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Purpose: A central role for the pro-coagulant membrane comprising aminophospholipids (aPL) and enzymatically oxidized 
phospholipids (eoxPL) in promoting hemostasis via interaction with coagulation factor Gla domains is well established. However, 
little is known about their interactions with the fibrinolytic pathway, their ability to alter clot structure or to support the activated 
protein C (APC) pathway. Previous studies used membrane liposome compositions that differ from those expected physiologically 
and/or generated inconsistent findings. To address this, pro-coagulant membranes comprising physiological proportions of aPL and 
eoxPL will be tested for their ability to support fibrinolysis using standard assays.
Methods: The impact of phospholipids on clot structure and clot lysis was tested using absorbance-based assays. To investigate the 
impact of PS or eoxPL on fibrinolysis, plasmin was monitored chromogenically, and clot dissolution measured in a purified lysis 
system activated by tissue plasminogen activator or urokinase. To determine the impact of eoxPL on APC/protein S, FVa was 
incubated with APC (± protein S) in a purified prothrombinase assay.
Results: At the concentrations of lipids tested in our study, PS did not significantly impact clot structure or fibrinolysis. Similarly, 
eoxPL did not impact either fibrinolysis or activity of APC/Protein S.
Conclusion: Using liposome compositions that approximate activated blood cells, we found that the pro-coagulant membrane is 
unlikely to influence either clot structure or fibrinolytic activity directly, beyond its well characterized role in supporting Gla dependent 
coagulation factors and the actions of platelet associated proteins/receptors.
Keywords: phospholipids, phosphatidylserine, fibrin, plasmin, activated protein C, protein S

Introduction
Phospholipids (PL) are key constituents of plasma membranes and play essential roles in coagulation.1,2 In resting 
platelets, the aminophospholipids (aPL), comprising phosphatidylserine (PS) and phosphatidylethanolamine (PE), are 
primarily located on the inner membrane, but upon platelet activation they are externalized to the outer side.1,3–5 

Coagulation involves the generation of thrombin (FIIa), and follows the sequential activation of a series of enzymes 
and co-factors (Figure 1).6,7 Several of these enzyme/co-factor complexes feature γ-carboxyglutamic acid-rich (Gla) 
domains that interact with aPLs and calcium, both of which are essential for their function.2,8 Here, Gla domains bind to 
PS and calcium, while PE acts to support this.9 As well as the Gla domain containing coagulation factors, FV and FVIII 
are also known to interact with phospholipid membranes via their C domains.2
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In addition to the head groups, fatty acyl (FA) chains of PL can also regulate thrombin generation. In particular, 
enzymatically oxidized PL (eoxPL), which contain an oxygenated FA at the Sn2 position, can enhance coagulation.10,11 

For these lipids, it has been proposed that steric interference from the electronegative oxygenated FA increases space 
between headgroups, increasing the accessibility of PS and calcium ions for Gla domains.12,13 While the external 
membrane of resting platelets is mainly phosphatidylcholine (PC), after platelet activation, external aPL varies from 
4% to 30%, depending on the activating stimulus, while it has been estimated that <5–10% of PE are eoxPL.1,13

Several natural anticoagulants also contain Gla domains, and as a result their activities can be influenced by 
membrane lipid composition. Activated protein C (APC) is a Gla domain containing enzyme which exerts an antic
oagulant function by inactivating FVa and FVIIIa. PS has previously been demonstrated to support APC function, 
additionally requiring PE for optimal activity.14 APC activity is greatly enhanced by its Gla domain containing co-factor 
protein S. Protein S has a higher binding affinity for lipid membranes than APC, and forms a complex with APC and FVa 
on the membrane, which enhances APC activity.15 Furthermore, preliminary studies previously showed that oxidized 
lipids derived from brain tissue can enhance APC activity.16 However, whether physiological levels of eoxPL from 
platelets and leukocytes can enhance APC, with/without protein S, is unknown.

Aside from interaction with Gla domain containing factors, whether the pro-coagulant membrane could also play 
a regulatory role in downstream pathways, influencing fibrin structure and clot lysis are less clear, with published studies 
being contradictory.17–24 Thrombin cleaves fibrinogen to fibrin which rapidly forms a network whose structure dictates 
function. A fibrin clot formed of thin fibers is mechanically stiff and can impede blood flow or fracture leading to 
thrombotic events, while a clot comprised fewer fibers, interspersed by large pores, may be too weak to seal the 
wound.25–27 During network formation, fibrin monomers aggregate laterally to form protofibrils. These protofibrils then 
undergo further lateral aggregation to form the basis of the fibers within the network. The subsequent increase in fiber 
diameter can be measured by absorbance.28–30 Using this approach, studies using synthetic membranes suggested that PL 
can influence clot structure by interacting with fibrinogen, however, the membrane compositions tested were not 
representative of the platelet surface.22–24 One of these studies additionally suggested that thrombin could directly 
interact with di-palmitoyl-PC (DPPC), regulating its activity,23 however, DPPC is not an abundant platelet PC, and 

Figure 1 Overview of the coagulation cascade including fibrinolysis and activated protein C pathways, highlighting phospholipid interactions. 
Abbreviations: TF, Tissue factor; APC, activated protein C; ProS, protein S; FG, fibrinogen; PLM, plasmin; PLG, plasminogen; t-PA, tissue plasminogen activator; u-PA, 
urokinase; FDP, fibrin degradation products.
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furthermore the PS binding Gla domain of prothrombin is lost during activation to thrombin. Thus, it is not clear how 
aPL could directly impact thrombin enzymatic activity.31

Fibrinolysis describes the process of clot dissolution after hemostasis is complete. Here, tissue plasminogen activator 
(t-PA) and urokinase (u-PA) convert plasminogen to its active form plasmin, which then cleaves fibrin causing break
down of the fiber network.32,33 A few studies have investigated whether pro-coagulant aPL directly impact the 
fibrinolytic system, but these have yielded conflicting results.17–21 The conditions used to measure fibrinolysis vary 
substantially, and the lipid compositions tested are generally non-physiological. For example, studies on t-PA activation 
of fibrinolysis used membranes comprising up to 100% PS.20 OxPL have also been found bound to plasminogen, leading 
to suggestions they may play a role in fibrinolysis.34 However, whether they can impact fibrinolysis when incorporated 
into the platelet membrane is currently unknown.

Clot structure, fibrinolysis and anti-coagulation are essential for the regulation of hemostasis, and their dysregulation 
is a direct contributor to human pathology, thus it is important to clarify whether known procoagulant lipids have a direct 
impact on these parameters.35,36 To address this, a series of approaches will be used, focusing on lipid compositions that 
are representative of physiological membranes. First, the impact of the procoagulant membrane on thrombin activity will 
be tested to exclude any impact of lipids on the subsequent bioassays, which require consistent thrombin activity. Then 
the impact of liposomes containing procoagulant lipids on clot structure will be investigated. Next, the impact of 
liposomes containing physiological proportions of PC, PE, PS, and eoxPL, to represent the activated platelet surface, 
will be investigated in plasmin activity assays and the effect of these membranes on fibrinolysis will be measured in 
a purified system. Last, whether eoxPL generated by immune cells can regulate inactivation of FVa by APC in both the 
presence and absence of protein S will be tested. In this study, the impact of aPL and eoxPL will be tested using purified 
systems in place of plasma. This is because in complete plasma the impact of coagulation itself would not be possible to 
control for, introducing a confounding factor. Specifically, thrombin would be generated at variable amounts (regulated 
by lipids) and could independently influence clot structure, fibrinolysis and FVa generation.7,26 Thus, our experimental 
approach using purified proteins specifically allows us to directly test for an effect of aPL and eoxPL on clot structure, 
plasmin activity and activation, and the inhibition of FVa by APC with and without protein S without interference from 
endogenous thrombin generated in plasma.

Materials and Methods
Generation and Preparation of Lipids
In order to test the effect of aPL and eoxPL on clot structure, fibrinolysis, and APC activity liposomes containing varying 
amounts of the aPL 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (SOPS) and two forms of eoxPL, 15- 
hydroxyeicosatetraenoic acid-PE (15-HETE-PE) and 15-hydroxyeicosatetraenoic acid-PC (15-HETE-PC) were used as 
described in Table 1. 15-HETE-PE and 15-HETE-PC were generated using soybean 15-lipoxygenase (15-LOX) (Santa 

Table 1 Liposome Compositions Used in Experimental Work

Label Lipid Composition

Buffer –

0% PS 50% DSPC, 30% SOPE, 20% SOPC

5% PS 50% DSPC, 30% SOPE, 15% SOPC, 5% SOPS

10% PS 50% DSPC, 30% SOPE, 10% SOPC, 10% SOPS

20% PS 50% DSPC, 30% SOPE, 20% SOPS

PC/PE 65% DSPC, 20% SOPE, 10% SAPE, 5% SOPC

PC/PE/PSa 65% DSPC, 20% SOPE, 10% SAPE, 5% SOPS

(Continued)

Journal of Blood Medicine 2025:16                                                                                                 https://doi.org/10.2147/JBM.S527558                                                                                                                                                                                                                                                                                                                                                                                                    511

Morgan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Cruz Biotechnology, Dallas, Texas, USA) as described previously.37 Briefly 1-stearoyl-2-arachidonoyl-sn-glycero 
-3-phosphoethanolamine (SAPE) (Avanti Polar Lipids, Alabaster, Alabama, USA) or 1-stearoyl-2-arachidonoyl-sn- 
glycero-3-phosphocholine (SAPC) (Avanti Polar Lipids, Alabaster, Alabama, USA) were incubated with 15-LOX in 
deoxycholate buffer in the presence of O2. Lipid hydroperoxides were then reduced using SnCl2 and the lipids extracted. 
15-HETE-PE or 15-HETE-PC were separated from the residual SAPE or SAPC using HPLC and the purity confirmed 
using mass spectrometry. The concentrations of 15-HETE-PE and 15-HETE-PC were calculated from their absorbance at 
235 nm using the extinction coefficient 28 mM−1cm−1.

Lipids were added to a glass vial at the ratios given for each condition in Table 1 and dried under N2 gas. The lipids 
used were as follows: 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1-stearoyl-2-oleoyl-sn-glycero-3-phospho
choline (SOPC), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (SOPE), 1-stearoyl-2-arachidonoyl-sn-glycero 
-3-phosphoethanolamine (SAPE), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (SAPC) and SOPS (Avanti 
Polar Lipids, Alabaster, Alabama, USA), and 15-HETE-PE and 15-HETE-PC as generated above. Lipids were re- 
suspended in 500 µL liposome buffer (20 mM HEPES and 100 mM NaCl, pH 7.35) to give a total lipid concentration of 
100 µM, then vortexed and subjected to ten freeze thaw cycles, and passed through a 100 nm pore membrane 19 times 
using a LiposoFast extruder (Avestin, Inc. Ottawa, Canada). All liposome preparations were used on the day of 
generation.

The lipids selected for these experiments were chosen with the aim of creating a system suitable for testing the effect 
of PS and eoxPL, which would be expected to provide a simple representation of the surface of an activated platelet. The 
liposome composition was varied around a standard ratio of 65% PC, 30% PE and 5% PS which reflects a standard cell 
membrane surface.1,13 DSPC was used as it represents an abundant form of PC found in mammalian cell membranes. 
SAPE and SAPC were used to act as a control for 15-HETE-PE and 15-HETE-PC which feature an oxidized FA chain 
derived from the arachidonic acid in SAPE and SAPC. SOPE, SOPC, and SOPS were used as they are not susceptible to 
oxidation and would therefore not be expected to interfere with the evaluation of eoxPL. For measurements of thrombin 
activity and clot structure, the composition included 50% DSPC, 30% SOPE and up to 20% SOPC substituted with 
SOPS. This allowed for alteration of the headgroup without influencing the FA chains. For fibrinolysis experiments, the 
liposomes contained 65% DSPC, 20% SOPE, 10% SAPE and 5% SOPC where the SOPC was again substituted with 
SOPS, and SAPE was substituted with 15-HETE-PE. These compositions tested the substitution of PC with PS without 
influencing the FA composition, and substitution of the arachidonic acid from SAPE with 15-HETE without otherwise 
modifying the liposomes. Similarly for APC/protein S experiments, SAPC and SAPE were substituted with 15-HETE-PC 
and 15-HETE-PE, respectively.

Table 1 (Continued). 

Label Lipid Composition

PC/PE/PS (15-HETE-PE)a 65% DSPC, 20% SOPE, 10% 15-HETE-PE, 5% SOPS

PC/PE/PSb 55% DSPC, 10% SAPE, 20% SOPE, 10% SAPC, 5% SOPS

PC/PE/PS (15-HETE-PE)b 55% DSPC, 10% 15-HETE-PE, 20% SOPE, 10% SAPC, 5% SOPS

PC/PE/PS (15-HETE-PC) 55% DSPC, 10% SAPE, 20% SOPE, 10% 15-HETE-PC, 5% SOPS

Notes: aused in all experiments apart from APC/protein S, bused for APC/protein S experiments. 
Abbreviations: DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; SOPE, 1-stearoyl-2-oleoyl-sn-glycero 
-3-phosphoethanolamine; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine; SOPS, 1-stearoyl-2-oleoyl- 
sn-glycero-3-phospho-L-serine; SAPE, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine; 15- 
HETE-PE, 15-hydroxyeicosatetraenoic acid-PE; SAPC, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocho
line; 15-HETE-PC, 15-hydroxyeicosatetraenoic acid-PC.
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Thrombin Activity Assay
To assess thrombin activity, final concentrations of 0.56 mM of Chromogenix S-2238 (Enzyme Research Laboratories, 
Swansea, UK) in Tris buffered saline with tween (TBST, 10 mM Tris, 140 mM NaCl and 0.01% Tween-20 at pH 7.4) and 
60 µM liposomes were combined in a 96 well plate. 5 mM CaCl2 and 0.25 NIH/mL human alpha thrombin (Enzyme 
Research Laboratories, Swansea, UK) in TBST were added immediately before loading into a Clario Star Plus plate 
reader (BMG Labtech, Aylesbury, UK) to a total volume of 100 µL. After a 2s double orbital shake at 500 rpm, 
absorbance (405 nm) was monitored for 80 min at 37°C. The gradient of absorbance during the linear period (0–20 min) 
was calculated to give the Δ Absorbance (405 nm) per minute.

Clot Structure Assay
To measure clot structure, final concentrations of 2 mg/mL plasminogen-depleted fibrinogen (Enzyme Research 
Laboratories, Swansea, UK) in TBST and 60 µM liposomes were combined in a 96 well plate. 5 mM CaCl2 and 0.25 
NIH/mL human alpha thrombin in TBST were added to the wells immediately before loading into a Clario Star Plus plate 
reader, to a total volume of 100 µL. After a 2s double orbital shake at 500 rpm, absorbance at 405 nm was measured 
every 30s at 37°C until a plateau was reached. The maximum absorbance (405 nm) during the plateau region following 
clot formation was recorded.

Plasmin Activity Assay
To measure the effect of liposomes on plasmin activity, 50 µL liposomes of varying concentrations (0–20 µM) were 
added to a 96 well plate along with a final concentration of 12.5 nM plasmin (Enzyme Research Laboratories, Swansea, 
UK). 500 µM Chromogenix S-2251 (Quadratech Diagnostics, Eastbourne, UK) in TBST was then added to the wells, 
immediately before loading into a Clario Star Plus plate reader, to a total volume of 200 µL. After a 2 second double 
orbital shake at 500 rpm, absorbance at 405 nm was measured every minute for 6 h at 37°C. The gradient of the 
absorbance data during the linear period (0–100 min) was calculated to give the Δ Absorbance (405 nm) per minute.

Fibrinolysis Assay
To determine the effect of liposomes on fibrinolytic activity, liposomes of varying concentrations (0–20 µM) were added 
to a 96 well plate (20 µL). Final concentrations of 1.25 mg/mL fibrinogen, 0.24 µM human glu-plasminogen (Enzyme 
Research Laboratories, Swansea, UK) and either 600 pM native human urokinase (u-PA) (Abcam, Cambridge, UK) or 20 
pM Hyphen BioMed recombinant human t-PA (Quadratech Diagnostics, Eastbourne, UK) in TBST were added to each 
well. 5 mM CaCl2 and 0.25 NIH/mL thrombin were then added immediately before loading into a Clario Star Plus plate 
reader, to a total volume of 100 µL. After a 2s double orbital shake at 500 rpm, the absorbance (405 nm) was measured 
every minute for 6 h at 37°C. Lysis time is defined as the time between 50% of maximum absorbance during formation to 
50% maximum absorbance (405 nm) during breakdown of the network, derived by interpolation between the points of 
the raw data traces.

FVa Inactivation Assay
Phospholipids (20 µM) were incubated at 37°C in the presence of FVa (5 nM) (Prolytix, Essex Junction, Vermont, USA), 
CaCl2 (5 mM) (Merck, Dorset, UK), with/without protein S (50 nM) (Prolytix, Essex Junction, Vermont, USA) and with/ 
without APC (0.25 nM) (Enzyme Research Laboratories, Swansea, UK) in a total volume of 30 µL. The assay was 
performed in buffer containing 20 mM HEPES (Sigma Aldrich, Dorset, UK) 0.1 M sodium chloride (Sigma Aldrich, 
Dorset, UK) and 0.01% BSA (Sigma Aldrich, Dorset, UK) at pH 7.4. After 5 minutes, APC was inactivated by addition 
of 4-Amidinophenylmethanesulfonyl fluoride hydrochloride (p-APMSF) (0.2 mM) (Santa Cruz Biotechnology, Dallas, 
Texas, USA)38 and incubated at room temperature for 20 min. FVa activity remaining was measured using 
a prothrombinase assay. For this, the remaining samples from the FVa inactivation assays were topped up with liposomes 
to a total final concentration of 25 µM using the control liposomes (PC/PE/PSb). Prothrombin (500 nM) (Enzyme 
Research Laboratories, Swansea, UK) and FXa (20 nM) (Enzyme Research Laboratories, Swansea, UK) were then added 
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to a final total volume of 50 µL and samples incubated at 37°C for 5 min. NOTE: The concentration of total FVa is 
diluted to 3 nM, and the concentration of CaCl2 is diluted to 3 mM for this step. The reaction was quenched by addition 
of 12.5 µL of 35 mM EDTA (final concentration 7 mM) (Sigma Aldrich, Dorset, UK). The concentration of thrombin 
generated was measured by comparing the initial linear rate of cleavage of the Chromogenix substrate S-2238 (Enzyme 
Research Laboratories, Swansea, UK) by the samples to the rate of cleavage using a set of thrombin standards of known 
concentrations (FIIa) (Enzyme Research Laboratories, Swansea, UK). Absorbance was measured using a Clario Star Plus 
plate reader. Following a 10s double orbital shake at 500 rpm, absorbance (405 nm) was measured every 38s for 20 min 
at room temperature.

Statistical Analysis
For each condition, three independent liposome preparations (n = 3) were analyzed, with each of these measured in 
triplicate (technical replicates). Statistical significance was determined using one-way ANOVA and Tukey’s post hoc test. 
Data processing and analysis was performed using Microsoft Excel and MATLAB.

Results
PS Containing Liposomes Do Not Significantly Influence Thrombin Activity
Prior to conducting assays testing the impact of PL on clot structure or lysis, it was important to ensure that under our 
conditions, lipids were not impacting thrombin activity. Although the formation of thrombin is PS dependent, the Gla 
domain of prothrombin is lost when prothrombin fragment 1.2 is released during activation to thrombin.31 While it was 
expected that PS containing liposomes would not impact thrombin activity, a previous study suggested that the activity 
could be enhanced by DPPC.23 To exclude this potential confounder, the ability of thrombin to cleave a chromogenic 
substrate in the presence of liposomes was evaluated. The liposomes tested approximated a physiological membrane, 
containing 70% PC (50% DSPC, 20% SOPC), and 30% PE as SOPE, to which gradually increasing amounts of SOPS up 
to 20% were incorporated, by replacing the SOPC.1 Replacing SOPC with SOPS ensured that the FA composition was 
consistent across all conditions. Thrombin activity was not significantly enhanced by the inclusion of lipids, and 
furthermore there was no impact of PS at any level tested (Figure 2A and B, Supplementary Table 1).

PS Did Not Significantly Influence Clot Structure
The effect of membranes containing biologically relevant ratios of PL, with varying PS amounts up to 20%, were next 
tested for their impact on the developing clot structure, measured by maximum absorbance at 405 nm.28,29 As shown, the 
clot structure was not impacted by PE/PC liposomes, either without PS or with gradually increasing amounts up to 20% 
(Figure 2C and D, Supplementary Table 2).

Pro-Coagulant Lipids Do Not Regulate Plasmin Activity
To test the effect of the pro-coagulant membrane on fibrinolysis, the activity of plasmin was first measured using 
a chromogenic assay in the absence of fibrin, while incorporating liposomes of varying composition. As above, 
liposomes were formulated to provide physiological ratios of PC/PE/PS, ensuring that the FA composition remained 
constant as PLs were substituted. We previously demonstrated that eoxPL are pro-coagulant, using ~65–70% PC, 30% 
PE, and 5–10% PS liposomes, with eoxPL added up to 10% maximum to model platelet membranes.13 Similarly, for this 
experiment, 5% SOPC (control) was replaced with SOPS to test the impact of PS. Also, to test the impact of eoxPL, 10% 
SAPE (control) was replaced with its oxygenated analogue, the eoxPL, 1-stearoyl-2-15-HETE-PE (15-HETE-PE).11,39 

Liposome concentrations were varied from 0 to 20 µM, to alter the total surface area tested. PE/PC membranes with or 
without PS had no impact on plasmin activity. Similarly, inclusion of HETE-PE had no effect at any concentration tested 
(Figure 3A and B, Supplementary Table 3).
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Pro-Coagulant Lipids Do Not Alter Fibrinolysis
We next investigated whether aPL and eoxPL could regulate upstream activation of plasminogen and downstream 
dissolution of fibrin. Here, t-PA or u-PA were added to activate plasminogen in a fibrinolysis assay where liposomes were 
present along with fibrinogen, which was then clotted by the addition of thrombin. Formation/lysis of clots was 
determined using absorbance at 405 nm, as a measure of the presence of fibrin networks.28,29 In this assay, the formation 
and subsequent lysis are visualized by the shape of the absorbance curve, as shown in Figure 3C. When t-PA was used as 
the plasminogen activator, liposomes comprising PE/PC had no impact at concentrations up to 20 µM. Furthermore, 
inclusion of PS with/without HETE-PE at physiological amounts had no impact (Figure 3C and 3D, Supplementary 
Table 4). Similarly, when lysis was initiated by u-PA, there was little effect on formation or lysis of the clot from the 
addition of pro-coagulant membranes (Figure 3E and F, Supplementary Table 5). While a statistically significant 
prolongation of lysis time was observed for one condition, it occurred in the absence of PS, and only at a single 
liposome concentration (Figure 3E and F, Supplementary Table 5).

EoxPL Phospholipids Do Not Alter FVa Inactivation by APC
It has previously been reported that air oxidized brain phospholipids can enhance APC activity.16 However, the 
molecular species in the mixture that were responsible for this were not determined. Considering this, we next tested 
whether eoxPL could regulate APC/protein S, similarly to how they regulate the activities of procoagulant factors, 

Figure 2 Liposomes containing physiological amounts of PS do not alter thrombin activity or structure of clots formed by purified thrombin cleavage of fibrinogen. Panels 
(A and B). PS did not impact the activity of 0.25 NIH/mL (A and B) thrombin. Thrombin activity was measured by the metabolism of its chromogenic substrate S-2238 (0.56 
mM) in the presence of liposomes (60 µM) containing varying proportions of PS as outlined in methods (n = 3, mean ± SD). Panels (C and D). PS did not impact the 
structure of clots formed from fibrinogen (2 mg/mL) and 0.25 NIH/mL (C and D) thrombin. Clot structure was measured by the maximum absorbance (405 nm) of clots 
formed in the presence of liposomes (60 µM) containing a varying proportion of PS as outlined in methods (n = 3, mean ± SD). Left panels; representative traces, right 
panels; summary data. Statistics performed using one-way ANOVA. Composition of liposomes was as follows: 0% PS (50% DSPC, 30% SOPE, 20% SOPC), 5% PS (50% 
DSPC, 30% SOPE, 15% SOPC, 5% SOPS), 10% PS (50% DSPC, 30% SOPE, 10% SOPC, 10% SOPS) 20% PS (50% DSPC, 30% SOPE, 20% SOPS).
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Figure 3 Pro-coagulant lipids have little or no impact on the activity of plasmin or its formation from plasminogen by u-PA or t-PA. Panels (A and B). Pro-coagulant 
liposomes did not impact the activity of plasmin. Plasmin (12.5 nM) activity was measured by the metabolism of its chromogenic substrate S-2251 (500 µM) in the presence 
of varying concentrations of pro-coagulant liposomes (0–20 µM) as outlined in methods (n = 3, mean ± SD). Panels (C and D) Liposomes did not alter lysis time of purified 
fibrin clots by plasminogen activated by t-PA. Lysis time was measured as the time from half maximal absorbance (405 nm) during clot formation to half maximal absorbance 
during the lysis of fibrin clots (1.25 mg/mL fibrinogen) formed by thrombin (0.25 NIH/mL) in the presence of CaCl2 (5 mM) where plasminogen (0.25 µM) was activated by 
t-PA (20 pM) as outlined in methods (n = 3, mean ± SD). Panel (C) shows liposomes at 4 µM. Panels (E and F) Liposomes did not alter lysis time of purified fibrin clots by 
plasminogen activated by u-PA, apart from at one single concentration. Lysis time was measured as the time from half maximal absorbance (405 nm) during clot formation to 
half maximal absorbance during the lysis of fibrin clots (1.25 mg/mL fibrinogen) formed by thrombin (0.25 NIH/mL) in the presence of CaCl2 (5 mM) where plasminogen 
(0.25 µM) was activated by u-PA (600 pM) as outlined in methods (n = 3, mean ± SD). Panel (E) shows liposomes at 10 µM. Statistics were performed using one-way 
ANOVA with Tukeys post-hoc test (* p<0.05, ** p<0.01, *** p<0.001). Composition of liposomes was as follows: PC/PE (65% DSPC, 20% SOPE, 10% SAPE, 5% SOPC), PC/ 
PE/PS (65% DSPC, 20% SOPE, 10% SAPE, 5% SOPS), PC/PE/PS (15-HETE-PE) (65% DSPC, 20% SOPE, 10% 15-HETE-PE, 5% SOPS).
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focusing on 15-HETE-PE and 15-HETE-PC.12,13 As above, a small amount of PE or PC from the control condition 
that contained arachidonic acid at Sn2 position was removed and replaced with the equivalent 15-HETE-PE or PC, 
using amounts reflective of platelet membrane compositions. There was no significant effect of liposomes containing 
either 15-HETE-PE or 15-HETE-PC on either FVa inactivation by APC alone or on the enhancement of APC 
activity by protein S (Figure 4 and Supplementary Table 6).

Discussion
The roles of PS and eoxPL in driving coagulation via their interactions with factors containing Gla domains are well 
established (Figure 1). However, whether aPL or eoxPL play a role in regulating clot structure or lysis is less clear. The 
existing literature on effects of the pro-coagulant lipid membrane on these elements of hemostasis is limited, utilize non- 
physiological liposome compositions, and in the case of fibrinolysis, are contradictory, while a role for eoxPL has not yet 
been investigated.17–24 Therefore, here we focused on determining the effect of physiologically relevant liposome 
compositions on fibrin clot structure and plasmin activation and activity. Additionally, we investigated the effect of 
eoxPL on the Gla domain containing APC and protein S, which act as part of the inhibitory system limiting coagulation, 
and are already known to interact with PS.2

To investigate the effect of aPL on fibrin network structure and the breakdown of the fibrin network by plasmin, 
purified protein assays were used. This was to ensure that there were no confounding effects from changes in thrombin 
generation and activity during the assay. As expected, we confirmed experimentally that there was no effect of PS on 
thrombin activity under our assay conditions.

In previously published studies, synthetic PL membranes composed of PC and phosphatidylglycerol (PG) were 
reported to impact clot structure, as measured by absorbance-based assays, suggesting PL can directly interact with 

Figure 4 Liposomes containing 15-HETE-PE and 15-HETE-PC do not enhance activated protein C (APC) or protein S activities. Liposomes (20 µM, containing eoxPL as 
listed in Table 1), FVa (5 mM), CaCl2, (5 mM), APC (0.25 nM) ± protein S (50 nM) were incubated at 37°C for 5 minutes, APC then inactivated with p-APMSF before 
remaining FVa activity measured using a prothrombinase assay (n = 3, mean ± SD). Results are recorded as a percentage of remaining FVa activity compared with controls 
containing no APC or protein S (ie 100% FVa activity). Blanks that included no FVa were also tested to account for the level of FXa activity in the absence of FVa and these 
values were deducted from all other values. No significant differences between liposome types were detected, either in the presence or absence of protein S (tested by one- 
way ANOVA). Composition of liposomes was as follows: PC/PE/PS (55% DSPC, 10% SAPE, 20% SOPE, 10% SAPC, 5% SOPS), PC/PE/PS (15-HETE-PE) (55% DSPC, 10% 15- 
HETE-PE, 20% SOPE, 10% SAPC, 5% SOPS), PC/PE/PS (15-HETE-PC) (55% DSPC, 10% SAPE, 20% SOPE, 10% 15-HETE-PC, 5% SOPS).
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fibrinogen.22–24 The mechanism was proposed to involve the adsorption of fibrinogen onto liposome surfaces. However, 
the composition of the lipid membrane was non-physiological, with inclusion of up to 20% PG, which is a low 
abundance lipid in platelets. Fibrinogen was also suggested to adsorb to PC/PE and PC/PS membranes.22–24 In these 
studies, the greatest effects were seen using non-physiological liposomes that contained a single PL molecular species, eg 
100% dipalmitoylphosphatidylcholine (DPPC) or 100% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). 
Importantly, membranes containing physiologically relevant ratios of both PE and PS, which directly model the pro- 
coagulant membrane, were not tested.22–24 Our study directly addressed this by using physiologically relevant lipid 
membranes comprising PC/PE and varying amounts of PS (0–20%) and found that these liposomes had no effect on 
mature clot structure. Overall, our data indicate that pro-coagulant membranes that form during platelet activation are 
unlikely to directly influence mature fibrin clot structure. However, in vivo, it is possible that lipids could indirectly 
contribute, through regulation of thrombin generation during the process of coagulation itself (Figure 1).

Clot dissolution is mediated by plasmin, which is generated in the blood compartment through the action of 
plasminogen activators such as t-PA and u-PA. Plasmin cleaves the fibrin network to form fibrin degradation 
products as illustrated in Figure 1.32,33 Previous studies investigating interactions between PLs, including PS, and 
the fibrinolytic system, have reported conflicting outcomes.17–21 However, these vary substantially in methodology, 
including differences in the presence/absence of a fibrin surface, CaCl2 concentration, the incorporation of tPA 
directly into PL vesicles, as well as the testing of non-physiological membrane compositions, containing up to 
100% PS.17–21 To address this, our study used physiologically relevant PL compositions and found that these have 
no effect on the ability of plasmin to cleave its chromogenic substrate. The liposomes also had no impact on the 
activation of plasmin by t-PA or the dissolution of fibrin network by plasmin. Additionally, no obvious trend 
indicating an effect of either PS or eoxPL on the activation of plasmin by u-PA was observed. Taken together, this 
indicates that plasmin activation, plasmin activity, and the breakdown of fibrin by plasmin are not directly 
sensitive to the presence of lipid membranes composed of PC/PE, even when PS or eoxPL are included 
(Figure 3A and B). In summary, isolated fibrinolytic pathways are not directly influenced by procoagulant PL, 
although we cannot exclude that in vivo, in the context of coagulation, changes in thrombin generation may 
indirectly regulate these processes.

Neither 15-HETE-PE nor 15-HETE-PC altered the activity of APC in either the absence or presence of protein 
S. Although APC and protein S contain Gla domains similar to pro-coagulant factors, their Kd values for binding 
PS/PE (10%:40%) membranes are quite different to those determined for FX, FIX and FVIIa.40 Specifically, while 
FX, FIX and FVIIa bind to the membrane with rather similar affinities, APC binds with far lower affinity (4–17 
fold lower) while protein S binds far tighter (50–180 fold higher). This could provide a partial explanation for the 
lack of effect of eoxPL on APC/protein S, as there may be less of an impact of the wider membrane environment 
on the interaction of Gla domains that bind differently to the exposed PS headgroup than pro-coagulant factors.

In our study, the liposomes used were more reflective of the activated platelet surface than those previously reported 
and are well established to show a pro-coagulant effect, including at the concentrations and ratios tested herein.11–13,41 

Thus, the lipid changes in the PL surface of activated platelets are unlikely to directly influence clot structure or 
fibrinolysis.

While our study shows no direct effect of PL on thrombin activity, clot structure, or fibrinolysis using purified 
systems, it is possible that these lipids could exert indirect effects through their role in supporting the coagulation 
cascade. Specifically, procoagulant lipids modulate thrombin generation, which in turn may influence clot structure.26 

Differences in clot structure, and the regulation of fibrinolytic inhibitors by thrombin could result in alteration of 
fibrinolysis when considering the global haemostatic system.26,32 Platelets are well known to interact with fibrin networks 
and plasminogen via membrane receptors, and it is possible that this could also be influenced by aPL or eoxPL.42,43 

Future studies could investigate whether such secondary effects of procoagulant phospholipids on clot structure and 
fibrinolysis occur in plasma or in vivo.
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Abbreviations
15-HETE-PC, 15-hydroxyeicosatetraenoic acid-PC; 15-HETE-PE, 15-hydroxyeicosatetraenoic acid-PE; APC, activated 
protein C; aPL, aminophospholipids; DPPC, di-palmitoyl-phosphocholine; DSPC, 1,2-distearoyl-sn-glycero-3-phospho
choline; eoxPL, enzymatically oxidized phospholipids; FA, fatty acyl; PC, phosphatidylcholine; PE, phosphatidyletha
nolamine; PL, phospholipids; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine; PS, phosphatidylserine; 
SAPC, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine; SAPE, 1-stearoyl-2-arachidonoyl-sn-glycero-3-phos
phoethanolamine; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine; SOPE, 1-stearoyl-2-oleoyl-sn-glycero 
-3-phosphoethanolamine; SOPS, 1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; t-PA, tissue plasminogen activator; 
TBST, tris buffered saline with tween; u-PA, urokinase.
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