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Abstract

Transfusion of blood components and factor concentrates is clinically used to replenish clotting 

factors and treat coagulopathy after injury when bleeding is severe. Alternatively, direct 

manipulation of fibrin polymerization via synthetic cross-linking agents may also improve clot 

formation during coagulopathic conditions as a novel way to treat coagulopathy. We recently 

developed a synthetic hemostatic polymer, PolySTAT, that promotes clot formation and stabilizes 

fibrin network structure by cross-linking fibrin monomers. In this study, we used rotational 

thromboelastometry (ROTEM) to monitor the effect of PolySTAT on the mechanical strength of 

clots during clot formation and breakdown in comparison to replacement clotting factors and 

antifibrinolytics under conditions of simulated trauma-induced coagulopathy (sTIC). Human 

recombinant activated Factor VII (rFVIIa) shortened clotting onset time and accelerated clotting 

rate, while tranexamic acid (TXA) eliminated clot lysis and restored maximal clot firmness.In 

contrast, fibrinogen and PolySTAT were both able to speed up clot formation, increase maximal 

firmness, and inhibit clot lysis. Furthermore, PolySTAT acted synergistically with TXA and 

fibrinogen, enhancing their individual effects on clot formation. Thus, manipulating fibrin clot 

structure by physical cross-linking with a synthetic polymer has beneficial effects on clot 

formation and may be a viable transfusion strategy for treatment of coagulopathy.
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Supporting Information
The dose-dependent relationship of rFVIIa and clotting time is further supported in graphs of each experimental replicate provided in 
the supporting information. Each replicate contains samples that were measured simultaneously with an hour time-lapse between 
replicates due to limited channels on the ROTEM machines. Changes in plasma enzymatic activity over time (that would partially 
account for standard deviations across different replicates) do not affect the trends observed within each replicate.
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INTRODUCTION

Hemorrhage is responsible for approximately 40% of deaths within 24 h after traumatic 

injury.1 Formation of stable blood clots is essential to resolve bleeding. However, at the time 

of admittance into the hospital, approximately 25% of patients have trauma-induced 

coagulopathy (TIC),2 a multifactorial condition in which clotting function is impaired due to 

tissue injury and shock,3 depleted levels of functional clotting factors,4 and activation of 

fibrinolytic pathways leading to accelerated clot breakdown, or hyperfibrinolysis.5–8 These 

changes have been linked to activation of the protein C anticoagulant system, inhibition of 

PAI-1, and release of tPA from shocked endothelium. In addition, dilutional coagulopathy is 

often present due to the use of crystalloid resuscitation fluids. One of the main goals of 

bleeding management after trauma is to restore clot formation.

In the past two decades, drugs such as human recombinant activated Factor VII (rFVIIa; 

MW 50 kDa; Novo Nordisk), tranexamic acid (TXA; MW 157.21 Da; Pfizer), and 

fibrinogen concentrate (MW 340 kDa; CSL Behring) have been investigated to treat 

bleeding after traumatic injury. These drugs are able to promote quick and stable fibrin 

formation by accelerating thrombin generation, inhibiting fibrinolytic enzyme activity, and 

replenishing depleted fibrinogen levels, respectively.

rFVIIa, currently approved for use in hemophilia A patients with FVIII inhibitors, initiates 

coagulation through complexation with tissue factor (TF) at sites of tissue injury and is 

responsible for a thrombin burst at platelet surfaces.9 Case reports and anecdotal evidence of 

off-label use for trauma have shown instances in which intravenous administration of rFVIIa 

was able to stop bleeding and correct coagulopathy in trauma patients when all standard 

measures were exhausted.10–13 However, two clinical trials showed no improvement in 

survival despite reduced RBC transfusion requirements.14,15 Given the evidence, rFVIIa is 

currently recommended as a last resort.16,17

In contrast, TXA is recommended for early administration after traumatic injury to inhibit 

hyperfibrinolysis, which is associated with increased mortality.7,8 TXA is a synthetic 

analogue of lysine and binds to plasminogen to prevent its conversion into active plasmin. It 

is currently approved in the United States for treatment of menorrhagia as well as for 

prevention of peri- and post-operative bleeding in patients with established coagulopathies.18 
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In 2010, a large multicenter trial (CRASH-2) was conducted which showed a reduced risk of 

hemorrhage-related mortality in trauma patients administered TXA within 3 h after injury, 

and this evidence has helped establish TXA as a viable hemostatic agent for use in trauma.19

While regulation of enzymatic activity can in some instances rescue clot formation, adequate 

levels of substrate are also essential for fibrin formation. Fibrinogen is cleaved by thrombin 

to generate fibrin monomers for fibrin polymerization and promotes aggregation of activated 

platelets through binding of GPIIb-IIIa integrin receptors in adjacent platelets. After severe 

blood loss, fibrinogen reaches critically-low levels earlier than other clotting factors, and 

concentrations below 2.29 mg/mL are associated with significantly increased mortality rate.
4,20 Administration of fibrinogen in the form of concentrates or as a component of blood 

products is, therefore, recommended should fibrinogen levels fall below 1.5–2.0 mg/mL.17

We recently reported the synthesis of PolySTAT, a fibrin cross-linking hemostatic polymer, 

and demonstrated its efficacy in reducing blood loss in a rat femoral artery injury model.21 

In the study, PolySTAT was synthesized with a linear poly(hydroxyethyl methacrylate) 

backbone grafted with ~16 fibrin-binding peptides22 (Fig. 1A). Multivalent display of fibrin-

binding domains along the polymer enables a single polymer to non-covalently bind to 

multiple fibrin monomers during fibrin polymerization to create a stable, cross-linked fibrin 

network. In the following work, a functional comparison between PolySTAT and the 

aforementioned hemostatic agents was completed.

Rotational thromboelastometry (ROTEM, Tem International GmbH, Munich, Germany), is a 

clinical tool used to monitor clotting in blood samples. ROTEM measurements showing 

reduced clot strength and fibrinolytic activity are validated indicators of TIC23 and is 

correlated with higher mortality rates7. In particular, ROTEM assays reporting only the 

fibrin contribution to clot firmness by inhibiting platelet activity have been shown to be 

highly sensitive for TIC and the need for massive transfusion of blood products.23 In the 

following work, ROTEM was used to compare the effects of direct fibrin cross-linking using 

PolySTAT to the effects of hemostatic agents that work by enzymatic inhibition (TXA) or 

factor replacement (rFVIIa and fibrinogen concentrate). These experiments were completed 

in the absence of platelets in a simulated trauma-induced coagulopathy (sTIC) plasma 

model. Furthermore, we aimed to study the effects on clot formation when PolySTAT is 

added in combination with the aforementioned drugs.

MATERIALS AND METHODS

Fresh frozen plasma from healthy human donors and rFVIIa (NovoNordisk, Denmark) were 

purchased from Bloodworks Northwest (Seattle, WA). Human tissue factor (TF; BT-

pro-312) was purchased from Biotang Inc. Human tissue plasminogen activator (tPA; 

T0831) and TXA (1672745) were purchased from Sigma-Aldrich. Plasminogen-depleted 

human fibrinogen (FIB 1) was purchased from Enzyme Research Laboratories. Fibri-Prest 

Automate 2 (00613), Unicalibrator (00675), and Owren-Koller buffer (00360) were 

purchased from Diagnostica Stago. PolySTAT (MW ~45 kDa) was synthesized as previously 

described.21
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Fibrinogen Quantification

Fibrinogen concentration in the human plasma was measured using a standard Fibri-Prest 

Automate 2 assay in a steel ball Diagnostica Stago Start 4 hemostasis analyzer (Diagnostica 

Stago, Asnieres, France).

Simulated Trauma-Induced Coagulopathy plasma model

ROTEM was used to measure clotting time (CT), clotting rate (α-angle), maximum clot 

firmness (MCF), and maximum lysis at t = 1 h (ML). Each ROTEM machine contains four 

channels for measurement. Access to 2 ROTEM units allowed simultaneous measurements 

for 8 samples. A plasma model of simulated TIC demonstrating decreased maximum clot 

firmness and intermediate hyperfibrinolysis was adapted from a published in vitro whole-

blood trauma coagulopathy model.24 The ROTEM plasma sTIC model required decreased 

concentrations of tissue factor and tPA to produce clotting curves representative of 

clinically-relevant intermediate hyperfibrinolysis.7 Final concentrations were 3 pM TF and 4 

nM tPA to reproduce sTIC coagulation profiles. Additional studies were performed using the 

same activators in diluted plasma (dilPlasma; 60 v/v % plasma diluted with sterile 0.9% 

saline) to simulate dilutional coagulopathy. Plasma was thawed in a 37˚C water bath and 

maintained at room temperature during ROTEM studies.

PolySTAT Comparison to rFVIIa and TXA

In each ROTEM cup, 286 μL diluted and undiluted plasma was mixed with 24 μL activation 

solution (19 μL 0.2 M CaCl2, 4.5 μL 227 pM TF, 0.48 μL 2.9 μM tPA), and 30 μL solution 

containing PolySTAT, rFVIIa, or TXA. rFVIIa concentrations (2.0, 4.0, 10, 20 nM) and 

TXA concentrations (6.4, 64, 640 μM) were chosen based on human plasma concentrations 

after intravenous administration of the standard recommended dosage.25,26 PolySTAT 

concentrations were chosen to represent various ratios of polymer to fibrin binding sites; 1.8, 

4.4, and 18 μM correspond to polymer to fibrin binding site ratios of 1:10, 1:4, and 1:1, 

respectively. Measurements were also collected in tissue factor-initiated plasma without tPA-

induced lysis and are shown on graphs as dotted lines for reference. Due to the length of 

these studies, comparison of PolySTAT to rFVIIa and PolySTAT to TXA were completed in 

separate experiments.

PolySTAT Comparison to Fibrinogen Supplementation

7.8, 16, 23, and 31 μL fibrinogen solution (22 mg/mL) was added to diluted plasma 

containing 1.5 mg/mL fibrinogen to raise fibrinogen concentration by 0.5, 1.0, 1.5, and 2.0 

mg/mL, respectively. Clotting was initiated using the same volume and composition 

activation solution used in the previous ROTEM studies.

Coagulation Effects of PolySTAT in Combination with rFVIIa, TXA, and Fibrinogen

Activation solution and 4.4 μM PolySTAT was added to undiluted plasma in combination 

with 4 nM rFVIIa, 6.4 μM TXA, and fibrinogen to raise total fibrinogen concentration by 

0.5 mg/mL.
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Statistical Analysis

Data was analyzed using GraphPad Prism 5. One-way ANOVAs with Tukey post hoc tests 

were completed to identify significant differences between treatments.

RESULTS

Comparison of PolySTAT to rFVIIa

ROTEM produces curves of clot firmness over time, with an initial positive slope indicating 

clot build-up and, in some instances, an inflection point at the maximum clot firmness 

followed by a subsequent decline indicating clot lysis. Representative curves for untreated 

sTIC controls and PolySTAT- and rFVIIa- treated sTIC plasma are shown in Fig. 1B. The 

top curve is characteristic of intermediate hyperfibrinolysis, previously defined as complete 

clot lysis between 30–60 min.7 Under these conditions, rFVIIa primarily affected clotting 

kinetics (i.e. CT and clotting rate). A dose-dependent trend was observed, where increasing 

rFVIIa concentrations led to progressively shorter CT in both undiluted and diluted plasma. 

(Fig. 1C)). These trends were particularly noticeable when each experimental replicate was 

plotted separately (Fig. S1). 4.0 and 20 μM rFVIIa significantly increased α-angle 1.2-1.3-

fold in plasma, fully restoring clotting rates to those observed in the absence of tPA-induced 

lysis (55±1.7°)(Fig. 1D). A dose-dependent increase in α-angle was observed in diluted 

plasma, where the highest concentration rFVIIa also produced α-angles comparable to those 

of non-lysing controls. rFVIIa did not significantly alter maximum clot firmness (MCF) 

(Fig. 1E) and significantly reduced maximum lysis (ML) only at the highest concentration 

tested (Fig. 1F).

PolySTAT exhibited similar coagulation-accelerating effects as rFVIIa (Fig. 1D) while also 

significantly increasing clot firmness (Fig. 1E) and inhibiting lysis (Fig. 1F). No significant 

effect was observed for CT (Fig. 1C). However, comparable to 4.0 nM and 20 nM rFVIIa, 

1.8–18 μM PolySTAT restored clotting rates to those observed in the absence of tPA-induced 

lysis in undiluted plasma (Fig. 1D). In addition, PolySTAT treatment fully restored MCF and 

significantly reduced lysis by 85-91% at the two higher concentrations (Fig. 1E). In diluted 

plasma, PolySTAT increased α-angles (Fig. 1D) and MCF (Fig. 1E) and completely 

inhibited lysis (Fig. 1F).

Comparison of PolySTAT to TXA

In the same sTIC plasma model, TXA showed improvements in MCF and ML compared to 

untreated controls (Fig. 2A, D, E) while having no effect on CT (Fig. 2B) or α-angle (Fig. 

2C). In the absence of plasma dilution, 6.4 μM and 640 μM TXA increased MCF 1.2-fold, 

resulting in a full recovery of clot firmness(Fig. 2D). Clot lysis was completely eliminated at 

all TXA concentrations in both diluted and undiluted plasma (Fig. 2E).

Consistent with Fig. 1, PolySTAT significantly improved clotting rate (Fig. 2C), MCF (Fig. 

2D), and ML (Fig. 2E). Similar to 6.4 μM and 640 μM TXA, 1.8 μM and 4.4 μM PolySTAT 

significantly increased MCF 1.3-fold in undiluted plasma and 1.2-1.3-fold in diluted plasma 

(Fig, 2D) and reduced lysis by 91-100% (Fig. 2E).

Chan et al. Page 5

ACS Biomater Sci Eng. Author manuscript; available in PMC 2018 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Comparison of PolySTAT to Fibrinogen Supplementation

Fibrinogen concentration in diluted plasma containing 1.5 mg/mL fibrinogen was raised by 

0.5, 1.0, 1.5, and 2.0 mg/mL by adding fibrinogen (Fig. 3A). CT was shortened by 2.2 min 

with each additional mg/mL fibrinogen up to an additional 1.5 mg/mL (3.0 mg/mL total), 

beyond which, no further reduction in CT was observed (Fig. 3B). α-Angle increased by 11˚ 

(Fig. 3C) and MCF increased by 11 mm (Fig. 3D) with each mg/mL fibrinogen added. 

Fibrinogen supplementation reduced average ML (Fig. 3E). However, these changes were 

insignificant due to large standard deviations. 1.8 μM and 4.4 μM PolySTAT produced 

similar α-angles (Fig. 3C) and MCF (Fig. 3D) as 0.5 mg/mL supplemented fibrinogen. At 

the highest dose of supplemented fibrinogen (4.5 mg/mL total), clot lysis was comparable to 

that of PolySTAT-treated plasma.

Effects of PolySTAT in Combination with rFVIIa, TXA, and Fibrinogen

While neither PolySTAT alone nor fibrinogen alone significantly shortened CT, the 

combination of PolySTAT with fibrinogen resulted in a significant 0.4-fold shortening in CT 

(10±0.50 min in untreated controls to 5.9±0.84 min in combination group) (Fig. 4A). 

Fibrinogen alone significantly accelerated clotting rate 1.6-fold which did not increase with 

the addition of PolySTAT (Fig. 4B). Consistent with previous experiments, all treatments 

with the exception of rFVIIa produced greater average MCF compared to untreated controls 

(Fig. 4C). Significant differences, however, were only observed for PolySTAT alone and 

PolySTAT in combination with rFVIIa, TXA, and fibrinogen. rFVIIa with PolySTAT did not 

increase MCF above PolySTAT alone. In contrast, when combined with either TXA or 

fibrinogen (which each alone produced 1.3-fold greater MCF), the resulting average MCF 

was 1.5- and 1.7-fold greater than untreated controls. As shown before in Fig. 2E, TXA and 

PolySTAT were able to inhibit—if not completely eliminate—clot lysis while clots 

continued to break down completely when either rFVIIa or fibrinogen alone were added 

(Fig. 4D). PolySTAT in combination with rFVIIa, TXA, and fibrinogen retained its ability to 

minimize ML.

DISCUSSION

Multiple pathological processes interact during TIC, manifesting as prolonged clotting onset 

times, decreased clot firmness, and increased clot lysiswhen measured using ROTEM.27 As 

such, multiple blood components and/or factor concentrates are often used algorithmically in 

combinations to reverse coagulopathy after trauma.28 In this study, we compare a new way 

to restore clot formation by directly affecting fibrin polymerization using PolySTAT—both 

individually and in combination with several well-studied hemostatic agents.

The sTIC plasma model used in these studies is most comparable to the conditions in 

FIBTEM, a type of ROTEM assay which reports only the fibrin contribution to clot firmness 

by inhibiting platelet activity.29 Decreased clot firmness and evidence of hyperfibrinolysis 

on FIBTEM are strong and clinically-relevant predictors of TIC and the need for blood 

transfusion after trauma.23 Therefore, our fibrin-specific plasma model with tPA-induced 

intermediate hyperfibrinolysis (corresponding to 91% mortality7) provides a stringent 

method to study the effects of hemostatic agents to determine their clinical relevance. Using 
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this model, we evaluated PolySTAT’s ability to improve fibrin-specific ROTEM parameters 

in comparison to rFVIIa, TXA, and fibrinogen supplementation. Additionally, we evaluated 

PolySTAT’s ability to restore ROTEM parameters to values generated without tPA-induced 

hyperfibrinolysis (indicated by dotted lines in Fig. 1–3), which would presumably restore the 

normal clotting phenotype.

We found that PolySTAT improved clotting two-fold—by accelerating clotting and by 

stabilizing the fibrin network (as evidenced by significantly reduced lysis and increased clot 

firmness). In contrast, rFVIIa and TXA promoted clotting by only one of the two 

mechanisms.

rFVIIa primarily shortened clotting onset time and increased clotting rate as expected due to 

faster thrombin generation. In a previous ROTEM study, rFVIIa demonstrated the same 

improvements while also increasing MCF.30 Increased MCF is most likely due to platelet 

aggregation and thrombin burst at platelet surfaces initiated by rFVIIa-TF complexation. 

Since platelets were absent from our system, we did not observe this effect.

In contrast to rFVIIa, TXA improved clot stability with no effect on CT or α-angle. 

Increased MCF was coupled with decreased ML and is likely due to TXA’s protective anti-

fibrin/fibrinogenolytic effects during the clotting process which leaves more fibrinogen 

available to polymerize. In the CRASH-2 clinical trial, a 1 g infusion of TXA over a 10 min 

period followed by 1 g infusion over the subsequent 8 h was shown to improve survival rate.
19 TXA is cleared renally, and over the course of an hour after a 1 g injection, TXA plasma 

concentrations drop from 570±35 μM (90±5.4 μg/mL) to 180±3.1 μM (28±0.49 μg/mL).31 

Our results show that fibrinolytic activity is completely inhibited by 6.4 μM TXA during the 

1 h clotting time. Therefore, it is not surprising that plasma concentrations 1–2 orders of 

magnitude greater would demonstrate hemostatic efficacy in humans.

Stepwise supplementation of fibrinogen caused an expected increase in clotting rate and 

maximum clot firmness with reductions in lysis that was most evident at 2.0 mg/mL 

supplemented fibrinogen. Fibrinogen deficiency is recognized as a critical component of 

TIC, and fibrinogen is typically supplemented in the form of blood products (fresh frozen 

plasma or cryoprecipitate) given in fixed ratios with packed red blood cells (PRBC), or by 

using fibrinogen concentrates. Unfortunately, ROTEM measurements taken during fixed 

ratio blood product resuscitation of trauma have not demonstrated improvement clot 

firmness that would suggest adequate fibrinogen repletion.32 Furthermore, high-dose 

fibrinogen concentrate or high-dose cryoprecipitate are needed to restore ROTEM MCF in 

blood from trauma patients with TIC.29 Our results demonstrating synergy of fibrinogen 

supplementation with PolySTAT suggest that fibrinogen replacement therapy may be 

enhanced when fibrinogen is co-administered with a fibrin cross-linker.

The multiple effects of PolySTAT on clot formation are presumably due to its cross-linking 

of adjacent fibrin monomers. These crosslinks increase overall clot firmness and renders the 

clot resistant to fibrinolysis by decreasing clot porosity and creating a semi-synthetic fibrin 

network bridged by plasmin-resistant polymers. Previous studies in pure fibrin systems 

showed that PolySTAT simultaneously accelerates clotting rate, increases clot firmness, and 
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inhibits fibrinolysis.21 In the present study, PolySTAT was evaluated in a more complex 

system (human plasma) and maintained the same effects, resulting in ROTEM parameters 

comparable to current therapies used to treat TIC. While whole blood studies would be more 

relevant for in vivo translation, fibrin-specific clot formation is an important clinical 

parameter used to detect coagulopathy, guide therapy, and predict outcomes after trauma.
29,23 The predictive value of the fibrin-specific component of clot firmness actually 

demonstrates better predictive value for the need for massive transfusion compared to its 

whole-blood equivalent that includes platelet action.33 In whole blood, it is anticipated that 

PolySTAT and fibrinogen effects on clot firmness would be muted due to platelet activity, 

and clotting kinetics accelerated due to thrombin burst generation at platelet surfaces. 

Therefore, our reductionist view of fibrin-specific clot formation allows us to parse out the 

hemostatic effects of PolySTAT and other hemostatic agents while remaining clinically 

relevant.

The alteration in fibrin formation and breakdown that we are able to see in the current 

studies suggest that fibrin cross-linking agents, such as PolySTAT, may add benefit to 

current hemostatic treatment approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of PolySTAT and rFVIIa in an sTIC plasma model. (A) Schematic of PolySTAT 

reproduced with permission from21. (B) Representative ROTEM traces of untreated sTIC 

controls, PolySTAT-treated sTIC plasma, and rFVII-treated sTIC plasma without dilution are 

shown. (C) Clotting time, (D) α-Angle, (E) MCF, and (F) ML were measured. Data are 

averages ± SD of experiment completed in triplicate. P-values were determined using one-

way ANOVA and Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 versus no 

treatment. Dotted line indicates values in the absence of tPA.
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Figure 2. 
Comparison of PolySTAT and rFVIIa in an sTIC plasma model. (A) Representative ROTEM 

traces of untreated sTIC controls, PolySTAT-treated sTIC plasma, and TXA-treated sTIC 

plasma without dilution are shown. (B) Clotting time, (C) α-Angle, (D) MCF, and (E) ML 

were measured. Data are averages ± SD of experiment completed in triplicate. P-values were 

determined using one-way ANOVA and Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 

0.001 versus no treatment.
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Figure 3. 
Comparison of PolySTAT and fibrinogen concentrate in an sTIC plasma model. Fibrinogen 

concentration of diluted plasma containing 1.5 mg/mL fibrinogen was raised by 0.5, 1.0, 1.5, 

and 2.0 mg/mL for functional comparison to PolySTAT. (A) Representative ROTEM traces 

are shown. (B) Clotting time, (C) α-Angle, (D) MCF, and (E) ML were measured. Data are 

averages ± SD of experiment completed in triplicate. P-values were determined using one-

way ANOVA and Tukey post hoc test. n.s. = no significance.
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Figure 4. 
Effects of combining PolySTAT with rFVIIa, TXA, and fibrinogen on coagulation in an 

sTIC plasma model. (A) Clotting time, (B) α-angle, (C) MCF, and (D) ML were measured. 

Data are averages ± SD of experiment completed in triplicate. P-values were determined 

using one-way ANOVA and Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 versus 

no treatment.
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