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Abstract

Traumatic brain injury (TBI) is theleading cause ofdeath and disability
worldwide. Resulting from blunt or penetrating forces to the hd&l can affect

any population of individualg-ollowing primary inpry, or the initial mechanical
insult, brain tissue undergoes secondary injury, notably necreptwscontrolled
tissue deathAdministration of necroptosis inhibitors and other small molecules to
alter the signaling cascade of tissue death has the tabtém minimize the
harmful shorterm and longerm effects of secondary injury. Unfortunately,
pharmaceuticals designed to target the brain have one major obstacle that
medications to other sites of the body do not encouritex blood barrier (BBB),

a highly selective sempermeable endothelial cell capillary network that protects
the brain from toxic substanceBhe few drugs that successfully cross the BBB
are only able to do so after reaching high systemic concentrations, adversely
affecting the ressof the body.Invasive approaches by means of daelgting
biodegradable polymer implants show greatereptal for localized delivery.
Among the most successful natural polymers is silk fibroin which boasts several
gualities such as biocompatibility,dalegradability, and extraordinary tunability

of chemical and mechanical properties, making itery usefulbiomaterial for
controlled local release of drugs to thein for the treatment of TBI. In this
research, two silbased implants, thin silk filmand silkHRP hydrogels, were
tested for their ability to consistently deliver small molecules to the brain and
subsequently prevent cell and tissue death following a controlled cortical impact

mouse model.
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Silk Implans for LocalizedSmall Molecule

Drug Deliveryto Treat Taumatic Brain Injury



1. Introduction

1.1 Significance

Traumatic bran injury (TBI) is aleading cause of death and disability worldwide
accounting for approximately 2.2 million emergency department visits, 280,000
hospitalizations, and 50,000 deaths imeoyear inin the United States alone,
according to the Center for €8ase Control and Preventi¢l]. Additionally,
recent data ha®und that of all injuryrelated deaths in the US, nearly ghed

have at least one diagnosis of TRl. Unfortunately, TBI incidence rates in
developing countries are even higher with the World Health Organization
predicting TBI to surpass many other diseases as the main cause of death and
disability by the year 203(02]. While the most effected populations include
children, young adults, and the elderly, TBI remains highly heterogeneous in
terms ofetiology, severity, and outcome making it fitiilt to diagnose and treat

[3]. TBI can generally be classified as mild, moderate or severe with the most
common being mild TB(MTBI). Sometimes referred to as a concussion, mTBI
cases often go unnoticed because many people do not seek medical ddgntion
Symptoms can persist for one year following injury or even lead to lifelong

disability[2].

Another significant motivatio for TBI research is its implications on several
other neurodegenerative diseases namely Al
disease (PD), Amyotrophic Lateral Sclerosis (ALS), and chronic traumatic

encephalopathy (CTHp]. Because TBI is difficult to idgnose, the secondary



injury mechanisms go unnoticed for long periods of time. However, they often
appear slowly as one of these progressive diseases. Furthermore, as a large
population grows to be over the age of 60 in the next decade, many are expected
to be the victim of a neurodegenerative disda$eThus, it is crucial to better
understand potential risk factors for these such as those found in the delayed
effects of TBI. Currently, it is known that while researching neurodegenerative
diseases sepately that they share similar biochemical signaling cascades that are
also found in TBI and linking the two will benebbth fields of researclp]. The
strongest evidence that exists between a neurodegenerative disease and TBI is
with AD. Although resuk are conflicting, patients are 60% more likely to
develop AD following TBI when compared to other diseabéseover research

has also indicated that previous cases of head trauma accelerate the onset of AD
[6]. Both share similar pathologic featureswasll such as neuronal loss, and
synaptic dysfunction and plaque deposition supporting a likely connection
between the tw@6]. The second most common neurodegenerative disease is PD.
Head trauma was first linked to PD as a potential risk factor withrb@sethey
receive multiple hits to the head. Again, research continues to be conflicting with
approximately half of studies reporting a relationship between PD and TBI.
However, like AD, PD and TBI share similar pathologic featufé$.
Unfortunately, litle is known of the link between ALS and CTE with TBI other
than that a vague relationship exists from observing athletes. Studies have shown
that athletes of certain sports, soccer, football and boxing, have a significantly

higher chance of developingetse neurodegenerative diseaggs CTE is also



difficult to diagnose and is often mistaken for AD, PD or ALS, and thus a
consistent link between CTE and TBI is elusive. However, both ALS and CTE
again share similar neurodegenerative mechanisms seea gsed¢bndary injury
mechanisms of TBI suggesting a link worth researclfijgUItimately, as TBI
continues to promote cell and tissue death and degenerate neuronal cells, it will
also continue to pose as a high risk factor for several neurodegenerstiasedi

further highlighting the demand for increased research in the area of TBI.

1.2 Specific Aims

The first objective of this research project was to design a silk implant to locally
deliver small molecule drugs to the brain over the course of 24 .hbloestwo

drug delivery platforms tested wetlin silk films and silkHRP hydrogels. A
small molecule dye, EvarBlue dye, was used to test the release kinetics of each
design.Film parameters, such as silk concentration and veateealing time,
were teted in vivo in addition to different implantation techniques. Hydrogels of
different heights were also tested in vitro and in vioselection of these
implants that dislayed a minimal burst releas@d consistent transfer of dye into

the cortex were usto release small molecule drugs

The second objective was to load small molecule drugs into the silk implaats, a
determine their effects odecreasing cell death ibrain tissue followinga

controlled cortical impact (CCI) model in mic®nly designshat showed success



in initial in vivo implantation were &sl. Small molecules loaded into implants

included propidium iodide, dizocilpine, and glutathidiiable 1)

Table 1 Small molecule for delivery via silk implants

Small Molecular .
Structure Function
molecule

weight
Evans Blue | , . \ QO . Small nolecule dye
dye o N O O N o"sé, 960.81 with red

autofluorescencfs]

Propidium O N e Red fluorescent cel
iodide (PI) | Hen Ao, 668.40 | jeath markefo]

Dizocilpine Noncompetitive
(MKggl) 221.30 NMDA receptor
antagonis{10]

HS
0
Glutathione H Antioxidant
(GSH) HOOC m]\H/NvCOOH 307.32 reducing agerfiL1]
0




2. Background

2.1 Traumatic brain injury

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide
accounting for approximately 2.2 million emergency department visits, 280,000
hospitalizations, and 5000 deaths in one year in in the United States alone,
according to the Center for Disease Control and PrevefitioWhile the most
effected populations include children, young adults, and the elderly, TBI remains
highly heterogeneous in terms efiology, severity, and outcome making it
difficult to diagnose and treaf3]. The most common method for TBI
classification immediately following injury is by the Glasgow coma scale (GSC)
which ranges from-3a5 and consists of three components: eye, motor arithv
scales. Based on the score, injuries are classified as severe {§S@@&lerate

(9-13) or mild (1415) [12]. Further assessment to determine structural damage
via neuroimaging may be required depending on the initial s&rectural
damage coms in various forms also known as primary injuries which are the
result of the initial insult to the hedd3]. A multitude of signaling cascades
following primary injury and are known as secondary injuries which ultimately
lead to cell and tissue dedth¥4]. A variety of treatments exist, but most do not
result in positive outcomes. Extensive research on neuropharmaceutical therapies
is specifically being studied because of their ability to affect neurochemical
signaling [15]. However, numerous ellenges exist as pharmaceuticals make
their way to clinical studies stressing a need to improve research methods at the

preclinical level[16].



2.2 Primary injury

Primary injury is the initial mechanical impact to the head and can result in the
following immediate pathological featuresncussion, skull fracture, contusion,
contrecoup, diffuse axonal injury, hematomas, anoxia, hypoxia, ramafants,
shaken baby syndronj&3]. Concussions are a brief interruption of neurological
function following head trauma and may or may not include loss of
consciousness. They are typically caused by acceleration and deceleration forces
to the head17]. Skull fractures can either be depressed where portions of the
skull press against the tissue of the brampenetrating where pieces of the skull

or another object breaks the tissue and enters the [rajn Contusions are
caused by direct external contact forces or from the brain hitting the interior of the
skull. They are often the result of more tragim&oncussion$18]. Contrecoup

injury is a type of contusion that is located diagonally opposite a skull fracture
[19]. Diffuse axonal injury is produced by shear forces upon impact that generate
nonuniform strains in the brain and subsequentbtates axons and small blood
vessels. Hematomas are any bleeding around the brain and are classified as
epidural, subdural, subarachnoid or intracerebral depending on the location of the
bleed[18]. Anoxia is the complete lack of oxygen to brain tisshemsas hypoxia

is the decrease of oxygen. Both occur despite adequate blood supply to the brain
suggesting that mechanisms of oxygen absorption by the tissue are di§tGpted
Lastly, shaken baby syndrome occurs when an infant has been violently shake
causing the brain to forcefully hit the inside of the skull. This severe injury leads

to bruising, swelling, and bleeding of the brfga].



2.3Secondary injury

While primary injury occurs at the moment of impact of injury, secondary injury
mechanims may last hours to months to even years following initial insult. These
mechanisms, or neurochemical signaling cascades, inttheddisruption of the
blood-brain barrier (BBB) inflammation, oxidative stress, mitochondrial
dysfunction, excitotoxicity, @d finally neuronal apoptosis, or cell dedt#].
Figure 1 provides an overview of the secondary injury signaling cascade
following primary injuryand Table 2 provides an overview of the most common
primary injuries and their correlated secondary iesiribut nost of these are

simultaneously occurrintp further exacerbate injury.

Parenchymal & vascular lesions,
systemlc hypotensmn hypoxemia,

Cerebral ischemia,
hypOXIa

&PrlmaryI brain injury| —

K* afflux
Ca-infiuy | +=—* Nar inflx = | Glutamate relesss h“mmmna'.ﬂamﬂga

l

[ Radical oxypen species |

"

Ischemiareparfusion syndrome ]

!

/ Kallikreininin cascade

I::-:nntc.xlntg.-

Casgasefalpain
activation

[ Meuroinflammalion

A

NE'.II"MEl apoptosis I

[ Secondary brain injury ]

[ Increased ICP, decreased CBF L_ Brain edema

Figure 1 Secondary injury signaling cascade initiated by primary brain injury
leading to cell and tissue death [21]



Table 2Major markers of TBI and their significance

Physical markers of TBI Significance
(common 1° injuries) (common 2° injuries)
Skull fracture (penetrative damage) BBB disruption
Increased inaicranial pressure (ICP),
Edema (brain swelling) decreased cerebral blood flow (CBF),
BBB disruption
Diffuse axonal injury Oxidative stress, mitochondrial
(stretching of axons and blood vessels) dysfunction, neuroinflammation
Hematoma (bleddg around the brain) Neuroinflammation

Oxidative stress, mitochondrial

Hypoxia (decreased oxygen supply) dysfunction

Mitochondrial dysfunction,

Ischemia (decreased blood supply) neuroinflammation, decreased CBF

Furthermore, the duration of these effes offers a potential window for
neuropharmaceutical therapy as opposed to other therapeutic options. At the onset
of injury, the BBB is typically disrupted rapidly increasing its permeability. This
induces cerebral edema due to the buildup of fluid ab age hypoxia and
ischemia due to the inability of damaged blood vessels to supply blood and
oxygen to brain tissugi21]. Additionally, because of the lack of nourishment,
ATP production significantly decreases. This poor energy supply shuts down
processes such as the sodipotassium ATPase pump leading to a loss of
membrane potential drhomeostatic imbalance of io[#2]. There is an efflux of
potassium ions and an influx of sodium and calcium i@33. In general, the
movement of sodium and fassium initiates glutamate release and excitotoxic
effects whereas calcium influx directly initiates oxidative stress and mitochondrial

dysfunction, and cell death. Glutamate is an excitatory neurotransmitter, and one



of its primary receptors, the NMDA ¢eptor, is a channel that allows both sodium
and calcium ions to pas®4]. Calcium then activates a variety of cellular
enzymes such as proteases, kinase phospholipases, calpains, and nitric oxide
synthase all of which damage the integrity of c¢RBg]. Oxidative stress is
brought on from nitric oxide synthase which promotes free radical formation.
Highly reactive compounds, free radicals can further perpetuate cellular damage.
Reactive oxygen species (ROS) levels in particular increase and cadiatvex
damage. Mitochondria play a significant role in the energy deficit following
injury, and with the increase of calcium and ROS, aalppain activation, the
result ismitochondria dysfunction and the compromise of cellular fund@2ay.
Additionally, when mitochondria undgo oxidative stress, they release apoptosis
inducting factor which as the name suggests induces apoptosis in neurons.
Conversely, apoptosis can be induced with caspases (casgEs®ient
apoptosis), with the aforementioned aation of calpain$25]. The last area for a
potential therapeutic target is through the inflammatory response durirtgatil
where leukocytes that have infiltrated the injured area releasmffammatory
cytokines, oxidative metabolites and anflammatory cytokines. The cytokines

further induce apoptosfsllowing TBI [26].
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2.4TBI management with neuroimaging and

non-pharmaceutical therapies

Neuroimaging plays a vital role in diagnosing TBI. Before selecting the best
mode of treatmmt, the type and extent of injury must be determiindeally,
computed tomography (CT) scans would be conducted on anyone sustaining
minor head trauma, but in some cases it may not be necgsgargome of these
cases include when a patient is consaddow risk meaning a GCS score of 15,

no loss of consciousness, intact orientation and memory, and no other injuries
among other factorfd 7]. The need for neuroimaging increaseth medium and

high risk patients. Behavioral and cognitive examinatiafone fail to provide
information on physiological damage within the brain that mesylt indelayed
effects. Skull radiographs may also be conducted in the absence of a CT or before
making further decisions to continue advanced neurotrauma manag&keiht.
radiographs are capable of revealing fractures, fluid in the sinuses, and possible
penetrating objectgl7]. However, CTs can reveal more detailed information on
contusions, hematomas, diffuse axonal injury, intracranial hemorrhages and other
typesof injury. Because of this, CTs are the preferred method of assessment, but
also because dheir accessibility and sped@7]. MRIs also provide valuable
information, but require a much longer period of tifhbey aremore valuable to
determine progrgs once initial treatmens established from CT resulig8].
Technologies in nuclear medicine particularly with SPECT and PET are also
emerging in the process of developing treatment plans for TBI patients. Single

position emission computed tomograp(SPECT) require relatively little time

11



and can also generate 3D data. They can be used to assess brain blood flow and
regional brain metabolism using a radioactive tracer material. Positron emission
tomography (PET) imaging can also assess regionail bratabolism as well as

local brain damag€27]. Although all modes of imaging are vital and extremely
valuable, they do not treat the negative effects of TBI. However, the added
information nuclear medicine provides to traditional imaging techniquew sl

for emergency physicians to determine the best option for tesditand prevent

further damage.

Before neuropharmaceuticals became a heavily researched therapy for TBI, and
while translational challenges are currently being addreasegpharamacotycal
therapies exist to reve the negative effects of TBfollowing the assessment of

CT or MRI scans, physicians may choose one or more treatments including a
decompressive craniectomy, hypothermiahgoerosmotic therapy among others

[3]. The primay reason to bgin management immediately following injury is to
prevent hypoxia and hypotensiavhich lead to secondary brain damaf#9].

Prior to being admitted to a hospital, decreased oxygen and hypotension can be
treated via endotracheal intubatiand 1V fluid (saline) respectivelfd2]. High

ICP can also be minimized shortly following injury by inducing hyperventilation.
This is accomplished by inducing cerebral vasoconstriction and the reduction of
cerebral blood flow12]. Once at the hoggil, more invasive therapies become
available.ICP monitoring by means of a catleet placed within the ventricles of

the brain,connected to an external pressure transducer is not only a very accurate

12



way of measuring ICP, but it also provides a routdrin cerebral spinal fluid
(CSF) which subsequently decreases ICE2]. Intravenous delivery of
intermittent doses of mannitol is also an effective agent in reducing ICP as a form
of osmotherapy. It creates an osmolar gradient which generates the mowéme
water across the BBB and improves foC8lF [29]. Other means of reducing ICP

are with a decompressive craniectomy or hypothermia. Decompressive
craniectomies are commonly performed to treat brain swelling. This procedure
consists of the removaf @ section of the skull which allows the brain to expand
and the ICP to decrease. Although this method is thought to bring about overall
positive outcomes, there have been contradicting results making it a last resort
means of therapy when other treatnsettt reduce ICP have failed. Researchers
claim there is a lack of therapeutic effect because neithetirthieg of this
surgerynor its role in secondary brain injuhas been studied extensivgBo].
Hypothermia is used in few cases as more animalestate being conducted to
determine the overall benefits of its therd@y. It has shown to reduce brain
metabolic rate, affed€BF, reduce critical threshold for the delivery of oxygen,
block excitotoxic mechanisms, block calcium activity, decreassmadermation,

and modulate apoptosis. Because of its irfattetedeffects, hypothermic therapy
may open more avenues for pharmagaal treatment. Currently research is also
beingfocusedon localized cooling treatments such as surface cooling, intlanasa
selective hypothermia, extraluminal vascular cooling and epidural cerebral

cooling[30].

13



2.5Neuropharmaceutical therapy

Unfortunately, despite great advancements in the pharmaceutical industry, drugs
intended for the CNS have one major obstacle riedications to other sites of

the body do not encountérthe blood brain barrier (BBB|31]. This barrier
consists of capillary endothelial cells that protect the brain from toxic substances,
but efficiently allow the passing of oxygen, glucose, and other nutri8@ts
Attempts to delivery drugs to the brain can be categorized into three main routes:
intravascularjntracerebral, and intraventricul83]. Studies have shown that, of

the drugs administereidtravascularly, osystemicly, 98% of small molecules
(those with a molecular weight greater than Btong do not pass the barrier

and nearly all large molecules (MW > 1 kilodaltons) fail to reach their destination
[34]. Strategies to pass the BBB systemically include generating an osmotic
imbalance and manipulating endogenous transport systems. The use of
hyperosmolar substances shsnkndothelial cells and open tight junci®
allowing for lipophilic molecules to enter, but thexhniquehas mostly been used

to treat brain tumors. Transport systefos glucose, neutral amino acids, and
some peptides can be utilized to generate camediated uptake systems where
desired dugs can enter the brain with assistance from one of these endogenous

pathwaygqFigure 2)[33].

14
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During intracerebral delivery, molecules can directly enter the brain parenchema
via intrathecal catheters or controlled release matricesg a few other routes.

The fundamental problem with this strategy is the diffusion coefficient of each
molecule attempting to enter the brain. Because of the complexity of the
parenchema and its gray and white matter, molecules have minimal movement
from the location they are initially released, and consequently their diffusion
coefficients are on the order of $6m/s[33]. This mode of delivery is difficult to
pursue for TBI patients because of the narrow therapeutic window following
injury. Lastly, during intraventricular delivery, there is potential for cerebral

spinal fluid (CSF), which freely moves into the parenchema, to carry drugs. From
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this point, these small molecules would be able to diffuse into the brain. Again, as
previously mentioned,he diffusion rates of drugs are extremely slow, and the
much faster clearance rate of CSF works against successful delB&ry
Increased diffusion rates to that comparable to CSF clearance rates could
potentially make intraventricular delivery aption for drug deliverycapable of
creating a therapeutic effect. The challenges addressed here are for an intact brain

and the scenario becomes vastly more complicated in injured brains.

In the case of TBI, the BBB is disrupted and it is expetdedmal molecules to
successfullyenterthe brain parenchema with this barrier appearing to no longer
be an issue. Unfortunately, disruption of the BBB is more complex, as described
earlier with respect to secondary injury, and makes drug delivery to the brain
more challenging. Following injury, the breakdown of the BBB is biphasic
meaning that is open for a period of time before closing, and this time period is
dependent on the severity and duratioh the insult[33]. If a drug is to be
administered, it woul not only have to be delivered within this window, blsio
diffuse into the brain parenchema, and as mentioned before the majority of tested
molecules have extremely slow diffusion rates. Thus, the likelihood of successful
delivery before the BBB closes quite low. Moreover, TBI is often muitocal,

and as a result, areas deeper in the brain that are subject to secondary injury may
still have an intact BBB. Therefore, drugs entering the brain at the site of primary
injury may still come into contact #i an intact BBB in other regior§83]. Also

following injury, CBFdecreases. This makes intravascular delivery ineffective
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because a minial amount of blood would be availalitecarry drugs to the brain.
Intraventricular delivery also bemes ineffegve as ICPincreases during edema

and creates an obstacle for successful drug diffusion. Research on drugs to
stabilize the BBB and to circumvent decreased CBF and increased ¢@going

with slow progres§36].

2.6 Sites for therapeutic intervention

Each secondary injurgathway has several neuroprotective and neurorestorative
therapeutics that have been used in an attempt to prevent cell and tissue death
and/or promote restoration of cells and tissues following injury. Common
neuroprotective strategs include calciunthannel blockers, corticosteroids,
excitatory amino acid inhibitors, NMDA receptor antagonists, free radical
scavengers, magnesium sulfate, growth factors, and inflammatory modulators
among numerous otheK§igure 3)[15]. Table 3lists several other common
neurotherapeutics and potential sites for therapeutic intervemtiorechanism of
action The majority of compounds listed here primarily target the signaling
cascade initiated by the influx of calcium, NMDA receptors to preveet th
binding of glutamate, free radicals to minimize their effects, or cell death via the

inflammatory response.
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Figure 3 Secondary injury signaling cascade labeled with potential sites
therapeutic intervention [21]

Neurorestorative measures are also becoming increasingly prevalent in treating

traumatic brain injury because recent preclingtatlies have indicated that within

a period of time, TBI induces neurogenesis, angiogenesis, axonal sgyautd

synaptogenesi$30]. As neuroprotective therapeutics prevent further cell and

tissue death, neurorestorative therapeutics should beasesgually important in

order to promote cell and tissue growth and heatlogng this window after

injury. Common therapeutics for this purpose includes erythropoietin, statins,

bone marrow stromal cells, and nitric oxif@0]. Unfortunately, despit¢he

extensive amount of research conducted on drug discovery for the treatment of
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TBI, over 30 phase llI clinical trials that have showed some promise have failed.
Many of these have used a sintgeget approach focusing on one aspect of the
secondary injry signaling cascad@7]. The combination of neuroprotective and

neurorestorative strategies may serve to better therapeutic outcomes.

Table 3Current neuropharmaceuticals anesifor therapeutic intervention

Neuropharmaceutical Expected mchanism of action following TBI

Antioxidants and fregeadical | Replenisles endogenous antioxidants redu
scavengers following trauma[38]

Barbiturates Reduces ICF30]

Calcium channel antagonists | Reduces regional cerebral edeial

o Inhibits release of glutamate and inflammat
Cannabinoids

cytokines[23]

Inhibits cell cycle activation, neurodegeneration i
Cell cycle irhibitors chronic neuroinflammation; activates microglia g

astrocyte$16]

Preserves mitochondrial function; inhibits lip

Cyclosporin A peroxidation and oxidative streds]

Diketopiperazines Reduces calpaifi6]

Limits excitotoxic, preoxidant and inflammator

Erythropoietin effects[16]
Promotes neurite sprouting and growth; redd
Gangliosides NMDA receptormediated release of excitatory ami

acids[38]

Glutamate (NMDA) receptor | Improves neurological function; recovers magnes
antagonists ion homeostasig38]
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Table 3Current neuropharmaceuticals and sites for therapeutic intervéotiotinued)

Neuropharmaceutical

Expected mchanism of action following TBI

Magnesium ior(Mg*")

Improves cerebral metabolism and neurobehavi
outcomeg15]

Metabotrojic glutamate
receptof5 agonists

Reduces expression of inducible NO syntha
production of NO and intracellular generation of R(
limits caspasg§lo]

Minocycline

Inhibits glutamate receptors, neurotoxicity, P
inflammatory cytokines; promotes micta activity
[26]

Modulators of arachidonic aci
metabolism

Improves cerebral metabolism, blood flow 4
neurological function; Reduces BBB permeability g
cerebral edemH5]

Opioid receptor antagonists

Improves CBF; reduces ischemia; limits obas in
calcium iong38]

Platelet activating factor
antagonists

Improves neurological score and mitochond
respiration rate; inhibits regional edefi&]

PPAR agonists

Inhibits  proinflammatory  cytokines, oxidativ
metabolites and edema; pronm®tantiinflammatory
cytokines[26]

Progesterone

Reduces glutamatexcitotoxicity, membrane lipid
peroxidation, apoptotic and inflammatory pathwa
and diffuse axonal injurfl6]

Recombinant factor Vlla

Limits intracerebral hemorrhagg0]

Statns

Reduces glial cell activation and cerebral ede
restores BBB integrity16]

Steroids and inhibitors of lipid
peroxidation

Inhibits lipid peroxidation; limits edenm&8]

Substance P antagonists

Reduces inflammation; maintains BBB integii]

SURZLregulated NGaatp
channel inhibitors

Reduces edema, secondary hemorrh

inflammation, apoptosis and lesion sj16é]

Thyrotropinreleasing
hormone

Increases CBF and metabolism; decreases pla
activating factor, endogenous opioids aridtamate
[16]
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2.7 Challenges from translating between preclinical and

clinical studies

The primary reason neuropharmaceutical research for TBI has seen little success
is because of the challenges in translating from preclinical to clinicdlestu
Preclinical studies have largely focused on the types of molecules that affect the
various secondary injury mechanisms. While this aspect is absolutely necessary in
the path to drug discovery, data from several other preclinical components are
esseril before seeing positive therapeutic effects in clinical trials. These
additional results include determining the optimal route of administration, the
pharmacokinetics and pharmacodynamics of each molecule, the proper
therapeutic window to deliver theudy, whether a single or multiple dosage is
required and whether a bolus or continuous dose should be adrenhigt4)].
However, before even thesesults can be collected, designing animal models that
more closely mimic injury has become a top priorAynimal models, with both

small and large animals, already are inherently difficult to utilize to study brain
injury in humans because the biomechanics of injury such as in rotational loading
is difficult to scale between animals and hum#&B8]. Even when a close
correlation is determined, there are very few ways to properly evaluate cognitive
and psychiatric impairments. Furthermore, as previously mentioned, TBI is
extremely heterogeneous and current animal models do not encompass their
complexity beause they are designed to be highly controlled to maintain
consistency{40]. Continued research using animal models must be modified to

capture the mukfaceted nature of brain injury. A large modification includes
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using a multiplanjury model in addibn to observing the results from a variety

of singleinjury models which has been the current approach. Although much
effort would be required to control these experiments, muliigley models
would mimic human brain damage to a greater eXihlt Additionally, these
models should address the various demographics of the population of TBI patients
particularly age and sex. The consequences of injury slapending on if a
patient isadolescent or elderly and also if the patient is female or maledatgo

to some previous studiggl]. Updatedanimal models should include these
factors when improving injury models to obtain more extensive results. Once
improved models are established, there is also a need foitdongstudies.
Whereas shoiterm stidies are beneficial for understanding the acute stages of
injury, longterm studies would allow a deeper look into the delayed secondary
injury mechanisms. More importantly, these studies could verify if changes in the
acute stages could predict outconmesater stages which would markedly assist
clinicians in determiningtreatment[14]. Longterm studies would also help
define much needed biomarkers to measure functional outcomes. The heavy
research being conducted on discovering neuropharmacetticdle treatment

of TBI is likely failing because minimal data are being collected from inadequate
animal models for only short periods of time and not only because the specific
molecules being tested do not have a therapeutic effect. Thus modifying the
overall design of TBI research is crucial to address the translational challenges

between preclinical and clinical studies.

22



2.7.1Common animal models for TBI

2.7.1.1Control cortical impact (CClI)

CCl injuries are used to study focal injuries. As an dpead injury model, CCI

is induced usig an impact device driven lhygh pressure or electromagnetism to
force a rigid impactor onto an intact dura exposed by a craniofdfjy This

injury mimics cortical tissue loss, acute subdural hematoma, axonaly,inj
concussion, and BBB disruption. CCI is very common because of its control over
time, velocity and depth of impaft1]. However, this model also comes with
several disadvantages. Along with inducing a contusion, there is also extensive
damage to th ipsilateral cortex which is not comparable to human injuries.
Secondly, thebone flapmust be replaced following the craniotomy. Otherwise
brain swelling may actually be alleviated as seen in decompressive craniectomies
which is not preferred when usiag injury model. Lastly, CCI does not damage

the brain stem and produce unconsciousness which again does not mimic human

brain injury[40].

2.7.1.2Weightdrop injury (WDI)

Weight drop induced injuries are also used to study focal injuries. In dsecl
head injury model, a frefalling weight is dropped onto the exposed skd0].

The severity of the injury is adjusted by altering the height from which the weight
falls and the mass of the weight. The model is particularly useful for producing
diffuse axonal injury(DAIl). Although injury severity is rather difficult to

maintain constant, the DAI produced closely mimics the injury seen in humans
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[41]. A prominent limitation to WDI is that it also delivers a second impact from a

rebound hif40].

2.7.1.3Fluid-percussion injury (FPI)

FPI models are used to study diffuse injufég). In this open head injury model,

a pendulum strikes the piston of a reservoir of fluid to produce a fluid pressure
pulse that impacts the dura exposed by aictamy. The fluid percussion pulses
deform and displace the brain tis§dé]. Injury severity is controlled by altering

the strength of the pulse. FPI is successful in mimicking TBI without skull
fracture along with intracranial hemorrhage and brainlswe The limitation of

FPI is variabilityi the placement of the craniotomy is crucial to maintaining
control of the model in order to minimize differences in pathological and

behavioral outcomdgO].

2.8Silk implantsfor localized drug delivery

Despite improvements in dregjuting implants and injections, local delivery of

drugs following a variety of surgeries still remains thpicoof drug delivery

researchDelivery to the brain, particularlyhrough intravascular, or systemic

delivery, requies repetitive dosing at high concentrations resulting in negative

side effectssuch as renal and liver failufg2]. Such complications further

worsen a patient 6s ¢ o raddiescalatimy casthop@mei ng € o n\
[43]. Additionally, tissue dmage following surgery gives rise to insufficient

CBF at the site decreasing the effeetiess of systemic delivefy4]. Highly
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prevalent, theseisky drawbacks necessitate the demand for improved localized
delivery via either the intraventricular omtracerebral routeshrough which

neuropharmaceuticat&an provide optimal therapeutic effects.

Among the most successful natural polymers is silk fibroin, specifically from the
Bombyx morsilkworm cocoon. The protein boasts several qualitieking ita

very usefulmaterial for in vivo and in vitro studies of both bulk and sustained
release of drugs. These include biocompatibility, biodegradability, and
extraordinary tunability of its chemicaand mechanical propertie$45].
Furthermore, silk fibrai can be processed in aqueous systems under mild
temperatures and pressures creating a viable environment for a plethora of
compounds and proteins while mi&ining their bioactivity{46]. This protein has
shown to be nowoxic and noAmmunogenic whie currently being applied to
woundhealing, surgical sutures, @nbloodvessel regeneratiof47]. The
incorporation of drug deliverfollowing surgeryinto these silkbased applicatian

is a growing area of research, but has yet to be used to treaicthvedary injuries

following TBI.

As a host for drugs, silk fibroin inherently possesses numerous advantages over
its competing polymer drugeservoirs. While these polymesservoirs require
processing environments detrimental to bioactive molecules Heat, extreme
pH, shear stress), silk protein operates in more ambient conditions withstanding a

range of temperatures and allowing ease of transfer betveeen and body
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temperatureg[48]. Moreover, whether through implants or injections, silk

platforms offer flexible pharmacokinetics for localized delivery through control of

its physical and chemical properties. Existing polymers lack such flexibility

thereby eliciting tle need to increase drug dosag43]. However, as stated

previously withsystemic modes of delivery, high dosages pose adverse effects.

Silkdéds ability to deliver drugs in health
minimizes this risk while maximizing efficacy. Research has also shown that silk

enhances the bioactivity the drugs it encapsulates througkrthal and storage

stability [47].

Dosage requirements are determined by studying drug pharmacokinetics which
are directly correlated to the interaction of the physiochemical properties of silk
fibroin and the drug othoice. Two specific control points are the molecular
weight of the drug and the crystallinity of the silk polymer. Both affect the
primary variable of kineticshe diffusion coefficienf49]. Molecular weight can

be controlled by means of alterimghe dr ugds mor phol ogy such
thickness of coatings if any exist, and porosity. Compounds with lower molecular
weights are expected to diffuse easier through the matrix and have higher
diffusion coefficients. Crystallinity of the silk matris controlled through beta
sheet content of the silk fibroin protein therein affecting the permeability of
biomoleculs and the rate of diffusio8]. Lower crystalline structures allow
molecules to permeate the matrix easier, again avitigher difusion coefficient

[49]. Thus by adjusting the molecular weight of the drug and the crystallinity of
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the silk platform, the rate of diffusion can be controlled to achieve desired release

patterns. In addition to rate of diffusion, rate of degradatfdgheosilk polymer is

an altermative to regulating releaé8]. This option arises during instances when

the structure of the drug does not allow the drug itself to diffuse easily despite

decreased silk crystallinity (i.e. when the altering of thegddbus st ruct ur e hi n
the drugos effect). Hi gher mol ecul ar we i
diffuse unlike their lower molecular weight counterparts, and therefore more

heavily rely on degradation of the silk carrier to liberate the drug. Agding

with silk concentration and porosjtgegradation time is regulated via beta sheet

content which can be manipulated via methanol treatroenvaterannealing

processes to control the degradationsitif within a span from weeks toegrs

[43]. For letter local delivery, both the diffusion and degradation of drug and silk

platform, respectively, may be regulated to ensure that proper dosages permeate

the matrix while extending the duration of therapeutic effect.

Before pharmacokinetics can be measiy drugs must be loaded into one of the

many silk formats. Typically, loading a drug into a polymer is accomplished by

one of three ways: (1) O6bulk Il oadingd of t
solution before processing; (2) surface decoratoigthe platform through

chemical coupling or adsorption; or (3) use of composite systems such as a
combination of different silk platforms or a combination of silk with another

natural or synthetic polymg#8]. Each of these methods is theoreticailjable

for each of the multitude of silk delivery platfornismicrospheres, sponges,
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hydrogels, or filmg though more research is required to better understand release

rates once drugs are loaded.

2.8.1 Thin silk films

Silk films as a platform for thdelivery of bioactive molecules have shown great

potenti al because of the filmdéds ability to
encapsulatepl6]. Some processing options include slow drying, water annealing,

stretching, compressing, and solvent iemgion all of which control the

mechanical properties the film [48]. In the context of neurological applications,

thin silk films have been utilized to support neusactrode interfaces where

electrodes are embedded within film implants. Thesedithnfilms implaned in

mice areabletoconfomn t o t he brainds curved surface w
responsg50]. A similar design was selected for this project with the expectation

t hat the filmds contact wi tvwmakimuem surf ace
delivery of small molecules. Specifically ithis research the release of bulk

loaded small molecules is controlled Wgrying silk concentration and water

annealing time Where silk concentration affects final film height,ater-

annealing indues the beta sheet formationn silk fibroin. As previously

described, Heseparameters contribute to tleeystallinity of the silk matrix and

the rate silk films dissolve tconsequently release small molecules.
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2.8.2 Silk-HRP hydrogels

Hydrogels prepaed with silk fibroin exhibit greatphysical properties which is
beneficial for implantation into eangeof surgical sitesTheir formation can be
induced by several methods such as through manipulatingepnperature, and
shear forces, or througbortexing, electricity, and sonicatiofbl]. Hydrogels
also possess a unique quality in that gelation can be controlled to prolong the
liquid state of the silk solution and the release of df48k Drug release from
silk hydrogels is characterized by ratelimiting step which can either be
diffusionbased or swellingpased [51]. In the context of the physiological
conditions of the brain, release from sHiRP hydrogels is expected to be
diffusion-based. Due to the high salt concentration of CSFydgelds are not
expected to swell, but rather release small molecules along with the outward flow
of water from the hydrogel§52]. In this project, hydrogels are prepared by
enzymatically crosslinking silk fibroin catalyzed Hyorseradish peroxidase
(HRP) and hydrogen peroxide (¥D,). Where betasheet content controls the
release rate from films, betheetsmake silk hydrogels brittl&indering proper
gelaton. Enzymecatalyzed crosslinking for the formation of silk hydrogels
requires phenolic groupshich are found on the tyrosine side chains in silk
fibroin. The addition of HRP and K, generates tyrosine radicals which then
react to form dityrosine bonds, or crossling2]. Thus, in addition to silk
concentration and silk boiling timegelation is also controlled by the
concentrations of HRP and,®,. These parameters inherently alter gel thickness,

but the volume of solution was also used for further coofrodlease
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3. Materials and Methods

3.1Silk fibroin extraction

Silk fibroin was harvestd fromBombyx morisilkworm cocoongTajima Shoji

Co. LTD, Sumiyoshicho, NakKu, Yokohama, JapanAfter cocoonswvere cut,

they were boiled (48ninutesfor flms and 30 minutes for hydrogels) 0.02M
NaCO;s (Sigma Aldrich, St. Louis, MO, USAand therrinsed three times in 20
minute cycles to ensure the removal of sericin proteins. The remaining silk fibers
were left to dry overnight. The dried silk was dissolved in a 9.3M solutitiBof
(Sigma Aldrich, St. Louis, MO, USAjor 4 hours at 60°C. The sdlon was
injected into 1230mL SlidaA-Lyzer dialysis cassettefPierce, Woburn, MA,
USA) and then suspended in water. The water was changed six times over the
course of 48 hours. After this period, the resulting silk solution was removed from
the cassedts and centrifuged at 10,000 rpm and 4°C for two 20 micytkesor

until impurities were removed. The final concentration by weight/vol(nwie)

was calculated by dividing the weight a sample of driedilk solutionby the

initial volume of the samplesblution.

3.2 Polydimethylsiloxane (PDMS) molds

A Sylgard 182 Silicon Elastomer Kitas purchased fromow Corning (Midland,

MI, USA). Base and curing agent were mixed well in a 10:1 ratio respectively.
Solution was then poured into plastic petri disjuss enough to cover the bottom
surface. Dishes were lightly covered in foil and placed on a flat surface in a 60°C

oven for approximately 1 hour. Dried PDMS molds were removed from the oven,
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wrapped in foil and stored at room temperature until neeBexpsy punches
(Integra Miltex Standard Biopsy Punch, Plainsboro, NJ, USA)Amm in
diameter were used to cut out 4mm posts from the larger PDMS mold. The posts
were placed in another dish under a cell culture hood to maintain a sterile

environment.

3.3 Casting films

Silkk films were prepared by adding total volume ofl 3 e df silk with
concentrations 0f2% and 5% w/vto the PDMS postso produce films
approximatelys5 0 ¢ m a n d heigbterespectivelySilk was first filtered to
remove minor impurities and enhance sterility usangghatman PES sterile filter

(GE Healtlzare UK Limited, Amersham Place, Little Chalfont, Buckinghamshire,
UK). Small molecules loaded into films were mixed into fittered silk solution

to maintain the desired silk concentration and total film volume. Once solution
was casted onto PDMS posthey were left to dry aernight before water
annealing.Films were wateannealed via a degator which was set up with
sterile water under the cell culture hood and attached to the house vacuum (20

25mmHg) to inducketa sheet formation in the silk.
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Figure 4 Silk films (4mm in diameter) loaded with Evans Blue dye dry
on PDMS molds.

Figure 5 Desiccator arranged to watannealsilk films with a vacuum
pressure of 20mmHg.
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3.4Enzymatically crosslinked hydrogels

Hydrogels were prepared by crosslinkihgrseradish peroxidaseHRP) and
hydrogen peroxidéH,O,) with 5% w/v silk fibroin solution A 1000 unit/mL

HRP solution was produdeby adding distilled water to ttemlid powdeiinitially
provided with a concentration of 20 units/mg(Sigma Aldrich, St. Louis,

MO, USA). Water and powder was gently mixed to form a proper solution and
stored at 4°C when not in use. A 1% w#aO, sdution was prepared from a 30%
w/w gtock solution by making a 1:30 dilution in distilled wa&igma Aldrich,

St. Louis, MO, USA) The diluted solution was prepared frdstfore each use
during hydrogel productiorA silk-HRP hydrogel solution was finallgrepared

by first mixing ImLoff i | t er ed s i | k of BIRP slution ollowed i t h
by Wdi bydrogen peroxide solutiofa 100:1:1 ratia) Small molecules were
addedto maintain a 5% w/v silk concentratigust before the addition dfi,O,

which initiated gelation. The final soloh was briefly vortexed to ensure a
homogenas suspension of drug. A rangé volumes of solution was cast onto
PDMS posts to create hydrogels of different heights. Once casted, the solution

was left to gel and dry overnight.

3.4.1 In vitro release

The release of 108y of Evans Blue dye from sdHdRP hydrogels of different
heights (8@ m12G& m18& m20& mwas tested in a 4&ell plate. Each well
was filed with 1mL of 1x phosphate buffer solution (PB8) 3 106 Lsamples

were collected from eachell for each timepoint into a 9éwell plate. Using a
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UV-vis spetrophotometer (SpectraMaxM2, SunnyVale, CA, USA the
absorbance of dye was measured for each time pBixtitation/emission =
540/640nm). Measured absorbance values were compared against a standard

releag curve of dye to determine the dose of dye released at each time point.

3.5In vivo subjects

All procedures were approved by the Institutional Animal Care and Use

Committee of the Massachusetts General Hospital and were in compliance with
the National Istitutes of Health guidelines for the care and use of laboratory

animals. Adult C57 black 6 mice (Jackson laboratories, Bar Harbor, ME) were
given access to food and water and housed in a tempecaturelled room with

a 12hour light/dark cycle.

3.6 Surgical implantation

An in-depth description of the craniotomy can be found in previously published
work [53]. Briefly, mice were anesthetized with 4.5% isofluorane (Anaquest,
Memphis, TN) in 70% MO and 30% Qusing a Fluotec 3 vaporizer (Colonial
Medical, Amherst, NH). Blowby anesthesia was maintained with 4.5%
isofluorane for the duration of the surgefyhis procedure and rationale for
anesthesia produces unresponsiveness to tail and toe pinch and to surgical
procedures, but maintains blood pressame blood gases within normal limits.
After being initially anesthetized, mice were positioned in a stereotaxic apparatus

to stabilize their heads. The skull was exposed with a midline scalp ind?B&.
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was used to moisten the surgical area before wsihgnd drill and trephine to
perform a 5mm craniotomy of the parietal bone. AifQwas used to dry the
exposed area from CSF and any bldsitk implants werdghenlocally placed on

the dura above the parietoteongl cortex.The removed section of boneagalso

dried and returned to the skut this point, the head was eithieoth closed and
sutured or the bone flap was sealed with an adhesive, cyanoacrylate (surgical
bone glue), before closinyétbond,3M, St. Paul, MN, USA). Figures 6 and 7
displaytwo methods for applying an adhesive. The temporary method in Figure 6
applied cyanoacrylate to the bone flap to provide a slight amount of pressure. The
final method for implantation is depicted in Figure 7 where a 4mm by 4mm steri
strip (3M, St. Paul, MNUSA) was cut and applied to the bone flap followed by
the placement of a small piece of cotton to ensure transfer of drug to the brain.
After suturing the incision, mice wetben removed from under anesthesia and

returned to their cages for 24 hours.

Figure 6 a) Thin silk film implantation b) Replacement of bone fl
sealed with cyanoacrylate
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Figure 7 a) SilkHRP hydrogel implantation b) Replacement of bone {
c) Application of sterstrip d) Placement of cotton

3.7 Controlled cortical impact (CClI)

A description of performing CCI can be found in previously published &8k
Briefly, CCl was used to induce a cerebral contusion following implantation of
the silk drug delivey vehicle and transfer of the drug to the bravtice were
again anesthetized with 4.5% isofluorane in 709@ ldnd 30% Qusing a Fluotec

3 vaporizer. Blowby anesthesia was maintained with 4.5% isofluorane for the
duration of the surgery. After being fiilly anesthetized, mice were situated in
the CCI apparatus with their heads again stabilized.applied pressure from the

cotton was removed along with the st&frip. Impact wasdelivered using a 3mm
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flat tip pneumatic piston at a velocity of 6mfyration of 100ms, andepth of
0.6mm. The piston was centered on the dura and the brain compressed until the
impactor was flat on the brain surface. Mice wsutured and returned to their

cages to recover from anesthesia.

Piston High air
g/ Ppressure

Low air
pressure

Figure 8 Apparatus for controlled cortical impact. High air pressure is applied
piston initiating impact direction onto the dura [42]

3.8Samplepreparation

One hour following CCI, mice were again deeply anesthetized and decapitated.

Brains were removed and stored-80°C. Brain sectins on glass microscope

slideswer e prepared on a madegveryg imalidessweteh 12¢e L s |
immersed m absolute ethanol for 5 minutes before they were coverslipped. The

sections were imaged undefflaorescent microscope (Nikon Eclipse Ti, Avon,

MA).
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4. Thin Silk Films

4.11n vivo r esults

4.1.1Single film implants

Thin silk films loaded with 106y of Evan Blue dye were initially brought to a
final concentration of 2% w/vA total volume ofl 3 ewlas used to bring films to

an average height of 80n. The goal was to deterng@inthe effect of water
annealing time in vivo by observing the transfer of dye @héodura of mouse
brans. Implanted films were watennealedor 1, 3, 4 and 5 hours (Figurg. 9n
addition to inconsistent dye transfer from mouse to mouse, films that displayed
minimal transfer onto the durailied to penetrate the cortex agen in tke
fluorescence microcopy images. Slightly thicker films loaded with the same
concentration of dye were brought to a final concentration of 5% w/v. The
average height of these films wase8@ Implanted films wer annealed for 5

hours (Figure 10 Again, little to no transfer was observed for all implantations.
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Figure 9 Evans Blue dye transfer from single film implantations of 2% w/m #ik

films a) Transfer from films watesnnealed for 1 hour implanted onto the dura of
left hemisphere of 3 brains b) Transfer from films watenealed for 3 hour:
implanted onto the dura of the left hemisphere of 4 brains c) Transfer from
water-annealed for 4 hours implanted onto the dura of the right hemisphere of 4
d) Transfer from films wateannealed for 5 hours implanted onto the dura of the
hemisphere of 4 brains. Little to no transfer of dye was observed for all 2% w/e ¢
films implantations.
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Figure 10Dye transfer from single film implantations of 5% w/v thin silk films wat
annealed for 5 hours implanted onto the dura of the left hemisphere of 4 brains
to no transfer oflye was observed.

4.1.2Dual film implants

Complicationsarising from implantation of single films in an in vivo environment
led tothe addition of a second film. Thesemplicationancluded the adhesion of
the film and transfer of dyonto the underside of the bone fl@pe second nen
loaded film was produced from 59v silk and watefannealed for 5 hours. The
previous experimenusing thin 2% w/v and 5% w/v dyeloaded films to
determine the effect of watannealing was repeated, but with the second film
placed above the first dyeaded film. The addition of thesecond no#oaded
film was expected tprevent transfer of dye ontbe underside of the bone flap
and direct the dye throughe dura of the brain. Figure Ehows the results of
dye transfer fron2% films wateranrealed for 12, 4, and 5 hours, and Figure 12
shows the results of @ytransfer of 5% films wateanrealed ér 1 and 5 hours.
Again, inconsistent transfer was observed despite the implantation of a second

nonloaded film.
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Figure 11 Evans Blue dye transfer from dual film implantations where placeme
a second 5% w/v neloaded film followed implantation of a dyeaded 2% w/v thin
silk film a) Transfer from films wateannealed fof hour implanted onto the dura «
the left and right hemisphere of 1 brain b) Transfer from films wataealed for 2
hours implanted onto the dura of the left and right hemisphere of 1 brain c) Tri
from films waterannealed for 4 hours implanted onthe dura of the left and rigt
hemisphere of 1 brain d) Transfer from film waéemealed for 5 hours implante
onto the dura of the right hemisphere of 4 brains. Little to no transfer of dye
observed for all dual film implantations.
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Figure 12 Dye transfer from dual film implantations where placement of a seconc
w/v nonloaded film followed implantation of a dyeaded 5% wi/v thin silk film a)
Transfer from films wateannealed for 1 hour implanted onto the dura of the
hemisphere of 4 brains b) Transfer from films watenealed for 5 hours implante
onto the dura of the right hemisphere of 4 brains. Little to no transfer of dye
observed for all dual film implantations.

4.1.3Multiple dye-loadedfilm implants with adhesive

The addition of a no#oaded filmfailed to prevent adhesion of the dgaded
film to the underside of the bone flap. As a solution, multiple films were
implanted with an adhesiveyanoacrylate) sealing the bone flap to the skull for
added pressure and to prevent the bone flap fromdittie films from the brain.
Figure 13a shows the transfer of dye from &%s silk films waterannealed for 1
hour after the adhestivwas used to seal the bone flap the surgical site.
Significantly improved transfer was observed with some consistendiieAsame
time, the dose of dye delivered was increased eitHetd2or 3-fold to further

promote the likelihood of consistetransfer to the dura. Figure 13bows the
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lack of transfer from implanting two dyteaded filmswithout an adhesive. Figure

13b depicts the necessity for an adhesive after two-ldgded films were
implanted withcyanoacrylate as no dye was observed. Figure 13d shows the
transfer of dye from three dyeaded films without adhesive, but implanting three
separate films was difficudespite a large amount of dye on the dura. Figure 14
displays the consistent transfer of dgmong 4 braindrom implanting twe
loaded films followed by the use ayanoacrylate on the bone flap. This method
of implantation became the preferred technifpredelivering small molecules via

thin silk films.

Figure 13 Transferof dye from 5% silk films wateannealed for 1 hour. a) Transfer
dye from a single film with the use of adhesive to seal the bone flap on th
hemisphere of 4 brains b) Transfer of dye from two-ldgeled films without an
adhesive on the left hempisere of 2 brains c¢) Transfer of dye from tiwaded films
with the use of adhesive on the left hemisphere of 1 brain d) Transfer of dye
three dydoaded films without an adhesive on the left hemisphere of 1 brain.
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Figure 14 Consistat transfer of dye from two dyleaded films (5% wi/v silk, water
annealed for 1 hour) with the use of an adhesive on the bone flap on tF
hemisphere of 4 brains. Brains were frozen at the time the image was taken.
4.1.4Transcortical transfer of dye from thin silk film implants
Figures 1619 were captured under the CY3 filter of a Nikon Eclipse Ti
fluorescent microscope. The images displaynsortical transfer of Evans |Be
dye from the films implanted in Figuresl®. The goal was to observe consistent
transfer of dye into the cortex in order to obtain maximum effects from small
molecule @livery in the future. Figure 1@isplays the transferdm single films
which transferred dye poorly and inconsistently with any observed traces of dye
either covering the surface of the dura or delivering to the outer perimeter j
within the cortex. Figure 1displays the transfer from dual film implantats
Similar degrees of penetration were observed along with inconsistent transfer

which was a major flaw in the design of these implants.
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Figure 15 Schematic of film placemer{left hemisphere) from the
coronal view which correlates to transcortical transfer ima
(Figures 1619 and 27). Only transfer of fluorescent dye is visi
in the figures. (In some experiments, implants were also place
the right hemisphere).

1lmm 1lmm
I I

Figure 16 Transcortical transfer of dye from single film implantations a) Transfer f
a 2% film waterannealed for 3 hours b) Transfer from a 2% film watemealed for 4
hours c) Transfer from a 2% film watannealed for 5 hours d) Transfer from a £
film waterannealed for 5 hours. Transfer for all films were either only on the su
of the dura or just within the outer perimeter of the cortex.
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Figure 17 Transcortical transfer of dye from dual film implantations wh
implantation of 5% silk film wateannealed for 5 hours was placed above a dye
loaded film a) Transfer from a 2% film watannealed for 1 hour b) Transfer from
2% film waterannealed for 2 hours c) Transfer from a 2% film watenealed for 4
hours d) Trasfer from a 2% film wateannealed for 5 hours. e) Transfer from a !
film waterannealed for 1 hour f) Transfer from a 5% film wedaenealed for 5 hours
Similar to single film implantations, transfer from all dual film implants did
consistently pegtrate deep within the cortex.
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Figure 18displays the significantly improved transcortical transfer of dye with the
application of an adhesive after implanting multiple dgaded films (5%w/v

silk, waterannealed for 1 hour). Figure d8lispays the resulfrom two dye
loaded films with no adhesive which released similarly to previous implantations
without adhesive while Figurd8c is the same set of films sealed with an
adhesive. There is complete transcortical transfth this technique. Figure b8
displays the result of a single film sedl&ith an adhesive and Figuredl8hows

the transfer of three dyleaded films withoutan adhesive. Both sets of
implantations showed successful delivery. However, inconsistent delivery was
again a challenge with single films, and surgical complications prevented the ease
of layering three separate films. Thus, the impdéion technique &m Figure 18

was repeated. Thegwelts are displayed in Figure $here all four brains showed
consistently successful transcortical penetration of dye. This became the final

technique for delivering small molecules with thin silk films.
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Figure 18 Transcortical transfer of dye from 5% silk films watemealed for 1 houl
a) Transfer from two dyoaded films without the use ah adhesive b) Transfer fror
a single dydoaded film with an adhesive c) Transfer from two ttyaded films with
an adhesive d) Transfer from three dgaded films without an adhesive. Penetrati
of dye within the cortex increased significantly with tgeplication of an adhesive t
the bone flap when compared to previous single and dual film implantations.
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Figure 19 Consistent transcortical delivery of dye in four mice from the fi
technique of thin silk film delivery (implantation of two digaded5% silk films
waterannealed for 1 hour followed by the use of an adhesive on the bone flap)

4.1.5Small molecule delivery

Two small molecules were loaded into thin silk films: propidium iodide (PI) and
dizocilpine (MK801). PI, a cell death marker, was used to determine the success
of MK801 in reducing the number of injuredllseinduced by controlled cortical
impact (CCI). Before testing the release and effects of MK801, various doses of
Pl were loaded into films to determine which concentration was best for cell
counts. Because two films were layered during implantation,fitted dose
delivered to each mouse was doublegdure 20displays the release of Pl at three

different doses: a) 0.12§/film (0.25>g/mouse) b) 0X&g/film (1.0>g/mouse) c)

0.875>g/film (1.75>g/mouse). Each condition was implanted into one of three
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mice. An appropriate increase in Pl+ (injured cells) was observed as the
concentration increased. Based on these resultsh@mivation between 10

and 1.7%g per mouse was to be used for further small molecule experiments.

imm

Figure 20 Sections with increased doses of &I0 . 125¢e g/ fi |l m (
0.5eg/ film (1.0eg/ mouse) .RH (injredB cels cag
indicated by the red fluorescent cells. The extent of injury is the same in all
images, but higher doses of Pl were able to mark a greataver of injured cells.
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Figure 21displays the results from loading MK801 into thin silk films. Pl was
delivered to each mouse at a concentration of>@/fitm (1.5>g/mouse). MK801

was also incorporated into two sets of implants at a concentration>gffilra
(30>g/mouse). Figures 2la andRdisplay sections from control mice where
films only delivered PI bfore performing CCI. Figures 21c andd2display the
resultfrom the addition of MK801 to the films. There was inconsistency in the
amount of Pl that penetrated the control mice which made determining the

success of MK801 on injured brains inconclusive.

1lmm

Figure 21 Sections from films loaded with Pl and MK801 a) & b) Controls with o
Pl c) & d). Sections treated with MK801. Inconsistency in control films provi
inconclusive results on the effeatf MK801 following CCI.











































































