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Trauma leading to severe hemorrhage and shock on average kills patients within 3 to 6 hours after 

injury. With average prehospital transport times reaching 1-6 hours in low- to middle-income 

countries, stopping the bleeding and reversing hemorrhagic shock is vital. This thesis aims to 

develop a “Bridge to Blood” that combines PolySTAT, an intravenous hemostat that crosslinks 

fibrin at the wound site, with a Low Volume Resuscitant (LVR) designed to refill the vascular 

space after severe hemorrhage. For PolySTAT, the main goals of this work have been to continue 

its translation through the optimization of its water solubility and synthesis method (Chapter 2), 

to determine its safety and efficacy in large animal models (Chapter 3), and to understand 

mechanistically how PolySTAT affects coagulation (Chapter 4). All of these chapters support the 

clinical translation of PolySTAT and gather the data necessary for an Investigational New Drug 

Application with the FDA. For the LVR, the goal of this work was to show proof of concept of 

how to engineer polymer chemistry, structure, and architecture to provide the desired oncotic effect 

in vivo and to avoid disruption of coagulation in in vitro assays (Chapter 5). This chapter has set 

the foundation for the lab to engineer new LVRs and complete the “Bridge to Blood”. Chapter 6 

demonstrates how to leverage the flexible nature of the PolySTAT platform, and its ability to target 

fibrin networks in vivo, to target to and activate CAR T Cells in solid tumors as a potential 

treatment for cancer. The final chapter, Chapter 7, outlines future work to build on the PolySTAT 

and LVR platforms in hopes of overcoming challenges identified from the work completed in the 

previous chapters.  
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Chapter 1. ENGINEERED INTRAVENOUS THERAPIES FOR 

TRAUMA  

Trey J. Pichon, Nathan J. White, Suzie H. Pun 

 

Abstract: Trauma leading to severe hemorrhage and shock on average kills patients within 3 to 6 

hours after injury. With average prehospital transport times reaching 1-6 hours in low- to middle-

income countries, stopping the bleeding and reversing hemorrhagic shock is vital. First-generation 

intravenous hemostats rely on traditional drug delivery platforms, such as self-assembling systems, 

fabricated nanoparticles, and soluble polymers due to their active targeting, biodistribution, and 

safety. We discuss some challenges translating these therapies to patients, as very few have 

successfully made it through preclinical evaluation in large-animals, and none have translated to 

the clinic. Finally, we discuss the physiology of hemorrhagic shock, highlight a new low volume 

resuscitant (LVR) PEG-20k, and end with considerations for the rational design of LVRs. 

 

 

 

 

 

 

 

This work has resulted in a publication: Pichon et al. Current Opinion in Biomedical Engineering. 

(2023)  27:100456. 

1.1 INTRODUCTION 

Trauma was responsible for more than 4 million deaths worldwide in 2019, a total greater than 

tuberculosis, HIV, and malaria combined, with road injuries being the leading cause of death for 

people aged 5 to 49.1 The WHO estimates that 90% of trauma-related deaths occur in low- and 

middle-income countries, where average prehospital transport times can range from 1-6 hours.2,3 



 2

During trauma-related severe hemorrhage (>30% total blood loss), hypovolemia and 

hypoperfusion of organs can lead to hemorrhagic shock.4 The reduced oxygen supply leads to 

anaerobic respiration, and results in lactate and acidosis. The severe blood loss and shock result 

in trauma-induced coagulopathy (TIC) impairing the body’s ability to clot, and perpetuating the 

vicious cycle (Fig 1 below).5 Multiple randomized control trials (RCTs) indicate the vast 

majority of hemorrhage-related fatalities occur within 3 to 6 hours after injury.6,7 Damage control 

resuscitation prioritizes surgical control  to stop the bleeding, while simultaneously resuscitating 

to restore the intravascular space to reverse hemorrhagic shock in hopes of preventing TIC.8  

 

Figure 1. Vicious cycle of severe hemorrhage from trauma. Tissue damage and severe 

hemorrhage from trauma lead to hemorrhagic shock. All three of these result in trauma-induced 

coagulopathy (TIC) which leads to more hemorrhage. TIC is part of the triad of death where it is 

compounded by acidosis and hypothermia. 

 

 

This review focuses on synthetic intravenous hemostats and fluid resuscitants (as opposed to 

purified or isolated natural products), that leverage polymer chemistry, bioengineering, and drug 

delivery principles to treat hemorrhage and hemorrhagic shock in the prehospital setting. 

1.2 INTRAVENOUS HEMOSTATS 

Hemostasis is driven by a quiescent circulating system of fully soluble proteins (vWf, fibrinogen) 

and colloidal particles (platelets, erythrocytes) that can be rapidly activated by blood factors (FII, 

FX, etc.) to self-assemble into an insoluble heterogenous hemostatic plug to halt bleeding.9 
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Furthermore, this system undergoes platelet-driven mechanical contraction and compaction of the 

fibrin network to stabilize the plug and fully close the wound. In primary hemostasis, platelets 

form an initial plug at the wound site. The activated platelets release coagulation factors and 

provide a surface to initiate secondary hemostasis that results in the formation of a fibrin network 

that reinforces the clot on the backside of the vessel.  

 

 

Figure 2. Synthetic intravenous hemostats and low volume resuscitants. A) Nanoparticle 

systems recapitulate one or multiple characteristics of platelets - adhesion, aggregation, clot 

retraction, activation, and biophysical. B) Synthetic soluble polymer systems improve 

biodistribution (compared to nanoparticles), and target both primary and secondary hemostasis. C) 

Polypeptides self-assemble at the wound site to increase the mechanical strength of clots or disrupt 

native enzymatic activity. D) Low volume resuscitants consisting of PEG-20k act as both a cell 

impermeant and a traditional colloid which drives water from the intracellular space and interstitial 

space to the intravascular space. Figure 2A was modified from [24] by under the Creative 

Commons Attribution 4.0 International license. Figure 2C was modified from [33] under the 

Creative Commons CC BY-NC-ND 4.0 International License.  
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Traditional drug delivery platforms, such as self-assembling systems (e.g., liposomes, peptide 

amphiphiles), fabricated nanoparticles (e.g. polymer micelles), and soluble polymers (e.g. 

polymer-peptide conjugates) were used as the basis of most first-generation intravenous hemostats. 

The active targeting and pharmacokinetic properties of these systems promoted accumulation at 

the active site of bleeding. More recent intravenous hemostats capitalize on the modularity of the 

parent platforms to recapitulate biophysical aspects of hemostasis and deliver payloads that 

augment the hemostatic plug.  

1.2.1 Fabricated Nanoparticles (Polymer Micelles) 

Nanoparticle hemostats target primary hemostasis and mimic one or more properties of platelets – 

biophysical, aggregation, adhesion, clot retraction, and activation.10,11 The Lavik group reported 

400-500 nm particles consist of a degradable polyester core of poly(lactic-co-glycolic acid) 

(PLGA) or poly(lactic acid) (PLA) with poly(ethylene glycol) (PEG) arms functionalized with 

GRGDS peptides that bind to activated platelets and increase platelet aggregation. These particles 

increase survival in a lethal, non-coagulopathic rat blast trauma model (single bolus injection 

immediately after injury, dose = 5 mg/kg) and doses of 0.8 mg/kg, 2 mg/kg, and 3.3 mg/kg halt 

bleeding in a lethal, non-coagulopathic porcine grade III liver injury model (single bolus injection 

5 minutes after injury), while 6.6 mg/kg led to rapid exsanguination.12,13 The platform is flexible; 

the polyester core has been replaced with chitosan succinate14 or polyurethane nanocapusles that 

can be used for drug delivery.15 Additionally, Gkikas et al. attached the fluorescent dye DiD and 

gold particles to hemostatic PLGA-PEG nanoparticles to image internal bleeding with near-

infrared imaging, and X-ray computed tomography.16 Hong et al. evaluated PLGA-PEG-GRGDS 

particles of various sizes and reported that particle size affected targeting of platelets, lung 

accumulation, platelet adhesion, and survivability in a lethal, non-coagulopathic rat inferior vena 

cava puncture model (single bolus injection immediately after injury, dose = ~67 - 89 mg/kg).17  

 

The Barker group developed poly(N-isopropylacrylamide-co-acrylic acid) microgels decorated 

with fibrin-specific variable domain-like recognition motifs (sdFvs). Due to interactions between 

the soft microgels and polymerized fibrin network, the particles recapitulated platelet clot 

retraction by collapsing fibrin networks and increasing clot stiffness, which decreased bleeding 
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times in a lethal, non-coagulopathic rat femoral bleed  model (single bolus injection 5 min prior to 

injury, dose = 40 - 50 mg/kg).18,19 To decrease cost, the Brown group replaced the antibody 

fragments with peptides that mimic fibrin knob ‘B’ and targets fibrin hole ‘b’. These new “Fibrin-

Affine Microgels with Clotting Yield” showed similar activity to the 1st generation antibody 

particles and decreased bleeding in a non-coagulopathic mouse liver laceration model (single bolus 

injection 5 minutes prior to injury, dose = 5 - 50 mg/kg).20 Fibrin-targeted poly(N-

isopropylacrylamide) nanogels have been loaded with tissue-type plasminogen activator (tPA), for 

delivery of targeted therapeutics.21 

 

The Sen Gupta Group incorporates multiple peptide functionalities in their platelet-mimicking 

nanoparticles. SynthoPlateTM consists of 200 nm lipid vesicles with a PEG outer shell, decorated 

with three different peptides, vWF- and collagen-binding, and a fibrinogen mimic that binds active 

platelet integrin GPIIb-IIIa. SynthoPlateTM recapitulates both platelet adhesion and aggregation, 

improving “golden hour” survival in a lethal, non-coagulopathic porcine femoral artery traumatic 

bleed model (single bolus injection 1 minute after injury, dose = 1.7 x 1011 particles/kg).22–24  Their 

next-generation platelet-mimicking procoagulant nanoparticles (PPNs) recreate the procoagulant 

function of the platelet surface through diastearyol phosphatidylserine that is masked by plasmin-

cleavable PEG. The anionic phospholipid is cloaked in circulation but unmasked at the site of 

injury, creating a surface to bind blood factors and results in the upregulation of thrombin 

generation. The PPNs decrease bleeding in a lethal, thrombocytopenic mouse liver transection 

model (single bolus injection 20 minutes before injury, dose = 2 mg/kg) and decreased bleeding 

in a lethal rat liver transection model (single bolus injection immediately after injury, dose = 2 

mg/kg).25 Because the PPNs rely on thrombin generation that can be impaired in TIC, thrombin-

loaded injury-site-targeted lipid nanoparticles (t-TLNPs) that release thrombin at the wound site 

were also recently reported. The t-TLNPs decrease bleeding and reverse severe coagulopathy in 

both a mouse tail-clip model (thrombocytopenia and heparin, single bolus injection 15 minutes 

before injury, targeted thrombin dose = 0.031 mg/kg) and a mouse liver transection (heparin, single 

bolus injection immediately after injection, targeted thrombin dose = 0.031 mg/kg). 26 
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1.2.2 Synthetic Soluble Polymers 

In contrast to the nanoparticle systems discussed previously, unimeric peptide-polymer conjugates 

do not form supramolecular structures in solution. Unlike nanoparticles which are recognized and 

rapidly cleared by the reticuloendothelial system, soluble polymers offer a more desirable 

biodistribution for intravenous hemostat applications. We have previously reported PolySTAT, a 

soluble polymer displaying multiple fibrin-binding peptides, that physically crosslinks and 

reinforces the fibrin network that forms during secondary hemostasis. PolySTAT reduces bleeding 

and improves survival in a lethal, non-coagulopathic rat femoral bleed model (single bolus 

injection immediately after injury, dose = 15 mg/kg).27–29 Recently, using a similar concept, the 

Mitragotri group developed HAPPI (hemostatic agent via polymer peptide infusion), hyaluronic 

acid polymer with grafted collagen-binding and von Willebrand factor-binding peptides. Their 

system exhibited selective binding to activated platelets, promoted platelet accumulation in vitro, 

and improved survival time in a lethal, non-coagulopathic rat inferior vena cava traumatic puncture 

model (single bolus injection immediately after injury, dose = 12 mg/kg).30 

1.2.3 Polypeptides 

Lastly, polypeptides have been developed to target and bind hemostatic factors, with some 

designed to self-assemble into hierarchical structures. Kearney et al. screened libraries of scaffold 

proteins to identify fibrinogen-binding proteins, and further showed that the proteins delay 

plasmin-mediated breakdown of clots by interfering with plasminogen-fibrin binding.31  

Elastin-like polypeptides (ELPs) use a repeat pentapeptide (VPGXG) based off human tropoelastin 

that enables stimuli-responsive (pH, temp., light, salt) hydrophobic-driven collapse and 

aggregation in solution.32 Urosev et al. developed a recombinantly-produced 69 kDa hemostatic 

elastin-like polypeptide (hELP), that included an interspersed glutamine-based recognition 

sequence optimized for FXIIIa activity, and a lysine-donor block that enables hELPs to be 

covalently crosslinked into fibrin gels by FXIIIa. At physiologic temperature of 37 C, above the 

lower critical solution temperature of the ELP, the hydrophobic phase separation mechanically 

stiffened fibrin clots, and decreased clot porosity, which improved clotting kinetics and decreased 

fibrinolysis.33 The in vivo hemostatic efficacy of hELPs has not yet been reported.  
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Klein et al. developed a panel of tissue factor-targeting peptides attached to a generic peptide 

amphiphile (PA) sequence. When near each other, these 14-28 amino acids long (1.6-3.1 kDa) PAs 

self-assemble to form nanofibers of ~10-20 nm in diameter with lengths in the micrometer range. 

The best performing tissue factor-targeted PAs decreased blood loss by 35% - 59% compared to 

controls in a non-coagulopathic rat liver punch injury model (single bolus injection before injury, 

dose = ~5.6 – 7.1 mg/kg).34,35  

1.2.4 A Key Challenge to clinical translation. 

Pre-clinical synthetic injectable hemostatic agents have shown great promise in preclinical rodent 

models. However, significant challenges arise when moving to large animal models mainly due to 

a lack of models accurately reproducing human traumatic coagulopathy.36,37 Porcine models are a 

popular choice for trauma and resuscitation research and development given their larger size, blood 

volume, and similar cardiovascular system to humans.  However, swine have distinct differences 

compared to humans when considering their blood coagulation and pulmonary systems.  Pigs are 

hypercoagulable compared to humans and create very strong, robust blood clots with dense fibrin 

networks, that unlike humans, do not undergo significant fibrinolysis.38 Hemodilution can be used 

to create a dilutional coagulopathy; however, significant dilution is needed to make the clots 

hypocoagulable. Therefore, complex polytrauma with hemorrhagic shock alone is often 

insufficient to induce coagulopathy and hyperfibrinolysis like that seen with human traumatic 

coagulopathy.   

 

Pigs are also distinct from humans in that their lungs that are laden with pulmonary macrophages. 

When exposed to therapies in the form of nanoparticles and polymers, pigs tend to exhibit 

complement activation-related pseudoallergy (CARPA) that mimics anaphylaxis. CARPA is 

mediated by massive release of vasoactive substances by pulmonary macrophages, leading to 

leading to significant pulmonary vasoconstriction. The Lavik group has mitigated CARPA 

response to their synthetic platelets through optimization of infusion rate, concentration, charge, 

PEG molecular weight (MW) and density, and have also developed in vitro screening tools to 

predict a therapy’s likelihood of triggering CARPA.12,13,15,39 Formulations that did not activate 

complement in vitro also avoided complement activation in vivo. However, unexpectedly, hard 
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thrombi were observed in uninjured tissues of animals treated with both control and hemostatic 

nanoparticles, but not with saline, emphasizing the need for further safety studies with injected 

nanoparticles.40 To date, CARPA reactions to SynthoPlateTM have not been reported. In addition 

to reducing blood loss and prolonging acute survival in a lethal, non-coagulopathic porcine femoral 

artery traumatic bleed model, SynthoPlateTM has also been shown to be well-tolerated without 

clinically-relevant thromboembolic events after repeated dosing in healthy dogs where 

thrombocytopenia is common.24,41,42  However, due to the ethical constraints around clinical trials, 

the standard for demonstrating efficacy in preclinical trauma testing is high. The reader is 

encouraged to review a recent recommendation on end points for conducting trauma-related 

clinical trials.6,7 

1.3 RESUSCITATION FLUIDS 

1.3.1 Principles of Fluid Resuscitation 

Severe hemorrhage (>30% total blood loss or >1.5 L of blood) results in hemorrhagic shock that 

requires fluid resuscitation to reduce mortality. The body replaces this lost volume through 

transcapillary refill, an auto-resuscitative process whereby 500 to 1500 mL of fluid are transferred 

from the interstitial and intracellular spaces to refill the intravascular space (Figure 3A below 

shows a breakdown of water in the human body). The fluid is believed to mainly come from 

skeletal muscle, which accounts for ~40% of total body mass and contains ~5 L and ~15 L of 

interstitial and intracellular fluid, respectively.43 
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Figure 3. Principles of fluid resuscitation. A) Distribution of water between different 

compartments in the human body. B) Schematic of the Revised Starling principle that leads to 

fluid filtration across the capillary wall and three scenarios of filtration pressures (normal, transient 

capillary refill during severe hemorrhage, and reduced fluid filtration during shock). Figure 3A 

was modified from [78] by Lindsay M. Bigaet al. under the Creative Commons CC BY-SA 4.0 

International License. Figure 3B was modified from [46] by Neil Herring and David J. Paterson, 

Copyright 2018 and reproduced by permission of Taylor and Francis Group, LLC, a division of 

Informa plc. 

 

Water in the body is moved from compartment to compartment through the tight control of 

capillary walls and cell membranes. Since fluid resuscitants provide water, salts, and sometimes 

macromolecules, it is important to understand how the water and other constituents move across 

compartments. Volume kinetics applies pharmacokinetics fundamentals to analyze and simulate 

how the volume of intravenously administered fluids are distributed and eliminated in the body. 

The reader is directed to two excellent reviews that cover the application, math, and clinical 

implications.44,45 

In the body, fluid flows out of the capillary beds into the interstitial space, which then drains into 

the lymphatic system and is returned to the intravascular space. The inside of blood vessels 

(intraluminal) is composed of endothelial cells connected by tight junctions and adherens that 

prevent plasma proteins from passing between cells. The intraluminal surface of endothelial cells 

is covered in a negatively charged layer of glycoproteins known as the endothelial glycocalyx 

(GCX), a structure that is crucial to modulating immune recognition, coagulation, and 

inflammation at the surface of endothelial cells. The GCX also serves as a semipermeable, 

filtration barrier for plasma proteins that creates a near protein-free ultrafiltrate of fluid that passes 

between endothelial cells from vasculature to interstitium (Figure 3B above). 

The transport of fluid across the vessel wall was classically described by the Starling Equation 

which was updated after the development of the Michel-Weinbaum GCX model to the following: 

𝐽௏ = 𝐿௉𝑆[(∆𝑃௖ି௜) − 𝜎ௗ(𝐶𝑂𝑃)] =  𝐿௉𝑆[(𝑃௖ − 𝑃௜) − 𝜎ௗ(𝜋௉ − 𝜋ீ)] 

The fluid flux, JV, is dictated by two opposing forces, i) the difference between the intravascular 

pressure in the capillary bed (Pc) and the interstitial space (Pi), which pushes fluid out of the 
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capillary, and ii) the colloid osmotic pressure (COP), which is the difference between the plasma 

(πP) and the subglycocalyx space (πG) osmotic pressures, and drives water into the capillary. S is 

the capillary surface area, LP is the hydraulic conductance, or physically, the permeability of the 

vascular wall to water, and σd is the osmotic reflection coefficient, or physically, the permeability 

of the vascular wall to solutes.46–48   

During normal steady state, pressure drops along the length of the capillary bed and plasma-free 

fluid is constantly flowing across the capillaries into the interstitial space, with fluid flux 

decreasing from the arterial to the venous side due to reduced intravascular pressure.  

When severe hemorrhage occurs, blood pressure is reduced, coupled with arteriolar 

vasoconstriction and a decrease in precapillary resistance. Therefore, Pc is sharply decreased on 

the arterial side of capillaries. As a result, Pc is reduced below COP, leading to transient 

transcapillary refill that causes fluid to be reabsorbed into the intravascular space. Eventually, the 

revised Starling equation factors adjust and a steady state fluid flow outwards from the 

intravascular space to the interstitial returns (albeit at a much lower JV). Severe trauma is associated 

with sympathoadrenal activation, inflammation, and shedding of the endothelial glycocalyx and 

leaky capillary barriers, which significantly disrupts these finely tuned Starling forces.49 

1.3.2 Clinical Use of Resuscitation Fluids 

There have been many attempts to use non sanguineous resuscitation fluids, including crystalloids 

(normal saline, lactated ringers, hyperoncotic saline) or colloids (albumin, starches, dextrans, 

gelatin) for resuscitation of critical illness and injury. While these fluids can provide temporary 

intravascular volume expansion during resuscitation of shock, they have largely been replaced by 

blood products for use during hemorrhage due to their negative effects on blood coagulation and 

association with increased organ failure and mortality in trauma patients.50–53 However, new 

engineered colloids are in development that may provide new and interesting capabilities.  

 

1.3.3 PEG-20k as a Novel Low Volume Resuscitant 

A single low volume infusion (10% of estimated blood volume) of a concentrated, 10% w/v, 20 

kDa PEG (PEG 20k) solution has shown remarkable potential as a new fluid resuscitant.54 The 
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PEG-20k (also called a “low volume resuscitant” or LVR) acts both as a cell impermeant, drawing 

fluid out of the intracellular space and shrinking parenchymal and endothelial cells to alleviate 

compression of capillaries, and a traditional colloid increasing intravascular volume to reperfuse 

tisses.55 The LVR increases the tolerance of a patient’s organs to the low volume state of 

hemorrhagic shock, similar to organ preservation, improving a patient’s ability to cope with low 

blood pressure or the hypotensive state. To quantify the effect of a resuscitation fluid on the 

metabolic tolerance of animals to the low volume state, a metric known as “LVR time” is used. 

The LVR time reflects the duration of reduced lactate levels that is achieved after LVR 

administration.  

In a lethal, severe hemorrhagic shock rat model, where ~50 - 60% of total blood volume was 

removed, PEG-20k registered the maximum possible LVR time of 240 minutes, and fully rescued 

MAP back to baseline levels (single bolus infusion of 10% of estimated blood volume of 10% w/v 

PEG-20k, dose = ~625 mg/kg).56 In a preclinical porcine model of lethal hemorrhagic shock, PEG-

20k had superior survival rates (100%, n=6) at 24 hours compared to whole blood (16.7%, n=6) 

and Hextend (0%, n=5), all treatments were given via a single bolus infusion of 10% of estimated 

total blood volume.57 In a lethal, non-coagulopathic hybrid-model of controlled (tail bleed) and 

uncontrolled (splenic bleed) hemorrhage in rats, PEG-20k had an LVR time of 240 minutes (100% 

survival), and PEG-20k-treated rats did not show any signs of clot rupturing, even though their 

average MAP nearly returned to baseline after infusion.54 Additional mechanistic studies revealed 

that PEG-20k did not affect the extrinsic or intrinsic coagulation pathways, but did disrupt platelet-

fibrin(ogen) interactions leading to a mild thrombocytopenia.58–61 Measurements of capillary 

blood flow in rats during resuscitation showed PEG-20k increased blood flow from baseline much 

more than normal saline.55 To better understand the ratio of PEG-20k in the intravascular space 

versus the interstitial space, the  osmotic reflection coefficient (σd) was measured in rats and found 

to be 0.65, which means ~65% of the PEG molecules stay in the intravascular space while ~35% 

migrate to the interstitial space.62 This ratio may be key to the favorable action of PEG-20k by 

enabling an oncotic gradient moving fluid from cellular to interstitial and intravascular spaces, 

thus preventing cytotoxic cellular edema. Additional in vivo studies exploring the effect of MW 

demonstrated PEG-20k and PEG-40k had nearly identical efficacy in a lethal hemorrhagic shock 

rat model, whereas PEG-8k and PEG-100k, while still increasing the LVR time compared to the 
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saline control, did not perform as well.54 In a mouse biodistribution study, it was reported only 

~4% of radiolabeled PEG-20k remained in the mouse at 72 hours post injection.63 

 

1.3.4 Considerations for future polymer-based LVRs 

PEG-based LVRs have highlighted the potential of polymer engineering to open the door to new 

rationally designed low volume resuscitants. Reversible addition-fragmentation chain-transfer 

(RAFT) (Figure 4A), atom transfer radical polymerization (ATRP), and ring-opening metathesis 

polymerization (ROMP) are all controlled polymerization techniques frequently used in drug 

delivery.64,65 RAFT, ATRP, and ROMP allow the precise control of length (degree of 

polymerization and MW), composition (statistical or block copolymers, single-unit insertion), 

dispersity, architecture (linear, comb, radiant star, hyperbranched), degradability (enzymatic, 

hydrolytic, thermal), stimuli-responsive linkers, and end-group functionalization across a wide-

range of monomers (neutral, anionic, cationic, zwitterionic, peptides, DNA, sugars).66–72 The field 

of drug delivery has leveraged these techniques to create polymer vehicles (peptide conjugates, 

micelles) that can target, circulate, and release therapies to control biodistribution, 

pharmacokinetics, and degradation in the body (Figure 4B and 4C below).73,74  
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Figure 4. Overview of the flexibility of common drug delivery vehicles. A) RAFT allows 

for the precise control of MW even with complex block copolymers with multiple monomer types. 

B) Pros and cons of polymeric and lipid nanoparticle systems. C) Different targeting, biophysical, 

and architecture characteristics used in drug delivery systems. Figure 2A was reprinted from [63] 

by Nghia P. Truong et al., Copyright 2021 with permission from Copyright Clearance Center: 

Spring Nature. Figures 2B and 2C was reprinted from [73] by Michael J. Mitchell et al., Copyright 

2020 with permission from Copyright Clearance Center: Spring Nature. 

 

Appropriate tailoring of MW of polymers is crucial to balancing half-life, distribution to peripheral 

tissues, and excretion to control COP while minimizing tissue accumulation which could lead to 

unintended toxicity and/or tissue edema.75 A distribution study in mice with radio-labeled PEGs 

of MWs from 3k to 190k indicates circulation half-life increases an order of magnitude from PEG-

6k to PEG-20k, and another order of magnitude moving to PEG ≥ 50k, with clearance closely 

following an inverse relationship to half-life. The urinary clearance of PEG abruptly decreases 
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around ~30k, and liver accumulation increases with MW above a MW of 50k driven by Kupffer 

cell uptake. The authors concluded PEG-50k exhibited the longest half-life with low organ 

accumulation.63  

Although PEG-based LVRs have shown promise in preclinical testing, there have been recent 

instances of anaphylaxis from COVID-19 vaccines with PEG as the suspected culprit. Since 

osmotic pressure is a colligative property (proportional to the number of moles), other neutral, 

water-soluble polymers will all have similar osmolarities in solution. Poly(vinyl alcohol) for 

instance has similar biodistribution to PEG, and could potentially be used as an alternative.76 

Additionally, the clinical use of fluid resuscitation has revealed that the amount of administered 

water is important to avoiding tissue edema. Two ways to limit the amount of water administered, 

are i) to increase the concentration of LVR or ii) increase the osmotic potential of the polymer. 

Moving away from linear polymers to new architectures can help reduce solution viscosity and 

increase water holding capacity, which has been shown recently with hyperbranched polyglycerols 

(HPGs). HPGs have also shown increased biodistribution and improved blood compatibility 

compared to their linear counterparts of similar MWs.77,78 

To increase the osmotic potential, charged polymers (anionic, cationic, zwitterionic) can attract 

counter ions in solution through the Gibbs-Donan effect, resulting in a non-linear osmotic effect. 

This is displayed by albumin which has 17 negative charges at physiologic conditions.46 However, 

cationic polymers are known to bind to negatively charged surfaces (e.g. GCX) and show higher 

rates of hemolysis. Anionic polymers will be repelled by the GCX, unless appropriately sized, but 

show rapid kidney accumulation, and can act as a surface to activate FXII in the blood. Zwitterionic 

polymers display high blood compatibility, without any effect on blood coagulation, and can 

coordinate higher amounts of water compared to the glycerol units of PEG.77,79 Recently, Kumar 

et al. functionalized 6 kDa dextran with amine (N)-oxide-based zwitterionic groups 

(100DS1NOx). The incorporation of zwitterionic groups, doubled the osmolarity of dextran, and 

created a low-fouling colloid that decreased cell accumulation, showed no adverse effect on 

coagulation in vitro, and was rapidly cleared via renal filtration and hepatic circulation showing 

very little organ accumulation. In a lethal, severe hemorrhagic shock rat model 100DS1NOx 

increases survival time compared to commercial 6% hydroxyethyl starch (HES 130/0.4) and 
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performs similar to plasma (five bolus injections given five minutes apart, dose = 64 mg/kg per 

bolus [320 mg/kg total]).80  

1.4 CONCLUSIONS 

Prehospital care is vital to ensuring the patient makes it to the ER. In preclinical animal models, 

fully synthetic intravenous hemostats and LVRs directly treat TIC to stop bleeding and refill the 

vascular space to reverse hemorrhagic shock, respectively. First-generation therapies continue to 

highlight design constraints and needs, refine animal models, and elucidate biophysical aspects of 

clotting. We believe drug delivery platforms provide the design flexibility necessary to continue 

to innovate in the field of trauma care. 
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Chapter 2. OPTIMIZING THE POLYMER CHEMISTRY AND 

SYNTHESIS METHOD OF POLYSTAT, AN 

INJECTABLE HEMOSTAT  

Robert J. Lamm†, Trey J. Pichon†, Frederick Huyan, Xu Wang, Alexander N. Prossnitz, Karl T. 

Manner, Nathan J. White, Suzie H. Pun 
†Authors contributed equally to this work. 

 

Abstract:  There is a lack of prehospital hemostatic agents, especially for noncompressible 

hemorrhage. We previously reported PolySTAT, a unimeric, injectable hemostatic agent, that 

physically crosslinks fibrin to strengthen clots. In this work we sought to improve the water-

solubility and synthesis yield of PolySTAT to increase the likelihood of clinical translation, reduce 

cost, and facilitate future mass production. First, we focused on side-chain engineering of the 

carrier polymer backbone to improve water-solubilty. We found that substitution of the 2-

hydroxyethyl methacrylate (HEMA) monomer with glycerol monomethacrylate (GmMA) 

significantly improved the water-solubility of PolySTAT without compromising efficacy.  Both 

materials, increased clot firmness and decreased lysis as measured by rotational 

thromboelastometry (ROTEM). Additionally, we confirmed the in vivo activity of GmMA-based 

PolySTAT by improving rat survival in a femoral artery bleed model. Second, to reduce waste, we 

evaluated PolySTAT synthesis via direct polymerization of peptide monomers. Methacrylamide 

and methacrylate peptide-monomers were synthesized and polymerized via reversible addition-

fragmentation chain transfer (RAFT) polymerization. This approach markedly improved the yield 

of PolySTAT synthesis, while maintaining its biological activity in ROTEM. This work 

demonstrates the flexibility of PolySTAT to a variety of comonomers and synthetic routes and 

establishes direct RAFT polymerization of peptide monomers as a potential route of mass 

production. 
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2.1 INTRODUCTION 

When considering manufacturing of PolySTAT, FBP is the most expensive component of 

PolySTAT accounting for 90% of the cost. We previously reported that a minimum of 4 FBPs per 

polymer is required for in vitro and in vivo PolySTAT activity.20 In this work, we continue 

PolySTAT optimization to improve water-solubility and synthesis yield to increase the likelihood 

of clinical translation and future mass production. First, increased water-solubility is desirable for 

improved storage stability in liquid form and for achieving higher solution concentrations. The 
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latter might be needed for alternative administration routes where bioavailability is lower than 

intravenous administration for water-soluble polymers of similar molecular weight to 

PolySTAT.24 Either for use in the austere environments of a battlefield or for overcoming 

implementation barriers in Global Health applications, both storage stability and ease of 

administration are key needs. FBP has extremely limited aqueous solubility due to its large number 

of hydrophobic amino acids and requires a polymer carrier backbone to impart water-solubility to 

the system. HEMA is a material commonly used for its biocompatible nature. However, its 

solubility in water is low, reflected by the fact that it forms hydrogels with minimal cross-linking 

in water.25,26 To increase water-solubility, a side-chain engineering approach was used to explore 

alternative monomers to HEMA. Second, to address synthesis yield, our reported method of 

PolySTAT synthesis involves FBP peptide grafting to polymers containing activated esters, a 

process which requires anhydrous solvents for high yield. An alternative approach to generation 

of peptide polymers that we and others have published is direct copolymerization of peptide 

monomers.27,28  We sought to maintain the current structure of PolySTAT, while increasing water-

solubility and FBP incorporation efficiency. If high conversion can be achieved, high peptide-

loading efficiency can be obtained using the peptide monomer approach. The overall goal of this 

work is to evaluate the effect of the hydrophilicity of the polymer carrier backbone and peptide 

incorporation method on peptide conjugation efficiency, water-solubility, and in vitro and in vivo 

polymer activity. 

2.2 MATERIALS AND METHODS 

Materials 

2,2′-Azobis(2-methylpropionitrile) (AIBN), 4-cyanopentanoic acid dithiobenzoate (CTP), 2-

hydroxyethyl methacrylate (HEMA), glycidyl methacrylate (GMA) and all other reagents were 

purchased from Sigma-Aldrich (Saint Louis, MO) unless noted otherwise. 4-Cyano-4-

(ethylsulfanylthiocarbonyl) sulfanyl pentanoic acid (ECT) was a gift from Profs. Anthony 

Convertine and Patrick Stayton (University of Washington, Bioengineering), N-

hydroxysuccinimide methacrylate (NHSMA) was purchased from TCI America (Portland, OR). 

The fibrin binding peptide (FBP; Sequence: Ac-Y(DGl)C(HPr)YGLCYIQGK),29 developed by 

the Caravan group, as well as the scrambled peptide (Ac-YICGQ(DGl)AC(HPr)LYGK) were both 

purchased from two suppliers, GL Biochem (Shanghai, China) and Elim Biopharm (Hayward, 
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California), as custom orders. Human fibrinogen, thrombin, and plasmin were purchased from 

Enzyme Research Laboratories (South Bend, IN). 

 

Hydrolysis of glycidyl methacrylate to glycerol monomethacrylate 

Glycerol monomethacrylate (GmMA) was synthesized via hydrolysis of glycidyl methacrylate 

(GMA) as described previously for poly(GMA).30 GMA (11.4 mL) was added to DI water (68.6 

mL) at a mass ratio of 15% in a two-necked round bottom flask with one neck sealed and a vigreux 

column in the other. The mixture was sparged with air and stirred at 80 °C for 16 h. The solution 

was subsequently cooled, and sodium chloride added to a final concentration of 300 mg/mL. 

GmMA was extracted into an organic phase via 3x washes with 30 mL ethyl acetate. GmMA was 

isolated by removal of ethyl acetate via rotavap and stored at -20 °C. 

 

Synthesis of pHEMA and pGmMA 

pHEMA and pGmMA were synthesized via reversible addition-fragmentation chain transfer 

(RAFT) polymerization as described previously.19 Briefly, monomer (HEMA or GmMA) was 

combined with CTP and AIBN at 200:1:0.333 ratio in dimethylacetamide at a monomer 

concentration of 0.6 M. This mixture reacted for 24 h at 70 °C. pHEMA polymers were precipitated 

in diethyl ether, redissolved in dimethylacetamide, and precipitated again in diethyl ether. 

Precipitated polymer was collected by centrifugation at 7197 x g. pGmMA polymers were 

precipitated in diethyl ether followed by dissolution in dimethylsulfoxide and a second 

precipitation in acetone. pGmMA polymers were collected by the same method as the pHEMA 

polymers. Dithiobenzoate groups were removed via an end-capping reaction with 20x molar 

excess AIBN at 70 °C for 24 hours.  

 

Polymer characterization 

Polymers were characterized via gel permeation chromatography (GPC) in dimethylformamide 

with static light scattering and refractive index detectors (MiniDawn Treos and OptilabTRex, 

respectively, both from Wyatt Technology, Santa Barbara, CA) to determine molecular weight and 

dispersity index (PDI). 1H nuclear magnetic resonance (NMR) spectroscopy on a Bruker AV 300 

was utilized to determine conversion of the polymer prior to purification, and composition after 

purification. 



27 
 

 

Polymerization kinetics of p(HEMA-co-NHSMA) and p(GmMA-co-NHSMA) 

Backbone polymers were synthesized as described previously,19,20 with a 40:160:1:0.333 

NHSMA:comonomer:CTP:AIBN ratio. A large scale reaction was split into multiple reaction 

vessels and reactions were stopped at 2 h, 4 h, 8 h, 12 h, and 24 h. Samples (10 μL) of each reaction 

was combined with 700 µL of deuterated DMSO, and subsequently analyzed via NMR. Percent 

conversion was determined with NMR spectroscopy.  

 

Synthesis of PolySTAT via conjugation 

PolySTAT was synthesized as described previously.19,20 Backbones containing HEMA or GmMA 

copolymerized with NHSMA were synthesized as described above with a 40:160:1:0.333 

NHSMA:comonomer:CTP:AIBN ratio. Polymers were precipitated, end-capped, and 

characterized as described above. Polymers were conjugated to FBP via reaction of the C-terminal 

lysine in the peptide under organic basic conditions in DMSO at a varying ratios of peptide:NHS  

with N.N-diisopropylethylamine added at a 5:1 ratio base:peptide31 for 24 h at 50 °C, after which 

unreacted NHSMA groups were capped with 10x molar ratio of 1-amino-2-propanol. Peptide-

polymer conjugates were purified by extensive dialysis as follows. First, the product was dialyzed 

against phosphate-buffered saline (PBS) for 24 h (3 buffer changes, 4 L of buffer) during which a 

precipitate formed. Contents of the dialysis bag were collected and centrifuged at 4500 x g for 8 

min to remove insoluble material; the supernatant was collected and moved to a fresh dialysis bag. 

Dialysis continued for 24 h (3 buffer changes), followed by water for 48 h (6 dialysate changes) 

to remove PBS salts. Peptide content of materials was determined using the extinction coefficient 

of FBP and the materials’ absorbance at a wavelength of 280 nm using a NanoDrop 2000 UV-Vis 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA). For the alternative formulation 

“Diol-STAT”, a backbone containing HEMA copolymerized with NHSMA was synthesized with 

double the typical amount of NHSMA for an 80:120:1:0.333 NHSMA:comonomer:CTP:AIBN 

ratio. All the normal synthesis steps above were followed, except unreacted NHSMA groups were 

endcapped with 3-amino-1,2-propanediol. Normal purification and characterization as outlined 

above were followed. 

 

Solubility testing 
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Solubility of polymers was determined by the absorbance at a wavelength of 650 nm. Polymers 

were weighed out into a 96 well plate and water or PBS added at a final concentration of 100 

mg/mL. Immediately after addition of solvent, the plate was analyzed using a Tecan Infinite 

M1000 plate reader (Tecan, Männedorf, Switzerland) and measurements were taken every minute 

over 2 h. 

 

ROTEM Characterization of PolySTATs from various synthesis strategies 

ROTEM experiments consisted of 300 µL of clotting solution in a standard ROTEM cup placed 

in a ROTEM whole blood hemostasis analyzer (ROTEM, Instrumentation Laboratory, Bedford, 

MA, USA). The clotting solution consisted of human fibrinogen, thrombin, and plasmin that were 

purified from human plasma. All clotting factors were purchased from Enzyme Research 

Laboratories (South Bend, IN). Final concentrations in the ROTEM were 1.5-2 mg/mL fibrinogen, 

0.5-1 IU/mL thrombin, 2-4 μg/mL plasmin, 0.1 mmol/L CaCl2, and 5 μmol/L PolySTAT at pH 

7.4. Measured parameters in ROTEM included: (i) the clotting time (CT), measured as the time 

between reagent addition to clot formation; (ii) α-angle, which reflects the rate of clot formation, 

(iii) the maximum clot firmness (MCF), the highest strength observed for the clot, (iv) the lysis 

index-30 minutes (LI-30), the percentage of MCF retained 30 minutes after initiation of clot 

formation, and (v) maximum lysis (ML), the percentage of clot strength lost compared to the MCF 

at the end of analysis. 

 

PolySTAT evaluation in a rat femoral artery injury and fluid resuscitation model 

The rat femoral artery injury and fluid resuscitation model was performed as described 

previously.19,20 Using this model, active PolySTAT had demonstrated a proportional survival 

benefit of at least 0.6 when compared to an albumin oncotic control (80% survival vs. 20% survival 

respectively). This survival effect size was adequate to ensure 87% power to detect the difference 

in proportional survival with n = 5 in each experimental group, assuming a 0.15 null difference 

and with alpha = 0.05.  We expected a similar effect size in the current study, so the same number 

of rats (n = 5) per experimental group was used as in previous studies. Power analysis calculations 

were completed using the Sample Size and Power Analysis tool in JMP statistical software, version 

15.1.0. Animal experiments were carried out in accordance with protocols approved by the 

University of Washington Institutional Care and Use Committee. Briefly, male Sprague Dawley 
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rats (270g-370g) were randomized into one of four treatment groups (albumin, GmMA-STAT, 

HEMA-STAT, and HEMA-SCRAM). Rats were anesthetized by isoflurane then a ketamine-

xylazine cocktail injection in the hindlimb, followed by a tracheotomy for ventilation and 

isoflurane anesthesia. Both the jugular vein and carotid artery were cannulated. The carotid artery 

was used to monitor vitals (blood pressure and heart rate), perform a controlled catheter 

hemorrhage, and collect blood samples for blood gas measurements. The jugular vein was used 

for administration of resuscitation fluids and intravascular administration of the treatment groups.  

The femoral artery of the left hind limb was isolated and a proximal branch off the artery was 

ligated with a suture to prevent backflow of blood following injury. Surgical microclamps were 

placed both proximally (distal of the ligated branch) and distally along the artery. Baseline blood 

gas and metabolites were evaluated to ensure healthy baseline respiration and lactate levels (pCO2 

≤ 55 mmHg, sO2% ≥ 95%, cLac ≤ 1.0 mmol/L) prior to hemorrhage. After baselines were 

confirmed appropriate, a 3mm longitudinal incision was made with micro scissors in between the 

surgical clamps. The rat was then catheter hemorrhaged down to a mean arterial pressure (MAP) 

between 40-50 mmHg. Once achieved, the clamps were pulled, and free bleed (t = 0min) was 

initiated. Immediately, a blinded treatment was administered by the surgeon (dose = 15 mg/kg). 

All PolySTAT formulations were dissolved in PBS, then lyophilized. The treatment was 

reconstituted by the addition of water for injection to the lyophilized sample prior to 

administration. At regular intervals, blood was collected at the edges of the surgical site by pre-

weighed gauze. The surgeon was careful not to disturb the clot nor the femoral artery. After 15 

min of free bleeding (t = 15 min), fluid resuscitation was started at a rate of 3 mL/min per kg for a 

total volume up to 60 mL/kg. Resuscitation was stopped and restarted as needed to reach and 

maintain a blood pressure target of MAP = 60 mmHg. Protocol ended when official death was 

declared by the blinded surgeon or at t = 75 min, which was deemed survival. After the end of the 

protocol, final clot mass was added to the hemorrhage volumes of each rat. 

 

Synthesis of FBP-containing methacrylamide monomer, FBP-methacrylamide 

FBP-methacrylamide was synthesized via reaction of the C-terminal lysine in FBP with NHSMA 

under basic conditions in DMSO at a 1:2 ratio with N,N-diisopropylethylamine added at a 5:1 ratio 

base:peptide.31 This was reacted for 24 h at 50° C and subsequently precipitated in diethyl ether to 

remove unreacted NHSMA. Ninhydrin assay confirmed that amines were consumed. Molecular 
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weight was confirmed via MALDI-ToF (Bruker Autoflex Max, Billerica, Massachusetts). After a 

proof of concept synthesis, FBP-methacrylamide was subsequently ordered from GL Biochem 

(Shanghai, China) as a custom order.  

 

Synthesis of PolySTAT via FBP-methacrylamide 

To first determine optimum chain transfer agent (CTA) and CTA:intitiator ratio, a degree of 

polymerization of 200 was targeted by combining 2-hydroypropyl methacrylate (HPMA) and 

CTA, either ECT or CTP, at a 200:1 ratio in dimethyl sulfoxide (DMSO) and adding AIBN at 

varying amounts. These mixtures were allowed to react under argon for 24 h at 70 °C. The desired 

product was purified from unreacted monomer by 2x precipitation in acetone, with DMSO as the 

intermediate solvent. Precipitated polymer was collected by centrifugation at 4500 x g. 

Dithiobenzoate and trithiocarbonate groups were removed via an end capping reaction with 20x 

molar excess AIBN at 70 °C for 24 hours. Polymers were characterized as described above. 

FBPMA-containing copolymers were synthesized as above, but with a target composition of 8% 

FBPMA by combining FBPMA and HPMA at a ratio of 16:184:1:0.333 

FBPMA:HPMA:CTP:AIBN. 

 

Synthesis of FBP-containing methacrylate monomer, FBP-methacrylate 

NHS-activated mono-2-(methacryloyloxy)ethyl succinate (NHS-SMA) as described previously.32 

FBP-methacrylate was synthesized via reaction of the C-terminal lysine in FBP with NHS-SMA 

under organic basic conditions in DMSO at a 1:2 ratio with base added at a 5:1 ratio base:peptide.31 

A common reaction contained 176 mg FBP (100 mg/mL) dissolved in DMSO, 67 mg NHS-SMA, 

94 µL N,N-diisopropylethylamine. This was reacted for 24 h at 50° C and subsequently 

precipitated in diethyl ether to remove unreacted NHS-SMA. Reaction progress was monitored by 

the ninhydrin test33 for unreacted amines. 

 

Synthesis of PolySTAT via FBP-methacrylate 

Copolymers containing FBP-methacrylate were synthesized similarly to pHEMA and pGmMA. A 

composition of 5% FBP-methacrylate was targeted by combining FBP-methacrylate and HEMA 

or GmMA at a ratio of 10:190:1:0.333 FBP-methacrylate:comonomer:CTP:AIBN. Polymers were 

precipitated, end-capped, and characterized as above. 
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2.3 RESULTS AND DISCUSSION  

A. Comonomer Evaluation: HEMA vs. GmMA 

We first explored alternative comonomers to HEMA that might increase PolySTAT solubility 

without compromising efficacy or safety. We decided to focus on uncharged monomers to 

decrease the likelihood of non-specific binding and thromboembolic complications. Cationic 

polymers not only bind to anionic proteins in the ECM and the negatively charged cell surfaces of 

erythrocytes through electrostatic interactions but are cleared quickly and can be toxic.34–36 

Anionic polymers are recognized by scavenger receptors of the innate immune system and are also 

retained in the kidney.37,38 Additionally, we focused on side-chain engineering instead of the 

incorporation of a hydrophilic polymer block to prevent unintentional macromolecular assembly 

or water-shielding.39 Glycerol monomethacrylate (GmMA) has been used in drug delivery systems 

and has the same methacrylate backbone as HEMA, but has a 1,2 vicinal diol instead of a single 

hydroxyl group and is therefore more hydrophilic.30,40,41 The synthetic strategy for preparing 

GmMA and HEMA-based PolySTAT is shown in Figure 1. 

Figure 1. Overview of strategy for peptide-grafted polymers. Reversible addition-

fragmentation chain-transfer polymerization (RAFT) was used to prepare copolymers p(HEMA-

co-NHSMA) and p(GmMA-co-NHSMA); n = ~160-190, m = ~30-40. PolySTAT was obtained 

from these polymer precursors by reacting the primary amine of the terminal lysine of a fibrin-

binding peptide (FBP) with the activated ester of NHSMA.  

 

Polymerization kinetics of p(HEMA-co-NHSMA) and p(GmMA-co-NHSMA) for peptide-grafted 

polymers 
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The kinetics for copolymerization of HEMA or GmMA with NHSMA were determined by 1H 

NMR (Figures S1-S4). Copolymers containing NHSMA and either HEMA or GmMA were 

polymerized to > 80% conversion, using a CTA:I ratio of 3:1, by 24 hours. For both copolymers, 

degrees of polymerization of 200 were targeted, along with 20% NHSMA content. p(GmMA-co-

NHSMA) and p(HEMA-co-NHSMA) displayed similar conversions over the course of the 24 hour 

copolymerization when percent conversion was averaged between NHSMA and the respective 

comonomer (Figure 2A). The ratio of NHMSA to comonomer incorporation in the polymer was 

determined by 1H NMR  (Figure 2B). In general, NHSMA polymerizes faster compared to the 

comonomer (GmMA or HEMA). The higher rate of NHSMA incorporation results in a gradient 

copolymer, where NHSMA content is higher at the beginning of the copolymer chain, then 

decreases along the length as NHSMA is consumed.  

 

Figure 2. Polymerization kinetics of p(GmMA-co-NHSMA) and p(HEMA-co-NHSMA). A) 

Percent conversion over time of p(GmMA-co-NHSMA) (black circles) and p(HEMA-co-

NHSMA) (grey, hollow triangles). B) Ratio of the percent conversion of NHSMA to the percent 

conversion of the comonomer (GmMA or HEMA). The dotted line indicates when the ratio is 1, 

or the percent conversions for NHSMA and the comonomer are equal.  

Although the polymerization kinetics are similar, it was observed that p(GmMA-co-NHSMA) 

crosslinks in the solid-state at room temperature. After 24hrs, an increase in high molecular weight 

species can be observed by GPC (Figure S5). Additionally, after an extended period (> 1 month) 

the material will form a swollen, insoluble hydrogel. Thus, the peptide conjugation step is time-

sensitive. There is no evidence of solid-state, room temperature crosslinking with p(HEMA-co-

NHSMA) when evaluated by GPC.  



33 
 

Conjugation of FBP to p(GmMA-co-NHSMA) is a highly efficient reaction with nearly 100% 

conjugation in some cases. Similar conjugation efficiencies for both HEMA- and GmMA-based 

polymers were observed (Figure S6A). Additionally, the ability to control valency with molar feed 

of FBP in the conjugation step was observed for GmMA-STAT, which was previously observed20 

for HEMA-STAT (Figure S6B). By varying the FBP to p(GmMA-co-NHSMA) ratio during 

peptide grafting, GmMA-based PolySTAT with valencies from 5-15 FBP per backbone were 

prepared for this study, while a minimum of 1 and up to a maximum of 36 FBP per backbone for 

GmMA-STAT have been achieved.   

 

Solubility of pHEMA, pGmMA, p(HEMA-co-FBP) and p(GmMA-co-FBP) 

Turbidity, assessed by absorbance at 650 nm, was used to quantify the solubility of homopolymers 

in phosphate buffered saline (PBS) and water.42 Homopolymers of HEMA and GmMA showed a 

large difference in solubility; after 40 minutes absorbance was greater than 0.4 arbitrary units for 

HEMA polymers in both aqueous solvents, whereas pGmMA absorbance was less than 0.2 

arbitrary units by 20 minutes in both solvents (Figures 3A, 3B). This difference was decreased for 

peptide-conjugated polymers (Figure 3C). However, there was a statistically significant difference 

in absorbance between HEMA-based PolySTAT and GmMA-based PolySTAT (p < 0.001), with 

valencies of 6 and 8 FBP/backbone, respectively. The difference between GmMA-based 

PolySTAT and pure PBS was also significant (p < 0.01). 

Figure 3. Solubility of HEMA and GmMA polymers. Absorbance measurements at a 

wavelength of 650 nm were taken to quantify polymer-solubility in water and pH 7.4 PBS. A) 

Solubility kinetics of pHEMA and pGmMA homopolymers over 2 hours in PBS. The solvent only 

baseline measurement points are below the GmMA points. B) Solubility kinetics of pHEMA and 

pGmMA homopolymers over 2 hours in DI water. C) Absorbance at 650 nm for GmMA-STAT 
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(valency = 6 pep/backbone) and HEMA-STAT (valency = 8 pep/backbone) after 1 h in water. The 

background control consisted of a volume control of PBS in water. Differences determined by one-

way ANOVA with Tukey Post-Hoc (*, p < 0.01; **, p < 0.001). The solubility studies were 

performed in triplicate with the samples taken from a single batch of homopolymers and 

PolySTAT for each respective backbone. Table S1 provides overview of materials. 

 

ROTEM Characterization of GmMA-based PolySTAT synthesized via FBP conjugation 

ROTEM was used to compare the effect of GmMA-STAT and HEMA-STAT on clot mechanics. 

GmMA-STAT with valencies of 10 and 15 FBP/backbone and HEMA-STAT with valencies of 7 

and 10 FBP/backbone were evaluated. Previously, we reported that a minimum FBP valency of 4 

is needed to confer activity to PolySTAT.20 Figure 4A shows typical ROTEM traces across the 

PBS volume control and all valencies for PolySTAT with both backbones. GmMA-based 

PolySTAT increased clot firmness and decreased clot lysis (Figure 4B-E) similarly to HEMA-

based PolySTAT.  

 

Figure 4. ROTEM characterization of GmMA-based PolySTAT synthesized via FBP 

conjugation. Across all ROTEM data GmMA-STAT with valencies of 10 (n = 9) and 15 (n = 5) 

FBP/backbone and HEMA-STAT with valencies of 7 (n = 3) and 10 (n = 11) FBP/backbone were 

evaluated.  A) Typical ROTEM traces for PBS volume control, GmMA-STAT, and HEMA-STAT 

at a final concentration of 5μM, regardless of PolySTAT valency. B-E) A comparison of the 

following ROTEM parameters: α-angle, maximum clot firmness, lysis index at 30 minutes, and 
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maximum lysis for a PBS volume control (n = 16), GmMA-STAT (n = 14), and HEMA-STAT (n 

= 14). For each plot, the mean diamonds display the 95% confidence interval. A one-way ANOVA 

was used to compare the treatments with comparisons for all pairs using Tukey-Kramer HSD with 

α = 0.05. The Tukey HSD comparison circles are shown to display differences between the 

treatment groups. The clotting solution only consisted of the following factors purified from 

human plasma - fibrinogen, thrombin, and plasmin. 

For all ROTEM parameters, GmMA-STAT displayed statistically significant (p < 0.0001) 

differences compared to the PBS volume control. Similarly, HEMA-STAT showed statistically 

significant differences across all ROTEM parameters (α-angle p = 0.0456, MCF p = 0.0012, LI-

30 p < 0.0001, ML p < 0.0001). Across all ROTEM parameters there was no statistically significant 

difference between GmMA-STAT and HEMA-STAT. Therefore, HEMA-STAT and GmMA-

STAT displayed similar activity in ROTEM across a range of FBP valencies. 

 

In vivo performance of PolySTATs in femoral artery injury and fluid resuscitation model 

We evaluated GmMA-based PolySTAT in a rat femoral artery injury model (Figure 5A) to confirm 

that the activity in ROTEM translated to in vivo efficacy. We have found this controlled model 

serves as a reliable test method for quality control. We use it to confirm activity and to compare 

formulations of PolySTAT. The rats’ bleed profiles, response to resuscitation, and survival rates 

were used to compare GmMA-STAT to HEMA-STAT. Previous work demonstrated adequate 

power to reliably detect differences in proportional survival with n = 5 per group. Rats underwent 

a controlled catheter hemorrhage to normalize the initial blood pressure, followed by removal of 

the microclamps to initiate free bleeding and administration of the blinded treatment. After 15 

minutes of free bleeding, fluid resuscitation was initiated with a 0.9% saline infusion.  
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Figure 5. In vivo evaluation of PolySTAT with different backbones in a rat traumatic injury 

model. A) Timeline of rat femoral artery injury and fluid resuscitation model. B) Kaplan-Meier 

survival curve over the 75-min experiment (n = 5 per condition) for HEMA-STAT, HEMA-

SCRAM, GmMA-STAT, and the oncotic control albumin. Both GmMA-STAT (green line) and 

HEMA-STAT (black line) showed the same statistically significant increase in survival (p = 

0.0342) compared to albumin. P-values were determined by log-rank Mantel-Cox test with 

comparisons against the albumin control. C) Cumulative hemorrhage volumes for individual rats 

for each treatment condition. Table S1 provides overview of materials. 

 

PolySTATs with average valencies of 8 FBP for both GmMA and HEMA backbones, were found 

to have similar efficacy in vivo (Figure 5B). Both PolySTAT formulations displayed significantly 

improved survival (p = 0.0342) over the oncotic control (albumin). In addition, both formulations 

trend towards improved survival (p = 0.1268) compared to the scrambled peptide control (valency 

= 11) with the HEMA backbone (HEMA-SCRAM), which has been observed previously.19 The 

hemorrhage volumes for rats administered GmMA-STAT and HEMA-STAT displayed similar 

trends as well (Figure 5C), showing similar plateaus in hemorrhage volumes as in previous 

studies.19,20 The plateaus are indicative of a decreased likelihood of rebleeding to occur during 

resuscitation. It should be noted that both PolySTAT formulations had a death prior to 

resuscitation. When the distribution of bleed intensities is evaluated for all the rats in this study, a 

normal distribution is observed (Figure S7). The rats for these respective deaths displayed the 

highest bleed intensities (upper 95%) for the entire study, suggesting that early deaths can 

sporadically occur at these abnormally high bleed intensities irrespective of the treatment. This 
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and our previous studies have shown strong indication that ROTEM characterization of clot 

strength is predictive of outcome in our rat model of traumatic injury and fluid resuscitation.19,20 

Additionally, a third backbone was evaluated in vitro and in vivo (Figure S8 and S9). This 

formulation referred to as Diol-STAT, used a HEMA-NHSMA backbone but with double the 

amount of NHS (~40%). After conjugation of FBP, remaining NHS groups were endcapped with 

3-amino-1,2-propanediol to increase hydrophilicity by adding an extra hydroxyl group. This 

backbone had similar performance to HEMA and GmMA, further supporting the robust nature of 

PolySTAT’s activity against changes in backbone solubility. Lai et al., has shown that modulating 

the hydrophobicity and lower critical solution temperature of polyacrylates and polyacrylamides 

directly affected the lateral aggregation rate of fibrin protofibrils during clot formation which 

ultimately led in some cases to significantly weaker clots, increased lysis, and disrupted platelet 

binding.43,44 Similarly, it is hypothesized that FBP interacts with staggered fibrin monomers in 

protofibrils similar to αC interactions that stabilize lateral aggregations in fibrin polymerization.20 

Although the move from HEMA-STAT to GmMA-STAT did result in increased water-solubility 

imparted by a more hydrophilic backbone, the in vitro and in vivo results do not indicate a 

difference in PolySTAT activity. GmMA-STAT, synthesized with post conjugation of the FBP 

peptide, displayed improved survival in vivo compared to controls with similar hemorrhage 

volumes and efficacy to the original formulation of PolySTAT with the HEMA backbone.  

 

B. Peptide Monomer Copolymerization Synthesis 

Our group was one of the first to show that RAFT polymerization could be used to polymerize 

peptide monomers with well-defined composition and molecular weight.27,28 We sought to 

maintain the current structure of PolySTAT (distribution of FBP, DP = 200, low-dispersity) from 

the conjugation method, while increasing water-solubility and FBP incorporation efficiency. If 

high conversion can be achieved, high peptide-loading efficiency can be obtained using the peptide 

monomer approach.  

We considered several factors in peptide monomer copolymerization: (i) monomer type, (ii) 

solvent, and (iii) chain transfer agent. Methacrylamides and methacrylates have different 

polymerization kinetics. Copolymers comprising methacrylamides and methacrylates are difficult 

to control during polymerization; the monomers prefer to homopolymerize, so copolymers 

between the two monomer types are difficult to obtain without significant gradients.45 Another 
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challenge in direct peptide monomer copolymerization is the restricted solubility of FBP 

monomers. FBP is converted to a peptide monomer by reaction of the free amine of the terminal 

lysine in FBP, which increases the hydrophobicity of FBP. For chain transfer agent choice, we 

evaluated trithiocarbonate (ECT) in comparison to the dithiobenzoate (CTP) typically used in 

PolySTAT synthesis. From previous experience, these CTAs work well with both methacrylates 

and methacrylamides. ECT has a lower transfer constant compared to CTP, and the use of both 

would allow us to tune our polymerizations.46 Altogether, we optimized direct peptide monomer 

copolymerization around the following parameters: comonomer (methacrylate vs. 

methacrylamide), chain transfer agent (dithiobenzoate vs. trithiocarbonate), solvent, and CTA:I 

ratio in the two synthetic strategies shown in Figure 6.  

 

 

Figure 6. Overview of synthetic strategy for peptide-monomer copolymerization. A) . FBP-

methacrylamide synthesized by reacting the primary amine of the terminal lysine of FBP with N-

hydroxysuccinimide methacrylate (NHSMA), was copolymerized via RAFT with HPMA and 

HEMA. B) FBP-methacrylate synthesized by reacting the primary amine of the terminal lysine of 

FBP with NHS-activated mono-2-(methacryloyloxy)ethyl succinate (NHS-SMA) was 

copolymerized via RAFT with HEMA and GmMA.  
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FBP-methacrylamide Polymer Synthesis 

The methacrylamide monomer HPMA was selected as the comonomer for polymerization with 

FBP-methacrylamide. Similar to GmMA, HPMA is  a biocompatible, neutrally-charged, and 

water-soluble polymer used in drug delivery systems.28,47,48 FBP-methacrylamide monomers were 

synthesized by reacting the C-terminal lysine of FBP with N-hydroxysuccinimide methacrylate, 

with HPLC purification and characterization by MALDI-ToF (Figure S10).  HPMA 

homopolymers showed greatest conversion with ECT as the chain transfer agent (CTA); however, 

low CTA:initiator ratios were necessary to achieve > 80% conversion. Conversion using CTP as 

the CTA could be increased with 48 hour polymerizations, but there are concerns of control due 

to increased opportunities for termination events.  

 

Figure 7. Polymer conversion at different CTA:initiator ratios of FBP-methacrylamide in 

organic solvents. Kinetics measurement were taken by proton NMR spectroscopy for FBP-

methacrylamide polymerizations with HPMA p(HPMA-co-FBPMA). Polymerizations were 

performed in DMSO for optimal FBP solubility.  

 

In addition to this, poor control of homopolymers at the necessary CTA:I ratios suggest this is not 

the ideal synthesis route (Table S2). Even with the poor control, the HPMA-co-FBPMA was still 

active by ROTEM (Figure S11). 

 

FBP-methacrylate Polymer Synthesis 
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FBP-methacrylate was synthesized by reacting the C-terminal lysine of FBP with NHS-activated 

mono-2-(methacryloyloxy)ethyl succinate (NHS-SMA) with characterization by MALDI-ToF 

(Figure S12) and NMR (Figure S13) to confirm presence of vinyl peaks. Copolymers of HEMA 

and FBP-methacrylate resulted in polymers poorly soluble in DMSO. Copolymers of GmMA and 

FBP-methacrylate were synthesized successfully. These reactions achieved > 90% conversion by 

NMR with 4.6 peptides per polymer achieved from a target of 5 determined by UV-Vis. MW by 

MALDI-ToF shows a median m/z of 43,821 (Figure S14). Thus, copolymerization of GmMA with 

FBP-methacrylate is a promising approach for large-scale synthesis of PolySTAT. However, under 

our current conditions, recovery of the peptide monomer is only 60% after purification. Further 

optimization of this copolymerization strategy, especially in the peptide monomer purification 

step, may make this the best option in the future. This strategy removes the need for anhydrous 

solvents, simplifies purification post-polymerization, and does not have the 

transesterification/cross-linking issue of p(GmMA-co-NHSMA).   

2.4 CONCLUSIONS 

We demonstrate in this work that PolySTAT activity is robust to varied comonomers and synthesis 

strategies. This allows us to focus on synthetic efficiency and ease. GmMA maintains peptide 

conjugation efficiency compared to HEMA while improving the solubility of PolySTAT. There is 

no difference in performance when evaluated by ROTEM nor in vivo. Peptide monomers can be 

copolymerized with high conversion by RAFT polymerization but due to the need for monomer 

purification, there is no improvement of peptide incorporation efficiency. However, this method 

remains a viable route of mass production by avoiding anhydrous solvents during the 

polymerization and the crosslinking issue with p(GmMA-NHSMA), along with simplifying 

purification post-polymerization. Future work will continue to support the translation of the 

GmMA-formulation of PolySTAT and continue to evaluate it against the user needs for a 

prehospital systemic hemostatic agent. Future studies powered to hemorrhage volume or survival 

are required to demonstrate significant differences between GmMA-STAT and other bleeding 

therapies. GmMA-STAT will need to be evaluated in a trauma-induced coagulopathic bleed model 

that recapitulates the fibrin dysfunction observed in the clinic. Additionally, the ease of filtration 

for sterilization and the maximum-achievable concentration in solution will be benchmarked for 

GmMA-STAT to understand the benefit of the increased water-solubility. 
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2.6 ABBREVIATIONS 

HEMA, 2-hydroxyethyl methacrylate; GmMA, glycerol monomethacrylate; ROTEM, rotational 

thromboelastometry; RAFT, reversible addition-fragmentation chain transfer; YLL, years of life 

lost; LMICs, low- and middle- income countries; TCCC, Tactical Combat Casualty Care; TXA, 

Tranexamic acid; pHEMA, poly(hydroxyethyl methacrylate); FBP, fibrin-binding peptide; rVIIa, 

recombinant factor VIIa; AIBN, 2,2′-azobis(2-methylpropionitrile); CTP, 4-cyanopentanoic acid 

dithiobenzoate; GMA, glycidyl methacrylate; ECT, 4-cyano-4-(ethylsulfanylthiocarbonyl) 

sulfanyl pentanoic acid; NHSMA, N-hydroxysuccinimide methacrylate; GPC, gel permeation 

chromatography; PDI, polydispersity index; NMR, nuclear magnetic resonance; PBS, phosphate-

buffered saline; CTA, chain transfer agent; DMSO, dimethyl sulfoxide; NHS-SMA, NHS-

activated mono-2-(methacryloyloxy)ethyl succinate; CT, clotting time; MCF, maximum clot 

firmness; LI-30, lysis index-30 minutes; ML, maximum lysis; GmMA-STAT, PolySTAT with 

GmMA backbone; HEMA-STAT, PolySTAT with HEMA backbone; HEMA-SCRAM, 

PolySTAT with scrambled peptide and HEMA backbone; MAP, mean arterial pressure; p(HPMA-

co-FBPMA), PolySTAT with HPMA backbone synthesized with FBP-methacrylamide peptide 

monomer. 
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2.8 SUPPORTING INFORMATION 

 

Figure S1. Proton NMR spectroscopy of p(GmMA-co-NHSMA) in DMSO-d6 used to 

determine polymerization kinetics. 
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Figure S2. Proton NMR spectroscopy of p(HEMA-co-NHSMA) in DMSO-d6 used to 

determine polymerization kinetics. 
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Figure S3. Proton NMR spectroscopy of p(GmMA-co-NHSMA) in DMSO-d6. NMR taken 

after precipitation in acetone from DMSO.  
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Figure S4. Proton NMR spectroscopy of p(HEMA-co-NHSMA) in DMSO-d6. NMR taken 

after precipitation in diethyl ether from DMAc. 

 

Table S1. Overview of polymer characterization for materials used in Figures 3 and 5. 

 

  

Sample Backbone Dispersity
NHSMA 

Content (%)
Pep/backbone

Backbone 
Theoretical MW 

(g/mol)

Theoretical MW 
with peptide 

(g/mol)

Backbone MW 
(g/mol)

Theoretical MW 
with peptide 

(g/mol)
Source - GPC NMR UV-Vis NMR NMR + UV-Vis GPC GPC + UV-Vis

p(HEMA) N/A 1.265 N/A N/A 26,030 N/A 28,630 N/A
p(GmMA) N/A 1.062 N/A N/A 32,030 N/A 29,100 N/A

GmMA-STAT p(GmMA-co-NHSMA) 1.158 18.4 8 29,660 42,680 25,870 38,890
HEMA-STAT p(HEMA-co-NHSMA) 1.151 18 8 25,070 38,090 25,490 38,510

HEMA-SCRAM p(HEMA-co-NHSMA) 1.151 18 11 25,070 41,570 25,490 41,990
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Figure S5. GPC traces showing crosslinking of p(GmMA-NHSMA) over time. A) Batch of 

p(GmMA-NHSMA) stored at RT under vacuum for different time points. B) Comparison of two-

month-old p(GmMA) (DP = 200) and two-month-old p(HEMA-co-NHSMA) with t = 0 p(GmMA-

NHSMA). 

 

 

Figure S6. Comparison of synthetic efficiency. A) Percent of the FBP incorporated in polymers, 

determined after purification and  lyophilization of GmMA-STAT and HEMA-STAT. B) The 

linear relationship between valency or FBP per polymer as a function of the molar feed of FBP. 
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Figure S7. Distribution of the pre-resuscitation bleed intensities for the animal study. All 

early deaths occurred in the > 95% quantiles. The bleed intensities are normally distributed as 

indicated by the skewness, kurtosis, and agreement between the mean and median. 

 

 

Figure S8. ROTEM characterization of Diol-based PolySTAT synthesized via FBP 

conjugation. Diol-STAT with valencies of 10 (n = 7) and 15 (n = 5) FBP/backbone were evaluated 

across all ROTEM data. These were evaluated in the same experiments as shown in the main text. 

For all ROTEM parameters, Diol-STAT displayed statistically significant (p < 0.0001) differences 

compared to the PBS volume control. There was no statistically significant difference between 

Diol-STAT (n = 12) and the other PolySTAT formulations. For each plot, the mean diamonds 
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display the 95% confidence interval. A one-way ANOVA was used to compare the treatments with 

comparisons for all pairs using Tukey-Kramer HSD with α = 0.05. The Tukey HSD comparison 

circles are shown to display differences between the treatment groups. 

 

Figure S9. In vivo evaluation of PolySTAT in a rat traumatic injury model. Diol-STAT was 

evaluated in the same experiments as shown in the main text. A) Kaplan-Meier survival curve over 

the 75-min experiment (n = 5 per condition) for Diol-STAT, HEMA-STAT, HEMA-SCRAM, 

GmMA-STAT, and the oncotic control albumin. All three PolySTAT formulations showed 

statistically significant increase in survival (Diol-STAT p = 0.0064, GmMA-STAT and HEMA-

STAT p = 0.0342) compared to albumin. P-values were determined by log-rank Mantel-Cox test 

with comparisons against the albumin control. B) Cumulative hemorrhage volumes for individual 

rats for the Diol-STAT treatment condition. 
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Figure S10. MALDI-ToF of FBP-methacrylamide with a sodium counterion. 

Table S2. Reaction conditions for FBP-methacrylamide synthesis. 
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Figure S11. ROTEM characterization of PolySTAT synthesized via FBP-methacrylamide. 

ROTEM shows decreased lysis (A), and increased clot strength (B) of clots formed under 

hyperfibrinolytic conditions. 

 

Figure S12. MALDI-ToF of FBP-methacrylate. The correct molecular weight (1859 g/mol) for 

FBP-SMA with a sodium counterion was observed.  
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Figure S13. Proton NMR spectroscopy of FBP-methacrylate in DMSO-d6.  
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Figure S14. MALDI-ToF of PolySTAT via FBP-methacrylate. A molecular weight of 

40,528.46 g/mol was targeted with a measured median m/z of 43,821.023 g/mol by MALDI-ToF. 

A high power was used to overcome the difficulty of getting the entire polymer to ionize and fly.  
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Chapter 3. EVALUTATION OF POLYSTAT IN ANIMAL MODELS 

OF SEVERE TRAUMA  

Trey J. Pichon, Xu Wang, Kristyn M. Ringgold, Patrick Fillingham, Clarissa Bargellini, Jessica 

M. Snyder, Nathan J. White, Suzie H. Pun 
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3.1 INTRODUCTION 

The goal of this work is to continue the translation of PolySTAT and provide the data necessary 

for an Investigational New Drug (IND) application with the FDA. As such, the FDA requires 

efficacy data in two animal species1. We have been successful in rats with the femoral bleed 

model.2–5 However, the rat femoral bleed model does not simulate any of the coagulopathies 

present in trauma patients. Given PolySTAT is an anti-fibrinolytic, the ultimate goal is to create 

hyperfibrinolysis in rats, therefore, the first portion of this chapter overviews attempts to create 

this.  The second portion of this chapter details work in Swine. Due to the similar cardiovascular 

systems and blood volumes to humans, swine make an ideal large-animal model.6 In addition, the 

Emergency Medicine group has nearly 30 years of experience developing hemorrhage models in 

swine. Even so, swine present a challenge due to the lack of fibrinolysis and extremely dense and 

robust clots. This puts PolySTAT at an immediate disadvantage since its primary effect is as a 

antifibrinolytic, and without fibrinolysis present, we are relying on its ability to increase clot 

firmness. To start, a deadly hemodilution aorta bleed model was developed based off the work of  

Mitterlechner et al.7 and combined with the EM group’s aorta tear model which is a high-pressure, 

arterial bleed.8 The hemodilution leads to a dilutional coagulopathy and substantially decreases 

clot firmness. We present data on PolySTAT’s safety and efficacy in this model. Then, we detail 

efforts to create an alternative hemodilution model of a deadly liver transection model, and the 

ultimate liver laceration model to evaluate PolySTAT. Finally, we end with recent efforts to model 

wound mechanics of the aorta tear to aid in future developments of intravenous therapies for 

trauma. 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

2,2′-Azobis(2-methylpropionitrile) (AIBN), 4-cyanopentanoic acid dithiobenzoate (CTP), 

glycidyl methacrylate (GMA) and all other reagents were purchased from Sigma-Aldrich (Saint 

Louis, MO) unless noted otherwise. N-hydroxysuccinimide methacrylate (NHSMA) was 

purchased from TCI America (Portland, OR). The fibrin binding peptide (FBP; Sequence: Ac-

Y(DGl)C(HPr)YGLCYIQGK),9 developed by the Caravan group, as well as the scrambled peptide 
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(Ac-YICGQ(DGl)AC(HPr)LYGK) were purchased from Elim Biopharm (Hayward, California), 

as custom orders. Human fibrinogen, thrombin, and plasmin were purchased from Enzyme 

Research Laboratories (South Bend, IN). 

3.2.2 Hydrolysis of glycidyl methacrylate to glycerol monomethacrylate 

Glycerol monomethacrylate (GmMA) was synthesized via hydrolysis of glycidyl methacrylate 

(GMA) as described previously for poly(GMA).10 GMA (11.4 mL) was added to DI water (68.6 

mL) at a mass ratio of 15% in a two-necked round bottom flask with one neck sealed and a vigreux 

column in the other. The mixture was sparged with air and stirred at 80 °C for 16 h. The solution 

was subsequently cooled, and sodium chloride added to a final concentration of 300 mg/mL. 

GmMA was extracted into an organic phase via 3x washes with 30 mL ethyl acetate. GmMA was 

isolated by removal of ethyl acetate via rotavap and stored at -20 °C. 

3.2.3 Synthesis of pGmMA-co-NHSMA 

pGmMA-co-NHSMA was synthesized via reversible addition-fragmentation chain transfer 

(RAFT) polymerization as described previously.2,5,11 Briefly, GmMA and NHSMA were 

combined with CTP and AIBN at 180:20:1:0.333 ratio in dimethylacetamide at a monomer 

concentration of 0.6 M. This mixture reacted for 24 h at 70 °C. Polymers were precipitated in 

diethyl ether followed by dissolution in dimethylsulfoxide and a second precipitation in 50-50 

acetone/ether. Precipitated polymer was collected by centrifugation at 7197 x g. Dithiobenzoate 

groups were removed via an end-capping reaction with 20x molar excess AIBN at 70 °C for 24 

hours. 

3.2.4 Synthesis of 2-Propenoic acid, 2-methyl-, 2-[[[(3′,6′-dihydroxy-3-oxospiro 

[isobenzofuran-1(3H),9′-[9H]xanthen]-5-yl)amino]thioxomethyl]amino]ethyl ester 

(AEMA-FITC)  

Fluorescein 5(6)-isothiocyanate (1 g/2.58 mmol) and 1.1 equivalents of 2-Aminoethyl 

methacrylate hydrochloride (470 mgs/2.84 mmol) were added to a round bottom flask with a stir 

bar. DMSO (25.8 mL/0.1 M) was added. Once the constituents were dissolved (pale yellow 

solution), 2.6 equivalents of DIPEA (1.29 mL) were added dropwise (turned to deep orange color). 

The mixture was stirred at RT overnight. The solution was precipitated one time in cold 6% HCl 
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solution (10x volume of reaction) constantly swirled over ice. The orange precipitate was filtered 

off with a glass frit. The precipitate was collected into a glass vial then lyophilized overnight. The 

solid, orange monomer was stored at -20 °C. Yield was > 90%. The monomer was pure by 1H 

nuclear magnetic resonance (NMR) spectroscopy on a Bruker AV 300 and TLC (not shown). 

3.2.5 Synthesis of FITC-labeled PolySTAT backbone (pGmMA-co-AEMA-FITC-co-NHSMA)   

pGmMA-co-AEMA-FITC-co-NHSMA was synthesized via reversible addition-fragmentation 

chain transfer (RAFT) polymerization as described previously.2,5,11 Briefly, comonomers GmMA, 

AEMA-FITC, and NHSMA were combined with CCC and AIBN at 170:10:20:1:0.333 ratio in 

dimethylacetamide at a monomer concentration of 0.6 M. This mixture reacted for 20 h at 70 °C. 

Copolymers were precipitated in diethyl ether followed by dissolution in dimethylsulfoxide and a 

second precipitation in 50-50 acetone/diethyl ether. Precipitated polymer was collected by 

centrifugation at 7197 x g. Trithiocarbonate groups were removed via an end-capping reaction 

with 20x molar excess AIBN at 70 °C for 12 hours. 

3.2.6 Polymer characterization 

Polymers were characterized via gel permeation chromatography (GPC) in dimethylformamide 

with static light scattering and refractive index detectors (MiniDawn Treos and OptilabTRex, 

respectively, both from Wyatt Technology, Santa Barbara, CA) to determine molecular weight and 

dispersity index (PDI). 1H nuclear magnetic resonance (NMR) spectroscopy on a Bruker AV 300 

was utilized to determine conversion of the polymer prior to purification, and composition after 

purification. 

3.2.7 Synthesis of PolySTAT via conjugation 

PolySTAT was synthesized as described previously.2,5 Copolymers synthesized above were 

conjugated to FBP via reaction of the C-terminal lysine in the peptide under organic basic 

conditions in DMSO at a varying ratios of peptide:NHS  with N.N-diisopropylethylamine added 

at a 5:1 ratio base:peptide12 for 24 h at 50 °C, after which unreacted NHSMA groups were capped 

with 10x molar ratio of 1-amino-2-propanol. Peptide-polymer conjugates were purified by 

extensive dialysis as follows. First, the product was dialyzed against phosphate-buffered saline 

(PBS) for 24 h (3 buffer changes, 4 L of buffer) during which a precipitate formed. Contents of 
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the dialysis bag were collected and centrifuged at 4500 x g for 8 min to remove insoluble material; 

the supernatant was collected and moved to a fresh dialysis bag. Dialysis continued for 24 h (3 

buffer changes), followed by water for 48 h (6 dialysate changes) to remove PBS salts. Peptide 

content of materials was determined using the extinction coefficient of FBP and the materials’ 

absorbance at a wavelength of 280 nm using a NanoDrop 2000 UV-Vis spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA).  

3.2.8 ROTEM Characterization of PolySTAT 

ROTEM experiments consisted of 300 µL of clotting solution in a standard ROTEM cup placed 

in a ROTEM whole blood hemostasis analyzer (ROTEM, Instrumentation Laboratory, Bedford, 

MA, USA). The clotting solution consisted of human fibrinogen, thrombin, and plasmin that were 

purified from human plasma. All clotting factors were purchased from Enzyme Research 

Laboratories (South Bend, IN). Final concentrations in the ROTEM were 1.5-2 mg/mL fibrinogen, 

0.5-1 IU/mL thrombin, 2-4 μg/mL plasmin, 0.1 mmol/L CaCl2, and 5 μmol/L PolySTAT at pH 

7.4. Measured parameters in ROTEM included: (i) the clotting time (CT), measured as the time 

between reagent addition to clot formation; (ii) α-angle, which reflects the rate of clot formation, 

(iii) the maximum clot firmness (MCF), the highest strength observed for the clot, (iv) the lysis 

index-30 minutes (LI-30), the percentage of MCF retained 30 minutes after initiation of clot 

formation, and (v) maximum lysis (ML), the percentage of clot strength lost compared to the MCF 

at the end of analysis. 

3.2.9 Development of rat coagulopathic models 

Polytrauma Model 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. This protocol was adapted from the ACOT 

model developed by Darlington et al.13 Male Sprague Dawley rats (270g-370g) were anesthetized 

by isoflurane then a ketamine-xylazine cocktail injection in the hindlimb, followed by a 

tracheotomy for ventilation and isoflurane anesthesia. Both the jugular vein and carotid artery were 

cannulated. The carotid artery was used to monitor vitals (blood pressure and heart rate), perform 

a controlled catheter hemorrhage, and collect blood samples for blood gas measurements. The 

jugular vein was used for administration of resuscitation fluids and intravascular administration of 
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the treatments. Baseline ROTEM (EXTEM and FIBTEM), blood gas, and metabolites were 

evaluated to ensure healthy baseline coagulation, respiration, and lactate levels (pCO2 ≤ 55 

mmHg, sO2% ≥ 95%, cLac ≤ 1.0 mmol/L) prior to initiating polytrauma. For the polytrauma, a 

midline incision was made, the surgeon performed a liver crush, 10 cm of intestines crush, 

fractured both hind femurs, and muscle crush of both hind limbs. After polytrauma, the rat was 

then catheter hemorrhaged down to a mean arterial pressure (MAP) below 40 mmHg over 5 

minutes then maintained below 40 mmHg with intermittent blood draws over 60 minutes. After 

controlled hemorrhage, the shock period is initiated and the rat was allowed to autoresuscitate for 

30 minutes. At the end of the 30 minute shock period (t90), the protocol was ended and the rat’s 

blood was evaluated in ROTEM (EXTEM and FIBTEM). Throughout the study, if blood pressure 

falls below 15 mmHg, the rat will be euthanized humanely while under anesthesia using barbiturate 

overdose. 

 

Shock-only Model 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. This procedure was adapted from Moore et 

al.14 The same instrumentation and baseline procedure was followed as outlined above in the 

Polytrauma model. After baseline, a controlled hemorrhage over 5 minutes down to a MAP of ≤ 

20 mmHg was performed. The rat was maintained in shock by drawing blood as needed to keep 

the rat below a MAP ≤ 25 mmHg. After 30 minutes, the rat’s blood was evaluated in ROTEM 

(EXTEM and FIBTEM). Throughout the study, if blood pressure falls below 15 mmHg, the rat 

will be euthanized humanely while under anesthesia using barbiturate overdose. 
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Lipopolysaccharides (LPS) Infusion Model 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. The same instrumentation and baseline 

procedure was followed as outlined above in the Polytrauma model. After baseline, rats were 

intravenously injected a single bolus of LPS (1.5 mg/kg, 111:B4, Sigma). ROTEM (EXTEM and 

FIBTEM) was evaluated at 60, 120, and 180 minutes after LPS administration. Throughout the 

study, if blood pressure falls below 15 mmHg, the rat will be euthanized humanely while under 

anesthesia using barbiturate overdose. 

 

Hemodilution 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. This procedure was adapted from Moore et 

al.14 The same instrumentation, baseline, catheter hemorrhage, and shock procedure were followed 

as outlined above in the shock-only model. At the end of the 30 minute shock period, a 

hemodilution was performed with isotonic saline (20 mL/kg, infused at 3 mL/[min*kg]) over 10 

minutes. During the hemodilution, the femoral artery of the left hind limb was isolated and a 

proximal branch off the artery was ligated with a suture to prevent backflow of blood following 

injury. Surgical microclamps were placed both proximally (distal of the ligated branch) and 
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distally along the artery. A 3mm longitudinal incision was made with micro scissors in between 

the surgical clamps. Once hemodilution was complete, the clamps were pulled, and free bleed (t = 

0min) was initiated. Immediately, a blinded treatment was administered by the surgeon (dose = 15 

mg/kg). After 3 min of free bleeding (t = 43 min), fluid resuscitation was started at a rate of 3 

mL/min per kg for a total volume up to 40 mL/kg. Resuscitation was stopped and restarted as 

needed to reach and maintain a blood pressure target of MAP = 60 mmHg. At regular intervals, 

blood was collected at the edges of the surgical site by pre-weighed gauze. The surgeon was careful 

not to disturb the clot nor the femoral artery. After the end of the protocol, final clot mass was 

added to the hemorrhage volumes of each rat. Protocol ended when official death was declared by 

the blinded surgeon or at t = 120 min, which was deemed survival. Throughout the study, if blood 

pressure falls below 15 mmHg, the rat will be euthanized humanely while under anesthesia using 

barbiturate overdose. 

 

 

 

Resuscitation 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. This procedure was adapted from Moore et 

al.14 The same instrumentation, baseline, catheter hemorrhage, and shock procedure were followed 

as outlined above in the shock-only model. During the shock period, the femoral artery of the left 

hind limb was isolated and a proximal branch off the artery was ligated with a suture to prevent 

backflow of blood following injury. Surgical microclamps were placed both proximally (distal of 

the ligated branch) and distally along the artery. A 3mm longitudinal incision was made with micro 

scissors in between the surgical clamps. At the end of the 30 minute, the clamps were pulled, and 

free bleed (t = 0min) was initiated. Immediately, a blinded treatment was administered by the 

surgeon (dose = 15 mg/kg) and fluid resuscitation was started at a rate of 3 mL/min per kg for a 

total volume up to 60 mL/kg. Resuscitation was stopped and restarted as needed to reach and 
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maintain a blood pressure target of MAP = 60 mmHg. At regular intervals, blood was collected at 

the edges of the surgical site by pre-weighed gauze. The surgeon was careful not to disturb the clot 

nor the femoral artery. After the end of the protocol, final clot mass was added to the hemorrhage 

volumes of each rat. Protocol ended when official death was declared by the blinded surgeon or at 

t = 120 min, which was deemed survival. Throughout the study, if blood pressure falls below 15 

mmHg, the rat will be euthanized humanely while under anesthesia using barbiturate overdose. 

 

 

3.2.10 PolySTAT evaluation in a swine hemodilution aortic tear and fluid resuscitation model 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. Domestic swine (female, adolescent, ~19-25 

kg) were randomized into one of three treatment groups (TXA, PolySCRAM, and PolySTAT). A 

total of 10 pigs were evaluated in each arm. Swine were sedated via intramuscular injection of 

Ketamine followed by a subcutaneous buprenorphine injection. Anesthesia was maintained by 

continuous isoflurane via an endotracheal tube. After anesthesia, swine were catheterized via (i) 

the jugular vein with a Swan-Ganz catheter to measure CVP, PAP, and cardiac output, (ii) the left 

and right femoral artery for catheter hemorrhage, blood draws, and monitoring MAP, (iii) the right 

femoral vein for resuscitation and substance administration. ECG contacts were attached to the 

chest and front limb to monitor heart rhythm. Treatments were infused via the jugular vein. A 

splenectomy was performed to prevent auto-resuscitation. The bladder was catheterized to 

measure urine output to monitor kidney function. The aorta was isolated at midline near the kidney. 

Two dots, placed 3 mm longitudinally apart are marked, then a curved needle is used to place the 

suture through the aorta wall (enters one dot, then exits the other). Pressure was maintained until 
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bleeding from the suture stops. The two ends of the suture were twisted together, and the suture 

was exteriorized through the midline incision and secured in place. The swine midsection was 

closed. Next, coagulopathy was induced through a normovolemic 1:1 hemodilutionas described 

by Mitterlechner et al.7, ~42% total blood volume was removed and replaced with 6% 

hydroxyethyl starch in electrolyte solution (Hextend). Fifteen minutes after hemodilution, the 

bleed period was started by a catheter hemorrhage at a rate of 35 cc/kg over 30 min. After MAP ≤ 

50 mmHg (typically 2 min), the suture was pulled to tear the aorta. Catheter hemorrhage continued 

until MAP ≤ 30 mmHg (typically 2 additional minutes). Five minutes after the aorta tear, the 

blinded treatment was administered over 10 minutes. At the end of catheter hemorrhage, the shock 

period was started. Shock was continued until lactate ≥ 2 mmol/L and a decreased cardiac output 

and end-tidal carbon dioxide (ETCO2) are observed (typically 10-30 minutes). After the shock 

period, the prehospital phase was initiated (T0) with an aggressive resuscitation (3 cc/kg/min) with 

Lactated Ringer’s solution. This was started and stopped as needed to maintain MAP ≥ 60 mmHg 

or until a maximum resuscitation volume of 60 cc/kg was reached. If the MAP dropped below 10 

mmHg for at least 1 min, and the MAP waveform was lost (indicating cardia arrest), then the pig 

was deemed a clinical death and euthanized by pentobarbital overdose. The prehospital phase was 

ended at 120 minutes (T120) and the ER phase began with a blood transfusion of blood collected 

during the hemodilution. The pig was monitored for 60 minutes (T180), after which the study 

ended, and the pig deemed survived. The pig was then euthanized by pentobarbital overdose. At 

the pig was deemed dead by the clinician, the midsection was reopened, and pre-weighed gauze 

were used to measure the amount of intraperitoneal hemorrhage. A segment of the aorta 

encompassing the wound site was harvested along with biopsies of the ileum, pancreas, kidney, 

liver, heart, and lung. All tissue samples were fixed in 10% buffered formalin solution.   
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Figure 1. Experimental protocol used for the swine hemodilution aortic tear and resuscitation 

model. 

3.2.11 PolySTAT evaluation in a swine hemodilution liver transection and fluid resuscitation 

model 

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. This procedure was adapted from Massimo et 

al.15,16 Domestic swine (female, adolescent, ~19-25 kg) were randomized into one of three 

treatment groups (TXA, PolySCRAM, and PolySTAT). A total of 10 pigs were evaluated in each 

arm. Swine were sedated via intramuscular injection of Ketamine followed by a subcutaneous 

buprenorphine injection. Anesthesia was maintained by continuous isoflurane via an endotracheal 

tube. After anesthesia, swine were catheterized via (i) the jugular vein with a Swan-Ganz catheter 

to measure CVP, PAP, and cardiac output, (ii) the left and right femoral artery for catheter 

hemorrhage, blood draws, and monitoring MAP, (iii) the right femoral vein for resuscitation and 

substance administration. ECG contacts were attached to the chest and front limb to monitor heart 

rhythm. Treatments were infused via the jugular vein. A splenectomy was performed to prevent 

auto-resuscitation. The bladder was catheterized to measure urine output to monitor kidney 

function. Next, coagulopathy was induced through a hemodilution, ~42% total blood volume was 

removed and replaced with Lactated Ringer’s (LR) solution over 30 minutes. Fifteen minutes after 
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hemodilution, the left lobe of the liver was isolated by gently pulling it out of the cavity with 

forceps so the posterior side was visible. For the liver transection model, a premeasured stencil of 

different widths 3-6 cm was used to measure from the base of the hilum and draw a line 

perpendicular to the main white ligament on the underside (posterior) of the liver. Once the line 

was made, the surgeon started a timer and using large surgical scissors, fulling transected the lobe 

from marked line (distal from the hilum). The transected piece was fully removed, and the 

midsection was quickly closed with stables over two minutes. At the end of two minutes (T2), the 

treatment was administered over 10 minutes. At T15, the shock period ended regardless of lactate, 

cardiac output, and end tidal levels, and resuscitation was initiated (1 cc/kg*min) with LR solution. 

This was started and stopped as needed to maintain MAP ≥ 60 mmHg or until a maximum 

resuscitation volume of 60 cc/kg was reached. If the MAP dropped below 10 mmHg for at least 1 

min, and the MAP waveform was lost (indicating cardia arrest), then the pig was deemed a clinical 

death and euthanized by pentobarbital overdose. The pig was monitored for 180 minutes (T180), 

after which the study ended, and the pig deemed survived. The pig was then euthanized by 

pentobarbital overdose. After the pig was deemed dead by the clinician, the midsection was 

reopened, and pre-weighed gauze were used to measure the amount of intraperitoneal hemorrhage. 

Biopsies of the ileum, pancreas, kidney, liver, heart, and lung were all harvested. All tissue samples 

were fixed in 10% buffered formalin solution. The weight of the transected left lobe was weighed, 

and the largest vessels imaged with a camera and measured for later analysis. 

For the liver laceation model, the same exact procedure was followed, however instead of scurgical 

scissors, the surgeon used a scalpel blade with a preset depth of 1 cm. A deep laceration was made 

by cutting along the line drawn by the stencil on the posterior side of liver. At the end of the study, 

the laceration was fully cut (transected from the body) so it could be weighed, vessels imaged, and 

measured similar to the transection model. 
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3.2.12 ROTEM monitoring of swine hemostasis 

Whole blood was drawn into sodium citrate tubes at different timepoints, and hemostatic capacity 

was measured via EXTEM in ROTEM. The whole blood was then spun down at 5,000g for fifteen 

minutes to obtain platelet poor plasma. This was then evaluated in EXTEM as well. Tissue factor, 

phospholipids, and CaCl2 are used to activate coagulation through the extrinsic pathway.  

3.2.13 Estimation of PolySTAT concentration in swine blood 

The exact same animal protocol was followed as outlined above except FITC-PolySTAT (10% 

FITC) was infused as the treatment. Blood samples were collected in citrated tubes at normal time 

points used in the study. PPP was prepared from the samples as outlined above. A stock of FITC-

PolySTAT was made in PBS, then serially diluted and 100 μL were aliquoted into a 96 well plate. 

A standard curve was generated based on measured emission at 525 with excitation at 490. A serial 

dilution was made of the PPP in PBS at timepoints baseline, post dilution, T0, and T15. Emission 

was measured, and the concentration of PolySTAT was estimated based on a linear fit to the 

standard curve.    

3.2.14 Confocal Microscopy of FITC-labeled PolySTAT Clots 

The exact same animal protocol was followed as outlined above. Whole blood clots were harvested 

from the peritoneal cavity of swine infused with FITC-PolySTAT (10% FITC). The clots were 

randomly sectioned by the surgeon and immediately submerged in 10% buffered formalin solution 

for 8 hours. The clots were rinsed with normal saline multiple times, then stored in 70% 

ethanol/saline solution overnight at 4C. The fixed clots were sectioned with a fresh disposable 

razor blade. For fibrin clots, blood samples were taken at baseline, post dilution, T0, and T15 from 

FITC-PolySTAT infused pigs. The blood was spun down as outlined above. The PPP was clotted 

in a 96 well plate with the EXTEM assay reagents. The clots sat covered and undisturbed on a hot 

plate maintained at 37C for 1 hour. The well plate was then submerged in 10% buffered formalin 

solution for 8 hours. The clots were rinsed with saline, and then the 96 well plate was submerged 

in 70% ethanol/saline solution overnight at 4C. The clots were removed from the well plate then 

submerged in liquid nitrogen in a shallow dish. Once frozen, the clots were shattered in the liquid 

nitrogen then quickly transferred while frozen to an 8 well confocal glass bottom coverslip. All 
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clots were imaged on a Leica SP8X Confocal Microscope with an 20X air lens, and 40X water 

immersion lens. 

3.2.15 Overview of PolySTAT used in swine study 

PolySTAT: Twenty batches of PolySTAT (total = 5.9 grams) were synthesized and combined for 

an average FBP/backbone of 12. The batches used FBP peptide from 3 different batches supplied 

by Elim, and two batches of GmMA and NHSMA monomers. The PolySTAT was synthesized 

over a period of three months. Each individual batch was characterized and QC’d as outlined 

above. The combined PolySTAT was dissolved in DI H2O at 10 mg/ml followed by sterile filtering 

with 0.45 μm hydrophilic PVDF filters. The filters had been pre-fouled with a 1% BSA solution, 

then rinsed with DI H2O multiple times. Falcon tubes were filled with 37.5 mL of filtered 

PolySTAT solution and were frozen then lyophilized. 

3.3 RAT COAGULOPATHIC MODEL DEVELOPMENT RESULTS AND DISCUSSION 

3.3.1 Polytrauma to Create Acute Coagulopathy of Trauma Model 

The goal of this work was to create a coagulopathic rat model that recapitulated clinically relevant 

fibrinolysis. As a starting point, an acute coagulopathy of trauma (aCOT) model developed by 

Darlington et al. Figure 2 below shows the model overview. 

 

Figure 2. Model overview for an aggressive polytrauma coagulopathic bleed model in rats. 

To evaluate the severity of the coagulopathy, a ROTEM sample was taken at the end of t=90 

minutes. However, the model was never evaluated for survival by adding in the femoral artery 

bleed model of uncontrolled hemorrhage. 

 



73 
 

The aCOT model developed by Darlington was a 4 hour protocol,13 however we started with a 90 

minute protocol to see if we could reach significant levels of fibrinolysis in a shorter amount of 

time. The same polytrauma protocol was followed. Figure 3 below shows the EXTEM results. 

 

Figure 3. Whole Blood EXTEM comparison of Base and T90 timepoints for the polytrauma 

model in rats. Left: Alpha angle, center: maximum clot firmness, and right: A10. Although there 

was a statistically significant drop in all firmness parameters, no lysis was observed in any of the 

rats evaluated. 

 

There was a significant drop in the rate of clot formation (alpha angle), and clot firmness (A10 and 

MCF) indicating the development of a trauma-induced coagulopathy. However, no lysis was 

observed (Figure 4 below).  

 

Figure 4. Whole Blood EXTEM T90 samples spiked with PolySTAT (left) and PBS volume 

control (right). The final concentration in the blood was 1 μM, and no difference was observed 

visually in the temomograms. 

 

No effect from PolySTAT was observed when spiked into the blood at a final concentration of 1 

μM. Figure 5 below shows a FIBTEM comparison of base and T90.  
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Figure 5. FIBTEM comparison of Base and T90 timepoints for the polytrauma model in rats. 

Left: Alpha angle, center: maximum clot firmness, and right: A10. Although there was a 

statistically significant drop in all firmness parameters, no lysis was observed in any of the rats 

evaluated. 

 

FIBTEM shows a much greater decrease from baseline in clot firmness and alpha angle. It should 

be noted that alpha angle is not reliably determined in FIBTEM or when plasma is evaluated in 

EXTEM. Similar to EXTEM, there was no lysis observed in FIBTEM (Figure 6 below) and a 

direct comparison of EXTEM and FIBTEM at T90 is shown (Figure 7 below). 

 

 

Figure 6. FIBTEM comparison of Base (left) and T90 (right) timepoints for the polytrauma 

model in rats. No fibrinolysis was observed, although there was a significant drop in all other 

clotting parameters indicating a significant drop in fibrinogen concentration. 
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Figure 7. Comparison of the % decrease from baseline to T90 for both EXTEM and FIBTEM 

for both alpha angle (left) and maximum clot firmness (right). There is a much greater decrease 

in FIBTEM, indicating a larger effect on fibrinogen in the polytrauma model. 

 

PolySTAT was spiked into T90 blood samples from the polytrauma model to see if it was able to 

rescue clot firmness even without fibrinolysis present. Two concentrations of PolySTAT (1 μM 

and 5 μM) were evaluated (Figure 8 Below). 

 

 

Figure 8. Comparison of PolySTAT and volume control spiked into T90 FIBTEM samples at 

two different concentrations (1 μM and 5 μM). There was no significant increase in clotting 

parameters due to PolySTAT compared to the volume control at either concentration (left: 

clotting time, middle: A10, and right: MCF).  

 

PolySTAT was unable to rescue clot firmness in the polytrauma model. 
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3.3.2 Severe Hemorrhagic Shock (“Shock-Only”) Model 

Next, we moved to a “Shock-Only” model based off the work of Moore et al. which reported a 

severe hemorrhagic shock model that was able to recapitulate fibrinolysis (Figure 9 below).14 

 

 

Figure 9. Model overview for a “shock-only” coagulopathic bleed model in rats. To evaluate 

the severity of the coagulopathy, a ROTEM sample was taken at the end of t=30 minutes. 

However, the model was never evaluated for survival by adding in the femoral artery bleed 

model of uncontrolled hemorrhage. 

 

This model created a coagulopathy that reduced clot firmness and decreased alpha angle, however 

similar to the polytrauma model, no fibrinolysis was observed in ROTEM (Figure 10 and Figure 

11). 

 

 

Figure 10. EXTEM comparison of Base (left) and T30 (right) timepoints for the shock-only 

model in rats. No fibrinolysis was observed, although there was a significant drop in all clot 

firmness parameters. 
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Figure 11. FIBTEM comparison of Base (left) and T30 (right) timepoints for the polytrauma 

model in rats. No fibrinolysis was observed, although there was a significant drop in all other 

clotting parameters indicating a significant drop in fibrinogen concentration. 

 

The shock-only model consumed fibrinogen and greatly increased lactate levels of the rats, and 

created similar alpha angles, A5, A10, and MCF levels to the polytrauma model (Figure 12).  

 

 

Figure 12. Comparison of the % decrease from baseline to the final timepoints (polytrauma = 

T90 and shock-only = T30) for FIBTEM for the polytrauma and shock-only models. Left: alpha 

angle, second from left: A5, second from right: A10, right: MCF. Similar changes in coagulation 

are observed in FIBTEM when comparing the two models. 

 

Moore et al. also reported the ability of the bile salt taurocholic acid, TUCA, (Figure 13) to 

“unmask” fibrinolytic shutdown in rats and increase fibrinolysis by stabilizing tPA against PAI-

1.17 They report a TUCA-TEG assay where TUCA is spiked into blood to show the fibrinolysis 

potential of rat blood that would otherwise be masked. We observed that blood spiked with TUCA 

led to a brightly red-colored plasma (Figure 13). This was assumed to be hemolysis occurring due 

to the bile salt disrupting the cell membrane of red blood cells. Due to this observation, we believed 
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it was not possible to intravenously infuse TUCA and we only evaluated it spiked into blood 

(Figure 14). 

 

Figure 13. Taurocholic Acid (TUCA) is a bile acid that is found in mammals. It has been 

used to prevent fibrinolysis shutdown in rat blood by spiking it into blood samples for TEG.17 It 

is believed to complex with tPA to prevent deactivation by PAI-1. Left: TUCA molecule, right: 

blood spiked with TUCA when spun down showed plasma with bright red color probably 

indicating hemolysis, whereas the same blood (right Eppendorf in picture) when spun down did 

not show any red color in the plasma. 

 

 

Figure 14. EXTEM from shock-only rat model. Left: TUCA-spiked baseline blood showed 

no signs of fibrinolysis. Center: T40 EXTEM showed no signs of fibrinolysis. Right: T40 blood 

samples spiked with TUCA showed rapid clot breakdown. 

 

Whole blood spiked with TUCA showed what appeared to be rapid clot lysis in EXTEM. 

Interestingly, base blood spiked with TUCA showed no effect, while the lysis only occurred in 

T40 blood after severe hemorrhagic shock. Unfortunately, when TUCA spiked T40 blood was 

evaluated in both FIBTEM and by evaluating the plasma in EXTEM, there was no evidence of 

fibrinolysis (Figure 15 below). 
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Figure 15. T40 FIBTEM (left) and Plasma EXTEM (right) samples from shock-only rat 

model with TUCA-spiked into the blood or plasma. There was no evidence of fibrinolysis. 

 

Since TUCA did not lead to fibrinolysis in plasma and was assumed to not be possible to 

intravenously administered, we moved to evaluating rat plasmin. Previous work and literature have 

shown that both human tPA and plasmin can be used to lyse rat clots, however it must be used at 

very high concentrations (100x) compared to native rat enzymes, and the activity is very short-

lived in the blood so continuous infusions must be done.18 This would be cost prohibitive, even in 

small animals such as rats. Figure 16 below shows TEMs for baseline rat blood spiked with native 

rat plasmin. 

 

 

Figure 16. Rat baseline EXTEM samples spiked with rat plasmin purchased from abcam. All 

three TEMs are from the same rat blood, indicating the plasmin-spiking was inconsistent in 

creating lysis. No effect was observed when infused intravenously (image not shown). 

 

Although clot lysis was observed, the activity of the rat plasmin was inconsistent when spiked into 

the blood. Next, FIBTEM was run on the whole blood spiked with plasmin (Figure 17 below). 
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Figure 17. Rat baseline FIBTEM samples spiked with rat plasmin purchased from abcam. No 

evidence of fibrinolysis was found. The same plasmin concentrations that showed lysis in 

EXTEM were used. 

 

Unfortunately, no fibrinolysis was observed with FIBTEM. It is surprising that with both TUCA 

and rat plasmin no fibrinolysis was observed even though there was significant clot lysis observed 

in EXTEM. Potentially, the TUCA is disrupting platelet surface receptors due to its ability to 

disrupt cell membranes. In the case of plasmin, it could be cleaving platelet surface receptors. This 

would result in clot lysis without affecting the fibrin network. 

3.3.3 LPS-induced Disseminated Intravascular Coagulation (DIC) Model 

From literature, LPS leads to high levels of TNF-α, which result in the secretion of alpha-granules 

from platelets.19,20 These granules contain large amounts of tPA. Therefore, we attempted a single, 

large bolus infusion of LPS to induce fibrinolysis. Figure 18 (below) gives a model overview. 

 

Figure 18. LPS-infusion model of disseminated intravascular coagulation (DIC). A large 

single bolus infusion of LPS (1.5 mg/kg) was given, after which the rat was monitored over 180 

minutes. 
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The LPS created an extremely hypercoagulable state, which was qualitatively observed by issues 

of rat blood clotting during blood draws and clogging the ROTEM pipette during testing. LPS is 

often used in sepsis and DIC models.21,22 These hypercoagulable states consume clotting factors, 

especially fibrinogen over time. Additionally, the high levels of TNF-α activates leukocytes, which 

secrete ROS species that oxidize fibrinogen and prime it for degradation. This both consumes, 

compromises, and introduces defects into the fibrin network. At 180 minutes, fibrinogen oxidation 

affects Aα and Bβ subdomains, resulting in extremely impaired or no clotting observed in FIBTEM 

(Figures 19 and 20 below). Although extremely coagulopathic, no fibrinolysis was observed in 

EXTEM. 

 

Figure 19. FIBTEM at baseline, 60, 120, and 180 minutes. At T180 minutes, the fibrinogen 

levels are so low that no coagulation is observed in FIBTEM. 
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Figure 20. Fibrinogen is oxidized and degraded in endotoxin-induced inflammation, causing 

coagulopathy in rats. Whole blood and plasma were collected at the indicated time points from 

LPS-injected male rats (n = 5). (A) Plasma was analyzed by OxyBlot and immunoblotting using 

fibrinogen Aα, Bβ and γ – specific antibodies. Data are representative of 3 independent 

experiments. (B) Cytokines were measured from plasma at the indicated time points by multiplex 

cytokine analysis kit (n = 5, mean ± standard error of the mean (SEM)). *p < 0.05 vs. control. 

ANOVA and Bonferroni post-hoc test. (C) Amplitude, clotting time, α-angle, and MCF were 

measured in FIBTEM and EXTEM. Relationships between TNFα and amplitude, clotting time, 

α-angle, or MCF, were determined by linear regression analysis using Pearson correlation 

coefficient. 

 

The critically low level of fibrinogen at T180 results in clot contraction artifacts observed in 

EXTEM (Figure 21 below). 
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Figure 21. EXTEM (left) and APTEM (right) samples at T180 timepoint. The fibrinogen 

levels are so low that clot contraction artifacts can be seen in ROTEM. APTEM inhibits 

fibrinolysis through aprotinin indicating that the artifact is due to clot contraction. 

Even though fibrinolysis was not observed with this model, we did attempt to combine it with the 

femoral artery bleed due to the extreme coagulopathic nature of the model. However, rats did not 

bleed when the femoral cut was introduced, and they quickly and robustly clotted. This LPS, sterile 

inflammation model was ultimately used for an investigation in the oxidation of fibrinogen.23 

 

3.3.4 Lethal coagulopathic femoral artery bleed model 

Although no fibrinolysis was observed, we were interested in seeing if PolySTAT would have any 

benefit in the extreme coagulopathies created by these different rat models. The shock model was 

identified as the easiest model to combine with the rat femoral bleed model. Due to the severe 

hypotension created by the shock-only model, the blood pressure needed to be increased prior or 

during the release of the clamps for the femoral bleed to create significant hemorrhage. Two 

different approaches were attempted, first to hemodilute the blood with normal saline prior to the 

clamps being pulled (Figure 22), and second to pull the clamps then quickly increase blood 

pressure with an aggressive resuscitation with normal saline (Figure 23). 
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Figure 22. Combination of the shock-only model with subsequent hemodilution and femoral 

bleed model. Two rats were evaluated with this model, and the hemorrhage was too aggressive 

with no clotting observed. 

 

 

Figure 23. Model overview for an aggressive coagulopathic femoral bleed model of 

uncontrolled hemorrhage in rats. 

 

The aggressive resuscitation (Figure 23) was chosen to move forward due to no clots forming in 

the hemodilution model, and the rats rapidly bleeding out. Figure 24 below shows images from 

the small study (n=5 TXA and n=5 PolySTAT). 
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Figure 24. Images of PolySTAT (15 mg/kg) and TXA (15 mg/kg) treated rats in 

coagulopathic femoral artery bleed model. N = 5 for both treatements were evaluated. All five 

TXA rats died, while n = 2 PolySTAT treated rats survived. Interestingly, the two PolySTAT 

that survived were FITC-labeled PolySTAT, and the n=3 that were died were normal unlabeled 

GmMA-STAT. 

 

For the PolySTAT treated rats, large firm hematomas were observed, although only 2 out of 5 rats 

survived, whereas the TXA treated rats showed fragile hematomas prone to rupture. The two rats 

that survived were infused with FITC-labeled PolySTAT, that then allowed the clots to be 

harvested, fixed, and imaged on confocal microscopy. Figure 25 below shows the confocal images.  
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Figure 25. Confocal image of clots harvested from coagulopathic shock rat model (from 

Figures 17 and 18). Left: Clot harvested from rat infused with FITC-labeled GmMA-STAT, rat 

survived in aggressive coagulopathic model. The fibrin network can be observed due to the 

bound FITC-labeled PolySTAT. Right: Clot harvested from rat infused TXA standard of care, rat 

died, and no FITC was detected in the clot under confocal. 

 

The clots harvested from the rats that survived showed large amounts of FITC-labeled PolySTAT 

throughout the clots. The TXA control clots showed no evidence of FITC. There were bright 

punctates of FITC-PolySTAT, and these were hypothesized to be clumps of platelets that had 

contracted FITC-PolySTAT covered fibrin fibrils. No additional staining was performed to 

investigate this further. Overall, PolySTAT showed good targeting to the clot, however it was not 

able to fully compensate for the aggressive coagulopathic femoral bleed model. It should be noted 

that the hemorrhagic shock model used in this work was different than the model ultimately used 

for the low volume resuscitant (LVR) work in Chapter 5 of this thesis. For the LVR work, we had 

to move away from giving the Ketamine/Xylazine injection and just use isofluorane with the nose 

cone (Figure 26 below). 
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Figure 26. Comparison of ketamine-xylazine injection vs. isofluorane only via nose cone for 

rats in severe hemorrhagic shock model used in the low volume resuscitant work. Moving from 

K/X injection to nosecone with iso-fluorane-only resulted in a higher base blood pressure and 

more consistent and higher hemorrhage volumes to reach necessary shock levels in rats. 

 

It was found that the K/X injection suppressed blood pressure, and slowly wore off over 1-2 hours. 

This made the shock model more variable with regards to the amount of blood that needed to be 

removed to get the rats into shock. This time variable is also important with regards to the speed 

to instrument the rat, which can range from 20 minutes to 1 hour depending on complications. 

Therefore, if this coagulopathic femoral artery bleed is revisited, it is advised to modify the model 

to eliminate the K/X injection. 
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3.4 HEMODILUTION SWINE AORTA TEAR MODEL RESULTS AND DISCUSSION 

3.4.1 Overview of changes in blood counts, blood gas, and ROTEM due to dilutional 

coagulopathy 

Blood factors were measured at baseline, post hemodilution, and T0. Figure 27 below outlines the 

change in blood factors and lactate at each time point across all treatments. 

  

Figure 27. Changes in average platelet count in g/L (top left), lactate in mmol/L (top right), 

hemoglobin in g/dL (bottom left), and hematocrit in % (bottom right) across all of the experimental 

groups. 

 

The hemodilution (Base → Dilution) leads to a large decrease in platelet count, hemoglobin, and 

hematocrit. The platelet count stays constant through shock (Dilution → T0), however hemoglobin 

and hematocrit continue to decrease due to the free bleeding from the aortic tear. Lactate on 

average increases across all the initial time points. Figure 28 below displays typical whole blood 

EXTEM temograms measured at baseline, post dilution, and T0.  
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Figure 28. Typical ROTEM temograms measured with EXTEM for whole blood. Base (far 

left) was measured with baseline blood without any dilution, post dilution (middle) was 

measured after the hemodilution was complete, and T0 (right) was measured after the aorta tear, 

shock period was complete, and full administration of the treatment. 

 

Figure 29 below displays the main EXTEM parameters measured with whole blood across all 

groups in the study. 
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Figure 29. Average measured ROTEM parameters with EXTEM in whole blood across all 

groups in the study. Clotting time in seconds (top left), alpha angle in degrees (top right), clot 

firmness time in seconds (middle left), amplitude at 10 min in mm (middle right), maximum clot 

firmness in mm (bottom left), and lysis index at 45 min in % (bottom right).   

 

The hemodilution increases clotting time and clot firmness time, while it decreases alpha angle, 

A10, and MCF. As clotting factors are diluted it leads to both a decrease in clotting kinetics and 

overall firmness. The LI45 do seem to indicate lysis occurring however upon further investigation 

this is an artifact of clot contraction (Figure S3). Figure 30 below displays typical plasma EXTEM 

temograms measured at baseline, post dilution, and T0. 
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Figure 30. Typical ROTEM temograms measured with EXTEM for platelet poor plasma. 

Base (top left) was measured with baseline plasma without any dilution, post dilution (top right) 

was measured after the hemodilution was complete, and T0 was measured after the aorta tear, 

shock period was complete, and full administration of the treatment. The bottom left T0 displays 

a typical firmer clot while the bottom right T0 displays a weaker clot where no clotting time was 

registered due to it being the lower detection limit of the ROTEM. Transition from green to pink 

indicates a clot has been detected. 

 

The hemodilution successfully depleted fibrinogen as indicated by the large drop in clot firmness 

from baseline to post dilution. Figure 31 below displays the main EXTEM parameters measured 

with plasma across all groups in the study. 
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Figure 31. Average measured ROTEM parameters with EXTEM in plasma across all groups 

in the study. Clotting time in seconds (top left), alpha angle in degrees (top right), amplitude at 

10 min in mm (middle left), maximum clot firmness in mm (middle right), and lysis index at 45 

min in % (bottom).   

 

Similar to whole blood, there is a decrease in both clotting kinetics and firmness. However, 

whereas whole blood only sees a drop of ~13% in MCF, plasma sees ~79% drop in MCF. This 

indicates there is a larger drop in fibrinogen versus platelets, resulting in a more drastic effect in 

plasma versus whole blood. 

3.4.2 Survival, hemorrhage volumes, and MAP/PAP 

Figure 32 below displays the Kaplan-Meier survival curve and hemorrhage rates for each 

treatment. 
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Figure 32. Kaplan-Meier survival curve (left) showing survival for PolySTAT (purple) = 

40%, TXA (black) = 50%, and PolySCRAM (gold) = 30%. There was no statistically significant 

difference between the three treatments, although there was a trend towards PolySCRAM 

decreasing survival. Internal hemorrhage by treatment (top right) and internal hemorrhage over 

survival time or hemorrhage rate (bottom right), both showed no statistically significant 

difference between treatments.  

 

There was no statistically significant difference between the three treatments in survival, internal 

hemorrhage, or internal hemorrhage rate. In survival there appears to be a slight trend towards a 

decrease in survival with PolySCRAM. Figure 33 below displays the mean arterial pressure (MAP) 

and Pulmonary Arterial Pressure (PAP) from the aorta tear until the end of the treatment infusion. 
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Figure 33. A) Mean Arterial Pressure (MAP) and B) Pulmonary Arterial Pressure (PAP) 

from the aorta tear (-15 min) until the end of the treatment infusion (0 min). The treatment is 

administered over 10 minutes and starts 5 minutes after the aorta tear. 

 

No difference in the treatments is observed in MAP or PAP. Complement Activation-Related 

Pseudoallergy (CARPA) was not observed with any of the treatments. 

 

3.4.3 Pretreatment Effects 

Multiple parameters measured prior to the treatment administration (Baseline and Post Dilution) 

were screened for an effect on survival outcome. Figure 34 below shows the ROTEM parameters 

for both whole blood and plasma that showed the largest effect. 

 

Figure 34. ROTEM parameters of both whole blood and plasma at baseline and post dilution 

that showed the largest effect on survival. Clot Firmness Time (CFT) of whole blood at baseline 

(A) was statistically significant (p = 0.0134, two-sided t-test), Maximum Clot Firmness (MCF) 

of whole blood at baseline (B) was borderline statistically significant (p = 0.0528, two-sided t-

test), MCF of whole blood at dilution (C) was borderline statistically significant (p = 0.0696, 
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two-sided t-test), Time to MCF of plasma at dilution (D) was borderline statistically significant 

(p = 0.0607, two-sided t-test). 

 

CFT of whole blood at baseline had the largest effect, followed by MCF of whole blood at baseline 

and dilution, and MCF-t of plasma at dilution. Figure S1 shows CFT and MCF of plasma at the 

same timepoints. There is no effect seen in plasma. This seems to indicate that platelets are playing 

the main role in driving this effect in whole blood. However, the MCF-t does indicate that the 

plasma does play a role in how long it takes to form the clot, which has implications for the level 

of dilution either in how much it is knocking down overall fibrinogen, or prothrombin 

concentration. Figure 35 below shows the effect of platelet count on survival at baseline and post 

dilution.   

 

Figure 35. The average platelet counts across all groups (left column) against survival 

outcome, at baseline (top) not statistically significant, at post dilution (bottom) borderline 

statistically significant (p = 0.0612, two-sided t-test). TXA and PolySTAT treatments only (right 

column), at baseline (top) not statistically significant, at post dilution (bottom) statistically 

significant (p = 0.0211, two-sided t-test). 

 

There seems to be a slight stratification of survival outcome by platelet count at post dilution, with 

the stratification becoming statistically significant for the TXA and PolySTAT groups. 

Interestingly higher platelet count trends towards a decrease in survival.  
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3.4.4 Post-treatment Effects 

Multiple parameters measured after treatment administration (T0 and T15) were screened for an 

effect on survival outcome. Figure 36 below displays the two most significant effects.  

 

Figure 36. ROTEM parameters at T0 across treatments. At this time, the treatments were fully 

administered. Time to Maximum Clot Firmness (MCF-t) in whole blood (left), there was a 

statistically significant difference between PolySTAT and TXA (p = 0.003, Oneway Anova). 

Maximum Clot Firmness (MCF) in plasma (right), there was a borderline statistically significant 

difference between TXA and PolySCRAM (p = 0.0695, Oneway Anova).  

 

The MCF-t (seconds) in whole blood at T0 was increased with PolySTAT compared to TXA by 

~400 seconds on average. This indicates a decrease in clotting kinetics with the PolySTAT 

treatment. Also, at T0, the MCF was borderline higher for TXA in plasma compared to 

PolySCRAM. This is proportional to the amount of fibrinogen left in circulation and would 

indicate that TXA treated pigs might have higher amounts of fibrinogen on average in circulation. 

TXA only inhibits fibrin degradation, not fibrinogen degradation. Figure 37 below shows the other 

largest effect at T0, platelet count. 
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Figure 37. Platelet counts compared at T0 across survival outcome across all groups (left) and 

just the antifibrinolytics PolySTAT and TXA (right), both were borderline statistically significant 

(p = 0.0718 and p = 0.0753, two-sided t-test), respectively. 

 

Platelet count was borderline statistically significant at T0 with regards to survival outcome. As 

observed at earlier time points, a higher platelet count had a negative impact on survival. There 

was no statistical difference when looking at all treatment groups versus just TXA and PolySTAT. 

3.4.5 Parametric Survival Fit 

To estimate the effect of different parameters identified above, a parametric survival fit model was 

run. Figure 38 below displays the results. 
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Figure 38. Parametric survival fit model evaluating the most significant factors observed at 

different time points. Overall, the most significant factor was the internal hemorrhage rate (p = 

0.00000, parameter estimate = -0.998) which had an inverse relationship with survival (higher 

hemorrhage resulted in decreased survival).  

 

As expected, the internal hemorrhage rate was the most significant factor (-0.998), and had a 

negative impact on survival time, meaning increased hemorrhage rate decreased survival. The 

model was run again without hemorrhage rate as an effect to evaluate the other parameters. Figure 

39 below displays the results. 
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Figure 39. Parametric survival fit model evaluating the most significant factors observed at 

different time points with the internal hemorrhage rate removed. The effects (top) are listed in 

decreasing effect size (total catheter hemorrhage > CFT in whole blood at baseline > MCF-t in 

whole blood at T0 > PolySCRAM treatment > Platelet count at dilution). 

 

The effects from most significant to least are as follows: total catheter hemorrhage (0.311) > CFT 

in whole blood at baseline (0.146) > MCF-t in whole blood at T0 (-0.002) > PolySCRAM treatment 

(-0.362) > Platelet count at dilution (-0.003). Catheter hemorrhage, platelet count, and CFT were 

all controlled for by randomization of the treatments, Figure 40 below displays the average of each 

of these across the treatments.  



101 
 

 

Figure 40. Total catheter hemorrhage volume at T0 (left), Platelet count at dilution (center), 

and CFT in whole blood at baseline (right) across all treatments. Across all three, there was no 

statistically significant difference between treatments. 

 

3.4.6 Low-dose of PolySTAT and Co-administration with Fibrinogen Concentrate 

Based on the parameter estimations (excluding internal hemorrhage rate), PolySCRAM treatment, 

catheter hemorrhage, platelet count at dilution, CFT in whole blood at baseline, and MCF-t in 

whole blood at T0 had the largest effects on survival. The catheter hemorrhage, platelet count, and 

CFT effects are controlled for by randomization of the treatments (Figure 15 above). During the 

study, the catheter hemorrhage is initiated before the aorta tear, but then the aorta tear is done 

typically halfway through the catheter hemorrhage (4 min CATHHEM, aorta tear at 2min). This 

relationship could suggest that a less severe uncontrolled bleeding through the aorta would result 

in needing to draw more blood from the CATHHEM to compensate and get the pig into shock. 

Additionally, it is interesting that platelet count was a factor and it showed increased importance 

with the two antifibrinolytic treatments (TXA and PolySTAT). This could be explained by the clot 

contraction artifacts observed (Figure S3). This artifact was augmented when evaluated under 

APTEM, suggesting that inhibition of fibrinolysis could exasperate the contraction artifacts. Also, 

considering this is a high-pressure wound, there would be a greater concentration of platelets at 

the wound site due to upregulation of VWF from the high shear.24 The ROTEM temograms do not 

fully represent the wound site where there would be a higher concentration of platelets compared 

to systemic circulation. The PolySCRAM estimate seems to indicate there is a small effect from 

PolySTAT that compensates for the negative oncotic effect from the polymer backbone. Finally, 

MCF-t could indicate that PolySTAT is adversely affecting clotting kinetics. Lamm et al observed 

a decrease in alpha angle and an increase in clotting time when PolySTAT was dosed at a high 

concentration of 20 μM instead of the typical dose of 5 μM.2 Additionally, the FDA advises that 

when scaling up therapies from animals to humans, that dosing should be based off of surface area 
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not body weight.25 Converting the typical PolySTAT dose of 15 mg/kg to the advised surface area 

dose for swine would decrease the dose to 3.3 mg/kg. In ROTEM and rats a final blood 

concentration of 5 μM is targeted as the optimal PolySTAT dose. Figure S3 outlines an estimated 

blood concentration in two pigs of ~8 μM at T0 based on measured hematocrit levels and the 

catheter hemorrhage. To measure the concentration of PolySTAT in the bloodstream of the pigs 

at different time points, a FITC-labeled PolySTAT was infused. Based off a standard curve for the 

FITC-PolySTAT, measured blood concentrations in the blood of two pigs were ~8.7 μM and 5.5 

μM at T0 and ~2.9 μM and ~2.3 μM at T15 (SI Figure S4). These results seem to support that we 

are potentially dosing at too high of a concentration. Another possibility for the lack of PolySTAT 

efficacy could be a decreased affinity of FBP for pig fibrin. To evaluate this, clots were randomly 

harvested from different areas of the peritoneal cavity of the pigs infused with FITC-PolySTAT, 

fixed, and them imaged on a confocal microscope. Figure 41 below shows images of two of the 

clots. 

 

Figure 41. Confocal microscopy of blood clots harvested from the peritoneal cavity of pigs 

infused with FITC-labeled PolySTAT.  

 

From the clots harvested, ~50% of the clots had signs of FITC-labeled PolySTAT. There were 

areas of bright punctate that seem to indicate clustering of fibrin by platelets, large thick strands 

of fibrin, and more diffuse networks of thin fibrin. This all reflected the three different fibrin 

networks observed by Chernysh et al.24 It is well known that platelets locally release fibrinogen 
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from alpha granules upon activation. Therefore, to get an idea of the fibrinogen remaining in 

circulation at baseline, post dilution, T0, and T15, the plasma samples from the FITC-infused pigs 

were clotted with EXTEM, fixed, cryofractured, then imaged on the confocal microscope. For 

timepoints baseline and post dilution, 5 μM FITC-PolySTAT was added. Figure 42 below shows 

the resulting confocal images. 

 

Figure 42. Confocal microscopy of plasma samples from FITC-labeled PolySTAT infused pigs 

at baseline (A), post dilution (B), T0 (C), and T15 (D). The plasma samples were clotted with 

EXTEM, fixed in 10% formalin, then cryofractured. 
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An extremely dense fibrin network was observed at baseline which is typical of pigs.26 The 

confocal images appear to reflect their respective ROTEM curves (Figure 43 below) indicating 

that even when the clot strength is below the detection limit, there are still clots forming. This 

confirmed FBP binding to pig fibrinogen as well.  

 

Figure 43. ROTEM temograms measured with EXTEM of platelet poor plasma samples from 

FITC-labeled PolySTAT infused pigs at baseline (A), post dilution (B), T0 (C), and T15 (D). 

 

It is remarkable how dense the fibrin network is at baseline, at higher magnification the high degree 

of branching and compaction of the fibrin network can be seen (Figure 44 below).  
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Figure 44. Confocal images at high magnification of baseline (A) and post dilution (B) plasma 

clots from FITC-infused pigs. 

 

This seems to highlight the importance of the hemodilution to knockdown clotting strength in 

swine. Lamm et al. observed no efficacy of PolySTAT in their study of swine without 

hemodilution.3 Based on the results above, estimates put the range of PolySTAT concentration in 

the blood at ~5 μM - 8 μM. While the FDA recommends dosing based off surface area not body 

weight when moving to large animals and humans, which would decrease the dose from 15 mg/kg 

to 3.3 mg/kg (Figure 45 below) .25  
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Figure 45. Calculation of the low dose of PolySTAT based on FDA Guidance for Industry. 

 

Based off the calculations made in Figure S4, the 3.3 mg/kg dose would put the blood 

concentration at ~1.8 μM. To provide some margin in error due to the lower blood concentration 

than expected, we used a dose of 5 mg/kg which was estimated to be ~2.75 μM. Figure 46 below 

shows the measured PolySTAT concentration for all the swine evaluated with the low dose of 5 

mg/kg. 

 

Figure 46. Measured PolySTAT concentration in swine plasma (n=10) during aorta tear model 

with low dose (5 mg/kg). The initial peak in the plasma was ~3-5 μM. A red line at 1 μM is the 

minimum concentration where PolySTAT has shown activity in in vitro assays. 
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The low dose of PolySTAT was still slightly below the 5 μM target concentration, and it was 

rapidly diluted due to blood loss, and the aggressive resuscitation used in the model.  

 

Previous work by Chan et al. highlighted that too low of a fibrinogen concentration decreases the 

efficacy of PolySTAT (Figure 47 below).5,27 In addition, it is now standard of care in the EU to 

treat severe trauma patients with an initial dose of 3-4g of fibrinogen concentrate.28,29 The 

hemodilution is aggressively knocking down fibrinogen in the pigs. Hydroxyethyl starch solutions 

are also known to decrease FVIII, von Willebrand Factor, and increase partial thromboplastin 

time.30,31  

 

Figure 47. Storage modulus as a function of fibrinogen concentration for PolySTAT, 

PolySCRAM, and PBS control (left) and EXTEM TEMs of swine plasma (right) at baseline, after 

hemodilution with Hextend, and after administration with 50 mg/kg fibrinogen concentrate. 

 

From the work of Martini et al. a fibrinogen concentrate dose of > 37.5 mg/kg was targeted. In 

their model (60% hemodilution), this resulted in a blood concentration of ~1.5 mg/ml.32 We 

decided to move forward with 50 mg/kg, but we wanted to use the minimal amount of fibrinogen 
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for two reasons: (i) fibrinogen concentrate is ~1.2k per gram and (ii) a high dose (200 mg/kg) has 

shown to combat hemodilution and improve survival, which could hide PolySTAT’s effect.  

 

Figure 48 below shows the results of the additional arms (5mg/kg PolySTAT and 5mg/kg 

PolySTAT + 50 mg/kg Fibrinogen Concentrate) evaluated in the aorta tear hemodilution model. 

 

 

Figure 48. Kaplan-Meier Survival Curve for Swine Hemodilution Aorta Tear Model. Two 

additional arms were evaluated, Blue line: 5mg/kg PolySTAT (low dose) and Green Line:  

PolySTAT (5mg/kg) co-administered with Fibrinogen Concentrate (50mg/kg). No improvement 

in survival was observed. 

 

Unfortunately, the low dose of PolySTAT and the con-administration with fibrinogen concentrate 

did not improve survival outcomes. Additional reasons for the lack of efficacy are explored in the 

next section. 
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3.5 ESTIMATION AND MODELING OF AORTA TEAR WOUND FORCES 

Due to the lack of efficacy of PolySTAT in the hemodilution aorta tear swine model, but the 

impressive efficacy in rats, a comparison was made between the wounds for each species to see if 

there were any potential differences to explore further. To get a rough estimate of the vessel forces 

that need to be overcome, some basic calculations were made using the Law of Laplace, which is 

a common equation used to understand trends in vessel wall tension as intraluminal vessel pressure 

and vessel internal radius scale (Figure 49 below). 

 

Figure 49. Overview of the Law of Laplace. Left: If you draw vectors that are tangent to the 

walls of vessels, for larger vessels it takes a larger vector to create the normal force necessary to 

match the intraluminal pressure. This means larger vessels have higher wall tension compared to 

smaller vessels. Right: Table shows mean vessel pressure, radius, and wall tension for different 

size arteries, veins, and capillaries in the body. Table used without permission from [33] by Alan 

C. Burton. 

 

The Law of Laplace was used to get rough estimates of the wall tension and stress along the length 

of the wound (calculated by dividing the wall tension by the wound length) for both the swine and 

rats. Figure 50 below shows the vessel geometries, wound size, and calculations for species. 



110 
 

 

Figure 50. Wound geometries, estimated wall tension, and wound stress for swine (left) and 

rats (right). The descended aorta vessel in swine is estimated to have a wall tension of ~20,000 

dynes/cm, with an average wound stress along the tear of ~5,000 Pa. The femoral artery of the 

rat is estimated to have a wall tension of ~2,000 dynes/cm, with an average wound stress along 

the tear of ~670 Pa.   

 

Interestingly, due to the larger size of the descended aorta in swine, there is ~10x the wall tension 

compared to the femoral artery in rats. This results in a much greater force that the clot must 

overcome to effectively close the tear. Similarly, when adding in the length of the wound, there is 

~7.5x greater stress along the wound in the swine compared to rats. Next, we were interested in 

evaluating the impact the clot’s weight could have on hemostasis. Qualitatively, it has been 

observed that the clots in the swine aorta tear model are often found away from the tear site, and 

large clots are removed throughout the peritoneum. External pressure applied to the wound site 

plays an important role in stopping bleeding, and the Law of Laplace has been applied to 

calculating sub-bandage pressures needed to be supplied by bandages.34 In the rat model, a nice 

deep pocket is made during the isolation of the femoral artery, and this allows a large hematoma 

to form directly on top of the wound site (Figure 51 below). 
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Figure 51. Estimation of the average force due to the clot that forms during the femoral artery 

bleed in rats. Left: TXA control clot, Right: PolySTAT clot showing a large hematoma. The 

average clot weight from the GmMA-STAT study (Chapter 2) was ~2 grams for PolySTAT treated 

rats. The force due to the weight of this clot would be ~1960 dynes, which is on order of the vessel 

wall tension.  

 

It is estimated that the force from just the average weight of PolySTAT clots is ~1960 dynes, which 

is on the same order of magnitude as the wall tension of the femoral artery. This is just considering 

the mass of the clot, not any internal pressure that would form due to clot contraction forces pulling 

down on the clot. The femoral artery wound also provides a lot of exposed muscle and fat surface 

area for the hematoma to adhere to. This adhesion of the hematoma is extremely important to 

hemostasis. KYT Chan et al. showed that a topical administration of FXIIIa increased wound 

adhesion, which led to increased survival in the same rat femoral bleed model.35  

 

To evaluate the relationship between survival, hemorrhage, wound geometries, and wound 

mechanics, the aorta tears for most of the pigs were measured (Figure 52 below) and split out by 

outcome. 
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Figure 52. Harvested aorta tear length vs. survival outcome. Left: Aorta tears were transected 

at the end of the model, then kept in buffered formaldehyde solution. The aortas were measured 

with calipers for the tear length and the inner circumference (luminal surface). Right: Tear size 

vs. survival outcome showed that there was a statistically significant increase in tear length in the 

swine that died compared to the swine the survived (p = 0.02, two-sided t-test). 

 

There is a statistically significant difference in tear size for pigs that died versus survived. 

However, it should be noted that the aortas are under tension when inside the body, and when they 

are harvested, they shrink back, which decreases the length of the tear. Therefore, this 

measurement most likely is confounded with tension/elastic recovery of the vessel. In addition to 

measuring tear length, we also measured the inner circumference of the vessel from which we 

calculated the inner vessel radius. To get an estimate of the final parameter, intraluminal pressure, 

we used the highest achieved mean arterial pressure for the swine during resuscitation. This 

allowed us to calculate the vessel wall tension and the average stress across the tear. Table 1 below 

shows the results for swine that survived versus died. A standard two-side t-test was used to check 

for significance. 
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Table 1. Compiled wound geometries and mechanics, along with survival, hemorrhage, and 

bleed intensity. 

 

 

Other than internal vessel radius, everything else showed statistically significant differences 

between pigs that died versus survived. SI Figures 13-15 show the bivariate correlations between 

all the parameters in Table 1. From these, a strong correlation between wound mechanics, survival, 

and hemorrhage can be observed. As to be expected, swine that bleed more, are more likely to die, 

and swine with lower maximum resuscitation mean arterial pressures, don’t survive as long. Also, 

average stress across the wound trended with hemorrhage rate (Figure 53 below). 

 

 

Figure 53. Relationship between hemorrhage rate, survival, blood pressure and stress across 

the wound. Left: Simple linear fit (shaded = 95% confidence interval) of Hemorrhage Rate 

(cc/[kg*min]) as a function of Max Resuscitation MAP (mmHg) - R2 = 0.82, p = <0.0001, slope 

= -0.089/-0.066 (lower 95%/upper 95%); Middle: Simple linear fit (shaded = 95% confidence 

interval) of Hemorrhage Rate (cc/[kg*min]) as a function of Max Stress Across Wound (Pa) - R2 

= 0.59, p = <0.0001, slope = -0.000391/-0.000226 (lower 95%/upper 95%); Right: Max Stress 

Across Wound (Pa) across survival outcome, swine that survived showed higher stress across the 

wound compared to those that died (p = <0.001, two-sided t-test). 

 

N Mean
Std. 

Error
Lower 
95% CI

Upper 
95% CI

N Mean
Std. 

Error
Lower 
95% CI

Upper 
95% CI

Tear Size (mm) 17 2.17 0.10 1.96 2.38 28 2.49 0.08 2.33 2.66 0.02
Aorta ID Circumference (cm) 16 1.42 0.03 1.36 1.47 28 1.37 0.02 1.33 1.41 0.17
Aorta Internal Radius (mm) 16 2.24 0.04 2.16 2.32 28 2.18 0.03 2.12 2.24 0.26

Maximum Achieved MAP (mmHg) 16 59.31 2.30 54.67 63.95 27 45.67 1.77 42.09 49.24 <0.0001
Max Wound Tension (Dynes/cm) 15 17663.80 738.33 16171.59 19156.01 27 13247.48 550.32 12135.25 14359.71 <0.0001

Max Wound Stress (Pa) 15 8389.47 521.35 7335.77 9443.16 27 5571.15 388.59 4785.77 6356.52 <0.0001
Hemorrhage (mL/kg) 17 13.84 2.89 8.02 19.66 29 41.82 2.21 37.36 46.28 <0.0001
Survival Time (min) 17 180.00 7.10 165.68 194.32 29 46.03 5.44 35.07 57.00 <0.0001

Hemorrhage Rate (mL/[kg*min]) 17 0.08 0.17 -0.27 0.42 29 1.45 0.13 1.18 1.71 <0.0001

Survivors Nonsurvivors
Column P Value
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Based on the average wound stress for survived versus died, a difference of ~2800 Pa was found, 

which is an order of magnitude higher than the elastic modulus increase by PolySTAT in the 

rheometer and indicates that PolySTAT has to greatly increase the stiffness of clots to stop the 

bleeding. Since the Law of Laplace is an extremely simplified model of vessel mechanics. We 

pursued a simple pipe flow model leveraging direct pressure measurements made in the pigs. We 

placed two catheters, one above the tear (via carotid artery) and one below the tear (via femoral 

artery) in order to measure the pressure drop due to the aorta tear. Using a simple pipe flow model, 

the hemorrhage rate, shear rate, wall shear stress, and dynamic pressure across a cardiac cycle can 

be estimated (Figures 54 and 55).  

 

Figure 54. Overview of catheter setup to measure the pressure drop across the aorta tear. One 

catheter is fed through the carotid artery down to measure the blood pressure above the wound, 

while the second catheter is fed through the femoral artery up to measure pressure below the 

wound.  
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Figure 55. Simple pipe flow simulation of hemorrhage through a tear.  

 

From the simple pipe flow model, a very high shear rate was found that supports that this high 

shear wound will have a high platelet content. However, it should be noted that this model probably 

overestimates shear rate due to the assumption that it is rigid pipe flow, whereas the actual vessel 

wall is flexible. A similar study in mice showed that as the relative aspect ratio of the wound area 

to the vessel radius increases, the wound shear rates decrease. This further supports that rat model 

has a lower shear rate compared to the descended aorta. Additionally, the average dynamic 

pressure, or the pressure the clot must overcome to stop bleeding, was on the order of magnitude 

as the average stress across the wound. This simple pipe flow model further supports the swine 

tear model being too aggressive for PolySTAT to show efficacy. 

 

3.6 DEVELOPMENT OF A LIVER BLEED MODEL IN SWINE 

Since modeling of the swine aorta tear model indicated that the vessel size and wound were too 

aggressive, we attempted to develop a new severe hemorrhage model that would target vessels 

with lower wall tensions and provide a better clotting surface. The liver was chosen due to its large 

venous blood supply, high level of vascularization, large surface area, and clinical relevance. Table 
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2 gives an overview of the estimated wall tension for liver vessels. Due to the lower pressure of 

veins, the wall tension of the vessels is greatly reduced and more similar to the rat femoral artery. 

 

Table 2. Diameter, pressure, and tall tension for various vessels in the liver. 

 

 

 

After a literature review, a deadly liver transection (Grade IV injury) model was chosen as a 

starting point. In this model, the left lobe is isolated and the lobe is fully transected 3 cm from the 

hilum of the liver. Figure 56 below shows a quick overview with a 4 cm transection. 

 

Vessel
Diameter 

(mm)
Pressure 
(mmHg)

Wall Tension 
(dynes/cm)

Rat Femoral Artery 0.5 60 2,000
Descending Aorta 
(abdominal region) 

20 60 20,000

Hepatic Artery at 
origin 

5 60 5,000

Main Portal Vein 
[Branches]

10 - 20 [4] 5 - 10 300 - 3,000

Main Hepatic Vein 15 10 2,500
Portal Triad 

Vessels/Hepatic Vein 
0.05 - 0.1 5-10 17 - 67
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Figure 56. Images of the liver transection model. Left: The left lobe of the pig’s liver is 

isolated and pulled out of the abdomen. A stencil with a set distance is laid at the base of the 

hilum, and the stencil is perpendicular to white ligament on the underside of the lobe. Next a 

mark is made. Middle: Using surgical scissors, the left lobe is fully transected and removed from 

the abdomen. The abdomen is rapidly stapled shut over two minutes. Right: Image of the clot 

formed on the end of the transection inside the peritoneum. 

 

The original model called for a 3 cm transection however, this study was evaluating a pressurized 

external hemostat, and it was found that the 3 cm transection was too aggressive and resulted in 

rapid deaths. Therefore, a 4 cm transection was evaluated. With this wound, the cut surface of the 

liver provided a large surface area to form a clot, and there was typically one or two small arteries 

that provided higher pressure bleeds in combination with the low pressure bleed of the veins. 

Figure 58 below shows the cut surface from the transected side of the left lobe. The large vessels 

are either hepatic or portal vein branches, while the white encased smaller vessels are from the 

hepatic artery. It was observed that these solid organ wounds create large vessel cross-sections that 

remain open. 
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Figure 57. Images of the cut surfaces of the transected left lobes. There are a few larger 

branches of the hepatic vein and portal vein present, while the hepatic artery branches are 

smaller. 

 

Even with the less aggressive 4 cm transection, there was still 100% mortality. Additionally, there 

was a cluster of rapid deaths (Figure 57 below). 
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Figure 58. Mean arterial pressure (MAP) in mmHg versus time points in the liver transection 

and liver laceration models. The 4 cm transection (red) data is highlighted.  

 

The 4 cm liver transection resulted in a rapid drop in MAP over ten minutes with some instances 

rebleeding events. The resuscitation rate of 1 cc/(kg*min) was 3x slower than the resuscitation rate 

in the aorta tear model 3 cc/(kg*min). Even with this less aggressive resuscitation rate, there was 

significant bleeding and rebleeding. It should be noted, that due to the liver transection being 

venous bleed, it is unknown how much resuscitation rate would affect the hemorrhage rates and 

stress on the clots. The aorta tear is a major artery, and as a result the MAP increases due to the 

aggressive resuscitation directly translate to an increased stress on the clot at the tear. The 

uncertainty around switching from a major arterial bleed to a major venous bleed, also called into 

question about the concentration of PolySTAT reaching the liver wound. Therefore, we used the 

same FITC-labeled PolySTAT from the aorta tear, and dosed it at 10 mg.kg. Blood samples were 

taken from the femoral artery (arterial blood), jugular vein (mixed blood), and the portal vein 

(venous blood). The plasma concentration of FITC-PolySTAT was measured and is shown in 

Figure 59 below. 
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Figure 59. FITC-PolySTAT (dose 10 mg/kg) concentration measured at the femoral artery 

(arterial blood), jugular vein (mixed venous), and the portal vein (venous blood) over time in a 

sham pig with similar blood loss to the 4 cm transection. Concentration was measured in n=1 

pig, and the standard deviation from the plasma measurements in the aorta bleed were added to 

show an estimation of the range of blood concentration. The portal vein collapsed T5 due to low 

blood pressure and blood was unable to be drawn from it. The pig died at R15. 

 

The PolySTAT appears first in the mixed venous, followed by the aterial blood, and finally the 

portal vein. The 10 mg/kg dose appears to provide a good level of PolySTAT in the blood and 

better hits the target concentration of 5 μM. Unfortunately, the portal vein collapsed and further 

measurements were not able to be made. It is unknown if this collapse would occur without the 

catheter and during the liver transection.  However, overall these results gave us more confidence 

we were hitting the desired  PolySTAT concentration at the liver. 
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Next, we wanted to get an estimate of the decrease in blood loss needed to enable the pig to survive. 

For this we evaluated a series of sham pigs (Figure 60 below). 

 

Figure 60. Overview of sham pigs evaluated to find hemorrhage level necessary for survival 

in the liver model. No injurty was made, and the hemorrhage was done with a controlled bleed 

using programed rates with a peristaltic pump. Normalized hemoglobin was used to compare 

blood loss to the 4 cm liver transection. Sham 1 (red) used a constant hemorrhage rate that 

matched the overall average hemorrhage volume measured in the 4 cm transection which was too 

aggressive compared to the slower venous bleeds, and led to a fast death. Sham 2 decreased the 

overall hemorrhage volume to 19 cc/kg, and used a controlled bleed program based on a slower 

venous bleed. This once again led to death. Sham 3 used the same venous bleed profile but 

decreased the overall hemorrhage to 15 cc.kg, and this led to survival. 

 

From the sham pigs, it is estimated that hemorrhage needs to be decreased from ~23 cc/kg to ~15 

cc/kg (Sham 3) for the pigs to survive. Although this was a reasonable amount of blood loss to 

decrease, the 4 cm transection seemed to lead to too quick of deaths to provide time for PolySTAT 

to be efficacious. Therefore, we decided to evaluate a 5 cm transection to see if we could increase 

the average survival time. Figure 61 below shows the mean arterial pressure versus time for the 5 

cm transection pigs. 
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Figure 61. Mean arterial pressure (MAP) in mmHg versus time points in the liver transection 

and liver laceration models. The 5 cm transection (purple) data is highlighted. 

 

Although, the 5 cm transection did result in n = 3 survivors, which were the first survivals we had 

with a liver transection, there was an even tighter cluster of rapid deaths. Pictures of the transected 

livers are shown in Figure 62 below. 
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Figure 62. Images of the transected left lobes from the 5 cm liver transection model. The n = 

5 rapid hemorrhage deaths indicated that a major artery branch was cut, leading to vessel cuts 

along the lengths of the vessels. Whereas the n = 3 pigs that survived (green box) did not have a 

similar vessel cut.  

 

Unfortunately, the distance of the 5 cm transection appeared to coincide with a branching of the 

hepatic artery and led to lengthwise cuts of these vessels that resulted in rapid bleed outs. Due to 

the aggressiveness of the transection model, we decided to explore a deep laceration cut that did 

not fully transect the left lobe, but left it barely attached. We hypothesized that leaving the other 

side of the liver in the cavity would slow down the bleed due to the opposite side trying to close 

down on the wound (Figure 63 below). 
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Figure 63. Images from the 1 cm deep liver laceration model. Left: Similar to the transection 

model, a template is placed then a line drawn on the liver. A scalpel blade set with a depth of 1 

cm is used to cut along the line. The left lobe is then laid back into the peritoneum and stapled 

shut. Right: A harvested liver showing the large clot that forms in the laceration model. The clot 

can hold the two sides of the wound together. 

 

The liver laceration model created a nice large, localized clot that bridged and held together the 

two sides of the left lobe on either side of the laceration. It should be noted that the 

stencil/measuring system was changed for the 3 cm liver laceration model. Instead of the distance 

indicating the distance away from the hilum, for the 3 cm liver laceration we moved to measuring 

from the distance at the end of the ligament left lobe ligament that ran on the underside of the liver. 

Therefore, for the liver transection in order of distance away from the hilum 5 cm (furthest) > 4 

cm > 3 cm (closest), while for the laceration 3 cm (further from the hilum) > 4 cm, while the 4 cm 

distance corresponds to the same distance from the hilum as the 4 cm liver transection model. The 

3 cm liver laceration distance would be ~ 6 cm in the liver transection model. Figure 64 below 

shows the MAP versus time point for the 3 cm liver laceration model. 
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Figure 64. Mean arterial pressure (MAP) in mmHg versus time points in the liver transection 

and liver laceration models. The 3 cm laceration (blue) data is highlighted. 

 

Moving to the 3 cm laceration (corresponding to a distance or 6 cm from the hilum) model greatly 

increase survival and slowed down hemorrhage. We evaluated n = 1 pig with a 4 cm laceration 

(corresponding to the same distance as 4 cm transection). This pig had a similar bleed profile to 

the 4 cm transection (Figure 65 below). 
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Figure 65. Mean arterial pressure (MAP) in mmHg versus time points in the liver transection 

and liver laceration models. The 4 cm laceration (green) data is highlighted. 

The lactate levels (mmol/L) versus time point are shown in Figure 66 below. 

 

 

Figure 66. Lactate in mmol/L versus time point for the different liver bleed models. 

From the lactate levels, the 3 cm laceration pigs were not getting as sick as the transection models. 

Figure 68 below shows the survival curve and internal hemorrhage volumes for the different 

wounds evaluated (excluding the n = 1, 4 cm laceration). 
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Figure 67. Kaplan-Meier survival curve (left) for the liver transection and laceration model in 

swine and average internal hemorrhage (right) measured for each wound. Left: There was a 

statistically significant increase in survival when comparing Laceration vs. 5cm – Transection (p 

<.0001), Laceration vs. 4 cm – Transection (p <.0001), and 5cm – Transection vs. 4 cm – 

Transection (p <.0001). P-values were determined by log-rank Mantel-Cox test. Right: There 

was a statistically significant decrease in hemorrhage moving from the 4 cm – transection to the 

laceration model (p = 0.043). A fit model for a repeated measure, one-way anova with tukey 

post-hoc analysis (α = 0.050) was used for statistical analysis. 

 

Unfortunately, due to the grant expiring that supported this model development work, we were 

unable to evaluate additional pigs in the 4 cm laceration. Therefore, we decided to move forward 

with the least aggressive model, the 3 cm liver laceration, and complete a small pilot study 

comparing PolySTAT (10 mg/kg), PolySTAT (10 mg/kg) + TXA (15 mg/kg), Saline Volume 

Control, and TXA (15 mg/kg). All treatments were given at the same volume in a single bolus 

infusion over 10 minutes. 
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Figure 68. Survival curves and hemorrhage volumes for 3 cm liver laceration pilot study. No 

statistically significant differences in survival (left) nor hemorrhage volumes (right) were 

observed.   

 

Unfortunately, the model did not show any difference in treatment. Future work will evaluate the 

images of vessels and measurements to see if similar to the aorta bleed, wound mechanics are 

playing a role, and we can see any effect when controlling for vessel size.   

3.7 CONCLUSIONS 

Overall, these swine studies were exciting for many reasons. These were the first major swine 

studies evaluating PolySTAT. The slight improvement in survival compared to PolySCRAM was 

important to see due to the negative impact of the resuscitative nature of PolySTAT’s polymer. 3 

In all the swine experiments there were no signs of CARPA, or any other signs of distress due to 

the PolySTAT infusion. Histology of major organs showed no evidence of systemic thrombosis, 

even in swine that were co-administered fibrinogen concentrate and PolySTAT. We successfully 

imaged intravenously administered FITC-labeled PolySTAT in clots harvested from both rats and 

swine, which confirmed PolySTAT’s ability to target the wound site. The FITC-PolySTAT also 

enabled us to do some simple biodistribution studies that decreased the dose of PolySTAT in swine 

from 15 mg/kg to 10 mg/kg. Finally, the modeling of wound mechanics and hemorrhage has set 

the foundation for additional work to understand the mechanical limits of intravenous hemostats, 

which is key to pushing this field forward.  
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3.10 SUPPORTING INFORMATION 

 

Figure S 1. CFT of plasma at baseline (left) and MCF of plasma at baseline (center) and dilution 

(right).  
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Figure S 2. Platelet count at dilution for each treatment.  

 

 

Figure S 3. Contraction artifacts seen in ROTEM. Visual contraction can be observed, and 

elimination of the artifacts with plasma (no platelets) but not in APTEM implies either 

contraction or adhesion. 
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Figure S 4. Estimated FITC-PolySTAT concentrations, (left) measured after infusion with 

FITC-PolySTAT followed by measurement via fluorescence, and (right) estimation based on the 

administered dose, blood volumes, and hematocrit levels of the pigs. The estimated dose is for T0, 

and shows good agreement with the measured concentrations. 

 

Figure S 5. Simulated hemodilutions of 40%-60% with pig whole blood. Baseline blood 

without dilution (top left), 40% hemodilution (top right), 50% hemodilution (bottom left), 60% 

hemodilution (bottom right).  
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Figure S 6. Aortic blood pressure for all animals measured during hemodilution, hemorrhage 

(shock), and during fluid resuscitation (fluids given). SBP= systolic blood pressure, DBP = 

diastolic blood pressure, MAP=mean arterial blood pressure, in mmHg. 

 

 

Figure S 7. Cardiac output for all animals measured in L/min during hemodilution, at 

baseline, during hemorrhagic shock, and during fluid resuscitation. 
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Figure S 8. Heart rate for all animals measured in beats/min during hemodilution, at baseline, 

during hemorrhagic shock, and during fluid resuscitation. 

 

Figure S 9. Summary SBP=systolic blood pressure, in mmHg, compared by survivorship. 
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Figure S 10. Summary DBP=diastolic blood pressure, in mmHg, compared by survivorship.  

 

Figure S 11. Summary MAP = mean arterial pressure, in mmHg compared by survivorship.  
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Figure S 12. Summary cardiac output in liters/min compared by survivorship. 

 

 

 

Figure S 13. Bivariate correlations between blood loss and wound geometry and mechanics. 

Bivariate correlations with 95% CI ellipses. 
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Figure S 14. Bivariate correlations between survival and wound geometry and mechanics. 

Bivariate correlations with 95% CI ellipses. 

 

 

Figure S 15. Bivariate correlations between bleed intensity and wound geometry and 

mechanics. Bivariate correlations with 95% CI ellipses. 
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Figure S 16. Representative histology images from lung biopsies taken during aorta tear 

study. 
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Figure S 17. Representative histology images from liver biopsies taken during aorta tear 

study. 
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Figure S 18. Representative histology images from kidney biopsies taken during aorta tear 

study. 
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Figure S 19. Representative histology images from heart biopsies taken during aorta tear 

study. 

 

 

Figure S 20. Incidental lesions identified during evaluation of histology images by a blinded 

pathologist (left: lung, middle: kidney, right: liver). 
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4.1 INTRODUCTION 

The overall goal of this chapter is to analyze the mechanism by which PolySTAT affects clots. We 

started our inquiry from two observations from our prior studies: first, polySTAT-treated clots 

have higher contraction in whole blood compared to control blood and second, polySTAT-treated 

clots have reduced fibrinolysis compared to control clots.  

 

Clot Contraction: We observed during both rat and swine studies that PolySTAT-spiked (5 μM) 

blood samples have increased clot contraction compared to the saline control (Fig 1, left). In 

addition, we observed in some ROTEM studies that the addition of PolySTAT led to traces that 

reflect clot lysis (Fig 1, center and right). The first part of this chapter investigates what could be 

leading to these observations. 

   

Figure 1. Overview of clot contraction artifacts seen when PolySTAT is spiked into the blood 

at 5 μM concentration. Left: Image visually showing the increased contraction due to PolySTAT. 

Center and Right: EXTEM of baseline swine blood that shows the clot lysis artifact observed with 

PolySTAT. 

 

Anti-fibrinolysis: The second part of this chapter investigates the anti-fibrinolytic action of 

PolySTAT. Our previous work showed that PolySTAT’s physical crosslinks decrease the pore size 

of fibrin networks, while increasing fibril density and thickness. These physical changes are 

thought to slow plasmin’s diffusion through the clot, and increase the number of fibrils that need 

to be lysed to decrease clot strength. Our ROTEM studies in both purified protein systems and 

simulated trauma-induced coagulopathy plasma reveal that PolySTAT increases both clot firmness 

and lysis time. PolySTAT’s may delay lysis through physical impacts on clot structure (fiber 

density/size, mechanical stiffness) or by impacting enzymes/zymogens of the fibrinolysis pathway 

(tPA, plasmin(ogen), uPA) (Figure 2 below). 
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Figure 2. Fibrin catalyzes its own destruction. Left: Upon conversion of fibrinogen to fibrin, 

cryptic binding sites for both tPA and plasminogen are revealed, which enables the creation of 

plasmin. Figure was reused with permission from [1] by Marlien Pieters and Alisa S. Wolberg 

under the Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC 

ND). Right: Plasmin degrades fibrin and leads to the creation of new binding sites for tPA and 

plasminogen, which further increases the concentration of plasmin. Figure was reused with 

permission from Taylor & Francis Online for [2] by Bonno N. Bouma and Laurent O. Mosnier.  

 

Fibrin is known to catalyze its own destruction by two mechanisms. First, upon conversion from 

fibrinogen to fibrin, cryptic binding sites for tPA and plasminogen are revealed that enable the 

production of plasmin; bound tPA has ~100-1000 greater activity than in solution. Second, the 

digestion of fibrin gels into fibrin degradation products exposes C-terminal lysines that provide 

more binding sites for tPA and plasminogen. Additionally, the fibrin-binding peptide (FBP) used 

in PolySTAT is based on the Tn6 peptide XArXCPY(G/D)LCArIX (Ar = aromatic) developed by 

the Caravan group.3,4 Tn6, in addition to binding fibrin (Kd = 2.9 μM), binds with high affinity to 

a mix of fibrin degradation products DD(E) comprised of both D-Dimers and two E fragments (Kd 

= 0.85 μM). While the exact binding sites for Tn6 are unknown, the number of equivalent binding 

sites Nbd were similar for both fibrin (Nbd = 2.4) and DD(E) (Nbd = 2.0). Considering that Tn6 

binds DD(E), FBP is expected to bind other fibrin(ogen) degradation products such as Fragment 

X, Y, D, and a range of D-Dimers.  
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Figure 3. Plasmin can act on both fibrinogen and fibrin. Left: Overview of different fibrinogen 

degradation products after plasmin degradation. Figure was reused with permission from [5] by 

Hidenobu Aziawa et al. license no. 5611030702578 by Elsevier. Middle: Figure was reused with 

permission from eClinPath.com (Action of plasmin on fibrinogen or fibrin) [6] by Tracy Stokol 

under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License. 

Right: Overview of different fibrin degradation products due to FXIIIa crosslinking and plasmin 

degradation. Figure was reused without permission from [7] by Giuseppe Lippi et al. 

 

These fibrinogen degradation products (FDPs) are elevated in the bloodstream in trauma, with 

increased D-Dimer concentration correlating with poorer outcomes.8,9 Additionally, DD(E) has 

been shown to increase plasmin generation by tPA, while tPA and plasminogen both bind to D-

Dimers.10,11  

 

Due to the elevation of FDPs in the blood of trauma patients, we are interested in:  

 

1) Is PolySTAT able to interfere with tPA-plasminogen binding/complexation on fibrin? 

2) Do FDPs competitively inhibit PolySTAT’s ability to bind fibrin?  

3) Does PolySTAT localize FDPs to clots in vivo and increase fibrinolysis?  

 

Given the difficulty of showing efficacy in swine, this mechanistic understanding is critical gap 

we need to fill for continued clinical translation of PolySTAT,  
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Thrombin and FXIIIa, were purchased from Enzyme Research Laboratories (South Bend, Indiana) 

unless otherwise noted. Chromogenix Substrates S-2251 (Plasmin) and S-2288 (tPA) were 

purchased from DiaPharma Group, Inc. (West Chester, OH). Human whole blood was purchased 

from Bloodworks Northwest (Seattle, WA). 

4.2.2 Rheometer Clot contraction 

A method based on Tutwiler et al. was used.12 Healthy donor whole blood (n=7) was collected in 

standard 3.2% sodium citrate tubes. The blood was evaluated within 4 hours of the blood draw. 

Blood samples were incubated with the treatment for 5 minutes prior to evaluation. A TA 

Instruments Discovery Series Hybrid Rheometer (DHR-3) equipped with a solvent trap was used. 

All experiments were conducted at 37 °C, 3% strain, 5 rad/sec with a 20 mm stainless steel cone 

and plate (1 degree). A rheometer gap of 313 μM with 131 μL of blood was used. Samples were 

reconstituted with thrombin/Ca and immediately pipetted onto the peltier plate.  

4.2.3 Platelet Plug Micropost Microfluidic Assay 

The microfluidic devices were manufactured out of polydimethylsiloxane (PDMS) using a soft 

lithography technique. Prior to the experiment, the channels were incubated with Alexa-647 

labeled Bovine Serum Albumin (BSA-647) for 1 hour, rinsed with Tyrode’s buffer, incubated with 

rat tail collagen I for an hour, and rinsed with Tyrode’s buffer. Each sample was prepared with 

960 μL of sodium citrated whole blood, 40 μL of p-selectin antibody (BioLegend concentration), 

and 53 μL of saline, polySTAT, or polySCRAM (5 μM). The blood was perfused through each 

microfluidic channel at a shear rate of 40,000 s-1 (volumetric flow rate of 120 μL/min) for the first 

15-20 seconds, then reduced to a shear rate of 640 s-1 (volumetric flow rate of 3.2 μL/min) for the 

remaining time to avoid clogging the channel. Phase and fluorescent time-lapse images were taken 

every 2-3 seconds (control was every 2 secs, polySTAT and SCRAM were every 3 secs). The 

projected area of the plug and  post deflection overtime were measured using custom MATLAB 

scripts. Platelet-plug contractile force (F) was determined from the deflection of the post (δ) using 
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Hooke’s Law (F = kδ) where the spring constant k = (3πEd4)/(64L3) and E is the modulus of 

elasticity of PDMS, d is the diameter of the post, and L is the length of the post. To obtain confocal 

images of the FITC-labeled polySTAT and polySCRAM the channels were flushed with a 0.9% 

saline to remove the remaining blood in the channel and fixed with paraformaldehyde.  

4.2.4 Platelet activation assay with polySTAT  

Aliquots of 450 μL of whole blood were incubated for 5 min at room temperature with 50 μL of 

50 μM polySTAT or polySCRAM, DPBS 2% fetal bovine serum (FBS, Gibco), or adenosine 

diphosphate (ADP, Bio/Data) for positive activation control. Aliquots of 5 μL were then incubated 

with antibody solutions of FITC antihuman PAC-1 (1:10, BD Biosciences), APC antihuman 

CD62P (1:10, BD Biosciences), and/or PE antihuman CD61 (1:10, BD Biosciences) for 20 min at 

room temperature. Cells were fixed in DPBS 1% PFA and analyzed on an Attune NxT (Invitrogen) 

flow cytometer.   

4.2.5 PolySTAT binding assay with polySTAT 

Isolation of platelets from whole blood  

Whole blood (Bloodworks) was centrifuged at 200g for 20 min at room temperature. Platelet-rich 

plasma from the top layer was diluted at 1:1 v/v ratio with Dulbecco’s phosphate-buffered saline 

(DPBS, Gibco) supplemented with 2 mM ethylenediaminetetraacetic acid (EDTA, Invitrogen) and 

centrifuged at 100g for 20 min at room temperature. The supernatant was separated and centrifuged 

at 800g for 20 min at room temperature to pellet platelets. Platelets were rinsed with DPBS 2 mM 

EDTA and resuspended in DPBS.   

  

Platelet-binding assay  

Aliquots of 106 platelets were pelleted at 800g for 5 min at room temperature and incubated for 20 

min at room temperature with 20, 5, 1, or 0 μM of FITC-labelled polySTAT or polySCRAM in 

DPBS supplemented with 1% bovine serum albumin (Miltenyi). Platelets were fixed in 200 μL of 

DPBS 1% BSA 0.1% paraformaldehyde (Alfa Aesar) and analyzed on an Attune NxT (Invitrogen) 

flow cytometer.  
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4.2.6 Chromogenic assay with polySTAT and fibrin gels 

PolySTAT, polySCRAM, TXA, or HEPES buffer treatments were added to a 96-well plate 

(Corning) with final concentrations of 0.2 to 20 μM for polySTAT, 5 μM for polySCRAM, and 15 

μg/mL for TXA. Plasminogen, thrombin, calcium chloride, tissue plasminogen activator (tPA), 

and Chromogenix Substrate 2251 (Diapharma) were added in final concentrations of 8.46 μg/mL, 

0.5 NIH U/mL, 10 mM, 25 ng/mL, and 0.8 mM, respectively. Fibrinogen was added last to form 

gels in final concentrations of 0.5, 1.5, and 4.5 mg/mL. Absorbance measurements were taken at 

405 nm on a Tecan plate-reader every 5 min for 120 min at 37°C. 

4.2.7 Turbidity assay and lysis times with polySTAT and fibrin-degradation products (FDPs) 

Titrations of fragment E, fragment D, D-dimer, and BSA negative control were added to a 96-well 

plate with final concentrations of 0.039 μg/mL to 10 μ/mL. Treatments of polySTAT and 

polySCRAM were added to each titration with final concentrations of 5 μM. Plasminogen, 

thrombin, calcium chloride, and tPA were added in final concentrations of of 8.46 μg/mL, 0.5 NIH 

U/mL, 10 mM, and 25 ng/mL, respectively. Fibrinogen was added last to form gels in a final 

concentration of 0.5 mg/mL. Absorbance measurements were taken at 340 nm on a Tecan plate-

reader every 5 min for 120 min at 37°C. Lysis times were calculated as the time taken to reach half 

of the maximum absorbance in Graphpad Prism. 

 

4.3 CLOT CONTRACTION: RESULTS AND DISCUSSION 

PolySTAT creates clot contraction artifacts in ROTEM of rat and swine whole blood. 

During rat studies, artifacts in ROTEM were observed that resembled clot lysis when PolySTAT 

was spiked into the blood samples at a final concentration of 5 μM (Figure 4).  
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Figure 4. PolySTAT creates clot contraction artifacts in ROTEM with rat blood from an LPS model 

of sepsis. A) No lysis artifacts were observed with blood spiked with PBS as a volume control. 

APTEMs were run to see if the reduction in clot firmness was due to lysis, and aprotnin was unable 

to rescue clot firmness. B) Blood samples were spun down to remove platelets, and plasma was 

evaluated in EXTEM. No lysis was observed indicating that platelets were responsible for the 

ROTEM artifacts. 

 

The artifacts were not observed in rat blood without PolySTAT. Samples were run with Aprotinin 

(APTEM), which inhibits lysis, however the artifacts were still observed. Next, the blood was spun 

down to remove platelets, and run again. No artifacts were observed supporting hypothesis that 

the artifact was due to platelet-induced clot contraction. Similar artifacts were once again observed 

during swine studies for the aorta tear hemodilution model (Figure 5 below).  
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Figure 5. PolySTAT creates clot contraction artifacts in ROTEM with both normal and 

hemodiluted pig blood. Similar clot contraction artifacts to rats were observed in swine blood. A) 

Normal baseline blood. B) Hemodiluted swine blood. 

 

The contraction artifacts were observed in both baseline blood and hemodiluted blood when 

PolySTAT was spiked in at 5 μM. Again, APTEM analysis confirmed the artifact was not due to 

lysis but rather platelet-induced contraction. To observe this contraction visually, samples of blood 

were mixed with PolySTAT following the same protocol as for ROTEM analysis except pipetting 

the mixtures into a clear Eppendorf tube instead of a ROTEM cup for easy visualization (Figure 

6). We could clearly observe more rapid clot contraction in all PolySTAT-treated blood compared 

to blood mixed with saline.  
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Figure 6. PolySTAT visually increases clot contraction in both normal and hemodiluted pig blood. 

A) Representative image of swine whole blood with and without PolySTAT. PolySTAT increases 

overall clot retraction of the clot. B) Normal baseline swine blood treated with PolySTAT showed 

faster clot retraction. C) Similar results were observed with hemodiluted swine blood. 

 

Next, a rheometer was used to measure platelet contraction forces (Figure 7 below).  

 

 

Figure 7. Contraction forces of undiluted whole human blood was measured in n=7 donors using 

a rheometer. Platelet function diminishes after four hours, and each rheometer run takes 30 minutes 

to complete. It was also found that best practice requires n=3 runs (repeats) need to be run per 

treatment and averaged together for each donor. Therefore, only two treatments can be compared 

due to time constraints. 

 

A small amount of blood ~131 μL treated with either PolySTAT or PolySCRAM (final 

concentration = 5 μM) is sandwiched between a cone and plate after being activated by thrombin. 

A small oscillation is applied to measure the storage and loss modulus over time as the blood clots. 

The gap on the rheometer is fixed and the rheometer applies an upward force to maintain the gap 

as the blood contracts, pulling down on the plate. The force required by the rheometer to counter 

the platelet contraction force is reported as a negative value due to the direction it is applied on the 

rheometer (up = negative, down = positive). Figure 8 below shows the full curves for each donor.  
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Figure 8. Rheometer measurements of clot contraction forces (top) and clot storage modulus 

(bottom) of undiluted whole human blood (n=7 donors). The lines, red = PolySTAT (5μM) and 

blue PolySCRAM control (5 μM), show the average of n=3 repeats per donor.  

 



156 
 

PolySTAT increased both clot elastic modulus and clot contraction forces compared to the 

PolySCRAM control. Figure 9 displays the compiled parameters from the rheometer analysis.  

 

 

Figure 9. Compiled axial stress, contraction rate, and storage modulus for rheomoeter 

measurements of human whole blood (n=7). Left: Overall contraction forces or axial stress were 

higher for PolySTAT treated blood compared to PolySCRAM controls. The negative value is due 

to the direction of the force on the rheometer. Results were statistically significant, two-sided t-

test = 0.0194, SCRAM = -113 Pa, and STAT = -150 Pa. Middle: The rate of force generation was 

higher for PolySTAT treated clots compared to PolySCRAM controls. A linear fit was done to the 

linear portions of the axial stress vs time data and the slope was taken as the rate of force 

generation. Results were statistically significant, two-sided t-test = 0.0080, SCRAM = 0.109 

Pa/sec and STAT = 0.153 Pa/sec. Right: PolySTAT treated clots had a higher storage modulus 

compared to the PolySCRAM treated controls. Results were statistically significant two-sided t-

test = 0.0430, SCRAM = 29.7 Pa, STAT = 44.9 Pa. A fit model for a repeated measure, one-way 

anova with tukey post-hoc analysis (α = 0.050) with donor as a random source effect was used. 

 

PolySTAT increases clot contraction forces, contraction rate, and storage modulus of clots in 

human blood. Now that we confirmed the increase in clot contraction, we were interested to see if 

this occurred in primary hemostasis or only during secondary hemostasis. Therefore, we used a 

microfluidic platelet plug assay developed by the Sniadecki group to evaluate PolySTAT’s effect 

on primary hemostasis (Figure 10 below). 
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Figure 10. PolySTAT has no effect on platelet-plug area or contractile force. (A) A PDMS 

microfluidic channel was comprised of eight discrete force sensors comprised of a rigid block and 

flexible post. As blood was perfused through the channel, the block created a high shear gradient 

to activate platelets and the platelets aggregated (green) around the force sensor, encapsulating the 

post. As the platelets contracted, they deflected the post. Post deflection (δ) was measured to 

calculate platelet-plug contractile force (F) using Hooke’s Law (F = kδ) where k = (3πEd4)/(64L3) 

and E is the modulus of elasticity, d is the diameter of the post, and L is the length of the post. (B) 

A top-down view of phase images showing platelet-plug growth overtime. (C) FITC-labeled 

PolySCRAM did not bind to the platelet plug, while (D) FITC-labeled PolySTAT did. (E) Average 

platelet-plug area over time. (F) Average platelet-plug area 120 seconds after blood entered the 

channel. (G) Average platelet-plug contractile force over time. (H) Average platelet-plug 

contractile force 120 seconds after blood entered the channel. Statistics are a one-way ANOVA 

with a Turkey’s multiple comparisons test (ns is p>0.05). 

 

We confirmed using FITC-labeled PolySTAT that PolySTAT was incorporated into the platelet 

plugs, whereas FITC-labeled PolySCRAM was not seen colocalized with platelet plugs. In n = 5 

human blood donors, PolySTAT did not statistically lead to a change in either platelet plug area 

nor platelet plug forces. It should be noted that in platelet plug forces there was a trend towards 

PolySTAT decreasing forces compared to controls. Overall, while PolySTAT did localize to the 
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platelet plugs, PolySTAT did not inhibit platelet plug formation nor did it affect primary 

hemostasis. We were interested to evaluate how much of the localization is due to fibrin in the 

platelet plugs or due to non-specific binding with platelets. We attached FITC to the same fibrin-

binding peptide (FBP) that is conjugated to PolySTAT. This FITC-labeled FBP has been used by 

other groups to image fibrin networks in confocal microscopy.13 Figure 11 below shows that the 

FITC-labeled FBP binds to the platelet plug similar to PolySTAT, thus confirming that fibrin is 

present in the platelet plug. 

 

 

Figure 11. Confocal microscopy of fixed platelet plugs from microfluidic assay. Top: FITC-

labeled FBP binds to platelet plugs. Bottom: FITC-labeled PolySTAT binds to platelet plugs. 

 

During platelet plug formation, platelets bind fibrinogen via integrin αIIbβ3, and fibrinogen 

bridges neighboring platelets. During activation, platelets secrete α-granules containing thrombin,  

which converts the bound fibrinogen into fibrin.14 Additionally, platelet plugs exhibit a core-shell 

morphology, where there is a tight platelet core that is difficult to be penetrated by 70 kDa dextran 

(PolySTAT ~50kDa).15 However, the shell has ~2x the porosity compared to the core, contains 

fewer p-selectin positive platelets, and a higher concentration of fibrin. The Sniadecki group have 

confirmed that their in vitro platelet plugs exhibit a core-shell morphology that can be seen via a 
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p-selectin binding fluorescent antibody. Therefore, the PolySTAT is most likely binding to the 

shell of the plugs and not the core. Next, flow cytometry was used to investigate non-specific 

binding of PolySTAT to platelets (Figure 12 below). 

 

 

Figure 12. PolySTAT nonspecifically binds to platelets at 5 µM and 20 µM concentrations. FITC-

labeled PolySTAT, PolySCRAM, and polymer backbone “bb” were incubated with washed 

platelets at 5 µM and 20 µM concentrations. 

 

Flow cytometry confirmed that PolySTAT does nonspecifically bind to platelets more than both 

the PolySCRAM control and the backbone polymer. There are several possible explanations for 

the higher binding of PolySTAT vs PolySCRAM to platelets. First, the FBP in PolySTAT includes 

a chloro-tyrosine which was altered to an alanine in scrambled FBP to ensure lack of binding to 

fibrin. Second, the two peptides have different distributions of hydrophobic amino acids in the 

sequence which may lead to differences in non-specific hydrophobic interaction to platelets. 

Finally, there could be differences in absolute number of peptides attached to PolySTAT versus 

PolySCRAM. Unfortunately, due to the FITC-labeling of the backbone, we are unable to run UV-

Vis to measure the number of peptides attached to both PolySTAT and PolySCRAM. Due to the 

nonspecific binding of PolySTAT to platelets, we were interested to see if the binding leads to 

platelet activation, which would be concerning for systemic thrombosis. Figure 13 below shows 

the evaluation of platelet activation via flow cytometry.  
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Figure 13. PolySTAT does not activate platelets via flow cytometry. Washed platelets from n=3 

human donors were evaluated for platelet activation after being incubated with PBS, PolySTAT, 

and PolySCRAM at 5uM and 20uM concentrations. ADP was used as a positive control and 

showed platelet activation via PAC-1 and CD62P (P-selectin). 

 

PolySTAT and PolySCRAM do not activate washed platelets (both PAC-1 and P-selectin 

negative) from human donors (evaluated within 30 minutes of collection), whereas the ADP 

positive control showed strong activation. SI Figure 1 shows the raw flow plot. Although we did 

not see any impact to platelet plug formation in the microfluidic assay, we wanted to make sure 

that the nonspecific absorption of PolySTAT did not interfere with the platelets’ ability to 

aggregate. We used the traditional platelet aggregometry assay (Figure 14 below). 
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Figure 14. PolySTAT does not activate platelets via multiplate analysis. PolySTAT does not 

activate platelets in multiplate aggregometry in both diluted and undiluted blood at 5uM 

concentration. Key: B = Saline control, 232 = PolySTAT, and 292 = PolySCRAM. 

 

We did not see any difference in platelet aggregation for the PolySTAT or PolySCRAM compared 

to the volume control. From the microfluidic, flow cytometry, and platelet aggregation data we see 

no signs that PolySTAT directly acts on platelets to increase platelet forces, nor does it affect 

primary hemostasis. Therefore, we hypothesize that PolySTAT’s ability to increase clot 

contraction and platelet contraction forces is a result of the PolySTAT-driven changes to the fibrin 

network. For example, PolySTAT may improve the ability of the fibrin network to 

mechanotransduce platelet forces, making the fibrin less likely to rupture due to platelet forces, or 

the stiffening of the fibrin network may induce the platelets to pull harder, as it is well known that 

platelets are mechano-sensitive.16,17   

 

We next evaluated whether a large dose of FXIIIa would replicate the effect caused by PolySTAT. 

Tutwiler et al. found that clot retraction can be broken down into three phases – 1) initiation, 2) 

linear, and 3) clot stabilization. When FXIIIa is inhibited, clot contraction stalls and is not able to 

undergo phase 3, which is the phase when the most contraction occurs.12 We hypothesized that 

PolySTAT’s faster stabilization of clots compared to FXIIIa is key to the contraction artifacts. 

FXIIIa is produced early on in clotting, when ~1% to 2% of fibrinogen has been converted to fibrin 

(20% is needed to make a visible thrombus), meaning FXIIIa is working on soluble fibrin fibrils. 

However, the plasma concentration of fibrinogen and FXIII are 9 μM and 0.07 μM, respectively, 

while PolySTAT reaches 5 μM in plasma in our dosing regimen. Therefore, PolySTAT can start 

binding and physically crosslinking fibrin much earlier in hemostasis compared to FXIIIa. It is 

estimated that FXIIIa begins crosslinking γ-chains between neighboring fibrin molecules within 5 

to 10 minutes, however α-chain crosslinking occurs more slowly. The α-chain crosslinks increase 

tensile strength of fibers by increasing protofibril density, and the α-chain crosslinks prevent 

fibrinolysis by impeding the ability of plasmin to cleave fibrin.18  
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We hypothesized a high dose of FXIIIa spiked into the blood would similarly increase clot 

contraction and platelet contraction forces. Figures 15 and 16 below show rheometer 

measurements of platelet contraction forces for 0.1 μM addition of FXIIIa to human blood. 

 

 

Figure 15. Rheometer measurements of clot contraction forces (top) and clot storage modulus 

(bottom) of undiluted whole human blood (n=7 donors). The lines, red = FXIIIa (0.1μM) and blue 

BSA control (0.45μM), show the average of n=3 repeats per donor. 
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Figure 16. Comparison of axial Stress (left), contraction Rate (middle), and storage modulus (right) 

measured for 0.1μM FXIIIa spiked into human blood (n=7 donors). Left: There was no statistically 

significant increase in axial stress when comparing FXIIIa to BSA (p = 0.071). Middle: There was 

a statistically significant increase in contraction rate of FXIIIa spiked blood compared to BSA 

(0.0379). Left: There was no statistically significant change in storage modulus when comparing 

FXIIIa to BSA (p = 0.075). A fit model for a repeated measure, one-way anova with tukey post-

hoc analysis (α = 0.050) with donor as a random source effect was used. 

 

The 0.1μM dose of FXIIIa did increase the contraction rate of platelets compared to BSA. While 

there was no statistically significant increase in axial stress and storage modulus, there was a trend 

similar to PolySTAT. The clot contraction still needs to be confirmed visually using Eppendorf 

tubes as was done in Figure 16 above.  

 

4.4 CLOT CONTRACTION: CONCLUSIONS 

We confirmed that the ROTEM artifacts due to PolySTAT in both swine and rat blood were due 

to an increased amount of clot contraction. The contraction forces were quantified with a rheometer 

and showed in normal human blood that PolySTAT increases the rate of platelet contraction forces, 

increases the overall clot contraction forces, and increases the elastic modulus of whole blood 

clots. Further investigation showed PolySTAT does not act directly on platelets and does not affect 

primary hemostasis. Therefore, the increase in clot contraction is a result of changes in the fibrin 

network due to PolySTAT. Our lead hypotheses are that PolySTAT is either increasing the 

mechanotransduction efficiency of the fibrin network early on in clotting, enabling clot contraction 

to occur faster OR that the increase stiffness of the fibrin network due to PolySTAT is causing 

platelets to pull harder on the network due to their mechanosensitive nature. In all likelihood it is 

a combination of the two, and trying to decouple them to measure the relevant contribution of each 
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would be difficult to do. We showed a high dose of FXIIIa shows similar results as PolySTAT 

although not statistically significant in overall axial stress, and clot modulus. Visual clot 

contraction with FXIIIa still needs to be evaluated visually, and it would be interesting to evaluate 

even higher doses of FXIIIa.  

 

Overall, the current body of work has important implications for the translation of PolySTAT: 

 

1. We showed for the first time that PolySTAT does not affect primary hemostasis, which 

further supports the safety of PolySTAT. 

2. It is unknown if the increased clot contraction due to PolySTAT is beneficial or detrimental 

to clotting. Typically, the contraction of clots is essential and beneficial to hemostasis, 

however too much contraction could stress a clot and cause it to pull away from the ECM 

on the backside of vessels. 

 

4.5 ANTI-FIBRINOLYTIC MECHANISM: RESULTS AND DISCUSSION 

4.5.1 Evaluation of PolySTAT’s effect on tPA and Plasminogen in solution (no fibrin gel) 

We first evaluated tPA’s activity by a commercial tPA chromogenic assay. As tPA cleaves a 

substrate, a para-nitroaniline chromophore is released and absorbance is read at 405 nm. This was 

used to quantify enzymatic activity. The activity of tPA was measured in the presence of 

PolySTAT, PolySCRAM, and a HEPES volume control (Figure 17 below). 

 

Figure 17. tPA chromogenic assay absorbance measurements over five hours (n=2). A) First 

replicate of purified system and B) second replicate. There was no difference in tPA activity at 1 
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μM, 5 μM, and 20 μM concentration of PolySTAT and PolySCRAM compared to the HEPES 

volume control. 

 

There was no difference between tPA activity towards the chromogenic substrate in the presence 

of PolySTAT versus PolySCRAM and the volume control. Overall, tPA activity was very low free 

in solution. It is well-known that tPA activity increases 2-3 orders of magnitude in the presence of 

fibrin.11 Next, we evaluated plasmin generation from plasminogen by tPA in another commercial 

chromogenic assay. This used a substrate that was plasmin cleavable, and the para-nitroaniline 

chromophore absorbance at 405 nm was used to monitor the production of plasmin. Figure 18 

below shows the raw curves of the tPA-Plasminogen chromogenic assay. 

 

 

Figure 18. tPA-Plasminogen chromogenic assay absorbance measurements over five hours 

(n=2). Overlay of triplicate analysis. There was no difference in plasmin generation at 1 μM, 5 

μM, and 20 μM concentration of PolySTAT and PolySCRAM compared to the HEPES volume 

control. 

 

Similar to the tPA chromogenic assay, when plasminogen is free in solution (no fibrin present), 

PolySTAT does not affect the generation of plasmin by tPA. Figure 19 shows the change in 

absorbance over time (slope of the linear portions of the raw curves). 



166 
 

 

Figure 19. Change in absorbance over time for tPA-Plasminogen chromogenic assay. There 

was no difference between PolySTAT, PolySCRAM, and the HEPES volume control at any of the 

concentrations evaluated 1 μM, 5 μM, and 20 μM. PolySTAT does not affect the conversion of 

plasminogen to plasmin by tPA. 

 

There was no difference in the rate of plasmin generation across treatments without fibrin present. 

Next, the same tPA-Plasminogen chromogenic assay was repeated in the presence of 0.5 mg/mL, 

and 1.5 mg/mL fibrin gels (Figure 20 below) 
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Figure 20. tPA-Plasminogen chromogenic assay with fibrin gels (n = 3 replicates). Two 

fibrinogen concentrations were evaluated - 1.5 mg/mL (top) and 0.5 mg/mL (bottom). Overall, the 

0.5 mg/mL concentration provided better separation between the treatments. Each column 

represents the raw data for abosorbance monitored at 405 nm for a replicate. 

 

Interestingly, there did appear to be some increase in plasmin generation for both PolySTAT and 

PolySCRAM compared to the buffer control. Figure 21 below shows the slope of the raw 

absorbance curves to look at plasmin generation rate.  

 

 

Figure 21. Rate of plasmin generation from tPA-Plasminogen chromogenic assays with fibrin 

gels (n = 3).  
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There appears to be a dose response with PolySTAT for plasmin generation. With increasing 

polySTAT concentration, there is a decrease in plasmin generation; however, at the maximum 

dose of 20 μM PolySTAT, the plasmin generation rate matches the buffer control. Interestingly, 

the presence of PolySCRAM and 0.2 μM PolySTAT similarly increases the rate of plasmin 

generation. However, all the effects from PolySTAT and PolySCRAM are extremely small 

compared to the current standard of care anti-fibrinolytic TXA, which is a lysine analogue that 

competitively inhibits plasminogen binding to prevent the generation of plasmin. Overall, 

PolySTAT does not interfere with tPA and plasminogen binding. Next, we investigated the 

interaction between FDPs and PolySTAT in a turbidity assay. As clots form, the fibrin gel becomes 

insoluble and leads to an increase in turbidity (opaqueness of the well), which then decreases as 

the clot breaksdown during lysis. From the change in turbidity, the lysis time was calculated, which 

is the time it takes for the turbidity to decrease by 50% from its maximum turbidity value (Figure 

22 below). 

 

 

Figure 22. Lysis time from fibrin turbidity assays in the presence of either fibrinogen 

degradation products (Fragments E and D) or D-dimers. 

 

Various FDPs were evaluated (Fragment E, D, and D-Dimers) across a serial dilution. Across all 

FDPs and concentrations, 5 μM PolySTAT showed increased lysis time (decreased fibrinolysis) 

compared to both PolySCRAM and the buffer control. Additionally, there were similar lysis times 

seen across FDP concentrations, which indicates that the FDPs evaluated do not affect lysis time 

by themselves, and they do not competitively inhibit PolySTAT.  
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4.6 ANTI-FIBRINOLYTIC MECHANISM: CONCLUSIONS 

First, PolySTAT showed little to no effect on plasmin generation in tPA-Plasminogen 

chromogenic assays both free in solution and in the presence of fibrin gels. This supports 

PolySTAT’s primary anti-fibrinolytic action is due to the physical changes it makes to the fibrin 

network. Second, in a turbidity assay evaluating lysis time with three FDPs (Fragment E, Fragment 

D, and D-Dimers), there was no effect on lysis time from the presence of the FDPs. Additionally, 

PolySTAT was not competitively inhibited by the presence of the FDPs and showed increased 

lysis time (decreased fibrinolysis) compared to the PolySCRAM and buffer controls. 
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4.8 SUPPLEMENTAL 

 

Figure S 1. Flow cytometry plots for platelet activation using PAC-1 and P-selectin (CD62). 

 

 

Figure S 2. Clot Pro tPA assay with hemodiluted patient samples. 



172 
 

 

Figure S 3. TPA test from hemodiluted patient blood samples.  
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Chapter 5. ENGINEERING LOW VOLUME RESUSCITANTS 

FOR THE PREHOSPITAL CARE OF SEVERE 

HEMORRHAGIC SHOCK 

Trey J. Pichon, Xu Wang, Kristyn M. Ringgold, Ethan E. Mickelson, Sarah Stucky, Alexander 

E. St. John, Shayna L. Hilburg, Wen-Chia Huang, Maggie Lu, Lilo D. Pozzo, Nathan J. White, 

Suzie H. Pun 
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5.1 INTRODUCTION 

During trauma-related severe hemorrhage, hypovolemia and hypoperfusion of organs can lead to 

hemorrhagic shock.1 Shock is triggered by insufficient blood flow to the organs which leads to 

anaerobic respiration, lactate build-up, ATP depletion2 and shutdown of cellular sodium pumps.3 

The inactivation of sodium pumps leads to a rapid flow of sodium ions and chloride counter ions 

into cells with which water follows. Water flows from the intravascular system into the interstitial 

space. Restoring the lost intravascular volume is the main goal of resuscitation, which can 

reperfuse organs through capillary refill and improvement of cardiac output. Although 

resuscitation with plasma, platelets, red blood cells, and whole blood are the ideal approaches to 

restore hemostasis, pay back oxygen debt, and restore the intravascular volume, these biologic 

treatments are not always readily available4,5. Treatment with large volumes of crystalloids (fluids 

containing electrolytes) can exasperate acidosis and lead to hypothermia if not adequately 

warmed6. In addition, the crystalloids only stay in the vascular space temporarily and will flow 

into the interstitial space7. Hexyl starches (Hextend), which have been used to keep water in the 

intravascular space, can lead to dilutional coagulopathy. Recently, the Mangino group 

demonstrated the promise of PEG 20k as a Low-Volume Resuscitant (LVR).8–11 A large, single-

dose (10% of blood volume), of a highly concentrated solution (10%-20% w/v) of PEG 20k was 

given to rats in hemorrhagic shock. The PEG 20k LVR restored blood pressure back to baseline 

values within 15 minutes and decreased lactate levels from > 9mmol/L to within baseline levels. 

The PEG 20k is sufficiently sized to prevent extravasation from the intravascular space even with 

the hyperpermeability observed with the severe endothelial dysfunction (endotheliopathy of 

trauma). The osmolarity of PEG acts as a powerful oncotic that causes water to rush back into the 

intravascular space.  
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Figure 1. Overview of Low Volume Resuscitants using 20 kDa Polyethylene glycol 

(PEG20K). Left: PEG20K partitions between the capillary and interstitial space but is unable to 

enter cells. The osmotic pressure of PEG20K drives water out of swollen parenchymal cells and 

into the capillaries, refilling the vascular space. Right: A single bolus infusion of 10% TBV of 

LVRs (clear solution) can refill the lost volume of a severe hemorrhage of 60-75% total blood 

volume. 

 

Our goal is to advance LVR technology by using new polymer architectures to increase circulation 

time and by employing different polymer compositionsto avoid the risk of PEG allergy, which is 

becoming more prevalent due to the widespread use of PEG. Ultimately, this LVR could be paired 

with PolySTAT and a synthetic oxygen carrier which will provide hemostasis and repay oxygen 

debt, respectively. This all-in-one resuscitative therapy would be extremely shelf-stable and enable 

better prehospital care in austere environments. 
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

2,2′-Azobis(2-methylpropionitrile) (AIBN), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-

cyanopentanoic acid (CCC), Dimethyl sulfoxide (DMSO), Dimethylformamide (DMF), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 4-(Dimethylamino)pyridine 

(DMAP), Dichloromethane (DCM), N,N-Dimethylacetamide (DMAc), and all other reagents were 

purchased from Sigma-Aldrich (Saint Louis, MO) unless noted otherwise. 4-Cyano-4-

(ethylsulfanylthiocarbonyl)sulfanylpentanoic acid (ECT) was purchased from AmBeed (Arlington 

Hts, IL), 3-[[2-(Methacryloyloxy)ethyl]dimethylammonio]propane-1-sulfonate (SBMA), 2-

Methacryloyloxyethyl phosphorylcholine (MPC), and 3-Sulfopropyl methacrylate potassium salt 

(SPMK) were purchased from TCI America (Portland, OR). Glycerol monomethacrylate (GmMA) 

was purchased from Polysciences, Inc. (Warrington, PA). 2,2'-Azobis[2-(2-imidazolin-2-

yl)propane]dihydrochloride (VA-044) was purchased from FUJIFILM Wako Chemicals U.S.A 

(Richmond, VA). 

5.2.2 Synthesis of linear LVRs 

Neutral Homopolymers: pGmMA was synthesized via reversible addition-fragmentation chain 

transfer (RAFT) polymerization as described previously.12 Briefly, GmMA monomer was 

combined with CCC and AIBN at the following ratios - 110:1:0.2 (DP 100), 220:1:0.2 (DP200), 

330:1:0.2 (DP300) in dimethylacetamide at a monomer concentration of 0.6 M. A small amount 

of DMF was spiked in as an internal standard for NMR. The mixture was purged with argon for at 

least 15 min. This mixture reacted for 18 h at 70 °C. pGmMA polymers were precipitated 2x in 

diethyl ether. Precipitated polymer was collected by centrifugation at 7197 x g. Trithiocarbonate 

groups were removed via an end-capping reaction with 20x molar excess AIBN at 70 °C for 24 

hours. The pGmMA polymers were then dialyzed against DI water for 2 days, with a minimum of 

six bath changes, followed by lyophilization. 

 

Zwitterionic Homopolymers: SBMA monomer was combined with CCC and VA-044 at the 

following ratios – 100:1:0.2 (DP100), 200:1:0.2 (DP200), and 300:1:0.2 (DP300) in normal saline 

(0.9% w/v, NaCl) at a monomer concentration of 0.6 M. A small amount of DMF was spiked in 
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as an internal standard for NMR. The mixture was purged with argon for at least 15 min. This 

mixture was reacted for 12 h at 44 °C. The solution was then open to atmosphere and diluted to a 

final polymer concentration of 2 mM. Then, trithiocarbonate groups were removed via an end-

capping reaction with 20x molar excess VA-044 at 44 °C for 24 hours. The pSBMA polymers 

were dialyzed against 0.9% w/v saline (NaCl) for 1 day, with a minimum of three bath changes, 

and were then dialyzed against DI water for 2 days, with a minimum of six bath changes, which 

would result in the polymer crashing out of solution. The contents of the dialysis bag were 

vigorously mixed to suspend the polymer, and then the polymer was precipitated by mixing 5 mL 

of the suspension, with 40 mL of methanol in a 50 mL conical tube. Methanol was used to remove 

as many NaCl counterions as possible. Precipitated polymer was collected by centrifugation at 

7197 x g, followed by removal of residual methanol overnight under high vac. The same steps 

were followed for MPC and SPMK. 

5.2.3 Polymer characterization 

Polymers were characterized via gel permeation chromatography (GPC) in phosphate buffered 

saline with multi angle light scattering and refractive index detectors (MiniDawn Treos and 

OptilabTRex, respectively, both from Wyatt Technology, Santa Barbara, CA) to determine 

molecular weight from 100% mass recovery and dispersity index (PDI). 1H nuclear magnetic 

resonance (NMR) spectroscopy on a Bruker AV 300 was utilized to determine conversion of the 

polymer prior to purification. Vapor pressure osmometry (Vapro 5600) was used to measure 

osmolarity as a function of molar concentration for the different polymers. Each polymer was 

dissolved in 0.9% normal saline (NaCl) and was run in triplicate.  

5.2.4 Synthesis of HEMA-ECT (hECT) CTA monomer 

4-Cyano-4-((ethylsulfanylthiocarbonyl)sulfanyl)pentanoic acid (ECT) (1 g, 3.8 mmol), 

hydroxyethyl methacrylate (HEMA) (1.2 g, 9.1 mmol), and 4-dimethylaminopyridine (DMAP) 

(1.5 g, 12.2 mmol) were dissolved in DCM (38 mL, 0.1 M reaction concentration) in a round 

bottom flask (RBF) with a stir bar. The RBF was capped, and the solution was cooled over ice for 

15 minutes, then N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC • HCl) 

(874 mgs, 4.6 mmol). Pyridine (353 μL, 4.36 mmol) was added to the mixture. The reaction was 

stirred over ice and allowed to warm to room temperature while stirring overnight. The mixture 
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was washed 3x with a 1:1 volume with a cold saturated brine solution, followed by a 3x wash with 

cold 0.1M HCl solution, a 3x wash with cold saturated sodium bicarbonate solution, and a final 

wash with cold saturated brine solution. The collected DCM was dried over sodium sulfate. The 

solvent was rotovapped off to obtain a deep orange oil. Purity was confirmed by proton NMR and 

TLC. The CTA monomer was stored at -20C.  

5.2.5 Synthesis of poly(GmMA-co-hECT) and poly(SBMA-co-hECT) Radiant Stars  

The synthesis of radiant stars was adapted from the work of Das et al.13 

 

Synthesis of p(GmMA-co-hECT) macroCTA core 

GmMA monomer was combined with hECT and AIBN at the following molar ratio 2.333:1:0.1 

(GmMA:hECT:AIBN) in dimethylacetamide at a monomer concentration of 0.6 M. A small 

amount of DMF was spiked in as an internal standard for NMR. The mixture was purged with 

argon for at least 15 min. This mixture reacted for 18 h at 70 °C. p(GmMA-co-hECT) polymers 

were precipitated 5x in diethyl ether. Precipitated polymer was collected by centrifugation at 7197 

x g. 

 

Chain Extension of p(GmMA-co-hECT) macroCTA core 

For a DP400, GmMA monomer was combined with p(GmMA-co-hECT) macroCTA and AIBN 

at the following molar ratio 600:1:0.00752 (GmMA:MacroCTA:AIBN) in dimethylacetamide at a 

monomer concentration of 0.6 M. A small amount of DMF was spiked in as an internal standard 

for NMR. The mixture was purged with argon for at least 15 min. This mixture reacted for 12 h at 

70 °C (targeting 67% conversion to hit DP400). p(GmMA-co-hECT) polymers were precipitated 

5x in diethyl ether. Precipitated polymer was collected by centrifugation at 7197 x g. 

Trithiocarbonate groups were removed via an end-capping reaction with 20x molar excess AIBN 

to the concentration of trithiocarbonate groups at 70 °C for 24 hours. The RS-GmMA polymers 

were then dialyzed against DI water for 2 days, with a minimum of six bath changes, followed by 

lyophilization. 

 

Synthesis of p(SBMA-co-hECT) macroCTA core 
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SBMA monomer was combined with hECT and AIBN at the following molar ratio 2.333:1:0.1 

(GmMA:hECT:AIBN) in a mixed solvent of 75% DMSO/25% 0.9% normal (NaCl) saline at a 

monomer concentration of 0.6 M. A small amount of DMF was spiked in as an internal standard 

for NMR. The mixture was purged with argon for at least 15 min. This mixture reacted for 12 h at 

70 °C. p(SBMA-co-hECT) polymers were precipitated 5x in 50:50 diethyl ether/acetone. 

Precipitated polymer was collected by centrifugation at 7197 x g. 

 

Chain Extension of p(SBMA-co-hECT) macroCTA core 

SBMA monomer was combined with p(SBMA-co-hECT) macroCTA and AIBN at the following 

molar ratios (SBMA:MacroCTA:VA-044) – 100:1:0.00752 (DP100), 200: 1:0.00752 (DP200), 

and 400: 1:0.00752 (DP400) in normal saline (0.9% w/v, NaCl) at a monomer concentration of 0.6 

M. A small amount of DMF was spiked in as an internal standard for NMR. The mixture was 

purged with argon for at least 15 min. This mixture reacted for 12 h at 44 °C. The solution was 

then open to atmosphere and diluted to a final polymer concentration of 2 mM. Then, 

trithiocarbonate groups were removed via an end-capping reaction with 20x molar excess VA-044 

to the concentration of trithiocarbonate end groups at 44 °C for 24 hours. The pSBMA polymers 

were dialyzed against 0.9% w/v saline (NaCl) for 1 day, with a minimum of three bath changes, 

and were then dialyzed against DI water for 2 days, with a minimum of six bath changes, which 

would result in the polymer crashing out of solution. The contents of the dialysis bag were 

vigorously mixed to suspend the polymer, and then the polymer was precipitated by mixing 5 mL 

of the suspension, with 40 mL of methanol in a 50 mL conical tube. Methanol was used to remove 

as many NaCl counterions as possible. Precipitated polymer was collected by centrifugation at 

7197 x g, followed by removal of residual methanol overnight under high vac. 

5.2.6 Rat severe hemorrhagic shock model  

Animal experiments were carried out in accordance with protocols approved by the University of 

Washington Institutional Care and Use Committee. Model was slightly modified from Plant et al.8 

Male Sprague Dawley rats (270g-370g) were anesthetized by isoflurane via nosecone. During 

baseline, two femoral artery catheter lines were placed in the hind limbs, one to perform a 

controlled catheter bleed, and the second to constantly monitor vitals (blood pressure and heart 

rate) and collect blood samples for blood gas measurements. A venous line is placed in the left 
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hind limb for intravascular administration of the low-volume resuscitants. After catheterization, 

baseline blood gas and metabolites were evaluated to ensure healthy baseline respiration and 

lactate levels (pCO2 ≤ 55 mmHg, sO2% ≥ 95%, cLac ≤ 1.0 mmol/L) prior to hemorrhage. After 

the rat is baselined, a single bolus of 500 mg/kg of heparin is given to prevent clogging of the 

catheter lines during hemorrhage. Next, the rat was catheter hemorrhaged down to a mean arterial 

pressure (MAP) ≤ 25 mmHg over five minutes (typically 7-10 cc of blood). After a MAP ≤ 25 

mmHg was reached, a timer was started for the shock period. Blood was withdrawn as needed up 

to a maximum of 60% total blood volume to maintain MAP ≤ 25 mmHg (shock period) for at least 

30 minutes until a lactate ≥ 8 mmol/L is achieved. The total blood volume (TBV) of the rat was 

estimated as previously described by Arora et al.14 

𝑇𝑜𝑡𝑎𝑙 𝐵𝑙𝑜𝑜𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑅𝑎𝑡 (𝑔) ∗ 0.06 + 0.77 

After 30 minutes, blood gas was checked every 15 minutes until  the goal lactate was achieved. At 

the end of the shock period (lac ≥ 8 mmol/L), the low volume resuscitant will be infused 

intravenously over 10 minutes (10% TBV). Blood gas and MAP will be recorded over 90 minutes, 

at the end of which the rat will be humanely euthanized via barbiturate overdose. 

5.2.7 ROTEM Evaluation 

Whole human blood was purchased from Bloodworks Northwest (50 mL total blood in 3.2% 

sodium citrate). Half of the human blood was centrifuged down to make platelet-poor plasma 

(PPP). Two ROTEM deltas (Werfen, Bedford, MA/Serial #s 3733 and 4515) were used using the 

standard manufacturer’s protocol for EXTEM (CaCl2 + recombinant tissue factor + polybrene) for 

both whole blood and PPP. For each test, 40 μL of treatment was mixed with 360 μL of whole 

blood or plasma (10% TBV) in an Eppendorf tube then immediately evaluated on the ROTEM to 

prevent any separation of the blood. EXTEM of PPP was used as a surrogate for the standard 

FIBTEM test to measure the fibrinogen contribution to coagulation. 

5.2.8 Platelet Aggregometry 

Healthy donor whole blood (n=4) in 3.2% sodium citrate was incubated with either a saline control 

or a low volume resuscitant (LVR) for 5 min. LVRs tested were polyethylene glycol (PEG) and 

synthesized polymers LVR102 and LVR113. Samples were then activated with either 10 mM 

adenosine diphosphate or 2 mg/mL collagen (Chrono-Log, Havertown, PA). The platelet 
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aggregation response was then measured by impedance aggregometry using a Chrono-Log Model 

700 according to manufacturer specifications. Each condition was run simultaneously. The raw 

curves were collected along with the metrics reported by the Chrono-Log (Amplitude, Slope, area 

under the curve (AUC)). 

5.2.9 Small-angle X-ray Scattering 

X-Ray scattering was measured using a Xenocs Xeuss 3.0 (Grenoble, France) SAXS instrument 

with a copper radiation source. Samples were analyzed in a 1.2 mm diameter quartz capillary and 

measured at four detector distances (266, 370, 900, and 1800 mm sample-to-detector distances 

with counting times of 300, 900, 1380, and 1800 seconds, respectively) to cover a q-range of 

approximately 5x10-3 to 4x10-1 Å-1. Polymer samples were run at 15 mg/mL and 5 mg/mL in 

phosphate buffered saline (PBS). Scattering contribution from PBS and the capillary have been 

subtracted from polymer solution scattering data. Data reduction and processing were completed 

using XSACT software (Xenocs, Grenoble, France). Data fitting to monodisperse gaussian coil or 

star polymer models was completed on 15 mg/mL sample data using SASView 5.0.5.15–19 Fits 

were qualitatively assessed on 5mg/mL sample data and confirmed there was no concentration-

dependent structure factor leading to correlations between polymers. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Synthesis and Characterization of Linear LVRs of various Sizes and Chemistries  

From literature, PEG with molecular weights of 20-40 kDa were active as LVRs. Leveraging 

RAFT, we were able to easily explore different size ranges of methacrylates. However, compared 

to PEG, methacrylates are very different chemically which leads to a different size in solution 

(Figure 2 below).  
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Figure 2. Chemical structure of PEG (left) and methacrylates (right). 

PEG has a very low molecular weight repeat unit at 44 g/mol, whereas the methacrylate with the 

smallest side chain polymethacrylic acid (PMMA), has a repeat unit of 88 g/mol. Additionally, 

PEG has a backbone of alternating C-O and C-C σ-bonds, while methacrylates instead have a 

purely carbon-carbon backbone. Therefore, we could not simply synthesize 20-40 kDa 

methacrylates, and needed to explore a different molecular weight range compared to PEG. 

Additionally, one benefit of methacrylates is the chemical flexibility and tailorability of the 

sidechain, which we were interested in leveraging. Due to the different sidechains we explored in 

this work, we found it easier to fix degree of polymerization (DP) across different side chains, 

instead of fixing molecular weight. 

 

To start, we estimated the size of methacrylates compared to PEG to see what ranges of DP we 

should explore. There are many ways to characterize the size of polymers (Figure 3 below).  
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Figure 3. Cartoon depicting some of the different ways to characterize the size of a polymer. 

 

The contour length of polymers just considers the bond length of the repeat unit and the DP, and 

assumes the polymer is fully stretched out: 

𝐶𝑜𝑛𝑡𝑜𝑢𝑟 𝐿𝑒𝑛𝑔𝑡ℎ (𝐿) = 𝑛𝑙 

Where L is the contour length, n is the number of repeats, and l is the bond length. However, 

polymer chains are coiled up in solution, so to consider chain rigidity the average squared end-

to-end distance of the polymer < R2 > is used: 

< 𝑅ଶ > =  𝐶ஶ𝑛𝑙ଶ 

Where (C∞) is the characteristic ratio, or a dimensionless factor for chain rigidity, n is the 

number of repeats, and l is the bond length. The end-to-end distance is a simple descriptor that is 

easy to calculate and only describes the distance between the two ends of the polymer coil. To 

get a real sense of the size of a polymer, radius of gyration (Rg) is the average squared distance 

of a point on the polymer coil from its center of mass (moment of inertia) is a better descriptor 

that can be measured using small-angle x-ray scattering. For a freely jointed chain the mean 

average of Rg
2 can be estimated by dividing the mean end-to-end distance squared by 6:20–22  

< 𝑅௚
ଶ > =  

< 𝑅ଶ >

6
 

Table 1 below shows repeat unit bond lengths and characteristic ratios (C∞) from literature.23   
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Table 1. Comparison of bond length for each monomer repeat unit and characteristic ratio.  

 

As can be seen in Table 1, although PEG has a longer bond length, it has a much more flexible 

backbone (lower C∞) compared to methacrylates. It is well documented that PEG graft density on 

the surfaces dictates whether the polymer forms a mushroom-shape (bending back on itself) or an 

extended (more rigid) conformation. Interestingly for methacrylates, the side chain can be used as 

a tool to tailor the rigidity of the backbone. As the side chain of the methacrylate increases in 

length, C∞ increases as a result, and the backbone of the methacrylate is more rigid and extended 

in solution. Given the values from Table 1, the following estimates for the size of PEG compared 

to polyglycerol monomethacrylate (pGmMA) of 20 kDa are given in Table 2 below. Since there 

is not a reported C∞ for pGmMA, the value for polyhexyl methacrylate was used.  

Table 2. Theoretical contour length, root mean squared end to end distance, and the radius of 

gyration for PEG 20k and pGmMA 20k. 

 

There is a large difference in the contour length, root mean square of the end-to-end-distance, and 

the radius of gyration for PEG, indicating that the polymer bends back on itself, and is more 

compact in solution due to the flexibility of its backbone. Methacrylates on the other hand can 

achieve a relatively high radius of gyration at a lower degree of polymerization of PEG. Following 

these calculations, we decided to synthesize a panel of DP100, 200, and 300 pGmMA polymers.  

Polymer
Repeat Unit Bond 

Length (nm)
Characteristic 

Ratio (C∞)

Polyethylene glycol 0.438 6.9
Polymethyl methacrylate 8.1
Polyhexyl methacrylate 12.2

Polyoctadecyl methacrylate 20.6
0.308
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Although methacrylates, from a theoretical standpoint, could match the range of Rg for PEG, we 

were concerned about the larger molecular weight of the higher DP pGmMAs (DP200 = 32 kDa 

and DP300 = 48 kDa). The osmotic pressure (Π) of a polymer is proportional to the number of 

moles of solute (nsolute), where V = volume, R = molar gas constant, and T = temperature. 

Π =  
𝑛௦௢௟௨௧௘𝑅𝑇

𝑉
 

Since the oncotic potential of these LVRs is dictated by their osmotic pressure, the molar 

concentration in the blood is critical. Therefore, due to the 2-3x higher molecular weight of the 

methacrylate-based LVRs, a greater mass concentration of methacrylate-based LVR is needed for 

the same molar concentration of PEG-based LVRs. We were concerned if we would run into issues 

reaching these high concentrations in the blood, and if this would impact performance. Therefore, 

we sought out additional methacrylate side chains that may be able to increase the water-carrying 

capacity of the methacrylate compared to pGmMA. The hydration number (nH) for a polymer is 

the number of water molecules coordinated per repeat unit, and this is typically understood to be 

the amount of non-freezing water coordinated (strongly bound) with the polymer measured by 

dynamic scanning calorimetry. In general, it is known for methacrylates that the following trend 

is seen for water-coordinating strength of the oxygens on their sidechains Ohydroxyl > Ocarbonyl > 

Oalkoxy. The hydroxyl group can hydrogen-bond via both the oxygen and the hydrogen, while the 

carbonyl is highly electronegative, and a water molecule is bridged between two monomers, and 

the alkoxy group typically presents more steric hinderance. Unfortunately, pGmMA has not been 

measured in literature so we estimated it from data for pHEMA and assumed that the extra 

hydroxyl group would coordinate one additional water (very conservative estimate). From our 

lab’s previous experience, moving from pHEMA to pGmMA resulted in a large increase in water-

solubility for PolySTAT. Table 3 below shows estimates for PEG and various methacrylates from 

literature.24–27 
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Table 3. Hydration numbers from literature measured by DSC for various polymers. 

 

Based on literature, we decided to move forward with the commercial zwitterionic monomers 2-

methacryloyloxyethyl phosphorylcholine (MPC) and N-(3-sulfopropyl)-N-methacroyloxyethyl-

N,N-dimethylammonium betaine (SBMA), which showed ~2x the water-carrying capacity 

compared to pGmMA. Additionally, it is known that the negative charge of albumin leads to a 

larger than expected osomotic pressure due to the Gibbs-Donan effect. We hypothesized that 

moving to zwitterionic methacrylates would have the same effect and as a result be more potent 

oncotically in vivo. It should be noted that we did synthesize and evaluate SPMK, however this 

polymer resulted in toxicity concerns and acted as a synthetic heparin by completely inhibiting 

coagulation in rats (SI Figures S2 and S3).   

 

Based on the theory outlined above, we synthesized a panel of pGmMA, pMPC, and pSBMA 

linear polymers of DP100, 200, and 300 via RAFT (Figure 4 below).  

 

Figure 4. Reaction scheme for the synthesis of linear neutral and zwitterionic polymers. 

 

Polymer Type
Hydration 

Number (nH)
PEG 3.2

pHEMA 3.2
pGmMA 4.2 (estimated)
pSPMK Anionic 4
pMPC 9

pSBMA 0-14

Neutral

Zwitterionic
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Conversion of all polymers were characterized by 1H NMR. Conversion was then used to calculate 

theoretical molecular weights (Mn). The molecular weight (Mn) and dispersity were determined 

using 100% mass recovery (RI Detector, Wyatt Optilab T-rex) and multiangle light scattering 

(MALS, Wyatt  miniDAWN  Treos) gel permeation chromatography (GPC).  The running solvent 

was phosphate buffered saline (PBS) (flow rate: 0.5 mL/min) at room temperature and samples 

were prepared at 10 mg/mL. Figure 5 shows the GPC traces of each of the synthesized polymers, 

and Table 4 below summarizes the molecular weights calculated from NMR conversion and the 

molecular weights and dispersity indices measured from GPC.  

 

 

Figure 5. Gel Permeation Chromatograms of DP100, 200, and 300 linear LVRs. Left: GmMA 

homopolymers, Middle: SBMA zwitterionic homopolymer, and Right: MPC zwitterionic 

homopolymer. Each trace is overlaid with PEG 20K as a comparison. All polymers were run at 10 

mg/mL concentration in PBS.  
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Table 4. Overview of Linear LVRs Synthesized. 

 

We successively synthesized a range of neutral and zwitterionic methacrylates with a range of 

PDIs 1.02-1.25 and molecular weights ~ 18 kDa to 90 kDa. There was good agreement between 

the theoretical MW from 1H NMR conversion and GPC 100% mass recovery measurements for 

GmMA and MPC, however SBMA showed a larger discrepancy. This could be due to interactions 

with the column. The panel of linear methacrylates were then characterized using small-angle x-

ray scattering (SAXS) to directly measure their Rgs, the results are shown in Figure 6 below. 

 

Conversion (%) DP MW (kDa) PDI MW (kDa)
L-GmMA (DP100) 100 93 102 16 1.06 18
L-GmMA (DP200) 200 90 198 32 1.09 40
L-GmMA (DP300) 300 90 297 48 1.08 58

L-MPC (DP100) 100 100 100 30 1.08 24
L-MPC (DP200) 200 100 200 59 1.18 66
L-MPC (DP300) 300 100 300 89 1.06 91

L-SBMA (DP100) 100 100 100 28 1.16 13
L-SBMA (DP200) 200 100 200 56 1.25 28
L-SBMA (DP300) 300 100 300 84 1.02 61

GmMA

MPC

SBMA

NMR Analysis GPC Analysis
Sample ID Monomer

Target 
DP
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Figure 6. SAXS radius of gyration measurements as a function of degree of polymerization. 

As expected, we observe a good linear relationship between degrees of polymerization and Rg.  

 

The black boxes show that the DP200 pGmMA (MW = 32 kDa), pMPC (MW = 59 kDa, and 

pSBMA (MW = 56 kDa) all have similar Rgs compared to PEG 20k. Next, the osmolarity of the 

linear methacrylates in 0.9% normal saline (NaCl) was measured by vapor pressure osmometry 

(Figure 7 below). 
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Figure 7. Vapor pressure osmometry measurements of pGmMA (left), pMPC (middle left), 

PEG (middle right), and pSBMA (right). All measurements were done using a Vapro 5600 in 

triplicate. Error bars are 1 standard deviation from the mean. 

 

Interestingly, pGmMA (DP 200 and 300) showed similar osmolarity to PEG 20K. However, both 

pMPC and pSBMA showed lower osmolarity, and in the case of pSBMA, there was a decrease in 

osmolarity as molar concentration increased. There are probably two factors contributing to this 

phenomenon. First, this decrease is likely partly due to self-assembly of the pSBMA in solution 

leading to larger macromolecules that decrease the overall number of moles of solute. For 0.9% 

w/v NaCl solution, the concentration of Na+ and Cl- ions are both 0.15 M. Although the overall 

concentration of pSBMA in solution is much smaller at 0.5 - 2.5 mM, the concentration of 3-

sulfopropyl and dimethyl ammonium groups for the DP100, DP200, and DP300 are both 0.05 - 

0.25 M, 0.1 - 0.5 M, and 0.15 - 0.75 M, respectively. Therefore, the concentration of salt ions are 

lower than the concentration of charged groups in the zwitterionic polymer, so they are able to 

self-assemble. Second, the baseline osmolarity of the 0.9% NaCl solution was measured at 281 ± 

1.22 mmol/kg (data not shown). So at the high polymer concentrations, the osmolarity is dropping 

below the salt solution by itself, which seems to indicate that the salt ions are being coordinated 

by the polymer. This is decreasing the overall solute concentration of ions in solution and causing 
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the osmolarity to drop below the value of just the 0.9% NaCl solution by itself. Overall, the 

zwitterionic methacrylates show lower osmolarity compared to both pGmMA and PEG. Vapor 

pressure osmometry does not measure the Gibbs-Donan effect, which is extremely difficult to 

measure and is typically theoretically calculated. Future work will be done to use DSC to directly 

measure nonfreezing bound water, and to measure the hydrodynamic radius of the polymers either 

through Dynamic Light Scattering or 1H NMR. 

5.3.2 Initial Screening of LVRs with Rotational Thromboelastography Evaluation and a 

Severe Hemorrhagic Shock Model in Rats 

We next used ROTEM to evaluate the effect of all the synthesized linear polymers on coagulation 

using human plasma. The kept molar concentrations of polymers constant so that solutions of 10%, 

20%, and 30% w/v were made for DP 100, 200, and 300, respectively, and all were evaluated at 

10% total blood volume in ROTEM which is what was done in previous studies for PEG20K.28,29 

All the ROTEM runs included a saline volume control and Figure 8 shows the difference from the 

saline control for linear pGmMA of DP 100, 200, and 300. 

 

Figure 8. Linear GmMA ROTEM in human donor plasma (n=5). The data displayed is the 

difference from a saline volume control run at the same time for each donor. A dotted line is placed 
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at zero to represent no change from the saline control. Top left: Change in clotting time measured 

in seconds, there was no significant change from the saline control, however there was a significant 

difference between DP100 and DP300 (p = 0.0235). Top right: Change in alpha angle measured 

in degrees, DP300 was the only treatment significantly different from saline (p = 0.0058). While 

DP300 was significantly different from both DP100 and DP200 (p = 0.0012 and p = 0.0158, 

respectively). Bottom left: Change in A10 measured in mm, DP300 was the only treatment 

significantly different from saline (p = 0.0059). While DP300 was significantly different from 

DP100 and DP200 (p = 0.0002 and p = 0.0093, respectively). Bottom right: Change in maximum 

clot firmness measured in mm, there was no significant change from the saline control, however 

DP300 was significantly different from both DP100 and DP200 (p = 0.0017 and p = 0.0199, 

respectively). A fit model for a repeated measure, one-way anova with tukey post-hoc analysis (α 

= 0.050) with donor as a random source effect was used.  

 

Overall, only linear DP300 GmMA showed a significant change in the alpha angle (lower CL = -

0.6 degrees, upper CL = -3.8 degrees) and A10 (lower CL = -0.6, upper CL = -3.6). Interestingly, 

there was a trend towards the DP100 slightly increasing alpha angle, A10, and MCF compared to 

saline, however it was not significant. Next, we evaluated the linear zwitterions MPC (Figure 9) 

and SBMA (Figure 10) below. 
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Figure 9. Linear MPC ROTEM in human donor plasma (n=3). The data displayed is the 

difference from a saline volume control run at the same time for each donor. A dotted line is placed 

at zero to represent no change from the saline control. Top left: Change in clotting time measured 

in seconds, there was no significant change from the saline control, however there was a significant 

difference between DP100 and DP300 (p = 0.0174). Top right: Change in A5 measured in mm. 

Instead of alpha angle, A5 was reported instead due to alpha angle sometimes being not being 

measured with plasma samples. DP100, DP200 (20% w/v), and DP300 (30% w/v) were all 

significantly different from saline (p = 0.0285, p = <0.0001, and p = <0.0001, respectively). DP200 

(20% w/v) and DP300 (30% w/v) were significantly different from the same treatments dosed at 

the lower concentration of 10% w/v (p = 0.0035 and p = 0.0001, respectively). However, the 10% 

w/v concentration of DP200 and DP300 were still significantly different from the saline control (p 

= 0.0139 and p = 0.0069, respectively). Bottom left: Change in A10 measured in mm. DP100, 

DP200 (20% w/v), and DP300 (30% w/v) were all significantly different from saline (p = 0.0104, 

p = <0.0001, and p = <0.0001, respectively). DP200 (20% w/v) and DP300 (30% w/v) were 

significantly different from the same treatments dosed at the lower concentration of 10% w/v (p = 

0.0058 and p = 0.0002, respectively). However, the 10% w/v concentration of DP200 and DP300 

were still significantly different from the saline control (p = 0.0058 and p = 0.0019, respectively). 

Bottom right: Change in MCF measured in mm. DP100, DP200 (20% w/v), and DP300 (30% w/v) 

were all significantly different from saline (p = 0.0024, p = <0.0001, and p = <0.0001, 
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respectively). DP200 (20% w/v) and DP300 (30% w/v) were significantly different from the same 

treatments dosed at the lower concentration of 10% w/v (p = 0.0005 and p = >0.0001, respectively). 

However, the 10% w/v concentration of DP200 and DP300 were still significantly different from 

the saline control (p = 0.0041 and p = 0.0008, respectively). A fit model for a repeated measure, 

one-way anova with tukey post-hoc analysis (α = 0.050) with donor as a random source effect was 

used.  

 

 

 

 

Figure 10. Linear SBMA ROTEM in human donor plasma (n=3). The data displayed is the 

difference from a saline volume control run at the same time for each donor. A dotted line is placed 

at zero to represent no change from the saline control. Top left: Change in clotting time measured 

in seconds, there was no significant change from the saline control. Top right Change in A5 

measured in mm. Instead of alpha angle, A5 was reported instead due to alpha angle sometimes 

being not being measured with plasma samples. There was no significant change from the saline 

control. Bottom left: Change in A10 measured in mm. There was no significant change from the 

saline control. Bottom right: Change in MCF measured in mm. There was no significant change 

from the saline control. A fit model for a repeated measure, one-way anova with tukey post-hoc 

analysis (α = 0.050) with donor as a random source effect was used. 
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MPC significantly affected coagulation compared to the saline control and led to softer clots. We 

evaluated lower %w/v concentrations of the DP200 and DP300 polymers, which reduced the 

impact on coagulation but was still significant. SBMA showed similar trends to MPC, but with 

more variation that resulted in n=3 donors being too small a sample size to see significance 

statistically. Since, A10 levels correlate highly with plasma fibrinogen levels, the decrease in clot 

firmness could suggest either the zwitterions are somehow binding fibrinogen (possibly through 

electrostatic charge) and decreasing the concentration of it, or that it is disrupting fibrin 

polymerization, and changing clot structure, resulting in softer clots.30 Follow-up turbidity and 

SEM analysis could be run to investigate this further. 

 

Next, we completed some initial in vivo experiments using a severe hemorrhagic shock model 

(Figure 11 below). 

 

Figure 11. Overview of the severe hemorrhagic shock model.  

 

Blood pressure versus time during the study are shown below for the DP200 and 300 for pGmMA 

(Figure 12) and the DP100, 200, and 300 for pSBMA (Figure 13). 
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Figure 12. Blood pressure comparison of different linear GmMA LVRs during the severe 

hemorrhagic shock rat model. Both the DP200 (20% w/v) and the DP300 (30% w/v) were unable 

to rescue MAP as well as PEG20K. 

 

 

Figure 13. Blood pressure comparison of different linear SBMA LVRs during the severe 

hemorrhagic shock rat model. The DP100 (10% w/v) was rapidly cleared from the bloodstream 

due to its small size, while the DP200 (20% w/v) showed a sustained higher MAP, and the 

DP300 (30% w/v) was able to rescue MAP similar to PEG20K. 
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From the initial in vivo screening experiment, pGmMA couldn’t match the performance of PEG 

20k, while pSBMA of DP300 increased MAP to a similar level as PEG 20k at 90 minutes. 

However, from the ROTEM studies pSBMA performed poorly while pGmMA displayed very 

little effect on coagulation. These initial studies indicated that for pGmMA we needed to increase 

size to improve biodistribution, and find some way to increase its oncotic potency, while for 

pSBMA, we needed to find a way to decrease the concentration in the blood to try and prevent 

coagulopathies. We hypothesized that moving away from a linear architecture and to a radiant star 

might help improve the drawbacks of both pGmMA and pSBMA. Previous work in literature has 

shown that the water-carrying capacity of PEG can be improved by moving from linear PEG to 

hyper-branched PEG (HPG). HPG also showed better blood compatibility compared to its linear 

counterparts of similar molecular weights.31–33  

5.3.3 Synthesis and Characterization of Radiant Star LVRs of  various Sizes and Chemistries  

Figure 14 below shows the reaction scheme outlining the synthesis of radiant stars using RAFT 

adapted from Das et al.13 

 

Figure 14. Reaction scheme for synthesis of HEMA-ECT (hECT) and the radiant stars. 
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From the screening experiments, we decided to synthesize DP100 and DP200 radiant stars of 

pSBMA to directly compare to the linear counterparts in ROTEM, while we synthesized DP400 

of both pSBMA and pGmMA to try and improve in vivo performance. Conversion of all polymers 

were characterized by 1H NMR. Conversion was then used to calculate theoretical molecular 

weights (Mn). The molecular weight (Mn) and dispersity were determined using 100% mass 

recovery (RI Detector, Wyatt Optilab T-rex) and multiangle light scattering (MALS, Wyatt  

miniDAWN  Treos) gel permeation chromatography (GPC).  The running solvent was phosphate 

buffered saline (PBS) (flow rate: 0.5 mL/min) at room temperature and samples were prepared at 

10 mg/mL. Figure 15 shows the GPC traces of each of the synthesized polymers, and Table 5 

below summarizes the molecular weights calculated from NMR conversion and the molecular 

weights and dispersity indices measured from GPC.  

 

Figure 15. Gel Permeation Chromatograms of radiant star LVRs. Left: SBMA zwitterionic radiant 

stars that were chain extended by DP100, 200, and 400 repeat units, and Right: GmMA radiant 

star chain extended by DP400. All polymers were run at 10 mg/mL concentration in PBS. 

 

Table 5. Overview of Radiant Star LVRs Synthesized. 

 

 

Conversion (%) Total DP Per Arm DP MW (kDa) PDI MW (kDa)
RS-SBMA (DP100) 96 96 13 35 1.02 33
RS-SBMA (DP200) 96 192 27 62 1.09 42
RS-SBMA (DP400) 98 392 54 118 1.12 93
RS-GmMA (DP400) GmMA 67 402 56 70 1.01 78

SBMA

Sample ID Monomer
NMR Analysis GPC Analysis
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We successively synthesized a range of pSBMA zwitterionic methacrylates and a radiant star 

pGmMA with a comparable range of PDIs 1.02-1.12 and molecular weights ~ 35 kDa to 118 kDa 

to the linear couterparts. There was good agreement between the theoretical MW from 1H NMR 

conversion and GPC 100% mass recovery measurement for GmMA, however SBMA showed a 

larger discrepancy. This could be due to interactions with the column. From 1H NMR analysis we 

estimated that each radiant star has ~7 arms. However, SAXS analysis found that 3 arms provided 

the best fit of the data (data not shown). Figure 16 below shows the SAXS analysis of each of the 

radiant stars synthesized along with the previous linear LVRs for comparison. 

 

 

Figure 16. SAXS radius of gyration measurements as a function of degree of polymerization. 

As expected, we observe a good linear relationship between degrees of polymerization and Rg.  

A similar trend in Rg versus degree of polymerization were measured for the pSBMA radiant stars. 

The DP400 pSBMA and pGmMA radiant stars showed larger Rgs compared to the DP300 linear 

counterparts, and the PEG 20k. The radiant stars were then evaluated in vapor pressure osmometry 

and compared to their linear counterparts (Figure 17 below).  
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Figure 17. Vapor pressure osmometry measurements of pGmMA (left) and pSBMA (right). 

All measurements were done using a Vapro 5600 in triplicate. Error bars are 1 standard deviation 

from the mean. 

 

Interestingly, the radiant stars followed similar osmolarity trends as the linear counterparts. The 

pSBMA radiant stars showed the same decrease in osmolarity with molar concentration indicating 

they most likely self-assembled as well. Similar to the linear polymers, future work will be done 

to use DSC to directly measure nonfreezing bound water, and to measure the hydrodynamic radius 

of the polymers either through Dynamic Light Scattering or NMR. 

 

5.3.4 Characterization of radiant stars on their impact on coagulation 

Next, we were curious if the radiant star forms of SBMA would show any improvement over linear 

counterparts. We compared both in ROTEM analysis of coagulation in human plasma (Figure 18 

below). 
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Figure 18. ROTEM Comparison of Linear (n=3) and Radiant Star SBMA (n=4) in human 

donor plasma. The data displayed is the difference from a saline volume control run at the same 

time for each donor. A dotted line is placed at zero to represent no change from the saline control. 

Top left: Change in clotting time measured in seconds, there was no significant change from the 

saline control. Top right Change in A5 measured in mm. Instead of alpha angle, A5 was reported 

instead due to alpha angle sometimes being not being measured with plasma samples. There was 

no significant change from the saline control. Bottom left: Change in A10 measured in mm. There 

was no significant change from the saline control. Bottom right: Change in MCF measured in mm. 

There was no significant change from the saline control. A fit model for a repeated measure, one-

way anova with tukey post-hoc analysis (α = 0.050) with donor as a random source effect was 

used. 

 

Although not significant, we did observe a slight trend towards a smaller effect in coagulation. 

From the linear zwitterions we know that decreasing the number of moles of polymer in the blood 

decreases the impact on coagulation. The radiant stars are designed to be the same size but increase 

the water-carrying capacity of the LVR. This would enable us to use a lower molar concentration 

in the blood, and hopefully further mitigate the effects on coagulation. Therefore, we moved 
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forward with the radiant star formulations at the largest DP for both SBMA and GmMA for further 

coagulation characterization and evaluation in vivo. 

 

We proceeded to evaluate the following final material set – Hextend (commercial colloid), 

PEG20K, RS-SBMA (DP400), and RS-GmMA (DP400) in vivo. Figure 19 below shows ROTEM 

evaluation of human whole blood.  

 

 

Figure 19. ROTEM evaluation of final LVRs in human whole blood (n=5-7). The data 

displayed is the difference from a saline volume control run at the same time for each donor. A 

dotted line is placed at zero to represent no change from the saline control. Top left: Change in 

clotting time measured in seconds, both PEG20K and RS-SBMA were statistically different from 

the saline control (p = 0.0003 and p = 0.0178, respectively). Top middle: Change in alpha angle 

measured in degrees, Hextend, PEG20K, and RS-SBMA were all statistically different from the 

saline control (p = 0.0153, p = <0.0001, and p = <0.0001, respectively). Top right: Change in 

A10 measured in mm, Hextend, PEG20K, and RS-SBMA were all statistically different from the 

saline control (p = 0.0010, p = <0.0001, and p = <0.0001, respectively). Bottom left: Change in 

clot firmness time measured in sec, Hextend, PEG20K, and RS-SBMA were all statistically 

different from the saline control (p = 0.0144, p = <0.0001, and p = <0.0001, respectively). 

Bottom right: Change in maximum clot firmness measured in mm, Hextend, PEG20K, and RS-

SBMA were all statistically different from the saline control (p = 0.0004, p = <0.0001, and p = 

<0.0001, respectively). A fit model for a repeated measure, one-way anova with tukey post-hoc 

analysis (α = 0.050) with donor as a random source effect was used. 
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In whole blood, PEG20K and the radiant star SBMA both increased clotting time compared to 

saline. Hextend, PEG20K, and the radiant star SBMA all decrease the rate of clot firmness, and 

lead to overall softer clots. The PEG20K and RS-SBMA were not statistically different from each 

other, and both impacted clotting similarly leading to a hypocoagulable state with decreased clot 

firmness. The radiant star GmMA did not show a statistical difference from saline across the 

typical ROTEM parameters reported. Next, we evaluated the same treatments in human plasma to 

remove platelets and see the effect on fibrinogen (Figure 20 below). 

 

 

Figure 20. ROTEM evaluation of final LVRs in human plasma (n=7). The data displayed is 

the difference from a saline volume control run at the same time for each donor. A dotted line is 

placed at zero to represent no change from the saline control. Top left: Change in clotting time 

measured in seconds, PEG20K was statistically different from the saline control (p = 0.0040). 

Top right: Change in A5 measured in mm. Instead of alpha angle, A5 was reported instead due to 

alpha angle sometimes being not being measured with plasma samples. Hextend, PEG20K, and 

RS-SBMA were all statistically different from the saline control (p = 0.0004, p = <0.0001, and p 

= <0.0001, respectively). Bottom left: Change in A10 measured in mm, Hextend, PEG20K, and 

RS-SBMA were all statistically different from the saline control (p = 0.0001, p = <0.0001, and p 

= <0.0001, respectively). Bottom right: Change in maximum clot firmness measured in mm, 
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Hextend, PEG20K, and RS-SBMA were all statistically different from the saline control (p = 

<0.0001, p = <0.0001, and p = <0.0001, respectively). A fit model for a repeated measure, one-

way anova with tukey post-hoc analysis (α = 0.050) with donor as a random source effect was 

used. 

 

Similar to whole blood, PEG20K increased clotting time. Hextend, PEG20K, and RS-SBMA all 

led to a significant decrease in clot firmness and led to a hypocoagulable state similar to whole 

blood. To evaluate whether or not Hextend, PEG20K, and RS-SBMA are only disrupting 

fibrin/fibrinogen or if they are disrupting thrombin activity, we investigated the effect of the 

treatments on thrombin generation in human plasma. Figure 21 below shows the raw curves 

quantifying the concentration of thrombin generated when clotting was activated by tissue factor.  

 

 

Figure 21. Raw Curves for Thrombin Generation Assay of human plasma (n=5). Upon 

activation of the extrinsic pathway by tissue factor, prothrombin (factor II) is converted to 

thrombin by factor Xa. A fluorogenic substrate is cleaved by thrombin, and the fluorescence 

output is proportional to the concentration of thrombin. The assay tracks thrombin generation 

from initiation (steep initial portion of curve), through fibrin formation (peak), and through 

inactivation (down slope post peak).  
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From the raw TGA curves, PEG-20K and RS-SBMA decrease the peak and shift the thrombin 

generation curve down to later time points. Figure 22 below shows the typical TGA metrics. 

 

 

Figure 22. Thrombin Generation Assay metrics for n=5 human donors. The data displayed is 

the difference from a saline volume control run at the same time for each donor. A dotted line is 

placed at zero to represent no change from the saline control. Top left: Change in tLag measured 

in minutes, both PEG20K and RS-SBMA were statistically different from the saline control (p = 

0.0004 and p = <0.0001, respectively). Top middle: Change in tPeak measured in minutes, both 

PEG20K, and RS-SBMA were all statistically different from the saline control (p = 0.0002 and p 

= <0.0001, respectively). Top right: Change in the peak thrombin concentration measured in nM, 

both PEG20K and RS-SBMA were statistically different from the saline control (p = 0.0001 and 

p = <0.0001, respectively). Bottom left: Change in VI or the slope of the initiation phase 

measured in nM/min, both PEG20K and RS-SBMA were statistically different from the saline 

control (p = <0.0001 and p = <0.0001, respectively). Bottom right: Change in the area under the 

curve maximum measured in nM, no treatment was statistically different from the saline control. 

A fit model for a repeated measure, one-way anova with tukey post-hoc analysis (α = 0.050) with 

donor as a random source effect was used. 

 

PEG20K and RS-SBMA affected thrombin generation similarly. They both increased the lag phase 

of the TGA curve and led to a slower rate of plasmin generation resulting in an overall lower peak 

thrombin concentration, and a prolonged inactivation phase. However, the total amount of 

thrombin generated, quantified from the AUC, stays the same across treatments meaning the same 
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amount of thrombin was generated. Since thrombin concentration affects fibrin fibril structure, it 

appears that PEG20K and RS-SBMA are delaying prothrombin to thrombin conversion, but not 

fully disrupting it, which could be leading to softer clots.34 While Hextend is not affecting 

thrombin, but most likely directly acting on fibrin(ogen). As mentioned earlier, SEMs and turbidity 

assays could be run to investigate structural changes in fibrin further. To investigate their effect on 

primary hemostasis, we investigated the effect of the treatments on platelet aggregation (Figures 

23 and 24 below). Note due to the time sensitivity of platelet aggregation tests, and only four 

channels available on the Chronolog, Hextend was not evaluated. 

 

 

Figure 23. Aggregation curves from platelet aggregometry evaluation of treatments in human 

whole blood (n=4) using impedance. Both ADP (left) and Collagen (right) were used as agonists 

to evaluate the P2Y1 and GPVI binding on the surface of platelets to trigger aggregation. The 

error bands represent one standard deviation from the mean. 
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Figure 24. Typical reported metrics from impedance-based platelet aggregometry evaluation 

of treatments in human whole blood (n=4). Both ADP (left) and Collagen (right) were used as 

agonists to evaluate the P2Y1 and GPVI binding, respectively, on the surface of platelets to 

trigger aggregation. The data displayed is the difference from a saline volume control run at the 

same time for each donor. A dotted line is placed at zero to represent no change from the saline 

control. Top left: Change in amplitude (agonist = ADP) measured in ohms, there was no 

significant change from the saline control.  Top right: Change in amplitude (agonist = collagen) 

measured in ohms, there was no significant change from the saline control. Middle left: Change 

in slope (agonist = ADP) measured in ohms/min, there was no significant change from the saline 

control.  Middle right: Change in slope (agonist = collagen) measured in ohms/min, there was no 

significant change from the saline control, however there was a statistically significant difference 

between PEG 20k and RS-GmMA (p = <0.0153, respectively). Bottom left: Change in area 
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under the curve (AUC) (agonist = ADP) measured in ohms*min, there was no significant change 

from the saline control. Bottom right: Change in area under the curve (AUC) (agonist = collagen) 

measured in ohms*min, there was no significant change from the saline control. A fit model for a 

repeated measure, one-way anova with tukey post-hoc analysis (α = 0.050) with donor as a 

random source effect was used. 

 

Interestingly, in the full aggregation curves for both agonists, the radiant stars lead to increased 

aggregation while PEG 20k shows similar aggregation to the saline volume control. It is good to 

see that the radiant stars do not interfere with the agonists ADP and collagen binding to P2Y1 and 

GPVI, respectively, which would inhibit aggregation, and it is unknown whether the increase in 

aggregation would lead to any concerns with creating a prothrombotic response in vivo. Looking 

at the platelet aggregation parameters – amplitude, slope, and AUC, there is trend towards an 

increase in all parameters indicating that the radiant stars increase the maximum platelet 

aggregation, increase the rate of aggregation, an increase the overall total aggregation compared 

to the saline control. However, only a statistically significant difference in slope between PEG 20k 

and the pGmMA radiant star was found. Indicating that the RS-GmMA increases the rate of 

platelet aggregation compared to PEG 20k. From ROTEM, we can estimate the platelet 

contribution to the maximum clot firmness (SI Figure S5), by subtracting the MCF in plasma from 

the MCF measured in whole blood. We did not see a statistically significant effect on platelets for 

any of the treatments. To further investigate platelet effects, aggregometry tests, clot contraction 

using a rheometer, and platelet binding/activation using flow cytometry are additional evaluations 

that can be done to see if LVRs affect platelet function and if they non-specifically bind to surface 

of platelets. 

 

Taken together these in vitro coagulation assays indicate that PEG20K and RS-SBMA, and to 

some extent Hextend can create a hypocoagulable state in human blood. It should be noted that all 

of these assays are static and designed to fully activate all the clotting factors present in blood. 

This is not representative of in vivo coagulation where clotting is occurring under flow and high 

shear rates. In vitro microfluidic assays and uncontrolled hemorrhage in vivo animal studies could 

be leveraged in the future to evaluate the risk of these LVRs creating significant coagulopathies. 
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5.3.5 LVRs show similar ability to correct severe hemorrhagic shock in rats as PEG20K 

We proceeded to evaluate Hextend, PEG20K, RS-SBMA (DP400), and RS-GmMA (DP400) in a 

severe hemorrhagic shock rat model. Figure 25 below shows an overview of the model. 

 

 

Figure 25. Overview of the severe hemorrhagic shock model.  

 

All rats had similar average % of total blood volumes removed during the catheter hemorrhage 

period, ~58%, ~60%, ~57%, and ~59% for Hextend, PEG20K, RS-SBMA, and RS-GmMA, 

respectively. After achieving a lactate ≥ 8 mmol (typically 30-45 minutes of shock), the rats were 

given a single bolus infusion of treatment over ten minutes. All treatments were administered at 

an estimated 10% of total blood volume for the rat (prior to severe hemorrhage). PEG20K was 

administered as a 10% w/v solution, Hextend was given as commercially formulated (6% w/v 

HES), while the radiant stars were given as 20% w/v solutions. Figure 26 below shows the increase 

in MAP during infusion of the treatments. 
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Figure 26. Blood pressure during infusion of treatment over 15 minutes. Hextend was 

statistically different from PEG20K and RS-GmMA at the following timepoints – T7, T8 (p = 

0.0042 and p = 0.0120), T9, and T10 (p = 0.0076 and p = 0.0060). RS-SBMA was statistically 

different from PEG20K and RS-GmMA at the following timepoints – T7, T8 (p = 0.0053 and p 

= 0.0151), T9, and T10 (p = 0.0297 and p = 0.0235). 

 

Interestingly, during the infusion the RS-SBMA showed similar rates of blood pressure increase 

as Hextend, whereas the RS-GmMA performed similar to PEG20K. This reflects the osmolarity 

measurements of RS-SBMA. At high concentrations during reconstitution at 20% w/v the RS-

SBMA is probably self-assembled, then as it gets diluted in the bloodstream of the rat, it 

disassembles and as a result increases its osmolarity, leading to a greater oncotic response. Figure 

27 below shows the blood pressure over the course of the entire study. 
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Figure 27. Blood pressure comparison of different LVRs during severe hemorrhagic shock 

rat model. Left: Right top: MAP for the T75 time point, there was no statistical difference 

between PEG20K, RS-SBMA, and RS-GmMA, however, Hextend was significantly different 

from the other treatments (p = 0.0004, p = 0.0083, and p = 0.0021, respectively). Bottom right: 

MAP for the T90 time point, there was no statistical difference between PEG20K, RS-SBMA, 

and RS-GmMA, however, Hextend was significantly different from the other treatments (p = 

0.0001, p = 0.0013, and p = 0.0061, respectively). A fit model for a repeated measure, one-way 

anova with tukey post-hoc analysis (α = 0.050) was used for statistical analysis. 

 

All treatments show an initial peak of blood pressure between 15 and 30 minutes after 

administration, followed by a drop in blood pressure. At T75 and T90 there is no statistical 

difference between PEG20K, RS-GmMA, and RS-SBMA, while Hextend is significantly lower 

than the other three treatments. It is interesting that SBMA infused similarly to Hextend but over 

time increased MAP similar to RS-GmMA and PEG20K. It is well known in literature that SBMA 

displays self-assembly as a function of concentration.35,36 Potentially, the 20% w/v solution results 

in self-assembly of RS-SBMA into larger particles that then slowly disassemble in the bloodstream 

when they are diluted. We observe this self-assembly when we remove counter ions and suspend 

the SBMA polymers in DI H2O. When salt is added, the polymer goes back into solution. The 

radiant star LVRs show promising results in correcting blood pressure, Figure 28 below shows 

blood gas results from the study to monitor how well the radiant stars correct the metabolic 

disfunction of hemorrhagic shock. 
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Figure 28. Blood gas and estimated total blood volume at different time points during 

hemorrhagic shock model. Left: Lactate concentration (mmol/L) at various time points during 

the study. At T90, rats given Hextend had statistically higher lactate levels compared to 

PEG20K, RS-GmMA, and RS-SBMA (p = 0.0002, p = 0.0006, and p = 0.0059, respectively). 

There was no statistical difference between the other three treatments. Middle: Hemoglobin (Hb) 

concentration (g/dL) at various time points during the study. At T90, rats given PEG20K had 

statistically lower concentrations of Hb compared to both Hextend and RS-GmMA (p = 0.0008 

and p = 0.0064, respectively). While rats given RS-SBMA had statistically lower concentration 

of Hb compared to Hextend (p = 0.0393). Right: Percentage of total blood volume for rats during 

the study. The hemorrhage volumes and hemoglobin concentrations at different time points were 

used to calculate the percentage of the baseline total blood volume at various time points. At 

T90, there was no statistical difference between the treatments. A fit model for a repeated 

measure, one-way anova with tukey post-hoc analysis (α = 0.050) was used for statistical 

analysis. 

 

Both RS-GmMA and RS-SBMA were able to bring lactate levels down similar to PEG20K, while 

Hextend was not able to fully correct the metabolic deficit created by the severe hemorhagic shock. 

Although statistically not significant, RS-GmMA did not seem to bring lactate levels as far down 

as RS-SBMA. This was reflected in the hemoglobin levels. The more water that is pulled into the 

vascular space results in a greater hemodilution of the blood. RS-GmMA not having as high of a 

osmolarity compared to RS-SBMA, decreased the amount of water drawn into the bloodstream 

and as a result the hemoglobin levels stayed higher. The percentage of total blood volumes reflect 
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this as well, although once again not statistically significant, PEG20K and RS-SBMA show similar 

ability to refill the lost blood volume by pulling water into the bloodstream. Future studies using 

fluorescent dextran and fluorescently labeled LVRs could provide a more accurate measurement 

of total blood volume and LVR concentration in the blood.  

Another interesting trend observed in the blood gas measurements of the rats were the potassium 

and sodium levels during the study and across the treatments (Figure 29 below). 

 

 

Figure 29. Potassium (top) and sodium (bottom) concentrations from blood gas measurements 

at different time points during hemorrhagic shock model. Top left: Potassium (K+) concentration 

(mmol/L) at various time points during the study. Top middle: At T60, rats given Hextend had 

statistically higher potassium levels compared to PEG20K (p = 0.0137) and rats given RS-SBMA 

had statistically higher sodium levels compared to PEG20K (p = 0.0052) and RS-GmMA (p = 

0.0259). Top right: At T90, There was no statistical difference in potassium levels between the 

treatments. Bottom left: Sodium (Na+) concentration (mmol/L) at various time points during the 

study. Bottom middle: At T60, rats given Hextend had statistically lower sodium levels compared 

to RS-SBMA (p = 0.0018) and PEG20K (p = 0.0406). Bottom right: At T90, rats given Hextend 

had statistically lower sodium levels compared to RS-SBMA (p = 0.0064) and PEG20K (p = 

0.0228). A fit model for a repeated measure, one-way anova with tukey post-hoc analysis (α = 

0.050) was used for statistical analysis. 
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As to be expected, the hemorrhagic shock led to the shutdown of cellular pumps,3 which led to 

potassium ions flowing out of cells, and sodium ions flowing into cells, resulting in an increase in 

potassium concentration and a decrease sodium concentration in the blood. The inability of 

Hextend to fully refill the vascular space and correct hemorrhagic shock, led to the ion 

concentrations returning to the level measured at the end of shock. Both PEG20K, and RS-GmMA 

showed the ability to return ion concentrations back to levels similar to baseline. However, the RS-

SBMA treated rats, even though they showed similar blood pressure, hemoglobin, and lactate 

levels to PEG20K, showed elevated levels of both potassium and sodium in the blood stream at 

T60 and T90. It is believed that this is the Gibbs-Donan effect in action, that RS-SBMA is 

coordinating counter ions and retaining them in the blood. If we assume a similar osmotic 

reflection coefficient for RS-SBMA as measured for PEG 20K by Parrish et al. meaning 70% of 

the dose stays in the vascular space, and we assume that we are refilling the blood volume back to 

baseline, so we are diluting the RS-SBMA to 20 mg/mL from our original 200 mg/mL dose, then 

we end up with ~0.12 mmol/L concentration of RS-SBMA in the blood. RS-SBMA is a DP400 

polymer, therefore we have 400x the concentration of 3-sulfopropyl groups (~48 mmol/L) that can 

coordinate with cations in the blood. It is plausible that there is a high enough concentration of 3-

sulfopropyl groups available to raise the concentration of potassium by ~1 mmol/L as observed in 

the rat study. Potassium is known to be especially dangerous for the heart and can lead to 

arrythmias, however even with the elevated potassium levels, there were no irregular traces 

observed in the blood pressure waveforms. Future work can monitor the rats by EKG to look for 

signs of arrythmias.  

 

In summary, the in vivo blood pressure and hemoglobin levels indicate that PEG20K, RS-GmMA, 

and RS-SBMA show similar ability to refill the vascular space, while lactate levels support they 

show similar ability to correct the metabolic deficit created by hemorrhagic shock. The radiant 

stars were given as 20% w/v solutions while the PEG20K is given as a 10% w/v solution, and both 

were given at 10% of the estimated total blood volume for the rat. When accounting for the 

molecular weight of the treatments, for RS-GmMA we are infusing 1.75x less moles of polymer, 

and for RS-SBMA we are infusing 2.9x less moles of polymer compared to PEG20K. Similarly, 

in our scouting studies with L-GmMA (DP300) and L-SBMA (DP300), we were infusing the same 

number of moles as PEG20K, however their radiant star formats allowed us to infuse 1.75x and 
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2.9x less moles of polymer, supporting we are increasing the water-carrying capacity by moving 

to radiant stars. 

5.4 CONCLUSIONS 

In this study, methacrylates of various sizes, chemistries, and architecture were evaluated as low 

volume resuscitants. Future studies will evaluate the biodistribution of these methacrylate-based 

LVRs, conduct longer hemorrhagic shock studies to see how long they are able to correct the 

metabolic disfunction, and combine the shock model with an uncontrolled hemorrhage model to 

see if they lead to any bleeding disorders.  
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5.7 SUPPLEMENTAL 

 

Figure S 1. Comparison of ketamine-xylazine injection vs. isofluorane only via nose cone for 

rats in severe hemorrhagic shock model. Moving from K/X injection to nosecone with iso-

fluorane-only resulted in a higher base blood pressure and more consistent and higher 

hemorrhage volumes to reach necessary shock levels in rats. 
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Figure S 2. GPC chromatogram of 20kDa SPMK linear polymer. 

 

 

Figure S 3. ROTEM of blood taken from rat administered linear 20kDa SPMK. SPMK acts 

as syntheLeft: Baseline ROTEM of whole blood sample from rat. Middle: ROTEM of blood 

taken from rat after administration of SPMK. Right: Same baseline whole blood but spiked with 

heparin.  
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Figure S 4. GPC chromatograms of treatments evaluated in the in vivo rat study. To analyze 

the hydroxyethyl hetastarch (HES) from Hextend, it was dialyzed against DI water for three days 

then lyophilized to isolate just the HES. From commercial literature, Hextend has a reported 

average molecular weight of 670 kDa with a range of 450 kDa to 800 kDa, and at least 80% of 

the polymer units falling within the range of 20 kDa to 2.5 MDa. The HES is larger than the 

upper limit of the column used on the GPC and therefore was unable to be measured accurately. 

 

Figure S 5. Platelet contribution to maximum clot firmness measured in ROTEM (n = 5-7). 

Calculated by subtracting the plasma MCF from the whole blood MCF. The data displayed is the 
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difference from a saline volume control run at the same time for each donor. A dotted line is 

placed at zero to represent no change from the saline control. No statistical difference was 

observed for any of the treatments compared to the saline control. 
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Abstract: CAR T cell therapies often lack specificity, leading to issues ranging from inadequate 

antigen targeting to off-tumor toxicities. To counter that lack of specificity, we expanded tumor 

targeting capabilities with a universal CAR and spatially defined CAR T cell engagement with 

targets through a combination of synthetic biology and biomaterial approaches. We developed a 

novel framework, called “In situ Mobilization: Polymer Activated Cell Therapies” (IMPACT) for 

polymer-mediated, anatomical control of IF-THEN gated CAR T cells. With IMPACT, a regulated 

payload such as a BiTE or tumor-targeting CAR will only be expressed after engineered cells 

engage a tumor-localizing polymer (“IF” condition). In this first demonstration of IMPACT, we 

engineered CAR T cells to respond to fluorescein that is displayed by an injectable polymer that 

binds to and is retained at fibrin deposits in tumor microenvironments. This interaction then drives 

selective and conditional expression of a protein within tumors (“THEN” condition). Here, we 

develop the polymer and CAR T cell infrastructure of IMPACT and demonstrate tumor-localized 

CAR T cell activation in a murine tumor model after intravenous administration of polymer and 

engineered T cells.   
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6.1 INTRODUCTION 

Chimeric antigen receptor (CAR) T cell therapy has demonstrated unprecedented efficacy against 

hematological malignancies,1 producing high remission rates and resulting in six FDA-approved 

therapies to date.1–3 Despite this clinical success, currently available CARs employ a relatively 

simple design. All FDA-approved products contain a single monovalent CAR with unregulated 

function post-infusion into patients. The ramifications of this range from hypo-functional behavior 

to toxicity-inducing over-reactivity. Tumor heterogeneity, in the form of antigen diversity and 

tumor plasticity, and subsequent antigen loss are primary factors that lead to CAR T cell 

underperformance.4 CARs specific for a single target are unable to handle tumors with diverse 

antigen profiles, resulting in an outgrowth of tumor cells unrecognizable to the CAR T cells. On 

the flip side, current CAR T cells lack specificity, driving systemic toxicity issues, such as cytokine 

release syndrome (CRS),5 or site-specific damage due to on-target, off-tumor reactivity.6,7 To deal 

with these deficiencies, next generation CAR T cell systems must have the ability for multivalent 

targeting, enhanced control over cell activity, and selective activation within tumors. 

 

Universal CARs are a class of receptors that may offer a potential solution to both antigen escape 

and off-site toxicities.8 T cells featuring universal CARs can engage tumors exclusively via 

synthetic bifunctional intermediate adaptor molecules, which present both CAR epitope and tumor 

targeting moieties. The dependency of the CAR on these bridging molecules for antigen 

recognition and immune synapse formation allows for highly regulated, multivalent CAR T cell 

effector function. For example, multiple tumor antigens can be simultaneously targeted with a 

single CAR T cell by creating a panel of intermediate adaptors with a constant CAR epitope but 

different tumor targeting moieties. The strength of the T cell response can then be modulated by 

adjusting the dose and frequency of intermediate adaptors given to the patient. The specificity of 

this response can be refined further by implementing an IF-THEN gate on effector function. IF-

THEN gates enable conditional expression of a therapeutic agent or CAR via an inducible 

promoter. It is therefore possible to put a tumor-targeting CAR under the regulation of an inducible 

promoter and define an “IF” condition that creates a spatial distinction between tumors and 

surrounding tissue. One way to accomplish this is by taking advantage of irregular coagulation 

patterns within the vasculature of malignant tissue. Fibrin clots are hallmark components of 



225 
 

wounds and tissue regeneration that are rarely observed under normal conditions.9 Since solid 

tumors are destructive to surrounding tissue and require continuously expanding vasculature to 

grow, they are often characterized by significant fibrin deposits.10 

 

Here, we describe a novel framework for IF-THEN gating CAR T cell function called “In situ 

Mobilization: Polymer Activated Cell Therapies” (IMPACT) (Figure 1). In this system, we 

adapted PolySTAT, a fibrin-binding polymer developed in our lab,11,12 to bind within the tumor 

microenvironment (TME) and provide an “IF” condition to logic-gated CAR T cells. We modified 

PolySTAT to display multiple fluorescein (FL) tags along its backbone for recognition by a 

constitutively expressed anti-FL universal CAR (“cCAR”) on our T cells.13,14 Upon engagement 

with its epitope, FL CAR signaling activates inducible synthetic promoter (iSynPro), which, is a 

synthetic promoter responsive to TCR or CAR signaling.15  iSynPro then drives expression of an 

mCherry:ffluc fusion protein (“iCherry”) in an anatomically-restricted manner. These 

cCARiCherry T cells are a proof-of-concept platform to model future therapies with an iSynPro-

restricted therapeutic payload, such as a BiTE16 or another CAR that can target a TAA or an 

intermediate adaptor. Collectively, these data provide proof-of-concept validation of our IMPACT 

system. 
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Figure 1. In situ Mobilization: Polymer-Activated Cell Therapies (IMPACT) rely on 

PolySTAT to induce regulated transgene expression IMPACT therapy payload is only 

delivered after the engineered cells engage their ligand on the PolySTAT polymer. A Cells 

remain in a quiescent state regardless of their local environment. B PolySTAT, once administered, 

binds to fibrin in tumor microenvironments and presents the cognate antigen to the engineered 

cells. C This interaction stimulates the cells and drives expression of an iSynPro-restricted 

transgene, such as an mCherry:ffluc reporter protein in this proof-of-concept demonstration. 

6.2 RESULTS 

6.2.1 Design of a PiggyBac Nanoplasmid Vector For Constitutive Expression of a 

Fluorescein-Specific CAR and Activation-Dependent Transcription of a mCherry:ffLuc 

Reporter 

The first step in developing IMPACT was to design reporter IF-THEN-gated CAR T cells that 

recognize an antigen via a constitutively-expressed CAR and subsequently induce expression of a 

reporter mCherry:ffluc protein (cCARiCherry) when stimulated (Figure 1). To this end, a plasmid 



227 
 

was constructed that contains the inducible synthetic promoter, iSynPro, and the human eukaryotic 

translation elongation factor 1α (EF1α) promoter, which constitutively drives high transgene 

expression.17 Inserted under EF1α control is an anti-FL(E2-mut2) CAR with CD19t expression 

marker and methotrexate (MTX)-resistant double mutant dihydrofolate reductase (DHFRdm) 

separated by 2A ribosomal skip sequences.18 Inserted under iSynPro regulation is an mCherry:ffluc 

fusion protein (Figure 2A), which allows for in vitro validation of cell activation via mCherry and 

in vivo validation of cell activation via ffluc. The iSynPro promoter stringently restricts expression 

of the mCherry:ffluc fusion protein until the CAR (or TCR) engages its ligand. Once the CAR-

ligand interaction is engaged, the cells transiently transcribe the mCherry:ffluc transgene (Figure 

2B). These components were all cloned into a piggyBac transposon vector19–22 for electroporation 

(EP) into CD8+ primary human T cells. Following EP, CAR+ populations were selected with 

administration of 50 nM methotrexate for 18 days. At the end of the initial 21-day cell production, 

cells underwent a rapid cell expansion protocol (REP) (Supplementary Figure 1). On the last day 

of REP, cell staining for CD19t revealed a 77.8% CAR+ population of cells when compared to 

untransduced, donor-matched negative control (mock) cells (Figure 2C). Once CAR expression 

was validated, we needed to confirm that iSynPro was responsive to anti-FL CAR signaling. 

cCARiCherry T cells were incubated with the following at a 1:1 effector:target (E:T) ratio for 24 

hours and then assessed for CD69 expression (an early T cell activation marker)23 and mCherry 

expression: K562 OKT3 cells (positive control), which stimulate the T cells via endogenous TCRs, 

K562 parental (K562 P) cells (negative control), and K562 P cells labeled with FL-PLE (Figure 

2D). T cells stimulated with both K562 OKT3 and K562 FL-PLE cells expressed mCherry and 

upregulated CD69; importantly, mCherry expression was dependent on CAR expression (CD19t+ 

cells Figures 2E-G), further confirming IF-THEN controlled gene expression. These data 

confirmed that our dual promoter system was functional and ready to be tested with PolySTAT.
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Figure 2. cCARiCherry T cells demonstrate stringent activation-dependent transcription 

from the iSynPro promoter cCARiCherry T cells demonstrate restricted payload expression 
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until their CARs or TCRs are engaged. All results are representative of 2 donors. A Design of 

the cCARiCherry Piggybac construct. The construct includes an iSynPro-driven mCherry:ffluc 

fusion protein and an EF1α promoter-driven anti-FITC(E2-mut2) CAR. B Diagram showing 

restricted payload expression until CAR engages ligand. C Purity of CAR+ T cells (CD19t 

expression marker) was determined by flow cytometry. D Flow cytometry shows that K562 P cells 

emit strong FL signal when labeled with FL-PLE. E-G cCARiCherry or mock T cells were 

stimulated with K562 P, FL-PLE-labeled K562 P, or K562 OKT3 cells for 24 hours. E CD69 

expression was upregulated in mock and cCARiCherry T cells incubated with positive control 

K562 OKT3 cells. CD69 was comparably upregulated in cCARiCherry T cells, but not mock T 

cells, incubated with FL-PLE-labeled K562 P cells. F Expression of mCherry was upregulated in 

cCARiCherry T cells when stimulated with FL-PLE-labeled K562 cells and dependent on CAR 

expression. CAR-negative cells did not produce mCherry when stimulated. G Expression of 

mCherry was upregulated comparably in cCARiCherry T cells stimulated with K562 OKT3 cells 

and FL-PLE-labeled K562 cells. 

 

6.2.2 Fluorescein conjugation chemistry, polymer composition and polymer structure 

influence the efficiency of cCARiCherry T cell activation 

We next engineered our PolySTAT platform to enhance the presentation of fluorescein (FL) and 

recognition by cCARiCherry T cells. Commercially available, fluorescein O-methacrylate (FMA) 

was co-polymerized with 2-hydroxyethyl methacrylate (HEMA) and methacrylic acid N-

hydroxysuccinimide ester (NHSMA) to create a 2% FL statistical copolymer backbone 

(Supplementary Figure 2 and 3), followed by conjugation of a fibrin-binding peptide (FBP) to 

generate FMA-PolySTAT (Supplementary Figure 4A). Fibrin gels containing escalating doses 

of FMA-PolySTAT or FMA-PolySCRM (a non-fibrin binding, scrambled peptide negative control 

for PolySTAT) were then constructed in 48-well tissue culture plates using previously-described 

materials and concentrations (Supplementary Figure 4B).24  cCARiCherry T cells or mock cells 

were then loaded onto the gels in cytokine-free media for 20 hours and analyzed via flow cytometry 

for activation markers and mCherry expression (Supplementary Figure 4C). We observed 

PolySTAT dose-dependent activation of cCARiCherry T cells, as evident by both mCherry 

production and CD69 expression (Supplementary Figure 4D). Lower levels of activation were 
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recorded from CAR T cells on FMA-PolySCRM-loaded gels and mock cells on any gel. Although 

PolySTAT was able to activate cCARiCherry T cells, the levels of activation were low by both 

metrics. As a result, a series of improvements were made to PolySTAT to enhance CAR binding 

and cell activation. 

 

Our first step to improve PolySTAT was to enhance CAR binding by synthesizing a new FL 

monomer with better FL presentation and hydrolytic stability. The commercially available FMA 

monomer uses a phenyl ester linkage that prevents one of the phenols from being available for 

CAR binding and is a well-known hydrolysable linker used in drug delivery.25 Therefore, we 

conjugated FL to a methacrylate monomer with a pendant primary amine via an isothiocyanate 

reaction (Supplementary Figure 5A) to form a more stable N,N’-disubstituted urea bond that is 

commonly used to conjugate FL to proteins. This new FL monomer, 2-propenoic acid, 2-methyl-

2-[[[(3’6’-dihydroxy-3-oxospiro[i-sobenzofuran-1(3H),9’-[9H]xanthen]-5-

yl)amino]thioxomethyl]amino]ethyl ester or “AEMA-FL” (Figure 3A) was confirmed by proton 

NMR spectroscopy (Supplementary Figure 5B).  AEMA-FL-PolySTAT and AEMA-FL-

PolySCRM with statistically incorporated 4% FL content were made using the same synthesis 

steps as FMA-PolySTAT above (Supplementary Figures 6-9). The % FL/number of FL attached 

to copolymers were measured by NMR (Supplementary Figure 10). The fibrin-binding ability of 

AEMA-FL-PolySTAT was then confirmed in vitro by rotational thromboelastometry (ROTEM) 

(Supplementary Figure 11).11,26 AEMA-FL-PolySTAT binding to fibrin was also confirmed by 

confocal microscopy imaging of blood clots harvested from rats infused with AEMA-FL-

PolySTAT or AEMA-FL-PolySCRM (Supplementary Figure 12). 

 

We developed an ELISA assay for rapid evaluation of PolySTAT designs that we termed 

PolySTAT ELISA (PS-ELISA). In PS-ELISA, fibrin gels with FMA-PolySTAT or AEMA-FL-

PolySTAT at various concentrations were made and exposed to a biotinylated anti-FL antibody. 

Antibody binding to PolySTAT-bound fibrin gels was then assessed using a streptavidin-

conjugated horseradish peroxidase (HRP) in the presence of a fluorogenic peroxidase substrate. 

Relative fluorescence unit (RFU) outputs indicated peak antibody signal on 5 µM gels, so this 

PolySTAT concentration was used for subsequent studies (Supplementary Figure 13). The PS-

ELISA was conducted with AEMA-FL PolySTAT, FMA-PolySTAT, and their respective negative 
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controls. We observed significantly higher antibody binding to AEMA-FL-PolySTAT over FMA-

PolySTAT (P=0.0021) and negative controls (Figure 3A). Although specific antibody binding to 

FMA-PolySTAT was observed, the data suggest that the AEMA-FL monomer bound more 

robustly than the FMA monomer, and we therefore proceeded with AEMA-FL for future studies. 

 

One of the issues with FMA-PolySTAT and AEMA-FL PolySTAT was limited water solubility 

due to the inclusion of hydrophobic fluorescein-containing monomers. To counter this, we 

replaced HEMA comonomers in the polymer backbone with glycerol monomethacrylate (GmMA) 

(Figure 3B, Supplementary Figure 10, and Supplementary Table 1). Recently, we reported 

that substituting HEMA monomers with GmMA monomers enhanced the water solubility of 

PolySTAT by incorporating more hydroxyl groups into the polymer.11 We also hypothesized that 

the more hydrophilic GmMA would both increase the total polymer solubility and also reduce 

fluorescein π-π stacking with the tyrosines of FBP, resulting in better presentation of fluorescein 

for CAR T cell binding. In PS-ELISA we observed a statistically significant (p<0.0001) 

improvement in antibody binding to the GmMA version of AEMA-FL-PolySTAT compared with 

the HEMA version (Figure 3B). Therefore, all future AEMA-FL-PolySTATs were synthesized 

with a GmMA backbone. 
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Figure 3. Fluorescein orientation and linker design impact anti-FL antibody binding to 

PolySTAT was modified to improve anti-fluorescein antibody binding. A Polymer structures 

for PolySTATs containing our newly developed AEMA-FL monomer and fluorescein O-

methacrylate (FMA). PS-ELISA outputs demonstrate that AEMA-FL PolySTAT provided a better 

platform for anti-FL antibody binding than FMA-PolySTAT in a PolySTAT-ELISA. B Polymer 

structures for AEMA-FL PolySTATs containing 2-hydroxylethyl methacrylate (HEMA) or 

glycerol monomethacrylate (GmMA) backbone monomers. Polymers with GmMA have enhanced 

anti-FL antibody binding compared with polymers with HEMA monomers. C PolySTATs and 

non-fibrin-binding PolySCRMs with 2% (original percentage), 4% and 10% AEMA-FL 

monomers in statistical polymer structure. PolySTAT-ELISA indicated that increasing FL content 

did not increase antibody binding signal. D Evaluation of PolySTATs and non-fibrin-binding 

PolySCRMs with 2%, 4%, and 10% AEMA-FL monomers in block copolymer structure. 

PolySTAT-ELISA suggest that increasing FL content had a negative effect on anti-FL antibody 

binding signal. For all bar graphs, n=3. Data presented are mean values +/- SD. *=p<0.01, 

**=p<0.001, ***=p<0.0001. 

 

For our final design optimization of PolySTAT, we varied both AEMA-FL content and polymer 

structure. For AEMA-FL content, we hypothesized that increasing the number of FL molecules 

per polymer would increase the number of binding sites and improve avidity of binding to the 

antigen-binding domain. To this end, we synthesized a series of AEMA-FL-PolySTATs with a 

range of FL content (2%, 4%, and 10%). Proton NMR and UV-Vis measurements confirmed the 

FL content in each polymer (Supplementary Figure 14, Supplementary Figure 15 A/B and 

Supplementary Table 2). However, PS-ELISA results indicated no improvement in antibody 

binding with the incorporation of more FL monomer in PolySTAT (Figure 3C).  

 

For polymer structure, we hypothesized that moving from a statistical-incorporation of FL 

throughout the PolySTAT backbone to a block-copolymer, where the AEMA-FL is concentrated 

in an “activating block” that is separate from the fibrin-binding domain of PolySTAT, would  

promote receptor clustering and enhance the CAR T cell response.27 To this end, we synthesized 

a series of block copolymers with discrete segments of AEMA-FL monomers (Figure 3D, 

Supplementary Figure 16).  For block polymers, macroCTAs or the “activating blocks” with 
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degrees of polymerization (DP) of 13-20 containing varying ratios of GmMA to AEMA-FL 

(80:20, 60:40, and 70:30) were synthesized via RAFT polymerization (Supplementary Figure 

17, Supplementary Figure 18, and Supplementary Table 3). These macroCTAs were then chain 

extended with GmMA and NHSMA to create block copolymers of similar size and AEMA-FL 

content (2%, 4%, and 10%) as the previous statistical copolymers (Supplementary Table 4, 

Supplementary Figure 19D). Characterization by gel permeation chromatography (GPC) 

refractive index (RI) traces indicated successful chain extension of macroCTAs (Supplementary 

Figure 19C and Supplementary Table 5). Finally, the fibrin-binding peptides were conjugated 

via the NHS-handle. These polymers were tested by PS-ELISA and compared with their respective 

PolySCRM negative controls. Interestingly, the addition of more AEMA-FL monomer to the 

polymer decreased antibody binding (Figure 3D). With the block copolymers we observe during 

the synthesis of the activating block that the AEMA-FL preferentially copolymerizes with itself at 

higher loading of AEMA-FL (Supplementary Table 6). Due to the multiple protonation states of 

fluorescein,28 the local pKa in the immediate area of the homopolymerized blocks of AEMA-FLs 

could be different from the bulk solution the block copolymers are in. Whereas in the statistical 

copolymers, AEMA-FL are much more spaced out, and unable to affect the protonation state of 

other AEMA-FLs. We hypothesize this could affect binding. 

 

6.2.3 Quantitative analysis of cCARiCherry T cells shows varied reactivity to different 

AEMA-FL PolySTAT variants. 

 

We next generated a large batch of cCARiCherry CAR T cells with high CAR expression 

efficiency (Supplementary Figure 20) for in vitro cell activation studies with our panel of 

AEMA-FL-PolySTAT polymers. For each PolySTAT and PolySCRM, 2%, 4%, and 10% FL in 

both statistical and block copolymer formats were assessed. cCARiCherry CAR T cells or mock 

cells were added onto the polymer-incubated gels in cytokine-free media, and images of the cells 

were taken every 2 hours in an IncuCyte cell imager for 20 hours. Red image mean analyses of the 

images revealed upregulated mCherry expression within four hours of being added to gels, with 

peak expression occurring around 8 hours after addition to gels, followed by a plateaued expression 

level for the remainder of the experiment (Figure 4A). As expected, mock cells produced no 
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mCherry signal under any conditions (Supplementary Figure 21A). The images also indicate the 

highest mCherry expression in cells stimulated with the 2% FL statistical polymer. This 

observation was corroborated by mCherry and CD69 expression in cells harvested at the end of 

the 20-hour incubation and analyzed with flow cytometry (Figure 4B, 4C, Supplementary Figure 

21B, C). Each block polymer resulted in about 50% mCherry+ and 75% CD69+ cells, with lower 

FL content inducing slightly higher CD69 expression. For the statistical polymers, there was a 

clear inverse relationship between FL content and activation of the cells by both metrics. With 

about 60% mCherry+ cells and CD69 expression over 80%, the 2% statistical AEMA-FL-

PolySTAT elicited higher cell activation than the other polymers and comparable activation levels 

to positive controls. Mock or cCARiCherry T cells were then added onto plain or 2% statistical 

AEMA-FL-PolySTAT or PolySCRM-loaded gels for 24 hours and imaged by confocal 

microscopy. Imaging confirmed mCherry-expressing cells distributed across PolySTAT gels but 

not plain gels (Figure 4D). PolySCRM gels show some cells expressing mCherry, which is likely 

due to residual PolySCRM left on the gels after their fabrication and washes. Higher magnification 

(40X) imaging of PolySTAT gels show mCherry-expressing cCARiCherry T cells engaging the 

PolySTAT matrix (Supplementary Figure 22)
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Figure 4. cCARiCherry cells express mCherry when stimulated with various AEMA-FL 

PolySTAT variants cCARiCherry T cells are rapidly activated and drive payload expression 
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in vitro when incubated on PolySTAT-fibrin gel. A Red image means of gels measured by an 

IncuCyte every 2 hours for 20 hours demonstrate mCherry:ffluc production from cCARiCherry T 

cells incubated on different AEMA-FL-PolySTAT/fibrinogen gels. B, C After a 20-hour 

incubation on AEMA-FL-PolySTAT gels, cCARiCherry T cells were harvested and mCherry (B) 

and CD69 (C) expression were analyzed by flow cytometry. D 10x Confocal microscope images 

of cCARiCherry T cells after a 24-hour incubation on 2% FL PolySTAT, 2% FL PolySCRM, or 

polymer-absent fibrin gels. Images show widespread mCherry production among cells on 

PolySTAT gels compared with cells incubated on PolySCRM and polymer-absent gels. 

 

6.2.4 AEMA-FL-PolySTAT binds to fibrin in the ECM of BT-20 tumors following intravenous 

injection 

With the evidence that PolySTAT drives robust cCARiCherry activation in vitro, we next 

confirmed that the polymer accumulates near tumor fibrin deposits after systemic administration 

and locally stimulates the cells in tumors. To this end, we engrafted five million BT-20 cells, a 

slow-growing human breast cancer cell line that forms tumors with documented fibrin structures 

in the tumor microenvironment,29 subcutaneously in the left flank of NSG mice. After allowing 

the tumors to grow for 4 weeks, PBS, 2% AEMA-FL-PolySTAT, or the equivalent PolySCRM 

control were injected intravenously. Tumors were harvested 24 hours later and co-stained with 

anti-FL-AF488 (to enhance the FL signal from the polymer) and an anti-fibrinogen antibody. 

Immunofluorescence (IF) images show extensive FL signal in tumors from mice that received 

PolySTAT but no FL signal in tumors from mice that received PolySCRM (Figure 5A). AF647 

(fibrinogen) and AF488 (PolySTAT) signals were analyzed in Image J (Fiji) using the JACoP 

plugin to quantify signal overlap from these two layers. Distance-based colocalization analyses 

from six images between two tumors provide an average PolySTAT on fibrinogen overlap of 

92.7% with a standard deviation of 4.8%. Costes automatic threshold mask highlights where the 

two signals overlap (Figure 5A). The same tumors were also co-stained with anti-FL AF488 and 

anti-CD31 AF647 antibodies. Confocal images indicate that PolySTAT depositions are also found 

near vascularized sections of the tumors (Figure 5B). Collectively, these data indicate that 

PolySTAT will accumulate in well vascularized tumors with fibrin deposits. 
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6.2.5 cCARiCherry T cells are activated and express mCherry:ffluc locally in BT-20 tumors 

following administration of AEMA-FL-PolySTAT 

 

Finally, we evaluated whether cCARiCherry T cells can interact with tumor bound PolySTAT and 

turn on iSynPro. To do this, five million BT-20 cells were engrafted subcutaneously on the left 

flank of NSG mice. After 4 weeks, 106 cCARiCherry or mock T cells were injected IV into the 

mice (n=4 per group). Two days (48 hours) later, PBS or 10mg/kg of 2% AEMA-FL-PolySTAT 

or PolySCRM were injected IV. Mice were imaged with a Xenogen IVIS imaging machine to 

monitor induction of iSynPro-regulated mCherry:ffluc production (Figure 5C). IVIS images over 

this period indicate transient ffluc expression primarily limited to the engrafted flank tumor, 

peaking within the first 24 hours, in mice that received PolySTAT and cCARiCherry T cells 

(Figure 5D). Minimal signal was observed in mice that received cCARiCherry T cells and 

PolySCRM (Figure 5D) or PBS (Supplementary Figure 23). Outside of the flank tumor, 

activated cells appear to have accumulated in the heads of most PolySTAT-treated mice. This is 

likely an indicator of brain metastases, a very common metastasis destination for BT-20 cells.30 At 

each time point with significance by one-way ANOVA, (p<0.05), Tukey’s HSD post-hoc analysis 

was performed between each group. Statistical significance was found between the cCARiCherry 

+ PolySTAT group and the cCARiCherry + PBS at t=24 hours (p<0.0001), t=48 hours (p<0.0001), 

t=72 hours (p<0.0001), t=96 hours (p=0.0003), t=120 hours (p=0.0233), and t=144 hours 

(p=0.0150). Statistical significance was also found between the cCARiCherry + PolySTAT and 

mock + PolySTAT groups at t=24 hours (p<0.0001), t=48 hours (p<0.0001), t=72 hours 

(p<0.0001), t=96 hours (p=0.0034), t=120 hours (p=0.0106), and t=144 hours (p=0.0113), and 

t=168 hours (p=0.0219). These results demonstrate for the first time spatially restricted CAR T 

cell activation controlled by a polymer that accumulates in the tumor microenvironment. 

 

Importantly, there was only significant difference between cCARiCherry|PolySCRM and 

cCARiCherry|PBS groups (p=0.0201) at the 24-hour time point, despite PolySCRM, identical to 

PolySTAT but with a scrambled FBP sequence, being injected after the T cells. Thus, circulating 

FL-conjugated polymers have limited impact on circulating T cell activation, reducing toxicity 

concerns associated with possible PolySTAT re-doses. This also suggests that the order of T cell 

or polymer injection does not matter. The later claim was supported with another animal 
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experiment. Five million BT-20 cells were engrafted subcutaneously on the left flank of NSG 

mice. After 4 weeks, 10mg/kg of 2% AEMA-FL-PolySTAT or PolySCRM were injected IV. One 

day (24 hours) later, 106 cCARiCherry or mock T cells were injected IV into the mice (n=3 per 

group). Mice were imaged with a Xenogen IVIS imaging machine to monitor induction of 

iSynPro-regulated mCherry:ffluc production 8 hours, 24 hours, and every subsequent 24 hours 

after T cell injections (Supplementary Figure 24A). All mice had high non-specific signal for the 

first 24-48 hours following T cell injections with concentrated flux in the lungs. This transient non-

specific ffluc expression is characteristic of iSynPro function following cell injections and 

concentrating in the lungs is characteristic of CAR T cell migration following IV injections.31 Flux 

from the tumors was quantified and unpaired one-way T tests with Welch’s correction for unequal 

variance was conducted at each time point (Supplementary Figure 24B). Statistical significance 

was found between the cCARiCherry + PolySTAT and the cCARiCherry + PolySCRM groups at 

t=24 hours (p=0.0255), t=48 hours (p=0.0428), t=72 hours (p=0.0257), t=96 hours (p=0.0473), 

t=120 hours (p=0.0127), and t=144 hours (p=0.0389).  
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Figure 5. AEMA-FL PolySTAT requires vasculature and fibrin deposits to accumulate in 

tumors in vivo FL-PolySTAT accumulates in perivasculature intratumoral fibrin deposits 

and locally activates FL-specific CAR T cells for iSynPro reporter expression. A PolySTAT 

(top) and PolySCRM (bottom) accumulation in BT-20 breast cancer tumors 24 hours following 

IV injection. Strong co-localization of PolySTAT (green) but not PolySCRM with fibrinogen 

deposits (red) was observed via confocal microscopy. B PolySTAT and CD31 (red) co-stain 

demonstrating PolySTAT deposits near vascularized tissue regions. C Schematic diagram of 
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cCARiCherry T cell activation experiment. Mock or cCARiCherry T cells were injected IV into 

NSG mice. Two days later, PBS, or 10mg/kg of 2% AEMA-FL-PolySTAT or PolySCRM were 

injected IV. Mice were then imaged every 24 hours for 7 days to record induced ffluc signal. D 

Daily bioluminescence images of mice injected IV with cCARiCherry T cells and either 

PolySTAT or PolySCRM. Images of hour -4 and days 1-4 demonstrate transient activation of cells 

in mice that received PolySTAT but minimal activation in mice that received PolySCRM. E 

Quantification of bioluminescence flux (photons/second). Results show significantly higher flux 

from cCARiCherry T cells in mice injected with AEMA-FL-PolySTAT than either negative 

control. For E, a one-way ANOVA test was performed at each time point. Tukey’s HSD post-hoc 

analysis was then performed between each group. *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001. n=4 biologically independent replicates +/- SD. 

 

6.3 DISCUSSION
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IF-THEN gated systems can be used to guide the effector function of CAR T cell therapies by 

spatially differentiating tumors from healthy tissues. In vivo spatial control of CAR T cell response 

can alleviate CAR specificity issues, such as on-target, off-tumor toxicity. Because tumor-specific 

antigens are rare, CARs usually target tumor-associated antigens (TAAs). Although these antigens 

are highly expressed on the cancer cells, they may also be found on select healthy tissues, 

potentially rendering those tissues susceptible to CAR T cell-inflicted damage. While CAR T cell-

related toxicities are currently managed by anti-inflammatory drugs such as corticosteroids or 

tocilizumab,32 therapeutic CAR T cell strategies with more specificity are preferred. To this end, 

we created the IMPACT system, which utilizes a dual promoter construct with a constitutively 

expressed anti-FL CAR and inducible mCherry:ffluc fusion protein (cCARiCherry). The stringent, 

switch-like function of cCARiCherry T cells allows for conditional expression of mCherry:ffluc 

(“THEN” outcome) when provided a spatially-restricted “IF” condition. For this, we utilize 

fluorescein-modified PolySTAT to bind fibrin deposits in irregular tumor vasculature and provide 

an epitope for fluorescein-specific CARs. In this work, we altered the presentation and linker 

chemistry of FL tags on PolySTAT to maximize CAR binding and cCARiCherry T cell activation 

in vitro and in vivo. 

 

Anti-fluorescein, or anti-FITC, CARs are a type of universal CAR with specificity for fluorescein-

modified intermediate adapter molecules. Being one of the first universal CARs developed, a 

multitude of different adaptor molecules have effectively been used with anti-FL CARs, resulting 

in similar or superior performance when compared with benchmark CAR T cells.13,33–35 This 

success has led to the opening of ENGLIGHTen-01, the first in-human clinical trial with a 

universal CAR therapy, which pairs an anti-FITC CAR with FITC-folate to target folate receptor+ 

(FOLR1+) osteosarcoma.36 The development of multiple targeting molecules has also translated 

into multiplexed targeting abilities with the anti-FL CAR, leading to enhanced reactivity against 

heterogenous tumors.37 Recently, a pair of FL-conjugated intermediate adaptor molecules were 

developed that integrate into the cell membranes of target cells, opening up the opportunity for 

even broader tumor targeting capabilities using a single cell product.38,39 Although adaptor 

molecules can be injected locally or have shown preferential retention in malignant cells,40  this 

generalized targeting method creates a high risk for on-target, off-tumor toxicity. As CAR T cells 
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are used for more expansive cancer targeting applications, measures need to be taken for CAR T 

cells to spatially differentiate malignant and healthy tissues. 

 

IF-THEN gating can be used to add a layer of specificity to differentiate malignant from healthy 

tissues. With CAR T cell therapies, this gate can be created with an inducible promoter that drives 

a therapeutic transgene when provided an “IF” condition. One inducible promoter platform, 

SynNotch, has been used to regulate the expression of different therapeutic transgenes, including 

a CAR,41–43 but it requires orthogonal promoters and large sensor-transcription factor proteins, 

thereby rendering viral encoding cumbersome. Other inducible promoters consisting of repeated 

endogenous transcription response elements (TREs), such as repeated NFAT TREs, have been 

used to drive exogenous cytokine secretion following CAR or TCR stimulation.44,45 However, such 

promoters are limited in their reactivity due to their reliance on a single transcription factor. To 

address this limitation, others have made more complex synthetic promoters by adding multiple 

different TRE’s upstream from a minimal (core) promoter.46 Here, we chose to use one of these 

more complex systems, inducible synthetic promoter (iSynPro), in our IF-THEN gating system 

due to its low genetic profile, stringent off-state, and strong induction following stimulation with 

antigen. 

 

With the IMPACT platform, a spatial distinction is made between cancerous and healthy tissues 

by labeling irregular tumor ECM rather than a cell marker to provide the “IF” condition for iSynPro 

induction. We targeted a tumor characteristic rather than an antigen directly on cancerous cells to 

enable in situ cell activation with no possibility that the anti-FL CAR (cCAR) could engage tumors 

directly. Targeting abnormal tumor ECM characteristics also provides a degree of universality 

unavailable if we target a specific TAA, as this approach can be broadly applied across different 

tumors. Furthermore, PolySTAT needed to bind to a tumor attribute that is relatively static 

temporally and spatially to ensure adequate retention time in tumors. Therefore, targeting 

structural components of the ECM were preferential to soluble targets or cell receptors, which are 

subject to degradation, metabolization, and internalization. In this work, we use PolySTAT to 

target fibrin, as it is a well-documented component of solid tumor ECMs.10 Fibrin matrices are 

able to form networks in the ECM of many tumors due to the high permeability of tumor 
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microvasculature,47 which allows substantial fibrinogen to extravasate into the ECM where it is 

rapidly clotted.10 As tumors expand, new fibrin matrices form at sites of growth and older fibrin 

matrices transform into vascularized and collagenous matrices, characteristic of mature tumor 

stroma.48 This paradigm results in relatively constant fibrin distribution patterns throughout 

tumors, thereby making fibrin a viable marker of tumor ECM. This also indicates the possible 

utility of tailoring PolySTAT to target other solid tumor attributes, such as collagen. Like fibrin, 

collagen is abundant in a variety of tumors, having a critical role in their growth and ability to 

metastasize.49,50 As a result, other groups have used collagen as a target for various cancer 

therapies.51,52 By replacing our fibrin-binding peptide with one of the many collagen-binding 

peptides reported, PolySTAT can be re-directed as desired.53,54 Similarly, the extra-domain B 

(EDB) splice variant of fibronectin is strongly associated with solid malignancies in adults55 and 

has recently been used as a cancer drug-delivery target.56 Further demonstrating the modularity of 

PolySTAT, EBD-fibronectin could be used as another target for PolySTAT in the IMPACT 

system.  

 

There were several characteristics that were considered when designing PolySTAT for the 

IMPACT system. In addition to modifications made to improve FL presentation and hydrolytic 

stability, we also considered polymer structure and molecular weight, as they are main factors 

determining the circulation half-life of polymers. The polymers tested in this work were 43.8-

47.5kDa (Table 4), which is a similar size to PolySTAT used in our hemostasis work. 

Biodistribution studies in rats with radiolabeled PolySTAT revealed initial distribution half-life of 

20 min and elimination half-life of 14.4 hours, with >50% of PolySTAT cleared from the body 

within 1 hour through renal clearance.12 Importantly, PolySTAT did not accumulate in the heart 

and lungs at any time.12 While soluble PolySTAT is rapidly eliminated, PolySTAT extravasated 

and penetrated the tumor effectively, binding to fibrin throughout the tumor microenvironment 

(Figure 5A, B). The PolySTAT size used in these studies is well-suited for CAR T cell activation; 

smaller polymers would reduce fibrin-binding valency and shorten the therapy’s half-life, but 

larger polymers would reduce the polymer’s ability to extravasate and diffuse through the tumor. 
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The CAR epitope presented on PolySTAT can also be modulated to accommodate other universal 

CARs and further enhance tumor specificity. Namely, PolySTAT can be modified to replace the 

current CAR epitope, FL, with the cognate target of one of the many other reported universal 

CARs.57–59 The CAR epitope can also be modified to have a “mask” that is removed upon exposure 

to the TME or an external stimulus. Tumor microenvironments are known to have upregulated 

MMP activity, reactive oxygen species, and acidic conditions, all of which can be taken advantage 

of when designing an antigen mask.60 In the case of fluorescein, one could leverage self-

immolative linkers such as difluorophenyl esters or p-aminobenzlyalcohol attached to an MMP-

cleavable peptide, ROS-cleavable boronate fluorescent probe, or a caged fluorescein that requires 

UV light to unmask the phenols in the binding domain.61–64 Similar modifications could feasibly 

be made for other universal CAR targets. 

 

Additional safety interventions can be used to complement the IMPACT system. Once activated, 

iSynPro does not return to an off state for several days, and this timeline is extended if the cells 

continue to be stimulated. Furthermore, if the iSynPro-restricted transgene is another CAR, 

stimulation via that CAR can induce a feedback loop that self-perpetuates its own expression. If 

this phenomenon occurs outside the TME, toxicities can ensue. Fortunately, this loop can be 

broken with the inclusion of a suicide gene on our CARs, which degrade the receptor upon 

exogenous delivery of a suicide switch-inducing drug. A more interesting approach may be the 

use of dasatinib, a tyrosine kinase inhibitor, which has previously been used turn off CAR T cell 

function.65 This can be applied to our system, as dasatinib blocks the intracellular signaling 

pathways responsible for iSynPro induction. We can therefore use dasatinib as a manual switch to 

block the “IF” condition if necessary. 

 

While we demonstrated the functionality of IMPACT here, there are a few limitations to the 

system. First, IMPACT in its current iteration necessitates the presence of fibrin deposits near 

tumors, thereby excluding all liquid cancers, such as leukemias and lymphomas, from 

consideration for this therapeutic strategy. Another possible limitation to this iteration of IMPACT 

is that there are scenarios where tumors are not the only sites of fibrin deposits. Because CAR T 

cells will become activated in regions of high tissue regeneration due to PolySTAT, IMPACT may 



 251

not limit cell activation to tumors in patients who recently underwent a major surgery or have a 

condition associated with upregulated fibrin deposition, such progressed arthritis.66 Although 

fibrin deposits will dissolve as wounds heal, it may not be in the patient’s best interest to delay the 

commencement of treatment if the tumor is aggressive. 

 

Collectively, our work builds the foundation for the IMPACT system to enhance the safety and 

specificity of universal CAR therapies. This strategy uses novel conditional requirements to 

anatomically control expression of a therapeutic payload. The IF-THEN gate imposed with 

IMPACT first employs a synthetic biomaterial to mark a specific anatomic region (tumors) for the 

CAR T cells to activate. The CAR T cells are then primed and able to  a multitude of tumor 

targeting agents, such as a BiTE16 or another CAR. Due to the synthetic and modular nature of 

IMPACT, various pieces of the system can be refined to accommodate the situational requirements 

of different patients. Although these data are proof-of-concept, this work demonstrates the 

framework of a robust system with a plethora of new avenues for future CAR T cell approaches. 

Moving forward, a therapeutic payload needs to be placed under iSynPro control and 

toxicity/therapeutic outcome needs to be compared with an equivalent treatment without the 

IMPACT system. Testing different payloads, and therefore different types of therapies, will be 

central to subsequent efforts to demonstrate the versatility of this system. 

 

6.4 MATERIALS AND METHODS 

6.4.1 Material for Polymer synthesis 

Fluorescein O-methacrylate (FMA), fluorescein 5(6)-isothiocyanate (BioReagent, mix of 

isomers, ≥90% by HPLC), 2-aminoethyl methacrylate hydrochloride (AEMA), 2,2′-Azobis(2-

methylpropionitrile) (AIBN), 4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopentanoic 

acid (CCC), 2-hydroxyethyl methacrylate (HEMA), and all other reagents were purchased from 

Sigma-Aldrich (Saint Louis, MO) unless noted otherwise. N-hydroxysuccinimide methacrylate 

(NHSMA) was purchased from TCI America (Portland, OR). Glycerol monomethacrylate 

(GmMA) was purchased from Polysciences, Inc. (Warrington, PA). The fibrin binding peptide 

(FBP; Sequence: Ac-Y(DGl)C(HPr)YGLCYIQGK),67 developed by the Caravan group, as well as 
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the scrambled peptide (Ac-YICGQ(DGl)AC(HPr)LYGK) were both purchased from two 

suppliers, GL Biochem (Shanghai, China) and Elim Biopharm (Hayward, California), as custom 

orders. Human fibrinogen, thrombin, and plasmin were purchased from Enzyme Research 

Laboratories (South Bend, IN). Human Fibrinogen Purified FL Labeled (4-8 FL/fibrinogen) was 

purchased from Molecular Innovations (Novi, MI).  

6.4.2 Cloning of the PiggyBac construct 

All oligonucleotides used were synthesized by Integrated DNA Technologies. All DNA fragments 

were available in-house. Different sections of donor plasmids, including a piggyBac transposon 

vector (Aldevron), the anti-FL (E2-mut2) CAR, iSynPro promoter, and mCherry:ffluc fusion 

protein were digested using NheI, BlpI, NotI, SalI, NruI, and PacI restriction enzymes (NEB). 

Digested DNA fragments were gel purified with a ZymoClean Gel DNA Recovery Kit (Zymo 

Research) and PCR amplified with Q5® High-Fidelity DNA Polymerase master mix (NEB). PCR 

products were again gel purified with a ZymoClean Gel DNA Recovery Kit and ligated together 

via Gibson assembly using Takara’s In-Fusion® Snap Assembly Master Mix. StellarTM chemically 

competent E. coli (Takara) were transformed with the Gibson assembly products, and kanamycin-

selected colonies were screened by PCR for correct insert lengths using SapphireAmp® Fast PCR 

Master Mix (Takara). Correct DNA sequences at ligation sites were verified by Sangar sequencing 

(Genewiz) of miniprep DNA (Qiagen). Final colonies were then selected and grown to prepare 

transfection-grade plasmid DNA via maxiprep (Macherey-Nagel). 

6.4.3 T cell isolations 

For all donor cells used in this study, Leukocyte Reduction System (LRS) cones were obtained 

from Bloodworks Northwest. CD4+ and CD8+ T cells were isolated with EasySep HLA CD4 and 

CD8 Chimerism Kits and a RoboSepTM-S Automated Cell Separation Instrument (STEMCELL 

Technologies). PBMCs from negative fractions were then isolated using SepMate TM PBMC 

Isolation Tubes (STEMCELL Technologies). Aliquots of CD4+ and CD8+ T cells were set aside 

and stained with anti-CD45RO APC (BioLegend), anti-CD62L PE (BioLegend), anti-CD4 FITC 

(BioLegend), and anti-CD8 BUV395 (BD Horizon). After the stain and subsequent washes, cells 

were fixed in 0.5% paraformaldehyde and kept in the dark at 4oC until running on a LSRII Fortessa 
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(BD Biosciences). Compensation was performed using tubes of UltraComp eBeads Compensation 

Beads (ThermoFisher Scientific) individually stained for each specific fluorophore used, and the 

compensation matrix was calculated using FlowJo Software (TreeStar). FlowJo software was also 

used for data analysis.  

6.4.4 T cell manufacturing (original protocol) 

Freshly isolated CD8+ T cells were cultured in RPMI (Gibco) with a final concentration of 10% 

heat-inactivated and gamma irradiated FBS (VWR) and 2mmol/L L-Glutamine (ThermoFisher 

Scientific) (Complete RPMI) plus 4.6ng/mL IL2 (STEMCELL Technologies) and 0.5ng/mL IL15 

(Miltenyi). Cells were stimulated with 25µL /mL ImmunoCultTM Human CD3/CD28 T cell 

Activator for 72 hours. After 72 hours, cells were centrifuged and prepared for electroporation 

(EP) using a 4D-NucleofectorTM X Kit (Lonza). Each well, except mock cells, received 10nM 

DNA and 0.528µL of Piggybac transposon RNA. After EP, cells were immediately added to warm 

cytokine supplemented complete RPMI following electroporation and incubated for 3 days. 

Methotrexate (Medline) was then added to each CAR T cell well, and half medium changes were 

performed every 2-3 days. 21 days after EP, cells stained with anti-CD19 SB600 (ThermoFisher 

Scientific) to assess CAR positivity via flow cytometry. 

6.4.5 Cell line culturing 

K562s (an erythroleukemia cell line) were obtained from the European Collection of Cell Cultures 

through Sigma-Aldrich. K562 OKT3 cells were made by lentiviral transduction of an OKT3scFv-

CD4tm-T2A-Her2tG_epHIV7.2 vector into the K562 parental cell line, thereby leading to 

expression of an anti-CD3 agonist OKT3scFv. K562 cell lines were cultured in RPMI (Gibco) 

with a final concentration of 10% heat-inactivated/gamma irradiated FBS (Seradigm) and 

2mmol/L L-Glutamine (ThermoFisher Scientific) in 5% CO2 at 37oC. BT-20 cells were obtained 

from ATCC68 and cultured in DMEM (Gibco) with final concentration of 10% heat-

inactivated/gamma irradiated FBS (Seradigm) and 2mmol/L L-Glutamine (ThermoFisher 

Scientific) in 5% CO2 at 37oC. All lines were tested for mycoplasma contamination. 
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6.4.6 Synthesis of 2-Propenoic acid, 2-methyl-, 2-[[[(3′,6′-dihydroxy-3-oxospiro 

[isobenzofuran-1(3H),9′-[9H]xanthen]-5-yl)amino]thioxomethyl]amino]ethyl 

ester (AEMA-FL)  

Fluorescein 5(6)-isothiocyanate (1 g/2.58 mmol) and 1.1 equivalents of 2-aminoethyl 

methacrylate hydrochloride (470 mgs/2.84 mmol) were added to a round bottom flask with a stir 

bar. DMSO (25.8 mL/0.1 M) was added. Once the constituents were dissolved (pale yellow 

solution), 2.6 equivalents of DIPEA (1.29 mL) were added dropwise (turned to deep orange 

color). The mixture was stirred at RT overnight. The solution was precipitated one time in cold 

6% HCl solution (10x volume of reaction) constantly swirled over ice. The orange precipitate was 

filtered off with a glass frit. The precipitate was collected into a glass vial then lyophilized 

overnight. The solid, orange monomer was stored at -20 °C. Yield was > 90%. The monomer was 

pure by 1H nuclear magnetic resonance (NMR) spectroscopy on a Bruker AV 300 (Figure S3.3) 

and TLC (not shown). 

6.4.7 Synthesis of Statistical Copolymer Backbones   

pHEMA-co-FMA-co-NHSMA, pHEMA-co-AEMA-FL-co-NHSMA, and pGmMA-co-AEMA-

FL-co-NHSMA were synthesized via reversible addition-fragmentation chain transfer (RAFT) 

polymerization as described previously.12 Briefly, comonomers HEMA or GmMA were 

combined with the FL comonomer (FMA or AEMA-FL) and NHSMA at different ratios to 

achieve desired FL content. The comonomers were combined with CCC and 

AIBN at 200:1:0.333 ratio in dimethylacetamide at a monomer concentration of 0.6 M. This 

mixture reacted for 20 h at 70 °C. pHEMA copolymers were precipitated in diethyl ether, 

redissolved in dimethylacetamide, and precipitated again in diethyl ether. pGmMA copolymers 

were precipitated in diethyl ether followed by dissolution in dimethylsulfoxide and a second 

precipitation in 50-50 acetone/diethyl ether. Precipitated polymer was collected by centrifugation 

at 7197 x g. Dithiobenzoate groups were removed via an end-capping reaction with 20x molar 

excess AIBN at 70 °C for 12 hours. Supplementary Information Table 1 outlines all the 

statistical copolymer backbones synthesized.  
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6.4.8 Synthesis of Block Copolymer Backbones  

First, macroCTAs (activating blocks) were synthesized via RAFT. A CTA:I ratio of 5:1, target DP 

of 30, and monomer concentration of 0.6M were used for all the reactions. The ratio of GmMA to 

AEMA-FL and polymerization time were changed to hit a desired number of FL molecules in 

the MacroCTA. Supplementary Information Table 3 summarizes the different MacroCTAs. 

MacroCTAs were precipitated in diethyl ether followed by dissolution in dimethylsulfoxide and a 

second precipitation in 50-50 acetone/diethyl ether. Precipitated polymer was collected by 

centrifugation at 7197 x g. Dissolution in DMSO followed by precipitation in 50-

50 actetone/diethyl ether was repeated 3-5 times to remove residual monomer (monitored 

by 1H nuclear magnetic resonance spectroscopy). The macroCTAs were chain extended 

with GmMA and NHSMA at a GmMA:NHSMA:MacroCTA:AIBN ratio of 

160:40:1:0.333 in dimethylacetamide with a monomer concentration of 0.6 M. This mixture 

reacted for 20 h at 70 °C. Copolymers were precipitated in diethyl ether followed by dissolution 

in dimethylsulfoxide and a second precipitation in 50-50 acetone/diethyl ether. Precipitated 

polymer was collected by centrifugation at 7197 x g. Dithiobenzoate groups were removed via an 

end-capping reaction with 20x molar excess AIBN at 70 °C for 12 hours. Supplementary 

Information Table 5 outlines all the block copolymer backbones synthesized.  

6.4.9 Synthesis of PolySTAT via conjugation  

PolySTAT was synthesized via reversible addition-fragmentation chain transfer (RAFT) 

polymerization as described previously.12,69 Backbone polymers synthesized as described 

above were conjugated to FBP via reaction of the C-terminal lysine in the peptide under organic 

basic conditions in DMSO at a varying ratios of peptide:NHS  with N.N-diisopropylethylamine 

added at a 5:1 ratio base:peptide70 for 24 h at 50 °C, after which unreacted NHSMA groups were 

capped with 10x molar ratio of 1-amino-2-propanol. Peptide-polymer conjugates were purified by 

extensive dialysis as follows. First, the product was dialyzed against phosphate-buffered saline 

(PBS) for 24 h (3 buffer changes, 4 L of buffer) during which a precipitate formed. Contents of 

the dialysis bag were collected and centrifuged at 4500 x g for 8 min to remove insoluble material; 

the supernatant was collected and moved to a fresh dialysis bag. Dialysis continued for 24 h 

(3 buffer changes), followed by ~pH 8 water (NaOH added) for 48 h (6 dialysate changes) to 
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remove PBS salts. To synthesize control polymers for UV-Vis characterization of FL content, the 

same exact procedure was followed, however no peptide was added for conjugation and all 

NHSMA groups were capped with 1-amino-2-propanol. Purification was identical. 

Supplementary Table 4 outlines all the PolySTAT (FBP), PolySCRAM (SCRAM - scrambled 

peptide control), and control polymers (Control) synthesized.  

6.4.10 Polymer characterization  

Polymers were characterized via GPC in dimethylformamide with static light scattering and 

refractive index detectors (MiniDawn Treos and OptilabTRex, respectively, both from Wyatt 

Technology, Santa Barbara, CA) to determine molecular weight and dispersity index (PDI). 1H 

nuclear magnetic resonance (NMR) spectroscopy on a Bruker AV 300 was utilized to determine 

conversion of the polymer prior to purification, and composition after purification. Conversion of 

the FL comonomers (FMA and AEMA-FL) were monitored during polymerization to estimate 

final FL content. Ultraviolet-visible spectroscopy (UV-Vis) was used to determine FL content 

in the final control polymers (Supplementary Figure 14 and Supplementary Figure 15). 

Supplementary Table 2 shows the measured FL content for each control polymer.  

6.4.11 ROTEM Characterization of FL-PolySTATs from various synthesis strategies  

ROTEM whole blood hemostasis analyzer (ROTEM, Instrumentation Laboratory, Bedford, MA, 

USA) was used to confirm activity of different PolySTAT formulations as previously 

described.11,26 Briefly, 300 µL of a clotting solution with final concentrations in the ROTEM were 

1.5 mg/mL fibrinogen, 0.5-1 IU/mL thrombin, 2-4 μg/mL plasmin, 0.1 mmol/L CaCl2, and 

5 μmol/L PolySTAT at pH 7.4. Measured parameters in ROTEM included: (i) the clotting time 

(CT), measured as the time between reagent addition to clot formation; (ii) α-angle, which reflects 

the rate of clot formation, (iii) the maximum clot firmness (MCF), the highest strength observed 

for the clot, (iv) the lysis index-30 minutes (LI-30), the percentage of MCF retained 30 minutes 

after initiation of clot formation, and (v) maximum lysis (ML), the percentage of clot strength lost 

compared to the MCF at the end of analysis. An example of active PolySTAT is shown 

in Supplementary Figure 11. Complete data for all formulations is not shown.  
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6.4.12 PolySTAT gel manufacturing 

To make PolySTAT gels, we first made compounded HEPES buffer (44nM HEPES (Gibco), 2nM 

CaCl2, and 140mM NaCl in PBS pH 7.4). Compounded HEPES buffer (145 µL) was then mixed 

with 10 µL of 20 mg/mL CaCl and 2.5 µL of 80IU/mL thrombin, thereby making the “activating 

mixture.” The activating mixture was then mixed with 5 µL of PolySTAT in a 48-well plate (for 

5uM PolySTAT gels, the PolySTAT stock would be at 200uM). Last, 40 µL of 10 mg/mL 

fibrinogen was carefully mixed in to avoid forming bubbles. Completed gels incubated at 37oC for 

1 hour followed by a 5-minute incubation at -20 oC to bring the plate to room temperature. 

6.4.13 PolySTAT-ELISA protocol 

To analyze anti-FL antibody binding to PolySTAT, PolySTAT-loaded fibrin gels were washed 

with PBS and blocked with 5% BSA (ENZO life sciences) for 1 hour at room temperature. The 

BSA was then aspirated off the gels and 1µg/mL of biotinylated anti-Fluorescein antibody (abcam) 

was added onto the gels in 5% BSA PBS solution for 20 minutes. Gels were then washed five 

times with PBS + 0.05% Tween20. For each wash, gel plates were placed on a shaker at 700RPM 

for 2 minutes. After the washes, streptavidin-HRP in 200uL was added to each well and incubated 

for 20 minutes. Gels were then washed three times with PBS + 0.05% Tween20 and three times 

with PBS. A QuantaRed TM Enhanced Chemifluorescent HRP Substrate Kit (ThermoFisher 

Scientific) was then used for the ADHP/HRP enzymatic reaction. After a 15-minute reaction, 

reactions were quenched with the provided reagent and plates were imaged on a plate reader. 

6.4.14 In vitro cell activation experiments: cells 

CD69 and mCherry expression were examined after stimulation of 500,000 mock or cCARiCherry 

CAR T cells with a 1:1 E:T co-incubation with K562 Parental, K562 OKT3, or FL-PLE-labeled 

K562 Parental cells. T cells and target cells were co-incubated in 200µL of cytokine-free 

compounded media at 37oC and 5% CO2 for 24 hours. Cells were then harvested and stained with 

live/dead FVS780 (BD Horizon), anti-CD19 BV421 (BioLegend), and anti-CD69 APC 

(BioLegend). Cells were then fixed with 0.5% paraformaldehyde and kept in the dark at 4oC until 

running on a LSRII Fortessa (BD Biosciences). FlowJo software was used for data analysis. 
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Compensation was performed using UltraComp eBeads Compensation Beads (ThermoFisher 

Scientific) and FlowJo Software (TreeStar) to analyze data. 

6.4.15 In vitro cell activation experiments: gels 

CD69 and mCherry expression were examined after stimulation of cCARiCherry CAR T cells 

with different polymer-loaded gels. Statistical and block AEMA-FL-PolySTAT (5µM) and 

associated PolySCRM-loaded gels were manufactured as described above. One million mock or 

cCARiCherry CAR T cells were added to designated wells in 200µL of cytokine-absent 

compounded media. 5% FL-fibrinogen gels, 1:1 E:T FL-PLE-labeled K562 cells, and 100X Cell 

Stimulation Cocktail (ThermoFisher Scientific) were used as positive controls. Plates were then 

placed in an IncuCyte® Live-Cell Analysis System (Essen Bioscience) at 37oC and 5% CO2, and 

images were taken every 2 hours for 20 hours. After the incubation, samples were harvested and 

stained with live/dead FVS780 (BD Horizon), anti-CD19 BV421 (BioLegend), and anti-CD69 

APC (BioLegend). Cells were then fixed and analyzed on a LSRII Fortessa as described. 

6.4.16 PolySTAT in vivo tumor localization study 

Five million BT-20 breast cancer cells (ATCC) were engrafted subcutaneously in six NSG mice. 

Tumors were allowed to grow for 4 weeks until tumors were ~80mm3. At this point, PBS or 10 

mg/kg 2% statistical AEMA-FL PolySTAT or AEMA-FL-PolySCRM were injected IV into 2 

mice/group. After 24 hours, mice were euthanized and immediately sequentially perfused with 

PBS and a 10% formalin solution. Tumors were excised and frozen in OTC. Frozen tumors were 

then cut into 10 µm thick slices using a cryotome and placed on clean microscope slides. Tumor 

slices were stained with a primary anti-fibrinogen antibody (abcam) and secondary AF647 

antibody (Abcam) and an anti-FITC AF488 antibody (Jackson ImmunoResearch). Slices were 

imaged using a confocal microscope (Nikon). 

6.4.17 In vivo cell activation study  

Five million BT-20 breast cancer cells (ATCC) were engrafted subcutaneously in six NSG mice. 

Tumors were allowed to grow for 4 weeks until tumors were ~80mm3. At this point, 10 million 

mock or cCARiCherry T cells were intravenously administered. After 48 hours, PBS or 10 mg/kg 
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2% statistical AEMA-FL PolySTAT or AEMA-FL-PolySCRM were injected IV into 4 mice per 

condition. Mice were then administered 4.29mg of D-luciferin (Perkin Elmer) and imaged every 

24 hours for 8 days with an IVIS imaging machine (Xenogen). Flux was quantified using Perkin 

Elmer’s Living Image® software. A one-way ANOVA test with repeated measures between the 

cCARiCherry|PolySTAT, cCARiCherry|PolySCRM, and cCARiCherry|PBS groups was 

performed, followed by Tukey’s HSD post-hoc analysis to compare each group with one another. 

6.4.18 ImageJ analyses 

Confocal images were imported into Fiji (ImageJ) and split into individual RGB images. Red 

(fibrinogen) and green (PolySTAT) sub images were then converted to masks to produce pixel 

binary images for each color (signal or no signal). Masked images were imported into the JACoP 

plugin in Fiji to conduct distance-based colocalization analyses and generate a color overlap image 

(Figure 5A). Each colocalization analysis produced an overlap percentage. Mean and standard 

deviation for overlap percentages were then calculated in Microsoft Excel.  

6.4.19 Statistical analyses 

Statistical significance for PS-ELISA was performed using GraphPad software. A one-way 

ANOVA was performed on the groups broadly. Once population-wide significance was 

determined, a Tukey’s posttest was conducted to compare between groups. Data presented are 

mean values +/- SD. *p<0.01, **p<0.001, ***p<0.0001. Statistical significance for in vivo studies 

was calculated using GraphPad software. For the experiment in our main figure, we performed a 

one-way ANOVA with a Tukey’s posttest to compare each group. Data presented are mean values 

+/- SD. **** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05. For the experiment included 

in the supplemental work, we performed an unpaired one-tailed T test with a Welch’s correction 

for unequal variance. Data presented are mean values +/- SD, * = p<0.05. 
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6.9 SUPPLEMENTARY INFORMATION 

 

Figure S 1. Time course for original cell production and assays. CD8+ T cells were incubated 

with a soluble CD3/CD28 stimulation agent for 3 days prior to EP. Cells were then cultured for 21 

days under MTX selection from days 4-21. 21 days after EP, cells were expanded using the rapid 

expansion protocol (REP). 13-15 days after the start of the REP, cells were characterized and run 

through cell activation assays. 
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Figure S 2. Proton NMR spectroscopy of 2% FMA p(HEMA-co-FMA-co-NHSMA) backbone 

(TJP-89) in DMSO-d6 at both the time zero and time 18 hours. The ratio of the alkene peaks at 

6.34 (NHSMA), 5.94 (FMA), and (5.68) to the HEMA hydroxyl peak at 4.83 were used to measure 

conversion of each monomer. 
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Figure S 3. Proton NMR spectroscopy of precipitated 2% FMA p(HEMA-co-FMA-co-

NHSMA) backbone (TJP-89) in DMSO-d6. HEMA copolymers were precipitated 2x in diethyl 

ether. 
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Figure S 4. FMA-PolySTAT can activate cCARiCherry T cells. (A) FMA-PolySTAT and 

fibrin binding protein chemical structures. (B) Diagram depicting the gel fabrication process. 

Thrombin and salt solution is mixed with PolySTAT. Fibrinogen is then added, and the gels are 

cured for one hour. (C) Diagram depicting the cell activation process. Cells are added onto 

solidified gels and incubated until harvested and analyzed. (D) CD69 expression and mCherry 
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production from mock or cCARiCherry T cells incubated on 5 µM, 10 µM, or 25 µM FMA-

PolySTAT and FMA-PolySCRM gels for 20 hours. Results are for one donor. 

 

Figure S 5. Synthesis of AEMA-FL monomer. (A) 2-aminoethyl methacrylate hydrochloride 

was reacted with fluorescein isothiocyanate overnight at room temperature in DMSO with DIPEA. 

The monomer was then precipitated in 6% HCl solution, filtered, and lyophilized. (B) Proton NMR 

spectroscopy of AEMA-Fl in DMSO-d6. 
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Figure S 6. Synthesis scheme for statistical AEMA-FL PolySTAT. 
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Figure S 7. Proton NMR spectroscopy of 4% FMA p(GmMA-co-FMA-co-NHSMA) backbone 

(TJP2-48) in DMSO-d6 at both the time zero and time 18 hours time points. The ratio of the alkene 

peaks at 6.34 (NHSMA), 5.94 (FMA), and (5.68) to the GmMA hydroxyl peaks at 4.92, 4.78, and 

4.66 were used to measure conversion of each monomer. 
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Figure S 8. Proton NMR spectroscopy of 4% AEMA-FL p(GmMA-co-AEMA-FL-co-

NHSMA) backbone (TJP2-50) in DMSO-d6 at both the time zero and time 18 hours time points. 

The ratio of the alkene peaks at 6.34 (NHSMA) and 6.06 (GmMA) to the AEMA-FL peaks at 6.68 

and 6.54 were used to measure conversion of each monomer. To calculate the AEMA-FL 

conversion, the difference in the 6.34 (NHSMA) and 6.10 (NHSMA + AEMA-FL) alkene peaks 

and the difference in the 6.06 (GmMA) and 5.68 (GmMA + AEMA-FL) were used.   
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Figure S 9. Proton NMR spectroscopy of precipitated 4% AEMA-FL p(GmMA-co-AEMA-

FL-co-NHSMA) backbone (TJP2-50) in DMSO-d6. GmMA copolymers were precipitated 1x in 

diethyl ether followed by redissolving in DMSO, then precipitating 1x in 50:50 diethyl 

ether:acetone.  
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Figure S 10. Proton NMR spectroscopy (from bottom to top) of precipitated 4% FMA 

p(HEMA-co-FMA-co-NHSMA) backbone (TJP2-47), 4% FMA p(GmMA-co-FMA-co-NHSMA) 

backbone (TJP2-48), 4% AEMA-FL p(HEMA-co-AEMA-FL-co-NHSMA) backbone (TJP2-49), 

and 4% AEMA-FL p(GmMA-co-AEMA-FL-co-NHSMA) backbone (TJP2-50) in DMSO-d6. 

HEMA copolymers were precipitated 2x in diethyl ether, while GmMA copolymers were 

precipitated 1x in diethyl ether followed by redissolving in DMSO, then precipitating 1x in 50:50 

diethyl ether:acetone. 

 

Table S 1. Overview of the statistical copolymer backbones synthesized. 
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Figure S 11. Representative images of ROTEM QC of both FMA-PolySTAT and AEMA-FL 

PolySTAT. All PolySTATs synthesized for the study decreased lysis and increased clot firmness 

similar to traditional PolySTAT. 

 

ID Comonomer FMA or AEMA-FITC
% 

Comonomer
% 

FITC
% 

NHSMA
% Conversion 

(HEMA or GmMA)
% Conversion 

(FITC)
% Conversion 

(NHSMA)
PDI

MW 
(kDa)

TJP-89 HEMA FMA 76 2 20 77 100 92 1.10 23.9
TJP2-47 HEMA FMA 76 4 20 90 100 100 1.06 28.3
TJP2-49 HEMA AEMA-FITC 76 4 20 76 100 90 1.18 24.8
TJP2-48 GmMA FMA 76 4 20 90 100 100 1.11 32.4
TJP2-50 GmMA AEMA-FITC 76 4 20 76 100 94 1.02 28.6
TJP2-97 GmMA AEMA-FITC 78 2 20 83 100 95 1.17 28.2
TJP2-98 GmMA AEMA-FITC 76 4 20 76 100 96 1.43 28.1
TJP2-99 GmMA AEMA-FITC 72 8 20 73 89 90 1.58 29.6
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Figure S 12. Confocal microscopy of blood clot harvested from a rat infused with FL-

PolySTAT. The PolySTAT used had 10% AEMA-FL incorporated into a statistical copolymer 

backbone. The PolySTAT was infused intravenously, and the blood clot was harvested from a 

wound on the femoral artery. Left image shows the FL-PolySTAT, while the image on the right is 

a PolySCRAM control clot. No FL was observed in the control clot. 
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Figure S 13. Anti-fluorescein antibody binding to titrated doses of FMA-PolySTAT and 

AEMA-FL-PolySTAT in fibrin gels. The dose of FMA-PolySTAT did not impact antibody 

binding, but 5 µM AEMA-FL-PolySTATs are the ideal concentration for antibody binding. n = 3 

technical replicates. Data shown are means +/- SD. 
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Figure S 14. Proton NMR spectroscopy (from bottom to top) of precipitated 2% Statistical 

p(GmMA-co-AEMA-FL-co-NHSMA) backbone (TJP2-97), 4% Statistical p(GmMA-co-AEMA-

FL-co-NHSMA) backbone (TJP2-98), 8% Statistical p(GmMA-co-AEMA-FL-co-NHSMA) 

backbone (TJP2-99), 2% Block p([GmMA-co-AEMA-FL]-block-[GmMA-co-NHSMA]) 

backbone (TJP2-114), 4% Block p([GmMA-co-AEMA-FL]-block-[GmMA-co-NHSMA]) 

backbone (TJP2-114), and 8% Block p([GmMA-co-AEMA-FL]-block-[GmMA-co-NHSMA]) 

backbone (TJP2-114) in DMSO-d6.  
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Figure S 15. UV-Vis Measurement of AEMA-FL concentration of control backbones for 

AEMA-FL PolySTAT (Statistical and Block). (A) Generation of standard curve at 278 nm using 

AEMA-FL monomer dissolved in DMSO with triethylamine (TEA) added to neutralize HCl and 

ensure all FITC was in the same protanation state. (B) Full UV-Vis spectrum of different control 

backbones. The control backbones went through the full synthesis process for PolySTAT; 
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however, no peptide was conjugated, only amino-2-propanol. The backbones were dissolved in 

DMSO, and TEA was added to make sure all FITC were in the same protonation state. Absorbance 

at 278 nm was used to measure FITC content. 

 

Table S 2. Overview of the statistical copolymer backbones synthesized. 
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Figure S 16. Synthesis scheme for block copolymer AEMA-FL PolySTAT. 
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Figure S 17. Proton NMR spectroscopy of the macroCTA (TJP2-100) for 2% Block 

p([GmMA-co-AEMA-FL]-block-[GmMA-co-NHSMA]) backbone (TJP2-114) in DMSO-d6 at 

both the time zero and time 4 hours time points. The ratio of the alkene peaks at 6.10 (AEMA-FL) 

and 6.06 (GmMA) to the AEMA-FL peaks at 6.68 and 6.54 were used to measure conversion of 

each monomer.  
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Figure S 18. Proton NMR spectroscopy in DMSO-d6 of the purified macroCTAs used to create 

the AEMA-FL block copolymers. The macroCTAs were precipitated 5x in 50:50 diethyl 

ether:acetone, redissolving in DMSO each time. 

 

Table S 3. Overview of the macroCTAs synthesized for block copolymers. 
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Table S 4. Overview of the all the PolySTAT, PolySCRAM, and Controls synthesized. 

 

 

Table S 5. Overview of the block copolymer backbones synthesized. 

 

 

ID Peptide
Pep/back 

(Theoretical)
Theoretical 
MW (kDa)

Backbone ID Type
FITC 

Monomer
Comonomer

%FITC 
Target

%FITC 
(measured)

#FITC 
(measured)

TJP2-51 FBP 10 47.5
TJP2-52 SCRAM 10 46.2
TJP2-53 Control 0 30.8
TJP2-54 FBP 10 42.3
TJP2-55 SCRAM 10 41
TJP2-56 Control 0 25.6
TJP2-57 FBP 10 42.3
TJP2-58 SCRAM 10 41.1
TJP2-59 Control 0 25.6
TJP2-60 FBP 10 37.9
TJP2-61 SCRAM 10 36.6
TJP2-62 Control 0 21.2

TJP2-103 FBP 10 43.8
TJP2-104 SCRAM 10 42.5
TJP2-105 Control 0 28.2
TJP2-106 FBP 10 43.6
TJP2-107 SCRAM 10 42.3
TJP2-108 Control 0 28.1
TJP2-109 FBP 10 45.1
TJP2-110 SCRAM 10 43.8
TJP2-111 Control 0 29.6
TJP2-118 FBP 10 44.3
TJP2-119 SCRAM 10 43.1
TJP2-120 Control 0 28.8
TJP2-121 FBP 10 45.1
TJP2-122 SCRAM 10 43.8
TJP2-123 Control 0 29.6
TJP2-124 FBP 10 47.5
TJP2-125 SCRAM 10 46.2
TJP2-126 Control 0 32

5.0

8.0

8.0

8.0

8.0
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Figure S 19. Gel Permeation Chromatography (GPC) characterization of copolymers. (A) 

Statistical copolymers p(HEMA-co-FMA-co-NHSMA) with 4% FMA (TJP2-47), p(GmMA-co-

FMA-co-NHSMA) with 4% FMA (TJP2-48), p(HEMA-co-AEMA-FL-co-NHSMA) with 4% 

AEMA-FL (TJP2-49), p(GmMA-co-AEMA-FL-co-NHSMA) with 4% AEMA-FL (TJP2-50). (B)  

Statistical copolymers p(GmMA-co-AEMA-FL-co-NHSMA) with 2% (TJP2-97), 4% (TJP2-98), 

and 8% (TJP2-99) AEMA-FL loading. (C) MacroCTAs (Black) and Block copolymers (Gray) 

with 2% (TJP2-114), 4% (TJP2-116), and 8% (TJP2-117) AEMA-FL loading showing shift to 

earlier elution times indicating successful chain extension of the MacroCTAs. (D) Control 

backbones (no peptide) that went through complete PolySTAT production process for both 

statistical copolymers with 2% (TJP2-105), 4% (TJP2-108), 8% (TJP2-111) AEMA-FL loading 

and block copolymers with 2% (TJP2-120), 4% (TJP2-123), 8% (TJP2-126) AEMA-FL loading. 

For (A), (B), and (C) the running solvent was DMF with 1g/L LiBr, while for (D) the running 

solvent was Acetate Buffer (0.1M, pH 5.0). 
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Table S 6. Overview of the DPs of GmMA vs. AEMA-FL in macroCTAs. 

 

 

Figure S 20. CAR expression (CD19t expression marker) of cCARiCherry T cells made with 

the large-scale manufacturing protocol was confirmed by flow cytometry. 

Block GmMA FITC GmMA FITC
2% 57 70 13.7 4.2
4% 43 65 7.7 7.8
8% 27 88 2.4 18.5

% Conversion DP
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Figure S 21. A IncuCyte time courses of mock cells resting on AEMA-FL-PolySTAT gels over 

an 18-hour period. B, C Activation markers of mock cells resting on AEMA-FL-PolySTAT gels 

for 20 hours. Here, B mCherry and C CD69 expression were analyzed by flow cytometry to 
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determine cell activation. Since these are mock cells, these are baseline activation levels by each 

metric. n = 3 technical replicates. Data shown are means +/- SD. 

 

Figure S 22. 40X confocal images of cCARiCherry T cells with iSynPro-driven mCherry after 

being incubated on PolySTAT gels for 24 hours. 

 

 

Figure S 23. Bioluminescence images of mice injected IP with PBS and cCARiCherry T cells 

and incubated for one week. Images of hour -4 and days 1-4 demonstrate no activation. 
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Figure S 24. Daily bioluminescence images of mice injected IV with either PolySTAT or 

PolySCRM followed by cCARiCherry T cells 24 hours later. Images of hour -4, hour 8, and days 

1-6 demonstrate transient activation of cells in mice that received PolySTAT but minimal 

activation in mice that received PolySCRM. E Quantification of bioluminescence flux 

(photons/second). Results show significantly higher flux from cCARiCherry T cells in mice 

injected with AEMA-FL-PolySTAT than either negative control at numerous time points. For E, 

a one-way unpaired T test with Welch’s correction was performed at each time point. *=p<0.05, 

n=3 biologically independent replicates +/- SD. 
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7.1 GENIPIN-FUNCTIONALIZED POLYSTAT AND LVRS 

Fibrin provides binding sites for both plasminogen and t-PA, which provides the optimal 

conformation to upregulate activation of plasminogen to plasmin1. Binding of t-PA to fibrin is 

crucial to localizing and confining fibrinolysis to the wound site2. As fibrin is cleaved by plasmin, 

it creates new C-terminal lysine residues. This allows more t-PA and plasminogen to bind, 

resulting in a 3000-fold increase in catalytic efficiency of plasminogen activation compared to free 

t-PA3. To counter this, activated thrombin-activatable fibrinolysis inhibitor (TAFIa) will cleave 

lysine residues, and is able to decrease t-PA catalytic efficiency by 97% (Figure 1)4,5.  

 

Figure 1. Illustration of Genipin capping of free lysines generated during fibrinolysis after the 

cleavage of fibrin by plasmin. The free lysines are sites for plasminogen and t-PA binding. This 

catalyzes the conversion of plasminogen to plasmin. Thrombin activatable fibrinolysis inhibitor or 

TAFI is responsible for cleaving lysines from fibrin to inhibit fibrinolysis. Figure was reused with 

permission from Taylor & Francis Online for [6] by Bonno N. Bouma and Laurent O. Mosnier. 
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Additionally, fibrin that has been carbonylated by arolein is highly-resistant to fibrinolysis and is 

found in aortic aneurysms.7 If PolySTAT could be functionalized with a molecule that can “cap” 

free lysines, this might be able to confer additional anti-fibrinolytic properties. Additionally, 

PolySTAT would ensure that this therapy was targeted and not freely reacting with lysines 

throughout the body. Genipin is an aglycone extracted from gardenias that has been used 

extensively in Chinese medicine, and as an alternative to glutaraldehyde in the cross-linking of 

biomaterials due to its inherent lower-toxicity8–11. Currently, its cross-linking ability is being 

investigated as a treatment for glaucoma12–14, and it has shown promise in treating vascular 

hyperpermeability during hemorrhagic shock due to its upregulation of autophagy15,16. Figure 2-4 

below outline the mechanism by which Genipin reacts with free amines and becomes REDOX 

active.    

 

 

Figure 2. Ring-opening of the hemiacetal via intramolecular proton transfer in water to reveal 

two aldehydes (top) and subsequent SN2 nucleophilic attack by the primary amine to form an 

imine (Schiff base). This imine intramolecularly attacks the other aldehyde, and subsequent loss 

of water closes the ring back.17 

 

Figure 3. Color change associated with Genipin reactions. Upon reaction with free amines in 

the absence of oxygen, a red dye is formed, then after reaction with oxygen it turns blue and can 

self-polymerize to form dimers, trimers, and tetramers.8  
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Figure 4. REDOX activity of Genipin. After reaction with amines, Genipin becomes REDOX 

active, and can undergo reversible color change from red to blue, which has been demonstrated 

via cyclic voltammetry.8 

 

The unique structure of Genipin allows it to “hide” aldehydes and is a good candidate to achieve 

in vivo capping of free lysines. This work will seek to combine Genipin with PolySTAT to try and 

increase its antifibrinolytic properties. In addition, Genipin-PolySTAT could have the added 

benefit of increasing the adhesive properties of clots by crosslinking with the ECM in the 

extravascular space similar to the role of FXIIIa18, upregulating autophagy to reverse 

hyperpermeability during shock, and provide a REDOX active molecule that can scavenge ROS 

species.  

7.1.1 Methods 

Synthesis of FBP-containing methacrylate monomer, FBP-methacrylate 

NHS-activated mono-2-(methacryloyloxy)ethyl succinate (NHS-SMA) was synthesized as 

described previously.19 FBP-methacrylate was synthesized via reaction of the C-terminal lysine in 

FBP with NHS-SMA under organic basic conditions in DMSO at a 1:2 ratio with base added at a 

5:1 ratio base:peptide.20 A common reaction contained 176 mg FBP (100 mg/mL) dissolved in 

DMSO, 67 mg NHS-SMA, 94 µL N,N-diisopropylethylamine. This was reacted for 24 h at 50° C 

and subsequently precipitated in diethyl ether to remove unreacted NHS-SMA. Reaction progress 

was monitored by the ninhydrin test21 for unreacted amines. 
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Synthesis of Genipin-Methacrylate 

Genipin (1 g, 4.42 mmol) was added to a round bottom flask with a stir bar then dissolved in DCM 

(44 mL, 0.1 M reaction concentration). Pyridine (525 μL, 6.63 mmol) was added to the mixture, 

the RBF was capped, and the mixture was sparged with argon for 15 min then cooled over ice. 

Methacryloyl chloride (508 μL, 4.86 mmol) was then added dropwise. The reaction was stirred 

overnight at room temperature. The mixture was washed 1:1 volume with a saturated ammonium 

chloride solution, followed by a saturated sodium chloride solution, and finally with a 5% copper 

(II) sulfate solution. The collected DCM was dried over sodium sulfate. Three spots were seen in 

TLC (50-50 EA/PE). The product was isolated (1st spot) by flash chromatography (20g silica, 10in 

tall column) with 25% EA/PE as the running solvent. The solvent was rotovapped off to obtain a 

light brown oil. Purity was confirmed by proton NMR and TLC. The genipin methacrylate was 

stored at -20C. 

 

Figure 5. Reaction scheme for the synthesis of Genipin-methacrylate. 

Synthesis of Genipin-PolySTAT via FBP-methacrylate 

A composition of 5% FBP-methacrylate and 10% Genipin-methacrylate was targeted by 

combining FBP-methacrylate, Genipin-methacrylate, and GmMA at a ratio of 10:20:170:1:0.333 

FBP-methacrylate:Genipin-methacrylate:GmMA:CTA:Initiator. Polymers were precipitated, end-

capped, then dialyzed against DI H2O for two days, then lyophilized. FBP content was measured 

via UV-VIS. Genipin content was quantified via proton NMR spectroscopy. Figure 6 below shows 

the chemical structure of the statistical copolymer. 
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Figure 6. Chemical structure of Genipin-PolySTAT. For this work, the following monomer 

loadings were targeted; n = 170, v = 10, m = 20. 

ROTEM Characterization of Genipin-PolySTAT 

ROTEM experiments consisted of 300 µL of clotting solution in a standard ROTEM cup placed 

in a ROTEM whole blood hemostasis analyzer (ROTEM, Instrumentation Laboratory, Bedford, 

MA, USA). The clotting solution consisted of human fibrinogen, thrombin, and plasmin that were 

purified from human plasma. All clotting factors were purchased from Enzyme Research 

Laboratories (South Bend, IN). Final concentrations in the ROTEM were 1.5-2 mg/mL fibrinogen, 

0.5-1 IU/mL thrombin, 2-4 μg/mL plasmin, 0.1 mmol/L CaCl2, and 5 μmol/L PolySTAT at pH 

7.4. Measured parameters in ROTEM included: (i) the clotting time (CT), measured as the time 

between reagent addition to clot formation; (ii) α-angle, which reflects the rate of clot formation, 

(iii) the maximum clot firmness (MCF), the highest strength observed for the clot, (iv) the lysis 

index-30 minutes (LI-30), the percentage of MCF retained 30 minutes after initiation of clot 

formation, and (v) maximum lysis (ML), the percentage of clot strength lost compared to the MCF 

at the end of analysis. 

TPA-Plasminogen ROTEM Characterization of Genipin-PolySTAT 

ROTEM experiments will consist of 300 µL of clotting solution in a standard ROTEM cup placed 

in a ROTEM whole blood hemostasis analyzer (ROTEM, Instrumentation Laboratory, Bedford, 
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MA, USA). The clotting solution will consist of human fibrinogen, thrombin, plasminogen, and 

tissue plasminogen activator that were purified from human plasma. All clotting factors will be 

purchased from Enzyme Research Laboratories (South Bend, IN). Final concentrations in the 

ROTEM will be 1.5-2 mg/mL fibrinogen, 0.5-1 IU/mL thrombin, 200 μg/mL plasminogen, 10-80 

ng/mL tissue plasminogen activator, 0.1 mmol/L CaCl2, and 5 μmol/L PolySTAT at pH 7.4. The 

same ROTEM parameters as above will be measured. 

Monitoring Genipin cross-linking via UV-Vis, fluorescence, and ninhydrin assay 

Monitoring of genipin crosslinking can be monitored with two different methods from Ninh et 

al.22 The first is using the ninhydrin assay to monitor the number of free amines present in the 

fibrin gels over time. The structure of genipin can be monitored directly using two peaks seen in 

UV-Vis as it reacts there is a decrease in absorbance at 240 nm with a corresponding increase at 

290 nm. The final method from Rivera-Delgado et al. measures genipin fluorescence as it reacts 

with free amines by excitation at 590 nm and emission at 630 nm.23 

 

7.1.2 Preliminary Results 

Synthesis of Genipin-Methacrylate 

Genipin-methacrylate was successfully synthesized. Figure 7 below confirms its structure by 

proton NMR. 
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Figure 7. Proton NMR spectroscopy of Genipin-methacrylate in DMSO-d6. 

The activity of the monomer was confirmed by reacting it with amino-2-propanol. Figure 8 below 

shows the proton NMR. 
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Figure 8. Proton NMR spectroscopy genipin-methacrylate reacting with amino-2-propanol in 

DMSO-d6. 

Immediately after the addition of amino-2-propanol (A2P), a reddish-brown color was observed 

indicating a reaction between Genipin and A2P. The reaction slowly turned darker blue as oxygen 

reacted with the mixture (Figure 9 below).    
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Figure 9. NMR tubes showing color change as genipin-methacrylate reacted with amino-2-

propanol, (left) genipin-methacrylate in DMSO-d6, (middle) ~15 minutes after addition of amino-

2-propanol, (right) ~2 days sitting at RT on benchtop after the addition of amino-2-propanol. 

Synthesis of Genipin-PolySTAT via FBP-methacrylate 

P(GmMA-co-Genipin) was successfully synthesized, however issues with solution gelling 

occurred when SMA-FBP was incorporated in attempts to make Genipin-PolySTAT. The same 

gelling phenomenon was observed without the inclusion of Genipin methacrylate, indicating the 

SMA-FBP is leading to the solution gelling. The GPC RI traces in Figure 10 below show that 

p(GmMA-co-SMA-FBP) is crosslinking during polymerization, while p(GmMA-co-Genipin) 

does not show any evidence of crosslinking. 
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Figure 10. Normalized RI trace from GPC showing crosslinking of p(GmMA-co-SMA-FBP). 

 

Outlined in Table 1 below are attempts at polymerizing PolySTAT using the SMA-FBP monomer.  

 

Table 1. Overview of PolySTAT polymerizations using the FBP monomer SMA-FBP. 
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There has not been a synthesis window where a PolySTAT of >4 FBP/polymer has been achieved. 

Therefore, a Genipin-PolySTAT was synthesized with < 4 FBP per polymer in hopes that it would 

still target to the clot and the genipin would crosslink into the fibrin gel. Figure 11 below shows 

the proton NMR spectroscopy of a Genipin PolySTAT with <4 FBP/polymer.  

 

 

Figure 11. Proton NMR spectroscopy of p(GmMA-co-Genipin-co-SMA-FBP) or Genipin-

PolySTAT in DMSO-d6. The functionality of genipin was retained by NMR and no color change 

was observed through the entire synthesis, purification, and lyophilization process. 

 

The correct loading of Genipin was achieved, and it also confirmed the incorporation of SMA-

FBP. Although this did not achieve the desired FBP loading, it was still evaluated in ROTEM to 

see if the incorporation of Genipin could decrease the valency of FBP necessary for PolySTAT 

activity.  
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ROTEM Evaluation of Genipin-PolySTAT with <4 FBP/Polymer 

The typical ROTEM QC was run with the Genipin-PolySTAT with <4 FBP per polymer. Figure 

12 shows the typical ROTEM traces for the experiment.  

 

 

Figure 12. ROTEM evaluation of Genipin-PolySTAT in the typical purified clotting factors 

QC setup. No difference was observed between the volume control (top left), Genipin-PolySTAT 

(bottom left) with ~3 FBP/backbone, and p(GmMA-co-Genipin) with ~10% Genipin loading. 

PolySTAT showed the typical improvement in clot firmness, and decrease in lysis (top right).  

 

No effect was observed with the Genipin-PolySTAT nor p(Genipin-co-GmMA). Figure 13 below 

shows plots of the results (n =3 for each condition).  
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Figure 13. Average ROTEM results (n=3 per treatment) for MCF (left) and LI45 (right) 

comparing Genipin-PolySTAT (<4 FBP) to PolySTAT with both >8 FBP and <4 FBP. No 

difference was observed across treatments, except for PolySTAT with >8 FBP. 

 

Interestingly, no effect was observed with the addition of genipin, and PolySTAT with <4 

FBP/polymer performed similar to the volume control, genipin-PolySTAT, and p(GmMA-co-

Genipin). As expected, the PolySTAT with >8 FBP/backbone showed increased MCF and 

increased LI45. Encouragingly, the incorporation of Genipin did not cause any off target effects 

such as cross-linking fibrinogen or deactivating thrombin. If this had occurred there would be a 

change in the clot formation. It should be noted that this assay uses plasmin not plasminogen. A 

new assay needed to be developed to evaluate the effect on t-PA and plasmin generation from 

plasminogen.   

Development of t-PA/Plasminogen ROTEM Assay 

Figure 14 below shows the ROTEM curves generated in the t-PA/Plasminogen ROTEM assay. 
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Figure 14. t-PA/Plasminogen ROTEM assay with 1.5 mg/mL fibrinogen, 0.5-1 IU/mL 

thrombin, 200 μg/mL plasminogen, and 0.1 mmol/L CaCl2. From left to right is increasing t-PA 

concentrations from 10 ng/mL to 80 ng/mL.  

 

Unlike in the typical ROTEM assay using plasmin, these curves show normal clot forming 

kinetics. Plasmin can digest fibrinogen, leading to dysfunction in clot formation. In this assay the 

fibrin clot must form first before the t-PA can significantly catalyze the activation of plasminogen 

to plasmin. It is unknown what causes the rapid increase in clot firmness (“bump”) prior to lysis. 

This assay will be important for investigating the effects of Genipin-PolySTAT.  

7.1.3 Conclusions and Future Work 

Genipin-PolySTAT has been successfully synthesized, however with too low of an FBP/polymer 

loading to confer activity in ROTEM (<4 FBP/polymer). Although it did not show activity in 

ROTEM, it is encouraging to see no immediate off-targeting issues with materials tested thus far. 

Future work will seek to increase FBP loading to at least 8, which is similar to the current 

formulation of PolySTAT. The current hypothesis for the issues with the synthesis is that the 

initiator radicals are leading to dityrosine formation (Figure 15 below) between FBPs, which could 

lead to the observed gelling. 

 

Figure 15. Structure of dityrosine. 
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Dityrosines are common in nature as both beneficial structural reinforcements for biopolymers, as 

well being common in diseased tissues that have experienced high oxidative stress, i.e. 

Alzheimer’s and Parkinson’s.24–27 FBP contains three tyrosines (out of 13 amino acids), with one 

being a 3-chloro tyrosine. Previous peptide monomer synthesis with SMA-FBP used a loading of 

2.5%, whereas we are doubling the FBP loading at 5%. Dityrosine formation can be easily 

monitored by fluorescence (excitation 315 nm/emission 420 nm)27. The next section 7.2 Pursuit of 

a Non-dityrosine coupling FBP-monomer outlines work to overcome this challenge.  

 

In addition, Genipin-methacrylate has been easily copolymerized with GmMA with good control. 

Genipin could be easily incorporated into the arms of the radiant stars synthesized in Chapter 5 

(LVRs). This could provide an active mechanism for upregulating autophagy and repairing the 

hyperpermeable vascular system during hemorrhagic shock,15 and actively treat trauma-induced 

endotheliopathy. 

7.2 PURSUIT OF A NON-DITYROSINE COUPLING FBP-MONOMER 

As observed in the Genipin PolySTAT work above, it was discovered that PolySTAT cannot be 

made with > 4 FBP per polymer in the FBP-monomer synthesis route. It is suspected that the 

tyrosines in FBP are leading to this, due to a few-documented examples of polyphenols requiring 

protection/deprotection for successful polymerization.28,29 Creating an FBP-monomer that is 

compatible with RAFT polymerization would be immensely helpful in pursuing the proposed 

PolySTAT 2.0 work proposed in the next section. The fibrin-binding peptide (FBP) used in 

PolySTAT is based on the Tn6 peptide XArXCPY(G/D)LCArIX (Ar = aromatic) developed by 

the Caravan group.30,31 Currently, the aromatic groups (Ar) in the sequence are tyrosines. The 

Caravan group showed Tn6 retained its high affinity when Tryptophans were used (Tn6-2b in 

Figure 16 below). 
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Figure 16. Alanine scanning of three different families of fibrin-binding peptides. Tn6 was the 

family used for FBP in PolySTAT. Reprinted with permission from Kolodziej et al. [30] Copyright 

2012 American Chemical Society. 

 

This would allow for the removal of 2 out of 3 of the tyrosines. Unfortunately, from the alanine 

scanning of Tn6-2b, it appears that substituting the tyrosine in the cyclized portion of the peptide 

with alanine resulted in ~18x lower affinity. However, it would be interesting to evaluate binding 

with tryptophan substituted instead, since the caravan group notes that aromatic groups seem to 

improve the affinity of the peptide towards fibrin. Polytryptophan polymers have been synthesized 

with good control using RAFT,32 so we believe this tryptophan-FBP would be compatible with the 

FBP-monomer synthesis route.   

7.3 PURSUIT OF A TRULY HYPERFIBRINOLYSIS MODEL IN RATS AND SWINE 

As outlined in Chapter 3, hyperfibrinolysis in rats and pigs is extremely difficult to create. Native 

pig blood is very difficult to lyse due to extremely dense fibrin networks33, low plasminogen 

concentration34, high concentrations of PAI-135, and poor activation of plasminogen by t-PA36, as 

a result it takes very large doses of thrombolytics to see an effect.37 Figure 17 below highlights 

this difficulty with plasma from the aorta tear swine study. 
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Figure 17. Swine baseline platelet poor plasma evaluated in EXTEM with no plasmin/volume 

control (left) and 37.5 μg/mL plasmin (right).  

 

The typical plasmin dose used in ROTEM QC evaluations is 1 μg/mL. Even at this high dose, no 

lysis is observed. However, we observed with a 60% hemodilution of the plasma in combination 

with human fibrinogen concentrate does show evidence of lysis in ROTEM (Figure 18 below). 

 

Figure 18. Plasma samples from simulated 60% hemodilution with 6 mg/mL FC added to 

rescue clotting. Top left, no plasmin/volume control, top right 1.875 μg/mL, bottom left 7.5 μg/mL, 

and bottom right 3.75 μg/mL of plasmin added. Increasing lysis is observed with increasing doses 

of plasmin, however total clot dissolution is not observed during the 1 hour test.  
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Plasmin can digest fibrinogen, therefore it is unknown if this lysis is due solely to fibrinogenolysis 

or some fibrinolysis. All the plasmin concentrations tested would normally fully lyse the clots. It 

is surprising that the pig fibrinogen or something else in the pig plasma can halt lysis as the clots 

form. To investigate this further, we propose the following: 

 

First, moving to a tPA-plasminogen ROTEM in vitro assay as created above in the Genipin section 

to investigate if the lysis observed is due to fibrinogenolysis or fibrinolysis.  

 

Second, purchasing pig-derived fibrinogen, and investigating different ratios of human and pig 

fibrinogen in the tPA-plasminogen and plasmin ROTEM in vitro assay to investigate what 

concentrations of swine fibrinogen are tolerable, and what concentrations of human fibrinogen are 

necessary to recapitulate clinically relevant hyperfibrinolysis curves. PolySTAT will be spiked 

into samples to see if it is able to correct the hyperfibrinolysis. 

 

Third, once concentrations of swine and human fibrinogen levels are identified, these can be 

recapitulated in vivo using different levels of hemodilution and fibrinogen concentrate based on 

the work of Martini et al.38,39 This can be evaluated with ROTEM post dilution. 

 

Finally, a recent study by Tarandovskiy et al. used a plasmin generation assay to show that there 

is no plasmin generated in swine blood.34 After the level of hemodilution and fibrinogen 

concentrate are selected, then a series of tPA, plasminogen, and plasmin infusions will need to be 

evaluated. Blood samples will be monitored in ROTEM to identify the necessary concentrations 

of thrombolytics needed to recapitulate hyperfibrinolysis. 

 

Once the correct bleed profile is created in ROTEM, intravenous infusions of PolySTAT can be 

done to see if it corrects hyperfibrinolysis. If this work looks promising, then the model could be 

integrated into the swine aorta tear model or liver laceration model. 

 

To make this more feasible from a cost perspective, the outline work above could be first attempted 

in rats to decrease the quantities of clotting factors needed. Additionally, the work with TUCA in 
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rats by Moore et al. highlighted the potential of PAI-1 in playing a role in preventing 

hyperfibrinolysis in rats.40 There are small-molecule inhibitors of PAI-1 that have been 

developed,41,42 and these could be evaluated in the shock-only rat model to see if they improve the 

potency of intravenously infused thrombolytics. 

7.4 POLYSTAT 2.0 

Due to the difficulty of showing efficacy of PolySTAT in swine, it may be necessary to reformulate 

PolySTAT to improve its activity in coagulopathic blood that does not show hyperfibrinolysis. 

Currently in swine, we are unsure where the failure point of PolySTAT exists. Is the PolySTAT-

fibrin gel showing adhesive or cohesive failure at the wound site? If it is adhesive failure this 

would lead us down the path of improving adhesion at the wound site through targeting other ECM 

proteins or targeting the surface of activated platelets. If it is cohesive failure, this would lead us 

down the path of improving the strength of the PolySTAT-fibrin network that forms by focusing 

on its strength, elasticity, and toughness to prevent rupture during clotting.  

 

Adhesive Failure: Collagen Hybridizing Peptide (CHP), Platelet Targeting, and in vivo 

crosslinking 

 

A recent study by Oshinowo et al. showed that pig platelet’s preferentially bind to collogen over 

fibrinogen at an abnormally high rate compared to human, mouse, dog, and sheep platelets (Figure 

19 below).43  

 

Figure 19. The number of platelets adhered to fibrinogen (left) for pigs is significantly lower 

compared to human, mouse, dog, and sheep platelets, while number of platelets adhered to 
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collagen (right) for pigs is significantly higher compared to the same species. Used with permission 

from Oshinowo et al. [43] under license 5612210725392 Copyright 2021 Elsevier. 

 

This could indicate that PolySTAT might increase efficacy in swine by improving the fibrin 

network’s adhesion through the direct binding to collagen. While a universal collagen binder might 

lead to systemic thrombosis concerns, Zitnay et al. evaluated a Collagen Hybridizing Peptide 

(CHP) that only binds mechanically damaged collagen that has an unfolded triple helix (Figure 20 

below).44 

 

Figure 20. Increasing percent strain 5-15% of collogen leads to increased binding by a 

fluorescently labeled collagen hybridizing peptide (CHP). Used with permission from Zitnay et al. 

[44] under Creative Commons CC BY license Copyright 2017 Springer Nature. 

 

This peptide consists of the following peptide sequence (GPO)9 or nine glycine (G)-proline (P)-

hydroxyproline (O) amino acids. A few approaches could be taken to incorporate CHP into 

PolySTAT. One approach is to make a z-group functionalized CTA using a CHP with a lysine-

handle (K(GPO)9), allowing us to use the normal synthesis procedure of PolySTAT. This would 

ensure each polymer has one single CHP. A second approach to achieve >1 CHPs attached to 

PolySTAT, would be to do the normal NHSMA-amine conjugation reaction with the same lysine-



 312

handled CHP (K(GPO)9). FBP and CHP could be mixed in different molar ratios or could be added 

sequentially to obtain different ratios of each peptide. A third approach would be to use a cysteine-

handled CHP (C(GPO)9) and connect it via the thiol-reactive pyridyl disulfide ethyl methacrylate 

(PDSEMA). This would make the conjugation of FBP and CHP orthogonal to each other and could 

make it easier to control the concentrations of each. To evaluate if CHP-functionalized PolySTAT 

results in higher adhesive forces between the ECM and the clot, adhesion should be evaluated both 

parallel (lap shear) and perpendicular (stud-pull) to the adhered surface. Two established lap shear 

tests exist in literature, one develop by the Kastrup group using a dynamic mechanical analyzer18, 

and the other using a standard Instron tensile tester.45 For stud-pull, we did some initial test method 

development using a Bose tensile tester at the UW Center for Research in Education and 

Simulation Technologies (CREST), and this method can be adapted to the DHR rheometer housed 

in the Emergency Medicine lab (Figure 21 below).  

 

Figure 21. Images from stud-pull adhesion test developed on Bose tensile tester. The laser cut 

discs were coated in rat tail vein collagen, then blood was clotted in between the discs, followed 

by a uniaxial tensile test. This test could be adapted to the DHR-3 rheometer in the EM group. 

 

Using these techniques, adhesion of blood clots with CHP-PolySTAT and current PolySTAT can 

be evaluated on surfaces coated with collagen and other ECM proteins. If the CHP peptide does 

not increase clot adhesion, another approach could be to target the surface of activated platelets 

directly through incorporating cyclic RGD peptides which would bind the integrin GPIIb-IIIa of 

activated platelets.46  
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Cohesive Failure: Self-Assembling Polymers, and modulating crosslink density  

 

Another opportunity to improve the efficacy of PolySTAT is to shift our focus to improving the 

mechanical properties of the resulting fibrin-PolySTAT gel that forms. The PolySTAT polymer 

backbone has been optimized for increased water-solubility, and the minimum FBP needed to 

confer its anti-fibrinolytic activity, however it has never been optimized for its mechanical 

properties. Recent work has demonstrated that the side-chains of methacrylates and acrylamides 

can be engineered to increase the elasticity, strength, and toughness of hydrogels through 

reversible bonds (Figure 22 below).47 

 

 

Figure 22.Stress-strain curve for a hydrogel that contains both covalent and dynamic/reversible 

crosslinks. The dynamic crosslinks can break during stretching to dissipate energy leading to a 

tougher hydrogel. Figure was reused with permission from Taylor & Francis Online for [47] by 

Takeoka et al. 
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The reversible bonds (ionic, hydrogen-bonded, metal chelation) help dissipate energy when 

mechanically stressed, which increases the toughness of hydrogels beyond the elastic energy of 

covalent cross links. SBMA is an example of a zwitterionic polymer that has been used to create 

tough hydrogels, and as was observed in Chapter 5 (LVRs), DP200 and DP300 pSBMA showed 

self-assembly due to ionic bonds. During infusion of PolySTAT, the concentration in the blood 

would be low enough to stay in a unimer state. However, when the PolySTAT starts accumulating 

at the site of bleeding, the increase of pSBMA would reach concentrations to self-assemble and 

the ionic side-chains will form dynamic bonds with each other (increasing cross link density). 

PolySTAT with a pSBMA backbone could be synthesized by synthesizing a DMAEMA-STAT 

followed by conversion of DMAEMA into SBMA using 1,3-propanesultone (Figure 23 below).48 

 

 

Figure 23. Synthesis approach to making PolySTAT with an SBMA zwitterionic backbone. 

 

Another route, would be to incorporate strong hydrogen-bonding by creating a p(N-aryloyl 

glycinamide) (pNAGA) backbone which has also been used to create high strength hydrogels 

(Figure 24 below).49 

 

 

Figure 24.Synthesis approach to making PolySTAT with a pNAGA backbone. 

However, this would require adapting PolySTAT to a synthesis route compatible with acrylamides, 

which would require a new conjugation handle. We would propose an isothiocyanate-amine 

conjugation strategy.  
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To investigate the mechanical impact of these new PolySTAT backbones, the following 

mechanical testing can be performed: 

 

1. A rheometer can be used to measure elastic modulus, loss modulus, and yield stress.  

2. An Instron tensile tester can be used to measure fracture mechanics with lap shear and a 

double cantilever test,45 while toughness can be evaluated with a notch test.50   

 

7.5 PURSUIT OF A SLOW-RELEASE LVR 

One potential drawback of LVRs is the initial rapid increase in MAP during the infusion (Figure 

25 below), which could exacerbate uncontrolled hemorrhage.  

 

 

Figure 25. Blood pressure comparison of different LVRs during severe hemorrhagic shock rat 

model. Left: Right top: MAP for the T75 time point, there was no statistical difference between 

PEG20K, RS-SBMA, and RS-GmMA, however, Hextend was significantly different from the 

other treatments (p = 0.0004, p = 0.0083, and p = 0.0021, respectively). Bottom right: MAP for 

the T90 time point, there was no statistical difference between PEG20K, RS-SBMA, and RS-

GmMA, however, Hextend was significantly different from the other treatments (p = 0.0001, p = 

0.0013, and p = 0.0061, respectively). A fit model for a repeated measure, one-way anova with 

tukey post-hoc analysis (α = 0.050) was used for statistical analysis. 
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To avoid this, the infusion could be given over a longer period to slow down the initial large 

increase in MAP. However, since these therapies are envisioned for military and austere 

environments, a slower infusion may not be feasible, and the priority is to get the patient stable 

and transported the hospital as quickly as possible. Therefore, an LVR with slow-release designed 

into the polymer would be desirable. From our work in Chapter 5, we saw some interesting aspects 

to the SBMA LVRs (Figures 26 and 27 below). 

 

 

Figure 26. Vapor pressure osmometry measurements of pGmMA (left) and pSBMA (right). 

All measurements were done using a Vapro 5600 in triplicate. Error bars are 1 standard deviation 

from the mean. 
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Figure 27. Blood pressure during infusion of treatment over 15 minutes. Hextend was 

statistically different from PEG20K and RS-GmMA at the following timepoints – T7, T8 (p = 

0.0042 and p = 0.0120), T9, and T10 (p = 0.0076 and p = 0.0060). RS-SBMA was statistically 

different from PEG20K and RS-GmMA at the following timepoints – T7, T8 (p = 0.0053 and p = 

0.0151), T9, and T10 (p = 0.0297 and p = 0.0235). 

 

We believe the decrease in osmolarity and the slower rate of increase in blood pressure during 

infusion were due to pSBMA self-assembly. The SBMA was self-assembled into larger 

macromolecules, then upon dilution or infusion, the SBMA disassembled into unimers that 

increased the number of moles of solute in solution, resulting in an increase in osmolarity. 

Therefore, a potential LVR with slow-infusion properties could be created if we can harness this 

disassembly in a controlled manner upon infusion (Figure 28 below).  
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Figure 28. Triggered disassembly of radiant star and bottle brush/comb polymers to increase 

the number of moles of polymer in solution. 

 

The current radiant stars with ~7 arms would allow for ~6-7x increase molar concentration, while 

a comb or bottle brush polymer could provide upwards of 100x increase in molar concentration.  

 

Das et al. created radiant stars with a hydrolytically cleavable linker that allowed the arms to be 

nearly fully cleaved off over 30 days.51 Although this degradation could be desirable to clear the 

therapy from a trauma patient and avoid edema, this degradation rate is too slow to be useful for 

resuscitation over 1-6 hours. Another linker to explore is the thioketal linker which is cleaved by 

reactive oxygen species (ROS).52 A ROS-cleavable linker is desirable because our group has 

shown that leukocytes generate ROS-species during trauma, and this linker would also serve as a 

therapeutic by neutralizing ROS species. Of concern, this linker generates acetone as a byproduct, 

which the liver can breakdown in small amounts, but in a trauma patient this could lead to toxicity 

concerns. Also, this route is more synthetically challenging. Another option is boronic acids 

(Figure 29 below) which form dynamic covalent bonds with 1,2 and 1,3 diols.53 
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Figure 29. Mechanism of dynamic covalent bond between phenyl boronic acid and a diol. 

Reused with permission from Melavanki et al. [53] under the CC BY-NC-ND creative commons 

license Copyright 2020 Elsevier. 

 

Boronic acids have been used to create polymer micelles with glucose-triggered disassembly.54,55 

Depending on the formulation, the disassembly occurred within minutes to an hour. Interestingly, 

during traumatic injury, the body undergoes a “fight or flight” response which results in a large 

increase in glucose levels.56 Hyperglycemia in trauma patients correlates with higher mortality and 

morbidity.57 This hyperglycemia was observed in the LVR rat study (Figure 30 below). 

 

 

Figure 30. Glucose concentration over various time points during the severe hemorrhagic 

shock rat model evaluating different LVRs in Chapter 5. 
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Glucose levels increased by ~2-3x during the shock period and decreased as the rats were 

resuscitated. The rats reached concentrations of ~500-600 mg/dL, which corresponds to ~28-33 

mmol/L of glucose in the bloodstream. In the LVR study, the radiant stars were estimated to reach 

concentrations of ~0.12 - 0.2 mmol/L, therefore with 100 arms, the glucose concentration would 

be > 10x higher than the concentration of boronic acid-diol complexes. Given the experience of 

the Pun lab with boronic acids, this is a very approachable pathway synthetically. Additionally, 

we would move away from polymer micelles which present stability concerns with lyophilization, 

and during injection.58 To start, there are clear examples in literature where CTA agents with a z-

group attached boronic acid or catechol have been used to click together two polymers (Figure 31 

below).59 

 

 

Figure 31. Examples from literature of phenyl boronic acid and catechol functionalized CTAs 

used to synthesize various polymers via RAFT. Used with permission from Coumes et al. [59] 

Copyright 2016 The Royal Society of Chemistry. 

 

A similar approach would be used to create radiant stars or comb polymers with arms connected 

via boronic acid-diol dynamic bonds (Figure 32 below).   
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Figure 32. Two approaches to synthesize comb/bottle brush LVRs with arms connected via 

phenyl boronic acid-diol complexes. Left: A pGmMA backbone with pHPMA arms connected via 

the z-group of a phenyl boronic acid CTA. Right: A pPhenyl Boronic Acid backbone with pHPMA 

arms connected via the z-group of a catechol CTA. 

 

The first approach would be to synthesize a pGmMA homopolymer to serve as the comb backbone. 

Next, pHPMA arms would be synthesized via RAFT with a boronic acid-functionalized CTA 

agent. The two polymers would then be mixed to form bottle brush polymers. Benefits of this 

approach are that the vicinal diol of GmMA most likely has a lower binding constant compared to 

a catechol and would be easier for glucose to competitively bind. Also, this is extremely easy 

synthetically. However, having the boronic acid present on the arm could cause issues after the 

arms are released, such as sticking to the glycocalyx or binding to glycosylated proteins on the 

surface of cells or in the interstitial space.  

 

The second approach moves the boronic acid to the backbone, and the arm is synthesized with a 

catechol-functionalized CTA agent. This approach avoids the issue of the arms sticking to 

glycosylated proteins, however the bond between the catechol and boronic acid is stronger and 

would most likely result in a slower release in vivo. For both approaches, it is not known if the 

single hydroxyl on HPMA would lead to issues with binding the arms, if this occurs another water-

soluble polymer could be used. Also, when the boronic acid-diol complexes form, the backbone 

of the bottle brush polymer becomes anionic. Anionic polymers preferentially accumulate in the 

kidneys and can interfere with coagulation; however, it is believed the neutral arms will be able to 
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shield these negative charges while in circulation, and the negative charge will be decreased over 

time as the arms fall off.  

 

This solution is attractive for its simplicity in design, but also the strength of the boronic acid-diol 

complexation is easily tailored,60 which can tune the release in vivo. Vapor pressure based 

osmometry can be used to quickly iterate on these designs. The polymers can be incubated in a 

glucose solution at pH 7.4, and the osmolarity of the solutions can be measured over time. This in 

vitro setup can be used to understand the dissociation kinetics as a function of glucose 

concentration. Similarly, the effect of these on coagulation can be evaluated by a similar time study 

in ROTEM. It will be important to see if the final concentration of unimers (fully disassembled) 

will lead to any issues in coagulation. Finally, the severe hemorrhagic shock model in rats can be 

used to evaluate the blood pressure response in vivo, and the glucose levels of the rats can be 

monitored via blood gas. The final design should be evaluated in an uncontrolled hemorrhage 

model in rats to see if the slow release is beneficial for survival. 
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