
such that gravity directs the cells into the PDMS wells. After thirty minutes fresh media is
flowed through the channel by pipette and the cells not contained within the micro-wells are
swept away. Using CF-LbL, these micro-wells can be coated with films that contain cell binding
moieties or have interesting cell response behaviors to examine cell viability, adhesion, mobility,
proliferation, and other cellular activity. To demonstrate this application we used a fluorescent
NIH-3T3 cell line and captured cells within a micro-well design (Figure 4-2c¢1). Cells were
observed to preferentially seed within the micro-well structures and to spread within these

features after one day in culture (Figure 4-2¢2).

4.3.4 High-Throughput Screen of a Weak Polyelectrolyte Bilayer Film
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Figure 4-6 High-throughput screening of LbL assemblies

(a) pH-dependent thickness behavior of sequentially absorbed layers of weak polyelectrolytes, 10
bilayers. (b) Cell density on films. Cells were initially seeded at 0.1M/mL. Units = cells/mm”.
(c) The average spread area of cells on the different film architectures. Units = pmz. (d) Effect
of film thickness on cell density. Increasing bilayer thickness negatively impacted the total
number of cells which initially seeded on the films. (e) Plot of cell spread area vs. bilayer
thickness. No correlation was apparent. (f) Effect of PAA pH on the cell density on the films.
Higher PAA pH corresponded with increased cell density, regardless of PAH pH.

To demonstrate the capability of CF-LbL to investigate large LbL film libraries we

) .
A 31, wherein the weak

performed a classic experiment first described by Rubner and coworkers
polyelectrolyte bilayer film of (PAA/ PAH) is assembled using polymer solutions that range in

pH from 2.5 to 9.0 (Figure 4-6a). Changing the pH of a polyelectrolyte solution alters the
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degree of ionization of the adsorbing polymer and as such alters the adsorption of the
polyelectrolyte to the surface. It was observed that by increasing the degree of ionization of
either PAA or PAH in solution led to a decreased average bilayer thickness, whereas conditions
where both polyelectrolytes are weakly ionized lead to the thickest films. These trends in pH and
film thickness closely resemble those previously reported®® !, demonstrating the applicability of
this method to traditional LbL film systems; furthermore, we were able to expand the range of

pH values and conditions used in the original study.

Creating biological interfaces that modify cell behavior is an important and growing

application for LbL films®*¢,

Investigating the myriad of potential iterative film assemblies
around one simple film architecture however can be a very time and material intensive task,
especially when considering the need to sterilize each sample prior to in vifro evaluation. In
addition to preparing the samples for in vitro experimentation, actually conducting experiments
in situ with large sample numbers presents many logistical issues and complicates investigations
significantly. A major advantage of the CF-LbL method is that the sterility of the device in
which the films are assembled is easily maintained throughout the assembly process. Further, in

vitro tests can be readily performed directly within the assembled device, greatly simplifying the

setup for investigations and limiting complications from film and sample handling.

To demonstrate the application of CF-LbL assembly in performing in vitro investigations,
we evaluated 32 different film architectures from the previously investigated PAA/PAH bilayer
system, covering a wide range of assembly conditions. Cells were seeded directly onto the film
and cultured for one week. Response to the different films was evaluated by measuring cell
adherence to the surface along with proliferation. Cell density and average cell spread area were
measured daily using phase contrast light microscopy (Figure 4-6 b-c¢). Increasing bilayer
thickness correlated significantly to decreased cell density, while no trends were apparent in

regards to cell spread area (Figure 4-6 d-e).

It was also observed that the pH of PAA and PAH had significant impact on cell density
(Figure 4-6f and Figure 4-7). Plotting the average cell density on the films one day after initial
seeding and after 7 days shows some very interesting trends. One important feature that is first
apparent is the opposite trends in cell density, where for increasing PAA pH cell density was

generally increased, for PAH increased pH lead to decreased cell density. It is difficult to
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determine the exact cause for these trends, as a number of possible explanations are possible.
First, film thickness undoubtedly plays some role in the cell seeding and proliferation, closely
agreeing with previous reports. By reducing the charge density of either polymer we then
increase the overall film thickness. A second, auxiliary cause may also be charge density, as
charged surfaces are known to play an important role in attracting cells to attach. This is
important concept to consider as the total film thickness is an effect of a number of different
material and assembly condition choices, charge density of the polymers being used is only one

of the choices that effects it.
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Figure 4-7 The effect of PAH pH on cell density

(a) The impact of PAH assembly pH on initial seeding of cells on a surface. (b) Increasing PAH
assembly pH corresponds with decreased cell number after seven days. A clear change is
apparent between pH 6.5 and 7.5. This is likely due to a reduction in the degree of ionization of

the PAH at these conditions. Error bars represent 95% confidence interval.

4.3.5 Comparison of CF-LbL and Dip LbL Assembled Films

We were interested to determine how well the CF-LbL assembled films approximated
LbL films assembled via the more traditional dip LbL technique. To do this we chose four films
from the previous experiment and assembled them by both dip LbL and the CF-LbL technique.
We assessed both the physical characteristics of the assembled films and cell response to them.

Atomic force micrographs (AFMs) of the films assembled by either method were seen to have
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very similar topographies and surface roughness (Figure 4-8a). The average bilayer thickness

and roughness of each film was measured after 10 bilayers were assembled.

There was no significant difference between the films assembled by either technique
when comparing the topographic features, roughness, and film thickness (Figure 4-8 b-c).
These similarities support our early assertions that these films do closely resemble films created
by dip LbL technique. Important to note is that the films are not only physically similar, but that
they present very similar surfaces topologically which may play important roles in cell behavior

studies.

To assess cellular responses to the coated surfaces we used NIH-3T3 cells. The total
number of cells seeded for each group was corrected for the area upon which we were seeding.
Cells were observed to respond similarly on both surfaces, with thick films leading to reduced
overall cell density. These findings closely resemble those presented in previous reports for
PAA/PAH bilayer systems, for which it was found that the mechanical stiffness of the thicker
films was a primary determinant of cell adhesion. *” The statistically similar performance of the
films assembled using CF-LbL and dip LbL techniques highlights the usefulness of this
approach, as the CF-LbL study not only used less than 1% the material as the dip LbL films, but
all of the tested films were able to be easily ran on a single microscope slide, compared to 12

microscope slides for the dip LbL films.
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Figure 4-8 Comparison of (PAA/PAH),, films prepared via Dip LbL or CF-LbL
techniques

(a) AFM micrographs showing the different topographies for each of the LbL films assembled.
(b) Film thickness of the assemblies as measured by profilometry. (¢) Film roughness as
measured by AFM. (d) NIH-3T3 cell density after three days of growth on film coated glass. (e)

Average cell spread area for a cell adhered to the film surface. Data shown as mean + s.d.

4.3.6 Screening LbL Assemblies for DNA Delivery
Locally delivering nucleic acids from surfaces is a relatively simple and highly adaptable
approach to alter nearby gene expression that creates significant opportunities in fields ranging

23, 38, 39 5
839 " There are numerous factors

from fundamental molecular biology to tissue engineering
that impact transfection of material, including: nucleic acid packaging, material release,
endosomal escape, and if necessary nuclear transport. Due to this complexity, investigations into

LbL systems for these applications face very substantial challenges.
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Figure 4-9 Polycation library screen of DNA transfection from LbL films

(a) Chemical structures of polycation repeat units. (b) Heat maps of cell density, cell spreading
area, and fraction GFP of DNA transfection of cells cultured on films. (c) Transfection from
films containing similar polycations of differing molecular weights. (d) Cells on
(BPEI/pEGFP)) film cultured within the microchannels after 5, 6, and 7 days of culture. Scale
bar = 50 um. (e) Effect of film thickness on cell density at one and seven days in culture. (f)
Effect of film thickness on average cell spread area. (g) Effect of amine type on DNA
transfection after one week in culture. Polycations that contained tertiary amines (3°) achieved

significantly higher transfection levels than those that contained only primary amines (1°). Data

shown as mean + s.d.
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Previously, research groups have described LbL systems capable of the local delivery of

40, 41

DNA from coated surfaces. These reports provide a great deal of promise for future

42, 43 11, 44

applications of LbL in combination with medical devices and as DNA vaccines depots.
At this time, however, investigations can only reasonably study individual LbL systems, often
assembled using only one set of assembly conditions.*®*" To demonstrate the use of the CF-LbL
assembly for screening film libraries we decided to apply the technique to investigate a focused
group of candidate films consisting of a broad range of polycations identified from literature that
have been used for DNA transfection (Figure 4-9a). We assembled bilayer films of the
polycations with a DNA plasmid for green fluorescent protein (GFP). Hel.a cells were seeded

directly onto the films within the device and were monitored for GFP expression, cell density,

and average cell spread area every day for seven days in culture (Figure 4-9 b-d).
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Figure 4-10 Cell spread area and cell number compared to transfection efficacy
(a) Fraction GFP positive cells graphed with the corresponding average cell spread areca. No
trend can be seen. (b) Fraction GFP positive cells versus the number of cells on a given surface.

No trend in transfection was seen for either criteria.

There was no correlation found between cell spread area and transfection efficiency,
suggesting that how well the cells engaged with the surface had little impact on delivery of the
film material. We were fascinated by this finding as it had been suggested that the more the cell

engaged with the surface the greater the likelihood of its transfection, this however was not
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observed. It was also a novel finding that the cell density, another sign of the relative
biocompatibility of the surface, made no significant impact on GFP expression. These findings
may suggest that the cell response to a surface has little impact on transfection from these LbL
films or that the relative changes in cell response to these surfaces are not on the order that would

force significant changes in behaviors related to transfection.

4.3.6 Scale-Up of LbL Assembly for DNA Delivery

From the screen of 16 films, we found a diversity of cellular response and transfection
efficacies that show some interesting trends. Cell density, measured as the number of live cells
per square millimeter, was highest on the (PAH/pEGFP);¢ film, which reached near confluence
after only three days of culture. The only two other films to reach confluence within one week
‘were (Gelatin/pEGFP);, and (LPEI 25kDa/pEGFP);,. Initial cell seeding density was observed
to correlate inversely to film thickness, which was largely maintained after one week in culture
(Figure 4-9¢). Film thickness however was not observed to correlate with cell spreading,
similar to what was observed for the PAA/PAH systems (Figure 4-9f). The primary goal of
screening a diverse group of polycations was to elucidate characteristics that correlate with
transfection efficacy. The major trait that was seen to correlate with transfection was the type of
amine, where films that consisted of polycations which contained tertiary amines achieved the
highest average transfection efficacy, while those with only primary amines achieved the lowest

on average (Figure 4-9g).

112



b ...... TCPS ——(BPEUpPEGFP),,

_ 52.1

Count

=

0 1 Ty e 4
10 10 107 ID] 10
Fluorescent Intensity (a.u.)

C .u d _ =

g & 160 800
% 60 £ 10 __ 700
o 0 @ 120 NE 600
o 4 3100 % 500
[CEN) Pt @ 400
c ‘D 60 << 300
O 20 c —

% g g
m 10 = 20 100
L o +— S o o4

Dip LbL CF-LbL Dip LbL CF-LbL Dip LbL CF-LbL

Figure 4-11 Large-scale reproduction of best performing architecture shows similar
behavior

(a) Analysis of transfection of HelLa cells cultured on (BPEI/pEGFP)o coated microscope
slides. BF = Bright Field. Scale bar = 500 pm, inset scale bar = 50 um. (b) Flow cytometry
analysis of GFP expression for HeLa cells cultured on (BPEI/pEGFP);o for one week. (c)
Fraction GFP positive HeLa cells cultured on either Dip LbL or CF-LbL coated glass after one
week. (d) Average cell density on film coated substrates after one week in culture. () Average
cell spread area for HeLa cells seeded on films prepared by either Dip LbL or CF-LbL methods.

Data shown as mean + S.D.

The best performing film architecture from this screen was determined to be
(BPEI/pEGFP), as it reached the highest fraction of GFP expressing cells with relatively high
cell density. BPEI, which presents primary, secondary and tertiary amines, is known for its
ability to both effectively complex nucleic acids, and to buffer at endosomal pH, which can
45-47

cause endosomal osmolytic swelling and subsequent nucleic acid release to the cytosol

This film was evaluated on a larger scale by assembling it on microscope slides. HeLa cells

1.3:3



were cultured on these large LbL coated slides for seven days (Figure 4-11 a-b). Cell behavior
and GFP expression was then analyzed. The fraction of GFP expressing cells as well as average
cell density and average cell spread area on the larger film closely resembled that of cells
cultured within the CF-LbL microchannels (Figure 4-11 c-e). Together these data provide
strong support for the capability of CF-LbL to investigate LbL films for use in applications on
larger scales. The films assembled by CF-LbL within microchannels performed identically to

their counterparts assembled by Dip LbL on a scale about a thousand times larger in surface area.

4.4 Conclusions

In this work we have described a method for the high-throughput assembly and screening
of LbL films. We used this method for three demonstrations: (1) a study on the effect of pH on
weak polyelectrolytes in LbL film assembly, (2) the in-situ examination of cell adhesion and
viability on LbL assemblies, and (3) the investigation of a library of films for DNA transfection
from surfaces. This method is paired with a simple modular microfluidic device that can be used
for the simultaneous assembly of hundreds of independent films or for smaller more focused
bench top investigations. The device is fabricated via common soft lithography techniques and
when assembled provides a sterile environment where sensitive biological analysis can be

performed on each film independently.

The potential applications of LbL film assemblies are incredibly diverse and growing.
Here we have provided a method using a simple microfluidic device that makes possible the
high-throughput screening of LbL assemblies while significantly reducing the amount of
material used. This method represents a simple yet significant advance for the investigation of
LbL films while expanding the ability to study these coatings to laboratories that previously
could not. We anticipate that this approach could have enormous impact in a broad range of

fields that include developing drug delivery systems and creating biological interfaces.
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Chapter 5

Self-Assembled Wound Dressings Silence
MMP-9 and Improve Diabetic Wound
Healing In Vivo

5.1 Introduction

In Chapter 2 we introduced our preliminary work in developing LbL films for the
controlled delivery of siRNA. This work along with that described in Chapter 3 helped us to
better define our goals and to identify experimental space for optimization. Using the
technology described in Chapter 4 we then worked in combination with more common LbL
assembly techniques to screen LbL assemblies for our desired characteristics. In this screen we
identified a platform LbL film that allowed us a great deal of flexibility in tuning delivery and
knockdown which we describe in this chapter. Here in Chapter 5 we present our in vivo
investigation into a hierarchical LbL film architecture using a degradable polycation
undercoating with an siRNA encapsulating top layer for controlled local delivery of siRNA to
treat the chronic upregulation of the extracellular matrix protease MMP-9 in diabetic mouse

wounds.

Controlled delivery of short interfering RNA (siRNA) from implants, coatings, and
medical devices provides a powerful new approach to modulate local tissue response in a broad
range of applications. One such application is in chronic wound healing, where the current
clinical standards leave tens of thousands of Americans each year to amputation. In this study,
we used nano-layer assembly to create ultra-thin polymer coatings for sustained local siRNA
delivery into chronic wounds with tunable release characteristics to improve tissue repair. Using
a mouse model of diabetic ulcerative healing we demonstrate that silencing the overexpressed

protease MMP-9 within the ulcer improves new tissue formation and subsequent wound closure.
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The direct local delivery of short interfering RNA (siRNA) to tissues may present
solutions to several complex medical conditions. In particular, chronic wound healing is a
serious and painful complication of diabetes mellitus (DM) affecting as many as one in four of
these patients with a three year recurrence rate of more than 50% and leaving over 70,000
patients in the United States alone facing amputation. Here we describe the use of siRNA
delivered locally into the diabetic ulcer directly and in a sustained fashion to knockdown a
chronically upregulated extracellular matrix protease, matrix metalloproteinase-9 (MMP-9), to
improve wound healing. A self-assembled polymer thin film coating, when applied conformally
to commercially available nylon bandages, sustains the delivery of small interfering RNA
(siRNA) into the wound bed while maintaining activity and facilitating transfection. This
approach reduces protein expression and enzyme activity within the wound for over two weeks,

leading to a significant improvement in chronic wound healing.

Impaired wound healing is a critical concern in the care of diabetic patients. Every year
there are more than 750,000 new cases of diabetic foot ulcers (DFUs) in the United States,
leading to over 70,000 lower limb amputations'. In healthy patients, wound healing is a highly
orchestrated process of overlapping phases: hemostasis, inflammation, tissue formation, and
tissue remodeling’ which we described in detail in chapter 1 of this thesis. In ulcerative wound
healing this process is interrupted and the wound persists in an inflamed state for weeks to

months that in many cases never fully resolves.

The pathology of the diabetic ulcer results from this chronic inflammation, due in part to
the overexpression of extracellular matrix (ECM) proteases in the wound bed®>”’. As a result of
this overexpression of proteases, ECM accumulation within the DFU is dramatically reduced,
impeding epithelial closure of the wound and significantly increasing the risk of infection®.
Many of the current pharmacologic therapies for DFU have tried to address this issue through
either the delivery of super-physiological concentrations of recombinant growth factors or
application of lab-grown dermal substitutes”'?; however, these have proven to be inconsistent,

. . . . . . . 9
difficult to maintain, and have led in some cases to serious undesired side effects’.

Over the past two decades numerous groups have correlated overexpression of matrix

metalloproteinase-9 (MMP-9) within chronic ulcers to poor wound healing outcomes in diabetic

13-16

patients °°. MMP-9 acts as the primary gelatinase expressed within the dermis after wounding
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and it plays a crucial role in ECM degradation and tissue reorganization during the healing
process' ', However, overexpression impairs the formation of granulation tissue, the early
connective tissue that fills a wound, as well as inactivating important growth factors that are

critical to the process of wound healing®* .

These and other complications of MMP overexpression have spurred substantial research
into developing MMP inhibitors. These efforts to develop small molecule inhibitors have been
hampered by a number of complicating issues including low specificity, poor bioavailability, and

serious musculoskeletal side effects® 2

. In order to address these issues, we hypothesized that
using RNA interference (RNAI) locally to reduce MMP-9 expression in the wound would be an
effective approach for increasing ECM accumulation within the wound bed and subsequently

improving wound healing.

RNAI using small interfering RNA (siRNA) technology is a promising approach for the
sequence-specific targeting of mRNAs for destruction, enabling the knockdown of virtually any

29-31

expressed protein~ . While the potential applications of RNAi in medicine are numerous, in

vivo delivery of siRNA remains a major obstacle due to rapid enzymatic degradation of siRNAs
and clearance via the hepatic and renal systems®2*. Local delivery circumvents many of the
challenges of delivery, but siRNA must still be protected from enzymatic degradation and
effectively enter target cells within the tissues of interest. Only a few systems have been
developed for local siRNA delivery; those that have rely on bulky hydrogel formulations that
must be injected directly into tissues> or re-purposed nanoparticle solutions that must be applied

multiple times to achieve efficacy®®. Neither of these approaches has been demonstrated to treat

a known medical condition (i.e., pathologic dysregulation) within tissues.

Furthermore, there are unique challenges that are still to be met in this new area,
including the ability to easily combine siRNA delivery and release with existing medical
technologies and platforms. Layer-by-Layer (LbL) technology has been demonstrated in a
myriad of biomedical applications for delivery from a broad range of material surfaces, including
stainless steel and degradable polymer matrices.?>2® We have previously demonstrated that LbL
incorporation and delivery of siRNA can achieve significant and sustained knockdown of
reporter genes in vitro>, although the ability to translate these results to a more complex

environment in vivo remained unknown. Therefore, developing this technology to effectively
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deliver siRNA to a localized area in vivo using a meaningful therapeutic gene target presents a
significant advancement for the treatment of site-specific disorders, including DFUs as well as

cardiovascular diseases, cancers, and transplant rejection.

Here we report the use of LbL to achieve significant knockdown of a target gene within a
highly proteolytic wound bed, with the effects sustained for at least two weeks. Using a
commercially available nylon bandage as a substrate, we show that self-assembled nanometer-
scale coatings can incorporate and release therapeutically relevant quantities of siRNA in a
controlled fashion to yield rapid chronic wound closure. This electrostatic assembly not only
protects the siRNA from degradation, its release leads to in siru polyplex formation that

promotes uptake of the materjal*® 4,

In the end, this work establishes a method for directly
releasing siRNA into wound beds in a sustained manner that achieves sufficient knockdown to
address the dysregulation associated with chronic wounds. The modularity of the system and the
ability to apply it directly to tissues further suggests that analogous LbL siRNA release
systems could be used in a similar fashion to address other types of wound dysregulation. These
findings also provide support for further investigations into the role of MMP-9 overexpression in

the pathology of chronic diabetic ulcers.

5.2 Material and Methods

5.2.1 Materials

Poly 2 (20 kDa) was synthesized as previously reported. Chitosan (15 kDa) and dextran sulfate
(500 kDa) were purchased from Sigma Aldrich company (Manassas, VA). SiRNA sequences
were synthesized by Dharmacon (Lafayette, CO). Woven nylon bandages, Tegaderm'™ (3M),
were purchased through Cardinal Health (Newark, NJ). Phosphate-buffered saline (PBS, 10x),
Advanced-MEM, fetal bovine serum, antibiotic-antimycotic solution, and 100 mM L-Glutamine
solution were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, HeLa, and MDA-MB-231
cells were purchased from Cell Biolabs (San Diego, CA). All antibodies were purchased from
Abcam (Cambridge, MA)

5.2.2 Layer-by-layer film preparation
Films were deposited on oxygen plasma treated bandages. Bandages were cleaned in

ethanol and then in RNase free UltraPure'™ water (Life Technologies) prior to plasma treatment.
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Oxygen plasma treatment was performed for 3 minutes on high setting. Bandages were then
immediately immersed in a solution of the polycation Poly 2 for a minimum of one hour.
Assembly of LbL films was performed using a Carl Zeiss HMS-DS50 stainer. [Poly 2/DS] base
layers were deposited through sequential polymer adsorption steps (2 mg ml™, pH 5.0) of 10
minutes. Between each polymer deposition step the bandages were washed twice in RNase free
water (pH 5.0). Assembly of [CHI/siRNA] film was deposited similarly. Chitosan (1mg ml™,
pH 5.0) was adsorbed for 10 minutes and siRNA (20 pg ml”, pH 5.0) was adsorbed for 15

minutes. All solutions were prepared in RNase free water, adjusted to a pH of 5.0.

Film growth was characterized for films built on silicon wafers by a Veeco Dektak 150
profilometer. Incorporation of fluorescently labeled siRNA into films built on nylon bandages
was followed using a Nikon A1R Ultra-Fast Spectral Scanning confocal microscope. Total
siRNA incorporation within films was measured by rapid dissolution in a 1M NaCl solution with
vigorous agitation and quantified using a fluorescent plate reader. Release studies were
performed in PBS (pH 7.4, 37°C). Release was quantified by fluorescence of the released

labeled siRNA read using a fluorescent plate reader.

5.2.3 In Vitro LbL Bandage Evaluation

Cells were cultured in Advanced-MEM media with 5% FBS, 1% antibiotic-antimycotic,
and 2mM L-glutamine. Cells were seeded at an initial density of 5,000 cells per well in a 48-
well plate. After one day LbL coated bandages (0.25cm”® sections) were placed in culture with
the cells. The bandages either contained GFP-specific siRNA or a control siRNA sequence or
were uncoated. Uncoated bandages were used as the control to test the cytotoxicity of the film.
Mean cell fluorescence was measured by flow cytometry, using a BD FACSCalibur flow
cytometer. Cell viability was quantified using AlamarBlue assay (Life Technologies). Analysis

of GFP expression and cell viability were performed after 3, 5, and 7 days of treatment.

5.2.4 In Vivo siRNA Delivery

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC). Animals were housed and cared for in the USDA-inspected MIT Animal
Facility under federal, state, local, and NIH guidelines for animal care. Eight week diabetic
(db/db) mice (BKS.Cg-Dock7™ +/+ Lepr®/J) were purchased from Jackson Labs (Bar Harbor,

ME). Daily blood glucose measurements were taken for all mice used. Mice were required to
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maintain a blood glucose level in excess of 300mg dl”' to be used for these studies. Three groups
of mice were used: (1) MMP-9 siRNA bandage treated, (2) control siRNA bandage treated, and
(3) uncoated bandage treated.

Each group had 10 mice total, 5 mice per time point. Hair was removed from the backs
of mice using a depilatory cream under anesthesia at least one day prior to surgery. Surgeries
were performed under anesthesia and pre-operative analgesic was given to all mice (0.1 mg kg™’
Buprenex). Two 6mm full-thickness wounds were excised from the dorsum of mice using a
biopsy punch on either side of midline. Bandages were cut to the same size (6mm dia.) as the
wound and placed on top of the wound. The bandages were then secured in place using an
adherent Tegaderm. This securing bandage holds the test bandage in place as well as keeps cage
material from entering the wound. Mice were sacrificed after one and two weeks of treatment.
One wound from each mouse was used for histological analysis and one wound was used for

RNA isolation and protein analysis.

5.2.5 Histology

Tissues were fixed in zinc fixative without formalin for 48 hours. The excised wounds
were then embedded in paraffin and serially sectioned at 250pm levels throughout the wound.
At each level an H&E slide was stained and used for 2-D reconstruction of the wound.
Unstained slides were also taken for IHC, MT, and PS staining and analysis of the healing tissue.
Data analysis was performed using Image J. Orientation of collagen fibers was analyzed using

the Image J plugin Orientation J.

5.2.6 Tissue Processing

Isolation of RNA was performed using TRIzol as per the manufacturer’s instructions.
Synthesis of cDNA was done using iScript cDNA synthesis kit (Bio-Rad Laboratories) and
analysis of expression was performed by qRT-PCR using iQ SYBR Green Supermix (Bio-Rad
Laboratories) along with selected DNA primer pairs. All experiments were performed in
triplicate using a LightCycler 480 (Roche). Relative gene expression was quantified relative to

B-actin, a housekeeping gene, using the delta-delta Ct method.

Analysis of MMP-9 activity within wound tissues was performed as previously

described'?. Briefly, total protein concentration of tissue homogenates was measured using BCA
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Protein Assay (Pierce Biotechnology) as per the manufacturer’s instructions. The concentration
of total protein was normalized between groups. MMP-9 activity was then measured using
Sensolyte® Plus 520 MMP-9 Assay Kit (AnaSpec) as per the manufacturer’s instructions. All

experiments were performed in triplicate.

5.2.7 Statistics
Statistical analysis was performed between groups using Student’s #-test and rectified by
ANOVA for comparisons between multiple groups. Values are represented as mean + s.d. A

value of p < 0.05 was used to indicate statistical significance.

5.3 Results

5.3.1 Layer-by-Layer Film Characterization

Coatings for siRNA delivery were comprised of two independent film architectures
arranged in a hierarchical fashion. In this way one film formed an undercoating, closest to the
underlying substrate, and the second film a top coat lying over this undercoating. The first film
assembled directly on the woven nylon substrate is a two-component bilayer film of poly(beta-
aminoester) 2 (Poly2) and dextran sulfate (DS), referred to as [Poly 2/DS]x where x represents
the number of architecture repeats. Poly 2 is a well-established hydrolytically degradable

polycation that facilitates water-based erosion in multilayer films*> *.

This layer serves as a
controlled release barrier, promoting the dissociation of the full film from the substrates surface

over a prolonged period of time.

On top of this degradable undercoating an siRNA-containing LbL was film assembled
using the polycation chitosan (Chi), reported in literature for its capability to complex with
siRNA and facilitate cell uptake and delivery of nucleic acids, and siRNA that we refer to as
[Chi/siRNA], (Figure 5-2 a-d). Here Y refers to the number of architecture repeats for this
siRNA containing film. This film architecture was chosen from an initial broad investigation of
LbL film assemblies; exhibiting a range of release profiles ranging from hours to weeks and

varying in vitro efficacies, many of which were detailed in Chapter 2 of this thesis.
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LbL coating were built on nylon Tegaderm® bandages. These bandages have a very
regular structure designed to present the wound with a multitude of small pores to allow for
wound exudate drainage but resisting cellular infiltration. We were interested to coat this
material as it is used extensively in the dressing of ulcerative wounds and is placed in close
contact with the wound surface. Coating the bandage required oxygen plasma treatment of the
bandages for three minutes. This was observed to create minor changes in the bandages physical
characteristics, however longer exposures lead to significant changes at the bandage margins.
Coating of the bandages was performed using histological slide stainers specially modified with
holder arms to secure the bandages during dipping. The coating as it was applied to the bandage
was not observed to obscure the designed structure of the bandage. As seen in Figure 5-1 the
fibers of the bandage and the pore diameters remain the same. It is important to note however
that the surface characteristics are changed, as the LbL film presents a very different material

than the original nylon.

[Poly2/DS],o[Chi/siRNA],s

Unoatod Bandag

Figure 5-1 Scanning electron micrographs of Tegaderm® bandages
Uncoated bandage is as purchased from Cardinal Health. Oxygen plasma treatment and film
assembly does not appreciably alter the structure of the bandage. Pores remain open and coating

covers surface uniformly. Scale bar = 100pum.

Confocal imaging using a fluorescently labeled siRNA within the film shows high film
uniformity with only minor defects (Figure 5-2¢). This image can be directly compared to the

films described in Chapter 3 where CaP nanoparticles were used to incorporated labeled siRNA
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into a similar construct. The film presented here is much more uniform, with no punctate
localizations of fluorescence. Sections of the confocal imaging used to create the projected

image demonstrate the uniformity of the coating along the full fiber length.

Assembled films were all sub-micron in thickness (up to approximately 320 nm) and
incorporated siRNA at a rate of approximately 0.56 + 0.11 pug/cm’ per layer deposited, reaching
13.9 + 0.8 pg/cm® after 25 bilayers (Figure 5-2 e-f). The number of layers of the [Poly2/DS]
film underlying the siRNA containing film was not observed to cause any significant change in
the siRNA loading. Loading of siRNA was evaluated after 5, 10, 15, 20, and 25 layers had been
assembled.  This showed a near-linear relationship between film growth and siRNA
incorporation. Film thickness was seen to accelerate slightly after 15 layers had been assembled;

the film growth however was still fairly linear.

In vitro, the film-coated bandages sustain the release of siRNA for up to two weeks and
this release can be readily tuned by varying the film architecture (Figure 5-2 g-h). This finding
is very exciting as it demonstrates the capability of such a platform for designed therapies. As
we can control the amount of siRNA incorporated within the film architecture by changing the
number of siRNA incorporating layers assembled, we can independently alter the release profile
of that contained siRNA. This control over release is the first step to developing control over

delivery.

Increasing the number of degradable layers of [Poly2/DS] under the siRNA incorporating
layer created accelerated release profiles for the contained siRNA. When no degradable layers
were assembled, the film was observed to release only a small fraction of the loaded siRNA
within the first few hours to days of degradation, most likely due to rapid film changes brought
on by the change in assembly media to degradation media. I contrast when the number of siRNA
incorporating layers was increased the release profile was observed to only moderately change,

extending release for approximately four more days between X=0 and X=20 films.
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Figure 5-2 LbL coating for sustained release of siRNA

(a) Chemical structures of polymers used in this work. (b) Schematic of the hierarchical
structure of LbL films into a single coating. The first (X) film is a hydrolytically degradable
undercoating, while the second (Y) film contains the siRNA to be delivered. (c) Fluorescently
labeled siRNA is shown to coat the entire woven structure of the nylon bandage. Image used to
create the projection (1-4) show the conformal nature of the coating. (d) Side-on schematic of
hierarchical LbL film architecture. (&) Incorporation of siRNA was observed to increase in a
near-linear fashion over the tested range. (f) Film thickness was observed to increase with the
number of layers assembled. Films were assembled on either X = 0, 10, or 20 degradable
baselayers. All films tested were sub-micron thick with the thickest reaching nearly 325nm after
25 siRNA containing layers on top of 20 degradable baselayers. (g) Release of siRNA from
coated bandages with varying numbers of degradable baselayers. Release was performed out to

14 days in PBS at 37°C. (h) Release of siRNA from coated bandages with varying numbers of
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siRNA containing layers assembled on 20 degradable baselayers. All films achieved near

complete siRNA release within the 14 day test period. Release performed in PBS at 37°C.

5.3.2 In Vitro Evaluation of Coated Bandages

Release of the incorporated siRNA was not observed to be effected by the siRNA
sequence to be released. This is important to note, as most research assumes this point. We
examined the release of two different siRNA sequences and here demonstrate that their

differences were not enough to cause any changes in the release profile observed (Figure 5-3).

16 -
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Figure 5-3 Release of siRNA from a coated surface is independent of siRNA sequence
The profile, total release, and total loading of siRNA is not affected significantly by the siRNA

sequence. Data is shown as mean + S.D., n = 3.

Several variations of the film architecture described above were investigated to determine
the most effective film in vitro for more focused in vivo testing. NIH-3T3 cells expressing the
reporter gene green fluorescent protein (GFP) were exposed in culture to film-coated bandages
containing either a GFP-specific or control siRNA (siControl) sequence. The knockdown of
GFP was assessed after five days of treatment by measurement of the mean cell fluorescence

(MCF) using flow cytometry. The number of siRNA-containing layers was observed to
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significantly impact the extent of GFP knockdown, with the greatest reduction in MCF being
achieved by [Poly2/DS],0[CHI/siRNA]»s (Figure 5-4a).

These experiments demonstrate the effect of the tuning capabilities of this platform which
we observed in our early studies following siRNA release. This capability was used to achieve
low to moderate to high levels of gene silencing by only making simple changes to the number
of film architecture repeats used. In all cases, film-coated bandages exhibited minimal impact on
cell viability relative to uncoated bandages, with all test groups maintaining better than 85
percent relative cell viability (Figure 5-4b). Degradation studies indicated that the rate of
release of film material from coated bandages depended on the presence and number of layers of
the degradable undercoating. Here we observed that films with 20 degradable layers were able
to achieve significant film degradation and material release from the coated surfaces and that this
promoted release led to increased gene silencing (Figure 5-4 a, d). Films consisting of 10 or
fewer degradable layers however achieved less complete release of siRNA and reduced

knockdown compared to the 20 layer films after five days.
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Figure 5-4 In vitro analysis of reporter gene knockdown and film behavior

(a) Analysis of mean cell fluorescence (MCF) as measured by flow cytometry after five days of
treatment. Values are shown relative to MCF values for cells treated with bandages containing
control siRNA (n = 3). (b) Impact of films on cell viability quantified by AlamarBlue assay,
shown relative to measurements of cells treated with uncoated bandages(n = 3). (¢) Scanning
electron micrographs of LbL film coated bandages, (1) no coating, (2) [Chi/siRNA],s, (3)
[Poly2/DS];o[Chi/siRNA]ss, (3) [Poly2/DS]20[Chi/siRNA]ys after five days degradation in culture
with cells. Scale bar = 20pm. (d) Relative MCF of GFP expressing NIH-3T3, MDA-MB-231,
and HeLa cell lines after 3, 5, and 7 days of treatment (n = 3). MCF is reduced in all cell lines
tested, with the reduction maintained over the one-week test period. (e) Impact on cell viability
is minimal for all cell lines tested over one week. (f) Uptake of fluorescently labeled siRNA by
NIH-3T3 cells in culture with coated bandages after 3, 5, and 7 days respectively. Scale bar =

15um. Data is shown as mean £ S.D., * p<0.05.

From this early screen of film variants we chose [Poly2/DS][CHI/siRNA],s as the best
architecture for further study due to the highest level of siRNA incorporation, release, and
siRNA-specific gene knockdown. A time course study of knockdown for this architecture in
three distinct cell lines expressing GFP found a significant reduction in expression after three
days (GFP reduction ranging from 25-35%) (Figure 5-4d). Furthermore, knockdown of GFP in
all cell lines persisted throughout the one-week period of testing, with a reduction in GFP

expression reaching 45-50% at day seven.

The impact of the film coating on the viability of three different cell lines was minimal,
with all cultures maintaining greater than 80 percent viability compared to cells treated with
uncoated substrates (Figure 5-4e). The cellular uptake of released film material over time was
followed using a fluorescently labeled siRNA for one week in vitro (Figure 5-4f). The material
was observed to accumulate in punctate localizations within the cell, and at extended times stain
the entire cell body, indicating endosomal uptake and escape of siRNA to the cytosol (Figure 5-
5). This style of large aggregate release and slow intra-cellular accumulation agrees with our
previous findings using CaP nanoparticle films where large multiple micron sized aggregates

were observed to accumulate with cells in culture. In this work we see many similarly sized
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large particulate containing concentrations of labeled siRNA after only a few days of treatment

with the number of such particles increasing over time.

Figure 5-5 Cellular uptake of fluorescently labeled siRNA in vitro
Film coated bandages were placed in culture with NIH-3T3 cells and uptake evaluated after 1, 2,
and 3 days in culture respectively. Film material is seen to release as film aggregates and slowly

be taken up by cells. Scale bar =15 um.

5.3.3 In Vivo Silencing of MMP-9 in a Diabetic Mouse Model

With the success of the bandages in vitro, we next evaluated their efficacy in vivo using
the db/db mouse, a genetically diabetic mouse model that has been well established for chronic
ulcerative wound healing™ *.  The extracellular matrix protease MMP-9 is known to be
overexpressed in this model in agreement with many human DFU patients, making it an ideal

7 = £ . 5 . ; 46
animal model for this in vivo investigation®® ",

Three treatment groups were established; mice either received siMMP-9 (1), siControl
(2), or uncoated (3) bandages (two wounds per mouse, n = 5 mice per group per timepoint). The
film with maximal knockdown and performance, [Poly2/DS].o[Chi/siRNA],s, was chosen for the
mouse model studies. The application of the dressings in vivo followed the steps outlined in
Figure 5-6a. Briefly, two 6mm diameter full-thickness wounds were excised from the dorsum
of each mouse and a single bandage is placed over each wound site. The bandages were then
secured in place using a commercially available adherent bandage. This adherent bandage was

important both to secure the test bandage within the wound site and to also protect the wound
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from external contaminants and reduce the risk of infection. This testing assembly operated very
well for us in these studies, however they did have some notable drawbacks, most important of
which was obscuring the wound margins grossly. This issue forced us to only be able to
competently image the wound after the bandage was removed. It is unknown if any changes to
the wounding or dressing protocols may help in this area, but it is necessary to note here for

further consideration.

Wounds were digitally imaged after one and two weeks of treatment at necropsy (Figure
5-6b). After one week, thick tissue bridges the wounds treated with siMMP-9 bandages in
contrast to poor tissue growth in the wounds of the control groups. This tissue was dry to the
touch compared to the wounds treated with control bandages, with the exudate in the bandage
having a more opaque white hue than the translucent look of the controls. Tissue integration into
any of the bandages at this point was minimal, however it was noted that the tissue formed
underneath the siMMP-9 bandage had an imprint of the bandage design in it, suggesting that the

tissue was in close contact to the bandage prior to removal.

After two weeks of treatment the siMMP-9 treated wounds were significantly smaller and
appeared to have contracted, with substantial formation of tissue within the wound bed. This
tissue had a red shade to it, compared to the light tan color of the control treated wounds. This
red color is appropriate in healing wounds, signifying the increased vascularity in the granulation
tissue. Of note when removing these bandages the siMMP-9 bandages were heavily infiltrated
by the growing tissue, causing issues with bandage removal where the dressing had to be peeled
from the granulation tissue, often disrupting the tissue. This behavior was not observed in the

control wounds.
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Figure 5-6 In vivo application of MMP-9 siRNA coated bandages improves the gross
appearance of wounds and reduces MMP-9 expression and activity within the treated
wounds

(a) Schematic of how bandages are applied to the full-thickness excisional wounds on the backs
of mice. (1) A six mm diameter wound is excised from the back of the mouse (one on each
side). (2) The test bandage is placed over the wound site. (3) The bandage is held in place by
an adherent semi-clear bandage. (b) Digital imaging of wounds immediately following surgery
(Day 0), and after 7 or 14 days of treatment. Scale bars, 5 mm. (¢) IHC staining of MMP-9
within the wound edges of uncoated (1&4), siControl (2&5), and siMMP-9 (3&6) bandage
treated wounds. Arrows highlight regions of intense staining. Scale bars, 50 um. (d&f)
Quantitative real time PCR analysis of MMP-9 expression relative to the housekeeping gene B-
actin after one week (d) and two weeks (f) of treatment. (e&g) Activity of MMP-9 within wound
homogenates as measured by Senso-lyte 520 MMP-9 activity kit after one week (¢) and two

weeks (g). Data is shown as mean + S.D., * = p<0.05.
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Immunohistochemical (IHC) staining for MMP-9 shows a significant reduction within
the wounds of mice treated with siMMP-9 films compared to controls. Wounds from mice
treated with either uncoated and siControl bandages show deep IHC staining at the wound edge.
Wounds treated with siMMP-9 bandages on the other hand have only a diffuse low level of
staining at the margins, indicating substantial changes in MMP-9 levels between these groups
(Figure 5-6¢). MMP-9 staining demonstrated a significant change in the expression levels
between the siMMP-9 treated wound and the control groups. MMP-9 staining was especially
intense at the wound margins in the control animals, where increased staining could be observed

at the edge of the epithelial tongue as well as in the granulation tissue.

The expression of MMP-9 within wounds treated with siMMP-9 bandages was reduced
by nearly 60 percent compared to controls after one week, which increased to over 75 percent
after two weeks (Figure 5-6 d&g). This substantial change in MMP-9 expression supported the
IHC findings we observed in MMP-9 staining. It is difficult to determine whether the sustained
reduction in MMP-9 expression is due to continued gene knockdown or if early changes in
MMP-9 expression caused a diversion away from the chronic ulcerative state and that this shift

leads to the increased relative knockdown.

Similar to the expression analysis we found that the activity of MMP-9 within these
wounds was significantly decreased after one week by 46.2% + 9.1% which increased to 55.0%
+ 5.8% after two weeks (Figure 5-6 e&h). This reduced activity is a relative value comparing
the average of siControl treated wounds to siMMP-9 treated. Taken together these data
demonstrate a significant change in MMP-9 expression within the wound bed and point to a

major change in the proteolytic microenvironment during the growth of new tissue.

Analysis of the digital wound imaging demonstrated the stark differences between the
healing wounds of the three treatment groups. SiMMP-9 treated wounds were observed to
significantly reduce their epithelial gap after one week by up to 64% increasing out to over 80%
closure after two weeks. Control groups were observed to act similar to each other, lagging

behind the siMMP-9 treated wounds. Use of digital imaging to approximate the epithelial gap
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for wounds was performed using ImageJ analysis where the margins were identified based on

increased opacity and color change from the wound center (Figure 5-7).
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Figure 5-7 Analysis of digital wound imaging

(a) Representative digital imaging for treatment groups after 14 days of treatment. The dashed
line represents the approximated epithelial margin as assessed. (b) Quantification of epithelial
gap area at time of wounding and after 7 and 14 days of treatment. (c) The fraction closed for
each wound after 7 or 14 days of treatment. This fraction is defined as one minus the ratio of the
epithelial gap at a given timepoint to the epithelial gap at day of wounding. Data is shown as

mean = s.d., n = 6.

5.3.4 MMP-9 Knockdown Improves Wound Healing

Histological analysis of wound healing was performed using serially sectioned wounds to
create a two-dimensional estimate of the epithelial and panniculus carnosus (PC) muscle closure
compared to the initial wound. The structure and presentation of normal uninjured mouse dermis
is shown in Figure xx. The structure is readily understood by observing the differential staining
found in H&E stained slides, where the darker upper layer is the epidermis and the more light
pink stained tissue is the dermis, containing the hair follicle and sweat gland structures.
Masson’s Trichrome (MTC) staining highlights cells and tightly compacted structures in red
while the large collagen bundles stain blue. Here the epidermis is a light to deep red in color and
the dermis, with its abundance of collagen, a sea of blue with interspersed red dots marking cell

bodies. Picrosirius staining assists in the identification of collagen fibers based on their
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thickness and natural birefringence. From this imaging orientation of the fibers can be

ascertained and used for approximating tissue organization (Figure 5-8).

Figure 5-8 Histological analysis of uninjured mouse dermis

Hematoxylin and eosin (H&E), Masson’s Trichrome (MTC), and Picrosirius Red (PS) stained
sections. PS stained sections we also imaged using polarized light for evaluation of
birefrengence (Bi) and then analyzed using Orientation]™ software for fiber orientation (Or)

evaluation. Scale bar = 100 pm.

Representative H&E stained full wound sections are shown in Figure 5-9 a-b for each of
the treatment groups after one and two weeks respectively. The difference between the degree of
epithelial closure and the formation of granulation tissue of the different treatment groups is very
pronounced. This is especially true after two week of treatment, where substantial increases in
healed tissue within the wound are apparent. As the role of MMP-9 within the injured dermis is
to degrade the ECM, we anticipated that its reduction in the wound would promote the
accumulation of granulation tissuc within the wound bed. Quantification of the granulation

tissue thickness in the center of the wound bed shows that wounds treated with MMP-9 siRNA
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bandages are nearly twice as thick as controls after one week, which increases to three-fold after

two weeks (Figure 5-9c).

The granulation tissue functions as a scaffold for epithelial migration across a wound as
well as a substrate for contractile forces to close the wound. We hypothesize that this increase in
granulation tissue is then the reason why wounds treated with siMMP-9 bandages exhibit
significantly more advanced re-epithelialization and contraction as compared to controls (Figure
5-9d). Important to note here as well is the fact that the granulation tissue formed within wounds
treated with siMMP-9 bandages is far more cellular and better vascularized than that of the
controls (Figure 5-9 e-f). After two weeks, siMMP-9 wounds contain nearly three times the
number of vessels per viewing field as controls, with many vessels apparent in the center of the

wound which are not seen in control treated wounds.
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Figure 5-9 Hematoxylin and eosin histological analysis of wound healing

(a-b) H&E stained wound sections after one week (a) and two weeks (b) of treatment with
siMMP-9 (1), siControl (2), and Uncoated (3) bandages. Black arrows highlight the epithelial
tongue and white arrows point to the end of the PC muscle. Scale bars, | mm. (¢) Percent
closure of the epithelial and PC muscle gaps evaluated at one and two weeks of treatment. (d)

Granulation tissue thickness in the center of wounds after one and two weeks. (e) High power
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field (HPF) (40x) imaging of the center of wound granulation tissues in siMMP-9 (1), siControl
(2), and Uncoated (3) treated wounds. Arrows highlight some of the vessels visible in H&E
staining. Scale bar = 100um (f) Number of vessels per HPF, n = 9 per group. Data is shown as
mean = S.D., * = p<0.05.

These dramatic differences in wound healing between the treatment groups can also be
appreciated grossly. In Figure 5-10 the one week siControl wound shown in Figure 5-9 is
demonstrated to have very little healed tissue contained within the wound site. The tissue that is
attached which appears to cross the wound is incredibly thin, and can actually be easily be seen
through (Figure 5-10a). Looking closely at this margin one can appreciate the lack of any tissue
bridging the wound gap (Figure 5-10b). The edges of the wound have some redness to them,
indicating perfusion into the margins, but without any granulation tissue developed within the

wound.

Figure 5-10 Gross examination of siControl wounds after one week demonstrated poor
tissue integration and significantly impaired healing
(a) Gross imaging of excised siControl wound. (b) Demonstration of wound site prior to

excision, demonstrating little to no tissue accumulation within the wound bed. (c)
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Representative histology of wound section demonstrating no granulation tissue formed within

the healing wound.

The margin of the one week siControl wound can actually be fully separated from the
animals back. This finding is important as this stromal tissue that is observed in the histological
preparation that appears to bridge the wound margins is not integrated into the healing dermis at
this point. It may serve as a bridge later in the wound healing process and become integrated
into the healed wound. This sort of finding makes the behavior of the epidermis, seen on the left
of Figure 5-10c, to curl into itself, as there is no tissue developed out into the wound for it to

migrate on.

5.3.5 siMMP-9 Therapy Increases Granulation Tissue Formation

One of the major substrates for MMP-9 within the healing wound is the early collagen
that forms granulation tissue. By reducing the expression of MMP-9, we hypothesized that the
granulation tissue would contain more collagen. To evaluate whether this was indeed the case
we used Masson’s trichrome (MTC) staih, a well-established histological stain for the analysis of
collagen within tissues. In tissues stained using this technique, collagen appears blue while cell
bodies, muscle, and keratin are red. This allows for the qualitative evaluation of collagen content

and cellularity of tissue.

Analysis of MTC staining of wound sections after one week revealed extensive staining
for collagen within the granulation tissue of siMMP-9 treated wounds, while control groups have
little to no staining (Figure 5-11). The differences mirror that found in the H&E stained
wounds, where the siMMP-9 treated tissues contain a robust tissue bridging the wound, with
increased cellularity, while control wounds have little tissue growth and sparse cell density
within the wound bed. An important finding here in the early stages of wound healing was the
apparent integration of the wound margins into the healing tissue in the siMMP-9 treated wounds
that is not seen in the controls. This lack of integration contributes to the stagnation of the
epithelial closure in the controls, an effect of which is epithelial curling as seen in the siControl

section in Figure 5-11.
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Figure 5-11 Masson’s trichrome stained wound sections after one week of treatment
Little connecting tissue is seen to form within the wound beds of siControl and Uncoated treated
mice. Mice treated with siMMP-9 bandages developed a thick and collagen rich granulation

tissue. Scale bar = Imm.

After two weeks the wounds treated with siMMP-9 bandages are greatly improved
compared to the control wounds. The amount of granulation tissue and its relative cellularity is
significantly increased in the siMMP-9 wounds compared to controls. This increased cellularity
can be easily seen when looking at the wound centers and appreciating the purple color of that
stained tissue, as compared to the lack of stain or faint blue found in the control wounds.
Furthermore, the integration of the granulation tissue into the surrounding uninjured dermis that
was observed after one week is even more enhanced in the siMMP-9 treatment group versus

control after two weeks (Figure 5-12 c-d).
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Figure 5-12 Treatment with MMP-9 siRNA increases the collagen content of the formed
granulation tissue

(a) Masson’s trichrome (MTC) stained wound sections of the center of wounds after two week
of treatment of (1) MMP-9 siRNA, (2) Uncoated bandage, (3) Control siRNA treated wounds.
Scale bar, | mm. (b) MTC stained granulation tissue within the center of the formed tissue shows
significantly more collagen (blue stain) within the MMP-9 siRNA treated wounds (1) when
compared to either uncoated (2) or control siRNA bandage (3) treated wounds. Scale bar, 100
um. (¢ & d) Comparison of the wound edges showed significantly more tissue growth out of the
wound edge in MMP-9 siRNA treated wounds (d) than control siRNA (c) treated wounds. Scale
bar, 100 pm.

5.3.6 Collagen Content is Increased in siMMP-9 Treated Wounds
To further evaluate collagen accumulation within the wound we used a second
independent histological technique: picrosirius (PS) staining of collagen. Collagen within the

dermis is a naturally birefringent macromolecule and large collagen fibers can be easily
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evaluated using polarized light microscopy. PS staining of collagen greatly enhances this
birefringence, allowing for the precise localization of small fibrils of collagen as well as thicker
fibers and the distinction between the two™ *°. Histological analysis of PS stained tissues has
been used widely within the study of wound healing to evaluate the extent and type of collagen
present within the healing tissue®’. The PS stain is bright red in bright field microscopy. When
PS stained slides are imaged between crossed-polarizers, however, the thinner early Type IlI

collagen appears blue-green and the thicker and more mature Type I collagen appears orange-

red.

Here we use this method to evaluate the maturation of the granulation tissue within the
wound bed and its collagen content (Figure 5-13 a-b). After one week of treatment, granulation
tissue in MMP-9 siRNA treated mice has nearly twice the collagen content compared to control
wounds, as well as twice as much mature collagen (Figure 5-13 c-d). At two weeks of treatment
the wounds of MMP-9 siRNA treated mice contain nearly five times the collagen compared to

either control group, and the ratio of mature to young collagen is increased over four-fold

compared to the control groups.
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Figure 5-13 Treatment with MMP-9 siRNA increases collagen content and retention within

the formed granulation tissue
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(a) Picrosiruis red stained wound sections after one and two weeks of treatment with siMMP-9
(1) siControl (2) Uncoated (3) bandages. Scale bars, 75 um. (b) Imaging of birefringent collagen
through crossed-polarizers. Collagen type can be ascertained by the thickness of fibers, with
collagen Type I being large orange-red fibers and Type III being thin green filamentous fibers.
Scale bars, 75 um. (c) Fraction of the granulation tissue within the wound that stains red for
collagen. (d) The major type of collagen within the formed granulation tissue was significantly
different between groups. Groups treated with siMMP-9 saw nearly twice as much Type [
collagen after one week compared to controls, which increased to a near five-fold difference

after two weeks. Data is shown as mean + S.D., * = p<0.05, ** = p <0.01.

The significant difference between the siMMP-9 treated wounds and those of the control
mice is striking. Thick orange-red collagen bundles are seen to stretch though the formed tissue,
whereas in the control groups only small blue-green fibers are appreciably present. These data
suggest that not only does the knockdown of MMP-9 increase the amount of collagen within the
wound bed, but also that its lowered expression allows for larger and more mature collagen

fibers to develop within the tissue, more closely resembling uninjured dermis (Figure 5-14).
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Figure 5-14 Tissue infiltration and wound edge integration is enhanced in wounds treated
with siMMP-9 bandages

(1-3) Picrosirius red staining of wound edge. (UD = Uninjured Dermis, GT = Granulation
Tissue). (4-6) Birefringent collagen imaging using crossed polarization light microscopy. (7-9)
Color map of fiber orientations. This is performed using Orientationl] software™.  Fiber

orientation is only seen in the siMMP-9 treatment group. Scale bars, 75 pm.

When imaging the integration of the granulation tissue into the uninjured surrounding
dermis, PS staining helps illuminate the collagen connecting the two tissues. Integration into the
surrounding tissue is key in promoting the infiltration of cells into the forming granulation tissue,
and in diabetic ulcers this integration is significantly impaired™®. The wound edges of siMMP-9
treated mice exhibit significantly higher collagen content, with large collagen bundles leading
from the uninjured dermis into the granulation tissue. SiControl and uncoated bandage treated
mice have no such collagen, with little tissue leading out of the surrounding uninjured dermis

(Figure 5-14). Analysis of the orientation of the collagen also highlights the differences.
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Collagen within the siMMP-9 treated wound edge is oriented, connecting between the dermis

and the granulation tissue while no such alignment is seen in the control groups (Figure 5-15).

siMMP-9

Figure 5-15 Orientation analysis of collagen fibers within wound edges after two weeks

Fibers were seen to have little or no general orientation in siControl and Uncoated bandage
treated mice. Mice that were treated with siMMP-9 bandages had a observable orientation of
collagen fibers pointing from the uninjured dermis into the forming granulation tissue, falling

along 30° angle from the surface of the wound. Data is shown as mean+S.D.,n=3

5.4 Discussion

Diabetic foot ulcers are the number one cause of non-traumatic lower limb amputations
in the United States and contribute an estimated $11 billion in annual cost to the US healthcare
system™. The current therapeutic options for patients with DFUs have shown only limited
success, with nearly half of treated patients unable to achieve full wound closure’. With the
number of patients suffering from DFUs expected to nearly double in the next 20 years, there is a

strong need to develop new therapeutic approaches to better address this disorder™.
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Our motivation for targeting MMP-9 in this work is based on the substantial work of
clinicians who have for over two decades correlated its overexpression to poor wound healing

outcomes in diabetic patients® * '’

. However, until now there has been limited research focused
on targeting this overexpression as a means of therapy™, due in large part to the musculoskeletal
side effects that has hindered the development of MMP inhibitors. Through the use of layer-by-
layer assembly we are able to construct a hydrolytically degradable siRNA depot on top of a
commercially available nylon bandage that can deliver siRNA directly into a wound bed and

dramatically alter gene expression.

The effect of siMMP-9 therapy closely resembles our initial hypothesis; by reducing the
presence of MMP-9 to twenty percent of untreated tissue levels we diminish the overall protease
activity by 60 percent. This allows more granulation tissue to form in the wound bed and the new
tissue contains up to five-fold more collagen than untreated wounds. Overall, this additional
collagen is more mature, and at the edges of the wound is more tightly integrated with the
uninjured dermis. We hypothesize that it is this substantial change to the deposited ECM that
drives the observed improvement in healing by facilitating faster migration of the epithelial

tongue and contraction of the wound.

In summary, this study successfully demonstrates the use of electrostatic assembly to
generate ultrathin siRNA coatings capable of direct and effective delivery of siRNA to a highly
proteolytic wound environment. This dramatically reduces the expression and activity of a key
gelatinase and improves the healing of chronic wounds. Overall, this work begins to lay the
groundwork for using localized RNAi to treat a clinically recognized dysregulation within
diabetic ulcers and offers a potentially translatable strategy for improving patient care. The
strategy outlined here, however, is not limited to treating chronic wounds. This technology is a
simple and broadly applicable platform for including localized RNAi from any current medical
device and has the potential to address a myriad of applications where altering localized protein
express in specific tissue microenvironments may be of use, including cardiovascular diseases,

transplant rejection, and cancer.
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Chapter 6

Controlled Local Delivery of siRNA In Vivo
for the Treatment of Chronic Inflammation
in Diabetic Wound Healing

6.1 Introduction

In Chapter 3 we described the use of calcium phosphate nanoparticle films for the
sustained controlled delivery of siRNA in vitro. This work provided a great deal of excitement
for us as it was the first reported application of LbL for the successful delivery of siRNA.
Pairing this material system with other LbL films however was significantly restrained due to the
pH constraints that the CaP particles put on the film assembly. For this reason we chose to
pursue the material system outlined in Chapter 5 using chitosan. In this chapter we present a
different approach than Chapter 5, where we target tumor necrosis factor alpha (TNFa) within
the chronic wounds of genetically diabetic mice using the calcium phosphate LbL film from

Chapter 3.

Chronic wound healing is a major complication in type two diabetes mellitus (T2DM),
affecting over 750,000 American’s each year.'” Impaired wound healing presents an important
health concern for T2DM patients as these wounds can linger for months, increasing the risk of
serious infection and subsequent requirement for amputations.” Indeed, diabetic foot ulcers are
the number one non-traumatic cause for lower limb amputations in the United States, with over
70,000 such operations each year.®® Recent assessments for the economic burden of chronic
wound healing in diabetic patients has estimated that it costs healthcare providers over 11 billion

dollars in direct and indirect medical expenses each year.” '*'2

There are a myriad of reasons why patients with T2DM suffer from chronic wound

15 increased risk of

healing, including: prolonged inflammation,'? altered protease activity,'*
vascular abnormalities,'® poor cell proliferation within the wound bed,'” decreased growth factor
production,'® and an altered host response,'” just to name a few. In Chapter 5 we targeted one of
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these factors, proteolytic activity, by knocking down matrix metalloproteinase-9 (MMP-9) within
the wound site. MMP-9 operates as the primary gelatinase during the dermal wound healing
process, and is known to be chronically upregulated within the wound beds of poor healing
diabetic ulcers.”>** This focused target however may not be enough on its own to correct for the

many complications that lead to diabetic ulcers.

As we described in the first chapter of this thesis, wound healing is a highly orchestrated
and complex process involving many different stages each with its various cell types evolving

23, 24

over time. The wound healing process is regulated by a number of growth factors and

cytokines which can be altered in different disease states, which is true in the case of T2DM.*> %
In type two diabetes mellitus the impaired wound healing is first observed by the reduced
proliferative response within the healing tissue. This is seen as a lack of sufficient granulation
tissue formation to close the wound.””** Granulation tissue is the early tissue that fills a wound
and provides the scaffold for later tissue regeneration. Important in the formation of granulation
tissue are the rapid proliferation of fibroblasts and their expression of collagen, a key protein
component in the extracellular matrix. Interference with fibroblast proliferation and protein
production can be caused by a number of factors including reduced pro-proliferative signaling
within tissue and high levels of fibroblast apoptosis, both of which can be due to chronic

. . 2930
inflammation.”™

Over the past three decades a number of different reports have identified the role of
chronic inflammation within diabetic wounds as contributing to their pathology.**'* A primary
mediator of this inflammation within these tissues that has been identified as potentially
pathologic numerous times is tumor necrosis factor alpha (TNFa).**3¢ TNFa is produced both as
a soluble cytokine and as a cell membrane bound protein by activated macrophages.®” Its role in
wound healing is expansive, as its expression and signaling determines much of the tissues
inflammatory response and drives a great deal of the immunologic activity involved in
wounding.”® ** *  During the normal wound healing process TNFa expression is at its highest
between 12 to 24 hours post-wounding.*> ' During this early phase of wound healing TNFa is
expressed primarily by neutrophils and macrophages and acts to stimulate fibroblast and

keratinocyte proliferation, migration, and production of growth factors.*>®

155



It has been previously demonstrated that prolonged increased TNFo. expression is linked
to persistent inflammation and tissue destruction’® and that the levels of TNFa expression are
chronically elevated in non-healing ulcers, including diabetic foot ulcers.? 3** 1t has also been
reported that the overexpression of TNFa is associated with impaired wound healing in mouse
models of T2DM, including the Lepr®™ ® mouse which we will use in this work.>** In type two
diabetes TNFa levels are chronically elevated due in part to increased oxidative stress in
peripheral tissues as a result of poor perfusion.*® This chronic increased expression of TNFa has
also been demonstrated to slow cutaneous wound healing in vivo and impair native collagen

. . . 7-4
production in response to wounding.*’*

To this end the exogenous application of TNFa to
wounds results in significantly reduced mechanical stability of the healed tissues and slows the

50
rate of wound closure.

The chronic upregulated expression of TNFa impairs cell migration through increased
Smad7 activity levels, inhibiting the activation of Smad2/3.’' This inhibition reduces the
downstream signaling of TGFp receptors for the production of type 1 collagen, which is a
fundamental component of the dermis that must be produced in the wound bed in significant
quantities for appropriate wound healing to occur.”> TGFp1 is a potent pro-fibrotic cytokine that
is primarily responsible for the induction of collagen synthesis within wound healing,”®> TNFa
expression has been demonstrated to not only inhibit this signaling pathway but also to reduce
TGFB1 expression within the dermis at the pre-translational level.*” This inhibition of TGFB1
expression is believed to play a key role in the slowed formation of granulation tissue within the
wound bed. In addition to its effect on TGFp signaling, TNFa also stimulates the expression of
many pro-inflammatory cytokines through the NF-kB pathway, upregulating the production of
MMP-9, IL-1B, and TNFa.>*®
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Figure 6-1 Cartoon schematic of selected TNFa signaling pathways
These pathways are known to contribute to a number of pathologic roles in chronic wound

healing.*

In Chapter 5 we focused on the targeted knockdown of one of these factors, MMP-9,
within diabetic wounds. Expression of MMP-9 within ulcers is in part driven by TNFa
expression and its chronic upregulation within diabetic ulcers is thought to be as a consequence
of increased TNFa expression. In cutaneous wound healing MMP-9 operates as the primary
gelatinase, degrading the early collagen within the wound bed that forms the granulation

: 22, 57, 58
tissue.

Beyond MMP-9, TNFa also stimulates the expression of an important pro-
inflammatory cytokine, interleukin-1 beta (IL-1().” IL-1p is known to be upregulated in chronic
ulcers, especially in poor healing diabetic wounds, and plays an important role in inducing a pro-

inflammatory macrophage phenotype. Previous research has demonstrated that the inhibition of
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IL-1B was able to improve wound healing outcomes in a mouse model of diabetic wound
healing, and was observed to reduce the expression of MMP-9 and TNFa.*® In addition to
stimulating MMP-9 and IL-1B, TNFa also stimulates its own expression, creating a complex pro-
inflammatory positive feedback loop that can lead to prolonged and complicated inflammatory

conditions.

There has been a great deal of interest in targeting TNFa in numerous inflammatory
diseases such as psoriasis, irritable bowel syndrome, and rheumatoid arthritis.®® To date all of
the approved anti-TNFa therapies rely on monoclonal antibodies to target TNFa in solution.
These approaches have demonstrated amazing successes in treating these diseases by combating
the effect of chronic TNFo overexpression. There are substantial drawbacks to this approach
however including a number of undesirable side effects such as liver toxicity, risk of serious
infections, and malignancy, as well as being exceptionally cost-intensive therapies.”’ 61
Reducing TNFa expression locally with RNA interference (RNAi), however presents a
potentially more versatile approach that may reduce the systemic side effects of anti-TNFa
therapy while more directly targeting the root cause of its pathology, its overexpression, at what

could be a fraction of the cost.

Localized RNAI presents a great number of potential benefits over traditional small
molecule therapies due to its specificity and gene targeted design. Compared to biologics
currently on the market, short interfering RNAs do not require cell culture for manufacturing,
can be readily purified from a highly concentrated reaction mixture, and the siRNA sequence can
* be readily adapted to target many different sequences for quick optimization.®*** Here we look
at localized delivery of RNAI as it can circumvent many complications of systemic delivery that
we have covered in detail in the previous chapter. Layer-by-layer (LbL) is a surface
modification technology that takes advantage of complimentary interactions between material
species for the controlled assembly of ultrathin polymer film coatings on activated surfaces.®>®’
This technique has been well-reported for the controlled incorporation and delivery of many
bioactive materials including small molecules, biologics, DNA, and RNA.%*7! Here we use this
technology similarly to what we reported in Chapters 3 and 5 of this thesis for the controlled
localized delivery of siRNA.
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We chose to focus this chapter on the film architecture that was first explored in Chapter
3, the tetralayer of [PrS/CaP/PrS/Lap]. This film was chosen based on the great in vitro results
we saw as presented previously and in this Chapter as well as our preliminary findings that this
film architecture seemed better tolerated than the chitosan containing films. In this chapter we
will describe the thorough in vitro investigation of our [PrS/CaP/PrS/Lap] film and then test this
film in an excisional wounding model of diabetic foot ulcers in a genetically diabetic mouse.”*”
To this effect we demonstrate the siRNA-specific sustained knockdown of TNFa within the
wounds of diabetic mice, and demonstrate that this knockdown led to improved wound healing
outcomes including accelerated re-epithelialization, increased granulation tissue formation,

improved vascularization of the healed tissue, and increased collagen deposition and maturation

within the healing tissue.

6.2 Methods and Materials

6.2.1 Materials

LPEI (25 kDa) was purchased from Polysciences (Warrington, PA). SiRNA sequences
were synthesized by Dharmacon (Lafayette, CO). Alexafluor 488-labeled siRNA was purchased
from Qiagen (Valencia, CA). TegadermTM (3M) Woven nylon bandages were purchased
through Cardinal Health (Newark, NJ). Antibiotic-antimycotic solution, 100 mM L-Glutamine
solution, phosphate buffered saline (PBS, 10x), Advanced-MEM, AlamarBlue, TriZol, and fetal
bovine serum were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, HeLa, and MDA-MB-
231 cells were purchased from ATCC (Manassas VA). CaCl,, NH3POy4, Protamine Sulfate, and
Picrosiruius stain material were purchased from Sigma-Aldrich Company (Manassas, VA).
DNA primers were purchased from IDT (Coralville, lowa). All antibodies were purchased from
Abcam (Cambridge, MA). Laponite silicate clay was purchased from Southern Clay Products
Inc. (Gonzalez, TX).

6.2.2 Layer-by-layer film preparation

Films were deposited on oxygen plasma treated bandages. Bandages were cleaned in
ethanol and then in RNase free UltraPure™ water (Life Technologies) prior to plasma treatment.
Oxygen plasma treatment was performed for 3 minutes on high setting. Bandages were then
immediately immersed in a solution of the polycation Poly 2 for a minimum of one hour.

Assembly of LbL films was performed using a Carl Zeiss HMS-DS50 stainer. Assembly of
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[PrS/CaP/PrS/Lap] film was deposited similarly. PrS (2 mg ml”, pH 8.0) was adsorbed for 10
minutes and CaP (siRNA concentration = 20 pg ml™, pH 8.0) was adsorbed for 30 minutes.
Laponite clay (10 mg ml”, pH 9.0) was absorbed for 2 minutes. All solutions were prepared in

RNase free water, adjusted to a pH of 8.0.

Film growth was characterized for films built on silicon wafers by a Veeco Dektak 150
profilometer. Incorporation of fluorescently labeled siRNA into films built on nylon bandages
was followed using a Nikon A1R Ultra-Fast Spectral Scanning confocal microscope. Total
siRNA incorporation within films was measured by rapid dissolution in a 1M NaCl solution with
vigorous agitation and quantified using a fluorescent plate reader. Release studies were
performed in cell conditioned media at 37°C. Release was quantified by fluorescence of the

released labeled siRNA read using a fluorescent plate reader.

6.2.3 In Vitro LbL Bandage Evaluation

Cells were cultured in Advanced-MEM media with 5% FBS, 1% antibiotic-antimycotic,
and 2mM L-glutamine. Cells were seeded at an initial density of 5,000 cells per well in a 48-
well plate. After one day LbL coated bandages (0.25cm?” sections) were placed in culture with
the cells. The bandages either contained GFP-specific siRNA or a control siRNA sequence or
were uncoated. Uncoated bandages were used as the control to test the cytotoxicity of the film.
Mean cell fluorescence was measured by flow cytometry, using a BD FACSCalibur flow
cytometer. Cell viability was quantified using AlamarBlue assay (Life Technologies). Analysis

of GFP expression and cell viability were performed after 3, 5, and 7 days of treatment.

6.2.4 In Vivo siRNA Delivery

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC). Animals were housed and cared for in the USDA-inspected MIT Animal
Facility under federal, state, local, and NIH guidelines for animal care. Eight week diabetic
(db/db) mice (BKS.Cg-Dock7™ +/+ Lepr™/J) were purchased from Jackson Labs (Bar Harbor,
ME). Daily blood glucose measurements were taken for all mice used. Mice were required to
maintain a blood glucose level in excess of 300mg dI™' to be used for these studies. Three groups
of mice were used: (1) TNFa siRNA bandage treated, (2) control siRNA bandage treated, and (3)

uncoated bandage treated.
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Each group had 6 mice total, 3 mice per time point. Hair was removed from the backs of
mice using a depilatory cream under anesthesia at least one day prior to surgery. Surgeries were
performed under anesthesia and pre-operative analgesic was given to all mice (0.1 mg kg
Buprenex). Two 6mm full-thickness wounds were excised from the dorsum of mice using a
biopsy punch on either side of midline. Bandages were cut to the same size (6mm dia.) as the
wound and placed on top of the wound. The bandages were then secured in place using an
adherent Tegaderm. This securing bandage holds the test bandage in place as well as keeps cage
material from entering the wound. Mice were sacrificed after one and two weeks of treatment.
One wound from each mouse was used for histological analysis and one wound was used for

RNA isolation and protein analysis.

6.2.5 Histology

Tissues were fixed in zinc fixative without formalin for 48 hours. The excised wounds
were then embedded in paraffin and serially sectioned at 250um levels throughout the wound.
At each level an H&E slide was stained and used for 2-D reconstruction of the wound.
Unstained slides were also taken for IHC, MTC, and PS staining and analysis of the healing
tissue. Data analysis was performed using Image J. Orientation of collagen fibers was analyzed

using the Image J plugin Orientation J.

6.2.6 Tissue Processing

Isolation of RNA was performed using TRIzol as per the manufacturer’s instructions.
Synthesis of cDNA was done using iScript cDNA synthesis kit (Bio-Rad Laboratories) and
analysis of expression was performed by qRT-PCR using iQ SYBR Green Supermix (Bio-Rad
Laboratories) along with selected DNA primer pairs. All experiments were performed in
triplicate using a LightCycler 480 (Roche). Relative gene expression was quantified relative to
B-actin, a housekeeping gene, using the delta-delta Ct method. All experiments were performed

in triplicate.

6.2.7 Statistics
Statistical analysis was performed between groups using Student’s #-test and rectified by
ANOVA for comparisons between multiple groups. Values are represented as mean + S.D. A

value of p < 0.05 was used to indicate statistical significance.
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6.3 Results

6.3.1 In Vitro Analysis of the CaP Tetralayer Film

We described this film in detail in Chapter 3 of this thesis and we were interested to
further test the film for its tunability so as to compare it to the chitosan containing film we
investigated in chapter 5. Calcium phosphate nanoparticles were created as previously reported
(ref) and were found to have an average diameter of approximately 216 nm with a zeta potential

of -27 mV, which was in good agreement to what we had found previously.

Films were assembled on cleaned silicon substrates and thickness was measured by
profilometry. The surface appeared very rough, Ra = 24.2 + 6.6 nm, which is similar to what we
had found for the same film in our previous investigations. Release studies were conducted in
cell conditioned media at 37°C, as described previously, for films prepared with 5, 15, or 25
architecture repeats. Release of siRNA from the films was followed for up to two weeks.
Release was quantified using commercially available fluorescently labeled siRNAs. Each film
was observed to release siRNA, films assembled with 15 or more tetralayers released siRNA
until the end of the study period, while films with only 5 layers were observed to not release any

more siRNA after approximately one week.

In vitro analysis of the effective knockdown of a reporter gene was performed as follows:
[PrS/CaP/PrS/Lap]»s film coated Tegaderm® (3M) samples were assembled using siRNA for
GFP targeting and were placed in culture with Hela cells that constitutively express green
fluorescent protein (GFP). Cells were analyzed by flow cytometry after 3 or 5 days of treatment
to assess mean cell fluorescence which was compared to cells treated with similarly coated
bandages containing a control siRNA sequence. The impact that the coated bandages had on cell
viability was evaluated by comparing the metabolic activity of cells treated with LbL coated
bandages to cells treated with uncoated control bandages. This was done using AlamarBlue

assay as per the manufacturer’s protocol.

SiRNA-specific knockdown of GFP in Hela cells correlated well with the release of
siRNA from each architecture. As controls in this experiment we investigated 100 pmol of

siRNA delivered either in naked form with PBS or formulated with Lipofectamine 2000 as per
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the manufacturer’s protocol. Treatment with naked siRNA was observed to only minimally
impact either GFP expression or cell viability. Lipofectamine achieved the greatest reduction in
mean cell fluorescence, nearly 80% reduction after three days, however cell viability in these
cultures was reduced by over 55%. In comparison, the best LbL film system achieved nearly
35% reduction with no significant impact on cell viability. After five days cells treated with
lipofectamine were observed to increase in mean cell fluorescence, while cells treated with LbL
coated substrates all saw continued reduction in MCF, where the best architecture again was the
25 tetralayer film, reaching an MCF reduction of approximately 55%. Cells treated with the
[PrS/CaP/PrS/Lap],s film were observed to accumulate labeled siRNA over a one week period,

demonstrating the continued uptake of released material from the degrading films in vitro.
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Figure 6-2 In vitro investigations of [PrS/CaP/PrS/Lap] film architecture

(a) Film growth as measured by profilometry for films assembled on silicon substrates. (b)
Quantification of siRNA release from film coated bandages over two weeks in cell conditioned
media at 37°C. (c) Flow cytometry analysis of mean cell fluorescence for cells treated with free
siRNA, lipofectamine encapsulated siRNA, and LbL film coated substrates with 5, 15, or 25

layers of LbL film. (d) Cell viability of cells treated with controls compared to PBS, or film
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coated substrates compared to uncoated, as measured by AlamarBlue metabolic assay. (e)
Fluorescent imaging of Hela cell uptake of LbL film material in vitro using AlexaFluor-546
labeled siRNA. Cell nucleus is stained with Dapi nuclear stain. Scale bar = 75 pm. Data is

mean = S.D., n = 3.

6.3.2 In Vivo Analysis of the [PrS/CaP/PrS/Lap|,s Film
Based on our thorough in vitro investigation we determined that the [PrS/CaP/PrS/Lap],s
film was the best performing architecture. Similar to our approach in Chapter 5 we followed our

db/db

in vitro study by investigating its performance in vivo using the Lepr mouse, a genetically

diabetic mouse model that is well established for the study of chronic ulcerative wound healing”
B The pro-inflammatory cytokine TNFa is expressed at increased levels in this model, in
agreement with studies of patients with diabetic foot ulcers, making it an ideal animal model for

. . . - . 1
our in vivo investigations. 573

To fully investigate the impact of the localized delivery of siTNFa therapy from LbL film
we studied three different treatment groups (1) siTNFa, (2) siControl, or (3) uncoated bandages
(two wounds per mouse, n = 3 mice per group per timepoint). Dressings were applied in vivo as
described in Chapter 5. Briefly, two 6mm diameter full-thickness wounds were created by
biopsy punch in the dorsum of each mouse. One bandage was placed into each wound and

secured in the wound with a commercially available adherent bandage.

This adherent bandage served to keep debris out of the wound and to reduce subsequent
risk of infection. We found in our work from Chapter 5 that this form of a dressing worked well

for the Leprdb/db

mouse model. These mice are unable to reach their backs due to their obese
state; as such the bandages remained unmolested throughout the two week study. Similar to our
finding in Chapter 5, wounds could only be clearly imaged after necropsy, as the dressing
obscured the wound margins and removal of the bandage for daily imaging presented a risk of

infection that we felt was too high.

Digital images were acquired at necropsy after one and two weeks of treatment.
Visually, the changes in wound healing between the three treatment groups were striking. These

images were analyzed for epithelial margin closure (Figure 6-3). Grossly, after one week
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siTNFa wounds were observed to be redder within the wound bed than controls and the margins
of the epithelium was noticeably advanced from the original wound margins. When inspecting
the control treated wounds this reddening of the wound bed and epithelial changes were not
observed. In strong contrast however, control treated wounds appeared to have remained largely

unchanged from the original wounds.

After two weeks of treatment these difference are even more dramatic. The siTNFa
treated wounds were on average less than 10% their original area, while the controls remained at
almost 50% of the original wound size. These striking differences can be easily appreciated in
the gross digital images in Figure 6-4a, while two-dimensional cartoon representation of the
average wound area are presented in Figure 6-4b. Appreciably, after two weeks the un-
epithelialized wound gap is a deep red color, indicating significant vascular perfusion of the
wound bed, while the control wounds appear white to tan in color and noticeably shallow regions
in the backs of the animals. Similarly to what we observed in the siMMP-9 treated wound
described in Chapter 5, the wounds treated with siTNFa bandages were integrated into their
bandages. This was to a noticeably lesser degree than the siMMP-9 treated wounds from before,
but it was common for all of the siTNFa treated wounds and contributed to at least three of the
wounds appearing to have not fully regenerated their epithelium. This behavior was not

observed for any of the control bandage treated wounds.
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Figure 6-4 Gross digital imaging analysis of wound healing

(a) Representative digital images of wounds treated with uncoated Tegaderm and LbL coated
bandages containing siControl or siTNFa siRNA sequences. Scale bar = 5 mm. (b) Two-
dimensional representation of approximate epithelial gap areas as measured from digital wound

analysis. (c) Epithelial gap area. Data is mean+ S.D.,n=6.

6.3.3 In Vivo Knockdown of TNFa in a Mouse Model of Chronic Wound Healing

For each mouse one wound was selected for histological processing and one was
prepared for protein and RNA isolation for subsequent analysis. Immunohistochemical (IHC)
staining for TNFa demonstrated a significant reduction of its expression both within the
granulation tissue and at the wound margin of mice treated with siTNFa films compared to
controls. Wounds from mice treated with either uncoated and siControl bandages showed
especially deep IHC staining for TNFa in the granulation tissue formed near the wound margins
after two weeks. Wounds treated with siTNFa-9 bandages, however, exhibited a significantly

lower level of staining for TNFa, primarily localized in only a few cells. Quantification of the
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number of TNFa positive cells within the stained wound sections supported this finding, where
siTNFa treated wounds had fewer TNFa positive cells after one week, which was even more
dramatically reduced after two weeks to approximately one-sixth the number observed in the

control sections.

The expression of TNFa in wounds treated with siTNFa containing bandages was
reduced by almost 52 + 11% after one week, increasing to 74 + 9% at two weeks (Figure 6-5b).
This dramatic change in TNFa expression supports the findings we observed by
immunohistochemical staining for TNFa in wound sections. As TNFa signaling is known to
operate in a positive feedback loop, it is difficult to determine whether the dramatic changes in
TNFa expression observed at two weeks is more a consequence of early TNFa expression

reduction or the continued reduction of TNFa due to our intervention.

Analysis of the IHC staining for TNFa in the sections from treated wounds demonstrates
a stark difference between the siTNFa treatment group and the two controls. Wounds treated
with uncoated and siControl bandages were observed to stain deeply for TNFa throughout the
granulation tissue and around the wound margins. The number of TNFa staining cells was
nearly four times as high in the control wounds as compared to the siTNFa treated wounds. This
finding is in agreement with the known operation of TNFa to function as a pro-inflammatory
cytokine, driving its own expression as well as driving the recruitment of inflammatory cells to
the tissue which express TNFa. Staining at the wound margins in the control treated wounds
demonstrated significant enhancement in TNFa expressing cells over the two week period,
whereas wounds treated with the siTNFa bandages saw the total number of TNFa positive cells

drop by over 80% in wound margin tissues.
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Figure 6-5 Analysis of tumor necrosis factor alpha expression within wounds treated

db/db mice

wounds of Lepr
(a) Representative images of IHC staining for TNFa in sections of wounds treated with either
uncoated, siControl, or siTNFa bandages. Scale bar = 100 um. (b) qRT-PCR analysis of TNFa
expression, all values are relative to uncoated control wounds, B-actin is used for reference. (c)

Quantification of TNFa positive cells per wound section. Data is mean = S.D., n = 3.

Concentration of TNFa expressing cells in the granulation tissue is indicative of an
ongoing inflammatory process in the control treated wounds that is not present in the siTNFa
treated wounds. This is important as cells that are expressing TNFa drive other inflammatory
cells within the tissue as well as signal for many of the cells important in the wound healing
process to undergo apoptosis and to not contribute to the creation of new tissue. This is
especially important in the case of fibroblasts and keratinocytes within the granulation tissue, as
TNFa signaling can depress their mobility and proliferative ability, while also reducing their

production of important ECM proteins.
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It has been previously described that the pro-inflammatory cytokine interleukin-1 beta
(IL-1p) is an important mediator in the inflammatory process underlying diabetic chronic wound
healing. TNFa signaling is known to stimulate the expression of IL-1f3, which is believed to
contribute to the pathology of TNFa overexpression in these wounds. We investigated how the
knockdown of TNFa altered IL-18 expression to evaluate its potential impact on the wound
healing processes we observed. After one week there was no statistically significant difference
between the IL-ab expression for the three different treatment groups. After two weeks however,
the siTNFa treated wound expression of IL-1p was approximately 40% of that in either of the
control groups. This reduction is quite substantial, but it is difficult to determine if this reduction
is directly due to reduced TNFa stimulated IL-1B production, or due to larger changes in the

wound environment including altered cellular populations between the three treatment groups.

6.3.4 Histological Evaluation of Wound Healing

Wounds selected for histological processing were serially sectioned with levels at every
250 um with H&E, MTC, and unstained sections taken at every level for full histological
characterization of the treated wounds. H&E sections at each level were used to generate two-
dimensional projections of the wound areas to quantify epithelial closure and wound contraction.
Epithelial margins are readily identified in H&E stained sections, denoted in Figure 6-5a by
black arrows. Wound contraction can be quantified from the displacement of the panniculus
carnousis (PC) muscle, a muscle underlying the dermis in rodents, which does not regenerate and

thus can be used to approximate the original wound margin in histological sections.

Wounds treated with siTNFa bandages exhibited significantly accelerated re-
epithelialization without significant changes in wound contraction. Similar to what we observed
grossly after one week, the siTNFa treated wounds had an epithelial gap of only 40% of the
original wound area, while control treated wounds were up to 75% of the original wound size.
After two weeks this difference was even more pronounced, with three of the wounds appearing
to have completely re-epithelialized in the siTNFa treated wounds, whereas all of the control
wounds were still around 40% of the original wound area. Rapid re-epithelialization is important
in successful wound healing as it closes the healing tissue off from the outside, greatly reducing

the risk of infection and helping to reduce related chronic inflammation.
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Evaluation of the histological sections of the different treated wounds demonstrates the
striking differences due to siTNFa knockdown. After two weeks, the siControl and uncoated
bandages treated wounds had only managed to generate a thin flimsy tissue connecting the
wound edges. This tissue is only a few cell layers thin in regions, with very light eosin staining.
The tissue formed in the control wounds is largely not integrated with the uninjured dermis. The
majority of the tissue appears to be connected more to the underside of the skin, with the fibrotic
tissue formed around the cut margins of the PC muscle, than the damaged edge of the healing
dermis. The siTNFa treated wounds in contrast are exceptionally well integrated into both the
PC muscle and the dermis, with thick granulation tissue extension reaching out to the wound

margins.

The granulation tissue in all of the treated wounds stains lighter with eosin than the
uninjured dermis. The granulation tissue in the siTNFa treated wounds, however, stains more
consistently across the wound bed and appears more similar to the uninjured dermis staining than
either of the controls. In addition to the level of connective tissue staining, the siTNFa treated
wounds are also much more cellular than the tissue formed in the control wounds. The tissue in
the center of the siTNFa treated wounds had distinct epidermal and dermal cell layers, exhibiting
the native structure of the skin, while control wounds had only a thin poorly organized fibrous

tissue.
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Figure 6-5 Histological evaluation of wound healing

(a) Representative H&E stained wound sections of different treatment groups. Black arrows
identify epithelial margins, white arrows identify panniculus carnosus (PC) muscle margins.
Scale bar = 1 mm. (b) High power field images of granulation tissue in the center of wounds.
Scale bar = 75 pm. (c¢) Percent closure of epithelial gap from two-dimensional projection of
serially sectioned wounds as compared to initial wound area. (d) Percent closure of PC muscle

gap from original wound size. Data is mean + S.D., n = 3.

6.3.5 Evaluating the Impact of TNFa Knockdown on ECM Deposition

TNFa stimulates both the increased expression of MMP-9, the key gelatinase in
cutaneous wound healing, as well as reduced expression of collagen. As a result diabetic ulcers,
which chronically overexpress TNFa, are known to produce little granulation tissue with
significantly reduced collagen density. To investigate this aspect of these chronic wounds we

analyzed the treated wounds for connective tissue deposition using Masson’s Trichrome stain
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(MTC). In the dermis, this stain highlights collagen in blue while cells, keratin, and muscle are
deep red in color. The intensity of the blue staining can also be used to draw qualitative

assessments of the level of collagen deposition and its relative organization.

Evaluating the MTC stained sections grossly, the differences between the siTNFa treated
wounds and the siControl and uncoated wounds is easily apparent. Similar to what was observed
for H&E staining, the overall state of wound healing in the siTNFo treated wounds is
significantly more advanced than the controls, with near-complete re-epithelialization observed
in many of the wound sections. Control treated wounds have significantly impaired epithelial
closure with very little granulation tissue formation in the wound center. The collagen staining
in the granulation tissue of the siControl and uncoated bandage treated wounds is very similar,
with very light blue staining and very low cell density compared to the uninjured dermis in the
same section. The siTNFa treated wound in contrast is very cellular, while also containing

significantly more collagen then control wounds.

The granulation tissue of the siTNFa treated wound is significantly more cellular than its
uninjured dermis. This is expected in normally healing wounds, as the tissue is undergoing rapid
proliferation and ECM production. Comparing the granulation tissue found at the wound centers
for each treatment group highlights this stark contrast, as the siTNFa treated wounds appear as a
densely populated sea of red cells surrounded in deep staining blue collagen, while the control
wounds appear light blue to clear with only a few cells visible lying on these thin blue strands
(Figure 6-6b). The striking differences in the thickness of the granulation tissue, first
appreciated in the H&E stained sections, is also readily observed in the MTC stained sections.
The siTNFa treated wounds have a thick and robust wound bed, with a deep red staining keratin-
rich epidermis stretching out over the entire wound. Control wounds on the other hand have
little keratin staining on the granulation tissue, with little advancement of the epithelial margins

visible.

Analysis of the wound margins for the three different treatment groups supports our early
findings that were based on H&E staining, where the siTNFa treated wounds are far more
advanced than the control wounds. The granulation tissue at the margins in siTNFa treated
wounds is over 150um thick, with increased cellularity and comparable collagen staining to the

uninjured dermis. The margins in the control wounds in comparison are thin, with a stark change
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from the tissue directly adjacent to the wound site and the granulation tissue in the wound bed.
The change at the margins in the controls is abrupt, occurring within less than a 300um of the
original wound edge. The epidermis appears continuous in the siTNFa treated wounds, while in
the controls it abruptly ends near the original wound margins, after two weeks just beginning to

contact the healing granulation tissue and attempting to close off the wound.
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Figure 6-6 Histological analysis of connective tissue in wound healing

(a) Representative full wound sections stained with Masson’s Trichrome stain. Scale bar = 1
mm. (b) Representative wound center images, demonstrating the significant differences between
the cellularity and level of connective tissue deposition between the different treatments. Scale
bar = 100 um. (c) Representative images of the wound margins for each treatment group. The
images are oriented such that the uninjured dermis is on the left and the healing granulation

tissue is on the right. Scale bar = 100 pm.
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The histological changes in connective tissue deposition were dramatic, however we were
interested to see to what extent the change in TNFa expression impacted the expression of
collagen in the wounds. Collagen type 1 is the primary form of mature collagen in the dermis,
and expression of the alpha 1 subunit of this type of collagen (Collal) is known to be negatively
impacted by TNFa signaling.”® Comparing the expression of Colllal in siTNFa treated wounds
after one week demonstrated a near 3.4-fold increase in expression compared to uncoated
bandages. Interestingly, we noted that the siControl bandages achieved a significant increase in
Collla expression versus uncoated bandages, nearing 1.6 times the expression as the uncoated.
After two weeks this difference diminished to the point of not being significant, while the
difference between siTNFo and the controls grew to approximately 5.8-fold increased
expression. This substantial increase in collagen expression within the siTNFa treated wounds
supports the increased deposition we observed histologically, however it may also be in part due

to alterations in cell populations present within the granulation tissue.

6.3.6 Effect of TNFa Knockdown on MMP-9 Expression

We were interested to evaluate the deposition of granulation tissue in the differently
treated wounds as it is well-known that overexpression of TNFa contributes to poor ECM
deposition and increased proteolytic activity as a consequence of chronic inflammation. TNFa
signaling is known to upregulate the expression of MMP-9, which we previously studied the
detrimental impact of its overexpression in Chapter 5. In Chapter 5 we detailed how the
controlled knockdown of MMP-9 led to improved wound healing in this same mouse model of
diabetic chronic wound healing. As such we were very interested to investigate the potential
connection here, so as to understand if the improvements we have seen from siTNFa therapy in

these wounds may in some part be due to changes in MMP-9 expression.

Immunohistochemical staining for MMP-9 expression demonstrated significantly lower
background staining in siTNFa treated wounds than in either control group (Figure 6-7a). The
number of MMP-9 positive cells was also significantly reduced in siTNFa treated wounds after
two weeks, compared to relatively steady numbers in either of the two control bandage treated
wounds (Figure 6-7c¢). Quantitative PCR analysis of MMP-9 expression in the wounds
demonstrated significantly lowered MMP-9 expression in siTNFa treated wounds compared to

controls. After one week of treatment, the siTNFa wounds observed an approximate 41 + 8%
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relative reduction in MMP-9 expression compared to uncoated bandage treated wounds. This
difference was observed to increase after two weeks, to only 35 = 13% of that found in the

controls (Figure 6-7b).
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Figure 6-7 Expression of matrix metalloproteinase-9 (MMP-9) within the treated wounds

db/db mice

of Lepr
(a) Representative images of THC staining for MMP-9 expression within the granulation tissue of
each treatment group. Scale bar = 100 pm. (b) gRT-PCR analysis of MMP-9 expression after
one and two weeks of treatment for each group, relative quantification using b-actin for control.
(¢) Quantitative analysis of MMP-9 positive cells per wound section for each treatment group.

Data is mean = S.D., n = 3.

From these observations it is apparent that the knockdown of TNFa expression within the
healing wounds reduces the expression of MMP-9 and the number of MMP-9 positive cells
within the wound bed. Due to the complex signaling of TNFa within wound healing as a major

contributor in inflammation, it is difficult to know whether this reduced MMP-9 expression is
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due to reduced TNFa signaling or due to reduced inflammatory cell recruitment. Our findings
suggest that TNFa plays an important role in MMP-9’s activity within the healing wounds,
however, detailing where in the biological network its impact is greatest is difficult to determine

with certainty.

6.3.7 Knockdown of TNFa Reduces Macrophage Population in Wound Bed

The expression of TNFa in healing wounds is largely performed by activated
macrophages within the tissue. Evaluating the number of macrophages within healing wounds
gives a quantitative assessment for both the level of inflammation within the tissue and for the
driving forces for the recruitment of macrophages. It has been previously demonstrated that
targeting TNFa systemically using monoclonal antibody therapy reduces the recruitment of
macrophages to diabetic ulcer wounds in mice. Here we observe a similar phenomenon, that the
knockdown of TNFa within this tissue also reduces the recruitment of macrophages, from

approximately 50% of control at one week to 30% at two weeks of treatment.

Macrophages within the uncoated and siControl wounds were observed to densely
populate the wound margin (Figure 6-8a). Wounds treated with siTNFo bandages were
observed to contain significantly lower numbers of F4/80 positive macrophages at the wound
margin. Similarly, the granulation tissue of the control wounds were heavily populated with IHC
stained macrophages, while the siTNFa treated wounds held significantly fewer stained cells

(Figure 6-8b).
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Figure 6-8 THC analysis of healing wounds for F4/80 positive macrophages
(a) Representative high power images of wound margins and granulation tissue for each
treatment group. Scale bar = 75 um. (b) Quantification of F4/80 positive cells per wound

section. Data is mean + S.D., n= 3.

6.3.8 Reduced Pro-Inflammatory Signaling Improves Vascularity

A very important characteristic of poor healing diabetic ulcers that is clinically very
confounding is the decreased vascularity of the healing tissues in these wounds. Chronic TNFa
expression and inflammation are known to impair vessel formation.”® This decreased vascularity
is well represented in this mouse model of chronic healing. Grossly, we had observed increased
redness in the siTNFa treated wounds, compared to relative pallor in the controls wounds. This
finding is indicative of increased vascular perfusion in the siTNFa tissues, however to
thoroughly investigate this finding we performed CD31 staining of wound sections to quantify

the number of vessels within the healing granulation tissues.

Immunohistochemical staining of vessels with CD31 demonstrated significant differences
in the level of vascularity between the granulation tissues of the siTNFa treated wounds and the

control wounds (Figure 6-9a). After one week there was approximately twice the density of
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vessels in the siTNFa treated wounds compared to controls, and this difference increased after
two weeks to nearly three times the control (Figure 6-9b). The number of vessels observed in
the siControl and uncoated bandage treated wounds was statistically similar at one week and two
weeks. In normal wound healing, the granulation tissue would be growing rapidly through this
period, demanding increased blood flow from more vessels. The fact that there is little change
observed in the number of vessels in these wounds suggests that the slow growing granulation

tissue is potentially hypoxic, a common finding in ulcerative healing.
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Figure 6-9 Quantification of vascular differences for each treatment group
(a) Representative images of IHC staining for CD31+ endothelial cells outlining vessels within

the healed tissue. Scale bar = 50 um. (b) Quantification of the stained vessels per high power
field. Data is mean £ S.D., n=6.

It is important to note here that increased vascularity can be due to a number of factors in
the wound healing process. The siTNFa treated wounds contained significantly more
granulation tissue, increasing both the driving force for vascularity, as well as the scaffold for it.
As the control treated wounds contained significantly less dense granulation tissue, it is
understandable that there would be less demand for perfusion, and as such fewer vessels. Here

again it is difficult to discern that intervention with TNFa knockdown increased vascularity in
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the healing tissue or that due to the increased granulation tissue more vessels were created. It is
most likely a combination of these two forces, as TNFa overexpression is known to impair
neovascularization in vitro and in vivo when applied exogenously, and as we have detailed
within this chapter it also plays a crucial role in the degenerative effects of inflammation on

ECM production and accumulation in the wound.”’

6.3.9 Epidermal Closure is Accelerated in siTNFa Treated Wounds

One of the most important milestones in healthy wound healing is complete epithelial
closure of the wound bed. This shields the healing tissue from outside irritants and greatly
reduces the risk for bacterial colonization and infection. The epidermis serves a protective role
for the healing granulation tissue, allowing for the time intensive remodeling phase of wound
healing to occur. The epidermis is a striated structure, where the proliferative cells that populate
it remain as a basal layer. These proliferative cells are constantly dividing and creating more
cells that travel upwards, generating the stratum spinosum and granulosum layers until finally

creating the stratum corneum layer with the cellular debris and keratin.?®

KI-67 stain is a highly specific nuclear marker for cell proliferation.”
Immunohistochemical analysis of KI-67 expression is the gold standard to estimate the level of
proliferative activity within tissues, which is commonly used in the evaluation of neoplasms in
the clinic. Here we can use KI-67 IHC staining to approximate the level of proliferation within
the healing tissue as well as to evaluate the viable epidermal margins. As the structure of the
epidermis contains a highly proliferative basal cell layer, KI-67 staining in the dermis highlights
this line of proliferative cells beautifully, giving great insight into the exact margin of the

proliferating epidermis.

IHC staining for KI-67 in wound section from the three different treatment groups lends
strong support in favor of our previous histological analysis. The proliferating epidermis is seen
to stretch out across the entire wound section in siTNFa treated wounds after two weeks, fully
closing the wound bed off from the outside environment. In either of the control sections, no
such advancement is observed (Figure 6-10 a&d). Investigating the epidermis at the original

wound margins demonstrates the dramatic differences between the control wounds and those
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treated with siTNFa bandages. Black arrows highlight the end point of the proliferating
epidermis. In the siTNFa treated wounds, no distinct epidermal margin was easily discernable,

demonstrating the level of epidermal migration and remodeling that had already occurred in

these wounds (Figure 6-10b).

The center of wound sections stained for KI-67 demonstrates another important
distinction between the siTNFa treated wounds and the siControl or uncoated bandage groups
(Figure 6-10c). The number of proliferating cells in the granulation tissue at the center of the
wound is significantly increased in the siTNFa wounds. The proliferating epidermis is seen to
stretch out into the wound center, albeit with some level of disorganization at the very center of
the wound. This is not observed in either of the control groups, with very few KI-67 positive
cells seen in any of the wound sections at the center of the granulation tissue. The siTNFa
treated wounds were observed to have nearly four times the number of KI-67 positive cells as

compared to control wounds. This striking difference was maintained even after two weeks of

treatment (Figure 6-10e).
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Figure 6-10 Analysis of cell proliferation within the treated wounds using KI-67

immunohistochemical staining

(a) Representative full wound sections for each treatment group. KI-67 stains proliferative cells,

including the basal endothelial cells that are continuously proliferating to generate the epidermis
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and stratum corneum. Scale bar = 1 mm. (b) Representative high power images of the wound
margins. Black arrows highlight the end of the proliferative epidermis. The proliferative
epidermis is seen to extend beyond the wound margin in the siTNFa treated wounds. Scale bar =
50 um. (c) Representative images of the wound centers for the different treatment groups. The
proliferative epidermis is seen to extend out to the wound center, with many KI-67 positive
proliferative cells observed in the granulation tissue, few such cells are observed in the
granulation tissue of the control wounds. Scale bar = 75 pm. (d) Quantification of the gap
observed in the proliferating epidermis at the wound center section. (e) Number of KI-67

positive cells observed in the granulation tissue for each treatment group. Data is mean + S.D., n
=3.

6.3.10 Knockdown of TNFa Improves Wound Collagen Content and Maturation

TNFa signaling within the wound is known to decrease collagen expression within the
healing tissue as well as upregulate the expression of metalloproteinases that degrade the
accumulating extracellular matrix. These two important factors contribute significantly to the
lack of granulation tissue formation within the healing wound and impair the wound healing
process. By reducing the expression of TNFa, we observed increased expression of collagen
type I, the mature form of collagen within the dermis. We had also observed reduced expression
of MMP-9 within the wound, creating a parallel with our previous studies in Chapter 5. Here we
used picrosirius red staining, similar to what we presented in Chapter 5, to analyze the

accumulation and maturation of collagen content within the healing tissue.

Collagen is a naturally birefringent macromolecule within the dermis. When stained
using picrosirius red this natural characteristic is enhanced, so that even thin fibrils of collagen,
collagen type III, within the dermis can be easily identified. Using polarizing light microscopy
we can quantify both the total amount of collagen as a fraction of the tissue volume and the
relative ratio of mature collagen type I to early fibular collagen type III. Evaluating the three
treatment groups in this way, we observed dramatic differences in these measurable criteria. The
siTNFa treated wounds were seen to accumulate significantly more collagen over the two week

study period, reaching nearly a five-fold increase in total collagen within the wound versus
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controls. The control treated wounds on the other hand were observed to increase in collagen

content at a much slower rate, with little change observed over the study period.

The relative composition of the collagen within the wound was also significantly
different between the treatment groups. The siTNFa treated wounds contained much more
mature collagen type I compared to control wounds. This characteristic of the siTNFa treated
wounds was present after one week of treatment, and increased through week two. Control
treated wounds appeared stagnant, with a steady balance of collagen I to collagen I1I at both one
and two weeks of treatment. The amount of collagen type | within these control treated wounds

was observed to increase slightly over the study period.
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Figure 6-11 Analysis of collagen within the granulation tissue

(a) Representative brightfield and polarized light microscope images of uncoated, siControl, and
siTNFa treated wounds. Scale bar = 200 um. (b) Quantification of total fraction collagen of the
granulation tissue as measured by Imagel digital image analysis. (c) Ratio of orange collagen
type I and green collagen type 3 areas within the healing granulation tissues. Image analysis

performed using Imagel.

These data together suggest that the treatment of these chronically impaired wounds with
siTNFa therapy greatly accelerated collagen accumulation and maturation within the wound bed

compared to either siControl or uncoated bandage treated wounds. Importantly, this
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accumulation of collagen within the granulation tissue forms the scaffold on which the epidermis
can migrate to achieve wound closure. In our analysis of wound closure we found that siTNFa
treated wounds also achieved significantly more advanced wound closure than controls. These
findings then support the hypothesis that by improving the accumulation of granulation tissue
within the healing wound bed, considering the increase in mature collagen type I content, may

contribute to this improved wound healing we have observed in siTNFa treated wounds.

6.4 Discussion

Diabetic foot ulcers are the most common cause of non-traumatic lower limb amputations
in the United States. They cost an approximate $11 billion to the US healthcare system every
year.'” Current options for DFU patients have only demonstrated limited success, with almost
half of these patients unable to achieve 100% wound closure.”” ¥ As the prevalence of diabetic
foot ulcers is expected to nearly double in the next two decades, there is a great unmet need to

create new approaches to better address this condition. "’

Tumor necrosis factor alpha is chronically overexpressed in diabetic ulcers and has been
previously demonstrated to play a pathologic role in chronic ulcers. The role of TNFa has been
extensively explored in a number of pathologies related to chronic inflammation including
rheumatoid arthritis, Crohn’s disease, and psoriasis. These investigations have developed a
number of clinically viable biologic approaches to reduce TNFa signaling within a myriad of
tissues. These approaches however have devastating side effects and are incredibly cost-
intensive. A number of previous researches have investigated the potential application of such
technologies to target TNFa overexpression within chronic wounds with some success in a
related mouse model. Here we present a new paradigm in this approach, unlike previous
approaches that focus on the delivery of monoclonal antibodies to target and isolate TNFa, we
target the overexpression of TNFa locally within the tissue of interest to directly reduce its

expression and thus its pathologic role.

The film we describe in this work, [PrS/CaP/PrS/Lap], when applied to a commercially
available nylon bandage was able to deliver tunable quantities of siRNA over a two week period.
In vitro we demonstrated how this approach allowed for the controlled delivery of siRNA for the
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specific knockdown of the reporter gene GFP with little impact on cell viability, supporting our
previously published work as described in Chapter 3.

The approach we took in this work parallels that which we described in Chapter 5, where
we targeted MMP-9 overexpression using a different ultrathin coating. These two chapters
together begin to form a more complete understanding of the complex physiology underlying the
pathologies of this chronic wound model. Whereas earlier we looked to directly influence the
expression of the ECM protease MMP-9 within the ulcer, here we looked further up in the
inflammatory pathway to target a key upregulated mediator of chronic inflammation believed to
be important in this disease. As we described in this chapter, the role of TNFa in promoting
inflammation and subsequently impairing wound healing is supported by our findings that the

siRNA-specific knockdown of TNFa improved these features.

It was observed that reducing the expression of TNFa within the healing tissues
accelerated wound closure and significantly improved granulation tissue formation. The tissue
that was formed within the wound bed contained significantly increased quantities of mature
collagen, had nearly three times the number of vessels, and was seen to be significantly more
proliferative. The biology underlying the pathologic role of TNFa is a complex interconnected
network of positive feedback loops which touch many of the important aspects of inflammation.
Knockdown of TNFa within these chronic wounds resulted in significant reductions in MMP-9
expression and IL-1B expression, while increasing the expression of collagen. Taken together
these findings suggest a substantial shift in the inflammatory state of these wounds, supported by
the significant reduction in the number of macrophages seen in the wounds, due to TNFa

knockdown.

We believe that the approach outlined here represents a second supporting argument for
the use of LbL technology in localized RNAi. We targeted a known primary mediator of
inflammation within a well-established animal model of chronic diabetic wound healing and
successfully reduced its expression by up to 74% after two weeks. Using local controlled
delivery of siRNA is a powerful technology that we believe can have an enormous impact in a
variety of areas outside of wound healing, including other forms of regenerative medicine,

cancer therapy, and molecular biology.
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Chapter 7

Silencing Connective Tissue Growth Factor
In Vivo Reduces Contraction in a Rat Model
of Burn Scar Wound Healing

7.1 Introduction

In Chapters 5 & 6 we described the application of two different LbL films assembled on a
commercially available bandage for the controlled local delivery of siRNA into diabetic chronic
wounds. Both of these approaches were demonstrated to accelerate wound closure and improve
outcomes out to two weeks in vivo. This was done by targeting two different upregulated
proteins that are believed to be pathologic in chronic wounds, one an important ECM proteinase
expressed in the dermis and the other a powerful pro-inflammatory cytokine. Here we use the
same film as described in Chapter 5 to coat a commercially available silk suture and demonstrate
closely maintained in vitro properties of the film coating. We then test this suture in vivo in a
well-established third-degree burn dermal scarring model in rats to knockdown connective tissue

growth factor, a known mediator of scar formation in dermal wounding.

Wound healing is an incredibly complex process that we have described in detail
throughout the majority of this thesis. Much of this focus has been aimed at improving impaired
chronic wound healing. Here we target a very different pathology that affects almost every
patient with a wound, which is scar formation. Be it from serious trauma, plastic surgery, or
playground roughhousing, scars can detrimentally impact our quality of life." Importantly, scar
formation from serious trauma can often be debilitating by reducing range of motion and joint

mobility and subsequently impairing function.*®

The current treatment options for scars offers
little comfort for patients, often consisting of topical steroids which have serious undesirable
side-effects, surgical resection which has a low success rate and a considerable risk of infection,

and simple silicone-based gel wraps.”®
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The goal of normal cutaneous wound healing is to regenerate the naturally protective
structures of the skin quickly so as to reduce the risk of infection.”'" This process is made up of
a number of different stages including hemostasis, inflammation, proliferation, and remodeling.'
The last two of these stages, proliferation and remodeling, are especially important in
determining scar formation as they pertain to the production of the healing extracellular matrix

13-16

(ECM) and its reorganization. In scarring, this healing process does not regenerate all of the

native structures of the skin, leaving a poorly organized dense collagen-rich matrix that is often

2,17-19

highly contracted by myofibroblasts. This is often the case in hypertrophic scarring, which

PSPPI 20-23
can result from traumatic injuries such as burn wounds.

As scarring is such an omnipresent occurrence in daily life, a great deal of research has
been focused on understanding the underlying pathologic causes for it. Much of this research
has focused on the dysregulated signaling of transforming growth factor-beta (TGFB) within

15, 24-28

wounds, as it has been shown that upregulated expression of TGFp is correlated to

14, 29-33

increased fibrosis in animal models of cutaneous scarring. Proper signaling of TGFp

within wounds, however, is necessary for healthy wound healing, as it orchestrates a number of
disparate pathways integral in effective tissue regeneration and remediation of inflammation.**
2734 To this end it has been demonstrated that the inhibition of TGFB in vivo significantly
reduces scar formation but also greatly impairs wound healing.>> For this reason efforts to target

TGFp signaling directly raise concerns about the total impact of such therapies.

Connective tissue growth factor (CTGF) is a key downstream mediator of TGFf
signaling that has been demonstrated to regulate many of its pro-fibrotic effects.’®* CTGF has
been shown to play an important role in regulating many key cellular processes within wound
healing, including cell proliferation and migration as well as myofibroblasts differentiation and
ECM production.”**"*+% CTGF also functions to assist in TGFp-based stimulation of collagen

and tissue inhibitor of metalloprotenase-1 (TIMP-1) expression.***

A number of previous
reports have described the potentially pathologic overexpression of CTGF within fibrotic
diseases, including dermal scarring, where its increased expression has been well-characterized

within keloids.*® 333

As CTGF has been demonstrated to function as a key mediator of scar formation in vivo,

L ) . Lo . 125,26, 30, 54, 55 .
targeting its expression as a means of reducing scar formation is logical. Previous
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research has demonstrated some success in this approach using anti-sense RNA therapy;
however, these approaches have focused on direct bolus injection of un-encapsulated siRNA.*%
This leaves the delivered siRNA open to rapid degradation and clearance from the target tissue,
significantly reducing its efficacy. Even with these drawbacks, these reports have demonstrated
significant siRNA-specific reduction in CTGF expression leading to substantial changes in scar
formation. These works as a whole build a compelling case for targeted anti-CTGF therapies in
the treatment of scar production, but also give evidence for the need to develop more effective

techniques for controlled siRNA delivery.

We have previously described the use of layer-by-layer (LbL)m'65

assembly to construct
ultrathin polymer films for the controlled localized delivery of siRNA into chronic wounds to
significantly accelerate wound healing in vivo. These reports have focused on the delivery of
siRNA from a commercially available woven nylon bandage applied directly into healing
wounds. To apply this technology to anti-scar therapy we first need to decide on an animal
model to use. We chose to conduct this research in a rat third-degree burn model as it has been

demonstrated to form highly reproducible scars®*®®

which are known to overexpress CTGF.®
Burn scars however do not present open wounds, as is the case for excisional models, thus
requiring us to make adjustments to what substrate we coat for implantation into the healing burn
wound. For this purpose we used a commercially available silk suture. Coating sutures for anti-
scar therapy has the added benefit of being widely applicable in the arena of scar therapy, as

many scars are the result of surgical procedures or traumatic injury, where sutures would already

be used.

In this work we describe the application of an ultrathin polymer film coating applied to a
commercially available silk suture for the controlled local delivery of siRNA into healing third-
degree burns. This coating was first thoroughly investigated in vitro to demonstrate efficacy of
siRNA delivery from the coated substrate, achieving sustained levels of siRNA-specific gene
knockdown for up to five days with a controlled siRNA release profile. In vivo these coated
sutures were directly placed into healing burns on the dorsum of rats and produced significant
siRNA-specific reductions in targeted gene expression. The controlled knockdown of CTGF

within the healing burns resulted in greatly reduced scar contraction, improved tissue
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remodeling, and the regeneration of important native tissue structures such as papillae which are

lost in all other control groups.

7.2 Methods and Materials

7.2.1 Materials

Poly 2 (20 kDa) was synthesized as previously reported.”’ Chitosan (15 kDa) and
dextran sulfate (500 kDa) were purchased from Sigma Aldrich company (Manassas, VA).
SiRNA sequences were synthesized by Dharmacon (Lafayette, CO); alexafluor 488-labeled and
546-labeled siRNA was purchased from Qiagen (Valencia, CA). Ethicon 4-0 Perma-Hand Silk
suture were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX). Phosphate-buffered
saline (PBS, 10x), Advanced-MEM, fetal bovine serum, antibiotic-antimycotic solution, and 100
mM L-Glutamine solution were purchased from Invitrogen (Carlsbad, CA). NIH-3T3, Hela,
and MDA-MB-231 cells were purchased from Cell Biolabs (San Diego, CA). All antibodies
were purchased from Abcam (Cambridge, MA).

7.2.2 Layer-by-layer film preparation

Films were deposited on oxygen plasma treated sutures. Sutures were cleaned in ethanol
and then in RNase free UltraPure'™ water (Life Technologies) prior to plasma treatment.
Oxygen plasma treatment was performed for 3 minutes on high setting. Sutures were then
immediately immersed in a solution of the polycation Poly 2 for a minimum of one hour.
Assembly of LbL films was performed using a Carl Zeiss HMS-DS50 stainer. [Poly 2/DS] base
layers were deposited through sequential polymer adsorption steps (2 mg ml™, pH 5.0) of 10
minutes. Between each polymer deposition step the bandages were washed twice in RNase free
water (pH 5.0). Assembly of [CHI/siRNA] film was deposited similarly. Chitosan (1mg ml™,
pH 5.0) was adsorbed for 10 minutes and siRNA (20 pg ml™?, pH 5.0) was adsorbed for 15

minutes. All solutions were prepared in RNase free water, adjusted to a pH of 5.0.

Film growth was characterized for films built on silicon wafers by a Veeco Dektak 150
profilometer. Incorporation of fluorescently labeled siRNA into films built on nylon bandages
was followed using a Nikon AIR Ultra-Fast Spectral Scanning confocal microscope. Total
siRNA incorporation within films was measured by rapid dissolution in a 1M NaCl solution with

vigorous agitation for films assembled on sutures and quantified using a fluorescent plate reader.
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Release studies were performed in PBS (pH 7.4, 37°C) and in cell conditioned media (37°C).
Release was quantified by fluorescence of the released labeled siRNA read using a fluorescent

plate reader.

7.2.3 In Vitro LbL Bandage Evaluation

Cells were cultured in Advanced-MEM media with 5% FBS, 1% antibiotic-antimycotic,
and 2mM L-glutamine. Cells were seeded at an initial density of 5,000 cells per well in a 48-
well plate. After one day LbL coated sutures (3 cm, cut to 1 cm lengths) were placed in culture
with the cells. The suture coatings either contained GFP-specific siRNA or a control siRNA
sequence or were uncoated. Uncoated suture was used as the control to test the cytotoxicity of
the film. Mean cell fluorescence was measured by flow cytometry, using a BD FACSCalibur
flow cytometer. Cell viability was quantified using AlamarBlue assay (Life Technologies).

Analysis of GFP expression and cell viability were performed after 3 and 5 days of treatment.

7.2.4 In Vivo siRNA Delivery

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC) and by the Subcommittee on Research Animal Care (IACUC) of the
Massachusetts General Hospital. Animals were housed and cared for in the USDA-inspected
MIT Animal Facility under federal, state, local, and NIH guidelines for animal care. Six week
old Sprague-Dawley rats (~200g, n=3) were purchased from Charles River Laboratories
(Wilmington, MA). Three groups of rats were used: (1) CTGF siRNA (siCTGF) suture treated,

(2) control siRNA (siControl) suture treated, and (3) uncoated suture treated.

Prior to wounding, rats were anesthetized with isoflurane. Hair was removed from the
backs of rats using an electric clipper. Six burn wounds were created on the dorsum of each rat
by applying the end of a pre-heated brass block (> 95°C) for 10 seconds. Each wound was
created with a single application of a pre-heated brass block. This protocol results in a non-
lethal, full-thickness, third-degree burn measuring approximately lcm”. Burns were spaced
evenly down the midline of the rat starting from the top of the back and going down to 2 cm
above the tail. Each rat received all three treatment groups, with two burn wounds for each
group per rat. Sutures were placed immediately after burn creation. They were placed running
laterally across the burn in a vertical mattress suture, with four total passes through each burn.

Sutures were placed through the dermis so as to not impair skin movement. Digital imaging of
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burns was performed after 15 and 30 days of treatment. Rats were sacrificed after 30 days. Each
wound was cut so tissue for RNA isolation was taken from the treated scar. These wounds were

then used for histological analysis.

7.2.5 Histology

Tissues were fixed in zinc fixative without formalin for 48 hours. The excised wounds
were cut on center and then embedded cut-face down in paraffin. Sections were taken at the
wound center and at two further levels of 250pum reaching a total of Imm sampling length
through the scar. At each level an H&E slide was stained. Unstained slides were also taken for
IHC, MTC, and PS staining and analysis of the healing tissue. All sections were Sum thick.
Image analysis was performed using Image J. Orientation of collagen fibers was analyzed using

the Image J plugin Orientation J.

7.2.6 Tissue Processing

Isolation of RNA was performed using TRIzol as per the manufacturer’s instructions.
Synthesis of cDNA was done using iScript cDNA synthesis kit (Bio-Rad Laboratories) and
analysis of expression was performed by qRT-PCR using iQ SYBR Green Supermix (Bio-Rad
Laboratories) along with selected DNA primer pairs. All experiments were performed in
triplicate using a LightCycler 480 (Roche). Relative gene expression was quantified relative to

B-actin, a housekeeping gene, using the delta-delta Ct method.

7.2.7 Statistics
Statistical analysis was performed between groups using Student’s #-test and rectified by
ANOVA for comparisons between multiple groups. Values are represented as mean + s.d. A

value of p < 0.05 was used to indicate statistical significance.

7.3 Results

7.3.1 Description of LbL Film Architecture
In this report we use the identical film architecture as was described in detail in Chapter 5
of this thesis. The film consists of a hierarchical structure of two simple bilayer films. The first

film applied to the surface is a hydrolytically degradable film using Poly2, a poly(beta-
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aminoester), and dextran sulfate. On top of this film the siRNA incorporating layer of low
molecular weight chitosan and siRNA are applied (Figure 7-1). This film structure was
extensively detailed in chapter 5 of this thesis for the ability to independently tune siRNA release
rate from total siRNA release. The films efficacy was demonstrated in vitro with three different
cell lines for the siRNA-specific knockdown of GFP. Further, the film was assembled on a
commercially available nylon bandage and demonstrated sustained gene silencing in vivo in a

mouse model of chronic diabetic wound healing.
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Figure 7-1 Layer-by-layer film architecture for the controlled local delivery of siRNA
(a) Chemical structure of repeating unit of polymers used in film assembly. (b) Schematic

cartoon of LbL assembly as constructed on the suture surface.

Here we investigate the application of this film architecture to deliver siRNA into healing
burn wounds for scar remediation. As layer-by-layer assembly is an equilibrium driven process
that has been reported to be effectively reproducible on a variety of surfaces we began our work
by demonstrating this feature of the LbL assembly. Films were assembled on cleaned silk
suture, as described in the methods section of this work, that were oxygen plasma treated on high
for three minutes. Films were assembled as previously described. Total film incorporation of
siRNA was evaluated based on a per centimeter basis as estimating the surface area of the coated

silk suture is impractical for the measuring of doses or testing purposes.

7.3.2 Evaluation of LbL Film Coating on Silk Sutures
It was observed that siRNA incorporation on the suture was near-linear, similar to what
had been observed for coated nylon bandage and silicon substrates. After 25 layers of the

[Chi/siRNA] film were assembled onto the [Poly2/DS],, coated suture a total of 2.1 + 0.3 pg/em
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of siRNA was incorporated. We evaluated the release of the siRNA form this coated surface in
two different release media. The first was PBS at 7.4 and 37°C, this is a common release media
for hydrolytically degradable LbL films as it effectively reproduces the body’s salt concentration
and pH. It however does not capture the biological protein interactions that may also contribute
in facilitating material release. To better estimate release in biologic media we used cell

conditioned media at 37°C, as described in the methods and materials section of this chapter.

Film coated sutures in both media were observed to sustain the release of siRNA for over
nine days, while the PBS testing saw release carried out to nearly 12 days. These findings
suggest an impact of release media on the release of the siRNA. This release was followed using
a fluorescently labeled siRNA, imaging of the film coating the suture containing the labeled
siRNA prior to release is shown in Figure 7-2¢. The coating is observed to uniformly cover the
surface of the woven silk suture with only a few defects observed. A few punctate localizations
of fluorescent signal are observed in the coating, primarily lying in the recesses between
individual fibers. This is likely aggregation of the accumulating film material between the fibers.
After seven days of degradation in the cell conditioned media much of the labeled siRNA is
observed to be released from the surface (Figure 7-2d). This release is observed to occur in
patches across the coated surface. Large areas of fluorescence are still apparent after the seven

days of degradation, but the total level of fluorescence is seen to be significantly reduced.
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Figure 7-2 In vitro characterization of LbL coating applied to a commercially available silk
suture

(a) siRNA incorporation per cm of coated suture at 5, 10, 15, 20, and 25 architecture repeats. (b)
Release of siRNA over 14 days in vitro in either PBS or cell conditioned media at 370C. (c)
Confocal imaging of fluorescently labeled siRNA incorporated within the film coating prior to
degradation. (d) Confocal imaging of fluorescently labeled siRNA incorporated within the film
coating five days into degradation in cell conditioned media. (¢) SEM images of LbL coated silk
suture prior to degradation. Scale bar = 100um (1), 25um (2). (f) SEM images of LbL coated
silk suture after five days degradation in cell conditioned media. Scale bar = 100um (1), 15pm
(2). (g) LbL coated silk suture drawn through PDMS block and then imaged using a Typhoon
9400 Variable Mode Imager. The number of times the suture has passed through the block is
marked from 1-4. (h) Quantification of relative fluorescent signal along the dashed line in (g)

with locations 1 and 4 marked as such. Data shown are mean + S.D., n=3.

Scanning electron micrograph (SEM) images of film coated sutures demonstrate the
uniform level of coating across the suture. A few areas of bridging are visible across the woven
network of fibers (Figure 7-2e2), but many of the individual fibers are still apparent upon
observation (Figure 7-2e1). SEM images of the coated suture after seven days of degradation in
cell conditioned media showed significant deterioration in the coating surface. Many noticeable
defects are observed along the surface of the coated fibers, with the fibers now appearing to have
pieces of swollen film crossing between them (Figure 7-2f1). Close examination of the fibers
shows an increasingly rough surface with noticeable flaking off of the coating (Figure 7-22).
This presentation is similar to what we had observed in our previous studies using this film

architecture assembled on nylon bandages in Chapter 3.

The LbL coating on the suture after assembly appeared uniform over the surface;
however, we were concerned that the application of the suture would damage the coating so as to
remove the siRNA from the surface. To investigate this concern we assembled the LbL film on
the surface of the silk suture containing a labeled siRNA and drew the suture through a PDMS
block four times (Figure 7-2g). We then imaged the suture in situ to evaluate the level of

remaining fluorescent material on the suture (Figure 7-2h). What we observed was little to no
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detrimental loss of the labeled signal from suture from being drawn though the PDMS. We
repeated this test using excised pig dermis and observed a similar phenomenon when we
compared fresh suture to that which had been drawn through the skin four times. These findings
lend support to the application of such a suture in vivo, as we now know that the materials

assembled on the surface should be expected to stay with the suture at the site of implantation.

7.3.3 In Vitro Investigation of siRNA Delivery from LbL Coated Sutures

We next wanted to investigate the activity of the incorporated siRNA. As we had
observed in our previous work that this film was able to effectively achieve significant siRNA-
specific gene knockdown, we were interested to validate these finding from the new substrate.
To do this we determined that 3cm of the coated suture would be a comparable sample size to
test as in our previous experiments in Chapter 5. The sutures were cut to 1cm long lengths and
were allowed to settle in the wells. This experimental setup is not ideal, as it could potentially
lead to higher levels of siRNA delivery to cells closer to the sutures as well as increased risk of
cytotoxicity due to direct physical contact with the suture. We did not observe either of these
issues within this work, but we were particularly careful in the slow and deliberately even

placement of the cut suture throughout the well.

In vitro studies for the knockdown of the reporter gene GFP were carried out in two cell
lines, HelLa and NIH-3T3 that constitutively express GFP. After three days of treatment
significant siRNA-specific gene knockdown was observed in both cell lines. GFP reduction after
three days was approximately 37% in Hela cells and 31% in NIH-3T3 cells. This knockdown
was observed to increase at five days to nearly 55% in HelLa cells and 48% in NIH-3T3 cells
(Figure 7-3a). No significant cytotoxicity was observed for the LbL coated sutures versus

sutures that were as purchased (Figure 7-3b).
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Figure 7-3 In vitro evaluation of siRNA delivery from LbL coated sutures

(a) Flow cytometry analysis of mean cell fluorescence for HeLa and NIH-3T3 cells treated with
siGFP containing LbL coated sutures relative to cells treated with siControl containing sutures.
(b) Relative cell viability for cells treated with LbL coated sutures and those treated with
uncoated sutures. (c) HeLa cell uptake of labeled siRNA film material after three days in
culture. (d) HeLa cell uptake of labeled siRNA film material after five days in culture. Data

shown are mean + S.D., n=3.

Uptake of the labeled siRNA in HeLA cells demonstrated a similar pattern as to what was
observed in our previous work. Multiple large micron sized particles were seen to accumulate
around cells while more diffusely labeled sub-micron localizations were observed intra-cellularly
(Figure 7-3c-d). The level of diffuse labeling within the cells increased from day three to day
five. This sort of pattern fits well with our imaging studies of the releasing LbL coated suture as
we can clearly visualize these multi-micron sized particles flaking off of the coated surface as a

product of the coating defects we can observe remaining on the coated surface.

7.3.4 In Vivo Application of LbL Coated Sutures
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Six week old Sprague-Dawley rats were prepared for surgery under anesthesia. The
dorsum of each rat was shaven with an electric clipper and cleaned immediately prior to
wounding. Burn wounds were created along the midline of the dorsum using heated (= 95°C)
brass blocks (Figure 7-4¢) applied to the skin of the rat for 10 seconds. Wounds were created
evenly down the back of each rat starting at the top of the back and ending approximately 2 cm
above the tail. Sutures were placed through each burn wound laterally crossing the burn four
times in a vertical mattress suture style. The excess suture was clipped near the skin surface
leaving as little as possible for the rat to interact with. Sutures were placed such that they ran
through the scar but entered and exited through the uninjured margins approximately 1-2mm

outside of the burn wound at either margin (Figure 7-4a).

Figure 7-4 The application of LbL coated sutures in a third-degree burn model in rats

(a) Cartoon schematic of the preparation the rats. Rats were shaven with an electric clipper,
wounded with a heated (> 95°C) brass block, and then four (4) sutures were placed laterally
crossing the burn entering and exiting the dermis approximately 1-2mm at the margin. (b) Image
of the sutured rat post-operation closely resembles our goal. (c) Image of two of the brass blocks

used to create burn injuries.

The wounding and suture placement was carried out as described in Figure 7-4a and
resulted in a well reproducible model where rats are largely unable to interfere with their sutured
burns and the sutures remain intact within the burn wounds (Figure 7-4b). Through the one

month study we did not observe any removal of suture from by the rats and the sutures appeared
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well tolerated with only limited discomfort noticed in the first few days after wounding. Suture
placement is important in this model, as the wounded tissue will quickly become necrotic and
lose much of its mechanical stability. This wounded tissue is known to fall off of the burn
wounds after approximately two weeks and as such if sutures exit the dermis inside of the burn
they will be much easier for the rat to remove. Wounds were treated with one of three types of
suture: (1) siCTGF, (2) siControl, and (3) uncoated. Each rat had two wounds treated with each
type of suture. Suture location along the back was changed for each rat to control for potential

differences in contraction along the back.

7.3.5 CTGF Knockdown Reduces Contraction of Burn Wounds In Vivo

Digital imaging of burn wounds was performed at the day of wounding, so called day 0
and after 15 and 30 days post-wounding (Figure 7-5a). Grossly, the wounds are identical
initially after wounding. The brass blocks create a uniform 1cm?” square burn that is only slightly
obscured by suture placement. After 15 days the siCTGF wounds appear less contracted than
either of the controls. Measuring the total scar area was complicated by the eschar having not
fully released from some of the wounds (Figure 7-5b). Quantification of the scar area was
performed from analysis of digital wound images using Image]J. The scar margin was
determined from the hair line margins. After 15 days of treatment the scar area was significantly
reduced in both siControl and uncoated suture treated wounds, indicating increased contraction

within these burns compared to the siCTGF burns.

After 30 days of treatment the siCTGF treated scars appear significantly wider than the
control treated burns, maintaining nearly twice the average scar width (Figure 7-5¢). Many of
the control wounds appeared dramatically contracted, with an exaggerated hourglass
characteristic to them. Total scar area in siCTGF treated wounds was approximately 167% that
in burns treated with siControl sutures and 150% that of uncoated sutures. Interestingly it was
observed that contraction within the siCTGF burns was especially impaired around the site of
suture placement while regions of the scar far away from the suture appear significantly more
contracted. This is distinct from what was observed in control wounds, where the area of suture

placement was where the highest degree of contraction was observed.
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Figure 7-5 Wound analysis by digital image quantification

(a) Representative digital images of wounds immediately after suture placement, after 15 days of
treatment and after 30 days of treatment. (b) Quantification of wound images after 15 days.
Both scar area and lateral width are elevated in the siCTGF wounds, indicating reduced
contraction. (c¢) Quantification of wound images after 30 days of treatment. Both scar area and
lateral width are elevated in the siCTGF wounds compared to controls, demonstrating

significantly reduced contraction. Data shown are mean + S.D., n=6.

7.3.6 In Vivo Silencing of CTGF and Its Effects on Fibrosis Related Gene Expression
Connective tissue growth factor is a key mediator of the pro-fibrotic wound healing
response to TGFB signaling in cutaneous wound healing. Its expression in vivo has been
previously connected to upregulated expression of a number of important proteins in scar
production, including: alpha-smooth muscle actin (¢SMA), tissue inhibitor of metalloproteinase-
1 (TIMP-1), and collagen (Collal) (Figure 6). It has been previously demonstrated that the
knockdown of CTGF during dermal wound healing results in significantly reduced expression of

these proteins and subsequently reduced local fibrosis. In this work we hypothesized that the
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controlled local delivery of siRNA targeting CTGF would have a similar response, by reducing
local CTGF expression we could also reduce the expression of these known downstream

mediators of scar formation.
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Figure 6 Cartoon schematic of selected CTGF mediated pathways important in fibrosis
CTGF is known to mediate a number of diverse interactions between cell surface receptors,
ECM proteins, and soluble growth factors and cytokines. These interactions influence a wide

range of cellular behavior during wound healing.

Gene expression was determined by qRT-PCR for mRNA expression in tissues isolated
from within the sutured burn wounds and compared to expression from unwounded dermis of the
same rat. The expression of CTGF within the burn wound treated with siCTGF sutures was
reduced by approximately 36% percent compared to controls after 30 days of treatment (Figure
7-7a). CTGF expression was significantly elevated within all burn wounds when compared to
the uninjured dermis; however, the relative level of upregulation was significantly different
between the treatment groups. No difference was observed between the siControl and uncoated

treatment groups.

Alpha smooth muscle actin is expressed by myofibroblasts within healing wounds, which
act to drive wound contraction. For this reason overexpression of aSMA within wounds is
considered detrimental, as wound contraction often contributes to scar formation, poor tissue
mobility, and subsequent functional impairments. Reduced aSMA expression has been
previously demonstrated to reduce wound contraction in animal models and in in vitro studies.
The expression of aSMA was significantly reduced within wounds treated with the siCTGF

delivering sutures compared to either control group. Wounds treated with siControl containing
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sutures were observed to express cSMA at approximately 1.6 times that found in siCTGF treated
wounds (Figure 7-7b). We believe this increased expression of aSMA within the control
wounds is a contributing factor to the decrease we observed in total scar area and scar width for

these wounds.
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Figure 7-7 Analysis of in vivo gene expression

(a) gqRT-PCR analysis of CTGF expression in treated wounds relative to uninjured dermis from
matched rats. (b) Relative expression of aSMA in treated wounds compared to uninjured
dermis. (c¢) TIMPlexpression in sutured wounds relative to uninjured dermis from matched rats.
(d) Collagen expression within treated burn wounds relative to uninjured dermis. Data shown

are mean + S.D., n=6.

Another important factor in scar formation is collagen production and its reorganization.
Collagen is produced by fibroblasts within the healing tissue and is reorganized by matrix
metalloproteinases (MMPs). The balance of collagen expression and MMP activity within a
healing wound contributes significantly to the speed of healing and the quality of the tissue
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produced. In chapter 5 of this thesis we described how upregulated MMP expression and
activity along with lagging collagen production produced slow healing poorly organized
granulation tissue. In the case of scar formation this situation is reversed, where overproduction

of collagen and slow reorganization contribute to poor tissue function and scaring.

Importantly, CTGF overexpression within healing tissues is known to play an important
role in TGFP stimulated collagen production in cutaneous wound healing as well as its
stimulation of TIMP1 expression. TIMPI1 acts to inhibit MMPs that are crucial in the
reorganization of dermal collagen. We found that in the case of siCTGF treated wounds,
collagen and TIMP1 expression were both significantly reduced. Collal was reduced by
approximately 29% versus siControl wounds, while TIMP1 expression was reduced by

approximately 23% (Figure 7-7c-d).

7.3.7 Knockdown of CTGF Results in Histological Changes

Histological evaluation of treated scars was performed after 30 days of treatment.
Wound sections were taken in the direction of suture placement from the center of each sutured
burn wound and at two consecutive levels spaced 250um out from the center of the tissue. H&E
histological analysis of the burn wounds focused primarily on tissue organization, scar
characteristic dimensions, and general appearance. In H&E staining cutaneous scar tissue
appears more cellular and has a less reticular tissue structure. Staining of the parenchyma is
lighter in early scar tissue as compared to uninjured dermis. As the scar tissue matures and
remodels the staining within the stroma increases to match the uninjured tissues. Beyond only
staining, structural differences between uninjured tissue and scar tissue are dramatic and can be
readily appreciated in H&E histology. Scar tissue lacks many of the natural structures found in
the skin, including hair follicles, papillary structures, and sweat glands. The loss of these

structures contributes to some of the complications of scar.

Qualitative analysis of the burn wounds demonstrated a number of noticeable differences
between the siCTGF treated wounds and the control groups (Figure 7-8a). The epidermal
thickness of siCTGF wounds appeared increased in many of the wound sections, however it was

not statistically significant when quantifies. Also concerning the epidermal layer of the skin, the
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first signs of papillary structures can be seen in siCTGF treated wounds. This is important as
these structures are often lost in scar tissue and they function to improve the integration of the
epidermis and the dermis, strengthening the bond between these layers of skin.””  These
structures were not seen in any of the control treated wounds. Another important observation to
note was the epidermis was seen to break free from the dermis within a number of the control
wounds, demonstrating the lack of such a strong connection. The appearance of this junction in

control wounds is flat with little variegation (Figure 7-8b).

A common presentation in scars is hypertrophy, where the production of the healing
tissue and wound contraction together lead to a scar that grows above the surrounding uninjured
tissue. This presentation is very important to many of the aesthetic aspects of healing, as these
raised scars can be undesirable. Grossly, we did not appreciate any significant hypertrophy
within any of the burn wounds, and did not observe any correlation between treatment group and
a raised or bumpy appearance. Histologically we observed this raised feature in a number of the
treated wounds, however it was not consistently observed in any specific group. The relative
vascularity of the scars was also of interest to us as good perfusion of the healing tissue is
important to the overall health of the tissue. It has also been reported that CTGF may play a role
in neovascularization.”*”® To evaluate this we performed CD31 staining of wound sections and
quantified both the number of vessels and average vessel diameter per high powered field. We
found significantly increased vessel number in the siCTGF treated wounds with no observable
differences between the control treated wounds. The average vessel diameter in all treatment

groups was statistically similar.
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Figure 7-8 H&E histology of scar tissue formation in treated burn wounds

(a) Representative full wound sections for each of the treatment groups. Scale bar = 1 mm. (b)
High power images of the epidermis-dermis junction demonstrating papillary structures in
siCTGF treated wounds that are absent in controls. Scale bar = 100 um. (c) Average scar width
as determined by histological analysis. (d) Average scar depth as determined from qualitative

histological analysis. Data shown are mean = S.D., n=6.

As we had observed grossly, the siCTGF treated burns were wider than either the
siControl or uncoated suture treated burns (Figure 7-8¢). The depth of the scar however is
reduced by nearly half in the siCTGF treated wounds compared to controls (Figure 7-8d). This
dramatic reduction in scar depth is fascinating as it demonstrates the potential for improved long
term reorganization of these wounds. Most of the siControl and uncoated suture treated burns
were observed to have scars reaching down to skeletal muscle that could readily be identified in
H&E staining after the 30 days of treatment. In the siCTGF burns, scars were far more topical,
penetrating down to the skeletal muscle in small projections but not uniformly as seen in the
control wounds. Overall, the appearance of the siCTGF treated burn wounds is much more
remodeled than that seen in the control burns. This is evidenced by the presence of the darker
staining parenchyma, which is more similar to uninjured dermis in appearance, within the scar
body in the siCTGF treated wounds, while control burn wounds appear to uniformly consist of

light staining scar tissue. This is a very promising finding in conjunction with the appearance of
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papillary structures in these burns, as the scar tissue treated with siCTGF sutures may be

remodeling more effectively to recapitulate the uninjured dermis.

7.3.8 Knockdown of CTGF Improves Tissue Remodeling

Masson’s trichrome stain (MTC) is an important connective tissue stain for analyzing
collagen deposition within tissues. In the dermis, MTC stains collagen blue while cells, muscle,
and keratin appear red. In healing tissue increases in collagen content can be appreciated in
MTC stained sections for deeper staining blue color, while lower collagen content is a lighter
shade of blue. Cellularity of tissues can also be appreciated, similar to H&E staining, as the cell
body within the tissue appears red. This is particularly useful in identifying the epidermal layers
of cells as they stain a deep red with little blue staining. In MTC staining early scars are
observed to stain lighter shade of blue than the uninjured dermis or healthy remodeled tissues
due to the smaller size of the collagen fibers bundles within the scar and the relative increased

cellularity.

Comparing the three treatment groups used in this work, MTC demonstrates a number of
key differences between the siCTGF treated wounds and controls. Importantly, inspection of the
full wound sections supports our previous findings from H&E histological analysis for increased
scar width in the siCTGF burns (Figure 7-9a). It also demonstrates increasing levels of
reorganization within the healing scar. This can be appreciated in Figure 7-9a by the dark blue
staining regions crossing through the siCTGF scar. This increased staining above the skeletal
muscle and through the scar demonstrates a significant level of remodeled tissue that appears
much more similar to the uninjured dermis than the scars observed in the siControl or uncoated

suture treated burns.

A second important finding observed in the MTC staining is the existence of papillary
structures interconnecting the epidermis with the dermis (Figure 7-9b). As we described in the
previous section, these papillae serve to better integrate the epidermis with the dermis. Here we
see that the epidermal tissue is well circumscribed and has a consistent variegated appearance.
Inspecting the controls we see only a flat thin layer of cells lying on top of the dermis with no
observable structures reaching into it from the epidermis. Looking closely at the border between

the epidermis and dermis we can also appreciate the different organization of the dermal
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collagen. Taking on a more whirled appearance in the siCTGF treated wounds, with controls are

uniformly flat up to and including this border region.
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Figure 7-9 Masson’s trichrome staining of treated rat burn sections

(a) Representative full wound sections for gross histological comparison. Scale = 0.8 mm. (b)
Representative high powered images of epidermal-dermal border demonstrating interdigitating
epidermal papillae in siCTGF treated wounds not seen in controls. Scale bar = 100 um (c)
Representative high powered images of wound margins demonstrating the level of tissue

reorganization observed in siCTGF treated wounds.

Grossly, the MTC stained full wound sections demonstrated increased tissue
reorganization in the siCTGF treated wounds. This reorganizing is especially important at the
wound margins to ensure a healthy integration of the healing tissue into the uninjured
surrounding tissue. Qualitatively evaluating the scar margins of the different treatment groups
we observe a number of important differences between them (Figure 7-9¢). Burns treated with
siCTGF sutures have a much less clear margin, obscured by large variations in the margin edge
and regions of tissue that stain similarly to the uninjured dermis in the surrounding scar.
Uncoated and siControl suture treated burns have fairly consistent clear margins with only small

areas of remodeling at the margins.

7.3.9 Reduced Total Scar Area and Contraction
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To evaluate collagen accumulation and organization further within the burn wound we
used a second independent histological technique, picrosirius red (PS) staining of collagen.
Collagen is a naturally birefringent macromolecule and as such can be readily evaluated using
polarized light microscopy of histological sections. PS staining of collagen enhances this
birefringence, allowing for more precise characterization collagen.””’® Histological analysis of
PS stained tissues has been widely reported in the study of wound healing and scar formation to
evaluate the extent and orientation of collagen present within the healing tissue.””  In
birefringence imaging thin Type III collagen has a blue-green appearance while thicker and more

mature Type I collagen appears orange-red.

Here we use picrosirius red staining to evaluate the collagen content within burn wounds
and the level of collagen orientation observed at the burn margin. Collagen content within scars
is known to be increased. This collagen is often poorly organized and does not recapitulate the
basket-weave structure that is observed in the uninjured dermis. Grossly analyzing the full
wound sections, a dramatic difference between the siCTGF suture treated wounds and the
siControl and uncoated suture treated wounds is easily apparent (Figure 7-10a). The siCTGF
scar region contains much larger collagen fibers that are evenly distributed and organized into a
cross-hatching network. Similar to what we had observed in both H&E and MTC staining, the
topical aspect of the scar is most consistent to the control wounds, however the depth of this
region is less than half of that observed in the controls. It is also interesting to note here that
regions we had noted were clearly scar tissue from H&E and MTC appear much more similar in
collagen structure to the uninjured dermis than any such identifiable regions within the control

burn wounds.
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Figure 7-10 Picrosirius red staining analysis of collagen content and orientation within the
healing burn wounds

(a) Representative full wound sections imaged for birefringence for each treatment group. Scale
bar = Imm. (b) Representative high power images of burn margins for each group and their
respective orientation analysis color maps. Scale bar = 50 pm (c) Plot of average fiber

orientation fractions for each treatment group. Data shown are mean, n=3.

An important aspect of the pathology of scar tissue is contraction. Physiologically
contraction occurs as a result of mechanical forces transmitted across the ECM within the scar.
Collagen is a primary component of that ECM. Orientation of collagen fibers is an important
factor in evaluating scar characteristics as it gives insight into the level of mechanical forces
being transmitted across the fibers. Highly aligned collagen in the orientation of contraction,
which in this animal model would be laterally across the wound sections, helps characterize the

level of contraction ongoing within the scar.

Here we performed orientation analysis of the large to medium collagen fibers within at
the scar margin to assess the extent of contraction within these wounds. This was performed

8 This analysis demonstrates the high degree of

using the Imagel plugin Orientation J.
orientation with the collagen fibers at the scar margin of siControl and uncoated suture treated

burns. The siCTGF treated burns however demonstrate significantly less alignment, and have a
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much more woven characteristic to their appearance. This is important as it demonstrates the
extent to which contractile forces are present within the control wounds, and how they are still
present in the siCTGF treated wounds, but to a lesser degree. In the color maps the purple-blue
shaded collagen fibers are oriented in the direction of the scar center and are abundant in the
control wounds. These fibers are visible within the siCTGF treated burn but not to the same
degree and mixed in with a substantial population of fibers seen going in opposing directions

(Figure 7-10b-c).

7.4 Discussion

Scars are an everyday part of life, but in the case of large traumatic injuries, burns, and
surgery they can created a great deal of discomfort for patients both physically and
aesthetically.” > ® In the case of burn wounds, contractions can lead to serious complications

81 The current

including range of motion issues and loss of function for the tissues involved.*
treatment options available to patients largely consist of silicone gel sheeting and topical
steroids, which can slow wound healing and increase the risk of serious infection.” To date a
great deal of research has been done to identify key biological mediators of scar production,
however being able to specifically target these actors has been limited due to the lack of
technology to effectively deliver targeted therapies locally at the site of interest. In this chapter

we describe using layer-by-layer delivery of RNA interference as one approach to this goal.

In this report we describe the application of an ultrathin polymer film coating for the
sustained local delivery of siRNA into healing third-degree burns in a rat model. The film
architecture used in this work is similar to that reported previously for delivery of siRNA to
chronic wounds in a mouse model of diabetes. In our previous work we focused on the
controlled knockdown of MMP-9 from a commercially available nylon bandage to improve
granulation tissue formation and accelerate wound closure. Here we used a commercially
available silk suture that once coated with the LbL film could be placed through the burn wound

to provide a siRNA delivering depot into the healing tissue to effect scar formation.

Here we targeted a known mediator of TGFf stimulated fibrosis, connective tissue

growth factor. CTGF is known to be upregulated within hypertrophic scars and its expression is
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associated with the increased expression of collagen, TIMP1, and alpha-smooth muscle actin
within scars. Previous reports have demonstrated that anti-sense RNA therapy against CTGF
expression within wounds leads to reduced scar production. These reports however have focused
on the bolus administration of RNA to the wound site, leaving the RNA open to rapid clearance
and poor bioavailability, thus achieving lower potential efficacies. Using LbL coatings to sustain
the local delivery of siRNA into the healing wound is an approach that we believe addresses both
of these concerns. In this work we demonstrate how one might approach the controlled delivery
of siRNA from a coated substrate common in the wound sites where scars form, targeting this
key mediator which resulted in significant changes in scar formation in a third-degree burn

model in rats.

Ultrathin coatings were observed to uniformly coat the surfaces of commercially
available silk sutures and were demonstrated to sustain the release of siRNA out to nearly two
weeks. These film coated sutures were tested for in vitro siRNA-specific gene knockdown and
were shown to reduce the expression of the reporter gene GFP in two different cell lines for up to
five days with minimal impact on cell viability. This film coated suture when placed through
third-degree burn wounds was able to achieve significant siRNA-specific reduction of CTGF
expression in vivo. This reduction in CTGF expression was connected to reduced expression of
many related TGFp stimulated pro-fibrotic genes, including collagen, TIMP1, and aSMA.
Macroscopically siCTGF treated wounds were significantly less contracted than wounds treated

with either siControl coated sutures or uncoated sutures.

Histologically the siCTGF scars were significantly less contracted than control scars, and
were significantly shallower. The healed tissue within the siCTGF treated burn wound contained
papillary structures, which play a crucial role in providing a strong connection between the
epidermis and the dermis. These structures were not observed in any of the control scars. In
addition to these findings, the level of remodeling within the siCTGF treated wounds was also
increased compared to controls. MTC staining of wound sections provided evidence of
increased reorganization of the healing tissue and more advanced remodeling of the scar
margins. Finally, picrosirius red staining of the treated wound sections provided a great deal of
insight into the organization of collagen within the healing tissues and the level of contractile

forces acting on them. It was observed that reducing CTGF expression improved collagen
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remodeling within the burn wound and significantly reduced the level of collagen orientation at

the scar margin indicating significantly reduced contractile forces within the tissue.

In summary, we have presented the local application of an ultrathin polymer coating that
can be uniformly assembled onto a commercially available silk suture for the sustained effective
knockdown of a key mediator in cutaneous scar formation in vivo. This targeted therapy resulted
in a significantly reduced fibrotic response within healing burn tissue. The work detailed in this
report is one of the first demonstrations of controlled local RNA delivery into healing burns to
improve outcomes. This work also substantiates the previously reported findings that CTGF is a
potential therapeutic target within wounds to reduce fibrosis while not impairing normal wound
healing. The approach outlined within this report has the potential to significantly impact a
myriad of diverse fields, from treating liver, renal, and pulmonary fibrosis to developing

regenerative medicines, cancer therapies, and providing a tool in fundamental scientific research.
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Chapter 8
Transdermal Delivery of siRNA In Vivo
from LbL Coated Microneedle Arrays

8.1 Introduction

In Chapters 5, 6, and 7 we described the application of LbL coated medical devices for
the local delivery of siRNA into wounds. These applications ranged from accelerating impaired
wound healing in chronic ulcerative wounds to reducing scar formation in third-degree burns.
Two of these reports, Chapters 5 and 7 used the same hierarchical LbL film architecture of
[Poly2/DS]20[Chi/siRNA],s. Here we use a similar film, minus the hydrolytically degradable
undercoating film architecture, applied to microneedles for transdermal delivery of siRNA.
Release of the siRNA from these coated microneedles was facilitated by the rapid solvation of a
dip-coated layer of the pH-responsive polymer poly(o-nitrobenzyl-methacrylate-co-methyl-
methacrylate-co-poly(ethylene-glycol)-methacrylate) (PNMP) that was deposited on the
microneedles and photoactivated prior to LbL film assembly. In this chapter we used these LbL
coated microneedles to effect significant gene knockdown via transdermal delivery. This work
was focused as a proof of concept study to demonstrate the flexibility of the LbL film system in

this application.

Controlled local delivery of RNA interference is a growing area of research that has wide
ranging potential applications from tissue engineering and cancer therapy to molecular biology."
' In our previous research we have described the application of the Layer-by-layer (LbL)
assembly technique for the construction of ultrathin polymer coatings for the sustained delivery
of siRNA in vivo. These applications have focused on treating known pathologies in cutaneous
wound healing and have taken the form of coated bandages and coated sutures. Both of these
medical devices are common in the wound healing field, however depending on the circumstance
such devices may not be desirable for implementation at a target site. For this reason we began
to consider more broadly applicable approaches for the delivery of siRNA LbL films into the

dermis.
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One approach that has been widely reported over the past two decades for local

11-18 .
Microneedles can be

transdermal delivery is the application of microneedle technology.
constructed via soft lithography, printing technologies, or a number of methods.'” ** They can
be made of any number of materials from a myriad of polymers to silicon to materials more
common to the operating theatre, such as stainless steel.”>' These structures when assembled
can be used as an array of very small syringes that pierce the skin for local administration of
contained doses of drugs. Microneedles have a number of advantages over other modes of
transdermal delivery. Compared to syringes there is a much lower risks of blood born pathogen
transmission and accidental needle sticks as well as generating less medical waste that could

potentially be improperly re-used.'> 2”7

Previous reports from our group and others have demonstrated the capability to coat
poly-(l-lactide) (PLLA) microneedle arrays for sustained transdermal delivery of DNA.***
Applying microneedle-based cutaneous delivery of LbL film coated material to siRNA has
potential applications in a myriad of complex diseases. In the arena or wound healing, one could
imagine the temporary implantation of siRNA delivering microneedles at the wound margin of
diabetic ulcers to reduce MMP-9 or TNFa expression, or directly applying such microneedles
into forming scars to reduce contraction through the silencing of CTGF. Here we were interested
to approach this investigation as a proof-of-concept to demonstrate that similar to what had been
observed for DNA delivery with microneedles,*® we could deliver siRNA. In this way we
could expand the application of the LbL films developed throughout this thesis to be much more
broadly applicable as we would no longer need to concern ourselves with the preparation and

implantation of a solid substrate support.

In doing this work we built upon the previous reported works published from our group
using LbL coated microneedles with important additions to improve transdermal delivery of LbL

coatings.”

Important in these additions is the requirement for dermal pre-perforation of
application sites for LbL film deposition into the dermis. This small protocol addition greatly
improved dermal penetrance and led to a significant enhancement of transdermal delivery of the

LbL coated materials.’'™>

Additionally, we also describe a more efficient approach for the
deposition of PNMP on microneedle surfaces, using a dip-coating technique that reduces

polymer waste by over an order of magnitude.
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Herein we present the application of a simple bilayer film architecture assembled over a
rapidly soluble dip-coated polymer film which we demonstrate to deliver significant quantities of
siRNA transdermally to affect the sustained knockdown of a reporter gene in vivo. This report
begins with a thorough in vitro analysis of the LbL bilayer film architecture, demonstrating the
capability to effectively incorporate and deliver microgram quantities of siRNA within minutes
of reaching release conditions. This work is then followed by extensive in vivo analysis of
siRNA delivery and subsequent profiling of reporter gene knockdown. In summary within this
work we present the first report of controlled transdermal of siRNA form LbL coated

microneedles in vivo.

8.2 Methods and Materials.

8.2.1 Materials

PNMP (31:59:10, poly(o-nitrobenzyl-methacrylate-co-methyl-methacrylate-co-
poly(ethylene-glycol)-methacrylate), 17kDa) was assembled through free radical polymerization
of o-nitrobenzyl methacrylate, methyl methacrylate, and poly(ethylene glycol) methacrylate as
previously described.”® SiRNA sequences were synthesized by Dharmacon (Lafayette, CO).
Alexafluor 546-labeled siRNA was purchased from Qiagen (Valencia, CA). Antibiotic-
antimycotic solution, 100 mM L-Glutamine solution, phosphate buftered saline (PBS, 10x),
Advanced-MEM, AlamarBlue, and fetal bovine serum were purchased from Invitrogen

(Carlsbad, CA). HeLa cells were purchased from ATCC (Manassas VA).

8.2.2 PLLA Microneedle Fabrication

PDMS molds (Sylgard 184, Dow-Corning) were prepared as previously described.*?
PLLA (1.9 dl g) purchased from Lakeshore Biomaterials (Essen, DE) was melt-molded into
PDMS molds under vacuum (-25inches Hg) at 140°C for 30 minutes, 200°C for 60 minutes, and
-20°C for 30 minutes. PLLA microneedles were heat treated (140°C for 4 hours) for conferring

. . 0
dioxane solvent resistance.’

8.2.2 PNMP Film Deposition
Samples were coated with PNMP using a dip-coating technique where samples were dip

coated (6 cycles of 5 sec dip and 30 sec dry) in PNMP containing 1,4-dioxane (2mg/ml). PNMP
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coated samples were then immediately exposed to vacuum (-25inches Hg) at 25°C for 12 hours.
PNMP coated samples were activated by photos-witching using ultraviolet radiation (254nm,

2.25 mW cm-2) for 20min.

8.2.3 Layer-by-layer film preparation

Films were deposited on PNMP coated PLLA microneedles. Microneedles were cleaned
with three 30 second rinses in pH 5.0 RNase free UltraPure™ water (Life Technologies) prior to
film assembly. Microneedles were first immersed in a solution of the polycation Chitosan for a
minimum of one hour prior to film assembly. Assembly of LbL films was performed using a
Carl Zeiss HMS-DS50 stainer. Assembly of [Chi/siRNA] film was deposited similarly.
Chitosan (1 mg ml™, pH 5.0) was adsorbed for 15 minutes and siRNA (20 ug ml™, pH 5.0) was
adsorbed for 30 minutes. All solutions were prepared in RNase free water, adjusted to a pH of

5.0.

Film growth was characterized for films built on silicon wafers by a Veeco Dektak 150
profilometer. Incorporation of fluorescently labeled siRNA into films built on coated surfaces
was followed using a Nikon AIR Ultra-Fast Spectral Scanning confocal microscope. Total
siRNA incorporation within films was measured by rapid dissolution in a IM NaCl solution with
vigorous agitation and quantified using a fluorescent plate reader. Release studies were
performed in PBS (pH 7.4) at 37°C. Release was quantified by fluorescence of the released

labeled siRNA read using a fluorescent plate reader.

8.2.4 In Vivo siRNA Delivery

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC). Animals were housed and cared for in the USDA-inspected MIT Animal
Facility under federal, state, local, and NIH guidelines for animal care. Eight week old BALB/cJ
were purchased from Jackson Labs (Bar Harbor, ME). Eight week old C57BL/6-Tg(UBC-
GFP)30Scha/] were obtained from a collaborator. Three groups of mice were used: (1) GFP
siRNA microneedle treated, (2) control siRNA microneedle treated, and (3) uncoated
microneedle treated. Each group consisted of 3 mice total with both ears receiving the same

treatment. Microneedle application surgeries were performed under anesthesia.
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Implantation of the microneedle arrays was performed in a three step process: (1) PLLA
microneedles were used to generate reproducible defects in the skin so that the LbL coated
microneedles could be implanted without resistance (2) ears were treated with approximately
50uL. of PBS (pH 7.4) for ten seconds to wet the application site (3) LbL coated microneedles
were applied into the pre-made perforations and attached to the mice using labeling tape. These
microneedles were held in the implant site for thirty minutes. After which time the tape backing
was removed, being careful to keep the microneedles within the ear and the microneedles were
gently massaged in a circular pattern for thirty seconds. After this period the microneedles were
removed and the mice were allowed to recover on warming pads until they were back at

baseline.

8.2.5 Histology

Tissues were fixed in zinc fixative without formalin for 48 hours. The excised wounds
were then embedded in paraffin and serially sectioned at 250pum levels throughout the
microneedle application region. At each level an H&E slide was stained and used for 2-D
reconstruction of the wound. Unstained slides were also taken for tissue analysis. Data analysis

was performed using Image J.

8.2.6 Statistics
Statistical analysis was performed between groups using Student’s #-test and rectified by
ANOVA for comparisons between multiple groups. Values are represented as mean = S.D. A

value of p < 0.05 was used to indicate statistical significance.

8.3 Results

8.3.1 Microneedle Array and Film Assembly

Our group and others have previously reported methods for the controlled delivery of
therapeutics into the dermis using LbL coated polymer microneedles. Here we took a similar
approach and investigated the application of our previously described LbL film coated onto poly-
(I-lactide) (PLLA) microneedle arrays. These microneedle arrays were fabricated via melt-
molding PLLA into poly(dimethylsiloxane) PDMS molds as previously described. Each

microneedle was approximately 650 pm tall and 250 um wide at its base, in a pyramid shape.
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PNMP was dip-coated onto these microneedle arrays and quickly dried under vacuum to
form a conformal thin film over the surface of the microneedles. These PNMP coated
microneedles were then exposed to UV light for 30 minutes to facilitate the cleavage the o-
nitrobenzyl groups from the PNMP, converting the organic-soluble PNMP into a weak
polyelectrolyte that is water soluble at biologic conditions pH > 6.5. The pH solubility derived
from the photo-activation of PNMP provides the primary means of release of the LbL coating
into the dermis from the microneedles. This release is triggered by coming into contact with
biologic fluids, namely the interstitial fluid within the dermis which is at a pH of approximately
7.4. The UV activated PNMP quickly dissolves under these conditions within minutes of

implantation, releasing the above coated LbL film into the dermis.

Layer-by-layer films were assembled onto the microneedles as previously described.
Briefly, the PNMP coated microneedle arrays were attached to silicon supports with silicone glue
and allowed to dry overnight. These arrays were then cleaned for RNA deposition by rinsing in
three baths of RNase free water at pH 5.0 for one minute each. LbL assembly was carried out
via the dip LbL method using a re-purposed histology slide stainer. Arrays were dipped into
alternating baths of low molecular weight chitosan (1 mg mL™) and siRNA (20 pg mL™") with
three 30 second wash steps between each polyelectrolyte deposition. All solutions were used at

pH 5.0.
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Figure 8-1 Cartoon schematic of quick releasing microneedle assemblies for transdermal
delivery of siRNA

(a) PLLA microneedle arrays (PMAs) are assembled via a melt-molding technique within PDMS
molds. (b) PMAs are coated in a uniform PNMP layer by dip-coating PNMP and then placing

under vacuum. (c¢) LbL films are assembled over the PNMP layer.

8.3.2 Preliminary Investigations into LbL Film Assembly and Release

Preliminary in vitro studies were conducted on films prepared on silicon and glass slides
to investigate film assembly and release characteristics. This work also looked at the uniformity
of the coating, as the PNMP layer is deposited in a manner that may lead to non-uniform surfaces
on which the LbL film was to be assembled. Films were observed to uniformly assemble over
the PNMP coated surfaces with slight variation in film thickness only observed at the sample
margins, which is most likely due to drying effects. Incorporation of siRNA was observed to be
somewhat similar to what we have previously observed for other coated substrates, though
reduced significantly by about 30%. Profiling the incorporation demonstrates that a great deal of
this difference is due to the early layers of the LbL film not incorporating as much siRNA as in
other studied substrates, suggesting that the PNMP surface we are coating is less ideal for LbL

assembly. In total, after 25 layers of the [Chi/siRNA] film were assembled on the PNMP coated
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surfaces approximately 11.3 + 1.2 pg/cm’ siRNA was incorporated into the LbL coating (Figure
8-2a).

For release studies, fluorescently labeled siRNA was used in LbL assemblies. The
release of the siRNA was studied at pH 7.4 in PBS at 37°C with agitation. In brief, films
assembled on glass substrates were immersed into PBS at 37°C and placed on a rocking
platform. The amount of siRNA was quantifies after 10, 20, 30, 60, and 120 minutes of release.
After 30 minutes of being submerged in PBS at 37°C nearly 80% of the incorporated siRNA was
observed to release from the coated surface. These films when submitted to violent agitation
were observed to completely release siRNA from their surfaces, suggesting that the PNMP was
largely dissolved underneath the LbL film creating a highly destabilized film that could be
readily removed from the surface (Figure 8-2b). .From these findings we determined that a 30
minute incubation period within the dermis would be most appropriate, with the addition of a

physical massage step to facilitate this complete release of the LbL film.
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Figure 8-2 Rapid release of coating from surfaces from changes to physiologic conditions
(a) Incorporation of siRNA quantified throughout film assembly on top of PNMP coated glass
slides. (b) Release of siRNA from LbL and PNMP coated glass slides. (c) Phase contrast
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imaging of LbL films releasing from the coated surface after application of PBS (pH 7.4). Scale

bar = 350 um. (*) Denotes the same region throughout all of the images.

Visual appreciation of the rapid destabilization and release of the siRNA containing LbL
film was important to understand how this process occurs (Figure 8-2¢). Immediately after
application of the warmed PBS the surface, which was dried after LbL film assembly, begins to
wet. These images were taken using phase contrast microscopy, and the initially very thin films
were optically clear and light in color. After only 5 minutes at the release conditions this
appearance had dramatically changes, with many small blebs in the surface becoming visible and
the overall appearance of the film becoming darker and rougher. After 15 minutes large defects
within the film coating are apparent. These defects originate in the middle of the unperturbed
film and not necessarily at the cut margins. Thirty minutes after the PBS was applied to the
coated surface enormous defects within the coating are observed. The film is seen to be loosely
associated with the surface, and is seen to stretch and flake off from the glass substrate. After
this point physical disturbance of the surface was observed to fully remove the coating from the

surface.

8.3.3 In Vivo Application 6f siRNA Microneedle Arrays

The application of LbL coated microneedles for transdermal delivery of siRNA in vivo
was performed similar to what has been previously described. Mice were anesthetized prior to
any operation. For this study we chose to look at the knockdown of the reporter gene GFP in a
ubiquitously GFP expressing mouse model. We chose to target GFP expression within the ears
of these mice for a number of reasons; first as this tissue is relatively thin the level of tissue
autofluorescence will be minimized. Second, the microneedles should penetrate the majority of
the ears thickness, delivering siRNA into the full thickness of tissue to be analyzed so as to
reduce complicating background fluorescence. Third, blood supply to distal portion of the ear is

low, reducing the impact of the GFP positive blood cells on fluorescent measurements.

Implantation of the microneedle arrays was performed in a three step process. The first
step was pre-perforation, where PLLA microneedles were used to generate reproducible defects

in the skin so that the LbL coated microneedles could be implanted without resistance. Second,
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ears were treated with approximately 50ul of PBS (pH 7.4) for ten seconds to wet the
application site. Third, LbL coated microneedles were applied into the pre-made perforations
and attached to the mice using labeling tape (Figure 8-3a). These microneedles were held in the
implant site for thirty minutes. After which time the tape backing was removed, being careful to
keep the microneedles within the ear and the microneedles were gently massaged in a circular
pattern for thirty seconds (Figure 8-3b). After this period the microneedles were removed and

the mice were allowed to recover on warming pads until they were back at baseline.

Figure 8-3 Cartoon schematic of in vivo microneedle array implantation

(a) Fully assembled microneedle arrays are placed into pre-perforated mouse ears that have been
wetted with PBS (pH7.4) and remain in place for 30 minutes. (b) Microneedle arrays are
removed from the mouse ears following 30 second massage to facilitate deposition of loosely
attached film material. LbL coatings are intended to remain within the perforations and the

PLLA microneedles are removed.

A new finding that influenced this protocol was the determination that PNMP treated

microneedles could not effectively puncture the skin of mice. We believe this may be a new
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phenomenon due to the way in which PNMP is deposited onto the microneedles via dip-coating
technique and not spray drying. Dioxane, the solvent used in PNMP deposition, solubilizes
PLLA. We believe that this step reduces the mechanical stability of the PLLA and results in the
poor penetration. Using a non-PNMP coated microneedle array to puncture the ears resulted in
highly reproducible perforation s that allowed for relatively simple implantation of the LbL

coated microneedles into these sites.

8.3.4 In Vivo Release of SiRNA LbL Films

Microneedle arrays coated with siRNA containing LbL films were first tested in vivo for
successful release of incorporated siRNA. To do this fluorescently labeled siRNA was used in
the film assembly. LbL films were observed to coat the microneedle arrays in a near-uniform
pattern, with some increased fluorescence observed at the microneedle margins (Figure 8-4a).
This is most likely due to slight aggregation at the dipping edge during film assembly. Post-
application in vivo the level of fluorescent signal was observed to be greatly reduced (Figure 8-
4b). The labeled siRNA was observed to be fully released from the microneedle surface, even at

the base of the array after the 30 minute application into the mice ears.

Quantification of the level of siRNA release from the coated microneedles demonstrated
an approximate 84% reduction in average radiant efficiency (Figure 8-4¢). This suggests
substantial delivery of the incorporated siRNA into the dermis. Visually inspecting the
fluorescent imaging we can observe significant reductions in fluorescent intensity within the area
of the microneedle array. When these LbL coated microneedles are imaged via confocal
imaging the labeled siRNA is observed to coat the entire length of the microneedle from base to
tip (Figure 8-4d). After in vivo application and subsequent siRNA release, this coating is
observe to be largely removed from the microneedles and only remains in small fragments at the
base. This is in agreement with our previous fluorescent imaging of the microneedle arrays, as

well as our preliminary studies on the release of these coatings from coated glass substrates.
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Figure 8-4 In vivo delivery of fluorescently labeled siRNA

(a) Pre-application fluorescent imaging of siRNA coated microneedles. (b) Post-application
fluorescent imaging of siRNA coated microneedles demonstrate significantly reduced fluoresce.
t Simultaneously imaged microneedle array not implanted. } PLLA microneedle array without
any PNMP or siRNA. (c) Quantification of average radiant efficiency for siRNA microneedle
arrays before and after in vivo application. (d) Confocal imaging of labeled siRNA coated
microneedle arrays demonstrating uniform coating out to the microneedle tips prior to
application. (d) Post-application confocal imaging of microneedle arrays demonstrating the

significant release of labeled siRNA film from the surface.

8.3.5 Penetrating the Skin with LbL Coated Microneedles

Application of PLLA microneedle arrays has been demonstrated in reports to effectively
penetrate a range of skin from mouse to macaque. Here we have described the application of
these arrays to mouse ears. Important to note, the microneedles we used were approximately 650

um in length, while the distal portions of mouse ears are only around 400 pm thick. We

236



observed no full penetration of mouse ears in these experiments; however, it is a definite risk
with using microneedles in such thin skin. For this reason the pre-perforation step was

performed with the utmost of care in applying even slow pressure to the ears.

Evaluating the efficacy of the microneedles in puncturing the mouse ears we observe that
the arrays do effectively penetrate the epidermis and dermis in the ear in a regular pattern. They
are even seen to reach through the cartilage of the ear. This is perhaps not ideal, but it does
suggest that the microneedles are reaching a sufficient depth into the skin so as to gain access to
the tissues we are interested to deliver siRNA to. Inspecting the H&E stained histology we can
observe a regular disruptive pattern through the ear, suggesting the regular puncturing of the skin
with the evenly spaced microneedles (Figure 8-5a). Figure 8-5a is histology from immediately
post-application, where the mouse was sacrificed after siRNA release was finished. Importantly,
the damage to this tissue is not insignificant, as this level of tissue disruption will necessitate an
inflammatory response and subsequent wound healing (Figure 8-5b). This response can be
casily observed in Figure 86-c, two days post-application (Figure 8-5c¢). Many neutrophils and
even some macrophages can be seen remodeling the damage tissue, digesting the damaged

muscle. This sort of response was observed in all treatment groups.

Figure 8-5 Application of LbL coated microneedle arrays in vivo
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(a) H&E stained histological section of mouse ear demonstrating regular puncture pattern
immediately after wounding. Scale bar = 700 um. (b) Microneedle puncture is seen to reach
through the epidermis into the dermis and abut the cartilage within the ear. Scale bar = 300 um.
(c) Microneedle puncture site two days after application, inflammation and tissue response is
easily visible. Scale bar =300 um. (d) Microneedle array prior to application. (e) Microneedle

array after 30 minute application in vivo.

Grossly, microneedles prior to application have a pyramid shape with a sharp point.
Microneedles are straight and have little deviation in their structure, keeping a regular
appearance (Figure 8-6d). Post-application to the mouse ears microneedles have a less clean
appearance, with the tips of the microneedles often appearing bent and curled over. A few of the
microneedles are folded over; however, most of them appear largely the same as they were pre-
application. This suggests that the microneedles were properly placed within the perforation and

most likely did reach into the dermis to deliver their coated siRNA films.

8.3.6 Transdermal Delivery of siRNA by LbL Microneedles

Delivery of siRNA into the ears of mice was followed using a fluorescently labeled
siRNA incorporated into the LbL films. Uptake of the labeled siRNA was followed for the first
two days in vivo. Immediately after delivery two mice were sacrificed and their ears fixed and
prepared for histology. Delivery of the labeled siRNA can be clearly seen in Figure 8-6a. The
full microneedle length can be observed to pierce the skin, reaching from the epidermis through
the dermis and into the muscle. The delivered siRNA is not observed to travel very far from the
site of implantation within the 30 minute application window. Few siRNA positive cells are

readily apparent within these sections.

One day after application of the siRNA coated microneedles, the tissue appears much
more contracted at the implant site. The fluorescent signal is largely still localized surrounding
the microneedle site (Figure 8-6b). A few siRNA positive cells appear to be distinguishable in
the nearby tissue. Within this image we can also appreciate the depth that the microneedle was

able to travel within the ear, reaching through the cartilage. No muscle is seen in the between the
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dermis and the cartilage, suggesting that the presence of the muscle may have played a role in the

microneedle from Figure 8-7a not reaching into the cartilage.

Tissue AF

Merge

Figure 8-6 Tracking siRNA delivery at the site of application in vive

Tissue AF

(a) Fluorescent imaging of labeled siRNA immediately after application. Scale bar = 200 pm.
(b) Imaging of siRNA delivery one day post-application. Scale bar = 150um. (c¢) Local uptake

of siRNA two days after delivery. Scale bar =200 pm. Tissue AF = Tissue Autofluorescence.

After two days many more siRNA positive cells are visible in the area adjacent to the site
of application (Figure 8-6¢). The wound is observed to be much smaller than observed
previously, however at this point it becomes much easier to distinguish cells that have taken up
the labeled siRNA. There remains a significant quantity of the labeled material within the
implant site, but it would be expected that this material would continue to be taken up and

provide a sustained delivery within this site.

8.3.7 Controlled Localized Knockdown of GFP In Vive

We were interested to determine the activity of our delivered siRNA in vivo. As we have
demonstrated through this work, we are able to effectively release siRNA contained within an
LbL film into microneedle implant sites. Whether this siRNA is able to effectively transfect

cells to effect gene knockdown has yet to be demonstrated. To do this we chose to target the
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reporter gene GFP expressed ubiquitously throughout a mouse model. The study was performed
as described, with application of microneedle arrays into the ears of the mice for the siRNA-

specific knockdown of GFP.

In this work we focused on three groups of mice. The first received microneedles
containing siRNA for GFP knockdown (siGFP), the second receives microneedles containing a
control siRNA sequence (siCon), and the third group receives microneedles with only PNMP and
no LbL film (uncoated). Each group consisted of 3 mice, with both ears receiving the same
treatment. After application of microneedle arrays mice were imaged daily out to one week to
follow GFP expression, using whole-animal fluorescence imaging (Figure 8-7a). Knockdown
of GFP expression within the application site was observed in the siGFP treated mice after only
two days, with the greatest relative difference occurring between four to five days post-

application (Figure 8-7b-c).
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Figure 8-7 Controlled local knockdown of the reported gene GFP in vivo

(a) Representative in vivo imaging of GFP fluorescence for each treatment group over 20 days.
(b) Plot of average relative fluorescence within the application site for each treatment group. (c)
The greatest siRNA-specific knockdown was observed 4-5 days after application, seen here is

day 4 representative images for each treatment group. Data shown are mean + S.D., n=6.

The knockdown of GFP expression saw an approximate 50% reduction in siGFP treated
ears compared to siCon or uncoated groups. There was no observed significant difference
between the control groups, suggesting that the LbL coating itself was not acting to alter GFP
expression in vivo. Knockdown of GFP was observed to be significant out to seven days,
recovering to baseline after this period. It is important to note that within this animal model,
blood cells are GFP positive and that tissue autofluorescence creates a complicating factor in

evaluating GFP expression.

GFP knockdown was observed to be locally constrained within the site of microneedle
application (Figure 8-7¢). This observation is in agreement with our earlier histological finding
of the delivered siRNA being retained within the implant site and uptake by cells in the
surrounding tissue to be enhanced. GFP expression within the tissue adjacent to the application
site was observed to remain statistically similar to the same tissue in the control treated ears.
These findings suggest that our delivery of siRNA was able to effectively achieve a sustained

localized significant reduction in GFP expression within this mouse model.

8.4 Discussion

The localized controlled transdermal delivery of RNA interference has potential

application in a myriad of different settings.* >

Within this thesis we have been primarily
focused on wound healing, which is one such situation where controlled RNA1 delivery has been
demonstrated successful. The combination of LbL and microneedles provides a fascinating
platform for simple and effective direct delivery to the skin. To achieve this we needed to design

new delivery protocols however, both in vitro and in vivo.
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Within this work we assembled a previously reported LbL film system onto PNMP
coated microneedles for controlled local siRNA-specific knockdown in vivo. We performed this
work as a proof of concept approach to determine if the LbL film which we have previously
observed to successfully deliver siRNA from wound dressing and sutures could be effectively
implemented using microneedle arrays as a substrate. Through some slight modifications of
previously reported protocols we were able to effectively coat microneedle arrays with the LbL

film and demonstrated the local delivery of the siRNA film.

The first such important change was the move from spray coating PNMP over the surface
of the microneedles, to dip-coating the solution. This change resulted in significant material
savings, which is very important as the PNMP polymer is a difficult to synthesize in large
quantities that are required for spray deposition. This process allowed for the reproducible
creation of a thin PNMP layer that conformally coated the microneedle array while also making
possible more extensive in vitro studies within a reasonable timeframe. Our second major
protocol development was use of an uncoated PLLA microneedle array to pre-puncture the
mouse ears for placement of LbL coated microneedles. This approach resulted in improved

delivery of the LbL coatings within the mouse dermis.

The siRNA delivering LbL coating was first investigated in vitro to establish the
capability for the PNMP undercoating to affect rapid release of the siRNA. It was observed that
up to 11.3 + 1.2 pg/em?® of siRNA were incorporated on top of the PNMP coating. This siRNA
film was observed to rapidly shed from the coated surface when immersed in PBS at 7.4 and
370C. Imaging the release of the film demonstrated how the film began to bleb and swell within
minutes of exposure to the release conditions. When films were assembled on microneedles and

applied in vivo we observed similar extensive LbL film release from the coated surface.

In vivo investigations demonstrated the regular pattern of microneedle punctures into the
dermis. In many of the sections the damage was observed to reach into the skeletal muscle and
even through the cartilage. The response to such injury was as would be expected; causing a
significant inflammatory response that resulted in tissue damage and contraction around the site
of implant.”>>’ The delivery of the coated siRNA was seen to be largely concentrated to the
tissue directly in contact with the microneedle, while after a few days numerous siRNA positive

cells were observed in the surrounding tissue. To demonstrate the effective knockdown of a
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gene in vivo we chose to target the reporter gene GFP in a mouse model with ubiquitous GFP
expression. We observed significant GFP reduction in a siRNA-specific manner for up to one
week. This knockdown was observed to be largely contained within the site of application

without significant changes in the fluorescence of the surrounding tissues.

The general approach we have outlined within this report has numerous potential
applications ranging from tissue engineering and regenerative medicine to cancer therapy. This
sort of approach could have potential in any number of applications where the local delivery of
siRNA may be of benefit. In the context of this thesis we have demonstrated again that the LbL
film first developed in Chapter 5 can be broadly applied to myriad of different substrates. Here
we focused on the knockdown of a reporter gene that has no impact on a meaningful pathology,
but the implications of this work is easily extrapolated to efforts that could make a real difference

in the treatment of complex diseases.
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Chapter 9
Polymer Conjugated Retinoids for
Controlled Transdermal Delivery

9.1 Introduction

In Chapter 8 we described the development of ultrathin polymer coatings for transdermal
delivery of siRNA from LbL coated microneedles. This technique uses the physical disruption
of the skin to deliver LbL contained materials into the dermis. Here we took an orthogonal
approach to transdermal delivery, using a polymer conjugated hydrophobic drug that could be
applied topically to the skin for controlled delivery. This work is very different than the rest of
the work presented in this thesis as it does not concern RNA interference, but was inspired by a
conflagration of motivating factors, including the need for improved acne treatments for patients

and my disdain for bad television commercials.

All-trans retinoic acid (ATRA), a metabolite of Vitamin A, is a key component in the
topical treatment of numerous different skin disorders, including: acne, psoriasis, and UV-
induced photoaging.'® ATRA therapy acts by reducing abnormal follicular epithelial hyper-
keratinization as well as repressing UV-induced cell signaling pathways that lead to upregulated
expression of metalloproteinases.”'* Use of ATRA however is limited by its serious side-effects

15-20

such as skin irritation and hair loss as well as its poor chemical stability. Previous

investigations have looked to control these undesirable characteristics through controlled release

. . - . 17, 21-24
formulations such as creams, microparticles, and emulsions.

These strategies however
rely on bolus delivery of active ATRA that in the case of creams and emulsions can become
immediately available. This rapid increase in local concentration causes a number of adverse
side-effects.'™ %> While on the other hand, microparticle approaches require injection across the
dermis, increasing the potential for immunologic response and infection. To date there has been
limited research into polymer-conjugated forms of ATRA, with their focus on application in

. 26-28
cancer therapies.
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Poly(vinyl alcohol) (PVA) is an excipient of choice in many pharmacologic formulations and

2-32 pVA is well tolerated and

is commonly used in the preparation of biodegradable particles.
has demonstrated a very good safety profile in vivo.”>® Applications for PVA in drug delivery
primarily focus on it as a surfactant, providing excellent drug loading while allowing control

37-40

over particle size and stability. Recent reports have highlighted the mucoadhesive nature of

PVA coated particles, suggesting that the hydrogen bonding ability of PVA promotes interaction

. . 4144
with mucosal proteins.

This adhesive nature of PVA to mucosal components suggests a
broader potential use, one that can take advantage of the hydrogen bonding to increase the
residence time of drugs within tissues. Conjugating the hydrophobic ATRA to the very
hydrophilic PVA through a hydrolytically degradable ester linkage, creates a new approach to
formulate ATRA into a controlled release nanomaterial with potentially enhanced tissue

residence.

Controlling ATRA release presents many substantial improvements over the current
techniques for ATRA delivery. Currently ATRA is placed as a bolus at the sight of interest,
immediately activating retinoic acid receptors and generating a strong pro-inflammatory
response that can cause serious pain, irritation, and damage to the dermis. Bolus delivery also
requires constant re-application to the sight of interest, often multiple times per day. By
delivering ATRA as a controlled-release conjugate we can avoid these side effects and promote a

more healthy response from the tissue with better control over ATRA action.

In this report we describe the synthesis and evaluation of a PVA-ATRA polymer-drug
conjugate (PATRA) for topical controlled delivery of ATRA. When hydrated, PATRA forms a
nanoparticle micelle which is soluble in water and provides protection from UV degradation of
ATRA. Release of ATRA from the polymer conjugate was sustained for up to ten days in vitro.
Delivery into skin was evaluated first using explant pig dermis which showed a near four-fold
increase in ATRA accumulation within the dermis and a ten-fold reduction in permeated ATRA
after 12 hours compared to bolus ATRA administration. When tested in vivo PATRA was
observed to elicit minimal inflammatory response compared to ATRA therapy, while remaining

present for up to nearly five days post-application.

9.2 Materials and Methods
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9.2.1 Materials

PVA and ATRA were purchased form Sigma-Aldrich (St. Louis, MO). Phosphate-
buffered saline (PBS, 10x), Advanced-MEM, fetal bovine serum, antibiotic-antimycotic solution,
and 100 mM L-Glutamine solution were purchased from Life Technologies (Grand Island, NY).
AlexaFluor 647 NHS ester was purchased from Life Technologies (Grand Island, NY). NIH-
3T3 cells were purchased from ATCC (Manassas, VA).

9.2.2 Fabrication of PATRA

0.138g DMAP and 1.0g PVA were added to a stirred solution of ATRA (0.341 g) in 80
mL of anhydrous DMF. The reaction temperature was cooled to 0°C, and DCC was added to the
reaction mixture. The reaction was allowed to run for 12-24h (depending on chromatographic
measurement), during which the reaction temperature was allowed to reach room temperature.
After the stipulated reaction period, DCU precipitate was filtered off, and the filtrate was

concentrated in vacuo at low pressure, and precipitated in ether.

After centrifugation of the ether suspension at 5000 rpm for 15 minutes, the residue was
collected, dissolved in water, and dialyzed against water for 12h to remove any insoluble polar

impurities. The compound was characterized by UV-Vis spectroscopy, 'H NMR and *C NMR.

9.2.3 In Vitro Analysis of PATRA

Release studies were carried out in a hydroalcoholic solution at two physiologically
relevant temperatures, 20°C and 37°C. The impact of ATRA on cell proliferation was assessed
by supplementing the media of sub-confluent NIH-3T3 cells with ATRA, PATRA, PVA, and
PBS in 24-well plates at concentrations equivalent to 10uM ATRA. ATRA was prepared in a
concentrated hydroalcoholic solution of 10 pL. A similar dose of ethanol (5 uL) was added to
each treatment group immediately after addition of the testing agents. The cell number
calculated from imaging of those wells is used as the reference in the calculation of relative cell

density.

Uptake, retention, and penetration of ATRA in pig skin were investigated using a Franz
diffusion cell as previously described. Skin was harvested from the flanks of adult female
Yorkshire pigs | hour after sacrifice with subcutaneous fat removed. Skin was sectioned and

frozen at -80°C for up to six months prior to use. Skin was prepared for diffusion experiments
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by thawing in PBS for one hour after which time all hair on the skin was shaven off. Test
samples of skin were cut to 30mm x 30mm square samples that were placed into the diffusion
cell such that the top of the dermis faced a 3mL testing retention reservoir and the underside

faced a 15mL penetration reservoir. All studies were run at room temperature.

Samples were placed into the retention reservoir at a concentration of 0.1 mg/mL and
followed for up to 12 hours. ATRA concentration was evaluated in both the retention and
penetration reservoirs every four hours during this period via UV absorbance measurements.
ATRA was first solubilized in a concentrated alcohol solution prior to being diluted into the
retention well. A similar amount of ethanol was added to the PATRA retention well to control
for ethanol concentration. For both groups, the penetration reservoir was filled with a
hydroalcoholic solution so that the ATRA that could penetrate the skin would be soluble for UV

absorbance measurement.

9.2.4 In Vivo PATRA Application

All animal studies were approved by the MIT Institutional Animal Care and Use
Committee (IACUC). Animals were housed and cared for in the USDA -inspected MIT Animal
Facility under federal, state, local, and NIH guidelines for animal care. Six week old Balb/CJ
mice (n=18) were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were either

used for irritation assessment or for [VIS PATRA retention testing.

Mice used for the assessment of irritation were given each of the two different treatments
on lem? regions of their dorsum, these included PATRA, ATRA, PVA, and PBS. A total of
twelve mice were used in this assessment.  50uL of 10 uM ATRA solution was placed on two 1
cm” shaved areas on the flanks of a Balb/CJ mouse on either side of midline. PATRA (0.092 mg
mL™") and PVA (0.089 mg mL™) concentrations were controlled for 10 uM ATRA dosing.

These solutions were rubbed into the skin using a cotton-tipped applicator for 30 seconds.

Mice used for PATRA retention testing were given two applications of one material,
either PATRA or the unconjugated AF-647 dye, on two 1 cm” regions on their dorsum on
midline. The material was allowed to adsorb into the skin for 30 minutes and then the mice were

cleaned with a wetted towel to remove excess. Mice were imaged daily for up to seven days.

9.2.5 Histology
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Tissues were fixed in zinc fixative without formalin for 48 hours. The excised tissues
were cut on center and then embedded cut-face down in paraffin. Sections were taken at the
wound center and at one further level of 500 um reaching a total of Imm sampling length
through the application site. At each level an H&E slide was stained. Unstained slides were also
taken for potential IHC analysis of the tissue. All sections were S5um thick. Image analysis was

performed using Image J.

9.2.7 Statistics
Statistical analysis was performed between groups using Student’s 7-test and rectified by
ANOVA for comparisons between multiple groups. Values are represented as mean = S.D. A

value of p <0.05 was used to indicate statistical significance.

9.3 Results

9.3.1 Chemical Synthesis of PVA Conjugated ATRA (PATRA)

Retinoids are a powerful and broadly used class of therapeutics.® '* ***7 In particular, all-
trans retinoic acid (ATRA) is used in numerous cosmetic formulations for anti-aging and wrinkle
reduction, while also being a first line cancer therapy in lymphoblastic leukemia.® '* 4% 4°
Delivering ATRA is difficult however as it is incredibly hydrophobic, making it practically
insoluble in water. The current formulations of ATRA rely on solubilizing emulsifiers that are
greasy and can damage or dehydrate areas of application.'"**>* These formulations are unstable
in vivo, leading to rapid bolus release of ATRA into the tissues in which they are dosed, which
significantly contributes to the side-effects of ATRA therapy.'®?> >

These formulation concerns create complications as it is difficult to maintain ATRA at a
therapeutic level within tissues. This complication is exacerbated by the relatively narrow
therapeutic index for ATRA and the significant risk of side-effects. Indeed, the formulation
constraints create the necessity for repeated applications, increasing the risk of such
complications. These complications are of significant interest to the commercial applications of

ATRA as it is the primary agent of my anti-acne creams.'> ' °*>° In this role ATRA acts as an

anti-proliferative (similar to its use in cancer therapy) to reduce the formation of commodomes.’
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By conjugating ATRA to a highly water soluble FDA approved polymer through an ester-
bond linkage we can produce a water soluble polymer-drug conjugate for the controlled release
of ATRA. The choice of polymer is important in this work as it will determine a great deal of
the conjugates final characteristics. We chose to focus our work on poly(vinyl alcohol) (PVA) as
it has been used extensively as a drug excipient and is very well tolerated in Vi, - T I%EE. PYA
has been described in numerous previous reports for its highly mucoadhesive nature, due to the
number of hydrogen bonds it can form with mucosal polysaccharides. In a similar role, we hope
to take advantage of this adhesive nature of PVA to form a topical glue that would hold the

conjugate within the administration site for the controlled delivery of ATRA.

Conjugating ATRA to PVA was performed via the Steglich esterification process using DCC
(N,N’-dicyclohexycarbodiimide) chemistry in a one-pot synthesis as described in the methods
section of this chapter (Figure 9-1). Initially, DMSO was used as solvent which resulted in a
heterogeneous reaction condition for carrying out the esterification. This purified product was
weighed and the UV absorbance for ATRA was quantified. It was determined that as per the
directions described in the methods section PVA functionalization with ATRA reached
approximately 3.25 weight percent. We have also found that the solubility of PVA can be
increased by using DMAc/5% LiCl as the solvent system.

P s

OH OH OH OH DCC (5.0 equiv.), DMAP (2.0 equiv.) OH OH OH O
DMF, r.t., 12h under Ny o
(10% degree of functionalization of PVA \
hydroxyl groups targeted) /
A\
Y
)
VAR
Product yield: 64%

Figure 9-1 Chemical synthesis of PATRA
Conjugation of ATRA to PVA was performed using DCC chemistry in DMF overnight at room

temperature under nitrogen.

Conjugating the hydrophobic ATRA to the highly water-soluble PVA through an ester-bond

linkage produces an amphiphilic material. In aqueous solution it would then make sense that the
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hydrophobic ATRA moieties along the PVA backbone would isolate themselves away from the
polar solvent, forming a micellar structure. We hypothesized that this micelle structure would

allow for significantly increased water solubility of the ATRA so long as it was conjugated to the
PVA in PATRA.

This increased water solubility could then be used to investigate new formulations and novel
means of delivery into the target tissues. It is important to note here that micelles can be easily
disrupted by non-specific interactions with proteins and other biomolecules; we would then
expect that while the PATRA may form a micelle in an uncluttered aqueous solution, it would
lose this structure in vivo. Unlike emulsified formulations of ATRA however, by covalently
conjugated the ATRA to the much large PVA, along with PVAs mucoadhesive nature, we should
be able to retain the conjugate within the application site to achieve controlled release of ATRA
(Figure 9-2).

" om "_on Self-Assembled

" Micelle

Application Hours Days w ATRA

Figure 9-2 Cartoon schematic of the adsorption of micellar PATRA into the dermis

Release of ATRA from the PATRA conjugate occurs in the hydrated dermis.

9.3.2 Characterization of PATRA In Vitro
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We hypothesized that the covalent conjugation of ATRA to PVA would result in the creation
of a water soluble drug-polymer conjugate that would naturally form a micellar structure in
aqueous solution. To investigate these hypotheses we performed a series of in vitro analyses on
the PATRA molecule. We began by gross examination of the purified product, which was a
light yellow in color, a lighter shade than the pure ATRA product. PATRA was solubilized in
water for ten minutes and then analyzed for the formation of nanoparticles as well as for its
general appearance (Figure 9-3a&c). At the highest concentration of PATRA we attempted
(100mg/mL) we observed no particles, and the color of the solution gave the suggestion that
much of the PATRA was not fully solubilized as semi-translucent portions of the dried powder
were observed to remain visible in the mixture. Nanoparticle structures were observed by
dynamic light scattering (DLS) at concentrations starting at 50mg/mL and lower. These particles
were in the range of 120 to 150 nm in diameter. The appearance of these particle containing

solutions was a light yellow, and was observed to vary in intensity with the relative dilution of
the PATRA.

We believed that the logical structure of the PATRA material in aqueous solution was a
micelle, however we were unsure what type of a micelle would be formed. To investigate this
important characteristic we performed transmission electron microscopy of the PATRA using
uranyl acetate negative staining to mark the hydrophobic ATRA-rich regions of the structure,
which appear dark in the TEM micrographs (Figure 9-3b). What we observe is a nano-fibular
structure, where ATRA is occluded in the center of a thin fiber. These fibers are high aspect
ratio structures, with only a few nanometers in diameter while being tens of nanometers in
length. These nano-fibers are seen to agglomerate into particles that are similar in size to the 120

to 150 nm structures we observed by DLS measurement.
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Polymer ATRA Particle

(mg/mL) (mg/mL) Diameter (nm) Appearance
100.0 245 N/A Opaque Yellow
50.0 123 126641 Clear Yelow
250 061 1311232 Clear Yelow

50 012 1382151 Clear Yellow

10 002 148172 Clear Light Yellow

D
ATRA Solubility PATRA Solubility
Sohn (mgimL) (mgimL)
Hydroalcoholic 0.67 £ 0.05 0.58 £ 0.07
Water < 0.01 0.33+£0.08
PBS < 0.01 0352004

Figure 9-3 Nano-fiber PATRA solubility and characterization

(a) Characterization of particle size and solution appearance for different concentrations of
PATRA in water. (b) TEM images of nano-fiber PATRA formed in water. In water PATRA
forms thin (3-5 nm) fibers (2) that agglomerate into nanoparticles (1). (c) Digital images of
solubilization of PATRA dry powder (1) at 50mg/mL (2), 25mg/mL (3), and 5mg/mL (4)
concentrations. (d) Solubility of ATRA and PATRA in different solutions. Data shown is mean
+ S.D., n=3.

As the PATRA polymer appeared to better solubilize the ATRA molecule in water we
were interested in determining the extent of this increased solubility. We thus investigated the
solubility of free ATRA and PATRA conjugated ATRA in three different solutions: (1)
hydroalcoholic (50:50), (2) deionized water, and (3) PBS 1x (pH7.4). Solubility was evaluated
by bringing 2mg/mL of ATRA either free or conjugated to PVA into equilibrium at room
temperature for 1 hour, followed by centrifugation of the solution at 1,500 rpm for five minutes
to remove undissolved precipitate (Figure 9-3d). The supernatant from this process was then

used for the testing of ATRA concentration via UV absorbance as previously described.”

We were surprised to find that ATRA solubility in the hydroalcoholic solution was
statistically identical to PATRA conjugated ATRA. We had understood that ATRA was soluble
to some extent in ethanol, but were impressed that the PATRA conjugate would also be soluble

in this mixed solvent. ATRA was observed to be insoluble in either deionized water and PBS
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solutions; however, PATRA was observed in significant quantities in these solutions. PATRA
was seen to carry approximately 0.33 + 0.08 mg/mL ATRA stably into deionized water and 0.35
+ 0.04 mg/mL into PBS. These quantities were notably less than what we had previously
observed from our solubility studies, suggesting that those findings may have included material
that was able to be removed by centrifugation. These materials could include partially

solubilized polymers as well as large micro-aggregates of the micelles.

We also investigated the relative stability of the micelle structure by evaluating its in
simulated body fluids. We did this by the addition of 5% fetal bovine serum (FBS) into
deionized water or PBS solutions of PATRA. What we observed was a complete loss of the
particle signal within the solution, generating a wide heterogeneous signal that was
uninterpretable by DLS. This suggests that the presence of the proteins within the FBS could
drive the disassembly of the micelle structure. This is important as one would assume that upon
entry into the skin the presence of proteins and other macromolecules would operate similarly
and drive the disassembly of the micelle structure in vivo. A similar loss of particle structure was
observed with the addition of ethanol to PATRA solubilized in water. By DLS the particle
distribution was very broad from multiple microns to tens of nanometers in scale for PATRA in

the hydroalcoholic solution.

9.3.3 Controlled Release of ATRA

Release of ATRA from the PATRA polymer was evaluated by dialysis. The PVA
polymer is 10 kDa and the ATRA molecule is only 300 Da; therefore, carrying out the release of
ATRA within a dialysis bag with a 10 kDa cutoff enabled retention of the PATRA and PVA
while equilibrating the ATRA. Release was carried out in hydroalcohol solution as this solvent
mixture created a similar loss of particle structure as what we would hypothesize to happen in

vivo and solubilizes the released ATRA so that we can continuously track its release in situ.

Release studies were carried out a two physiologically relevant temperatures as it is
known that just like any reaction ester hydrolysis is affected by temperature (Figure 9-4a). We
chose to consider 20°C and 37°C as these would approximately represent room temperature and

body temperature for the application of the PATRA formulation. Daily measurements of the
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released ATRA demonstrated a continuous liberation of the ATRA into solution over

approximately eight days.
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Figure 9-4 Controlled release of ATRA from PATRA and changes in particle size
(a) ATRA release followed daily at 20°C and at 37°C in hydroalcoholic solution out to two

weeks. (b) Average particle size after degrading in water for specified periods of time.

We were interested to evaluate the in vitro stability of the PATRA micelles in water, as
storage of the formed micelles in water would likely lead to the release of the ATRA. We
evaluated this by simply solubilizing PATRA within deionized water and evaluating the average
particle diameter over time. It was observed that the average particle diameter increased with
storage significantly over a 100 hour study period (Figure 9-4b). During this time it was also

observed that the size distribution of particles widened.

9.3.4 In Vitro Activity of PATRA

The in vitro activity of ATRA was measured by evaluating its effect as an anti-proliferative,
as has been previously reported.'® > *” This was done by supplementing the media of sub-
confluent NIH-3T3 cells with ATRA, PATRA, PVA, and control solution in 24-well plates at
concentrations equivalent to 10 pM ATRA. ATRA is not soluble in water, and as such must be
solubilized in a concentrated hydroalcoholic solution which is then added to cell culture.
Ethanol, even in a very low concentration, can be detrimental to cell survival and proliferation.

For this reason a similar dose of ethanol was added to each treatment group immediately after
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addition of the testing agents. The control solution is deionized water with a small control
volume of ethanol, and the cell number calculated from imaging of those wells is used as the

reference in the calculation of relative cell density.

Cell proliferation was measured by daily brightfield phase contrast imaging for up to four
days as well as with metabolic activity assay after the four days in culture. PATRA was
observed to achieve a similar decrease in proliferation as ATRA, while PVA treatment caused
negligible changes in proliferation (Figure 9-5). The level of anti-proliferative activity observed
in PATRA treated cultures suggests that the activity of ATRA in vitro is not inhibited by its
conjugation to PVA. It is also possible that PATRA may operate in a different fashion that free
ATRA. A third option is that in the presence of cells hydrolysis of the PATRA ester bond may
be accelerated, liberating bound ATRA.
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Figure 9-5 Comparison of impact of ATRA and PATRA on cell viability
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(a) Relative cell density of cell cultures treated with ATRA, PATRA, or PVA. ATRA in-well
concentration was set at 10uM and PATRA concentration was set at an equivalent ATRA
concentration. The concentration of PVA was determined by the PVA concentration in PATRA
treated wells. (b) Brightfield imaging after four days in culture of NIH-3T3 cells that are either
untreated (1) or treated with (2) PVA, (3) PATRA, (4) ATRA. Scale bar = 50 pm.

Importantly, the activity of ATRA bound to PATRA was not observed to be significantly
reduced. Further study in this arca may elucidate the fundamental reason why the anti-
proliferative activity of PATRA appears increased over out predicted released ATRA. It is our
belief that the most likely explanation for this finding is a combination of the relatively low
unbound concentration of ATRA within the cell culture and the accelerated liberation of ATRA

from PATRA under cell culture conditions.

9.3.5 In Vitro Delivery of PATRA

Uptake, retention, and penetration of ATRA in pig skin were investigated using a Franz
diffusion cell using previously described. In brief, skin was harvested from the flanks of adult
female Yorkshire pigs 1 hour after sacrifice with subcutaneous fat removed. Skin was sectioned
and frozen at -80°C for up to six months prior to use. Skin was prepared for diffusion
experiments by thawing in PBS for one hour after which time all hair on the skin was shaven off.
Test samples of skin were cut to 30mm x 30mm square samples that were placed into the
diffusion cell such that the top of the dermis was pointed to a 3mL testing retention reservoir and

the underside towards a 15mL penetration reservoir. All studies were run at room temperature.

Samples to be tested were placed into the retention reservoir at a concentration of 0.1 mg/mL
and followed for up to 12 hours. ATRA concentration was evaluated in both the retention and
penetration reservoirs every four hours during this period via UV absorbance measurements.
Similar to what had been done for in vitro studies; ATRA was first solubilized in a concentrated
alcohol solution prior to being diluted into the retention well. A similar amount of ethanol was
added to the PATRA retention well to control for this. For both groups the penetration reservoir
was filled with a hydroalcoholic solution so that the ATRA that could penetrate the skin would

be soluble for UV absorbance measurement.
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The structure of the pig skin is shown in Figure 9-6a. The uppermost layer is the stratum
corneum, followed by the epidermis and then the dermis. Each of these layers presents a
different environment for ATRA and PATRA accumulation. We labeled the PATRA with a
fluorescent dye to evaluate where within the skin the PATRA would localize. What we observed
was an increasing concentration of PATRA within the epidermis over the testing period (Figure
9-6b). After four hours the tissue largely look unremarkable, with some fluorescent signal
appearing in the stratum corneum, after 12 hours though, an intense clear signal throughout the
epidermis is observed, indicating a significant enrichment of this portion of the skin for the

labeled PATRA.

Following the ATRA concentration within the receiving reservoir on the underside of the pig
skin, we observed a much higher level of ATRA accumulation at every time point tested for free
ATRA than PATRA (Figure 9-6¢). Logically this makes sense as the diffusion of the much
larger PATRA molecule would be much slower than the small ATRA molecule. In addition to
this significant property change, the nature of PVA to form hydrogen bonds within the tissue

may also be contributing to this impaired penetration.
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Figure 9-6 Uptake and transport of ATRA in explant pig skin

(a) Histological appearance of pig dermis. (b) Uptake of fluorescently labeled PATRA after 4
and 12 hours of exposure. Uptake is seen to significantly increase over this time and accumulate
within the epidermis. (¢) Fraction penetration of ATRA through pig dermis followed over 12
hours. (d) Quantification of fraction of ATRA accumulated within the pig dermis over 12 hours

of exposure.

Quantification of the ATRA concentration within the retention and penetration reservoirs
allows us to perform a mass balance analysis for the ATRA in the testing system. This analysis
showed that there was a significantly higher accumulation of the PATRA bound ATRA within
the pig skin than was observed for free ATRA (Figure 9-6d). After 12 hours of exposure,
approximately 8.2% of the ATRA placed in the retention reservoir was recovered within the
treated skin, with the amount increasing over the test period. This finding is in agreement with
our previous findings from labeled PATRA, which we had observed accumulating within the

epidermis over this period of time.

9.3.6 In Vivo PATRA Causes Less Irritation

One of the most reported side effects of topical ATRA therapy is irritation within the
application region. This is due in large part to the bolus administration of ATRA, which can
often reach super-therapeutic levels easily, especially when treatments require multiple daily
administrations of the ATRA formulation. To investigate the relative irritative nature of PATRA
in comparison to ATRA we tested each on the flanks of mice. Irritation was evaluated by digital
imaging of the application site of ATRA, PATRA, or control solutions for up to five days post-
application as well as by histological evaluation after 5 days. In brief, S50pL of 10 uM ATRA
solution was placed on a 1 cm® shaved area on the flank of a Balb/CJ mouse. PATRA (0.092 mg
mL™") and PVA (0.089 mg mL™") concentrations were controlled for 10 uM ATRA dosing. This
solution is rubbed into the skin using a cotton-tipped applicator for 30 seconds. Each mouse
received one of the four different material solutions applied in two locations. Inflammation and
dermal changes subsequent to ATRA application were evaluated by both by digital imaging and
by H&E histology.
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Grossly, the ATRA treated skin begins to appear inflamed after three days. The skin has a
thick and rough appearance (Figure 9-7a). The stratum corneum is beginning to flake off,
giving a rash like appearance to the site application. The PATRA and PVA treated have no such
change in appearance. After five days of treatment the ATRA skin looks less irritated, fewer red
spots are observed pockmarking the skins surface. The skin however still has a rash-like quality
with a thick and calloused presentation. Neither the PATRA nor the PVA treated skin has any
such changes. These application sites appear the same as they were prior to application and are

very similar to skin that was treated with PBS and only a small amount of ethanol.
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Figure 9-7 Reaction to ATRA application to the dermis

(a) Digital imaging of mouse dermis 0, 3, and 5 days post-application. (b) Histological sections
of treated mouse dermis. Changes in epidermal and stratum corneum thickness are clearly
observed due to bolus administration of ATRA. These changes are not observed in other
treatment groups. (c-d) Quantification of histological findings for the treatment groups after five

days. Data shown are mean + S.D., n=4.

Histologically, the differences between the treatment groups can be easily appreciated
(Figure 9-7b-d). Significantly increased stratum corneum (SC) and epidermal thickness was

observed in ATRA treated mice, while not seen in PATRA or control group subjects, indicating

264



increased inflammation within these tissues. /n vivo evaluation of PATRA-induced irritation
showed a significant reduction in both the irritation and inflammation as seen in similar ATRA
applications. We believe this is due to the controlled manner in which the ATRA is released

from PATRA, reducing the likelihood of over-stimulating the dermis with ATRA upon

administration.

9.3.7 Improved In Vivo Retention of PATRA

The application and retention of the PATRA material was followed using a dye-conjugated
form of PATRA. This material was prepared similarly to the base PATRA with the inclusion of
an alexafluor-647 dye that was bound to PVA through an ester-linkage, similar to the ATRA
molecule. Whole-animal in vivo imaging for the tracking of the labeled conjugate was
performed on a daily basis for seven days. As a control for the dye-conjugated PATRA we also

similarly deposited the free dye on the dorsum of mice to track the loss of the free dye signal.

PATRA and the small molecule dye were both applied to the backs of mice in two locations
on the midline on day 0. The materials were allowed to absorb into the skin for 30 minutes and
then the backs of the mice were washed twice using a wet cloth. Average radiant efficiency was
quantified within the area of application (Figure 9-8a-b). It was observed that the labeled
PATRA showed a 3-fold longer half-life within the skin versus the unconjugated small molecule
fluorescent dye. The signal from the dye-conjugated PATRA could be seen to persist for out to

five days with the average time to 95% clearance lasting almost 6 days (Figure 9-8c¢).
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Figure 9-8 Retention of PATRA in the skin of mice
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(a) IVIS imaging of fluorescently labeled PATRA over 7 days. Unconjugated dye is seen to
disappear after only two days while PATRA conjugated dye stays for up to 5 days. Material was
added at two locations on the midline of the backs of mice. (b) Quantification of total radiant
efficiency for each application site for PATRA and dye treated mice. (c) Half-life and tos

measured from first-order exponential fits of fluorescent data.

9.4 Discussion

Topical application of all-trans retinoic acid is commonly used to treat severe acne and
psoriasis as well as being used in many cosmetic applications for its anti-photoaging effects.® '*
4638 Administration of ATRA however, presents many difficulties due to its hydrophobic nature
and poor stability. A number of different approaches to delivering ATRA to the dermis have
been previously investigated.”> * ** * These approaches have focused on formulating ATRA
with emulsifiers and lipids to improve solubility or on entrapping it within polymer-based
particles to provide sustained release. Achieving both high solubility and controlled release of

ATRA from a single platform is a difficult task.

In this work we have presented a new approach to address these issues by directly
conjugating ATRA to PVA through a hydrolytically degradable ester-bond linkage. This
conjugate formulation helps to solubilize ATRA in water while improving retention of the small
molecule at the application site.  In vitro evaluation of ATRA release demonstrated sustained
release for over ten days. We hypothesize that similar to other approaches using ester-bond
conjugation the rate of hydrolysis could be manipulated using linking groups or by secondary

modification to the PVA backbone.

The approach developed within this work is a simple and robust method using DCC
chemistry to form a polymer-drug conjugate which can sustain the release of ATRA over
approximately 5 days in vitro with little to no reduction in activity over that time. When
hydrated the material forms nanometer scale nano-fibers that agglomerate into larger
nanoparticles. Conjugation of ATRA to PVA was demonstrated to increase the solubility of
ATRA up to nearly 0.35 mg/mL in water. We believe that this increased solubility is achieved
due to the amphiphillic nature of PATRA forming nano-micelle fibular structures that are water-

soluble.
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This polymer conjugate was evaluated cutaneous delivery and was demonstrated to
significantly increase the amount of ATRA that was retained within the dermis over a 12 hour
period. Fluorescent imaging of the treated tissues showed that the PATRA conjugate was
concentrated within the epidermal layer of the skin, which increased throughout the study period.
Applying the PATRA conjugate in vivo we observed a significant reduction in gross
inflammation as well as insignificant histological findings for inflammation. Further, we also
investigated the retention of PATRA within the application site, and demonstrated that this

conjugated formulation was observed to be present (tgs) for up to nearly six days.

This data taken together presents a substantial argument for the capability of this described
method to effectively control the delivery of ATRA into the dermis for topical applications. This
approach is broadly useful in a multitude of the applications for ATRA including topical
treatments as well as in nanoparticle formulations for cancer therapy. ATRA release from the
formulation was observed to be controlled over approximately one week in vitro with a resident
half-life in the dermis of nearly two days. Activity of ATRA released from the PATRA
conjugate was as active as commercially available ATRA measured in vitro. Formulating ATRA
into PATRA also significantly reduced the negative side effects of ATRA topical therapies,
namely irritation and dermal inflammation. We believe that this approach of nano-fiber PATRA
for the controlled topical application of ATRA presents many advantages over common

formulations for ATRA delivery and is a new approach to this area.
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Chapter 10
Summary and Future Work

10.1 Summary

The local controlled delivery of nucleic acids for RNA interference has the potential to
directly treat pathologic dysregulated gene expression and dramatically improve patient care.'
Developing the technology to achieve this goal however has not yet been accomplished. This
thesis sought to investigate the potential role of Layer-by-layer (LbL) assembly for the
incorporation and controlled local delivery of siRNA. In pursuing this goal we investigated a
wide range of potential LbL assemblies, developed a new method for the high-throughput
screening of LbL films, and demonstrated the effective delivery of siRNA in vivo in three

different animal models, targeting four different genes, from three different coated substrates.

In the first chapter of this thesis we described in detail the complexity of wound healing
and the prevalence of its related pathologies. The potential role for RNA interference and layer-
by-layer technology within the realm of wound care was explored. The context for this work
resides largely in the unmet needs to directly treat the complications within wound healing, and
how to best develop material systems to achieve this goal. The local delivery of siRNA by LbL.

was proposed in this chapter and would be explored through the majority of the rest of the thesis.

In chapter two we introduced our earliest studies of LbL film architectures for the
incorporation and release of siRNA. We focused on identifying materials that could be used in
these assemblies and in what film architectures siRNA incorporation was observed. These
preliminary studies investigated both nanoparticle and direct incorporating films, and helped to
identify key aspects of film assembly that led to more effective siRNA loading. This work also
looked at demonstrating effective release of siRNA from coated surfaces, and helped define our
search criteria and refine our investigative methods. We investigated numerous film
architectures and demonstrated the flexibility of the LbL platform for delivery of multiple

siRNAs, either simultaneously or sequentially with the potential of temporal control of delivery.
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In the third chapter of this thesis we focused our investigations on a film architecture
containing calcium phosphate nanoparticles. This LbL assembly had been identified from our
previous screens as having significant siRNA incorporating and delivery potential, while needing
a more focused approach to identify the best possible film architecture for further investigation.
Within this work we described four separate film architectures built around the CaP nanoparticle
and demonstrated the importance of material choice and assembly for in vitro performance. One
film architecture [Prs/CaP/PrS/Lap],s was chosen as the best performing due to its significant
siRNA-specific gene silencing and good toxicity profile in vitro. It was demonstrated to sustain
the release of siRNA for up to 10 days in cell conditioned media with maintained bioactive
siRNA being released for days from the assembly. This work was our first published LbL
assembly that could incorporate and deliver siRNA in vitro for the sustained knockdown of a

reporter gene without any added external transfection vectors.’

In Chapter 4 we cover the design and development of a microfluidic high-throughput
LbL assembly system.” The device described in this chapter used capillary force to uniformly
fill arrays of microfluidic channels with material solutions for the robust and reproducible
assembly of LbL films. We demonstrated the efficacy of these films in recreating classic LbL
experiments from literature as well as in pursuing new areas of research in nucleic acid delivery.
The device itself could be operated as a bench top device or combined with liquid handling
robots for multiplexed assembly of hundreds of films simultaneously. The films assembled
required as little as 0.1% of the material per film as compared to conventional LbL assembly
techniques, increasing both the material and time efficiency of investigations. The work
described in this chapter was instrumental in accelerating research for siRNA delivering LbL

films, and we believe has great potential to widen the applicability of LbL films in the future.

In the fifth chapter of this thesis we describe the design and investigation into a tunable
LbL film architecture for the sustained delivery of siRNA in vitro and in vivo. This work was
the first to demonstrate the successful delivery of siRNA from an LbL coated nylon bandage
substrate in vivo. We used the film architecture of [Poly2/DS]«[Chi/siRNA]y within this work.
The independence with which we could tune the number of layers of each of the constituent
films was crucial to the tunability of both siRNA incorporation and release characteristics. This

film was able to achieve sustained significant knockdown of a reporter gene in vitro with
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minimal impact on cell viability. We chose to use this film architecture to target an upregulated
protease expressed in the healing wounds of chronic ulcers in a mouse model of impaired
diabetic wound healing, the Lepr®® mouse. Within this chapter we detailed how the
knockdown of MMP-9, a key ECM protease in wound healing that is known to be chronically
upregulated in diabetic ulcers, accelerated wound healing by increasing granulation tissue
retention within the healing wound.* This work followed wound healing in the treated mice for
up to two week, with gross digital imaging and histological methods employed to evaluate the
wound healing progress. The sustained knockdown of MMP-9 was observed both at the level of
mRNA and protein activity, where siMMP-9 treated wounds saw dramatic reduces in both
compared to controls. These siMMP-9 treated wounds had significantly increased granulation
tissue formation, accelerated re-epithelialization, and increased wound contraction, all indicating
superior wound healing.  Evaluating the collagen deposition within the wounds also
demonstrated the striking differences between the treatment groups, where the siMMP-9 treated
wounds had significantly more collagen than controls, with far more of that collagen being
mature Type 1 collagen after two weeks of treatment. The knockdown of MMP-9 within this
model of chronic wound healing was then demonstrated to be significantly improved due to the

siRNA-specific knockdown of MMP-9 after two weeks of treatment.

In Chapter 6 we performed a similar set of experiments using an LbL coated nylon
bandage as we had in Chapter 5; however, this work focused on a different LbL film architecture
and targeted a different, though connected, chronically upregulated pro-inflammatory cytokine
within healing diabetic wounds. Within this work we use the CaP film architecture that was first
described in Chapter 3 to locally deliver siRNA to knockdown TNFa within the healing wound.
The role of TNFa within the wound drives inflammation, however in chronic ulcers TNFa
expression is pathologically upregulated and leads to prolonged inflammation that impairs
wound healing.” Within this chapter we described the effective knockdown of TNFa within the
wounds of diabetic mice, sustained for out to two weeks in vivo. The effects of this knockdown
were thoroughly investigated, including its impact on the expression of related genes,
inflammation, and wound healing. It was observed that the knockdown of TNFa resulted in
significantly altered gene expression within the healing wounds, as well as dramatic differences
in the number of inflammatory macrophages within the wounds. These changes resulted in

greatly accelerated wound healing, with many of the siTNFa treated wounds fully regenerating a
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proliferating epidermis completely closing off the wounds with little contraction. The impact of
TNFa knockdown within the healing wounds was striking, accelerating re-epithelialization,
improving granulation tissue formation, and reducing the number of inflammatory cells within

the healing tissue.

In the seventh chapter of this thesis we turned our previous investigations toward a new
target within the arena of wound healing, scar formation. In the previous work we had been
concerned with limited collagen production, and the lack of contraction through the healing
tissue, now we were on the other side of that coin, wanting to reduce collagen expression and
contractile forces within the wound. We performed the in vivo experiments in collaboration with
Dr. Martin Yarmush’s lab at Shriners Burn Hospital in Boston. We chose to investigate scar
formation due to burn injury, as this model has been well documented to form highly
reproducible contractile scars. CTGF has been reported for almost two decades for its role in
mediating much of the cutaneous pro-fibrotic response of TGFp signaling, and is a well-studied
target in reducing scar formation.>’ Here we looked to apply our LbL technology to effectively
delivery siCTGF therapy to healing burns to improve wound healing outcomes in rats. We did
this by coating silk sutures which were placed through the healing burn wounds after injury. The
burn scars were monitored grossly for up to 30 days, and then rats were sacrificed and burns
wounds were prepared for histology and RNA isolation. Grossly, the siCTGF treated burns
showed significantly reduced contraction compared to controls, which was in close agreement
with histological findings. Evaluating the expression of gene that are known to be stimulated by
CTGF expression, we observed significant reductions in siCTGF treated wounds of aSMA,
TIMP1, and Collal, all of which are known to play roles in scar formation. Evaluating the level
of tissue remodeling also demonstrated significantly more advanced tissue remodeling in
siCTGF treated burns, most likely a result of the reduced TIMP1 expression, allowing for more
MMP activity in the healing tissues. Finally, the evaluation of the collagen organization and
alignment demonstrated significant improvements in the siCTGF treated burns compared to
controls. Importantly, the collagen alignment at the burn margins was greatly reduced in the
siCTGF treated wounds, indicating significantly reduced contractile forces within these tissues.
Overall, siCTGF therapy was observed to improve scar formation primarily by reducing

contraction of the formed scar and improving tissue remodeling.
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In Chapter 8 of this work we once again changed both our in vivo target and our coated
substrate, focusing on coating microneedle arrays for the transdermal delivery of siRNA to
knockdown the reporter gene GFP in vivo. This technique used the physical disruption of the
skin by microneedles to deliver LbL contained materials into the dermis. We used the same
hierarchical LbL film architecture of [Chi/siRNA],s, that was previously described in Chapters 5
and 7 of this thesis. Release of the siRNA from these coated microneedles was facilitated by the
rapid solvation of a dip-coated layer of the pH-responsive polymer PNMP that was deposited on
the microneedles and photoactivated prior to LbL film assembly.®  Our investigation
demonstrated that the microneedles were able to generate a regular pattern of punctures into the
dermis, however in many of these insertions sites it was observed that the damage reached all the
way to the skeletal muscle and even through the cartilage in the ear. Delivery of the incorporated
siRNA was seen to remain highly concentrated in the tissue directly in contact with the
microneedle insertion site. After a few days numerous siRNA positive cells were observed in the
surrounding tissue. In vivo we observed significant GFP reduction in a siRNA-specific manner
for up to one week. This knockdown was observed to be largely contained within the site of
application without significant changes in the fluorescence of the surrounding tissue. Primarily
this work was focused as a proof of concept study, used to demonstrate the flexibility of the LbL
film system in this application. However the general approach outlined within this chapter has a
number of potential applications ranging from tissue engineering and regenerative medicine to
cancer therapy. This sort of approach could have potential in any number of applications where

‘the local delivery of siRNA may be of benefit.

In the final chapter of this thesis we described a new concept for local topical delivery of
all-trans retinoic acid (ATRA), which is a common component in many commercial acne creams
as well as being a first-line agent in a number of cancer ‘[herapies.9 Use of ATRA however is
limited by its serious side-effects such as skin irritation and hair loss as well as its poor chemical
stability. Previous investigations have looked to control these undesirable characteristics through
controlled release formulations such as creams and emulsions. These strategies however rely on
the bolus delivery of active ATRA which is immediately available upon application and
contributes to many of these adverse side-effects. To date there has been limited research into
polymer-conjugated forms of ATRA, though such a formulation could improve many of these

key disadvantages. Within this work we describe the covalent conjugation of ATRA to
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poly(vinyl alcohol), an FDA approved excipient, through an ester bond linkage to produce a
polymer-drug conjugate (PATRA) that could sustain the release of ATRA for out to ten days in
vitro. Within this chapter we extensively explored and characterized PATRA for its release and
cutaneous delivery. In this research we determined that through the chemical conjugation of
ATRA to PVA we formed a nano-fibular micelle which could solubilize significant quantities of
the once-insoluble ATRA in water. In in vitro diffusion cell testing, PATRA was observed to be
retained within pig skin at an eight-fold higher level than free ATRA after 12 hours. In vitro
analysis of ATRA activity determined that PATRA conjugated ATRA was as active as free
ATRA, indicating no loss in activity for the released ATRA. To add to these in vitro studies, in
vivo analysis demonstrated that the PATRA conjugated ATRA caused less topical inflammation
in mice and was demonstrated to remain present within the skin of treated mice for up to six

days.
10.2 Future Work

This thesis looked to develop ultrathin polymer films for the controlled local delivery of
siRNA for the treatment of complicated wound healing. Within this work we have detailed a
number of successful LbL films that can incorporate and delivery siRNA in vitro as well as in
vivo. We also described the design and development of a high-throughput system for the
assembly and screening of LbL film libraries. Many of the films described in this work were
shown to be capable of tuning siRNA incorporation and release of one or multiple siRNAs in
vitro. As a result of the culmination of this work there are still a number of important concepts

to be pursued.

10.2.1 Controlled Delivery of Multiple siRNAs

As it was described in detail in Chapter 1 of this thesis, wound healing is a highly
orchestrated complex process that evolves with time. Each phase consists of a unique balance of
cytokines and cells which operate within the injured tissue to drive the biological processes of

wound healing.'""?

Understanding that dysregulation in one phase of wound healing may
involve multiple evolving therapeutic targets, makes apparent the potential impact of temporally

controlled siRNA delivery. In this way a single wound treatment could directly address multiple
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pathologic dysregulations within the tissue to create the optimal wound healing environment for

tissue regeneration.

In an effort to present this concept we did perform some preliminary testing that
suggested that controlling the incorporation and release of multiple siRNAs is possible with LbL
assemblies. This work is detailed in Chapter 2 of this thesis. In that work we described a
hierarchical LbL structure to spatially separate multiple siRNAs within a single film assembly.
In conjunction with this work we also demonstrated the ability to control the incorporation of
multiple different siRNAs for multiple gene targeting. It was observed that by simply altering
the relative concentrations of each siRNA, one could determine the final ratio of siRNA
incorporated within the LbL film. Building upon these early findings we believe that it may be
possible to build a wound dressing which could fully address the complexity of the wound

healing process.

10.2.2 Combination Drug Therapies

As part of the work presented in this thesis we also briefly investigated combination
therapy for wound treatment. This work was a collaborative effort with Dr. Ben Almquist, a
post-doctoral student in the Hammond lab. The work focused on combining Dr. Almquist’s
growth factor delivering LbL film system with one of the siRNA delivering films detailed within
this thesis. This work was largely unsuccessful due to the complexity of building multiple
independently developed films together. Importantly, limiting factors such as pH stability, inter-

layer diffusion, and poor film stability led to a number of these complications.

It should be understood however, that combining siRNA therapy with other modes of
altering wound healing offers great potential in better treating complicated wounds. Methods
have previously been described for combing growth factors and siRNA in hydrogel formulations
to improve bone formation, such a combination using LbL assembly could be similarly

effective.'*

10.3 Conclusions
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This thesis describes the rational design of ultrathin polymer coatings for the local
controlled delivery of RNA interference. The work presented here spans from the first
preliminary concepts of LbL-based RNA delivery to its demonstrated effective application in
multiple animal models. A central focus for this work was the application of these films for the
improved treatment of complicated wounds. To this end we demonstrated the effective delivery
of siRNA to dramatically alter wound healing processes, accelerating diabetic chronic wound
healing and reducing contraction in burns. The potential for RNA interference in medicine is
enormous. The realization of this potential however will rely on the development of better
tolerated and more efficient delivery systems. It is hoped that the materials, methods, and tools
described within this thesis may contribute in this continuing research to develop RNA-based

therapies to improve patient care.
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