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Abstract

Trauma is te number one killer of people under the age of 45 worldwide. Hemorrhage is
thesecondeading cause of death after injuries to the central nervotensysid constitutes
more than 90% ofgtentially survivable injurieas reported im military traumastudy.
Understanding the components and functions of the blood coagulation systésa o

advances in the development of hemostatic materials.

Blood dots form plugs over leaking vessels to stop bleeding. They need to be cohesive to
resist fracture fronthe pressures of blood flow, and adhesive to stay localized to the wound site.
While the adhesive properties of individual clot components have beégheghcterized, the
adhesive properties of the bulk clot are still poorly understood. It is uncleaddtoeomponents
interact with themselves and substrates on the wound surfaceiate attachment of the clot to
the wound site.

In this study, we ealuated the adhesive strength of bulk blood clots. We determined
which clot components were important ntieasing clot adhesive strength to collagen, a
common substrate found in woutissues. We found that fibrin and FXllla increas#ot
adhesive stragth in a concentratiedependent manner. Using this knowledge, we designed a
formulation containing PEG,a FXllla-crosslinkable synthetic macromer. The gelation of Q
PEG was coupledtthe coagulation network through FXllla, allowing it to copolymeritl w
blood when clottingvas activatedCopolymerizing QPEG with blood led to increased clot
adhesion, paicularly during fibrindepleted or fibrinolytic conditions. This shows thattcl
adhesive strength is a property that can be modulated. Similagstsatof coupling synthetic

polymer formation to the coagulation cascade, may be useful for the designebhemostatic



materials that improve the mechanical properties of blodd tchelp them resist high pressure
arterial hemorrhage. A broader &éipation would be in the design of smart, stirndsponsie
materials, using natural biochemical netwaskshighly sensitive and specific sensors and signal

amplifiers to control polymer formation.



Lay Summary

Bleeding is a major health problem worldeidJnderstandinthe physical properties of
blood closis important for making new drugs to stop bleedi@tpts need to be strong enough
to not burst from the pressure obbtl flow. They also need to stick to the wound, hotv they
do this is uncleaiere, we measured the stickiness of various blood clotéoand that two
components called fibrin and F¥ are important for making clots stick. FXIllla is an enzyme
thatcatalyzes the linkage of fibrin, a fibrous material, to the tissues in the walenthade a
synthetic equivalent of fibrin that can similabg stuck to wounds by FXIllla. The synthetic
material is stronger and remains sticky under conditions where fibrin would normally not
function. The design concept of this material may be usedvelafefuture drugs for treating

high-pressure, higiilow bleeds.
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Chapter 1: Introduction

1.1 Background and Literature Review

1.1.1 Hemostasis

Hemostasis is the process that halts blood |@sing this process, a blood clot is
formed to seal the leakage in the damaged blood Ye3&el blood clot is localized to the site of
injury while systemic blood flow is maintain&dt is eventually degraded when vascular

integrity is restored

Contact activation

Exposed TF

|

FXII FXlla

FVil

Fibri Fibr
ibrinogen L .
l<—FXIIIa FXIII

Crosslinked Fibrin

Figure 1.1 Smplified schematic of the tassic cascade model dflood coagulation
The left branch of the cascade is the intrinsic (contact) pathway, while the right branch is the extrinsic (TF) pathway

The two branchesonverg at the formation of the prothrombireasanplex.



A classic mod€ldescribes hemostasis as a cascade of reactions that activate coagulation
factors along two pathways, the extrinsic and the intrinsic pathways. These pathways ultimately
converge at the fanation of the prothrombinase compl&dich consists of the serine protease,
Factor(F)Xa, and its cofactor, FVa. This complex catalyzes the proteolytic cleavage
activation of prothrombin to thrombin. The acteteasethrombin, cleaves the blood protein,
fibrinogen, converting it toibrin. Fibrin fibers sekassemble to an insoluble meshwork which
serves as a major component of the blood clot. Whilentbigel is useful for describing the
biochemical interactions between different coagulation factors, it does not explain in detail how
these interactions take plagevivé®. A cell-basednodef was subsguently developed tbetter

explainin vivoobservations.

a Intact Endothelium b Damaged Endothelium

TF-Expressing Cell TF-Expressing Cell

Damaged Endothelium

TF-Expressing Cell

Figure 1.2 Simplified schematic of the celbased model of blood coagut#n.
a) The initiation phase is constantly active, producing very small amounts of thrombin on the suffece of
expressing cells¢action shown with dashed arrow). This does not lead to clotting because of low thrombin

concentration and that the enleium remains intact, separating thrombin frtima systemic bloodstream. bhé
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amplification phase happens &ithe endothelium is breached. Platedelisereand are activated by the thrombin
present. Thrombin also helps activate other coagulationrfatizmt assemble on the platelet surfagel he
propagation phase occurs when the prothrombinase complex dssegenerating a burst of thrombin. (Dashed

gray arrow indicates the diffusion of FIXa to the platelet surface)

The celtbasednodel divides lWodcoagulation into threeverlappingphases: 1)

initiation, 2) amplification, and 3) propagation.

The initiaton phaseccurs on cells that express tissue factor (WRny cells express
TF, including endothelial cells and stromal fibrobla3tsese cdt ae normallyseparated from
the rest of the coagulation system by an intact vessel wall. Some coagulabos daa
percolate through the vessel wall and contact thesee&Fing cells, including FVII, FX, and
prothrombin.Both the activated forms tifiee factors as well as their activation peptides can be
detected in lymph, suggesting that the TF pathwayagulation activation may be constantly
active. TF binds FVII and promotes its proteolytic activation to FVlla. The TF:FVlla complex
that is assmbled on these cell surfacdsen cleaves and activates FX to FXa. R¥@necan
cleave and activate prothrombin to thrombin, dn& greatly reduced rate compared to when it is
associated with the prothrombinase complex (rate reduced by a factor@I@7 8 his results

in avery limited amount of tlambin generation on the surface of-b€aring cells.

During vascular damage, thrombin generation is amplified. The amplification phase
occurs wherwvascular damage exposes bloothpments tahe subendotheliurand thdimited
amount of thrombion TRbearng cells Platelets adhere to von Willibrand Factor (VWF) in the
subendothelium through its GRIK -V receptor. A source of VWF is constitutively associated

with subendothelialalagen VI filamentsPlasma VWF can also bind collagen | and 1l in



deeper Igers of the vessel wall. Platelets can also bind directly to subendothelial collagen
through its GPVI receptor. The binding and subsequent aggregation of platelets to the
subendthelial surface leads to the initial formation of the hemostatic plbag.sulendothelial
thrombinand collagerelp activate the platelets, leading to a release ahBithen ges$
activated by the thrombin to FVa. Thrombin also releases plasma F\MIMWF and activates
it to FVIlla. Thrombin also activates FXI to FXla. FVa, A\, and FXla assemble on the

surfaces of activated platelets.

During the propagation phase, FIX is activated to FIXaNwyways: cleavage bl)
FXla on platelet surfaces, by the 2) TF:FVlla complex on T#earing cell surfaces; this FIXa
is then diffised to the surface of platelefdXa then complexes with the FVIlla on platelet
surfaces, and the FIXa:FVllla complex catalyzes the activation of more FX to FXa. FXa then
compleeswith its cofactor, FVato form the prothrombinase complex, which ketda large
amount of thrombin generation and subsequent conversion of fibrinogen to fibrin, forming the
fibrin clot. Thrombin also catalyzes the activation of FXIII to transglutase FXllla, which
crosslinks fibrin to itself and to antifibrinolytic protesi such as alphaahtiplasmin( U2 A P)

stabilizing the fibrin clot.
1.1.2 Fibrinolysis

Fibrinolysis is the process by which fibrin is degraded, which is a critical step to the
clearane ofthe blood clot during wound healifg*. While the individual reactianin
fibrinolysis have been extensively characterized, questions remain in how the reactions localize

to the substrate, fibrin, and how fibrinolysis as a process is regiiidted



tPA or uPa | PAI-1

!

Plasminogen— | A Plasmin | a,-antiplasmin

D

Fibrinogen T Fibrin Degraded)/fibrin

Thrombin :Thrombomadulin

/——\A

Inactive TAFI zymogen Active TAFI

Figure 1.3 Simplified schematicof fibrinolysis.

tPA or uPAcancleave plasminogen to acted plasmin that can then degrade fibrin. tPA or uPa can be directly
inhibited by PAML . Pl asmin can be directly inhibited by U2AP. TI
TAFI which canthen remove plasmin from fibrin. This slows down tPA/ufdalyzed activation of plasmin and

makes plasmin available for inhibition by U2AP.

The enzyme that cleavébrin to soluble fragments is plasmin. Plasmin is generated
through cleavage of its zymogen form, plasminogergri®yof two physiological plasmigen
activators, tissue plasminogen activator (tPA) or urokinase (UPA). Once activated, plasmin can
cleave tPA and uPA into a more active form. Furthermore, plasmin cleavage of fibrin exposes
carboxyterminal lysine residues that bind tPA and plasminoders facilitating further plasmin

generation. This positive feedback amplifies the fibrinolysis prétess

Several mechanisms exist to inhibit fibrinolysis. Plasminogen activator inhibitor-(PAl)
can bind and inhibit tPA and uPA, aatpha2a nt i pl as mi n ¢dbh&wrRlyectly an i nh
whenplasminis not bound to fibrin. Thrombin activatable fibrinolysis inhibitor (TAFI) can

remove carboxyerminal lysines from fibrin, decreasing the rate of plasmin activation from
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plasminogen byRA, and lowering the amount of fibrlound plasmin that is protected from

U2 AP i n'‘ttliFXlllat gererated from thrombin cleavage of its zymogen form, can
crosslink fibrin to itself to make it more resistant to fibrinolysi&urthermore, it localizes
fibrinolysis inhibitors by crosslinking them tdfin, the most important of which $ 2 A%P

Thus, it can be seen thatti@ation of the coagulation cascade and subsequent fibrin clot
formation simultaneously activates and inhibits fibrinolysis. Hemostasis and fibrinolysis exist at
a delicate balance whemender physiological conditions, a hemostatic blood clot is forméd o

whenand wheret is needed and degraded as vascular integrity is restored with tissuehealing
1.1.3 Severehemorrhageand treatment gotions

Increased blood loss is correlated with increased mortality risk in hemolrirlged
loss beyond 3@0%of the total volumevercomesthb o dy 6 s nat ur al hde most at
requires aggressive treatme&nHemorrhage has many causes, such as trdusuagical
procedure®, cardiovascular diseaséy’, cancer®!%20 and infectious diseasé$?. It can be
exacerbated bgongenital or acquired anomalies in the coagulation and fibrinolytic sgstem
such asleficiencies in coagulation factors and fibrinolysis inhib&#s*°. Rapid tansport to
hospitals is critical for the treatment of severe hemorfiagemostatic devices help stabilize
the patientgor transport, following which fluid resuscitation and blood product fresnens
coupled with sugical interventiorare the golden standardf treatment®. There is a demand for
novd materials and drugs at both the{@spital and hospital settings tolstee the patient,

stop bleeding, and to prevent secondary bleeding.



1.1.3.1 Hemostatic devicedor pre-hospital and hospital settings

The firsttreatment of hemorrhage inpae-hospital setting is direct compression of the
wound3. Compressionanbe provided by packing of the wound pocket with wound dres¥ings
Various different types of dressings exist in additional to ptaitongauzé’. Dry fibrin
dressings have been shown in npiétianimal models of traumatic and surgical hemorrhage to
hasten the rate of clot formation and decrease blood loss, but are expensive to produce and
mechanically fratge, limiting its application only to the hands of experienced métithe
deacetylated form of chitin, chitosan, has beeorporated into hemostatic dressings
(manufactured as HemCahj®2°. The exact mechanism of action is not completely understood,
with possible contributions from the induction of vasococtbn and binding of red blood
cells$ 2829 HemCon was used in the US combat operations in Iracpetintial hemostatic
benefitg"?82°, Dressings containing tissue fluid absents that increase thedal concentration
of coagulation factors have also been develdpddhese include the powders microporous
polysaccharide hmeospheres (tradename TraumaDex) and mineral zeolite (tradename
QuikCloty’. TraumaDexvas shown to hasten clot formationsomeanimal models but failed
to show reduced mortality in severe bleeding models such as femoral artery and vein
transectiof3*32. QuikClot, in contrast, conferred survival benefitsheseanimal model&+293,
However, QuikClot, when in contacitiv water, produced an exothermic reaction that caused
local tissue injury in animal modél€°3%, When used on troops and civilians during US
operations in Iraq, it was observed thatregerial was not adhesive enough to the wound site
and was often pushed out by the high pressures of arterial blodd#8wThis highlights the

importance of clot adhesion and cohesiothe control of severe arterial hemorrhage.



Modifications of QuikClot gauze replaces the active powder with kaohighwabsorbs water
into its porous structure without an exothermic reaction like its predegeséaolin also
activates FXII of the intrinsic pathwéy It has een used by Israeli forces in operations in the
Gaza strip in 2009 with a report@@% efficacy at stopping bleeding on the fi@ld’hree
ineffective cases were reported due to abilitg to apply the material to the location of

injury®>.

Recenly, expandable dressingsd foamdave been developed to improve hemostatic
efficacy. X Statconsists obyringeapplicaed compressed mini sponges coated in chifSsan
They are applie to deep and narrow wounds in junctional areas of the groin and armpit where
manual compression can be diffidltThe back pressure exerted by the expandable dressings
halts hemorrh@e®®. Efficacy in preventing blood loss and impirog survival has been
confirmed in a number of animal studies and it is being adapted for use in combat casualty care
with promising reults®®. BioHemostat, which contains an expaneatydrogefforming
polyacrylamide core, has also been developed as a topagadlied hemostat, but nio vivo
studies have been conded to show efficacy in stopping bleedthd=xpandableolyurethan®,
hydrophobicallymodified chitosaff, pressurized fibrifioams® have been developed for treating
noncompressible truncal hemorrhages, showing reduced blood loss and improved survival in
animal models. The advantage of foam products ovaralgble sponge dressings is that they
are not limited in agcation by wound geometry. However, the pressure of application may
cause complications. For instance, the polyurethane foam was reported to distend the bowels

upon application to the abdominal\ity, causing lesior&



When wounepacking and direct compressiareinadequate to stop bleedingpically
in cases of arterial injurgpurniquets may be us€d? Tourniquet use has been debateé to
risks of ischemigoerfusion injuries leading to tissue damage and poteartigutationsbut
limiting the amount of time the tourniquet needs to be in place by rapid transport to thalhospit
has prevented these complicatithf& With proper use, tourniquetsebe in place for 6®0
minutes without major, irreversible adverse eff&¢s Traditional tourniquets can only be used
on limb injuies*2, The ideal limb tourniquet design is one with a broad, smooth cuff inflated
by air so that the pressure is evenly distributed over the area &pflidthis increases both the
hemostatic efficacy aneduces risk of tissudamage from the application of the tourniftfet
New tourniquet designs have broadened applicationsrimcompressible junctional
hemorrhag®. Two junctional tourniquets have been used on human casualties to accomplish
hemostasfS. The Combat Ready Clamp is a clamp that places direct pressure on the injury
through a vertical metal afth The SAM tourniqueis similar to a blood pressure cuff that is
tightened around the waist area and inflated to constrict vessels upstream of the Bguiny

junctional tourniquets are designed to shtgeding frominjuries to thegroin regiorf3444°,

At the hospital settindigation of arteriess a commormrocedure t@top massive
bleeding®4"#8. This can belallengingdue to difficulties in finding the bleeding arteries in a
blood-covered wound, and some wounds may be located deep in difficult to reach regions, such
as the pelvi®. Various hemostatic devices exist to be used in catdetzted emblization of
arteries An aortic balloon occlusion technique, REBOA, has been used to treat hemorrhage
below the diaphragPfi The ballooris placed upstream of the wound site and inflated to cut off

aortic blood flow®. REBOA is used as a temporary measuntil the patient is transported to the



operating room, as aortic blood flow cannot be occluded for extended péritier arterl
embolizdion agents include platinum or titanium microctilsindgelatinbased foams
(Gelfoam?¥2. Further surgery isftenrequired to repair the injured arteries using traditional

suture or vascular ipis®®, with stented vscular grafs for severe injuriés.

1.1.3.2 Fluid resuscitation

Hemorrhage bmore than 15%otal bloodvolume require fluid resuscitation to maintain
adequate blood pressure for cardiac function and perfusion of major Grgaaditional fluid
resuscitation protocols recomnuteup to 2 L of intravenous crystallofe.g. saline)
administrationfollowed by plasma and packed red blood cell transfusion so that normal systolic
blood pressure is reachéd’. However, the dilution of coagulation factors and increased blood
pressure may lead dilutional coagulopathy and pressimduced réleeding dugo the bursting
or detachment of formed clots at the wound®$e’. Severaltudies have suggested that less
aggressive fluid resuscitation, maintainingreean arterial pressure of 50 mm Hg or higher,
instead of 65 mm Hg in conventional protocols, may confer survival benefits, but some of these
studies lack statistitpower or were not blinded in design, thus congirgy remains in whether

hypotensive fluid resuscitation would reduce mortality>figk

1.1.3.3 Blood product transfusion

Hemorrhage of more than 30% total blood volume require blood product tran&iusion
Transfusion protocols differ in different latons, but all include packed red blood cells, plasma,
and platelet concentrafé&. Historically, red blood cells were transfused at a higher ratio than

the other components recover oxygeswarryingcapacity®®’. Recently, retrospective studies
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have shown that &1:1 ratiomay confer survival beneff®°. Despite the efficacy of blood
transfusion, challenges remain. Inadequately warmed blood products may worstr@nga™.
Stored red cells become more acidic over time and, whasfused, may worsen aciddsis
Citrate, added as an anticoagulant to keep the blood products from clotting during storage, both
dilutes the blood products as well as contributes to coagulopathy once transfused by calcium
chelatio™. All of this leads to lowered rates of fibrin generation and hastened fibrirfdlysis
overcome these challenges, coagulation factor concentrates, partitiblarbgen
cryoprecipitates, have been suggested fot*uRecombinant FVlla have been used to treat
congenital FVII defigéncy, hemophilia A, and hemophilid®BIt was investigated as potential
treatment for tramatic and surgical hemorrhag&h mixed results regarding survival
benefit>%687, In severabtudies, ibrinogen cryoprecipitatesere used tonaintainpatient

fibrinogen levelsandthis wascorrelated with decreased mortalibut larger blinded trials are
required to conclude on the effé®® 7%, Prothrombinase complex and AXadministration

have also been suggested, little clinical dataregarding their usis availab&®®,

1.1.3.4 Tranexamic acid

Hyperfibrinolysis is a pathological condition during which fibrin is excessively degraded,
thus leading to a bleeding tendeficyt can be caused by a variety of congenital or acquired
conditions, such as a deficienieyfibrinolysis inhibitors, cancers, liver disease, and severe
traumd?. In the specific case of seearauma, up to 25% of patients present with hemostatic
abnormalities upon hospital admissigrof which hyperfibrinolysis is a common finding and
indicator ofincreased mortality rigk The primary treatment bej investigated for

hyperfibrinolysis in trauma is the use of the lysine analog, tranexamic acid (1XXA binds
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reversibly to lysine receptors on glainogen to lower the rate @6 conversiona plasmir*.

The efficacy of TXA in preventing hemorrhage deathsteen tested in clinical tridf%’’. The
Clinical Randomization of an Antifibrinolytic in Significant H®rrhage2 (CRASH?2) trial was
the largest to date, enrolling 20,21du# patients who either received TXA or a placebo within
eight hours fom traum&®. Mortality was reduced in the TX&eated goup only if the TXA was
administered within three hours after tradtnét is hypothesized that early TXA treatment is
required for survival benefit because fibrinogesres in the patient must be protected from
degradation before they aa# consumed and made unavailable for the formation of a stable

clot’®,
1.1.3.5 Biomimetic materials

Synthetic materials are noveéatments investigated for hemorrhage. They may theve
benefits of decreased demand for donor bi§ddnger storagi®, tunable mechanical and
chemical propertié, and may be an alternative option for theg® cannot receive blood
product transfusiondue toreligious reasorfé. Many synthetic hemostatic materiatémic the
mechanisms and functions of the native coagulation sySgnthetic platelets have been
created by incorporating platelet and E®Mding peptide sequences to nanoconstfef4®. A
fibrin-crosslinking polyner, polySTAT,has been created by mimickingtfunctions of FXllla
to help stabilize the fibrin cl8t These materialsicrease the mechanical stiffness of blood
clot$3%8, polySTAT has been tested in animal models where it prevented secondary hemorrhage
from fluid challengeand confer survival beefit$8. Similarly, several synthetic platelet
formulations have been tested in various animal models and shoedute blood loss and

improve survival>848s,
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1.1.4 Blood clots are adhesive to tissue

Blood clots serve as a physical plug to stop blood from leaking out of a damage®l vessel
They need to be mechanically intact to resist rupture by blood flow, and they need to be adhesive
to the site of injury to seal the leakaayed toavoid detachment and subsequembolism of the
vessel downstreathWhi | e the cl otds cohesive integrity
techniques such as TEG, and shown to be useful in guiding transfusion requitefffqts:
which in turnredue@sthe cost and imprasthe efficacy ohemostatic treatmerthebulkc | ot 6 s
adhesive properties have been underexplored. Therefarayibeuseful to visubze the blood
clot as a tissue adhesive and employ metipoelgiously usedor analyzingother glues and

sealants on bulk clots to und&and their adhesiveshavior.

1.1.4.1 Mechanismsof macroscopic adhesion

The adhesion paradox describafisctrepancy in adhesive forces observed at the
molecular scale and the macroscopic Séak the molecular scale, van der Waals interactions
lead to strong adhesion between nearbyqhm distance) stace$?. However, this does not
translate diredy to the adhesion of atroscopic objects, which are mostly riitky®?. This is
because most macroscopic objects are not smooth, resulting spdesvbetween the two
surfaces that are in close enough contact for atomic attractive forces to act $tténgyy/a
result macroscopic adhesion depemads$ only on mechanisms that increasalesularadhesion,
but alsomechanisms thét) reduce surface roughness amcrease aas of close molecular
contact®®*, and 2) dissipates the force applied to separate two adhesive surfaces, making the
adhesie joint less brittl&>. Thus, strong adha&s are materials that@dlow into cracks in the

substrate surface to increase area of corftarch, strong mechanical and chemical bonds with
13
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the substrate to withstand tearing forces, yet are soft enough to deform elastmatipdd the

stress aped to the adhesive joint

1.1.4.2 Methods for evaluating the strength of adhesives

Adhesive strength is defined by the stress at which an adtia#s/by detachhentfrom
the surface to which it is attacl¥&dTo measure adhesive strength,adhesive is applied
between and used to attach two substrate surfacese 5 applied until thadhesive detaches
from one of the two surface$his force is diided by the surface ea over whichlihe adhesive
wasapplied to yieldadhesive strengti\ssays to measure adhesive strength exists for both

microscopic and macroscopic scales.

On a microscopic scale, optical tweezansl atomic force microscopy have been
employed to measuredatadhesive properties dhgle fibrin fibers” andplatelet§?, respectively.
On a macroscopic scale, adhesive strength depends heavily on the geometry of the adhesive joint
examinedand thetype offorce applied to the substratésTwo types of adhesive tests are
commonly employed for the testing of tissealants, a class of materials including fidvased
sealants: peel tests and lap shear tBstsl tests are performed on a pair of substrates where at
least one is flexible and cée pulled off the other. Different geometries can be used to peel one
substrate from the other, such apd@el® 90° peel (kshapedf® and 180° pd¢U-shapedf™.
In a lap shear tedhe adhesive is applied between a lap joint and aisigdarce is appliedo
separate the two substrates until failure of the adhesive, eitbagthcohesive breakage, or
detachmenof the adhesive from one of the substrate surfdc&snodified version of the lap
shear test exists called the double lap shedPidstis a symmetrical version of the single lap

shear test, in which a movable shaft is sandwiched between two immovable shafts. The two faces
14



of the movable shaft are coated with the adhesive and stuck to theeswfahe two outer,
immovable shafts. The movable shaft is pulled to apply an equal shearing force to both adhesive
joints. This modified lap shear test reduces the amount of eiccleidingthatresuls from a

bending of the substrates or rotatiortte adhesive jointhus reducing the amount of peel and
tensile stresses on the adhe¥i%erhe double lap shear test is designedifeasuring an

adhesiveds respon®e to simple shear stress

I L

c ] d‘ e“
Il ‘l

Figure 1.4 Schematic of adhesive testor bulk materials .

a) T peel tefs b) 90° peel test, ¢) 180° peel test, d) singlestagar test, €) double kghear test. Substrates shown in

black. Adhesive shown in blue. Arrows indicate direction of force agplie

No single adhesive test can yield all the information requiredeiigirthe behavior of an
adhesive subjected to combined loads, such as blood clots that seal wounds of varying geometry,
subjected to a variety of different forces such as shear,tpesipn, and compression. Due to the

simplicity of using lap shear testwhich do not require any sophisticated equipment for
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administration, it has been used in a number of studies on the adhef#wim @ndfibrin-based

adhesive¥3104105

1.1.4.3 Adhesive components of blood clots

Themechanicabehavior of individual blood componeritss been wellstudied®®’.
Al t hough it remains difficult Hhisanfoomatbredueta c | ot
complexities in the c¢cl ot ds alfirstétdapinerddrstandeng t hi s
the mechanisms behind how clots adhere. Multiple clot components are known to have adhesive

properties, including platelét§, fibrinl®, and several plasma proteitis

1.1.4.3.1 Platelets

Platelets are anucleate blood cells ttiereo the injured vasculature to initiate
thrombus formation and hemostd$isUnder normal physiological conditions, where the blood
vessel whs remain intact, platelets do natlhere to the endothelidff When vesel injury
occurs, substrates that platelets can adhere to are exposed, inichudotglizedVWF,
collagen, and other proteisschas fibronectin, laminin, fiblin, and thrombospondiff.

Platelets have a variety of receptors fardang to these materials, and binding depends on the
flow conditions within the vesséP. At high shear ras(above 500 to 800 sérusually found in
arterioles platelet adhesion depends on the binding between platelet glycoprdielh the
GPIb1X-V complexwith the A1 domain of VWFeithersourced from the subendothelium or
initially present in plasma arldter immobilized to exposed collagéh Below that threshold
shear rate, platelets catso atach to collagen through two main receptamggrin (bb; and

GPVI*%, Binding to collagen helps activate platejddsth directly through GPVI and by holding
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the platelets to the subendothelium vehit is exposed to low concentrations of thrombin, ADP,
and thromboxane &%, Activated platelets then sustain their ovetivation through further
secretion of activation agonists These activated platelets thesrete adhesive molecules like
VWEF and fibrinogen, as well as express adhesive receptors suesetectn and the activation

o f Lbd¥P812 P-selectin is important for adhesion and recruitment of leukotissnitiate the
inflammatory process critical foraund healingf%'12. ,fd mediates platelet adhesion to each
other via fibrinogen bBVWF%112 Thisrecruits additional platelets to the wound site, a process
calledplatelet aggregatidff'2 The bound platelets narrow the vessel lumen, which gigeal
volumetric blood flow through the vessel, would increase the flow velocity of the blood, which
increases the shear rated shear stre¥8. The increased sheaate of fluid flowing close to the
vessel wall makes it difficultor more platelets to attach, whileetincreasedhear stress exerted
on the vessel watkars away platelets that are already atta®iethus as the platelet plug
enarges into the lumen of the vessel, it becomes more difficuétdditional platelet
accumulation, limiting the size of the platelet pllagalizing it to the injured vessel wadl that

blood flow is maintained through the ves8g|
1.1.4.3.2 Fibrin and coagulationfactor Xllla

Fibrinogen is 8840 kDablood protein produced primarily by hepatocytes, and also

secreted by platelets during hemostd&ist is a dimeric protein with each dimer consisting of

the AU, Bb, and o c halirPsotedlyticclavdge bfthe AlangBi | f i de

b

fibrinopeptides by thrombin | eads to a confor

on the U chain that can bind to Ahol esodo const
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hydrogen bonds and electrostatic interactibh3 his leads to the sedfssembly of fibrin

monomers into a fibrous polyniét.

Factor XlIl is aprotein found irplasma(pFXIIl) and cellular(cFXIII) forms'2 cFXIIl is
found in platelets, megakaryocytes and their precursors, monocytes and their precursors, and
monocytederived macrophag¥s cFXIll is composed of dimers of the catalytic A subunit
(FXIIA 2), while pFXIII consists ofetramersof two A subunits bound towo inhibitory B
subunits (FXIIAB2)*2. FXIIIA is primarily produced by bone marrow cells, while FXIIik8
primarily produced by hepatocytésFXIIIB exists in excess in plasma, with roughly 50%
circulating in free form without complexing to FXIIEA Almost all pFXIlI circulates bound to
fibrinogen'?. pFXIll is activated during hemostasis by thrombin cleavage of the activation
peptide off the A subunité The A subunits then dissociate from the B sulsinithe presence
of C&* and undergo conformation change to the active transglutaminase, FXIl&a
c at a l-gummyUlysyl linkages between many different substrates, one of which is'fibrin
|t catalyzes fibriniomeatsaiim Imimkia gees iamtdo Uo

polymers of varying lengths in minutestohdits Ther e are al so some |

cch

n

9 chains, as well as 92 tri me#¥sFXlHacsslinkngofa mer s

fibrin increases clot stiffnes$.

Fibrin is an adhesive protein and it has been used as a tissue sealant since tfe 11940s
attaches to wound sites through cleahbonds and mechanical interlocking to irregularities in
the wound surfad€®. FXllla catalyzes covalentasslinks of fibrin to various substrates in the

wound, such as collagen and fibronetfinFibrin also has RGD motifs on the &hd G termini
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of its Uchains, which can bind to recepon various cells in wounds, such as platelets,

megakaryocytes, endothelial cells, and fibroblasts

1.1.4.3.3 Other plasma proteins

Recent findings suggest thatmediately after vessel injury and exposure of the
subendothelium to the blood stream, plasma fibronectin and possibly etheatoig ECM
proteins are deposited on the wound surface prior even to the attachment of Platetets
platelets accumulate at the wound site, they further secrete more adhesive proteins, fibronectin,
vitronectin, fibrinogen, and VW#’. These ECM protes become incorporated into the
subendothedil matrixexposed on the wound site through various mechanisms. For instance,
VWEF can bind to itself through disulfide linkages and bind to collagen through its A3 démain
Fibronectin has RGD motifer cellular attachmeft®, as well as domains for interacting with
collagert'®. These proteins tether the adhesion of platelets and fibrin to the subendothelium. In
addition, they are integratedtiinthe forming blood clot, modulating its mechanical

properties®’11S

1.1.5 Q-PEG, a ynthetic FXllla substrate

FXllla is formulated irto fibrin sealants to improve their adhesion to tis§t%eEXIlla-
crosslinkable yntheticfibrin-mimicking sealantsvith improved mechanical propertibave
been developedver the years based upon several landmark studi#899, Schense and
Hubbell coupled bifuncticsl peptides onto fibrin via FXIllanediated crosslinkifg®. Of the
peptides used was one containing the FXtHasslinkable domain derivedon the amino acid
sequence cd2AP. This was a pioneering work for incorporatimgvel functions to fibrin using
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a synthetic FXllla substratén 2002, Sanborat al.conjugated polyethylene glycol (PEG) to a
peptide substrate of FXIlla derived from fibrithe material was shown to formhgdrogel

when encapsulated FXIII was released from themasponsive liposom&sPEG was chosen as
the backbone material due to good watelubility, low cost, low toxicity, low protein

adsorption, and low immunogenicity as a rednlR013, Mosiewiczt al.conjugated @a2AP-
derivedpeptide to PE& a material similar to the ®@EG described in this thesis. Combined with
a PEG macromer conjugated to a short lyslapating peptide, EG, the two were

crosslinked by FXllla to form a hydrogel. Bjnoto@ging the kpeptide, hydrogel formation

became controlled by light stimulation, which cleaved the cage group and allowed FXllla access.

Themolecular mechanisms of FXlbas i nt e r a a2AP-aenvedvpeptide t h e
were investigated in detail by Pénzesl.*'l n s hor t , FXI Il ads active
thioester bond with the acyl group on the second glutamine iQ4eptide sequence
(NQEQVSPLTLLK), releasing an ammonia molecule. In the second step, the acyl group is
transferred to the primary an@ donor substrate, forming an isopeptide bond between the
glutamylresidue on @PEGand the primary amineeleasing the covalentlinked product from
the enzyme. A mukarmed PEG that is conjugated to multiplgp€ptides can then form
multiple linkages to other @PEG macromers through the tethering of subss containing
multiple reactive amines, such as maltmed KPEG or polyamines like spermidine and

cadaverine. Standard ammowietection assays can be used to monitor FXllla actiity
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1.2 Rationale

Bleeding remains a major health problem. Approxehab million people die of trauma
each year worldwide, with a third of these deaths due to exsanguifidtiaderstanding the
mechanisms of hemostasis has led to the development gflifiesaving technologies to treat
hemorrhage. Since the publication of the cascade model of coagulation Inti@®4ndous
advances have been made in the understanding of the underlyingnigtcph&ehind blood
clotting. Global coagulation assaysamalyze the mechanical properties of blood clots have also
been developed, such as thromboelastography (TEG), a technique developed in 1948 to trace the
shear elastic modulus during clot formatemd dissolutiott>. Such global assays have the
disadantage of being nonspecific, making it difficult as a tool to pinpoint which coagulation
reaction may be dysfunctional in a patient with clotting patholétfi¢sowever, renewed
interest in analyzing the bulk mechanical properties of blood clots has developed in recent years
after seeing uses in the clinic as a tool to guide theagdenumber of blood product
transfusions needed to treat certain types of hdragerincluding those in cardf&é28 and
hepatic surged}®%. They have also been used as a research tool to evaluate the function of

various hemostatic technologies prioiiriovivo testing?32,

Blood clots physically halt bleeding by acting as a plug to stop blood leakage from
damaged vesséldt needs to be both cohesive, to resist breakage under the blood pressure it is
subjected to, as well as adhesive to the site of iffjuvyhile numerous tests have been
developed to analyze cohesive properties of blood®8l3té?8, they do not measure clot
adhesive strength to substrates found in vessel walls and surrounding tissues in the wound

pocket. The adhesive properties of various campts of blood, such as single fibrin
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strand$®312° and platelef$%%81% have been extensively characterized, but the complexity of
clot architecture makes it difficult to model and predict bulk adhesive properties based upon
these obswations alon&. How varbus components of a blood clot interact with each other and
to the substrate to which it is attached to contribute to the final adhesive strength of the bulk
material to the wound site remains to be fully elucidated. The aim of this work is to identify
blood components that increase clot adhesive strength and utilize this knowledge to develop

technologies for modulating this property.

1.3 Obijectives
1.3.1 Identifying blood components that increase clot adhesive strength.

1.3.1.1 Biological question

Blood clots must adhere the site of injury to achieve hemosta$iultiple
components of clg, such as platelets and fibrin, are known to be adhesive, and their adhesive
strength characterized on a molecular [E#é4°% 13098106 However, ot architecture is complex
andmakes it difficult to deduce macroscopic adhesive properties based on these molecular level
observations alof&". The objective of Chapter&as to measure thedhesive strength of bulk
clots of various compositions and to identify tmanponents that increase the adhesive stnengt

of clots to collagen, a common substrate on wound surfaces.
1.3.1.2 Significance

The mechanical properties of blood clots are importarthfeir hemostatic functidr.
While the clotdés resistance t o urbd®@tEsgse fr om

not directly correlated wit h dnhkependslalsototbitte ad he s
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interaction of variouslot components with the substrates on the wound surface. By identifying
the clot components that improve macroscopic adhesiomutsals to develop methods to
modulate clot adhesion, with a future goal dating therapeutics to treat hemorrhage,

patticularly secondary hemorrhage due to clot detachment.

1.3.2 Formulating a FXllla -crosslinkable macromer, QPEG, to copolymerize with
blood clots during coagulation.

1.3.2.1 Biological question

One method ofmodulating the mechanical properties of natural biomatesats
copolymerize them with synthetic matertaf$33 However, the formtion of blood clots is a
tightly regulated process, resporesio a plethora of diverse yet specific sighalhis tight
regulationis required to ensure that clots form only when and wherdetket® stop bleedifigA
synthetic material designed to copolymerize \biiod to modulate clot mechanical properties
must similarlyonly form an insoluble polymer when and where specific signals are present to
activate the coagulation system. The objective of Ch&utes to test the method of coupling a
synthetic materialQ-PEG, to the coagulation cascade via FXllla. The hypothesighat Q
PEG, a FXlllacrosslinkable macromer, when formulated in blood, would only polymerize into a
hydrogel when the coagulati@ascadés activated, which would generate the necessaryi&XI|

to catalyze the reactiéh

1.3.2.2 Significance

The coagulation system acts as a complex sensamaplifier of signals of vascular

damageé This system regulates the activation and modification of multiple cells and proteins
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leadingto the final formation of the hemostatic €ldt is unclear whether the formation of a
synthetic hydrogel can be coupled to thisteyn as an additional output of the coagulation
cascade. Testing this concept would help in the design of future hemostatic miwetriedsd
localize and enhece clotting at the specific site of injury. A broader significance of this work is
to examinewvhether natural biochemical networks could be exploited as sensor systems to
control the formation of synthetic materials in respdosaultiple specific stimul This could

be useful for the design of novel responsive matéffals

1.3.3 Examining the adhesive strength of blood clots copolymerized with PEG.

1.3.3.1 Biological question

Blood clots must remain adhered to the site of injuryctieve hemostasis, partictia
during fluid resuscitation when increased blood pressure may detach the clot and lead to
secondary bleedirt§ Although adhesion is important for hemostasis,eohinologies have been
developed to specifically enhance it. In Chapter-®ELwas copolymerized with blood and the
adhesive strengtbf the resulting copolymeras measured. Various conditions of fibrin
deficiency that led to decreased clot adhesionlédiep, tPAinduced fibrinolysis, decreased
rate of fibrin formation from congenital FIX deficiency) were modeled and the effeciRE®
was explored. It was hgphesized that @EG would recover the adhesive strength of these

fibrin-poor clots.

1.3.3.2 Significance
Synthetic copolymers can modulate the mechanical properties of biomaterials. Such
polymers have been developed to increase dfotests 32133, However, to our knowledge, this is

the first study where a synthetic copolymer was shown to increase bulk clot adiesigéh to
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purified collagen and aortic tissues. This presents a strategy for the development of future
hemostatic mat@ls that improve clot adhesion to prevent secondary hemorrhage, particularly in
cases where fibrin may be deficient due to congeodtatlitions, traumatic bleed, or

heightened fibrinolyst$135136, Fibrin supplementation therapy hasén tested in small studies

for some of these conditions with promising re$8f°and larger clinical trials are under
way'3"138 However, fibrin concentratesquire a high cost for productitii put a strain on the
demand for donor blood suppfy, and may not be available for patients who caneceive

blood product transfusions due toigeus reasorfS. A synthetic fibrin analog similar to-BEG

may be an alternative treatment option for these patients.
1.4 Hypotheses

The overall hypothesis of this dissertation kvisrthat a synthetic FXIllla substrate; Q
PEG,can improve the adhesive strength of blood clotottagen. This hypothesis can be
broken into three parts: 1) It is hypothesized that FXIII concentratiorsiiyaby correlated
with the adhesive strengt a fibrin-rich blood clot to collagen. 2) i$ hypothesized that a-Q
PEG and polyamine formulation can be controllably crosslinked by FXlIlla generated via
coagulation cascade activation. 3) It is hypothegsithat blending PEG into blood would

therefae improve clot adhesion to collagen, whiclamsaminedonating FXllla substrate.
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Chapter 2: Fibrin and FXllla are Major Contributors to Bulk Blood Clot

Adhesion

2.1 Synopsis

Blood clots must be adhesive to the wound sitedhieve hemostasis, however, the
adhesion obulk clots have not beazxplored in detail. Mny components of blood clots are
known to be adhesive, such as platelets and fibrin, but it is unclear whether their adhesive
strength is additive. In this studye measured the adhesive strength of bloot dbvarious
compositionsin addition to mesuringclot stiffnessby a clinically-used techniquelEG. We
found thatred blood cellsnildly decreased the clot stiffness and adhesive stréagtbllagen,
butthe effects weraot statistically significantWhile plateletsare known to be adhesive to
collagentheyhad no statistically significant effect on bulk clot adhesion aefdept at a very
high concentrationf 686 x 1§ cells/L, where a roughly 30%lhesive strength increase was
observedPlateld¢s were, however, required for clot adhesiom@a early timgooint of 2 min.
Both dot stiffness and adhesive strength increassibrinogen concentratiowas increased
While FXIII increased both clot sfifess and adhesive strength, adhesive strengtbasd by
3-timesat a supraphysiologicabacentration of 30 ug/mL compared to the average
physiological concentration of 10 pug/mL, while a much more mddesghly 20% increase
was observed for clot ffiness.This suggests théibrin and FXIII aremajor contributors téulk
clot adhesionandthat bulk clot adhesiois notthe result ofa simple addition of all adhesive
components but represents an interaction between these components with themdewis a

the wound substrate.
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2.2 Background

Blood magulation is typically effective at sealingrdaged blood vessels to achieve
hemostasis, but it can be compromised during severe hemor@ragjef the reasons why
coagulation is compromised during severe behrage is that whearteries are custrong
mechanical forcesan be exertedn blood clotghat initially form over the wourtd®®. These
forces may increase further with fluid resusaatdue to increased blood presséré As a
result, the clatmay fail, causingebleeding®>®. Topical hemostatic agenits powder form such
as mineral zeolite, va been reported to be blown défom the wound by the pressure of btb
flow?’. Therefore, there is a demand for strategies to help the clot remairaimdaatihered to

the site of injury to dueve hemostasis.

Blood clots are sealafitsThey form a hemostatic plug that closes off the leak in the
injured blood vessel to kedgiood from further escapifigThere are two modes of failure for
sealantsike blood clots, 1) cohesive failure, and 2) adhesiveifedf. During cohesive failure,
the sealanfractures from the force appliezh it. During adhesive failure, the sealant remains
mechanically intact, but it is torn dffom the substrate to which ité&lhereé. The critical
stress a clot can withstand befén&cture its cohesive strengtls positively correlated withts
stiffnessas measured by a clinicallytilized technique, TEE&™. While the factors thatontribute
to clot stiffness have be@xtensivelycharacterize®*%°, the adhesive properties of bulk clots

havebeen overlooked

Several components ofdad clots adhere twoundsurfacesFor example, plateletan
adhere to subendothelial ECMmponentsuchas VWFEand collagetf®. Fibrin has been used

as a tissue seait and is known to be able to attach to the wound pocket through mechanical
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interlocking, as well as chemical bonds with ECM protéi3he extent to which these

contribute to the bulk adhesion of clots has not been determined, and it is not clear if their
adhesion is additiver if they compete for adhesion to the substriiteashypothesized that
plateletsfibrin, and the transglutaminase that mediditasn crosslinking to itself antb

collagen FXllla'?, would significantly increase clot adhesion to a collagen subskéitelets
aregenerally consideretd adhere earlier than the wave of fibrin polymerization and attachment
during coagulatioh°, thus itwasexpected that ivould increase clot adhesion at a similarly

early timepoint (seconds to minutes).

In this study, we developed an assay for measuring the lap shear adhesive strength of
microlitre-volume blood clots of vargig compositions to evaluatiee effect of different blood
components on the adhesionboilk clots to collagenWe also measured ¢letiffness using
TEG; the way forces are applied in TEG is designedtometisire c | ot 6 ssuchashesi v el
the amounbf crosslinking between fibrin fibe¥¥ and the aggregation of platefétswithin the
clot. As adhesion is a process that depends both on the cohesiveness of the material to itself as
well as its interactions with the substrate it is attathédvas expected that bulk clot adhesive
strength might be related, but not directly proportional to the stiffness of the blood clot as
measured by TEG. We found that red blood cells had tistatally significant effect on clot
stiffness or aldesive strength to collagen. Fibrin and FXIlla increased both the clot stiféfndss
adhesive strengtlXllla increased clot adhesive strength birBesat 3-times the
physiological concentratidff, while its effect orclot stiffness wasess han20% Platelets at a
mid-rangephysiological concentratidf? increased clot stiffness by more thantitfes but had

no statistically significant effect on clathesion at 1 h after formatio@nly at double that
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concentration did platelets improve adhesive strength by roughlyB@¥ermore, clot

adhesion to ECM (collagen, fibronectin, laminin) was strotigan to plain glass. Thus, this

shows that clot adhe® strength is a property that is dependent not only on the binding of its
components to each other but is affected by interactions with the substrate to which it is attached.

Fibrin and FXllla are espally important for increasing the adhesive strergdthulk clots.

2.3 Methods

2.3.1 Isolation of red blood cells (RBC)from whole blood

This study was approved by the University of British Columbia Research Ethics boards.
Informed consent was obtained from adblthy human volunteers prior to whole blood donation
Human whole blood was collected into Vacutainer tubes conggsoidium citrate (0.105 M)

(BD Biosciences) and centrifugedl®i0g for 20 min to separate thRBC from plateletrich
plasma(PRP}%6. TheRBC fraction is centrifuged at a higher spee®00g for 5 min to
separate residual plasma from RBC!*’. TheRBC fraction was themvashedwice with

phosphatduffered salindGibco™ PBS Buffer, pH 7.4, ThermBishe)42

2.3.2 Preparation of washed platelets

This study was approdeby theethics boards of theniversity of British Columbiand
the Canadian Blood Services (CBBformed consent was obtained from all healthy human
volunteers prior to whole blood donatidrhe CBS netCAD facility kindly provided us with
PRP isolatedrom pooled donor blood. The PRP was centrifuged at 250 g for 20 min to pellet
the platelet¥®. The platelepoor plasma was removed from the pellet and the pellet was

resuspended in citrate glucose saline buffer (120 mM NaCl, 30 agMiddse, 11 mM trisodium
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citrate, pH 6.5). The platets were again centrifuged at 250 g for 10 min, the bréfapved,

and the platelets resuspended,lilmMMygG,@deds HEP
mM KCI, 137 mM NaCl, 0.4 mM NaiPO4, 10 mM HEPES, 5.6 mM fglucose, pH 6.5). The

platelets wereentrifuged at 250 g for 10 min for a final wash. The buffaswhen removed and

the platelets resuspended in freshiT o d e 6 sto ke EoRrie8 by AN-550 Automated

Hematology Analyze(Sysmex) Plateletconcentratiorwas then adjusteoly the addition of

mor e Tyr odasspedfiedHrEhe Br8tocol for eactperimentin Table2.1

2.3.3 Measurement ofthe adhesion of blood clotsising a lap shear test

Clot reaction mixures of50 uL in volumewere prepared according to the recipes listed
in Table2.1 Adhesion was measured with a TA Q800 dynamic mechanical analyagped
with a sheassandwich clamp (TA Instruments). Collagemated glass coverslifg€orning all
experiments excefigure 2.26 or other types of glass coversliideuvitro, Figure 2.2 were
attached tahe fourclampfacesusing U\-curable glue (bon Outdoors)The clot reaction
mixture wadoaded ontdhe 10 x 10 mm section that wasZb mm thick betweemach pair of
coverslips, and the edges were sealed with fluorocarbon grease (Krytox grease, DuPont) to
preventevaporatior(seeFigure 2.1 for schematic) Clotswere formed fo60 min unless
otherwise specifietb allowadequaterosslinkng by FXIllall% A force ramp was applied at
0.01 N/min until the clatfailed. Clot formation and adhesive strength measurements were
performed aB7°C.Adhesive failure was observed by visual inspectidre normality of data
sets was verified with a ShapiWwilktestand p val ues were calcul at ed

variance to account for unequal sample sizes and vartédhces
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Blood Clot Side view of
loaded coverslips

/ /
Face of a
Collagen- oaded coverslip

Adhesive coated glass
failure coverslips "
—

Clamp moves
downwards

Vacuum
grease

Blood Clot

Stationary
clamps

Figure 2.1 Schematic of lapshearadhesive strength test.
A double lapshear apparatus was used, where the middle cleampnoved downwards to deliver shearing force on
the @amples. Blood samples were loaded into vacuum gil@aese wells between collagerpated glass coverslip

pairs. Thegrease was used to prevent evaporation of samples.

Figure Hematocrit | Platelet (18 | Plasma (% | CaCk InnovirY | Other
number (% total cells/L) total (mM) (% total | modulators
volume) volume}* volume)
2.2a 45 variablé 51 (donor) | 15 2 None
2.2b 0 Platelet 44 15 2 None
concentration
varied,

APlasmas are from commercial sources unless otherwise specified (Affinity Biologicals)
¥ Innovin molar concentrations not declarednbgnufactureradeBehring, Marburg, Germany
§ Platelet counts variable between donors and not normalized. PRP removed by centrifugation and reconstituted with

or without RBC
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see figure
2.2¢c 0 0 56 15 2 Fibrinogen
varied, see
figure

2.2d 0 0 92 15 2 FXII
varied, see
figure

2.2e Fresh donor whole blood used at 96% v/\ 15 None

2.3a 0 343 44 15 None

2.3b 0 343 44 15 2 Eptifibatide
(160 pM),
Blebbistatin
(300 pM; in
3.2%
DMSO)

24 0 0 94 15 2 tPA (256
ng/mL)

N

N

Table 2.1 Reaction mixture recipesfor lap-shear adhesie strength test, thromboelastography, and

spectrophotometric clot lysis assay

2.3.4 Measurement ofclot stiffness using thromboelastography

A Haemonetics TEG500romboelastograph was used to measure the elastic modulus
of theforming clot. The reaction miyrewas 360 pLin volume prepared according to the
recipes listed oifable2.1 The normality of data sets wasrified with a ShapiréVilk test and
p values were calculated by Weeéqoahsampleaizea |l ysi s

and variancg>.

2.3.5 Quantification of clot lysis usingspectrgphotometry

Plasmaeaction mixesvith or without tPA treatment was prepared in av@8l plate
accading to the recipes listed drable2.1to a final volume of 100 pL. The plate was read by a
GENios microplate readef écar) at 405 nm every minute for 103 min until the absorbance of

all reactions have reached the baseline level as indicated by-ta¢cnon negative control. As
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increases as the clot becomes insoluble through fibrin polymerization and decreases as the clot is

lysed®%,

2.3.6 Verification of PRP clot retraction

Standard 0.2 mL microtubes were submerged in 1% T@&@é&or 20 min then removed
Residual Twee20was pipetted out and the microtubes were dried. This treatment was to reduce
clot adhesion to the walls of the tdBro allow for free contretion. PRP clots with or without
platelet contraction inhibitors were prepared according to the recipes listebl@2.1and

incubated for 1 h before imaging.

2.4 Results

2.4.1 Fibrin and FXIlla are major contributors to bulk clot adhesion

To test the effect dRBC on the adhesion of bulk clots, whole blood was separated into
thePRPandRBC fractions through centrifugation. Clotstivior withoutRBC were formed for 1
h and subjected to a lap shear test till adhdsiligre (Figure2.2a, left pangl While a slight
decrease in both clot adhesive strength to collagen and clot stiffness as mea3l€dEgure
2.2a, right pangilwasseen with RBC addition, the differences weat statisticaly differert.
Results on clot stiffness agdewith previoudliterature, where it was found that increased RBC
concentration might lead to a small decrease in clot stiffffe3his was proposed to be due to
interference with the formation of the fibrin netwb¥k This slight decrase in clot cohesion
might be the reason for similar observations to the clot adhesive strength, as the RBC force the
fibrin strands tdefarther apart, and in this stretched configuration, thegt#fer and thus less

capable obeing strained furth&t* by the lap shear stress applied. It is important to reiterate that
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because the differences were not statidtiahfferent, further testing would be required to

confirm whether RBC would have an effect on clot adhesive strength.

To test the effect of platelets on the adhesion of bulk clots, PRP clots were prepared by
spiking commerciallypurchased platelgioor gasma (PPP) with washed platelets for final
concentratiosof 173 x 10° cells/Lto 686 x 1 cells/L, which spans theormal physiological
range to its very high et. The lap shear adhesive test was performed 1 h after clot formation
(Figure2.2b, left pangl Bulk clot adhesie strengths oPPPcontrolclotsand PRP clots 73 x
10° cells/L and 343 1@ cells/L were not significantly differenOn the otherhah, t he ¢l ot 6
stiffnessincreasedy more than 1@old with the addition of plateletst 34 x 1& cells/L (Figure
2.2b, right panél Only at double the migange physiological concentration of 6880 cells/L
did adhesive strength increase by 30% cammb#o the no platelet contrdlhis was unexpected,
as platelets are known to be adhesive to colfd§and is important in mediating the initial
adhesion of clot components to the exposed entilatie®. The effect of platelets on bulk clot

adhesion was further exploradthe following section.

As neitherRBC nor plateletsat a midrange physiological concentratibad an efct on
bulk clot adhesion, the plasma component of blood clots was further andlpziedt the effect
of fibrinogenon the adhesion of bufdasmeclots,the 1 h lap shear test was performed on
commerciallypurchased fibrinogedeficient plasra, with exayenous fibrinogen spiked in at
varyingconcentrationgFigure2.2c, left pangl Fibrinogendeficient clots were na@dhesive,
and adhesive strengicreased with increasing fibrinogen concentrat®imilarly, no clot
stiffness was detected for fibrinagdeficient plasma on TEGnd clot stiffness increased with

increasing fibrinogewgoncentratior{Figure2.2c, right pangl Increasinghe fibrinogen
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concentration from 2 g/Lot4 g/L increasedlot stiffnessby 4-times, anctlot adhesiory less

than 50% This again shows that clot stiffness and clot adhesive strength are not directly
proportional quantities. It is likely that to capitalize on tHeat of increasing fibrinogen
concentration on improving clot adhesion, agents to increase the crossthkilomin to the

collagen surface would need to also increase in concentration to mediate attachment of the fibrin

clot.

To test thénypothesis oadding fibrinto-collagen crosslinking agents improve clot
adhesionFXIIl concentration was varied for fibriich plasma clotsThe 1 h lap shear test was
performed on commercialyurchased FXIHdeficient plasma, with exogenous FXIII spiked in
at vaying concentrationgFigure2.2d, left pangl Clotadhesive strength increed by roughly
2-timesat a physiological concentration of FXIII (10 pg/mt)compared to FXIHdeficient
plasma. Further increase of FXIII concentration to 30 pg/mltdedughly 3timesincrease of
adhesive strength compared to physgadal FXIII concentration. Clot stiffness showedraodest
increaseof roughly 20%between 10 pg/mL and 30 pg/miXIII (Figure 2.2d, right panél This
indirectly shows that FXlllanediaed crosslinking of clot components, namely fibrin, to the
substrate surfacs likely one of the mechanisms by which the bulk clot attaches to collagen.
This is in addition to increases in clot cohesion due to FXhiéaliated crosslinking of fibrin to

itsdf that increases clot stiffness.

To confirm thatadhesivestrengthof clotsis not entirely dependent on clot cohesion to
itself, the substrate to which they are attached was varibdleMlood clots were formed on
plain glass, and glass coated wdifferent ECM proteins, collagen, fibronectamdlaminin

(Figure2.26. Bloodclots weresimilarly adhesive to all three ECM proteins tested but had
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Figure 2.2 The effect of clot components on clot adhesive strength to collagen amaximum clot stiffnesson

TEG.
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a) RBC ha no significant effect on clot adhesive strength or clot stiffness. b) Platelets stiffen the clot but éhcrease
adhesive strength only at a high concentration. c) Fibrinogen and d) FXIII stiffen plasma clotslaribemamore

adhesive. e) Whole blood ctovere more adhesive to ECM proteiata barsndicatemean + standard error of
meann=57,*p<0.05.N S. denotes fAnot significReferTable2Blfob. denot es

experimental details.

deaeased adhesive strength to plairsglarhis could be due to mechanical interlocking of the
clot to the ECM proteins, or chemical bonds between clot components with these proteins. For

example, FXllla could mediate crosslinking between fibrin and the$é jEGteins*®,

2.4.2 Plateletsenhanceearly clot adhesionbut are not required for clot adhesbnat 1 h

To further investigate the effect of platelets on clot adhesion,(BRRidrange
physiological platelet concentratioafnd PPP clota/ere compared using the lap shearesgife
test. While at 1 h, PRE&lots weae not moreadhesive than PPP clots, they were more adhesive at
2 min. PPP clots were not adhesive at all at that damg point (Figure2.39. This could be due
to the role of platelets in mediating the attachmémh® clot to collagen througtirectbinding
with its GPVI receptdr®, or indirectly tethered by VW, This couldalso bedue to the
pl atel etsd procoagul ant f unct Trestwhethedri ch | ead
platelet contractioaffects clot adhesion, platelets were treated with two inhibitors, eptifibatide,
an inhi bi t by, abbfinogemand\OMFireneptt, or blebbistatin, an inhibitorfo
myosinll*®’. Both inhibitors stopped platelet contraction (Figr@h), and eptifibatide
decreased clot stiffness on TEG (Fig@r8g, but neither inhibitor affected clot adhesatrl h
(Figure2.3d,9. This sug@sts that platelet contractioioes not affedbulk clot adhesie strength

Together, these results suggest that platelets may be involved in the initial attachment of the bulk
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clot to the substrate surface but are not required for botladhesio at alater timepoint, at

least under the static conditions tested in this assay. Based on previous literaplegelits are

i mportant for c¢clot initiation u-rae®attachtoow si nc
subendotheliaV WF%. The platelets subsequently release procoagulant molecules and provide
appropriate surfaces for regxts of the coagulation cascade to take place, thus mediating the
formation of fibrin that then perfuses and locks onto the E@Attix*>8, While the platelets can

increase the stiffness of the clot by contractingfitirn fibers, this does not affect the strength

to which the fibrin is bound to the ECM.
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Figure 2.3 The effect of platelets on clot adhesive strength to collagen.

a) PPP clot is not adhesive at 2 minPigtelets treated with eptifatide or blebbistatin did not contract.
Representative images$ clots (lightercoloured material) in microtubeshown.Clot formation was confirmed after
imaging by poking with a pipette tip. ¢) Eptifibatide decreased PRP maximum clot stiffness on) HpGfiluatide
ande) blebbistatin have no effect on PRP adhesive strength at 1 h. Datadieatemean + standard error of mean,

n=510,*p< 0. 05. N. S. d e nRefereoJabld 2. bfor expdrimgental fietadlsa nt 0 .

2.4.3 Bulk clots treated with tPA completely lose adhesive strength before full clot lysis

Hyperfibrinolysis isa complication of severe bleeding that affectsghly 25% of
patient$? and is associated with increased mortality'A$kyperfibrinolysis increases the risk
of secondary hemorrhage, aatifibrinolytics as TXA have been shown to decrease thi&*risk
To investigate hovibrinolysis affects clot adhesion, ctowere treated with tPA and subjected
to the lap shear adhesive strength test at variouspiinés (Figure2.43g. This was compared to
global clot lysis as evaluatdxy thromboelastographyedsults below, data not shoyand
spectrphotometry(Figure 2.41). The results show that clots fully teedhesive strength at an
earlier timepoint (46 min) thancomplete clot lysigLysis time estimate 62.2 + 2.48n, n=60n
TEG, and56 min by spectrophotometryAs tPA is secreted by cells of the enddihm and
subendothelim during tissue damatj& it is expected to becalized tothewound tissueso
which clots are attached vivo. This may make the effect of tPA orothdhesiormore
prominent, as iactivates plasmin locally tdegrade the fibrin at the clsubstrate interface
Plasmin also degradéise FXIlla activated thet&!, whichwould otherwisecontribute to the
crosslinking of fibrin to collagen and other ECM proteins. Since tPA may cause clots to
completely lose adhesive strength even when the alestill physicallypresentthis may lead

clots to fail adhesively and detach frohe wound site, causingbleeding.
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Figure 2.4 Clots lose adhesion before full clot lysis during tPAnduced fibrinolysis.
a) Adhesive strength of tR#keated clad waslostat 46 min b) The clos fully lysed at 56 min as observed by
spectrophotmetry. Absorbance plotted is relative to the-clotting control without any calcium added to the
citrated plasma. Data barglicatemean * standard error of mean, 8-5. Refe to Table 2.1for experimental

details.

2.5 Discussion

In this study, we developed a lap shear adhesive strength test that could analyze
microliter volumes of bloodwhich allowed us tocosteffectively modify the compositioaf
blood samples measurbg addng or subtrating components. We measured bulk eldhesive
strength to collagen, a substrate found in the subendothelium and surrounding tissues in the

wound sité%2

Results shoedthatRBC decreased clot adhesive strength and clot stiffness mildly,
although thalifferences were not sigitant. It has been reported in previous literature RBC

may decrease clot stiffness by interfering with the binding and contraction of¥iowhile
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RBC have adhesive receptors and may bind to endothellaland other cell typé&%, this

adhesi on does not seem to significantly chang

Platelets increased clot adhesivesgth at 2 min after thaitiation of clotting, butat a
mid-range physiological concentration statistical differences were detected at Attdouble
this concentration, platelets increased clot adhesive strength by roughlEg8p8timentswvith
inhibitors, eptifibatide andlbbbistatin, suggested that platelet contraction did nottadfet
adhesion. Although effects on adhesive strength were milabe)gis increased maximum clot
stiffness drastically, up to #imes, and this process can be gsegthibited by inhibiting
platelet contraction, decreasing clot stiffness diyres. This agrees with previous studies
showing that platelets mediate the initial attachment of the clot during primary hemostasis,
initiating fibrin formation at the cletissue interface, which stngthens clot attachmeearly in

its formatiort®C.

Fibrin increased both thclot stiffness and adhesive strength in a concentration
dependent manner, with aifnesincrease in clot stiffness, andess thar2-timesincrease in
clot adhesive strength when the concentration was increased from 2 mogirmg/mi_.
Interestingly, he addition of FXIllat a supraphysiological concentrati®@® pg/mL, compared
to 10 pg/mLphysiological concentration) increased clot adhesive strengtkilnes, while it
increased clot stiffness lwgughly 20% This suggests &t while fibrin increaseslot stiffness
which reflects increased clot cohesids effect on clot adhesionis moderath e n t her e i sn
corresponding increase KXIIl concentration tanediate crosslinkingf the fibrinto the

substrate surface.
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Clot adhesive strength washstrate dependent, with stronger attachment to ECM
proteins than plain glasshis was likely due to both mechanical interlocking of the clot to the
ECM fibers, as well as chemical bang to the ECMwhich could bemediated by FXII&.
Furthermore, dring tPAinduced tot lysis, adhesive strength was lost before full solubilization
of the clot.As the tPAwas blended evenly in the clot reaction mix in these experiments, rather
than localized to the substrate sudas would be expected at a wound site since tPA is

produced by tissue cefl®, thein vivoeffect on adhesion might be even more pronounced.

Adhesion and cohesion are linkeabcesse¥. Adhesion depends both on the cohesion of
the adhesive as well as its bond to the substrate to which it is attached. Results shown here reflect
this relatimship.A bulk clot with nostiffnessdetectable by TEGas no detectable adhesive
strength. It is possible that a thin layer of cells and proteins may be able to adhere to the substrate
surface, but thislayer does not bridge the two substrates and tieibulk clot as a whole
cannot withstand the lap shetress applied in these experiments, and likely cannot withstand
the stresses of blood flow during severe hemorrhage ¥ithewever,a more internally
cohesive clot, here measured as increatifdess by TE®? is not necessarily more adhesive
The results on varying adhesive substrates show that clot adhesion is affected by the interaction
between the clot and the striage to which it is adhered, and not solely a prodttheclot
binding itself togethefurthermorethe adhesive strength of a bulk clot is not the simple
additive contributions of all adhesive blood componémisile platelets mediate initial
attachment of the clb®, ther effect onthe final adhesive strength of the bulk clot matdsial
mild. While fibrin alone is adhesive Xfla-activity improves its adhesion further. Gafent clot

components may be complementary in mediating clot adhd3iotiner research would need to
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be conducted to reveal more mechanisms behind how different clot components interact with
each other anthe adhesive substrate to affect the adhesieagtn of the bulk clotA more

systematic way of testing the effects of different clot components on adhesive strength would be
utilizing factorial experimental design. A challenge to this approach isghechst and time
commitment associated with tegjiall possible combinations of clot componétitne wayof
mitigating this problem would be to limit tHactorial experiments to a fraction of variables

based on known biochemical aspects about the coagulation cascade. For instance, knowledge in
our current study shows that fibrarosslinking plag a major ole in clot adhesive strength, so

further experimetation can focus on other clot and wound tissue components known to be

crosslinkable to fibrin.

The results of this research may be useful for the design of therapies for treating
secondary hemorrhage dieeclot detachment from blood flow. Fibrinogen afx||
supplementation have been suggested as treatment options for severe hefionitabeman
or animaltrials being onducted to evaluate the efficacy of these treatrfefit$31%¢, For
congenital FXIltdeficiency, the only approved indication for FXIII supplementation therapy to
daté®’, FXIIl is usuallysupplementedbta fractionof its physiological plasma concentration of
10 ug/mL*4 Our results suggest that a supraphysiological concentration may be beneficial for
improving clot adhesive strength. Whaesystemic concentration of FXIII thiggh may leadd
thrombotic complication'§?, topical applicatiorto the wound site may reduce this risk and help
enhance the effect of FXIII where it can act between the clot and the wound tissues. FXllla can
be degraded by plasmfii, which is activated by tPA localized to the wound tis&es

Supplementation of FXIII to those areas whitris mostcking may help improve its efficacy.
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Whether topical FXIII supplementation at such supraphysiological concentrations is effective at

stopping hemorrhage would requinevivotesting in animal models.

Ourex vivo results are a first stepwards understading how bulk clots adhere to
materials in the woundt is important to note that the lshear adhesive strength assay here is a
static system that does not fully model the complexity of various forces exerted on clots in
wounds via bloodlow and extemal movements, such as those associated with patient
transport®®. Other strength tests could be used to reveal a more comprehensive picture of clot
mechanical properties under various stresses, such a%,pethtional sheaf®, tensilé’?,
compressivE?, and bust test®. Recent research inianofluidic technologies bringus closer to
detailed models of blood vessels and the blood flow within. Collagen and TF coated microfluidic
channels have been used to understand the deposition of platelets, fibrin, and other blood
proteins. An interestingnodel was designed by Muthard and Diamond where a vessel injury was
modeled as a TF coated collagen matrix on the side of the ch&nAslcitrated blood was run
through the channel, some of the blood was perfused into the collagen matrix. Platelets quickly
deposited onto the luminal side of the collagen matrix, singlarhat was observedr in vivo
clots. This formed the first hemostatic plug that also acted to limit the growth of thrombus into
the lumen of the vessel, as it slowed down the diffusion of procoagulants into the blood
stream’3. Thrombin generatimand fibrin polymerization occurred at the interface between the
platelets and the collagen matrix, with the fibrin extending into and possibly interlocking with
the collagen. These observations might explain why we did not obsemediifgrences in th
final clot adhesive strength (at 1h) with platelet addition. In our static system, coagulation factors

were not washed out by blood flow, thuer@able to accumulate at the collagen surface.
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Clotting without platelets was slower, lditl occur, and clatthat formed could be robustly
adhered to the collagen. Under flow, particularly at shear rates over50@telet adhesion
receptors are what mediates the activation of the coagulation cascade and subsequent fibrin
formation at tle wound sit&. Such a microfluidic model would be interesting to use for
analyzing the effect of FXIII on clot adhesibnvhether FXIII deficiencies would lead to a
tendency for clat to detach. Alsof tPA were perfused into the collagen matrix, would that also
lead to a higher rate of clot detachment under fl®wéh an assay would also mitigate the
limitation of the 2D structure of ECMoatings used in the current fapear adhege strength

test. Tke lack of 3D adherend structure made it difficult to evaluate potential adhesive
mechanisms involving the physical entangletrariibrin fibers with the fibrous architectucd
native ECM in wound tissu&$. A different way to mitigate this problem and expand the
potential apptations of this stdy, which might be less timeonsuming and costly to develop
than a microfluidics assay, would be to modify thedhpar adhesive test to use other substrates,
such as thin sections of vascular and dermal tissues, or synthetic matseidlin medical
devices.Ultimately, in vivomodels of hemorrhage would be required for further understanding

of clot adhesive mechanisms during different types of bleeding.
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Chapter 3: Formulating a FXllla -Crosslinkable Macromer, Q-PEG, to

Copolymerize with Blood Clots During Coagulation

3.1 Synopsis

Blood clots are smart biomaterials. The coagulation systendiscriminate multiple
specific stimulifrom a complexenvironment to induce clotting only when and where it is
neededNative blood clots argenerally effective at stopping blead but may fail mechanically
during severe hemorrhage. Strategies exist to tune the mechanical properties of native
biomaterials by copolymerizing with synthetic materials. However, reactions thatyothesc
materals have yet to achievedlevel of sensitivity towards environmental stimuli as the
tailored reaction networks of complex biological systéikesthat of coagulationHere we show
thatthe formation of aynthetic materiatan be coupled to the coagutaticascade so that it is
also stimuliresponsive like the native blood clébrmation of the synthetic material was
controlled by the activity of FXIlla generated frahe activation of the coagulation cascadbe
functions of the coagulatiotascadeemained intact when the material wasarmporated. Clot
like polymerization was induced in indirect response to distinct small molecules, phospholipids,
enzymes, cells, viruses, an inorganic solid, a polyphenol, a polysaccharide, and a membrane
protein. Thisstrategy demonstrates for the fitishe that an existing stimufesponsive
biological network can be used to control the formation of a synthetic material by diverse classes

of physiological triggers.
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3.2 Background

Biological materials often form inlaghly responsive manner, and organisetgitate
these processes with precise control by integrating many environmental signals. This
responsiveness is often the result of complex biochemical and genetic networks that sense
numerous, diverse regulatbfs These networks can amplify signals from appropriate $itimu
with exquisite discretioriThe formaton of blood clotss one such example. To effectively
achieve hemostasis and avoid disseminated thrombosis, the process of coaguatieflly
controlled by a multitude of eoperative onand offswitches. Thee switches regulate an
intricate networlof enzymatic reactions that polymerize and crosslink fibrin. Synthetic materials
have not achieved this level of contdl’8, partly because it is difficult tengineer numerous
types of molecular regmition into the materials or their crosslinking systems. Current synthetic
materials can typically only respond to one signal with high specifiéit, or alternatively,
many stimuli but with the inabilityo distinguish between similar signsf&€%18L, For example,
there are synthetic materials that form directly in response to a specific purified crosslinking
enzymé® but their formation lacks sensitivity to the plethoratofali that naturally controls
the enzymen its biological system. For this reason, there is tremendous interest in creating
Asmarto materials that are responsive to mul:'t
that can respond to environmahtues’®. Many successful strategies have been
developed’>'83184 hut smart materials do not typically detect distinct stimuli from more than
three to four diverse classes of sigh&ldt can be particularly challenging to control the
formation of a material through polymerization or ssd6embly by multiple diverse stimuli,

while the behavior of the material, such as swelling, detjcador localization, camore often
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be controlled’®!8%181 We are unaware of a material whose formation is responsive to specific
stimuli from over eight diverse classes of sign@tis makes it a challenge to apply copolymers

to modify the mechanitgroperties of blood clotsvhich is a potential strategy to improving

clot function under severe hemorrhage where arterial pressures could break and detach clots
from the wound site, causing rebleeding. An ideal copolymer would increase clot cohesion and
adhesion locally withounicreasing thrombosis risk. For this purpose, it would be useful to
develop a smart copolymer which could respond like a native blood clot to the diverse yet

specific cues of coagulation.

We asked the question: Can the respongs®&nf a material be expagudto include
coagulation stimulif its crosslinking enzyme is connectedbe coagulation cascaeldo test
this conceptwe usedawell-characterized synthetic material, a polyethylene glycol (PEG)
hydrogel whose polymerizatids catalyzed by coagulat factor Xllla (FXIlla)-2345, FXllla is
a transglutaminase that covalently crosslinks glutarargsine residues or tolwr primary
amines and is a promiscuous enzyme with many known substrates. PEG macromers conjugated
to appropriatglutaminedonatingpeptides can be crosslinked by purified FXllla in buffered
systems to form gel®Q-PEG)-234°, FXllla plays an important role in blood coagulation. During
the coagulation process, the zymogen FXIll is cleaved by the protease, thromlziotizaue
to form FXllla, which then crosslinks and stabilizes fibrin, the natural output of the coagulation
system. In blood plasma, the activity of thrombin is controlled by a network of dozens of
enzymatic reactions, which constitute a sensor thataaitiyrcantrols the activation of FXIII and
crosslinking of fibrif. We tested if this ability of theoagulation cascade controlthe

crosslinking of fibrin could be used to control crosslinkinQePEG by mixing theQ-PEG and
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a synthetic polyaminespermidne, with fibrinogendepleted plasma. By connecting these well
characterized components, we hypothesized thatahgulation cascad®uld control QPEG to

polymerize in a cletike manner in response to new stimuli.

We found thathe QPEG hydrogl was brmed as product of the coagulation cascade
in place of fibrin. Although the blood coagulation network is composed of dozens of reactions
that could have potentially been impeded by replacing fibrinogen with high concentrations of a
synthetic mammer, he network remained functional. The network retained the ability to sense
the vast and specific repertoire of natural regulators of coagulation to robustly form and degrade
this material. The material was then controlled not just by the diredtaddf FXllla, or FXIII
and thrombin, but also indirectly by the multitude of diverse stimuli that can modulate the
coagulation network through thrombin and FXII@PEGpolymerized in response to all the
systembébs natur al i n duding Peafic dpemecalss marerals,cellga and at e d
combinations of stimuliQ-PEGexhibitedgreatemechanicastiffness than the natural
coagulation output, fibrinin this strategy, the responsiveness of the modified system emerged
nearly entirely from théiological network and this responsiveness was passed on to the
crosslinking enzyme and then indirectly to the material, leading to itéikegbolymerization.
This approach of changing the output of a biological network resembles strategies used in
syrthetic hology, where networks in microorganisms are altered to produce new biological
products or gain new functiol{&§®8187 Although the approach and the results are in some ways
rather intuitive and expected, the outcome is remarkable in that it is the first liquid mixture we
are aware of that responds to specifiaodatorsfrom over eight diverse classes of signals to

harden into a synthetic material.
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3.3 Methods

3.3.1 SynthesizingQ-PEG

The acetiNQEQVSPLTLLKKGC (Thermo Fisher Scientific, Waltham, USA) peptide
der i v e danfiplasmm was 2onjugated to polyethylene glynaleimide (PE@mal) (40
kDa, 8armed) (Creative PEGWorks, Winston Salem, USA). To reduce disulfide coupling of the
peptides, the peptide solution (20 mg/mL, 12.5 mM) was run through an immobilizg@-Tris
carboxyethyl)phosphine (TCEP) disulfide reducge (Thermo Fisher Scientific). For the
conjugation reaction, the peptides were reacted with-RPB&(E50 mg/mL, 1.25nM) in Tris-
EDTA buffer (150 mM NacCl, 50 mM TriBase, 10 mM EDTA, pH 8) overnight at@, stirring
continuously. To quench anyremainingu eact ed mal ei mi de, mer capt oce
added to the mixture. This mixture was then dialyzed againsED&A buffer for 1 day, and
then against water for 2 days. To confirm the conjugatioreE@mal and pepti des, E
reagent (5,8dithiobis(2-nitrobenzoate) (DTNB), Sigma), a sensitive reagent for measuring free
sulfhydryl content, was used to detect free thiols on the peptide. Free thiols on the peptide
significantly decreased and werenglated following conjugation with PE@al and
subsguent dialysis. The dialyzed solution was purified further using a desalting column (Zeba
Spin Desalting Columns, 7k MWCO, Thermo Fisher Scientific) and then the purified conjugates
were concentrated by@entriprep filter (Amicon®Ultra 10K, Millipore). Re final conjugates

were lyophilized and stored &0 C until use.
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3.3.2 Characterization of Q-PEG

The molecular weights of polymers were determined by gel permeation chromatography
(GPC) using a DAWRNEOS muti angle laser light scattering monitor from Wyatchnology
Inc., U.S.A. and Optilab RI detectors in amueous 0.M NaNG; solution, using a dn/dc of
0.135(Data not shown)H NMR analysis was performed on a 300 MHz Bruker Advance at
room temperaturélhe purity of synthesized polymers and the degree of functionalization was
determined using NMR spectiddita processed with ACD/Spectrus Processor software (see
Figure4.1). Theamount of peptide attached to PEG was quantified by comparing the integrals

corresponding to the polymer backbone and the leucine and V@liegroups of the peptide.
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Figure 3.1Spectral data from*H NMR (D20) of PEG (Mn = 39 kPa) functionalized withpeptide (Q-PEG).
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The peaks ranging from 3.57 to 3.82 ppm are ftoePEG tackbone and represent the 4 protons from the ethylene
monomer. The multiplet from 0.85 to 0.91 ppm arerabteristic of the leucine and valine methyl groups of the

peptide (~24 K The calculated average number of peptides attached teattme BEG is 4 @pups.

3.3.3 Testing the rate of fibrin clot formation in response to known modulators

Frozen normal human plasmvas thawed at BZ and recalcified. The recalcification
solution (90 mMNaCl and 40 mM CaG) was added to the plasma in a 1:3 ratio. Each
modulatorwas separately added to this mixture (concentrations stated in3[Bdend samples

were maintained &7iC.

Stimulus Manufacturer Final concentration
Human Xa Haematologic 100 pg/mL
Technologies Inc.
(Vermont, USA)

Bovine Thrombin SigmaAldrich (St. 53 units/mL
Louis, USA)

Thromboplastin Pacific Hemostasis 6.6 mg/mL
(Middletown, USA)

Silica Particulate AKont act, 0|13.3%vV/v
Hemostasis
(Middletown, USA)

APC Haematologic 50 pug/mL

Technologies Inc.
(Vermont, USA)

DAPA Haematologic 100 pg/mL
Technologis Inc.
(Vermont, USA)

Hirudin SigmaAldrich (St. 319 units/mL
Louis, USA)

Rivaroxaban SigmaAldrich (St. 13.3 uM
Louis, USA)

Fondaparinux AXarelto, 0|13.3uM
Healthcare (Berlin,
Germany)

Silica Particulates ASi MBilGo | , 0|66 pug/mL

(for Figure3.71) Chemicell GmbH

(Berlin, Germany)
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Hydroxyl-coated ASi MA®GdTr o x |66 ug/mL
Silica Particulates Chemcell GmbH
(Berlin, Germany)

Ellagic Acid SigmaAldrich (St. 6.6 uM
Louis, USA)

Rutin Trihydrate SigmaAldrich (St. 6.6 uM
Louis, USA)

Table 31 Concentrations of coagulation modulators tested in Chapter 3

3.3.4 Testing the formation time of crosslinked QPEG hydrogelsin response to

modulators

A reactionmixtureof 5 pL was prepared in buffer (10 mM HEPES, 7 mM sodium
citrate, pH 7.4) containing tt@-PEGmacromers (49 mg/mL), fibrinogeseficient plasma
(13.3% W) (Affini ty Bi ol ogicals, Ancaster, Canada),
Technologies Inc., Vermont, USA), spermidine (1.8 mM) (Sigktdxich, St.Louis, USA),
dithiothreitol (DTT; 0.66 mM) (Sigm&ldrich, St. Louis, USA), and Ca&{29 mM) (Acros
Organics, New Jersey, USA). The stimuli being evaluated were added to this mixture at the test
concentrations stated in Taldel and the reaction was nmaiained at 3i”C. Fibrinogenrdeficient
plasma partially depleted for other coagulation factorsusasin Figure 38d, e, g andrigure
3.10. Specific enzyme activities for this plasma isted inTable 3.2 A higher concentration of
fibrinogendeficientplasma (26.6%/v) and lower concentration of supplemented purified FXIII

(46.5 ¢€eg/ miFgureBdfs used I

Plasma Type | Fll Activity FV Activity FVII Activity Fibrinogen
Concentration

Normal Plasmal 1.12 U/mL 1.13 U/mL 1.22 U/mL 3.06 g/L

Fibrinogen 1.02 U/mL 0.30 U/mL 0.64 U/mL 0.06 g/L

deficient

plagna (active

cascade)
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Fibrinogen and| 0.79 U/mL 0.07 U/mL 0.29 U/mL 0.001 g/L
factors
deficient
plasma

Table 3.2 Enzyme activities of various plasma types used in Chapter 3.

Plasmas obtained from Affinitiologicals(Ancaster, Canada). Enzyme activity assays were performed by the

manufactuer to determine diwvities.

3.3.5 Gelling the Q-PEG using purified FXllla, without plasma

The same protocol for forming tleeosslinked GPEG hydrogel in plasmaas used wit
minor modifcations. The reaction mixtud 5 pL was made in the same citrated buffer
containing th&Q-PEGmacromers (87 mg/mL), human FXllla (0.31 mg/mL, unless otherwise
stated) (Haematologic Technologies Inc., Vermont, USA), spermididar{M), DTT(0.90
mM), ard CaC} (9.4 mM). No blood plasma was added. In the experiments in which different
stimuli were tested, stimuli were added to this mixture at concentrations specified in3Thble

The reaction mixture was maintained atG7

3.3.6 Assesgnent of the mechanical properties of the synthetic polymer and fibrin clots

The mechanical properties afosslinkedQ-PEGand fibrin clots were measured during
the course of their formation by thromboelastography (TEG) (TEG® 5000 Thrombelasit®gra
Hemastasis System, Haemoscope Corporatibn(seeFigure 32 and Figure %c)'8 TEG
measures properties such as the reaction rate, mechanical strength, and sttislgglafrclot
by measuring rotational movement of a pin suspended in a gel mixture or plasma. Reaction time
(R) indicates the time thattation begins. Amplitude (A) is a function of clot strength or

elasticity. Maximum amplitude (MA) represents the maxinsirargth of the gel. The amplitude
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can be used to determine the shear elastic modulus (&9 @él or fibrin clot duringts

formaton. The r eact i oQ-PBEU ixfibrinpoer pldshdrdorngalp)asma tvas

prepared as previously describedl @ime reaction was initiated by recalcification and the

addition of silica (Kontact reagent) to activate the coagulation nktwbe dfects of an

inhibitor of FXllla (10 mM 1,3,4,5Tetramethyl2-[(2-oxopropyl)thio]imidazolium chloride

(T101), ZEDIRA GmbH Germany) or a cocktail of protease inhibitors (2 mi24
aminoethyl)benzenesul fonyl f liglormMEDET,A,0 .13 &N a
E64, 1 &M L e vAmrcip) tvereneyalu&ed.grheasamples were analyzed at 37°C for 3

hr.

The compresive elastic moduli of th@-PEGgels were measured by a controlled force
compression test (DMA&800, TA Instruments, DE). Theame prtocol for forming theQ-PEG
hydrogel in fibrinpoor plasmavas used as described above, with individual reaction volofmes
5 . 7 9Reaction mixtures were incubated overnight at 37°C to allow them to completely gel.
Each gel was removed from itsarochanber and placed in a submersicompression clamp.
Its diameter was measured using a caliper to determine the surfacé tieeaample. Preload
force of 0.01 N was applied to the gel to ensure good contact with the compression clamp. The
instrumen measued initial sample thickness, ramped the compression force at 0.01 N/min and
measured t he sampl eoinpressive elastic smodalus dvassdiculaedhy. T h e
taking the absolute value of the slope of the sts&ssn curve at its initidinear prtion where

elastic deformation wasbserved (Figre 3.3).
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Figure 3.2TEG curves of QPEG in plasma.
The shear elastimodulus of @PEG in FGdeficient plasma that is activated to clot (purple curve) is greater than the
material in unsmulatedFG-deficient plasma (black curve), normal plasma with fibrin (blue curve) and the material

in FG-deficient plasma treated withsarine protease inhibitor cocktail (green curve) after 3 hr.
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