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Abstract 

Trauma is the number one killer of people under the age of 45 worldwide. Hemorrhage is 

the second-leading cause of death after injuries to the central nervous system and constitutes 

more than 90% of potentially survivable injuries as reported in a military trauma study. 

Understanding the components and functions of the blood coagulation system has led to 

advances in the development of hemostatic materials.  

Blood clots form plugs over leaking vessels to stop bleeding. They need to be cohesive to 

resist fracture from the pressures of blood flow, and adhesive to stay localized to the wound site. 

While the adhesive properties of individual clot components have been well-characterized, the 

adhesive properties of the bulk clot are still poorly understood. It is unclear how clot components 

interact with themselves and substrates on the wound surface to mediate attachment of the clot to 

the wound site.  

In this study, we evaluated the adhesive strength of bulk blood clots. We determined 

which clot components were important in increasing clot adhesive strength to collagen, a 

common substrate found in wound tissues. We found that fibrin and FXIIIa increased clot 

adhesive strength in a concentration-dependent manner. Using this knowledge, we designed a 

formulation containing Q-PEG, a FXIIIa-crosslinkable synthetic macromer. The gelation of Q-

PEG was coupled to the coagulation network through FXIIIa, allowing it to copolymerize with 

blood when clotting was activated. Copolymerizing Q-PEG with blood led to increased clot 

adhesion, particularly during fibrin-depleted or fibrinolytic conditions. This shows that clot 

adhesive strength is a property that can be modulated. Similar strategies, of coupling synthetic 

polymer formation to the coagulation cascade, may be useful for the design of novel hemostatic 
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materials that improve the mechanical properties of blood clots to help them resist high pressure 

arterial hemorrhage. A broader application would be in the design of smart, stimuli-responsive 

materials, using natural biochemical networks as highly sensitive and specific sensors and signal 

amplifiers to control polymer formation.  
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Lay Summary 

Bleeding is a major health problem worldwide. Understanding the physical properties of 

blood clots is important for making new drugs to stop bleeding. Clots need to be strong enough 

to not burst from the pressure of blood flow. They also need to stick to the wound, but how they 

do this is unclear. Here, we measured the stickiness of various blood clots and found that two 

components called fibrin and FXIIIa are important for making clots stick. FXIIIa is an enzyme 

that catalyzes the linkage of fibrin, a fibrous material, to the tissues in the wound. We made a 

synthetic equivalent of fibrin that can similarly be stuck to wounds by FXIIIa. The synthetic 

material is stronger and remains sticky under conditions where fibrin would normally not 

function. The design concept of this material may be used to develop future drugs for treating 

high-pressure, high-flow 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 loss6. During this process, a blood clot is 

formed to seal the leakage in the damaged blood vessel6. The blood clot is localized to the site of 

injury while systemic blood flow is maintained6. It is eventually degraded when vascular 

integrity is restored6.  

 

Figure 1.1 Simpl ified schematic of the classic cascade model of blood coagulation.  

The left branch of the cascade is the intrinsic (contact) pathway, while the right branch is the extrinsic (TF) pathway. 

The two branches converge at the formation of the prothrombinase complex. 
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A classic model7 describes 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 formation of the prothrombinase complex, which consists of the serine protease, 

Factor (F)Xa, and its cofactor, FVa. This complex catalyzes the proteolytic cleavage and 

activation of prothrombin to thrombin. The active protease, thrombin, cleaves the blood protein, 

fibrinogen, converting it to fibrin. Fibrin fibers self-assemble to an insoluble meshwork which 

serves as a major component of the blood clot. While this model is useful for describing the 

biochemical interactions between different coagulation factors, it does not explain in detail how 

these interactions take place in vivo8. A cell-based model8 was subsequently developed to better 

explain in vivo observations. 

 

Figure 1.2 Simplified schematic of the cell-based model of blood coagulation.  

a) The initiation phase is constantly active, producing very small amounts of thrombin on the surface of TF-

expressing cells (reaction shown with a dashed arrow). This does not lead to clotting because of low thrombin 

concentration and that the endothelium remains intact, separating thrombin from the systemic bloodstream. b) The 
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amplification phase happens when the endothelium is breached. Platelets adhere and are activated by the thrombin 

present. Thrombin also helps activate other coagulation factors that assemble on the platelet surface. c) The 

propagation phase occurs when the prothrombinase complex assembles, generating a burst of thrombin. (Dashed 

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

The cell-based model divides blood coagulation into three overlapping phases: 1) 

initiation, 2) amplification, and 3) propagation.  

The initiation phase occurs on cells that express tissue factor (TF). Many cells express 

TF, including endothelial cells and stromal fibroblasts. These cells are normally separated from 

the rest of the coagulation system by an intact vessel wall. Some coagulation factors can 

percolate through the vessel wall and contact these TF-bearing cells, including FVII, FX, and 

prothrombin. Both the activated forms of these factors as well as their activation peptides can be 

detected in lymph, suggesting that the TF pathway of coagulation activation may be constantly 

active. TF binds FVII and promotes its proteolytic activation to FVIIa. The TF:FVIIa complex 

that is assembled on these cell surfaces then cleaves and activates FX to FXa. FXa alone can 

cleave and activate prothrombin to thrombin, but at a greatly reduced rate compared to when it is 

associated with the prothrombinase complex (rate reduced by a factor of 278,000)9. This results 

in a very limited amount of thrombin generation on the surface of TF-bearing cells. 

During vascular damage, thrombin generation is amplified. The amplification phase 

occurs when vascular damage exposes blood components to the subendothelium and the limited 

amount of thrombin on TF-bearing cells. Platelets adhere to von Willibrand Factor (VWF) in the 

subendothelium through its GPIb-IX-V receptor. A source of VWF is constitutively associated 

with subendothelial collagen VI filaments. Plasma VWF can also bind collagen I and III in 
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deeper layers 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 

subendothelial surface leads to the initial formation of the hemostatic plug. The subendothelial 

thrombin and collagen help activate the platelets, leading to a release of FV that then gets 

activated by the thrombin to FVa. Thrombin also releases plasma FVIII from VWF and activates 

it to FVIIIa. Thrombin also activates FXI to FXIa. FVa, FVIIIa, and FXIa assemble on the 

surfaces of activated platelets. 

During the propagation phase, FIX is activated to FIXa by two ways: cleavage by 1) 

FXIa on platelet surfaces, or by the 2) TF:FVIIa complex on TF-bearing cell surfaces; this FIXa 

is then diffused to the surface of platelets. FIXa then complexes with the FVIIIa on platelet 

surfaces, and the FIXa:FVIIIa complex catalyzes the activation of more FX to FXa. FXa then 

complexes with its cofactor, FVa, to form the prothrombinase complex, which leads to a large 

amount of thrombin generation and subsequent conversion of fibrinogen to fibrin, forming the 

fibrin clot. Thrombin also catalyzes the activation of FXIII to transglutaminase, FXIIIa, which 

crosslinks fibrin to itself and to antifibrinolytic proteins such as alpha 2-antiplasmin (Ŭ2AP), 

stabilizing the fibrin clot. 

1.1.2 Fibrinolysis 

Fibrinolysis is the process by which fibrin is degraded, which is a critical step to the 

clearance of the blood clot during wound healing10,11. While the individual reactions in 

fibrinolysis have been extensively characterized, questions remain in how the reactions localize 

to the substrate, fibrin, and how fibrinolysis as a process is regulated10,11.  
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Figure 1.3 Simplified schematic of fibrinolysis.  

tPA or uPA can cleave plasminogen to activated plasmin that can then degrade fibrin. tPA or uPa can be directly 

inhibited by PAI-1. Plasmin can be directly inhibited by Ŭ2AP. The thrombin:thrombomodulin complex can activate 

TAFI which can then remove plasmin from fibrin. This slows down tPA/uPa-catalyzed activation of plasmin and 

makes plasmin available for inhibition by Ŭ2AP. 

The enzyme that cleaves fibrin to soluble fragments is plasmin. Plasmin is generated 

through cleavage of its zymogen form, plasminogen, by one of two physiological plasminogen 

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 

carboxy-terminal lysine residues that bind tPA and plasminogen, thus facilitating further plasmin 

generation. This positive feedback amplifies the fibrinolysis process10,11. 

Several mechanisms exist to inhibit fibrinolysis. Plasminogen activator inhibitor (PAI)-1 

can bind and inhibit tPA and uPA, and alpha 2-antiplasmin (Ŭ2AP) can inhibit plasmin directly 

when plasmin is not bound to fibrin. Thrombin activatable fibrinolysis inhibitor (TAFI) can 

remove carboxy-terminal lysines from fibrin, decreasing the rate of plasmin activation from 
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plasminogen by tPA, and lowering the amount of fibrin-bound plasmin that is protected from 

Ŭ2AP inhibition10,11. FXIIIa, generated from thrombin cleavage of its zymogen form, can 

crosslink fibrin to itself to make it more resistant to fibrinolysis12. Furthermore, it localizes 

fibrinolysis inhibitors by crosslinking them to fibrin, the most important of which is Ŭ2AP12. 

Thus, it can be seen that activation of the coagulation cascade and subsequent fibrin clot 

formation simultaneously activates and inhibits fibrinolysis. Hemostasis and fibrinolysis exist at 

a delicate balance where, under physiological conditions, a hemostatic blood clot is formed only 

when and where it is needed and degraded as vascular integrity is restored with tissue healing6. 

1.1.3 Severe hemorrhage and treatment options 

Increased blood loss is correlated with increased mortality risk in hemorrhage13. Blood 

loss beyond 30-40% of the total volume overcomes the bodyôs natural hemostatic responses and 

requires aggressive treatment13. Hemorrhage has many causes, such as trauma14, surgical 

procedures15, cardiovascular diseases16,17, cancers18,19,20, and infectious diseases21,22. It can be 

exacerbated by congenital or acquired anomalies in the coagulation and fibrinolytic systems, 

such as deficiencies in coagulation factors and fibrinolysis inhibitors23,24,25. Rapid transport to 

hospitals is critical for the treatment of severe hemorrhage26. Hemostatic devices help stabilize 

the patients for transport, following which fluid resuscitation and blood product transfusions, 

coupled with surgical intervention are the golden standards of treatment13. There is a demand for 

novel materials and drugs at both the pre-hospital and hospital settings to stabilize the patient, 

stop bleeding, and to prevent secondary bleeding. 
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1.1.3.1 Hemostatic devices for pre-hospital and hospital settings 

The first treatment of hemorrhage in a pre-hospital setting is direct compression of the 

wound13. Compression can be provided by packing of the wound pocket with wound dressings27. 

Various different types of dressings exist in additional to plain cotton gauze27. Dry fibrin 

dressings have been shown in multiple animal models of traumatic and surgical hemorrhage to 

hasten the rate of clot formation and decrease blood loss, but are expensive to produce and 

mechanically fragile, limiting its application only to the hands of experienced medics27. The 

deacetylated form of chitin, chitosan, has been incorporated into hemostatic dressings 

(manufactured as HemCon)27,28,29. The exact mechanism of action is not completely understood, 

with possible contributions from the induction of vasoconstriction and binding of red blood 

cells27,28,29. HemCon was used in the US combat operations in Iraq with potential hemostatic 

benefits27,28,29. Dressings containing tissue fluid absorbents that increase the local concentration 

of coagulation factors have also been developed27. These include the powders microporous 

polysaccharide hemospheres (tradename TraumaDex) and mineral zeolite (tradename 

QuikClot)27. TraumaDex was shown to hasten clot formation in some animal models but failed 

to show reduced mortality in severe bleeding models such as femoral artery and vein 

transection30,31,32. QuikClot, in contrast, conferred survival benefits to these animal models27,29,31. 

However, QuikClot, when in contact with water, produced an exothermic reaction that caused 

local tissue injury in animal models27,29,31. When used on troops and civilians during US 

operations in Iraq, it was observed that the material was not adhesive enough to the wound site 

and was often pushed out by the high pressures of arterial blood flow27,29,31. This highlights the 

importance of clot adhesion and cohesion in the control of severe arterial hemorrhage. 
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Modifications of QuikClot gauze replaces the active powder with kaolin, which absorbs water 

into its porous structure without an exothermic reaction like its predecessor33. Kaolin also 

activates FXII of the intrinsic pathway34. It has been used by Israeli forces in operations in the 

Gaza strip in 2009 with a reported 79% efficacy at stopping bleeding on the field35. Three 

ineffective cases were reported due to an inability to apply the material to the location of 

injury35. 

Recently, expandable dressings and foams have been developed to improve hemostatic 

efficacy. XStat consists of syringe-applicated compressed mini sponges coated in chitosan36. 

They are applied to deep and narrow wounds in junctional areas of the groin and armpit where 

manual compression can be difficult36. The back pressure exerted by the expandable dressings 

halts hemorrhage36. Efficacy in preventing blood loss and improving survival has been 

confirmed in a number of animal studies and it is being adapted for use in combat casualty care 

with promising results36. BioHemostat, which contains an expandable hydrogel-forming 

polyacrylamide core, has also been developed as a topically-applied hemostat, but no in vivo 

studies have been conducted to show efficacy in stopping bleeding27. Expandable polyurethane37, 

hydrophobically-modified chitosan38, pressurized fibrin foams39 have been developed for treating 

noncompressible truncal hemorrhages, showing reduced blood loss and improved survival in 

animal models. The advantage of foam products over expandable sponge dressings is that they 

are not limited in application 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 cavity, causing lesions40.  
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When wound-packing and direct compression are inadequate to stop bleeding, typically 

in cases of arterial injury, tourniquets may be used41,42. Tourniquet use has been debated due to 

risks of ischemic-perfusion injuries leading to tissue damage and potential amputations, but 

limiting the amount of time the tourniquet needs to be in place by rapid transport to the hospital 

has prevented these complications41,42. With proper use, tourniquets can be in place for 60-90 

minutes without major, irreversible adverse effects41,42. Traditional tourniquets can only be used 

on limb injuries41,42. 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 applied41,42. This increases both the 

hemostatic efficacy and reduces risk of tissue damage from the application of the tourniquet41,42. 

New tourniquet designs have broadened applications to noncompressible junctional 

hemorrhage43. Two junctional tourniquets have been used on human casualties to accomplish 

hemostasis43. The Combat Ready Clamp is a clamp that places direct pressure on the injury 

through a vertical metal arm44. The SAM tourniquet is similar to a blood pressure cuff that is 

tightened around the waist area and inflated to constrict vessels upstream of the injury45. Both 

junctional tourniquets are designed to stop bleeding from injuries to the groin region43,44,45.   

At the hospital setting, ligation of arteries is a common procedure to stop massive 

bleeding46,47,48. This can be challenging due 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 pelvis49. Various hemostatic devices exist to be used in catheter-directed embolization of 

arteries. An aortic balloon occlusion technique, REBOA, has been used to treat hemorrhage 

below the diaphragm50. The balloon is placed upstream of the wound site and inflated to cut off 

aortic blood flow50. REBOA is used as a temporary measure until the patient is transported to the 
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operating room, as aortic blood flow cannot be occluded for extended periods51. Other arterial 

embolization agents include platinum or titanium microcoils52, and gelatin-based foams 

(Gelfoam)53. Further surgery is often required to repair the injured arteries using traditional 

suture or vascular clips54, with stented vascular grafts for severe injuries55. 

1.1.3.2 Fluid resuscitation 

Hemorrhage of more than 15% total blood volume require fluid resuscitation to maintain 

adequate blood pressure for cardiac function and perfusion of major organs13. Traditional fluid 

resuscitation protocols recommend up to 2 L of intravenous crystalloid (e.g. saline) 

administration, followed by plasma and packed red blood cell transfusion so that normal systolic 

blood pressure is reached56,57. However, the dilution of coagulation factors and increased blood 

pressure may lead to dilutional coagulopathy and pressure-induced rebleeding due to the bursting 

or detachment of formed clots at the wound site58,56,57. Several studies have suggested that less 

aggressive fluid resuscitation, maintaining a mean 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 statistical power or were not blinded in design, thus controversy remains in whether 

hypotensive fluid resuscitation would reduce mortality risk56,57.  

1.1.3.3 Blood product transfusion 

Hemorrhage of more than 30% total blood volume require blood product transfusion13. 

Transfusion protocols differ in different locations, but all include packed red blood cells, plasma, 

and platelet concentrates59,60. Historically, red blood cells were transfused at a higher ratio than 

the other components to recover oxygen-carrying capacity59,60. Recently, retrospective studies 
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have shown that a 1:1:1 ratio may confer survival benefits59,60. Despite the efficacy of blood 

transfusion, challenges remain. Inadequately warmed blood products may worsen hypothermia61. 

Stored red cells become more acidic over time and, when transfused, may worsen acidosis62. 

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 

chelation61. All of this leads to lowered rates of fibrin generation and hastened fibrinolysis61. To 

overcome these challenges, coagulation factor concentrates, particularly fibrinogen 

cryoprecipitates, have been suggested for use63. Recombinant FVIIa have been used to treat 

congenital FVII deficiency, hemophilia A, and hemophilia B64. It was investigated as potential 

treatment for traumatic and surgical hemorrhage with mixed results regarding survival 

benefit65,66,67. In several studies, fibrinogen cryoprecipitates were used to maintain patient 

fibrinogen levels, and this was correlated with decreased mortality, but larger blinded trials are 

required to conclude on the effects68,69,70. Prothrombinase complex and FXIII administration 

have also been suggested, but little clinical data regarding their use is available63. 

1.1.3.4 Tranexamic acid 

Hyperfibrinolysis is a pathological condition during which fibrin is excessively degraded, 

thus leading to a bleeding tendency71. It can be caused by a variety of congenital or acquired 

conditions, such as a deficiency in fibrinolysis inhibitors, cancers, liver disease, and severe 

trauma71. In the specific case of severe trauma, up to 25% of patients present with hemostatic 

abnormalities upon hospital admission72, of which hyperfibrinolysis is a common finding and 

indicator of increased mortality risk73. The primary treatment being investigated for 

hyperfibrinolysis in trauma is the use of the lysine analog, tranexamic acid (TXA)74. TXA binds 
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reversibly to lysine receptors on plasminogen to lower the rate of its conversion to plasmin74. 

The efficacy of TXA in preventing hemorrhage deaths has been tested in clinical trials75,76,77. The 

Clinical Randomization of an Antifibrinolytic in Significant Hemorrhage-2 (CRASH-2) trial was 

the largest to date, enrolling 20,211 adult patients who either received TXA or a placebo within 

eight hours from trauma75. Mortality was reduced in the TXA-treated group only if the TXA was 

administered within three hours after trauma75. It is hypothesized that early TXA treatment is 

required for survival benefit because fibrinogen stores in the patient must be protected from 

degradation before they are all consumed and made unavailable for the formation of a stable 

clot78.  

1.1.3.5 Biomimetic materials 

Synthetic materials are novel treatments investigated for hemorrhage. They may have the 

benefits of decreased demand for donor blood79, longer storage80, tunable mechanical and 

chemical properties81, and may be an alternative option for those who cannot receive blood 

product transfusions due to religious reasons82. Many synthetic hemostatic materials mimic the 

mechanisms and functions of the native coagulation system. Synthetic platelets have been 

created by incorporating platelet and ECM binding peptide sequences to nanoconstructs83,84,85. A 

fibrin-crosslinking polymer, polySTAT, has been created by mimicking the functions of FXIIIa 

to help stabilize the fibrin clot86. These materials increase the mechanical stiffness of blood 

clots83,86. polySTAT has been tested in animal models where it prevented secondary hemorrhage 

from fluid challenge and confer survival benefits86. Similarly, several synthetic platelet 

formulations have been tested in various animal models and shown to reduce blood loss and 

improve survival83,84,85.  
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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 damaged vessel6. 

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 leakage and to avoid detachment and subsequent embolism of the 

vessel downstream20. While the clotôs cohesive integrity has been analyzed by a variety of 

techniques such as TEG, and shown to be useful in guiding transfusion requirements87,88,89,90,91 

which in turn reduces the cost and improves the efficacy of hemostatic treatment, the bulk clotôs 

adhesive properties have been underexplored. Therefore, it may be useful to visualize the blood 

clot as a tissue adhesive and employ methods previously used for analyzing other glues and 

sealants on bulk clots to understand their adhesive behavior. 

1.1.4.1 Mechanisms of macroscopic adhesion 

The adhesion paradox describes a discrepancy in adhesive forces observed at the 

molecular scale and the macroscopic scale92. At the molecular scale, van der Waals interactions 

lead to strong adhesion between nearby (1-10 nm distance) surfaces92. However, this does not 

translate directly to the adhesion of macroscopic objects, which are mostly non-sticky92. This is 

because most macroscopic objects are not smooth, resulting in few spots between the two 

surfaces that are in close enough contact for atomic attractive forces to act strongly93,94. As a 

result, macroscopic adhesion depends not only on mechanisms that increase molecular adhesion, 

but also mechanisms that 1) reduce surface roughness and increase areas of close molecular 

contact93,94, and 2) dissipates the force applied to separate two adhesive surfaces, making the 

adhesive joint less brittle95. Thus, strong adhesives are materials that can flow into cracks in the 

substrate surface to increase area of contact, form strong mechanical and chemical bonds with 
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the substrate to withstand tearing forces, yet are soft enough to deform elastically to support the 

stress applied 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 adhesive fails by detachment from 

the surface to which it is attached96. To measure adhesive strength, an adhesive is applied 

between and used to attach two substrate surfaces. Force is applied until the adhesive detaches 

from one of the two surfaces. This force is divided by the surface area over which the adhesive 

was applied to yield adhesive strength. Assays to measure adhesive strength exists for both 

microscopic and macroscopic scales. 

On a microscopic scale, optical tweezers and atomic force microscopy have been 

employed to measure the adhesive properties of single fibrin fibers97 and platelets98, respectively. 

On a macroscopic scale, adhesive strength depends heavily on the geometry of the adhesive joint 

examined, and the type of force applied to the substrates99. Two types of adhesive tests are 

commonly employed for the testing of tissue sealants, a class of materials including fibrin-based 

sealants: peel tests and lap shear tests. Peel tests are performed on a pair of substrates where at 

least one is flexible and can be pulled off the other. Different geometries can be used to peel one 

substrate from the other, such as T-peel100, 90º peel (L-shaped)100, and 180º peel (U-shaped)101. 

In a lap shear test, the adhesive is applied between a lap joint and a shearing force is applied to 

separate the two substrates until failure of the adhesive, either through cohesive breakage, or 

detachment of the adhesive from one of the substrate surfaces99. A modified version of the lap 

shear test exists called the double lap shear test102. It is a symmetrical version of the single lap 

shear test, in which a movable shaft is sandwiched between two immovable shafts. The two faces 
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of the movable shaft are coated with the adhesive and stuck to the surfaces of the 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 eccentric loading that results from a 

bending of the substrates or rotation of the adhesive joint, thus reducing the amount of peel and 

tensile stresses on the adhesive102. The double lap shear test is designed for measuring an 

adhesiveôs response to simple shear stress102.  

 

Figure 1.4 Schematic of adhesive tests for bulk materials .  

a) T peel test, b) 90º peel test, c) 180º peel test, d) single lap-shear test, e) double lap-shear test. Substrates shown in 

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

No single adhesive test can yield all the information required to predict the 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, peel, tension, and compression. Due to the 

simplicity of using lap shear tests, which do not require any sophisticated equipment for 
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administration, it has been used in a number of studies on the adhesion of fibrin and fibrin-based 

adhesives103,104,105. 

1.1.4.3 Adhesive components of blood clots 

The mechanical behavior of individual blood components has been well studied98,97. 

Although it remains difficult to model a clotôs mechanics based solely on this information due to 

complexities in the clotôs architecture, this knowledge is still a useful first step in understanding 

the mechanisms behind how clots adhere. Multiple clot components are known to have adhesive 

properties, including platelets106, fibrin103, and several plasma proteins107.  

1.1.4.3.1 Platelets 

Platelets are anucleate blood cells that adhere to the injured vasculature to initiate 

thrombus formation and hemostasis106. Under normal physiological conditions, where the blood 

vessel walls remain intact, platelets do not adhere to the endothelium106. When vessel injury 

occurs, substrates that platelets can adhere to are exposed, including immobilized VWF, 

collagen, and other proteins such as fibronectin, laminin, fibulin, and thrombospondin106. 

Platelets have a variety of receptors for binding to these materials, and binding depends on the 

flow conditions within the vessel106. At high shear rates (above 500 to 800 sec-1) usually found in 

arterioles, platelet adhesion depends on the binding between platelet glycoprotein IbŬ on the 

GPIb-IX-V complex with the A1 domain of VWF, either sourced from the subendothelium or 

initially present in plasma and later immobilized to exposed collagen108. Below that threshold 

shear rate, platelets can also attach to collagen through two main receptors, integrin Ŭ2ɓ1 and 

GPVI109. Binding to collagen helps activate platelets, both directly through GPVI and by holding 
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the platelets to the subendothelium where it is exposed to low concentrations of thrombin, ADP, 

and thromboxane A2
6,110. Activated platelets then sustain their own activation through further 

secretion of activation agonists111. These activated platelets then secrete adhesive molecules like 

VWF and fibrinogen, as well as express adhesive receptors such as P-selectin and the activation 

of ŬIIbɓ3
106,112. P-selectin is important for adhesion and recruitment of leukocytes that initiate the 

inflammatory process critical for wound healing106,112. ŬIIbɓ3 mediates platelet adhesion to each 

other via fibrinogen or VWF106,112. This recruits additional platelets to the wound site, a process 

called platelet aggregation106,112. The bound platelets narrow the vessel lumen, which given equal 

volumetric blood flow through the vessel, would increase the flow velocity of the blood, which 

increases the shear rate and shear stress106. The increased shear rate of fluid flowing close to the 

vessel wall makes it difficult for more platelets to attach, while the increased shear stress exerted 

on the vessel wall tears away platelets that are already attached106. Thus, as the platelet plug 

enlarges into the lumen of the vessel, it becomes more difficult for additional platelet 

accumulation, limiting the size of the platelet plug, localizing it to the injured vessel wall so that 

blood flow is maintained through the vessel106. 

1.1.4.3.2 Fibrin and coagulation factor XIIIa  

Fibrinogen is a 340 kDa blood protein produced primarily by hepatocytes, and also 

secreted by platelets during hemostasis113. It is a dimeric protein with each dimer consisting of 

the AŬ, Bɓ, and ɔ chains bound by disulfide bridges113. Proteolytic cleavage of the A and B 

fibrinopeptides by thrombin leads to a conformational change in the protein, exposing ñknobsò 

on the Ŭ chain that can bind to ñholesò constitutively present on ɔ chains through primarily 
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hydrogen bonds and electrostatic interactions113. This leads to the self-assembly of fibrin 

monomers into a fibrous polymer113.  

Factor XIII is a protein found in plasma (pFXIII) and cellular (cFXIII) forms12. cFXIII is 

found in platelets, megakaryocytes and their precursors, monocytes and their precursors, and 

monocyte-derived macrophages12. cFXIII is composed of dimers of the catalytic A subunit 

(FXIIIA 2), while pFXIII consists of tetramers of two A subunits bound to two inhibitory B 

subunits (FXIIIA2B2)
12. FXIIIA is primarily produced by bone marrow cells, while FXIIIB is 

primarily produced by hepatocytes12. FXIIIB exists in excess in plasma, with roughly 50% 

circulating in free form without complexing to FXIIIA12. Almost all pFXIII circulates bound to 

fibrinogen12. pFXIII is activated during hemostasis by thrombin cleavage of the activation 

peptide off the A subunits12. The A subunits then dissociate from the B subunits in the presence 

of Ca2+ and undergo conformation change to the active transglutaminase, FXIIIa. FXIIIa 

catalyzes ɔ-glutamyl-Ů-lysyl linkages between many different substrates, one of which is fibrin12. 

It catalyzes fibrin ɔ chain linkages into ɔ chain dimers in minutes, and Ŭ chain linkages to Ŭ chain 

polymers of varying lengths in minutes to hours114. There are also some linkages between Ŭ and 

ɔ chains, as well as ɔ trimers and tetramers with prolonged incubation114. FXIIIa crosslinking of 

fibrin increases clot stiffness114. 

Fibrin is an adhesive protein and it has been used as a tissue sealant since the 1940s103. It 

attaches to wound sites through chemical bonds and mechanical interlocking to irregularities in 

the wound surface103. FXIIIa catalyzes covalent crosslinks of fibrin to various substrates in the 

wound, such as collagen and fibronectin115. Fibrin also has RGD motifs on the N- and C- termini 
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of its Ŭ chains, which can bind to receptors on various cells in wounds, such as platelets, 

megakaryocytes, endothelial cells, and fibroblasts116.  

1.1.4.3.3 Other plasma proteins 

Recent findings suggest that immediately after vessel injury and exposure of the 

subendothelium to the blood stream, plasma fibronectin and possibly other circulating ECM 

proteins are deposited on the wound surface prior even to the attachment of platelets107. As 

platelets accumulate at the wound site, they further secrete more adhesive proteins, fibronectin, 

vitronectin, fibrinogen, and VWF107. These ECM proteins become incorporated into the 

subendothelial matrix exposed on the wound site through various mechanisms. For instance, 

VWF can bind to itself through disulfide linkages and bind to collagen through its A3 domain117. 

Fibronectin has RGD motifs for cellular attachment118, as well as domains for interacting with 

collagen119. These proteins tether the adhesion of platelets and fibrin to the subendothelium. In 

addition, they are integrated into the forming blood clot, modulating its mechanical 

properties107,115.   

1.1.5 Q-PEG, a synthetic FXIIIa substrate 

FXIIIa is formulated into fibrin sealants to improve their adhesion to tissues103. FXIIIa-

crosslinkable synthetic fibrin-mimicking sealants with improved mechanical properties have 

been developed over the years based upon several landmark studies. In 1999, Schense and 

Hubbell coupled bifunctional peptides onto fibrin via FXIIIa-mediated crosslinking120. Of the 

peptides used was one containing the FXIIIa-crosslinkable domain derived from the amino acid 

sequence of a2AP. This was a pioneering work for incorporating novel functions to fibrin using 
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a synthetic FXIIIa substrate. In 2002, Sanborn et al. conjugated polyethylene glycol (PEG) to a 

peptide substrate of FXIIIa derived from fibrin. The material was shown to form a hydrogel 

when encapsulated FXIII was released from thermal-responsive liposomes5. PEG was chosen as 

the backbone material due to good water-solubility, low cost, low toxicity, low protein 

adsorption, and low immunogenicity as a result. In 2013, Mosiewicz et al. conjugated a a2AP-

derived peptide to PEG3; a material similar to the Q-PEG described in this thesis. Combined with 

a PEG macromer conjugated to a short lysine-donating peptide, K-PEG, the two were 

crosslinked by FXIIIa to form a hydrogel. By photocaging the K-peptide, hydrogel formation 

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

The molecular mechanisms of FXIIIaôs interaction with the a2AP-derived Q-peptide 

were investigated in detail by Pénzes et al.121 In short, FXIIIaôs active site Cys314 forms a 

thioester bond with the acyl group on the second glutamine in the Q-peptide sequence 

(NQEQVSPLTLLK), releasing an ammonia molecule. In the second step, the acyl group is 

transferred to the primary amine donor substrate, forming an isopeptide bond between the ɔ-

glutamyl residue on Q-PEG and the primary amine, releasing the covalently-linked product from 

the enzyme. A multi-armed PEG that is conjugated to multiple Q-peptides can then form 

multiple linkages to other Q-PEG macromers through the tethering of substrates containing 

multiple reactive amines, such as multi-armed K-PEG or polyamines like spermidine and 

cadaverine. Standard ammonia-detection assays can be used to monitor FXIIIa activity122. 
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1.2 Rationale 

Bleeding remains a major health problem. Approximately 5 million people die of trauma 

each year worldwide, with a third of these deaths due to exsanguination14. Understanding the 

mechanisms of hemostasis has led to the development of many lifesaving technologies to treat 

hemorrhage. Since the publication of the cascade model of coagulation in 19647, tremendous 

advances have been made in the understanding of the underlying biochemistry behind blood 

clotting. Global coagulation assays to analyze 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 formation and dissolution123. Such global assays have the 

disadvantage of being nonspecific, making it difficult as a tool to pinpoint which coagulation 

reaction may be dysfunctional in a patient with clotting pathologies124. However, 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 the type and number of blood product 

transfusions needed to treat certain types of hemorrhage including those in cardiac87,88,89 and 

hepatic surgery90,91. They have also been used as a research tool to evaluate the function of 

various hemostatic technologies prior to in vivo testing125,126. 

Blood clots physically halt bleeding by acting as a plug to stop blood leakage from 

damaged vessels6. It needs to be both cohesive, to resist breakage under the blood pressure it is 

subjected to, as well as adhesive to the site of injury58. While numerous tests have been 

developed to analyze cohesive properties of blood clots90,127,128, 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 components of blood, such as single fibrin 
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strands103,129 and platelets130,98,106, have been extensively characterized, but the complexity of 

clot architecture makes it difficult to model and predict bulk adhesive properties based upon 

these observations alone131. How various 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 Objectives 

1.3.1 Identifying blood components that increase clot adhesive strength. 

1.3.1.1 Biological question 

Blood clots must adhere to the site of injury to achieve hemostasis58. Multiple 

components of clots, such as platelets and fibrin, are known to be adhesive, and their adhesive 

strength characterized on a molecular level103,129, 130,98,106. However, clot architecture is complex 

and makes it difficult to deduce macroscopic adhesive properties based on these molecular level 

observations alone131. The objective of Chapter 2 was to measure the adhesive strength of bulk 

clots of various compositions and to identify the components that increase the adhesive strength 

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

1.3.1.2 Significance 

The mechanical properties of blood clots are important for their hemostatic function131. 

While the clotôs resistance to breakage from various forces have been measured90,127,128, this is 

not directly correlated with the clotôs adhesive properties, as clot adhesion depends also on the 
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interaction of various clot components with the substrates on the wound surface. By identifying 

the clot components that improve macroscopic adhesion, it allows us to develop methods to 

modulate clot adhesion, with a future goal of creating therapeutics to treat hemorrhage, 

particularly secondary hemorrhage due to clot detachment.  

1.3.2 Formulating a FXIIIa -crosslinkable macromer, Q-PEG, to copolymerize with 

blood clots during coagulation. 

1.3.2.1 Biological question 

One method of modulating the mechanical properties of natural biomaterials is to 

copolymerize them with synthetic materials132,133. However, the formation of blood clots is a 

tightly regulated process, responsive to a plethora of diverse yet specific signals6. This tight 

regulation is required to ensure that clots form only when and where needed to stop bleeding6. A 

synthetic material designed to copolymerize with blood to modulate clot mechanical properties 

must similarly only form an insoluble polymer when and where specific signals are present to 

activate the coagulation system. The objective of Chapter 3 was to test the method of coupling a 

synthetic material, Q-PEG, to the coagulation cascade via FXIIIa. The hypothesis was that Q-

PEG, a FXIIIa-crosslinkable macromer, when formulated in blood, would only polymerize into a 

hydrogel when the coagulation cascade is activated, which would generate the necessary FXIIIa 

to catalyze the reaction12.  

1.3.2.2 Significance 

The coagulation system acts as a complex sensor and amplifier of signals of vascular 

damage6. This system regulates the activation and modification of multiple cells and proteins 
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leading to the final formation of the hemostatic clot6. It is unclear whether the formation of a 

synthetic hydrogel can be coupled to this system as an additional output of the coagulation 

cascade. Testing this concept would help in the design of future hemostatic materials that could 

localize and enhance clotting at the specific site of injury. A broader significance of this work is 

to examine whether natural biochemical networks could be exploited as sensor systems to 

control the formation of synthetic materials in response to multiple specific stimuli. This could 

be useful for the design of novel responsive materials134. 

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

1.3.3.1 Biological question 

Blood clots must remain adhered to the site of injury to achieve hemostasis, particularly 

during fluid resuscitation when increased blood pressure may detach the clot and lead to 

secondary bleeding58. Although adhesion is important for hemostasis, no technologies have been 

developed to specifically enhance it. In Chapter 4, Q-PEG was copolymerized with blood and the 

adhesive strength of the resulting copolymer was measured. Various conditions of fibrin 

deficiency that led to decreased clot adhesion (depletion, tPA-induced fibrinolysis, decreased 

rate of fibrin formation from congenital FIX deficiency) were modeled and the effect of Q-PEG 

was explored. It was hypothesized that Q-PEG 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 clot stiffness132,133. However, to our knowledge, this is 

the first study where a synthetic copolymer was shown to increase bulk clot adhesive strength to 
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purified collagen and aortic tissues. This presents a strategy for the development of future 

hemostatic materials that improve clot adhesion to prevent secondary hemorrhage, particularly in 

cases where fibrin may be deficient due to congenital conditions, traumatic bleeding, or 

heightened fibrinolysis10,135,136. Fibrin supplementation therapy has been tested in small studies 

for some of these conditions with promising results68,69,70 and larger clinical trials are under 

way137,138. However, fibrin concentrates require a high cost for production139, put a strain on the 

demand for donor blood supply140, and may not be available for patients who cannot receive 

blood product transfusions due to religious reasons82. A synthetic fibrin analog similar to Q-PEG 

may be an alternative treatment option for these patients.  

1.4 Hypotheses 

The overall hypothesis of this dissertation work is that a synthetic FXIIIa substrate, Q-

PEG, can improve the adhesive strength of blood clots to collagen. This hypothesis can be 

broken into three parts: 1) It is hypothesized that FXIII concentration is positively correlated 

with the adhesive strength of a fibrin-rich blood clot to collagen. 2) It is hypothesized that a Q-

PEG and polyamine formulation can be controllably crosslinked by FXIIIa generated via 

coagulation cascade activation. 3) It is hypothesized that blending Q-PEG into blood would 

therefore improve clot adhesion to collagen, which is an amine-donating FXIIIa substrate. 
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Chapter 2: Fibrin and FXIIIa are Major Contributors to Bulk Blood Clot 

Adhesion 

2.1 Synopsis 

Blood clots must be adhesive to the wound site to achieve hemostasis, however, the 

adhesion of bulk clots have not been explored in detail. Many 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 study, we measured the adhesive strength of blood clots of various 

compositions, in addition to measuring clot stiffness by a clinically-used technique, TEG. We 

found that red blood cells mildly decreased the clot stiffness and adhesive strength to collagen, 

but the effects were not statistically significant. While platelets are known to be adhesive to 

collagen, they had no statistically significant effect on bulk clot adhesion at 1 h except at a very 

high concentration of 686 x 109 cells/L, where a roughly 30% adhesive strength increase was 

observed. Platelets were, however, required for clot adhesion at an early time point of 2 min. 

Both clot stiffness and adhesive strength increased as fibrinogen concentration was increased. 

While FXIII increased both clot stiffness and adhesive strength, adhesive strength increased by 

3-times at a supraphysiological concentration of 30 µg/mL compared to the average 

physiological concentration of 10 µg/mL, while a much more modest (roughly 20%) increase 

was observed for clot stiffness. This suggests that fibrin and FXIII are major contributors to bulk 

clot adhesion, and that bulk clot adhesion is not the result of a simple addition of all adhesive 

components but represents an interaction between these components with themselves and with 

the wound substrate. 
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2.2 Background 

Blood coagulation is typically effective at sealing damaged blood vessels to achieve 

hemostasis, but it can be compromised during severe hemorrhage. One of the reasons why 

coagulation is compromised during severe hemorrhage is that when arteries are cut, strong 

mechanical forces can be exerted on blood clots that initially form over the wound58,56. These 

forces may increase further with fluid resuscitation due to increased blood pressure58,56. As a 

result, the clots may fail, causing rebleeding58,56. Topical hemostatic agents in powder form, such 

as mineral zeolite, have been reported to be blown off from the wound by the pressure of blood 

flow27. Therefore, there is a demand for strategies to help the clot remain intact and adhered to 

the site of injury to achieve hemostasis.  

Blood clots are sealants6. They form a hemostatic plug that closes off the leak in the 

injured blood vessel to keep blood from further escaping6. There are two modes of failure for 

sealants like blood clots, 1) cohesive failure, and 2) adhesive failure96. During cohesive failure, 

the sealant fractures from the force applied on it. During adhesive failure, the sealant remains 

mechanically intact, but it is torn off from the substrate to which it is adhered96. The critical 

stress a clot can withstand before fracture, its cohesive strength, is positively correlated with its 

stiffness as measured by a clinically-utilized technique, TEG141. While the factors that contribute 

to clot stiffness have been extensively characterized124,90, the adhesive properties of bulk clots 

have been overlooked.  

Several components of blood clots adhere to wound surfaces. For example, platelets can 

adhere to subendothelial ECM components such as VWF108 and collagen109. Fibrin has been used 

as a tissue sealant 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 proteins103. The extent to which these 

contribute to the bulk adhesion of clots has not been determined, and it is not clear if their 

adhesion is additive or if they compete for adhesion to the substrate. It was hypothesized that 

platelets, fibrin, and the transglutaminase that mediates fibrin crosslinking to itself and to 

collagen, FXIIIa12, would significantly increase clot adhesion to a collagen substrate. Platelets 

are generally considered to adhere earlier than the wave of fibrin polymerization and attachment 

during coagulation130, thus it was expected that it would increase clot adhesion at a similarly 

early time point (seconds to minutes).  

In this study, we developed an assay for measuring the lap shear adhesive strength of 

microlitre-volume blood clots of varying compositions to evaluate the effect of different blood 

components on the adhesion of bulk clots to collagen. We also measured clot stiffness using 

TEG; the way forces are applied in TEG is designed to measure the clotôs cohesiveness, such as 

the amount of crosslinking between fibrin fibers142 and the aggregation of platelets143 within 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 attached96, it was 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 no statistically significant effect on clot 

stiffness or adhesive strength to collagen. Fibrin and FXIIIa increased both the clot stiffness and 

adhesive strength. FXIIIa increased clot adhesive strength by 3-times at 3-times the 

physiological concentration144, while its effect on clot stiffness was less than 20%. Platelets at a 

mid-range physiological concentration145 increased clot stiffness by more than 10-times, but had 

no statistically significant effect on clot adhesion at 1 h after formation. Only at double that 
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concentration did platelets improve adhesive strength by roughly 30%. Furthermore, clot 

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

shows that clot adhesive 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 FXIIIa are especially important for increasing the adhesive strength of bulk 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 all healthy human volunteers prior to whole blood donation. 

Human whole blood was collected into Vacutainer tubes containing sodium citrate (0.105 M) 

(BD Biosciences) and centrifuged at 100 g for 20 min to separate the RBC from platelet-rich 

plasma (PRP)146. The RBC fraction is centrifuged at a higher speed of 500 g for 5 min to 

separate residual plasma from the RBC147. The RBC fraction was then washed twice with 

phosphate buffered saline (GibcoTM PBS Buffer, pH 7.4, Thermo-Fisher)148.  

2.3.2 Preparation of washed platelets 

This study was approved by the ethics boards of the University of British Columbia and 

the Canadian Blood Services (CBS). Informed consent was obtained from all healthy human 

volunteers prior to whole blood donation. The CBS netCAD facility kindly provided us with 

PRP isolated from pooled donor blood. The PRP was centrifuged at 250 g for 20 min to pellet 

the platelets149. The platelet-poor plasma was removed from the pellet and the pellet was 

resuspended in citrate glucose saline buffer (120 mM NaCl, 30 mM D-glucose, 11 mM trisodium 



30 

 

citrate, pH 6.5). The platelets were again centrifuged at 250 g for 10 min, the buffer removed, 

and the platelets resuspended in Tyrodeôs HEPES buffer (1.8 mM CaCl2, 1.1 mM MgCl2, 2.7 

mM KCl, 137 mM NaCl, 0.4 mM NaH2PO4, 10 mM HEPES, 5.6 mM D-glucose, pH 6.5). The 

platelets were centrifuged at 250 g for 10 min for a final wash. The buffer was then removed and 

the platelets resuspended in fresh Tyrodeôs HEPES to be counted by a XN-550 Automated 

Hematology Analyzer (Sysmex). Platelet concentration was then adjusted by the addition of 

more Tyrodesôs HEPES as specified in the protocol for each experiment in Table 2.1. 

2.3.3 Measurement of the adhesion of blood clots using a lap shear test 

Clot reaction mixtures of 50 µL in volume were prepared according to the recipes listed 

in Table 2.1. Adhesion was measured with a TA Q800 dynamic mechanical analyzer equipped 

with a shear-sandwich clamp (TA Instruments). Collagen-coated glass coverslips (Corning, all 

experiments except Figure 2.2e) or other types of glass coverslips (Neuvitro, Figure 2.2e) were 

attached to the four clamp faces using UV-curable glue (Loon Outdoors). The clot reaction 

mixture was loaded onto the 10 × 10 mm section that was 0.25 mm thick between each pair of 

coverslips, and the edges were sealed with fluorocarbon grease (Krytox grease, DuPont) to 

prevent evaporation (see Figure 2.1 for schematic). Clots were formed for 60 min unless 

otherwise specified to allow adequate crosslinking by FXIIIa114. A force ramp was applied at 

0.01 N/min until the clots failed. Clot formation and adhesive strength measurements were 

performed at 37ºC. Adhesive failure was observed by visual inspection. The normality of data 

sets was verified with a Shapiro-Wilk test and p values were calculated by Welchôs analysis of 

variance to account for unequal sample sizes and variances150. 
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Figure 2.1 Schematic of lap-shear adhesive strength test.  

A double lap-shear apparatus was used, where the middle clamp was moved downwards to deliver shearing force on 

the samples. Blood samples were loaded into vacuum grease-lined wells between collagen-coated glass coverslip 

pairs. The grease was used to prevent evaporation of samples. 

 

Figure 

number 

Hematocrit 

(% total 

volume) 

Platelet (109 

cells/L) 

Plasma (% 

total 

volume)À 

CaCl2 

(mM) 

Innovinÿ 

(% total 

volume) 

Other 

modulators 

2.2a 45 variable§ 51 (donor) 15 2 None 

2.2b 0 Platelet 

concentration 

varied, 

44 15 2 None 

                                                 

À Plasmas are from commercial sources unless otherwise specified (Affinity Biologicals) 
ÿ Innovin molar concentrations not declared by manufacturer (Dade Behring, 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 

2.2c 0 0 56 15 2 Fibrinogen 

varied, see 

figure 

2.2d 0 0 92 15 2 FXIII 

varied, see 

figure 

2.2e Fresh donor whole blood used at 96% v/v 15 2 None 

2.3a 0 343 44 15 2 None 

2.3b 0 343 44 15 2 Eptifibatide 

(160 µM), 

Blebbistatin 

(300 µM, in 

3.2% 

DMSO) 

2.4 0 0 94 15 2 tPA (256 

ng/mL) 

Table 2.1 Reaction mixture recipes for lap-shear adhesive strength test, thromboelastography, and 

spectrophotometric clot lysis assay 

2.3.4 Measurement of clot stiffness using thromboelastography 

A Haemonetics TEG5000 thromboelastograph was used to measure the elastic modulus 

of the forming clot. The reaction mixture was 360 µL in volume, prepared according to the 

recipes listed on Table 2.1. The normality of data sets was verified with a Shapiro-Wilk test and 

p values were calculated by Welchôs analysis of variance to account for unequal sample sizes 

and variances150. 

2.3.5 Quantif ication of clot lysis using spectrophotometry 

Plasma reaction mixes with or without tPA treatment was prepared in a 96-well plate 

according to the recipes listed on Table 2.1 to a final volume of 100 µL. The plate was read by a 

GENios microplate reader (Tecan) at 405 nm every minute for 103 min until the absorbance of 

all reactions have reached the baseline level as indicated by the no-calcium negative control. A405 
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increases as the clot becomes insoluble through fibrin polymerization and decreases as the clot is 

lysed151. 

2.3.6 Verification of PRP clot retraction 

Standard 0.2 mL microtubes were submerged in 1% Tween 20 for 20 min then removed. 

Residual Tween 20 was pipetted out and the microtubes were dried. This treatment was to reduce 

clot adhesion to the walls of the tube152 to allow for free contraction. PRP clots with or without 

platelet contraction inhibitors were prepared according to the recipes listed on Table 2.1 and 

incubated for 1 h before imaging. 

2.4 Results 

2.4.1 Fibrin and FXIIIa are major contributors to bulk clot adhesion  

To test the effect of RBC on the adhesion of bulk clots, whole blood was separated into 

the PRP and RBC fractions through centrifugation. Clots with or without RBC were formed for 1 

h and subjected to a lap shear test till adhesive failure (Figure 2.2a, left panel). While a slight 

decrease in both clot adhesive strength to collagen and clot stiffness as measured by TEG (Figure 

2.2a, right panel) was seen with RBC addition, the differences were not statistically different. 

Results on clot stiffness agreed with previous literature, where it was found that increased RBC 

concentration might lead to a small decrease in clot stiffness153. This was proposed to be due to 

interference with the formation of the fibrin network153. This slight decrease in clot cohesion 

might be the reason for similar observations to the clot adhesive strength, as the RBC force the 

fibrin strands to be farther apart, and in this stretched configuration, they are stiffer and thus less 

capable of being strained further154 by the lap shear stress applied. It is important to reiterate that 
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because the differences were not statistically different, 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 commercially-purchased platelet-poor plasma (PPP) with washed platelets for final 

concentrations of 173 x 109 cells/L to 686 x 109 cells/L, which spans the normal physiological 

range to its very high end145. The lap shear adhesive test was performed 1 h after clot formation 

(Figure 2.2b, left panel). Bulk clot adhesive strengths of PPP control clots and PRP clots at 173 x 

109 cells/L and 343 x 109 cells/L were not significantly different. On the other hand, the clotôs 

stiffness increased by more than 10-fold with the addition of platelets at 343 x 109 cells/L (Figure 

2.2b, right panel). Only at double the mid-range physiological concentration of 686 x 109 cells/L 

did adhesive strength increase by 30% compared to the no platelet control. This was unexpected, 

as platelets are known to be adhesive to collagen109 and is important in mediating the initial 

adhesion of clot components to the exposed endothelium130. The effect of platelets on bulk clot 

adhesion was further explored in the following section. 

As neither RBC nor platelets at a mid-range physiological concentration had an effect on 

bulk clot adhesion, the plasma component of blood clots was further analyzed. To test the effect 

of fibrinogen on the adhesion of bulk plasma clots, the 1 h lap shear test was performed on 

commercially-purchased fibrinogen-deficient plasma, with exogenous fibrinogen spiked in at 

varying concentrations (Figure 2.2c, left panel). Fibrinogen-deficient clots were not adhesive, 

and adhesive strength increased with increasing fibrinogen concentration. Similarly, no clot 

stiffness was detected for fibrinogen-deficient plasma on TEG, and clot stiffness increased with 

increasing fibrinogen concentration (Figure 2.2c, right panel). Increasing the fibrinogen 
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concentration from 2 g/L to 4 g/L increased clot stiffness by 4-times, and clot adhesion by 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 the effect of increasing fibrinogen 

concentration on improving clot adhesion, agents to increase the crosslinking of fibrin to the 

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

clot. 

To test the hypothesis of adding fibrin-to-collagen crosslinking agents to improve clot 

adhesion, FXIII  concentration was varied for fibrin-rich plasma clots. The 1 h lap shear test was 

performed on commercially-purchased FXIII-deficient plasma, with exogenous FXIII spiked in 

at varying concentrations (Figure 2.2d, left panel). Clot adhesive strength increased by roughly 

2-times at a physiological concentration of FXIII (10 µg/mL)144 compared to FXIII-deficient 

plasma. Further increase of FXIII concentration to 30 µg/mL led to roughly 3-times increase of 

adhesive strength compared to physiological FXIII concentration. Clot stiffness showed a modest 

increase of roughly 20% between 10 µg/mL and 30 µg/mL FXIII (Figure 2.2d, right panel). This 

indirectly shows that FXIIIa-mediated crosslinking of clot components, namely fibrin, to the 

substrate surface is likely one of the mechanisms by which the bulk clot attaches to collagen. 

This is in addition to increases in clot cohesion due to FXIIIa-mediated crosslinking of fibrin to 

itself that increases clot stiffness. 

To confirm that adhesive strength of clots is not entirely dependent on clot cohesion to 

itself, the substrate to which they are attached was varied. Whole blood clots were formed on 

plain glass, and glass coated with different ECM proteins, collagen, fibronectin, and laminin 

(Figure 2.2e). Blood clots were similarly 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 and maximum clot stiffness on 

TEG.  
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a) RBC had no significant effect on clot adhesive strength or clot stiffness. b) Platelets stiffen the clot but increased 

adhesive strength only at a high concentration. c) Fibrinogen and d) FXIII stiffen plasma clots and made them more 

adhesive. e) Whole blood clots were more adhesive to ECM proteins. Data bars indicate mean ± standard error of 

mean, n = 5-7, *p < 0.05. N.S. denotes ñnot significantò. B.D. denotes ñbelow detectionò. Refer Table 2.1 for 

experimental details.  

 

decreased adhesive strength to plain glass. This could be due to mechanical interlocking of the 

clot to the ECM proteins, or chemical bonds between clot components with these proteins. For 

example, FXIIIa could mediate crosslinking between fibrin and these ECM proteins115. 

2.4.2 Platelets enhance early clot adhesion, but are not required for clot adhesion at 1 h 

To further investigate the effect of platelets on clot adhesion, PRP (at mid-range 

physiological platelet concentration) and PPP clots were compared using the lap shear adhesive 

test. While at 1 h, PRP clots were not more adhesive than PPP clots, they were more adhesive at 

2 min. PPP clots were not adhesive at all at that early time point (Figure 2.3a). This could be due 

to the role of platelets in mediating the attachment of the clot to collagen through direct binding 

with its GPVI receptor155, or indirectly tethered by VWF109. This could also be due to the 

plateletsô procoagulant functions, which lead to quicker clot formation130. To test whether 

platelet contraction affects clot adhesion, platelets were treated with two inhibitors, eptifibatide, 

an inhibitor of integrin ŬIIbɓIII , a fibrinogen and VWF receptor156, or blebbistatin, an inhibitor of 

myosin II157. Both inhibitors stopped platelet contraction (Figure 2.3b), and eptifibatide 

decreased clot stiffness on TEG (Figure 2.3c), but neither inhibitor affected clot adhesionat 1 h 

(Figure 2.3d,e). This suggests that platelet contraction does not affect bulk clot adhesive 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 bulk clot adhesion at a later time point, at 

least under the static conditions tested in this assay. Based on previous literature, the platelets are 

important for clot initiation under flow since its GPIbŬ receptor has a fast on-rate to attach to 

subendothelial VWF106. The platelets subsequently release procoagulant molecules and provide 

appropriate surfaces for reactions of the coagulation cascade to take place, thus mediating the 

formation of fibrin that then perfuses and locks onto the ECM matrix158. While the platelets can 

increase the stiffness of the clot by contracting the fibrin 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 min. b) Platelets treated with eptifibatide or blebbistatin did not contract. 

Representative images of clots (lighter-coloured material) in microtubes shown. Clot formation was confirmed after 

imaging by poking with a pipette tip. c) Eptifibatide decreased PRP maximum clot stiffness on TEG. d) Eptifibatide 

and e) blebbistatin have no effect on PRP adhesive strength at 1 h. Data bars indicate mean ± standard error of mean, 

n = 5-10, *p < 0.05. N.S. denotes ñnot significantò. Refer to Table 2.1 for experimental details.  

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

Hyperfibrinolysis is a complication of severe bleeding that affects roughly 25% of 

patients72 and is associated with increased mortality risk159. Hyperfibrinolysis increases the risk 

of secondary hemorrhage, and antifibrinolytics as TXA have been shown to decrease this risk74. 

To investigate how fibrinolysis affects clot adhesion, clots were treated with tPA and subjected 

to the lap shear adhesive strength test at various time points (Figure 2.4a). This was compared to 

global clot lysis as evaluated by thromboelastography (results below, data not shown) and 

spectrophotometry (Figure 2.4b). The results show that clots fully lost adhesive strength at an 

earlier time point (46 min) than complete clot lysis (Lysis time estimate 62.2 ± 2.48 min, n=6 on 

TEG, and 56 min by spectrophotometry). As tPA is secreted by cells of the endothelium and 

subendothelium during tissue damage160, it is expected to be localized to the wound tissues to 

which clots are attached in vivo. This may make the effect of tPA on clot adhesion more 

prominent, as it activates plasmin locally to degrade the fibrin at the clot-substrate interface. 

Plasmin also degrades the FXIIIa activated there161, which would otherwise contribute to the 

crosslinking of fibrin to collagen and other ECM proteins. Since tPA may cause clots to 

completely lose adhesive strength even when the clots are still physically present, this may lead 

clots to fail adhesively and detach from the wound site, causing rebleeding. 
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Figure 2.4 Clots lose adhesion before full clot lysis during tPA-induced fibrinolysis.  

a) Adhesive strength of tPA-treated clots was lost at 46 min. b) The clots fully lysed at 56 min as observed by 

spectrophotometry. Absorbance plotted is relative to the no-clotting control without any calcium added to the 

citrated plasma. Data bars indicate mean ± standard error of mean, n = 3-5. Refer to Table 2.1 for experimental 

details.  

2.5 Discussion 

In this study, we developed a lap shear adhesive strength test that could analyze 

microliter volumes of blood, which allowed us to cost-effectively modify the composition of 

blood samples measured by adding or subtracting components. We measured bulk clot adhesive 

strength to collagen, a substrate found in the subendothelium and surrounding tissues in the 

wound site162.  

Results showed that RBC decreased clot adhesive strength and clot stiffness mildly, 

although the differences were not significant. It has been reported in previous literature that RBC 

may decrease clot stiffness by interfering with the binding and contraction of fibrin153. While 
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RBC have adhesive receptors and may bind to endothelial cells and other cell types163, this 

adhesion does not seem to significantly change the bulk clotôs adhesive strength to collagen.  

Platelets increased clot adhesive strength at 2 min after the initiation of clotting, but at a 

mid-range physiological concentration no statistical differences were detected at 1 h. At double 

this concentration, platelets increased clot adhesive strength by roughly 30%. Experiments with 

inhibitors, eptifibatide and blebbistatin, suggested that platelet contraction did not affect clot 

adhesion. Although effects on adhesive strength were minor, platelets increased maximum clot 

stiffness drastically, up to 10-times, and this process can be greatly inhibited by inhibiting 

platelet contraction, decreasing clot stiffness by 3-times. This agrees with previous studies 

showing that platelets mediate the initial attachment of the clot during primary hemostasis, 

initiating fibrin formation at the clot-tissue interface, which strengthens clot attachment early in 

its formation130.  

Fibrin increased both the clot stiffness and adhesive strength in a concentration-

dependent manner, with a 4-times increase in clot stiffness, and a less than 2-times increase in 

clot adhesive strength when the concentration was increased from 2 mg/mL to 4 mg/mL. 

Interestingly, the addition of FXIII at a supraphysiological concentration (30 µg/mL, compared 

to 10 µg/mL physiological concentration) increased clot adhesive strength by 3-times, while it 

increased clot stiffness by roughly 20%. This suggests that while fibrin increases clot stiffness, 

which reflects increased clot cohesion, its effect on clot adhesion is moderate when there isnôt a 

corresponding increase in FXIII  concentration to mediate crosslinking of the fibrin to the 

substrate surface.  
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Clot adhesive strength was substrate dependent, with stronger attachment to ECM 

proteins than plain glass. This was likely due to both mechanical interlocking of the clot to the 

ECM fibers, as well as chemical bonding to the ECM, which could be mediated by FXIIIa115. 

Furthermore, during tPA-induced clot lysis, adhesive strength was lost before full solubilization 

of the clot. As the tPA was blended evenly in the clot reaction mix in these experiments, rather 

than localized to the substrate surface as would be expected at a wound site since tPA is 

produced by tissue cells160, the in vivo effect on adhesion might be even more pronounced. 

Adhesion and cohesion are linked processes96. 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 relationship. A bulk clot with no stiffness detectable by TEG has no detectable adhesive 

strength. It is possible that a thin layer of cells and proteins may be able to adhere to the substrate 

surfaces, but this layer does not bridge the two substrates and thus the bulk clot as a whole 

cannot withstand the lap shear stress applied in these experiments, and likely cannot withstand 

the stresses of blood flow during severe hemorrhage either37. However, a more internally 

cohesive clot, here measured as increased stiffness by TEG164, 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 substrate to which it is adhered, and not solely a product of the clot 

binding itself together. Furthermore, the adhesive strength of a bulk clot is not the simple 

additive contributions of all adhesive blood components. While platelets mediate initial 

attachment of the clot130, their effect on the final adhesive strength of the bulk clot material is 

mild. While fibrin alone is adhesive, FXIIIa -activity improves its adhesion further. Different clot 

components may be complementary in mediating clot adhesion. Further research would need to 
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be conducted to reveal more mechanisms behind how different clot components interact with 

each other and the adhesive substrate to affect the adhesive strength of the bulk clot. A 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 is the high cost and time 

commitment associated with testing all possible combinations of clot components165. One way of 

mitigating this problem would be to limit the factorial experiments to a fraction of variables 

based on known biochemical aspects about the coagulation cascade. For instance, knowledge in 

our current study shows that fibrin crosslinking plays a major role in clot adhesive strength, so 

further experimentation 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 due to clot detachment from blood flow. Fibrinogen and FXIII 

supplementation have been suggested as treatment options for severe hemorrhage63, with human 

or animal trials being conducted to evaluate the efficacy of these treatments69,70,138,166. For 

congenital FXIII-deficiency, the only approved indication for FXIII supplementation therapy to 

date167, FXIII is usually supplemented to a fraction of its physiological plasma concentration of 

10 µg/mL144. Our results suggest that a supraphysiological concentration may be beneficial for 

improving clot adhesive strength. While a systemic concentration of FXIII this high may lead to 

thrombotic complications168, topical application to 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. FXIIIa can 

be degraded by plasmin161, which is activated by tPA localized to the wound tissues160. 

Supplementation of FXIII to those areas where it is most lacking may help improve its efficacy. 
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Whether topical FXIII supplementation at such supraphysiological concentrations is effective at 

stopping hemorrhage would require in vivo testing in animal models.  

Our ex vivo results are a first step towards understanding how bulk clots adhere to 

materials in the wound. It is important to note that the lap-shear adhesive strength assay here is a 

static system that does not fully model the complexity of various forces exerted on clots in 

wounds via blood flow and external movements, such as those associated with patient 

transport169. Other strength tests could be used to reveal a more comprehensive picture of clot 

mechanical properties under various stresses, such as peel101, rotational shear170, tensile171, 

compressive172, and burst tests95. Recent research in microfluidic technologies brings us 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 interesting model was designed by Muthard and Diamond where a vessel injury was 

modeled as a TF coated collagen matrix on the side of the channel158. As citrated 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, similar to what was observed for 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 

stream173. Thrombin generation and 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 observe major differences in the 

final clot adhesive strength (at 1h) with platelet addition. In our static system, coagulation factors 

were not washed out by blood flow, thus were able to accumulate at the collagen surface. 
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Clotting without platelets was slower, but did occur, and clots that formed could be robustly 

adhered to the collagen. Under flow, particularly at shear rates over 500 s-1, platelet adhesion 

receptors are what mediates the activation of the coagulation cascade and subsequent fibrin 

formation at the wound site34. Such a microfluidic model would be interesting to use for 

analyzing the effect of FXIII on clot adhesion ï whether FXIII deficiencies would lead to a 

tendency for clots to detach. Also, if tPA were perfused into the collagen matrix, would that also 

lead to a higher rate of clot detachment under flow? Such an assay would also mitigate the 

limitation of the 2D structure of ECM-coatings used in the current lap-shear adhesive strength 

test. The lack of 3D adherend structure made it difficult to evaluate potential adhesive 

mechanisms involving the physical entanglement of fibrin fibers with the fibrous architecture of 

native ECM in wound tissues174. A different way to mitigate this problem and expand the 

potential applications of this study, which might be less time-consuming and costly to develop 

than a microfluidics assay, would be to modify the lap-shear adhesive test to use other substrates, 

such as thin sections of vascular and dermal tissues, or synthetic materials used in medical 

devices. Ultimately, in vivo models 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 FXIIIa -Crosslinkable Macromer, Q-PEG, to 

Copolymerize with Blood Clots During Coagulation 

3.1 Synopsis 

Blood clots are smart biomaterials. The coagulation system can discriminate multiple 

specific stimuli from a complex environment to induce clotting only when and where it is 

needed. Native blood clots are generally effective at stopping bleeding but may fail mechanically 

during severe hemorrhage. Strategies exist to tune the mechanical properties of native 

biomaterials by copolymerizing with synthetic materials. However, reactions that form synthetic 

materials have yet to achieve the level of sensitivity towards environmental stimuli as the 

tailored reaction networks of complex biological systems like that of coagulation. Here we show 

that the formation of a synthetic material can be coupled to the coagulation cascade so that it is 

also stimuli-responsive like the native blood clot. Formation of the synthetic material was 

controlled by the activity of FXIIIa generated from the activation of the coagulation cascade. The 

functions of the coagulation cascade remained intact when the material was incorporated. 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. This strategy demonstrates for the first time that an existing stimuli-responsive 

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 in a highly responsive manner, and organisms regulate 

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 regulators175. These networks can amplify signals from appropriate stimuli 

with exquisite discretion. The formation of blood clots is one such example. To effectively 

achieve hemostasis and avoid disseminated thrombosis, the process of coagulation is carefully 

controlled by a multitude of co-operative on- and off-switches. These switches regulate an 

intricate network of enzymatic reactions that polymerize and crosslink fibrin. Synthetic materials 

have not achieved this level of control175,176, partly because it is difficult to engineer numerous 

types of molecular recognition into the materials or their crosslinking systems. Current synthetic 

materials can typically only respond to one signal with high specificity177,178, or alternatively, 

many stimuli but with the inability to distinguish between similar signals179,180,181. For example, 

there are synthetic materials that form directly in response to a specific purified crosslinking 

enzyme182, but their formation lacks sensitivity to the plethora of stimuli that naturally controls 

the enzyme in its biological system. For this reason, there is tremendous interest in creating 

ñsmartò materials that are responsive to multiple signals, with a goal toward developing materials 

that can respond to environmental cues176. Many successful strategies have been 

developed175,183,184, but smart materials do not typically detect distinct stimuli from more than 

three to four diverse classes of signals176. It can be particularly challenging to control the 

formation of a material through polymerization or self-assembly by multiple diverse stimuli, 

while the behavior of the material, such as swelling, degradation or localization, can more often 
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be controlled179,180,181. We are unaware of a material whose formation is responsive to specific 

stimuli from over eight diverse classes of signals. This makes it a challenge to apply copolymers 

to modify the mechanical properties of blood clots, which 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 without increasing 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 responsiveness of a material be expanded to include 

coagulation stimuli if its crosslinking enzyme is connected to the coagulation cascade? To test 

this concept, we used a well-characterized synthetic material, a polyethylene glycol (PEG) 

hydrogel whose polymerization is catalyzed by coagulation factor XIIIa (FXIIIa)1,2,3,4,5. FXIIIa is 

a transglutaminase that covalently crosslinks glutamine to lysine residues or to other primary 

amines and is a promiscuous enzyme with many known substrates. PEG macromers conjugated 

to appropriate glutamine-donating peptides can be crosslinked by purified FXIIIa in buffered 

systems to form gels (Q-PEG)1,2,3,4,5. FXIIIa plays an important role in blood coagulation. During 

the coagulation process, the zymogen FXIII is cleaved by the protease, thrombin, and activated 

to form FXIIIa, 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 that indirectly controls the activation of FXIII and 

crosslinking of fibrin7. We tested if this ability of the coagulation cascade to control the 

crosslinking of fibrin could be used to control crosslinking of Q-PEG, by mixing the Q-PEG and 
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a synthetic polyamine, spermidine, with fibrinogen-depleted plasma. By connecting these well-

characterized components, we hypothesized that the coagulation cascade could control Q-PEG to 

polymerize in a clot-like manner in response to new stimuli. 

We found that the Q-PEG hydrogel was formed as a 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 macromer, the 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 direct addition of FXIIIa, or FXIII 

and thrombin, but also indirectly by the multitude of diverse stimuli that can modulate the 

coagulation network through thrombin and FXIIIa. Q-PEG polymerized in response to all the 

systemôs natural input triggers we evaluated, including specific chemicals, materials, cells, and 

combinations of stimuli. Q-PEG exhibited greater mechanical stiffness than the natural 

coagulation output, fibrin. In this strategy, the responsiveness of the modified system emerged 

nearly entirely from the biological network and this responsiveness was passed on to the 

crosslinking enzyme and then indirectly to the material, leading to its clot-like polymerization. 

This approach of changing the output of a biological network resembles strategies used in 

synthetic biology, where networks in microorganisms are altered to produce new biological 

products or gain new functions185,186,187. 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 specific modulators from over eight diverse classes of signals to 

harden into a synthetic material. 
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3.3 Methods 

3.3.1 Synthesizing Q-PEG 

The acetyl-NQEQVSPLTLLKKGC (Thermo Fisher Scientific, Waltham, USA) peptide 

derived from Ŭ2-antiplasmin was conjugated to polyethylene glycol maleimide (PEG-mal) (40 

kDa, 8-armed) (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 immobilized Tris-(2-

carboxyethyl)phosphine (TCEP) disulfide reducing gel (Thermo Fisher Scientific). For the 

conjugation reaction, the peptides were reacted with PEG-mal (50 mg/mL, 1.25 mM) in Tris-

EDTA buffer (150 mM NaCl, 50 mM Tris-Base, 10 mM EDTA, pH 8) overnight at 4ϊC, stirring 

continuously. To quench any remaining unreacted maleimide, mercaptoethanol (180 ɛM) was 

added to the mixture. This mixture was then dialyzed against Tris-EDTA buffer for 1 day, and 

then against water for 2 days. To confirm the conjugation of PEG-mal and peptides, Ellmanôs 

reagent (5,5'-dithiobis(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 were eliminated following conjugation with PEG-mal and 

subsequent 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 a Centri-prep filter (Amicon®Ultra 10K, Millipore). The final conjugates 

were lyophilized and stored at -20ϊC 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 DAWN-EOS multi angle laser light scattering monitor from Wyatt Technology 

Inc., U.S.A. and Optilab RI detectors in an aqueous 0.1 M NaNO3 solution, using a dn/dc of 

0.135 (Data not shown). 1H NMR analysis was performed on a 300 MHz Bruker Advance at 

room temperature. The purity of synthesized polymers and the degree of functionalization was 

determined using NMR spectral data processed with ACD/Spectrus Processor software (see 

Figure 4.1). The amount of peptide attached to PEG was quantified by comparing the integrals 

corresponding to the polymer backbone and the leucine and valine ïCH3 groups of the peptide.  

 

Figure 3.1 Spectral data from 1H NMR (D 2O) of PEG (Mn = 39 kPa) functionalized with peptide (Q-PEG).  
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The peaks ranging from 3.57 to 3.82 ppm are from the PEG backbone and represent the 4 protons from the ethylene 

monomer. The multiplet from 0.85 to 0.91 ppm are characteristic of the leucine and valine methyl groups of the 

peptide (~24 H). The calculated average number of peptides attached to the 8-arm PEG is 4 groups. 

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

Frozen normal human plasma was thawed at 37ϊC and recalcified. The recalcification 

solution (90 mM NaCl and 40 mM CaCl2) was added to the plasma in a 1:3 ratio. Each 

modulator was separately added to this mixture (concentrations stated in Table 3.1) and samples 

were maintained at 37ϊC. 

Stimulus Manufacturer Final concentration 

Human Xa Haematologic 

Technologies Inc. 

(Vermont, USA) 

100 µg/mL 

Bovine Thrombin Sigma-Aldrich (St. 

Louis, USA) 

53 units/mL 

Thromboplastin Pacific Hemostasis 

(Middletown, USA) 

6.6 mg/mL 

Silica Particulates ñKontact,ò Pacific 

Hemostasis 

(Middletown, USA) 

13.3% v/v 

APC Haematologic 

Technologies Inc. 

(Vermont, USA) 

50 µg/mL 

DAPA Haematologic 

Technologies Inc. 

(Vermont, USA) 

100 µg/mL 

Hirudin Sigma-Aldrich (St. 

Louis, USA) 

319 units/mL 

Rivaroxaban Sigma-Aldrich (St. 

Louis, USA) 

13.3 µM 

Fondaparinux ñXarelto,ò Bayer 

Healthcare (Berlin, 

Germany) 

13.3 µM 

Silica Particulates 

(for Figure 3.7f) 

ñSiMAG-Silanol,ò 

Chemicell GmbH 

(Berlin, Germany) 

66 µg/mL 
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Hydroxyl-coated 

Silica Particulates 

ñSiMAG-Hydroxyl,ò 

Chemicell GmbH 

(Berlin, Germany) 

66 µg/mL 

Ellagic Acid Sigma-Aldrich (St. 

Louis, USA) 

6.6 µM 

Rutin Trihydrate Sigma-Aldrich (St. 

Louis, USA) 

6.6 µM 

Table 3.1 Concentrations of coagulation modulators tested in Chapter 3 

3.3.4 Testing the formation time of crosslinked Q-PEG hydrogels in response to 

modulators 

A reaction mixture of 5 µL was prepared in buffer (10 mM HEPES, 7 mM sodium 

citrate, pH 7.4) containing the Q-PEG macromers (49 mg/mL), fibrinogen-deficient plasma 

(13.3% v/v) (Affinity Biologicals, Ancaster, Canada), purified FXIII (93 ɛg/mL) (Haematologic 

Technologies Inc., Vermont, USA), spermidine (1.8 mM) (Sigma-Aldrich, St. Louis, USA), 

dithiothreitol (DTT; 0.66 mM) (Sigma-Aldrich, St. Louis, USA), and CaCl2 (29 mM) (Acros 

Organics, New Jersey, USA). The stimuli being evaluated were added to this mixture at the test 

concentrations stated in Table 3.1 and the reaction was maintained at 37ϊC. Fibrinogen-deficient 

plasma partially depleted for other coagulation factors was used in Figure 3.8d, e, g and Figure 

3.10. Specific enzyme activities for this plasma are listed in Table 3.2. A higher concentration of 

fibrinogen-deficient plasma (26.6% v/v) and lower concentration of supplemented purified FXIII 

(46.5 ɛg/mL) was used in Figure 3.8f.  

Plasma Type FII Activity  FV Activity FVII Activity  Fibrinogen 

Concentration 

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

Fibrinogen-

deficient 

plasma (active 

cascade) 

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



54 

 

Fibrinogen and 

factors-

deficient 

plasma 

0.79 U/mL 0.07 U/mL 0.29 U/mL 0.001 g/L 

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

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

manufacturer to determine activities.  

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

The same protocol for forming the crosslinked Q-PEG hydrogel in plasma was used with 

minor modifications. The reaction mixture of 5 µL was made in the same citrated buffer 

containing the Q-PEG macromers (87 mg/mL), human FXIIIa (0.31 mg/mL, unless otherwise 

stated) (Haematologic Technologies Inc., Vermont, USA), spermidine (2.4 mM), DTT (0.90 

mM), and CaCl2 (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 in Table 3.1. 

The reaction mixture was maintained at 37ϊC. 

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

The mechanical properties of crosslinked Q-PEG and fibrin clots were measured during 

the course of their formation by thromboelastography (TEG) (TEG® 5000 Thrombelastograph® 

Hemostasis System, Haemoscope Corporation, IL) (see Figure 3.2 and Figure 3.6c)188. TEG 

measures properties such as the reaction rate, mechanical strength, and stability of the gel or clot 

by measuring rotational movement of a pin suspended in a gel mixture or plasma. Reaction time 

(R) indicates the time that gelation begins. Amplitude (A) is a function of clot strength or 

elasticity. Maximum amplitude (MA) represents the maximum strength of the gel. The amplitude 
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can be used to determine the shear elastic modulus (G) of the gel or fibrin clot during its 

formation. The reaction mixture (300 ɛL) of Q-PEG in fibrin-poor plasma or normal plasma was 

prepared as previously described and the reaction was initiated by recalcification and the 

addition of silica (Kontact reagent) to activate the coagulation network. The effects of an 

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

(T101), ZEDIRA GmbH, Germany) or a cocktail of protease inhibitors (2 mM 4-(2-

aminoethyl)benzenesulfonyl fluoride, 0.3 ɛM aprotinin, 130 ɛM bestatin, 1 mM EDTA, 14 ɛM 

E-64, 1 ɛM Leupeptin, Sigma-Aldrich) were evaluated. The samples were analyzed at 37°C for 3 

hr. 

The compressive elastic moduli of the Q-PEG gels were measured by a controlled force 

compression test (DMA Q800, TA Instruments, DE). The same protocol for forming the Q-PEG 

hydrogel in fibrin-poor plasma was used as described above, with individual reaction volumes of 

5.79 ɛL. Reaction mixtures were incubated overnight at 37°C to allow them to completely gel. 

Each gel was removed from its microchamber and placed in a submersion-compression clamp. 

Its diameter was measured using a caliper to determine the surface area of the sample. Preload 

force of 0.01 N was applied to the gel to ensure good contact with the compression clamp. The 

instrument measured initial sample thickness, ramped the compression force at 0.01 N/min and 

measured the sampleôs stress and strain. The compressive elastic modulus was calculated by 

taking the absolute value of the slope of the stress-strain curve at its initial linear portion where 

elastic deformation was observed (Figure 3.3). 
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Figure 3.2 TEG curves of Q-PEG in plasma.  

The shear elastic modulus of Q-PEG in FG-deficient plasma that is activated to clot (purple curve) is greater than the 

material in unstimulated FG-deficient plasma (black curve), normal plasma with fibrin (blue curve) and the material 

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
































































