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For Transfusion 

Abstract 

BACKGROUND:  

Platelet transfusion is challenging in emergency medicine because of short platelet shelf-life and 

stringent storage conditions. Platelet-derived extracellular vesicles (PEV) exhibit platelet-like 

properties. A plasma generated from expired platelet units rich in procoagulant PEV may be able to 

combine the benefits of plasma and platelets for resuscitation whilst increasing shelf life and utilising 

an otherwise wasted resource.  

STUDY DESIGN AND METHODS:  

Freeze-thaw cycling of PRP followed by centrifugation to remove platelet remnants was utilised to 

generate platelet enhanced plasma (PEP). An in vitro model of dilutional coagulopathy was also 

designed and used to test PEP. Rotational Thromboelastometry and Calibrated Automated 

Thrombography were used to assess clotting and EV procoagulant activity. Capture arrays were used 

to specifically measure EV sub-populations of interest (ExoView™, NanoView Biosciences). Captured 

vesicles were quantified and labelled with: Annexin-V-FITC, CD41-PE and CD63-AF647. Platelet alpha 

granule content (PDGF-AB, soluble P-Selectin, VEGF-A and NAP2-CXCL7) was measured. 

Commercially available platelet lysates were also characterised. 

RESULTS:  

PEP is highly procoagulant, rich in growth factors, exhibits enhanced thrombin generation and 

restores haemostasis within an in vitro model of dilutional coagulopathy. The predominant vesicle 

population were PEV with 7.0 x 109 CD41+PS+ EV/ml compared to 4.7 x 107 CD41+PS+ EV/ml in 

platelet-free plasma (p = 0.0079). Commercial lysates show impaired but rescuable clotting. 

DISCUSSION:  

PEP is a unique candidate resuscitation fluid containing high PEV concentration with preliminary 

evidence indicating a potential for upscaling the approach using platelet concentrates. Commercial 

lysate manufacturer workflows may be suitable for this, but further optimisation and 

characterisation of PEP is required. 

  



 
 

Introduction 

In 1967, Wolf coined the term “platelet dust” to describe the material underpinning the procoagulant 

properties observed in platelet poor plasma (PPP) and serum 1-3. This material is now recognised to be 

a subpopulation of extracellular vesicles (EV) derived from platelets 1,4. EV are released by all cells, 

identified in virtually all biological fluids and act as key mediators of intracellular communication, 

performing roles in homeostasis and disease5,6. They are small cell-derived vesicles that cannot 

replicate, are delimited by a lipid bilayer and can be released constitutively or induced in response to 

activation from injury, inflammation and stress (e.g. oxidative, shear). 7,8. Current classification divides 

EV into 3 major sub-types: endosomal origin (e.g. exosomes (30-150nm) and plasma membrane origin 

(e.g. microvesicles (100-1000 nm) and apoptotic bodies (50-5000 nm)) 8-11. EV are highly 

heterogeneous, varying and overlapping in: size, biological function and cargo (which can include 

various RNA species, DNA species, protein and lipids)  12-14.  Procoagulant platelet-derived EV (PEV) are 

characterised by externalised phosphatidylserine (PS). Externalised PS provides a negatively charged 

surface that promotes assembly of the tenase and prothrombinase complexes facilitating thrombin 

generation and mediating conversion of fibrinogen into fibrin. PEV contribute to the procoagulant 

properties of fresh frozen plasma (FFP), with differences in PEV content potentially affecting clinical 

outcomes21-25. Physiologically, PEV are released upon traumatic injury and are positively associated 

with survival 26,27.  

Platelets are stored at room temperature under gentle agitation and have a shelf life of 5-7 days. 

Stringent storage conditions leads to high wastage and demand for constant acquisition 35. Platelets 

have been described as essentially unavailable in remote and austere environments 36-39.  The 

PROMMT study, a multicentre prospective observational trial of civilian trauma, highlighted that 

increased use of plasma or platelets relative to packed red blood cells (PRBC)s was associated with a 

reduction in 24-hour mortality 40.  



 
 

Human platelet lysates (HPL) are generated via freeze-thaw cycling of expired platelet units and 

contains high levels of growth factors and form an alternative to foetal bovine serum (FBS) for the 

expansion of a diverse range of cell types41,42. Here we provide evidence for the in vitro potency of 

Platelet Enhanced Plasma (PEP) generated through freeze-thaw cycling of platelet rich plasma (PRP) 

and some preliminary evidence on utilising the process on platelet units. 

  



 
 

Methods 

Volunteers 

This study received ethical approval from the University of Birmingham’s Science, Technology, 

Engineering, and Mathematics Ethical Review Committee (ERN-18-1017). Healthy volunteers were 

recruited from the University of Birmingham Research Laboratories, Queen Elizabeth Hospital. 

Exclusion criteria included a history of bleeding symptoms and use of aspirin/NSAIDs and other 

antiplatelet drugs within 1 week. Informed written consent was received from all participants. Blood 

was withdrawn from each participant via antecubital venepuncture using a sterile 21-gauge needle 

and aseptic technique. The first 4ml of blood were withdrawn into EDTA anticoagulant BD vacutainers 

for full blood counts using the Sysmex XN1000 (Sysmex, UK, Milton Keynes). Up to 42ml of blood was 

then drawn into tri-sodium citrate anticoagulant BD vacutainers for experiments (9:1 vol/vol).  

PEP generation  

PRP was prepared from whole blood, following the recommendations of the Platelet Physiology 

Subcommittee of SCC/ISTH by 200 x g centrifugation for 10 minutes with no brake 43. PRP was 

aspirated without disturbing the buffy coat. Residual blood underwent a second centrifugation at 1500 

x g for 20 minutes. PPP was aspirated without disturbing the buffy coat. PEP was generated by 3x 

freeze-thaw cycling of PRP at -80°C and 37°C. After the final thaw sample underwent 3000 x g 

centrifugation to remove residual platelet remnants and aggregates and was stored frozen until 

required for experiments. For some experiments platelet free plasma (PFP) was generated by spinning 

whole blood once at 2000 x g for 20 minutes, followed by a second spin of the aspirated plasma at 

13,000 x g for 2 minutes. 

Commercial Lysates 

HPL were also obtained from 3 different companies: MultiPL’100 (MacoPharma, Mouvaux, France) 

PLSOLUTION Research Grade (PL Bioscience GmbH, Dennewartstr, Germany), CRUX RUFA Research 

Trinova Biochem GmbH, Rathenaustr, Germany). All HPL preparations were thawed at 37°C, aliquoted 

and stored at -80°C. HPLs were thawed at 370C for 10 minutes prior to experimental analysis.  



 
 

Thrombin Generation 

Thrombin generation was assessed by using calibrated automated thrombography (CAT) as described 

by Hemker et al 44. Briefly, 96 well round bottomed plates were prepared with 4 wells containing 80 

l of sample and 20 l of either PRP reagent (5 pM tissue factor) or thrombin calibrator. Plates were 

then incubated for 10 minutes at 37°C, after which 20 l of FLUCA reagent (fluorescent thrombin 

substrate Z-Gly-Gly-Arg-aminomethylcoumarine (ZGGR-AMC) and CaCl2 (CAT# 86197, Stago) was 

automatically added to initiate thrombin generation. After sample activation samples were monitored 

using a fluorescent plate reader (Fluoroskan Ascent, Thermo Scientific™, UK). Thrombin generation 

parameters (lag time, peak, time to peak, ETP (endogenous thrombin potential/area under the curve, 

start tail) were  calculated by the Hemker software (Thrombinoscope Software Version V5.0.0.742, 

Stago). 

ROTEM 

Rotational thromboelastometry (ROTEM) was used to measure clotting time (CT), clot formation time 

(CFT) (time to reach clot amplitude of 20 mm), maximum clot firmness (MCF) and the alpha (0), which 

is the angle of the tangent between 0 and 20 mm clot amplitude. A 4-channel instrument was used 

for all analysis (ROTEM® Delta, Werfen, Spain). Following the automated pipetting programme, 20 l 

of recalcification reagent (TEM Innovations GmbH, Munich, Germany), 20 l of activation reagent and 

300ul of sample were mixed and instrument recording initiated. The activation reagent was either 

INTEM (TEM Innovations GmbH, Munich, Germany) or EXTEM reagent (TEM Innovations GmbH, 

Munich, Germany); for investigation of the intrinsic and extrinsic pathways, respectively. Instrument 

and sample temperature were maintained at 37°C, except for investigation of the coagulopathy model 

of whole blood and PEP treatment. 

In Vitro model of coagulopathy 

A model of in vitro coagulopathy was designed based on the independent protocols of Caballo et al 

and Shenkman et al 45,46. Citrated whole blood was collected and diluted to 40% with 0.9% saline 

solution. Whole blood, diluted blood and diluted blood treated 1:1 with PEP were then assessed by 



 
 

ROTEM. To better reproduce the coagulopathy associated with trauma hypothermia was also 

simulated in diluted blood, with or without PEP treatment, by measurement at  32oC47. Whole blood 

was measured at 37oC. 

APTT, PT and fibrinogen 

Activated partial Thromboplastin (APTT), Prothrombin time (PT) and Clauss fibrinogen assays were 

performed on a Sysmex CS-5100 coagulometer (Sysmex, Kobe, Japan) using Actin FS, Thromborel S 

and Dade® Thrombin Reagent (Siemens Healthineers, Marburg, Germany) on PEP, PPP and HPL. 

EV phenotyping with ExoView  

EV were detected by the ExoView R100 reader (NanoView Biosciences, Boston, MA, USA) 48. 

Tetraspanin Plasma chips (NanoView Biosciences, Boston, MA, USA) were used for all samples. Chips 

were arrayed with capture antibodies against human CD63, CD81, CD9, CD41a and Mouse IgG. Chips 

were placed in separate wells of a 24 well plate. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffered saline (HBS) was used to dilute all samples. PFP samples were diluted 1:10 and PEP 

samples were diluted 1:250 in HBS. 35 μl of diluted sample was applied to each chip. Distilled water 

was added to the void space between wells, the plate was sealed and incubated for 16 hours at room 

temperature in the dark. Chips were washed three times with HBS supplemented with 2.5mM Ca2+ 

and 15uM GPRP (Gly-Pro-Arg-Pro) amide (Sigma Aldrich). After each wash the plate was shaken at 500 

rpm (LSE Digital Microplate Shaker, Corning) for three minutes. Following the final wash, a fluorescent 

antibody cocktail of annexin-V-FITC (1:2000, Biolegend), CD41-PE (1:2000, Biolegend) and CD63-Alexa-

647 (1:1200, Nanoview Biosciences) was added and incubated for one hour at room temperature in 

the dark. Chips were washed three times as previously. A final wash was performed with distilled 

water. The chips were imaged with the ExoView R100 reader (nScan2 Version 2.76 software). The data 

was analysed using NanoViewer Version 2.82 with fluorescence gating based on Mouse IgG capture 

background and sizing thresholds set at 50 nm to 200 nm.  



 
 

Growth Factor Characterisation by multiplex assay 

Magnetic bead-based multiplex assays (Luminex) were used to assess the growth factor content 

(PDGF-AB, P-selectin, VEGF-alpha and CXCL7/NAP2) of PEP, PPP and HPL (R&D Systems, Minneapolis, 

USA). Briefly, 50 µl of diluted samples or standards were added to 96 well plates. 50 µl of analyte bead 

cocktail was added to each well and the plate was incubated for 2 hours at room temperature on a 

plate shaker at 800 rpm (LSE Digital Microplate Shaker, Corning). Following an automated programme, 

plates were washed three times with a magnetic plate washer. The antibody-biotin reporter was 

added and incubated for 1 hour at room temperature on a plate shaker at 800 rpm. Following three 

washes, 50 µl of streptavidin-phycoerythrin was added to each well and plates were incubated at 

room temperature in the dark on a plate shaker for 30 minutes. Following a final three washes the 

plates were read on the Bioplex 100 (Bio-Rad Laboratories, Hercules, CA).  5-parameter logistic curves 

were generated from the standards.  

Statistical Analysis 

Statistical analysis and figures were generated using RStudio 49.  For all datasets normality was not 

assumed. For all datasets where more than two groups are being compared Kruskall-Wallis tests were 

performed followed by Wicoxon signed rank tests where sample groups were related and Wilcoxon 

rank sum tests where samples groups were unrelated. The Holm-Bonferroni method was applied to 

correct for multiple comparisons. Where datasets contained two samples the Wilcoxon signed rank 

test was used to determine significance. Values reported in text are median values. The predefined 

level of significance was set at 5% (alpha level = 0.05). 

  



 
 

Results:  

Blood Cell Count: 

A summary of cell counts in whole blood, PPP, PRP, PEP and PFP (N = 6) are shown in Figure 1. Expired 

platelet concentrate cells counts are shown in supplementary materials Table 4. The platelet count of 

whole blood (252 x 109/L, p = 0.031) was less than PRP (376 x 109/L), greater than PPP (9.5 x 109/L, p 

= 0.031), PEP (6 x109/L, p = 0.031) and PFP (<1 x 109/L, p = 0.031). The erythrocyte counts in whole 

blood (4.94 x 1012/L) were greater than PRP (0.03 x 1012/L, p = 0.035), PPP (0.00 x 1012/L, p = 0.036), 

PEP (0.00 x 1012/L, p = 0.031) and PFP (0.01 x 1012/L, p = 0.036). As expected, the number of leukocytes 

was lower in PRP (0.01 x 109/L, p = 0.031), PPP (0.00 x 109/L, p = 0.031), PEP (0.00 x 109/L, p = 0.031) 

and PFP (0.00 x 109/L, p = 0.031) compared to whole blood (6.63 x 109/L). PRP is enriched in platelets 

with minimal leukocyte and erythrocyte contamination. Freeze-thaw cycling of PRP, generates PEP 

which is characterised by reduced platelet count (p = 0.031) and is free of leukocyte and erythrocyte 

contamination.  

PEP shows Enhanced Thrombin Generation Characteristics  

Figure 2 shows a comparison of PRP and PEP with PPP and freeze-thawed PPP controls. Figure 2 a) 

shows an enhanced leftward shift in thrombin generation dynamics for PEP compared to PPP, PRP, 

freeze-thawed PPP and HPL. Figure 2 b) shows PEP (255.8 nM) has the highest peak thrombin 

generation and is improved compared to PPP (46.13 nm, p = 0.0079), PRP (114.0 nm, p = 0.0079) and 

HPL (72.6 nm, p = 0.036). Interestingly, Figure 2 c) shows PEP (1351.1 nmol/min) ETP does not increase 

compared to fresh PRP ETP (1268.7 nmol/min, p = 0.22); indicating that the total amount of thrombin 

generated is not altered. PEP ETP (1351.1 nmol/min) was greater than PPP (802.0 nmol/min, p = 

0.0079) and HPL ETP (1104 nmol/min, p = 0.036). As shown in Figure 2 d), PEP (3.6 mins) lag time is 

reduced compared to PPP (6.63 mins, p = 0.0079) and PRP (6.13 mins, p =0.0079), but was not 

significantly different to HPL lag time (4 mins, p = 0.14). The time to reach peak thrombin generation, 

(Figure 2 e)) is reduced in PEP (6.94 mins) compared to PPP (13.32 mins, p = 0.079) and PRP (14.67 



 
 

mins, p = 0.0079) but not HPL (10.92 mins, p = 0.39). Figure 2 f) shows that the start tail of PEP (26.49 

mins) is earlier compared to PPP (52.27 mins, p = 0.0079), PRP (37.67 mins, p = 0.0079) and HPL (41.75 

mins, p = 0.036). A full breakdown of HPL thrombin generation parameters is shown in supplementary 

material Table 1. Expired NHSBT platelet unit’s thrombin generation parameters are shown in 

supplementary Figure 1 and Table 5. 

PEP is Enriched in Procoagulant CD41+ EV 

Figure 3 shows secondary labelling of captured PEP and PFP EV. As expected, there were higher 

concentrations of PS+ vesicles captured on CD41 (7.0 x 109 particles/ml) (Figure 3 a) and CD9 (3.7 x 

109 particles/ml) (Figure 3 c) spots in PEP compared to PFP (4.7 x 107 particles/ml, 1.8 x 107 

particles/ml, p = 0.0079).  Figure 3 b) shows greater PS+ and CD41+ EV (5.1 x 108 particles/ml, 1.6 x 

109 particles/ml) compared to PFP (3.3. x 106 particles/ml, 4.4 x 106 particles/ml, p = 0.0079) 

captured on CD63. The increased EV count in PEP on CD63 capture is less than that recorded on 

other spots. CD81 captured EV, shown in Figure 3 d), increase modestly in PEP compared to PFP and 

indicate that platelets have low capacity to generate CD81+ EV. Supplementary table 3 shows EV 

size. The size of PEP EV captured on CD63 (65 nm) and CD9 (80 nm) were not significantly different 

to PFP EV captured on CD63 (65nm, p = 0.91) and CD9 (80 nm, p = 0.75). CD41 captured (100 nm) 

PEP EV were larger than CD41 captured PFP EV (75 nm, p = 0.012). CD81 PEP EV (55 nm) were 

smaller than CD81 PFP EV (70 nm, p = 0.043). 

 PEP Clotting Characteristics 

Figure 4 a) shows PEP (40.5 s) exhibits an enhanced CT with EXTEM stimulation compared to PPP (51 

s, p = 0.210) No differences were observed in INTEM CT between groups (Figure 4 e). With EXTEM 

and INTEM testing there were no significant differences in CFT between groups (Figure 4 b and f).  

MCF (Figure 4 c)) is significantly greater in PRP (79 mm) with EXTEM testing compared to PPP (24 

mm, p = 0.0079),) and PEP (26.8mm, p = 0.0079). MCF is also greater in PRP (79mm) compared to 

PPP (23.0mm, p = 0.012) and PEP (26.0mm p =0.0079) with INTEM testing. With EXTEM testing alpha 



 
 

angle was similar in PRP (84.0), PPP (81.0, p = 0.25) and PEP (83, p = 0.53). Alpha angle was also 

similar, with INTEM testing, between PRP (84.0) and PPP (79.5, p = 0.071) and between PRP and PEP 

(81, p = 0.071). Figure 4 i), j) and k) shows no significant differences in APTT, PT or fibrinogen 

between PEP and PPP. 

PEP Treatment of an In Vitro Model of Coagulopathy: Clotting Characteristics 

With EXTEM testing the CT of the dilutional model of coagulopathy (122 s) was increased compared 

to whole blood (82 s, p = 0.012) and PEP treatment of the coagulopathic blood (56 s) resulted in a 

shorter CT compared to both whole blood (p = 0.012) and the model (p = 0.012). CT of the dilutional 

model (302 s) was increased with INTEM testing compared to whole blood (159 s, p = 0.012) and 

restored upon PEP treatment (151s, p = 0.016), with no significant difference to whole blood CT (p = 

0.53). The MCF of whole blood (67 mm) with EXTEM testing was reduced in the model conditions (43 

mm, p = 0.0079) and did not significantly increase with PEP treatment (50 mm), remaining unchanged 

compared to the model (p= 0.25). INTEM testing shows that MCF is reduced in the model (45 mm) 

compared to whole blood (67 mm, p = 0.012) remaining unchanged upon PEP treatment (43.5 mm, p 

= 0.75) and lower than whole blood MCF (p = 0.012). With EXTEM testing the alpha fell in the model 

conditions (49) compared to whole blood (75, p = 0.0079). Upon PEP treatment (78, p = 0.012) EXTEM 

alpha was significantly improved and similar to whole blood alpha (p = 0.75). With INTEM testing 

model alpha (47) was lower than whole blood alpha (78, p = 0.012), PEP treatment improved alpha 

(79, p = 0.012), restoring to a similar value to whole blood (p = 0.67).  

  

PEP and Commercial Lysates are Enriched in Platelet-Derived Growth Factors 

PEP shows significant enhancements in PDGF-AB (4138.99 pg/ml), P-selectin (137.94 pg/ml), VEGF-A 

(57820.77 pg/ml) and NAP-2/CXCL7 (63794500 pg/ml) compared to PPP (PDGF-AB = 336.31 pg/ml, p 

= 0.0022; P-selectin = 40.77 pg/ml, p = 0.0022; VEGF-A = 28027.42 pg/ml, p = 0.005; NAP-2/CXCL7 = 

3073850 pg/ml, p = 0.0022). Similar enhancements were observed with HPL (PDGF-AB = 3244.14 



 
 

pg/ml, p = 0.024; P-selectin = 308.75 pg/ml, p = 0.024; VEGF-A = 84262.8 pg/ml, p = 0.0028; NAP-

2/CXCL7 = 102080000 pg/ml, p = 0.024) compared to PPP. Interestingly, HPL show similar 

concentrations of PDGF-AB (p = 1) to PEP but have higher concentrations of P-selectin (p = 0.024), 

VEGF-A (p = 0.048) and NAP2/CXCL7 (p = 0.024). Individual breakdown of growth factor content of 

HPL is shown in Supplementary materials Table 1. 

Commercial Lysate Clotting is Impaired but Rescued with Fibrinogen Supplementation 

Figure 7 shows characterisation of HPL clotting parameters. Supplementary materials Table 2 shows 

HPL exhibit impaired clotting, if any clotting at all. However, thrombin generation characteristics of 

the lysates (Figure 2), show good capacity to generate thrombin. Upon exogenous addition of 

fibrinogen to 2mg/ml, 3mg/ml and 4mg/ml there is restoration and improvement of clotting 

parameters as measured by ROTEM (Figure 7). 

  



 
 

Discussion 
PEP is a platelet enhanced plasma that contains high levels of procoagulant PEV with significantly 

enhanced thrombin generation dynamics compared to donor matched PRP and PPP. PEP can be 

generated from platelets from fresh whole blood (PRP), with preliminary evidence indicating an 

optimised procedure could be utilised on platelet concentrates (preliminary data shown in 

supplementary material). PEP also contains high amounts of platelet derived growth factors which 

could aid in wound healing and immune cell recruitment 50. PEP successfully restores clotting time in 

an in vitro model of dilutional coagulopathy and forms a novel candidate resuscitation fluid. The 

MCF of PEP is not as high as PRP and is more analogous to PPP. Platelets are incorporated into the 

clot and in their absence clot strength declines. PEP treatment of the in vitro dilutional coagulopathy 

model did not restore MCF but did successfully restore clotting time. The clotting and thrombin 

generation data together suggest PEP would be useful in accelerating the formation of a stable clot. 

PEV have been shown to have positive effects on platelet function as assessed by aggregometry51. 

PEV have also been shown to exhibit non-haemostatic effects on the vessel wall, inflammation and 

vascular tone which may be beneficial for the treatment of haemorrhage and trauma 20.  

The potency of PEV has recently been demonstrated in mouse models of severe haemorrhage, 

where PEV alone restored mean arterial blood pressure, plasma protein concentration, lactate levels 

and the base deficit compared to vehicle or fresh platelet administration 28. A recent publication 

suggests a PEV rich platelet lysate generated via sonication and suspension in a balanced salt 

solution could be used as a topical treatment to treat bleeding in trauma patients 34. Saline has 

repeatedly been shown to be less efficacious than plasma for fluid replacement in trauma patients, 

where it can promote dilutional coagulopathy and contribute to metabolic acidosis53-55 

In contrast to other PEV rich solutions28,30-32,34 PEP is suspended in plasma. EV are historically 

challenging to measure, direct measurement in complex biofluids such as plasma is difficult.  We 

utilised a surface-molecule affinity EV capture and secondary labelling of captured EV with minimal 



 
 

sample manipulation. This vesicle phenotyping shows PEP EV are largely platelet derived and 

procoagulant (CD41+PS+).  

Using the PEP procedure on NHSBT platelet units could form an  avenue for extending clinical utility 

of platelets and aid in reducing wastage56. As HPL manufacturers already exist, it may be possible to 

generate an off-the-shelf resuscitation fluid using an existing workflow. However, despite the strong 

capacity for thrombin generation in HPL, clotting was impaired. However, we have shown fibrinogen 

supplementation restores clotting. Other processes are likely involved in commercial HPL generation 

that impede clotting as the same impairment is not observed in 8-day old NHSBT platelet units. 

Certainly, HPL have been optimised for cell culture and this is reflected in the significantly greater 

concentrations of P-Selectin, VEGF-alpha and NAP2/CXCL7 present in HPL compared to PRP-derived 

PEP. It is feasible that the PEP generation procedure may be more beneficial if started earlier. A time 

course following platelet ageing and subsequent PEP composition and functional activity will be 

necessary to determine the optimal timepoint for PEP generation. A future PEP-like product would 

undergo full proteomic analysis, measurement of serotonin, plasminogen activator 1 (PAI-1), 

polyphosphate59. PEV interaction with leukocytes, the endothelium and platelet function will also be 

important parameters 60.    

An additional challenge with EV based therapeutics is establishing dosage and ensuring a 

standardised final product as covered in in this cited position paper 61. A final PEP preparation 

derived from platelet units could be investigated through ex vivo treatment of blood from trauma 

patients with coagulopathy, followed by investigation in an in vivo small animal model of trauma. 

Limitations to this work include the scaled-down approach, the model of dilutional coagulopathy 

used, which could be improved by simulating metabolic acidosis and strengthened with an 

additional control of diluted blood measured at 37oC to assess the relative contribution of 

hypothermia to the model. 
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Figure 7 

 

 



 
 

Figure Legends 
Figure 1- Cell Counts from Sysmex XN1000 in whole blood, PPP, PRP, PEP and PFP, (N = 6)  a) Platelet 

counts b) Erythrocyte counts ( c) Leukocyte counts .  Kruskall-Wallis tests followed by Wilcoxon sign 

rank tests, select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.    

Figure 2- CAT Thrombin generation with PRP reagent of PEP, donor-matched PRP donor-matched 

PPP (fresh and freeze-thawed) (N= 5, measured in duplicate) and commercial lysates (N = 3, 

measured in duplicate). a) Trace (nmol/L) with shading representing the 95% confidence interval of 

the median, b) Peak Thrombin Generation (nM), c) ETP (nmol/min), d) Lag Time (min), e) Time to 

Peak (min), f) Start Tail (min).  Kruskall-Wallis tests followed by Wilcoxon sign rank tests for PEP, PRP, 

PPP (fresh and freeze-thawed); for comparison with commercial lysates Wilcoxon ranks sum tests 

were used select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 

Figure 3- EV Characterisation of PFP and PEP by ExoView with secondary labelling of EV captured on 

antibody capture spots: Annexin-FITC (blue), CD41-PE (green), CD63-AF647 (red) (N = 5, measured in 

triplicate). a) Labelled EV captured on anti-CD41a spots, b) Labelled EV captured on anti-CD63 spots, 

c) Labelled EV captured on anti-CD81 spots, d) Labelled EV captured on anti-CD9 spots, e) Labelled 

EV captured on control Mouse IgG spots, f) Representative fluorescent images of PFP measured at a 

dilution factor of 1:10, g) Representative fluorescent images of PEP measured at a dilution factor of 

1:250. Wilcoxon sign rank tests, select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** 

P ≤ 0.001. 

Figure 4- Clotting parameters of PPP (fresh and freeze-thawed), PRP and PEP measured by ROTEM 

(N= 5, measured in duplicate) (a-h) and clotting parameters of freeze-thawed PPP and PEP measured 

with the Sysmex CS5100 coagulometer (N = 6, measured in duplicate) (i-k). a) EXTEM Clotting time, 

b) EXTEM Clot Formation Time, c) EXTEM Maximum Clot Formation, d) EXTEM Alpha Angle). e) 

INTEM Clotting time, e) INTEM Clot Formation Time, g) INTEM Maximum Clot Formation, h) INTEM 

Alpha Angle) (N= 5, measured in duplicate). i) Sysmex CS5100 PT, j) Sysmex CS5100 APTT, k) Sysmex 

CS5100 Fibrinogen (N= 6, measured in duplicate). Kruskall-Wallis tests followed by Wilcoxon sign 

rank tests, select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 

Figure 5- ROTEM parameters of whole blood, a dilutional coagulopathy model (Whole blood diluted 

to 40% with saline and measured at 32oC) and PEP treatment of the coagulopathy model (N= 5, 

measured in duplicate). a) EXTEM Clotting time, b) EXTEM Clot Formation Time, c) EXTEM Maximum 

Clot Formation, d) EXTEM Alpha Angle) e) INTEM Clotting time, f) INTEM Clot Formation Time, g) 

INTEM Maximum Clot Formation, h) INTEM Alpha Angle) Kruskall-Wallis tests followed by Wilcoxon 

sign rank tests, select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.  

Figure 6- Luminex characterisation of PDGF-AB, P-Selectin, VEGF-A and NAP-2/CXCL7 in PEP 

generated via freeze-thaw cycling (N = 6, measured in duplicate). Kruskall-Wallis tests followed by 

Wilcoxon sign rank tests for PEP, PRP and PPP; for comparison with commercial lysates Wilcoxon 

ranks sum tests were used, select significant differences are shown; * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 

0.001. 



 
 

Figure 7- ROTEM parameters of commercially available human platelet lysates and effect of 

fibrinogen supplementation to 2 mg/ml, 3mg/ml and 4mg/ml a) EXTEM Clotting time, b) EXTEM 

Maximum Clot Formation, c) EXTEM Clot Formation Time, d) EXTEM Alpha Angle) e) INTEM Clotting 

time, f) INTEM Maximum Clot Formation, g) INTEM Clot Formation Time, h) INTEM Alpha Angle) (N= 

3, measured in duplicate). Mean values with standard deviation shown. 

  



 
 

References 

1. Chargaff E, West R. The Biological Significance of the Thromboplastic Protein of Blood. J Biol 
Chem 1946;166: 189-98. 

2. Obrien J. The platelt-like activity of serum. Br J Haematol 1955;1: 223-8. 
3. Wolf P. The Nature and Significance of Platelet Products in Human Plasma. Brit J Haemat 

1967;13: 269-88. 
4. Panteleev M, AA A, Balandina A, Belyaev A, Nechipurenko D, Obydennyi S, Sveshnikova A, 

Shibeko A, Ataullakhanov F. Extracellular Vesicles of Blood Plasma:Content, Orign, and 
Properties. Biochem (Mosc) Suppl Ser A Membr Cell Bio 2017;11: 187-92. 

5. Ghosh A, Davey M, Chute, IC, Griffiths S, Lewis S, Chacko S, Barnett D, Crapoulet N, Fournier 
S, Joy A, Caissie M, Ferguson A, Ouellette R. Rapid Isolation of Extracellular Vesicles from Cell 
Culture and Biological Fluids Using a Synthetic Peptide with Specific Affinity for Heat Shock 
Proteins. PLOS One 2014;9. 

6. Danielson K, Das S. Extracellular Vesicles in Heart Disease: Excitement for the Future ? 
Exosomes Microvesicles 2014;2. 

7. Hargett L, Bauer N. On the origin of microparticles: From "platelet dust" to mediators of 
intracellular communication. Pulm Circ 2013;3: 329-40. 

8. Théry C, Witwer K, Aikawa E, Alcaraz M, Anderson J, Andriantsitohaina R, Antoniou A, Arab 
T, Archer F, Atkin-Smith G, Ayre D, Bach J. Minimal information for studies of extracellular 
vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular 
Vesicles and update of the MISEV2014 guidelines. JEV 2018;7. 

9. Doyle LM, Wang MZ. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, 
and Methods for Exosome Isolation and Analysis. Cells 2019;8. 

10. Hartjes TA, Mytnyk S, Jenster GW, van Steijn V, van Royen ME. Extracellular Vesicle 
Quantification and Characterization: Common Methods and Emerging Approaches. 
Bioengineering (Basel) 2019;6. 

11. Kakarla R, Hur J, Kim YJ, Kim J, Chwae YJ. Apoptotic cell-derived exosomes: messages from 
dying cells. Exp Mol Med 2020;52: 1-6. 

12. Willms E, Cabañas C, Mäger I, Wood M, Vader R. Extracellular Vesicle Heterogeneity: 
Subpopulations, Isolation Techniques, and Diverse Functions in Cancer Progression. Front 
Immunol 2018;9. 

13. Sork H, Corso G, Krjutskov K, Johansson H, Nordin J, Wiklander O, Lee X, Westholm J, Lehtiö 
J, Wood M, Mäger I, Andaloussi S. Heterogeneity and interplay of the extracellular vesicle 
small RNA transcriptome and proteome. Sci Rep 2018;8. 

14. Kim S, Khanal D, Kalionis B, Chrzanowski W. High-fidelity probing of the structure and 
heterogeneity of extracellular vesicles by resonance-enhanced atomic force microscopy 
infrared spectroscopy. Nat Protoc 2019;14: 576-93. 

15. Fox J, Austin C, Reynolds C, Steffen P. Evidence that agonist-induced activation of calpain 
causes the shedding of procoagulant-containing microvesicles from the membrane of 
aggregating platelets. J Biol Chem 1991;266: 13289-95. 

16. Wang Z-T, Wang Z, Hu Y-W. Possible roles of platelet-derived microparticles in 
atherosclerosis. Atheros 2016;248: 10-6. 

17. Stahl AL, Johansson K, Mossberg M, Kahn R, Karpman D. Exosomes and microvesicles in 
normal physiology, pathophysiology, and renal diseases. Pediatr Nephrol 2019;34: 11-30. 

18. Scott Syndrome: OMIM, 2016. 
19. Ahmad S, London F, Walsh P. The assembly of the factor X‐activating complex on activated 

human platelets. J Throm & Haem 2003;1: 48-59. 
20. Lopez E, Srivastava A, Pati S, Holcomb J, Wade C. Platelet-Derived Microvesicles: A Potential 

Therapy for Trauma-Induced Coagulopathy. Shock 2018;49: 243-8. 



 
 

21. Lawrie AS, Harrison P, Cardigan RA, Mackie IJ. The characterization and impact of 
microparticles on haemostasis within fresh-frozen plasma. Vox Sang 2008;95: 197-204. 

22. Jenkins DH, Rappold JF, Badloe JF, Berseus O, Blackbourne L, Brohi KH, Butler FK, Cap AP, 
Cohen MJ, Davenport R, DePasquale M, Doughty H, Glassberg E, Hervig T, Hooper TJ, Kozar 
R, Maegele M, Moore EE, Murdock A, Ness PM, Pati S, Rasmussen T, Sailliol A, Schreiber MA, 
Sunde GA, van de Watering LM, Ward KR, Weiskopf RB, White NJ, Strandenes G, Spinella PC. 
Trauma hemostasis and oxygenation research position paper on remote damage control 
resuscitation: definitions, current practice, and knowledge gaps. Shock 2014;41 Suppl 1: 3-
12. 

23. Kriebardis AG, Antonelou MH, Georgatzakou HT, Tzounakas VL, Stamoulis KE, Papassideri IS. 
Microparticles variability in fresh frozen plasma: preparation protocol and storage time 
effects. Blood Transfus 2016;14: 228-37. 

24. Chan K-K, Sparrow R. Microparticle Profile and Procoagulant Activity of Fresh Frozen Plasma 
is Affected by Whole Blood-Leukocyte Depletion Rather Than 24-Hour Room Temperature-
Hold. Transfusion 2014;54: 1935-44. 

25. Sparrow R, Chan K-K. Microparticle content of plasma for transfusion is influenced by the 
whole blood hold conditions: pre-analytical considerations for proteomic investigations. J 
Proteomics 2012;76: 211-19. 

26. Curry N, Raja A, Beavis J, Stanworth S, Harrison P. Levels of procoagulant microvesicles are 
elevated after traumatic injury and platelet microvesicles are negatively correlated with 
mortality. J Extracell Vesicles 2014;3: 25625. 

27. Kuravi SJ, Yates CM, Foster M, Harrison P, Hazeldine J, Hampson P, Watson C, Belli A, 
Midwinter M, Nash GB. Changes in the pattern of plasma extracellular vesicles after severe 
trauma. PLoS One 2017;12: e0183640. 

28. Lopez E, Srivastava AK, Burchfield J, Wang Y-W, Cardenas JC, Togarrati PP, Miyazawa B, 
Gonzalez E, Holcomb JB, Pati S, Wade CE. Platelet-derived- Extracellular Vesicles Promote 
Hemostasis and Prevent the Development of Hemorrhagic Shock. Scientific Reports 2019;9: 
17676. 

29. Hjort P, Perman V, Cronkite E. Fresh, disintegrated platelets in radiation thrombocytopenia: 
a correction of prothrombin consumption without correction of bleeding. Proc Soc Exp Biol 
Med 1959;102: 31-5. 

30. Nsiri S, Heidari M, Rivandi S. Infusible platelet membranes improve hamostasis in 
thrombocytopenic rabbits: Studies with two different injection doses. Int J Pharm Sci Res 
2012;3: 4895-8. 

31. Galán A, Bozzo J, Hernández M, Pino M, Reverter J, Mazzara R, Escolar G, Ordinas A. Infusible 
platelet membranes improve hemostasis in thrombocytopenic blood: Experimental studies 
under flow conditions. Transfus 2000;40: 1537-2995. 

32. Goodnough L, Kolodziej M, Ehlenbeck C. A phase I study of safety and efficacy for infusible 
platelet membrane in patients. Blood 1995;86: 610a. 

33. Alving B, Reid T, Fratantoni J. Frozen platelets and platelet substitutes in transfusion 
medicine. Transfus 1997;37: 866-76. 

34. Refaai MA, Conley GW, Hudson CA, Spinelli SL, Phipps RP, Morrell CN, Blumberg N, McRae 
HL. Evaluation of the procoagulant properties of a newly developed platelet modified lysate 
product. Transfusion 2020. 

35. Verma A, Agarwal P. Platelet utilization in the developing world: strategies to optimize 
platelet transfusion practices. Transfus Apher Sci 2009;41: 145-9. 

36. Chang R, Eastridge BJ, Holcomb JB. Remote Damage Control Resuscitation in Austere 
Environments. Wilderness Environ Med 2017;28: S124-S34. 

37. Wightman J, Gladish S. Explosions and blast injuries. Ann Emerg Med 2001;37: 664-78. 
38. Eastridge B, Hardin M, Cantrell J, Oetjen-Gerdes L, Zubko T, Mallak C, Wade C, Simmons J, 

Mace J, Mabry R, Bolenbaucher R, Blackbourne L. Died of Wounds on the Battlefield: 



 
 

Causation and Implications for Improving Combat Casualty Care. The Journal of Trauma: 
Injury, Infection, and Critical Care 2011;71. 

39. Cannon J, Hofmann L, Glasgow S, Potter B, Rodriguez C, Cancio L. Dismounted Complex Blast 
Injuries: A Comprehensive Review of the Modern Combat Experience. Journal of the 
American College of Surgeons 2016;223: 652-64. 

40. Holcomb JB, del Junco DJ, Fox EE, Wade CE, Cohen MJ, Schreiber MA, Alarcon LH, Bai Y, 
Brasel KJ, Bulger EM, Cotton BA, Matijevic N, Muskat P, Myers JG, Phelan HA, White CE, 
Zhang J, Rahbar MH, Group PS. The prospective, observational, multicenter, major trauma 
transfusion (PROMMTT) study: comparative effectiveness of a time-varying treatment with 
competing risks. JAMA Surg 2013;148: 127-36. 

41. Antoninus A, Widowati W, L, Agustina D, Puradisastra S, Sumitro S, Widodo M, Bachitar I. 
Human platelet lysate enhances the proliferation of Wharton's jelly-derived mesenchymal 
stem cells. Biomarkers and Genomic Medicine 2015;7: 87-97. 

42. Canestrari E, Charlebois S, Harris S. Human platelet lysate as a media supplement for ex vivo 
expansion of immune cells. Cytotherapy 2018;20: S61. 

43. Cattaneo M, Cerletti C, Harrison P, Hayward CP, Kenny D, Nugent D, Nurden P, Rao AK, 
Schmaier AH, Watson SP, Lussana F, Pugliano MT, Michelson AD. Recommendations for the 
Standardization of Light Transmission Aggregometry: A Consensus of the Working Party from 
the Platelet Physiology Subcommittee of SSC/ISTH. J Thromb Haemost 2013. 

44. Hemker HC, Giesen P, Al Dieri R, Regnault V, de Smedt E, Wagenvoord R, Lecompte T, Beguin 
S. Calibrated automated thrombin generation measurement in clotting plasma. Pathophysiol 
Haemost Thromb 2003;33: 4-15. 

45. Caballo C, Escolar G, Diaz-Ricart M, Lopez-Vílchez I, Lozano M, Cid J, Pino M, Beltrán J, Basora 
M, Pereira A, Galan A. Impact of experimental haemodilution on platelet function, thrombin 
generation and clot firmness: effects of different coagulation factor concentrates. Blood 
Transfus 2013;11: 391-9. 

46. Shenkman B, Budnik I, Einav Y, Hauschner H, Andrejchin M, Martinowitz U. Model of 
trauma-induced coagulopathy including hemodilution, fibrinolysis, acidosis, and 
hypothermia: Impact on blood coagulation and platelet function. J Trauma Acute Care Surg 
2016;82: 287-92. 

47. Giannoudi M, Harwood P. Damage control resuscitation: lessons learned. Eur J Trauma 
Emerg Surg 2016;42: 273-82. 

48. Daaboul GG, Gagni P, Benussi L, Bettotti P, Ciani M, Cretich M, Freedman DS, Ghidoni R, 
Ozkumur AY, Piotto C, Prosperi D, Santini B, Ünlü MS, Chiari M. Digital Detection of 
Exosomes by Interferometric Imaging. Scientific Reports 2016;6: 37246. 

49. R Development Core Team. R: A language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing, 2010. 

50. Bonferoni MC, Rossi S, Sandri G, Caramella C, Del Fante C, Perotti C, Miele D, Vigani B, 
Ferrari F. Bioactive Medications for the Delivery of Platelet Derivatives to Skin Wounds. Curr 
Drug Deliv 2019;16: 472-83. 

51. Dyer MR, Alexander W, Hassoune A, Chen Q, Brzoska T, Alvikas J, Liu Y, Haldeman S, Plautz 
W, Loughran P, Li H, Boone B, Sadovsky Y, Sundd P, Zuckerbraun BS, Neal MD. Platelet-
derived extracellular vesicles released after trauma promote hemostasis and contribute to 
DVT in mice. J Thromb Haemost 2019;17: 1733-45. 

52. Khorana AA, Francis CW, Blumberg N, Culakova E, Refaai MA, Lyman GH. Blood transfusions, 
thrombosis, and mortality in hospitalized patients with cancer. Arch Intern Med 2008;168: 
2377-81. 

53. Bogert JN, Harvin JA, Cotton BA. Damage Control Resuscitation. J Intensive Care Med 
2016;31: 177-86. 



 
 

54. Torres LN, Sondeen JL, Ji L, Dubick MA, Torres Filho I. Evaluation of resuscitation fluids on 
endothelial glycocalyx, venular blood flow, and coagulation function after hemorrhagic 
shock in rats. J Trauma Acute Care Surg 2013;75: 759-66. 

55. Simmons JW, Powell MF. Acute traumatic coagulopathy: pathophysiology and resuscitation. 
Br J Anaesth 2016;117: iii31-iii43. 

56. Suchithra Rajendran ARR. Inventory management of platelets along blood supply chain to 
minimize wastage and shortage. Computers & Industrial Engineering 2019;130: 714-30. 

57. Garrigue D, Godier A, Glacet A, Labreuche J, Kipnis E, Paris C, Duhamel A, Resch E, Bauters A, 
Machuron F, Renom P, Goldstein P, Tavernier B, Sailliol A, Susen S. French lyophilized plasma 
versus fresh frozen plasma for the initial management of trauma‐induced coagulopathy: a 
randomized open‐label trial. J Thromb Haemost 2018;16. 

58. Jost D, Lemoine S, Lemoine F, Lanoe V, Maurin O, Derkenne C, Franchin Frattini M, Delacote 
M, Seguineau E, Godefroy A, Hervault N, Delhaye L, Pouliquen N, Louis-Delauriere E, 
Trichereau J, Roquet F, Salome M, Verret C, Bihannic R, Jouffroy R, Frattini B, Hong Tuan Ha 
V, Dang-Minh P, Travers S, Bignand M, Martinaud C, Garrabe E, Ausset S, Prunet B, Sailliol A, 
Tourtier JP, Group P-PS. French lyophilized plasma versus normal saline for post-traumatic 
coagulopathy prevention and correction: PREHO-PLYO protocol for a multicenter 
randomized controlled clinical trial. Trials 2020;21: 106. 

59. Condron M, Rowell S, Dewey E, Anderson T, Lealiiee L, Farrell D, Hinson H. The procoagulant 
molecule plasminogen activator inhibitor-1 is associated with injury severity and shock in 
patients with and without traumatic brain injury. J Trauma Acute Care Surg 2018;85: 888-93. 

60. Chimen M, Evryviadou A, Box CL, Harrison MJ, Hazeldine J, Dib LH, Kuravi SJ, Payne H, Price 
JMJ, Kavanagh D, Iqbal AJ, Lax S, Kalia N, Brill A, Thomas SG, Belli A, Crombie N, Adams RA, 
Evans SA, Deckmyn H, Lord JM, Harrison P, Watson SP, Nash GB, Rainger GE. Appropriation 
of GPIbalpha from platelet-derived extracellular vesicles supports monocyte recruitment in 
systemic inflammation. Haematologica 2020;105: 1248-61. 

61. Lener T, Gimona M, Aigner L, Börger V, Buzas E, Camussi G, Chaput N, Chatterjee D, Court 
FA, Del Portillo HA, O'Driscoll L, Fais S, Falcon-Perez JM, Felderhoff-Mueser U, Fraile L, Gho 
YS, Görgens A, Gupta RC, Hendrix A, Hermann DM, Hill AF, Hochberg F, Horn PA, de Kleijn D, 
Kordelas L, Kramer BW, Krämer-Albers EM, Laner-Plamberger S, Laitinen S, Leonardi T, 
Lorenowicz MJ, Lim SK, Lötvall J, Maguire CA, Marcilla A, Nazarenko I, Ochiya T, Patel T, 
Pedersen S, Pocsfalvi G, Pluchino S, Quesenberry P, Reischl IG, Rivera FJ, Sanzenbacher R, 
Schallmoser K, Slaper-Cortenbach I, Strunk D, Tonn T, Vader P, van Balkom BW, Wauben M, 
Andaloussi SE, Théry C, Rohde E, Giebel B. Applying extracellular vesicles based therapeutics 
in clinical trials - an ISEV position paper. J Extracell Vesicles 2015;4: 30087. 

 


