
 

ABSTRACT 

NELLENBACH, KIMBERLY.  Neonatal Fibrin Clot Formation: Mechanisms and Clinical 
Implications (Under the direction of Dr. Ashley Brown). 
 

Hemostasis is a complex physiological process that allows for the cessation of bleeding 

during an injury while maintaining unobstructed flow elsewhere. The hemostatic system is 

considerably different in neonates (infants less than 30 days of age) compared to adults, and is 

referred to as hemostatic immaturity or developmental hemostasis. Major attributes of hemostatic 

immaturity include hyporeactive platelets, decreased clotting factor concentrations, longer 

clotting times, and significant differences in the primary clotting protein fibrinogen. Despite 

these differences, neonatal bleeding after procedures with cardiopulmonary bypass, or other 

etiologies, are treated with transfusions of adult blood products, namely adult fibrinogen. These 

therapies have mixed efficacy for mitigating bleeding and carry a high risk of thrombotic 

complications in neonates. Therefore, there is a great need to reduce transfusion requirements in 

neonates by identifying safe and effective therapeutics for treatment of bleeding in this patient 

population. To this end, the overarching purpose of the studies described in this dissertation was 

to (1) analyze the in vitro efficacy of commercially available procoagulants in post-bypass 

neonatal plasma samples; (2) develop an in vitro animal model of neonatal coagulopathy to 

facilitate preclinical research of neonatal specific therapeutics; (3) improve our understanding of 

age-related differences in hemostasis through characterization of adult and neonatal fibrin 

properties and polymerization mechanisms. Together, the results presented in this dissertation 

advance our understanding of fibrin characteristics in developmental hemostasis and are the 

foundation for future in vitro and in vivo studies developing neonatal specific therapeutics for 

targeting fibrin during hemostasis.   
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Chapter 1 
 

Introduction to Coagulation and Neonatal Hemostasis 
 

 
1.1 Overview of Hemostasis and Associated Complications 

Hemostasis is a complex physiological process that allows for the cessation of bleeding 

during an injury while maintaining unobstructed flow of blood elsewhere. This tightly controlled 

system is made up of many pro and anti-thrombotic cells, factors, and proteases that exist to 

create an equilibrium. Hemostasis occurs in two main stages: platelet plug formation and 

coagulation, classified as primary and secondary hemostasis, respectively1,2. Primary hemostasis 

includes aggregation of platelets at an injury site to inhibit initial blood loss (Figure 1.1). At the 

site of a vascular injury, platelets bind to the exposed subendothelial collagen by the adhesive 

platelet receptor GPIa/IIa. These surface receptors allow platelets to activate and aggregate at the 

wound site to form an occluding plug3,4. 
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Figure 1.1  (A) Platelet activation through various agonists and adhesin at the site of a vascular 

injury. Platelet aggregation (B) and fibrin network polymerization (C) result in thrombus 

formation. Reprinted with permission from Nellenbach, K. and Brown, A.C. Peptide Mimetic 

Drugs for Modulating Thrombosis and Hemostasis. Drug Development Research, Volume 78, 

Issue 6, Copyright 2017 Wiley Periodicals, Inc., with permission from John Wiley and Sons. 

 

Simultaneously, secondary hemostasis occurs as the activation of the coagulation 

cascade, through two main pathways, resulting in the formation of a fibrin clot (Figure 1.2). The 

extrinsic pathway of the coagulation cascade is initiated by the binding of tissue factor, exposed 

during a vessel injury, to activated factor VII. The intrinsic pathway, activated by trauma inside 

the vascular system, begins with the sequential activation of factors XII, XI, and IX5. Both 

pathways merge with the same activity, known as the common pathway. Here either factor VII 

or IX then activates Factor X to Xa. Factor Xa and its co-factor FVa form a prothrombinase 

complex which acts to convert prothrombin into its activated form thrombin. Once activated, 
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thrombin, a serine protease, initiates the activation of coagulation factors V, VIII, and XI, while 

also contributing to further platelet activation6. Simultaneously, thrombin converts circulating 

clotting protein fibrinogen to fibrin in order to facilitate fibrin self-assembly into a dense network 

that, along with platelets, comprises a blood clot to aid in cessation of bleeding2,4.  

 

 

 

Figure 1.2  Overview of coagulation cascade. Reprinted with permission from Nellenbach, K. 

and Brown, A.C. Peptide Mimetic Drugs for Modulating Thrombosis and Hemostasis. Drug 

Development Research, Volume 78, Issue 6, Copyright 2017 Wiley Periodicals, Inc., with 

permission from John Wiley and Sons. 

 

Once bleeding has ceased, the vessel wall has healed, and the presence of a clot is no 

longer necessary, the fibrinolytic system activates and works to dissolve the thrombus. The 

majority of fibrinolysis is carried out by the action of the serene protease, plasmin. Plasmin is 
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generated from the zymogen plasminogen by the proteases tissue type plasminogen activator 

(tPa) or urokinase-type plasminogen activator (uPA). Once activated, plasmin breaks down fibrin 

to degrade the clot in a timely manner to avoid thrombotic complications. This results in fibrin 

degradation products which are then cleared by other proteases present in the blood6–8.  

 When the balance of this tightly controlled system is compromised, uncontrolled 

bleeding, or thrombotic complications resulting from overstimulation of the coagulation pathway 

can occur4. Such complications can have serious implications; thromboembolic disorders are the 

leading cause of death in the western world and bleeding disorders affect more than three million 

people in the United States9,10. Those with thromboembolic disorders are marked by an 

overabundance of clotting that come with devastating complications such as heart attacks, 

strokes, or pulmonary emboli. Hypercoagulation can result from genetic conditions, lifestyle, 

illness, or even trauma. Genetically tied hypercoagulation disorders include diseases such as 

antithrombin deficiencies and elevated factor VIII11,12. In contrast with these thrombotic 

conditions, hemostatic disorders, such as genetically linked bleeding disorders Von Willebrand 

disease or hemophilia, are unable to form adequate clots to cease bleeding due to the absence of 

crucial coagulation factors8,13. Additionally, other causes of uncontrolled bleeding such as 

trauma or in neonatal patients with underdeveloped clotting systems can result in deficient fibrin 

clot formation8,14.   

 

1.2 Fibrin in Hemostasis and Wound Healing  
 

The activation of the primary clotting protein fibrinogen by thrombin and its subsequent 

polymerization is essential for the formation of a stable blood clot15.  Fibrinogen, synthesized by 

liver hepatocytes, is a 340-kDa soluble circulating glycoprotein comprised of two symmetrical 



5 

sets of three different polypeptide chains held together by disulfide bonds16,17 (Figure 1.3). Each 

molecule has two sets of each chain termed the Aa chain, Bb chain, and g chain. All fibrinogen 

chains are formed with their N-termini oriented in a central E domain that extend in a coiled- coil 

formation. Each protein also has two terminal D domains, located at the terminal regions of the 

end of the Bb and g  chains, and two globular aC regions, located at the end of the coiled-coil 

regions of the Aa chains. Additionally, there is extensive post-translational modification of the 

protein including phosphorylation, glycosylation, oxidation, and ubiquitination, which can 

impact protein folding and function18. In healthy individuals, fibrinogen circulates at a 

concentration of 2-5 mg/ml. However, fibrinogen is an acute phase protein and blood levels can 

rise rapidly and exceed 10 mg/ml in response to injury, infection, inflammation, or other 

conditions17,19.  

 

 
Figure 1.3  Diagram of a fibrinogen molecule. N-termini fibrinopeptides A and B, cleaved 

during polymerization, are located within the central E domain.  

 

During coagulation, fibrin self-assembly into a clot is a principal mechanism for 

controlling blood loss (Figure 1.4). Once activated, the proteolytic enzyme thrombin converts 

fibrinogen to its active, insoluble form fibrin via cleavage of fibrinopeptides A and B, located at 
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the N-termini end of the Aa and Bb chains, exposing fibrin knobs A and B. Fibrin protofibrils 

are then formed from the noncovalent binding of fibrin knobs to complementary fibrin holes a 

and b on adjacent proteins. As polymerization proceeds, protofibrils aggregate into fibers which 

constitute the final fibrin network15,20.  

 

 
Figure 1.4  Fibrin polymerization occurs through the noncovalent binding of exposed fibrin knobs 

A and B to fibrin holes a and b on adjacent proteins. 

 
 A fully formed fibrin clot binds together platelets and other plasma proteins to create a 

hemostatic plug in the presence of vascular injury17. In addition to its role in hemostasis, 

fibrinogen also plays a key role in would healing by providing an essential scaffold to facilitate 

cell attachment, migration, and proliferation21. Deficient fibrin clot formation due to fibrinogen 

disorders can result in pathological bleeding. For example, congenital hypofibrinogenemia, a 

disorder in which there is reduced levels of plasma fibrinogen due to a genetic mutation, often 

results in insufficient clotting and episodic bleeding22. Additionally, acquired 

dysfibrinogenemias, such as those formed during severe liver disease, have normal amino acid 
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sequences but have incorrect post translational modifications that can result in episodes of 

bleeding or clotting23. Lastly, the presence of a fetal version of fibrinogen, present during the 

neonatal period, can cause bleeding after trauma or surgery24.  

 

1.3 Neonatal Hemostasis 

Surprisingly, the neonatal hemostatic system is considerably different from that of adults. 

Like other developmental processes, the hemostatic system is immature at birth and develops 

throughout the first two years of life. This phenomenon, known as developmental hemostasis, 

has been recognized since the early 1980 and is characterized by age-dependent differences in 

platelets, circulating clotting factors, and variations in fibrinogen and fibrin clot properties (Table 

1)14,25.  
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Table 1.1. Neonatal hemostasis versus older children/adult hemostasis. Revel-Vilk, Shoshana. 

The conundrum of neonatal coagulopathy. Blood, Volume 2012, Issue 1, Copyright 2012 with 

permission from American Society of Hematology 

 

 

Although platelet concentrations are similar to elevated compared to adults, in the 

newborn population they are hyporeactive with less activation and aggregation. Additionally, 

intraclot thrombin levels have been found to be significantly reduced compared to adult, thus 

contributing to longer clotting times25. Lower levels of circulating clotting factors are also 

observed in the neonate, including factors II, VII, IX, and X. However, these lower 

concentrations of coagulant factors are balanced by higher levels of procoagulant von Willebrand 

factor26–28. 

 In addition to quantitative differences in coagulation factors, major qualitative 

differences have been identified in neonatal proteins, most notably in fibrinogen. Although 

similar in concentrations, neonates have been shown to possess a molecular variant of 
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fibrinogen, termed fetal fibrinogen, that has different molecular weights of subunits and 

variations in post-translational modifications in comparison to the mature, adult form. 

Specifically, fetal fibrinogen has greater protein phosphorylation and glycosylation in the form 

of sialic acid residues than observed in adult fibrinogen29. Functionally, neonatal fibrinogen has 

lower activity as reflected by prolonged thrombin clotting times and differences in fibrin 

polymerization relative to the adult form29. These differences in coagulation factor 

concentrations and protein variations do not pose a risk in the healthy neonate and appear to be a 

part of normal development. However, in comprimised neonates, such as those with trauma or 

that require surgery soon after birth, this hemostatic immaturity can result in bleeding 

complications24.  

 

1.4 Neonatal Bleeding 

Preterm neonates and those undergoing surgical procedures have a high incidence of 

bleeding. Recent research assessing data from neonates, or infants less than 30 days of age, 

across eight different neonatal intensive care units identified bleeding in 25% of admitted 

neonatal patients30. For preterm neonates, intraventricular hemorrhage is the most common and 

life threatening type of bleeding24,30,31. This happens as a consequence of pressure changes in 

their tiny, fragile cerebral blood vessels30. Additionally, postoperative bleeding is a common and 

serious complication of neonates undergoing surgery with cardiopulmonary bypass (CPB) or 

extra corporeal membrane oxygenation (ECMO)32,33. CPB is required during surgeries correcting 

congenital cardiac defects and ECMO is often used longer term to support sick neonates in 

cardiac or respiratory failure24,32. Congenital cardiac defects are structural malformations of the 

heart and are the most common birth defect worldwide. Roughly 25% of neonates born with 
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these cardiac deformities will require corrective surgery within the first week of life30. CPB is a 

required element of such surgeries, however, its use often leads to hemostatic imbalance with 

substantial bleeding24.  

Although bleeding after CPB use is also seen in adults, in neonates, post-operative 

bleeding caused by multiple factors related to CPB has been linked to increased mortality and 

morbidity outcomes (Figure 1.5). First, CPB priming solutions are used at volumes that are 

equivalent or greater than circulating blood volumes, often resulting in 100-200% hemodilution 

causing dilution of crucial clotting proteins and platelets24,31. Some efforts have been made to 

miniaturize CPB systems in order to reduce priming volume requirements for neonates, however, 

these have not been largely adopted due to high expenses34. Next, neonates often undergo long 

procedure times at low temperatures with large suture sites. These deep hypothermic conditions 

are utilized to reduce cellular metabolism and oxygen requirements of the brain to prevent 

neurologic damage.  However, randomized clinical trials have identified hypothermic conditions 

to be associated with bleeding after surgery35. Lastly, their immature coagulation system with 

hyporeactive platelets and reduced functionally of fibrinogen also contributes to the bleeding 

seen post surgically24.  
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Figure 1.5  Factors contributing to post-cardiopulmonary bypass (CPB) induced bleeding in 

neonates. 

 Mitigation of bleeding in neonates is currently achieved through adult oriented treatment 

options. Most commonly, bleeding is treated through transfusions of adult blood products 

including platelets, packed red blood cells, fresh frozen plasma, and cryoprecipitate (primarily 

adult fibrinogen)14,31. However, the efficacy and safety of such transfusions in neonates is 

inconsistent; adult blood transfusions are associated with increased neonatal morbidity and 

mortality and recent evidence has determined that neonates receiving greater amounts of adult 

blood products have longer intensive care unit (ICU) stays24. Additionally, the use of adult blood 

products in neonates is associated with an increased risk of thrombotic complications with 

suboptimal clinical outcomes such as stroke, pulmonary embolism, or even death36,37. These 

therapeutics also have inconsistent clotting protein concentrations due to human variability and 

carry the risk of infectious diseases associated with the use of allogenic blood products. Some 

explanation for the inconsistent efficacy of adult blood products in neonates comes from recent 

research showing incapability of adult and neonatal fibrin matrices14,24,29.   
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1.5 Neonatal vs. Adult fibrin Clots 

Previous research from our group demonstrated that purified adult and neonatal fibrin 

clots are structurally and functionally distinct. Structurally, clots formed from adult fibrin appear 

dense, three- dimensional, and have high densities of fiber branching while neonatal fibrin clots 

were observed to be thin, wispy, and have low degrees of fiber branching (Figure 1.6).  
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Figure 1.6 Confocal microscopy analysis of clots constructed from both purified adult and 

neonatal fibrinogen. Clots were formed from purified adult (A, B) or neonatal (C,D) fibrinogen at 

a concentration of 2.5 (A,C) or 3.5 mg/ml (B,D) fibrinogen in the presence of 10 μg/ml 

adult (A, B) or neonatal (C, D) fibrinogen at a concentration of 2.5 (A, C) or 3.5 mg/ml (B, D) 

fibrinogen in the presence of 10 μg/ml thrombin. Clots were also formed by combining neonatal 

and adult fibrinogen in a 2.5:1 (E, G, H) or 1:2.5 (F,I<J) to create clots simulating conditions 

observed after transfusion with a total fibrinogen concentration of 3.5 mg/ml in the presense of 10 

μg/ml thombin. Neonatal fibrinogen was labeled with Alexa-Flour 488 (green) to allow for 

separate visualization of adult and neonatal fibrinogen labeled with Alexa-Flour 555 (red). 

Representative images are presented. For combined fibrinogen samples, overlaid neonatal and 

adult fibrinogen channels (E, F) and corresponding individual neonatal (G, I) and adult fibrinogen 

(H, J) channels are presented. Scale bar = 20 μm. Reprinted by permission from Brown AC, 

Hannan RH, Timmins LH, Fernandez JD, Barker TH, Guzzetta NA. Fibrin Network Changes in 

Neonates After Cardiopulmonary Bypass. Anesthesiology 2016;124:1021-31. With permission 

from Wolters Kluwer Health, Inc. 
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Functionally, neonatal fibrin clots were observed to degrade at a rate significantly faster 

than adults. Moreover, when the two were mixed together, to simulate treatment, their distinct 

characteristics were retained. Clots constructed of mixed ratios of adult and neonatal fibrin had 

significantly slower degradation rates than purely neonatal clots with highly heterogenous clot 

structure. These hybrid clots with both porous areas and those with dense fibers may not be 

sufficient for stemming the flow of blood post-CPB. In fact, sometimes multiple transfusions of 

adult blood products are needed to mitigate bleeding. Additionally, the neonatal intrinsic 

fibrinolytic system may not be able to properly degrade clots containing adult fibrinogen. This is 

reflected clinically in data indicating neonates receiving large amounts of transfusions have more 

pronounced procoagulant profiles and experience more thrombotic complications24. To this end, 

there is a dire need to develop safe and effective neonatal specific treatments for mitigation of 

bleeding after surgery or other etiologies. In order to make headway towards this goal, more 

information is needed on the differences in fibrin network  formation between adults and 

neonates and how neonates respond to additional hemostatic therapies. This dissertation 

evaluates 1) in vitro efficacy of hemostatic agents in neonates and 2) age-dependent mechanistic 

distinctions in fibrin clot formation. 
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Chapter 2 
 

Objectives 
 

Excessive post-operative bleeding is a serious complication of neonates undergoing 

corrective cardiac surgery with cardiopulmonary bypass (CPB) and has been associated with 

substantial morbidity and mortality. Post-operative bleeding in neonates is currently addressed 

through transfusions of adult blood products including red blood cells, platelets, and 

cryoprecipitate (fibrinogen component). However, this standard of care (SOC) has an 

inconsistent efficacy for mitigating bleeding in neonates and in some cases several transfusions 

are necessary to restore hemostasis. The inconsistent efficacy seen in the current standard of care 

may be due in part to extensive differences in the coagulation system between adults and 

neonates. Although some strides have been made in studying developmental hemostasis, there 

still remains an inadequate understanding of the differences between neonatal and adult clotting 

systems. This knowledge gap has resulted in adverse clinical outcomes; therefore there is an 

unmet need to study neonatal clot formation and properties compared to adults. Further, because 

of the major distinctions identified in hemostasis between adults and neonates, these groups 

should have different clinical treatments for mitigating bleeding and thrombotic complications.  

The long-term goal of these studies is to determine effective and safe methods for 

addressing bleeding in neonates. This research will make progress towards this goal by 

increasing our understanding of differences between neonatal and adult clot properties, analyzing 

in vitro efficacy of pro-coagulant agents in neonates, and validating an animal model of neonatal 

coagulopathy to allow testing of pro-coagulant agents on a preclinical level. The following 

studies are divided into three specific aims: 1) to characterize post-bypass neonatal clots in the 

presence of hemostatic agents (Chapter 3); 2) to validate a porcine model of neonatal 
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coagulopathy (Chapter 4); and 3) evaluate neonatal fibrin polymerization dynamics, structural, 

and mechanical properties compared to adults (Chapter 5 and 6).  
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Chapter 3 
 

Analysis of the Structural and Mechanical Effects of Procoagulant Agents on Neonatal 
Fibrin Networks Following Cardiopulmonary Bypass 

 
 

The goal of the studies described in this chapter was to evaluate the in vitro efficacy of 

two commercially used hemostatic agents, Prothrombin complex concentrate (PCC), and Factor 

VII (rFVIIa), to enhance post-CPB neonatal fibrin clots. rFVIIa and PCC’s are increasingly 

being used off-label as rescue agents to control excessive bleeding after CPB in neonates when 

adults transfusions fail. By determining that these agents enhance post-CPB clot properties in a 

manner more similar to native neonatal fibrin clots, we demonstrate the in vitro capacity for 

studying the incorporation of procoagulants in neonatal fibrin clots and that alternate therapies 

may be more efficacious for mitigating bleeding in neonates compared to transfusions of adult 

blood products.  

The work described in this chapter has been previously published in the Journal of 

Thrombosis and Haemostasis: Nellenbach, K., Guzzetta, N.A, and Brown, AC. Analysis of the 

structural and mechanical effects of procoagulant agents on neonatal fibrin networks following 

cardiopulmonary bypass. Journal of Thrombosis and Haemostasis 2018. Reproduced with 

permission by John Wiley and Sons. 
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3.1 Introduction 
 

Important quantitative and qualitative differences in hemostasis exist between neonates and 

adults including distinct variations in the primary clotting protein, fibrinogen38.  In neonates, a 

“fetal” form of fibrinogen is proposed to exist, and characterized by a distinct molecular 

composition and slower thrombin clotting times39.  Such developmental differences pose no 

concern in healthy neonates, but, in neonates born with congenital cardiac defects requiring 

corrective surgery with cardiopulmonary bypass (CPB), the presence of deficient and 

underdeveloped clotting proteins may contribute to poor clot formation and significant 

postoperative bleeding14,40.  In these patients, bleeding is currently addressed through the 

transfusion of adult blood products, including platelets and cryoprecipitate (fibrinogen 

component), and multiple transfusions are often required to restore hemostasis. However, 

transfusion of allogeneic blood products is associated with substantial morbidity and mortality24,41.  

Moreover, our recent studies show that neonatal and adult fibrin networks are structurally distinct 

and do not fully integrate with each other resulting in an incomplete fibrin matrix structure14. We 

also determined that the addition of adult fibrinogen to neonatal clots resulted in significant 

differences in clot degradation rates. Clots constructed of mixed ratios of purified neonatal and 

adult fibrinogen (to simulate transfusion of cryoprecipitate) had significantly slower degradation 

rates than those made with native neonatal fibrinogen. A potential consequence of slower 

degradation is thrombosis, which occurs in a high proportion of neonates undergoing cardiac 

surgery36,42,43.  

Procoagulant agents, such as prothrombin complex concentrates (PCCs) and recombinant 

activated factor VII (rFVIIa), are sometimes used as rescue agents to control excessive bleeding 

after CPB in neonates. These agents augment coagulation by directly or indirectly increasing 
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thrombin generation and may be a viable alternative to the transfusion of adult blood products. 

Several formulations of PCCs are available, each of which has variations in factor concentrations, 

activity, and additives resulting in distinct procoagulant profiles between these products.  Three-

factor (3F) PCCs contain low levels of FVII and therapeutic levels of FII, FIX and FX in contrast 

to four-factor (4F) PCCs which contain therapeutic amounts of all the vitamin K-dependent 

factors. A few contain small amounts of the anticoagulant proteins C, S and antithrombin. The 

majority of PCC formulations contain inactivated factors. The only activated 4F-PCC in the United 

States is Factor Eight Inhibitor Bypassing Activity (FEIBA;Shire US Inc., USA ); it contains FVIIa 

and small amounts of FXa44.  

In this investigation, our goal was to determine how two of these procoagulant agents, 

specifically FEIBA and rFVIIa, affect the structural and functional properties of neonatal fibrin 

matrices when added ex vivo to neonatal plasma after CPB and compare their effects to those of 

cryoprecipitate administered via transfusion. We hypothesized that, by enhancing endogenous 

thrombin generation, FEIBA and rFVIIa would stimulate native neonatal fibrin formation and 

produce postoperative clots with properties similar to those of baseline neonatal clots. 

 
3.2 Materials and Methods 
 
3.2.1 Study Participants 

All protocols were approved by both the Emory University and Children’s Healthcare of 

Atlanta Institutional Review Boards. After written informed parental consent, 15 neonates (defined 

as infants less than 30 days of age) undergoing corrective cardiac surgery requiring CPB were 

enrolled. Neonates with a known coagulation disorder, mother with a coagulation disorder, 

coagulopathy, APGAR score less than 7 at 5 minutes, and premature infants (less than 36 

gestational weeks) were excluded.  All neonates underwent nonpulsatile hypothermic CPB with a 
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nonheparin-coated system, a Terumo RX-05 hollow-fiber membrane oxygenator (Terumo 

Cardiovascular Systems, USA) and COBE SMArt neonatal circuit tubing (Sorin Group USA, Inc., 

USA). Our anticoagulation protocol consisted of a heparin bolus of 400 units/kg to the patient with 

an additional 1,000 units in the CPB prime. All circuits contained a 250 mL of priming volume 

with packed red blood cells added to the circuit as needed to achieve and maintain a hematocrit of 

30% throughout the duration of CPB. 50 mL of fresh frozen plasma (FFP) were placed in the initial 

CPB prime and another 50 mL added upon re-warming.  As per institutional protocol, all neonates 

received tranexamic acid (100 mg/kg to the patient, 100 mg/kg to the pump, and a continuous 

infusion of 10 mg/kg/h throughout the duration of the operation).  After heparin neutralization with 

protamine, continued bleeding after CPB was treated with our standard transfusion protocol of a 

quarter platelet apheresis unit and 2 units of cryoprecipitate.  Further blood product administration 

was at the discretion of the attending anesthesiologist or intensivist. 

3.2.2 Collection of Neonatal Plasma Samples 

Blood samples were collected from an arterial line after the induction of anesthesia.  To 

prevent heparin contamination, 5 mL of blood were aspirated before collection. Patients had blood 

collected at 3 different time points: prior to surgical incision and CPB (baseline), immediately after 

CPB and heparin reversal (post-CPB), and after transfusion of the standard amount of blood 

products (one-quarter apheresis unit of platelets and 2 units of cryoprecipitate) (Post-Transfusion) 

(Figure 3.1).  All samples were centrifuged imminently to yield platelet poor plasma (PPP), and 

stored at -80°C until use.  

 



22 

 

Figure 3.1 Sample collection schematic 

 

3.2.3 Analysis of Clot Structure 

Confocal microscopy was utilized to analyze clots formed from patient samples collected 

at baseline, after CPB, and after transfusion in the presence of 0.2, 0.3, 0.6 U/ml FEIBA (Shire US 

Inc., USA), a 4F activated PCC, and 0.01, 0.05, 0.06 mg/ml rFVIIa (Innovative Research, USA). 

These concentrations were chosen so that the doses would be within and one above the clinical 

dose range for each therapy in order to determine dose-response relationships45–47. 50 μl clots 

consisting of 90% PPP by volume were polymerized with 0.5 U/ml of human thrombin (Enzyme 

Research Labs, USA). 10 μg/ml Alexa-Flour 488 labeled fibrinogen was utilized for visualization 

and clots were formed between a glass slide and coverslip and allowed to polymerize for 1 hour 

prior to imaging [4]. A Zeiss Laser Scanning Microscope (LSM 710, Zeiss Inc., USA) at a 

magnification of 63x was utilized for imaging and a minimum of three random 5.06 μm z-stacks 

were acquired per clot48,49.  

3.2.4 Analysis of Fibrin Alignment 

Fibrin matrix alignment of clots was quantified through the use of a fast Fourier transform 

(FFT) algorithm previously utilized in Brown et al14,50.  An Alignment index (AI) was determined 

from the fraction of fibers aligned within +/- 20 degrees of the preferred fiber alignment 



23 

normalized to random distribution of oriented fibers. A greater AI translates to a greater alignment 

of fibers. Quantification of clot fiber alignment was determined on each confocal image for all 

stacks. Briefly, each confocal image was padded with redundant data, a Gaussian decay (standard 

deviation = 0.25) and two-dimensional Hann window function were applied to minimize edge 

effects, and the images were transformed into the frequency domain using a two-dimensional FFT. 

Fiber alignment was determined by polar coordinate analysis of the resulting power spectrum and 

quantification of the relative intensity (RT) of pixels in angular bins. The predominant fiber angle 

was defined as the angle with the maximum RT, and the AI was quantified as the fraction of fibers 

aligned within ± 20° of the preferred fiber alignment (PFA) normalized to a random distribution 

of oriented fibers. Note that the higher the AI, the greater alignment of the fibers. Analysis was 

performed on each image for all stacks. 

3.2.5 Analysis of Clot Stiffness 

50 µl of PPP clots were generated with 0.5 U/mL human thrombin directly on a glass slide 

and left to polymerize for 1 hour prior to force measurements. All experiments were carried out 

using Atomic Force Microscopy (AFM) (Asylum MFP3D-Bio, Asylum Research, USA). We used 

standard silicon nitride cantilevers from Nanoandmore (USA) with a particle diameter of 1.98 µm. 

The spring constant of each cantilever was determined by calibration using the Asylum software 

(Igor Pro 15). AFM was operated in contact force mode. 20 µm X 20 µm force maps were collected 

and fit with a Hertz model to obtain the elastic modulus. 5 clots were utilized per group and a 

minimum of 2 random force maps were generated per clot and the average elastic modulus are 

reported.   
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3.2.6 Clot Degradation Assay 

PPP clot degradation rates were assessed for baseline, post-bypass, and post-transfusion in 

the presence of our mid-range dose of 0.3 U/ML FEIBA and 0.05 MG/ML rFVIIa. A custom 

microfluidics-based microscopy assay adapted from Brown et al. was utilized to measure clot 

degradation rates14. A polydimethylsiloxane (PDMS) device consisting of a channel and 

perpendicular lying clot reservoir was utilized for fibrinolysis assays14,48. Devices were 

constructed by casting PDMS into an acrylic mold. Sylgard 184 (Dow Corning, USA) was used to 

form the device in a 9:1 weight ratio of elastomer base to crosslinking agent. After curing for 24 

hours, the device was plasma treated and bonded to a glass slide to create a sealed channel. Clots 

were formed from patient PPP and 10% Alexa-Flour 488–labeled adult fibrinogen was added for 

visualization. Polymerization was initiated with the addition of 0.5 U/ml of thrombin, and 25 μl of 

the clot solution was immediately injected into the clot reservoir of the device. After polymerizing 

for two hours, the device was mounted on an EVOS FL Auto microscope (Life Technologies, 

USA) for imaging. A plasmin solution (0.01 mg/ml plasmin in HEPES buffer) (Human Plasmin, 

Enzyme Research Laboratories, USA) was injected into a channel inlet, and the clot was imaged 

every 10 min for 12 hours. ImageJ (National Institutes of Health, USA) was used to determine rate 

of clot degradation by comparing the first and final images and measuring distance along a 

perpendicular line to the clot boundary. Clot degradation rates were expressed as the distance the 

clot boundary traveled divided by 12 hours. 

3.2.7 Statistics  

All statistical analyses were performed with a one-way ANOVA test using Graphpad Prism 

Software (USA) with a Tukey’s posthoc analysis. Statistical significance was achieved for p < 

0.05. 
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3.3 Results 
 
3.3.1 Clot Structure in Patient Samples 

The effects of CPB, transfusion of cryoprecipitate, and various doses of FEIBA and rFVIIa 

on the fibrin matrix formed from neonatal plasma were investigated using confocal microscopy. 

Representative images of clots formed from a plasma sample collected at baseline, after CPB, after 

transfusion of adult blood products, and after CPB in the presence of increasing doses of FEIBA 

and rFVIIA are shown in Figure 3.2. In general, clots were less dense and more porous after CPB 

compared with baseline clots. After transfusion of adult cryoprecipitate, clots appeared highly 

heterogeneous with both porous and dense areas. The addition of FEIBA to post CPB samples 

resulted in dense, heavily branched fibrin matrices that appeared to increase in cross-branching 

with increasing dosage. The structure of clots formed from post CPB samples in the presence of 

rFVIIa appeared aligned and similar to baseline structure, with increasing fiber density with 

increasing dosage.  
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Figure 3.2 Structural analysis of clots formed from a representative neonatal patient plasma 

sample collected at baseline, post-CPB, post transfusion (top), and post-CPB in the presence of 

increasing doses of FEIBA (PCC; middle) and FVIIa (bottom). Clots were formed in the presence 

of Alexa-Flour 488 labeled fibrinogen to facilitate visualization via confocal microscopy.  Clots 

from 8 patients were analyzed, 3 images were taken from different regions of each patient sample 

and representative images from one patient are shown.  Scale bar=20 μm. 

 

3.3.2 Quantification of clot fiber alignment 
 

A custom Matlab code was used to determine fiber alignment for clots formed at baseline, 

after CPB, after transfusion, and after CPB but before transfusion in the presence of FEIBA and 

rFVIIa (Figure 3.3, Table 3.1). In general, clots constructed from post-CPB samples were less 

aligned compared to baseline while post transfusion clots were significantly less aligned than 

baseline. Baseline neonatal clots displayed an average AI of 1.15 +/- 0.1 while post-CPB and post-

transfusion clots had AI values of 1.12 +/- 0.07 and 1.10 +/- 0.08, respectively. Post-CPB clots in 

the presence of FEIBA had similar AI values to those of post-transfusion clots and mid-range to 
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high dose values, 0.3 U/ml and 0.6 U/ml, were significantly less aligned than baseline fibrin clots.   

The addition of rFVIIa to post CPB samples resulted in clots with similar fibrin alignment values 

to baseline clots and showed a trend of increasing alignment with increasing dosage (1.13 +/- 0.1 

to 1.15 +/- 0.08) but these results did not reach statistical significance. 

 

 

 

Figure 3.3 Quantification of average alignment index (AI) values determined from confocal 

images of patient clots.  Mean average alignment values are presented +/- standard deviation for 

all groups. N=8/group. *=p<0.05. 
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Table 3.1. Quantification of average alignment index (AI) values determined from confocal 

images and stiffness values derived from AFM force mapping of patient clots.  Mean average 

alignment values are presented +/- standard deviation for all groups. N=8/group. 

 

 
 

 
 
3.3.3 Evaluation of clot stiffness 
 

In order to determine how structure and function of post-CPB neonatal fibrin networks are 

affected by the addition of FEIBA and rFVIIa, we investigated the mechanical properties of clots 

formed from these same groups using AFM nano-indentation (Figure 3.4). In general, there was 

a decrease in clot stiffness following CPB and a significant increase in clot stiffness post-

transfusion when compared to baseline clots (p<0.05). The addition of FEIBA and rFVIIa to post-

CPB samples resulted in clot stiffness values that increased with increasing dosage in both groups. 

However, the only statistically significant difference was between the 0.2 and 0.6 U/mL FEIBA 
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groups. Low to mid-range doses of FEIBA (0.2-0.3 U/ml) and rFVIIa (0.01-0.05 mg/ml) in CPB 

samples produced clots with similar stiffness values to that of baseline clots.  

 
 

 

 
Figure 3.4. Analysis of clot stiffness using AFM nanoindentation. (A) Representative forcemap 

obtained from nanoindentation analysis. (B) Average clot stiffness (in kPa) +/- standard deviation 

for clots collected formed from samples collected at Baseline, after CPB, after transfusion, and 

after CPB in the presence of FEIBA (PCC) and FVII are presented. A minimum of 11 force maps 

were collected for each group. *p<0.05, **p<0.01,***p<0.001,****p<0.0001 

 
 
3.3.4 Fibrin degradation 
 

Next, degradation rates of clots were determined using a custom fluidics device. Clots 

formed from post-CPB neonatal plasma had a significantly faster rate of degradation (46.78 +/- 

26.07 μm/hr) than those formed at baseline (22.11 +/- 3.58 μm/hr) or post-transfusion (9.71 +/- 

3.17 μm/hr)  (Figure 3.5). Post-CPB clots also had significantly faster  degradation rates than post-

CPB clots in the presence of either rFVIIa or FEIBA (17.15 +/- 5.09 and 17.33 +/- 2.46). 
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Figure 3.5. Evaluation of clot degradation properties using custom microfluidic device. (A) Top 

view of device with channels labeled. (B) Image of microfluidics system set up on microscope. 

(C) Initial (red) and final (green) frame of clot boundary with false coloring and (D) Average 

degradation rates +/- standard deviation are presented. Scale bar=1 mm. A minimum of 6 samples 

were analyzed per group. *p<0.05, **p<0.01,***p<0.001. 
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3.4 Discussion 
 

In this investigation, our primary goal was to analyze the effect of two procoagulant 

therapies, namely FEIBA and rFVIIa, on the structure and function of the fibrin matrix when added 

ex vivo to neonatal plasma collected following CPB. To accomplish this, we first characterized 

neonatal fibrin matrices formed from plasma at baseline before CPB, immediately after CPB and 

following the transfusion of adult fibrinogen (cryoprecipitate). The results from these initial 

analyses demonstrated similar structural and functional trends as seen in our previous work [4].  

Clots formed from baseline neonatal samples displayed a highly aligned fibrin network that lacked 

three-dimensional structure.  Clots formed in plasma collected immediately after CPB were more 

porous compared to baseline, and those formed after the transfusion of adult fibrinogen showed an 

increased heterogeneity with regions of both dense and porous fibrin structure.  Next, we spiked 

the neonatal plasma samples collected immediately after CPB with clinically relevant doses of 

FEIBA and rFVIIa, and again analyzed structure and function.  The introduction of FEIBA to post-

CPB neonatal samples resulted in heavily branched, homogenous clots that increased in cross-

branching with increasing dosage.  In contrast, the addition of rFVIIa to post-CPB neonatal 

samples resulted in a more aligned fibrin structure that was similar to the baseline neonatal fibrin 

matrix.  

Our quantitative analysis of clot structure demonstrates that the neonatal fibrin matrix is 

significantly more aligned than the matrix formed from adult fibrinogen. These distinctions in 

fibrin architecture could potentially be explained by differences in fibrinogen polymerization 

dynamics between neonates and adults; however, to fully elucidate this relationship, future studies 

identifying the primary mechanisms of neonatal fibrin polymerization and network formation are 

needed. Following CPB we observed a decrease in clot fibrin alignment compared to baseline 
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neonatal clots, most likely due to the porous clot architecture seen in this group.  The addition of 

FEIBA to post-CPB neonatal plasma resulted in a significant increase in cross branching.  This is 

not entirely unexpected given FEIBA’s ability to directly and substantially increase thrombin 

generation51.  FEIBA provides a source of FII and promotes the formation of the prothrombinase 

(FXa-FVa) complex, both of which enhance the amplification phase of coagulation.  As previously 

demonstrated, the rate and overall amount of thrombin generated increase in direct correlation to 

concentration of FII52. This large amount of thrombin leads to the cleavage of fibrinogen into fibrin 

and ultimately to the formation a stable fibrin clot. Positive feedback reactions mediated by 

thrombin and FXa are potentiated. Thrombin also activates platelets, FXIII and thrombin-activated 

fibrinolysis inhibitor to further contribute to the stabilization of the fibrin clot. In addition, tissue 

factor dependent and independent mechanisms of thrombin generation due to the presence of 

FVIIa within FEIBA may also be at play24.  In contrast, the introduction of rFVIIa to post-CPB 

neonatal plasma resulted in clots with intensified but similar alignment to baseline clots. rFVIIa 

works synergistically with the patient’s zymogen factor VII to augment the initiation phase of 

coagulation.  It does not provide the increase in FII concentration as seen with administration of 

PCCs.  

The off-label use of procoagulant agents to treat bleeding after CPB in neonates is 

increasing although clinical evidence supporting this practice is sparse and the majority is in the 

form of case reports, small case series and anecdotal experience.  A systematic review of six trials 

using PCCs (not FEIBA specific) to treat bleeding in neonates and infants reported that PCCs were 

effective for controlling bleeding in patients with a coagulation factor deficiency, but overall the 

correction of bleeding was inconsistent and there was insufficient evidence to draw a conclusion53.  

In a retrospective study of eight neonates treated with rFVIIa for intractable bleeding, the authors 
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found a statistically significant improvement in prothrombin time, activated partial thromboplastin 

time and fibrinogen after treatment, and observed no safety issues when compared to conventional 

blood product therapy54. Prospective clinical studies evaluating the efficacy and safety of these 

agents to restore hemostasis in neonates after CPB will be needed before they can be validated as 

first line therapies.   

  In order to identify potential functional consequences of the observed alteration in 

neonatal fibrin networks, we conducted mechanical testing on all sample groups to assess clot 

stiffness. Previous studies have indicated that greater clot stiffness is associated with thrombotic 

complications such as premature coronary thrombosis and myocardial infarction, and thus could 

be used as a marker for possible thrombotic complications following hemostatic therapy55,56.  We 

observed a decrease in stiffness in clots formed from post-CPB plasma and a significantly greater 

stiffness in clots formed after the transfusion of adult fibrinogen compared to baseline neonatal 

clots. Post-transfusion clots also showed significantly higher stiffness than clots formed with low 

range of FEIBA (0.2 u/ml) and rFVIIa (0.01 mg/ml).   The clot stiffness following the addition of 

FEIBA or rFVIIa paralleled an increase in dosage. Under confocal microscopy, the increase in 

stiffness observed with FEIBA corresponded to an increase in cross-branching while the stiffness 

observed with rFVIIa reflected an increase in longitudinal fiber density.  

Previous studies have linked fibrin structure to fibrinolytic properties. Clots that are 

structurally more dense and stiff have an increased resistance to fibrinolysis compared to softer 

clots, and slower degradation rates have been associated with an increased risk of thrombotic 

events56–59.  Not surprisingly, our results show that neonatal fibrin clots formed immediately after 

CPB without the influence of other therapies had a significantly faster degradation rate compared 

to all other groups. The rapid rate of clot degradation in this group is likely a reflection of the 
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highly porous clot architecture seen in our structural analysis. Clinically, neonates are especially 

prone to hemostatic alterations after CPB. Although multifactorial in etiology, these hemostatic 

alterations may be due in part to the suboptimal clot properties identified here in vitro24. Our 

previous studies investigating degradation kinetics of mixed clots constructed from purified 

neonatal and adult fibrinogen showed statistically significant decreases in degradation rates 

compared to pure neonatal clots14. In our studies here with clots constructed from patient plasma 

samples after transfusion of adult fibrinogen had slower (although not statistically significant) 

degradation rates compared to baseline. The lack of statistical significance in the studies with 

patient samples is likely due to the higher degree of variability in patient plasma samples compared 

to clots formed from purified fibrinogen. Nonetheless, post-transfusion patient samples formed 

from a mixture of neonatal and adult fibrinogen, display altered structural characteristics compared 

to endogenous neonatal clots and thus may not be properly degraded by neonatal fibrinolytic 

system. This is supported clinically by that fact that neonates undergoing cardiac surgery represent 

a high risk group for developing postoperative thrombosis40.  In addition, recent evidence has 

shown that neonates who receive the greatest amount of blood products intraoperatively arrive in 

the ICU with a more pronounced procoagulant profile and ultimately experience more 

thromboses37. Post-CPB clots in the presence of mid-range doses of FEIBA and rFVIIa 

demonstrated similar degradation rates to baseline neonatal clots. In the future, these relationships 

should be investigated further with larger sample sizes.  

Additional limitations of this study should be considered. First, our experiments were 

performed ex vivo and do not account for the complex physiological processes present in vivo such 

as the influence of endothelial responses and the flow of blood to coagulation.  Moreover, our clots 

were constructed from platelet poor plasma and therefore do not include red blood cells or platelets, 
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both of which are known to enhance clot mechanics. However, this simplified system allowed us 

to gain insight into the effects of procoagulant agents on neonatal fibrin structure in a controlled 

manner. Future studies on clot mechanics using whole blood to incorporate platelet function in our 

samples groups are necessary to better reflect the complexity of in vivo hemostatic responses.  

Another limitation is the lack of clinical tests to correlate with our experiments with such as 

thromboelastography (TEG) or prothrombin time (PT).  Due to the limitations placed on sample 

volume collection in these small patients, we had insufficient plasma amounts to perform these 

assays in tandem. Another consideration is that a small amount of adult plasma was used in the 

CPB prime and therefore neonates would be exposed to adult fibrinogen prior to transfusion. 

However, the volume used for priming is small relative to the total blood volume and we believe 

effects, if any, to be minimal. During surgery patients were also given transexamic acid which has 

been shown to affect clot degradation rates. Nevertheless, we identified significant differences in 

clot lysis between sample groups and trends that mirrored our previous studies using purified 

fibrinogen. Finally, data regarding the use of FEIBA, an activated 4F-PCC may not be applicable 

to other non-activated 4F-PCCs.   

 

3.5 Conclusions and Broader Impact 
 

Overall, in this investigation we demonstrate that differences in neonatal clot structure, 

with and without procoagulant agents, result in in vitro functional consequences. Moreover, we 

conclude that the structure and function of post-CPB neonatal clots in the presence of clinically 

relevant doses of FEIBA and rFVIIa more closely resemble neonatal clot characteristics than clots 

constructed from the current standard of care, i.e. the transfusion of adult fibrinogen in the form 

of cryoprecipitate.  These procoagulant agents appear to be more efficacious at enhancing neonatal 
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fibrin networks after CPB than transfusions of adult fibrinogen. However, their clinical efficacy 

remains unfounded. Future in vivo studies and controlled clinical trials are necessary to further 

investigate the efficacy and safety of these agents to ameliorate bleeding in neonates after CPB. 

These in vitro experiments have provided initial groundwork for future clinical studies on 

procoagulants for treatment of bleeding in neonates.  
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Chapter 4 
 

Characterization of a Porcine Model of Neonatal Coagulopathy 

 
The aim of the studies outlined in this chapter was to characterize a porcine model of 

neonatal hemostasis in order to enable preclinical testing of procoagulants (such as those 

outlined in Chapter 3).  Establishing animal models is crucial step in translational research and 

forwarding controlled clinical trials. To date, there is no comparative study analyzing age-

dependent differences in fibrin clot properties between humans and another species. The studies 

described in this chapter determine similar structural, mechanical, and degradation properties 

between adults and neonates in human and porcine fibrin clots and show that piglets are an 

appropriate model of neonatal coagulopathy. 

The work described in this chapter has been previously published in Anesthesiology: 

Nellenbach, K., Nandi, S., Kyu, A., Sivadanam, S., Guzzetta, N.A, and Brown, AC. Comparison 

of Neonatal and Adult Fibrin Clot Properties between Porcine and Human Plasma. 

Anesthesiology 2019. Reproduced with permission by Wolters Kluwer Health, Inc. 
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4.1 Introduction 
 

The coagulation system is immature at birth and matures throughout the first year of 

life25,39,60. Physiologically, healthy newborns show excellent hemostasis, but when compromised, 

such as critically ill neonates undergoing major surgery with cardiopulmonary bypass (CPB) or 

extracorporeal membrane oxygenation (ECMO), their neonatal hemostatic immaturity can have 

critical clinical implications24,39, and is a contributory factor to serious post-operative bleeding. 

The current standard-of-care treatment for bleeding in neonates is the transfusion of adult blood 

products including packed red blood cells, platelets, cryoprecipitate (fibrinogen component) and 

fresh frozen plasma24,31,61. However, this treatment has inconsistent efficacy and the use of 

allogenic blood products is associated with multiple infectious and non-infectious risks31. 

Additionally, our recent studies demonstrate that one of the essential clotting proteins, 

fibrinogen, is structurally and functionally distinct between neonates and adults. Moreover, when 

mixed together to simulate transfusion of cryoprecipitate (adult fibrinogen component), the 

resulting fibrin networks are structurally and functionally distinct compared to those formed 

solely from native neonatal fibrinogen14.  

Recent investigations in developmental hemostasis indicate that neonatal fibrinogen 

exists in a fetal form until maturation and that its replacement with adult fibrinogen following 

CPB may lead to inconsistent efficacy in treating post-CPB bleeding14,29,38. Developing neonatal 

specific treatment strategies to mitigate bleeding, especially during or after major surgery, could 

potentially improve outcomes in this challenging patient population. Unfortunately, there has 

been no validation of the observed differences in neonatal versus adult fibrin structure in animal 

models. Establishing a validated animal model would facilitate the preclinical analysis of 

neonatal specific hemostatic therapies prior to the implementation of clinical trials.  
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Here, we performed a comparative study between neonatal and adult human and porcine 

plasma samples to determine if piglets accurately reflect the maturation of human fibrinogen. 

Pigs represent an appealing model to use in translational medicine due to their anatomical and 

physiological similarities to humans particularly in regard to the hemostatic system62–65. Thus we 

hypothesize that pigs possess age-related differences in fibrinogen that parallel those identified in 

humans66. The primary objective of this study was to validate the fibrin network in piglets as an 

appropriate in vitro animal model for that of human neonates. We accomplish this by 

characterizing fibrin network parameters formed from plasma collected from neonatal and adult 

humans and pigs. Our second objective was to analyze the in vitro effect of several novel and 

commercially relevant pro-coagulant therapies on the fibrin network properties of neonatal 

porcine samples. We utilized a model of post-CPB dilutional coagulopathy because pro-

coagulant therapies are currently being used off-label as rescue agents to control bleeding after 

CPB in neonates when conventional blood transfusions fail31,53,67. Also, our previous studies 

demonstrate that the ex vivo addition of pro-coagulant therapies to post-CPB plasma from human 

neonates enhances fibrin clot properties3,68,69. We hypothesize that the in vitro addition of these 

hemostatic therapies to neonatal porcine samples will similarly augment plasma fibrin clot 

properties. If confirmed, piglets could serve as a suitable and much needed preclinical model for 

evaluating neonatal specific hemostatic therapies. 

 
4.2 Materials and Methods 

4.2.1 Human plasma collection 

After IRB approval and informed written consent, blood samples were collected from 10 

human neonates (less than 30 days of age) undergoing corrective cardiac surgery with CPB at the 

Children’s Hospital of Atlanta, as described in Chapter 3.2.1.  All samples were collected from 
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an arterial line placed after the induction of anesthesia and prior to surgical incision and CPB. 

Samples were centrifuged immediately to yield platelet poor plasma (PPP) and stored at -80 until 

use. All patient samples were deidentified prior to sample transfer to NCSU. Pooled adult human 

PPP was obtained from the New York Blood Center. 

4.2.2 Porcine plasma collection 

Blood was collected from 8 2 year old female Yorkshire pigs and 8-week-old Yorkshire 

piglets prior to planned surgical procedures at North Carolina State University’s (NCSU) School 

of Veterinary Medicine through the tissue sharing program. Porcine ages and sample size were 

selected in order to minimize animal use. For this study, we utilized samples from pigs that were 

readily available in sufficient numbers.  All samples were collected via jugular venous puncture 

after the induction of anesthesia and prior to surgical incision. Samples were centrifuged 

immediately to obtain platelet poor plasma  and stored at -80 ºC until use.  

4.2.3 Quantification and isolation of fibrinogen from platelet poor plasma 

Quantification of fibrinogen concentration was achieved via enzyme linked 

immunosorbent assays (ELISA; Abcam, USA) with human and porcine protein quantification 

kits. Isolated fibrinogen was utilized for clottability assays. Fibrinogen was purified from plasma 

via an ethanol precipitation reaction. Briefly, ethanol (70% volume) was added to 4ºC plasma in 

a 4:1 ratio (plasma:ethanol) and cooled on ice for 20 min. The solution was then centrifuged for 

15 min at 4ºC. The supernatant plasma was removed and the resulting pellet was heated in a 

37ºC water bath. A buffer consisting of 20 mM sodium citrate was added until the pellet was 

fully dissolved. Protein concentration was determined via absorbance readings at 280 nm using a 

Nanodrop. 
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4.2.4 Analysis of fibrinogen clottability 

Percentage of total fibrinogen clottability was determined by a protein quantification 

based assay which measures the protein content in the clot liquor (soluble portion of clot sample) 

remaining after polymerization. 50 μl clots consisting of purified fibrinogen at a concentration of 

2.5 mg/mL, HEPES buffer (5 mM calcium, 7.4 pH) and were formed with the initiation of 0.5 

U/mL thrombin. Five μl aliquots were taken before and after a one hour polymerization period 

and quantified via NanoOrange Protein Quantification Kit (Invitrogen, USA). Alternately, 50 μl 

plasma clots were formed with 0.5 U/mL thrombin and quantification was conducted via ELISA 

for pig or human fibrinogen (Abcam, USA). Percent of clottable fibrinogen was determined as: 

[(initial soluble protein)-(soluble protein in clot liquor)]/(initial soluble protein) x 10048.  

4.2.5 Analysis of clot architecture: 

Confocal microscopy was utilized to examine clot structure from neonatal and adult 

human and porcine plasma samples as described in detail in Chapter 3.2.3. 50 μl clots consisting 

of 90% plasma by volume were polymerized with 0.1,0.25, or 0.5 U/ml of human thrombin 

(Enzyme Research Labs, USA), and 10 μg/ml of Alexa-Flour 488 labeled fibrinogen for 

visualization. Clots were formed between a glass slide and coverslip and allowed to polymerize 

for two hours prior to imaging. A Zeiss Laser Scanning Microscope (LSM 710, Zeiss Inc., USA) 

at a magnification of 63x was utilized for imaging and a minimum of three random 5.06 μm z-

stacks were acquired per clot. ImageJ software was used to create 3D projections from z-stacks. 

Clot fiber density was determined from the ratio of black (fiber) over white (background) pixels 

in each image. Fibrin clot alignment was quantified with a custom matlab algorithm previously 

utilized in Brown et al and described in Chapter 3.2.414,50. Briefly, an alignment index (AI) was 

determined from the fraction of fibers aligned within +/- 20 degrees of a preferred fiber 
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alignment normalized to random distribution of oriented fibers. A greater AI  corresponds to a 

higher percentage of fibers aligned near the preferred fiber alignment. AI values range from 1.0 

to 4.55. Alignment analysis was conducted for each image in the z stack and averaged together. 

Clot structure in porcine samples was additionally assessed with cryogenic scanning electron 

microscopy (cryoSEM) to examine three-dimensional clot architecture. Again, 50 μl plasma      

clots were formed with 0.5 U/mL thrombin and allowed to polymerize for two hours prior to 

imaging. Clots were rapidly frozen in sub-cooled liquid nitrogen and imaged at 2,500x. Three 

clots were imaged per group and three random images were taken per clot.  

4.2.6 Analysis of clot stiffness 

Clot mechanical properties were examined using atomic force microscopy (AFM) 

(Asylum MFP3D-Bio, Asylum Research, USA) operated in force contact mode to obtain 

stiffness values as detailed in Chapter 3.2.5. Plasma clots formed with 0.5 U/mL human 

thrombin were polymerized directly on a glass slide 1.5 hours prior to force measurements. 

Standard silicon nitride cantilevers with a particle diameter of 1.98 μm (Nanoandmore, USA) 

were utilized. 20 μm X 20 μm force maps were collected on each clot and fit with a Hertz model 

to obtain the elastic modulus. A minimum of two random force maps were generated per clot 

with the average elastic modulus reported. 

4.2.7 Analysis of clot degradation 

Fibrinolysis was assessed for neonatal and adult human and porcine samples. A custom 

microfluidics based assay adapted from Brown et al., and detailed in Chapter 3.2.6, was utilized 

to analyze degradation rates for all sample groups68,69. A polydimethylsiloxane (PDMS) (Dow 

Corning, USA) device consisting of a clot reservoir with a perpendicular lying channel was 

constructed via casting in an acrylic mold. After curing for 24 hours, the device was plasma 
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treated and bonded to a glass slide to create a sealed channel. Clots were formed from plasma 

and 10% Alexa-Flour 488–labeled adult fibrinogen was added for visualization. Polymerization 

was initiated with the addition of 0.5 U/ml of thrombin, and 25 μl of the clot solution was 

immediately injected into the clot reservoir. After polymerizing for two hours, the device was 

mounted on an EVOS FL Auto microscope (Life Technologies, USA) for imaging. A plasmin 

solution (0.01 mg/ml plasmin in HEPES buffer) (Human Plasmin, Enzyme Research 

Laboratories, USA) was injected into a channel inlet, and the clot was imaged every 10 min for 

12 hours. ImageJ (National Institutes of Health, USA) was used to determine rate of clot 

degradation by comparing the first and final images and measuring distance along a 

perpendicular line to the clot boundary. Clot degradation rates were expressed as the distance the 

clot boundary traveled divided by 12 hours. 

4.2.8 Analysis of procoagulants in a  hemodilution model of coagulopathy 

To mimic the reduction of clotting factors seen after CPB, porcine plasma was diluted for 

all subsequent assays. Initial fibrinogen levels of eight week porcine plasma were determined via 

ELISA (Pig Fibrinogen ELISA, Abcam, USA). For all structural and functional assays, plasma 

was diluted to a final concentration of 1.5 mg/mL to match the fibrinogen concentration in 

human neonates post-CPB observed in our previous studies14. The following procoagulants were 

added to the dilute neonatal plasma to simulate treatment after CPB: recombinant activated 

Factor VII (rFVIIa; Novo Nordisk Inc., Plainsboro, New Jersey), Factor eight inhibitor b 

bypassing activity (FEIBA; Shire US Inc., Lexington, MA), RiaSTAP Fibrinogen Concentrate 

(CSL Behring, Marburg, Germany), and novel synthetic platelet-like particles developed by our 

group. We chose the above therapies because rFVIIa, FEIBA, RiaSTAP have been used off-label 

as rescue agents to control bleeding after CPB in neonates when the standard-of-care fails31,53,67. 
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Additionally, FEIBA, a prothrombin complex concentrate, was utilized in this study because of 

its use at our clinical institution. However, it should be noted that Kcentra is an additional 

prothrombin complex concentrate that is also used  clinically. The synthetic platelet-like particles  

utilized for these studies have previously been shown to enhance human neonatal fibrin clot 

properties in vitro68. Diluted porcine plasma was used to form 50 μl clots with 0.5 U/mL 

thrombin in the presence of 0.05 mg/mL rFVIIa, 0.3 U/mL FEIBA, 0.89 mg/mL RiaSTAP, or 

0.5 mg/mL PLPs. rFVIIa, RiaSTAP, and FEIBA concentrations were chosen to reflect a 

clinically utilized dose while the platelet-like particle  concentration was chosen based off of 

optimized experiments previously conducted by our group70. Synthetic platelet-like-particles 

were synthesized and characterized as previously described by covalently coupling highly 

deformable ultralow crosslinked (ULC) microgels to a fibrin-specific antibody68. Ultralow 

crosslinked  poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm) microgels were synthesized 

via a precipitation polymerization reaction and characterized via AFM dry imaging to determine 

particle deformability (Figure 4.1).  Platelet-like particles were created by covalently coupling  

microgels to a sheep anti-human fibrin fragment E polyclonal IgG antibody using EDC/NHS 

chemistry. Particles were purified via dialysis for 72 hours, lyophilized, and re-suspended at 10 

mg/mL. For analysis of clot structure in the presence and absence of hemostatic therapies, 

confocal microscopy was utilized as described above. To examine clottability of diluted plasma 

with and without the addition of procoagulant agents, 50 μl clots were formed and protein 

quantified before and after polymerization. Fibrinogen was quantified via ELISA (Pig 

Fibrinogen ELISA, Abcam, USA) and clottability was calculated as described above. 
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Figure 4.1 (A) Anatomy of Platelet-like particle. (B) Microgel characterization via AFM dry 

imaging. ULC dry imaging results indicate particles have high deformability with spread diameter 

of approximately 2 μm.   

 

4.2.9 Statistical Analysis 

All statistical analyses were performed with a repeated measures one-way ANOVA test 

using Graphpad Prism Software (USA) with a Tukey’s posthoc analysis with a 95% confidence 

interval between sample groups. Statistical significance was achieved for p < 0.05. No a priori 

statistical power calculation was conducted. Data is defined as interval and is presented as 

average +/- standard deviation. Outlier tests were performed on all datasets prior to graph 

creation and statistical analysis. There was no missing data.      
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4.3 Results 

4.3.1 Quantification of plasma fibrinogen levels 

Fibrinogen concentrations were quantified across age groups and species (Figure 4.2).  

We observed similar values of fibrinogen across species and age groups that is consistent with 

previous studies (Neonatal humans: 246 +/- 90 mg/dL, neonatal pigs: 295 +/- 89 mg/dL, adult 

humans: 265 +/- 116 mg/dL, adult pigs: 346 +/- 0.59 mg/dL, neonatal humans vs. adult humans 

P =0.993, neonatal  pigs vs. adult pigs P =0.898, neonatal human vs. neonatal pigs P= 0.909, 

adult human vs. adult pigs P=0.705). Additionally, porcine fibrinogen concentrations were 

within normal human ranges of 200-450mg/dL71.           

 

 

 

 

 

 

 

Figure 4.2 Quantification of fibrinogen levels in platelet poor plasma. Fibrinogen was quantified 

via ELISA across species and age ranges. N=3. 

 

4.3.2 Analysis of fibrinogen clottability 

To compare functional ability of fibrinogen across species and age groups, clottability of 

the purified protein was quantified (Figure 4.3). We demonstrate that neonatal samples had 

statistically significant lower clottability across species compared to their adult counterparts 
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(Neonatal humans: 29 +/- 16 %, neonatal pigs: 25 +/- 17 %, adult humans: 78 +/- 17 %, adult 

pigs: 81 +/- 21%, neonatal humans vs. adult humans P = 0.01, neonatal pigs vs. adult pigs P = 

0.004). Neonatal humans and pigs had similar clottability (P = 0.989) values as did adult samples 

(P= 0.995)           

 

 

 

 

 

 

Figure 4.3 Quantification of isolated fibrinogen clottability across species. Clottability of purified 

fibrinogen was determined via NanoOrange Protein Quantification Kit.  N=4 *p<.05, **p<.01 

 

4.3.3 Analysis of clot architecture 

We first examined and contrasted the fibrin clot structure with confocal microscopy 

between adult and neonatal porcine samples as a function of thrombin concentration (Figure 

4.4). In general, adult porcine clots were denser and heavily branched with of increasing fiber 

density with increasing thrombin concentration. Fiber density is calculated as the ratio of black 

pixels (fibers) over white pixels (blank space), therefore this measurement is unitless. 

Conversely, neonatal porcine fibrin clots were more aligned with a lower fiber density compared 

to adults (AI values: neonatal pigs 0.1, 0.25, and 0.5 U/mL thrombin: 1.12 +/- 0.05, 1.18 +/- 

0.08, 1.15 +/- 0.09; adult pigs 0.1, 0.25, 0.5 U/mL thrombin: 1.07 +/- 0.001, 1.08 +/- 0.05, 1.07 

+/- 0.07, 0.1 thrombin: neonatal pigs vs. adult pigs P = 0.814, 0.25 thrombin:  neonatal pigs vs. 
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adult pigs P = 0.063, 0.5 thrombin: neonatal pigs vs. adult pigs P = 0.196; Fiber density: 

neonatal pigs 0.1, 0.25, 0.5 U/mL thrombin: 0.23+/- 0.19, 0.25+/- 0.29, 0.54 +/- 0.16; adult pigs 

0.1-0.5 U/mL thrombin: 0.56 +/- 0.21, 1.19 +/- 0.72, 1.27 +/- 0.36, 0.1 thrombin: neonatal pigs 

vs. adult pigs P = 0.801, 0.25 thrombin:  neonatal pigs vs. adult pigs P = 0.026, 0.5 thrombin: 

neonatal pigs vs. adult pigs P = 0.118). For all subsequent structural analyses, a thrombin 

concentration of 0.5 U/mL was utilized.  

 

 

 

 

 

 

 

 

 

Figure 4.4 Confocal microscopy analysis of structure of adult and neonatal porcine clots formed 

with increasing thrombin (A). Analysis of clot fiber alignment (B) and fiber density (C). 0.1 U/mL 

Thrombin: neonatal pigs N=4, adult pigs N=4, 0.25 U/mL Thrombin: neonatal pigs: N=8, adult 

pigs N=7, 1.0 U/mL Thrombin: neonatal pigs: N=8, adult pigs N=6. *p<0.05 

 

We also examined and contrasted fibrin clot structure with cryoSEM between neonatal 

and adult porcine samples (Figure 4.5). Three-dimensional structure reflected similar structural 

patterns identified via confocal microscopy with neonatal porcine samples more highly aligned 
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compared to the densely-branched network in adult porcine clots. However, because the freezing 

technique required for cryoSEM may impact clot porosity, it was utilized as a secondary method 

of image analysis and did not include quantitative analysis.  

 

Figure 4.5 CryoSEM analysis of adult and neonatal porcine plasma clots at 2500x. 50 μl clots 

were formed with 0.5 U/ml thrombin and polymerized for two hours prior to imaging. 

Representative images are shown. Scale= 10 μm. N=3.   

 

Next, we utilized confocal microscopy to examine fibrin clot architecture across species 

(Figure 4.6). In general, age-related structural relationships were consistent across species. 

Neonatal porcine and human clots exhibited minimally branched, aligned, sheet-like fibrin 

matrices with significantly lower fiber densities than the adult groups (neonatal humans: 0.61 +/- 

0.28, neonatal pigs: 0.54 +/- 0.16, adult humans: 1.41 +/- 0.5, adult pigs: 1.27 +/- 0.36 b     

lack/white pixels, neonatal humans vs. adult humans P = 0.043, neonatal pigs vs. adult pigs P = 

0.035, neonatal human vs. neonatal pigs P= 0.903, adult human vs. adult pigs P=0.938). 

Neonatal human and porcine samples resulted in higher clot fiber alignment values than adult 

humans or pigs (neonatal humans: 1.22 +/- 0.09, neonatal pigs: 1.14 +/- 0.07, adult humans: 1.09 

+/- 0.02, adult pigs: 1.07 +/- 0.02, neonatal humans vs. adult humans P = 0.021, neonatal pigs vs. 
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adult pigs P = 0.051, neonatal human vs. neonatal pigs P= 0.092, adult human vs. adul pigs 

P=0.795). 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Confocal microscopy analysis of structure of adult and neonatal human and porcine 

clots formed with .5 U/mL Thrombin (A). Analysis of clot fiber alignment (B) and fiber density 

(C). Alignment: neonatal humans: N=4, adult humans: N=3, neonatal pigs: N=8, adult pigs: N=6. 

Fiber Density: : neonatal humans: N=4, adult humans: N=3, neonatal pigs: N=5, adult pigs: N=3.  

*p<0.05, **p<0.01 

 

4.3.4 Analysis of clot stiffness 

Fibrin clot mechanical properties were evaluated via AFM Nano indentation. Force maps 

were generated (Figure 4.7) and average stiffness values are shown in Figure 4.8. We observed 

statistically significant lower clot stiffness values in neonatal human plasma clots compared to 

adults (p<0.05). These tendencies were mirrored in porcine samples (neonatal humans: 1.62 +/- 
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0.18, neonatal pigs: 1.4 +/- 1.1, adult humans: 4.3 +/- 0.95, adult pigs: 4.34 +/- 0.96 kPa, neonatal 

humans vs. adult humans P = 0.016, neonatal pigs vs. adult pigs P = 0.015, neonatal human vs. 

neonatal pigs P > 0.999, adult human vs. adult pigs P > 0.999).      

 

 

 

Figure 4.7 Representative atomic force microscopy force maps of adult and neonatal porcine and 

human clots. N=3  
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Figure 4.8 Atomic force microscopy analysis of plasma clot stiffness across species. N=3; *p<0.05 

 

4.3.5 Analysis of clot degradation 

A custom microfluidics assay was utilized to determine plasma clot degradation rates 

(Figure 4.9). Clots formed from neonatal human and pig plasma samples had significantly faster 

rates of degradation compared to adult human and pig groups (Neonatal humans: 24.9 +/- 4.9, 

neonatal pigs: 32.62 +/- 5.18, adult humans: 13.85 +/- 3.08, adult pigs: 12.38 +/- 4.11  μm/hour, 

neonatal humans vs. adult humans P = 0.048, neonatal pigs vs. adult pigs P <0.0001, neonatal 

human vs. neonatal pigs P =0.140, adult human vs. adult pigs P =0.969).    
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Figure 4.9  Evaluation of plasma clot degradation with a custom microfluidic device. Top view of 

the device (A). Initial (green) and final (red) frames of clot boundary overlaid with false coloring 

(B). Average Degradation rates +/- standard deviation. neonatal humans (C): N=3, adult humans: 

N=3, neonatal pigs: N=5, adult pigs: N=5. Scale = 10μm. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 

 

4.3.6 Analysis of pro-coagulants in porcine model of hemodilution: 

Neonatal porcine plasma was diluted to model the dilutional coagulopathy and associated 

reduction in fibrinogen seen after CPB14. Confocal microscopy was utilized to examine clot 

structure with or without the addition of rFVIIa, FEIBA, RiaSTAP, or platelet-like particles 

(Figure 4.10). Clots constructed of diluted porcine plasma were porous and heterogeneous in 

structure. The addition of all hemostatic therapies enhanced formation of the fibrin network with 

more complete fibrin matrices. The addition of platelet-like particles to diluted porcine plasma 

resulted in clots with statistically significant  higher fiber density values (diluted plasma: 0.22 +/- 

0.17, rFVIIa: 0.31 +/- 0.12, FEIBA: 0.61 +/- 0.29, RiaSTAP: 0.57 +/-  0.19, PLPs: 0.83 +/- 0.40, 

diluted vs. rFVIIa P = 0.989, diluted vs. FEIBA P = 0.122, diluted vs. RiaSTAP P = 0.199, 

diluted vs. PLPs P = 0.005).  Clot fiber alignment in the presence of rFVIIa was similar to 
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control. The addition of FEIBA and platelet-like particles resulted in decreased, although not 

statically significant, alignment values  (diluted plasma: 1.13 +/- 0.09, rFVIIa: 1.16 +/- 0.08, 

FEIBA: 1.06 +/- 0.01, RiaSTAP: 1.02 +/-0.10 PLPs: 1.06 +/- 0.01, diluted vs. rFVIIa P = 0.989, 

diluted vs. FEIBA P = 0.340, diluted vs. RiaSTAP P = 0.886, diluted vs. PLPs P = 0.402). Next, 

clottability was determined for diluted neonatal plasma with and without the addition of 

procoagulants. Diluted neonatal porcine plasma clots had a lower average clottability (47 +/- 31 

%) than those formed from rFVIIa (66 +/- 24 % , FEIBA 79 +/- 20%,  RiaSTAP: 86 +/- 6%, or 

PLPs 88 +/- 8%, diluted vs. rFVIIa P = 0.225, diluted vs. FEIBA P = 0.126, diluted vs. RiaSTAP 

P = 0.039, diluted vs. PLPs P = 0.047). 

 

 
Figure 4.10  Structural and functional analysis of hemostatic agents in diluted neonatal porcine 

plasma. Representative images are shown of diluted neonatal porcine plasma in the absence or 

presence of FEIBA, rFVIIa, or Platelet-like particles (A). Average clot fiber density (B), alignment 

(C), and clottability (D) are reported +/- standard deviation. Structural analysis: Plasma: N=7, 

FEIBA, rFVIIa, RiaSTAP, Platelet-like particles: N=5. Clottability: PPP: N=6, FEIBA, rFVIIa, 

RiaSTAP, PLPs: N= 5 *p<0.05, **p<0.01 
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4.4 Discussion  

Our results show that age-related differences identified in human fibrinogen are mirrored 

in pigs, thus confirming piglets as an appropriate preclinical model to evaluate the effects of 

neonatal specific hemostatic therapies on the fibrin network. To determine this, we thoroughly 

analyzed several aspects of fibrinogen and its resultant fibrin network across both species. We 

found that fibrinogen concentration and functionality in plasma collected from piglets accurately 

parallels those observed in plasma collected from human neonates. Fibrin network structure, 

when analyzed via confocal and cryoSEM microscopy, also displayed similar tendencies with 

highly aligned fibrin networks in both neonatal species compared to highly branched networks in 

adults. Lastly, we assessed fibrin network stiffness and degradation patterns between neonates 

and adults in both species and again found substantial similarities. To assess a potential 

application, post-CPB coagulopathy, we analyzed the structural and functional effects of several 

pro-coagulant therapies on the fibrin network formed from diluted piglet plasma. We found that 

the ex vivo addition of rFVIIa, FEIBA, RiaSTAP, and  platelet-like particles augmented fibrin 

network properties as seen in our prior studies performed with human neonatal plasma obtained 

after CPB68,69.   

Coagulopathy can considerably complicate the clinical management of neonatal patients 

and results in significant morbidity and mortality71. It is frequently seen during major surgery, 

ECMO and sepsis. When these patients require surgical treatment, anesthesiologists are 

presented with a challenging situation. Although our understanding of the importance of 

fibrinogen replacement in the treatment of severe bleeding has improved over recent years, 

available options to replenish it have not. The effectiveness of fresh frozen plasma (FFP) to 

restore fibrinogen is poor due to a lack of potency, and the large volumes required in a neonate 
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make it an impractical solution. Cryoprecipitate is more effective in providing higher 

concentrations of fibrinogen but shares similar disadvantages to FFP: fibrinogen concentration is 

variable, blood group matching in neonates is recommended, time is required for thawing and 

there is a risk of viral transmission. For those reasons cryoprecipitate is not available in several 

countries. Fibrinogen concentrate (RiaSTAP; CSL Behring, USA), made from pooled human 

plasma, is increasingly being used to replete fibrinogen, but has limited availability and 

represents yet another form of adult fibrinogen which may not be compatible in the neonatal 

system14,24,72. Progress towards discovering improved methods to treat neonatal coagulopathy 

have been hindered by an inadequate understanding of the differences between adult and 

neonatal hemostasis, few well-performed clinical studies evaluating therapies to treat bleeding in 

neonates, and lack of a validated animal model of neonatal coagulopathy. Our results represent a 

step towards this important goal. 

To assess developmental similarities between human and porcine fibrinogen, we 

conducted a series of analyses comparing function, structure and degradation between adult and 

neonatal human and porcine fibrin networks. To analyze the functionality of fibrinogen between 

species, we assessed clottability for all sample groups and found statistically significantly lower 

clottability values in human neonatal fibrinogen than in adult fibrinogen. This same relationship      

was reflected in the porcine samples. Structurally, we observed a three-dimensional, highly 

branched clot architecture in adult porcine samples verses thin, sheet-like fibrin matrices with 

little cross branching in neonatal porcine samples. Our quantitative analysis also revealed higher 

alignment and lower fiber density in neonatal porcine samples compared to adults. At a thrombin 

concentration of 0.5 U/mL, we performed a comparative image analysis with human samples and 

again  identified similar structural differences between age groups in pigs and humans. Both 
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neonatal species exhibited fibrin clots with a higher degree of alignment and statistically 

significant lower fiber densities when compared to corresponding adult clots. Moreover, these 

structural differences agree with our previous data examining fibrin clot structure constructed 

from neonatal and adult purified fibrinogen14. We speculate that these structural differences are 

the result of differences in fibrin polymerization. Future studies are necessary to elucidate the 

underlying mechanisms. 

Our model validation also included analysis of human and porcine clot mechanical 

properties. Research has linked structurally dense, highly branched clots to greater clot stiffness41 

Here, we used AFM to measure plasma clot stiffness in both porcine and human samples. We 

found clots formed from neonatal human plasma had statistically significantly lower average 

stiffness values than those formed from adult human plasma (p<0.05). These patterns were 

mirrored in clots formed from neonatal and adult porcine samples(p<0.01). 

In addition to polymerization rates, an accurate animal model must also display a 

fibrinolytic potential similar to humans. Thus, we measured degradation rates between age 

groups and species using a custom microfluidic device. We identified statistically significantly 

faster plasma  degradation rates in neonatal samples compared to adults. Previous research has 

indicated that fibrinolysis is related to clot structure where denser, heavily branched clots have 

slower degradation rates than more porous clots57,59. Our data agrees with this relationship in that 

both neonatal porcine and human plasma clots exhibited rapid rates of degradation and lower 

fiber densities when compared to adult samples. This data is also consistent with our previous 

work where we identified statistically significant  faster rates of fibrin clot degradation in 

neonates compared to adults, and when mixed together (to simulate transfusion with 

cryoprecipitate), clot degradation was statistically significant slower than baseline neonatal 
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rates7. We hypothesize that the intrinsic neonatal fibrinolytic system may not properly degrade 

adult fibrinogen and thus could contribute to thrombotic complications. It is imperative that 

potential hemostatic therapies for surgical procedures be balanced to augment clotting while 

simultaneously limiting thrombotic complications. A valid preclinical animal model would aid 

this objective. Anti-fibrinolytic therapy is often used post-CPB to stabilize bleeding by inhibiting 

degradation but its clinical efficacy in the neonatal population is inconsistent73. 

After validation of our model, we next focused on its potential application as an in vitro 

model for post-CPB hemodilution. We diluted neonatal porcine plasma to mimic the reduction in 

clotting fibrinogen seen after CPB. Structural analysis of these samples revealed very porous clot 

architecture with low clottability, and emulate our previous experiments characterizing post-CPB 

clots made from neonatal plasma14,69.  Next, to explore possible treatment options for post-CPB 

bleeding, novel and commercially available hemostatic therapeutics were applied to the diluted 

samples. Structurally, all therapeutics enhanced fibrin clot formation and resulted in more 

complete fibrin matrices. Additionally, the addition of synthetic  platelet-like particles to diluted 

plasma produced in a statistically significant increase in fiber density. Again, the results from 

these structural analysis are in line with our previous studies demonstrating that the ex vivo 

addition of rFVIIa, FEIBA, RiaSTAP and PLP’s to post-CPB human neonatal plasma augment 

fibrin network porperties68,69. Future studies should include a thorough analysis of degradation 

rates within the neonatal system.      

 This study has several limitations. First, our experiments are conducted ex vivo with 

either purified fibrinogen or plasma and therefore may not accurately represent in vivo 

physiology.  Specifically, our experiments did not account for the complexity of whole blood, 

including the crucial role of platelets  in hemostasis. Future studies using whole blood samples 
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and/or platelet-rich-plasma are essential to better investigate the intricacy of in vivo coagulation 

and fibrinolytic responses.  However, the simplified system utilized in our study allowed for the 

detailed focus on age dependent differences in fibrinogen and plasma fibrin networks between 

humans and pigs. Also, due to the accelerated timeline of ageing in pigs compared to humans, it 

is likely the eight week old piglets used in this study do not accurately reflect the neonatal period 

in humans. The samples utilized in this study were obtained based on availability from NCSU’s 

School of Veterinary Medicine.  Follow up studies should include an analysis of younger porcine 

plasma samples to allow for more precise age matching between species. None-the-less, we 

show that 8 week old piglets could serve as a useful preclinical model of human neonatal fibrin 

deficiencies. Also, using 8 week old piglets is logistically easier than very young, newborn pigs 

as they are already weaned. Additionally, all sample groups utilized in this study included both 

male and female samples except for the adult porcine group in which there were only females. 

The experiments in this study have not been explored on the basis of sex and therefore it is 

possible that the addition of male pigs in the adult porcine group may alter results. This study 

utilized plasma samples from healthy piglets in order to establish a baseline in vitro model. 

However, the presence of congenital heart defects may add complexity to the coagulation system 

from poor circulation and cyanosis. Some porcine models of severe congenital heart disease, 

including Tetralogy of Fallot, have been described74. In future research, porcine models with 

congenital heart defects should be used for in vitro characterization of plasma samples and in 

vivo analysis of bleeding to identify potential discrepancies between non-cardiac neonatal piglets 

and piglets with complex congenital heart disease. Finally, the coagulopathy that results from 

CPB in neonates is complex and involves consumptive processes as well. Here, we concentrated 

only on the hemodilutional aspect of bypass induced coagulopathy. However, focusing on the 
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reduction in fibrinogen allowed us to examine the effect of procoagulants on fibrin properties in 

a less complicated system. While informative, future studies should expose neonatal piglets to 

CPB and subsequently characterize clotting properties.  

 

4.5 Conclusions and Broader Impact 
 
 In summary, the results from these experiments validate that piglets can serve as an 

appropriate animal model capable of reflecting the developmental nuances observed in human 

fibrinogen. Recent evidence confirms that neonatal fibrinogen is qualitatively distinct from adult 

fibrinogen resulting in differences between neonatal and adult fibrin clot structure. In our 

analyses, we observed similar fibrinogen concentrations and clottability across species as well as 

similar age-related patterns in structure, mechanical, and degradation properties of adult and 

neonatal porcine and human samples. Based on these results we conclude that piglets are indeed 

an appropriate preclinical animal model for neonatal hemostasis. In addition, we demonstrated 

the  feasibility of an in vitro model application through the analysis of several hemostatic 

therapies applied to diluted neonatal porcine plasma. Our results from this chapter represent a 

step towards the goal of determining safe and effective procoagulants for the neonatal 

population.  
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Chapter 5 
 

Neonatal Fibrin Scaffolds Promote Enhanced Cell Adhesion, Migration, and Wound 
Healing In vivo Compared to Adult Fibrin Scaffolds 

 
 

While in Chapters 3 and 4 the goal was to lay groundwork for preclinical research 

through in vitro analysis of alternate therapeutics in humans and pigs, the studies described in 

this chapter and moving forward seek to understand the biological differences between adult and 

neonatal fibrinogen and their functional consequences. The experiments in this chapter explore 

the differences in wound healing activity between adult and neonatal fibrin clots. Along with its 

action in primary hemostasis to aid in cessation of bleeding, fibrin also provides a provisional 

scaffold for healing of dermal wounds. Treating chronic, non-healing wounds are a huge cost 

burden to the health care system and the development of technology for accelerating wound 

healing is an important research area. Neonatal dermal wound healing has previously been 

determined to be more optimal than in adults, as neonatal wounds heal through a complete 

regeneration rather than repair. In these studies, we determined greater cellular responses and 

wound healing outcomes on neonatal fibrin scaffolds compared to adult scaffolds. Here, we 

highlight some of the functional differences between adult and neonatal fibrinogen and 

demonstrate translational potential of neonatal derived fibrin scaffolds for treating dermal 

wounds. Additionally, we assert that fibrinogen can be sourced through porcine tissue for these 

therapeutics due to the work demonstrated in Chapter 4 highlighting the similarities between 

neonatal human and porcine fibrinogen. 

The work described in this chapter has been previously published in Cellular and 

Molecular Bioengineering: Nellenbach, K., Nandi, S., Peeler, C., Kyu, A., and Brown, AC. 

Neonatal fibrin scaffolds promote enhanced cell adhesion, migration, and wound healing in vivo 
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compared to adult fibrin scaffolds. Cellular and Molecular Bioengineering 2020. Reproduced 

with permission by Springer Nature.  

            
5. 1 Introduction 
  

In the United States, approximately 6.5 million patients are affected by chronic, non-

healing wounds75,76. Upon the onset of an injury, enzymatic action of thrombin on the plasma 

protein fibrinogen leads to formation of a crosslinked fibrin network15. This matrix provides a 

provisional scaffold for infiltrating cells that support tissue repair and angiogenesis77. A deficient 

provisional fibrin matrix can result in non-healing wounds. Accelerating the wound healing 

process is crucial for non-healing wounds to avoid complications such as infection29. Fibrin 

sealants are a topical therapeutic that have been developed to aid in hemostasis and promote wound 

closure. They primarily consist of plasma-derived fibrinogen and thrombin and act to mimic the 

final stages of the coagulation cascade; the formation of a stable fibrin network that facilitates 

wound healing. Fibrin sealants are an attractive class of biomaterials due to their biodegradable 

and biocompatible nature78. However, their formulations require reagent concentrations (i.e. 

fibrinogen and thrombin) well above physiological ranges and result in fibrin matrices that are 

much denser than native clots. These thick, dense fibrin networks have much lower porosity than 

networks comprised of physiologically relevant concentrations of fibrinogen and thrombin, and 

can impede cell migration and inhibit matrix degradation, resulting in slower wound healing 

rates78.  The monomer fibrinogen used to create such scaffolds is typically derived from adult 

human or porcine plasma79. However, our previous studies have identified extensive differences 

in fibrin network properties between adults and neonates, including higher fiber alignment in 

neonatal networks14. Wound healing outcomes have been linked to fibrin matrix structure, 

including fiber alignment, which can affect the binding and migration of cells. We hypothesized 
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that fibrin scaffolds derived from neonatal fibrin would enhance wound healing outcomes 

compared to adult fibrin scaffolds. Here, we investigate the use of a novel fibrin scaffold derived 

from neonatal fibrinogen, as opposed to adult fibrinogen, to enhance wound healing outcomes. 

 In recent years, extensive differences have been identified in fibrinogen and fibrin network 

properties between adults and neonates (infants less than 30 days of age)14,29. Although neonates 

and adults have similar levels of plasma fibrinogen, neonates have decreased clotting activity and 

an increased clotting time. At the protein level, neonatal fibrinogen has been found to have 

increased sialic acid and phosphorus content compared to the mature form15,32. Differences have 

also been identified at the bulk fibrin clot level. Clots formed from purified neonatal or adult 

fibrinogen displayed significantly different structural and functional characteristics. Specifically, 

purified neonatal fibrin clots appeared more porous and highly aligned when compared to the 

denser, branched networks seen in adult networks. Functionally, purified neonatal fibrin networks 

have significantly faster rates of matrix degradation compared to adults14. Additionally, recent 

studies from our group using atomic force microscopy (AFM) to obtain elastic moduli of platelet 

poor plasma (PPP) clots indicate neonatal clots are significantly softer than adult clots. These age-

dependent differences in fibrinogen and fibrin clot properties have also been identified in porcine 

samples80.  However, the impact of these age-dependent fibrin network discrepancies on cell 

behavior have not been previously explored.  

The effectiveness of wound healing has been linked to fibrin matrix properties, including 

structural and mechanical characteristics. Structurally, the porosity and density of fibrin networks 

have been shown to influence cellular binding and migration and subsequent tissue growth81. 

Additionally, functional qualities including mechanical and fibrinolytic properties have also been 

shown to influence migration and proliferation of cells82. Here, we performed a comparative study 
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of cellular behavior and wound healing outcomes on neonatal fibrin matrices compared to adult. 

The previously identified differential fibrin network properties in neonates could impact cell 

behavior and subsequent wound healing outcomes. These age-dependent differences may also be 

a factor in fetal scarless wound healing, a phenomenon in which in utero wounds heal through 

complete regeneration, rather than repair83. We hypothesized that fibrin scaffolds produced from 

neonatal fibrin would promote enhanced cell migration and wound healing outcomes compared to 

adult fibrin due to inherent biochemical and structural differences. The objective of this research 

was to determine if differences exist in cell behavior and wound healing outcomes on neonatal 

fibrin scaffolds compared to traditional fibrin scaffolds derived from adult fibrin.  

 

5.2 Materials and Methods 

5.2.1 Isolation of fibrinogen from platelet poor plasma 

Neonatal and adult human fibrinogen was isolated from plasma samples via ethanol 

precipitation reaction, as detailed in Chapter 4, section 4.2.384. After IRB approval from Emory 

University and informed written parental consent, whole blood samples were collected from 

human neonates (less than 30 days of age) undergoing elective cardiac surgery at the Children’s 

Hospital of Atlanta. 5 mL of whole blood was collected from an arterial line placed after the 

induction of anesthesia and prior to surgical incision. Samples were centrifuged immediately to 

yield PPP and stored at -80 until use. Pooled adult human PPP was obtained from the New York 

Blood Center and stored at -80 until use. Pooled plasma samples were then utilized for isolation 

of either adult or neonatal fibrinogen. Ethanol (70% volume) was added to 4°C plasma in a 4:1 

ratio (plasma/ethanol) and cooled on ice for 20 minutes. The solution was centrifuged at 600 g for 

15 minutes at 4°C. The supernatant was then removed, and the resulting pellet is heated in a 37°C 
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water bath. A buffer consisting of 20 mM sodium citrate was added until the pellet was completely 

dissolved (0.25-0.5 mL). This method mainly selectively precipitates fibrinogen, however, trace 

amounts of other plasma proteins including Von Willebrand Factor, plasminogen, and fibronectin 

may be present85,86. If necessary, fibrinogen solution was concentrated using Pall Nanosep 

centrifugal devices (Pall, Port Washington, NY, USA). Concentration of samples was determined 

using a Nano-drop (Thermofisher Scientific, Waltham, MA,USA). For all in vitro assays, 

conditions were run with a minimum of two separate isolated fibrinogen batches. For in vivo 

studies, a single isolation batch was used.  

5.2.2 Structural characterization of fibrin matrices 

Structural analysis of fibrin clots was conducted with confocal microscopy as described in 

Chapter 3.2.3. 50 µl clots consisting of purified adult or neonatal fibrinogen at a concentration of 

2.5 mg/mL in HEPES buffer (5 mM calcium, 7.4 pH) were formed with the addition of 0.5 U/mL 

human α-thrombin. 10 µg/mL Alexa 488 labeled fibrinogen was used for visualization. Clots were 

formed between a glass slide and coverslip and allowed to polymerize for two hours prior to 

imaging. A Zeiss Laser Scanning Microscope (LSM 710, Zeiss Inc., USA) at a magnification of 

63x was utilized for imaging and a minimum of three random z-stacks of 5.06 μm thickness were 

acquired per clot. ImageJ software was used to create 3D projections from z-stacks. Fiber 

alignment was quantified through a MATLAB algorithm previously utilized by our group and 

detailed in Chapter 3.2.414. The code can be found at https://github.com/Kanellen/Fiber-

alignment. Briefly, each confocal microscopy image was preprocessed by padding with redundant 

data and applying a gaussian decay and two dimensional Hann window to minimize edge effects 

prior to application of a two-dimensional Fast Fourier transform. The resulting power spectrum 

was utilized to determine alignment by polar coordinate analysis and relative intensity of pixels in 
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angular bins. The alignment index (AI) was determined from the fraction of fibers aligned within 

+/- 20 degrees of a preferred fiber alignment normalized to random distribution of oriented fibers 

(equal to 40°/180°). Alignment index values range from 1.0 to 4.55. Alignment analysis was 

conducted for each image in the z-stack and averaged together. Clot fiber density was determined 

from the ratio of black (fiber) over white (background) pixels in each image. Fibrin network 

branching was quantified with a custom MATLAB code. Briefly, a multiscale-hessian filtering 

method was applied to each image slice to identify tubular structures. Structure sensitivity was 

determined through a threshold based on the intensity distribution. The image was than binarized 

and skeletonized. Fiber overlap was then quantified from the skeletonized image by reducing 

intersections of fibers to single points. These branch points were normalized across the area of the 

image and averaged across each stack. Each image of the three-dimensional stack was processed 

individually and then averaged together. 

5.2.3 Removal of sialic acid from fibrinogen 

To determine the influence of sialic acid on neonatal and adult fibrin structure, sialic acid 

was cleaved from neonatal and adult fibrinogen via neuraminidase87. A 500 µl fibrinogen solution 

consisting of 5 mg/mL adult or neonatal fibrinogen in diH2O was incubated with 0.025 U 

Neuraminidase (Neuraminidase/Sialidase, Sigma Aldrich, USA) for 4 hours at 35°C. Removal of 

bound sialic acid was confirmed by determining the concentration of sialic acid in the fibrinogen 

solution before and after enzyme digestion (Sialic Acid (NANA) Assay Kit, Abcam, USA).  The 

solution was centrifuged and stored at -80°C until use in confocal microscopy experiments. 

5.2.4 Cell attachment on fibrin matrices 

Cell attachment on fibrin matrices was analyzed via a florescence based assay. Neonatal 

and adult fibrin networks (2.5 mg/mL) were formed with 0.5 U/mL human α-thrombin (Enzyme 



67 

Research Laboratories, South Bend, IN, USA) in a 96-well plate and polymerized for 2 hours.  

Neonatal human dermal fibroblasts (HDFn) (Gibco, Waltham, MA, USA) (P5-P14) were 

fluorescently labeled (Vybrant Dii, Thermofisher Scientific, Waltham, MA, USA) according to 

manufacture instructions, seeded on top of fully polymerized fibrin gels, and incubated for 1 hour 

at 37°C.  After 1 hour, three washes with PBS were performed to remove non-adherent cells and 

florescence intensity (Abs:549 nm, Em: 565 nm) was determined via plate reader (Biotek Synergy 

H1). It is possible that fluorescence intensity may vary from cell to cell, therefore, cell attachment 

was also quantified from confocal microscopy images taken at 40x from cells seeded at a density 

of 12,000 cells/well and fixed after 16 hours. Cell count was determined as the total number of 

cells in the field of view for 12 images at the same magnification. The average values were 

reported. 

5.2.5 Cell spreading on fibrin 

Cell spreading on fibrin films was analyzed via confocal microscopy. Uniform fibrin films 

were formed on coverslips using modified standardized protocols88. To create hydrophilic bottom 

coverslips to adhere to fibrin matrices, a 0.1 M sodium hydroxide (NaOH) solution was added to 

coverslips in a 12 well cell culture plate and left to evaporate. The coverslips were then 

functionalized with (3-Aminopropyl)triethoxysilane (APTMS)  for 5 minutes at room temperature. 

Once dry, a 0.05% glutaraldehyde solution was added to each well and left to incubate for 30 

minutes followed by 3 washes with H2O. Neonatal and adult fibrin gels consisting of 2.5 mg/mL 

fibrinogen and 0.5 U/mL human α-thrombin were then formed on functionalized coverslips and 

immediately covered with dichlorodimethylsilane (DCDMS) coated coverslips. After  2 hours of 

polymerization, top coverslips were removed and fibrin gels were stored at 4°C until use. Gels 

were sterilized via UV light for 30 mins prior to cell attachment. HDFns were seeded on fibrin 
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gels at a density of 12,000 or 6,000 cells per well and media (HDFn growth medium; DMEM, 10% 

fetal bovine serum, 1% pencillin-streptomycin, 1% L-glutamine); up to 1 mL was added to each 

well. Plates were then incubated for 16 hours at 37°C. Cells were fixed with 4% paraformaldehyde 

in PBS and stained with Alexa 488 labeled phalloidin for visualization. Samples were mounted 

with Vectashield with Dapi (Fisher Scientific, Hampton, NH, USA) to visualize nuclei and 

coverslips were sealed with nail polish. Confocal microscopy (Zeiss LSM 710) was utilized to 

examine cell morphology and cell area, perimeter, and circularity were calculated with ImageJ.  

5.2.6 Evaluation of in vitro cell migration in neonatal vs. adult fibrin matrices 

HDFns were cultured into spheroids over 72 hours using a hanging drop cell culture 

technique89. Fibrin clots composed of 2.5 mg/ml human neonatal or fibrinogen and 0.5 U/ml 

human α-thrombin (Enzyme Research Laboratories, South Bend, IN, USA) were created in the 

wells of a 96-well tissue culture plate (VWR, Radnor, PA, USA). After a 2 hour polymerization 

period, cell spheroids were transferred onto a fibrin clot using a 21 G x 1 ½’ needle (BD 

Biosciences, San Jose, CA, USA) and then covered with a second fibrin layer to create a 3D 

environment. After a 2 hour polymerization time for the second fibrin layer, HDFn growth medium 

(DMEM, 10% fetal bovine serum, 1% penicillin-streptomycin, 1% L-glutamine) was added into 

each well, and spheroids were imaged every 24 hours for a 72-hour period. Cell migration 

throughout the fibrin matrix was quantified by measuring the projected spheroid surface area for 

each 2D image using ImageJ.  

5.2.7 Evaluation of wound healing in vivo 

Wound healing in vivo in the presence of neonatal and adult fibrin scaffolds was assessed 

using a murine wound healing model previously described by Dunn et al90. All protocols were 

approved by the NCSU IACUC prior to conducting studies. 8 week old C57/B6 mice (Charles 
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River Laboratories, Wilmington, MA, USA) were anesthetized with 5% isoflurane in oxygen in 

an induction box prior to surgery. Throughout the duration of the surgery, general anesthesia was 

maintained with a nosecone at 3% isoflurane. Full thickness dermal wounds were created using 4 

mm biopsy punches (Fisher Scientific, Hampton, NH, USA) and splinted with 10 mm silicone 

rings with a 5mm inner diameter. Wounds were splinted to force healing through reepithelization 

rather than skin contraction as it is more physiologically relevant to humans. 10 µL of neonatal or 

adult fibrin scaffold treatments created with 2.5 mg/mL fibrinogen polymerized in the presence of 

0.5 U/mL human α-thrombin were applied topically with 0.9% sterile filtered saline as a control 

group (n = 6 wounds/group). Wounds were imaged and covered with Opsite bandages (Fisher 

Scientific, Hampton, NH, USA). Carprofen (ApexBio, Houston, TX, USA) (5 mg/kg) was 

administered subcutaneously for pain relief for the first five days post-surgery. Wounds were 

imaged and dressings were changed every day for nine days post-surgery. Wound size analysis 

was performed on wound images that were blinded by treatment group and randomized using a 

random number generator. Wound sizes were quantified using ImageJ and normalized to the 

silicone ring openings. Normalized wound areas were used to determine wound closure rates for 

each treatment group. Total wound healing rate was calculated as the total percent wound closure 

on day 9 divided by 9. 

Animals were euthanized under carbon dioxide and then tissue surrounding the wounds 

was excised nine days post-surgery and fixed in 10% formalin. Tissue samples were ethanol 

dehydrated, embedded in paraffin wax, and sectioned for analysis. Martius Scarlet Blue (MSB) 

staining was performed to identify collagen and fibrin within the wound site.  Epidermal thickness 

was quantified from MSB images by measuring the thickness of the epidermal layer at 3 regions 

across the wound area. CD31 labeling was performed to evaluate angiogenesis within tissue 
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forming at the wound sites. Tissue was deparaffinized, rehydrated, and incubated with 1% goat 

serum (Thermo Fisher Scientific, Waltham, MA, USA). Sections were labeled with a rabbit anti-

mouse monoclonal antibody to CD31 (1:50, clone SP38, Thermo Fisher Scientific, Waltham, MA, 

USA) overnight at 4°C.  Sections were then washed in PBS and labeled with Alexa 594 goat anti-

rabbit as a secondary antibody for one hour at room temperature. Sections were then washed in 

PBS and mounted with Vectashield HardSet mounting medium with DAPI (Fisher Scientific, 

Hampton, NH, USA).  CD31 positively labeled tissue was quantified via previously published 

protocols70,91. Briefly, ImageJ Particle Analysis was used to measure total red area (defined as red 

area greater than 1.0 µm2 with a threshold of 0-50) in wounds.   

5.2.8 Statistical Analysis: 

Statistical analysis was performed in GraphPad Prism 7 (GraphPad, San Diego, CA, USA).  

Data was analyzed via a One-way Analysis of Variance (ANOVA) with a Tukey’s post hoc test 

using a 95% confidence interval for all measurements except for analysis of wound closure, which 

was conducted with a two way ANOVA. Outlier tests were performed prior to all statistical 

analysis. No outliers were found and no data was removed. Data is presented as average +/- 

standard deviation. 

 

5.3 Results 

5.3.1 Structural characterization of fibrin matrices: 

Fibrin matrix architecture has been shown to influence fibroblast infiltration and 

migration21. Therefore, we hypothesized that the differences observed in adult and neonatal fibrin 

scaffolds would likewise differentially influence fibroblast behavior. Here, we utilized confocal 

microscopy to compare the architecture of fibrin scaffolds constructed from neonatal or adult fibrin 
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(Figure 5.1A). At equal fibrinogen (2.5mg/mL) and thrombin (0.5 U/mL) concentrations we 

observed major structural distinctions between clots that are consistent with patterns identified in 

our previous studies14,69. Specifically, adult fibrin networks were found to have a dense, branched 

structure compared to the highly porous, low cross branching structure seen in neonatal networks. 

Analysis of fiber density using the ratio of black to white pixels revealed significantly lower fiber 

density in neonatal samples compared to adult scaffolds (Figure 5.1B) (Neonatal fibrin: 0.684 +/- 

0.157,  Adult fibrin: 1.350 +/- 0.201, p<0.0001). Using a custom MATLAB code for fiber 

alignment we observed a higher, although not statistically significant, degree of fiber alignment in 

the neonatal samples compared to adult (Figure 5.1C) (Neonatal fibrin: 1.095 +/- 0.073 alignment 

index, Adult fibrin: 1.054 +/- 0.030 alignment index, p=0.142). Quantification of fibrin branching 

indicated significantly more branch points per area in adult samples compared to neonate (Figure 

5.1D) (Neonatal fibrin: 0.045 +/- 0.006 branch points/ μm2, Adult fibrin: 0.057 +/- 0.010 branch 

points /μm2, p<0.01).  
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Figure 5.1 Neonatal and adult fibrin scaffolds are structurally distinct. (A) Representative confocal 

images taken at 63x of adult or neonatal fibrin clots polymerized with 2.5 mg/mL fibrinogen and 

0.5 U/mL thrombin. (B) Fiber density was calculated as the ratio of black (fibers) over white 

(space) fibers. (C) Alignment index and (D) quantification of branch points was conducted with 

custom MATLAB codes. N=3 clots per group with 3 random images each. Mean +/- standard 

deviation is shown. Scale = 10 µm. p**<0.01, p***<0.001. 

 

5.3.2 Cells display enhanced attachment, spreading, and migration on neonatal fibrin scaffolds: 

Fibroblast attachment to the provisional fibrin matrix is a crucial step in wound healing 

and is mediated by surface integrin  avb392. Fibrin architecture is known to influence fibroblast 

attachment, spreading, and migration, therefore we hypothesized that the differences observed in 

adult and neonatal fibrin scaffolds would likewise differentially influence fibroblast behavior. To 
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that end, fibroblast attachment on neonatal or adult fibrin scaffold was first explored with 

fluorescently labeled fibroblasts (Figure 5.2). After the 1 hour incubation period, attachment of 

fibroblasts on neonatal fibrin matrices was found to be significantly higher than on adult fibrin 

(Neonatal fibrin: 0.647 +/- 0.027 fluorescence intensity, Adult fibrin: 0.594 +/- 0.026 fluorescence 

intensity, p<0.01). 

 

 

 

 

 

 

 

 

Figure 5.2 Fibroblast attachment is greater on neonatal fibrin scaffolds. Fluorescently labeled 

HDFns were seeded on adult or neonatal derived fibrin scaffolds and attachment was investigated 

after 1 hour via fluorescent plate reader. Mean attachment +/- standard deviation is shown. N=6 

wells per group. p**<0.01. 

 

 Additionally, cell attachment was determined from cell counts on images taken after 16 

hours of incubation (Figure 5.3). Similarly, cell attachment on neonatal fibrin matrices was higher 

than on adult fibrin matrices in these experiments (Neonatal fibrin: 42.91 +/- 24.92 cells/field of 

view, Adult fibrin: 26.00 +/- 13.21 cells/field of view, p<0.05). While the underlying specific cause 

of structural differences between neonatal and adult fibrin networks remains a topic of 
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investigation and is likely multifactorial, these differences could be due to differences in 

posttranslational modifications.  

 
 
 

Figure 5.3 Fibroblast attachment is greater on neonatal fibrin scaffolds.  HDFns were seeded on 

neonatal or adult derived fibrin scaffolds at a density of 12,000 cells per well and incubated for 16 

hours prior to fixation. Cells were labeled fluorescently labeled for visualization on confocal 

microscopy. Cell count was quantified as number of cells per viewing area. Mean cell count +/- 

standard deviation is shown. N=12 images per group. P*<0.05. 

 

Previous studies have identified differences in sialic content between adult and neonatal 

fibrinogen, therefore, we next investigated the influence of sialic acid on the observed cell 

attachment responses by removing sialic acid from the fibrinogen prior to fibrin polymerization 

and then evaluated cell attachment. When sialic acid was removed from both adult and neonatal 

fibrinogen with neuraminidase incubation, no significant differences in fibroblast attachment were 

observed on fibrin scaffolds, indicating the presence of sialic acid may influence cell attachment 

(Figure 5.4) (Neonatal fibrin: 0.466 +/- 0.064 fluorescence intensity, Adult fibrin: 0.455 +/- 0.056 

fluorescence intensity).  
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Figure 5.4 Fibroblast attachment is similar on desalinated adult and neonatal fibrin scaffolds. 

Sialic acid was cleaved via neuraminidase digestion and then fibroblast attachment on desalinated 

fibrin scaffolds was investigated. Fluorescently labeled HDFns  were seeded on adult or neonatal 

derived desalinated fibrin scaffolds and attachment was investigated after 1 hour via fluorescent 

plate reader. Mean attachment +/- standard deviation is shown. N=6 wells per group. 

 

We next characterized cell morphology of adherent fibroblasts on neonatal and adult fibrin 

scaffolds with confocal microscopy at 6,000 cells/well (Figure 5.5) and 12,000 cells/well (Figure 

5.6). At various cell densities, cell area and perimeter were increased with decreased cell circularity 

on neonatal fibrin scaffolds compared to fibroblast parameters on adult fibrin matrices (6,000 

cells/well; cell area; Neonatal fibrin: 1571.09 +/- 397.82 μm2  Adult fibrin: 877.12 +/- 323.02 μm2 

, p<0.0001, cell perimeter: Neonatal fibrin: 311.99 +/- 73.95 μm, Adult fibrin: 184.94 +/- 55.45 

μm, p<0.0001, cell circularity; Neonatal fibrin: 0.223 +/-  0.09 , Adult fibrin: 0.4138 +/- 0.11, 

p<0.0001).  
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Figure 5.5 Fibroblast spreading is greater on neonatal fibrin films. (A) Representative confocal 

microscopy images of fibroblast morphology on neonatal or adult fibrin films at 40x. Cells were 

seeded on fluorescently labeled fibrin networks (purple) at a density of 6,000 cells per well for 16 

hours prior to fixation. Fluorescent phalloidin (green) was used for membrane visualization. (B) 

Cell area, (C) perimeter, and (D) circularity was quantified with ImageJ. Mean +/- standard 

deviation is shown. Scale = 10 µm. p****<0.0001. N=15 cells per group. 
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Figure 5.6 Fibroblast spreading is greater on neonatal fibrin films. (A) Representative confocal 

microscopy images of fibroblast morphology on neonatal or adult fibrin films at 40x. Cells were 

seeded on fibrin networks at a density of 12,000 cells per well and incubated for 16 hours prior to 

fixation. Fluorescent phalloidin (green) was used for membrane visualization. (B) Cell area, (C) 

perimeter, and (D) circularity was quantified with ImageJ. Mean values +/- standard deviation are 

shown. N=20 cells per group. Scale = 10 µm. p*<0.05, p****<0.0001. 
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Finally, we evaluated fibroblast migration through 3D neonatal or adult fibrin scaffolds 

using a spheroid based assay. Fibroblast migration through fibrin networks was observed over a 

72 hour period (Figure 5.7). Cell migration was found to be significantly greater at 48 and 72 

hours on neonatal derived fibrin scaffolds compared to adult (48 hours: Neonatal fibrin: 248.16 

+/- 63.29 % change from day 0, Adult fibrin: 27.75 +/- 18.27 % change from day 0, p<0.0001, 72 

hours: Neonatal fibrin: 425.61 +/- 107.89 % change from day 0, Adult fibrin: 38.57 +/-11.68 % 

change from day 0, p<0.0001). 

 

Figure 5.7 Fibroblast migration is accelerated through neonatal fibrin scaffolds compared to adult 

fibrin scaffolds. (A) Schematic of spheroid migration assay utilized to characterize fibroblast 

migration through 3D fibrin scaffolds. HDFns are cultured into spheroids and subsequently 

embedded in a 3D fibrin scaffold. Migration away from the spheroid body is measured daily for 

72 hours and is quantified by measuring the spheroid boundary using Image J. (B) Representative 

images of cell migration outward from the spheroid after 72 hours imaged at 10x. Fibroblast 

outgrowth is outlined in white. (C) Migration results over 72 hours. Mean areas +/- standard 

deviation is shown. Scale = 200 µm. N=3-5/group. p***<0.001. 
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5.3.3 Evaluation of wound healing in vivo 

Fibroblasts migrate into the provisional fibrin matrix and synthesize new extracellular 

matrix during native wound healing to form new tissue81. Based on our results demonstrating 

enhanced cell attachment and migration on neonatal fibrin scaffolds compared to adult scaffolds, 

we hypothesized that wound healing outcomes would also be improved. To assess this, neonatal 

or adult fibrin clots (2.5 mg/mL fibrinogen, 0.5 U/mL thrombin) or a saline control were applied 

to full thickness dermal wounds in adult mice. Rates of wound closure was assessed by measuring 

the wound area over the 9 day period. Evaluation of wound closure indicated an overall greater 

rate of closure and significantly smaller wound areas on day 9 in mice treated with neonatal fibrin 

compared to adult fibrin and saline treatment groups (wound closure rate; Neonatal fibrin: 5.21 +/- 

1.91% closure/day, Adult fibrin: 3.628 +/- 1.605% closure/day, Saline 2.72 +/- 0.987% 

closure/day, Neonatal fibrin vs. Saline p<0.05) (Figure 5.8).  
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Figure 5.8 Wound closure is accelerated in the presence of neonatal fibrin scaffolds compared to  

adult fibrin scaffolds. (A) Neonatal or adult derived fibrin scaffolds were applied to a rodent full 

thickness dermal injury and wound healing was monitored over 9 days. Representative images of 

wounds treated with neonatal fibrin, adult fibrin, or saline on day 0, 4, and 9, (B) % wound closure 

over 9 days and (C) wound healing rate are shown. Means +/- standard deviation are shown. N=6 

wounds per group. p*<0.05. 

 

Histological analysis of wound tissue stained with MSB staining revealed a more robust 

epithelial layer with significantly greater thickness in neonatal fibrin treated wounds compared to 

wounds from mice treated with a saline control (Neonatal fibrin: 48.33 +/-20.84 μm, Adult Fibrin: 

35.67 +/- 15.03 μm, Saline: 21.27 +/-13.86 μm. Neonatal fibrin vs. Saline p<0.05) (Figure 5.9). 

Immunohistochemistry staining for angiogenic marker CD31 indicated increased angiogenesis in 
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wounds treated with neonatal fibrin relative to wounds treated with adult fibrin or saline, although 

statistical significance was not reached (Neonatal fibrin: 23630.00 +/- 35634.40 μm2, Adult Fibrin: 

5040.5 +/- 4057.33 μm2, Saline: 1744 +/- 2687.34 μm2). 

 

 

Figure 5.9 Neonatal fibrin scaffolds enhance epidermal thickness and angiogenesis compared to 

adult fibrin scaffolds. (A) Representative images of wounds stained with MSB and CD31 at 10x. 

(B) Quantification of images was performed by measuring thickness of epidermal layer in ImageJ 

and (C) using ImageJ particle analysis to measure CD31 (red) area. MSB staining revealed 

significantly greater epidermal thickness in wounds treated with neonatal fibrin scaffolds. N=5-6. 

Immunolabeling for CD31+ tissue suggests enhanced, though not statistically significant, 

angiogenesis in wounds treated with neonatal fibrin. N=4-6. Means +/- standard deviation is 

shown. p*<0.05. 
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5.4 Discussion 

In these studies, we demonstrate that neonatal fibrin network properties differentially 

influence cell behavior compared to scaffolds comprised of adult fibrin. Fibroblast attachment, 

spreading, and migration was greater on neonatal derived fibrin scaffolds. Additionally, the topical 

application of neonatal fibrin to full thickness dermal wounds enhanced wound closure in vivo. 

These studies demonstrate that neonatal fibrin properties positively direct cell behavior resulting 

in enhanced wound healing outcomes, indicating that fibrin scaffolds sourced from neonatal 

plasma could improve healing outcomes compared to scaffolds sourced from adult plasma. 

 While the differences in cell responses and wound healing outcomes on neonatal fibrin 

scaffolds compared to adult fibrin scaffolds are likely multifactorial, structural differences may 

play a role. Structural characterization revealed significant age-dependent differences in matrix 

organization at equal thrombin concentrations. Neonatal scaffolds were more aligned and less 

dense than adult scaffolds, consistent with trends identified in our previous studies14,69,80. These 

distinct structural architectures have been previously linked to differences in fibrin network 

degradation and may influence additional clot mechanical properties43. Importantly, previous 

studies have linked scaffold structural properties to cell behavior81,93. Increased matrix porosity, 

which is dependent on the thickness and density of the fibrin fibers, is linked to increased cellular 

infiltration and tissue growth94. With lower fiber and intersection density, neonatal fibrin networks 

have a higher permeability to allow for increased cell penetration and migration throughout the 

scaffold. Fibrinogen naturally contains two common arginine-glycine-aspartic acid (RGD) binding 

motifs to facilitate in cell adhesion95. Research has shown that cell attachment can be directed by 

topological cues from substrate microenvironment including physical and biochemical 

properties96. At equal starting cell densities and incubation times, significantly greater fibroblast 



83 

attachment was observed on neonatal fibrin networks compared to adult networks. Because more 

aligned fibers promote cell migration to a greater degree than randomly aligned fibers, the aligned 

structure of the neonatal networks likely also contributes to the enhanced cell migration through 

these scaffolds93,97. 

While the underlying specific cause of these structural differences remains unclear and 

future studies exploring fibrin polymerization mechanisms in neonates is necessary to fully 

understand these structural patterns, our results demonstrate that increased sialic acid content of 

neonatal fibrinogen may play a role. Previous research has indicated that neonatal fibrinogen has 

biochemical differences compared to the mature adult form, including increased sialic acid content 

which contributes to an overall more negative protein charge75. Hyper-salinated fibrinogen has 

also been identified in patients with liver disease and is characterized by an increased negative 

charge, altered matrix structure, and delayed fibrin clotting times, which is speculated to be caused 

by increased electrostatic repulsion between fibers98,99. To determine if the differential sialic acid 

content affects cell attachment patterns, fibroblast attachment was evaluated on neonatal and adult 

fibrin matrices with sialic acid removed via neuraminidase digestion. When sialic acid was 

removed via enzymatic digestion, fibroblast attachment was no longer significantly different 

between adult and neonatal fibrin matrices, indicating the increased glycosylation contributes to 

the higher fibroblast attachment seen with normal neonatal fibrin. The impact on attachment may 

be due to effects related to the increased negative charge from the sialic acid or steric availability 

of RGD binding sites but future studies are needed to determine the underlying mechanism. Since 

sialic acid content does play a role in cell attachment behavior, it is possible that sialyation of adult 

fibrinogen may result in fibrin network properties that recapitulate those of neonatal fibrin. Future 

studies exploring fibrin matrix properties, cell behavior, and wound healing outcomes on 
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hypersialyinated adult fibrinogen are necessary to determine the potential as a protein source for 

biomaterial development.  

 Fibroblast morphology and migration has also been shown to be dependent upon 

underlying matrix organization93,96,97.Confocal microscopy analysis of HDfn morphology revealed 

significantly greater cell area and decreased fibroblast circularity on neonatal fibrin networks 

compared to adult. Additionally, we observed a higher degree of fibroblast alignment on neonatal 

fibrin matrices compared to adult. Cells have been shown to align and elongate longitudinally on 

cylindrical substrates as is observed on different tissue types across physiological systems97. With 

our observed lower cross branching density and greater concentrations of longitudinal fiber 

organization in neonatal scaffolds, elongation of fibroblasts along longitudinal fiber axes most 

likely contribute to decreased circularity. Next, we quantified cell migration by embedding 

fibroblast spheroids within a neonatal or adult fibrin network and analyzing migration over 72 

hours. Our results indicated significantly greater fibroblast migration away from spheroid bodies 

when embedded in neonatal fibrin networks compared to adult. This may be due to the increased 

fibrin matrix porosity seen in neonatal fibrin networks that allows for greater cell infiltration into 

the scaffold. Additionally, recent studies have also indicated that 3D fibroblast migration is 

facilitated in softer fibrin matrices and previous research from our group has shown that neonatal 

plasma clots are significantly less stiff than adult80,100. Therefore, this mechanical aspect is likely 

a contributing factor to cell infiltration rates. As mentioned above, increased fiber alignment in 

neonatal scaffolds is also a potential contributing factor to increased migration. 

 Enhanced fibroblast migration has been linked to acceleration of healing of excisional 

wounds70. With our findings of enhanced fibroblast migration through neonatal scaffolds, we 

hypothesized that we would observe enhanced healing in wounds treated with neonatal fibrin. 
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Indeed, topical application of neonatal fibrin to full thickness excisional wounds in mice resulted 

in significantly smaller wound areas nine days post injury compared to mice treated with adult 

fibrin or saline. In histological analysis of wounds nine days post injury, we observed formation 

of significantly thicker epidermal layers in wounds treated with neonatal fibrin relative to those 

treated with saline, indicating more robust healing and epidermal regeneration. Immunolabeling 

for CD31+ revealed greater angiogenesis in wounds treated with neonatal fibrin, although 

statistical significance was not reached, most likely due to the large variances between these 

samples. Overall would healing outcomes were greater in animals treated with neonatal fibrin 

compared to adult fibrin or saline controls. 

 The primary goal of this research was to characterize the effects of neonatal vs. adult fibrin 

on cell behavior and wound healing outcomes. Overall, these studies indicate that the biochemical 

and structural differences between neonatal and adult fibrin scaffolds affect fibroblast attachment, 

spreading, and migration and ultimately lead to enhanced dermal wound healing outcomes. 

Improved wound healing has been previously identified in neonatal animals where incisional 

dermal wounds healed faster and free of fibrotic responses, following fetal-like wound repair 

patterns, compared to adult counterparts101. Much of the work to recapitulate this enhanced wound 

healing has been focused on the diversity and quantities of cytokine expression during wound 

healing. Here, we show that the properties of the provisional fibrin matrix affect cell patterns and 

subsequent wound healing results. Biochemical contributions from increased sialic acid content of 

neonatal fibrinogen were shown to directly impact cell attachment. Structural matrix properties 

including fibrin density most likely also contribute to the differential cell and wound healing 

outcomes between neonatal and adult fibrin groups. The results of these studies are applicable to 

the development of novel fibrin-based scaffolds to accelerate wound repair in patients with chronic 
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wounds. However, this study has several limitations. We indicated that the distinct mechanical 

properties between neonatal and adult fibrin scaffolds may influence cell behavior. In our previous 

experiments obtaining the elastic moduli of PPP clots under compressive forces, bulk scaffold 

stiffness was lower in neonatal derived groups compared to adult groups. However, the alignment 

of fibers in neonatal clots may increase stiffness in the direction parallel to fibers due to mechanical 

anisotropy. Further studies are needed to characterize mechanical anisotropy. Also, in our 

experiments, we utilized adult derived human thrombin to form fibrin scaffolds. In order to 

investigate age-dependent differences in fibrin, this reagent source and concentration was kept 

consistent. To date, no significant differences have been described between neonatal and adult 

thrombin except lower generation in neonates102. However, this should be considered in future 

studies. Additionally, in our experiments analyzing cell morphology on fibrin scaffolds, glass 

surfaces were functionalized to create uniform fibrin films.  It is possible that this process of 

tethering the fibrin to the surface could alter fibrin properties and/or affect cellular responses. The 

minimum clot volume utilized in these experiments was 30 µL, resulting in scaffolds at least 10 

µm thick. Research has indicated that cell-soft matric interactions can be significantly altered by 

an underlying substrate at 2-3 µm in thickness82. Therefore, the cells in these experiments most 

likely are responding to the fibrin scaffold not the underlying glass. However, there is the 

possibility that tethering the fibrin to the glass could affect cell mechanotransduction. If so, we 

expect equal effects between adult and neonatal groups.  

There are also important considerations for our in vivo wound healing model utilized in 

this study. In order to properly recapitulate human wound healing, dermal wounds were splinted, 

which requires a longer duration under anesthesia and creates the potential of local inflammation 

at suture sites. Nonetheless, this splinting is crucial to promote wound healing through re-



87 

epithelialization, cell proliferation, and angiogenesis, which more closely resembles healing 

patterns in humans90. Additionally, in this investigation, we focused our efforts on characterizing 

wound closure and healing but there is much interest in reducing scar formation of dermal wounds. 

Future studies exploring the differences in scar tissue formation in wounds treated with neonatal 

and adult fibrin should be conducted using a longer time frame. 

 

5.5 Conclusions and Broader Impact 
 

In summary, the results of this research determined that distinctions in neonatal and adult 

fibrin clot properties influence cellular behavior and wound healing. Cell attachment, migration, 

and spreading was greater on neonatal fibrin films and led to greater wound healing outcomes. The 

results of this research are critical for the understanding of age dependent differences in wound 

healing and the development of therapeutic technologies for treatment of chronic wounds. 

Additionally, while sourcing neonatal plasma from human donors is certainly not feasible ethically 

or practically, recently, we identified similar age-dependent patterns in fibrinogen and fibrin clot 

properties in pigs80. Neonatal porcine and human fibrin clots had closely matched structural, 

mechanical, and fibrinolytic characteristics80. Porcine sources are frequently used for clinically 

used fibrin based hemostatic materials, therefore, for future use in biomaterial development, 

porcine plasma could be utilized as a neonatal fibrinogen source, thereby increasing the 

translational potential of this work. Therefore, fibrin scaffolds sourced from neonatal porcine 

plasma could improve healing outcomes compared to scaffolds sourced from adult plasma. 
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Chapter 6 
 

Differential Sialic Acid Content in Adult and Neonatal Fibrinogen Mediates 
Differences in Clot Polymerization Dynamics 

 
 

The goal of the studies outlined in this chapter was to better understand neonatal 

hemostasis by elucidating mechanistic differences in fibrin clot polymerization between adults 

and neonates. Neonates possess a molecular variant of fibrinogen, known as fetal fibrinogen, 

characterized by increased sialic acid, a greater negative charge, and decreased activity compared 

to adults. Despite these differences, adult fibrinogen is used for treatment of bleeding in 

neonates, with mixed efficacy. In order to determine safe and efficacious bleeding protocols for 

neonates, more information on neonatal fibrin clot formation and the effects of sialic acid on 

these processes is needed. Here, we examine the influence of sialic acid on neonatal fibrin 

polymerization and how resulting fibrin polymerization kinetics and clot characteristics are 

impacted. We determined that sialic acid content of neonatal fibrinogen is a key determinant of 

resulting clot properties. Experiments analyzing knob:hole dynamics indicated typical neonatal 

fibrin clots are formed with the release of more fibrinopeptide B and less fibrinopeptide A than 

adults. These results could inform future studies developing neonatal specific treatments of 

bleeding. 

At the time of submission of this thesis, the work described in this chapter is under 

revision in Blood Advances. 
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6.1 Introduction 
 

Recent studies have identified major differences in hemostasis between adults and 

neonates, including qualitative and quantitative differences in the coagulation protein 

fibrinogen29,40,102. Despite these differences, neonates with significant bleeding, including after 

procedures requiring  cardiopulmonary bypass (CPB) or during extracorporeal membrane 

oxygenation (ECMO), are treated with adult specific treatment options, namely the transfusion of 

adult cryoprecipitate (fibrinogen component)24,32,33,41,103. Unfortunately the clinical effectiveness 

of such transfusions is often inconsistent and may result in deficient fibrin matrix insufficient to 

mitigate bleeding14. Our recent studies have identified significant structural and functional 

differences between neonatal and adult clots that might contribute to these outcomes. Structurally, 

neonatal clots appeared two dimensional with low degrees of fibrin cross-branching compared to 

the dense and heavily branched fibrin networks observed in adult clots. Functionally, neonatal 

clots are significantly softer than adult clots with faster degradation times14. Moreover, when 

neonatal and adult fibrinogen are mixed (to mimic transfusion of adult fibrinogen to neonates) the 

resultant fibrin networks maintain their distinct properties, are heterogeneous and are not 

seamlessly integrated14. Given these distinctions, a deeper understanding of the mechanistic 

differences between adult and neonatal fibrin polymerization is needed to improve outcomes 

related to neonatal bleeding.  

The activation and polymerization of fibrinogen, a 340-kDa circulating glycoprotein, is 

essential for the formation of a stable blood clot and the cessation of bleeding. Post-injury, the 

proteolytic enzyme thrombin converts soluble fibrinogen to insoluble fibrin via cleavage of 

fibrinopeptides A and B, exposing fibrin knobs A and B. Fibrin protofibrils are then formed from 

the noncovalent binding of fibrin knobs to complementary fibrin holes a and b on adjacent 
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proteins15. In adults, the driving force of polymerization occurs through fibrin A:a knob hole 

binding. A:a binding occur more rapidly than B:b binding and is required for the formation of 

typical fibrin clots in adults104,105. However, these mechanisms have not been explored in neonates. 

Additionally, recent evidence showed that neonates possess a molecular variant of fibrinogen, 

known as fetal fibrinogen14,29. Unlike in other clotting proteins, such as hemoglobin, there is no 

evidence that neonates possess multiple forms of fibrinogen or any percentage of adult 

fibrinogen106. Initial studies characterizing fetal fibrinogen have identified an increased sialic acid 

content, greater negative charge, and increased clotting times compared to adult fibrinogen40. Of 

note, similarly to other post-translational modifications, sialic acid content in fibrinogen has been 

shown to influence fibrin clot properties. For example, an increased sialic acid content associated 

with liver disease has been shown to result in altered fibrin clot properties23,107. Additionally, 

studies on fibrinogen synthesized during trauma show a reduction in sialic acid content because of 

decreased galactose residues contributing to a faster rate of clot polymerization108. Furthermore, 

recent work from our group has found that the increased sialic acid in neonatal fibrin networks 

results in significantly greater fibroblast attachment compared to attachment on adult fibrin109.  

Although an increased sialic acid concentration has been identified in many neonatal cells and 

glycoproteins across various physiological systems due to its supportive functions in brain 

development, immune regulation, and gut maturation, its influence on fibrin polymerization 

mechanisms in neonates has not been thoroughly studied110,111.  In this investigation, we examine 

the influence of sialic acid on neonatal fibrin polymerization. We hypothesized that the increased 

sialic acid content of neonatal fibrinogen would promote B:b knob hole interactions and 

consequently influence the structure and function of the neonatal fibrin matrix. We explore this 

hypothesis through analysis of structural properties and knob:hole polymerization dynamics of 
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normal and desialylated neonatal fibrin networks and compare to those formed with adult 

fibrinogen.  

 

6.2 Methods and Materials 

6.2.1 Isolation of fibrinogen 

After IRB approval and informed written parental consent, whole blood samples were 

collected from neonates (less than 30 days of age) undergoing elective cardiac surgery at the 

Children’s Hospital of Atlanta as described in Chapter 3, section 3.2.1. All samples were 

collected from an arterial line placed after the induction of anesthesia and prior to surgical 

incision and CPB. Preterm neonates those with a known coagulopathy, or mothers with a known 

coagulopathy were excluded.  No fibrinogen interacting medications were administered during 

the perioperative period. Samples were centrifuged immediately 2x at 15,000 g for 15 mins to 

yield platelet poor plasma (PPP) and stored at -80°C until use. Pooled adult PPP was obtained 

from the New York Blood Center. Neonatal and adult human fibrinogen were isolated from 

plasma via ethanol precipitation8442. SDS page was utilized to determine purity. We determined 

fibrinogen the isolation method primarily precipitated fibrinogen, however we also identified 

small amounts of  FXIII, fibronectin, and Von willebrand factor in both samples. Purity was 

compared to a commercially available fibrinogen (Fib3, Fibrinogen with fibronectin, Von 

Willebrand factor and factor XIII depleted, Enzyme Research Laboratories). Baseline FXIII 

concentration and plasmin activity levels were assessed and were similar between adult and 

neonatal samples (Abcam) (Figure 6.1). 
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Figure 6.1 Characterization of purified fibrinogen. A)  FXIII and B) plasmin levels were similar 

between adult and neonatal fibrinogen preparations. N=4/group. Mean concentrations +/- standard 

deviation is reported. C) Purity of purified fibrinogen was assessed via SDS page. Along with 

fibrinogen subunits, FXIII, Fibronectin, and VWF were identified in both neonatal and adult 

samples. Lanes 1-2:adult, lanes 3-4 neonate, lane 5-6: Fib3 commercially available fibrinogen 

(Enzyme Research Laboratories). 

 

6.2.2 Investigation of sialic acid influence on fibrin properties 

Sialic acid was cleaved from neonatal and adult fibrinogen via neuraminidase digestion as 

described in Chapter 4, section 4.2.387. Fibrinogen solutions (5 mg/mL) were incubated with 

0.025 U/mL Neuraminidase (Sigma Aldrich) for 4 hours at 35°C, then filtered with Pall Nanosep 

devices (100 kDa MWCO) and stored at -80°C until use. Sialic acid content was quantified via a 

Sialic Acid (NANA) Assay Kit (Abcam). Removal of sialic acid residues was confirmed by 

assaying the sialic acid concentration before and after neuraminidase digestion.  
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6.2.3 Selective cleavage of fibrinopeptides 

Neonatal and adult clots were formed with proteolytic enzymes: thrombin (Enzyme 

Research Labs), which cleaves both fibrinopeptides A and B, batroxobin (Prospec Bio), a snake 

venom thrombin-like enzyme (SVLTE) that preferentially cleaves fibrinopeptide A, and 

contortrixobin (MyBioSource), a SVLTE that preferentially cleaves fibrinopeptide B. Thrombin, 

batroxobin, or contortrixobin was added to purified fibrinogen (2.5 mg/mL) in sodium citrate to 

initiate clotting. A range of concentrations of thrombin (0.25-1.0 U/mL), batroxobin (0.5-1.0 

U/mL) or controtrixobin (2.5-7.0 µg/mL) were utilized.  

6.2.4 Structural characterization of fibrin matrices via confocal microscopy 

Confocal microscopy was utilized for imaging of fibrin clot structure as in Chapter 3, 

section 3.2.314,112–114. 50 µl clots consisting of 2.5 mg/mL purified fibrinogen in 1M HEPES buffer 

(5 mM calcium, 7.4 pH) were formed with thrombin, batroxobin, or contortrixobin at the 

concentrations listed above. 10 µg/mL Alexa 488 labeled adult fibrinogen was added for 

visualization (Fisher Scientific). Our previous research has determined that at very low 

concentrations of adult fibrinogen, neonatal fibrin structure is not impacted14. Therefore, we expect 

effects on this group to be minimal. Clots were formed between a glass slide and coverslip and 

allowed to polymerize for two hours prior to imaging48. A Zeiss Laser Scanning Microscope (LSM 

710, Zeiss Inc.) at 63x magnification was utilized for imaging and a minimum of three random 

5.06 μm z-stacks were acquired per clot. ImageJ was used to create 3D projections from z-stacks. 

Fiber alignment was quantified through a Matlab algorithm previously developed by our group14. 

A minimum clot structure is required in order to run this code, therefore, if network formation was 

minimal, alignment data was not collected. Clot fiber density was determined from the ratio of 

black (fiber) over white (background) pixels in each image69,80. Additionally, clot structure in 
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thrombin polymerized neonatal and adult clots was also assessed with cryogenic scanning electron 

microscopy. Here, 100 µl clots were formed with 0.5 U/mL thrombin and allowed to polymerize 

for 2h. Clots were  rapidly frozen by plunging in subcooled liquid nitrogen and imaged at 1,000X. 

Three clots were imaged per group and three random images were taken per clot. 

6.2.5 Analysis of enzyme-initiated polymerization dynamics 

Enzyme-initiated fibrin polymerization assays were used to evaluate clotting times and clot 

turbidity. 80 μl fibrin clots were formed in a 96-well plate with adult or neonatal fibrinogen (2.5 

mg/mL), HEPES buffer, and the addition of thrombin, batroxobin, or contortrixobin. Turbidity 

curves were generated by reading the absorbance at 350 nm with a plate reader every 30 seconds 

for 3 hours. Analysis of turbidity curves included maximum absorbance and clotting time 

determined by the time needed to reach half the maximum absorbance value. Data was excluded 

if bubbles formed during polymerization, as they interfere with absorbances readings.  

6.2.6 Analysis of clot degradation kinetics 

Clot degradation kinetics were determined for clots formed from purified fibrinogen in the 

presence of 0.25 U/mL thrombin, 0.5 U/mL batroxobin, or 2.5 ug/mL contortrixobin. 80 μl clots 

were formed in a 96-well plate as in absorbance-based assays and allowed to polymerize for 2 

hours. An 80 μl overlay with 0.5 U/mL plasmin was then placed on top of clots to initiate 

degradation (Invitrogen). 5 μl aliquots of the clot liquor were taken at 0, 1, 2, 4, 6, 8, and 24 hours. 

Fibrinogen content of aliquots was determined via Nano-drop analysis. Degradation rates were 

determined from the time required to reach half max soluble protein content. Additional 

experiments were conducted using an overlay containing 10.8 mg/mL human plasminogen and 

0.29 mg/mL tissue plasminogen activator (tPA). Aliquots were taken as described above and  

fibrinogen content was determined via Fibrinogen ELISA (Abcam). 
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6.2.7 Analysis of fibrinogen clottability 

Fibrinogen clottability was determined by a protein quantification assay which measures 

the fibrinogen content in the clot liquor (soluble portion of clot sample) that remains after 

polymerization, as detailed in Chapter 4, section 4.2.4. 50 μl clots were formed from purified 

fibrinogen at a concentration of 2.5 mg/ml in HEPES buffer and were polymerized with the 

initiation of 0.25 U/ml thrombin, 0.5 U/ml batroxobin, or 2.5 ug/mL contortrixobin. Before and 

after a 1-h polymerization, aliquots were taken and fibrinogen content was determined via ELISA. 

Percent of clottable fibrinogen was determined as: ([initial soluble protein – soluble protein in clot 

liquor] / initial soluble protein) x 100. 

6.2.8 Analysis of mechanical clot properties  

Atomic Force Microscopy (AFM) was utilized to determine clot stiffness, as described in 

Chapter 3.2.5. Purified fibrin clots 50 μl in size were formed with thrombin, batroxobin, and 

contortrixobin at concentrations of 0.25 U/mL, 0.5 U/mL, and 2.5 μg/mL respectively and 

polymerized on a charged glass slide for 2 hours. The AFM (Asylum MFP3D-Bio, Asylum 

Research) was operated in force contact mode with silicon nitride cantilevers with a particle 

diameter of 1.98 μm (Nanoandmore). 20 X 20 μm force maps were obtained on each clot and fit 

with a Hertz model to determine the elastic modulus. In order to reduce variation from potential 

edge of clot effects, force maps were conducted in the center of each clot. The average elastic 

modulus of an array of 256 contact points was reported for each force map. A minimum stiffness 

was required to conduct analysis, therefore data was excluded if force maps could not be taken. 

6.2.9 Competitive binding of fibrin knobs 

A competitive binding assay was performed with synthetic fibrin knob peptides. Purified 

neonatal and adult fibrinogen solutions (2.5 mg/mL) were incubated with 1 mM A knob mimetic 
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(GPRPFPAK), B knob mimetic (AHRPYAAK) or non-binding peptide (GPSPFPAK) (Genscript) 

for 20 minutes. Alexa 488 labeled adult fibrinogen was added for visualization and polymerization 

was then initiated with 0.5 U/mL thrombin. Confocal microscopy was utilized to examine resulting 

fibrin architecture at the conditions described above. 

6.2.10 Quantitative release of fibrinopeptides 

To measure relative release of fibrinopeptides over time, 75 µl clots consisting of 1.0 

mg/mL neonatal and adult fibrinogen were formed with 0.5 U/mL thrombin in 600 µl tubes. At 0, 

5, 15, 30, 60, and 120 minute time points, the reaction was terminated by heating the solution at 

97°C for 15 minutes115. The solution was kept on ice until the completion of the experiment. All 

samples were centrifuged at 15,000 g for 15 minutes at 4°C and the supernatant was removed and 

stored at -20°C until analysis. Quantitative analysis of fibrinopeptide concentration was conducted 

via ELISA (MyBioSource). Fibrinopeptide ELISA kits were reported to have high specificity with 

no observed cross reactivity between fibrinopeptide analogues. The neonatal to adult fold change 

of fibrinopeptide A or B concentration over time was reported. 

6.2.11 Analysis of fibrinogen formulations in a post cardiopulmonary bypass model of 

coagulopathy 

Sialylation of adult fibrinogen was increased via sialyltransferase incubation116. Adult 

fibrinogen solutions (10 mg/mL) were incubated with 50 milliunits of alpha-2,3-Sialyltransferase  

and 5 µmol cytidine-5’-monophsospho-N-acetylneuraminic acid sodium for 24 hours (Sigma). 

The solution was filtered with Pall Nanosep devices and stored at -80°C until use. Sialic acid was 

removed with neuraminidase digestion as described above with an 8 hour incubation time. 

Neuraminidase digestion was also conducted on normal neonatal and adult fibrinogen for 8 hours. 

Sialic acid content was quantified as described above. Various formulations of fibrinogen were 



97 

added to neonatal post-cardiopulmonary bypass (CPB) plasma samples in order to simulate 

treatment. Blood samples were collected from neonates prior to and after CPB and plasma was 

isolated as described above. 50 µl clots consisting of 90% platelet poor plasma were formed with 

and without the addition of 1.1 mg/mL adult fibrinogen, neonatal fibrinogen, and sialylated adult 

fibrinogen were formed using 0.5 U/mL thrombin. Previous studies from our group have 

determined that fibrinogen levels of post-CPB samples are an average of 2.1 mg/mL  and baseline 

levels are 3.2 mg/mL9. Therefore, we supplemented fibrinogen additions up to baseline 

concentrations. Following 2 hours of polymerization, structure and degradation characteristics 

were analyzed as described above.  

6.2.12 Analysis of porcine fibrinogen 

Sialic acid content was quantified for adult and neonatal porcine fibrinogen. Blood was 

collected from eight 1-yr-old female Yorkshire pigs and 8-week-old Yorkshire piglets before 

planned surgical procedures at North Carolina State University’s School of Veterinary Medicine 

(Raleigh, North Carolina). All samples were collected via jugular venous puncture after the 

induction of anesthesia and before surgical incision. Samples were centrifuged immediately for 

15 mins at 15,000 g 2X to obtain platelet-poor plasma and stored at −80°C until use. Sialic acid 

was cleaved and quantified as described above.  

6.2.13 Statistical analysis 

Statistical analysis was performed using GraphPad Prism Software. Data was analyzed via 

a two-way Analysis of Variance (ANOVA) with a Tukey’s post hoc test using a 95% confidence 

interval for most measurements. For analysis of sialic acid concentration, fiber density with and 

without sialic acid, competition assays, and clottability, degradation, and clot stiffness in the 

presence of SVTLE’s, an unpaired, two tailed Student’s t-test was conducted. For analysis of 
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cumulative fibrinopeptides, a one-way ANOVA was utilized.  Statistical significance was achieved 

for P<0.05. Data is defined as interval and is presented as average +/- SD.  

 

6.3 Results 
 
6.3.1 Influence of sialic acid on fibrin polymerization 

The influence of sialic acid on neonatal fibrin polymerization was explored with various 

assays (Figure 6.2). First, sialic acid concentration was quantified; neonatal fibrinogen was shown 

to have significantly greater concentration than adults (Adults: 3.07 +/- 0.09 μg/mL, Neonates: 

5.88 +/- 1.08 μg/mL, P= 0.011; Figure 6.2A). Sialic acid concentration of the fibrinogen solutions 

prior to neuraminidase cleaving was always undetectable, as our assay does not detect bound 

residues. After removal of sialic acid via neuraminidase digestion, clot structure was assessed via 

confocal microscopy (Figure 6.2B). When sialic acid was removed, neonatal and adult fibrin clots 

appeared similar in structure with no significant differences in fiber density (Adults: 0.71 +/- 0.57 

black/white pixels, Neonates: 0.75 +/- 0.66 black/white pixels, P=0.96). When desialylated 

fibrinogen was polymerized with batroxobin (fpA cleavage), clot structure was porous and similar 

between adults and neonates with no significant differences in fiber density (Figure 6.3; Adults: 

0.97 +/- 0.56 black/white pixels, Neonates: 0.69 +/- 0.18 black/white pixels, P=0.36). However, 

when polymerization was initiated with contortrixobin (FpB cleavage), fibrin clots had low 

degrees of branching and neonatal networks had significantly higher fiber density (Figure 6.3; 

Adults: 0.23 +/- 0.09 black/white pixels, Neonates: 0.60 +/- 0.28 black/white pixels, P=0.046). 

When polymerized with thrombin, neonatal and adult desialylated fibrinogen had similar 

polymerization behavior (Figure 6.2C). No significant differences were observed in max turbidity 

or (Figure 6.2D, Max turbidity; Adults: 0.4 +/- 0.2 abs350, Neonates: 0.32 +/- 0.09 abs350, 



99 

P=0.99), clottibility (Figure 6.2E, Adults: 94.07 +/- 0.25 %, Neonates: 93.37 +/- 0.89, P=0.42). 

When fibrinolysis was initiated on normal and adult desialylated fibrinogen, degradation rates 

were similar between groups (Figure 6.2F, Adults: 5.9 +/- 0.53 hours, Neonates: 5.48 +/- 0.51 

hours). 
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Figure 6.2 Influence of sialic acid on neonatal fibrin network properties. A) Sialic acid 

concentration of neonatal fibrinogen is significantly greater than adult fibrinogen. N=3 triplicate 

experiments.  B) Representative images of confocal microscopy analysis of clots taken at 63x. 

Prior to removal of sialic acid, fiber density was statistically significant between adults and 

neonates. After removal, resulting clot structures were roughly equivalent in fiber density. N=5 

clots/group. Scale: 10  µm. C) Polymerization curves were analyzed via turbidity measurements 

on a plate reader. D) Max turbidity values were significantly lower in neonates compared to adults 

prior to removal of sialic acid and similar after. N=5 E) Normal neonatal fibrinogen had 

significantly lower clottability than adult fibrinogen and after digestion of sialic acid clottability 

was similar. N=4. F) Fibrinolysis was initiated with plasminogen and tPA. Normal neonatal 

fibrinogen had statistically faster degradation rates than adult fibrinogen. After removal of sialic 

acid, degradation rates were similar. N=3 Average +/- standard deviation is shown. P*<0.05. 
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Figure 6.3 Selective cleavage of fibrin knobs in the absence of sialic acid. A) Representative 

images of desialylated adult and neonatal fibrin clots formed with Batroxobin (FpA cleavage) or 

Contortrixobin (FpB cleavage) taken with confocal microscopy at 63x. B) Corresponding fiber 

density values are shown. Mean fiber density +/- standard deviation is reported. Scale: 20 µm. 

N=4/group. *P<0.05 

 

6.3.2 Structural characterization of fibrin matrices 

Structure of clots formed from neonatal and adult fibrinogen formed with venom enzymes 

was evaluated via confocal microscopy (Figure 6.4). In clots formed with thrombin, adult fibrin 

networks were dense and highly branched compared to the thin networks with low degrees of 

branching seen with neonatal fibrin. Significantly higher fiber densities were observed with mid 

to high concentrations of thrombin. Increased fibrin alignment was observed in neonatal clots, but 

did not reach statistical significance. Adult clots formed with batroxobin (FpA cleavage) were also 

highly branched and appeared similar in fibrin structure to clots formed with thrombin. Neonatal 
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clots formed with batroxobin were highly porous with little network structure visible. At higher 

batroxobin concentrations, fiber density was significantly higher in adults compared to neonatal 

clots (batroxobin fiber density: 1.0 U/mL: Adults: 0.79 +/- 0.49 black/white pixels, Neonates: 0.12 

+/- 0.11 black/white pixels P=0.002); all concentrations yielded low alignment values that were 

comparable across age groups. When clotting was initiated with contortrixobin (FpB cleavage), 

adult clots were very porous and lacked 3D structure. At high concentrations of contortrixobin, 

neonatal clots had significantly greater fiber density than adults (contortrixobin fiber density 7.0 

ug/mL: Adults: 0.11 +/- 0.08 black/white pixels, Neonates: 0.51 +/- 0.32 black/white pixels, 

P=0.013; no significant differences in fibrin alignment were observed across age groups.  
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Figure 6.4 Selective cleave of fibrinopeptides. A) Fibrin polymerization occurs through the 

noncovalent binding of exposed fibrin knobs A and B to fibrin holes a and b on adjacent proteins. 

These mechanisms have not been explored in neonates. B) Snake venom thrombin-like enzymes 

were utilized to selectively cleave fibrinopeptides and activate fibrin. C) Representative images 

from confocal microscopy at 63x magnification of adult and neonatal fibrin clots at equal enzyme 

concentrations reveals differences in D) fiber density and E) fiber alignment. Scale: 10 µm. Fiber 

density N=5/group, fiber alignment N=4-5/group. Average +/- standard deviation is shown. 

P*<0.05, P***<0.001. 
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In our analysis using cryogenic scanning electron microscopy in thrombin polymerized 

clots we observed significantly greater fiber densities in the adult groups compared to neonatal 

clots (Figure 6.5, Adults: 0.61 +/- 0.06 black/white pixels, Neonates: 0.31 +/- 0.08 black/white 

pixels, P=0.007. 

 

Figure 6.5 CryoSEM analysis of neonatal and adult fibrin clots. A) Representative images of adult 

and neonatal fibrin clots formed with 0.5 U/mL thrombin. B) Corresponding fiber density values 

are shown. Adult fibrin clots yielded significantly higher fiber density values than neonatal clots. 

Mean fiber density +/- standard deviation is reported. Scale: 10 µm. N=3/group. **P<0.01 

 

6.3.3 Analysis of enzyme initiated polymerization dynamics  

Polymerization time and maximum fibrin clot turbidity in the presence of proteolytic 

enzymes were determined by monitoring changes in absorbance during clot formation (Figure 6.6, 

Figure 6.7). In the presence of thrombin, adult clots reached significantly greater maximum 

turbidities than neonatal clots and had comparable clotting times (thrombin max turbidity 1.0 

U/mL: Adults: 0.82 +/- 0.35 OD, Neonates: 0.22 +/- 0.09 OD, P=0.0001, Time to half max 

turbidity, 1.0 U/mL: Adults: 11.0 +/- 4.81 s, Neonates: 9.83 +/- 5.62 s). In batroxobin (FpA 

cleavage) initiated polymerization, adult clots had faster rates of clot formation and reached 

significantly greater maximum turbidities compared to neonates (batroxobin max turbidity 1.0 
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U/mL: Adults: 0.86 +/- 0.14 OD, Neonates: 0.39 +/- 0.29 OD P=0.018, Time to half max turbidity 

1.0 U/mL: Adults: 19.3 +/- 8.18 s, Neonates: 20.5 +/- 1.68 s). Finally, when polymerization was 

initiated with contortrixobin (FpB cleavage), significantly greater clotting times and maximum 

turbidites were reached in neonatal fibrin clots compared to adult clots (contortrixobin max 

turbidity 7.0 ug/mL: Adults: 0.07 +/- 0.06 OD, Neonates: 0.35 +/- 0.19 OD P=0.0004, Time to 

half max turbidity 7.0 ug/mL: Adults: .63 +/- .25 s, Neonates: 30.0 +/- 1.730 s).  

 

 

 
 
Figure 6.6 Clotting time. A) Representative clotting time curves from absorbance based turbidity 

assays using neonatal and adult fibrinogen at equal enzyme concentrations. B) Maximum turbidity 

data gathered from clotting curves reveals significant differences between adult and neonatal fibrin 

clots. Average maximum turbidity +/- standard deviation is shown. N=3-6/group. P*<0.05, 

P**<0.01, P***<0.001. 
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Figure 6.7 Clotting time. Clotting time in the presence of Thrombin (FpA and FpB cleavage), 

Batroxobin (FpA cleavage), and Contortrixobin was defined as the time taken to reach half 

maximum turbidity. Mean clotting time +/- standard deviation is reported. N=3-6/group. 

****P<0.0001. 

 

6.3.4 Analysis of clot degradation kinetics  

Fibrin clot degradation was initiated via plasmin and assessed by determining changes in 

soluble protein concentration over time (Figure 6.8C). Degradation rates were established by 

determining the time required to reach maximum soluble protein content; a greater time required 

translates to a slower rate of fibrin clot degradation. In the presence of thrombin and batroxobin 

(FpA cleavage), adult fibrin clots had significantly greater time to half degradation rate than 

neonatal clots (thrombin: Adults: 6.06 +/- 3.07 hours, Neonates: 1.81 +/- 1.75 hours, P=0.015; 

batroxobin: Adults: 4.3 +/- 2.82 hours, Neonates: 1.36 +/- 1.53 hours, P=0.048). When clots were 

formed with Contotrixobin (FpB cleavage), neonatal clots exhibited slightly greater time to half 

degradation rates than adults, although statistical significance was not reached (Adults: 1.53 +/- 

2.13  hours, Neonates: 2.27 +/- 1.79  hours, P=0.59).  
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Figure 6.8 Functional analysis of clots formed with selective cleavage of fibrinopeptides. A) 

Clottability of neonatal and adult fibrinogen with mid-range concentrations of fibrinopeptide 

cleaving enzymes. N=4/group. B) Atomic force microscopy was utilized to determine stiffness for 

clots formed with neonatal and adult fibrinogen with mid-range concentrations of fibrinopeptides. 

N=3-7/group. C) Representative degradation curves and D) degradation rates for clots formed with 

venom enzymes were determined from the time taken to reach half- maximum soluble protein. 

N=5-6/group. Average values +/- standard deviation is reported. P*<0.05, P**<0.01, P***<0.001, 

P****<0.0001. 
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Degradation rates were also analyzed using a plasminogen and tPA overlay ( Figure 6.9). 

When clotting was initiated with thrombin and batroxobin , adult fibrin clots had significantly 

greater time to half degradation rate compared to neonatal clots (thrombin; Adults: 12.88 +/- 1.99 

hours, Neonates: 7.98 +/- 1.01 hours, P=0.018, batroxobin; Adults: 10.89 +/- 2.9 hours, Neonates: 

5.01+/- 1.9 hours, P=0.043. When clots were formed with contortrixobin, neonatal samples had 

longer degradation times, although not statistically significant (Adults: 1.9 +/- 1.44 hours, 

Neonates: 5.56 +/- 2.55 hours, P=0.096). Due to the similar results between degradation analysis, 

it is likely that differences observed are due to fibrinolytic discrepancies rather than differences in 

plasmin generation.  

 

 

Figure 6.9 Degradation initiated with plasminogen and tPA. Degradation time in the presence of 

Thrombin (FpA and FpB cleavage), Batroxobin (FpA cleavage), and Contortrixobin was defined 

as the time taken to reach half maximum soluble fibrinogen content. Mean degradation time +/- 

standard deviation is reported. N=3/group. *P<0.05 

 

6.3.5 Analysis of fibrinogen clottability and clot mechanical properties 

To determine the stability of neonatal and adult fibrin clots formed with various 

fibrinopeptide releasing enzymes, we assed fibrinogen clottability and stiffness in the presence of 
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mid-range concentrations of thrombin, batroxobin, and contortrixobin (Figure 6.8A). When clots 

were formed with 0.25 U/mL thrombin and 0.5 U/mL batroxobin (FpA cleavage), adult clots had 

significantly greater fibrinogen clottability measurements than neonatal clots. (thrombin: Adults: 

93.65 +/- 8.26 % clottibility, Neonates: 53.8 +/- 31.21 % clottibility, P=0.048; batroxobin: Adults: 

90.14 +/- 12.22 % clottibility, Neonates: 16.8 +/- 11 % clottibility, P=0.0001.) When clots were 

formed with 2.5 µg/mL contortrixobin (FpB cleavage), neonatal clottibility was significantly 

higher than adult samples (Adults: 18.29 +/- 9.75, Neonates: 84.62 +/- 19.42, P=0.0009). AFM 

was utilized to determine clot elastic moduli (Figure 6.8B). Adult clots were significantly stiffer 

than neonatal clots formed from thrombin or batroxobin (thrombin: Adults: 2.41 +/- 0.33 kPa, 

Neonates: 1.36 +/- 0.16 kPa,P<0.0001; batroxobin: Adults: 0.42 +/- 0.09, kPa Neonates: 0.12 +/- 

0.09 kPa, P=0.062). Conversely, in the presence of contortrixobin, neonatal clots had significantly 

greater stiffness values than adults (Adults: 0.25 +/- 0.34 kPa, Neonates: 0.81 +/- 0.52 kPa, 

P=0.39). 

6.3.6 Competitive binding of fibrin knobs 

To explore differences in competitive binding of fibrin knobs between neonatal and adult 

polymerization patterns, clots were formed in the presence of excess fibrin knob A, knob B, and 

nonbinding peptide mimetics prior to polymerization with thrombin (Figure 6.10). When 

fibrinogen was incubated with a nonbinding peptide control, clot structure appeared more loose 

most likely due to non-specific interactions from the peptide. However, structural trends were 

similar to native controls and the presence of the peptide did not appear to significantly alter 

polymerization (Fiber density; Adults: 1.18 +/ 0.38 black/white pixels, Neonates: 0.4 +/- 0.13 

black/white pixels, P=0.007). However, when clots were formed in the presence of excess fibrin 

knob A, adult fibrin clot structure was significantly altered; clot architecture was heterogenous and 
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lacked normal matrix formation. Under the same conditions, neonatal fibrin clots had significantly 

greater fiber density than adult clots and formed relatively complete fibrin networks (Adults: 0.16 

+/- 0.04 black/white pixels, Neonates: 0.43 +/- 0.05 black/white pixels, P=0.0001). In the presence 

of excess fibrin knob B, the reverse was found. Adult fibrin clots had significantly greater fiber 

density than neonatal clots and formed a network similar to controls (Adults: 0.69 +/- 0.27 

black/white pixels, Neonates: 0.2 +/- 0.13 black/white pixels, P=0.017).  

  

 
 

Figure 6.10 Competition assay to reveal polymerization mechanism. High concentrations of fibrin 

knob A and B mimetic peptides were added to neonatal and adult fibrinogen solutions prior to 

initiation of clotting with thrombin. A) Representative images are shown from confocal 

microscopy imaging of clots at 63x. B) Fiber density analysis reveals significant differences 
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between adult and neonatal clots after equivalent peptide incubation times. N=4/group. Scale: 10 

µm. Mean fiber density +/- standard deviation is reported. P*<0.05, P**<0.01, P***<0.001 

 

6.3.7 Quantitative release of fibrinopeptides: 

The release of fibrinopeptide A and B over a two hour time period was quantified via 

ELISAs and reported as the neonatal to adult fold change (Figure 6.11A). The ratio of neonatal to 

adult fibrinopeptide A concentration was less than 1 throughout the duration of the two hour 

clotting time and greater than 1 for fibrinopeptide B. At 60 and 120 mins, we observed statistically 

significant differences in fold changes between fibrinopeptide A and B release (60 minutes: FPA: 

0.21 +/- 0.08 Neonate: Adult fold change, FPB: 1.33 +/- 0.07 Neonate: Adult fold change 

P=0.0025; 120 minutes: FPA: 0.16 +/- 0.13 Neonate: Adult fold change, FPB: 1.73 +/- 0.63 

Neonate: Adult fold change, P=0<0.0001). We also observed significant differences in fold 

changes of cumulative release of fibrinopeptides (Figure 6.11B, FPA: 0.37 +/- 0.63 Neonate: 

Adult fold change, FPB: 1.25 +/- 0.15 Neonate: Adult fold change, P=0.003). When sialic acid 

was removed, fibrinopeptide release was similar between adults and neonates (Figure 6.11 C-D). 

The neonate:adult fold change in fibrinopeptide release of desiaylated fibrinogen was significantly 

greater at 60 and 120 mins, as well as cumulatively, compared normal fibrinogen.  (Desialyated 

fibrinogen, Cumulative release; FPA: 0.97 +/- 0.7 Neonate: Adult fold change, FPB: 1.062 +/- 

0.06 Neonate: Adult fold change, P=0.59).  
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Figure 6.11 Quantitative release of fibrinopeptides. Clotting was initiated with addition of 

thrombin to normal neonatal and adult fibrinogen. A) Fibrinopeptide A and B concentration was 

determined for each time point over 120 minutes and reported as the neonatal to adult fold change. 

Mean fold change +/- standard deviation is shown.  B) Cumulative release of fibrinopeptides was 

determined for normal and desialylated fibrinogen during clotting and reported as the neonatal to 

adult fold change for each fibrinopeptide. C) Fibrinopeptide A release over time in desialylated 

fibrinogen is compared to normal fibrinogen. The neonatal:adult fold change is reported. D) 

Fibrinopeptide B release over time in desialylated fibrinogen is compared to normal fibrinogen. 

The neonatal:adult fold change is reported. N=3 triplicate experiments/group. Mean +/- standard 

deviation is shown. P*<0.05, P**<0.01, P***<0.001, P****<0.0001. 

 

 



114 

6.3.8 Analysis of fibrinogen formulations in a post cardiopulmonary bypass model of coagulopathy 

Sialic acid concentration of adult fibrinogen incubated with CMP-sia and sialyltransferase 

was determined after 8 hour neuraminidase digestion (Figure 6.12A). 24 hour enzyme incubation 

proved to be sufficient at increasing sialylation of adult fibrinogen to levels seen in neonatal 

samples (Adult: 3.492 +/- 1.043 μg/mL, Neonate: 6.36 +/- 0.91, Sialylated Adult: 5.288 +/- 0.53, 

Adult vs. Neonate: P=0.003, Adult vs. Sialylated Adult: P=0.037, Neonate vs. Sialylated 

Adult:P=0.23). Clots were formed with sialylated adult fibrinogen to determine fiber structure 

(Figure 6.12B). Sialylated adult clots had fiber density and alignment values that were between 

averages from adult and neonatal fibrin clots (Fiber Density: Adult: 0.71 +/- 0.25 black/white 

pixels, Neonate: 0.30 +/- 0.21 black/white pixels, Sialylated Adult: 0.45 +/- 0.09 black/white 

pixels, Alignment: Adults: 1.07 +/- 0.01 AI, Neonate: 1.21 +/- 0.18 AI, Sialylated Adult:1.17 +/- 

0.09 AI). To simulate treatment of bleeding, various fibrinogen formulations were added to post-

CPB neonatal plasma clot structure was analyzed (Figure 6.12C). The addition of adult fibrinogen 

to CPB samples resulted in heterogeneous clots with low alignment and areas of dense fibers and 

others with high porosity while the addition of neonatal fibrinogen resulted in more homogenous 

clots with alignment values more similar to baseline compared to adult (Fiber Density: Baseline: 

0.29 +/- 0.06 black/white pixels, CPB: 0.40 +/- 0.01 black/white pixels, CPB + Adult Fibrinogen: 

0.37 +/- 0.05 black/white pixels, CPB + Neonatal Fibrinogen 0.56 +/- 0.05 black/white pixels, 

CPB + Sialylated Adult Fibrinogen: 0.36 +/- 0.01 black/white pixels, Alignment: Baseline: 1.13 

+/- 0.03 AI, CPB: 1.23 +/- 0.09 AI, CPB + Adult Fibrinogen: 1.05 +/- 0.02 AI, CPB + Neonatal 

Fibrinogen: 1.09 +/- 0.01 AI, CPB + Sialylated Adult Fibrinogen: 1.15 +/- 0.06 AI). Degradation 

rates were also analyzed in these samples (Figure 6.12D). We determined CPB samples had the 

fastest rate of fibrinolysis and that the addition of adult, neonatal, and sialylated adult fibrinogen  



115 

slowed this rate. Additionally, CPB clots in the presence of neonatal fibrinogen had the most 

similar values to baseline neonatal degradation rates (Baseline: 1.68 +/- 0.42 hours. CPB: 0.73 +/- 

0.26 hours, CPB + Adult Fibrinogen: 2.6 hours, CPB + Neonatal Fibrinogen: 1.43 +/- 0.62 hours, 

CPB + Sialylated Adult Fibrinogen:  2.25 +/- 0.15 hours).  

 
 

Figure 6.12 Sialylation of adult fibrinogen. A) Sialic acid content of adult, neonatal, and sialylated 

adult fibrinogen was assayed after neuraminidase digestion. N=4/group. B) Sialylation of adult 

fibrinogen alters fibrin matrix structure. Clots were constructed from sialylated adult fibrinogen 

and structure was assessed with confocal microscopy to determine fiber density and alignment 

N=4/group. Various fibrinogen formulations were added to post cardiopulmonary bypass samples 

collected from neonates to simulate treatment and C) structure and D) degradation was examined. 

N=3/group. *P<0.05, **P<0.01, ***P<0.001. 
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6.3.9 Analysis of porcine fibrinogen: 

The sialic acid content of adult and neonatal fibrinogen isolated from plasma collected 

from Yorkshire pigs was determined after neuraminidase digestion (Figure 6.13). Neonatal 

porcine fibrinogen had significantly higher sialic acid content than adult porcine fibrinogen 

(Adults: 3.09 +/- 0.09 μg/mL, Neonates: 6.32 +/- 1.23 μg/mL, P<0.002) 

 
 

Figure 6.13 Sialic acid in porcine fibrinogen. Sialic acid content was determined for adult and 

neonatal porcine fibrinogen after neuraminidase digestion. N=4/group. **P<0.01. 

 

6.4 Discussion 
 

Here we characterize the role of sialic acid on neonatal fibrin polymerization dynamics 

by performing structural and functional assays on normal and desialylated fibrinogen, comparing 

properties of clots formed with selective fibrinopeptide cleavage, and directly quantifying the 

release of fibrinopeptides in both the presence and absence of sialic acids. Our results show a 

significantly increased sialic acid concentration in neonatal fibrinogen compared to adult 

fibrinogen, confirming findings of previous studies. We show for the first time that this 

modification influences the structural and functional properties of neonatal clots. Through a 

variety of structural and functional assays, we determined that the sialic acid content in neonatal 
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fibrinogen plays a key role in determining clot properties. Assays using SVTLE’s revealed that 

neonatal fibrin formation involves more B knob mediated interactions than adult fibrin 

polymerization.  We also found a greater quantitative release of fibrinopeptide B, and less 

fibrinopeptide A, when forming neonatal fibrin networks compared to adults. When sialic acid 

was removed, no significant differences were observed in fibrinopeptide release indicating that 

the increased sialic acid content in neonatal fibrinogen significantly influences polymerization 

mechanisms. 

Previous studies have shown that post-translational modifications of fibrinogen, including 

sialic acid, impact fibrin polymerization patterns and resultant clot structure. In the 

dysfibrinogenemia associated with liver disease, an increased sialic acid content is associated 

with altered fibrin polymerization times and clot structure99,107,117. Fibrinogen isolated from 

patients with cirrhosis is hypersialylated and exhibits a decreased rate of polymerization. Despite 

the delay in clot formation, the clot that was ultimately formed was less permeable compared to 

those generated from plasma from healthy individuals suggesting a structurally more 

thrombogenic clots. The explanation for this paradox is unknown though one potential 

hypothesis is that hypersialylation may cause a decrease in permeability by electrostatic changes 

within the clot. Nevertheless, desialylation of fibrinogen with neuraminidase corrected prolonged 

polymerization times thus validating the inhibitory effect of sialic acid on polymerization. Our 

results confirm a greater sialiac acid content in neonatal fibrinogen compared to adult fibrinogen, 

and that neonatal fibrin clot structural and mechanical properties are significantly different than 

that of adults. Conversely, desiaylated adult and neonatal fibrinogen show roughly equivalent 

structure, polymerization kinetics, and clottability results. Our data indicate that sialic acid 
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content is likely contributing to the mechanistic differences identified between neonatal and adult 

fibrin network formation. 

We also performed an in-depth analysis of adult and neonatal fibrin network properties 

when formed with fibrinopeptide cleaving enzymes specific for either fibrinopeptide A or B. Our 

results revealed significantly different characteristics between adult and neonatal fibrin matrices 

at equivalent enzyme concentrations. When initiating cleavage with batroxobin (FpA cleavage), 

adult clots were similar in fiber density to naturally occurring adult clots formed with thrombin. 

They also displayed similar clotting kinetics. Neonatal clots formed with batroxobin were highly 

porous and lacked substantial structure. On the other hand, with low doses of contortrixobin 

(FpB cleavage), neonatal clots were similar in structure to thrombin cleaved clots while adult 

clots showed a lack of network formation. Other clot properties, including clottability, turbidity, 

clot stiffness, and clot degradation, also reflected similar trends. We next examined 

fibrinopeptide release during adult and neonatal fibrin polymerization. Neonatal clots release 

more fibrinopeptide B and less fibrinopeptide A than adults, and was statistically significant after 

60 minutes of clotting. Lastly, we investigated the role of sialic acid concentration on fibrin 

knob:hole dynamics. We removed sialic acid from both adult and neonatal fibrinogen, and, 

again, measured fibrinopeptide release, In the absence of sialic acid, fibrinopeptide A and B 

release, was roughly equivalent between adults and neonates, indicating that this modification 

does contribute to differences polymerization mechanisms in neonates.  

We also performed preliminary studies on how the modulation of sialic acid content in 

adult fibrinogen can affect network properties. Sialylation of adult fibrinogen appeared to alter 

resulting fibrin clot structural characteristics; however, it should be noted that the location of the 

newly added residues is unknown. As this can impact polymerization dynamics and resulting clot 
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properties, future studies exploring this should be conducted. In simulating treatment to post-

CPB neonatal bleeding, we found that the addition of adult, neonatal, and sialylated adult 

fibrinogen appeared to enhance clot structure and function. However, as seen with previous 

studies, the addition of neonatal fibrinogen resulted in properties most similar to baseline values. 

The addition of sialylated adult fibrinogen appeared to enhance post CPB matrix properties in a 

manner distinct from normal adult fibrinogen. However, due to the low sample size owing to 

logistical constraints of procuring neonatal samples, future studies are necessary to explore these 

findings. Additionally, in vivo animal studies should explore how modulation of sialic acid in 

adult fibrinogen can affect bleeding and thrombosis outcomes.  

In this study, fibrinogen was isolated from neonates undergoing elective cardiac surgery. 

Patients with a coagulopathy, mother with a coagulopathy, or those on hemostatic altering 

medications were excluded from this study. Ideally fibrinogen purification would be from 

samples collected from healthy neonates, however, due to the logical constraints on obtaining 

blood from healthy neonates, we utilized available specimens. Despite the limitation of not using 

fibrinogen isolated from healthy neonates, recent studies from our group have identified similar 

age-dependent differences in porcine fibrinogen as those observed between human samples 

analyzed in these studies80. Moreover,  in this present study we determined adult porcine 

fibrinogen has significantly lower sialic acid content than neonatal porcine fibrinogen (Figure 

6.13, similar to what we observed in human patients here. These similar findings in healthy 

porcine samples indicate that the findings here are likely more widely applicable to healthy 

human neonates as well.   

Here, we focus solely on sialic acid as previous studies have identified the increased 

concentration in neonatal fibrinogen but have not analyzed its potential effects on fibrin network 
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formation in neonates. However, due to the complexities of polymerization and post-translational 

modifications, there are likely other contributing factors. For example, there are many fibrinogen 

interacting coagulation factors such as factors II,VII, IX, and plasminogen that that have been 

identified as being decreased in neonates relative to adults that may play a role118,119.  

Furthermore, the action of FXIII crosslinking, which has been shown to impact fibrin clot 

structure and elastic moduli, has not been explored in this present study120,121. Similar FXIII 

concentrations were identified between adult and neonatal samples, therefore we expect similar 

effects between groups  in our thrombin polymerized clots. However, future studies controlling 

for the potential effects of neonatal vs adult FXIII action should be investigated. Additional 

differences in post-translational modifications have been identified in neonatal fibrinogen, such 

as an increased phosphorus content in neonatal fibrinogen, although phosphorus has not been 

shown to impact fibrin polymerization122.  Future studies utilizing tandem mass spectroscopy to 

identify type and location of other post-translational modifications that may reveal more 

mechanistic differences in polymerization should be explored. It should be noted that there is 

precedent from other studies exploring the effects of abnormal sialic content on fibrin 

polymerization and network characteristics99,107.  The results from our study indicate that the 

increased sialic acid concentration found in neonatal fibrinogen may contribute to altered 

fibrinopeptide release and subsequent clot matrix properties though the underlying mechanisms 

remain unknown. Future studies researching the potential of affinity, steric hindrance, and 

increased negative charge are needed to elucidate the underlying process. Additionally, further 

investigation on our hypothesis using genetically modified fibrinogen with dysfunctional and A 

and B knob sites could support our findings. Furthermore, previous studies have identified sialic 

acid residues to act as low affinity calcium binding sites that aid in fibrin network formation123. 
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Future experiments studying the role of calcium binding on these processes in neonatal 

fibrinogen should be explored.  Furthermore, we assessed only complete cleavage of sialic acid 

residues, and not how partial removal would impact polymerization dynamics. Additionally, the 

underlying purpose for these age-dependent changes is unclear, while many have posited that 

developmental differences in hemostatic proteins provides antithrombotic and hemorrhagic 

protection124. 

 

6.5 Conclusions and Broader Impact 
 

In conclusion, our data suggest that molecular differences in fibrin polymerization 

between adult and neonatal fibrinogen determine vastly differing structural and mechanistic clot 

properties. In neonates, fibrin polymerization appears to be more strongly influenced by B knob 

interactions while, in adults, it is dominated by A knob interactions. The increased sialic acid 

content of neonatal fibrinogen could drive the increased B knob interactions by promoting more 

release of fibrinopeptide B. The findings provide a plausible explanation for our previous 

observation that adult and neonatal fibrinogen, when mixed, do not seamlessly integrate with 

each other14. For many reasons, neonates receive a substantial amount of blood products during 

cardiac surgeries and ECMO support and experience a significant risk of thrombosis. It may 

prove advantageous to research neonatal specific treatment options as well as therapeutics that 

target the fibrin A knob for treatment of bleeding and fibrin B knob for treatment of thrombosis. 

The research in this chapter sheds light on the mechanistic differences in fibrin clot formation 

between adults and neonates and provide an explanation for the underlying cause. Additionally, 

the results from this study can be used to inform future clinical practices by working towards 

neonatal specific treatment options. 
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Chapter 7 

Conclusions 

 
7.1 Summary of Findings 
 

The overall goal of the studies presented in this dissertation was to make progress 

towards development of neonatal specific treatments for mitigation of bleeding. This research 

objective was divided into three specifics aims, included in chapters 3-6, that investigated a 

different aspect of neonatal coagulopathy. Aim 1 was focused on assessing the in vitro efficacy 

of commercially available procoagulants for enhancement of post-CPB fibrin clot properties 

compared to the current standard of care. Aim 2 centered on the development of an in vitro 

porcine model of neonatal coagulopathy for preclinical analysis of procoagulants. Aim 3 was 

concentrated on exploring the differences in fibrin clot properties between adults and neonates to 

facilitate in future neonatal specific fibrin targeting technologies for treatment of bleeding. We 

hypothesized that the differences in hemostasis between adults and neonates are multifaceted and 

that utilization of neonatal specific treatment will result in formation of clots with superior 

properties for mitigating bleeding in this group in vitro and in in vitro animal models. We 

determined that alternate procoagulants enhanced post-CPB neonatal fibrin clots in manner more 

similar to baseline neonatal fibrin properties and may be more effective for treatment of bleeding 

in the population. Additionally, we determined that neonatal porcine fibrin clot properties are 

similar to those identified in humans and that pigs are an appropriate in vitro model of neonatal 

coagulopathy. Finally, we found that neonatal and adult fibrin clot formation have different 

mechanisms and that the resulting matrices have distinct structural and functional characteristics.  
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The studies presented in chapter 3 focused on determining the efficacy of two 

commercially available procoagulant agents to augment post-CPB neonatal clot properties. 

Platelet poor plasma clots were formed from neonatal samples taken at baseline, post-CPB, and 

post transfusion of adult blood products. Prothrombotic therapeutics PCC and FVII, currently 

used off label to mitigate bleeding in neonates, were added to post-CPB samples to simulate 

treatment at various doses and resultant clot properties were analyzed. In our analysis of clinical 

samples, and as seen in previous work from our group, we observed a highly aligned and 

homogenous fibrin network in baseline clots compared to those formed after the transfusion of 

adult blood products. Additionally, clots formed from plasma samples taken immediately after 

CPB were porous and lacked three dimensional structure. The introduction of PCC to post CPB 

samples resulted in highly branched homogenous networks while FVII spiked clots appeared 

aligned and similar to baseline structure. Functional characterization through analysis of stiffness 

and fibrinolysis revealed that clots formed with low clinical range doses of PCC and FVII had 

comparable stiffness and degradation rates to baseline neonatal clots and were significantly 

different from post-transfusion plasma clots. As previous studies have indicated that increased 

clot stiffness and resistance to fibrinolysis is associated with thrombotic complications, 

substitutions for adult blood products, such as PCC and FVII,  may be a viable option for 

effectively mitigating bleeding in neonates while reducing thrombosis risks. By determining that 

these agents enhance post-CPB clot properties in a manner more similar to native neonatal fibrin 

clots, we demonstrate the in vitro capacity for studying the incorporation of procoagulants in 

neonatal fibrin clots and that alternate therapies may be more efficacious for mitigating bleeding 

in neonates compared to transfusions of adult blood products.  
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Following the analysis of alternate procoagulants in post-CPB human samples in chapter 

3, the studies described in chapter 4 furthered our preclinical research by investigating the 

validity of an in vitro porcine model of neonatal coagulopathy. To achieve this, platelet poor 

plasma was obtained from neonatal and adult humans and Yorkshire pigs, clots were formed, and 

resultant fibrin properties were assessed. Despite having relatively equivalent plasma 

concentrations of fibrinogen, significant age-dependent differences were identified in fibrin clot 

characteristics. Neonatal porcine and human clots had similar highly aligned clot structures with 

significantly lower fiber density values than adult counterparts. Moreover, functional age 

dependent differences in plasma clot properties were comparable across species. Plasma samples 

from adult groups formed studier clots than neonatal counterparts as observed through 

significantly higher clottabilty and stiffness with significantly slower fibrinolytic rates.  These 

studies indicate that clots formed from neonatal piglet plasma have comparable characteristics to 

those constructed from neonatal humans and therefore piglets may be an appropriate in vitro 

model of neonatal coagulopathy to facilitate in preclinical analysis of therapeutics in this patient 

population. Next, to validate a potential application for this preclinical model, post-CPB 

coagulopathy, we assessed the structural and functional effects of several commercially available 

and novel procoagulant therapies on the fibrin network formed from diluted piglet plasma. We 

determined that the ex vivo addition of rFVIIa, PCC, RiaSTAP fibrinogen concentrate, and novel 

platelet-like particles augmented the diluted fibrin network properties as seen in our prior studies 

performed with human neonatal plasma obtained after CPB. Through these studies, we 

demonstrated the feasibility of in vitro model application. Although these studies were conducted 

in vitro, they nonetheless demonstrate the potential of piglets for serving in  neonatal specific 

translational research. 
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While chapters 3 and 4 were focused on preclinical research for development of neonatal 

specific treatments for bleeding, the studies described in chapters 5 and 6 investigated the 

biological differences between adult and neonatal fibrinogen and their functional consequences. 

We began by exploring the differences in wound healing potential between adult and neonatal 

fibrin in chapter 5. Adult and neonatal fibrin scaffolds were formed at equal polymerization 

conditions, human dermal fibroblasts were seeded on top, and cellular responses were assessed. 

We observed significantly greater cell attachment, spreading, and migration on neonatal fibrin 

networks compared to adult.  To determine if these favorable cellular outcomes would impact 

wound healing ability, neonatal and adult fibrin scaffolds were applied to full thickness dermal 

wounds on the backs of c57/bl6 mice and wound healing parameters were assessed. Wounds 

treated with neonatal fibrin had higher degrees of wound healing in the 9 days post injury 

compared to those treated with adult fibrin as seen through a faster rate of wound closure and 

more robust epidermal layer. The results of this research are critical for the understanding of age 

dependent differences in wound healing and the development of therapeutics for treatment of 

chronic wounds. Additionally, while sourcing neonatal plasma from human donors is certainly 

not feasible ethically or practically, we identified similar age-dependent patterns in fibrinogen 

and fibrin clot properties in pigs, as described in chapter 4. Porcine sources are frequently used 

for clinically used fibrin based hemostatic materials, therefore, for future use in biomaterial 

development, porcine plasma could be utilized as a neonatal fibrinogen source, thereby 

increasing the translational potential of this work.  

 In chapter 6 our goal was to explore the mechanistic differences in fibrin clot formation 

between adults and neonates. To begin, we started off by investigating the impact of a post 

translational modification, sialic acid, found to be increased in neonatal fibrinogen. To achieve 
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this, sialic acid as removed from both adult and neonatal fibrinogen and resultant clot properties 

were analyzed and compared to those formed from normal samples. In our normal samples at 

equal polymerization conditions, we observed significant differences in structure and function of 

fibrin clots between adult and neonatal samples. In desiaylated fibrin clots, structure, 

polymerization dynamics, clottability, and fibrinolysis were roughly equivalent, indicating that 

sialic acid content modifies clot characteristics in neonates. To determine how fibrin 

polymerization mechanisms differ between neonates and adults, we performed an in-depth 

analysis of adult and neonatal fibrin properties when formed with SVTLEs specific for either 

fibrinopeptide A or B. We found that when polymerization was driven with only fibrinopeptide 

A cleavage, adult clots had similar properties to controls while neonatal clots were porous and 

lacked substantial structure. The opposite was observed when polymerization was driven through 

cleavage of only fibrinopeptide B. We next examined fibrinopeptide release during adult and 

neonatal fibrin polymerization. Neonatal clots release more fibrinopeptide B and less 

fibrinopeptide A than adults. Finally, we investigated the role of sialic acid concentration on 

fibrin knob:hole dynamics. We removed sialic acid from both adult and neonatal fibrinogen, and, 

again, measured fibrinopeptide release, In the absence of sialic acid, fibrinopeptide A and B 

release, was roughly equivalent between adults and neonates, indicating that this modification 

does contribute to differences polymerization mechanisms in neonates. The data from these 

experiments suggests that molecular differences in fibrin polymerization between adult and 

neonatal fibrinogen determine vastly differing structural and mechanistic clot properties. In 

summary, this research sheds light on the mechanistic differences in fibrin clot formation 

between adults and neonates and provides an explanation for the underlying cause. Additionally, 
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the results from this study can be used to inform future clinical practices by working towards 

neonatal specific treatment options.  

 

7.2 Limitations and Challenges 
 
 The studies presented within this dissertation shed light on age-dependent differences in 

fibrin clot properties and analyze potential therapeutics for mitigating pediatric bleeding, but 

there are limitations to consider in the design of this research. Our studies were conducted 

mainly in vitro and therefore do not account for the complexities and physiological interactions 

of in vivo therapeutics and accordingly, functionality may not directly translate to clinical use. 

However, previous research has shown that in vitro clot functionality correlates with clinical 

outcomes and the studies described herein are a necessary first step for developing neonatal 

specific agents for treatment of bleeding43. Similarly, our experiments were completed with 

platelet poor plasma or purified fibrinogen and consequently do not include the analysis of 

potential interactions of other blood components and biochemical factors that are present in 

whole blood. The utilization of whole blood was outside the scope of these studies and the 

simplified systems utilized allowed us to specifically focus on the complexity of fibrin 

interactions. However, there are many other factors which can (and have been proven to) 

contribute to characteristics of developmental hemostasis such as FXIII crosslinking and platelet 

activity. An examination of age-dependent differences in fibrin characteristics and mechanisms 

in more physiologically relevant whole blood would be an important future step in better 

understanding hemostatic immaturity.  

   An additional limitation of this research is that many of our studies contained 

experiments with relatively small sample sizes that may not capture the inherent variability 



128 

typically observed in human studies. Obtaining large blood volumes from neonates is infeasible 

due to their small circulating blood volume and IRB restrictions with regards to allowable 

collection volumes. In future studies, more samples may be acquired over longer periods of time 

to increase sample sizes. In addition, our fibrinogen was purified from plasma samples taken 

from neonates with congenital cardiac defects instead of  healthy individuals that are 

representative of the normal population. However, our exclusionary criteria ensured those with a 

known coagulopathy that may interact with fibrinogen were not included in our studies69. 

Additionally, considering we observed similar age-dependent trends between humans and 

healthy neonatal porcine samples, as outlined in chapter 4, our results are most likely indicative 

of the broader population. Prospective studies performing a comparative analysis with samples 

taken from healthy neonates would confirm this theory.  

 Another general limitation of this study is the utilization of adult derived reagents to 

interact with neonatal fibrin. Reagents such as labeled fibrinogen for visualization of clots on 

confocal microscopy, thrombin for triggering polymerization, and plasmin for enzymatic  

initiation of fibrinolysis were all derived from adult sources and therefore may not be as 

physiological relevant as neonatal sourced reagents. Again, by keeping these variables consistent 

between age groups we had the opportunity to solely focus on differences in fibrin alone. Future 

studies utilizing neonatal derived reagents would provide a more physiological relevant 

understanding of intrinsic neonatal fibrin clot interactions. 

 
7.3 Clinical and Engineering Significance 
 

The work presented in this dissertation demonstrates developments in the understanding 

of fibrin properties and interactions in neonatal hemostasis. Unfortunately, much is still unknown 

about developmental hemostasis and research is still ongoing. While the studies conducted over 
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the past decade have begun to highlight developmental differences and bleeding and thrombosis 

related clinical findings, the work described in this dissertation establishes the feasibility of in 

vitro preclinical research of neonatal specific therapeutics and elucidates important age-

dependent distinctions in fibrin formation26,31,38,124. The in vitro functional characterization of 

procoagulants in neonatal samples provides crucial preclinical data on efficacy that can be used 

to inform future clinical trials and demonstrates the ability of preclinical analysis of hemostatic 

agents in neonatal fibrin. Additionally, while some studies have found similar age-dependent 

coagulation factor concentrations across species, the work conducted in chapter 4 is the first to 

compare age related differences in plasma and fibrin clot properties between humans and 

pigs125,126. The establishment of this in vitro model can facilitate future in vitro and in vivo 

investigations of neonatal specific therapeutics. Furthermore, the work presented in chapter 6 

investigating neonatal specific fibrin polymerization mechanisms is significant for both 

forwarding our understanding of developmental hemostasis and the future development of 

treatments targeting different aspects of neonatal fibrin. Additionally, the work described in 

chapter 5 involved the engineering of a novel biomaterial for treatment of dermal wounds. Based 

on our cellular and in vivo analysis, neonatal derived fibrin scaffolds may be a promising 

treatment to enhance healing in chronic wounds.  

 
7.4 Future Directions  
 
 The work presented in these studies provides crucial information to advance knowledge 

on developmental hemostasis and treatment of bleeding in neonates, however, there are many 

areas that should be expanded upon with future studies. A straightforward first step to obtain a 

greater physical relevance of our findings should involve expanding the analysis of neonatal 

clots to include other important components of whole blood such as platelet-fibrin interactions. 
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As neonatal platelets have been observed to be hyporeactive compared to adults, this is another 

example of what may be a developmental mismatch when neonates receive adult blood 

products127. Therefore, there is much to gain by studying age dependent differences in platelets 

and this is a potential avenue for the future development of neonatal specific hemostatic 

treatments.  Additionally, analysis of procoagulants in in vitro microfluidic injury models 

utilizing neonatal blood and in vivo neonatal murine and porcine models should be conducted to 

acquire real time efficacy and safety data that can be used to inform future clinical trials.  

 While the work presented in chapter 6 elucidated mechanistic distinctions between adult 

and neonatal fibrin properties and dynamics due to increased sialyation of neonatal fibrinogen, 

there is still much unknown about the processes involved. Future studies using tandem mass 

spectroscopy should be conducted to determine the location of the increased glycosylation in 

neonatal fibrinogen to explore the possibility of steric hindrance during polymerization. 

Additionally, recent work has shown that increased sialylation can cause delayed polymerization 

due to increased negative charges leading to electrostatic repulsion between fibers123. While in 

our work we found that age related polymerization distinctions were influenced by differential 

fibrinopeptide release, we have not explored how electrostatic charges may affect neonatal 

polymerization. Prospective studies researching charge differences with and without sialic acid 

and the effects on polymerization in neonatal fibrinogen should be conducted. Also, because we 

determined neonatal specific polymerization mechanisms, there is an opportunity for engineering 

targeted treatment for bleeding and thrombosis in neonates. For example, our group has recently 

developed fibrin B knob targeting particles to aid in coagulation (Appendix B). It’s possible this 

technology could be altered to bind to fibrin knob A to assist in neonatal clot formation during 
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bleeding events. Additionally, the in vitro efficacy of other commercially available 

procoagulants, such as fibrinogen concentrate (Appendix A) should be assessed as in chapter 3.  

 Lastly, the work described in chapter 5 identified a new biomaterial comprised of 

neonatal derived fibrin for the treatment of dermal wounds. To increase translational reach and 

reproducibility considering sourcing from neonatal humans is not feasible, these experiments 

should be repeated with neonatal porcine fibrinogen as a protein source. Additionally, much 

research has been conducted on enhancing wound healing with the use of growth factors such as 

platelet derived growth factor (PDGF) or keratinocyte growth factor (KGF). Future studies 

loading our neonatal fibrin scaffold technology with wound healing growth factors should be 

conducted to explore the ability to further enhance dermal wound healing. Overall, there are 

many potential avenues to further explore developmental hemostasis and eventually lead to the 

discovery of novel therapeutics for treating bleeding in neonates.  
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Appendix A 
 

In Vitro Evaluation of RiaSTAP Fibrinogen Concentrate in Post-Cardiopulmonary Bypass 
Neonatal Fibrin Networks 

 
 

The aim of the studies outlined in this chapter was to characterize the in vitro application 

of a commercially available fibrinogen concentrate (RiaSTAP) to post-CPB neonatal plasma 

(such as those outlined in Chapter 3).  Fibrinogen concentrates are currently used off label in 

neonatal patients to control excessive bleeding after CPB when the use of adult blood products 

fail. The work described in chapter demonstrates the in vitro capacity of studying procoagulant 

efficacy in neonatal plasma samples and that the addition of RiaSTAP fibrinogen concentrate is 

capable of enhancing post-CPB neonatal clot characteristics.  
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A.1 Introduction 
 

Neonates with congenital heart defects require cardiac surgery with cardiopulmonary 

(CPB) soon after birth. However, these procedures are associated with an increased risk of 

bleeding due to their underdeveloped coagulation system, complex cardiac surgeries with 

extensive suture lines, and significant hemodilution from the very large bypass prime relative to 

their circulating blood volume. The hemodilution seen in neonates after surgeries requiring CPB 

results in low levels of circulating fibrinogen that contributes to poor clot formation and 

increased bleeding. The standard of care to address this bleeding in neonates is transfusions of 

adult blood products, namely cryoprecipitate. However, this therapeutic has mixed efficacy in 

this patient population and can increase the risk of thrombotic complications, alternate 

procoagulants should be considered24,61. Recent work from our group has determined that adult 

and neonatal fibrin clots are structurally and functionally distinct and may not integrate properly 

when mixed during transfusion of adult blood to neonatal patients14. Procoagulants such as 

prothrombin complex, recombinant factor 7, and fibrinogen concentrate are used off label to 

supplement transfusions of adult blood products when bleeding is not controlled after CPB in 

neonates24,69.  

Previous work from our group has researched the in vitro efficacy of PCC and rFVIIa to 

augment post-CPB neonatal clot and determined at mid to low ranges of these therapeutics, post-

CPB clots were enhanced with properties more similar to baseline characteristics than seen after 

transfusion69. In this chapter, we investigated  the efficacy of an additional therapeutic, 

fibrinogen concentrate, as a potential alternative to adult cryoprecipitate transfusions. Fibrinogen 

concentrate (RiaSTAP, CSL Behring) is purified fibrinogen derived from pooled human plasma 

and is increasingly being used off label in neonates when the current standard of care fails to 
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mitigate bleeding128. In this study, we evaluated the in vitro efficacy of RiaSTAP fibrinogen 

concentrate to enhance post-CPB neonatal clot characteristics compared to clots constructed 

from adult fibrinogen. 

 
A.2 Materials and Methods 
 
A.2.1 Human plasma collection 

After IRB approval and informed written consent, blood samples were collected from 10 

human neonates (less than 30 days of age) undergoing corrective cardiac surgery with CPB at the 

Children’s Hospital of Atlanta, as described in Chapter 3.2.1.  All samples were collected from 

an arterial line placed after the induction of anesthesia and prior to surgical incision and CPB. 

Samples were centrifuged immediately to yield platelet poor plasma (PPP) and stored at -80°C 

until use. All patient samples were deidentified prior to sample transfer to NCSU. Pooled adult 

human PPP was obtained from the New York Blood Center. 

A.2.2 Analysis of clot architecture 

Confocal microscopy was utilized to analyze clots formed from patient samples collected 

at baseline, after CPB, and after transfusion in the presence of 0.5 and 0.9 mg/ml RiaSTAP 

Fibrinogen Concentrate (CSL Behring, Germany). These concentrations were chosen so that the 

doses would be within and one above the clinical dose range for each therapy in order to determine 

dose-response relationships45–47. 50 μl clots consisting of 90% PPP by volume were polymerized 

with 0.5 U/ml of human thrombin (Enzyme Research Labs, USA). 10 μg/ml Alexa-Flour 488 

labeled fibrinogen was utilized for visualization and clots were formed between a glass slide and 

coverslip and allowed to polymerize for 1 hour prior to imaging [4]. A Zeiss Laser Scanning 

Microscope (LSM 710, Zeiss Inc., USA) at a magnification of 63x was utilized for imaging and a 

minimum of three random 5.06 μm z-stacks were acquired per clot48,49.  
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Clot fiber density was determined from the ratio of black (fiber) over white (background) 

pixels in each image. Fibrin clot alignment was quantified with a custom matlab algorithm 

previously utilized in Brown et al and described in Chapter 3.2.414,50. Briefly, an alignment 

index (AI) was determined from the fraction of fibers aligned within +/- 20 degrees of a 

preferred fiber alignment normalized to random distribution of oriented fibers. A greater AI  

corresponds to a higher percentage of fibers aligned near the preferred fiber alignment. AI values 

range from 1.0 to 4.55. Alignment analysis was conducted for each image in the z stack and 

averaged together.  

A.2.3 Analysis of clot degradation 

Fibrinolysis was assessed for all sample groups. A custom microfluidics based assay 

adapted from Brown et al., and detailed in Chapter 3.2.6, was utilized to analyze degradation 

rates for all sample groups68,69. A polydimethylsiloxane (PDMS) (Dow Corning, USA) device 

consisting of a clot reservoir with a perpendicular lying channel was constructed via casting in an 

acrylic mold. After curing for 24 hours, the device was plasma treated and bonded to a glass 

slide to create a sealed channel. Clots were formed from plasma and 10% Alexa-Flour 488–

labeled adult fibrinogen was added for visualization. Polymerization was initiated with the 

addition of 0.5 U/ml of thrombin, and 25 μl of the clot solution was immediately injected into the 

clot reservoir. After polymerizing for two hours, the device was mounted on an EVOS FL Auto 

microscope (Life Technologies, USA) for imaging. A plasmin solution (0.01 mg/ml plasmin in 

HEPES buffer) (Human Plasmin, Enzyme Research Laboratories, USA) was injected into a 

channel inlet, and the clot was imaged every 10 min for 12 hours. ImageJ (National Institutes of 

Health, USA) was used to determine rate of clot degradation by comparing the first and final 
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images and measuring distance along a perpendicular line to the clot boundary. Clot degradation 

rates were expressed as the distance the clot boundary traveled divided by 12 hours. 

 
A.3 Results 
 
A.3.1 Analysis of clot architecture 
 

Clot structure of clinical samples in the presence and absence of clinically relevant doses 

of RiaSTAP fibrinogen concentrate were analyzed via confocal microscopy (Figure A.1). 

Similarly to our structural results presented in chapter 3, we observed highly porous post-CPB 

clots and a significant decrease in alignment in post-transfusion samples compared to baseline 

properties ( Fiber Density: Baseline: 0.54 +/- 0.11 black/white pixels, Post-CPB: 0.43 +/- 0.11 

black/white pixels, Post Transfusion: 0.59 +/- 0.17 black/white pixels, Alignment: Baseline: 1.12 

+/- 0.05 AI, Post-CPB: 1.08 +/- 0.03 AI , Post Transfusion: 1.06 +/- 0.02 AI). The addition of 0.5 

and 0.9 mg/ml fibrinogen concentrate to post-CPB plasma resulted in highly branched clots that 

increased in density with increasing dose with significantly higher fiber density values and no 

significant changes in alignment (Fiber Density: Post-CPB + 0.5 mg/ml RiaSTAP: 0.65 +/- 0.16 

black/white pixels, Post-CPB + 0.9 mg/ml RiaSTAP: 0.79 +/- 0.19 black/white pixels) 

Alignment: Post-CPB + 0.5 mg/ml RiaSTAP: 1.06 +/- 0.03 AI, Post-CPB + 0.9 mg/ml 

RiaSTAP: 1.06 +/- 0.02 AI). Compared to baseline values, we observed a significant decrease in 

alignment in the presence of RiaSTAP.  
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Figure A.1 Structural characterization of post-CPB samples in the presence of RiaSTAP 

fibrinogen concentrate. Clotting was initiated with the addition of 0.5 U/ml thrombin two hours 

prior to confocal analysis.  A) Representative images of  baseline, post-CPB, post- transfusion, 

and post-CPB clots in the presence and absence of RiaSTAP fibrinogen concentrate are shown 

with B) fiber density and C) alignment values. N=9. Mean +/- standard deviation is shown. Scale: 

10 µm. P*<0.05, P**<0.01, P***<0.001, P****<0.0001. 

 
A.3.2 Analysis of clot degradation 
 

Clot fibrinolysis was assessed via microfluidic set up with a plasmin solution to initiate 

degradation (Figure A.2). We observed a significant increase in clot degradation rate between 

baseline and post-CPB samples while clots made from plasma taken post transfusion were 
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similar to baseline rates(Baseline: 11.06 +/- 6.01 µm/hour, Post-CPB: 25.91 +/- 9.99 µm/hour, 

Post-transfusion: 12.3 +/- 11.25 µm/hour). CPB clots with 0.5 mg/ml RiaSTAP had similar rates 

to baseline values while the addition of  0.9 mg/ml RiaSTAP had significantly slower 

degradation compared to baseline (Post-CPB + 0.5 mg/ml RiaSTAP: 14.091 +/- 2.24 µm/hour, 

Post-CPB + 0.9 mg/ml RiaSTAP: 8.59 +/- 4.91 µm/hour) .  

 

Figure A.2 Degradation rates of clinical samples in the presence of RiaSTAP fibrinogen 

concentrate. Degradation was assessed over 12 hours via microfluidic device with initiation by 

plasmin. N=5. Mean +/- standard deviation is shown. P*<0.05 
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A.4 Discussion  
 
 The goal of the studies described in this appendix were to analyze the in vitro efficacy of 

RiaSTAP fibrinogen concentrate for augmenting post-CPB neonatal fibrin clots compared to 

those made after the transfusion of adult blood cryoprecipitate. Structurally, we determined that 

baseline clots were aligned and consistent with clinical samples from previous studies. Following 

surgery with CPB, clots had lower fiber densities, alignment, and highly porous networks. This is 

unsurprising given the significant hemodilution and hypofibrinogen coagulopathy that arises 

after CPB. Post-transfusion clots had significantly lower alignment values and higher fiber 

densities compared to baseline with areas of high porosity and others with greater fiber density. 

This finding is in agreement with recent work from our group that highlights the heterogenous 

fibrin matrices that form when adult and neonatal fibrin are combined14. These heterogenous 

fibrin clots may not be sufficient for stemming the flow of blood in post-CPB neonatal patients. 

The addition of RiaSTAP fibrinogen concentrate resulted in clots with a high degree of cross 

branching and similar alignment to post-transfusion clots. However, clots made with RiaSTAP 

fibrinogen appeared more homogenous than those made after transfusion. Next, to determine if 

the structural patterns identified affected functional clot properties, we examined fibrinolysis 

with a custom microfluidic device to observe changes in a clot boundary over 12 hours. We 

found that post-CPB clots had rapid rates of degradation compared to baseline. This rapid rate of 

fibrinolysis is unsurprising given the poor clot formation seen in the structural analysis and the 

clinical need for blood products to aid in cessation of bleeding. Both doses of RiaSTAP were 

able to enhance CPB clot formation enough to slow degradation without being significantly 

slower than baseline rates. 
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 The effectiveness of adult cryoprecipitate to restore hemostasis in neonates is poor due to 

a lack of potency, developmental mismatch between fibrinogen, and the large volumes required 

for use in neonates. Besides the thrombotic risks observed in neonates with receiving large 

amounts of cryoprecipitate, there are other disadvantageous for of its use in neonates including 

the variability of fibrinogen concentration, blood group matching, and risk of viral transmission. 

Recent randomized trials examining efficacy of RiaSTAP fibrinogen concentrate compared to 

cryoprecipitate for post-CPB neonatal bleeding found no significant differences in adverse 

outcomes, demonstrating the safety of this therapeutic. However, because fibrinogen concentrate 

is sourced from adult blood, this may be another example of incompatible fibrinogen in neonates. 

However, further studies are needed to determine if this treatment may be incompatible in 

neonates69,128,129. Further analysis with atomic force microscopy for determination of clot 

stiffness and clottability measurements would help determine thrombotic risk from mechanical 

attributes.  

 This study has additional limitations. First, these experiments were conducted ex vivo and 

therefore clinical efficacy may not directly translate. However, these preliminary experiments are 

a necessary first step for informing future controlled clinical trials. Additionally, our study does 

not include clinical coagulation parameters, such as thromboelastography, to correlate with our 

ex vivo findings. Clinical data on outcomes and coagulation tests to pair with our structural and 

functional analysis would help bridge the gap between in vivo and in vitro findings.  

 
A.5 Conclusions and Broader Impact  
 

In this study we demonstrated the feasibility of studying the in vitro efficacy of RiaSTAP 

fibrinogen concentrate for enhancing neonatal post-bypass clot formation. We determined that 
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the addition of RiaSTAP to post-CPB clots enhanced fibrin matrix structure and stability, as seen 

through microscopy and fibrinolysis analysis. On the whole these preliminary findings help 

support RiaSTAP fibrinogen concentrate as a potential therapeutic for treatment of bleeding in 

neonates after CPB. 
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Appendix B 
 

Synthetic Platelet Microgels Containing Fibrin Knob B Mimetic Motifs Enhance Clotting 

Responses 

 
Our group has previously developed platelet-like particles (PLPs) that recapitulate native 

platelet behavior by targeting fibrin and inducing clot retraction to stem bleeding during 

traumatic injury. During these injuries, platelets are often depleted and platelet-fibrin interactions 

are reduced, contributing to the lack of a hemostatic plug for mitigation of bleeding. Therefore, 

there is much interest in synthetic platelet technologies to mimic platelet function and aid in clot 

formation during traumatic injury. Additionally, because neonatal platelets are hyporeactive 

compared to adults and are depleted during bleeding events after bypass, there is a potential 

treatment area for future platelet mimetic technologies in this patient population. The research 

described in this chapter explores the use of synthetic platelets that target fibrin knob b to help 

augment clotting during traumatic injury.   
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B.1 Introduction 
 

Wound repair is a dynamic,interconnected process involving the orchestration of numerous 

physiological cues and events.  During normal healing, the body proceeds through several phases 

in order to reestablish tissue integrity, including 1) hemostasis; 2) inflammation; 3) cell migration 

and proliferation; and 4) tissue repair and long-term tissue remodeling.130  Platelet and fibrin(ogen) 

interactions are key contributors during healing.  Following injury, circulating platelets become 

activated and marginate to the injured vasculature, and during primary hemostasis aggregate to 

form a platelet plug to aid in the cessation of bleeding.  Additionally, secondary hemostasis occurs 

wherein soluble fibrinogen polymerizes into an insoluble fibrin network via cleavage of 

fibrinopeptides A and B from the fibrinogen molecule.131Cleavage of these fibrinopeptides 

exposes peptide sequences known as knobs ‘A’ and ‘B’, which respectively bind to holes ‘a’ and 

‘b’ on neighboring fibrin and fibrinogen molecules, thereby forming an insoluble fibrin network 

(Figure B.1).132  A:a binding occurs rapidly and forms strong bonds making it the primary driving 

force behind fibrin polymerization, whereas the rate of B:b binding increases as polymerization 

continues.133 

At sites of injury, activated platelets bind to nascent fibrin fibers via their surface receptor 

GPIIb/IIIa, which catalyzes fibrin formation and results in the formation of a platelet and fibrin 

rich clot.134  Platelet-fibrin interactions are critical in both initial clot formation and on longer time 

scales; following initial clot formation, activated platelets contract via actin-myosin machinery, 

pulling on the bound fibers and bringing about clot retraction.3  Clot retraction expels serum from 

the clot, decreases clot porosity, and increases clot stiffness;132 this process stabilizes the clot and 

reduces its susceptibility to fibrinolysis,135,136 allowing it to act as a provisional matrix capable of 
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supporting cellular infiltration and proliferation during the subsequent phases of inflammation and 

cell migration.132,137,138 

 In cases of traumatic injury or disease, platelet-fibrin interactions can become 

dysfunctional.  Uncontrolled bleeding due to traumatic injury often results in dilution of clotting 

agents, including platelets and fibrinogen, preventing robust clotting responses.139 Uncontrolled 

bleeding is a leading cause of death for both men and women under the age of 45, with most deaths 

occurring in the ambulatory (pre-hospital) stage.140–142  This poses a critical need for hemostatic 

treatments capable of supplementing platelet function in cases of trauma or disease.  To that end, 

our lab has previously described the development of synthetic platelet-like particles (PLPs) that 

target fibrin at an injury site and exert strain upon the bound fibrin fibers thereby promoting initial 

clot formation and subsequent clot retraction, respectively.143 Strong and selective fibrin binding 

and the ability to induce clot retraction were achieved by conjugating a full monoclonal antibody 

or a single domain variable fragment chain (sdFv) designed to selectively bind to fibrin over 

fibrinogen on highly deformable microgels comprised of poly(N-isopropylacrylamide-co-acrylic 

acid) (pNIPAm-co-AAc). 

While widely utilized in the research phase, anti-fibrin antibodies may not represent an 

ideal biorecognition moiety for translational purposes. Their high cost of manufacturing and 

storage requirements pose challenges to scale-up and clinical applicability.144 Peptides, on the 

other hand, have numerous advantages over antibodies as targeting motifs: they combine the 

binding selectivity of antibodies with higher biochemical stability and ease of reproducible large-

volume manufacturing at relatively low costs due to the fact that they support synthetic rather than 

recombinant production and can be stored at room temperature;145,146 furthermore, peptides may 

possess advantages over monoclonal antibodies (mAbs) and/or single domain variable fragment 



163 

antibodies (sdFvs) as targeting motifs due to their relatively low immunogenicity,147 low risk of 

accumulation in tissues,148 and increased stability of presentation.149 Accordingly, in this study we 

explored the use of fibrin knob B mimetic peptides that target the polymerization holes of fibrin 

to develop a new version of platelet-like particles called “Fibrin-Affine Microgels with Clotting 

Yield” (FAMCY). In selecting which binding site on fibrin to target using peptide ligands – hole 

a or hole b – we took into account the impact of fibrin polymerization kinetics. Particles that target 

hole a, in fact, would present the risk of impairing the fibrin polymerization process since A:a 

binding is the driving force behind polymerization.150 B:b interactions, on the other hand, appear 

to be less essential to fibrin polymerization, indicating that fibrin hole b is a more appropriate 

candidate for peptide targeting.151 Additionally, studies with knob B mimetic peptides have 

previously shown that pre-engagement of fibrin hole b prior to polymerization can result in clots 

with enhanced mechanics and resistance to degradation.152,153 Accordingly, in this work we have 

adopted a knob B mimetic peptide, AHRPYAAK, that targets fibrin hole b to construct FAMCYs 

capable of augmenting clot formation and stability and decreasing bleeding times in an in vivo 

rodent model of traumatic injury. FAMCYs were found to significantly increase clot density in 

vitro and decrease bleeding in a rodent trauma model in vivo. These results indicate that FAMCYs 

are capable of recapitulating the platelet-mimetic properties of previous designs while utilizing a 

less costly, more translational design. 
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Figure B.1 1) Intact circulating fibrinogen exists in a soluble form within the bloodstream; 2) 

Initiation of the coagulation cascade results in enzymatic cleavage of fibrinopeptides A and B (FpA 

and FpB) by thrombin, exposing and activating peptide sequences on the fibrinogen molecule 

known as “knob A” and “knob B”; 3) Activated knobs A and B bind to corresponding holes a and 

b on adjacent proteins (black arrows), resulting in the formation of fibrin protofibrils; 4) Successive 

A:a and B:b knob:hole binding causes polymerization to propagate and results in the assembly of 

a branched, three-dimensional fibrin network. 

 

B.2 Materials and Methods 
 
B.2.1: Ultra-Low Crosslinked (ULC) Microgel Synthesis and Characterization 

Poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) ULCs were synthesized 

via precipitation polymerization.  NIPAm (Millipore Sigma, St. Louis, MO, USA) and acrylic acid 
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(Millipore Sigma) were dissolved in 100 mL ultrapure water, pH 5.0 (18.2 MΩ resistance, Milli-

Q, Darmstadt, GER) at molar composition ratios of 90:10, 85:15, or 80:20 NIPAm:AAc.  NIPAm 

was recrystallized in hexanes prior to use, and acrylic acid was incorporated into the monomer 

solution 10 minutes prior to ammonium persulfate (APS, Millipore Sigma) initiation in order to 

provide charged groups on the microgel particles for future coupling of targeting motifs.  Each 

reaction was carried out using 140 mM total monomer concentration.  To study how particle size 

may influence hemostatic ability, smaller particles were also created at a 90:10 NIPAm:AAc ratio 

by incorporating 4 mM or 2 mM sodium dodecyl sulfate (SDS, Millipore Sigma) into the monomer 

solution for particle sizes of approximately 150 nm and 450 nm respectively.  Monomer solutions 

were filtered through a 0.2 µm Steriflip® pore filter (Millipore Sigma) and added into a 500 mL 

round-bottom 3-neck flask containing a stir bar.  The 3-neck flask was transferred to a preheated 

(70 °C) silicone oil bath and equilibrated at 70 °C for 1 hour under nitrogen purging. Acrylic acid 

was added to the reaction solution after 50 minutes and equilibrated for 10 minutes prior to 

initiation using 1 mM APS. The reaction was carried out under a nitrogen blanket for 6 hours.  

Polymerization was confirmed visually following the addition of APS as the monomer solution 

changed from translucent to opaque. After 6 hours, the flask was taken off heat and allowed to 

cool overnight at room temperature. The monomer solution underwent constant stirring at 450 rpm 

for the duration of the equilibration, reaction, and cooling steps.  The cooled microgel solution was 

filtered through glass wool and then purified via dialysis against ultrapure water for 3 days using 

a Spectra/Por® dialysis membrane (MWCO 1000 kDa, Spectrum Laboratories, Rancho 

Dominguez, CA, USA). Purified microgels were lyophilized and stored at room temperature prior 

to resuspension in ultrapure water for use in experiments. 
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Particle deformation was determined via atomic force microscopy (AFM) dry imaging 

using an Asylum MFP 3D Bio atomic force microscope (Asylum Research, Santa Barbara, CA, 

USA).154,155 For AFM imaging, glass coverslips were cleaned through submersion in a series of 

solutions (alconox, water, acetone, absolute ethanol, and isopropyl alcohol) in an ultrasonic bath 

and dried under nitrogen.  The microgel suspensions were vortexed, deposited onto cleaned (3-

Aminopropyl)triethoxysilane (APTMS) treated coverslips, and centrifuged at 3700 rpm for 10 min 

and then allowed to dry overnight prior to imaging.  Silicon nitride cantilevers (k = 42 N mL, 

NanoWorld) were operated in intermittent contact mode during image acquisition. Microgel height 

was determined using the AFM software (Igor Pro 15) and diameter was determined using ImageJ 

image analysis software (National Institutes of Health, Bethesda, MD, USA). A minimum of 30 

microgels were analyzed per ULC formulation.  Average height and diameter ± standard deviation 

are reported for each group. Nanosight (Malvern, Westborough, MA, USA) particle tracking 

analysis was also utilized to determine hydrodynamic diameters of small and medium sized 90:10 

NIPAm:AAc ULCs.  

B.2.2 Construction of FAMCY Particles by Peptide Conjugation on ULC Microgels 

Knob B mimicking peptide (AHRPYAAK, Pepceuticals Ltd., UK) or a non-targeting 

control peptide (GPSPFPAK, GenScript) was conjugated to the microgels by EDC-Sulfo NHS 

chemistry. Each reaction utilized a concentration of 5 mM of sulfo-NHS, 50 mM of EDC, and a 

1:1 peptide:AAc molar ratio in HEPES buffer at pH 7.4. Microgels were first incubated in the EDC 

and sulfo-NHS solution for 30 minutes under gentle agitation, then peptide solution was added to 

the microgels and incubated for 4 hours with gentle agitation. Following conjugation, FAMCYs 

(AHRPYAAK –microgels) and control peptide FAMCYs (GPSPFPAK-microgels) were purified 
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by dialysis against ultrapure water for 3 days. Purified microgels were lyophilized and stored at 

4�C prior to resuspension in ultrapure water for use in experiments. 

B.2.3 Quantification of Knob B Mimicking Peptide per FAMCY Particle 

For each FAMCY particle formulation, particle counts were obtained using a Malvern 

Nanosight and particle tracking analysis software using a known mg/mL concentration of particles. 

From the obtained particle/mL parameter obtained using particle tracking analysis software, a 

particle/mg concentration was determined. A CBQCA protein quantitation kit (Thermo Fisher) 

was utilized with a standard curve of known B knob memetic peptide concentrations to determine 

peptide molecules per particle. Four duplicate CBQCA analyses were conducted for each particle 

type.  

B.2.4 Preparation of Human Platelet-Rich and Platelet-Poor Plasma 

Citrated fresh whole blood was obtained from New York Blood Center (New York, New 

York, USA) and centrifuged at 150 x g for 15 minutes with no brake to isolate platelet-rich plasma 

(PRP). Platelet concentration was determined using a hemocytometer. Isolated PRP was 

centrifuged again at 1500 x g for 5 minutes to obtain platelet-poor plasma (PPP). Samples were 

stores at -80 °C until use. 

B.2.5 Evaluation of Fibrin Clot Structure in the Presence of FAMCYs 

Confocal microscopy was utilized to examine fibrin clot structure in the presence of various 

concentrations and formulations of FAMCYs. Clots of 50 µL volume consisting of 2.0 mg/mL 

human fibrinogen (FIB 3, Enzyme Research Laboratories, USA) and HEPES buffer (25mM 

HEPES, 0.15 M NaCl, 5 mM CaCl2, pH 7.4) were polymerized with 0.25 U/mL human thrombin 

(Enzyme Research Labs, USA) and 10 µg/mL Alexa-Fluor 488 labeled fibrinogen (Thermo Fisher 

Scientific) for visualization. Clots were formed between a glass slide and coverslip and allowed to 
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polymerize for a minimum of two hours prior to imaging.156 A Zeiss Laser Scanning Microscope 

(LSM 710, Zeiss Inc., White Plains, NY, USA) at a magnification of 63x was utilized for creating 

1.56 µm z-stacks. A minimum of three random z-stacks were acquired per clot. ImageJ software 

was used to create 8-bit 3D projections from z-stacks. Clot fiber density was determined from the 

ratio of black (fiber) over white (background) pixels in each binary image.143,157 Supplementary 

analysis of fibrin clot structure was performed by superimposing a grid over each confocal 

microscopy image in ImageJ and manually counting branch points within representative 45 µm2 

areas of this grid in order to obtain an average intersection density value (fiber intersections per 

µm2) for each clot image. 

To determine how particle concentration influenced clot structure, clots containing 1, 2, or 

4 mg/mL of FAMCYs were formed using the “large” 1 µm 90:10 NIPAm:AAc microgels. To 

determine how microgel formulations influenced clot structure, clots containing the optimal 

FAMCY concentration were formed using microgels of varied AAc concentration (90:10, 85:15, 

and 80:20) and varied size (~150 nm as “small”, ~450 nm as “medium”, and ~1 µm as “large”). 

In all studies, microgels were added prior to clot polymerization with thrombin.  The optimal 

concentration and formulation of FAMCYs to induce clot retraction was defined as the 

concentration found to increase clot density to the greatest degree.  

FAMCY distribution within clots at 1, 2, and 4 mg/mL was evaluated by labeling large 

90:10 FAMCYs with NHS ester Alexa fluor 647 dye (Thermo Fisher). Here, 5 mg of FAMCY 

particles were reacted with 0.2 mg NHS ester Alexa fluor 647 dye in a 0.1M sodium bicarbonate 

pH 8.4 for 1 hour. Particles were purified via dialysis using 1000 kDa MWCO dialysis tubing 

(Spectrum Labs). Particles were incorporated into clots and imaged on the confocal microscope as 
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previously described. To calculate fiber density, color channels were split in ImageJ so that 

particles were excluded from binary images prior to quantification of black/white pixels.  

The influence of the knob B peptide alone on clot density enhancement was determined 

via a competitive assay in which free knob B peptide was incorporated into fibrin clots at 

concentrations 10X the particle conjugation numbers found at 1, 2, or 4 mg/mL in the presence or 

absence of a corresponding 1, 2, or 4 mg/mL concentration of large 90:10 FAMCYs. 0.24 mg/mL 

free knob B peptide was added for each mg of FAMCY. Fibrin clots were prepared for confocal 

microscopy at the formulations described above. Free knob b peptide was incubated in the clot 

solution for 15 minutes prior to addition of FAMCYs or polymerization with thrombin. 

To evaluate the ability of FAMCYs to enhance clotting in comparison to native platelets, 

clots were formed from PRP and from PPP added with 1, 2, or 4 mg/mL FAMCYs, as well as from 

PPP added with a FAMCY concentration equivalent to the platelet concentration present in the 

PRP clots (1.36 x 108 platelets/mL). Here, 50 µL clots were formed with 90% v/v PPP or PRP, 

HEPES buffer, 10 µg/mL Alexa-Fluor 488 labeled fibrinogen and polymerized with addition of 

0.25 U/mL thrombin. The clots were imaged and quantified as described above. 

To determine whether the differences in particle number found for each FAMCY 

formulation influence in vitro fiber density, clots were formed in the presence of 90:10 small, 

90:10 medium, and 85:15 large FAMCYs such that the total number of FAMCY particles present 

in each clot was equivalent. FAMCYs were added into fibrin clots at a concentration of 6.28x1010 

particles/mL. This concentration was chosen from the particle number determined from the 

optimal formulation and concentration of FAMCYS; 90:10 large particles. FAMCY formulations 

used in these studies were used so that the peptide per particle would be approximately equivalent. 

Fibrin clots were prepared and imaged via confocal microscopy as described above.  
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B.2.6 Evaluation of Fibrin Clot Formation in the Presence of FAMCYs Under Flow 

A custom Y-shaped fluidic device was fabricated using standard soft lithography 

techniques with resulting features approximately 250 µm tall and 500 µm wide. With the PDMS 

device assembled on a glass coverslip, 19-gauge Tygon tubing was inserted into inlet and outlet 

channels and a stationary fibrin clot boundary was formed at the top Y-junction using 2 mg/mL 

fibrinogen, 0.25 U/mL thrombin, and 10 µg/mL Alexa Fluor 488 labeled-fibrinogen in HEPES 

buffer. The stationary boundary polymerized for 30 minutes. Solutions containing 2mg/mL 

FAMCY particles (large 90:10 composition) with 2 mg/mL fibrinogen, 0.1 U/mL thrombin, and 

10 µg/mL 488-fibrinogen in HEPES buffer were flowed over the stationary clot for 10 minutes at 

wall shear rates (WSR) of either 10 sec-1 or 100 sec-1. FAMCY particles were labeled with NHS 

ester Alexa Fluor 647 dye (red). Control solutions without FAMCY particles were also tested 

(WSR=10 sec-1). After 10 minutes, images (4x magnification) were taken on an EVOS FL Auto 

Imaging System. Quantification of clotting dynamics was conducted by image analysis with 

ImageJ. Clot growth was quantified by tracing the clotted area added to the stationary clot 

boundary line. Particle binding was quantified by measuring the integrated density of the red color 

channel within the clot growth area. Three experiments per condition were conducted and 

quantified.  

B.2.7 Determination of Fibrin Clot Polymerization and Stability in the Presence of FAMCYs 

Fibrin clot polymerization and degradation rates in the presence of FAMCYs across 

varying concentrations were evaluated using a previously described endogenous fibrinolysis 

assay,156 which enables monitoring of fibrin polymerization and degradation within a single assay. 

Clots of 100 µL volume were formed as described for confocal microscopy studies using either 1 

mg/mL, 2 mg/mL, or 4 mg/mL of the 1 µm 90:10 NIPAm:AAc FAMCYs, control peptide 
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FAMCYs, or ULCs; in order to observe clot degradation in addition to polymerization, 0.29 µg/mL 

human tissue plasminogen activator (tPA) (Millipore Sigma), and 10.8 µg/mL human glu-

plasminogen (Thermo Fisher Scientific, Waltham, MA, USA) were also included in all clot 

preparations.  The clots were formed in 96 well plates, and clot absorbance at 350 nm was read on 

a plate reader every 30 seconds over a period of 3 hours. Additional PRP clots were formed to 

provide a positive control for comparison to the 2 mg/mL particle clots. PRP clots were recalcified 

using 16.7 mM CaCl2 in addition to the supplementation of thrombin, plasminogen, and tPA. A 

baseline absorbance measurement was taken prior to addition of thrombin, plasminogen, and tPA 

to clots; this baseline absorbance was subtracted from all absorbance measurements obtained 

during the 3 hour polymerization and degradation time in order to remove the effect of particle 

absorbance on clot polymerization and degradation curves. Area under the curve was calculated 

for all concentrations; additionally, time to half maximum turbidity, time to half degradation, 

maximum turbidity, polymerization rate, and degradation rate were calculated for 2 mg/mL 

particle polymerization/degradation curves. 

B.2.8 Analysis of FAMCY Hemostatic Ability In Vivo 

Hemostatic efficacy of FAMCYs was evaluated in vivo using a murine liver laceration 

model.158 All procedures were approved by the North Carolina State University IACUC. 8 week-

old C57BL/6 mice were anesthetized using isoflurane (5% in oxygen) through a nose cone for the 

duration of the procedure. 100 µL of treatments in saline of 90:10 FAMCYs, control peptide 

FAMCYs or bare ULC microgels were administered via the jugular vein and allowed to circulate 

for 5 minutes prior to injury. A range of FAMCY concentrations, 5 mg/kg animal, 10 mg/kg 

animal, 15 mg/kg animal, and 50 mg/kg animal were tested to determine the dose response in 

hemostatic ability. Control peptide FAMCYs and microgel control particles were tested at a 
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concentration of 10 mg/kg animal. To perform the liver laceration, the abdomen was first opened 

via a surgical midline approach.  The liver was then mobilized, and a 10 mm scalpel cut was made 

through the left lobe to obtain complete dorsal and ventral laceration. Blood loss was monitored 

for 10 minutes following injury via blood collected in gauze held adjacent to the injury. Gauze was 

changed and blood content was weighed at 10 second intervals for the first 30 seconds post injury, 

then at 30 second intervals for t = 30 seconds to t = 3 minutes, then at one minute intervals for t = 

3 minutes to t = 10 minutes. The gauze was weighed immediately following removal from wound, 

ensuring no evaporation. Blood loss, in grams, was quantified at each gauze exchange time point 

by subtracting the final weight of the gauze (after blood collection) from the initial weight of the 

gauze (prior to use for blood collection). Blood loss over time at each gauze exchange time point 

was quantified as well as total blood loss over the 10 minute injury and divided by animal weight.  

Following blood collection and prior to sacrificing the animal, the wound section was harvested 

from each animal, fixed in 10% formalin for 48 hours, paraffin-embedded, and sectioned for 

histological analysis (5 µm thickness).  

Immunohistochemistry was performed on wound cross-sections to examine fibrin at the 

injury site. Here, tissue was deparaffinized and rehydrated, permeabilized in phosphate-buffered 

saline with 0.1% Triton X-100 (PBST), blocked with 5% goat serum in phosphate-buffered saline, 

labeled with monoclonal antifibrin antibody (15 µg/mL final concentration, UC45, GeneTex, 

Irvine, CA, USA) overnight at 4oC, washed and labeled with secondary antibody goat anti-mouse 

IgM, Alexa Fluor 594 (15 µg/mL final concentration) (A21044, Thermo Fisher Scientific) for 1 

hour at room temperature, and then washed and mounted with Vectashield HardSet mounting 

medium with DAPI (Fisher Scientific). Wound cross-sections were imaged with fluorescent 

microscopy (EVOS FL Auto Cell Imaging System, Fisher Scientific), and quantification for fibrin 
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deposition was evaluated using ImageJ Particle Analysis and measuring particle count as well as 

total area. 

B.2.9 Evaluation of FAMCY Biodistribution In Vivo 

FAMCY biodistribution was assessed in vivo in a murine model. All procedures were 

approved by the University of Virginia IACUC.  

Mice were fed a non-fluorescent special diet (TD-94096 from Envigo) for 5 days.  Mice 

were then anesthetized in an isoflurane chamber (5% in oxygen).  100 µl of saline or a 10 mg/mL 

stock solution of FAMCYs was administered intravenously via tail vein using a BD Precision 

Glide 25G single use needle (BD Biosciences, Franklin Lakes, NJ, USA).  Urine and blood were 

collected at t = 30 minutes, 2 hours, 8 hours, 24 hours, and 48 hours. Blood was collected in a BD 

Microtainer Serum Separator Tube (BD 365967). 1 µL of the collected blood and urine were 

imaged using a Li-COR scanner at 750 nm to assess presence of FAMCY particles at each time 

point. Remaining blood was centrifuged at 200 x g for 5 minutes with a serum separator additive.  

Serum was aliquoted from the supernatant and stored at 4°C for future analysis. Mice were 

euthanized at 24 or 48 hours by cardiac puncture followed by a secondary cervical dislocation. 

Organs (kidney, liver, lung, spleen, and heart) were collected and imaged at 750 nm on a Li-COR 

scanner in order to assess the presence of FAMCYs within the organs at the time of euthanasia. 

B.2.10 Evaluation of Complete Blood Count (CBC) and Coagulation Parameters and Complement 

Activation After FAMCY Circulation In Vivo 

In vivo impact of FAMCYs on blood parameters and complement activation was evaluated 

by intravenous administration of FAMCYs in a murine model. All procedures were approved by 

the North Carolina State University IACUC. 8 week old C57BL/6 mice were anesthetized using 

isoflurane (5% in oxygen) and 100 µL treatments of 0, 15, or 50 mg/kg 90:10 large FAMCYs in 
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sterile saline were administered via the tail vein. FAMCYs were allowed to circulate for 1 hour, 

and then pooled blood (3-4 animals pooled per dose) was collected via cardiac puncture in citrated, 

serum, and EDTA blood collection tubes (IDEXX BioAnalytics, North Grafton, MA, USA). Blood 

was pooled in order to obtain sufficient quantities for analysis. CBC and coagulation analyses, as 

well as serum cytokine analysis, were performed by IDEXX BioAnalytics. Prior to analysis, 

citrated blood was centrifuged at 1500 x g for 5 minutes to obtain PPP. Complement activation 

and blood haptoglobin levels were evaluated using a Mouse C5a ELISA kit (Abcam, ab193718, 

Cambridge, MA, USA) and a Mouse Haptoglobin ELISA Kit (Abcam, ab157714) on isolated 

mouse PPP. 

B.2.11 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8 (GraphPad, San Diego, CA, 

USA).  Data for all experiments were evaluated using a one-way analysis of variance (ANOVA) 

with a Tukey’s post hoc test using a 95% confidence interval. A minimum of n = 3 samples were 

utilized in all experiments for statistical analysis; n ≥ 30 was utilized for particle characterization; 

n ≥ 5 was utilized for in vivo bleeding data. Data are presented as mean ± standard deviation. 

 

B.3 Results 
 

In this study, we evaluated how the fibrin knob B mimetic, hole b targeting functionality 

(i.e., peptide conjugation and particle concentration) and the base properties of the microgels (i.e., 

AAc content and size) determine the pro-clotting activity of FAMCYs. Our previous studies on 

poly(NIPAM)-based ULC microgels demonstrated that microgel deformability is critical to 

mimicking platelet-mediated clot retraction and improving clot stability.159,160 In this work, we 

first evaluated different concentrations of FAMCY particles fabricated from deformable ~1 µm 
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ULC microgels conjugated to knob B mimetic peptide (AHRPYAAK) on their ability to alter 

fibrin clot architecture. We then evaluated whether varying the particle size or NIPAM:AAc ratio 

alters microgel deformability via atomic force microscopy (AFM) dry imaging. Deformability was 

determined through particle diameters and height traces after deposition on a glass coverslip rather 

than through measurements of elastic modulus because it is very challenging to obtain single 

particle elastic modulus using AFM; however, previous studies have shown that the modulus of 

ULC microgel thin films is approximately 10 kPa.160 This is comparable to the elastic modulus 

values determined for native platelets using AFM (1-50 kPa).161 Following evaluation of particle 

deformability, we constructed an ensemble of FAMCYs with varying diameter between ~150 nm 

and ~1 µm or varying AAc content, and upon conjugating knob B mimetic peptides 

(AHRPYAAK), utilized them to manipulate fibrin clot architecture.  

B.3.1 Amount of Knob B Mimetic Peptide per FAMCY Particle Varies with Particle Formulation 

The amount of peptide per particle was quantified using Nanosight particle tracking 

analysis and CBCQA assays. For each formulation and size of FAMCY particle, the particle/mg 

concentration determined via Nanosight was as follows: 2.16x1010 particles/mg for 90:10 small 

FAMCYs, 2.38x1010 particles/mg for 90:10 medium FAMCYs, 3.14x1010 particles/mg for 90:10 

large FAMCYs, 1.82x1010 particles/mg for 85:15 large FAMCYs, and 3.70x109 particles/mg for 

80:20 FAMCYs. Additionally, 90:10 large FAMCYs labeled with Alexa Fluor 647 dye were 

present at 2.98x1010 particles/mg. The amount of peptide per particle, calculated using a CBQCA 

assay, is represented in Figure B.2 and varies for FAMCYs of different sizes and AAc content. 

In order to account for differences in particle for each FAMCY formulation in our 

evaluation of the role of particle size on in vitro fiber density, we performed additional confocal 

microscopy studies of clots containing 90:10 small, 90:10 medium, and 85:15 large FAMCYs such 
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that the total number of FAMCY particles present in each clot was equivalent (Figure B.3). 

FAMCYs were incorporated into clots at a concentration of 6.28 x1010 particles/mL. The FAMCY 

formulations used in these studies were chosen so that the peptide per particle on each formulation 

would be approximately equivalent; since 85:15 large FAMCYs possess a more similar peptide 

per particle count to small and medium 90:10 FAMCYs than 90:10 large FAMCYs, we have 

utilized 85:15 FAMCYs for our large particle condition in these clots. All three formulations 

resulted in a significant increase in fiber density compared to the fibrin only controls. There were 

no significant differences in fiber density between the three formulations at equivalent FAMCY 

numbers. 

 

 

Figure B.2 The amount of peptide per particle varies with particle size and AAC content. From a 

known particle/mL concentration determined through Nanosight particle tracking analysis 

software, a CBQCA protein quantitation was performed along a standard curve of known B knob 

peptide concentrations to determine the amount of peptide molecules per particle. Four duplicate 

CBQCA assays were performed for each particle type. Statistical analysis was performed using a 

one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all data 

points. **p<0.01; ***p<0.001; ****p<0.0001. 
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Figure B.3 Variations in FAMCY size do not result in differences in clot density at equivalent 

FAMCY particle number. Clots containing small, medium, and large FAMCYs (all incorporated 

into clots at 3.14x1010 particles/mg) were imaged using confocal microscopy (A) and densities 

were quantified using ImageJ to calculate black over white pixels (B). All clots containing 

FAMCYs display significantly greater clot density than control fibrin clots; however, no 

statistically significant differences in clot density appear due to FAMCY size variations when 

small, medium, and large FAMCYs are incorporated into clots at equivalent particle numbers. 

Scale bar = 10 µm. Statistical analysis was performed using a one-way ANOVA with Tukey’s post 

hoc; graphs show mean ± standard deviation and all data points. n = 3 clots per image. ***p<0.001; 

****p<0.0001. 

 

B.3.2 FAMCYs Increase Clot Density at Optimal Concentrations  

We first evaluated the influence of FAMCY microgels constructed by conjugating knob B 

mimetic peptides (AHRPYAAK) onto ULC poly(NIPAM) microgels made from 90:10 

NIPAm:AAc with diameters of ~1 µm on fibrin clot architecture. Deformability of ULC 
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poly(NIPAM) microgels made from 90:10 NIPAm:AAc was first assessed via AFM analysis by 

measuring diameter and height of the particles on a glass surface. A representative AFM image 

and height trace is shown in Figure B.4 where 90:10 NIPAm:AAc microgels feature an average 

diameter of 1398 ± 236 nm and height of 18 ± 5 nm. Microgels were then conjugated to knob B 

mimetic peptides to create FAMCYs. Confocal microscopy was utilized to evaluate morphology 

of FAMCY containing clots and to determine the concentration of FAMCYs that provide improved 

fibrin clot density, thus mimicking platelet-mediated retraction. First, we evaluated how altering 

FAMCY dosage concentration of ~1 µm 90:10 NIPAm:AAc influenced fibrin density.  Here, we 

observed a significant increase in clot fiber density compared to fibrin only controls or clots 

incorporated with 1 mg/mL 90:10 NIPAm:AAc FAMCYs when using a concentration of 2 mg/mL 

90:10 NIPAm:AAc FAMCYs (Figure B.4 and Figure B.5), where fiber density increased from 

0.85 ± 0.02 (fibrin only controls) to 2.1 ± 0.8 black pixels:white pixels (2 mg/mL FAMCYs, p-

value = 0.0255). At 4 mg/mL FAMCYs, we observed a decrease in fiber density from controls to 

0.61 ± 0.2 (4 mg/mL FAMCYs) (p-value = 0.0099), indicating a potential inhibitory effect on 

polymerization at higher concentrations of particles. The overall biphasic relationship between 

particle concentration is likely due to the nature of targeting B:b interactions. At low 

concentrations of knob B mimetic peptide, the particles will bind to hole b without inhibiting native 

fibrin polymerization. As particle concentration is increased, binding to fibrin holes B is likewise 

increased, thereby increasing the ability of FAMCYs to increase fibrin network density. However, 

above a certain peptide concentration, the synthetic knob:hole interactions begin to compete for 

and inhibit native knob B: hole b interactions to a degree that inhibits fibrin polymerization. To 

confirm these findings, confocal microscopy studies were repeated with fluorescently labeled 

FAMCYs in order to visualize their distribution within the fibrin network (Figure B.6). At 1 and 
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2 mg/mL, 90:10 NIPAm:AAC FAMCYs appeared to be uniformly dispersed throughout the fibrin 

clot, and the optimal dose of 2 mg/mL resulted in a significant increase in fiber density. At a 4 

mg/mL FAMCY concentration we observed aggregation of particles, which may contribute to the 

inhibitory effect found in initial structural studies. Evaluation of fibrin intersection density within 

clot networks at varying FAMCY concentrations revealed slightly increased intersection density 

in clots formed from 2 mg/mL FAMCY concentrations relative to higher 4 mg/mL FAMCY 

concentrations (Figure B.5) 

 

 

 

 

 

 

 

 

 



180 

 

Figure B.4 FAMCY concentration influences fibrin network density. Representative AFM image 

(top) and height trace (bottom) of 90:10 NIPAm:AAc ULC microgel (A) show that microgels are 

approximately 1 μm in diameter and deform to very low heights when deposited upon a glass 

coverslip. Confocal microscopy images (B) of clots formed with ~1 µm, 90:10 NIPAm:AAc 

FAMCY particles at 1, 2, or 4 mg/mL particle concentrations reveal varied fibrin network structure 

in clots formed using different FAMCY concentrations. Fiber density (C), determined in ImageJ 

and defined as the ratio of black pixels (fibers) to white pixels (negative space), is significantly 

enhanced at a concentration of 2 mg/mL relative to control clots and clots formed using higher and 

lower concentrations of FAMCY particles. Statistical analysis was performed using a one-way 

ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all data points. n ≥ 

30 particles per group for AFM measurements. n = 3 clots per group for confocal microscopy. 

Scale bar = 10 µm. *p<0.05; **p<0.01.  
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Figure B.5 Effect of size, AAc content, and concentration of FAMCY particles on the inter-section 

density of the fibrin network. Confocal images of fibrin clots were overlaid with a grid in ImageJ, 

the intersections within a 45 μm2 area in each of the four corners and the center of each image 

were counted, and the resulting values were averaged to obtain a mean intersection density. All 

clots were formed at a final concentration of 2 mg/mL fibrinogen and 0.25 U/mL thrombin. To 

assess the impact of FAMCY particle size, all clots were formed at a FAMCY parti-cles (90:10 

NIPAM:AAc) concentration of 2 mg/mL. To assess the impact of AAc content, all clots were 

formed using large (~1 μm) FAMCYs at 2 mg/mL, while varying the NIPAM:Aac ratio from 90:10 

to 80:20. To assess the impact of FAMCY particle concentration, all clots were formed us-ing 

large 90:10 FAMCYs, while increasing the concentration from 0 to 4 mg/mL. No significant 

differences in intersection density appeared by varying the size or AAc content of the FAMCYs. 

Clots formed using FAMCYs at 2 mg/mL displayed significantly greater intersection density than 

clots formed using FAMCYs at either 1 or 4 mg/mL. Statistical analysis was performed using a 

one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all data 

points. n = 3 clots per group. **p<0.01; ***p<0.001. 
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Figure B.6 Incorporation and distribution of FAMCYs throughout the fibrin clot matrix. Large 

90:10 FAMCYs were labeled with Alexa 647 dye (red) and incorporated into fibrin clots at 1, 2, 

or 4 mg/mL. At 1 mg/mL and 2 mg/mL FAMCY concentrations, FAMCYs are evenly distributed 

throughout the fibrin network; however, at 4 mg/mL, FAMCYs displayed aggregation that may 

result in steric hindrance of the network. Scale bar = 10 µm. Statistical analysis was performed 

using a one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all 

data points. n = 3 clots per group. *p<0.05; **p<0.01. 

 

B.3.3 Influence of Competitive Free Peptide on Fibrin Clot Density 

In order to determine if competitive binding of free knob B mimetic peptide occurs in the 

presence of FAMCYs, clots were formed with free peptide with and without the addition of 90:10 

large FAMCYs at a concentration of 1, 2, and 4 mg/mL (Figure B.7). When fibrin clots were 

incubated with free knob B mimetic peptide at concentrations 10X those conjugated to FAMCYs 

at concentrations of 1, 2, and 4 mg/mL, fiber density was not altered from fibrin only controls, 

indicating that the knob B mimetic peptide alone is not responsible for augmentation of fiber 

density seen with initial structural analysis of clots in the presence of 2 mg/mL FAMCYs (fibrin 

only: 0.68 ± 0.063 black pixels:white pixels, 1 mg/mL FAMCY peptide equivalent: 0.66 ± 0.05 
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black pixels:white pixels, 2 mg/mL FAMCY peptide equivalent: 0.69 ± 0.022 black pixels; white 

pixels, 4 mg/mL FAMCY peptide equivalent 0.76 ± 0.038 black pixels:white pixels).  With the 

addition of both free peptide and FAMCYs, we observed structural results that were in agreement 

with initial dose response studies. Fibrin clots incubated with 2 mg/mL peptide at equivalent 

quantities to those present in a clot containing 2 mg/mL FAMCY particles and fibrin clots 

incubated with the optimal concentration of 2 mg/mL FAMCY particles both resulted in a 

significant increase in fiber density compared to fibrin-only controls (2 mg/mL FAMCY peptide 

equivalent + 2 mg/mL FAMCY: 1.039 ± 0.14 black pixels:white pixels, p-value < 0.0001.) 
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Figure B.7 Competitive free peptide does not influence clot density. Clots were formed in the 

presence of free B knob-mimicking peptide in the presence or absence of an equivalent (1, 2, or 4 

mg/mL) concentration of 90:10 large FAMCYs and imaged using confocal microscopy (A). 

ImageJ calculations of clot density, defined as the total area of black pixels (fibrin fibers) over 

white pixels (negative space) (B), revealed significant increases in clot density for clots containing 

2 mg/mL free B knob-mimicking peptide + 2 mg/mL FAMCY relative to all other groups; 

furthermore, clots containing only free peptide did not display significantly different clot densities 

than control fibrin clots, indicating that fibrin binding from B knob-mimicking peptides alone is 

not bringing about enhanced clot density. Scale bar = 10 um. Statistical analysis was performed 

using a one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all 

data points. n = 3 clots imaged per group. **p<0.01; ***p<0.001; ****p<0.0001. 
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B.3.4 Influence of Particle Size and Acrylic Acid Content on Fibrin Clot Density 

Next, we evaluated the effect of particle size on fiber density by creating FAMCYs from 

ULC microgels ~ 150 or 450 nm in diameter while keeping the AAc content and particle 

concentration constant at 10% and 2 mg/mL, respectively. The size of ULC microgels was altered 

by increasing the SDS content during particle synthesis reactions while keeping monomer content 

at 90:10 NIPAm:AAc. Nanosight particle tracking confirmed the hydrodynamic diameters of small 

microgels to be 147 ± 65 nm and medium particles to be 456 ± 88 nm. Representative AFM dry 

images and height traces of the small, medium, and large 90:10 NIPAM:AAc ULC microgels are 

shown in Figure B.8, where small microgels featured an average dry diameter of 121 ± 87 nm and 

average height of 2 ± 0.5 nm, medium microgels featured an average dry diameter of 445 ± 17 nm 

and average height of 8 ± 3 nm, and large microgels featured an average dry diameter of 1398 ± 

236 nm and height of 18 ± 5 nm. Again, microgels were incorporated in clots to manipulate fibrin 

clot architecture and confocal microscopy was utilized to evaluate morphology of the resulting 

clots and determine the optimal FAMCY size. Particle size appeared, in fact, to affect the formation 

of fibrin clots with a trend of increasing fiber density with increasing particle size (Figure B.8). A 

statistically significant increase in fiber density was found between small (~150 nm) and large (~1 

µm) sized FAMCYs with fiber densities of 0.82 ± 0.08 and 2.1 ± 0.8 black pixels:white pixels, 

respectively (p-value = 0.0227), as well as fibrin control clots and large (~1 µm) sized FAMCYs 

with fiber densities of 0.85 ± 0.02 and 2.1 ± 0.8 black pixels:white pixels, respectively (p-value = 

0.026). Clots formed in the presence of small (~150 nm) and medium (~450 nm) sized FAMCYs 

did not demonstrate statistically different fiber densities of 0.82 ± 0.08 and 1.2 ± 0.2 black 

pixels:white pixels, respectively (p-value =0.6766). Similarly, the difference in fiber density 

between clots with medium (~450 nm) and large (~1 µm) FAMCYs was not statistically different: 
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1.2 ± 0.08 and 2.1 ± 0.8 black pixels:white pixels, respectively (p-value = 0.1). The size dependent 

increase in fibrin network density is likely due to increased interactions between fibrin fibers and 

the knob B mimetic peptides on the particles as particle size increases. Our previous studies with 

ULC microgels functionalized with anti-fibrin antibody and sdFv demonstrated that increased fiber 

density in the presence of fibrin-binding ULC microgels is dependent on the high particle 

deformability, which allows the particles to spread extensively within the fibrin network, binding 

to multiple fibrin fibers.143,159 Brownian motion of the particles leads to deformation of the fibrin 

network and increased the local fiber density over time. Increased particle size would increase the 

extent of the particle:fibrin interactions, as larger particles would geometrically occupy more space 

than smaller particles and bridge more fibrin fibers than smaller particles.  However, despite the 

observed differences in clot densities in clots containing FAMCYs of varying size, no significant 

differences were observed in fibrin network intersection density in these clots (Figure B.5). 
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Figure B.8 FAMCY size influences fibrin network density. Representative atomic force 

microscopy dry imaging (A) and height traces (B) confirm the creation of small ~150 nm particles 

and medium ~450 nm 90:10 NIPMAm:AAc ULC particles with similar deformation behaviors as 

those seen in larger ~1 μm ULC particles. Confocal microscopy (C) and fiber density 

quantification (D) of clots formed in the presence of small, medium, and large 90:10 NIPAm:AAc 

FAMCYs at a concentration of 2 mg/mL reveals that large (~1 μm) FAMCY particles improve 

clot density relative to controls and to small and medium-sized FAMCY particles.  n ≥ 30 particles 

per group for AFM measurements. Statistical analysis was performed using a one-way ANOVA 

with Tukey’s post hoc; graphs show mean ± standard deviation and all data points. n = 3 clots per 

group for confocal microscopy. Scale bar = 10 µm. *p<0.05. 
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Next, the acrylic acid content was varied in ULC poly(NIPAM) microgels, and the 

resulting particle deformability was assessed via AFM analysis by measuring diameter and height 

of the particles on a glass surface. It should be noted that, since the knob B mimetic peptides are 

conjugated to the carboxylic acid groups of the AAc monomers, the peptide surface density is 

connected to the AAc ratio. Results demonstrated that particle deformability was maintained 

across all ULC microgel formulations tested here. Figure B.9 shows representative AFM traces 

where 90:10 NIPAm:AAc microgels featured an average diameter of 1398 ± 236 nm and height 

of 18 ± 5 nm. Increasing the acrylic acid content to formulate 85:15 and 80:20 NIPAM:AAc 

microgels resulted in an average particle diameter of 1360 ± 205 nm and height of 20 ± 5 nm, or 

an average diameter of 1485 ± 399 nm and height of 20 ± 6 nm, respectively. Diameter and height 

measurements between particle types with varying AAc content showed no statistically significant 

difference, indicating that altering the AAc of the particles does not influence their deformability. 

Using FAMCYs with different AAc content (10 - 20%) at a concentration of 2 mg/mL, we found 

no differences in the fibrin density between clots formed in presence of FAMCYs (Figure B.9). 

Likewise, no significant differences were observed in fibrin network intersection densities among 

these clots (Figure B.5). The results of the aforementioned CBCQA assay indicate that the amount 

of peptide per particle was not fully saturated in this large 90:10 FAMCY formulation (i.e., not all 

AAc binding sites were conjugated to peptide); however, the effect on fiber density and enhanced 

clot structure formation was not improved by increasing the peptide per particle parameter. 
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Figure B.9 Experimentally tested variations in FAMCY AAc content do not influence fibrin 

network density. Representative atomic force microscopy dry imaging (A) and height traces (B) 

of 80:20, 85:15, and 90:10 NIPAm:AAc particles show comparable particle diameters and height 

traces regardless of AAc content. Particle diameters were measured on ImageJ and particle heights 

calculated from max values obtained from individual height traces. No statistical difference in 

diameter or height was observed between particle types of varying acrylic acid content. Confocal 

microscopy (C) and fiber density quantification (D) of clots formed in the presence of ~1 µm, 

80:20, 85:15, and 90:10 NIPAm:AAc FAMCYs at a concentration of 2 mg/mL reveals no 

significant differences in clot density as a result of varied AAc content in the ULC microgel. n ≥ 

30 particles per group for AFM measurements. Statistical analysis was performed using a one-way 

ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all data points. n = 

3 clots per group for confocal microscopy. Scale bar = 10 µm.  
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B.3.5 Optimal Dosing of FAMCYs Increases In Vitro Clot Density Similarly to Native Platelets 

In order to draw a comparison with a clinically relevant standard of care for treatment of 

traumatic bleeding, we conducted a structural analysis of FAMCYS incorporated into platelet poor 

plasma (PPP) clots and compared results to a platelet rich plasma (PRP) control (Figure B.10). 

FAMCYs were added to PPP at a number equivalent to the platelet count of the PRP. As expected, 

at sub-therapeutic concentration, no significant differences in fiber density were observed 

compared to clots formed from PPP alone (PPP: 0.54 ± 0.15 black pixels:white pixels, PPP + 

subtherapeutic FAMCY: 0.45 ± 0.81 black pixels:white pixels). The structural trends seen with 

the incorporation of 1, 2, and 4 mg/mL FAMCYs are in agreement with our studies conducted in 

purified fibrin. The optimal dose of 2 mg/mL FAMCY resulted in a significant increase in fiber 

density compared to PPP controls and the clot structure appeared dense and heavily branched 

similarly to PRP samples (2 mg/mL FAMCY: 0.78 ± 0.23 81 black pixels:white pixels, PRP: 0.862 

± 0.031 black pixels:white pixels). PPP clots containing 2 mg/mL FAMCYs also displayed 

intersection densities on par with those observed in PRP-based clots and significantly higher than 

those observed in control PPP clots or PPP clots containing 1 or 4 mg/mL FAMCYs (Figure B.11). 
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Figure B.10 Incorporation of an optimal concentration of FAMCYs enhances clot network density 

to a platelet-mimetic degree. Confocal microscopy of clots containing FAMCYs at 2 mg/mL 

display clot network densities similar to those seen in clots formed using platelet-rich plasma 

(PRP). ImageJ analysis of clot network density, as defined as black pixels (fibrin) divided by white 

pixels (negative space), indicates that both PRP clots and clots containing 2 mg/mL FAMCYs 

significantly increase clot network density relative to control fibrin clots. No significant 

differences appear in clot density values for clots containing PRP vs. 2 mg/mL FAMCYs. 

Statistical analysis was performed using a one-way ANOVA with Tukey’s post hoc; graphs show 

mean ± standard deviation and all data points. n = 3 clots per group. *p<0.05; **p<0.01. 
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Figure B.11 Effect of variations in FAMCY incorporation on the intersection density of the fibrin 

network. Confocal images of fibrin clots were overlaid with a grid in ImageJ, the intersections 

within a 45 μm2 area in each of the four corners and the center of each image were counted, and 

the resulting values were averaged to obtain a mean intersection density. Among the clots 

containing FAMCYs fluorescently labeled with Alexa Fluor 647 (red, Figure B.6), clots 

containing FAMCYs at 4 mg/mL displayed significantly fewer intersections per um2 than control 

clots or clots containing FAMCYs at 1 or 2 mg/mL. Among the clots formed with small, medium, 

and large FAMCYs (note: an equal number of FAMCYs were present in each clot), no significant 

differences were observed in intersection density. Among the clots formed from human plasma, 

clots containing large 90:10 FAMCYs at 2 mg/mL featured intersection densities similar to those 

observed in clots formed from platelet-rich plasma (PRP); both PRP clots and clots containing 

FAMCYs at 2 mg/mL had significantly greater intersection densities than control platelet-poor 

plasma (PPP) clots, clots formed from PPP + FAMCYs at either 1 or 4 mg/mL, and clots formed 

from PPP + FAMCYs added in the same number of the platelets contained in the PRP sample. In 

the competitive binding assay, in which free B knob-mimicking peptide was added to fibrin clots, 

no significant differences in intersection density were observed between control clots and clots 

containing free peptide; clots containing FAMCYs at 2 mg/mL + free peptide at 2 mg/mL, 

however, displayed significantly greater intersection density than clots containing FAMCYs at 4 

mg/mL or clots containing free peptide at 4 mg/mL. Statistical analysis was performed using a 

one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard deviation and all data 

points. n = 3 clots per group. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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B.3.6 Fibrin Clot Stability is Increased in the Presence of an Optimal Concentration of FAMCYs 

Platelet-mediated clot retraction stabilizes the clot matrix, making it more resistant to 

degradation, and promotes the role of fibrin clots as a provisional matrix to support cellular 

infiltration during the later stages of wound healing.132,138 We therefore hypothesized that 

FAMCY-mediated clot retraction, evidenced in the confocal experiments by the increase in clot 

density, would likewise stabilize clots, decreasing the rates at which clot fibrinolysis would occur. 

An absorbance-based plate assay was utilized to assess the degradation rates of clots formed using 

either 1, 2, and 4 mg/mL FAMCYs, ~1 µm in diameter with 90:10 NIPAm:AAc FAMCYs, or 

corresponding concentrations of control particles (control peptide FAMCYs or bare ULC 

microgels). At the previously identified optimal concentration of 2 mg/mL, FAMCY-containing 

clots showed significantly greater stability than fibrin-only clots or clots containing control 

particles, as measured by the integrated area of the polymerization/degradation curve of each clot 

type. Polymerization/degradation curves for clots formed using 2 mg/mL FAMCYs featured an 

integrated area of 0.36 ± 0.2, which was significantly larger than that obtained with the fibrin-only 

clot (0.13 ± 0.1, p value = 0.0105), the 2 mg/mL ULC microgel clot (0.14 ± 0.1, p value = 0.0151), 

and the 2 mg/mL control peptide FAMCYs clot (0.16 ± 0.1, p value = 0.03). This indicates that 

incorporation of FAMCYs into clots increases clot stability (Figure B.12). We additionally 

assessed the polymerization and degradation rates of a physiological concentration of platelets in 

order to compare the clot network stability gained by the optimal 2 mg/mL concentration of 

FAMCYs to the stability that would be conferred upon a clot by native activated platelets (Figure 

B.13). Clots containing the optimal 2 mg/mL concentration of FAMCYs resulted in statistically 

similar time to half-maximum turbidity, maximum turbidity, polymerization rate, and degradation 

rate in comparison with clots containing platelets; however, clots containing platelets displayed 
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significantly greater integrated area under the curve (1.00 ± 0.1 vs. 0.36 ± 0.2, p value < 0.0001) 

and time to half degradation (136.90 ± 8.7 minutes vs. 58.88 ± 19.7 minutes, p value < 0.0001) 

than clots containing 2 mg/mL FAMCYs. These data, coupled with the increased clot density 

observed in the presence of 2 mg/mL FAMCYs, indicate that targeting fibrin with the knob B 

mimetic peptide results in platelet-mimetic particles with functionality similar to that previously 

observed with antibody-functionalized particles and that are capable of recapitulating some of the 

enhanced clot network stability associated with platelet incorporation within fibrin networks; 

however, this method is somewhat limited in that it does not fully recapitulate all aspects of 

platelet-induced enhancement of clot stability. These results indicate that binding strength is 

ensured by the multi-point FAMCY-fibrin interaction (i.e., avidity).162 
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Figure B.12 An optimal concentration of FAMCYs affect fibrin polymerization and degradation 

dynamics. Polymerization and degradation curves for fibrin clots formed in the presence of 1, 2, 

or 4 mg/mL 1 µm 90:10 FAMCYs (top) were obtained from a kinetic plate read of clot absorbance 

values at 350 nm over a period of 3 hours, with t = 0 indicating the initiation of polymerization via 

thrombin addition to the fibrinogen + particle mixture. At the previously discovered optimal 

concentration of 2 mg/mL, FAMCY-containing clots show greater maximum turbidity and 

resistance to fibrinolysis than control clots and clots containing control peptide FAMCYs or ULCs, 

as illustrated by absorbance (A350) curves of clots formed at a FAMCY concentration of 2 mg/mL 

(top) and by quantification of the area under the curves (bottom). Clots containing control peptide 

FAMCYs or ULCs polymerize and degrade at rates very similar to those of control fibrin-only 

clots. Statistical analysis was performed using a one-way ANOVA with Tukey’s post hoc; graphs 

show mean ± standard deviation and all data points. *p < 0.05; n = 3 duplicate experiments.   
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Figure B.13 An optimal 2 mg/mL FAMCY concentration influences aspects of clot 

polymerization and degradation. Inclusion of 2 mg/mL FAMCYs into fibrin clots result in greater 

maximum turbidity and stability in polymerization and degradation curves relative to those of 

control fibrin clots and clots containing non-fibrin binding particles, but lower maximum turbidity 

and stability than clots containing a physiologically relevant concentration (2x108 platelets/mL) of 

native platelets (A). Inclusion of 2 mg/mL FAMCYs (~1 um, 90:10 composition) into fibrin clots 

results in greater area under the curve relative to that seen in control clots, as well as lower time to 

half maximum turbidity than clots containing control non-fibrin binding particles. FAMCY-

containing clots display times to half maximum turbidity and maximum turbidity measurements 

similar to those observed in clots containing native platelets; however, native platelets result in 

overall greater area under the curve and time to half degradation than all control clots and FAMCY-

containing clots, indicating that while FAMCYs do enhance some aspects of clot polymerization 

and degradation kinetics, they do not have the same extent of influence on these parameters as 

native platelets (B). Statistical analysis was performed using a one-way ANOVA with Tukey’s 

post hoc; graphs show mean ± standard deviation and all data points. n = 3 duplicate experiments. 

*p<0.05; ****p<0.0001. 
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B.3.7 FAMCYs Enhance Clot Formation Under Flow Conditions 

Using a custom Y-shaped microfluidic device, we observed clotting dynamics under flow 

conditions (Figure B.14). In one channel, a stationary fibrin clot was made from 2 mg/mL 

fibrinogen, 0.25 U/mL thrombin, and 10 µg/mL Alexa Fluor 488 labeled-fibrinogen for 

visualization in HEPES buffer. After polymerization, a solution containing 2mg/mL 647-labelled 

FAMCY particles (large 90:10 composition) with 2 mg/mL fibrinogen, 0.1 U/mL thrombin, and 

10 µg/mL 488-fibrinogen in HEPES buffer was flowed over the stationary clot for 10 minutes at 

wall shear rates (WSR) of either 10 sec-1 or 100 sec-1. Compared to control solutions without 

FAMCY particles, clot growth was significantly higher upon incorporation of FAMCY particles 

in the perfused solution both at low and high wall shear rates. Additionally, significant particle 

binding was observed at both wall shear rate conditions. 
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Figure B.14 FAMCYs enhance clot formation under flow conditions. An optimal 2 mg/mL 

concentration of 647-labeled FAMCYs (red) was added into flow solution containing FAMCYs, 

fibrinogen, and thrombin to model the presence of these components in the blood after intravenous 

FAMCY administration in vivo. The flow solution was passed over a stationary clot composed of 

488-labeled fibrinogen (green) and thrombin at wall shear rates of either 10 sec-1 or 100 sec-1. Clot 

growth area was determined in ImageJ through visual examination of the clotted area and the 

original stationary clot boundary. Fibrin binding behavior of FAMCYs was quantified using 

integrated density analysis of the red color channel within the clot growth area. FAMCYs 

displayed fibrin binding behavior and enhanced clot formation relative to controls under both 

evaluated wall shear rates. Statistical analysis was performed using a one-way ANOVA with 

Tukey’s post hoc; graphs show mean ± standard deviation and all data points. n = 3 clots per 

condition; *p<0.05. 
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B.3.8 FAMCYs Decrease Blood Loss and Increase Fibrin Incorporation at Wound Sites in a Liver 

Laceration Model of Traumatic Injury 

We next analyzed the hemostatic ability of FAMCYs in an in vivo traumatic liver laceration 

injury in mice. Large FAMCYs (~1 µm) made with 90:10 NIPAm:AAc were adopted in this study 

based on their ability in vitro to enhance fiber density within fibrin clots. FAMCYs or control 

particles were injected intravenously and allowed to circulate five minutes prior to injury, after 

which blood loss was monitored over time. Total blood loss over time illustrates the amount of 

blood lost at specific time points following the liver laceration injury. This data shows trends of 

reduced bleeding in the animals that received 15 mg/kg FAMCYs compared to saline, bare 

microgel ULCs, control peptide FAMCYs, and FAMCYs at 5 mg/kg, 10 mg/kg, and 50 mg/kg 

(Figure B.15). Total blood loss quantification over the course of the 10 minute injury showed 

significantly lower total blood loss for animals that received treatment with 15 mg/kg FAMCYs 

(0.0078 ± 0.003 gram blood/gram animal) compared to saline treated animals (0.016 ± 0.004 gram 

blood/gram animal, p-value = 0.0193) (Figure B.15). Furthermore, evaluation of total blood loss 

in animals receiving 15 mg/kg FAMCY treatment vs. previously published data in total blood loss 

in animals receiving treatment with previous iterations of platelet-mimetic particles that utilize 

either an antibody-based163 or sdFv-based159 targeting motif indicate that FAMCY formulations 

reduce overall blood loss comparably (~50-60% reduction relative to saline controls) to these 

previous formulations. Minimal differences in total blood loss were seen when comparing saline 

treatment to bare ULC microgel (0.012 ± 0.004 gram blood/gram animal, p-value = 0.7195) and 

control peptide FAMCYs (0.013 ± 0.002 gram blood/gram animal, p-value = 0.8178). Conversely, 

administration of 50 mg/kg FAMCYs in animals showed significantly higher blood loss (0.019 ± 

0.005 gram blood/gram animal) than both 10 mg/kg (0.010 ± 0.004 gram blood/gram animal, p-



204 

value = 0.0123) and 15 mg/kg FAMCYs (0.0078 ± 0.003 gram blood/gram animal, p-value = 

0.0008), indicating that high concentrations of FAMCYs are likely inhibiting clot formation due 

to direct competition with native fibrin knob:hole interactions and/or steric hindrance of fibrin 

polymerization due to the presence of the microgels within the clot network. 

Immunohistochemistry of fibrin at the wound site shows significantly more fibrin deposition in 

animals treated with 15 mg/kg FAMCYs (6305 ± 4054 µm2) compared to saline (916 ± 1616 µm2, 

p-value = 0.0079), ULC microgels (840 ± 748 µm2, p-value = 0.0099), or FAMCYs (1988 ± 1921 

µm2, p-value = 0.0469) (Figure B.16). Higher fibrin incorporation at wound sites was quantified 

in both the total count of fibrin deposits in addition to the total area of fibrin at the wound site. 
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Figure B.15 In vivo bleeding is decreased in a murine liver laceration model in the presence 

of an optimal 15 mg/kg dosage of FAMCY particles relative to saline controls.  Blood loss over 

time is decreased after treatment with an optimal dosage of FAMCYs relative to treatment with 

control particles, saline, or non-optimal FAMCY dosages (A). Total blood loss is significantly 

decreased after treatment with an optimal dosage of FAMCYs relative to saline controls and high 

FAMCY dosages (B). An optimal in vivo dosage of 15 mg/kg FAMCY decreases blood loss over 

time relative to saline treatment and performs similarly to clinically used hemostatic treatments of 

PCC and fVII (C). Total blood loss following an optimal dose of 15 mg/kg FAMCY treatment is 

significantly lower than total blood loss after saline treatment and is comparable to total blood loss 

following clinically used PCC and fVII treatment (D). Large (~1 µm) 90:10 NIPAm:AAc 

FAMCYs, control peptide FAMCYs, and ULCs were examined in vivo. Statistical analysis was 

performed using a one-way ANOVA with Tukey’s post hoc; graphs show mean ± standard 

deviation and all data points. n = 6 in saline group, n = 5 in all other treatment groups; *p<0.05; 

**p<0.01; ***p<0.001 
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Figure B.16 Fibrin deposition at wound site is increased in animals treated with FAMCYs. 

Immunohistochemistry of fibrin (red) at wound sites following liver laceration injury (A). 

Quantification using ImageJ Particle Analysis to determine total area (µm2) of fibrin-positive stain 

shows fibrin incorporation at wound sites is increased following treatment with FAMCY particles 

relative to treatment with saline or control peptide FAMCYs (B). Scale bar = 400 µm. Statistical 

analysis was performed using a one-way ANOVA with Tukey’s post hoc; graphs show mean ± 

standard deviation and all data points. n = 6 in saline group, n = 5 in all other treatment groups. 

*p<0.05; **p<0.01. 

 

B.3.9 FAMCY Biodistribution and Impact on Complement Activation, Serum Cytokines, and 

Coagulation Parameters 

In order to determine FAMCY biodistribution and ensure that FAMCYs would remain 

present in the blood long enough to target the injury site in our liver laceration model, we 

performed biodistribution studies in mice receiving a tail vein injection of 10 mg/kg fluorescently-

labeled FAMCYs. Blood and urine were collected over 48 hours and imaged using a Li-COR 
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scanner to evaluate FAMCY presence; FAMCYs appeared in both serum and urine samples at all 

time points and were present in organs at both endpoints (Figure B.17), indicating that FAMCYs 

remain in the circulation long enough to target an injury occurring 5 minutes after intravenous 

administration. 

 To evaluate the impact of FAMCYs on coagulation and complete blood count (CBC) 

parameters, as well as on complement activation, 0, 15, and 50 mg/kg FAMCYs in sterile saline 

were administered to mice (n = 3 - 4 per condition) via tail vein injection and allowed to circulate 

for one hour. Blood was then collected via cardiac puncture and pooled in order to obtain sufficient 

quantities for coagulation and CBC analysis. CBC, coagulation, and serum cytokine level analysis 

were performed by IDEXX BioAnalytics on pooled blood samples obtained 1 hour after initial 

FAMCY injection. As limitations in the mouse model only allowed for collection of one pooled 

blood sample per dosage group, we have not calculated statistical differences for these parameters; 

however, the obtained results are displayed in Tables B1-B2.  
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Figure B.17 Biodistribution of FAMCYs over 48 hours. Labeled FAMCY particles were injected 

intravenously into mice via tail vein injection and were allowed to circulate for 48 hours. Blood 

and urine were collected throughout the duration of the experiment to assess the presence of 

FAMCY particles. A) Blood and urine were collected at 30 minutes, 2 hours, 6 hours, 24 hours, 

and 48 hours after injection, and B) organs were collected at endpoints of the study (either 24 or 

48 hours).  Organs, serum, and urine were imaged on a Li-COR scanner. FAMCYs, identified via 

green signal, were found in serum and urine at all time points, indicating their presence in the 

systemic circulation at the 5 minute time point at which the injuries were inflicted in the trauma 

study. n = 3 mice per time point. 
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Table B.1 Blood parameters in mice receiving FAMCY treatment 

 0 mg/kg 15 mg/kg 50 mg/kg 
LDH (U/L) 221 302 317 
Prothrombin Time (PT) 12.5 13.4 - 
WBC (K/µl) 5.9 5.8 4.8 
Hemoglobin (g/dL) 9.44 9.22 8.65 
Hematocrit (%) 44.6 44.4 42.4 
Platelet Count (K/µL) 1083 927 967 
Haptoglobin (µg/mL) 37.84 56.68 13.44 
Complement C5a (ng/mL) 8.34 8.27 8.64 
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Table B.2 Serum cytokine levels in mice receiving FAMCY treatment 

 0 mg/kg 15 mg/kg 50 mg/kg 

G-CSF (pg/mL) 118.38 150.18 229.02 
GM-CSF (pg/mL) <16 <16 <16 
IFNγ (pg/mL) <3.2 <3.2 <3.2 
IL-10 (pg/mL) <16 <16 51.10 
IL-12 (p40) (pg/mL) 8.50 <3.2 <3.2 
IL-12 (p70) (pg/mL) <16 <16 <16 
IL-13 (pg/mL) <64 <64 <64 
IL-15 (pg/mL) <80 <80 <80 
IL-17 (pg/mL) <3.2 <3.2 <3.2 
IL-1α (pg/mL) 126.30 131.98 101.26 
IL-1β (pg/mL) <16 <16 <16 
IL-2 (pg/mL) <3.2 <3.2 <3.2 
IL-4 (pg/mL) <3.2 <3.2 <3.2 
IL-5 (pg/mL) 11.86 <3.2 <3.2 
IL-6 (pg/mL) <3.2 8.84 36.14 
IL-7 (pg/mL) <16 <16 <16 
IL-9 (pg/mL) 63.04 - 128.00 
IP-10 (pg/mL) 110.66 115.92 107.78 
MCP-1 (pg/mL) <16 <16 <16 
MIP-1α (pg/mL) 51.80 63.36 69.52 
MIP-1β (pg/mL) 43.88 68.30 86.52 
MIP-2 (pg/mL) <80 <80 <80 
MKC (pg/mL) 83.38 101.12 120.32 
RANTES (pg/mL) <16 <16 <16 
TNFα (pg/mL) <16 <16 <16 

 

B.4 Discussion 

The goal of this study was to evaluate the hemostatic efficacy of synthetic highly 

deformable platelet-like particles whose surface is functionalized with a fibrin hole b-specific 

peptide (FAMCYs) under both in vitro and in vivo clotting conditions. Previous designs of platelet-

like particles generated by our group have demonstrated the ability to stem bleeding and induce 
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clot retraction by binding fibrin fibers, spreading between bound fibers, and then collapsing 

inwards to induce clot retraction.143,159 These previous studies have established that fibrin-binding 

affinity and microgel deformability are critical design features for obtaining this unique particle-

mediated clot retraction feature. However, previous designs employed either a full-length antibody 

or a sdFv that respectively target the fibrin E domain or polymerized fibrin. Given the challenges 

of antibody biomanufacturing, fibrin-targeting peptides represent an attractive alternative to 

develop platelet mimetic particles with strong translation potential. Therefore, the present study 

focuses on the development of novel Fibrin-Affine Microgels with Clotting Yield (FAMCYs) 

capable of retaining the hemostatic function and clot contraction abilities of previous designs while 

utilizing a smaller and less potentially obstructive targeting motif. The ability of FAMCYs to 

induce clot retraction was assessed via analysis of in vitro clot structure; furthermore, the stability 

and hemostatic efficacy was evaluated in vivo by measuring bleeding times and total blood loss in 

mice treated with FAMCYs prior to undergoing a traumatic liver laceration injury. Overall, we 

observed significantly increased clot density in vitro and decrease bleeding in a rodent trauma 

model in vivo. These results indicate that surface functionalization of ULC microgels with peptides 

mimicking the knob B mimetic peptide of native fibrin (AHRPYAAK) to create FAMCYs confers 

upon the resultant FAMCYs the platelet-mimetic ability of mediating the binding of fibrin fibers 

of previous platelet-mimetic particle designs while utilizing a more affordable and translational 

design. 

These studies explored the interplay between FAMCY size, peptide particle density, and 

concentration with fibrin network density and stability. Our previous studies involving ULC 

microgels functionalized with anti-fibrin antibody or fibrin-binding sdFv demonstrated that the 

platelet-mimetic ability of these particles to increase fiber density is dependent on high particle 
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deformability, which allows the particles to spread extensively within the fibrin network and bind 

multiple fibrin fibers.143,159 The Brownian motion of the particles within the fibrin network leads 

to deformation of the network and increased local fiber density over time. It is therefore expected 

that increasing fibrin-particle interactions, either through increased particle size, peptide density 

or concentrations leads to an enhancement of these effects and increased fibrin density. Such 

relationships are expected because increased particle size is likely to increase the extent of the 

particle:fibrin interactions, as larger particles would geometrically occupy more space than smaller 

particles and would be able to bridge more fibrin fibers than smaller particles. Similarly, increased 

peptide density or increased particle concentration is expected to increase the number of 

peptide:fibrin interactions. Within the particle types explored, we indeed observed that larger 

particles were associated with increased fibrin network density. However, increasing peptide 

density by increasing the AAc content on the particles between 10-20% monomer concentration, 

did not result in large differences in fibrin network density. This result indicates that 10% AAc 

ULC particles likely result in a saturating peptide density (i.e., conjugation of all AAc binding 

sites to the knob B mimetic peptide) on the surface of the microgels. Evaluation of fiber density 

as a function of particle concentration performed using 1 µm particles with a 10% AAc content 

demonstrated a biphasic response in fibrin fiber density as a function of particle concentration, 

such that fiber density initially increased with increasing particle concentration but then decreased 

as particle concentration increases further. This biphasic relationship between particle 

concentration and fiber density is likely due to the nature of targeting fibrin B:b interactions. At 

low concentrations of knob B mimetic peptide, the particles bind hole b without inhibiting native 

fibrin polymerization. As knob B mimetic peptide surface density is increased, binding of hole b 

is likewise increased, thereby increasing the ability of FAMCYs to increase fibrin network density. 
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However, above a certain peptide concentration, the synthetic knob:hole interactions begin to 

compete for native knob B:hole b interactions to a degree that inhibits fibrin polymerization. These 

results indicate that particle composition and concentration should be carefully adjusted to ensure 

the delivery of a formulation that promotes enhanced fiber density. The enhanced clotting observed 

at the 2 mg/mL FAMCY concentration is reminiscent of the enhanced clotting observed with 

previous iterations of platelet-mimetic particles that utilized sdFvs as fibrin-binding motif;159 this 

indicates that the knob B mimetic peptide used in this design is a valid alternative to antibody 

ligands. 

Enhanced fibrin fiber density was found to correlate with enhanced clot stability, as 

determined via an endogenous fibrinolysis assay; clots formed from an optimal 2 mg/mL 

concentration of FAMCYs exhibited greater resistance to degradation via tPA and plasminogen 

than controls. This is reminiscent of the decreased susceptibility to fibrinolysis observed in clots 

that have undergone platelet-mediated clot retraction.135 Both the confocal microscopy and the 

fibrinolysis assay indicated that clots formed using FAMCYs concentrations above or below the 

optimal concentration did not show these same characteristics of clot retraction; this could have 

occurred due to either a lack of sufficient fibrin-binding for concentrations below the optimal 

concentration or an overabundance of particles at concentrations above the optimal concentration, 

which could have resulted in steric hindrance of FAMCY-induced microcollapses and limited the 

overall degree of clot retraction observed. These data, coupled with the increased clot density 

observed in the presence of 2 mg/mL FAMCYs, indicate that targeting fibrin using the knob B 

mimetic peptide affords platelet-mimetic particles with similar activity to that previously observed 

with antibody-decorated particles.159 Furthermore, while antibodies have a higher affinity for fibrin 

than the knob B mimetic peptides, our results indicate that high binding strength is nonetheless 



215 

achieved owing to multi-point FAMCY-fibrin interaction (i.e., particle avidity). Additional 

inclusion of native platelets into fibrin clots at a physiologically relevant concentration (2x108 

platelets/mL) resulted in curves of greater maximum turbidity and longer degradation times than 

clots containing non-targeting particles or FAMCYs. The incorporation of FAMCYs into clots 

increases clot stability and some aspects of clot polymerization and degradation kinetics relative 

to control particles (Figure A.13), including the integral of the clotting curve and time to half 

maximum turbidity; however, the FAMCY-induced improvements in clot stability and 

polymerization kinetics do not fully recapitulate the stability and improved kinetics achieved by 

native platelets upon incorporation into fibrin clots. 

The results of confocal microscopy and kinetic in vitro experiments indicate that the 

optimal formulation and concentration of 2 mg/mL 90:10 large FAMCYs were able to enhance 

clot network formation. Based on the results of these in vitro confocal and kinetic experiments and 

the experimentally determined values of peptide present on each FAMCY particle (Figure A.2), 

we have determined that 4.5 knob B mimetic peptides per hole b are the requisite threshold to 

observe enhanced clotting. 

In vivo analysis of FAMCY efficacy in treating bleeding after trauma again demonstrated 

a biphasic response wherein increasing particle dosing resulted in decreased total blood loss up to 

a particle dose of 15 mg/kg. Further increase in particle dosing to 50 mg/kg resulted in blood loss 

similar to that observed in control animals. This is likely due to an inhibition of clot formation 

above a certain particle concentration. Overall, these results indicate that FAMCYs are an effective 

alternative to previous antibody-based designs of PLPs; however, particle composition 

(size/peptide density) and dosing should be carefully adjusted to ensure the delivery of a 

formulation that promotes enhanced fiber density and decreases bleeding when applied in vivo. 
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The results obtained from the liver laceration study indicate that FAMCYs provide 

hemostatic functionality when applied within this prophylactic model of treatment; however, 

prophylaxis is uncommon for treatment in clinical hemorrhage cases. Instead, therapeutic 

hemostatic efficacy would be necessary in order to reduce overall blood loss. In order to determine 

the therapeutic efficacy of FAMCYs, we repeated the liver laceration model by injecting particles 

via the tail vein immediately following the induction of the liver injury in lieu of the 5 minute 

particle circulation time. Comparisons of bleeding over time and total blood loss demonstrated that 

no significant differences in hemostatic efficacy are observed when FAMCY are applied 

therapeutically vs. prophylactically (Figure B.18). 

 

Figure B.18 Therapeutic administration of FAMCYs in a murine liver laceration model results in 

hemostatic efficacy comparable to that observed upon prophylactic administration. A murine liver 

laceration model was used to model a traumatic injury, and FAMCYs (15 mg/kg) were injected 

either prior to the liver injury or immediately following the liver injury. No significant differences 

in bleeding over time or in total blood loss are observed when FAMCYs are applied after liver 

injury rather than prior to liver injury. Statistical analysis was performed using a one-way ANOVA 

with Tukey’s post hoc; graphs show mean ± standard deviation and all data points. n = 5 mice per 

group 
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To investigate the inflammatory response, we injected either FAMCYs in sterile saline (at 

15 and 50 mg/kg) or a saline control via tail vein within mice and allowed 1 hour of circulation 

prior to collecting blood. We then performed a mouse complement C5a ELISA on pooled plasma 

isolated from the collected blood. Due to the small blood volume available from a single mouse, 

blood samples were pooled from 3-4 mice per FAMCY dose to obtain a supply sufficient for CBC, 

coagulation, and inflammatory analysis. As a result, only a single measurement, consisting of one 

pooled blood sample, could be obtained for each treatment group in each of these measurements. 

This is a limitation of the animal model utilized in these studies, and the effects of FAMCY 

particles on complement activation and CBC/coagulation parameters will continue to be 

investigated in future. From the pooled data obtained in this study, we determined that mean levels 

of complement C5a in the blood in mice injected with FAMCY particles and exposed to 1 hour of 

circulation time were as follows: 8.34 ng/mL for mice receiving saline treatment, 8.27 ng/mL for 

mice receiving the optimal 15 mg/kg FAMCY dose, and 8.64 ng/mL for mice receiving a high 50 

mg/kg FAMCY dose (Table B.1). These data indicate that the particles are likely not reacting with 

the complement system in a manner similar to an immunogenic material such as bacteria. 

Differences in haptoglobin levels are present in these pooled samples; while high haptoglobin 

levels in the blood can be indicative of inflammation, other inflammatory markers such as white 

blood cell count and complement C5a levels do not appear to be markedly varied between these 

treatment groups. A serum cytokine panel was also utilized to investigate the immune response 

(Table B.2); however, some values were below the assay limit and are presented as such. Missing 

values in Tables B.1 and B.2 are not present due to insufficient blood volume, a limitation inherent 

to the murine model used in this work. As a result of these blood volume limitations, the reported 

results regarding side effects should be treated as preliminary; future work is needed to assess side 
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effects of FAMCYs in comparison to a positive control such as zymosan, and C5a levels will need 

to be assessed across a range of earlier time points (5- 30 minutes) in order to more fully understand 

the effects of FAMCYs on complement C5a levels.   Further investigation of the immune response 

to circulating FAMCYs will be conducted with additional animals and larger animal models, such 

as rat models, that will allow for more comprehensive examination of the effect of FAMCYs upon 

blood and coagulation parameters and the immune response. 

 

B.5 Conclusions and Broader Impact 

In this study, we demonstrated the development of novel hemostatic platelet-mimetic 

fibrin-targeting knob B particles (FAMCYs) that are capable of stemming bleeding and inducing 

clot contraction in vitro and in vivo.  These particles have achieved enhancement of the clot 

structure and stability in vitro and decrease in vivo blood loss, demonstrating true promise to serve 

as a hemostatic therapy in traumatic injury-related emergency medicine.  Future work will involve 

mechanical assessment of the clots in the presence FAMCY particles, including stiffness 

characterization, and in vitro safety assessment of the particles within models of endothelial cell 

proliferation, hemolysis, and thrombogenicity. 

 

 

 

 
 


