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Abstract

The high mortality rates associated with uncontrolled bleeding motivate hemostatic material development
for traumatic injuries. Uncontrolled, or hemorrhagic, internal bleeding requires hemostatic materials that
can be directly delivered to or target the bleeding locations. To address these needs, injectable systems are
being developed that: (1) generate artificial clots independent of the coagulation cascade or (2) interact
with blood components to accelerate or otherwise improve coagulation processes. Hemostatic materials
designed for internal bleeding can save lives in the battlefield, en route to emergency rooms, and in the
operating room.

This thesis first focuses on developing a shear-thinning hydrogel for injection onto bleeding surfaces and
into ruptured vasculature. Based on in vitro assays of hydrogel performance, it was amenable to clinical
delivery methods and reduced whole blood clotting times by 77%. In vivo bleeding models showed
reduced blood loss and improved survival rates following a lethal liver injury. The hydrogel was also used
as an embolic agent, where its occlusive potential in an anticoagulated model was demonstrated.

Next, recombinant protein-based hemostatic materials were expressed to modulate clotting kinetics and
performance. By incorporating clot interacting peptide sequences (CIPs) into a protein scaffold, a family
of multifunctional fibrinogen like proteins (MFLPs) was developed and assayed. Clot turbidity, an
indication of fibrin clot formation, was increased among enzyme-interacting CIPs. Mimicking the
polymerization mechanism of fibrinogen, knob sequences were shown to be procoagulant at low
concentrations by increasing clot turbidity, reducing clotting times, and inhibiting plasmin lysis.

Finally, to understand the impact of hemostats on clot structure, imaging procedures were developed to
systematically assess hemostatic materials and their influence on clot architecture. Static and dynamic
approaches were developed to quantify the activity of hemostats based on the spatial distribution of
fibrinogen, red blood cells, and platelets around hemostat surfaces. Quantification of these hemostat-
blood component interactions resulted in a unique pattern of interactions for each hemostat studied. These
techniques could serve as a screening technique for hemostats and improve characterization prior to in
vivo assays.

Taken together, the results highlight multiple approaches to address internal bleeding and opportunities to
improve in vitro characterization of hemostats using microscopy.

Thesis Supervisor: Bradley D. Olsen
Title: Associate Professor of Chemical Engineering
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Chapter 1: Background on Hemostasis and Hemostat
Development and Thesis Overview

1.1 Introduction and Motivation
1.2 Hemostasis Summary
1.3 Physiology of Hemorrhaging
1.4 Managing Hemorrhaging
1.5 Hemostatic Agents
1.6 Assessment of Hemostatic Performance
1.7 Thesis Overview and Objectives
1.8 References

1.1. Introduction and Motivation

Hemostats are materials used to manage uncontrolled bleeding caused by trauma, 1-3

iatrogenic situations, such as during surgery,4-5 or pathological conditions, including

hemophilia. 6 Hemostats function to promote blood clot formation or artificially provide a barrier

to minimize continued blood loss, which can result in exsanguination and eventually death. To

achieve these goals, a variety of materials and systems have been developed for use as

hemostatic agents. Most hemostatic agents, excluding tourniquet-based systems, can be

classified under the following classes based on their mechanism of action:' (1) factor

concentrators, (2) mucoadhesive agents, and (3) procoagulant supplementors. Tourniquets

function by exerting sufficient pressure on ruptured vessels to physically occlude arterial and

venous flow to and from an appendage. 7 Tourniquets are best suited for bleeding from

extremities (arms and legs) and fail when bleeding originates from the chest, abdomen, neck,

head, groin, or truncal regions. External bleeding from the chest, abdomen, and other non-

extremity regions requires the use of applied pressure first, accompanied by the use of

hemostatic materials directly on the wound to stop bleeding.8
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A multitude of hemostatic materials have been shown to achieve application-dependent

performance8- 9 during bleeding situations due to the complexity of hemostasis and the simplicity

of the desired task. When hemostats are used, they utilize interactions with blood components or

tissue interfaces exposed by the injury to promote the generation of a clot and stop bleeding, also

known as hemostasis. The complexity of blood coagulation and hemostasis can allow materials

that interact with particular biological processes to be used and all produce accelerated clot

formation. These include adsorption of clotting biomolecules (QuikClot) 0 or activation and

aggregation of blood cells (HemCon).1 In contrast, the simplicity of the desired outcome for any

hemostat, stopping unwanted blood flow, results in the use of many biologically inert materials

to simply serve as plugs to prevent continued blood loss. Examples include alginate gels,

cyanoacrylate-based systems, or absorption of excess fluid (cellulose and gelatin-based gauzes). 4

Despite the wide array of hemostatic systems commercially and clinically available, research

continues to find hemostats that address increasingly complex trauma environments or address

sources of internal bleeding by minimally-invasive techniques. Battlefield injuries caused by

improvised explosive devices (IEDs) and more traditional ordnance require rapid control of

hemorrhaging at the front line, without the benefit of a surgical environment.7', 12 The ideal

hemostat in these situations has been described by the US Army Institute of Surgical Research

and Uniformed Services University of the Health Sciences as a material that satisfies 7 criteria.8

The hemostat must be (1) able to stop large vessel bleeding within 2 minutes of application, (2)

ready to use immediately without any mixing or preparation, (3) simple to apply with minimal

training, (4) lightweight and durable, (5) stable at extreme environment (-10 to 55 C), (6) safe to

use, with no risk of bacterial or viral transmission, and (7) inexpensive. Some systems, such as

QuikClot, are able to address many of these criteria.1 3 However, when the wounds are not
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externally accessible (e.g. blast-trauma resulting in a lacerated liver) solid hemostats are

incapable of being delivered to the injury site and new solutions are required.

Hemostatic solutions for internal bleeding require stopping blood loss from a source that may

be unknown, restricting the types of materials that can be used. Many sources of internal

bleeding are also non-compressible, meaning the application of external pressure either will not

promote coagulation or limit blood loss, will cause damage to organs, or is impossible due to the

bone/tissue structure of the wound site. Hemostats must either be targeted to the wound site or

deliver a systemic stimulus that addresses the bleeding site while minimizing off-target effects.

Foams have been developed that expand and generate the pressure internally, thereby controlling

bleeding." Absent this breakthrough, there are no other systems that have been proposed to

manage internal bleeding in a front-line environment. Within a clinic, there are a variety of

materials and systems used to promote hemostasis with a process known as endovascular

embolization. The materials used, known as embolic agents, must be delivered through catheters,

small diameter (< 1 mm) plastic tubing, directly to the bleeding or injured area." Computed

tomography (CT) X-ray imaging is used to guide the radiologist or surgeon to the bleeding site.

Additional requirements such as injectability, bioresorption, and stability against blood pressure

or shear stresses are placed upon hemostatic materials used as embolic agents. Among embolic

agents, time sensitive injections, complex delivery methods, and the reoccurrence of bleeding

after application of an embolic motivate the development of new embolic agent.

Biomaterials are ideal for the development of next generation hemostats for all hemorrhaging

situations, internal and external as well as among clinicians and civilian or military first-

responders. Modifications to known hemostatic materials, such as oxidation of cellulose,' 6 have

been shown to improve characteristics including biocompatibility, adhesion to tissues, and
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activation of clotting pathways. Gauzes and hydrogels have been impregnated with biologically

active molecules to be interact with blood or tissue components.17- 8 Novel polymers and peptide

sequences have also been used to serve as functionalization on inert scaffolds1 9 or serve as active

scaffolds 20 themselves to control sources of bleeding. Further biomaterial development can

generate hemostats designed for specific environments (internal clinical bleeding vs. internal

battlefield bleeding) that address the unique requirements presented for each bleeding situation.

The motivation to design and assess the performance of hemostatic materials in this thesis is

centered upon developing new materials to treat sources of internal bleeding. Within this goal is

the need to develop new materials as well as generate new assays of hemostatic materials that

characterize their mechanisms of action and provide design principles upon which future

hemostats can be based. The development of new hemostats for internal bleeding can be simple

and serve as mechanical plugs against continuing blood loss. Physically associated shear-

thinning hydrogels are excellent candidates for this purpose, allowing for injection into bleeding

sites by needle or catheter, and conformation to irregular wound surfaces.2 ' Additionally, their

space-filling behavior is ideal for embolic agents that demands complete occlusion of a

hemorrhaging site, such as an aneurysm. 22-23 Alternatively, hemostats can be designed possessing

more complex interactions with blood components and coagulation processes. Recombinant

proteins are a framework from which particular interactions with coagulation processes can be

encoded within the amino acid sequence at specific locations with high fidelity. Interactive

amino acid sequences can be embedded within structural, reactive, or associative sequences to

generate families of proteins with varying functionalities. Essential to the development of new

hemostatic hydrogels and families of hemostatic proteins is the ability to assess their

performance in vitro or ex vivo to optimize formulations prior to in vivo assessment. Mechanical,
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kinetic, and morphological assessments of hemostat activity can all serve to identify mechanisms

of action and generate a framework of assays from which future hemostats can be assessed and

compared to characterize clot performance beyond final performance outcomes.

This chapter begins with an overview of hemostasis processes, with more focus afforded to

the mechanisms that will be targeted in the subsequent hemostat designs ( 1.2). This is followed

by the particular changes that occur in hemostasis when trauma occurs ( 1.3) followed by how

hemorrhaging is addressed in the clinic and by first responders ( 1.4). The unique requirements

of hemostats in each environment are outlined. Hemostatic systems that have been researched

and presented in literature are reviewed and organized based on the particular process,

component, or mechanisms they target ( 1.5), followed by the standard techniques used to

characterize hemostatic performance ( 1.6). Finally, the chapter concludes with an overview of

the thesis objectives ( 1.7).

1.2. Hemostasis Summary

Hemostasis includes the overall process that stops bleeding, or hemorrhaging (Figure 1-

1).24-25 Upon injury, a vessel wall is ruptured, exposing the previously contained blood

components to external stimuli located in the vessel wall and beyond. The exposed substrates

initiate two processes, aggregation of platelets which results in a platelet plug and coagulation

which results in a fibrin network that finally will entrap the platelet plug and other blood cells.

The solid mass of red blood cells, platelets, and a fibrin network are the predominate components

of a natural blood clot. Platelets are anuclear cells sprouted from megakaryocytes in the bone

marrow. 2 6 When exposed to materials like collagen or von Willebrand factor (vWF), integrins on

the platelet membrane will adhere to the exposed endothelial surface and initiate signaling
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cascades to promote further platelet activation and aggregation. 6 Coagulation occurs on exposed

endothelial cells and platelet surfaces, beginning on tissue factor-expressing endothelial cells.24

Coagulation occurs through a clotting cascade, where inactive enzymes, zymogens, in

circulation are activated by previously activated enzymes in the clotting cascade. The cascade

ends with the generation of a fibrin network in the area surrounding the injured site where

thrombin levels, a central clotting factor, have been elevated. Aggregation and coagulation will

be separated for the sake of discussion below but it should be noted that while platelet

aggregation and coagulation are commonly presented separately, both are occurring

simultaneously and in concert with one another. A significant amount of interaction is necessary

between the two to achieve hemostasis. Indeed, it is the surfaces generated during platelet

activation and aggregation that are the substrates on which clotting factors collect and complex

to propagate the coagulation cascade.
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Figure 1-1: Platelet aggregation and coagulation processes. (a) Platelet activation and
aggregation. Reprinted with permission from Ref 69. Copyright 2012 American Chemical
Society. (b) Classical coagulation pathway outlines clotting factor activation as a series of
enzymatic reactions. Reprinted with permission from Ref 37. (c) Cell-based refined model of
coagulation. Reprinted with permission from Ref 24.

1.2.1. Platelet Adhesion, Activation and Aggregation

Platelets in circulation are relatively inert and do not play a role in gas transfer or immune

responses like other cells in circulation. However, upon contact with exposed proteins (P-selectin

or vWF) in the subendothelial matrix or on endothelial cells, platelets can adhere to the injured

vessel wall. Subsequently, the presence of enzymes (thrombin) or small molecules (adenosine

diphosphate, ADP) in solution can activate platelets that will promote further platelet activation

and contribute to aggregation.

Platelet adhesion occurs by interactions between platelet integrin and subendothelial matrix

proteins (Figure 1-I a). The variety of interactions between platelets and exposed surfaces,

21

Active Platelet 0

-- - - - - - 0-- - - - -



biomolecules, and themselves motivate their investigation as cells to mimic or attract when

designing hemostatic systems. Interaction will be described separately below:

P-selectin binding to GPIb

P -selectin is released from a-granules upon activation of platelets. a-granules are

organelles within platelets containing an assortment of clotting factors, ADP, calcium fibrinogen,

and P-selectin. 27 After activation, the a-granules release their content to the extracellular space

and incorporate their membrane, which contains P-selectin, into the platelet membrane. Once

exposed, P-selectin can interact with vWF on endothelial surfaces, P-selectin glycoprotein

ligand-1 (PSGL-1) on leukocytes, and glycoprotein Iba (GP Iba) on platelets. Interactions

between PSGL-I and P-selectin are generally seen as leukocytes are attracted to injury sites,

which express P-selectin on exposed endothelial cells. 28 On platelets it is predominately GP Iba,

a component of the GP-Ib-IX-V complex that allows platelets to roll and adhere to endothelial

surfaces expressing P-selectin.26, 28

vWF binding to GP Ib-IX-V

Similar to P-selectin, vWF is present in a-granules of platelets as well as within

endothelial cells and in the subendothelial matrix. Upon injury, platelets and endothelial cells

will release the large (500 kDa-20 MDa multimers2 9) protein, vWF will adhere to endothelial

surfaces and the shear rates of blood flow will extend the multimeric protein to expose binding

domains (Al domain) to GP Ib-IX-V complex (GP Ib). Under the correct shear rates, vWF-GP

lb interactions serve as an initial adhesion step between platelets and the sub-endothelial

surface. 2 6
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Adhered platelets are activated with proteins or enzymes like thrombin and small molecules

like ADP or adenosine triphosphate (ATP). Activation results in release of small molecules that

subsequently activate more platelets to eventually generate a platelet plug after platelet

aggregation. Among the activation mechanisms involved in platelet activation, collagen,

thrombin, and ADP represent the major agonists in vivo. Each are described separately below:

Collagen activation

Following adhesion of platelets to subendothelial surfaces, exposed collagen will interact

with glycoprotein VI (GP VI) and U2PI integrins. GP VI is the central receptor for collagen on

platelets and activates downstream phosphorylation pathways within platelets. 3 0 
(12pI integrins

also bind to collagen and through signaling pathways will activate glycoprotein Ilb/Ila (aIlbP3)

which is essential for fibrinogen binding during platelet aggregation.

ADP activation

ADP initiates, through the P2YI and P2Y12 receptors on platelets, pathways that release

calcium and inhibit ATP degradation by reducing adenylyl cyclase activity respectively.3 ' P2YJ

and P2Yl 2 are G-protein coupled receptors that, in the presence of ADP, will induce platelet

shape change that is observed during platelet aggregation. ADP activation also results in release

of a-granules, which releases more ADP among other proteins into the extracellular space or into

the platelet membrane. 2 6

Thrombin activation

Thrombin interacts with platelets through a protease activated receptors (PAR) on the

platelet surfaces.3 1 Thrombin cleavage of the receptor exposes new termini and initiates signaling

cascades within platelets to promote additional platelet activation and aggregation.
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Platelet aggregation is accomplished predominately by interactions between fibrinogen and

GP Ilb/II1a. A conformational change in the heterodimer orientation allow their main ligand,

fibrinogen, to interact and serve as bridges between activated platelets. Release of calcium

during activation results in a shape change due to cytoskeleton rearrangement that causes

platelets to change from discoid to spindled spheres with projections extending microns from the

platelet center of mass.3 3 The extended shape allows for increased interactions between platelets

and binding of fibrinogen or vWF under high shear conditions. 26 Continuing aggregation results

in the generation of a platelet plug in the injured area. Endogenous mechanisms including ADP-

degrading enzymes, intact endothelial surfaces, and small molecules like nitric oxide,26 all serve

to prevent continued growth of platelet plugs beyond an injury site.

1.2.2. Coagulation

Cell Mediated Clotting Cascade

Coagulation represents the second component of hemostasis, resulting in formation of a

fibrin network containing the platelet plug and other blood cells trapped in the growing fibrin

network. While coagulation and the coagulation cascade were hypothesized to be a series of

enzymatic reactions culminating the activation of thrombin and cleavage of fibrinogen to fibrin

(Figure 1-1 b), peculiarities in bleeding disorders suggested the influence of other factors.24 It is

now believed that, in addition to the enzymatic processes outlined in the coagulation cascade, the

cell substrates upon which these processes occur are critical to a successful coagulation cascade

(Figure 1-1 C). 2 4 Coagulation initiates on tissue-factor (TF) containing endothelial cells where

factor VII complexes with TF. TF-VII complexes are activated into TF-VIIa complexes which

can activate factor IX and X. Xa can activate Va, complexing into a prothrombinase complex

(Xa/Va) to form small concentrations of thrombin near the TF-containing cell surface. fIXa is
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able to move away from the TF surface without inactivation, allowing it to move onto platelet

surfaces. The small levels of thrombin serve to activate adhered platelets as well as activating

more factor V, released from platelet granules, VIII, and XI. vWF, in addition to binding

platelets, interacts with inactive factor VIII. Thrombin can cleave VIII into VIlla and restrict

VIla and Va onto a platelet surface. On the platelet surface, tenase (IXa/VIIa) and

prothrombinase (Xa/Va) complexes are formed. Tenase activates more factor X and

prothrombinase activates thrombin, resulting in the major propagation of thrombin generation for

the conversion of fibrinogen into fibrin.2 53 4-3 5

The above description of the coagulation cascade indicates that redundancies are embedded

into the coagulation cascade, providing multiple pathways to achieve coagulation. However,

thrombin is central to the cascade and any alteration in the cascade upstream of thrombin

generation can impact the overall kinetics of clot formation. Additionally, the surfaces upon

which these enzymatic reactions and cascades occur are as crucial to a successful clotting

response as the activation of the enzymes themselves. Endothelial cell and platelet surfaces

provide some of the only substrates upon which coagulation can proceed, considering the variety

of anticoagulant small molecules and systems in process beyond an injured site and throughout

the rest of the circulatory system. 24, 36-37
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Figure 1-2: Fibrinogen and fibrin polymerization. (a) Fibrinogen structure. Reprinted with
permission from Ref 39. (b) Fibrin polymerization, from fibrinogen monomer to branched fibrin
strand. Reprinted with permission from Ref 39. (c) Fibrinolysis of fibrinogen and fibrin
networks. Reprinted with permission from Ref 36.

Fibrinogen-Fibrin conversion

Fibrinogen conversion to fibrin is the final step that generates a fibrin network and

completes clot formation. Fibrinogen is a large biomolecule composed of 6 distinct chains, 2 a

chains, 2 [ chains, and 2 y chains, connected by disulfide bonds (Figure 1-2a). Schematically,

fibrinogen in composed of 3 globular domains, one E domain, connected by coiled-coil

sequences to 2 D domains on either end of the 340 kDa molecule. D domains are composed of

the C termini of the 0 and y chains while the E domain contains N-termini of the a, p, and y

chains.
3 8-3 9
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Upon generation of thrombin during the coagulation cascade, cleavage of the a and P N

termini occurs, exposing new termini, termed knob A and knob B, and promoting fibrin

polymerization.38' 40-4 1 Fibrinopeptides A and B (FpA and FpB) are released from the fibrinogen

molecule. Each fibrinogen contains 2 knob A and 2 knob B for each a and P chain. The exposed

residues interact with complementary hole structures in the D domains, with exposed knob A

residues interacting with the pocket generated in the y nodule and knob B residues interacting

with the pocket generated in the p nodule. Interactions between knobs and holes initiate fibrin

polymerization, forming oligomeric chains. Oligomers expand laterally to form protofibrils,

followed by packing into fibers that are the structures identified in fluorescence and electron

microscopy images of clot structures. Fiber formation is assisted by interactions between C-

terminal a chain domains (aC region), which associate with each other to increase crosslinks

between protofibrils and further stabilize lateral aggregation of fibrin (Figure 1-2b).42 Finally,

factor XIII (fXIII), also known as transglutaminase, generates crosslinks between glutamine and

lysine residues on fibrin. These additional crosslinks assist in inhibiting clot lysis by fibrinolytic

mechanisms.43

Viewing fibrin formation as a polymerization supports considering the stoichiometry of the

monomers (fibrinogen) as well as the initiators (thrombin) and inhibitors involved. This

perspective has led to the development of models and simulations of fibrin formation.4 4-46

Manipulation of functionality, initiator activity, and other network factors can result in

accelerated polymerization, altered network structures and mechanics.

Fibrinolysis Mechanism

Clots undergo a lifecycle, beginning with the formation of a platelet plug and

coagulation, progressing to clot maturation and culminating in clot lysis and remodeling.

27



Depending on the age of the clot and the mechanism of degradation, clot lysis can initiate within

minutes of activation, as highlighted by the use of tissue plasminogen activator (tPA) in cases of

stroke.4 7 A balance between lysis and clotting is necessary to allow for clots to form at sites of

injury but prevent conditions such as disseminated intravascular coagulation or microthrombi

formation from causing strokes. Significant inhibition or modulation of these pathways should be

avoided to prevent systemic hemorrhaging. The activators (tPA or urokinase plasminogen

activator, uPA) of plasmin are expressed by cells and bind either to a cell surface (uPA) or the

surface of a fibrin clot (tPA). A variety of inhibitors (plasminogen activator inhibitor -1: PA-1,

plasminogen activator inhibitor -2: PAI-2, a2-antiplasmin: A2AP) are present in solution to

inhibit fibrino(geno)lysis away from a fibrin clot or tissue surface.48 -49 This allows fibrinolysis to

be restricted to a thrombus surface or the extravascular space exposed to cells. Binding sites for

plasminogen on fibrin and cell surfaces are physically close (45 A) to the binding site for

plasminogen activators and allow for complexation of the proteins to occur and activate

plasminogen by cleavage of a single Arg-Val peptide bond.48 Plasmin is able to cleave tPA and

increase activation activity, resulting in a positive feedback loop for plasminogen activation.50

Plasmin is able to cleave fibrin and expose C-terminal lysine residues, increasing binding sites

for plasminogen and accelerating fibrinolysis (Figure 1-2c). Characteristic degradation products

have been hypothesized and confirmed based on the fibrinogen sequence and experiments on

plasmin lysed fibrin networks. Common fibrinogen degradation products include X (cleavage of

A and B C-terminal regions), Y (E and D domains remaining after cleavage of coiled-coil

polypeptides between D and E domains), D (remaining D domain after polypeptide cleavage),

and E (cleavage of second coiled-coil region between D and E domain) while D-dimers are the

common degradation product for fibrin networks. 4 9
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1.3. Physiology of Hemorrhaging

During traumatic bleeding, clotting kinetics, mechanics, and stability are modulated as a

result of lost blood volume and activation of unique lytic and inhibitory pathways. Distinct

physiological responses are evident during internal or external hemorrhaging. As a result of

treatment with fluids, dilution effects can be observed on hemostasis in addition to a variety of

local and systemic conditions that can inhibit clot generation. Coagulopathy is a term that

encompasses all conditions that impair clot generation during traumatic or non-traumatic injuries

and is generally characterized by microvascular bleeding.36 Coagulopathy results in reduced

generation of activated thrombin, modified platelet activity, and hyperfibrino(geno)lysis,

increased degradation of fibrinogen or fibrin.36,51-53 First, distinctions between activities

occurring during internal and external bleeding will be discussed. Next, coagulopathy will be

separated into two broad categories: activation of alternative inhibitory pathways5 2 and systemic

changes to blood properties.36

1.3.1. Internal and External Bleeding

Internal and external hemorrhaging differ in their presentation to a first responder or

clinician and their treatment of the wound ( 1.5). Physiologically, their origin and impact on the

patient vary. External bleeding wounds predominately arise from some trauma and a puncture or

laceration of the skin results in blood escaping the body. Damaged organs and tissues are within

a defined path, even if is expansive. In contrast, internal bleeding can occur due to a disease,

following a surgery, 56 or a traumatic event.57 Blood is lost from circulation and accumulates in

extravascular cavities in the abdomen, pelvis, or in tissues such as the brain. The collection of

blood in cavities can generate hematomas, a collection of coagulated blood within a tissue. The

injured vasculature may continue to bleed, increasing the size of the hematoma. Increased
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pressure in regions like the brain can result in reduced cognitive abilities and precipitate a coma

if the lost blood is not removed from the location and carefully monitored to alleviate pressure.

In these situations, controlling blood loss is the first step of many necessary to stabilize a

hemorrhaging patient. Fluid accumulation in the abdomen can result in infections if tissue along

the digestive tract is also damaged, exposing gastric and intestinal content to the excess blood

and fluid. Blood is also an irritant to other tissues and can cause swelling and inflammation, both

of which are secondary responses to traumatic bleeding. 58

1.3.2. Altered Systemic Blood Properties

Traumatic bleeding can result in changes in blood pH (acidosis), reduced temperature

(hypothermia), reduced concentrations of blood components (dilution), and exhaustion of blood

component stored in the body (consumption).36 Lower levels of clotting components or

consumption of components during trauma inhibit future clot generation (coagulopathy).

Changes to blood pH impact blood protease activity and temperature have been shown to

severely impact bleeding at very low body temperatures (33 C).53 These responses

(hypothermia, acidosis, and coagulopathy) have been collectively termed the lethal or viscous

triad of trauma, with higher mortality rates anticipated for patients presenting with the

symptoms. 59 These changes are the classical characteristics that have described coagulopathy,

though their effects on impaired clot formation have been questioned or determined to be less

impactful on coagulation than previously hypothesized. 52 , 59-60

1.3.3. Altered Inhibitory Pathways

Systemic pathways that result in inactivation of clotting proteases and increased

fibrin(ogen) degradation have both grown in importance as mechanisms driving acute

coagulopathy. Activated protein C (aPC) and plasmin pathways are two of the processes
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involved in protease inactivation and fibrinolysis, respectively.12 Under normal conditions aPC

serves to contain clot formation to an injury site, preventing clots from spreading to uninjured

endothelial locations. Its role in coagulopathy may be in response to hypoperfusion, the reduced

blood flowrates that arise at hemorrhaging sites.5 1',61-62 aPC is capable of inactivating clotting

factors fVa and fVIIIa, components of the prothrombinase and tenase complexes necessary to

activate thrombin.3 6 In addition, inhibitors to fibrinolysis are inhibited, thereby increasing the

activity of fibrinolytic enzymes. Its mechanism involves binding of thrombin to

thrombomodulin, a transmembrane protein expressed on endothelial cells. Thrombin-

thrombomodulin complexes modify the function of thrombin and increase its interaction with

and cleave of protein C to yield activated protein C. aPC and protein S are required to complex

to yield high levels of fVa and fVIIIa inactivation. 36 If this pathway is a critical component of

coagulopathy, it discourages promoting increased thrombin generation to improve coagulation.

Increased thrombin expression under traumatic conditions may serve to reduce the procoagulant

activities of thrombin and increase anti-coagulant outcomes.52

Hyperfibrinolysis occurs in areas of low tissue perfusion and has shown strong correlations

to hemorrhagic shock in rodent tests. 36 Plasmin is the main enzyme that lyses fibrin clots under

physiologic and traumatic conditions and misregulation of its activity results in increased fibrin

lysis. It is unknown whether it is an increased expression of tPA or reductions in plasmin

inhibitors (PAI-I and PAI-2). aPC, in addition to inactivation of clotting factors, is also able to

bind and inactivate PAI-1, a primary inhibitor of plasmin. Regardless of the cause, higher levels

of tPA allow for more fibrinogen and fibrin degradation by plasmin and impaired stability of

fibrin networks in clots.
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1.4. Managing Hemorrhaging

1.4.1. Treatment by First Responders

Civilian and military first responders are limited in their access to medical equipment,

resulting in less insight into the most pressing needs for a patient than could be provided at a

tertiary care facility. Triaging protocols help to address the most urgent things first. An example

protocol is ABCDE, which represents the order in which medics and first responders should

assess an injured patient. A (airway), B (breathing), C (circulation), D (disability), and E

(environment) ensuring the medical team has fully assessed the patient.7 However, in combat

situations, the protocol is commonly shifted to begin with circulation (C) and the threat of

hemorrhage. Resuscitation fluids can be delivered and, less frequently blood products unless the

patient has made it to a forward surgical team (FST).1 2 FSTs have the resources to perform some

surgical procedures and have blood products and other facilities to complete surgeries. 7' 12

Tourniquets and application of pressure are two of the oldest and first considered hemostatic

techniques used. Sterile gauzes and a variety of powders and foams are commercially available

and under investigation for use in topically exposed bleeding wounds. Some active hemostats

have been developed containing clotting factors that can be stored in a lyophilized state, allowing

for storage in a military medic's aid bag and immediate use without the need for a refrigeration

chain.' 7 Greater resources for first responders, in both military and civilian environments, are

limited due to a lack of significant reliable refrigeration resources and the need to have

transportable, environmentally stable hemostats for use immediately without preparation.

1.4.2. Treatment by Clinicians

Traumatic and surgical situations in a clinical environment can both encounter uncontrolled

bleeding. In a traumatic situation, the primary goal is to stabilize a patient prior to surgical
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intervention if necessary. At their disposable are the same tools as first responders and the ability

to utilize imaging modalities that can identify injured organs and bleeding sources. Treatments

will begin with resuscitation and the delivery of fluids or blood components. Surface-based

treatments include packing topical wounds with hemostatic gauzes or standard cotton gauze to

remove any pooled blood and attempt to staunch blood loss by increasing pressure on bleeding

sites. Invasive exposure of areas of the body (abdomen or chest) to search for sources of bleeding

can be performed if less invasive approaches are not stabilizing the patient. Exploration of the

pelvis, abdomen and chest can address many of the most urgent sources of bleeding. These

sources include the liver and bleeding due to ruptured arteries or large vessels. Metallic or plastic

clamps, also known as hemostats, can be used to physically close any damaged vessels or tissues

that are hemorrhaging. Exposure of the bleeding site allows for the use of solid, gel, and liquid-

based hemostatic materials.2,4, 63 These include gauzes containing procoagulant materials, and

foams capable of absorbing lost blood volume and potentially releasing procoagulant molecules.

Surgical management of bleeding similarly uses gauzes and, after surgeries, may use fibrin

sealants and other sealant compounds to glue surgically cut areas on skin or organs back

together.63 A variety of gauzes and sealants are used that are capable of being applied and

remaining at the site following closure of the patient and reabsorbing or degrading without

impacting the natural biological processes involved in healing.5' 64-65

Access to imaging modalities, including CT X-ray imaging,66 ultrasound, and magnetic

resonance imaging (MRI) for acute and chronic bleeds can allow for localized treatment of

bleeding sites. 67 Interventional radiology is a sub-specialty of radiology that uses minimally-

invasive techniques to guide treatments to many organs in the body. Bleeding that is unable to be

managed by trauma methods may progress to interventional radiologists to utilize catheters
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guided by CT imaging and angiography to deliver embolic agents to a bleeding site identified by

contrast dye injections. The hemostatic agents used in minimally invasive methods must be

injected or pass through catheters. Solid hemostatic materials require a manual pusher while

other particle or gel-based hemostats can be injected with a syringe through the catheter and

delivered under imaging guidance. A majority of the embolic agents used by interventional

radiologists function as mechanical occlusive agents.' 5

1.5. Hemostatic Agents

Hemostatic materials function by a variety of mechanisms. Commercial hemostats have

been separated into the categories of passive, active, flowable, sealant, and adhesives in reviews

on hemostatic materials." 1 More recent advanced hemostatic materials under research may be

more appropriately separated into the blood products they are mimicking, modulating, or

predominately interacting with to achieve their hemostatic impact. While some materials are

continuing to be developed into absorbing gauzes or gauzes impregnated with activated

components, a greater focus has been on active hemostats with mimicry or interactions with

blood components or tissues.20',68-70 The following sections will introduce commercial hemostats

according to the commonly used categories followed by introduction to the range of hemostats

under research and development, organized by their most related blood/tissue involved in

hemostasis.

1.5.1. Commercial Hemostatic Agents

Passive

Passive hemostats function predominately to absorb pooling blood and serve as a material

that can be packed into or onto a wound.4' When applying pressure to a wound is possible and

beneficial, passive hemostats are commonly placed between the hands of the medical
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professional and the wound. Their composition is commonly in the form of a gauze, lyophilized

foam, or lyophilized particle. The material composition itself is commonly secondary to its

ability to absorb pooled blood and not cause any adverse inflammatory responses. Gelatin,

collagen, cellulose, and polysaccharides have been used for and fashioned into a variety of

delivery formats for use by first responders and surgeons. Some materials, such as chitosan, have

been reported to have antimicrobial activity as well as affinity for negatively charged platelets

through their positively charged backbone." Collagen is known in vivo to serve as an agonist for

platelet activation,2 6,7' but this is not its primary purpose when used as a hemostatic sponge.

Modifications are common to this core set of passive hemostats, including oxidation of

cellulose 72 and functionalization of chitosan, 73 to improve absorption capacity or adhesion to

tissues.

Clay-based hemostats can be considered as passive hemostats, as their mechanism

involves rapid absorption of fluids and adsorption of clotting components. Powders and gauzes8'

13, 17 impregnated with kaolin clay are examples of clay hemostats that are able to successfully

treat topical bleeding. 9

Active

Commercial active hemostats are limited to including thrombin in injectable syringes.4 Due

to the potent activity of thrombin, active thrombin hemostats are used only in topical wounds

with no risk of systemic delivery. 74 Pooled blood products can similarly be considered as active

hemostatic agents.

Flowable
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Gelatin particles and thrombin have been combined in mixtures that were developed to

combine the tamponade effect of gelatin with the coagulation quality of thrombin. These systems

can easily conform to complex wound surfaces and flow into cavities that have been cleared of

pooled blood.4 To maintain thrombin activity, the components require mixing prior to use, 75

reducing their efficacy in trauma situations that require rapid application. Partially crosslinked

gelatin particles have also been developed that, after mixing with sterile solutions of calcium

chloride or saline, generate a paste that can be injected on the surface of a bleeding wound to

promote contact activation. Other flowable hemostats include mixtures of the patient's plasma

with biopolymers like collagen as well as thrombin. Though combination products including

blood components from the patient can improve the performance of the hemostat, incorporating

more of the necessary blood components for hemostasis (e.g. platelets), the added preparation

precludes their use in most trauma environments and limits their use to surgical situations with

extensive preparation time and refrigeration needs. 5

Adhesives and Sealants

Hemostats classified as sealants and adhesives are capable of gluing or staunching

additional blood loss independent of the coagulation cascade. The aforementioned hemostats all

require the body to naturally generate a clot, acknowledging that some hemostats provide

additional components or improve the potential for clot formation (e.g. applying pressure with

passive hemostats). Commercial products combine thrombin and fibrinogen in a dual cartridge to

inject as a spray onto the wound sites.63' 76 A fibrin network will form on the sprayed surface

regardless of the state of the physiological clotting potential. Other systems combine albumin

and glutaraldehyde to seal small wounds and interact non-specifically with the exposed tissue.5'

77-78 Cyanoacrylate begins as a monomer that, upon exposure to air begins to polymerize and can
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adhere surfaces non-specifically. 79 It is the same components used in commercial super glues,

highlighting its adhesive strength and broad adhesive potential. Sealants and adhesive are most

commonly used in surgical situations due to the need for preparation. However, their

independence from the physiological coagulation process is essential in surgical environments

where patients are maintained in an anticoagulated state to prevent unwanted clot formation.

Embolization

Embolization procedures require hemostats that are compatible with the unique

restrictions presented by delivery by a catheter. Some passive hemostats have been reformulated

to allow them to be injected through a catheter locally to the bleeding site. Polymeric and gelatin

microspheres are suspended in saline solutions or contrast dyes for visualization to occlude

vasculature upstream of a bleeding site identified by CT imaging.15 Occlusion is also used to

deliver therapeutics to cancerous tissues while blocking blood flow to the tumor as well as

blocking malformed vasculature. In all these scenarios, sphere sizes are critical for positive

outcomes. The particle diameter must be correlated to the diameter of the vessel to ensure the

particles do not occlude downstream vessels or get blocked too far upstream of the target site.80

Metallic coils are used to occlude vessels and fill aneurysms prior to rupture.81 Polymers

dissolved in solvents and cyanoacrylates are used to generate permanent blockages in vessels. As

the solvent diffuses away after injection, the polymer becomes insoluble in the blood and

solidifies. 82 Similarly, the polymerization of cyanoacrylate monomers can seal a wound by

adhering the vessel wall to itself However, these approaches are limited in application time and

require extensive training and equipment to use.
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Recombinant Factors

Recombinant expression of some clotting factors has shown beneficial management of

bleeding conditions. Factor VII, VIII, and IX have been recombinantly expressed and delivered

intravenously to treat hemorrhaging including intracerebral, post-partum, and during cardiac

surgeries. 83 Predominately, these factors are used in patients with hemophilia or other blood

disorders that prevent physiologically normal coagulation processes.6 Factor VIII is effective

against bleeding in hemophilia A patients while Factor IX is effective in hemophilia B

patients.84 85 fVII is critical to the extrinsic pathway in coagulation, helping to generate thrombin

via activation of fX, which helps form the prothrombinase complex, allowing propagation of

thrombin activation.24, 34, 86

1.5.2. Researched Hemostatic Agents

Extracellular matrix (ECM)

Research into hemostatic agents modeling components of the ECM have shown promise

during in vitro and in vivo assays of hemorrhaging. Collagen mimetics in solution have

accelerated coagulation rates in vitro, hypothesized to interact with platelets as collagen does

physiologically during platelet activation and aggregation.70 Extracellular components such as

collagen, laminin, and fibronectin have been coated on embolic agents, showing improved

adhesion and proliferation of cells of the embolic surface. 87 Tissue factor has been recombinantly

expressed and applied as a powder to bleeding wounds.88 Due to their procoagulant ability, it is

likely that other hemostats incorporating ECM components will be contained within gauzes or

gels to localize their activity to the topical wound site.
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Fibrinogen

Fibrinogen is the primary biomolecule involved in generating a stable blood clot. The

biomolecule has a multitude of interactions with cells and molecules that have been replicated in

synthetic or recombinant systems. The knobs that initiate fibrin polymerization have been

reproduced on synthetic polymers to modulate clot kinetics and architecture. Their presence at

high concentrations disrupts natural fibrin polymerization and clot formation, functioning as an

anticoagulant 89-91. However, when included in multi-knobular constructs, they have exhibited

hemostatic qualities, as a sealant.92 Ligand sequences on fibrinogen have been incorporated into

liposomes, 93 polymeric particles, 94 -96 and albumin 97 to replicate to variety of interactions that

fibrinogen has with ECM, platelets, and other fibrinogen molecules. Peptide sequences identified

from fibrin antibodies were incorporated into polymers, yielding fibrin-binding polymers that

increased crosslinking, inhibited fibrinolysis in vitro, and improved survival after a lethal injury

in vivo.20

Platelets

Among blood components, platelets are the most frequently mimicked. Their structure

affords to the use of techniques to generate nano- and microparticles for replicating their shape

and surfaces. Functionalization of polymer-based nanoparticles or liposomes with peptides and

receptors begins to reproduce some of the interactions platelets have with other blood

components to form a platelet plug. Peptide ligands selected to interact with platelets, vWF, and

ECM components have all been combined in a single liposome, showing synergistic effects

when tested in vitro and in vivo.69 Platelet adhesion and retention of functionalized liposomes

was observed in vitro,69 and reduced bleeding times were noted in rodent bleeding studies upon

delivery of functionalized liposomes.98 Polymeric nanoparticles have also been functionalized
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with fibrinogen-mimetic residues (RGD or GRGDS) to improve survival in vivo and observed to

promote platelet aggregation in vitro.99-103

Synthetic Plugs

Other hemostats circumvent the clotting cascade and attempt to form secondary networks

or provide a surface on which clotting can be promoted. Cationic polymeric particles have been

shown to rapidly seal topical wounds.104 An expanding foam was developed by DARPA that

could be injected as two separate liquids into a bleeding cavity. Upon contact with each other the

foams generate excessive bubbles and form a hardened porous cast capable of generating

sufficient internal pressure to staunch bleeding from unknown internal abdominal wounds. 14

Self-assembling peptides have been developed and incorporated into gauzes. When contacting

blood, the peptide is released and, at low concentrations, it is capable of forming networks that

can interpenetrate the natural clot network and stabilize the structure. 68

1.6. Assessment of Hemostatic Performance

Hemostats encompass a broad array of material properties, complicating the universal use

of coagulation assays among most hemostatic materials. Tests that assess coagulation

properties in the clinic, including activated partial thromboplastin time or prothrombin time

tests, platelet aggregometry, and thromboelastography (TEG) are difficult to use with many

solid or gel hemostats. 105 Researchers perform well plate assays70 99 or inversion tests1 04 to

look at bulk clotting kinetics for solid or gel hemostats. Hemostatic solutions have the added

benefit of being assessed by many of the clinical techniques as well as fluorescence imaging.2 0

Clot samples can be imaged with electron microscopy to identify clot formation at the

hemostat surface. 64,68 Considering the complexity of coagulation, in vivo tests are the standard

assessment method for new hemostat designs.68' 93-94, 99, 103-104 Comparative assessments of
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hemostatic performance are difficult to complete as the wounds, application methods, and

mechanisms are all unique. Developing design principles for hemostats would ideally utilize

controlled in vitro techniques to assess hemostatic performance and isolate hemostat-

coagulation mechanisms to their specific blood component or interaction.

1.7. Thesis Overview and Objectives

This thesis aims to develop new hemostatic materials designed for treatment of internal

bleeding and to assess techniques and assays that standardize characterization of hemostatic

performance in vitro, ex vivo and in vivo. The range of hemostatic materials under research and

commercially available is broad, especially for topical, compressible wounds. However, due to

additional constraints predominately in delivery, products for non-compressible internal bleeding

are lacking for first responders and clinicians encountering these wounds. In particular, localized

delivery and procoagulant performance are desired in clinic-based hemostats while systemic

delivery with a localized procoagulant response is of interest to both first responders and

clinicians. The purpose of this thesis is to describe the development of protein-based hemostatic

systems capable of localized procoagulant activity and investigate how the hemostats impact

coagulation kinetics and clot architecture. During this work, two hemostat systems have been

developed and investigated: (1) an inorganic-organic nanocomposite hydrogel with shear-

thinning characteristics and procoagulant performance and (2) a panel of physically associative

polypeptide sequences containing clot-interactive amino acid sequences. Their performance in in

vitro, ex vivo and in vivo assays as well as the development of image-based assays for solid

hemostats in general is the focus of the remaining parts of this thesis.

Chapter 2 describes the development and synthesis of hemostats and summarizes the

experimental techniques used to characterize their performance. Chapter 3 describes the
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development of a shear-thinning hydrogel and its procoagulant activity in in vitro and in vivo

experiments. In vitro assays are developed that suggest its strong hemostatic potential, which is

confirmed in lethal bleeding rodent models. Chapter 4 demonstrates the potential of the hydrogel

for application in a clinical embolization procedure, further characterizing the injectability of the

hydrogel and addressing the demands of a clinical embolic agent, including sterilization,

visualization by standard clinical modalities, and resorption following vascular delivery. Chapter

5 describes the development of a set of imaging protocols used to characterize the impact of

hemostats on clot architecture, providing quantitative information on isolated blood components

and complex, dynamic clot structures. Chapter 6 introduces a panel of recombinant polypeptides

designed to assess the hemostatic potential of a variety of clot-interacting amino acid sequences

on coagulation kinetics and performance when presented in a linear polypeptide format. The

thesis is reviewed in Chapter 7 with a discussion of future studies and approaches to develop new

hemostats and standardized assays to determine the characteristics of an effective hemostat.
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2.1. Preparation of Gelatin-Silicate Nanocomposite Hydrogels

Organic-inorganic composite hydrogels, termed nanocomposites throughout the thesis, were

made using gelatin, denatured porcine collagen, and Laponite XLG, the brand name for a

synthetic silicate nanoparticle. In the following sections, the composition and synthesis of the

nanocomposite is described. In the first section, the standard protocol for nanocomposite

synthesis is described. The second section focuses on the particular modifications in the

synthesis and preparation of the nanocomposite when utilized in in vitro or in vivo imaging

experiments.
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- 0.92 nm
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Wt % gelatin 9 6.75 4.5 2.25 0

Wt % nanoplatelet 0 2.25 4.5 6.75 9

Figure 2-1: Nanocomposite design. Schematic and dimensions of a single silicate nanoplatelet
particle (top) and images of nanocomposites (bottom). Nanocomposite hydrogels with gelatin
and nanoplatelet are slightly translucent while pure gelatin or nanoplatelet hydrogels are
transparent.

2.1.1. Materials and Synthesis of Nanocomposite

Synthetic silicate nanoplatelets (Laponite XLG) were purchased from Southern Clay

Products, Inc., now BYK Additives (Gonzales, TX). Laponite XLG is a gel-forming, personal

care grade of layered silicate commercially used as a rheological modifier in cosmetic

applications. A single particle is 0.92 nm thick and 25 nm in diameter but stacked aggregates of

particles are held together by sodium atoms in the interlayer region prior to dispersion in water.1

The chemical formula of the unit cell is reported as Na'o.7 [(Si8 Mg5.5 Lio.3) 02o(OH)4]-0. 7.1 The

synthesis results in a crystal structure that terminates with a negative charge on the surface of the

particle and a positive charge on the rim (Figure 2-1). Type-A porcine skin gelatin, Bloom 300,

was obtained from Sigma-Aldrich (Milwaukee, WI). Bloom 300 is a metric describing the

strength of a gel formed from gelatin and corresponds to a molecular mass range of 50,000-
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100,000 g/mol. 2 Water was double distilled and filtered with a MilliQ ultrapure water system.

Gelatin was dissolved at 18 wt% (w/v) or 0.18 g/mL in MilliQ purified water. The mixture was

stirred on a hot plate at 37 'C or placed in an incubator to completely solubilize into a

transparent, light brown/tan solution. The nanoplatelets were weighed and poured into water at

room temperature or colder at a concentration of 9 wt% (w/v) or 0.09 g/mL. Immediately

following layering of the nanoplatelet powder onto the water surface, the container was closed

and vortexed until a stiff gel formed. The nanoplatelet gel may be slightly cloudy, at which point

the gel was be placed at 37 'C until the gel was transparent. To form nanocomposite solutions,

(1) nanocomposite gel, (2) liquid (warmed to 37 'C) gelatin solution and (3) MilliQ water were

mixed to yield particular compositions (common compositions outlined in Table 2-1). Gelatin

solution, nanoplatelet gel, and water were placed in syringes for ease of delivery and weighing

into scintillation vials or conical tubes. Nanocomposite hydrogels were fabricated with solid

concentrations of 3, 6, and 9 wt% and gelatin:nanoplatelet ratios from 0:1 to 1:0.

Nanocomposites were labeled xNCy ("x" represents the total solid weight percent and "y" is

percent of the total solid weight percent that is nanoplatelet).

Table 2-1: Nanocomposite compositions. Sample compositions of 3, 6, and 9 weight percent
nanocomposites with 25, 50, and 75% nanoplatelet. Masses represent the common quantities
made at a time.

Total Weight Percent (x)

3 4.5 6
Gel NP Water Gel NP Water Gel NP Water

wt% 25 1.9 g 1.3 g 12.1 g 2.9 g 2.0 g 10.5 g 3.8 g 2.6 g 8.7 g
Nanoplatelet 50 1.3 g 2.5 g 11.5 g 2.6 g 5.0 g 12.8 g 2.7 g 5.4 g 8 g

(Y) 75 0.6 g 3.8 g 10.6 g 1.2 g 7.5 g 11.1 g 1.5 g 9.0 g 7.5 g

After addition of the components into a vial, the vial was vortexed and mixed manually

with a metal spatula until the gel was homogenous. Lower wt % nanoplatelet nanocomposites

(wt % < 50) maintained a translucent white color after mixing while higher wt % nanoplatelet
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nanocomposite remained transparent, similar to the nanoplatelet gel (Figure 2-1).

Nanocomposites were returned 37 'C to dissolve any solidified gelatin for 0.5-1 hr and stored at

4 'C until use. Due to aging (see section 2.4.1), all nanocomposite samples appropriately stored

were used within 2-3 days of making for any mechanical or injection applications.

2.1.2. Nanocomposite Modifications for Imaging or In Vivo Assays

Fluorescent tags or contrast dyes were chemically conjugated to or physically associated

with nanocomposite components. Because the protocol and composition of the nanocomposite is

modified in these cases, the protocols are presented prior to the methods they are utilized in.

Alexa Fluor 647 NHS Ester was conjugated to gelatin for fluorescence imaging while lodixanol

(brand name Visipaque TM) was physically mixed with the nanocomposite to serve as a

radiopaque material during X-ray computed tomography (CT) imaging. Additionally,

sterilization techniques modified the protocol for synthesizing the nanocomposite and will be

described prior to the in vivo experiments the sterilized material were used in.

2.1.2.1. Alexa Fluor 647-tagged Gelatin-containing Nanocomposites

10 mg/mL gelatin was dissolved in 0.1 M sodium bicarbonate buffer pH adjusted to 8.3.

Alexa Fluor 647 NHS ester (A-20006, Life Technologies) dye was then dissolved in anhydrous

DMSO (D12345, Life Technologies) to a concentration of 10 mg mL-. To 1 mL of the gelatin

solution, 50 gL of the dye solution was slowly added under stirring at room temperature. This

solution was allowed to stir for 1 hour. The solution was protected from light by covering the

vial or tube in aluminum foil. The labeled gelatin solution was then filtered through an illustra

NAP- 10 column (GE Healthcare) following the provided protocol. NAP- 10 columns were gel

filtration columns with a Sephadex G-25 DNA grade matrix designed for separation of up to 1

mL of DNA solutions. For this application, they were used to separate un-conjugated dye from
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conjugated protein polymer. The storage buffer was allowed to flow through the column by

gravity followed by washing with 3 column volumes (15 mL) of phosphate buffered saline (pH

7.3; PBS). Following washing, the reaction mixture (1.05 mL) was loaded and allowed to

penetrate into the column prior to addition of 1.5 mL PBS to elute and separate un-conjugated

dye from conjugated gelatin polymer. 1.2-1.5 mL of eluted solution was collected from this

elution step. The column was washed with copious PBS (3 or more column volumes) and the

first 4 mL of eluted solution were collected in 1.5-2 mL fractions. The collected solutions were

concentrated by spin concentration with a 0.5 mL centrifugal filter (Amicon@ Ultra-0.5;

Millipore) according to manufacturer directions. Labeled gelatin was visible in the initial elution

and subsequent wash fractions (Figure 2-2). Unlabeled gelatin was supplemented with

concentrated, fluorescently labeled gelatin at a percentage of 1 vol% (volume of labeled

gelatin/volume of unlabeled gelatin). The combined gelatin solution was used to make the

nanocomposite following Table 2-1 and the protocol described in 2.1.1. Labeled gelatin and

nanocomposite containing fluorescently-tagged gelatin were stored at 4 'C until use, wrapped in

foil to prevent dye bleaching.
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Figure 2-2: Gelatin labeling for nanocomposite degradation assay. 12 wt% SDS-PAGE gel of
unlabeled and labeled gelatin. Due to polydispersity in the gelatin, the proteins run as streaks.
Though at lower concentrations than the unlabeled gelatin lanes, the light blue color at high
molecular weight is the labeled gelatin. Lane content is listed below the gel image.

2.1.2.2. Iodine Containing Nanocomposite for CT Imaging

For X-ray computed tomography (CT) imaging of the nanocomposite, an iodine-

containing contrast dye (Visipaque) was incorporated into the water and nanoplatelet component

of the nanocomposite at a volume ratio of 1:30 Visipaque:water. Lower concentrations were

deemed to generate insufficient CT signal based on phantom imaging, quantification of

Hounsfield units (HU), and guidance from clinicians (Figure 2-3). Syringes of nanocomposite

containing different volumetric ratios of Visipaque and water were loaded into a phantom

imaging object and exposed to different X-ray energies. The average HU of the entire syringe

was measured from four separate images according to the equation:

HU = 1000 x P-Pwater (2.1)
Mwater-Pair
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where p is the linear attenuation coefficient of the sample, p.water is the linear attenuation

coefficient of water and pair is the linear attenuation coefficient of air.

4000
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Figure 2-3: Nanocomposite phantom imaging. Maximum intensity projections of the phantom
imaging (top) and the dependence of Hounsfield units (HU) on energy and Visipaque TM-to-water
ratios (bottom). (Errors plotted are +SD)

Compositions were mixed following the protocol in 2.1.1. The nanocomposite was

loaded into a large volume syringe (10-20 mL) by scooping with a spatula from the scintillation

vial to the syringe. The plunger was removed from a 3 mL syringes (ID = 8.66 mm, BD) and the

iodine-containing nanocomposite was injected from the larger syringe into the smaller syringe.

The 3 mL syringe was overfilled to account for settling and removal of any air gaps in the

syringe volume. The luer lock was sealed with a luer lock cap. Syringes, without a plunger, were

placed in 50 mL conical for centrifugation at 3,000 rpm in a swinging bucket rotor. Following
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centrifugation, luer lock caps were removed and plungers were reinserted. Excess nanocomposite

was ejected until the plunger was reseated fully into the syringe. The luer lock cap was replaced,

making the syringe ready for measurements of injection force (2.4.2) or sterilization (2.1.2.3).

2.1.2.3. Nanocomposite Sterilization

Nanocomposite was sterilized prior to in vivo testing. Multiple sterilization protocols

were performed based on restrictions and requirements of animal protocols. Rodent procedures

utilized ultraviolet (UV) irradiation of starting materials and synthesis of the nanocomposite in a

sterile environment. Nanocomposite was loaded into syringes as described in section 2.1.2.2

without centrifugation as all the procedures were taking place on exposed wounds and could

tolerate air gaps in the syringe-loaded nanocomposite during delivery. Due to endovascular

delivery, higher risk of infection, and less tolerance for air gaps in the nanocomposite for the

mouse and porcine studies described, pre-loaded, centrifuged syringes of nanocomposite (section

2.1.2.2) were sterilized by gamma (y) irradiation. Alternative sterilization methods, such as

autoclaving and sterile filtration of solutions and hydrogels, were not applicable due to high

viscosities and significant changes to mechanical properties after sterilization.

2.1.2.3.1. UV Irradiation

All nanocomposite components were placed in a biosafety cabinet. Ultrapure water was

sterilized by autoclaving. Gelatin and nanoplatelet powders were placed in the biosafety cabinet

and exposed to UV overnight. Nanocomposites were mixed according to recipes described in

2.1.1. Powders were poured into sterile vials and sealed in the biosafety cabinet. The vials were

removed from the cabinet to weigh and reintroduced following aseptic cell culture techniques to

mix with sterile water. Gelatin vials were placed in cell culture incubators to dissolve while

nanocomposite solutions were vortexed until gelation. Following mixture of the components in
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the biosafety cabinet and incubation or vortexing to mix the components, the nanocomposite was

loaded into sterile syringe using an autoclave sterilized metal spatula. Loaded syringes were

sealed with luer lock caps and Parafilm@ M to prevent dehydration and remained under UV

exposure overnight. Loaded syringes were removed from the biosafety cabinet and transferred to

in vivo facilities wrapped in UV sterilized foil until use.

2.1.2.3.2. Gamma (y) Irradiation

Nanocomposite-loaded syringes were prepared as described 2.1.2.2 with or without

iodine contrast dye. Recapped syringes were placed in a sterilization pouch commonly used for

autoclave or ethylene oxide sterilization. The pouches were placed in a plastic bag which was

placed in a glass jar filled with ice to prevent excessive heat from damaging the nanocomposite.

The jar was placed in the irradiation chamber of a Gammacell 220E irradiator and irradiated for

6 hrs, resulting in a dosage of 25 kGy (69.36 gray min 1).

Sterility of nanocomposites was determined by purposely introducing E. coli (BL21

strain) into a nanocomposite sample at 10' colony forming units (CFU) mLU. CFU values were

calculated by plating a volume (0.01 mL) of the bacterial culture used to inoculate the

nanocomposite onto a LB-agar plate with no antibiotic. The solution was plated at a dilution (1/Y

where Y was 105, 107, 109 or 1010). A drop of culture was placed in one corner of the plate and

allowed to flow straight down the plate to generate a line of colonies after incubation. The

number of colonies formed at the first dilution containing between 30 and 300 colonies was used

for the calculation of CFU concentration according to the following formula:

CFU mL-' = Colonies (2.2)
0.01 mL x 10"

where n is the dilution used for counting (e.g. 3 for a 1000-fold dilution).
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The E. coli inoculated nanocomposite was separated into 2 parts: one that was placed in a

sterile tube stored at room temperature as the positive control and the other half prepared for y-

sterilization as described in above. After irradiation, sterile pipette tips were used to sample the

unsterilized and sterilized nanocomposite and place the nanocomposite-coated pipette tips into

sterile culture tube containing LB media. Tubes were incubated overnight (12 hrs) and OD 6oo

was measured. Serial dilutions of the overnight culture were also made in saline solution to

perform the standard CFU calculation. Samples that generated no colonies from the initial

undiluted overnight culture were considered as being less than 102 CFU mL-1 (Figure 2-4).

Inoculated Nanocomposite Sterile Tip y-sterilized Nanocomposite
(Positive Control) (Negative Control)

Figure 2-4: Sterility of nanocomposite after gamma sterilization. LB agar plates treated with
dilutions of overnight cultures containing E. coli inoculated nanocomposite (left), a negative
control of a sterile pipette tip incubated in LB media (middle), and y-irradiated nanocomposite
incubated in LB media (right).

2.2. Preparation of Other Hemostats

2.2.1. QuikCIotTM

QuikClotrm was purchased as a sponge containing large beads (-3 mm diameter). The

beads were removed from the sponge material and crushed into a fine powder with a mortar and

pestle. Larger beads were unable to uniformly coat a 96 well plate and were too large for the

wounds generated in many of the in vivo models. Sterilization of the powder was conducted by

UV irradiation of crushed QuikClotTM beads stored in sterile 6-well plates. Plates were stored in
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a biosafety cabinet overnight under UV irradiation. After irradiation, the powder was poured into

sterile Eppendorf tubes for use in in vivo assays.

2.2.2. Chitosan

Low molecular weight chitosan (Sigma) was dissolved in 2% acetic acid at a

concentration of 10 wt%. The solution required mixing for 1 day to fully dissolve the solid

chitosan into a light tan/yellow viscous solution. The solution was pipetted into well plates (6

well plate or 96 well plate wells), and the each well was filled with 10 wt% sodium hydroxide,

following protocols from Nie et al. 3 Sodium hydroxide solutions were changed every 6-12 hrs

over 2 days to fully gelate the chitosan solution. The solution was then changed to ultrapure

water that was replaced every 6-12 hrs to return hydrogel to a neutral pH. Hydrated chitosan

hydrogels were stored in water until use in clotting assays or imaging samples. Dehydrated

chitosan was made by lyophilizing the hydrated chitosan gels by freeze drying.

2.3. Design and Synthesis of Multifunctional Fibrinogen Like Proteins (MFLPs)

Multifunctional fibrinogen like proteins were made from soluble polyelectrolyte linkers,

a-helical associating protein domains, MFLP sequences, and other clot-interacting peptide

sequences (Figure 2-5). These domains were configured to contain clot-interacting peptides

within the polyelectrolyte regions as well as at the N-terminus. Concatenation was performed to

increase the functionality of clot-interacting peptides within a protein.
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Figure 2-5: Multifunctional fibrinogen like proteins. Multifunctional fibrinogen like proteins,
containing the knob A sequence, a-helical coiled coil domain and polyelectrolyte regions
containing clot interacting peptides (CIPs).

MFLPs were designed to have a-helical domains (P) separated by soluble linker

sequences (C5 ) that contained a clot-interacting peptide (CIPs; e.g. R representing the one letter

amino acid sequence RGDS). Near the N-terminus, a thrombin cleavable sequence was inserted.

Following nomenclature of other associating proteins developed by Glassman et. al, a protein

containing these domains would be labeled as kA-(CsRCsP)r-cys, where kA represents a

thrombin-cleavable sequence, n represents the number of repeats of the CSRCSP block, and cys

represents a cysteine available for conjugation or dimerization. Restriction sites surrounding the

gene were selected to allow for concatenation of MFLP block to yield higher molecular weight

proteins containing more CIPs and associating domains.

2.3.1. Genetic Engineering

2.3.1.1. Design

MFLP blocks were designed and synthesized (GenScript) in pUC57-simple vectors.

Vectors were designed to contain MFLP blocks flanked by the restriction sites NheI and Spel on

the 5' and 3' ends of the gene. A set of four enzymes was used to concatenate MFLP blocks and
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introduce oligomer sequences to the 5' and 3' ends of the gene, flanking the MFLP blocks. The

domains used have the following amino acid sequences (with abbreviation in parentheses):

1. a-Helical Peptide (P):

APQMLRELQETNAALQDVRELLRQQVKEI TFLKNTVMES DASG

2. Soluble Polyelectrolyte Linker (C5):

YRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEGSGSG- Clot

Interacting Peptide-GSGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGPEG

AGAGAGPEGARMP

3. Knob A mimetic sequence (kA):

GDFLAEGGGVRGPRV

4. His-tag sequence:

KCTSLEHHHHHH

5. Clot Interacting Peptide (CIP):

a. RGD sequence (R): GRGDS

b. Platelet Binding (PB): HHLGGAKQAGDV

c. Transglutaminase-responsive (T): NQEQVS P

d. vonWillebrand factor (V): TRYLRIHPQSWVHQI

Expressions were completed in modified pET28b and pQE9 plasmids (Appendix A). All

inserts were arranged between BamHI and HindIl restriction sites. Below are the nucleotide

sequences for the MFLP for each CIP (underlined) designed, including the nucleotides between

the NheI, EcoRI, XhoI, and SpeI restriction sites (bolded):

1. C5RC5P:

GCTAGCACCAGCTATCGTGATCCGATGGGTGCGGGTGCGGGTGCGGGTCCGGAGGGTGCGGGCGC
GGGTGCGGGCCCGGAGGGCGCGGGTGCGGGCGCGGGTCCGGAAGGCGCGGGTGCTGGCGCGGGCC
CGGAGGGTGCGGGTGCGGGCGCGGGCCCGGAGGGTAGCGGCAGCGGTGAATTCGGTCGTGGTGAC
AGCCTCGAGAGCGGCAGCGGCGCGGGTGCGGGTGCGGGCCCGGAAGGCGCCGGCGCGGGCGCGGG

61



TCCGGAGGGCGCGGGCGCGGGTGCGGGTCCGGAAGGAGCTGGCGCTGGCGCTGGCCCTGAGGGCG
CTGGTGCTGGTGCTGGCCCGGAGGGTGCGCGCATGCCTACCAGCGCGCCGCAGATGCTGCGTGAG
CTGCAAGAAACCAACGCGGCGCTGCAGGATGTGCGTGAGCTGCTGCGTCAGCAAGTTAAGGAAAT
TACCTTCCTGAAAAACACCGTTATGGAGAGCGATGCGAGCGGCACTAGT

2. C5PBC5P:

GCTAGCACCAGCTATCGTGATCCGATGGGTGCGGGTGCGGGTGCGGGTCCGGAGGGTGCGGGCGC
GGGTGCGGGCCCGGAGGGCGCGGGTGCGGGCGCGGGTCCGGAAGGCGCGGGTGCTGGCGCGGGCC
CGGAGGGTGCGGGTGCGGGCGCGGGCCCGGAGGGTAGCGGCAGCGGTGAATTCCATCACCTGGGT
GGCGCGAAGCAGGCGGGTGATGTGCTCGAGAGCGGCAGCGGCGCGGGTGCGGGTGCGGGCCCGGA
AGGCGCCGGCGCGGGCGCGGGTCCGGAGGGCGCGGGCGCGGGTGCGGGTCCGGAAGGAGCTGGCG
CTGGCGCTGGCCCTGAGGGCGCTGGCGCGGGCGCGGGCCCGGAAGGTGCGCGCATGCCTACCAGC
GCGCCGCAGATGCTGCGTGAGCTGCAAGAAACCAACGCTGCTCTGCAAGATGTGCGTGAGCTGCT
GCGTCAGCAAGTTAAAGAAATTACCTTCCTGAAGAACACCGTTATGGAGAGCGATGCGAGCGGCA
CTAGT

3. C5TC5 P:

GCTAGCACCAGCTATCGTGATCCGATGGGTGCGGGTGCGGGTGCGGGTCCGGAGGGTGCGGGCGC
GGGTGCGGGCCCGGAGGGCGCGGGTGCGGGCGCGGGTCCGGAAGGCGCGGGTGCTGGCGCGGGCC
CGGAGGGTGCGGGTGCGGGCGCGGGCCCGGAGGGTAGCGGCAGCGGTGAATTCAACCAGGAACAA
GTGAGCCCGCTCGAGAGCGGCAGCGGCGCGGGTGCTGGTGCTGGCCCGGAGGGCGCTGGTGCGGG
CGCGGGTCCTGAAGGCGCGGGTGCTGGAGCTGGTCCTGAGGGTGCTGGTGCTGGTGCGGGCCCGG
AAGGCGCGGGCGCGGGTGCGGGTCCGGAAGGTGCGCGCATGCCTACCAGCGCGCCGCAGATGCTG
CGTGAGCTGCAAGAAACCAACGCGGCGCTGCAGGACGTGCGTGAGCTGCTGCGTCAGCAAGTTAA
GGAAATTACCTTCCTGAAGAACACCGTTATGGAGAGCGATGCGAGCGGCACTAGT

4. C5VC5P:

GCTAGCACCAGCTATCGTGATCCGATGGGTGCGGGTGCGGGTGCGGGTCCGGAGGGTGCGGGCGC
GGGTGCGGGCCCGGAGGGCGCGGGTGCGGGCGCGGGTCCGGAAGGCGCGGGTGCTGGCGCGGGCC
CGGAGGGTGCGGGTGCGGGCGCGGGCCCGGAGGGTAGCGGCAGCGGTGAATTCACCCGTTATCTG
CGTATCCACCCGCAGAGCTGGGTGCACCAAATTCTCGAGAGCGGCAGCGGCGCGGGTGCGGGTGC
GGGCCCGGAAGGCGCCGGCGCGGGCGCGGGTCCGGAGGGCGCGGGCGCGGGTGCGGGTCCGGAAG
GAGCTGGCGCTGGCGCTGGCCCTGAGGGCGCTGGTGCTGGTGCTGGCCCGGAGGGTGCGCGCATG
CCTACCAGCGCGCCGCAGATGCTGCGTGAGCTGCAAGAAACCAACGCGGCGCTGCAGGACGTGCG
TGAGCTGCTGCGTCAGCAAGTTAAGGAAATTACCTTCCTGAAAAACACCGTTATGGAGAGCGATG
CGAGCGGCACTAGT
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Below are the nucleotide sequences designed to introduce thrombin-responsive

sequences, between the BamHI and NheI restriction sites, and a cysteine-containing sequence,

and a His-tag sequence:

1. Knob A Forward:

5' GATCCGGGGATTTCTTGGCGGAGGGTGGTGGGGTACGCGGTCCGCGTGTTG 3'

2. Knob A Reverse:

5' CTAGCAACACGCGGACCGCGTACCCCACCACCCTCCGCCAAGAAATCCCCG 3'

3. His Tag Forward:

5' CTAGTAAATGCACGTCTCTCGAGCATCATCACCACCATCATTAAA 3'

4. His Tag Reverse:

5' AGCTTTTAATGATGGTGGTGATGATGCTCGAGAGACGTGCATTTA 3'

2.3.1.2. Cloning

Genes were constructed by concatenation to increase the molecular weight of and the

number of CIP repeats in MFLPs. Annealed oligomers were used to insert responsive peptide

sequences to the N-terminus or include purification tags to the C-terminus (Figure 2-6). A set of

four restriction enzymes was used to perform these tasks. A pET28b vector, termed pETA, was

modified to contain the restriction sites (from 5' to 3') BamHI, NheI, BsaI, BsaI, SpeI, and

HindIII.4 The plasmid was used for simple construction of repetitive block genes and quick

addition of functional N- or C-terminal sequences. Concatenation involved ligating MFLP inserts

and pETA vectors digested by NheI and Spel while insertion of responsive peptides required

ligations of annealed oligonucleotides and vectors digested with either BamHI and NheI (for N-

terminal inserts) or Spel and HindIII (for C-terminal inserts).

63



____ __________ -j

pUC57- I O t\ LigateT8b

Nhel EcoR - Xhol Spel pET28b Digest/

pQE9 pET28bNhe~- EoRI hoIKY gate (

MFLP BaMHI Nhe- CIPmon - Spel - Hindill

Figure 2-6: Overview of genetic engineering plan to generate MFLPs. Concatenation of clot
interacting monomer (CIPmon) and ligation of oligonucleotide knob A sequences was performed
sequentially.

Initial Transformation

pUC57-simple vectors containing the designed MFLP blocks were transformed into

NEB5a chemically competent Escherichia coli (E. coli) following the New England Biolabs

(NEB) protocol for transformation (High Efficiency Transformation Protocol) 5. NEB5a cells are

high copy number cells used to generate high concentrations of plasmid for extraction and

further manipulation, not for expression. Briefly, NEB5a cells were thawed on ice and 30-50 tL

dispensed to sterile Eppendorf tubes immediately after the solution has completely thawed. 0.5-1

pL of pUC57-simple plasmid, at a concentration of 80 ng/pL, was added to the tubes. The

mixture was lightly flicked to mix the cells and plasmid and placed back on ice for 30 minutes.

The cells were heat shocked at 42 'C for 30 sec and returned to ice for 10 minutes. Following

incubation on ice, 450-950 pL of Super Optimal Broth (SOB) media, with no antibiotic, was

added to the cell mixture and the tube was agitated in a shaking incubator at 37 'C for 1 hr. This

step allows for cell overgrowth and the expression of any antibiotic resistance proteins prior to

selection on Luria Broth (LB)-agar plates. Of the plasmid used in this work, this step was only

required for pET vectors that were kanamycin resistant. However, it was also used for pQE9

plasmids as well (ampicillin resistant). Kanamycin was added to media as well as plates at 50

pg/mL while ampicillin was added at 100 pg/mL. 100-200 pL of the overgrowth solution were
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spread on LB-agar plates containing the antibiotic matching the antibiotic resistance of the

plasmid. Sterile beads were used to spread the overgrowth solution around the plate. ~5-10 beads

were poured into each agar plate and, after overgrowth solution was added, the petri dish top was

replaced and the plate was shaken back and forth to spread the solution around the entire plate.

Beads were removed prior to incubation. Plates were incubated overnight (16-20 hrs) at 37 'C

until individual colonies were visible. Individual colonies were selected and grown in overnight

cultures of LB media containing antibiotics matching the antibiotic resistance gene of the

plasmid. Cultures were miniprepped (Omega) to extract the plasmid. Plasmid was extracted from

larger overnight culture volumes (commonly 50-100 mL) by midi-prep (Sigma) to yield more

plasmid. Common plasmid yields were 30-100 ng/ptL in 50 tL elutions (260/280 ratio ~ 1.7.-2.0)

for minipreps and 30-40 ng/pL in 1 mL elutions for midipreps. Elution buffers were either

deionized water or 10 mM Tris-Cl, pH 8.5. Buffers containing ethylenediaminetetraacetic acid

(EDTA) or other chelating molecules complicated future ligation or digestion procedures and

were avoided.

Plasmid Digests and Oligonucleotide Annealing

Plasmid Digests: Mini- or midi-prepped plasmid was digested as outlined in Figure 2-6.

Depending on the desired product, different procedures were selected. All restriction enzymes

and buffers were acquired from NEB.

Initially, MFLP blocks were removed from pUC57 plasmids by a double digest with

NheI and Spel. Quantitative digests used 30 ptL of mini- or midi-prepped plasmid added to 5 PL

CutSmart buffer, 14 p.L filtered deionized water, and 0.5 pL each of NheI and Spel enzyme,

stored in a glycerol solution (at 10,000 U/mL). These reaction volumes were used to extract

DNA for quantitative yields. Reactions were incubated at 37 'C for 1-2 hrs., followed by
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separation of products by gel electrophoresis in a 1% agarose gel using Tris-Acetic Acid-EDTA

buffer (TAE; 40 mM tris, 20 mM acetic acid, and 1 mM EDTA).

To make agarose gels, agarose was dissolved in TAE by microwaving until the solution

began to boil. SYBRTM Safe DNA Gel Stain (ThermoFisher Scientific) was added to the agarose

solution at a 1 0,000x dilution and poured into an agarose gel caster (Bio-Rad) containing a

transparent gel tray and 1.5 mm thick fixed-height combs. After solidification at room

temperature, the gel tray was removed from the caster and placed in a horizontal gel

electrophoresis cell (Mini-Sub Cell GT Cell; BioRad) filled with TAE buffer.

Digested reactions were mixed with 6x gel loading dye (Gel Loading Dye Purple or

Blue(6x), No SDS, NEB) and loaded into the agarose gel wells. DNA ladders (1 kb or 100 bp

DNA ladder; NEB) were also added to at least one well per gel to size the digested bands

correctly. For digestion volumes greater than 50 1iL, which cannot fit into one well (6 mm wide,

1.5 mm thick, 15-well comb), a PCR purification (E.Z.N.A.@ Cycle Pure Kit; Omega) was

performed on the digest solution to concentrate the digestion reaction to volumes less than 50

pL, commonly 30-50 pL. Following sample loading, electrophoresis was performed at 120 V for

20-30 min or until the dye band within the gel travelled 60-80% the length of the gel. When

attempting to visualize or extract smaller sized bands (500 bp or smaller), shorter run times (10-

15 min) were used to prevent excessive broadening of the smaller base pair product bands.

SYBRTM Safe within the gel was used to visualize the DNA bands corresponding to the MFLP

block size (- 500 bp), within a gel imager using a Safe Imager blue-light transilluminator (Gel

DocTM XR+ System). These bands were excised and purified using gel extraction kits (QlAquick

Gel Extraction Kit; Qiagen) (Figure 2-7).
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Gel Extraction: Gel extraction kits were used to remove digested DNA bands from agarose gels.

A razor was used to cut around the digested DNA product and completely remove that block of

agarose. The excised agarose was weighed and placed into in a sterile 2 mL Eppendorf tube.

Following the protocol (QlAquick Gel Extraction Kit; Qiagen), 3 volumes of buffer (Buffer QG;

Qiagen) were added to the 1 volume of agarose to dissolve the gel by incubating at 50 'C (100

mg agarose requires 100 ptL buffer to dissolve). 1 volume of isopropanol was mixed into the

dissolved solution and loaded into a spin column, placed in a 2 mL collection tube. Spin columns

were centrifuged for 1 min at maximum speed (14.8 x 103 rpm) in a Tabletop centrifuge. The

flow through was discarded and the column was washed with 750 PL buffer (Buffer PE; Qiagen)

and centrifuged for 1 min at maximum speed. Flow through was discarded and the spin column

was spun for 1 min at maximum speed to remove residual buffer. The spin column was removed

from the collection tube and placed in a sterile 1.5 mL Eppendorf tube. 30-50 pL elution buffer

(10 mM Tris, pH 8.5) was added to the column and allowed to stand for 1 min prior to

centrifuging for 1 min. From miniprepped plasmid solution, purified, digested vectors were

extracted at concentrations ranging from 6-10 ng/pL and digested inserts were extracted at

concentrations ranging from 5-10 ng/pL. From midiprepped plasmid solutions purified, digested

vectors were extracted at ~100 ng/pL and digested inserts were extracted at concentrations

ranging from 50-100 ng/pL.
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Figure 2-7: Example of digested vectors. Arrows represent the excised bands for gel extraction
and further ligation. Lanes 1-3 are doublings of multiple MFLP genes while lanes 4-6 are digests
from increasing repeats of another modified MFLP. The ladder is in units of kilobase pairs (kbp).

pETA plasmids were digested in 50 pL reaction volumes with NheI and SpeI, followed

by an additional reaction with Antarctic Phosphatase, an enzyme that dephosphorylates the

digested ends of DNA, preventing identical nucleotide overhangs from self-ligating. 1 pL

Antarctic phosphatase (5,000 units/mL glycerol; NEB), 3 pL water, and 6 tL Antarctic

phosphatase reaction buffer (NEB) were added to the digest reaction and allowed to react for 1-2

hrs. This is important for NheI/SpeI digests as both have CTAGC overhangs but was done for all

vector yielding digests. Gel electrophoresis was performed on reaction mixtures and the band

corresponding to the vector (-5400 bp for pETA) was excised and purified using gel extraction

kits.

Oligonucleotide Annealing: Oligonucleotides were annealed by making 100 PM solutions of

both the forward and reverse oligonucleotides in deionized water. 9 PL of each were added to a

PCR tube with 2 pL CutSmart buffer. The PCR tube was placed in a thermocycler and heated to

95 0C for 1.5 min. The temperature was reduced by 1 'C per 1.5 min to 35 0C, then returned to

room temperature (25 *C). Annealed oligonucleotides were stored at -20 'C until use.
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Ligations

Concatenation: A ligation reaction was prepared with digested insert, vector, and T4 DNA

ligase. 10 pL reactions were prepared with 1 pL DNA ligase buffer, 0.5 pL DNA ligase and 8.5

pL digested vector and insert. The ratio of insert-to-vector was set from 5:1 to 10:1 to add one

repeat of the MFLP into the vector. Concatenations to generate doublings or tripling events used

a single enzyme digest of the vector (NheI or Spel) followed by dephosphorylation of the vector

and a double restriction enzyme digest (NheI and Spel) for the insert. Vector-to-insert ratios of

50:1 to 200:1 were chosen for these ligations. Single restriction enzyme vector digests were

preferred over double enzyme digests due to the identical overhangs of NheI and Spel digested

plasmids. Incorrectly oriented inserts are still possible but these will be limited to newly inserted

sequences. Previously ligated MFLP blocks remain in the correct orientation.

kbp 1 2 3 4 5 6 7 8 9 10 11

Figure 2-8: Example of overnight culture of transformed ligation reaction. Multiple bands
suggest that a population of different sized inserts was generated during ligation. In this example,
colonies were selected from plates representing the ligation reactions 1-6 and 9-11. The ladder is
in units of kilobase pairs (kbp).

Ligation reactions were incubated at 16 'C for 16 hrs, followed by storage at 4 'C until

transformation. 1 iL of the ligation volume was transformed into NEB5a E. coli cells following

the transformation protocol outlined above. Overgrowth was performed in SOB media and

plated. Additionally, 50 pL overgrowth solution was added to 5 mL LB media containing

antibiotic for an overnight culture and placed in a shaking incubator at 37 'C for 16-20 hrs.
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Plasmids were extracted from overnight cultures by miniprep, and an analytical digest was

performed on the population of plasmids generated by ligation and transformed into cells (Figure

2-8). NheI and Spel restriction enzymes were used in a 10 ptL analytical digest reaction (5 pL

plasmid DNA, 1 tL CutSmart buffer, 0.125 pL of each enzyme, and 3.75 pL filtered deionized

water). After incubation at 37 'C for 1 hr, the reactions were separated on an agarose gel by gel

electrophoresis. Correctly oriented inserts would result in one NheI and one Spel digest and

insert bands of ~1000 bp for doubling, ~1500 bp for tripling and ~2000 bp for quadrupling

events. Incorrect orientations result in a Spel or NheI cut but fail to cut the second restriction site

due to a damaged restriction site. If inserts of the correct size are identified in the agarose gel

electrophoresis, colonies from the plate were picked and placed in sterile test tubes containing 5-

10 mL LB media with the appropriate antibiotic to start an overnight culture.

The overnight cultures were miniprepped and an analytical 10 ptL digest was performed

with NheI and Spel restriction enzymes to confirm the presence of the insert. Glycerol stocks

(600 pL overnight culture and 600 ptL sterile 50:50 water: glycerol solution) stored at -80 'C

were made for any correctly sequenced plasmids.

Oligonucleotide insert: pETA plasmids were digested in a 50 PL reaction solution with BamHI

and NheI, as outlined under the Plasmid Digests section, to insert knob A oligonucleotides or

Spel and HindIll for inserting a His-tag. Dephosphorylation with Antarctic phosphatase was

performed, though not necessary for these particular restriction enzyme overhangs. Digested

vector was purified by gel extraction after performing gel electrophoresis of the reaction solution

in an agarose gel (see Gel Extraction section). Digested vectors and annealed oligonucleotides

were mixed in a 10 pL ligation reaction (1 ptL of a 1000-fold dilution of the annealed

oligonucleotide solution, 1 ptL T4 DNA ligase buffer, 0.5 pL T4 DNA ligase, 50-100 ng of
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digested vector and filtered deionized water to a volume of 10 pL) and incubated at 16 'C for 16

hrs. T4 DNA ligase buffer contains adenosine triphosphate (ATP) and was stored in 20 PL

aliquots at -20 'C to minimize freeze-thaw cycles that will degrade ATP. Ligation reactions were

stored at 4 'C until transformation into NEB5a cells. Transformed cells (see protocol under

Initial Transformation section) were incubated for 1 hr in SOB media (overgrowth step) and the

overgrowth solution was used to inoculate a LB overnight culture. The overgrowth solution was

also spread onto LB-agar plates using sterile beads (see Initial Transformation section).

Analytical BamHI/HindIII digests were performed from the overnight culture. Reaction mixtures

that contained a correctly digested insert (correct size) had colonies selected from its respective

plate to identify a colony, confirmed by sequencing, with the correct insert included. A glycerol

stock was made of the overnight culture.

2.3.2. Protein Expression

Quantitative digests of genes in pETA vectors were performed using BamHI and HindIll

restriction enzymes. Gel electrophoresis and gel extraction were performed to yield the gene

product. Similarly, pQE9 vectors were digested with BamHI and HindIll restriction enzymes and

purified. Ligations were performed at ratios of 3:1 to 5:1 insert:vector. Ligation solutions were

transferred into NEB5a cells to confirm correct ligation as described in 2.3.1. Glycerol stocks

were made of colonies containing sequence confirmed plasmids in NEB5a. Genes in pQE9

plasmids were transformed into chemically competent SG13009 cells, containing a pREP4

repressor plasmid with kanamycin resistance. Growth in media or plates containing kanamycin

and ampicillin are confirmation that both plasmids are present in the cell. Glycerol stocks were

also made of the genes in pQE9 vectors transformed into SG13009 cells. SG13009 cells are
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engineered for expression, generating high concentrations of the protein present on a plasmid

following induction by isopropyl P-D- 1 -thiogalactopyranoside (IPTG).
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Figure 2-9: MFLP expression. (a) OD600 curves for each multifunctional fibrinogen like protein
(MFLP) and (b) OD6 00 curves for multiple expressions of GRGDS MFLP show similar growth
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kinetics. Expression was monitored by sampling 1 mL of the 1 L LB culture at time points
during expression. SDS-PAGE gel electrophoresis was performed on the samples from (c)
platelet binding MFLP, (d) GRGDS MFLP, (e) transglutaminase MFLP, and (f) vonWillebrand
MFLP. The numbers above the lanes indicate the time, in hours, after inoculation of the 1 L LB
culture (ovrn: overnight). Arrows indicate the first time point after IPTG induction. The black
box encompasses the expressed protein bands.

For expression, the glycerol stock was streaked onto a plate containing kanamycin and

ampicillin. A single colony from the plate was selected and used to initiate an overnight culture.

10 mL of overnight culture were used to inoculate 1 L Terrific Broth (TB) media in 2.8 L

Fernbach flasks. The cells were grown at 37 'C in a shaking incubator until an optical density

(OD 600) of 0.9-1.1 was reached (3-4 hrs after inoculation). At this time, 0.5-1 mM IPTG was

added (Table 2-2). At each OD measurement, 1 mL of media was removed and the cells were

centrifuged and frozen at -20 'C to perform sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) later to identify the protein band and its growth following

induction (Figure 2-9). Following induction, the cells were grown for 6 hrs post-induction or

until the OD plateaued, based on measurements of OD every 1-2 hrs after induction. At this time,

the cells were centrifuged (6000 rpm, 10 minutes, 4 'C) and resuspended in Buffer B solution (8

M urea, 1 M NaCl, 100 mM NaH2PO4, 10 mM Tris, pH 8) at a concentration of 100 mL buffer

for every 30 g wet cell mass (WCM; commonly 10-15 g WCM/L). Resuspended pellets were

stored at -80 'C until purification was initiated.

Centrifuged cell pellets collected pre- and post-induction were lysed to run SDS-PAGE

on the cell lysate and determine whether the induction resulted in protein expression. Cell pellets

were dissolved in different Buffer B volume to normalize the OD value across all samples (OD =

4-7). The cells were sonicated in a bath sonicator for 20 minutes to completely lyse the cells. 20

pL cell lysate was mixed with 4 pL Coomassie Blue loading dye (1.2 g SDS, 4 mL glycerol, 0.6

mL P-mercaptoethanol (BME), 12 mg coomassie blue (R-250), 4.19 mL 600 mM Tris) and
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heated to 95 'C for 10 minutes. Cell lysates from each OD measurement (10 pL) were run on a

PAGE gel, stained with Coomassie blue staining solution and imaged following destaining. SDS-

PAGE gels were manually made by making a 12 wt% polyacrylamide gels for the separating gel

and a 6 wt% polyacrylamide gel for the stacking gel. The separating gel recipe was 4 mL 30%

acrylamide/bis solution (37.5:1; Bio-Rad), 5 mL separating buffer (300 mL Tris/SDS buffer (3

M Tris, 3 g/L SDS, pH 8.45), 55 mL doubled distilled water, 95 mL glycerol), 1 mL water, 100

pL ammonium persulfate solution (AMPS, 100 mg/mL stock), and 8 pL

tetramethylethylenediamine (TEMED). The stacking gel recipe was 1 mL 30% acrylamide/bis

solution, 4 mL stacking buffer (129 mL Tris/SDS buffer, 321 mL water), 50 pL AMPS, and 8 pL

TEMED. Gel electrophoresis was completed at 200 V for 40 minutes using cathode (121.1 g tris

base, 179.2 g tricine, 10 g SDS in 10 L water) and anode (121.14 g tris base in 4 L water, pH 8.9)

buffers to fill the electrode assembly and the buffer tank respectively in a MINI-PROTEAN®

Tetra Vertical Electrophoresis Cell (Bio-Rad).

After the proteins were separated on the gel, the gels were stained with staining buffer

(2.5 g commassie blue, 50 mL acetic acid, 200 mL ethanol, 250 mL water). Gels were placed in

a plastic container and staining buffer was added to cover the gel. The container was microwaved

for 30 sec and allowed to rock on a rocker at room temperature for 10 minutes. The staining

buffer was removed (and recycled for repeated use) and replaced with destaining buffer (500 mL

water, 400 mL ethanol, 100 mL acetic acid). The container was microwaved for 30 sec and the

gel incubated for 10 minutes. The destaining buffer was disposed and the destaining buffer step

was repeated once. Water was added to the destained gel, microwaved for 30 sec and allowed to

rock until the gel was imaged with a gel imager (Gel DocTM XR+ System).
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Table 2-2: Expression conditions for all multifunctional fibrinogen like proteins (MFLPs). All
proteins were expressed in TB media Cell were harvested 6 hrs. after induction with IPTG.
Listed IPTG concentrations represent those used for expressions.

Plasmid Cell Temp [IPTG] MFLP MW
Strain (OC) (mM) Repeats (kDa)

Unfunctionalized
Platelet Binding pQE9 SG13009 37 0.5, 1, 2 2x 33
GRGDS pQE9 SG13009 37 0.5, 1, 2 2x 33

Transglutaminase pET28b(+) CD41 30 1 2x 33
pET28b(+) CD41 30 1 4x 66

vonWillebrand Factor pQE9 SG13009 37 0.5, 1, 2 2x 33
Knob A Functionalized
Platelet Binding pET28b(+) CD41 30 1 2x 33
GRGDS pET28b(+) CD41 30 1 2x 33

pQE9 SG13009 37 0.5, 1 lx 16
Transglutaminase pET28b(+) CD41 30 1 2x 33

1 4x 66
vonWillebrand Factor pET28b(+) CD41 30 1 2x 33

2.3.3. Protein Purification

Table 2-3: Buffers used during Ni-NTA purification
Sodium Phosphate Sodium Chloride

(NaH2PO4) Tris Urea (NaCl) Imidazole pH
Buffer B 8.0
Buffer C 20 mM 6.3
Buffer D 5.9
Buffer E 4.5

Metal affinity chromatography, specifically nickel nitrilotriacetic acid (Ni-NTA) purification,

was performed on MFLP proteins, using a pH swing to bind and elute the protein. Following

thawing of the cell pellets dissolved in Buffer B (Table 2-3), the cells were sonicated in a plastic

container, surrounded by ice to prevent overheating of the cell solution, with a probe tip

sonicator. The sonicated cell lysate was centrifuged at 12000 rpm on an ultracentrifuge in new 50

mL conical tubes. The supernatant, termed the clarified lysate, was decanted from the pelleted

cell debris. To the clarified lysate, imidazole was added to a concentration of 20 mM and the pH

was corrected to 8, as monitored by pH paper. The ethanol storage solution was removed from
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the Ni-NTA resin and washed with 1 column volume Buffer B (1 mL buffer for 1 mL resin). The

lysate was added to the resin, at a ratio of 1 mL resin for every 15 mL lysate.
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Figure 2-10: Optimization of Ni-NTA resin for MFLP purification. Different ratios of Ni-NTA
resin and clarified lysate were tested to determine the optimum amount of Ni-NTA to use for
purification. A difference in the intensity of the target protein band (contained within the black
box) was noted at lane 6. The Ni-NTA containing lanes (2-9) were each mixed with 0.5 mL
clarified lysate of the V2x protein. Lane 1: clarified lysate; 2: 12.5 pL resin ; 3: 25 pL resin ; 4:
50 pL resin; 5: 100 pL resin; 6: 200 pL resin; 7: 300 pL resin; 8: 400 pL resin; 9: 500 pL resin.

The ratio was determined by mixing different volumes of Ni-NTA agarose resin with a

set volume of clarified lysate in 2 mL Eppendorf tubes. The solutions were rocked at room

temperature for 1 hr, centrifuged at 700 xg for 2 minutes, and the supernatant removed for SDS-

PAGE. The ratio selected, which varies based on expression levels, was subjectively chosen as

the lowest amount of resin required to reduce the intensity of the target protein band in the

supernatant (Figure 2-10). The mixture was rocked on a shaker or rocker overnight at 4 'C for

binding. The mixture was poured into a column and washed with 10 column volumes of Buffer

B (plus 20 mM imidazole). 10 column volumes of Buffer C (Buffer B with 20 mM imidazole at

pH 6.3) was used for additional washes. Finally, Buffer E (Buffer B at pH 4.5, no imidazole) was

used to elute the protein. It was noted that washes with Buffer D did not improve the purity of

the proteins, allowing Buffer E to be used immediately after Buffer C washes to elute the
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targeted protein (Figure 2-11). Flowthrough was collected into one container while Buffer B

washes were collected in 50 mL fractions. Buffer C and E washes were collected in 10-15 or 50

mL fractions depending on the wash volumes.

Fractions were run on PAGE gels to determine their purity. Fractions that showed a

single band were dialyzed against ultrapure water and lyophilized. MALDI was also performed

on newly expressed proteins to confirm to the molecular weight. It is commonly observed that

protein containing coiled-coil or other associating sequences can run at molecular weights higher

than their actual molecular weight. MFLPs are observed to show purified bands at molecular

weights double their theoretical molecular weight.
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Figure 2-11: Ni-NTA purification results for MFLPs. PAGE gel of Ni-NTA purification of
MFLP with Buffer B, C, D, and E washes for (a) Platelet Binding MFLP, (b) GRGDS MFLP, (c)
Transglutaminase MFLP, (d) vWF MFLP. An example MALDI of the dialyzed, lyophilized
product for (e) Platelet Binding MFLP and (f) GRGDS MFLP, showing the predominate signal
at -34 kDa, the theoretical molecular weight of the MFLPs. The signal at 66 kDa represents a
dimer of the MFLP protein. Lanes labeled 0 = flowthrough, 1 = Buffer B, 2 = Buffer C, 3 =

Buffer D, 4 = Buffer E.
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2.4. Mechanical Testing

Rheological properties of the shear-thinning nanocomposite and injection force profiles

were collected. Optimum compositions for maintained shear-thinning performance across

temperatures, rapid recoverability after injection, and smooth force profiles were desired to

ensure the nanocomposite could be injected through syringes or catheters to a bleeding site and

maintain its mechanical properties once delivered.

2.4.1. Shear Rheology

Small angle oscillatory shear rheology was performed on nanocomposite samples using a

shear-controlled Anton Paar MCR 301 rheometer, operated in Direct Strain Oscillation mode.

Motor adjustments and inertial calibrations for the upper geometry were completed prior to

performing any rheological tests. Calibrations were performed at the gap height of the

experiment following setting of the zero gap.

Temperature Sweep

A 25 mm diameter, removable, aluminum parallel plate geometry with a gap height of

500 ptm was used for temperature sweeps. Due to the presence of nanoparticles in the

nanocomposite and a concern about their interaction with or damage to the sandblasted surfaces

of the Peltier plate and non-disposable upper geometries, disposable aluminum geometries and

aluminum trays that fit over the Peltier plate were used for as many tests as possible.

Nanocomposite samples were removed from the scintillation vial or tube with a spatula and

placed at the center of a disposable aluminum tray in a large mound. The geometry was brought

to the gap height and excess nanocomposite was trimmed from the edges. Following this,

mineral oil was placed around the circumference of the plate to prevent evaporation of water

from the nanocomposite for all tests. Nanocomposites were equilibrated for 10 minutes at 15 'C
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prior to testing, followed by a 2 min steady shear at 10 s-. This was enough time to allow the

modulus to reach a minimum, shear thinning the hydrogel and removing the mechanical history

incurred during loading. 10 s of equilibrium time was sufficient for the modulus to return to a

higher plateau value, after which point testing was initiated (Figure 2-12).
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Figure 2-12: Nanocomposite recovery following high shear. Example of rapid recovery
following high shear application for a nanocomposite containing 100 wt% nanoplatelets (triangle
symbol) and 50% nanoplatelets (diamond symbol). Filled symbols are G' and unfilled symbols
are G".

Temperature sweeps were tested from 15 - 45 'C at 1 Hz and 10 Pa at a rate of 2.4

'C/min at 37 *C. For all other tests, the LVE region was determined by performing strain sweeps

for a composition at 0.1, 1, and 10 Hz. At 1 Hz, 1 % strain was within the LVE region. These

values were used for a majority of nanocomposite rheology tests.

Frequency and shear rate sweeps

Frequency and shear rate sweeps were performed at 20 and 37 'C, testing frequencies from

0.00 1- 100 Hz at 1% strain and shear rates from 0.001 to 10 s- with 10 points/decade. Samples

were equilibrated at 20 or 37 'C and pre-sheared as described above. Frequency sweeps were
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performed with a cone geometry (25 mm diameter, 1 angle, 50 pm truncation gap). Oscillatory

stress sweeps were performed from 0.01-100 Pa at 1 Hz. Strain sweeps were performed from

0.01-1000% at 1 Hz. Recovery testing was conducted at 1 Hz by applying 100% strain, a value

outside of the linear viscoelastic range, followed by 1% strain for 5 min to monitor gel recovery.

Creep Tests

The response of the nanocomposite to shear stresses encountered along a vessel wall was

assessed by performing creep tests. All creep measurements were performed on an Anton Paar

MCR702 SingleDrive system with a disposable aluminum cone geometry (25 mm diameter, 1

angle, 50 pm truncation gap) and a sandblasted lower plate. Tests were performed at 20 and 37

OC, using mineral oil around the trimmed sample to prevent sample drying. The nanocomposite

samples were loaded and equilibrated at temperature for 1 h. Creep measurements were then

taken by applying stresses (cT) of 10, 20, and 30 Pa for 30 min, followed by relaxation for 30 min

and monitoring the resulting strain (c). Creep compliance [J(t) = c(t)/c] was calculated from a 20

Pa creep curve and used to extrapolate strains expected at 1, 2, 3, and 4 Pa (10-40 dynes/cm 2 ),

shear stress values experienced along the wall of vasculature.

Time Sweeps

Time sweeps were performed on 100 % nanoplatelet-containing nanocomposites at 20

0C. Modulus was monitored for over 12 hrs at 1% strain and 1 Hz. A 25 mm disposable upper

geometry and disposable lower plate were used and a gap height of 500 pm was selected.

Monotonic increases were observed following a 1 hr static equilibration period (Figure 2-13).
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Figure 2-13: Nanocomposite aging. Aging of 9 wt% hydrogel with 100% nanoplatelet
composition.

2.4.2. Uniaxial Compression Measurements for Injection Force

Injection forces necessary to push nanocomposite through syringes, needles, and

catheters were analyzed using a mechanical tester (Instron Model 5542). The nanocomposite was

added to a 3 mL plastic syringes (ID = 8.66 mm, BD) and injected through medical catheters

(4F-Beacon@ Tip Royal Flush@ Plus High Flow Catheter, pediatric pigtail flush and 5F-

Beacon@ Tip Torcon NB@ Advantage Catheter, multipurpose A, Cook Incorporated) or needles

(18-G and 23-G, Becton-Dickinson), using standard luer-lock fittings. A lower tensile grip was

used to fix the syringe perpendicular to the upper compressive platen (Figure 2-14). When

catheters were used, the tensile grips were clamped onto the housing surrounding the luer lock

assembly. Syringes were gripped near the luer lock housing of the syringe when needles were

being tested. The location of the tensile grips was chosen to ensure the syringe barrel nor the

catheter or syringe were being deformed, biasing the forces measured.
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Figure 2-14: Nanocomposite injectability assay design. Images of syringes attached to (a)
catheter loaded into mechanical tester. (b) An angle was introduced into the catheter due to the
tensile grip housing but this did not impact the recorded values or visibly damage the catheter.
(c) Syringes attached to needles were loaded into the mechanical tester by applying the tensile
grip around the metal component of the needle, not the plastic housing. (d) Example of
nanocomposite flow from a needle during testing.

The injection rate was controlled by changing the cross speed of the compression platen

to achieve the desired flow rates. Based on the diameter of a 3 mL syringe, flowrates (mL/min)

were transferred into crosshead speeds (mm/min). A 1.0 mL/min flowrate can be achieved with a

crosshead speed of 16.98 mm/min, 2.0 mL/min by 33.96 mm/min and 3.0 mL/min by 50.94

mm/min. Injection profiles were measured as the catheters were filling with nanocomposite as

well as the start-up force required to restart flow of a filled catheter or syringe. To understand the

impact of friction, controls including empty syringes and catheters, PBS-filled syringes, and

contrast dye-filled syringes were selected to also measure injection forces. The force exerted

upon the plunger was measured with a 100 N load cell and recorded using Bluehill 3 software.

Average injection forces were reported, calculating the mean force following a peak in the force

profile (6NC75) or within a plateau region succeeding a monotonic increase in force (for 6NC50)

(Figure 2-15).
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Figure 2-15: Nanocomposite injection force profile. Example of injection force profile during
catheter filling at 1 mL/min. A 4 French, 70 cm long catheter was filled with 6NC75. The region
between the dashed lines represent the range in which the average injection force was
determined. Excluding dead volume in the catheter or syringe, the percent of the catheter filled is
plotted, showing a continuing increase in force after complete filling of the catheter.

2.5. Small Angle X-ray Scattering

Small Angle X-Ray Scattering (SAXS) was performed at the National Synchrotron Light

Source (NSLS-I) at Brookhaven National Laboratory beamline X27C. The beam line wavelength

was 0.1371 nm and data were collected over the q-range of 0.056-1.9 nm-1. Sample to detector

distance was set to 1910.8 mm. Samples were placed within the 5 mm diameter bore hole in a 1

mm thick washer and sealed between Kapton tape. Samples were equilibrated at 37 'C and 20

'C for 20 minutes prior to collection of data. Scattering patterns were collected for 30 seconds

per sample. Radial integration of the two-dimensional scattering pattern was performed to yield

a one-dimensional scattering curve, which was corrected for empty cell and dark field scattering.

These corrections were performed using the following equation:
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1 Isample -Ibackground Idark-Ibackground
corrected -~ (Tsampie-BCsampie) [ tsample tdark ]

T y p empty-Ibackground Idark-Ibackground]
TemptyBCempty tempty tdark

I is intensity, T is transmittance, BC is beam current, t is time and Tsampie is calculated:

t,samples ' Ii,open (2.4)
sample i,sample It,open

where It is transmitted intensity and Ii is incident intensity.

A thin disk form factor model fitting was performed in MATLAB using a nonlinear fit

algorithm to fit the radius and a Gaussian distribution for polydispersity of the nanocomposite.

The expressions represent form factors and assume random orientation of anisotropic particles.

The thin disk form factor is:

P(q) = [1 - Bl(2qR) (2.5)

where R is the radius of the disk (in Angstroms, A), q is the value in reciprocal space (A'),

and Bi is the first order Bessel function. A MATLAB script was used to fit the function

(Appendix B).

2.6. Biological Testing

Tests outlined in this section involve in vitro, ex vivo, and in vivo protocols for all non-

microscopy experiments (all in vitro fluorescence microscopy protocols are in section 2.6),

except for optical imaging of histology samples.

2.6.1. In vitro tests

In vitro testing of clotting behavior of whole blood and blood components was performed

for all hemostatic materials. Selection of the blood system used (whole blood, platelet rich

plasma (PRP), platelet poor plasma (PPP), or a simplified fibrinogen-thrombin system) was

based on the most physiologically relevant system that was amenable to the experimental
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conditions. For instance, in plate reader experiments, PRP is the most complex system that can

be used due to the inability to measure transmission changes in whole blood samples. Clot lysis

utilized a simplified fibrinogen-thrombin system to concentrate on changes in lysis due to fibrin

structure and not complicate the results with red blood cell (RBC) or platelet settling in static

conditions.

2.6.1.1. Biological Material Sources

Citrated human whole blood (Research Blood Components, Brighton, MA) was used for

all whole blood or blood component testing. Whole blood was received at room temperature the

same day it was drawn from volunteers. Whole blood or separated components (red blood cells-

RBCs, platelet rich plasma-PRP, platelet concentrates) were used within a week if refrigerated

after delivery or processing. Lyophilized bovine fibrinogen was purchased from Sigma-Aldrich

(F8630; Type I-S, 65-85% protein). Labeled Alexa-Fluor 647 labeled fibrinogen was purchased

from ThermoFisher Scientific (F35200). Bovine thrombin was purchased from Akron Biotech

(AK9020-0250; 250 KU). Human factor XIII and plasmin were purchased from Haematologic

Technologies. All salts were purchased from VWR. Glass slides and coverslips were acquired

from VWR. Double-sided tape was purchased from Staples.

2.6.1.2. Nanocomposite degradation

Nanocomposite samples were placed in 2.0 mL Eppendorf tubes and weighed. Between

250 and 500 ptL nanocomposite was added to each well. Each sample was centrifuged in a

swinging bucket rotor centrifuge (2,000 xg, 1 min) to obtain a flat interface (Figure 2-16). Each

sample was soaked in phosphate buffered saline (pH 7.4; Invitrogen), stored at 37 0C. At set times,

the PBS was removed, and the nanocomposite reweighed. The change in weight was recorded up

to 24 hours after initial soaking. Fresh PBS was added after each weighing. Additional testing was
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completed using human plasma, separated from citrated whole blood by gravity settling of the red

blood cells. The supernatant, platelet rich plasma, was removed by careful pipetting and used to

incubate weighed 1.5 mL Eppendorf tubes (VWR) filled with nanocomposite at 37 'C. 500 pL

plasma was added to each Eppendorf tube filled with 500 pL nanocomposite. Over 24 hrs the

plasma was removed, the remaining nanocomposite was weighed, and 500 pL of new plasma were

added back to the tube. Images were taken of the inverted tubes to visualize the degradation of the

nanocomposite.

0 LC) C0o LN LC LN-) 0) C) 0) 0)

Z Z Z Z Z

Figure 2-16: Degradation of nanocomposite. Images of inverted nanocomposites degraded in PBS
at 37 'C for 2.5 hrs. Nanocomposite was mixed with blue food coloring. Pure gelatin (9NCO)
dissolved in PBS, resulting in no hydrogel remaining in the tube.

2.6.1.3. Cell Interactions

The cell viability of RAW cells in the presence of gelatin and silicate was measured for

24h with Cell Titer 96 Aqueous Non- Radioactive Cell Proliferation MTS Assay (Promega)

according to manufacturer's protocol using plate reader at 490 nm absorbance. In order to

eliminate possible absorbance from silicate or gelatin components, the absorbance values with

gelatin, silicate and nanocomposite hydrogels, without cells, was measured. These absorbance

values were subtracted from the corresponding absorbance values for gelatin, silicate and
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nanocomposite hydrogels, with cells. This resulted in reading the absorbance values of only

viable cells. Each tested hydrogel was measured in three separate wells.

Mouse monocyte/macrophage RAW 264.7 cells were procured from the ATCC. RAW

264.7 cells were grown in DMEM medium supplemented with 10% FBS and 1%

penicillin/streptomycin at 37 'C in 5% C02. Lipopolysaccharide (LPS) was obtained from

InvivoGen. RAW 264.7 macrophages were suspended in different formulations of gelatin and

silicate at a concentration of 3x 106 cells/ml and plated at a density of 2,000 cells/well and grown

for 24 hrs. As controls, RAW cells were untreated or treated with 100 ng/mL of LPS. An ELISA

assay (SA Biosciences) was performed according to the manufacturer's protocol on the

supernatants of different groups to quantify the secreted cytokines IL-6 and TNF-a by the RAW

cells.

2.6.1.4. Coagulation

Coagulation was assessed by multiple methods, depending on the properties of the

hemostat (e.g. solution or hydrogel, high transmission for well plate assays) and the properties of

whole blood and blood components (i.e. transmission). Ideally, for high throughput assays, well

plate assessments were performed. However, due to the low transmission of whole blood, whole

blood could not be used for well plate assays. Manual assays were developed to assess clotting

occurring at solid interfaces between blood and hemostats. Rheology was also utilized to assess

the kinetics and mechanical properties of whole blood coagulation in contact with solid

hemostats.
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2.6.1.4.1. Whole Blood

Manual Clotting Kinetics

Solid hemostat clotting kinetics were measured by visualizing clot formation in 96 well

plates. The bottom surface of the well plate was covered in the hemostatic material.

Nanocomposites (0.09, 0.06, or 0.03 g/mL) or gelatin (0.09 g/mL, warmed to 37 'C) were loaded

into syringes and injected to fill the bottom of up to a row of wells (12 wells per hemostat).

Crushed QuikClot TM powder was poured into wells to cover the bottom of each well. Hydrated

and dehydrated chitosan were also placed in each well to cover the bottom surface.

Time

Whole Blood + U)
0.1 M CaC1, .)

Nanocomposite-
Figure 2-17: Whole blood coagulation. Schematic outlining the coagulation protocol and example
wells of coagulating whole blood in 96 well plates.

Citrated whole blood was mixed with 0.1 M calcium chloride (CaCl2) to activate whole

blood and initiate clotting. CaCl2 was added at 10 vol% to whole blood (e.g. 50 piL CaCl2 into

450 jL whole blood). Initially, mixtures were vortexed but it was noted that vortexing was

unnecessary and could damage red blood cells. Instead, the solution was mixed by pipetting. 50

jL was deposited into sequential wells on a 96 well plate. At selected time points, each well was

washed with 9 g/L saline solution to halt clotting. Saline solution was pipetted into the well with

one hand and aspirated with a vacuum aspirator or another pipette. Vacuum aspirators tubing

was fitted with a Pasteur pipet. A P200 pipette tip was placed over the end of the Pasteur pipet

reduce the intensity of the vacuum and prevent accidently dislodging the clot. Saline solution

was immediately aspirated and washes repeated until the solution was clear, indicating removal
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of all soluble blood components. After a trial was complete, the final clotting time was marked in

the well that formed a uniform clot, with no change in clot size in subsequent wells. Well plate

images were taken using a Zeiss Axio Zoom V16 stereomicroscope (Figure 2-17).

Rheological Clotting Kinetics and Mechanics

Rheology was used as another method to quantify clotting kinetics as well as clot

interfacial strength between blood clots and hemostatic materials. Blood clotting tests were

conducted on TA ARES G2 with a textured upper geometry (30 mm diameter) to prevent

slippage. Nanocomposite or gelatin hydrogels were coated on the bottom plate and activated

whole blood was deposited between the hemostat and a raised upper geometry. The geometry

was lowered to a gap size of 500 pm and a time sweep was begun at 1% strain and 1 rad/s

frequency.

Interfacial strength between coagulated whole blood and hemostat was also measured by

applying a linearly increasing strain using a textured upper geometry that was lowered to a gap

height of 500 pim prior to full coagulation of whole blood. Strain was applied at a rate of 10 s1

and shear stress was measured until 1,800% strain. The maximum stress attained was used as a

measure of the strength of the clot system.

2.6.1.4.2. Platelet Rich Plasma (PRP)

Whole blood was centrifuged in 15 mL conical tubes for 15 minutes at 1000 rpm (180

xg) into packed red blood cells and platelet rich plasma (PRP). Plasma was removed and

prepared for clotting tests. Plasma was mixed with multifunctional fibrinogen like proteins and

additional phosphate buffered saline (PBS) to equalize the volumes for all MFLP concentrations.

Lastly, 0.1 M CaCl2 at 10 vol% was added to activate plasma. 100 pL of the activated plasma
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solution was added to each well, and coagulation was monitored at 650 nm at 37 'C in a well

plate reader.

Multiple techniques were used to pipette the solutions into the wells (Figure 2-18). In one

method, all components, except CaCl2, were mixed together at a volume to fill 3 wells (300 pL

per condition for 3 repeat samples). Before dispensing the solution into wells, CaCl2 was added,

and 100 pL of plasma solution was added to each well separately. Another method utilized a

multichannel (12 channel) pipette to dispense 90 pL plasma to wells containing all the other

components. When independently dispensing plasma solutions, samples were limited to 2 rows

per well plate run to minimize time between CaCl2 addition and the beginning of well plate

measurements. When dispensing with a multichannel pipette, care was taken to prevent bubbles

from being introduced into the wells. The solutions were not mixed with the multichannel pipette

for this reason. Instead, well plates were agitated in the well plate reader to mix the solution.

Data from the plate reader was reported as absorbance. These values were converted to

transmission and standardized to begin at 100. Reductions in transmission indicate coagulation

progression. Absorbance was converted to transmission with the equation:

Transmission = 1 0 2-Absorbance (2.6)

Data was then standardized to begin at 100 with the following equation:

Standardized Transmission = Transmission + (100 - Transmission(t = 0)) (2.7)
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Figure 2-18: Plasma separation and coagulation. (a) Whole blood separates into packed red blood
cells (darker lower half of tube) and platelet rich plasma (dark yellow upper half of tube). (b)
Schematic of coagulation protocol and Table of components added to each well. Example
transmission curve of plasma coagulation (c) before and (d) after transmission normalization.

2.6.1.4.3. Controlled Fibrinogen-Thrombin Solutions

Fibrinogen and thrombin were combined to generate fibrin networks in well plates for

imaging or clotting kinetics respectively. Standard fibrin clots were generated at 2 mg/mL

fibrinogen (5 mg/mL stock in 9 mg/mL saline solution), 0.1 U/mL thrombin (10 U/mL stock in 1

mg/mL bovine serum albumin), and 2.5 mM CaC12. Labeled fibrinogen (1.5 mg/mL stock in 0.1

M sodium bicarbonate pH 8.3) was 0.5% (w/w) of total fibrinogen (Table 2-4 and 2-5). All

components were mixed in Eppendorf tubes. Phosphate buffers can precipitate calcium

phosphate. Tris buffered saline can also be used to prevent this from occurring. For these studies,

PBS with the following recipe was used: potassium dihydrogen phosphate (KH2PO4): 0.144 g/L;

sodium chloride (NaCl): 9 g/L; disodium phosphate (Na2HPO4): 0.795 g/L. When well plates

were prepared, thrombin was added to the fibrinogen solution and 100 pL was pipetted into each

well. Coagulation was monitored at 350 nm at 37 'C in a well plate reader. Data were converted

to transmission and standardized as described in 2.6.1.4.2.
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Table 2-4: Table of stock solutions and standard fibrinogen solution components. Fibrinogen
solutions are listed for a variety of hemostat protein concentrations at a set fibrinogen
concentration of 2 mg/mL. BSA: bovine serum albumin

Stock Solutions
Value Units Buffer

Thrombin 10 U/mL I mg/mL BSA in PBS
Alexa Fluor 647-labeled fibrinogen 1.5 mg/mL 0.1 M sodium bicarbonate pH 8.3
Bovine fibrinogen 5 mg/mL 9 mg/mL NaCI
fXIII 1800 pg/mL 50/50 glycerol/water
Calcium Chloride 100 mM Water
Hemostatic Protein 20 mg/mL 9 mg/mL NaCl

Table 2-5: Volumes of components used for fibrinogen-thrombin solutions

Fibrinogen-Thrombin Solution Recipes
mg/mL protein

0.01 0.5 1 2 10 5
Fibrinogen 40.0 40.0 40.0 40.0 40.0 40.0
Thrombin 1.0 1.0 1.0 1.0 1.0 1.0

fXIIIa 0.5 0.5 0.5 0.5 0.5 0.5
CaCl2 2.5 2.5 2.5 2.5 2.5 2.5

PBS 56.0 53.5 51.0 46.0 6.0 31.0
Hemostatic Protein 0.1 2.5 5.0 10.0 50.0 25.0

Total volume 100 100 100 100 100 100
[Thrombin] 0.1 0.1 0.1 0.1 0.1 0.1

[fXI] 1 1 1 1 1 1
[CaCl2] 2.5 2.5 2.5 2.5 2.5 2.5

pL
iL

pL
pL
pL
pL

pL
U/mL
U/mL
mM

2.6.1.5. Aggregation

Platelet aggregation was assessed in plasma and concentrated platelet solutions. Multiple

agonists were used to assess platelet aggregation in solutions containing MFLP. No CaC2 was

added to prevent coagulation from occurring during aggregation, convoluting the transmission

measurements. Aggregation kinetics were measured at 620 nm, converted as described in

2.6.1.4.2 and normalized to start at zero using the following equation:

Standardized Transmission = Transmission - Transmission(t = 0) (2.8)
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The well plate was agitated in between well reads to prevent the platelet aggregates from settling

and impacting the transmission measurements.

(a)Agonist +(b) 80 (c)

Hemostat-- Platelet Rich
+ PBS Plasma (PRP) * A.,-

o . .2 20 .

- PRP
Agonist
Hemostat - 1
PBS 20 * PRP+AD +FMPo 1 ,,s

CO - PRP+ADP+FMPO, 5 .,( PRP
-PRP+ADP

IrkT_ II I I i I Ii I
0 5 10 15 0 5 10 15

96 well plate wells

Figure 2-19: Platelet aggregation assay. (a) Schematic of platelet aggregation. Aggregation curves
(b) before and (c) after correction.

2.6.1.5.1. Platelet Rich Plasma

PRP, separated as described in 2.6.1.4.2, was mixed with MFLP (20 mg/mL stock

solution dissolved in saline solution or PBS) and extra PBS, as needed to equalize the total

volume of diluted solution for all samples (15 pL additional solution for all samples). Depending

on the desired concentration of MFLP (ConcHP), the volume of hemostatic protein (VolHP) and

extra PBS (PBSextra) added were calculated as follows:

VO1HP = VOPRP * cofCHP 
(2.9)

Stock ConCHP

PBSextra = 15 - Volagonist - VOlHP (2.10)

The control, and all other samples, had equivalent volumes of extra PBS added to PRP as

the most concentrated sample. Agonist was added just before the solution was dispensed into

wells (Table 2-6). Aggregation kinetics were monitored at 620 nm for 15 min. The agonist used

in this study, adenosine diphosphate (ADP) is sensitive to temperature and was stored at -20 'C

in 100 pL aliquots that were thawed immediately prior to addition to the plasma solution. 10 pM
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was the standard concentration of ADP added to PRP to activate platelets and initiate platelet

aggregation.

2.6.1.5.2. Platelet Concentrate

PRP, separated as described in 2.6.1.4.2, was pipetted into a new centrifuge tube for

spinning at 1500 rpm for 15 minutes with a brake applied during deceleration (set to 9, the

maximum). The supernatant, platelet poor plasma (PPP), was removed to isolate a platelet pellet

in the centrifuge tube. The pellet was suspended in resuspension buffer (134 mM NaCl, 3 mM

KCl, 0.3 mM NaH2PO 4, 2 mM MgCl2, 5 mM HEPES, 5 mM glucose, 12 mM NaHCO3, 3.5

mg/mL BSA @ pH 6.5, 0.2 mg/mL fibrinogen) to a concentration of 108 platelets/mL, as

determined by counting with a hemocytometer. The addition of fibrinogen to the resuspension

buffer is critical as it is the molecules to which platelets aggregate. Platelet aggregation was

performed as described in 2.6.1.5.1 and Figure 2-19.

Table 2-6: Table of component volumes in a PRP aggregation test including MFLP.

Volume (pL)
Agonist [H Unit PRP Agonist Hemostat PBS
Collagen 5 pg/mL 90 0.5

2.5 pug/mL 90 0.3
1 ig/mL 90 0.1

Thrombin 100 nmol/L 90 0.9
75 nmol/L 90 0.7 VOlHP PBSextra
50 nmol/L 90 0.5

ADP 10 tM 90 10.0
5 PM 90 5.0
1 M 90 1.0

2.6.1.6. Red Blood Cell Hemolysis

Citrated whole blood was diluted 5OX into 0.9 % saline solutions (9 mg/mL). 100 PL

nanocomposite was added to a 1.5 mL Eppendorf tube and centrifuged (2,000 xg, 1 min) in a
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swinging bucket centrifuge to generate a flattened surface. 100 gL diluted blood was added to

the Eppendorf tube and incubated at 37 *C for 2 hr under agitation in a shaker incubator (100

rpm, Labline Instruments). Controls included tubes containing 50X diluted blood further diluted

by half with 0.9 % saline (negative control) and 50X diluted blood further diluted by half with

pure deionized (DI) water (positive control). The supernatant was removed and centrifuged for 1

min to remove any particulate (2000 rpm, Labnet). This supernatant was then transferred into

wells of a 96 well plate and the absorbance at 545 nm was measured. Percent hemolysis was

calculated according to the following equation:

Asampie -Ae% Hemolysis= A x 100
Apos

where Asample is the absorbance at 545 nm of the nanocomposite containing supernatant, Aneg is

the absorbance of the saline diluted blood and Apos is the absorbance of the ultrapure water

diluted blood.

2.6.1.7. Clot Lysis

Clot lysis was assessed using fibrin networks formed, based on protocols in 2.6.1.4.3,

with a variety of methods. Lysis was monitored by plate reader, fluorescence microscopy

(described in 2.7), and by recording changes in clot volume or lysed clot area.

(a) (b) (c)
Point of plasmin addition

90 Plasmin Front

so 4-Fibrin Network

Fibnnogen-Thrombin w/no plasmin < ,d Hemostat
e Fbroinogen-Thrornbin wlplasmin - Vasal -01

0 100 200 3O 400
Before pfasin After plamiime (min) addition adito Solid Hemostat

Fibrin network bed
Figure 2-20: Attempted clot lysis assays. (a) Graph of lysis monitored by well plate, (b) schematic
of lysis monitored by syringe and (c) image of lysis monitored by petri dish.
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2.6.1.7.1. Well Plate Monitoring

Clot progress was monitored and measured in a plate reader (Tekan) set to 37 'C.

Measurements were taken at 350 nm for 1 hr until the measured transmission plateaued,

suggesting the fibrin network was fully formed. At this time, the plate was removed and 100 pL

0.1 U/mL plasmin (diluted from a glycerol stock in 1 mg/mL BSA in PBS) was added to each

well. The plate was returned to the well plate reader for monitoring for an additional 2 hrs until

lysis was completed, noted by a new, larger valued plateau in transmission (Figure 2-20a). Data

were normalized as described in 2.6.1.4.2. This method was ideal for MFLPs and other solutions

that did not impact the transmission of the solution prior to coagulation.

2.6.1.7.2. Clot Volume Monitoring by Syringe

The plunger from 1 mL syringes (Henke Sass Wolf; Norm-Ject) was removed. For

gelatin and nanocomposite samples, the bottom portion of the syringe (up to the 100 uL mark)

was filled with the hemostat using a syringe and needle. The outlet was subsequently sealed with

petroleum jelly and parafilm. All other hemostats and control (no hemostat) samples had the

syringe outlet sealed with petroleum jelly and parafilm (Figure 2-20b). QuikClot, chitosan and

hydrated chitosan were placed atop the petroleum jelly layer. Following sealing and hemostat

addition, 500 or 250 uL clot samples were made as described above under 2.6.1.4.3. The solution

was added to each well and the syringe top sealed with parafilm. Fibrin networks were allowed

to form at room temperature for 1 hr prior to plasmin addition. After 1 hr, 50 uL of 1 U/mL

plasmin to the top of the fibrin network. The volume of the fibrin network was monitored until

the entire clot was lysed by tracking the position of the plasmin-fibrin network interface with the

demarcated volume lines on the syringe. This method was ideal for and used when solid
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hemostats were assessed and a well plate would not be feasible due to the opacity of many of the

hemostats.

2.6.1.7.3. Lysis Area Monitoring by Petri Dish

Lysis of fibrin network sheets was attempted in petri dishes. A fibrinogen-thrombin

solution was made. For hemostat samples (gelatin and nanocomposite), a spot of hemostat (~ 5-

10 mm in diameter) was deposited in the center of the dish (Figure 2-20c). The fibrinogen-

thrombin solution was pipetted into a 60 mm diameter petri dish and some was left in an

Eppendorf tube to track network formation. The solution was allowed to gel at room temperature

until the solution in the Eppendorf tube passed the inversion test. At this time, 50 piL of 1 U/mL

plasmin was added to the center of the petri dish. Photographic images were taken as the lysed

region increased in size. Unfortunately, in dishes containing hemostats, non-circular lysed

regions were common, making any analysis more difficult and distinctions between hemostats

unclear.

2.6.2. Ex vivo

2.6.2.1. Nanocomposite Stability in Excised Vessel

Porcine aorta and abdominal vasculature was acquired from Research 87, Inc. From the

aortic bifurcation to the iliac arteries was excised and attached to the tubing of a digital pressure

gauge (PASPORT Dual Pressure Sensor) that was connected upstream to a 3-way valve (Figure

2-21). When running, the valve was open to the pressure gauge, the syringe, and the artery.

Simulated Body Fluid (SBF; 8.035 g sodium chloride, 0.355 g sodium bicarbonate, 0.225

potassium chloride, 0.231 g potassium phosphate dibasic, 0.311 g magnesium chloride

hexahydrate, 39 mL 1 M hydrochloric acid, 0.292 calcium chloride, 0.072 sodium sulfate, 6.118

g Tris per 1 L SBF) was made with 22 % (w/w) glycerol to simulate whole blood.
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When measuring rupture pressures, one branch from the bifurcation was clipped. The

vessels were submerged in a SBF-filled container and SBF was flowed through the vessels with

a syringe pump, the pressure being monitored upstream. Flowrates were modified to achieve a

physiologically relevant pressure (120 mmHg ~ 16 kPa). The tubing was removed from the

syringe and a 5F catheter was fed through the tubing to inject nanocomposite directly into the

open branch of the vessel. The catheter was removed, tubing reattached to the syringe and the

pressure was measured until ejection of the nanocomposite plug from the vessel.

Polydimethylsiloxane (PDMS) tubes 6 were also used to replace the vessel to generate a more

controlled vessel for additional testing of nanocomposite, embolization coil, and nanocomposite-

coil combination rupture pressures.

Controller eSimulated Essel

P Body Fluid

Syringe
Pump

Figure 2-21: Artery rupture setup. Schematic and image of syringe setup. Image of excised vessel
attached to syringe pump tubing.

2.6.3. In Vivo

2.6.3.1. Ultrasound-based Confirmation of Embolization in Mice

Mouse experiments were performed in accordance with the US Animal Welfare Act,

following institutional guidelines and animal use protocols approved by the Institutional Animal

Care and Use Committee at the Massachusetts General Hospital and according to the NIH

Guidelines for the Care and Use of Laboratory Animals.
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Figure 2-22: In vivo rodent nanocomposite occlusion. (a) Image of femoral artery exposed for
nanocomposite injection and (b and c) CT images showing its presence in vivo. Arrows indicate
puncture site or location of nanocomposite in vessel.

STBs were mixed with contrast dye (VisipaqueTm ) at a ratio of 1:30 VisipaqueTM:water

as described in 2.1.2.2. Sterilization was performed as described in 2.1.2.3.2. Following

induction of isoflurane anesthesia, mice (12-week-old male C57BL6 mice, n = 4) were placed in

a supine position over a warming platform to maintain the core temperature at 37 'C. Laser

Doppler perfusion imaging of the hind limbs was performed to obtain per-injection baseline

scans. A 0.5-1 cm incision was made longitudinally on the anterior thigh of one hind limb. The

vessels in the thigh were exposed under a surgical microscope using a combination of sharp and

blunt dissection to expose the femoral artery and vein. The femoral artery segment distal to the

inguinal ligament was mobilized and freed of its surrounding tissue. Two 6-0 silk sutures were

passed distally and proximally underneath the artery to allow for gentle manipulation of the

artery by lifting and aligning the vessel for injection. The artery was injected distally with

nanocomposite (6NC75) using 30 G sterile syringe needles. After injection, the incision was

closed with a 5.0 polypropylene suture and the mouse remained on the warming table for 1 hr
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under general anesthesia followed by post nanocomposite injection laser Doppler perfusion

imaging. The perfusion scanning of the injected hind limb was compare to the non-injected

contralateral hind limb to confirm ischemia. After laser Doppler imaging was completed, animals

were euthanized and the carcasses were placed inside a non-opaque container for micro-

computed tomography (p-CT) imaging (Figure 2-22).

Contrast-enhanced micro computed tomography scanning (pt-CT) was completed to

produce high-resolution three-dimensional images constructed of two-dimensional trans-axial

projections of the euthanized mouse hind limb to detect the radiodense contrast-containing STB

casting of the vasculature 1 hr after injection using Nikon XT H 225 (p -CT) and Bruker

SkyScan 1275 imaging scanners. The parameters used in the Nikon platform were 70 kV, 20 W,

2400 projections, 4 frames per projection, and 225 ms exposure and for the SkyScan system

were 70kV, 166 pA, 2400 projections, and 4 frames per projection. The Nikon specimens were

reconstructed with Nikon's CT Agent and CT Pro 3D software and viewed in VGStudio MAX

Version 2.2. The SkyScan specimens were reconstructed with SkyScan's NRecon software and

viewed in their CTAn Version 1.15 software.

2.6.3.2. Confirmation of Hemostasis via Hemorrhage Liver Bleeding Model in Rodents

Male Wistar rats (n = 20; 200 - 250 g) were obtained from Charles River (Wilmington,

MA, USA), housed in the local animal care facility (PRB, Cambridge, MA, USA) and fed ad

libitum. Anesthesia and analgesia were achieved by isoflurane inhalation (2.0-2.5%) and

subcutaneous carprofen administration (5 mg/kg/d; 1:20 dilution of caprofen in saline). Carbon

scrubbers, to collect excess anesthesia, were weighed before and after anesthesia usage.

Anesthesia was maintained at 2.0-2.5% through a mask placed over the mouth. The mask was

fitted around the mouth by cutting a slit in a sterile latex glove and stretching it over the mask.
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All surgical supplies (Table 2-7) were purchased sterile or sterilized by autoclaving in sterile

pouches. Supplies were flash sterilized with ethanol if the tools were used on multiple animals.

All experiments were conducted according to the NIH "Guide for the Care and Use of

Laboratory Animals" and approved by the local animal care committee (HMA Standing

Committee on Animals; protocol number 05055).

Table 2-7: Supplies for rodent in vivo surgeries
Name Description Comments
Anesthetic Vaporizer Deliver anesthetic Harvard Apparatus

Autoclave pouches Sterilize metal supplies prior to
surgeries

Betadine Iodine sterilizing solution
Blade holder Autoclavable holder for sterile

blades
Blade, surgical Sterile blades for incisions and

generating liver wounds

Caprofen Analgesic
Carbon Trap Collect excess anesthetic from

rodent box
Drapes, surgical Isolate incisions and maintain w/ and w/o holes

sterility; use to place sterile supplies
on in surgical hood

Filter Paper Collect blood lost from bleeding Choose size of filter paper
wound based on degree of wound

Gauze, sterile Apply sterilizing solutions; remove
loss blood prior to closure of
incision

Hair Clippers Remove hair on back or abdomen
prior to sterilization

Isoflurane Anesthetic
Retractors Expand skin to open peritoneal

cavity
Saline Solution Solution for intravenous injection; Human grade

used to rinse wounds
Scissors, surgical Cut skin and peritoneum
Sutures Prolene 2-0 (Skin); Prolene 1-0 w/

cutting needle; Silk 1-0 w/ cutting
needle

Tissue Tweezers Grip tissue for suturing
Tubes, centrifuge Collect filter paper used to collect Preweigh tubes prior to

blood filling with blood-soaked
filter paper
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2.6.3.2.1. Subcutaneous Implants

For subcutaneous implantation procedures (n = 8 rats), anesthetized rodents were placed

on a heating pad covered with a sterile drape. Each anesthetized rat was weighed prior to the

surgical procedure. The middle of the back was shaved with an electric clipper and the shaved

area was sterilized with iodine (betadine) sterilization disinfectant (Figure 2-23). Dorsal skin

incisions (1 cm in length) were performed, one on each side of the spine, and a small

subcutaneous pocket was generated by blunt preparation. Sterile nanocomposite gels (n = 8; 200

pl), QuikClotTM samples (n = 8; 200 pl), or sterile Surgicel sheets (n = 8; 2x1 cm sheets) were

implanted, two implants per animal. The wounds were anatomically closed, and the animals were

allowed to recover from anesthesia. Following post-surgery protocols and analgesic delivery, the

animals were monitored for signs of infection or distress (e.g. teeth grinding, eye squinting,

reduced mobility). After 3 and 28 days, the animals were euthanized by C02 inhalation, and the

implants as well as adjacent tissue were explanted and further processed for histological analysis

(see section 2.6.3.3.3).
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Shaving and
Sterilization

Generation of
subcutaneous pockets

Injection of
hemostatic
material

Reopening of pocket
and excising of tissue

Figure 2-23: Subcutaneous nanocomposite implants in rodents. Images outlining procedure to
prepare the rodent for subcutaneous injection and excise the remaining hemostatic material and
tissue after sacrificing (day 3 and 28 after injection).
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2.6.3.2.2. Blood Loss

In the liver bleeding experiments (n = 12 rats), rats were anesthetized and the abdominal

fur was shaved and sterilized with iodine (betadine) solution. A median laparotomy was

performed and the central liver lobe was exposed, using retractors to expose the liver (Figure 2-

24). After draping the surrounding situs with UV-sterilized filter paper for blood collection, a

standardized circular liver laceration was created by placing a plastic disc (d = 10 mm) to the

liver surface and superficially excising this area with a blade. Immediately after the injury,

nanocomposite gel (n = 5; 200 il) or QuikCotTM (n = 2; 200 pl) was applied on the site of

lesion.

Filter paper was used to collect hemorrhaging blood and removed after 1, 2, 3, 4, 5, and

10 minutes after hemostat application to track blood loss. Then filter paper was collected every

10 minutes until bleeding stopped. After bleeding stopped, 3 ml human grade NaCl (0.9%) was

injected intraperitoneally. Five minutes after the bleeding had been stopped, the abdomen was

anatomically closed with polypropylene sutures (3-0), separating the peritoneum and abdominal

skin separately. Animals were allowed to recover from anesthesia. After 28 days, the animals

were euthanized by C02 inhalation, and the site of injury was inspected. In order to examine the

principal lethality of the liver bleeding model, control rats (n = 5) underwent liver injury without

subsequent application of a hemostat. In all liver bleeding experiments, the amount of bleeding

was determined by weighing the blood-soaked filter papers after removal.

Filter paper was used to collect blood until the rodents died. Death was determined by

cessation of breathing or heartbeat.
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1 23

4 546

Figure 2-24: Images of liver bleeding assay. 1: cutting abdominal and peritoneal tissue; 2: using
wound retractors to visualize liver lobes; 3: generation of liver wound and placement of QuikClot
powder on surface 4-6: stable clot formation on liver surface; 7: treatment of liver bleeding with
nanocomposite. Filter paper was used to collect any blood lost from wound.

2.6.3.2.3. Histology

Histological analyses were conducted as previously published. Rodents that had

subcutaneous implants were euthanized by CO2 inhalation. The implant pockets were reopened

and any remaining hemostat as well as the tissue in the pocket were removed with a scalpel. The

excised tissue was placed in a mold filled with optimal cutting temperature (OCT) compound.

The mold was frozen in 2 methyl butane cooled with liquid nitrogen. After the OCT was fully

frozen, the molds were stored at -80 *C until cryomicrotoming.

Cryo-sections (6 pm) of all explanted tissues were cut and transferred to glass slides

(VWR SuperFrost@ Plus). The slides were left at room temperature to evaporate a majority of

the OCT and allow the tissue section to adhere to the glass slide. Slides were returned to -80 *C

until staining was performed. Slides were removed from -80 'C and the tissue section covered

with 4% (v/v) paraformaldehyde in PBS for 10 minutes. The slide was rinsed with PBS and the

excess solution wicked off the slide. Staining jars were set up in a chemical hood containing

deionized water, hematoxylin (filtered through a coffee filter to remove any oxidized material),

acid alcohol (1% hydrochloric acid in 70% ethanol), eosin working solution (eosin stock
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solution: 0.5 g eosin, 10 mL water, 40 mL 95% ethanol; eosin working solution: 15 mL eosin

stock solution, 45 mL water, 0.3 mL glacial acetic acid), 70% ethanol, 95% ethanol, 100%

ethanol, and xylene. Fixed tissue slides were dipped in water, followed by soaking in

hematoxylin for 1-10 min. Slides were removed and rinsed with water from a squirt bottle to

remove a majority of the excess dye. Slides were dipped into acid alcohol followed by a rinsing

with water. Slides were soaked in eosin for 1-3 min, followed by: 1 min soak in 70% ethanol,

two 1 min soaks in 95% ethanol (two separate jars of 95% ethanol), two 1-minute soaks in 100%

ethanol (two separate jars of 100% ethanol), and two 2-minute soaks in xylene (two separate hars

of xylene). Slides were allowed to dry, followed by a drop from a P1000 pipette tip of Permount

over the stained tissue sample and placing of a coverslip on top to prevent drying out of the

sample. Hematoxylin/eosin stained tissue sample were imaged on an optical microscope

(Olympus) with a color camera (SpotImaging) (Figure 2-25).

Nanocomposite u ot

Figure 2-25: Example of hematoxylin and eosin stained tissue sample. Arrows are areas
containing hemostat.

2.6.3.3. CT-based Confirmation of Embolization in Porcine Models

2.6.3.3.1. Embolization

Following approval of the study protocol by the IACUC of Massachusetts General

Hospital (Boston, MA), Female Yorkshire swine (Sus scrofa domestica; n = 4; weight, 50 to 55
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kg; Tufts Veterinary School, North Grafton, MA) were purchased. The swine were allowed to

acclimate for at least 2 d in a cage; the night before procedure, food was withheld but water was

provided ad libitum. For the procedure, all swine received tiletamine-zolazepam (5 mg/kg IM;

Telazol, Zoetis, Florham Park, NJ) and atropine (0.04 mg/kg IM) as pre-induction medication

and then were placed supine on the operating table. After anesthesia induction (20 mg/kg IV

propofol), all swine were intubated (internal diameter of endotracheal tube, 7.5 to 8.0 mm) and

ventilated mechanically (Evita 4, Drager, Lilbeck, Germany).

During the procedure, electrocardiogram, transcutaneous oxyhemoglobin saturation (SpO 2 ),

end-tidal C02 concentration, inspired oxygen fraction and core temperature were monitored.

Bolus of propofol (1 mg/kg IV) was used to maintain general anesthesia. Following anesthesia,

access to the carotid artery or to the common femoral vein was obtained using ultrasound and C-

Arm fluoroscopy (Siemens). The access needle and wire were exchanged for a 5 French catheter

(Cook Medical). Using a glidewire, the target vessel was selected and embolized using sterilized

nanocomposite as described in 2.1.2.3.2. Following the procedure, the catheter was removed and

hemostasis at the puncture site was obtained using manual compression for up to 15 minutes.

The animals were subsequently recovered and placed back into their cages.

2.6.3.3.2. Histology

Pig vessels were fixed in formalin (Sigma, HT 501128-4L, St. Louis, MO) for overnight

at room temperature. Paraffin embedded blocks were sectioned at 8 pm and mounted on

positively charged slide glass (Fisher Scientific, #12-550-15, Pittsburgh, PA). Slides were baked

at 56 'C for 30 min, deparaffinized (2 x 100 % Xylene, 3 x 100 % ethanol, 1 x 95 % ethanol, 1 x

80 % ethanol, 1 x 70 % ethanol, 5 min each) and rehydrated in double-distilled water for 5 min.
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Hematoxylin and Eosin Stain

Slides were stained in Gill's #2 Hematoxylin solution (Sigma, GHS-216, St. Louis, MO) for 1

min and washed in running water for 5 min. Slides were then stained in Eosin Y (Sigma,

HT110116, St. Louis, MO) for 1 min and washed for 5 min. Slides were dehydrated 1 x in 70 %

ethanol, 1 x 80 % ethanol, 1 x in 95 % ethanol, 1 x 100 % ethanol for 30 s, respectively. Next,

the slides were dried and mounted with permanent mounting solution (Histo Mount Solution,

#008030, Life Technologies, Thermo-Fisher Scientific, Grand Island, NY).

Mason's Trichrome (Tri) Tissue Staining

Collagen in the vessels was stained according to Mason's Trichrome Stain Kit (Sigma

HT1 079, St. Louis, MO). Briefly, slides were stained in freshly prepared Weigert's iron

Hematoxylin solution (Sigma HT1 5-1KT, St. Louis, MO) for 7 min in a humid chamber and

washed in running tap water for 7 min. Then the slides were stained in Biehrich Scarlet Acid

Fuchsin solution for 5 min and rinsed in phosphomolybdic-phosphotungstic acid solution for 5 s.

Aniline blue solution was applied for 15 s and washed in tap water for 5 min. Slides were dried

at 37 'C for 1 hr and mounted with permanent mounting solution (Histo Mount Solution,

#008030, Life Technologies, Thermo-Fisher Scientific, Grand Island, NY). Nuclei are stained in

black, cytoplasm is red and collagen is blue in the tissue.

Immunohistochemistry for Myeloperoxidase (MPO), CD68 and PCNA

Antigen retrieval was performed in 10mM sodium citrate, pH 6.0 solution (Life

Technologies #005000, Thermo-Fisher Scientific, Grand Island, NY). Vessel tissues were

permeabilized in 0.1 % Triton X-100 (Sigma T8532, St. Louis, MO) in PBS and endogenous

peroxidase activity was quenched in 0.3 % H202 in 60 % methanol for 30 min at room
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temperature, respectively. Endogenous biotin activity was blocked by Avidin-Biotin Blocking

Kit (Life Technologies, #004303, Thermo-Fisher Scientific, Grand Island, NY). Non-specific

protein was blocked in 5 % goat serum in PBS for 1 hr at room temperature. Polyclonal rabbit

anti-PCNA (Santa Cruz, #SC7907, 1:400, Santa Cruz, CA), CD68 (Aviva, ARP63008_P050,

1:400, San Diego, CA) and MPO (AbCam, #9535, 1:100, Cambridge, MA) were incubated in 5

% goat serum for overnight at 4 'C in a humid chamber. Biotinylated goat anti-rabbit second

antibody (Vector, BA400 1, Burlingame, CA) was applied for 1 hr at room temperature. Signal

was amplified with Avidin-Biotin-Complex solution (Vectastain Elite ABC kit, Vector

Laboratories PK6100, Burlingame, CA). Tissue sections were stained with Gill's #2

Hematoxylin (Sigma, GHS-216, St. Louis, MO) for 10 s and dehydrated and then permanently

mounted.

Biodegradation quantification

Hematoxylin and eosin stained slides were image by a microscope (Olympus) and color

camera (SpotImaging). ImageJ was used to calculate the area of the vessel containing

nanocomposite, using the polygon tool, identified as a region of dehydrated nanocomposite or

open area in the vessel and the area of the entire vessel. During the staining process, the

nanocomposite was sometimes washed away, resulting in unstained areas in the tissue samples.

This unstained area was labeled as area containing nanocomposite. The percent remodeled was

calculated according to the equation:

Connective Tissue in Vessel (%)Vessel Area-STB Area *100 (2.12)
Vessel Area
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2.7. Microscopy

The fluorescent microscope was an Olympus IX83, custom configured with Coherent lasers and

a Hamamatsu CMOS Camera (Cl 3440-20CU). Images were collected using the camera software

(HClmageLive) and analyzed with Fiji (ImageJ, NIH). More details on the microscope build are

provided in Appendix F.

2.7.1. Hemostat Stability under Flow

2.7.1.1. Microfluidic Channel Design and Fabrication

Molds for occlusion and aneurysm models were made from 3 mm thick poly (methyl

methacrylate) (PMMA) sheets by cutting the channel features using a C02 laser cutter

(Universal Laser System VLS2.30). The width of the channels in the occlusion model was 1 mm.

The aneurysm pocket was cut connected to one channel with a diameter of 5 mm and multiple

neck widths: 1 and 2 mm to yield dome: neck ratios of 5 and 2.5 (Figure 2-26; Multi-aneurysm

pockets with defined necks). The design was intended to mimic the morphology of a saccular

aneurysm. Simpler designs were made to contain one pocket per channel and no defined neck

between the pocket and the channel (Single aneurysm pocket). These microfluidics were

intended to mimic a fusiform aneurysm and assess the limitations and stability of the

nanocomposite under flow conditions. Cut channels were glued with super glue (krazy® glue) to

a petri dish and a mixed 10:1 ratio of base: curing agent (Sylgard 184, Dow Coming) was poured

over the PMMA molds and cured at room temperature overnight. Cured PDMS was removed

from the petri dish, connecting tube holes were punched, and the channel was plasma bonded

(PlasmaEtch) to a glass slide.
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Figure 2-26: Nanocomposite degradation under flow. CAD design of channels and pictures of
PDMS microfluidic devices. Images of peristaltic pump set-up.

2.7.1.2. Flow Set-Up

A medium flow variable flow pump (VWR) was used to flow human plasma through the

channels. Flow rates were chosen to achieve a Reynold's number of 300 based on the plasma

viscosity (1025 kg m 3) and the diameter of the channel. Microfluidic tubing (McMaster Carr)

was connected to the pump tubing using a pipette tip to transition between the larger pump

tubing and microfluidic tubing. Metal connectors (McMaster Carr) were used to attach the

microfluidic tubing to the PDMS vascular chip and the connection sealed with 5 minute epoxy to

prevent leakage. Prior to initiation of flow, the STB doped with fluorescently labeled gelatin

(2.1.2.1) was injected into the aneurysm pocket model, completely filling the circular aneurysm

model. The puncture hole was also sealed with 5 minute epoxy to prevent any leakage. The chip

was placed on a hot plate maintained at 37 'C to mimic physiological temperatures.

2.7.1.3. Degradation Qualification and Quantification

From the flow, the plasma was drained from the tubing and 100 pL aliquots were placed

into a 96 well plate. Absorbance at 650 nm, the absorbance wavelength of the Alexa Fluor 647

ill

Multi-Aneurysm pockets with defined necks-- Single aneurysm pockets
I 1mm neck

22 mmneck

31 3mm neck

ro- 28 62 mm

3 mm dome
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dye, was measured for initial plasma samples and plasma after 24 h flow. Images of the channel

were taken at 0 and 24 h to monitor any macroscopic changes in the nanocomposite structure

(Zeiss Observer.D 1, Zeiss). Images of the entire aneurysm model were stitched using the Fiji

processing package in ImageJ.7 8

2.7.2. Static Clot Generation and Lysis

2.7.2.1. Channel Preparation

Glass Cleaning

Glass slides and coverslips were placed in a large 500 mL beaker and rinsed with

deionized water. Rinsing involved filling the beaker to cover all glass slides or coverslips,

decanting the water from the beaker and repeating this process 2 more times. Next, acetone was

added to the beaker and the slides were sonicated in acetone for 20 minutes, followed by

decanting of the acetone and rinsing with water. The same procedure was repeated for 1 M

filtered KOH and methanol. Following the final rinse with water, the slides were individually

blown dry with filtered compressed air and stored in a slide box until used.

Functionalization

Poly(ethylene glycol) methyl ether (PEG) functionalization: Clean, dry slides were plasma

treated (PDC-001; Harrick Plasma) at a pressure of 600 mTorr and at medium power for 5 min.

The slides were then placed in glass crystallization dishes containing warm PEG methyl ether

(Mw 700) to liquify the polymer. Immersed slides were incubated at 150 'C under vacuum for

16 hrs. Following incubation, the crystallization dishes were placed in a chemical hood and

acetone was poured over the glass slides and liquid PEG methyl ether solution before the PEG

methyl ether solidified. Slides were removed and stored in a slide staining jar containing acetone

until use. On the day the slides would be used, the slides were removed from the acetone-

112



containing slide staining jar and placed in a staining jar containing methanol. The methanol was

decanted and replaced with fresh methanol twice. Slides were then individually washed with

copious amounts of deionized water from a squirt bottle, blown dry with filtered compressed air

and stored in a slide box until use. If, after drying, there are streaks or spots on the slides,

continue rinsing with water to remove excess PEG from the surface prior to use.

Alternative slide functionalization methods and materials

Fibrin network formation was dependent upon coating techniques. The following coating

techniques were performed and clot formation assessed in each. It was observed that as received

slides resulted in inconsistent clot formation. Samples that were cleaned (but not PEG-

functionalized) failed to result in a fibrin network. Gelatin, silane, and lysine coatings also failed

to generate clots when coated onto the glass slides and coverslips (Figure 2-27). Protocols were

followed as outlined.9

As received PEG

Gelatin Poly-L-lysine Silane

Figure 2-27: Slide treatments impact on clot formation. Fibrin networks generated on differently
coated glass slides and coverslips. 0.04 mL/cm 2 poly-L-lysine. 2 mg/mL fibrinogen solution, 0.1
U/mL thrombin, 0.7% labeled fibrinogen.
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Gelatin: A 0.2% gelatin solution was made with deionized water and dissolved at 37 'C. Once

dissolved, chromium potassium sulfate was added to 0.02%. The solution was placed at 4 'C in a

staining jar. Clean glass slides and coverslips were immersed in the gelatin-containing staining

jar for 2 minutes at 4 'C, subsequently removed and, with tweezers, held against a Kimwipe at

an angle to remove excess solution from the slide. The slide was stored in a slide box to dry at

room temperature until use.

Silane: Slides were cleaned. However, in this case, the slides were rinsed by immersion into a

staining jar filled with acetone following the last rinse with water. The slides were removed and

air dried. 3-aminopropyltroethoxysilane was dissolved in acetone at 2% and poured into a glass

dish. Dried, clean slides were placed into the silane solution and agitated on a horizontal shaker

for 2 minutes. The slides were removed, rinsed with water from a squirt bottle, and allowed to air

dry.

Poly-L-lysine: Poly-L-lysine solution (0.1 % (w/v); molecular weight 150,000-300,000; Sigma)

was deposited on the surface of glass slides and coverslips. The slides were placed at 4 'C

overnight followed by rinsing with deionized water three times. The slides were allowed to air

dry after rinsing.

Channel Preparation

Channels were made by depositing strips of double-sided tape onto the PEG-

functionalized side of a glass slide, separated by ~1 cm to make multiple channels on one slide.

Hemostat-containing channels had a spot of hemostat (gelatin or nanocomposite) or solid piece

(chitosan or Quik Clot) placed in the center of the channel. Gelatin was warmed to 40 'C to

allow a drop of liquid gelatin to be deposited and nanocomposite was deposited using a syringe
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and needle. Next the PEG-functionalized coverslip (PEG coating facing down) was placed over

the prepared glass slide. Pressure was applied to the regions of the coverslip contacting tape to

ensure a liquid tight seal on the edges of the channel. Channels were generally -60-70 urn in

thickness. This was measured from the maximum and minimum Z-value that clot features (fibrin

or cells) were observable in a channel and are comparable to reported tape thicknesses.

Alternative Channel Preparation

Preparative steps were not necessary to generate fibrin networks throughout the glass channels.

These included a wash with phosphate buffered saline (PBS) as well as a wash with 5 mg/mL

fibrinogen solution in saline (0.9 % sodium chloride). A wash was performed by allowing 100-

200 p.L of solution to pass through the channel, using capillary forces and a KimWipe to wick

the liquid through the channel. Solutions were immediately removed from the channel followed

by addition of the clotting solution. It was observed that no clots were formed after either PBS or

fibrinogen was washed through the channel.

2.7.2.2. Clot Solution Preparation

2.7.2.2.1. Whole Blood and Blood Component Preparation

Fibrinogen was purchased labeled with Alexa Fluor 637 (Ex/Em). Red blood cells and platelets

were both labeled with calcein red-orange (CellTrace Red-Orange, AM-Special Packaging;

Ex/Em 577/590 nm), an intrinsically fluorescent dye that will permeate and be retained by cells

with an intact plasma membrane.
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Dilute Dilute
to 0.5% to 10%
w/ 0.5x w/ 0.5x

PBS PBS

Whole
Blood

1000 rpm

PRP

100%
RBC

Add ; incubat
1 h @ 37 -C

1500 rpm

Resuspend in 0.5x
PBS and pellet x2
(1500 rpm)

Resuspend
to 5% RBC
in 0.5x PBS

1500 rp

1500-1800 rpm

PPP

Platelet
pellet

Resuspend in wash
buffer and add dye;
incubate 1 h @ 37 *C

n

Resuspend in wash
buffer and pellet x2
(1500 rpm)

1500 rpm
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platelets

Li
PRPw/
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platelets

Figure 2-28: Blood component labeling. Flow schematic of centrifugation and labeling steps
involved in labeling red blood cells and platelets.
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The labeling protocol, as outlined in Figure 2-28 above, begins with a separation of red

blood cells from platelet rich plasma (PRP) by centrifuging whole blood in a swinging bucket

rotor at 1000 rpm (xg) with no brake during deceleration for 15 minutes. Braking when

separating RBCs from PRP can disrupt the cell layer and result in a poor separation of the layers.

PRP was pipetted into a new centrifuge tube for spinning at 1500 rpm for 15 minutes with a

brake applied during deceleration (set to 9, the maximum). The supernatant, known as platelet

poor plasma (PPP) was removed, leaving a platelet pellet in the centrifuge tube.

Red blood cells were labeled by serially diluting the packed (100%) RBCs collected after

the initial 1000 rpm spin to 10% and finally to 0.5% using 0.5X PBS. Rapid dilutions will disrupt

the osmotic potential between the RBCs and the new buffer, resulting in shrinking RBCs and a

thron-like appearance. 5 pM calcein red-orange dye (40 [tL of 1 pg dye/pL DMSO) was added

to 10 mL of 0.5% RBCs and incubated at 37 'C for I hr. The labeled RBCs were washed 3

times. Cells were pelleted at 1500 rpm for 5 min. All liquid, containing any of the free dye, was

removed and replaced with 4 mL PBS. This was repeated twice, followed by a final resuspension

in 1 mL 0.5x PBS.

Platelets were similarly labeled with an initial resuspension of the platelet pellet in 1 mL

wash buffer (134 mM NaCl, 3 mM KCl, 0.3 mM NaH2PO 4, 2 mM MgCl2, 5 mM HEPES, 5 mM

glucose, 12 mM NaHCO 3, 1 mM EGTA, 3.5 mg/mL BSA @ pH 6.5). 5 piM calcein red-orange

dye (40 jiL of 1 pg dye/pL DMSO) was added to the platelets and was incubated at 37 'C for I

hr. Labeled platelets were washed twice by pelleting at 1500 rpm and resuspending in 1 mL

wash buffer. The platelets were pelleted again at 1500 rpm resuspended in PPP.

Platelet rich plasma with labeled platelets was mixed with labeled fibrinogen (1 pL

labeled fibrinogen/100 jiL plasma). Labeled red blood cells were mixed with plasma with labeled
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platelets and labeled fibrinogen up to 10% hematocrit. 40-50% hematocrit, the physiological

hematocrit concentration, results in a clot where fibrinogen or platelets cannot be visualized. 0.1

M CaCl2 was added to the blood components to a volume of 10%. The solution was pipetted at

one end of the glass channel and capillary forces wicked the solution through the channel (~30

pL per channel). The ends of the glass channel were sealed with nail polish to prevent the liquid

from evaporating and the channel was stored coverslip facing down.

2.7.2.2.2. Controlled Fibrinogen

Fibrinogen-thrombin solution was made as described in 2.6.1.4.3. In addition to these

components, labeled fibrinogen was added, commonly at 0.5% (w/w unlabeled fibrinogen).

Fibrinogen solution, activated with thrombin was pipetted into channels, which were sealed with

nail polish.

Table 2-8: Table of fibrinogen solution compositions used for imaging studies for 0.5% labeled
fibrinogen

Fibrinogen-Thrombin Solution Recipes
mg/mL fibrinogen

0.5 1 1.5 2 2.5 3
Fibrinogen 9.8 19.6 29.4 39.2 49.0 58.8
Thrombin 1.0 1.0 1.0 1.0 1.0 1.0

fXIIIa 0.5 0.0 0.5 0.5 0.5 0.5
CaCl2 2.5 2.5 2.5 2.5 2.5 2.5

PBS 85.6 75.6 64.6 54.2 43.7 33.2
Labeled Fibrinogen 0.2 0.3 0.5 0.7 0.8 1.0

Total volume 100 100 100 100 100 100
[Thrombin] 0.1 0.1 0.1 0.1 0.1 0.1

[fXIII] 1 1 1 1 1 1
[CaCl2] 2.5 2.5 2.5 2.5 2.5 2.5

pL
pL
pL
[L

ptL
pL

pL
U/mL
U/mL
mM
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2.7.2.3. Channel Imaging

Distribution

Clot or fibrin networks were generated and components imaged by fluorescence

microscopy. Standard compositions are outlined in Table 2-8 and stock solutions listed in Table

2-4. Alexa Fluor@ 637 labeled fibrinogen (Ex. 650 nm / Em. 665 nm) and calcein red-orange

labeled blood cells or platelets (Ex. 577 nm / Em. 590 nm) were added to fibrinogen solutions or

platelet rich plasma to visualize the distribution of clot components throughout a channel and as

a function of distance from a hemostat surface. Images of hemostat-clot interfaces and bulk clot

were collected by capturing an image of the hemostat entirely. XY positions of each image were

read from the stage Vernier scale and recorded. Next, an image containing half the hemostat and

half the clot adjacent to the hemostat was imaged. Then, an image containing only the clot

adjacent to the hemostat was imaged. The rest of the images were taken at increasing distances

from the hemostat surface and all XY positions recorded. Most image sets contained clot images

up to 3 mm from the hemostat surface. Image J was used to count the number of red blood cells

or the average intensity of imaging containing labeled fibrinogen or labeled platelets. The

standard exposure time was 100 ms, though for some hemostat interfaces, the exposure was

reduced to avoid damaging the camera chip. Intensity values for these images were multiple

based on the reduction in exposure time to be comparable to 100 ms exposed images.

2.7.2.4. Clot Lysis in Channels

10 pL plasmin solution (0.1 U/mL in 1 mg/mL BSA dissolved in PBS) was added to one

end of a glass chamber containing a fibrin network (section 2.7.2.2.2) and wicked through. The

XY position of the start of the channel was measured with the Vernier scale, and the stage was

moved into the channel to a position not yet lysed. Images were taken every 10 seconds until that
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area was completely lysed, as noted by the passage of the lysis front through the imaged area.

The stage was progressed to an as yet unlysed area and images were taken until lysis was

observed at that site as well. This procedure was continued through the channel until the channel

was fully lysed or the lysis front stalled.
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3.1. Abstract

Internal hemorrhaging is a leading cause of death after traumatic injury on the battlefield.

Although several surgical approaches such as the use of fibrin glue and tissue adhesive have

been commercialized to achieve hemostasis, these approaches are difficult to employ on the

battlefield and cannot be used for incompressible wounds. Here, we present shear-thinning

nanocomposite hydrogels composed of synthetic silicate nanoplatelets and gelatin as injectable

hemostatic agents. These materials are demonstrated to decrease in vitro blood clotting times by

77 % and shown to form stable clot-gel systems. In vivo tests indicated that the nanocomposites

are biocompatible and capable of promoting hemostasis in an otherwise lethal liver laceration.

The combination of injectability, rapid mechanical recovery, physiological stability, and the

ability to promote coagulation result in a new hemostat for treating incompressible wounds in

out-of-hospital, emergency conditions.
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3.2. Introduction

A range of hemostats have been reported that decrease the time required to establish

hemostasis by dehydrating the injury site,1, 2 concentrating clotting factors,2, 3 delivering clotting

agents (such as thrombin and fibrinogen)1 , 2,4 or forming a physical barrier against bleeding,5 to

the injured site to promote clotting. However, most of these hemostats are suitable for external

wounds,6, 7 where hemostatic agents and external pressure can be applied simultaneously.

Recently, thrombin and fibrinogen-based injectable solutions have been developed, but these

injectable solution-based hemostats pose the risk of introducing strong coagulation activators

into the circulatory system.8 9 Therefore, there is a need for new hemostatic biomaterials that are

injectable into a wound, mechanically stable, and induce rapid and local hemostasis.

One approach to developing hemostatic agents for traumatic injuries is to engineer

injectable biomaterials that can be introduced into a wound site, forming a physiologically stable

artificial matrix and promoting the natural clotting cascade. Specifically, the biomaterial should

flow with minimal applied pressure during injection, providing a method of application that

avoids additional patient trauma. However, once in the wound, the material should solidify to

prevent biomaterial loss to unaffected areas. Shear-thinning hydrogels can satisfy these

requirements and have been developed from a wide variety of material platforms.' 0' 11

Multiple approaches have been developed to incorporate functional materials into

hemostats to enhance their therapeutic properties. These include commercial products such as

QuikClotTM that incorporate kaolin, a crystalline mineral that functions as an absorbent and

coagulation activator.1 2 Floseal@ uses gelatin and thrombin to promote clotting in an injectable

form.8 An emerging approach to integrate functionality into hydrogel networks focuses on

incorporating nanoparticles. 13-17 Nanomaterials have been shown to interact with blood to

122



promote clotting via mechanisms such as platelet activation, dehydration of the plasma, delivery

of coagulating factors, formation of physical barriers, or the activation of clotting factors. 1,18-22

Highly charged nanoparticles, such as synthetic silicate nanoplatelets, have been shown

to induce blood coagulation by concentrating clotting factors. 4 Synthetic silicates are charged

disks, 20-30 nm in diameter and -1 nm in thickness.2 3 Due to the anisotropic distribution of their

surface charge, positive along the edge and negative on the top and bottom surfaces, the

nanoplatelets can form self-assembled structures which can dynamically form and break,

creating shear thinning gels when in aqueous media.24 Recently, synthetic silicate nanoplatelets

have been used as osteogenic agents,23 drug delivery agents, tissue engineered scaffolds, 2629

solid hemostat products, 4' 30'31 additives in cosmetic creams, 32,33 and rheological modifiers. 34

Synthetic silicates such as Laponite are shown to degrade into non-toxic components (Na , Mg 2+,

Si(OH) 4, Li+) in physiological conditions. Moreover, these silicates are found to be

cytocompatible with human stem cells and animal cells as reported in previous literature. 23 ,2 6, 28

Natural and synthetic polymers have been shown to interact with synthetic silicates

through physical interactions, forming physically crosslinked networks.2 6, 2 8 , 29,36,37 Earlier

studies on silicate-gelatin interactions show that polyampholytic gelatin, containing positive and

negative regions, strongly interacts with the oppositely charged areas of the synthetic silicate

nanoplatelets. 38 Gelatin is denatured collagen, and mimics components of the native extracellular

matrix (ECM) in structure and chemical composition.39 Gelatin's hygroscopic property also

allow for absorption of body fluids and is proposed for a range of tissue engineering applications.
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3.3. Additional Experimental Details

Materials

Synthetic silicate nanoplatelets (Laponite XLG) were purchased from Southern Clay Products,

Inc. (Louisville, KY). Type-A porcine skin gelatin was obtained from Sigma Aldrich

(Milwaukee, WI). Zeta potentials of gelatin, silicate nanoplatelet, and mixtures of silicate and

gelatin were determined in ultrapure water (Milli-Q) and phosphate buffered saline (PBS), pH

7.4 (Invitrogen) using a 633 nm laser in a Malvern ZEN3600 (Malvern Instruments, UK).

Silicate nanoplatelets were dissolved with vigorous agitation (vortexing) while gelatin was

dissolved with stirring at 40 'C. Transmission election microscopy (TEM) images of the silicate

nanoplatelets were obtained using a JEOL JEM-1400 TEM (JEM 1400) installed with a cool

beam illumination system (resolution: 0.2 nm line, 0.38 nm point) and 11 megapixel Advanced

Microscopy Techniques cooled charged coupled device camera at 80 kV. The sample was

prepared by dispersing silicate nanoplatelets in water/ethanol solutions, placing a drop on the

TEM grid, and allowing the grid to dry under vacuum.

Rheological Analysis

An Anton Paar MCR 301 rheometer was used for mechanical testing. A 25 mm diameter

parallel plate geometry with a gap height of 500 pm was used for temperature sweeps and

mineral oil was placed around the circumference of the plate to prevent evaporation of water

from the nanocomposite for all tests. Nanocomposites were equilibriated for 10 minutes prior to

testing, followed by a two-minute steady shear at 10 s-. This was enough time to allow the

viscosity to reach a minimum, shear thinning the hydrogel and removing the mechanical history.

10 s of equilibrium time was sufficient for the viscosity to return to a higher plateau value, after
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which point testing was initiated. Frequency and shear rate sweeps were performed at 20 and 37

'C, sweeping frequencies from 0.00 1- 100 Hz at 1% strain and shear rates from 0.00 1 to 100 s-

with 10 points/decade. Frequency sweeps were performed with a cone geometry (25 mm

diameter, 1 angle, 50 ptm truncation gap). Stress-controlled temperature sweeps were

performed from 15-45 'C at 10 Pa stress and 1 Hz. All other tests were performed at 37 'C.

Oscillatory stress sweeps were performed from 0.0 1-100 Pa at 1 Hz. Strain Sweeps were

performed from 0.0 1-1000% at 1 Hz. Recovery testing was conducted at 1 Hz by applying

100% strain, a value outside of the linear viscoelastic range, followed by 1% strain for 5 minutes

to monitor gel recovery. Interfacial strength was also measured by applying a linearly increasing

strain to a system of nanocomposite and coagulated blood. Shear stress was measured until

1,800% strain. The maximum stress attained was used as a measure of the strength of the clot

system.

Quantification and Imaging of Interfacial Interactions

Anticoagulated whole blood was centrifuged for 2 minutes to separate red blood cell- rich

(RBC-rich) and RBC-poor phases in a mini centrifuge (6,000 rpm). A liquid solution of

fluorescently labeled nanoplatelet was mixed with the RBC-rich and poor phases. Repeated spin

downs and washings were performed to remove unbound nanoplatelets. Dilute solutions of

RBC-rich/nanoplatelet and RBC-poor/nanoplatelet were mixed and deposited onto glass slides

for imaging with a fluorescence microscope.

Thrombus Weight

Nanocomposite and powdered QuikClotTM samples were weighed into 2 mL eppendorf tubes.

Nanocomposites were centrifuged to standardize the surface area exposed. Citrated blood was
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reactivated by 10 % (v/v) 0.1 M CaCl2. 100 pL of solution (10 pL CaCl2 and 90 pL whole blood)

was added to each Eppendorf tube. At each measured time point, clotting was stopped by

addition of 200 ptL sodium citrate solution (0.109 M). Any liquid was removed from the

Eppendorf, leaving only clotted blood. The Eppendorf tubes were reweighed to determine the

mass of clot produced in the tube. Clot mass was normalized to the area exposed to the

nanocomposite. The same area was used for the commercial hemostat sample.

3.4. Results and Discussion

3.4.1. Characterization of Nanocomposites

Physical mixtures of gelatin and silicate nanoplatelets were used to formulate the

nanocomposite hydrogels for this study. Briefly, the silicate nanoplatelets were exfoliated in

ultrapure (Milli-Q) water using a vortexer to enhance the surface area available for interaction

with gelatin. Next, a gelatin stock, heated to liquefy the solution, was vigorously mixed with the

exfoliated silicate at room temperature (Figure 3-la). Vigorous agitation was necessary to

prevent clumping of the nanoplatelets during gelation; however, the nanoplatelets are stably

dispersed after the gel has set.2 Nanocomposite hydrogels were fabricated with solid

concentrations of 3, 6, and 9 wt% and gelatin:nanoplatelet ratios from 0:1 to 1:0 and labeled as

xNCy ("x" represents the total solid weight percent and "y" is percent of the total solid weight

percent that is nanoplatelet) (Appendix B). Initially the gelatin solution was a viscous liquid (at

37 0C), but once silicate nanoplatelets were mixed with gelatin, the solution gelled within a

minute.

When mixed with gelatin, silicate nanoplatelets improved the thermal stability of the

hydrogel. Thermal stability of the nanocomposite formulations was determined by oscillatory

shear rheology over a temperature range from 15 'C to 45 'C, mimicking common
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environmental and physiological temperatures that the nanocomposite may be exposed during

sample preparation and in vivo application. 9NCO had a gel-sol transition temperature of 32 'C

(Appendix B), consistent with the literature and too low for application as a hemostat.40
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Figure 3-1: Structure, injectability, and self-healing characteristics of nanocomposite hydrogels.
(A) Schematic showing the preparation of the nanocomposite gels. The TEM image shows the
size of the silicate nanoparticle (Scale bar 50 nm). Images showing injection of nanocomposite
hydrogel through a surgical needle (22 gauge) and recovery to form freestanding structures. (B)
Zeta potential measurements demonstrate electrostatic interactions between negatively charged
silicate and positively charged gelatin. 95% CI are shown for each point. (C) Small-angle X-ray
scattering (SAXS) indicates that nanoplatelets are well dispersed and follow the model curve for
scattering from dispersed thin disks. (D) Yield stress of gels as a function of nanoplatelet loading
and solids fraction. (E) Recovery of the nanocomposites was observed by subjecting the
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hydrogel to alternating high and low strain conditions (100% strain and 1% strain) while
monitoring the moduli of the composite. For all the nanocomposite hydrogels, more than 95%
recovery was observed.

However, the addition of silicate nanoplatelets to gelatin improved the thermal stability,

increasing the sol-gel transition to above 45 'C for solids concentrations of 6 wt% or greater. In

contrast, 3 wt% solids nanocomposites were not solid within the experimentally observed

temperature range. For treatment of hemorrhage, thermal stability is necessary once the

nanocomposite is injected so that it can remain at the wound site without flowing into adjacent

areas. Similarly, physiological stability was observed for all 9 wt% nanocomposites, 6NC50,

6NC75, and 6NC 100 (Appendix B). All gelatin samples, quickly dissolved in PBS at 37 'C

while the aforementioned samples had no observed weight loss over 24 hours. For this reason,

only nanocomposite hydrogels with more than 6 wt% solids were characterized further.

Zeta potential measurements suggest that electrostatic interactions between nanoplatelets

and gelatin contributed to the observed increase in the thermal stability (Figure 3-1b). Solutions

of silicate nanoplatelets possessed a zeta potential of -39 mV, whereas gelatin solutions had a

zeta potential of 10 mV. Because the two components had opposite charges, electrostatic

interactions between silicate and gelatin were expected. This was also supported by earlier

findings which showed that strong interactions between montmorillonite (another type of silicate

clay) and gelatin can function to increase the sol-gel transition temperature of the composite.41

Scattering measurements of nanocomposite hydrogels suggest the presence of disk

shaped particles, indicating that clay particles remain exfoliated in the nanocomposite. Small

angle X-ray scattering (SAXS) intensity curves of the nanocomposites showed power law decay

with an exponent of -2 at high q, greater than 0.03 A-1, characteristic of disk-shaped scatterers.

The scattering intensity from 9NC75 can be fit with a thin disk model 42 with a radius of 9.5 2.7
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nm, in agreement with the reported size of the silicate nanoplatelets (Figure 3-1C). 2 3 This

suggests that scattering was produced from individual nanoplatelets dispersed within the gelatin

in this formulation and not aggregates of nanoplatelets (Appendix B).

Silicate addition to gelatin modulated the rheological response of the nanocomposite,

resulting in a shear yielding behavior observed at 37 'C. Preliminary investigations using a 22-

gauge needle indicated that all silicate-containing nanocomposite hydrogels could be injected

and form self-supporting structures, suggesting the presence of a yield stress and recovery

potential (Figure 3-la). Linear oscillatory shear rheology showed that the crossover frequency

was below 0.001 Hz for 9NC75 and 9NC100, maintaining solid-like (G'>G") properties over

the tested frequency range (Appendix B). Oscillatory strain into the non-linear regime (Appendix

B) illustrated yielding behavior, an important parameter for designing hydrogels for minimally

invasive therapies. In oscillatory shear rate sweeps, the yield stress was defined as a 5%

departure of the stress from the initial linearity on a stress-strain plot. Tests were performed at 37

'C, where gelatin readily flows and lacks a yield stress (Figure 3-Id; Appendix B). An increase

in the silicate concentrations from 0% (9NCO) to 100% (9NC 100) increased the yield stress from

2 Pa to 89 Pa. A yield stress was observed in 9NC 100 but not in 9NCO, suggesting that the yield

stress behavior was derived from the presence of the dispersed nanoplatelets in the

nanocomposite, consistent with the known shear thinning capability of nanoplatelets. 4 0 Because

increasing concentration of gelatin reduces the yield stress, it eases delivery of the

nanocomposite by injection.

Recovery of the elastic gel strength in less than 10 seconds was observed in

nanocomposites for nanoplatelet loadings greater than 50% (9NC50, 9NC75, and 9NC 100).

Such rapid self-healing after the removal of stress can prevent material flow after application to a
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wound site. Other physically crosslinked hydrogels are capable of recovering their pre-strained

moduli in seconds (i.e. telechelic protein gels) 43 to tens of minutes (i.e. peptide amphiphile gels) 5

after the cessation of shear. Therefore, the rapid recovery time of these gels provides a

significant advantage by reducing the risk being washed away because they have relatively long

self-healing times after the deformation of physically crosslinked networks. 5 Figure 3-le shows

four cycles of high (100%) to low (1%) oscillatory strain amplitudes and the resulting

nanocomposite moduli. At 100% oscillatory strain, all apparent moduli are below 100 Pa by the

end of 5 minutes of oscillation, illustrating rapid network disruption. After four cycles of high

and low oscillatory strain, the 9NC50 modulus during 100% strain oscillations was 80% lower

than the initial modulus during high strain. At higher silicate loading (9NC75 and 9NC100), the

moduli were 33% and 29% lower compared to the initial values during high strain. In contrast,

the moduli for the high nanoparticle materials increased under quiescent conditions. While

9NC50 showed a 13.5% decrease after four strain cycles, 9NC75 and 9NC100 showed 9.3% and

13.3% increases in modulus, respectively. Extended monitoring (Appendix B) indicated that

after 30 seconds the quiescent moduli reached asymptotic values, indicating completion of the

healing process. These results indicate rapid recovery of the storage modulus after repeated

application of high oscillatory strain amplitudes, suggesting rapid recovery of the physically

crosslinked networks.

3.4.2. In Vitro Performance of Nanocomposite in Presence of Whole Blood

The incorporation of silicate nanoplatelets into gelatin led to a decrease in the observed

clotting time in vitro. The hemostatic ability of nanocomposite hydrogels was evaluated by

monitoring the clotting time of whole blood in contact with the nanocomposite surfaces in 96-

well plates. Under normal conditions, human blood initiates coagulation in 5-6 minutes.4' 44
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Similar clotting times (5.2 0.5 minutes) for whole blood were observed in control wells

containing neither gelatin nor nanocomposite (Figure 3-2a & 3-2b). A slight color change was

observed 9NCO by 5 minutes. This was attributed to the tamponade ability of gelatin.4 5 Gelatin is

hygroscopic and could absorb the fluid components of whole blood but could not stimulate clot

formation within 5 minutes. The addition of nanoplatelets to gelatin reduced blood clotting time

in a dose-dependent manner. Figure 3-2a and 3-2b demonstrate the decreased clotting time for

higher nanoplatelet concentrations. 9NC25, 9NC50 and 9NC75 reduced the clotting time by

32%, 54%, and 77%, respectively when compared to the control (blood in uncoated wells). The

representative images of wells at select time points, shown in Figure 3-2a, clearly highlight the

presence of a clot earlier in nanocomposites with higher nanoplatelet loadings. This was

attributed to the strong negative charge of the synthetic silicate nanoplatelet that can facilitate

concentration of clotting factors near the nanocomposite surface. Prior studies have shown a

decrease in clotting time due to the addition of negatively charged particles to polymer

hydrogels. 4, 12 Preliminary in vitro studies indicate that the nanocomposites induced minimal

cytotoxic effect or inflammatory response (Appendix B), with gelatin-containing

nanocomposites having higher cell viability and lower inflammatory response than NC 100 gels,

supporting the potential application of these materials as biocompatible hemostatic gels.

Decreased clotting times of blood in contact with nanocomposites were also observed

through rheological measurements. Small amplitude oscillatory time sweeps of blood in contact

with gelatin or gelatin-silicate nanocomposites were performed to evaluate clotting kinetics

(Figure 3-2c). Gelatin was chosen as a control, having minimal impact on clotting time in vitro.

9NC75 was selected for its combination of decreased clotting time, comparable to 9NC 100

which was the best performer in vitro, and its decreased inflammatory response when compared
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to 9NC 100, insignificant from the inflammatory response of 9NCO (Appendix B). Clotting

induced an increase in the elastic modulus of the gelatin-clot system from 10-1 to 104 Pa (Figure

3-2c). Whole blood in contact with gelatin begins cloting in 5-7 minutes, which is consistent

with our earlier clotting data and the literature.4 6 When gelatin was replaced with a silicate-

gelatin nanocomposite, the clotting transition occurred even prior to the initiation of

measurements, reflecting a large reduction in the clotting time. Comparing the decrease in

clotting time observed with nanocomposites to other reported hemostatic products, the

improvement exceeds many solid hemostats and was similar to recorded values for thrombin-

based hemostats (Figure 3-2d). 4,6,46,47 A comparison of the nanocomposite and the commercial

hemostat QuikClotTM clot mass per contact area as a function of time showed similar trends in

clot formation (Appendix B).

Blood clot strength was preserved in blood-nanocomposite systems. Clot strength,

characterized by the peak shear stress attained in a linearly increasing strain experiment, is a

parameter important for establishing hemostasis. More rigid clots are more likely to embolize

while more pliable clots are ineffective. Stress-strain curves of each system were compared to a

natural clot under the same testing conditions. The results indicate that the clot could sustain a

peak shear stress of 2.4 0.3 kPa, while the gelatin-clot system had a peak shear stress of 0.5 kPa

(Appendix B). The liquid-like properties of gelatin (G">G') at 37 0C compromise the

mechanical stability of the system. Nanocomposites tested under the same conditions reached a

maximum shear stress of 1.0 0.09 kPa. In the presence of nanocomposite, the shear stress of a

nanocomposite-clot was 1.9 0.6 kPa, which is comparable to the peak stress borne by the clot.
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It was hypothesized that the surface charge of the nanocomposite facilitated platelet aggregation

or activation of clotting factors that ultimately enhanced the hemostatic activity. To confirm this,

a channel was generated within the nanocomposite hydrogels and subsequently filled with blood.

It was observed that platelets aggregated near the nanocomposite surface (Appendix B), which

was not observed in control experiments on gelatin or plastic surfaces. This indicates that

nanocomposite surfaces might be effective in attracting blood components.
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Observations in the presence of platelet rich plasma (PRP) and platelet poor plasma

(PPP) (Appendix B) indicated that components in both plasma types were co-localized with

silicates, forming aggregates around the silicates. This co-localization and protein adsorption to

the nanocomposite surfaces could be driven by electrostatic or hydrophobic interactions, which

have been shown to determine protein adsorption to biomaterial surfaces.48' 49 The first row of

images in Appendix B shows a uniform fluorescence from a silicate nanoplatelet solution. The

second row (whole blood) shows blood cells with a minimal fluorescent signature. The mixture

of labelled 9NC 100 and PPP showed co-localization of the plasma components with the silicate

nanoplatelets (third row). The same was observed for the nanoplatelets and PRP (fourth row).

The uniform fluorescence of the nanoplatelets is disrupted by the presence of blood components,

suggesting a change in the interactions between nanoplatelets. The co-localization of silicates

and blood components is thought to originate from plasma proteins and blood cells interacting

with the charged surfaces of silicate nanoplatelets, increasing blood component concentrations

surrounding the nanocomposite. Earlier studies have shown that charge interactions can initiate

the coagulation cascade, such as the interactions of GPlb-V receptors (negative) with platelets

and von Willebrand factor (positive) with collagen. 20,'05 The attractive properties of the

silicates could serve to accelerate hemostasis, with similar protein-nanocomposite interactions

observed in other hemostats. 47

3.4.3. In vivo Hemostatic Potential of Nanocomposite in Liver Bleeding Model

In vivo biocompatibility of nanocomposite hydrogels was investigated by dorsal

subcutaneous injection in rats via 1 cm incisions. 9NC75 (200 pl) or QuikClot'TM samples (200

[l) were injected or implanted, respectively, in subcutaneous pockets (n=16) as shown in Figure

3-4a. All animals survived the follow-up period of 28 days without any signs of physical
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impairment or systemic inflammation and exhibited regular somatic growth. After 3 days, both

implant materials (9NC75 and QuikClotTM) could be easily detected in the subcutaneous pockets.

At day 28, the QuikClotTM particles appeared macroscopically unchanged and 9NC75 was

integrated in the surrounding tissue.
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Figure 3-3: In vivo evaluation of nanocomposite hydrogels as hemostats. (a) Subcutaneous
injection and explantation of 9NC75 in rats. After 3 days, nanocomposite could be easily
detected in the subcutaneous pockets, but the volume was already lower than at implantation. (b)
H&E staining confirmed degradation of 9NC75 within 28 days, while the QuikClotTM particles
were still present. Moreover, 9NC75 induced less chronic inflammation than QuikCotTM,
indicated by severe mononuclear cell infiltration around QuikClot TM at day 28 (asterisks).
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Furthermore, the QuikClotTM samples were encapsulated by dense fibrous connective tissue
(arrows). The potential of the nanocomposite to stop otherwise lethal bleeding was investigated
using liver bleeding experiments in rats. (c) 9NC75 significantly improved the post-
interventional survival (logrank (Mantel-Cox) test). (d) 9NC75 was effective in preventing blood
loss as compared to untreated hemorrhage (***p<0.001). (e) The small amount of 9NC75 (200
pl) was sufficient to stop bleeding and the superficial part of the 9NC75 was easily removed
without causing re-bleeding.

Hematoxylin & Eosin (H&E) staining confirmed these observations indicating that

9NC75 was predominantly degraded within 28 days after injection, while QuikClot TM did not

undergo degradation (Figure 3-4b). Both implants induced an acute locally restricted

inflammatory reaction in the host, including cellular infiltration. This process turned into chronic

inflammation of the surrounding tissue, whereas the inflammatory response against QuikClotTM

was substantially stronger when compared to 9NC75, resulting in a higher density and larger

area of predominantly mononuclear cellular infiltrates. Moreover, in the QuikClotTM group,

dense fibrous tissue formation was detected around the implants at day 28, indicating fibrous

capsule formation (Figure 3-4b).

In order to investigate the potential of the nanocomposite to stop otherwise lethal

bleeding, a standardized liver bleeding model was applied (Appendix B). In the liver bleeding

experiments (n=12 rats), median laparotomy was performed, and the central liver lobe was

exposed. After draping the surrounding situs with filter paper for blood collection, a circular liver

laceration (1 cm diameter) with standardized shape and size was created. Immediately after the

injury, 9NC75 or QuikClot TM was applied on the site of lesion. The principal lethality of this

bleeding model was assessed in control animals (n=5) without application of a hemostat. Both

9NC75 (n=5) and QuikClotTM (n=2) were effective in stopping relevant hemorrhage within

seconds and prevented hypovolemic conditions. A log rank analysis of the early post-

interventional survival data revealed significant improvement by the nanocomposite (logrank
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(Mantel-Cox) test: p=0.007 versus control; hazard ratio 11.5 with 95% CI 1.93-68.9) (Figure 3-

4c). The total blood loss after 5 and 10 minutes was significantly decreased by the application of

9NC75 (p<0.001 versus control) (Figure 3-4d). The small amount of applied nanocomposite

(200 pl) was more than sufficient, since the superficial parts of the nanocomposite were not

soaked with blood, and thorough removal of this excess material did not cause re-bleeding

(Figure 3-4e). All hemostat-treated liver bleeding animals survived the complete follow-up

period of 28 days without secondary hemorrhage. At explantation, no remnants of the

nanocomposite were observed and the liver presented an intact surface, while QuikClotTM was

still present, accompanied by soft tissue adhesion to the site of lesion. These results show that the

nanocomposite gel offers a strong hemostatic potential for in vivo applications and is suitable to

stop lethal bleeding.

3.5. Conclusion

In conclusion, nanocomposite hydrogels containing synthetic silicate disks and gelatin

form injectable biomaterials that can promote in vitro and in vivo coagulation. The addition of

silicate nanoplatelets to gelatin significantly improved the physiological stability, injectability,

hemostatic performance, and nanocomposite-clot strength. Future studies into the long-term

effects of the nanocomposite in vivo will be required in any translational applications. In

addition, the ability of the nanocomposite to be used as a delivery vehicle for additional clotting

or regenerative signaling molecules will be an area for continued investigation. Due to these

unique features, the newly developed silicate-based gelatin nanocomposite can be used as an

injectable hemostat to treat incompressible wounds.
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4.1. Abstract

Improved endovascular embolization of vascular injuries and abnormalities can generate

better patient outcomes and minimize the need for repeat procedures. However, many embolic

materials, such as metallic coils or liquid embolic agents, are associated with limitations and

complications such as coil migration, coil compaction, recanalization, adhesion of the catheter to

the embolic agent or toxicity. In this study, we designed an engineered shear-thinning

biomaterial (STB), a nanocomposite hydrogel containing gelatin and silicate nanoplatelets, to

function as an embolic agent for endovascular embolization procedures. STBs were shown to be

injectable through clinical catheters and needles and were shown to have hemostatic activity

comparable to those of metallic coils, the current golden standard. In addition, STBs were

observed to withstand physiological pressures without fragmentation or mobilization in vessels

ex vivo. Utilizing computed tomography (CT) imaging, the biomaterial was shown to fully

occlude murine and porcine vasculature in vivo and remain at the site of injection without
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fragmentation or non-target embolization. Given the advantages of rapid delivery, complete

occlusion of the vasculature, and in vivo stability, STBs are an alternative gel-based embolic

agent with translational potential for endovascular embolization.

4.2. Introduction

Vascular injury causing uncontrolled bleeding is associated with mortality rates of over

40%. 1,2 They can occur from trauma or can be caused by inflammatory, infectious, neoplastic or

congenital etiologies. Vascular injury can occur in cerebral, abdominal or pelvic vasculature,

each with unique requirements for treatment. 3-6 While the traditional open-surgical approach has

been the cornerstone in the treatment of these patients, there has been a recent shift in

approaching these cases using minimally invasive endovascular techniques.7 In patients who are

not candidates for surgery and in patients with sub-acute or chronic bleeding, endovascular

embolization is the predominant choice of therapy as it can be the faster and the safer option.

The ideal endovascular approach should be 1) rapidly deployable, 2) completely occlude the

bleeding vessel or aneurysm without remote non-target embolization, 3) prevent any recurrence

of bleeding 4) and, most importantly, demonstrate utility in challenging, high mortality clinical

scenarios such as in patients with severe intrinsic coagulopathy or those receiving

anticoagulation therapy.

Embolization techniques involve using a combination of wires and catheters to navigate

through the vasculature, utilizing fluoroscopic guidance, to reach the bleeding site for treatment.

Interventional radiology has developed approaches and methods to identify and address life-

threatening hemorrhage effectively3 8-1 0 by preventing blood flow to the site of injury using

embolic agents, including metallic coils (e.g. Tornado, Cook Medical), liquid agents (e.g. Onyx
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@, Medtronic), and microparticles (e.g. ContourTM PVA Embolization Particles, Boston

Scientific).

Embolization using metallic coils is the most common method to treat bleeding vessels

including aneurysms. However, despite successful coil embolization, rebleeding rates continue to

be as high as 47 %, contributing to increased morbidity and mortality." Break-through bleeding

despite adequate coil embolization becomes particularly troublesome in coagulopathic patients

and in patients receiving anticoagulants as successful coil embolization depends on thrombosis to

achieve therapeutic occlusion. 12, 13 Other significant complications of coil embolization include

coil migration, non-target embolization, and coil compaction; handling of these coils also

requires highly skilled physicians to perform these cases. 14-16 Procedures can be lengthy and

costly, exposing the patient and the staff to high radiation doses and limiting access to these

costly life-saving interventions to tertiary medical centers.1 7'18

Liquid embolic agents provide an alternative to metallic coils for treating vascular injuries.

Ethylene vinyl alcohol-based, cyanoacrylate-based, alginate, and ethanol have all been used as

therapeutic embolic agents.1 4 Their liquid-like state can allow for simpler delivery and improved

occlusion but the gelation mechanisms and components of some liquid embolic agents can

complicate procedures, increase toxicity, or limit applications. Onyx, a solution of ethylene vinyl

alcohol copolymer in dimethyl sulfoxide, is an example of a liquid embolic agent and is FDA

approved for embolization of intracranial arteriovenous malformations (AVM) and recently has

received 'Humanitarian Use Device' approval for aneurysm embolization. 5 However, Onyx

requires extensive pre-preparation before use, requires significant experience and is extremely

cost prohibitive; complications are also common including the dangerous possibility of

cementing the catheter to the Onyx released into the AVM or aneurysm sac, leading to open
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surgical rescue and death in some cases.1 4' 19 Furthermore, Onyx has a 20% rate of incomplete

aneurysm occlusion2 0 and carries a 12-36% chance of recanalization.2 Major procedural

complications also include aneurysm rupture, leakage during injection, angiotoxicity, and the

possibility of necrosis.2 2-27

Hydrogels have recently drawn attention as alternatives to metallic coils. Their ability to be

thermally responsive,28 gel in situ,29 which simplifies catheter delivery, and be degraded

controllably for temporary occlusion,30 which is desired after traumatic injury and warrants

exploration of their potential as next generation of embolic agents. Biomaterials such as alginic

acid have been examined but suffer from high injection pressures at clinically relevant flow

rates.31-33 Polyethylene glycol (PEG) based, photocrosslinkable materials have also been

developed that rely on UV exposure to gelate a pre-polymer solution but are, as of yet, not

clinically relevant and would not be feasible from an endovascular approach.3 4 The lack of an

efficacious, safe and reliable tool for embolization necessitates a more effective technique that is

occlusive without relying on thrombosis, less costly, less time-consuming, and easier to

administer without the need for specialized tools or skills.

Here, we utilize a shear-thinning biomaterial (STB), a nanocomposite (NC) composed of

synthetic silicate nanoplatelets and gelatin,35 with physical and biological properties suitable for

endovascular embolization (Figure 4-1A-C). Because it is a hydrogel, the STB forms a complete,

impenetrable cast of the vessel after injection, which is sufficient to occlude the vessel or the

aneurysm without relying on thrombosis. The decrease in viscosity that is an inherent feature of

STBs is expected to simplify delivery through catheters while the recovery of modulus after

injection ensures the embolic agent remains at the site of injection without fragmentation or non-

target embolization (Figure 4-1 B). Hemostatic silicate-based nanoplatelets incorporated in the
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STB have an additional property in that they can promote clotting on the material surface when

exposed to blood to enhance thrombosis and further minimize the risk of potential fragmentation.

This STB can significantly simplify embolic material delivery and expand its applicability to

multiple vascular beds and injuries.

4.3. Additional Experimental Details

Study Design

The study was designed to determine the optimum shear-thinning biomaterial (STB)

formulation for endovascular embolization. It was hypothesized that the highest concentration

material with the highest nanoplatelet concentration that was also injectable through a catheter

would provide the best combination of deliverability, procoagulatory activity, and stability after

delivery. After characterization and optimization in vitro and ex vivo, we examined whether the

STB was capable of embolization in vivo in mice and porcine models. Arteries were injected in

mice to assess the ability of the STB to occlude flow in small animals in the short term and veins

were injected in swine to assess the long-term feasibility of embolization in larger animals. Veins

were embolized via catheter delivery. Time points (day 14, 21, 24) were chosen to allow for

remodeling to occur in the embolized veins, assess them by histology, and determine the stability

of the STB and its impact on tissue deposition.

Rheological Analysis of STBs

STB samples were made and stored at 4 'C until measured on an Anton Paar MCR-301

rheometer. Samples were measured with a 25 mm diameter aluminum plate upper geometry and

an aluminum disposable lower plate. A gap height of 500 ptm was used for all samples.
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Shear Rate Sweep: After loading, samples were equilibrated at 37 'C for 10 min prior to testing,

sheared at 10 s- 1 for 2 min, and equilibrated for an additional 10 s. Following this, shear rates

were ramped from 0.001-10 s-1 at a density of 10 points per decade.

Power Law Modeling: Viscosity vs shear rate curves were plotted on a log-log plot and fitted

using the nonlinear least-squares regression algorithm in MATLAB. The linear region of the

curves was fit with the fluid power law equation: 71 = 7cin-i where -q is the viscosity, 77, is the

viscosity at 1 s-1, k is the shear rate and n is the power. Values of n<1 suggest a shear-thinning

material.

Temperature Sweeps: Samples were equilibrated for 5 min at 15 'C. Temperature was linearly

ramped from 15-45 'C at 1 'C per min with 10 Pa shear stress applied to the sample.

Recoverability: 100 % strain was applied to the sample for 5 min, followed by 1 % strain applied

for 5 min, both at 1 Hz and 37 'C.

Clotting Time

Citrated human whole blood (Research Blood Components, Brighton, MA) was used for

all blood related testing. Blood was mixed with 10 % 0.1 M CaCl2 in MilliQ deionized (DI)

water and pipetted to mix. 50 pL was added to successive wells of a 96 well plate that was either

uncoated, coated with STB, or containing a 1 cm section of an embolic coil. After selected times,

a well was washed with 0.9 % saline solution and the liquid aspirated to leave only coagulated

blood. Well plate images were taken using a Zeiss Axio Zoom V 16 stereomicroscope.

STB Degradation

Human plasma was separated from citrated whole blood by gravity settling of the red

blood cells. Plasma was removed and used to incubate weighed 1.5 mL Eppendorf tubes (VWR)

filled with STB at 37 'C. 500 pL plasma was added to each Eppendorf tube filled with 500 pL
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STB. Over 24 h, the plasma was removed, the remaining STB weighed, and 500 pL of new

plasma added back to the tube.

Hemolysis

Citrated whole blood was diluted 50X into 0.9 % saline solutions. 100 piL STB was

added to a 1.5 mL Eppendorf tube and centrifuged in a swinging bucket centrifuge to generate a

flattened surface. 100 pL diluted blood was added to the Eppendorf tube and incubated at 37 'C

for 2 h under agitation in a shaker incubator (100 rpm, Labline Instruments). Controls included

tubes containing 50X diluted blood further diluted by half with 0.9 % saline (negative control)

and 50X diluted blood further diluted by half with pure DI water (positive control). The

supernatant was removed and centrifuged for 1 min to remove any particulate (2000 rpm,

Labnet). This supernatant was then transferred into wells of a 96 well plate and the absorbance at

545 nm was measured. Percent hemolysis was calculated according to the following equation:

A -A
% Hemolysis S""''' "- x 100 where Asample is the absorbance at 545 nm of the STB

pos

containing supernatant, Aneg is the absorbance of the saline diluted blood and Apos is the

absorbance of the DI water diluted blood.

Vasculature model testing

6NC50 and 6NC75 were injected into the vessel or aneurysm of a clinical vasculature

embolization model. The system was perfused manually with contrast dye (Ultravist®, Bayer)

and imaged under fluoroscopy (Siemens; Artis Zeego) before and after injection of the STB.

Phantom Imaging

STBs were made with multiple ratios of iodinated CM (VisipaqueTM): water, filled into

syringes that were centrifuged to remove any bubbles in the syringe. The syringes were placed in
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a head and body modular phantom (Gammex 461A) and images were obtained on the same dual-

energy CT scanner.

In Vivo Studies

All animal experiments were performed in accordance with the US Animal Welfare Act,

following institutional guidelines and animal use protocols approved by the Institutional Animal

Care and Use Committee at the Massachusetts General Hospital and according to the NIH

Guidelines for the Care and Use of Laboratory Animals.

In vivo mouse model

STBs were mixed with contrast dye (VisipaqueTM) at a ratio of 1:30 Visipaque TM:water.

Sterilization was performed as described above. Following induction of anesthesia, mice were

placed in a supine position over a warming platform to maintain the core temperature at 37 'C.

Laser Doppler perfusion imaging of the hind limbs was performed to obtain per-injection

baseline scans. A 0.5-1 cm incision was made longitudinally on the anterior thigh of one hind

limb. The vessels in the thigh were exposed under a surgical microscope using a combination of

sharp and blunt dissection to expose the femoral artery and vein. The femoral artery segment

distal to the inguinal ligament was mobilized and freed of its surrounding tissue. Two 6-0 silk

sutures were passed distally and proximally underneath the artery to allow for gentle

manipulation of the artery by lifting and aligning the vessel for injection. The artery was injected

distally with STB (6NC75) using 30 gauge sterile syringe needles. After injection, the incision

was closed with a 5.0 polypropylene sutures and the mouse remained on the warming table for 1

h under general anesthesia followed by post STB injection laser Doppler perfusion imaging. The

perfusion scanning of the injected hind limb was compared to the non-injected contralateral hind
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limb to confirm ischemia. After laser Doppler imaging was completed, animals were euthanized

and the carcasses were placed inside a non-opaque container for micro -CT imaging.

Micro-Computed Tomography Imaging.

Contrast-enhanced micro computed tomography scanning (p-CT) was completed to

produce high-resolution three-dimensional images constructed of two-dimensional trans-axial

projections of the euthanized mouse hind limb to detect the radiodense contrast-containing STB

casting of the vasculature 1 h after injection using Nikon XT H 225 (t -CT) and Bruker SkyScan

1275 imaging scanners . The parameters used in the Nikon platform were 70 kV, 20 W, 2400

projections, 4 frames per projection, and 225 ms exposure and for the SkyScan system were

70kv, 166 pA, 2400 projections, and 4 frames per projection. The Nikon specimens were

reconstructed with Nikon's CT Agent and CT Pro 3D software, and viewed in VGStudio MAX

Version 2.2.The SkyScan specimens were reconstructed with SkyScan's NRecon software, and

viewed in their CTAn Version 1.15 software.

In vivo porcine model

Following approval of the study protocol by the IACUC of Massachusetts General

Hospital (Boston, MA), Female Yorkshire swine (Sus scrofa domestica; n = 4; weight, 50 to 55

kg; Tufts Veterinary School, North Grafton, MA) were purchased. The swine were allowed to

acclimate for at least 2 d in a cage; the night before procedure, food was withheld but water was

provided ad libitum. For the procedure, all swine received tiletamine-zolazepam (5 mg/kg IM;

Telazol, Zoetis, Florham Park, NJ) and atropine (0.04 mg/kg IM) as pre-induction medication

and then were placed supine on the operating table. After anesthesia induction (20 mg/kg IV

propofol), all swine were intubated (internal diameter of endotracheal tube, 7.5 to 8.0 mm) and

ventilated mechanically (Evita 4, Drager, Ltibeck, Germany).

151



During the procedure, electrocardiogram, transcutaneous oxyhemoglobin saturation (SpO2),

end-tidal C02 concentration, inspired oxygen fraction and core temperature were monitored.

Bolus of propofol (1 mg/kg IV) was used to maintain general anesthesia. Following anesthesia,

access to the carotid artery or to the common femoral vein was obtained using ultrasound and C-

Arm fluoroscopy (Siemens). The access needle and wire were exchanged for a 5 French catheter

(Cook Medical). Using a glidewire, the target vessel was selected and embolized using sterilized

STB (6NC75) as described above. Following the procedure, the catheter was removed and

hemostasis at the puncture site was obtained using manual compression for up to 15 minutes.

The animals were subsequently recovered and placed back into their cages.

Statistical Analysis

Two-tailed Student's t test were performed for experiments with 2 groups. One-way analysis

of variance (ANOVA) with Tukey post hoc test (p<0.05 was defined as significant) were

performed on experiments with more than 2 test groups. All analyses were performed with the

GraphPad Prism 5 software.

4.4. Results

4.4.1. STB Stability and Recoverability

To select STB compositions for investigation as embolic agents, we first performed

manual injection assays to determine the highest concentration of silicate nanoplatelets and

gelatin that was injectable through a clinical 5 French catheter. This is important as we consider

the ease of use of the STB as a gel-embolic to be a key variable in our design. Current liquid

embolic and coil designs are complex and require significant experience to use, additional

catheters, wire-pushers and other devices to deploy the embolic agent. STBs that are deliverable

through a catheter without occluding the catheter, able to accelerate hemostasis, and able to form
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mechanically robust gels after injection are necessary for the successful design of the STB

embolic activity.
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Figure 4-1: Shear-thinning biomaterial (STB) functions as an endovascular embolic system.
(A) Schematic of STB fabrication. (B) Proposed syringe based delivery of STB (blue) from a
catheter into vessel to occlude the vasculature and promote local thrombus formation at the
exposed ends (red). (C) Image highlighting the injectability of the STB through a catheter. (D)
Table with composition information for investigated STBs. Time dependent plots of shear stress
vs shear rate for (E) 6NC50 and (F) 6NC75 immediately (0 min), 5 min, and 60 min after
loading showed the STB shear-thinning, noted when the slope of the curve decreases (light blue
region). (G) 6 % (w/v) STBs recovered solid-like modulus after repeated application of high
strain (100 % strain, light blue region).

STBs are composed of a physical mixture of porcine gelatin (Type A) and synthetic

silicate nanoplatelets (Laponite XLG) (Figure 4-1A). When mixed with water, a physically

crosslinked hydrogel nanocomposite is formed via electrostatic interactions. In particular,
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electrostatic charges on the nanoparticle can interact with amphiphilic gelatin chains to generate

a stable, homogenously mixed gel, as previously described. STB compositions are identified by

the total solid weight percent (w/v) and the percentage of the solid material consisting of silicate

nanoplatelets (e.g. 6NC50 is 6 wt % (w/v) and is composed of 50 % silicate nanoplatelets).

Concentrations ranging from 3 to 9 wt % (w/v) were tested to see if they could be manually

injected through a 5F catheter (0.97 mm inner diameter (ID)). For further analysis, those

injectable compositions of high (>50%) nanoplatelet percent were chosen to ensure maximum

hemostatic activity and maximum solid concentration (Figure 4-1D; Appendix C).

To characterize the mechanical properties of STBs, we performed rheological

measurements that probed the STB response to high shear, strain, and physiological

temperatures. Shear-thinning at high shear or strain during injection will be necessary for

unassisted, manual delivery and modulus insensitivity to temperature is important once it is

delivered into the body. Shear-thinning behavior (Appendix C) was evident in shear rate sweeps,

with decreasing slopes (i.e. viscosity) as the shear rate was increased (Figure 4-1, E and F).

Additionally, the modulus became less dependent on temperature with increasing nanoplatelet

concentration, indicating that its mechanical properties will not be greatly impacted when

transitioning from room temperature to body temperature (Appendix C).

To understand the temporal dependence of STB injectability, which is critical to ensure

continued delivery of the STBs throughout the operation window, we monitored the dynamic

changes in rheological properties relating to injection over time. Preserving injectability over

time will avoid the problem of catheter occlusion, encountered with ethylene vinyl alcohol and

cyanoacrylate-based embolic agents36 and provide the physician flexibility with more time to

ensure accurate delivery and safe removal of the catheter. Shear rate curves were collected over
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the span of one hour to determine if there were significant changes in their shear-thinning

behavior. Shear rate curves 5 min after loading and 60 min (Figure 4-1, E and F) after the initial

measurement showed no qualitative change in the curve profile, suggesting the shear-thinning

behavior of the STB was maintained even after extended periods without applied flow. This

property of the STB will allow the physician more precision and accuracy in embolizing the

target and minimize non-target embolization as can occur with other liquid embolic agents and

coils.

To characterize the mechanical stability of the STB following injection from a catheter or

needle, recovery of the modulus after application of high strain, 100 % oscillatory strain, was

tested. Instant recovery would be desired to prevent STB fragmentation and non-target

embolization following exit from the catheter or needle tip. Previously, 9 wt % (w/v)

nanocomposites3 5 were shown to rapidly recover solid-like behavior (G' >G") after application

of high strain, which resulted in liquid-like behavior in the nanocomposite (G">G'). Similar

experiments using 6 % (w/v) STBs indicated comparable recovery following application of high

strain (Figure 4-1 G; Appendix C). This behavior is essential for such an embolic gel, where the

initial injectability through the catheter must rapidly stabilize to generate a solid after release

from the catheter.1 4' 3 1, 37 , 38

Next, to replicate the injection process, we investigated STB injectability through clinical

catheters and needles. An embolic capable of manual injection from a pre-loaded syringe is

desired for rapid delivery, especially following traumatic injury. To this end, the force required

to inject the STB, loaded into 3 mL syringes, through clinical catheters or needles, at a set

flowrate, was measured with the use of a mechanical tester (Figure 4-2A; Appendix C).

Parameters including the material composition, injection rate, and catheter or needle dimensions
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affected the force profile during injection (Appendix C). The applied force linearly increased in

all tested catheters and needles until finally plateauing at the injection force (Figure 4-2B). These

injection forces are within a range that can be generated manually by the physician with ease

without the aid of additional equipment. Additionally, whether the catheter was filled with STB

or empty prior to measuring the injection force, the final injection force was similar for both

situations after the flow was fully developed (Appendix C), thus the shear-thinning behavior was

unaffected by the presence of STB remaining in the catheter.

To assess the impact of injection parameters on the injection force and to provide

comparisons to standard materials delivered through catheters, catheter dimensions and needle

sizes, the rate of embolic delivery were varied while the injection force was measured. Higher

injection rates (Figure 4-2C) required higher injection forces, as expected from Poiseuille's law

for fluid flow in tubes.39 Because injection rates are not standardized for embolization

procedures, it is important to understand that faster rates of injection will require higher injection

forces by the operator, which will vary based on the physician and the procedure. When different

inner diameter catheters were compared (Figure 4-2, D and E), the clinical 4F (0.89 mm) and 5F

(0.97 mm) catheters required similar injection forces (27 0.6 N for 4F and 24 3.1 N for 5F).

However, catheter length was not equal for the 4F (70 cm) and 5F (100 cm) clinical catheters

(Figure 4-2E). Correcting for the longer length of the 5F catheter according to Becker et al.,' the

dependence of injection force on diameter was more apparent (Appendix C). More common

medical solutions delivered by catheters were also measured, including contrast dye

(VisipaqueTM) and saline solution (Figure 4-2F). The force required to inject STBs was one order

of magnitude higher than the force needed to inject saline solution and contrast dye but still
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easily capable of manual injection. These results supported further investigation of STBs

potential as an embolic agent.
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4.4.2. STB Occlusion and Coagulation

To evaluate the ability of the STB to withstand physiological pressures without

fragmentation, an ex vivo model was established to monitor the pressure required to eject STB

from a porcine vessel. Simulated body fluid (SBF) thickened with glycerol was chosen to mimic

whole blood.4 0 Bifurcations in the iliac arteries were removed from a freshly explanted porcine

aorta containing the abdominal branches and the common iliac arteries only. A model was

established with a syringe pump to mimic blood flow and a gauge upstream of the vessel to

monitor the pressure (Figure 4-2G). The vessel was attached to the end of the tubing connecting

the syringe pump and pressure gauge and flow rates of SBF through the patent vessel were tuned

to achieve a pressure reading of -16 kPa, equivalent in SI units to the standard reported systolic

blood pressure of 120 mmHg (Appendix C).4 1 Delivery of 6NC75, dyed blue (Figure 4-2H), into

the vessel was performed by passing a 4F catheter through the tubing connecting the syringe

pump to the vessel and occluding one of the common iliac artery. The other was clamped to

prevent flow for this study. When flow was started, a substantial increase in the pressure was

observed in the occluded vessel prior to ejection of the STB from the vessel and a return of the

pressure to that measured in the patent vessel (Figure 4-21). The peak pressure obtained from the

occluded vessel (41.9 10.1 kPa) was almost 2.6 times the systolic blood pressure (16 kPa) and

32 times the venous pressure (1.3 kPa), suggesting the STB can withstand physiologically

relevant pressures without displacement or fragmentation. Similar STB stability was observed in

rheology against the magnitude of shear stresses encountered along a vasculature wall (Appendix

C 7). This highlights the mechanical stability of 6NC75 and its ability to physically occlude

vessels in the absence of any thrombus formation at its ends; with thrombosis at the exposed
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edges inside blood vessels, this will likely increase the pressure required for displacement of the

STB.
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To compare the hemostatic activity and hemocompatibility of STBs with commercially

used coils, in vitro coagulation and hemolysis tests were performed showing that the surface of

the STB exhibited similar activity as clinical metallic coils (Figure 4-3, A and B), the standard

treatment for endovascular embolization. Clotting time and hemolysis assays of whole blood in

contact with either STB or metallic coils were performed to assess the hemocompatibility of the

STB compared to metallic coils. Clotting times (Figure 4-3A) were accelerated when blood was

in contact with either coils or STB compared to controls (Appendix C). Clotting times between 3

and 5 min were observed for 6 % (w/v) STBs, similar to clotting times obtained from coils.

Further comparisons of coils and STB showed higher values of hemolysis for the biomaterial

than coils (Figure 4-3C; Appendix C). However, hemolysis values of STBs were comparable to

other engineered hemostats (42). The potential for STB degradation was also investigated when

incubated with plasma with no degradation observed in the first 24 h (Figure 4-3D). Stability in

contact with blood plasma and accelerated clot formation will both serve to stabilize the STB

against fragmentation or recanalization as clot generation on the ends of the STB caps the

embolization site.

4.4.3. STB Sterilization and Casting

To highlight the ability of the STB to conform to complex lumen contours, additional in

vitro occlusion studies were performed in vascular embolization models (Figure 4-3E; Appendix

C). To visualize the STB by fluoroscopy imaging, the material was mixed with clinically used

Visipaque TM, an intravascular iodine-based contrast dye. In Figure 4-3E, STB was manually

delivered in a pre-loaded syringe through a 5F catheter. The biomaterial could be continuously

injected by hand and completely occluded the vessel creating a cast (Appendix C). Contrast dye

was observed to remain within the STB and not leach from the biomaterial, suggesting its
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stability within the STB and its potential to function effectively in vivo to locate the STB within

vessels. In preparation for in vivo studies, sterilization of the STB with gamma irradiation was

also performed to eliminate any infectious pathogens; gamma irradiation had no statistically

significant impact on STB functional activity (Figure 4-3, F and G; Appendix C). The preserved

activity of STBs after sterilization will allow for sterile syringes to be loaded prior to the

procedure and function as previously characterized.

4.4.4. In vivo Embolization

To assess STB for the possibility of non-target embolization in vivo, femoral arteries

were injected with STBs initially in mice prior to testing in pigs. 6NC75 was injected directly

into femoral arteries (Figure 4-4A) showing sustained and complete occlusion of the vessel that

resulted in interruption of hind limb perfusion on laser Doppler imaging (Figure 4-4B). There

was no sign of recanalization of the embolized vessel after occlusion and no detectable non-

target distal migration using micro-CT (p-CT) imaging to visualize the VisipaqueTM-labeled STB

(Figure 4-4C); these data indicated the generation of a stable occlusion without fragmentation,

consistent with ex vivo experiments in Figure 4-2H. Optimal concentration of the VisipaqueTM

mixed with STB was determined based on phantom image analysis (Appendix C).
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Figure 4-4: Arterial injection of STB in mice occludes vasculature. (A) Photo of mouse
femoral artery before and after injection of STB via a 30G needle. (B) Laser Doppler
microperfusion imaging showing that hind limb perfusion was maintained in the leg before STB
injection (left panel) but was interrupted after STB injection (right panel). (C) Micro-CT (pt-CT)
image of mouse after STB (6NC75 with Visipaque TM; artificially colored blue) injection showing
the radiodense injected biomaterial stable in the femoral artery, consistent with ex vivo
experiments (Figure 4-2H).
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To demonstrate feasibility and applicability for potential future clinical use, porcine

models were tested where 6NC75 STB was delivered to target vessels via standard clinical

percutaneous catheterization techniques and tools. Since fragmentation and displacement of the

STB following embolization of a target vessel is a critical undesired outcome, initial experiments

were designed to assess stability of the injected STB in the arterial vasculature (Figure 4-5, A-F).

Female Yorkshire pigs were anesthetized, intubated and monitored throughout the procedure.

Under ultrasound guidance, the right carotid artery was accessed using a standard 21 G needle

and wire. Under fluoroscopic guidance, a 5 French Cobra 2 catheter (Cook Medical) and an

0.035 angled glidewire (Terumo) were brought to the infrarenal aorta and digital subtraction

angiography (DSA) was performed demonstrating the lumbar arteries and the iliac arteries. The

lumbar artery was catheterized and successfully embolized within seconds following the

injection of approximately 1.5 cc of gamma irradiated 6NC75 from a premade 3 cc syringe

(Figure 4-5, A-C). Figure 4-5C shows a magnified view of the STB edge with patent proximal

lumbar artery and aorta. Since this STB remained in place and did not migrate over a period of

15 minutes, we next embolized the left common iliac artery (CIA). The same catheter was

brought just distal to the internal iliac artery origin and approximately 4 cc of the STB was

injected (Figure 4-5, D-F). Flow immediately ceased without any evidence for displacement or

fragmentation; the STB remained in the injected place. This was a significant outcome because

CIA is high flow (approximately 100 cm/sec) with a diameter of 7 mm, similar to the human

CIA; more importantly, when compared to the clinical scenario, coil embolization of this high

flow, large diameter artery would be at high risk for coil displacement, which was not the case

for the STB.
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Figure 4-5: Vascular embolization in porcine model suggests feasibility in porcine models.
(A) Angiography of the normal right L4 lumbar artery. (B) 5 French Cobra 2 catheter within the
right L4 lumbar artery post STB injection; contrast injection reveals lack of opacification of the
lumbar artery indicating successful embolization. (C) Magnified view showing the tip of the
catheter inside the lumbar artery and the abrupt cut-off of the artery indicating an impenetrable
cast of the vessel and non-opacification despite high volume, high velocity contrast injection.
(D) DSA at the level of the aortic bifurcation. (E) Abrupt cut-off of the left EIA following STB
injection; (F) magnified view of the embolized EIA. (G-I) Embolization of various forelimb
central veins using a 5 French catheter. (J) Coronal CT study at 24 days of (H) and CT iodine
map demonstrating clear lungs without pulmonary embolism. (K) White arrows in H, J and K
indicate the same regions of embolized vein. (L) Gross image revealing the distended, occluded
vein in H. (M) The cut surface of the STB occluded vein after 24 days showing STB filled vein.

Next, we explored the durability of STB embolization in the forelimb venous vasculature.

Forelimb veins were chosen because fragmentation or displacement of the STB would lead to

pulmonary embolism; an objective assessment of performance that was tested using computed

tomography (CT) imaging. Using a 5 French Davis catheter (Cook Medical), various centrally

positioned forelimb veins were embolized in three pigs using 3-4 cc of the gamma sterilized

6NC75 STB (Figure 4-5, G-I). These pigs were survived 14, 18 and 24 days; just prior to

necropsy, CT imaging was performed using 256 slice dual-energy scanner (Definition Flash,
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Siemens) before and after intravenous administration of iodinated contrast media (Visipaque TM).

CT imaging revealed no evidence of artifact from the STB that would obscure the region of

embolization. This is an important outcome because streak artifact from metallic coils limits

assessment of the embolized segment; for example, coil embolized aortic aneurysm or cerebral

aneurysm makes CT assessment for an endoleak nearly impossible necessitating an angiographic

procedure for the patient.43 Most importantly, CT imaging also revealed that there was no

evidence of any pulmonary embolism as indicated by the iodine maps of the lungs up to 24 days

post-embolization.

Following the CT study, the embolized veins were carefully dissected and immediately

processed for histologic and immunohistochemical assessment. On gross examination, the veins

were intact and occluded, with STB completely filling the vein at the initial site of injection with

no signs of recanalization, even after 24 days (Figure 4-5, I and J).

Transverse histology sections obtained from the embolized vessels (Figure 4-5) were

analyzed, showing intraluminal obliteration and remodeling of the vein with fibrous connective

tissue when compared to control patent veins. Paraffin embedded cross-sections were obtained

starting from the proximal aspect and extending to the distal portion of the embolized vessel

segment and were stained with Hematoxylin & Eosin (H&E) and Masson's trichrome.

Trichrome (Tri) stained sections indicated the tissue was rich in connective tissue (collagen

stained blue) (Appendix C). Residual STB was present in the vessel with infiltrating

inflammatory cells evident in the vessel lumen surrounding the remaining biomaterial.

Immunohistochemistry for myeloperoxidase (MPO) revealed MPO positive cells infiltrating the

vessel luminal area. MPO is known to be expressed primarily by neutrophils of the myeloid cell

lineage but can also be present in monocytes and macrophages. There was negligible MPO
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staining observed in the vessel wall, highlighting that inflammation was confined to the lumen.

Macrophages, as indicated by CD68 staining, were predominately expressed surrounding the

remaining STB (Figure 4-6A, second row), suggesting that there is ongoing degradation and

clearance of residual STB inside the occluded vessel by phagocytic cells. In addition, there was

active cellular proliferative activity, as determined by proliferating cell nuclear antigen (PCNA)

staining, which recognizes DNA polymerase-related proteins expressed during proliferation-

related DNA synthesis. The PCNA staining localized primarily in the areas of residual STB,

suggesting that there is continued remodeling that parallels STB clearance within the occluded

vessel lumen.

For better understanding of the impact of STB on vessel remodeling, morphometric

quantification of the occluded vessel area was completed. Clearance of STB and remodeling of

the embolized vessel was dependent on temporal and spatial factors (Figure 4-6, B-D).

Temporally, histological sections from later time points were more advanced in their clearance of

STB and subsequent vessel remodeling. An increase in the percent of the vessel remodeled with

connective tissue was observed, as STB was cleared from the site (Figure 4-6B). Spatially,

comparing proximal and distal histologic cross sections of the embolized vessel, a trend toward

decreased connective tissue presence was noted. There was near 100% connective tissue

occupying the vessel at proximal locations and a decreased presence of connective tissue in more

distal sections (Figure 4-6, C and D). The most distal section showed an increase in connective

tissue presence relative to its adjacent more proximal sections, likely due to its proximity to the

blood stream and the ability for phagocytic cells to interact with the STB at this extreme distal

location during remodeling. The high percent of connective tissue present at both the proximal
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and distal sites of occlusion result in an embolized site with minimal likelihood for subsequent

fragmentation or recanalization.
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Figure 4-6: Histological assessment of vascular reorganization after STB injection. (A)
Histology staining results from patent and occluded veins after STB injection. Macrophages and
proliferating cells were present surrounding the remaining STB. Histology sections of
myeloperoxidase (MPO), CD68, and proliferating cell nuclear antigen (PCNA) showed a higher
concentration of myeloid cells, macrophages, and proliferating cells surrounding the remaining
STB (asterisks). Staining was localized to the lumen of the vessel, suggesting no systemic
response to STB presence. (B) Replacement of STB with connective tissue in the vessel was
quantified by measuring the amount of intraluminal area filled with connective tissue from H&E
histology images over time, reflecting the percentage of vessel remodeled. (C) When the
remodeled vessel percent was plotted against the histology slide's location proximal or distal to
STB injection, higher levels of remodeling were noted proximal to the STB injection which then
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decreased as the sampled tissue became distal to the injection. (D) The spatial dependence of
vessel occlusion was noted in histology slides sampled proximal and distal to the site of
embolization. (CD68: Cluster of Differentiation 68; MPO: Myeloperoxidase; PCNA:
Proliferating Cell Nuclear Antigen)

4.5. Discussion

Minimally invasive interventions are desired over open-surgical procedures to reduce

stress on the patient and improve patient outcomes. 44 For minimally invasive procedures that

involve drug delivery45 4 6 or placement of devices,47-5 2 catheters are an important tool to provide

access to otherwise inaccessible locations in the vasculature. In particular, endovascular

embolization procedures deliver embolic agents within the vasculature to occlude bleeding

vessels or aneurysms.3' 4, 14, 16, 53

Rapid and controlled delivery of embolic agents is required for successful embolization

procedures. Combination of cone beam CT imaging and DSA allow for live monitoring of the

embolization process, affording physicians the ability to dynamically alter the embolization

strategy and improve outcomes.54 55 Coiling is the most common procedure used to embolize

vascular injuries 56-58 with similar performance in bare and hydrogel-coated coils.59 However, the

distance from the groin, torturous vasculature and the size of the target vessel can hinder coil

delivery and impact clinical outcomes. Liquid embolic agents and hydrogels have simplified

delivery through tortuous pathways.1 4 Onyx has been predominately used in intracranial

aneurysm treatment.60 In situ gelling agents such as cyanoacrylate, alginate,31'33 PEO/PPO block

copolymers,61 or thermoresponsive polymers 62 have also been investigated as alternatives.

However, time sensitive gelation in Onyx and cyanoacrylate-based embolic agents prohibit the

ability to start and stop injections and leads to complications such as cementing catheter to the

embolic material or non-target embolization.
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With the STB described here, we have generated a promising gel-based embolic agent

that is rapidly deployable from pre-loaded sterile syringes, that completely occludes targeted

arteries and veins, shows no indications of recanalization post injection, and is capable of high

performance in anticoagulated blood or in coagulapathic scenarios. The injectability is time

insensitive, within the period of a standard procedure, and can provide freedom for physicians to

deliver the embolic without the threat of catheter blockage or potential adhesion to the embolic

material and eliminate the need for specialized delivery tools. The hydrogel enables facile

navigation of tortuous paths for delivery. After placement in the vasculature, we have shown in

vitro and in vivo that the injected STB is stable and capable of withstanding physiological

pressures without being displaced.

Catheter blockage was not observed during STB injection even when the STB was

allowed to remain immobile in the catheter. Using rheological analysis, we demonstrated that the

shear-thinning properties of the biomaterial can be maintained for at least an hour. This suggests

that prolonged procedures can also be accommodated without risking catheter blockage, an

advantage for physicians dealing with complicated cases that could require repeated angiography

imaging of the vasculature during injection. Similar behavior is not possible with hydrogel-

coated coils, which will swell and block catheters or prevent further repositioning after 5-20

minutes.14,63 The curve profile observed in the rheological shear stress and mechanical tester

measurements of injection force offer a glimpse into the yielding behavior of different STB

compositions, possibly yielding via shear banding and plug flow process.64,65 More gradual

curvature in the injection force curves, seen in rheological and catheter injection of 6NC50,

suggests a more controlled injection process in contrast to a sharp break in the curvature, as seen

in 6NC75. Control over this injection profile can provide better user control during injection,
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allowing for smooth delivery of the embolic material. Creep, or the tendency of the gel to deform

under loading, was observed in the STB but, at the relevant shear stresses encountered in

vivo,66,67 are minimal. Almost complete recovery after shear was observed as well, suggesting

minimal permanent deformation in the STB. Generation of a clot surrounding the hydrogel and

eventual remodeling into dense fibrous connective tissue will further stabilize the hydrogel and

prevent excessive creep long term.

Incomplete occlusion is not a concern with the STB as it can fully occlude the

vasculature without the requirement of thrombus formation, which is necessary in coiling

procedures. 68 The STB is capable of higher packing densities than bare coils, hydrogel coils, or

other alginate-based embolic agents,33 ,68 69 decreasing the likelihood of recanalization due to

poor packing. 70 The intrinsic procoagulant property of the STB accelerates the natural

coagulation that will occur on the surface of the STB further stabilizing the occlusion, preventing

fragmentation or non-target embolization. Coagulation occurs only on the exposed surface of the

STB compared to metallic coils where coagulation is initiated at the interface of the coil with

blood. To achieve embolization, generation of a clot is not necessary for STB but will serve to

further stabilize it preventing fragmentation after injection; however, generation of a clot is

required for successful coil embolization, i.e. blockage of a bleeding vessel. As the STB is

removed by macrophages or other cell types, proliferating cells function to deposit connective

tissue in the vacated area, ensuring a stable, chronic embolization. The ability of the body to

remodel and remove the STB present an opportunity to introduce stimuli to promote a variety of

activities in vivo including control over further angiogenesis 71 with anti-proliferative drugs. 72

While coagulation can improve STB stability in the occluded vessel along the blood exposed

edges, the STB does not strongly adhere to the vessel tissue, permitting mobilization of the STB
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plug under super-physiological pressures or large deformations of the occluded vessel. This is an

intrinsic property of shear-thinning materials, which will decrease in viscosity under high shear

unless reinforced by some orthogonal network in vivo.73 Cell adhesion can be increased in

biomaterials by using cell adhesive peptide sequences7 4 or fibrin mimetic polymers,75 improving

the interaction of the STB with the natural clot and surrounding vessel tissue while maintaining

its injectability and procoagulatory properties.

Shear-thinning materials and other in situ gelling hydrogels represent a viable, safe and

cost-effective alternative to coil embolic systems, compatible with the minimally invasive

procedures that are more common for endovascular embolization. Coupling easy deliverability

with stability after injection and complete vessel occlusion are required for any embolic material.

This study sets the stage for future studies and clinical trials to investigate the potential of shear-

thinning, in situ gelling hydrogels in the management of vascular injuries or abnormalities and

other conditions requiring endovascular embolization.
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5.1. Abstract

Topical hemostats are designed to accelerate or promote coagulation and hemostasis during

hemorrhaging. The process may modify the clot architecture or distribution of blood

components, resulting in reduced clotting times or minimal blood loss. Among a panel of known

hemostatic materials, spatial distributions of individual blood components were quantified during

contact with hemostatic materials. Hemostats with hydrogel (gelatin, nanocomposite) and solid

(QuikClot, chitosan) material forms were systematically studied by measuring the spatial

distribution of fluorescently labeled blood components surrounding the hemostat. Fibrin,

platelets and red blood cells were visualized separately to quantify their unique morphologies in

the presence of hemostatic materials. Fibrin networks and plasma clots were generated using

concentration-defined fibrinogen-thrombin solutions and heterogeneous human plasma samples,

respectively. Among the blood components, fibrin exhibited the greatest differential response

between hemostats, whereas the cell distributions showed minimal variability. The extent of

fibrinolysis was independent of the hemostat, and the introduction of flow during clot formation

reduced the differential effects of particular hemostats while maintaining qualitatively similar
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responses. A systematic approach taken to study these hemostats can be applied to develop new

hemostatic materials, improve the determination of hemostatic mechanisms of action, and

identify the signatures of modified clot structures generated at hemostat-clot interfaces.

5.2. Introduction

During traumatic bleeding, hemostats are used to cover wounds and accelerate the rate of clot

formation, thereby reducing overall blood loss.1 Some critical wounds are best addressed with a

basic styptic material or technique (e.g. tourniquets).2 More complex wounds, such as extensive

internal injury resulting from blast trauma, may require hemostatic material forms that facilitate

injection, conform to complex wound surfaces, and remain in the body without impairing the

physiological clot lifecycle (i.e. clot formation, clot lysis, and tissue remodeling). 5 Some

clinically used and researched hemostatic systems fail to satisfy the growing demands presented

by complex bleeding scenarios. As novel hemostatic systems are developed for fatal bleeding

situations, in vitro characterization techniques are an important approach to benchmark materials

prior to in vivo studies.

Unfortunately, there are insufficient and non-standardized in vitro tests developed to assess

solid or particle-based hemostats. 6 In vivo studies are sometimes used as the initial assessment

new hemostats, avoiding altogether any in vitro assays of hemostatic performance. 7 Clinical

tests, such as activated partial thromboplastin time (APTT) or prothrombin time (PT) tests can be

used to evaluate solution-based hemostatic systems but are not designed for solid or particle-

based hemostats. Inversion testing,8-9 thromboelastography (TEG),1 0 or hemolysis11 are used to

monitor clot formation of blood in contact with hemostatic materials. Each technique measures

the final outcome of a hemostat mechanism of action, the generation of a clot, but end-point

analyses fail to illuminate the origins of accelerated clot formation. Hemostat interactions with
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blood components and presentation of clot-promoting surfaces can result in modulated clot

structure or architecture, which can conclude with accelerated clot formation. Increased

knowledge of these possible modifications to clot structure upon contact with hemostat surfaces

will provide critical insight needed to generate design principles for future hemostat

development.

Characterizing modified clot architecture from hemostat interactions may benefit from

methods used to describe coagulation under diseased states. Altered clot architecture is among

the features present in many circulatory diseases. Malformed clots are features of diabetes,

coronary artery disease, and aneurysms.1 2 The changes in fibrin and cell-based networks result in

accelerated clot formation or extended clot lysis times.13-15 Symptomatically, malformed clots

can present as increased hemorrhaging, embolization, or reduced wound healing.1 2 To attain a

molecular understanding of altered clot architectures, electron' 6 and confocal microscopy1 6 -17

have historically been used to visualize the fibrin, red blood cell and platelet components of a

clot. Characteristics such as increased fiber diameters, alterations in cell involvement,14 and

modified inhibitor concentrations1 2 have been used to described modified clot formation in

diseased states.

The impact of novel hemostats on clot architecture has been studied, primarily how the

hemostat alters a property of the clot' 8 (e.g. fibrinolysis) or interacts with a particular blood

component (e.g. fibrin).1 9 However, hemostatic materials exhibit a broad range of physiological

interactions with multiple blood components and fail to be described by a singular metric or

interaction.19-22 Additionally, the interconnected network of interactions involved in

coagulation23 suggests that hemostats known to impact one component may also modulate

overall clot architecture or clot performance. For example, interactions between platelet surfaces
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and exposed endothelial surfaces can modulate charge and expose new molecules to blood

components, which initiate and propagate platelet aggregation and coagulation, both of which

lead to hemostasis at a bleeding site.24 Hemostats similarly expose new surfaces to blood

components, potentially initiating a similar series of events leading to coagulation. While the

impact of a hemostat on blood loss or clotting time is well known, the ability of the hemostat to

modulate clot architecture and interact with specific blood component interactions is less well

understood.

In the following work, we use microscopy to investigate hemostat-blood clot interactions for

hemostats with solid and hydrogel forms. A systematic approach was developed to generate

comparable data for a range of hemostats. Concentration or number distribution of blood

components serve to quantify the interactions. Fibrin, red blood cells (RBCs), and platelets in

platelet-rich plasma (PRP) were selected as the blood components of interest. These components

represent the predominant elements present of a healthy clot and are central to the coagulation

process. These components are commonly implicated in hemostatic mechanisms of action, and

are mimicked by novel hemostatic materials, ultimately reflecting their centrality in the

coagulation process. 26-27 The components were imaged to quantify their interactions with the

hemostatic materials (Table 5-1, Figure 5-la). When hemostat-clot interactions were assessed in

glass microchannels (Figure 5-1b), hemostats interacted most differently with fibrin, while cell

components exhibited similar spatial distributions regardless of the hemostat. Dynamic flow

experiments highlighted similar distributions of blood components as observed in static

experiments. Fibrin lysis was not strongly dependent on the hemostat type during a simplified

clotting test, highlighting the local effects of the hemostat on clot performance. Understanding

the impact of hemostats on clot architecture can help to generate improved mechanisms of action
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and identify the desirable or undiscovered qualities of hemostatic materials to replicate in future

engineered hemostats.

5.3. Additional Experimental Details

Materials

Lyophilized bovine fibrinogen was purchased from Sigma-Aldrich (F8630; Type I-S, 65-

85% protein). Alexa-Fluor® 647-labeled fibrinogen was purchased from ThermoFisher

Scientific (F35200). Bovine thrombin was purchased from Akron Biotech (AK9020-0250; 250

KU). Human factor XIII and plasmin were purchased from Haematologic Technologies. All salts

were purchased from VWR. Whole blood was acquired from Research Blood Components,

anticoagulated with citrate. Glass slides and coverslips were acquired from VWR. Double-sided

tape was purchased from Staples. The fluorescent microscope was an Olympus IX83, custom

configured with Coherent lasers and a Hamamatsu CMOS Camera (Cl 3440-20CU). Images

were collected using the camera software (HCImageLive) and analyzed with FIJI (ImageJ, NIH).

More details are presented in Appendices F and G.

Antibody-Labeled Fibrin Networks

Simplified clots were generated without any labeled fibrinogen added to the solution.

Following generation of a clot, 4 % paraformaldehyde was wicked through the channel.

Approximately 1 channel volume was used (20-3 0 pL). The channel was fixed for 10 minutes

followed by washing with 3-4 channel volumes of phosphate buffered saline (PBS). 10 mg/mL

BSA in water was passed through the channel, using 3-4 channel volumes to wash out residual

PBS. BSA was used as a blocking solution and allowed to incubate in the channel, stored in a

humidified slide box containing a moistened towel at 4 'C overnight. Rabbit anti-fibrinogen
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antibody (abeam; abi 10921) was used at a 1/10 dilution in 10 mg/mL BSA solution. One

channel volume was used to fill the channel, which was incubated at room temperature in a

humidified slide box for 1 hour. The channels were washed with PBS using 3-4 channel volumes

to remove any unbound primary antibody. Goat anti-rabbit IgG H&L, labeled with Alexa Fluor

647 (abeam; ab 150079), was added at a 1 / 1000 dilution into the channel (1 channel volume) and

allowed to incubate at room temperature for 30 minutes. Approximately 3-4 channel volumes of

PBS were used to remove any unbound secondary antibody prior to imaging the channels.

Flow Channel Preparation

Polydimethylsiloxane (PDMS) microfluidic channels and mixers were fabricated from laser-

cut positive molds. To generate the molds, scotch tape was attached to a glass slide, resulting in a

thickness of -150 tm, and the channel or mixer outline was laser cut (Universal Laser System)

into the tape layer. The resulting mold was placed into a petri dish. PDMS (Sylgard 184) was

added to the petri dish at a ratio of 10:1 and precursor-to-curing agent and allowed to degas in a

vacuum desiccator. After removing all bubbles from the PDMS, the petri dish was cured

overnight in an oven at 60 'C. The cured PDMS channel or mixer was removed from the petri

dish after cooling to room temperate and excess PDMS cut from the channel or mixer with a

razor blade.

Channels contained an inlet, outlet and hemostat port (Appendix D). The channels were

straight with a width of 5 mm and length of 30 mm. The mixer was designed as a straight

channel, 3.5 mm wide, interspersed with zigzag patterns. Based on trial and error, a zigzag

pattern, with a channel width of 0.6 mm in the -45' orientation and 0.4 mm in the 45'

orientation, was shown to effectively mix a solution with the viscosity of plasma and a solution

of CaCl2.
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Microfluidic devices were generated by plasma treating the glass and PDMS surface. The

mixer PDMS device was bonded to a glass slide. The channel PDMS device was bonded to a

coverslip (No. 1.5). Hemostat was injected by syringe a needle, through a small length of tubing

and a metal connector, into the hemostat port. Hemostat was injected until a small mound

protruded from the base of the hemostat port outlet into the channel itself. Commonly hemostat

would protrude up to 1 mm into the channel. Channels were filled with 1 mg/mL bovine serum

albumin overnight at 4 'C. Tubing (Tygon, 0.03" ID, 0.09" OD), and metal connectors from

(Instect, SC20/15) were used to connect the microfluidic device inlet to a syringe pump

(kdScientific) and the outlet to a waste container. The channel was washed with 1 mL PBS at 50

pL/min followed by introduction of human blood plasma, with labeled fibrinogen as described in

2.7.2.2.1, reactivated with 10% (v/v) 0.1 M CaCl2.

Flow Profile Monitoring

A plasma mimic (0.08 mL glycerol / 1 mL water) was mixed with beads, diluted 200:1

(SpheroTech). The solution was flowed through a channel with or without hemostat. Using a 532

nm laser, 1024x1024 pixel time lapse videos were taken of the channel under flow with a Ims

exposure and 3 ms delay between images. Videos were processed using a FIJI (ImageJ) plugin,

TrackMate v3.8.0 2 8. Particle profiles were saved in .csv files and processed using MATLAB

scripts (Appendix D) to calculate a vector field and plot the results.

Clot Generation Under Flow

A flowrate of 19 [tL/min was used during clot formation. To prevent air bubbles in the mixer

or channel, the mixer, channel, and all tubing after the plasma and CaCl2 inlet tubing were filled

with PBS. The plasma and CaCl2 tubing were connected to the mixer and the pumps started. To
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mix 10% (v/v) 0.1 M CaCl2 into plasma, two pumps were used to separately inject plasma and

0.1 M CaCl2 at 17.1 and 1.9 pL/min respectively into the mixer. Based on the dimensions of the

channel (0.15 x 5 mm), the flowrate (3.2 x 10-10 m3/sec), and viscosity of human plasma (1.2

mPa-s), a shear rate of 17 s-1 could be achieved in the channel, mimicking a shear rate that could

be encountered under slow venous flow.29 At the time flow was initiated, a small volume of

plasma was mixed with CaCl2 (e.g. 90 pL plasma in 10 pL 0.1 M CaCl2) in an Eppendorf tube to

monitor clot formation by the inversion test. Flow was continued through the mixer and into the

channel, with or without hemostat filling the hemostat port, until a clot was formed in the

Eppendorf tube. Flow was continued until a clot was visualized in the channel or fibrin fibers

began to be visualized in the mixer. Fluorescent images were taken of the clots generated in the

channels. Fibrinogen (Alexa Fluor 647-tagged) was imaged with a 637 nm laser source.

Image Analysis

Fluorescent and brightfield images were analyzed using ImageJ. Customized scripts were

used to measure the average pixel intensity in fibrin and platelet-labeled images. Scripts were

used to count RBCs in RBC containing images. Larger images capturing the interface and the

immediate clot area were generated by taking overlapping images (-40-50% overlap between

sequential images) near the hemostat-clot interface and using the stitching algorithm in FIJI was

used to generate a wide-field imaged of the hemostat-clot interface. 30 Multicolor images were

generated by separately taking images of each labeled blood component, followed by merging of

channels in ImageJ. Scripts are included in Appendix D.
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5.4. Results

Table 5-1: Characteristics of hemostats selected for study

Hemostat Composition Form Factor Mechanism Reference
QuikClot Kaolin Powder Fluid absorption 20,31

Nanocomposite Synthetic silicate Hydrogel Pathway activation 5,32

nanoparticle
Gelatin Denatured Hydrogel Absorption / Platelet 32-33

collagen activation
Chitosan Polysaccharide Hydrogel / Platelet activation 34-36

dried sheet

A panel of contact hemostats was selected from materials known to impact coagulation based

on research, literature, and clinical evidence. Gelatin,33 a silicate-based nanoparticle hydrogel,32

chitosan (dried and hydrated), 36 and QuikClot,20 a commercial clay-based hemostatic material,

were selected for their wide range of material forms and proven use as hemostatic materials.

Silicate nanoparticles and QuikClot are clay-based materials known for absorbing fluids and

adsorbing biological molecules and cells.5 , 20 However, as a hydrogel or in a gauze, these

materials promote coagulation through charged-based activation of clotting processes. Gelatin is

commonly used in gauzes or nanoparticles as a hemostat or embolic agent,1 ' and chitosan is a

macromolecule known to interact with blood cells. 36 In a whole blood clotting time assay,

QuikClot and silicate nanoparticle hydrogels accelerated clotting times, in agreement with

previous work on these systems, 32 while hydrated gelatin and chitosan had neutral, if not

inhibitory effects on the rate of clot formation (Figure 5-ic). Each hemostat was investigated for

its impact on clot architecture by individually assessing its modulation of fibrin, RBC, and

platelet distributions surrounding a hemostat-clot interface.
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Figure 5-1: Hemostat Effect on Clot Architecture. (a) Image of hemostats used in study. (b)
Schematic of the glass microfluidic channels used for clot generation and imaging and (c) Whole
blood clots in wells with or without hemostats indicate accelerated initiation clotting for
hemostat-containing wells relative to control (polystyrene well plate) samples. The well images
highlight the progressive growth of a clot, the darkened regions within a well, over time. The
reported time indicates the period since activation with CaCl2.

5.4.1. Fibrin Distribution

Fibrin intensity had variable hemostat-dependent profiles within 1 mm of the hemostat-

fibrin network interface (Figure 5-2a; Appendix D). Fibrin networks were generated under static

conditions in microchannels, fabricated by placing double-sided tape between a glass slide and

coverslip. The resulting channels were ~75 ptm thick and filled with fibrinogen-thrombin

solutions (Appendix D) that formed channel-spanning (in X, Y, and Z direction) fibrin networks.

Clot structure was present at all Z planes, with adsorption of fibrin on the glass slide or coverslip

surfaces. Multiple images were taken within the area surrounding a hemostat surface, commonly
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up to 2-3 mm from the hemostat interface. It was noted that all the tested hemostats reached a

plateau in intensity at distances far from the hemostat surface. ImageJ was used to quantify the

average intensity of each picture.

When the intensity of each image was plotted as a function of distance (Figure 5-2b-e;

Appendix D), two general profiles were observed among the assessed hemostats. In all the plots,

0 mm was chosen to represent the image at the clot-hemostat interface. Values greater than 0

were images taken entirely in the bulk clot while values less than 0 were images taken of the

hemostat. The intensity from all hemostat-containing channels was normalized to the average

intensity of the control channel images. QuikClot and the silicate nanocomposite (Figure 5-2d)

both showed a great deal of fibrin aggregation in a band directly in contact with the hemostat

interface, followed by a depletion region at larger distances that is presumably the result of

transport limitations and the high degree of surface aggregation. The higher intensity band spans

50-100 pm near the interface of nanocomposite-containing fibrin networks and the depleted

region continues for 200-300 pm beyond the higher intensity band (Figure 5-2b). The other

hemostats showed continual decreases in intensity up to the hemostat surface without a high

intensity band on the surface (Figure 5-2e). Reduced intensity regions within gelatin-containing

fibrin networks only continued up to 50 pm from the hemostat interface until the intensity

returned to values observed in control fibrin networks (Figure 5-2c). Antibody labeling of fibrin

after clot formation was performed to confirm the high intensity band was not an artifact of dye

adsorption to the hemostat surface (Appendix D). Intensity trends were comparable between the

antibody labeled and dye-labeled fibrinogen, though the antibody-labeled intensities were lower

than dye-labeled intensities. For all hemostats, the fibrin concentration plateaued in the bulk clot,

far from the hemostat interface, to values comparable to the control.
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Figure 5-2: Fibrin Network Distributions. Simplified, concentration-defined fibrinogen-
thrombin solutions were mixed with labeled fibrinogen to make fibrin networks in glass
channels. (a) Representative images of fibrin networks generated in the bulk (rightmost image)
and at the hemostat interface (leftmost image) in a channel for a channel containing no hemostat,
gelatin, and nanocomposite (b) The high intensity and depleted regions near the nanocomposite
interface are exemplified, relative to a control image, in line profiles. (c) Line profiles across
gelatin interfaces have a slight reduction in fibrin intensity near the interface relative to control
images. (d) Representative spatial intensity plot for nanocomposite and QuikClot-containing
channels. (e) Representative spatial intensity plot for gelatin, chitosan, and hydrated chitosan-
containing channels.
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5.4.2. Fibrin and Cell Component Distributions in Platelet Rich Plasma

Using plasma instead of fibrinogen solutions, distributions of fibrin surrounding hemostats

had smaller deviations from average control images, likely a consequence of higher fibrinogen

concentrations in plasma compared to the fibrinogen solutions (Figure 5-3). The fibrinogen

concentration used in the solutions, 2 mg/mL, represents the lower bound of physiological

fibrinogen concentrations while the average fibrinogen concentration in human plasma can

approach 4 mg/mL.38 All hemostats had smaller fold reductions, relative to control samples

(Figure 5-3a), in fibrin intensity as the hemostat was approached. Gelatin and nanocomposite are

representative hemostats for the two profile types previously observed: a continuous reduction in

intensity and a depletion region followed by a high intensity band at the hemostat surface as the

hemostat is approached. Normalized fibrin intensity at the interface was increased in plasma

samples (Figure 5-3b) compared to fibrinogen solutions for gelatin (1.09 0.27 vs. 0.79 0.04-

fold change). Similarly, the normalized intensity of fibrin in the depleted region of

nanocomposite samples increased from a 0.19 0.04-fold reduction in fibrinogen solution

samples to a 0.82 0.18-fold reduction in plasma samples (Figure 5-3d).

Labeled platelets and unlabeled RBCs showed hemostat-dependent trends in spatial

distributions under static conditions. Because the cells were larger and denser than fibrinogen,

which was previously assessed, the distributions observed in static channels reflect the

interactions between the cells and hemostat prior to cell settling within the channel due to

gravity. Solutions of 0.5% RBC (diluted from a 100 % packed RBC solution) and a platelet

solution (8.25 x 108 platelets/mL), in resuspension buffer after labeling with calcein red/orange

dye and washing in wash buffer (Appendix D), were injected into hemostat-containing channels.
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Image intensity was used for platelet solutions and cell counting was performed for RBCs given

their larger size.

In all hemostats, platelet intensities were reduced at the interface (Figure 5-3). No hemostats

had a high intensity band at the interface, reflecting an absence of platelet activation or

aggregation on the hemostat surface. At the hemostat surface, fold reductions ranged from 0.37

0.15 in nanocomposite channels to 0.77 0.24 in QuikClot channels. QuikClot channels were an

outlier for their relatively small reduction in platelet intensity near the surface, possibly due to

the heterogenous size of the crushed QuikClot powder and its potential to serve as a mechanical

barrier to the passage of cells, which was not encountered in the other solid or gel hemostats

tested. Reduced platelet intensities (arbitrarily chosen as < 0.8-fold change) were maintained up

to 1.6 mm from the interface in nanocomposite channels (Figure 5-3d) while these conditions

were only upheld up to 0.2 mm from a gelatin interface (Figure 5-3b).

Distributions with fold reductions and enhancements in RBC counts at the hemostat interface

were observed. Hydrated chitosan and nanocomposite had minimal impact on the RBC count at

their interface, resulting in nearly constant cell counts at all imaged distances from the hemostat

interface. In contrast, gelatin and QuikClot resulted in significant reductions and enhancements

in RBC count, respectively, as the hemostat interface was approached. At the hemostat interface,

QuikClot had higher RBC counts than all other hemostats (Figure 5-3e), potentially due to the

heterogenous particle sizes mechanically blocking RBCs as they passed through the channel. In

contrast, gelatin had reduced RBC counts near the interface, with many images have no RBCs

present within the first 100 pm from the interface (Figure 5-3b). RBC counts returned to control

values or plateaued in gelatin and QuikClot channels I - 1.5 mm from the hemostat surface.
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Figure 5-3: Plasma Distributions. Plots of the normalized intensity (for fibrin and platelets) or
cell count (for RBCs) as a function of distance from the hemostat surface. Each graph contains a
representative distribution for each cell component from a plasma-hemostat channel containing
(a) no hemostat (control), (b) gelatin, (c) hydrated chitosan, (d) nanocomposite, or (e) QuikClot.

Summaries of the RBC counts (Figure 5-4a), platelet intensities (Figure 5-4b), and fibrin

intensities (Figure 5-4c) at the hemostat interface and in the bulk were combined to create a

pattern of clot component interactions unique to each hemostat (Figure 5-4d-e). As described

previously, compared to control channels (234 12 cells), RBC counts at the interface were

enhanced in QuickClot channels (407 65 cells) and reduced in gelatin channels (69 92 cells).

Plotting all the data points in a scatter plot highlights the presence of two discrete modes in

gelatin RBC counts, one with a mean of 2 cells and the other with a mean of 170 cells. This

broad distribution is the reason for the relatively large standard deviation in RBC counts at the
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gelatin interface. All other hemostats had more narrow RBC count distributions (Figure 5-4a).

Scatter plots of the raw platelet intensity values show a reduction in intensity among all

hemostats, with a wider distribution in values among QuikClot channels (4415 2786 A.U.)

compared to controls (8170 153 A.U.) (Figure 5-4b). Hydrated chitosan, gelatin, and

nanocomposite channels all have narrower distributions, with the nanocomposite channels

having the smallest mean intensity value (2637 443 A.U.) among the tested hemostats.

Heat maps of the fold changes in clot component values relative to controls at the interface

and in the bulk highlight the enhancement of fibrin at the interface of many hemostats, the

reduction of platelets and variable interactions with RBCs. Wide-field images of overlapping

fibrin (Figure 5-4c), platelet, or RBC pictures were used to visualize the spatial distribution of

cell components around a hemostat beyond the area captured in one image. Gelatin and

nanocomposite hemostats, representatives of the two observed fibrin profile types seen in the

fibrinogen solution channels, were selected for further study.
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The wide-field images show the high intensity band at the interface in the nanocomposite

channel and a reduced intensity 200-300 ptm beyond the nanocomposite surface. Gelatin, in

contrast, has a uniform fibrin intensity in the bulk and approaching the interface. A summation of

a blood component intensity or cell count at the interface (Figure 5-4c, yellow solid box) and in

the bulk (white dashed box) was presented as a heat map (Figure 5-4d-e). The colors represent

the changes in intensity or cell count relative to the average intensity of all control images for the

given cell component, plotted on a log scale. Blue boxes reflect a reduction in intensity or cell

count while red boxes indicate an enhancement in the intensity or cell count. Values of 1 and -1

indicate a 10-fold increase and decrease in a given cell component, respectively. Platelets at the

interface were universally reduced in concentration. At both bulk and interface positions, gelatin

was able to achieve the largest values (0.91 0.11-fold change relative to the control in the bulk

and 0.6 0.02-fold change relative to the control at the interface). Fold increases in RBC counts

were present in QuikClot at the interface (1.81 0.28) and in the bulk (1.29 0). The fold

increase noted in the bulk for QuikClot is believed to be a consequence of the powdered state of

the hemostat impacting the flow of cells through the channel. Fibrin had fold increases in all

hemostats except for gelatin (0.84 0.17), at the interface.

5.4.3. Dynamic Clot Generation

Fibrin intensity distributions surrounding hemostats in plasma clots generated under flow

maintained the characteristic profiles observed in static channels. A flow system was developed

using two pumps, in parallel, to inject blood plasma and CaCl2 into a mixer that passed, in series,

through a channel containing a hemostatic material (Figure 5-5a). Polydimethylsiloxane (PDMS)

microfluidic channels and mixers (Figure 5-5b,c) were designed to (1) expose activated plasma

to a hemostatic surface under flow, (2) achieve shear rates observed during venous flow in vivo
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and (3) perform inline mixing of plasma and CaCl2 solutions prior to entering the channel. To

expose plasma to hemostats under flow, a port to deliver injectable hemostats (gelatin and

nanocomposite in this study) was designed in the middle of the channel (Figure 5-5b). This

region of the channel, when filled with hemostat, models the interface between a hemostat and

blood components that may occur at an injury site.

Relatively slow (10-100 pL/min) flowrates were sufficient to generate shear rates that have

been reported in literature under venous flow (10-100 s-1).29 Though shear rate values under

hemorrhaging conditions were not found in literature, it is hypothesized that shear rates

encountered during venous bleeding could be lower than those measured in intact vessels,

dependent on the size of the rupture.

(a) Plasma Pump Mixer Channel (b)
2.00 mm

CaC 2 Pump Waste 5.00 mm

30.28 mm

(C) 5.00 mm 3.50 mm

0.41 mm 0.60 mm

(d)

Figure 5-5: Microfluidic Design. (a) Schematic of the flow system designed to generate clots
under physiological flow conditions. Separate pumps were used to inject CaCl2 and plasma into a
mixer that fed into a channel containing a hemostatic material where clots were generated for
imaging. (b) Schematic of channel with an inlet, outlet, and hemostat port. (c) Schematic of
mixer containing two inlet ports for CaCl2 and plasma and one outlet port to pass the activated
plasma into the channel. (d) Representative image of blue colored water and a plasma mimicking
solution passing through the mixer. The transition from distinct blue and clear regions within the
channel to a uniform blue color throughout the channel suggests mixing is occurring within the
device.
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Inline mixing of plasma and CaCl2 was achieved by interspersing smaller width zig-zag

patterned channels between larger straight rectangular channels (Figure 5-5c). Sufficient mixing

of plasma and CaCl2 solutions was confirmed using water, dyed with food coloring, to represent

the CaCl2 solution and a glycerol-water solution to mimic plasma. A uniform blue color across

the channels was used as a visual indicator that the channel was efficiently mixing the two

solutions (Figure 5-5d). The length of the channel was selected to allow sufficient time for

mixing but minimize clotting within the mixer. Clotting in the mixer typically occurred between

30 and 45 minutes, while clotting within an Eppendorf tube was observed within the

physiological 5-7 minutes. Residence time within the mixer at a flowrate of 19 pL/min, resulting

in a shear rate within the channel of 17 s- was ~7 minutes. The time between clotting in the

mixer and passage though the mixer allowed for clot generation to continue in the channel

without blocking the preceding tubing and mixer.

Particle tracking within the channels showed flow profiles were generally altered by the

presence of a hemostat in a hemostat-independent manner. Gelatin and nanocomposite were the

two hemostats selected for flow studies, primarily for their ability to be injected into a

microfluidic device already bonded to a coverslip. Particle tracking of fluorescent beads at

regions surrounding the injected hemostat showed streamlines that continued up to the hemostat

interface with no stagnation points or vortices present near the walls or at the hemostat surface

(Figure 5-6a). Regions further from the hemostat surface have nearly uniform and unidirectional

flow fields. These profiles were similar for nanocomposite and gelatin-containing channels.

However, the nanocomposite did accumulate particles on the surface more readily than gelatin.

Attempted washing of the beads out of the channel for subsequent flow of plasma through the

same channel failed to remove particles from the hemostat surface and, at higher (100 pt/min)
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flowrates began to wash away regions of the hemostat. For these reasons, particle tracking was

performed on different channels than those used for clot formation. As a result of variations in

the shape of the hemostat in the channel, injected manually by syringe, the flow profiles

generated using particles are assumed to be similar, though not identical, to those encountered

during clot formation.
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Figure 5-6: Flow Profiles and Dynamic Clot Formation. (a) 5 pm fluorescent particles were
flowed through a channel containing hemostat (tan) and vector fields were generated using
particle tracking software and MATLAB scripts. (b) Wide-field images of clots formed under
flow in a nanocomposite-containing channel maintain the depletion region and high intensity
band surrounding and at the hemostat interface, respectively. Depletion regions were noted on
both the inlet and outlet sides of the hemostat. (c) A larger image captures in the depletion region
and the non-uniform clot that was observed throughout the channel. Bands of fibrin are separated
by regions without fibrin as opposed to a uniform network that is generated under static
conditions.
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Clots formed under flow maintained the profiles observed in static conditions and possessed

non-uniform fibrin structures throughout the channel. Following incubation of the channels in

BSA solution overnight and washing with PBS, clots were generated in the channels. The

channel was imaged periodically during clotting to visualize clot formation within the channel

but flow was continued until fibrin strands were visualized in the mixer, indicating that the mixer

would soon be blocked. This occurred after 25-35 minutes of flow, significantly after clots were

generated in an Eppendorf tube. Images were taken near the hemostat interface and throughout

the channel, between the inlet/outlet ports and the hemostat port, stitched together and analyzed

to determine the impact of the hemostat and flow on the distribution of fibrin surrounding a

hemostat.

When characterizing clots generated under flow in nanocomposite channels, high intensity

bands at the interface and a depletion region surrounding the hemostat (Figure 5-6b,c) were

similarly observed as they were under static conditions. Depletion regions extended between 100

and 300 pm from the nanocomposite interface. The fibrin strands were oriented in the direction

of flow and were sometime banded, with a region of higher intensity fibrin strands spaced

between regions of lower intensity. This was distinct from the static clots generated, which were

uniform in intensity far (> 500 pm) from the hemostat interface. Intensity profiles of the region

surrounding the nanocomposite interface are characterized by a high intensity band followed by

a relatively shallow region of reduced intensity prior to a plateau in intensity (Figure 5-7).

Gelatin channels were, similar to their static channels, characterized by a more uniform fibrin

intensity as the interface was approached as well as banded fibrin strands throughout the channel

(Appendix D).
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Figure 5-7: Fibrin Profile of Clot under Flow. Profile of fibrin intensity at the hemostat interface
and in a region between the hemostat and outlet ports. Away from the hemostat (outlet), the
intensity is relatively uniform. The intensity increases near the hemostat (nanocomposite)
interface followed by a reduction in intensity and an increase to a plateau value.

5.4.4. Plasmin-based Fibrinolysis

Plasmin lysis of fibrin networks did not result in hemostat-dependent lysis rates upon

normalization of data to percent of clot lysed. A bulk fibrin clot was generated on top of a layer

of hemostat in a 1 mL syringe. Following fibrin network generation, determined by an inversion

test of excess activated fibrinogen-thrombin solution (Appendix D) in an Eppendorf tube, 50 pL

of 1 U/mL plasmin, diluted from a glycerol stock with PBS, was added to the upper surface of

the fibrin network (Figure 5-7a). Plasmin attacks the carboxyl side of lysine or arginine residues

in the fibrin network,39 resulting in lysis of the clot. The front of plasmin solution and non-

degraded fibrin network was monitored over time by recording the volume position of the

plasmin front. Dried chitosan was excluded from this test because it floated in the syringe upon

addition of fibrin-thrombin solution, complicating quantification of the lysis front relative to the

hemostat interface.
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Figure 5-8: Hemostat-dependent Fibrinolysis Performance. (a) Schematic and image of
syringe-designed bulk fibrin clot lysis assay. (b) Curves of normalized clot lysis of 500 pL clot.
Horizontal lines indicate the position of the hemostat interface. (c) Curves of normalized clot
lysis of 250 pL clots. (d) Bar graph of the percent clot lysed when performed with 500 and 250
gL clots. The experiment was terminated when the first hemostat fully lysed the fibrin network.

Plasmin front positions for all hemostat and control syringes initially overlapped when tested

using 500 pL fibrin networks until the front approached the hemostat-fibrin network interface,

when ~ 200 pL of clot remained between the plasmin front and the hemostat interface (Appendix

D). This translates into a perturbed fibrin network between 1.1 and 1.4 cm from the interface

surface. However, when the absolute volume of clot lysed was transformed to the percent of total

clot lysed, all hemostats, except for nanocomposite, had similar lysis rates (Figure 5-7b).

Subsequent lysis tests were performed on 250 pL clots (Figure 5-7c; Appendix D), within the
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modulated lysis region observed in 500 jiL clot lysis experiments, showed similar, insignificant

(Figure 5-7d) differences in lysis between hemostats.

5.5. Discussion

A new generation of hemostats that address increasingly complex bleeding scenarios will

require an increased understanding of their mechanisms of action and impact on clot architecture.

Trauma and surgical treatments for bleeding have relied on application of a proven set of

hemostatic materials that are applied topically on a bleeding site, 40 or locally by catherization to

the injury site. 41-42 More recently, development of polymeric and particle-based injectable

systems make the possibility of minimally invasive treatments for internal bleeding more

likely.27,43 In both cases, new techniques to quantify and compare hemostatic materials can lead

to insights into the ideal qualities hemostats.

In this study, a systematic investigation of known hemostatic materials and their impact on

clot architecture was designed. Quantifying the interactions of a hemostat with individual blood

components as opposed to characterizing a hemostat with a single metric like clot time was

conducted with the expectation that signature interactions could be identified among hemostats

with a variety of qualities and forms (powders, lyophilized proteins, gels). Improved knowledge

of which interactions are universal or unique among hemostats can serve as a foundation from

which to design hemostatic systems that manage and modulate clot structure and minimize

internal bleeding or subsequent surgical intervention. Insight into prevalent hemostat-clot

interactions, the best approaches to use when assessing them, and critical variables to consider

during assay and hemostat development were gained through this study.
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Simplified clotting systems were able to reveal hemostat-clot features that were masked in

the more complex whole blood or plasma conditions. Most noticeably, the fibrin profiles near a

hemostat interface were able to be categorized into two groups when imaged using a fibrinogen-

thrombin solution: a continuous reduction in intensity (gelatin and chitosan) and a depletion

region followed by a high intensity band at the hemostat surface (nanocomposite and QuikClot)

(Figure 5-2). These features are present, though less clearly so, when the clotting solution is

replaced with plasma, containing labeled fibrinogen (Figure 5-3). Performing these studies at

lower or sub-physiological levels of blood components also allowed for identification of profiles

and trends what would be difficult to see in a whole blood system. The concentration of

fibrinogen in the fibrinogen-thrombin solution (2 mg/mL) represents the lower bound of

physiological fibrinogen concentrations and using a 0.5% RBC solution allowed cells to be

counted, which would be difficult if the whole blood concentration of RBCs was used, which can

be up to 50 vol% of whole blood. In the case of whole blood, fibrin networks can be completely

obscured by the overwhelming number of RBCs in solution.

Isolation of blood components in the static spatial distribution assays provided the

opportunity to independently study interactions between blood components and hemostat

surfaces. Generating the interaction profiles of the hemostats with fibrin, platelets, and RBCs

alone and the resulting summation of these interactions into a heat map (Figure 5-4d,e) represent

the simplest characterization of hemostat-clot interactions. The unique 'fingerprint' of

interactions that describe each hemostat could be used as a foundation from which more complex

studies could be designed. For instance, while nanocomposite and QuikClot are both clay-based

systems with similar performance in vivo,32 the heat map suggests very different interactions

between these hemostats and RBCs at the interface (Figure 5-4d). Pairwise experiments with
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fibrin and RBCs can now be conducted to ascertain if there are any synergistic interactions that

occur.

The state of the hemostatic material, unsurprisingly, is essential to their performance, most

evident in this study with gelatin. Gelatin is a material commonly used as a hemostat. However,

in this study, gelatin lacked any enhancement in clotting kinetics (Figure 5-1c), or modulation in

distributions of blood components near the hemostat interface (Figure 5-4d). Its lack of

performance can be attributed to its hydrated state in this study compared to its commonly

dehydrated sponge form as a commercial hemostat. Its inability to absorb blood components

prevents it from possessing many procoagulant attributes. Chitosan appeared to be less

dependent on hydration state for its effect on fibrin distribution as both hydrated and dehydrated

chitosan performed similarly concerning fibrin distributions (Figure 5-2e).

In the same vein as the impact of hydration on hemostat performance, the lack of significant

enhancements in cell accumulation among any of the hemostats, excluding QuikClot, could be a

consequence of the lack of pressure application in these in vitro studies. Many hemostatic gauzes

composed of gelation or chitosan and containing clay-based particles require pressure to be

applied to the wound to effectively perform as a hemostat. This helps prevent blood loss but also

contributes to the hemostat mechanism of action. Cells and molecules can be forced into the

hemostat and the hemostat can function as a scaffold from which coagulation can initiate. 36

These environmental conditions were lacking in both the static and dynamic studies performed.

No cells were seen to diffuse into the hemostats, only interacting with the surface. Hemostats

that rely on absorption of blood components could be expected to perform poorly relative to their

known activity in vivo for this reason.
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Dynamic clot formation highlighted the non-uniformity that can exist in clot structures

independent of hemostat properties. Initiation and spreading of a clot network were not uniform

under flow throughout the channel. Under both static and dynamic conditions, there was no

coating or spot of agonist or pro-coagulant material, like collagen, placed on the coverslip

surface to initiate clotting at a particular site. This means that fibrin network formation and

platelet adhesion could occur anywhere within the channel. Under static condition, a clot was

generated throughout the channel, uniformly distributed and without directionality. In contrast,

under dynamic conditions, areas containing fibrin clots were separated by regions lacking a

visible fibrin network or containing a significantly lower amount of fibrin, based on reduced

intensity values. Larger fibrin strands were generated under flow compared to fibrin networks

generated under static conditions, likely due to the additional stresses placed upon fibrin under

flow. Oriented fibrin strands and gaps between clotted regions resulted in greater deviations in

intensity along a line profile of a wide-field clot image, resulting in noisier plots of intensity.

Further maturation of these clot in a continual flow system or within a channel coated with

procoagulant molecules could impact the distribution of clot within the channel.

Modulation of clot architecture at interfaces failed to impact the bulk performance of clots

undergoing plasmin lysis. In some situations, it is desirable to inhibit lysis of fibrin networks

prematurely. These include hemorrhaging, where lysis of a clot can reinitiate bleeding.' 8 While

modulated clot architecture and hemostat-clot interactions contributed to clotting kinetics

(Figure 5-1c), further impacts on clot performance were limited. Within the syringes used, the

modified clot structure that occurred near the hemostat surface did not have far reaching (> 1 cm)

effects on the degradability of the fibrin network. This observation provides some insight into the

requirements for a hemostat. Once the hemostat initiates or promotes coagulation, its impact on
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clot formation in the bulk may be limited or inconsequential. This is supported by the wide range

of hemostatic materials used and the multitude of mechanisms by which they function. As clot

architecture, observed at the hemostat interface on a micron scale, is translated to clot

performance in bulk (mm-cm), it is important to realize the potentially short-range impact of the

hemostat interface on the bulk performance of the clot.

5.6. Conclusion

Known hemostatic materials were shown to impact clot architecture, which represents an

alternative approach to characterizing hemostatic materials. Microchannel and microfluidic

assays were developed to visualize and quantify fibrin networks, plasma clots, and individual

blood component distributions. A systematic approach concluded the blood component

distributions most modified (fibrin) and the influence of flow as an additional factor impacting

clot structure. Lysis experiments were developed to assess the impact of modulated clot structure

on an aspect of clot performance critical to stable hemostasis. However, the assays were shown

to be unreliable or insensitive to changes in clot architecture observed in other assays.

Spatial distributions of blood components surrounding a hemostatic surface showed

variations that could be used as an alternative approach to characterize a hemostat, in addition to

clotting time or in vivo performance. Blood component distributions were impacted up to 1

millimeter from the hemostat interface. Both depletions and enhancements in concentration or

cell count were observed in the hemostatic materials, suggesting a variety of mechanisms were

capable of promoting coagulation. Among the hemostats, each had a unique profile of blood

component interactions. Distributions generated under static conditions were ideal to

characterize distributions of molecules (fibrin networks) but were also capable of indicating
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trends in cell distributions that would benefit from being confirmed under dynamic flow

conditions.

Use of microchannel and microfluidic systems was critical to standardizing the interface

between blood components and the hemostatic materials, which come in a variety of form

factors. Essentially limiting the reaction to one dimension focused the study on the surface

interactions between blood components and hemostatic materials and minimized the impact of

other mechanisms, such as bulk absorption of fluids that characterize many sponges and gauzes.

The importance of modulated clot architecture to hemostatic performance will increase as

hemostats evolve from large topical solids to targeted polymer or particle-based treatments with

unique interactions with blood components. Systematic studies of hemostat-clot interactions

using proven hemostatic materials can begin to generate data sets capable of highlighting unique

or universal hemostat-clot interactions.
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Chapter 6: Developing multifunctional fibrinogen like
proteins for pro-coagulant applications
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6.1. Introduction

Fibrinogen is a central and ubiquitous biomolecule in the coagulation cascade and more

generally during hemostasis, the entire process involved in controlling bleeding. The 340 kDa

protein, composed of two a, two $, and two y chains, joined by disulfide bonds, serves as a

binding site for many clotting enzymes. It is also the primary molecule involved in fibrin clot

network polymerization, and promotes cell-cell interactions.1 2 Following the initiation of

bleeding from an injury site, platelets, small (1 ptm) anuclear cells, adhere to the injured

vasculature by interactions with exposed biomolecules and progress to the generation of a

platelet plug that mechanically occludes the injured blood vessel and reduces blood loss.3 4

Multiple sequences in fibrinogen are capable of binding to receptors on a platelet surface that are

constitutively expressed or generated following platelet activation. Fibrinogen is the necessary

biomolecule for platelet aggregation on exposed extracellular surfaces. Following platelet plug

formation, a fibrin network is generated surrounding the platelet plug and stabilizes the blood

clot. Thrombin cleavage of residues on the N-terminus of the a and P chains, present within the E

domain of fibrinogen, expose 'knobs' terminating in glycine residues that non-covalently bind to

'holes' in the D domains of other fibrinogen molecules and initiate fibrin polymerization.5-8

Oligomers of bound fibrinogen molecules expand to fibrils and fibrin networks. The presence of
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clotting factors on and surrounding platelet surfaces concentrates fibrin formation to areas

containing platelet plugs and other procoagulant signals and cells. Throughout coagulation, from

initiation to degradation of fibrin clots, fibrinogen provides a substrate on which many proteins

and molecules bind, allowing them to be incorporated into clots. Binding sites for tissue

plasminogen activator (tPA), and plasminogen, thrombin, and factor XIII have been identified on

fibrinogen, with ligands targeting platelets and leukocytes. 1

The centrality of fibrinogen to successful coagulation and hemostasis has resulted in

multiple attempts to mimic its performance or subset of interactions with synthetic peptides,9

polymers,' 0 or particles."-" Fibrin binding polymers have been developed by incorporating a

fibrin-interacting specific sequence, determined by directed evolution, into a biocompatible

polymer backbone.12 The polymer was capable of binding specifically to fibrin during in vivo

studies, reducing blood loss, and inhibiting plasmin lysis in vitro. Other attempts have focused on

mimicking the knob sequence necessary for fibrin polymerization in peptides or as endgroups of

poly (ethylene glycol) (PEG) chains.' 4 - 5 The stoichiometry of fibrin polymerization results in

modifications of knob or hole concentrations having significant impacts of clottability. Peptides

of knob A have anti-coagulant activity. However, PEG chains terminated with knob A peptides

have pro-coagulant activity at lower concentrations, replacing the function of the E domain to

promote fibrin polymerization and crosslinking.1 6 Synthetic knob B sequences have resulted in

inhibited clot lysis and altered fibrin network architectures.' 5 Still others have focused on the cell

interactions that fibrinogen undergoes during coagulation and have developed nanoparticle or

liposome constructs that incorporate fibrinogen sequences known to bind platelets. GRGDS is a

popular sequence that, among a plethora of non-platelet cell interactions, assists in fibrinogen-

platelet binding during platelet aggregation.' 7 Particle-based platforms have also used other
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peptide sequences to mimic platelets and mimic platelet adhesion or promote platelet

aggregation.13, 18-20 Among the instances of fibrinogen mimicry outlined above, the incorporation

of the polymer, protein, or particle into the clot network is central to the activity and results in

modulated clot structures and performance.

While multifunctional mimics of platelets have been produced, resulting in successful

hemostatic particles or liposomes, incorporating multiple functionalities of fibrinogen into a

single polymer or protein has not been investigated for hemostatic applications. The multiple

interactions between fibrinogen sequences and blood components have the potential to be

hemostatic when mimicked using peptide sequences within a linear polymer or protein system.

Protein systems also have the advantage of biocompatibility, depending on the sequence, and

fewer size-based requirements that are frequently limitations in injectable polymeric particle

systems. Recombinant proteins allow for a modular design of protein constructs, with direct

control over the spatial order, number, and amino acid environment surrounding each

investigated peptide sequence. Synergistic interactions that have been discovered in hemostatic

particle systems could be possible in protein-based hemostatic systems with more control over

molar ratios of sequences and the absolute number of active site on a protein chain, which is

crucial to effectively modulate stoichiometry-dependent fibrin polymerization process.

In this work, fibrinogen mimetic and other blood component interacting sequences were

assessed in multi-functional fibrinogen like recombinant proteins (MFLP) for their potential as

pro-coagulant protein systems. Sequences known to mimic fibrin knob activity, cell-fibrinogen

interactions, and fibrin crosslinking were combined in recombinant proteins containing self-

associating domains. Genetic cloning and recombinant protein expression afforded a level of

modularity and sequence control that allows for control over the functionality, molecular weight,
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and spatial positioning of residues throughout the protein sequence. A library of MFLPs was

designed with clot interacting peptides (CIPs) such as knob A (kA), platelet binding (PB),

GRGDS (R), transglutaminase (T), and vonWillebrand factor (V) functionality. MFLPs impact

on coagulation, platelet aggregation, and plasmin lysis were assessed in vitro. Sequence

dependent increases in clot turbidity were observed while reductions in clotting times were noted

in knob A-containing proteins at low concentrations in platelet rich plasma. Plasmin lysis rates

were reduced in knob A MFLP using fibrinogen-thrombin solutions. The optimum concentrations

and combination of CIPs in MFLPs are a platform from which more combinatorial protein

systems can be generated with new and unique CIPs to develop pro-coagulant recombinant

proteins to manage hemorrhaging and other vascular injuries.

6.2. Additional Experimental Details

MFLP cloning, expression, and purification are described in 2.3. The protocols for

coagulation, platelet aggregation, and plasmin lysis in well plates are outlined in 2.6.1. The data

processing completed for coagulation, platelet aggregation, and plasmin lysis assays is outlined

below. The same procedures were completed for PRP fibrinogen-thrombin assays (2.6.1):

Coagulation: All coagulation experiments were conducted in 96 well plates in triplicate.

Coagulation curves were converted from absorbance to transmission and normalized to initiate at

a transmission of 100. The difference in transmission (AT) between time 0 and the final time

point was used to quantify clot magnitude, or the clot turbidity. Clot magnitude was plotted

relative to the average control AT value, the wells containing only activated PRP or fibrinogen-

thrombin solutions without any MFLPs. Relative clot magnitudes were calculated according the

following equation:
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Clot Magnitude = ATMFLPITcontrol (6.1)

Where ATMFLP is the difference in transmission for a MFLP-containing well and ATcontrol is the

average difference in transmission for all the control wells.

Three metrics were used to describe clotting kinetics: the clotting range, clotting time,

and clotting rate. Each metric is shown on a representative coagulation curve in Appendix E.

Clotting range was defined as the time range between the initiation of coagulation (ti) and its

completion (t2). These time points were determined by calculating the derivative of the

coagulation curves and identifying the time at which values began to be consistently negative as

the initiation of clotting. The time at which the derivative transitioned from negative to non-

negative values or plateaued following a negative peak was identified as the completion of

coagulation (t2). The second derivative could be taken to identify inflection points but depending

on the data density, the second derivative curve may lack the data points necessary to clearly

identify these transitions. Values were checked manually against the coagulation curve to ensure

that the time range describing the primary reduction in transmission was being captured. Clotting

time was calculated according to the equation:

Clotting Time = t2 - t1 (6.2)

Clotting time represents the time necessary to complete coagulation once fibrin polymerization

began to increase the turbidity. Clotting rates were defined using the greatest (absolute) first

derivative value that occurred between ti and t2. The absolute value of the first derivative was

used to make all the values positive.

Aggregation: All aggregation experiments were conducted in 96 well plates in triplicate. Platelet

aggregation curves were converted from absorbance to transmission and normalized to initiate at

a transmission of 0. The difference in transmission (AT) between time 0 and the final time point
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was used to quantify percent relative aggregation. Percent aggregation was plotted relative to the

average control AT value, the wells containing only adenosine triphosphate (ADP) PRP without

any MFLPs. Relative aggregation was calculated according the following equation:

Relative Aggregation = ATMFLP/ATcontrol (6.3)

Where ATMFLP is the difference in transmission for a MFLP-containing well and ATcontrol is the

average difference in transmission for all the control wells.

Plasmin Lysis: Plasmin lysis was performed by first allowing fibrin networks to form fully, until

the coagulation curve plateaued. Fibrin networks were formed from fibrinogen-thrombin

solutions in 96 well plates. Factor XIII was included in all clots to include transglutaminase

activity during fibrin network formation (see section 2.6.1.4). After complete fibrin network

formation, plasmin (100 pL; 0.1 U/mL) was added to each well and transmission continued to be

monitored until the values plateaued. Lysis extent was calculated as a ratio between the change in

transmission during plasmin lysis and the change in transmission during fibrin network

formation (Appendix E). A ratio of these values was used to quantify the extent of lysis after

plasmin addition:

Relative Lysis = Tplasmin (6.4)
Aiclot

216



6.3. Results and Discussion

6.3.1. Selection and Protein Engineering of MFLP Constructs

Table 6-1: Clot Interacting Peptide (CIP) sequences, natural interactions, and expected
interactions in MFLP constructs.

Clot Interacting Desired MFLP

Peptides (CIP) Sequence Source Natural Interaction Interaction

Platelet Binding HHLGGAK y fibrinogen
[PB] QAGDV chain; C-terminal Fibrinogen binding Increase/accelerate

to platelets via 2tet

GRGDS [R] GRGDS ca fibrinogen aIbf3 receptor- -23 aee aggregation
chain2

Substrate for Increase crosslinking
Transglutaminase NQEQVSP transglutaminase density of fibrin
[T] (factor XIII)2s network; improve clot

stability

vonWillebrand Binds factor VIII to Concentrate protein
Factor (vWF) TRYLRIHP Factor VIII vWF on exposed eo damaged
Binding [V] QSWVHQI endothelial endothelial surfaces

surfaces26

Exposed sequence Integrate protein into
GDFLAEGG Aa fibrinogen (GPRV) following fibrin network;Knob A [A] GVRGPRV chain; N-terminus thrombin cleavage accelerate clottingGVGRV can;Ntrmnsinitiates fibrin2,7 kntc

polymerization2 ,

MFLPs (Figure 6-l a) were designed to promote exposure of CIPs (Table 6-1) to substrates,

blood cells, or clotting factors and encourage the desired MFLP-blood component interactions.

Previous applications of CIPs have used particles with exposed peptide sequences on the

surface13, 20 or as endgroups to multifunctional polymers (e.g., fibrin knob sequences

functionalized to 4-arm PEG28 ). MFLPs were engineered based on telechelic protein systems

composed of coiled-coil domains (P) separated by soluble polyelectrolyte sequences (C5).29-30

These telechelic proteins were previously studied in gel formats for their mechanics and

relaxation kinetics.30-33 The coiled-coil domains physically associate in pentameric bundles to

form gels at high concentrations and microscopic aggregates in solution. The same framework
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was used for MFLPs to maintain the potential of gelation at high concentrations and the

possibility of an additional physically-associated network interspersed within the fibrin network

to modulate clot mechanics.

The amino acid environment surrounding a CIP was selected to maximize exposure of

sequences to the blood environment, avoiding any hydrophobic or secondary structure-forming

sequences. Without insight into the ideal amino acid environment surrounding each CIP, platelet

binding (PB), GRGDS (R), transglutaminase (T), and vonWillebrand factor binding (V)

sequences were inserted in the middle of a polyelectrolyte region to maximize the solubility of

the region surrounding each CIP (Figure 6-1 b). CIP monomers were composed of a CIP-

containing polyelectrolyte region followed by a coiled-coil domain (abbreviated C5(CIP)C5P).

Larger molecular weight MFLPs were generated by concatenation of these CIP monomers. Knob

A sequences were designed to be near the N-terminus of the protein, mimicking their natural

location in fibrinogen. Thrombin cleavage would then expose the knob sequence at the newly

generated N-terminus to be active during fibrin polymerization without removing any of the

coiled-coiled domains or CIPs.

Table 6-2: MFLPs expressed in this study and heoretical molecular weights
Abbreviation MW (kDa)

Unfunctionalized
Platelet Binding PB2x 33.8
GRGDS R2x 32.4

T2x 33.0
Transglutammase T4x 63.7
vonWillebrand Factor V2x 33.8
Knob A Functionalized
Platelet Binding APB2x 33.9
GRGDS AR2x 32.5

ATIx 18.3
Transglutaminase AT2x 33.2

AT4x 63.9
vonWillebrand Factor AV2x 35.4

218



The panel of CIPs selected (Table 6-1) were chosen to investigate a range of clotting

interactions and identify ideal hemostat-blood component interactions for use in protein-based

hemostatic systems. Initial endothelial exposure (vWF), platelet aggregation (GRGDS and

platelet binding), and fibrin polymerization (knob A and transglutaminase) are represented in the

CIPs (Figure 6-1c). A series of unfunctionalized MFLPs, protein sequences containing a single

CIP type without a N-terminal knob A sequence, were assessed followed by assessment of

functionalized MFLPs, proteins containing a single CIP type and a knob A sequence (Table 6-2).

Proteins contained one (Ix), two (2x) or four (4x) repeats of a CIP monomer. Hypothesized

effects on platelet aggregation, coagulation, and fibrinolysis were investigated with in vitro well

plate assays.

(a) (b)

Fibrin knob mimic Coiled-coil domain

Soluble i-
clot-interacting peptide Nh' Fe

(c)

Interaction with: Endotheliurn Platelet Fibrin
(vWF) (H 12, GRGDS) (knob A, Transg utaminase)

Figure 6-1: Multifunctional Fibrinogen Like Protein (MFLP) Design. (a) Schematic of
MFLP highlights the location of clot interacting peptides (CIPs) and knob sequences. (b) Outline
of the CIP monomer designed for concatenation into MFLPs and (c) hypothesized interactions
between MFLPs and blood components.
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6.3.2. In vitro coagulation performance of MFLPs

Increased clot turbidity, termed clot magnitude in this study, had optimum (maximum)

values that were sequence dependent among MFLPs without knob A functionality. Platelet rich

plasma (PRP) was mixed with MFLP solutions and calcium chloride to activate clotting,

monitored by reductions in transmission during clot generation (Figure 6-2a,b). Similar protocols

were completed for platelet aggregation, with increased transmission indicating platelet

aggregation (Figure 6-2c,d). Among the unfunctionalized MFLPs tested, all proteins had

maximized clot magnitudes occurring between 0.6-1.5 mg/mL (~ 18-30 pM in solution). As the

concentration was further increased, an inhibitory region was observed with incomplete clotting,

quantified by clot magnitudes below 100 %, the change in transmission observed in control

samples (activated PRP only) (Figure 6-2e). Platelet interacting CIPs (R2x and PB2x) exhibited

rapid decreases in clot magnitude in the inhibitory region, with clot magnitude decreasing over

100 % as the concentration was increased from 0.6 mg/mL (19 pM) to 1.6 mg/mL (48 pM)

(Figure 6-2e,f). Substrate (V2x) and enzyme interacting (T2x) proteins contain an inhibitory

region at slightly higher concentrations (above 1.5 and 1 mg/mL for T2x and V2x respectively)

(Figure 6-2g,h). Reductions in clot magnitude above the optimum concentration are less severe

in V2x and T2x samples than the platelet interacting MFLPs. Reductions in clot magnitude as

MFLP concentration was further increased beyond the optimum concentration suggest that

favorable interactions are being saturated or inhibited, preventing fibrin network formation,

which is the major process causing changes in transmission.

Clot magnitude was increasing or neutral as MFLP concentration was increased,

approaching the optimum value from lower concentrations. PB2x (Figure 6-2e) and V2x (Figure

6-2h) exhibited non-monotonic and monotonic increases in clot magnitude, respectively, as the
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concentration was increased, reaching a maximum at the previously described optimum

concentration. This behavior suggests a concentration-dependent effect of platelet binding and

vWF CIPs on clot formation. In contrast, T2x (Figure 6-2g) and R2x (Figure 6-2f) showed a

sharp increase in clot magnitude at the optimum concentration, with clot magnitude below this

concentration oscillating around 100 %, suggesting no favorable interactions between

transglutaminase or GRGDS MFLPs and blood components until a threshold concentration is

achieved, followed by a narrow region (a range spanning 1 I mg/mL surrounding the optimum

concentration) of favorable interactions, where clot magnitude is observed exceeding the control

(> 100 %). Clotting kinetics were not significantly accelerated among any of the MFLPs. The

initiation of clotting, noted by the first reduction in transmission following a plateau period was

between 15-17 minutes for all tested proteins and controls during the plate reader assays.

Platelet aggregation was not impacted by the presence of MFLPs (blue symbols; Figure

6-2e-h). Following the addition of ADP to citrated PRP solutions with and without MFLP

solutions added (Figure 6-2c), the rate of platelet aggregation, determined by transmission values

(Figure 6-2d), was not significantly increased at any concentrations tested. Higher concentrations

of MFLP again showed a deleterious effect on the extent of platelet aggregation achieved. The

poor performance of CIPs such as GRGDS, which have been successful in increasing platelet

aggregation magnitudes or kinetics in other constructs, is hypothesized to be due to relatively

low functionality of CIP sequences in a linear protein (e.g. two instances of GRGDS in R2x)

compared to the nanoparticle or liposome constructs used in other hemostat applications. The

mechanism of platelet aggregation requires multiple platelet receptors and ligands to achieve

aggregation of platelets. A system with only 2 binding sites may fail to promote increased

aggregation or, based on their location with the protein, they are not sufficiently exposed to
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interact with platelet surfaces.
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Figure 6-2: Unfunctionalized MFLP Performance. (a) Coagulation schematic and (b) sample
coagulation kinetic curves. (c) Aggregation schematic and (d) sample aggregation kinetic curves.
Coagulation and aggregation magnitudes, relative to a control (sample with no MFLP added, set
to 100%) for (e) platelet binding MFLP, (f) GRGDS MFLP, (g) transglutaminase MFLP, and (h)
vonWillebrand MFLP. Maximum clot magnitudes are observed at concentrations ~1 mg/mL
while platelet aggregation is not impacted by MFLP addition.

The presence of knob A resulted in increased clot magnitude among MFLPs at lower

concentrations, on the order of 10-100 nM, relative to un-functionalized MFLPs, which showed

favorable increases in clot magnitude in the range of 10-100 iM. A single repeat of knob A was

added to the N-terminus of MFLP to allow for thrombin cleavage of the knob sequence and
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exposure of the knob terminal residues for incorporation of MFLPs into the fibrin network.

Among the sequences with endothelium or platelet interacting CIPs (APB2x, AR2x, and AV2x),

increases in clot magnitude were noted at concentrations between 0.0001 and 0.01 mg/mL

(Figure 6-3a). Comparable values between 100 and 150% of the control clot magnitude were

noted for each, suggesting that the particular CIP was not as influential to the improved

performance as the inclusion of a knob A sequence. At concentrations greater than 0.01 mg/mL,

there was a precipitous reduction in clot magnitude, culminating in complete inhibition of

coagulation (clot magnitude values approaching 0 %) at concentrations near 1 mg/mL, which

was the observed optimum concentrations for unfunctionalized MFLPs (Figure 6-3b). The

stoichiometric nature of the knob-hole interaction (4 knobs-4 holes for each fibrinogen molecule)

suggests that shifts in the ratio can result in significant changes to the polymerization mechanics

of fibrin.

Clotting kinetics showed sequence-dependent trends in clotting times and clotting ranges

but had similar concentration dependent clotting rates. Clotting ranges, the span of time between

the initial and final plateaus of the clotting curve used to define the change in transmission (AT),

did not have any strong concentration dependence (Figure 6-3c-e). APB2x and AR2x have no

starting time points that occur before control samples began clotting, suggesting there is no

acceleration in clot initiation. Only the lowest tested concentration of AV2x (0.0006 mg/mL; 17

nM) initiated clotting faster than the control sample. Once clotting was initiated, the clotting time

(the amount of time between the end of the initial plateau and the beginning of the second

plateau) showed variable trends. AR2x had clotting times that initially decreased as

concentration was increased but quickly plateaued by 0.001 mg/mL. AV2x had a minimum

clotting time at 0.001 mg/mL but had increased clotting times at both higher and lower
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concentrations. APB2x did not have a clear trend due to a biphasic clotting curve at 0.002

mg/mL skewing the clotting time metric at that concentration (Appendix E). During clotting, the

rate at which the clotting process occurred had similar trend for APB2x, AR2x and AV2x

samples. Clotting rates, measured as the maximum slope of the clotting curve, has a maximum

value skewed to lower concentrations (0.001 mg/mL). However, all of the MFLP-containing

samples exhibited clotting rates in excess of the control samples.

Given the three metrics for clotting kinetics outlined above, MFLPs have a complex

impact on the time scales that describe clotting. Initiation of clot formation does not occur sooner

following PRP activation, as evidenced by the initiation times of clotting plotted on a clotting

range graph (Figure 6-3c-e). Once clotting has been initiated, the kinetics can be accelerated,

noted by reduced clotting times for many MFLP concentrations (Figure 6-3f) and the rate of the

clotting process (Figure 6-3g). These results suggests that platelet binding, GRGDS, or vWF

MFLPs may not be ideal to promote initiation of a clot but can serve a pro-coagulant role in

conditions where a clot has begun to form and a benefit would exist for accelerated clot

formation or enhanced degrees of polymerization, represented by clotting times/rates and clot

magnitudes respectively.

Among knob A-containing transglutaminase MFLPs, comparable increases in clot

magnitude were noted for all constructs tested (AT lx, AT2x, AT4x), peaking in clot magnitude

around 150 % relative to the control (Figure 6-4a-c). There was no change in the clot magnitudes

as molecular weight was changed, effectively decreasing molar concentrations of knob A

sequences.
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Among the knob A transglutaminase MFLPs, there are two separate enzymatic reactions

that allow for incorporation of the MFLP into the fibrin network. However, concerning clot

magnitude, the presence of the knob A sequence again appeared to be the primary determinant of
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increased clot magnitude. Clotting ranges were predominately contained within the clotting

range of control samples. MFLP-containing clots initiated clotting later than control samples but

completed the clotting process earlier than control samples (Figure 6-4d-f). This behavior results

in clotting times significantly lower than controls (Figure 6-4g). Clotting rates were

concentration independent until reaching a threshold concentration above which clotting rates

began to decrease. However, given that this data set contains MFLPs with considerably different

molecular weights, impacting knob A molar concentrations, replotting of the clotting time and

rate with molar concentrations of knob A on the x-axis highlights the clotting time and rate

dependence on knob A molar concentration (Appendix E). Similar values of clotting time and

rate were achieved at lower molar concentrations of knob A as the MFLP molecular weight was

increased, suggesting the influence of an additional factor that promotes accelerated clotting

times and rates with less knob A in solution. In contrast, molar concentrations of

transglutaminase CIPs are conserved as molecular weight is changed as fold increases in

molecular weight are paired with equivalent fold increases in CIP number per chain. The

collapse of the clotting time and rate curves upon one another when plotted with concentration

on the x-axis (mg MFLP/mL blood; molar concentration of T sequences can similarly be plotted

to yield comparable plots), suggests the importance of transglutaminase sequences in modulating

clotting kinetics within knob A, transglutaminase MFLPs.
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6.3.3. MFLP Inhibition of Plasmin Lysis

Fibrin networks integrated with MFLPs exhibited resistance to plasmin lysis, with

transglutaminase MFLPs having greater inhibition of lysis than other CIP sequences. Fibrinolysis

is a natural process following coagulation that enzymatically degrades fibrin networks. Disease,

hemorrhaging, and therapies can perturb the fibrinolytic processes and prematurely degrade
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fibrinogen and fibrin clots, weakening clots and increasing the risk of hemorrhaging. Additives

to reduce lysis in these cases (e.g. aminocaproic acid) are essential to manage bleeding. Knob A

containing MFLPs were assessed for their ability to inhibit plasmin lysis of fibrin networks.

Fibrinogen-thrombin solutions were used, with 2 mg/mL fibrinogen and 0.1 U/mL thrombin,

instead of PRP. Neat fibrin networks were used as opposed to plasma or whole blood clots to

isolate the impact of knob A and CIP sequences on fibrin degradation alone, without platelets,

red blood cells, and other blood components, convoluting the results. Fully clotted MFLP-

integrated fibrin networks exposed to plasmin were degraded and the extent of lysis, measured

by the change in transmission (ATpasmin) after plasmin addition, was compared to the change in

transmission during fibrin polymerization (ATci 0 t). Ratios of ATpasmin: ATclot were used to

quantify the extent of lysis. Values approaching 0 suggest less lysis was achieved while values

approaching 1 indicate complete fibrin lysis.

Among the transglutaminase MFLPs, there was a reduction in the ATpiasmin: ATciot ratio for

AT lx, AT2x, and AT4x (Figure 6-5 a). Control wells, containing fibrin networks without MFLP,

had a ratio of 0.51 while the transglutaminase MFLPs had minimum values of 0.40, 0.36, and

0.34 for ATlx, AT2x, and AT4x respectively. It should be noted that these ratios occurred at

concentrations where the clot magnitude was comparable to or exceeding controls, set to 1

(Appendix E). Poor or incomplete fibrin network generation resulted in extreme values of the

ATpiasmin: ATciot ratio. Ratios above 1 or below 0 were associated with reduced clot magnitudes (<

0.8) and were not considered as conditions where lysis was effectively inhibited. All knob A

transglutaminase MFLPs trended toward reduced ATpasmin: ATciot ratios (less lysis) until

plateauing near 0.002 mg/mL (110, 60, and 31 nM for ATlx, AT2x, and AT4x respectively). As

highlighted in PRP coagulation results, the inclusion of knob A is more impactful on lysis results
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than changes in molecular weight. However, knob A concentrations are not wholly responsible

for the observed inhibition, noted by the failure of the curves to collapse upon one another when

knob A molar concentration was plotted on the x-axis as opposed to mass concentrations.

In contrast, other CIPs failed to effectively inhibit plasmin lysis. Considering only the

conditions resulting in clot magnitudes comparable to the control (clot magnitude > 0.8), only

three concentrations having reduced ATpiasmin: ATclot ratios, with values of 0.49 and 0.42

respectively. The favorable interactions between CIPs and blood components were not present in

the fibrinogen-thrombin system, providing some evidence that knob A sequences alone are not

sufficient to impact fibrinolysis in a fibrin network.

The molar ratios of knob A and transglutaminase sequences revealed a relation between

excess transglutaminase sequences, relative to knob A sequences, and poorer lysis inhibition

performance. Reconsidering the successful plasmin lysis inhibition by knob A transglutaminase

MFLPs and relatively poor inhibition by other knob A-containing MFLPs, the lysis results for

knob A transglutaminase systems were replotted with the molar ratio between transglutaminase

sequences and knob A sequence as the x-axis (Figure 6-5b). Reduced plasmin lysis was observed

as the ratio approached one, suggesting that excess transglutaminase sequences, relative to knob

A sequences, can similarly enhance clot magnitudes and clotting times but will uniquely impact

clot lysis inhibition.
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Figure 6-5: Inhibition of Plasmin Lysis by MFLPs. ATpiasmin:ATciot ratios for all knob A
transglutaminase MFLPs. (b) knob A-transglutaminase MFLPs replotted as a function of the
ratio of the molar concentration of transglutaminase: knob A shows a reduction in plasmin lysis
as the ratio approaches 1.

6.4. Conclusion

Incorporation of CIPs into a linear protein construct highlighted some clot interacting peptide

sequences of interest for further study. In particular, transglutaminase sequences showed

promise, capable of increasing clot magnitudes, reducing clotting times and inhibiting clot lysis

in controlled fibrinogen-thrombin solutions. In addition, the use of knob mimicking sequences

was capable of generating pro-coagulant proteins at significantly lower concentrations than those

observed for unfunctionalized proteins, regardless of the CIP present in the sequence. These

finding motivate the expansion of the library of MFLPs and development of additional assays to

improve characterization of the MFLP-clot interactions.

The variety of interactions incorporated into the MFLP and their ability to impact clot

properties, mainly clot magnitude, highlight the multitude of approaches that can be taken to

impact clot structure. A possible bifurcation of the MFLPs developed separates the proteins into

those whose CIPs require interaction with an interface or cell surface and those that mimic

substrates of enzymatic reactions during the clotting cascade. Only those sequences reacting with

enzymes (transglutaminase MFLPs and knob A functionalized proteins) were capable of
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increasing clot magnitude, reducing clotting kinetics, and inhibiting clot lysis under the tested

conditions. Surprisingly, unfunctionalized MFLPs with cell surface/interface interactions were

able to increase clot magnitude as well as enzymatic MFLPs. The MFLPs interactions in PRP

require further analysis to understand the positive interactions that are occurring.

Functionality of the proteins was important to their activity. Other linear protein/polymer

hemostatic solutions have had pro-coagulant properties with functionalities of 16 per chain

(M.W. = 45 kDa)." With functionalities of 4 at most, the MFLPs are capable of modulating clots,

making the possibility of higher functionality systems of interest. However, as was seen with

higher concentrations of knob A containing proteins higher concentrations are not universally

beneficial. Alternatively, changing the functionality of smaller proteins may be of interest to

generate multi-knobbed aggregates or multi-functionalized aggregates with other enzymatic

activity.

Development of assays that generate surfaces such as vWF or platelet membranes are

required to better assess the performance of those MFLPs that require interfacial interactions.

The increases in clot magnitude noted for platelet binding, GRGDS, or vWF MFLPs are

noticeably absent in the fibrinogen-thrombin system, highlighting the importance of the other

plasma components (platelets) to the formation of a clot and the activity of particular MFLPs.

Additionally, as was highlighted in liposome and particle-based hemostats utilizing similar clot

interacting peptides, synergistic effects may be discovered when CIPs are combined within a

single MFLP or in solution. Future studies surrounding optimal molar ratios of CIPs in solution

can progress toward developing injectable hemostatic solutions to manage hemorrhaging and

modulate clot structure.

231



6.5. References

1. Mosesson, M. W., Fibrinogen and fibrin structure and functions. Journal of thrombosis
and haemostasis . JTH 2005, 3 (8), 1894-904.

2. Weisel, J. W.; Litvinov, R. I., Fibrin Formation, Structure and Properties. Sub-cellular
biochemistry 2017, 82, 405-456.

3. Lefkowitz, J. B., Hemostasis Physiology: Coagulation Pathway and Physiology.
4. Hoffman, M.; Monroe, D. M., III, A Cell-based Model of Hemostasis. Thromb.

Haemostasis 2001, 85, 958-965.
5. Li, W.; Sigley, J.; Pieters, M.; Helms, Christine C.; Nagaswami, C.; Weisel, John W.;

Guthold, M., Fibrin Fiber Stiffness Is Strongly Affected by Fiber Diameter, but Not by
Fibrinogen Glycation. Biophys. J. 2016, 110 (6), 1400-1410.

6. Weisel, J. W.; Litvinov, R. I., Mechanisms of fibrin polymerization and clinical
implications. Blood 2013, 121 (10), 1712-1719.

7. Weisel, J. W.; Medved, L., The structure and function of the alpha C domains of
fibrinogen. Ann N YAcad Sci 2001, 936, 312-27.

8. Undas, A.; Ariens, R. A. S., Fibrin Clot Structure and Function. A Role in the
Pathophysiology ofArterial and Venous Thromboembolic Diseases 2011, 31 (12), e88-
e99.

9. Brown, A. C.; Barker, T. H., Fibrin-based biomaterials: modulation of macroscopic
properties through rational design at the molecular level. Acta Biomater 2014, 10 (4),
1502-14.

10. Chan, L. W.; Wang, X.; Wei, H.; Pozzo, L. D.; White, N. J.; Pun, S. H., A synthetic fibrin
cross-linking polymer for modulating clot properties and inducing hemostasis. Sci.
Transl. Med 2015, 7 (277), 277ra29.

11. Behrens, A. M.; Sikorski, M. J.; Li, T.; Wu, Z. J.; Griffith, B. P.; Kofinas, P., Blood-
aggregating hydrogel particles for use as a hemostatic agent. Acta Biomater. 2014, 10 (2),
701-8.

12. Chan, L. W.; White, N. J.; Pun, S. H., Synthetic Strategies for Engineering Intravenous
Hemostats. Bioconjugate Chem. 2015, 26 (7), 1224-1236.

13. Bertram, J. P.; Williams, C. A.; Robinson, R.; Segal, S. S.; Flynn, N. T.; Lavik, E. B.,
Intravenous hemostat: nanotechnology to halt bleeding. Sci. Transl. Med 2009, 1 (11),
11ra22.

14. Soon, A. S.; Stabenfeldt, S. E.; Brown, W. E.; Barker, T. H., Engineering fibrin matrices:
the engagement of polymerization pockets through fibrin knob technology for the
delivery and retention of therapeutic proteins. Biomaterials 2010, 31 (7), 1944-54.

15. Stabenfeldt, S. E.; Aboujamous, N. M.; Soon, A. S. C.; Barker, T. H., A new direction for
anticoagulants: Inhibiting fibrin assembly with PEGylated fibrin knob mimics.
Biotechnol. Bioeng. 2011, 108 (10), 2424-2433.

16. Lorand, L.; Parameswaran, K. N.; Murthy, S. N. P., A double-headed Gly-Pro-Arg-Pro
ligand mimics the functions of the E domain of fibrin for promoting the end-to-end
crosslinking of y chains by factor XIIIa. Proc. Natl. Acad. Sci. 1998, 95 (2), 537-541.

17. Gonzilez, E.; Moore, H. B.; Moore, E. E., Trauma induced coagulopathy. Switzerland:
Springer, 2016.: 2016.

18. Lashof-Sullivan, M. M.; Shoffstall, E.; Atkins, K. T.; Keane, N.; Bir, C.; VandeVord, P.;
Lavik, E. B., Intravenously administered nanoparticles increase survival following blast

232



trauma. Proc. Natl. Acad. Sci. U. S. A. 2014, 111 (28), 10293-10298.
19. Shoffstall, A. J.; Atkins, K. T.; Groynom, R. E.; Varley, M. E.; Everhart, L. M.; Lashof-

Sullivan, M. M.; Martyn-Dow, B.; Butler, R. S.; Ustin, J. S.; Lavik, E. B., Intravenous
hemostatic nanoparticles increase survival following blunt trauma injury.
Biomacromolecules 2012, 13 (11), 3850-7.

20. Ravikumar, M.; Modery, C. L.; Wong, T. L.; Dzuricky, M.; Sen Gupta, A., Mimicking
Adhesive Functionalities of Blood Platelets using Ligand-Decorated Liposomes.
Bioconjugate Chem. 2012, 23 (6), 1266-1275.

21. Basani, R. B.; D'Andrea, G.; Mitra, N.; Vilaire, G.; Richberg, M.; Kowalska, M. A.;
Bennett, J. S.; Poncz, M., RGD-containing Peptides Inhibit Fibrinogen Binding to
Platelet ctILIbp3 by Inducing an Allosteric Change in the Amino-terminal Portion of aIIb.
J. Biol. Chem. 2001, 276 (17), 13975-13981.

22. Heilshorn, S. C.; Liu, J. C.; Tirrell, D. A., Cell-binding domain context affects cell
behavior on engineered proteins. Biomacromolecules 2005, 6 (1), 318-23.

23. Place, E. S.; Evans, N. D.; Stevens, M. M., Complexity in biomaterials for tissue
engineering. Nat Mater 2009, 8 (6), 457-470.

24. Salsmann, A.; Schaffner-Reckinger, E.; Kabile, F.; Plancon, S.; Kieffer, N., A new
functional role of the fibrinogen RGD motif as the molecular switch that selectively
triggers integrin alphallbbeta3 -dependent RhoA activation during cell spreading. J. Biol.
Chem. 2005, 280 (39), 336 10-9.

25. Greenberg, C. S.; Birckbichler, P. J.; Rice, R. H., Transglutaminases: multifunctional
cross-linking enzymes that stabilize tissues. The FASEB Journal 1991, 5 (15), 3071-7.

26. Haji-Valizadeh, H. n.; Modery-Pawlowski, C. L.; Sen Gupta, A., A factor VIII-derived
peptide enables von Willebrand factor (VWF)-binding of artificial platelet nanoconstructs
without interfering with VWF-adhesion of natural platelets. Nanoscale 2014, 6 (9), 4765-
4773.

27. Litvinov, R. I.; Gorkun, 0. V.; Owen, S. F.; Shuman, H.; Weisel, J. W., Polymerization of
fibrin: specificity, strength, and stability of knob-hole interactions studied at the single-
molecule level. Blood 2005, 106 (9), 2944-51.

28. Soon, A. S. C.; Lee, C. S.; Barker, T. H., Modulation of fibrin matrix properties via
knob:hole affinity interactions using peptide-PEG conjugates. Biomaterials 2011, 32
(19), 4406-4414.

29. Kim, M.; Tang, S.; Olsen, B. D., Physics of engineered protein hydrogels. J. Polym. Sci.,
Part B: Polym. Phys. 2013.

30. Olsen, B. D.; Kornfield, J. A.; Tirrell, D. A., Yielding Behavior in Injectable Hydrogels
from Telechelic Proteins. Macromolecules 2010, 43 (21), 9094-9099.

31. Glassman, M. J.; Chan, J.; Olsen, B. D., Reinforcement of Shear Thinning Protein
Hydrogels by Responsive Block Copolymer Self-Assembly. Adv. Funct. Mater 2012.

32. Glassman, M. J.; Olsen, B. D., End Block Design Modulates the Assembly and
Mechanics of Thermoresponsive, Dual-Associative Protein Hydrogels. Macromolecules
2015, 48 (6), 1832-1842.

33. Tang, S.; Glassman, M. J.; Li, S.; Socrate, S.; Olsen, B. D., Oxidatively Responsive
Chain Extension to Entangle Engineered Protein Hydrogels. Macromolecules 2014, 47
(2), 791-799.

233



234



Chapter 7: Conclusion

7.1. Summary
7.2. Future Directions
7.3. References

7.1. Summary

With the goal of treating sources of internal bleeding and hemorrhaging, this thesis

investigated two approaches to develop injectable treatments and established imaging-based

protocols to visualize and compare hemostatic material performance. A clot-independent

hemostat was developed that functioned as a mechanical occlusive, generating a synthetic clot

with or without a functioning coagulation cascade. The second approach involved a clot-

dependent hemostatic material that incorporated targeted interactions with blood cells,

biomolecules, and exposed surfaces on a damaged vessel. In the first approach, an inorganic-

organic hydrogel nanocomposite was designed that was shear-thinning and showed procoagulant

properties in vitro and in vivo. The nanocomposite was of interest for rapidly clotting topical

wounds and for directly injecting into the vasculature as an embolic agent. In a second approach,

recombinant proteins were designed that contained clot-interacting amino acid sequences.

Inclusion of proteins into fibrin networks modified the clot structure, according to reduced

transmission measurements during well plate coagulation assays, and inhibited clot lysis in a

sequence- and concentration-dependent manner. Low concentrations (10 - 100 nM) of proteins

were capable of significantly modifying clot characteristics with sequences interacting with

enzymes showing improved performance over sequences designed to interact with platelets or

extracellular matrix proteins. Finally, clot architectures were assessed under static and dynamic

conditions in glass and PDMS microchannels, providing a platform to assess hemostats that with
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a broad range of form factors (gels, powders, gauzes). Hemostat interactions with individual

blood components and plasma were quantified to develop profiles of hemostat-dependent clot

characteristics.

Internal bleeding from known sources can be addressed by rapid mechanical occlusion of

the bleeding vessels or more diffuse wounded areas, preventing additional blood loss. Shear-

thinning hydrogels were investigated to address this bleeding scenario. A nanocomposite

hydrogel composed of gelatin and a synthetic silicate nanoparticle were physically mixed,

yielding a hydrogel composed of over 90% water by weight. The nanoparticle was known to act,

at low concentrations, as an osteoinductive additive.1 At higher concentrations, it is utilized as a

rheological modifier in beauty products, improving the stiffness and flow of creams applied to

the skin.2 Gelatin is a well characterized, biocompatible protein derived from denatured collagen.

A panel of nanocomposites with different nanoparticle concentrations and overall solid

percentages were generated to assess the impact of these variables on injectability, recovery after

injection, and hemostatic activity when in contact with blood.

Through studies of the mechanics by rheology and hemostatic performance with blood and

cell assays, the nanoparticle concentration was found to be the crucial determinant of

injectability, stability, and hemostatic performance. Ideal nanocomposite compositions were

selected based on considering multiple performance metrics. At 37 'C, higher nanoparticle

concentrations and solid percentages were more stable, as evidenced by a temperature

independent modulus and reduced degradation rates in PBS and plasma. However, injectability

through syringes and catheters required increased injection forces at higher nanoparticle

concentrations, not ideal for manual injection via a syringe. Additionally, hemostatic

performance, assessed by visualization of whole blood clot formation in contact with the
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nanocomposite was improved, characterized by accelerated clotting times, at higher nanoparticle

concentrations. Finally, biocompatibility, measured by cell viability and inflammatory response,

was improved at lower nanoparticle concentrations. Pure nanoparticles showed a reduction in

viability and an increase in inflammatory response, highlighting the importance of the gelatin

component to improve biocompatibility. In vivo liver bleeding protocols confirmed the in vitro

results, with application of the nanocomposite to bleeding liver surfaces resulting in reduced

blood loss and improved survival in rodent models. Depending on the wound characteristics,

consideration of injectability, hemostatic performance, and biocompatibility was used to select

an optimum composition for further studies.

A more rigorous clinical application for the nanocomposite, endovascular embolization,

was selected to exploit the injectability of the nanocomposite. Minimally invasive embolization

procedures utilize a catheter to directly inject embolic agents into a desired vascular location,

such as an aneurysm, arteriovenous malformation, or a tumor. Catheter injection requires

injection forces amenable to manual injection through a syringe and pressure-rated catheters that

are 100-150 cm long and 400-600 ptm in diameter. Stability against shear forces encountered in

vascular deformations such as aneurysms was assessed in microfluidic channels while stability

against vascular pressures was determined ex vivo as well as in in vivo mouse models. Initiating,

pausing, and reinitiating flow of the nanocomposite in a catheter, of interest to interventional

radiologist who perform embolization procedures, was assessed in syringe-catheters and syringe-

needle systems. Pausing injection allows for assessment of the embolization procedure during

embolization without blocking the vessel or catheter with the embolic agent. Porcine studies

provided evidence of nanocomposite stability and degradation kinetics in a larger in vivo model,

more representative of human vasculature.
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Preparation of hydrogels for in vivo studies and clinical trials was an important area of

study following evidence of performance during in vitro and ex vivo assays. In surgical, clinical,

or traumatic environments where the nanocomposite could be used, a pre-packed sterile syringe

was an ideal storage condition for rapid delivery of a sterilized hemostatic material. However,

because hydrogels are susceptible to degradation, erosion or loss of performance by many of the

standard sterilization techniques (autoclaving, ethylene oxide, UV sterilization),3 sterilization

was investigated to minimize its impact on hydrogel performance. Imaging with X-rays also

requires addition of an X-ray opaque agent to the embolic agent, commonly an iodine-containing

contrast dye, which can impact the mechanical and hemostatic properties of a physically

associated hydrogel. Gamma irradiation was shown to be conducive to sterilization of prepacked

syringes containing contrast dye without impacting injectability or hemostatic performance.

Internal bleeding from unknown sources requires targeting to the wound or incorporating

responsive elements into the hemostatic system that respond to something specifically at a

bleeding site. Release of procoagulant molecules, orthogonal gelation mechanisms, or

incorporation into the natural clot structure are mechanisms that hemostats can use to interact

with the natural coagulation system and promote hemostasis. Recombinant proteins containing

physically associating coiled-coil domains and clot interacting proteins were designed to assess

the potential of proteins mimicking fibrinogen, receptors on platelets, or exposed matrix

components to impact clot properties. Proteins were designed to contain knob A sequences on

the N-terminus and other clot interacting sequences within the soluble regions between coiled-

coil associating domains. The knob sequence is cleaved by thrombin during coagulation and

initiates polymerization of fibrinogen into the fibrin network. Sequences without knob peptides

showed concentration-dependent coagulation performance with minimal impact on platelet
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aggregation according to well plate coagulation and aggregation assays in vitro. However,

addition of knob A sequences resulted in improvements in clot performance at relatively low

concentrations, likely a consequence of the stoichiometric interactions that occurs between

fibrinogen molecules to generate the fibrin network. This is supported by the inhibition of

clotting at higher concentrations of knob-containing proteins, which was not observed in proteins

without knob A sequences.

Following clotting, clot interacting proteins resulted in reduced susceptibility to lysis by

plasmin, indicating a modulation to clot architecture. The extent of lysis was reduced by the

addition of low molecular weight systems of proteins containing knob A sequences. Of particular

interest were proteins containing transglutaminase reactive sequences and knob A sequence.

Lysis inhibition of these MFLPs was shown to be dependent on the ratio of transglutaminase

repeats to knob A repeats, a synergistic interaction that can be further explored.

A variety of form factors are capable of possessing hemostatic activity, making comparable

assessments in performance difficult to complete without in vivo bleeding assays. In this thesis,

imaging assays were developed to assess and characterize hemostats in vitro prior to animal

studies. Clot architecture, commonly used to assess diseased states in patients, was applied to the

hemostat-clot interface. Spatial distributions of selected blood components (fibrinogen, platelets,

and red blood cells) were measured surrounding powdered, hydrogel, and particulate hemostats

under static conditions. Fibrinogen was the only blood component tested with unique hemostat-

dependent spatial distributions. The assessed hemostats displayed two general spatial

distributions, a constant reduction in concentration as the hemostat interface was approached and

a depleted region near the interface followed by an increased concentration directly on the

hemostat surface. Similar assessments of platelets and red blood cells allowed a fingerprint of
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hemostatic performance to be generated for each hemostat, quantified by fold increases in blood

component intensities or cell counts near the interface and in the bulk. Hemostats with rapid

coagulation kinetics showed high intensities of fibrinogen and red blood cells near the interface.

However, other spatial distributions of blood components were associated with clinically proven

hemostatic materials. This highlights the variety of hemostatic interactions that can be associated

with successful hemostats. Under flow conditions, matching the shear rates in venous

vasculature, dynamic clot formation was observed near hemostat interfaces with comparable

profiles in fibrinogen. Preliminary investigation into super-resolution microscopy of fibrin

networks was performed to increase the resolution of the clot structures modified by hemostats.

Super-resolution microscopy of fibrin networks was shown to be possible using the standard

imaging protocols for cell systems. However, additional work should be performed to confirm

the structures that are being resolved and the absolute resolution that can be achieved.

Overall, the clot-independent and clot-dependent hemostatic systems investigated in this

thesis highlight the variety of approaches that can be taken to successfully manage internal

bleeding. Both protein-based systems offer a biocompatible platform into which additional

responsive molecules, proteins, or sequences can be incorporated for future hemostat

development. Fluorescent microscopy was shown to be a characterization method capable of

generating quantitative information concerning hemostat-dependent blood component

interactions in microfluidic formats. Future characterization of novel hemostatic systems and the

use of super-resolution microscopy to improve the resolution of fibrin networks and hemostatic

components are areas of future interest identified by the work performed in this thesis.
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7.2. Future Directions

Insights developed during this thesis have resulted in a variety of new directions for both

fundamental research and clinical development. With knowledge of the clinical needs for

injectable hemostats, the nanocomposite can be modified to make it simpler to utilize in a

surgical or trauma setting. Shear-thinning hydrogels are interesting solutions to use as injectable

hemostatic agents. The nanocomposite developed was capable of injection through catheters and

syringes of clinical interest but was not stable long term. Silicate and more generally clay-based

materials are known to age over time,4 increasing the modulus among other parameters, thereby

limiting the shelf life and stability of a clay-containing hydrogel during long-term storage.

However, the hypothesized mechanism of action was centered on the charge of the nanoparticle,

which allowed for injectability and hemostatic activity. Replicating the charge and shear-

thinning properties in a purely organic system could eliminate aging concerns and provide a

shear-thinning hemostatic hydrogel more suited for clinical applications.

While clot-independent hemostats are of interest, especially in cases where there is a

compromised natural coagulation system (e.g. coagulopathy or anticoagulant presence during

surgery), there is an advantage that can be gained by incorporating clot interacting sequences or

molecules within the hydrogel to promote rapid remodeling after hemostasis. Remodeling of the

nanocomposite in vivo in porcine vasculature showed the replacement of the nanocomposite with

dense connective tissue and the formation of a chronic clot. While this is ideal for some

procedures, other occluded vessels may benefit from removal of the clot more rapidly following

control of bleeding. Angiogenic factors or sequences responsive to matrix metalloproteases

(MMPs) have been incorporated into scaffolds to promote remodeling and generation of tissues,

including blood vessels. 5
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Prior to degradation, drugs or other small molecules can be incorporated into the

nanocomposite to provide localized release of toxic drugs, such as chemotherapeutics. Cancer

drugs have currently been incorporated into polymeric microparticles for delivery during

embolization procedures to cancerous tumors.6 The presence of chemotherapeutics in a localized

hydrogel will localize its activity and effectively occlude blood flow to the tumor.

Nanocomposite injection through catheters was shown in preliminary studies to induce

alignment of some components, observed by SAXS. Additionally, the aging of the nanoparticle-

containing hydrogel is the result of reorganization of the nanoparticles that results in a

mechanically stiffer hydrogel. However, following injection or during aging, the release of any

encapsulated molecules could be impacted by the alignment or reorganization of the

nanoparticles. Investigating the impact of alignment during injection and aging on the release of

small molecules can help determine the applicability of the nanocomposite as a drug delivery

vehicle.

When considering the performance of clot interacting proteins, it was evident that there was

a delicate balance between procoagulant and anticoagulant behavior when utilizing knob A

mimetics to modulate coagulation. High concentration of proteins containing knob A were

shown to inhibit coagulation,7 hypothesized to interact with the holes of fibrinogen and inhibit

the inclusion of fibrinogen into the fibrin network. Completely recombinant systems have been

developed that replicate both the knob and hole components, forming a fully synthetic fibrin-like

network.8 However, it immediately gelled due to an exposed knob A sequence and required a

two-component injection of the knob and hole proteins separately to function as a tissue sealant.

Development of thrombin cleavable knob A sequences as used in this thesis with a synthetic hole

protein could generate a responsive, injectable hemostatic system. Coiled-coil domains used in
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this thesis were pentameric, potentially generating a network of multi-knobular aggregates.

Investigating a range of functionalities to associate knobs into aggregates of different

functionality would serve as another variable to investigate to understand the balance between

pro- and anti-coagulant activity.

Clot interacting proteins containing sequences with enzymatic reactivity were of interest in

this thesis. High molecular weight polymers have been designed to interact with fibrin

specifically and were shown to resist lysis and serve as a hemostat in in vivo studies. 9 Proteins

were expressed up to 60 kDa with clot interacting sequence functionalities of 4. Successful fibrin

mimic contained 16 repeats of the fibrin reactive antibody. 9 Investigating higher functionalities

of enzyme reactive sequences, such as transglutaminase, with protein-based or polymeric

backbones can be investigated to assess high functionality polymers capable of incorporation

into a clot.

Fibrinogen was the target of the clot interacting proteins. Platelet mimics have been most

successfully developed in nanoparticle or liposome formats. In cases of reduced thrombin

generation, fibrin-mimetic proteins will have difficulty improving activity if no fibrin is being

generated initially. It is hypothesized that anticoagulatory pathways are activated under

hemorrhaging conditions that reduce thrombin levels and deactivate clotting factors upstream of

thrombin generation.' 0 Careful modulation or inhibition of these anticoagulant pathways instead

of utilizing thrombin-dependent protein hemostats can serve to increase the levels of activated

thrombin during bleeding. However, these anticoagulation pathways are essential throughout the

body to prevent unwanted coagulation, requiring localized activity of the hemostat system at the

injury site.
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Imaging was investigated as an alternative method to characterize hemostatic performance

in addition to well plate assays developed in this thesis. Currently, there are few techniques that

can be used to characterize hemostatic performance of new hemostatic materials absent an in

vivo bleeding assay or basic clotting assays of hemolysis or overall whole blood clotting,

especially for solid hemostats. Clinical clotting tests are predominately designed for solutions

only, resulting in fewer options to test newly developed powders, gauzes, or gels. Expanding the

panel of hemostats assessed with fluorescent imaging in microchannels can serve to generate a

dataset and a hemostat characterization method that can compare a variety of form factors under

the same conditions. This approach could lead to a hemostat-on-a-chip platform, where both the

kinetics of clot formation and the resulting clot architecture can be observed to understand

hemostat-clot interactions. Ideally, corroboration of an in vitro hemostat-on-a-chip with in vivo

bleeding assays can result in a higher throughput assessment of candidate hemostats prior to in

vivo studies and elimination of undesirable hemostat formulations prior to investment in animal

models.

Super-resolution microscopy was investigated and shown to be possible for fibrin networks.

Future studies into the limits in resolution for fibrinogen and fibrin networks would help to

determine the feasibility of super-resolution microscopy to image fibrin strands, protofibrils, or

fibrin oligomers. Confirmation of the structures with atomic force microscopy, which has been

shown to resolve individual fibrinogen molecules would be ideal. Interactions between

polymeric hemostats and blood cell components or networks of hemostatic polymer/proteins and

fibrin would be systems of interest to investigate with high resolution to identify any unique

interactions or structures.
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The hemostatic systems developed in this thesis represent two more hemostats to add to the

toolbox of hemostatic materials to be used by both clinicians and first responders as well as

military and civilian populations. The broad range or properties that make an ideal hemostat are a

testament to the broad range of interactions that can be exploited to promote coagulation. Clot-

independent and clot-dependent hemostatic systems can be similarly effective due to the

simultaneous complexity of the hemostasis process and simplicity of the goal, to stop blood loss.

Of interest for minimally-invasive treatments or intravenous delivery of hemostatic materials to

unknown sources of bleeding would be systems capable of targeting to wound sites and

subsequently gelling via a gelation mechanism orthogonal to the natural coagulation cascade.

Additional development of in vitro assays for hemostats will serve to streamline characterization

of new hemostats and develop more effective system to address internal bleeding.
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Appendix A: Supporting Information for Chapter 2- Methods

A. 1 MATLAB Code for Cylinder Form Factor Model
A.2 ImageJ Scripts to Process Fluorescent Clot Images

A.1 MATLAB Code for Cylinder Form Factor Model

Non-linear fits were used to fit thin disk form factor models to nanocomposite SAXS curves.

%Run Code from Here: Input guesses & bounds
clc

%Requires:
% - SampleIntensityMatrix

% - Sample qRange

%MODIFY FOR EACH SAMPLE---------------------------------------------

%Choose SAXS Sample to fit
sample = 2;

%Sample Number indicates the sample selected for fitting

%Guesses for Parameters of Model

%Model selection: Cylinder Form Factor (P(q))
guess(1)=.54; % K-constant scaling factor --- guess = K
guess(2)= 90; % R- radius of cylinder
guess(3)= 10; % L- thickness of cylinder NOTHING FOR DISK
guess(4)=100; % C- adding a constant ---- guess = C*1e6

guess(5)= 30; % polydispersity radius
guess(6)=; % polydispersity thickness
%END MODIFICATIONS--------------------------------------------------

%Define options for nlinfit

options = statset('nlinfit');
options.MaxIter = 19000;
options.TolFun = le-8;
options.TolX = le-8;
%options.Display = 'off';

%Define subset of sample to model
q lbnd = 1; %q point to begin modelling from
q_ubnd = 300; %q point to end modelling at
ModelIntensity = SampleIntensityMatrix (sample,:);
ModelIntensity = ModelIntensity(qlbnd:q_ubnd);
ModelqRange = SampleqRange(l,qlbnd:q ubnd);

%Non-linear fit

[Bestfit,Resid,Jacob,Covarbf,Varerror]
nlinfit(Model qRange, ModelIntensity,'thindisk',guess,options);
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%Substitute new fitted parameters into model
[fitIntensity, fitStructureFactor, fitFormFactor] =

thindisk(Bestfit,Model-qRange);

%Plot raw and fitted data on log-log plot
plot (Model qRange,ModelIntensity, 'b. ',Model qRange, fitIntensity, 'r-',
'LineWidth',2);
% loglog(Model qRange,ModelIntensity, 'b.',Model qRange,fitIntensity,'r-',
'LineWidth',2);
xlabel('q(A^-^l) ');ylabel('Reduced Intensity (cm^-^l)'); xlim([.0057 .1224]);

The script defining the thindisk function:

function [fitIntensity, fitStructureFactor, fitFormFactor]
thindisk(variables,Model-qRange)

K = variables(l); % K-constant scaling factor
R = variables(2); % R- radius of cylinder --- guess = R/10
L = variables(3); % L- thickness of cylinder --- guess = L/10
C = variables(4)/(le6); % C- adding a constant ---- guess = C*1e6
thPR = variables(5); % polydispersity radius

q = Model qRange;

%Form Factor: Cylindrical polydispersity -----------------------------------

Rvals = linspace(R-50,R+50,1000);
probR = normpdf(Rvals,R,thPR);
normalization = trapz(Rvals,probR);
probR = probR./normalization;

fitFormFactor = zeros(1,length(q));

for i = 1:length(q)
qr = q(i).*Rvals;

%Form Factor: Thin Disk

Bess = besselj(1,2.*qr);

parentheses = (1 - (Bess./qr));

%vol = pi().*(Rvals.^2).*Lvals;
TCD = (2./(qr.^2)).*parentheses;%.*vol.^2;

TCD = K.*probR.*TCD;

TCD= trapz(Rvals,TCD);

fitFormFactor(i) = TCD;

end
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A.2 ImageJ Scripts to Process Fluorescent Clot Images

To more effectively analyze all images, scripts were generated using the macros in

ImageJ. Image intensity and cell counting were scripted to report these values for further

processing. The scripts require the selection of a directory (folder) containing the image to

analyze and a directory to save any processed images.

Intensity Script: The script was used to normalize intensity in all images and report the average

intensity of each image and save a jpeg version of each raw tiff image save from the camera.

dirl = getDirectory("Choose Source Directory ");
format = getFormat(;
dir2 = getDirectory("Choose Destination Directory ");
list = getFileList(dirl);
setBatchMode (true);

for (i=0; i<list.length; i++) {
showProgress(i+1, list.length);
open(dirl+list[i]);
print ( (i) + ": " + dirl + list [i]);

run("Set Measurements...", "area mean standard min integrated redirect=None
decimal=3");
//run("Brightness/Contrast ... ");
run("Enhance Contrast", "saturated=0.35");
run("Measure");

saveAs ("JPEG",dir2+list [i]);

close () ;
}

function getFormat()
formats = newArray("TIFF", "8-bit TIFF", "JPEG", "GIF", "PNG",
"PGM", "BMP", "FITS", "Text Image", "ZIP", "Raw", "AVI") ;
Dialog.create("Batch Convert");
Dialog. addChoice ("Convert to: ", formats, "TIFF");
Dialog .show (;
return Dialog.getChoice(;

}
function convertTo8Bit()
if (bitDepth==24)
run("8-bit Color", "number=256");
else
run("8-bit");

}
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Counting Script: The script was used to increase the contrast between cells and background and

count the number of cells that are the size of red blood cells. The processed image was saved as a

jpeg to confirm the accuracy of the counting.

dirl = getDirectory("Choose Source Directory ");
format = getFormat();
dir2 = getDirectory ("Choose Destination Directory ");
list = getFileList(dirl);
setBatchMode (true);

for (i=o; i<list.length; i++) {
showProgress(i+1, list.length);
open(dirl+list[i]);

print ( (i) + ": " + dirl + list [i]);

run("Subtract Background... ", "rolling=l light");
run("Enhance Contrast", "saturated=0.35");

run("Enhance Contrast", "saturated=0.35");
run("Enhance Contrast", "saturated=0.35");

run("Make Binary");

run("Dilate");

run("Dilate");

run("Close-");

run("Invert");

run("Close-");

run("Analyze Particles...", "size=2-500 show=[Overlay Masks] display exclude

clear summarize");

saveAs ("JPEG", dir2+list [i] );

close();

}

function getFormat()

formats = newArray ("TIFF", "8-bit TIFF", "JPEG",
"PGM", "BMP", "FITS", "Text Image", "ZIP", "Raw",
Dialog.create("Batch Convert");

Dialog.addChoice("Convert to: ", formats, "TIFF")

Dialog. show ( ) ;
return Dialog.getChoice();

}
function convertTo8Bit()

if (bitDepth==24)

run("8-bit Color", "number=256");

else

run("8-bit");

}

"GI F", "PNG",
"AVI") ;
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Appendix B: Supporting Information for Chapter 3 -
Shear-Thinning Nanocomposite Hydrogels for the
Treatment of Hemorrhage

B.1 Nanocomposite Compositions
B.2 Nanocomposite Rheology Characterization
B.3 In Vitro Characterization
B.4 In Vivo Characterization

Reproduced with permission from Gaharwar, AK et al. ACS Nano, 8, 19, 9833-9842 (2014). Copyright C
2014 American Chemical Society

B.1 Nanocomposite Compositions

Table B-1: Weight percent (w/w) composition of each nanocomposite hydrogel.
Sample Name 9NCO 9NC25 9NC50 9NC75 9NC100
Gelatin (wt%) 9 6.75 4.5 2.25 0
Nanoplatelets (wt%) 0 2.25 4.5 6.75 9
Water (wt%) 91 91 91 91 91

Sample Name 6NCO 6NC25 6NC50 6NC75 6NC100
Gelatin (wt%) 6 4.5 3 1.5 0
Nanoplatelets (wt%) 0 1.5 3 4.5 6
Water (wt%) 94 94 94 94 94

Sample Name 3NC0 3NC25 3NC50 3NC75 3NC100
Gelatin (wt%) 3 2.25 1.5 0.75 0
Nanoplatelets (wt%) 0 0.75 1.5 2.25 3
Water (wt%) 97 97 97 97 97
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B.2 Nanocomposite Rheology Characterization
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Figure B-1: Effect of silicate nanoplatelets on thermal stability of nanocomposite hydrogels.
Gelatin at lower temperatures is solid, but at higher temperature loses its mechanical integrity.
Storage modulus (G') and loss modulus (G") of gelatin and nanocomposite hydrogels with solid
concentrations of a) 9 wt%, b) 6 wt% and c) 3 wt% were monitored from 15 'C to 45 'C. Gelatin
(NCO) was observed to flow at all solid concentrations above 32 'C. The addition of silicates
improved the thermal stability of the nanocomposite network. All temperature sweeps were
performed at a shear stress of 10 Pa and frequency of 1 Hz.
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Figure B-2: Linear viscoelastic range of nanocomposite hydrogels. (a) Nanocomposites are
capable of being molded and are able to maintain their shape. (b) Strain sweeps indicate a
crossover point (when G'=G") that decreases with increasing silicate loading Strain sweeps
were performed at 1 Hz. (c) Frequency sweeps, at 37 'C, of 9NC25, 9NC50, 9NC75 and
9NC 100 show increased moduli for higher nanoplatelet loaded nanocomposites. 9NCO is a liquid
at 37 'C and was not tested. (d) Yield stress of nanocomposites shown as a break in the linearity
of shear rate versus shear stress plots, as a function of nanoplatelet loading and solid fraction
(3%, 6% and 9 wt% solid).
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Figure B-3: Nanocomposite gel recovery and aging. Recovery tests on 9NC50 and 9NC 100
show rapid recovery after high oscillatory strain. Recovery was tested by straining above the
crossover point, observed from strain sweeps, to break the network, resulting in G"> G',
followed by removal of the strain. The a) entire test appears as an almost instantaneous recovery
to solid behavior while b) an expansion of the transition region indicates the recovery takes place
within a span of 10 seconds. c) Aging was observed when samples were monitored over hours at
1% strain, 1 Hz). d) This effect was able to be countered by application of high strain (1000%).

254

(d)

IUI G' G"
A 9NC100

A 9NC5O
103

102

10', A.
1160 1170 1180 1190 1200 1210

Time (sec)

rEnnn
9NC100 G'

9NCIOO G"

&*"S - - Strain (%)

_ '-U

9NC75 G

975G

1000

500-

0



0

0

U

Blood
9NCO-Blood
9NC75-Blood

1500
Strain (%)
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B.3 In Vitro Characterization
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Figure B-5: Effect of silicate nanoplatelet on the stability of nanocomposite hydrogels in
physiological solution. Physiological stability was determined by measuring the weight of
nanocomposites with solid concentration of a) 9 wt%, b) 6 wt% and c) 3 wt% stored in PBS at 37
'C. Gelatin (NCO) immediately dissolved in PBS, while nanocomposites of 6 wt% and 9 wt%
solid concentrations maintained their structural integrity throughout the 24 hour test.
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Figure B-6: X-Ray Scattering indicates disk like scatterers. SAXS intensity curves of
nanocomposite samples 9NC 100, 9NC75, 9NC50, and 9NC25. All samples have power law
decays of exponent -2 at high q, suggesting disk shaped scatterers.
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Figure B-7: Injectable Gelatin/silicate hydrogel did not induce significant cytotoxic and
pro-inflammatory effects in macrophages. Toxicity profiles of gelatin (9NCO), nanoplatelet
gels (9NC 100), and 9NC75 with RAW macrophages as determined by a) MTS assay and b)
secretion of pro-inflammatory cytokines, IL-6 and TNF-a, from RAW 264.7 macrophages after
24h of exposure. (One-way Anova followed by Tukey's post hoc analysis was performed ** p<0.01;
*** p<0.00l)
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Figure B-8: Time series of clot formation. Time series of thrombus weight per area for
nanocomposite and hydrated QuikClotTM powder show similar trends in the formation of a clot.
The nanocomposite, an injectable system, begins to form a measureable clot at 2 minutes while
QuikClotTM, a solid hemostat, begins clotting at 5 minutes. Subsequent time points are not
statistically different from one another, indicating that the ability of 9NC75 to form a clot is
comparable to that of the commercial QuikClotTM powder. The background mass per area of 15
mg/cm 2 is due to residual liquid remaining after the washing step is performed to halt clotting.
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Figure B-9: Nanocomposite surface initiates clotting through interactions with blood
components. (a) Fluorescent imaging reveals that the interfaces between the nanocomposite and
blood have localized aggregation of RBCs. (b) Silicate nanoplatelets in contact with blood
proteins and RBCs were observed using fluorescently labeled silicate nanoplatelets. The
presence of blood components (platelet poor plasma (PPP) or platelet rich plasma (PRP)) in the
nanoplatelets disrupt their ordering, observed by the non-uniform fluorescence signal. The
stability of 9NC 100, previously shown by its large absolute value of zeta potential, is decreased
and aggregation occurs in systems of blood components and nanocomposites, suggesting a
decrease in the absolute value of the zeta potential and increase in attractive forces.
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B.4 In Vivo Characterization

4 _ 5< 6

Figure B-10: In vivo procedure showing the liver bleeding model. To induce lethal liver
bleeding, the following standardized procedure was conducted prior to re-suturing: 1) median
laparotomy, 2) wound edge retraction to expose the liver, 3) addition of a hemostat after
laceration, 4) blood mass lost measured after two minutes, 5) blood loss measured after ten
minutes and 6) saline washing of the abdominal cavity prior to resuturing. Images are from a
trial with QuikClotTM intervention.
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Appendix C: Supporting Information for Chapter 4- An
Injectable Shear-Thinning Biomaterial for Endovascular
Embolization

C. 1 Materials and Methods
C.2 STB Mechanical Characterization
C.3 STB Hemocompatibility
C.4 STB Sterilization and X-Ray Visualization
C.5 Embolization Histology
C.6 References
From Avery, R.K; Albadawi, H.; Akbari, M.; Zhang, YS.; Duggan, M.; Sahani, D. V; Olsen,
B.D.; Khademhosseini, A.; Oklu, R. "An injectable shear-thinning biomaterial for endovascular
embolization" Science Translational Medicine 2016 8, 365ra.156. Reprinted with permission
from AAAS

C.1 Materials and Methods

Creep and Creep Recovery

Creep tests were performed on an Anton Paar MCR702 SingleDrive system with a

disposable aluminum cone geometry (25 mm diameter, 1 angle, 50 pm truncation gap) and a

sandblasted lower plate. Tests were performed at 37 'C and samples were sealed with mineral oil

to prevent sample drying. 6NC75 was loaded and creep was measured by applying stresses (a)

of 10, 20, and 30 Pa for 30 min, followed by relaxation for 30 min and monitoring the resulting

strain (E). Creep compliance

[(t) = E(t)/cr] (C.1)

was calculated from the 20 Pa creep curve and used to extrapolate the strain expected at

1, 2, 3, and 4 Pa (10-40 dynes/cm 2), shear stress values experienced along the wall of vasculature

(1, 2).
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Hematoxylin and Eosin (H&E) staining

Pig vessels were fixed in formalin (Sigma, HT 501128-4L, St. Louis, MO) for overnight

at room temperature. Paraffin embedded blocks were sectioned at 8 pm and mounted on

positively charged slide glass (Fisher Scientific, #12-550-15, Pittsburgh, PA). Slides were baked

at 56 'C for 30 min, deparaffinized (2 x 100 % Xylene, 3 x 100 % ethanol, 1 x 95 % ethanol, 1 x

80 % ethanol, 1 x 70 % ethanol, 5 min each) and rehydrated in double-distilled water for 5 min.

Slides were stained in Gill's #2 Hematoxylin solution (Sigma, GHS-216, St. Louis, MO) for 1

min and washed in running water for 5 min. Slides were then stained in Eosin Y (Sigma,

HT110116, St. Louis, MO) for 1 min and washed for 5 min. Slides were dehydrated 1 x in 70 %

ethanol, 1 x 80 % ethanol, 1 x in 95 % ethanol, 1 x 100 % ethanol for 30 s, respectively. Next,

the slides were dried and mounted with permanent mounting solution (Histo Mount Solution,

#008030, Life Technologies, Thermo-Fisher Scientific, Grand Island, NY).

Mason's Trichrome (Tri) Tissue Staining

Collagen in the vessels were stained according to Mason's Trichrome Stain Kit (Sigma

HT1079, St. Louis, MO). Briefly, slides were stained in freshly prepared Weigert's iron

Hematoxylin solution (Sigma HT15-1KT, St. Louis, MO) for 7 min in a humid chamber and

washed in running tap water for 7 min. Then the slides were stained in Biehrich Scarlet Acid

Fuchsin solution for 5 min and rinsed in phosphomolybdic-phosphotungstic acid solution for 5 s.

Aniline blue solution was applied for 15 s and washed in tap water for 5 min. Slides were dried

at 37 'C for 1 h and mounted with permanent mounting solution (Histo Mount Solution,

#008030, Life Technologies, Thermo-Fisher Scientific, Grand Island, NY). Nuclei are stained in

black, cytoplasm is red and collagen is blue in the tissue.
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Immunohistochemistry for Myeloperoxidase (MPO), CD68 and PCNA

Antigen retrieval was performed in 10mM sodium citrate, pH 6.0 solution (Life

Technologies #005000, Thermo-Fisher Scientific, Grand Island, NY). Vessel tissues were

permeabilized in 0.1 % Triton X-100 (Sigma T8532, St. Louis, MO) in PBS and endogenous

peroxidase activity was quenched in 0.3 % H202 in 60 % methanol for 30 min at room

temperature, respectively. Endogenous biotin activity was blocked by Avidin-Biotin Blocking

Kit (Life Technologies, #004303, Thermo-Fisher Scientific, Grand Island, NY). Non-specific

protein was blocked in 5 % goat serum in PBS for 1 h at room temperature. Polyclonal rabbit

anti PCNA (Santa Cruz, #SC7907, 1:400, Santa Cruz, CA), CD68 (Aviva, ARP63008_P050,

1:400, San Diego, CA) and MPO (AbCam, #9535, 1:100, Cambridge, MA) were incubated in 5

% goat serum for overnight at 4 'C in a humid chamber. Biotinylated goat anti-rabbit second

antibody (Vector, BA400 1, Burlingame, CA) was applied for 1 h at room temperature. Signal

was amplified with Avidin-Biotin-Complex solution (Vectastain Elite ABC kit, Vector

Laboratories PK6100, Burlingame, CA). Permanent insoluble dark brown color (3, 3'-

diaminobenzidine, DAB substrate, Vector Laboratories SK4100, Burlingame, CA) was

developed under a light microscope. Tissue sections were counterstained with Gill's #2

Hematoxylin (Sigma, GHS-216, St. Louis, MO) for 10 s and dehydrated and then permanently

mounted.

Percent Connective Tissue in Vessel

H&E histology samples were imaged using a Zeiss Axio Zoom V 16 stereomicroscope

and the image files imported into ImageJ. Regions containing STB or unfilled with connective

tissue within the intraluminal region of the vessel were outlined using the polygon tool and the
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area was measured (STB Area). Next, the area of the intraluminal region of the vessel was

measured (Vessel Area) and the percent vessel occluded was calculated according to the

equation:

Connective Tissue in Vessel (%) =
Vessel Area - STB Area *100

Vessel Area

C.2 Mechanical Characterization
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Fig. C-1: Model Shear-Thinning. (A) Log-log plot of shear rate sweeps for 6 %
nanocomposites. (B) Power law model results for 6NC75 and 6NC 100.
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Table C-1: Preliminary Injectability. Table highlighting the nanocomposite concentrations that
were capable of being injected or blocked clinical 5F catheters during manual injection.
Nanoplatelet (NP), Y: Nanocomposite flowed through catheter by manual injection (max
pressure -150 kPa applied by hand), N: Nanocomposite blocked catheter.
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50 N N

75 N N
100 N N
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Fig. C-2: STB Thermal Stability. Temperature sweeps of 4.5 and 6 % (w/v) STBs: (A) NC25,
(B) NC50, and (C) NC75. Measurements were performed at 1 % strain and 1 rad s4 angular
frequency.
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Fig. C-3: Zoomed Graph of Rapid STB Recoverability. Zoomed graph of cyclic recovery in
6NC75 STBs after application of high (100 %) strain.
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Fig. C-4: STB Injectability Setup. Image of 3 mL syringe loaded on Instron and STB flowing
from a needle.
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Fig. C-5: STB Injection Forces. (A) Injection force curves injection flow rates of
(i) 1.0 mL min -1, (ii) 2.0 mL min, and (iii) 3.0 mL min-'. (B) Injection force curves of 6NC75
through (i) 18G needles, (ii) 23G needles, and (iii) 5F catheter. (C) Injection force curves for (i)
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injection forces correcting for the longer length of the 5F catheter.
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Fig. C-6: Ex Vivo Pressure Calibration. (A) Dependence of measured pressure on syringe
pump flowrate. (B) Average pressure after equilibration. (N=3; ns: P > 0.05; *: P < 0.05; **: P <
0.01; * * *: P 0.001 determined by one-way analysis of variance with Tukey comparison for B)
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Fig. C-7: Creep Measurement of STB. (A) Creep and creep recovery of 6NC75 at 10, 20, and
30 Pa. (B) Compliance curves from 10, 20, and 30 Pa creep data. (C) Equations defining
compliance and the equation used to calculate the expected strain (Cexpected) that will occur at the
stresses encountered along vessel walls (Ovessel wall). The compliance curve derived from the 20 Pa
creep curve (J20 Pa(t)) was used to (D) extrapolate the creep response at lower stress values (1-4
Pa) that are experienced along a vasculature wall (1-4 Pa). Expected creep caused by
physiologically relevant stresses is below 1 % strain and, therefore, is likely not a source of
hydrogel deformation following delivery into the vasculature.
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Fig. C-8: STB Thrombosis Potential. (A) A 96 well plate assay of blood clotting in contact
with 3, 4.5, and 6 % (w/v) STB highlights accelerated clotting times for increased weight percent
and nanoplatelet concentration. (B) Measurements taken every 30 s for 6 % (w/v) STB illustrate
the nanoplatelet concentration dependence more clearly.
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Fig. C-9: Hemolysis Potential of Embolic Coils. Hemolysis resulting from incubation of
Tornado embolic coil. (N=3; ns: P > 0.05; *: P <0 .05; **: P 5 0.1; *** P < 0.001 determined
by one-way analysis of variance with Tukey comparison)
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Fig. C-10: In Vitro Embolization Model. (A) An in vitro embolization model was used to
highlight the STB's ability to (B) embolize a model aneurysm and (C) occlude a model vessel.
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C.4 STB Sterilization and X-Ray Visualization
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Fig. C-11: Impact of Sterilization on STB. 6NC75 STB was exposed to 25 kGy gamma
irradiation in a Gamma cell 220E. (A) OD600 of LB media incubated in STB-coated pipette tips
for 12 h showed no increase in optical density of 6NC75 inoculated with E coli. (B) Shear rate
sweep of 6NC75 before and after gamma irradiation showed no significant change in the shear
stress profile. (N=3; ns: P > 0.05; *: P < 0.05; **: P < 0.01; ***: P < 0.001 determined by one-
way analysis of variance with Tukey comparison for A)
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I

Fig. C-12: STB Sterility by Colony Formation Count. LB agar plates treated with dilutions of
overnight cultures containing (A) unsterilized inoculated STBs, (B) y-sterilized inoculated STBs,
(C) sterile pipette tips (negative control), and (D) a sterile Tornado embolization coil.

278



4UUU

0 140 kVp
1 100 kVp

D 3000 - 80 kVp

5: 70 kVp
4W

2000-

1000-
0 IN

0

1:2 1:5 1:10 1:20 1:30 1:40 1:50 1:80 Water
Visipaque:Water Ratio

Fig. C-13: Imaging Phantom of STB. (A) Schematic of radiopaque STB syringe locations
within phantom housing. Multiple ratios of VisipaqueTM-to-water were used to generate
radiopaque STBs, which were subsequently imaged with different energies (kVp). (B) and (C)
show maximum intensity projections of the phantom imaging and (D) is the dependence of
Hounsfield units (HU) on energy and VisipaqueTM-to-water ratios. (Errors plotted are SD)
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C.5 Embolization Histology
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Fig. C-14: Histology Staining of STB Occluded and Patent Vessels. H&E and Tri staining of

patent and occluded vessels after STB injection (inset in patent H&E image is H&E stained

STB). There was minimal remaining STB (asterisks), suggesting continual degradation of STB

and replacement with dense fibrous tissue, indicative of a chronic clot. (H&E: Hematoxylin and

Eosin; Tri: Masson's Trichrome)
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Appendix D: Supporting Information for Chapter 5 -
Modulation of Clot Architecture by Hemostatic Agents

D. 1 ImageJ Script for Cell Counting and Image Intensity
D.2 Whole Blood Clotting Time Assay
D.3 Fibrin Network Imaging
D.4 Cell Component Imaging
D.5 Dynamic Clot Formation Assay
D.6 Fibrinolysis Assay
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D.1 ImageJ Script for Cell Counting and Image Intensity

Cell Counting Script

dirl = getDirectory("Choose Source Directory ");
format = getFormato;
dir2 = getDirectory("Choose Destination Directory ");
list = getFileList(dirl);
setBatchMode(true);

for (i=O; i<list.length; i++) {
showProgress(i+1, list.length);
open(dirl +list[i]);
print((i) + ": " + dirl + list[i]);

run("Subtract Background...", "rolling=1 light");
run("Enhance Contrast", "saturated=0.35");
run("Enhance Contrast", "saturated=0.35");
run("Enhance Contrast", "saturated=0.35");
run("Make Binary");
run("Dilate");
run("Dilate");
run("Close-");
run("Invert");
run("Close-");
run("Analyze Particles...", "size=2-500 show--[Overlay Masks] display exclude clear
summarize");

saveAs("JPEG",dir2+list[i]);

closeo;
}
function getFormato {
formats = newArray("TIFF", "8-bit TIFF", "JPEG", "GIF", "PNG",
"PGM", "BiMP", "FITS", "Text Image", "ZIP", "Raw", "AVI");
Dialog.create("Batch Convert");
Dialog.addChoice("Convert to: ", formats, "TIFF");
Dialog.showo;
return Dialog.getChoiceo;
}
function convertTo8BitO {
if (bitDepth==24)
run("8-bit Color", "number=256");
else
run("8-bit");
I
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TIFF->JPEG Conversion and Intensity Measurement Script

dirl = getDirectory("Choose Source Directory ");
format = getFormato;
dir2 = getDirectory("Choose Destination Directory ");
list = getFileList(dirl);
setBatchMode(true);

for (i=O; i<list.length; i++) {
showProgress(i+l, list.length);
open(dirl +list[i]);
print((i) + ": " + dirl + list[i]);

run("Set Measurements...", "area mean standard min integrated redirect=None decimal=3");
//run("Brightness/Contrast...");
run("Enhance Contrast", "saturated=0.35");
run("Measure");

saveAs("JPEG",dir2+list[i]);

closeo;

}
function getFormato {
formats = newArray("TIFF", "8-bit TIFF", "JPEG", "GIF", "PNG",
"PGM", "BMP", "FITS", "Text Image", "ZIP", "Raw", "AVI");
Dialog.create("Batch Convert");
Dialog.addChoice("Convert to: ", formats, "TIFF");
Dialog.showo;
return Dialog.getChoiceo;

}
function convertTo8Bit() {
if (bitDepth==24)
run("8-bit Color", "number-256");
else
run("8-bit");

}
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D.2 Whole Blood Clotting Time Assay
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Figure D-1: Bulk Clot Formation. (A) Schematic of clotting time assay. Citrate anticoagulated
platelet rich plasma (PRP) was mixed with calcium chloride (CaCl2) in an Eppendorf tube and
aliquoted into wells containing solid hemostats to monitor the time to coagulation. (B and C)
Image of wells containing coagulated whole blood on top of hemostat-coated substrates.
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D.3 Fibrin Network Imaging

Two types of basic clotting solutions were used in this study, a fibrinogen-thrombin

solution (simplified) and platelet rich plasma containing labeled fibrinogen (plasma). The

volumes of each component (for a representative 100 ptL clot sample) are outlined in Table D- 1

for clots formed under static conditions. Under dynamic conditions, 0.1 M calcium chloride and

plasma (containing 1 ptL of 1.5 mg/mL labeled fibrinogen per 90 piL plasma), in separate

syringes were prepared for injection into mixers and channels.

Table D-1: Clot compositions generated in this study

Static Clot Formation
Clot Component Component Buffer Simplified Plasma

5 mg/mL fibrinogen 0.9 wt% saline 39.8 pL-
10 U/mL thrombin 1 mg/mL BSA 1.0 pL -

0.1 M Calcium Chloride Water 2.5 pL 10 pL
Phosphate Buffered Saline - 55.6 pL -

1.5 mg/mL labeled 0.1 M sodium 0.7 pL 1.0 pL
fibrinogen bicarbonate

Platelets Platelet rich plasma - 90 pL
Total Volume 100 piL 101 pL

285



Nanoparticles

Figure D-2. Hemostat-Fibrin Network Interface. Images of fibrin networks near the hemostat
interface (leftmost image) and in the bulk (rightmost image) for all tested hemostats.
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Figure D-3. Fibrin Spatial Distribution. Representative plots of average image intensity as a
function of position from the interface (arbitrarily set to 0 pLm). Values greater than 0 pm
indicate images of the hemostat. Plots are for (a) control (b) QuikClot (c) nanocomposite (d)
gelatin (e) chitosan and (f) hydrated chitosan.
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Figure D-4. Antibody-labeled fibrin distribution. Fibrinogen distribution in channels as
measured by fibrinogen labeled by primary and secondary antibodies show similar trends in
fibrinogen intensity as a function of distance from the hemostat interface. This behavior is
comparable to that observed in fibrin networks using fibrinogen labeled non-specifically with
Alexa Fluor@ 647.
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D.4 Cell Component Imaging
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Figure D-5. Blood component labeling. Outline of the procedure to separate and label red blood
cells (RBCs) and platelets. All blood samples were human blood anticoagulated with citrate,
stored at room temperature.
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Figure D-6. Hemostat-Red Blood Cell Interface. Representative images of RBCs near the
interface (leftmost image) and bulk (rightmost image) of a channel.
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Nanoparticles

Figure D-7. Hemostat-Platelet Interface. Representative images of platelets near an interface
(leftmost image) and in the bulk (rightmost image) of a hemostat-containing channel.
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D.5 Dynamic Clot Formation Assay

Channels and mixers were fabricated from two layers of Scotch tape adhered to a glass

slide. The channel or mixer design was cut with a CO 2 laser cutter (Universal Laser System) with

power and speed at 20% (Figure D-8). After cutting the excess tape was peeled off, leaving a

positive resist made of tape on the glass slide surface. The mold was then used for making

PDMS replicates of the channel or mixer.

(a)F

(b)

Figure D-8. Laser cutting channels and mixers. (a) Image of laser cutter cutting glass slides
coated with 2 layers of Scotch tape. (b) Completed mixer and channel designs after laser cutting.
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Following generation of particle pathlines using TrackMate (ImageJ), the raw files were

saved as .csv files. The pathline, the trajectory for a single particle, was listed in sequential rows,

each row including the position of the particle in a given frame. The file had the following

format (Figure D-9):

Its D C Qt tiYola~ka JOs"'OiN_ JOIiON _T I FR"ME JA 5 JV618JUatiNMANUALCOLOR T aMjeMIt y kTENM1f MAINtEf1Y JTOTALNTtkSISTANDARDEVIM ION SIJMA1ODkAM(!ER CONTAST Iwo

Particle 1 Trajectory

Particle 2 Trajectory

Particle 3 Trajectory

Particle N Trajectory

Figure D-9. Pathlines file format. .csv file format of pathline data exported from TrackMate
plugin.
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A MATLAB script was used to generate a vector field and streamlines from the pathlines

of each particle. The exported .csv file was read into MATLAB and the following script

performed to generate a vector field plot:

function Streamlines(filepath)
close all

%/////////////////////Import File////////////////

% Specify the folder where the files live.
myFolder = filepath;
% Check to make sure that folder actually exists. Warn user if it doesn't.

if -isdir(myFolder)
errorMessage = sprintf('Error: The following folder does not

exist:\n%s', myFolder);
uiwait(warndlg(errorMessage));
return;

end
% Get a list of all files in the folder with the desired file name pattern.

filePattern = fullfile(myFolder, '*.csv'); Chzrege to whUteveL pattern you

need.
theFiles = dir(filePattern);

for k = 1 : length(theFiles)
baseFileName = theFiles(k).name;
fullFileName = fullfile(myFolder, baseFileName);
F=readtable(baseFileName, 'HeaderLines', 1); m

import - n

VelVectors(F)
fprintf(1, 'Now reading is\n', fullFileName) ; ' I: r'>ii:

fullFileName' to the command window
end

end

function VelVectors(F)

% /////////////// Calculate Instantaneous Velocities ////////////////

sub=32; %define the spacing between velocity vectors

sizep=256; %define the number of pixels in the image (e.g. for a 1024x1024

pixel image, sizep=1024)
[x,y] = meshgrid(O:sub:sizep,O:sub:sizep); %generate a grid of points to

represent where the vectors will be positioned

F(:,l)=[]; %remove the first column, which contains unneeded text

F=table2array(F); %transform array into a matrix

N=size(F,1);
for M=2:N

F(M,21)=(F(M,4)-F(M-1,4))/(F(M,7)-F(M-1,7)); %calculate the

instantaneous velocity in the X-direction

F(M,22)=(F(M,5)-F(M-1,5))/(F(M,7)-F(M-1,7)); %calculate the

instantaneous velocity in the Y-direction

F(M,23)=sqrt((F(M,4)-F(M-1,4))^2+(F(M,5)-F(M-1,5))^2)/(F(M,7)-
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F(M-1,7)); %calcualte magnitude of velocity
F(M,24)=F(M,2)-F(M-1,2);%subtract adjacent trackID values from

each other
end

% All values of F(:,24) will be zero except for rows where a new trajectory
% is initiated, which will equal some value>=1

G=find(F(:,24)>0);
F(G,:)=[]; %delete the values in the first row of each new trajectory

pathline

% ////////////////// Calculate Average Velocities ////////////////////////

S=O; T=O;
for S=O:sub:sizep % cycle through all X-positions generated in the meshgrid

for T=O:sub:sizep % cycle through all Y-positions generated in the
meshgrid
SubArr=find (F(:,4)>S & F(:,4)<S+sub & F(:,5)>T & F(:,5)<T+sub);

%find rows that exist within a range of X and Y pixel
values

U((T+sub)/sub, (S+sub)/sub)=mean(F(SubArr,21)); ',calculate avera
X velocity within the XY block bounded by the SubArr

V( (T+sub)/sub, (S+sub)/sub)=mean(F(SubArr,22)); %calculate average
1 __ t h &( .h I r:ei -! -~ >

end

end

starty = O:sub/3:sizep;
startx = sub.*ones(size(starty));
figure
quiver (x, y, U, V)

for Z=O:sub:sizep

startx = ones(size(starty)).*Z;
streamline(x,y,U,V,startx,starty) %generate streamline

end

set(gca,'Ydir','reverse')
set (gca, 'XAxisLocation', 'top')
xlim([O sizep])
ylim([O sizep ])
yticks([0:2*sub:sizep])
xticks([0:2*sub:sizep])
axis square

end
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Figure D-10. Dynamic clot formation with gelatin hemostat. (a) Schematic of gelatin-containing
channel and a zoomed in image of the relative positions of the stitched images taken. (b) Stitched
images at multiple sights shows clots up to the hemostat interface on the inlet (1) and outlet (2)
side. Non-uniform clot structures are noted in the open channel by the inlet (4) and outlet (5) of
the channel.
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D.6 Fibrinolysis Assay
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Figure D-11. Volumetric clot lysis. Absolute values of clot lysed for (A) 500 and (B) 250 pL
fibrin clots formed above hemostats in a 1 mL syringe. Lysis front positions were normalized to
start at 1 mL and the horizontal lines represent the hemostat-clot interface position.
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Appendix E: Supporting Information for Chapter 6-
Developing multifunctional fibrinogen like proteins for
pro-coagulant applications

E. 1 Coagulation and Aggregation Metrics
E.2 Knob A Coagulation Kinetics
E.3 Plasmin Lysis Metrics

E.1 Coagulation and Aggregation Metrics

After activation of platelet rich plasma (PRP) with calcium chloride or addition of

thrombin to a fibrinogen solution, solutions were added to 96 well plates and transmission

monitored. Coagulation curves were quantified based on the values outlined below (Figure E-1).
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Time (min)
Figure E-1: Coagulation Curve. Representative control coagulation curve with all the metric
used to quantify coagulation outlined on the graph. Difference in transmission (AT) is used to
quantify clot magnitude, clotting rate is calculated from the maximum slope (Vmax), and clotting
time is calculated based on the initiation and completion of clotting.
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Clot initiation (ti) and completion (t2) were identified based on identifying transitions in

first derivative curves between plateaued regions and negative derivative values.
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Figure E-2: Derivatives of clotting curve. Representative coagulation curve (top) with first
(middle) and second derivative (bottom) curves used to identify the initiation (ti) and completion
(t2) of coagulation.
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Figure E-3: Platelet Aggregation Curve. Representative platelet aggregation curve and the AT
metric defined as the difference between the final transmission value and the initial transmission
value (set to 0).

E.2 Knob A Coagulation Kinetics
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Figure E-4: Biphasic coagulation observed in AP2x sample. Coagulation curves of AP2x
MFLPs show a biphasic behavior in clotting for AP2x at 0.002 mg/mL. This behavior resulted in
extended clotting times at this concentration.

299

.2
E

..

901

801

70
"0

a
**a %00ee

10 20

Time (min)

100



Among knob A transglutaminase MFLPs, multiple molecular weights were studied.

While, at a given mass concentration, molar concentrations of transglutaminase sequences were

equivalent among the MFLPs, the molar concentration of knob A was not maintained as the

molecular weight increased. Clotting time and clotting rates were replotted with molar

concentrations of knob A, as opposed to mass concentrations, on the x-axis (Figure E-5). Knob A

molar concentration is not the only factor determining clotting times and rates. If this was the

case, the curves for all three molecular weights would collapse into one line. However, AT2x in

particular exhibits behaviors that suggests some knob A-independent interactions between

MFLPs and blood components.

(a) 2~_ _ _ _ _ _ _ _ _ (b) 12

-- ATi x
+ AT1x AT12x

S 15 -.+AT2x g *+ATx
+ AT4x .A

0 .2

~5 * 3

0 0
10 100 10 100

[knob A] (nM) [knob A] (nM)

Figure E-5: Clotting Kinetics. (a) knob A transglutaminase MFLP clotting times and (b) clotting
rates plotted as a function of knob A molar concentrations.
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E.3 Plasmin Lysis Metrics
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Figure E-6: Plasmin lysis in fibrinogen-thrombin solutions. Representative plasmin lysis curve,
highlighting the timepoint of thrombin addition (+thrombin), and plasmin addition (+plasmin). In
actuality, thrombin is added up to 5 minutes prior to the first time point measured by the plate
reader as a result of pipetting and loading times. The measured difference in transmission during
clotting (Tciot) and plasmin lysis (Tpiasmin) are clearly indicated.

Plasmin lysis was quantified as a ratio of the change in transmission during lysis relative

to the change in transmission during clotting. However, poor initial clotting can result in

unreliable lysis values. Poorly clotted fibrin networks (clot magnitude > 0.8) were removed from

plots of lysis ratios.
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Figure E-7: Clot magnitude of knob A MFLPs. Clot magnitude values for (a) knob A
transglutaminase and (b) knob A platelet binding, GRGDS, or vWF MFLP samples subsequently
tested for plasmin lysis.
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Appendix F: Design of Inverted Microscope for
Fluorescent Imaging

F.1 Microscope Setup
F.2 Shutter Modifications
F.3 Alignment
F.4 Imaging Parameters

The design, installation, and alignment of an inverted fluorescent microscope used in

Chapter 5 for blood-based imaging and in Appendix F for super resolution microscopy is

described here. The optical, microscope, and laser elements are listed in Table F-I through F-4

and their positioning on an optical table is shown in Figure F-1.

F.1 Microscope Setup

The selection of all microscope/optical components and their initial installation on an

optical table are described here. All optical elements and lasers were elevated, by stacking

optical posts/spacers (0.5" diameter; 0 Y2") or mounting posts/spacers (1.5" diameter; 0 1.5")

respectively, to the height of the optical axis of an Olympus IX83 microscope upper frame

(optical axis = 239 mm). Initially three laser lines were installed (405, 532, and 637 nm) for

fluorescent and super resolution imaging outlined in Chapter 5 and Appendix F. The installation

of a fourth laser line (488 nm) was considered and accounted for in the design (see Figure F-1).

Experiments were performed in a darkened room with all components attached to a 3' x 6' x 8.3"

imperial optical table (T36H, ThorLabs) on 700 mm high active vibration isolation legs

(PTS603, ThorLabs). Lasers were positioned to point into the room, away from any doors or

exits, for safety considerations. The entire optical table was bordered with black hardboard (TB4,
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ThorLabs) to contain any errant beams during operation and blackout fabric (BK5, ThorLabs)

was placed over the entire table to prevent dust accumulation on the optical equipment.

S = shutter; ND = neutral density filters

637 nm 10x beam

expansion
r ~ translation

XY stagestage

8 ND 3.5" clearance

532 nm

488 -n

SND
4 J n12.7" 

x 18.7"
SND

Figure F-1. Schematic of microscope and optical components required to align laser lines. The
grid represents a 3' x 6' optical table. Dichroic mirror (colored angled lines) are selected based on
laser line to reflect or transmit certain wavelengths while all other mirrors (black angled lines)
reflect all wavelengths. Includes location for a fourth laser line (488 nm) not currently installed.

The optics were initially installed by attaching the lasers to the optical table. Clamping

forks (PF 175, ThorLabs) were used to tightly fix the mounting posts to the table once the

alignment of the lasers was confirmed. All mirrors, neutral density (ND) filters, shutters (S), and

the microscope frame (IX-83) were installed or placed in approximate locations on the table,

using the screw holes on the optical table as a guide for alignment and spacing of optical

components. Each laser was provided with a manual shutter (SH- 1 O-M, EOPC), followed by a

ND filter wheel and two independent mirrors (0 1") to use for alignment. The second mirror for

each laser was aligned along a single beam path. Except for the 637 nm laser, these mirrors were

longpass filters that reflected the wavelength of the associated laser and transmitted all higher

wavelength lasers. A larger (0 2", KM200-E02, ThorLabs) mirror was used to reflect all laser
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lines into a lOx achromatic Galilean beam expander (GBE1O-A, ThorLabs). After expansion,

two 0 2" mirrors, for final alignment of the lasers into the microscope body, were used to orient

the laser beams into a plano-convex lens (050.8 mm, LA1380-A, ThorLabs), positioned behind

the microscope frame. This mirror, when moved in the Z direction, enabled total internal

reflection (TIR) imaging to be performed, necessary for super resolution microscopy. Details on

the mirrors, expander, filters, microscope, and other accessories are outlined in Tables F-i

through F-4.

Table F-1. Olympus Microscope Coponents.

Task Description Number Notes

Base frame Motorized inverted IX83; IX83P2F-1 1 Using the upper deck (shorter internal light
frame with 2 decks path increases sample illumination).

Camera Cl 3440-20CU-KIT; OH- I CMOS camera with 2048x2048 chip; collect
Flash4.0 V3 sCMOS, USB FLASH4V3 images with HCImage software.
3.0, 40 FPS

IX3-TV1XTL; T-Mount U-V360 I Adapter to connect camera to microscope
Adapter for IX83/73 & frame
Large FormT Cameras

Connectors / US Style 3-prong power UYCP- 11 3 Connections between microscope components
Cables cord

Connection cable for U-B30200 1
BX3/STM7 mot access
200 cm; U-IFCBL200
U-IFCBL100; Connection U-B30100 1
cable for lX3/BX3
motorized access 100 cm
U-IFCBL 15; Connection U-B30015 I
cable for BX3 motorized
access. 15 cm

Control Control box for IX83 U-1120 1 Controls all motorized microscope
System microscope components

Focus control module for U-R944 I Manage Z-focus for objective; adjust LED
BX63/IX83 light intensity; select between imaging

modalities (brightfield-BF, fluorescence);
alternate between objectives
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Task Description PNamber # Notes

Eyepiece U-TBI90; Tilting Binocular 3-U148 1 Eyepiece housing
head for IX/IX2, 35-85 degrees

WHNIOx-1-7; 1Ox eyepiece for 2-U1007 1 Eyepieces; do not use during any imaging
BX, IX HI EYEPNT, with lasers for safety purposes
RETSHELF, FN:22
WHN1 Ox-H-1 -7; 1Ox eyepiece, 2-U100H6 1
FOC.BX, IX HI EPNT, RET
SHELF, FN:22

Filter IX3-RFACA-1-3; motorized 5- 1 Housing for 25 mm diameter filter cubes
Housing IX3 fluorescence turret UR416A2

Focus Z-Drift compensation device IX3-ZDC-1 1 Control system to maintains Z-distance
Stabilization for IX83 microscope between objective and coverslip, mainly

for 60x objective TIRF applications
LED / IX3-ILL Transmitted light 5-UL365 1 Guide brightfield light to the stage
Transmitted pillar
Light 45FR; 45 mm frosted diffusion 9-U734 1 Soften light prior to impacting sample

filter IX3

IX3-LHLEDC; LED light 5-UL3182 1 Brightfield light source
source for IX3-ILL

IX3-LWUCDA-1-2; motorized 6-U2701 1 Components to align the brightfield light
condenser phase/DIC

UPLSAPO01OX2; U PLANS S- 1-U2B824 1 lOx air objective
Objectives APO lOx objective; NA 0.4,

WD 3.1 mm

UPLSAPO20X; U PLAN S- 1-U2B825 1 20x air objective
APO 20X objective, NAO.75,
WD: 0.65 mm

APON60XOTIRF; APO 60X 1-U2B720 1 60x oil immersion objective
TIRFM OBJ, NA 1.49, WD:
0.1 mm, CC BFPI

Immersion oil 30cc, low auto-fl Z-81226 1 Oil used only for 60x objective to fill the
set w/SDS gap between the objective and coverslip

Stage IX3-SVR; right handle stage 4-U320 I Manual stage with capability to hold
multiple plate/slide formats

IX3-HOW-2; Well Plate Holder 4-U324 I Insert to hold well plates

IX3-HOS; Slide Holder 4-U323 I Insert to hold glass slides (25x75 mm)

IX3-HO35D; 35 mm dish 4-U321 I Insert to hold petri dish (35 mm)
holder

Temp 10022; PE-100I,H/C STG -5 OLSI- I Temperature stage to manage the
controlled TO 99C, T95LP Control, H20 10022 temperature of the slides. Requires
stage pump mounting upside down (Peltier plate face

down) to allow for imaging with 60x
objective. Can be mounted upright for
imaging with lOx objective (3.1 mm WD)
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Table F-2. Lasers Supplies.

Task Description Part # Notes
NumberNoe

Elevate Lasers 01.5" Mounting Post, 1/4"- P6 6 Lift all heat sink/lasers to the optical axis
to optical line 20 Taps, L = 6" height of the microscope frame (L=152.4
(239 mm from mm)
table surface) Studded Pedestal Base PB4 6 Allow posts to be clamped to table with use

Adapter, 1/4"-20 Thread of fork (L=6.1 mm)

Clamping Fork for 01.5" PF175 6 Clamp post to table that will elevate lasers
Pedestal Post or Post
Pedestal Base Adapter,
Universal
Mounting Post Spacer, PS2M 6 Spacer to lift lasers to about the height of the
Height = 2 mm optical axis of the laser (L=2 mm)

Mounting Post Spacer, PS1 6 Spacer to lift lasers to about the height of the
Height = 1/8" optical axis of the laser (L=3.18 mm)

All supplies Mounting Post Spacer, PS2 6 Spacer to lift lasers to about the height of the

from ThorLabs Height = 1/4" optical axis of the laser (L=6.35 mm)

Lasers OBIS 405nm LX 100mW 1284372 T Duty cycle laser for super resolution
System imaging, used to uncage dyes or assist in

reversible blinking processes
OBIS 532 LS 50 mW 1261779 1 Used for imaging cells labeled with calcein

red/orange

OBIS 637 LX 140 mW 1196625 1 Used for imaging fibrin labeled with Alexa
Fluor 647

Heat Sinks 1193289 2 Heat sinks for 532 and 637 nm lasers

CABLE: SDR Male-Male 3 1179858 3 Attach laser to OBIS remote; needed longer
meter wires to span across the 6' optical table

OBIS Remote I Laser + 1173961 2 Control and power supply accessories for
All supplies Power Supply + Cables 532 and 637 nm laser; allows for external
from Coherent modulation/power control via USB/software
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F-3. Safety Equipment and Shutters.

Task Description Part Number # Notes
(Company)

Personal Laser Safety Glasses, Light Orange Lenses, 48% LG3 (ThorLabs) 2 Eye
Protective Visible Light Transmission, Universal Style protection
Equipment during

405/532 nm
alignment

Laser Safety Glasses, Dark Blue Lenses, 12% LG4 (ThorLabs) 2 Eye
Visible Light Transmission, Universal Style protection

during 637
nm alignment

16-Compartment Safety Glass Holder, PVC, 10012-866 (VWR) 1 Safety glasses
TrippNT storage

Table Black Hardboard, 24" x 24" (610 mm x 610 mm), TB4 (ThorLabs) 3 Laser
Curbing 5 mm Thick, 3 Sheets containment

24" Long Construction Rail XE25L24 10 for optical
(ThorLabs) table

High-Performance Black Masking Tape, 2" x 180' T743-2.0 1
(50 mm x 55 m) Roll (ThorLabs)

Blackout Custom Laser Safety Window Cover in Plus SLW-250W-B 1 Laser
Curtains Power Black Flex-GuardTM material (Kentek) containment

Left Window: Glass = 15"W x 47"H, Block = for room
19"W x 51"H Magnetic

Custom Laser Safety Window Cover in Plus SLW-250W-B 1
Power Black Flex-GuardTM material (Kentek)
Top door Window: Glass = 23"W x 42.5"H, Block
= 25"W x 44.5"H Velcro
Custom Laser Safety Window Cover in Plus SLW-250W-B I
Power Black Flex-GuardTM material (Kentek)
Bottom door Window: Glass = 23"W x 23"H,
Block = 25"W x 25"H Velcro

Shutters Interlock laser safety shutter with mount, 2 million SH-10-M (EOPC) 3 Laser
cycle lifetime containment

Controller for SH-10 DSH-20-1 10V 3 at laser

(EOPC)
Camera SMA Male to SMA Male (RG58) 50 Ohm CO-058SMAX200- 4 7.5 ft
Triggered Coaxial Cable Assembly 007.5 (Cables on
Shutter Demand)
Control Unterminated Leads to RG58 Connector Breakout PE9958 (Pasternack 4 6" leads; #20

with Crimp On/Solder Attachment in 6" Length Enterprises) AWG leads

Solder-Loaded Heat-Shrink Spade Terminals (10 9237K1 1 1 0.14" screw,
pack) (McMaster-Carr) '/4" spade wd.
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F-4. Alignment and Filter Equipment.

Task Description Part Number Notes
(Company)

General 01/2" Optical Post, SS, 8-32 TR6-P5 3 Hold optical elements (mirrors,
Hardware/ Setscrew, 1/4"-20 Tap, L = (ThorLabs) shutters, irises)
Maintenance 6", 5 Pack

01/2" Optical Post, SS, 8-32 TR4-P5 I Hold optical elements (TIRF elements)
Setscrew, 1/4"-20 Tap, L (ThorLabs)
4", 5 Pack
01/2" Universal Post UPH6 13 Stable mounts for posts on optical table

Holder, Spring-Loaded (ThorLabs)
Locking Thumbscrew, L = 6"
Slip-On Post Collar R2 (ThorLabs) 18 Retain optical element heights

Imperial Screw Thread HW-KIT6 I General hardware for optical table
Adapter Kit (ThorLabs)
1/4"-20 Cap Screw and HW-KIT2 I General hardware for optical table
Hardware Kit (ThorLabs)
SMI Spanner Wrench, SPW602 1 General tool for all 1" optics
Graduated, Length = 3.88" (ThorLabs)
SM2 Spanner Wrench, SPW604 I General tool for all 2" optics
Graduated, Length = 4.35" (ThorLabs)
Lens Tissues, 25 Sheets per MC-50E 1 For cleaning objectives, optics
Booklet, 50 Booklets in a (ThorLabs)
Closeable Box
Duster w/ Integrated Nozzle CA3 2 For cleaning optics

(ThorLabs)
Mirrors Kinematic Mirror Mount for KM100-E02 5 Align and combine lasers
(Laser 01" Optics with Visible (ThorLabs)
Alignment) Laser Quality Mirror

Kinematic Mirror Mount for KM200-E02 1 Reflect expanded beam toward
02" Optics with Visible (ThorLabs) microscope
Laser Quality Mirror
Centering Plate for KCP1 7 Centering plate allows for easier mirror
Kinematic Mirror Mount for (ThorLabs) adjustment during alignment
01" Optic
Centering Plate for KCP2 I
Kinematic Mirror Mount for (ThorLabs)
02" Optic
Kinematic Mirror Mount for KM100 2 Holds longpass dichroic mirrors
01" Optics (empty) (ThorLabs)
0 1" Longpass Dichroic DMLP550 I Dichroic to combine 637 nm (transmit)
Mirror, 550 nm Cutoff (ThorLabs) and 532 nm (reflect) lasers

01" Longpass Dichroic DMLP490 1 Dichroic combine 637 nm (transmit),
Mirror, 490 nm Cutoff (ThorLabs) 532 nm (transmit), and 405 nm

(reflect) lasers
Mounted Standard Iris, 15.0 ID15 2 Set height of laser beam
mm Max Aperture, TR3 Post (ThorLabs)

Neutral Twelve Station Dual Filter FW2AND 3 1 filter wheel per laser line; To fill with
Density Wheel for 01" Filters with (ThorLabs) ND filters
Filters Base Assembly, 10 ND

Filters Included

309



Task Description Part Number # Notes
__________ ___________________(Company)

Calibration + 1 mm Stage Micrometer with RIL3S2P 1 Ruler for pixel size calibration
Targets 10 pm Divisions, 3" x 1", (ThorLabs)

Soda Lime Glass
Magnetic Laser Safety TPSM2 I Laser alignment target: optical table
Screen, 11.81" x 2.95", (ThorLabs)
Imperial Engraving
Negative Concentric Circle RIDS2N I Laser alignment target: objective
Reticle, 01 ", UVFS (ThorLabs)
SMI Lens Tube, 0.30" SMIL03 1 Reticle holder

Thread Depth, One Retaining (ThorLabs)
Ring Included
TetraSpeckTM Fluorescent T7284 I Multi-wavelength fluorescent beads for
Microspheres Sampler Kit (ThermoFisher) TIRF alignment & fiduciary markers

Filter Cubes Laser TIRF for Olympus 91044 3 Filter cubes for initial 532, 637
+ Filters BX3/IX3 models, for 25mm (Chroma) configurations

filters
Dichroic mirror, reflects ZT532rdc 1 Dichroic mirror for 532 nm line filter
lasers between 405-535nm (Chroma) cube; request custom size + mounting:

3 mm thickness, 26x36mm cut corners
Long pass emission filter, ET5421p I Emission filter for 532 nm line filter
542 nm (Chroma) cube; 25mmR R=Mounted in Ring
Dichroic emission filter, 610 HQ610/75M 1 Additional emission filter for 532 nm
nm CW, 75 nm FWHM (Chroma) line filter cube; block any emissions

from other excited dyes (e.g. Alexa
Fluor® 647)

Dual-band dichroic mirror, ZT405/642rpc 1 Dichroic mirror for 637/647 nm line
reflects 405 and 630-647 nrn (Chroma) filter cube; Request custom size +
lasers mounting: 3 mm thickness, 26x36mm

cut corners
Long pass emission filter, ET6551p I Emission filter for 637/647 nm line
655 nm (Chroma) filter cube; 25mmR R=Mounted in

Ring
Dichroic mirror, reflects T412lpxt I Dichroic mirror for 405 nm line filter
below 412 nm (Chroma) cube; request custom size + mounting:

3 mm thickness, 26x36mm cut corners
Bandpass filter, 416-474 nm ET445/58m 1 Emission bandpass filter for 405 urn
transmitted (Chroma) line filter cube; 25mmR R=Mounted in

Ring
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F.2 Shutter Modifications

OSH DRIVEtwR ~

Shutter

Figure F-2. Front face of shutter controller. GND and TTL inputs originate from the output
trigger port on the camera. The 2 shutter leads connect to the shutter.
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Task Description Part Number # Notes
__________ __________________(Company)

Beam I OX Achromatic Galilean GBE10-A 1 Expand and collimate beam
Expander + Beam Expander, AR Coated: (ThorLabs)
TIRF lens 400 - 650 nm

1" Translation Stage with PT1 2 Adjust XY position of beam expander
Standard Micrometer, 1/4"- (ThorLabs)
20 Taps
Base Plate for PT Series PT101 1 Mount X translation stage to optical
Translation Stages (ThorLabs) table
Right-Angle Bracket for PT PT102 1 Adapter to mount Y translation stage
Series Translation Stages, (ThorLabs)
1/4"-20 Mounting Holes
01.20" Clamp for SMl Lens SM1TC 1 Mount beam expander to a post
Tubes (ThorLabs)
N-BK7 Plano-Convex Lens, LA1380-A 1 TIR lens: focus laser at back focal
050.8 mm, f= 500.0 mm, (ThorLabs) plane of objective
AR Coating: 350-700 nm
Lens Mount with Retaining LMR2 1 Mount TIR lens to a post

Ring for 02" Optics, 8-32 (ThorLabs)
Tap
Right-Angle Clamp for RA90 2 Mount TIR lens, beam expander posts
01/2" Posts, 3/16" Hex (ThorLabs) to Y translation stages
1" XYZ Translation Stage PT3 1 Control TIR lens position
with Standard Micrometers, (ThorLabs)
1/4"-20 Taps

Camera Output
Trigger Port



Table F-5. Camera Trigger States. The voltage listed is output from the camera output trigger
port. Trigger state is the selection made in the camera software, HCImage.

Shutter State Circuit State Trigger State Voltage (V)
Open LO Positive 0
Closed HI Negative 3

Table F-6. Voltages of Shutter Control Box. Values, in volts, were measured on the shutter
control box at each position on the screw.

Shutter State GND TTL Shutter Shutter
Closed 0 0 30 30
Open 0 0 16 0.6
TTL 0 3.9 30 30

Shutters were wired to allow for manual control and triggered operation through

signaling by the CMOS camera (Flash4.0 V3, Hamamatsu). The shutter was wired directly to the

controller box, according to wiring charts provided by EOPC, for manual operation of the shutter

(Figure F-2). For triggered control, a 50 Ohm coaxial cable (SMA male terminated) was

connected to the camera output trigger port, with one trigger port for each laser. The other end of

the coaxial cable was cut and replaced with a breakout that transitioned from a RG58 connector

to unterminated leads, which were terminated with spade terminals (Figure F-3). The spade

terminals were attached to the shutter controller, through the TTL inputs. Using the camera

software, HCImage, a HI or LO signal can be selected as the default signal to transmit (Table F-

5). Following the termination of image collection, a delay can be set, followed by a period during

which this signal will be inverted. To allow the trigger signal to close the shutter between

images, the default signal was set to positive (LO) while the delay and period (max is 10 sec)

was selected based on desired time lapse interval between images. The voltages measured on the

control box at each state are outlined in Table F-6.
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Figure F-3. Wiring for triggered shutter control. Wiring steps to replace SMA male terminal
with spade terminal leads for a coaxial cable. (1) Remove coaxial terminal lead and expose
braided shield below the black jacket. Pass cable through the crimp tube. (2) Peel back shielding
to expose the thicker center conductor. Expose (3) Fit the center pin over the exposed conductor.
(4) Place RG58 connector over the center pin and (5) push crimp tube over the shielding.
Remove extra exposed shielding prior to (6) crimping the coaxial cable to the connector and (7)
heat shrinking spade terminals to the unterminated leads.

F.3 Alignment

Alignments were performed for each laser, using its unique set of 0 1" mirrors. Irises, set

to the desired height above the table, were used to align the laser. Laser safety glasses were used

during alignment steps where new mirrors were being introduced and major alignments were in

process. Similarly, the laser was shuttered whenever a new element was added or when needed.

If there was difficulty completing an alignment step, the previous alignment step would be

repeated to ensure the laser line was sufficiently centered or aligned. With the shutter in place,

two irises (ID15, ThorLabs), set to the desired height above the optics table, 239 mm, were

placed directly in front of the laser (Figure F-4) to ensure the initial level and tilt of the laser was

correct. Inability of the laser to pass through two irises positioned directly in front suggests the

height of the laser is incorrect or the laser is angled up or down. Both issues may require

changing the mounting post height with other sized spacers or slightly tightening/loosening the

clamps that attach the posts to the table. To raise the lasers, in addition to a 6" post (H = 152.4
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mm) and base adapter (H = 6.1 mm), a 2 mm spacer, 1/8" spacer (H = 3.18 mm), and %/" spacer

(H = 6.35 mm) were all used (Table F-2).

S = shutter; Ir = Iris

637 nm
Ir

Levelin g Laser
I IX-83

12.7" x 18.7"

637 nm ~ Mirror/Iris Alignment Pair

Mirror/Ins Alignment Pair

IX-83
12.7" x 18.7"

Adjustirg Mirrors

Figure F-4. Iris Use During Alignment. A pair of irises can be used to level a laser (top) or
adjust mirrors to align a laser line using mirror/iris pairs (bottom) to center the beam through one
iris using one mirror. Iteration between the pairs will result in good alignment.

Passage through both irises will ensure correct alignment of the laser through the shutter,

ND filters, and ensure the laser is centered and level when contacting the first mirror. All mirrors

were placed in a kinematic mirror mount (KM100, ThorLabs), using a centering plate (KCP1,

ThorLabs) to mount the assembly onto an optical post (TR6-P5, ThorLabs). Mirror assemblies,

placed in post holders (UPF6, ThorLabs) could then be screwed into the optical table to begin

alignment. Beginning with the 637 nm laser line, both mirrors were placed in position based on
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the diagram in Figure F-1, using the lattice of screw holes to roughly align the mirrors and

placing the mirror faces at approximately 450 to the incident beam. The irises were moved

beyond the two mirrors and placed in line with the eventual main beam path (Figure F-4). Each

mirror should be used to center the laser through one of the irises. Commonly, the first mirror

(closest to the laser) is paired with the second iris (furthest from the laser) and the second mirror

paired with the first iris. Cycling between centering the laser in the first and second iris with the

second and first mirror, using the screws on the mirror to adjust to their tilt, will eventually result

in a laser line that is correctly aligned along the main beam path. Lens paper or a laser viewing

card for UV lasers can be used to track the laser path during alignment. These alignment steps

were repeated for the remaining lasers, in order of decreasing wavelength. Introduction of each

lower wavelength introduced an additional longpass filter that would reflect its associated laser

and transmit the lasers with higher wavelengths.

Coaligned laser lines were reflected into a beam expander, attached to a 1" XY translation

stage, using a 0 2" mirror. All laser lines should be aligned along the main beam path and reach

the mirror as a set of overlapping circles on a laser viewing card or piece of lens paper.

Following passage and centering of the lasers through the beam expander, two 0 2" mirrors,

initially set at 45' to the incident beam, were used to align the laser into the microscope. Filter

cubes for each laser line were assembled by inserting the emission filters into the filter cubes

(dichroic mirrors were mounted by Chroma). The filter cubes were placed in the upper

fluorescent turret of the microscope and the appropriate one selected for the laser being aligned.

For more details, the remainder of the alignment protocol is based on protocols for setting up a

total internal reflection fluorescence (TIRF) microscope, outlined in Imaging: A Laboratory

Manual by Rafael Yuste.' An open objective position was used to allow the laser to shine
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through the microscope onto the ceiling. At this point, the first mirror was used to center the

laser in the objective mounting hole and the second used align the beam directly above the

objective mounting hole. This process was iterated until the laser was centered and pointing

directly above the objective mounting hole (Figure F-5).

Figure F-5. Perpendicular Laser Alignment. A 637 nm laser line is aligned and perpendicular to
the optical table, as seen through an open objective mounting hole. The laser should be visible on
the ceiling or on a piece of lens paper held above the objective mounting hole.

Following alignment, an objective was mounted in the objective mounting hole and a dye

solution, sandwiched between a glass slide and coverslip, was placed, coverslip down, onto the

microscope stage. An Alexa Fluor@ 647 dye and a 20x objective were selected during the initial

installation. A fluorescent spot was visualized through the camera. All gain and autoexposure

functions were unselected to allow any changes in the intensity of the image to reflect the laser

alignment and not be due to software corrections. A low laser power (10 mW) and an ND filter

set to 1.0 - 2.0 can be used to determine at what settings the camera will be saturated without

immediately damaging the camera detector. The ND filter and laser power were adjusted so that

the dye sample was visible but not saturating the camera. Frequent monitoring of the camera

intensity histogram should be done as the mirrors are adjusted. To center and align the laser on
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the camera, the following procedure was iterated. The objective was focused down until the

fluorescent spot grew, at which point the first 0 2" mirror after the beam expander was used to

center the spot. The objective was then focused up until the spot reduced in size, at which point

the second mirror was used to center the spot.

The TIR lens was added and positioned to allow for transition from epifluorescence to

TIRF imaging. An open objective mounting hole was used and, with the laser shuttered, the TIR

lens was inserted into place, according to the design, on an XYZ translation stage. The planar

side of the lens was directed toward the microscope. The laser was unshuttered and the laser

centered in the hole by translating the lens in the x or y direction (moving the lens right/left or

up/down relative to the microscope). An objective (60x, oil immersion) was mounted and the

TIR lens was adjusted in the x and y direction to make the beam point directly above the

objective. A glass channel (described in Chapter 2) was made and filled with a 1:10 dilution of

0.1 pm fluorescent beads (TetraSpeck TM, ThermoFisher). The bead stock was sonicated for 20

min, diluted in 0.1 N HCl, and the dilution also sonicated prior to pipetting into the channel. The

beads were allowed to settle for 10 minutes in a humid chamber and PBS was rinsed through the

channel to remove all unbound beads. This channel was loaded on the microscope and, using the

60x objective and camera, the image was focused on to the coverslip-sample interface. Gain

functionalities were restored for the camera. Moving the TIR lens up and down (with the x or y

translation knob) resulted in the beam transitioning from a perpendicular orientation to the table

to a parallel one. As the laser beam tilted, the image of the beads transitioned from an image with

a hazy background to one with a sharp focus on the beads, possibly an increase in intensity as

well, followed by a darkened image as the laser continued to approach tilt toward parallel with

the table (Figure F-6). The position of the TIR lens when the beads were in sharp focus was the
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TIRF position for that sample. Epifluorescence was achieved when the laser was returned to its

perpendicular orientation.

Epifluorescence TIRF
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Figure F-6. Epifluorescence and TIRF. Images of fluorescent beads and fibrin networks taken
under epifluorescent and TIRF conditions. A reduction in background and an increase in
intensity can be noted in both bead and fibrin samples. The noncircular illuminated spot in the
bead image is due to aberrations in the 637 nm laser. Bead images are 2048 x 2048 pixels and the
fibrin network images are 512 x 512 pixels.
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F.4 Imaging Parameters

For the sample types imaged in Chapter 5 the following laser conditions represent those

most commonly used for imaging.

Table F-7. Standard Laser Conditions for Imaging

Sample Type Laser Line (nm) Laser Power (mW) ND Exposure Time (ms) Notes
Fibrin Network 637 14 1.0 50-100 Epifluorescence
Cell Components 532 10 1.0 100-200 Imaging
Hemostat 637 14 1.0 10-50
Interface

F.5 References

1. Yuste, R., Imaging.: a laboratory manual. Cold Spring Harbor Laboratory Press: Cold
Spring Harbor, N.Y., 2011.
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Appendix G: Protocols for Super Resolution Microscopy
of Fibrin Networks

G. 1 Fibrin Network Preparation
G.2 Imaging Protocols
G.3 Processing

High resolution imaging of blood clots can assist in determining mechanisms of action

for particle and polymer/protein-based hemostats. Visualization of interactions between

hemostats and blood components at the resolution of 50-100 nm allows protein associations with

fibrin fiber strands or particle adhesion to platelet or red blood cell surfaces to be characterized

with more certainty than can be achieved with standard fluorescent or confocal microscopy. This

appendix represents the protocols necessary to perform super resolution imaging of a fibrin

network. It includes preliminary results suggesting the feasibility of this imaging technique for

fibrin networks and should serve as a guide to achieve super resolution imaging of more complex

blood clot systems and their interactions with hemostatic materials.

G.1 Fibrin Network Formation

Fibrin networks were generated as described in Chapter 2. Glass slides and coverslips

were used as received, without PEG treatment, during the initial investigation of super resolution

imaging of fibrin networks. However, following inconsistent results with as received slides and

coverslips, it would be suggested to use PEG treated slides to ensure reproducible clot

generation.

Because the fibrin network will need to be accessed after formation to replace the PBS

buffer with fixative and imaging buffers, two different approaches were used. After network

formation, nail polish was removed with a razor to permit introduction of new buffers.
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Alternatively, channels were never sealed with nail polish and allowed to mature in a humid

chamber, such as a sealed slide box containing a damp paper towel in the corner, to prevent the

sample from drying out. Both methods can result in a fully formed fibrin network but it was

observed that, occasionally, the humid container method resulted in the liquid retreating from the

edge of the channel, making reintroduction of new liquids by capillary force sometime difficult

to initiate.

Following fibrin network formation, confirmed by fluorescent imaging with the 637 nm

laser, a PBS solution containing 3% (v/v) paraformaldehyde and 1% (v/v) glutaraldehyde was

added to the channels to crosslink the fibrin strands prior to imaging. A channel commonly had a

volume of 30-40 pL and 100 pL of fixative solution was passed through the channel. A paper

towel was used to promote capillary flow through the channel, wicking the buffer contained in

the channel out as new solution is introduced on the opposite side of the channel by pipette.

Following a short (10 min) fixation, the channel was washed with PBS (>200 j1L) before storage

at 4 'C in a humid chamber if not imaged immediately. Otherwise, the PBS solution was

replaced with imaging buffer (Table G-1). Imaging buffer contains an oxygen scrubbing system

(glucose oxidase, glucose, and catalase) to preserve the dye and a source of thiols (2-

mercaptoethanol) to promote photoswitching.

Table G-1. Imaging Buffer Components

Components Volume
GLOX 7 pL
Buffer B 690 jiL
2-mercaptoethanol 7 jiL
Buffer A: 10 mMTris (pH 8.0), 50 mMNaCl
GLOX: 14 mg glucose oxidase, 50 uL catalase, 200 pL Buffer A
Buffer B: 50 mM Tris (pH 8.0), 10 mM NaC, 10% (w/v) glucose
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G.2 Imaging Protocol

Fibrin networks were imaged utilizing stochastic optical reconstruction (STORM). Fixed

fibrin network in channels filled with imaging buffer were imaged with a 637 nm laser line and

60x oil immersion objective. Samples were placed on the microscope coverslip down. Under

epifluorescent conditions, the fibrin network was focused on and imaged as described in Chapter

5 (e.g. 14 mW laser power, 1.0 ND filter, 100 ms exposure). Next, using the TIR lens, the

microscope was converted to TIRF (Appendix F), greatly reducing background fluorescence and

focusing on the network present near the coverslip surface. At this time, the power of the laser

was increased (commonly to 50% power, 70 mW) and the ND reduced to 0.5. Exposure was

reduced to 10 ms. At this point, the constant fluorescent signal that is observed at lower laser

powers faded and was replaced by single dye blinking events. The 637 nm laser power was

continually increased as the blinking rate reduced. In addition, the 405 nm laser was also used to

increase the rate of blinking. Both laser powers were commonly set to 100% after collecting up

to 10,000 frames to continue to photoswitch the remaining active dyes. Utilizing the Z-drift

compensation (ZDC) system, a 785 nm laser is automatically focused to the coverslip plane. The

high wavelength laser is designed not to impact the fluorescent sample or the resulting image.

For oil immersion objective, the autofocus plane is usually the upper edge of the coverslip, the

one in contact with the sample, as opposed to the one in contact with the oil. The Z-position of

the coverslip plane is compared to the Z-position of the sample that has been focused manually

using the 637 nm laser and the offset between the Z-positions is what is maintained when

autofocus is turned on. Once only blinking event were observed, a time lapse video was initiated,

with an exposure time of 10 ms (20 ms delay between images, 5,000-10,000 frames, 512 x 512

pixel or less image size).
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G.3 Processing

Time lapse videos were processed using ThunderSTORM, an ImageJ plugin for

processing super resolution images. Camera values were preset according the dye used and

camera properties (Table G-2).

Table G-2. Camera setup values. Quantum efficiency is the value for Alexa Fluor@ 647

Parameter Value
Pixel size 108 nm
Photoelectrons per A/D count 0.48
Quantum efficiency 0.33
Base level [A/D counts] 100.0
Readout noise 0.0

Basic processing settings are shown in Figure G-1. Fitting radius is dependent on the size

of the blinking dots, which could vary depending on magnification and image size. Fitting radius

was determined by drawing a line profile across a blinking event and measuring its radius. Other

parameters were modified according to the ThunderSTORM user guide and manual.
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Camera

Image filtering
Filter: Wavelet filter (B-Spine),

B-Spine order: 3
B-Spline scale: 20

Approximate localization of molecules
Method: Local maximum

Peak hitensty threshold: 1.0*std(Wave.FI)
Connectivity: 8-neighbourhood

4-neighbourhood

Sub-pixel localization of molecules
Method: PSF; Integrated Gaussian V.

Fitting radius [px] 3
Fitting method: Maximum hwlihood

Initi sigma [px] 1.1

Multi-emitter fitting analysis: enable

Maximum of molecules per fitting region: 5
Model selection threshold (p-value): 1 .OE-6

] Same intensity for a molecules

Unit intensity range [photons]: 500:2500

Visualisation of the results
Method: Normalized Gaussian

Magnification:
Update frequency [frames]:

3D:
Colorize Z:

Lookup Table:

Z range (from:step:to) (nm]:
Lateral uncertainty (nm]:

Axial uncertainty [nm]:

60.0

i50

16 colors
-500:100:500

10.0 Force
100.0 ;Force

Figure G-1. ThunderSTORM Analysis. Analysis window of ThunderSTORM with standard
settings input.

Following localization of all blinking events, the images were reconstructed in ImageJ.

An example of the results obtained are shown in Figure G-2. An improvement in resolution was

noticeable when compared to the epifluorescence image.

325



Figure G-2. Reconstructed Super Resolution Image. Following reconstruction with
ThunderSTORM, super resolution images of a fibrin network were achieved, with significant
increases in resolution noted compared to the epifluorescence image of the same region.
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