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Summary

Currently, platelets for transfusion are stored at room temperature (RT) for 5–7 days with gentle 

agitation, but this is less than optimal because of loss of function and risk of bacterial 

contamination. We have previously demonstrated that cold (4°C) storage is an attractive alternative 

because it preserves platelet metabolic reserves, in vitro responses to agonists of activation, 

aggregation and physiological inhibitors, as well as adhesion to thrombogenic surfaces better than 

RT storage. Recently, the US Food and Drug Administration clarified that apheresis platelets 

stored at 4°C for up to 72 h may be used for treating active haemorrhage. In this work, we tested 

the hypothesis that cold-stored platelets contribute to generating clots with superior mechanical 

properties compared to RT-stored platelets. Rheological studies demonstrate that the clots formed 

from platelets stored at 4°C for 5 days are significantly stiffer (higher elastic modulus) and 

stronger (higher critical stress) than those formed from RT-stored platelets. Morphological analysis 

shows that clot fibres from cold-stored platelets were denser, thinner, straighter and with more 

branch points or crosslinks than those from RT-stored platelets. Our results also show that the 

enhanced clot strength and packed structure is due to cold-induced plasma factor XIII binding to 

platelet surfaces, and the consequent increase in crosslinking.
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Introduction

Platelets are most critical in preventing bleeding following an injury. Platelet transfusion is 

the standard of care in case of severe thrombocytopenia, as the platelet levels fall below 10 × 

109/l from the normal count of 150–400 × 109/l. Currently, platelets for transfusion are 

stored at room temperature (RT) for 5 days with agitation, after which they are discarded as 

per US food and Drug Administration (FDA) guidelines to avoid infectious and 

inflammatory responses after transfusion (Slichter & Harker 1976; Stroncek & Rebulla 

2007). However, RT storage is not ideal as it has been shown to compromise functionality 

both in vivo and in vitro (‘platelet storage lesion’) and increase the potential risk of 

microbial contamination (Pidcoke et al. 2013; Reddoch et al. 2014; Rosenfeld et al. 1995). 

Of note, current prophylactic transfusion practices are aimed at minimising the number of 

transfusions to avoid potential undesirable immune reactions. The transfusion criterion is 

based on platelet count (i.e., survival and recovery of transfused platelets) rather than on 

functional response, despite substantial evidence that platelet dysfunction during RT storage 

is irreversible. However, platelet functionality is of utmost importance in therapeutic 

transfusion to acutely bleeding patients, as achieving haemostasis within the first 6 h in 

traumatic massive bleeding has been associated with improved outcomes (Holcomb et al, 
2008; Cap et al, 2012).

Storing platelets at 4°C (4C or cold) is an attractive alternative because cold-stored platelets 

show better haemostatic response both in vitro and in vivo. Platelets stored at 4°C for 24 h 

have been shown to decrease in vivo bleeding times by 40% compared to RT-stored platelets 

(Becker et al. 1973). We and others have shown that cold-stored platelets are in 

haemostatically primed state, have better preserved metabolic reserves, maintain shear- and 

agonist-induced aggregation responses, adhesion and aggregation under flow comparable to 

fresh platelets, respond well to physiological inhibitors, and also form stronger clots (Babic 

et al. 2007; Evans et al. 2008; Filip & Aster 1978; Montgomery et al. 2012; Reddoch et al. 
2014). The only purported disadvantage of cold-stored platelets is the shorter circulation 

half-life in vivo of 1.8 days compared to 3.8 days for RT-stored platelets (Murphy & 

Gardner 1969). However, the rapid clearance of cold-stored platelets may in fact be 

advantageous in actively bleeding patients by reducing the risk of late thrombosis after 

establishing effective immediate haemostasis.

Efficient haemorrhagic control is attained through the formation of strong and stable clots at 

the site of injury, and hence an understanding of the clot properties is imperative to fully 

comprehend the function of this new therapeutic product (Evans et al. 2008). In this work, 

we have investigated the rheological properties of the clots formed from stored platelets by 

dynamic mechanical analysis, and established the relationship between these functional 

changes to underlying structure of the clot network from the morphological analysis of clot 

microstructure. We also elucidated the contribution of stored platelets to the differences in 
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clot structure and strength by comparing thrombin generation and Factor XIII (FXIII) levels, 

which regulate fibrin polymerization and crosslinking, respectively.

Materials and methods

Venous blood was drawn from healthy volunteers after signing an informed consent and 

obtaining written regulatory approval in accordance with the Institutional Review Board 

(IRB) protocol (IRB #12-227, Office of Research Integrity and Compliance, University of 

Texas at San Antonio). Similarly, apheresis platelet (AP) units were collected from 

consented, healthy donors under a protocol reviewed and approved by the US Army Medical 

Research and Material Command Institutional Review Board and in accordance with the 

approved protocol.

Platelet preparation

Platelet rich plasma (PRP) was obtained from phlebotomized blood or single/double 

apheresis platelet (AP) collection, processed and stored as previously described 

(Montgomery et al, 2012; Nair et al, 2014; Reddoch et al, 2014). For control experiments, 

AP units were stored in 65% platelet additive solution (PAS, Isoplate, Terumo Inc., 

Lakewood, CO). Platelet pellets from AP were obtained by centrifuging PRP with PGI2 

(Calbiochem, EMD Millipore, Billerica, MA) at 800 x g for 10 min. Platelets were 

resuspended to 300 × 109 platelets/l in Fresh Frozen Plasma (FFP, South Texas Blood and 

Tissue Bank, San Antonio, TX) thawed to 37°C, or in PAS or in PPP. Lyophilized platelets 

(Bio/Data Corporation, Horsham, PA) were used as a control.

Kinetics of clot gelation

Cone-and-plate rheometry combined with dynamic mechanical analysis (DMA) was used to 

quantify the rheological properties of clots (Weigandt et al. 2012). Small amplitude 

oscillatory test at low strain (0.5%) and 1 Hz was used to track the evolution of elastic 

modulus (G′) using Rheoplus (Anton Paar, Germany) for 30 min. In these experiments, 

fresh or stored PRP mixed with 20 mM CaCl2 was placed on a rheometer plate maintained 

at 37°C. To prevent evaporation, an immiscible oil layer (Vapor-Lock® liquid vapour barrier, 

Qiagen, Valencia, CA) was applied along the rim of the exposed surface and the entire set-

up was covered with a humidifying chamber. In some experiments, PRP was incubated with 

10 μM of final concentration of inhibitors Eptifibatide (San Cruz Biotechnology Inc, Santa 

Cruz, CA) or Cytochalasin B (Sigma, St. Louis, MO) at 37°C for 10 min and activated with 

20 mM CaCl2 prior to testing (Ciborowski & Tomasiak 2009; Siess et al. 1982).

Analysis of clot breakage

Following clotting kinetics measurements, the clots were assayed for their nonlinear 

rheology (Weigandt et al. 2012). Shear stress applied by the rheometer was progressively 

increased from 1% to 250% without time constraints until the clot failed. The yield strength 

values were identified from shear-strain curves as the point where the clots deformed 

irreversibly. The stress-strain slopes were used to define relative crosslinking density (RCD).
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Clot ultrastructure using scanning electron microscopy (SEM)

Clots were formed on glass slides with 20 mM calcium at 37°C for 1 h, fixed with 4% 

formaldehyde for 2 h and stained with 1% Osmium [Electron Microscopy Sciences (EMS), 

Hatfield, PA] for 30 min. Further, the clots were washed with Zetterquist’s Buffer and then 

dehydrated with 70%, 95% and 100% Ethyl alcohol (200% absolute alcohol, EMS). Finally 

the samples were incubated in Hexamethyldisilizane (HMDS) (EMS) for 5 min and allowed 

to air dry before performing SEM. 8 to 10 images per sample condition was captured and 

analysed. Morphometric quantification of fibrin density, curvature, length and diameter was 

carried out using Image J software (National Institutes of Health, Bethesda, MD) and custom 

written MATLAB codes (Supporting Fig. 1) (Bob 2014; http://dx.doi.org/

10.1016/0031-3203(86)90030-0; Katti et al. 2013; Lopes 2007).

Estimation of thrombin generation

Thrombin generation was measured using the calibrated automated thrombogram (CAT) 

method (Thrombinoscope BV, Maastricht, The Netherlands) as previously described 

(Hemker et al. 2003). Briefly, 20 μl of PRP reagent (Thrombinoscope BV) containing a final 

concentration of 0.5 pM and phospholipids or thrombin calibrator were added to each well 

of a round-bottom 96-well plate followed by the addition of 80 μl of AP platelets in FFP. 

From the thrombin generation curves, lag times, endogenous thrombin potentials (ETP or 

area under the thrombin generation curve) and peak thrombin concentrations were analysed 

using Thrombinoscope software version 5.0.0.742.

Estimation of Factor XIII levels

Platelet protein concentrates were collected for Western blot analysis as described previously 

(Getz et al. 2010). Activated FXIII (FXIIIa) was probed with primary antibody at 1:1000 

dilutions (Rb mAb Factor XIIIa, Abcam, Cambridge, MA,), followed by secondary antibody 

at 1:5000 dilution (Goat anti rabbit, Santa Cruz Biotechnology). FXIII expression levels 

were detected using chemiluminescent HRP substrate, and the blots were imaged to obtain 

the relative band densities (RBD) and quantified using Image J software.

Flow cytometry

Flow cytometry was carried out as described previously (Mitchell et al. 2014). Briefly, PRP 

was diluted with 2% bovine serum albumin in 1x Hank’s Balanced Salt Solution buffer 

containing 1 μM PgI2, and treated with Human TrueStain FcXTM for 5 min, followed by 

fluorescein isothiocyanate (FITC) conjugated FXIIIB antibodies (Zedira GmbH, Darmstadt, 

Germany) for 45 min at room temperature. The samples were washed and analysed using 

FACSDIVA software on a Canto I LSR flow cytometer (both from BD Biosciences, San 

Jose, CA). Aggregates and microparticles in stored samples were gated based on the forward 

and side scatter with respect to fresh platelets as baseline.

Statistical analysis

The data were analyzed by one-way ANOVA (> 2 groups) for repeated measures with a 

post-hoc Tukey’s test. Student t-test was used for two-group analyses. The groups were 

considered statistically significant when the P value was less than 0.05. All data are graphed 
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using Mean ± Standard error of mean. Microsoft Excel (Microsoft Corp, Redmond, WA) 

was used to manage data and statistical analyses were performed using GraphPad Prism 6 

(GraphPad Software Inc. San Diego, CA).

Results

Rheology of clots and the contribution of platelets

We measured the viscoelastic properties of clots by shear rheology. As our goal is to isolate 

the contribution of platelets to clot properties, all experiments were performed using PRP 

without red cells. The experiments were performed at low oscillatory strain (<1%) in the 

linear viscoelastic regime, and as expected, the elastic modulus (G′) was always higher than 

viscous modulus (G′), indicative of the more elastic than viscous nature of the clot 

(Supporting Fig. 2). The clotting kinetics, once initiated with calcium, were characterized by 

a short lag phase of initiation, and a rapid log phase of fibrin polymerization followed by an 

upper saturation/stationary phase which indicates a stable clot with constant moduli (Fig. 

1A).

The elastic modulus (G′) is the resistance of the clots to reversible deformation under 

applied stress, and hence is the measure of the stiffness. To delineate the effect of platelets 

on clot stiffness, we measured the elastic moduli of clots formed from PRP and PPP. The 

clot stiffness increased by 7-fold due to the presence of platelets in PRP. As a comparison, 

we measured the clot strength of FFP and lyophilized platelets re-suspended in FFP. We 

observed that the clot stiffness of FFP was comparable to that of lyophilized platelets re-

suspended in FFP. The failure of lyophilized platelets, unlike live platelets, to improve the 

clot stiffness of FFP, indicates that live, active platelets are imperative to the formation of 

stiff, strong clots (Fig. 1B). The role of active platelet contraction is further substantiated by 

blocking either glycoprotein (GP)IIb/IIIa-fibrinogen interactions or actin polymerization 

using either Eptifibatide or Cytochalasin B, respectively. These treatments resulted in a 

feeble or no clot, establishing that platelets and their active interaction with the fibrin 

polymer are essential for optimal clot stiffness (Fig. 1C).

Effect of storage temperature on clot stiffness

Next, we evaluated the effect of storage temperature on the contribution of platelets to clot 

stiffness by storing PRP in autologous plasma for 5 days either at room temperature (RT) or 

at 4°C (4C). The clotting kinetics and rheological properties were similar to fresh PRP in 

both RT and 4C PRP in that the clots were “solid-like,” with higher storage (elastic) moduli 

than loss (viscous) moduli (Supporting Fig. 3). However; the stiffness of the clots from 

refrigerated PRP was comparable to that from fresh PRP and significantly better than that 

from PRP stored at RT (Fig. 2A). Further, similar to fresh platelets, blocking GPIIb/IIIa 

receptor and actin polymerization with Eptifibatide and Cytochalasin, respectively, reduced 

clot stiffness from stored platelets to undetectable levels (Supporting Fig. 4). As storage may 

affect both platelets and plasma coagulation factors, we evaluated separately the effect of 

storage on plasma by estimating the clot stiffness of fresh and stored PPP. We observed that 

stored PPP samples formed much weaker clots than fresh PPP, probably due to degradation 

of clotting factors (Fig. 2B) Thus, the data from Fig. 2A and B together reveal that the 
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presence of platelets made a larger difference to clot stiffness in cold storage: the clot 

stiffness of PRP at 4°C was 20-fold higher than PPP at 4°C, compared to the corresponding 

increase of 6-fold and 4-fold in fresh and RT-stored samples, respectively.

Given that autologous plasma (PPP) itself degrades during storage, it is imperative to negate 

the confounding effects of autologous plasma degradation while evaluating the effect of 

storage temperature on platelet function. To this end, we re-suspended fresh and stored 

platelets to a physiological concentration (300 × 109/l) in FFP for all of our experiments. 

The kinetics of clotting of platelets in FFP followed the same pattern as in autologous 

plasma, and clot stiffness was estimated as described above. The clot stiffness was 

comparable between fresh and cold-stored platelets but that of RT-stored platelets decreased 

by 50% (Fig. 2D). Together, these results show that RT storage impairs the contribution of 

platelets to clot strength, but cold storage maintains, if not even modestly enhances, this 

contribution.

Considering these promising results, we extended the storage duration beyond the current 

FDA standard for platelet storage for transfusion from 5 days to 10 and 14 days (Fig. 2E). 

While storing at RT for 10 and 14 days further reduced the stiffness to <25% of that of fresh 

platelets, the clot stiffness of platelets stored at 4°C for 10 days was similar to that of fresh 

platelets, and the clot stiffness at 14 days of storage was >50% of that of fresh platelets. Of 

note, the clot stiffness of platelets stored at 4°C for 14 days is similar to the current FDA 

standards for 5 day RT storage (Fig. 2E).

Effect of storage temperature on clot strength and relative crosslinking density (RCD)

The subtle but key difference between stiffness and strength is that the former is a measure 

of the resistance of the clot to reversible deformation and the latter is the ability of the clot to 

carry large loads before irreversible deformation. To estimate the contribution of fresh and 

stored platelets to clot strength, we subjected pre-formed clots to progressively increasing 

strain from 1% to 250%, i.e., an amplitude sweep, until the clot was deformed irreversibly, 

to estimate the critical stress (Fig. 2F). Clots formed by fresh and cold-stored platelets have 

comparable clot strength as deduced from the amplitude sweep analysis; whereas platelets 

stored at RT formed significantly weaker clots compared to cold-stored 4C platelets (Fig. 

2G). The density of crosslinks between individual fibrin fibres is directly proportional to 

shear modulus in the linear viscoelastic regime characteristic of cross-linked polymers 

(Flores-Merino et al, 2010; Gent, 2013; Helms et al, 2012). From the slope of stress-strain 

curves for clots from fresh and stored platelets, we estimated the crosslinking density of the 

clots from stored platelets relative to that from fresh platelets. As shown in Fig. 2H, the RCD 

of clots from cold-stored platelets was significantly higher than fresh or RT-stored platelets.

Clot ultrastructure

Given that the biomechanical properties, such as clot stiffness and strength, are strongly 

dependent on the properties of the individual fibrin fibres and hence on the underlying fibrin 

structure, we examined the micro-architecture of clots from fresh and stored platelets using 

SEM (Fig 3A). The representative images show that the morphology of the clots is 

fundamentally different between fresh and stored platelets. Qualitatively, the clots formed 
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from RT-stored platelets were less dense with thicker, less taut or stretched fibres than those 

formed from fresh or cold-stored platelets. We quantified various structural attributes of the 

clots formed from fresh and stored platelets from these images to obtain insights into the 

molecular mechanisms that govern the complex process of clot formation (Fig. 3B–E).

First, we observed that the fibre density, i.e., number of fibres crossing any given cross-

section, was comparable between fresh and cold-stored platelets but those from RT-stored 

platelets was 25–30% lower. Second, the curved, true length of individual fibres between 

two branch points in clots formed from fresh and cold-stored platelets had similar length 

distribution with a median fibre length of 5 μm, while the median length in clots formed 

from RT-stored platelets was 10 μm with a significant fraction being as long as 20 μm (Fig. 

3D). Third, clots from fresh and cold-stored platelets were straighter with a curvature ~1.0 

than the clots from RT-stored platelets with a curvature of 1.5, indicating relatively loose 

‘spaghetti-like’ organization. Thus, fibres from clots from RT-stored platelets were more 

wavy and long with fewer branch points (Fig. 3C). Lastly, the distribution of fibre diameters 

was clustered as three groups: thin (<150 nm), intermediate (150–300 nm) and thick (>300 

nm) fibres, respectively (Fig. 3E). Interestingly, the clots formed from fresh and RT-stored 

platelets had similar, normal distribution but those from cold-stored platelets were skewed 

towards the shorter range. We observed that clots from cold-stored platelets had ~30% more 

thin fibres and ~30% fewer thick fibres compared to clots formed from fresh and RT-stored 

platelets (Fig. 3E). Together, our analysis shows that cold-stored platelets promote denser 

clots with thinner fibres consisting of more branch points, while RT-stored platelets promote 

clots that are less dense with fewer branch points.

Thrombin generation in stored platelets

To understand the origin of differences in the clot structure between fresh and stored 

platelets, we investigated the generation of thrombin, as it is closely associated with fibrin 

clot morphology. Using the CAT assay, we observed that the thrombin generation profiles 

were similar for RT- and cold-stored platelets but distinctly different from that of fresh 

platelets (Fig. 4A). The lag time is a measure of the initiation phase of coagulation, and the 

lag times of both RT and cold-stored platelets initiate coagulation faster than fresh platelets 

(Fig. 4B). Peak height is equivalent to the maximum thrombin concentration, and stored 

platelets generated significantly higher thrombin transiently than fresh platelets (Fig. 4C). 

The differences seen in stored samples, for lag times and peak heights, may be attributed to 

increased phosphatidylserine (PS) and FVa expression on the surface of stored platelets 

(Reddoch et al. 2016). ETP is equivalent to the total amount of thrombin generated during 

the assay, and similar ETP levels indicate that platelets produce similar amounts of total 

thrombin despite their storage temperature (Fig. 4D). Thus, although cold-stored and RT-

stored platelets have similar thrombin generation profiles, the differences in structure and 

function suggest that mechanisms other than thrombin-dependent rates of fibrin 

polymerization may be critical to explaining the observed divergence in clot mechanical 

properties.
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The binding of plasma FXIII to cold-stored platelets

Given that clots formed from cold-stored platelets are significantly thinner with more branch 

points than those from RT-stored platelets, we surmised that stored platelets influence the 

mechanism of fibrin crosslinking. Factor XIII is a transglutaminase enzyme present in 

platelets and plasma, that catalyses the ligation of fibrin molecules within clot fibres, thus 

remarkably increasing the clot density, strength and stiffness. We tested the hypothesis that 

platelet-associated FXIII may be an important contributor to the observed differences 

between storage conditions.

To this end, our flow cytometry results show that FXIII levels were significantly higher in 

cold-stored platelets than in fresh or RT-stored platelets (Fig. 5A–D). In particular, we used 

antibody directed against the inhibitory FXIIIB subunit because FXIIIB subunit is present 

only in plasma FXIII but is absent in intracellular platelet FXIII, which is exclusively the 

catalytic FXIIIA subunit. We observed a 40% increase in FXIIIB expression and a 

subsequent increase in geometric mean fluorescence intensity in cold-stored platelets (Fig. 

5B, C), with a higher expression of FXIIIB in aggregates and microparticles (Fig. 5D). 

Interestingly, we found significantly higher FXIIIB than FXIIIA on cold-stored platelets 

consistent with the higher molar ratio (2:1) of FXIIIB in plasma (data not shown). We also 

confirmed that cold-stored platelets had 2-fold higher FXIII levels than RT-stored platelets 

using antibody directed against FXIIIA subunit on platelet lysate (Fig. 5E). To confirm the 

source of FXIII as exogenous plasma and not intracellular storage in platelets, we estimated 

the FXIII levels in platelets stored in PAS consisting of only 35% plasma or FXIII-free 

plasma as storage solutions. Plasma dilution reduced the amount of FXIII bound to cold-

stored platelets by 50% or down to the same levels as RT-stored platelets (Fig. 5F). Finally, 

we confirmed that cold-induced activation may not trigger the release of intracellular FXIII 

stores because thrombin receptor activating peptide-activation of platelets in FXIII-free 

buffer did not show an increase in FXIII levels (Supporting Fig. 5). Together, our results 

show that cold storage induces the binding of plasma FXIII to platelet surfaces.

The contribution of FXIII to clot rheology

Having confirmed the binding of plasma FXIII to platelets during cold storage, we isolated 

the effect of FXIII-binding on clot properties. First, we evaluated the stiffness of clots 

formed from fresh or cold-stored platelets in FXIII-deficient plasma. As expected, the clot 

stiffness was considerably lower than in normal plasma (775 ±66.7 vs.51.46 ±11.96) (Fig. 

1A vs Fig 6A). Interestingly, platelets stored at 4°C for 5 days produced a clot with 

significantly (2-fold) higher stiffness compared to those produced from fresh platelets (Fig. 

6A). This data suggests that platelet-bound FXIII can supplement plasma FXIII in producing 

stronger clots. Next, cold storage of platelets in plasma produced clots with modestly higher 

stiffness and significantly higher crosslinks than from platelets stored in PAS (Fig. 6B, C). 

This data, together with the results from FXIII binding during cold storage, demonstrates 

that the exogenous plasma FXIII may contribute to the superior properties of the clot in 

cold-stored platelets compared to RT-stored platelets.
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Discussion

The quality and functionality of stored platelets is vital in platelet transfusion. In this work, 

we investigated the effect of storage on the mechanical properties of clots formed by fresh 

and stored platelets, and elucidated the contribution of platelets by analysing the underlying 

structural and molecular mechanisms. We have previously shown that cold storage better 

preserves the haemostatic response of platelets to agonists and inhibitors of activation than 

RT storage (Nair et al. 2014; Reddoch et al. 2016; Reddoch et al. 2014). Together with our 

previous results, the current work is of high clinical relevance, particularly in the context of 

the recent approval of cold-stored platelets for the treatment of active haemorrhage.

Effective haemorrhage control is solely dependent upon the strength and stability of the 

fibrin network. Clot stiffness is directly related to the elastic energy stored in the fibrin 

fibres; and the strength refers to the end of elastic behaviour and onset of the breakage of 

fibrin fibres. Clots deform reversibly at small strains (1%), which is akin to their ability to 

resist deformation to nominal forces due to blood flow, while the irreversible deformation at 

large strains (200%) is a measure of the ability to dam active haemorrhage. Cold-stored 

platelets contributed substantially more than RT-stored platelets to both clot stiffness and to 

clot strength (2.5fold), suggesting the superior haemostatic properties of cold-stored 

platelets. Consistent with previous studies on fresh platelets, our data shows that the 

presence of active, but not lyophilized, platelets significantly increases the clot stiffness 

compared to plasma (Glover et al. 1975). As a comparison, the stiffness of plasma clots or 

clots containing lyophilized platelets was as low as that of common “jello” (1.5% w/v 

gelatin) at 37°C (data not shown). It may be instructive to relate clot stiffness/strength from 

rheology to the more familiar maximum amplitude (MA) from thromboelastography (TEG) 

or maximum clot firmness from rotational thromboelastometry (ROTEM®) as both 

quantities relate the ultimate stability of the clot. Our previous MA measurements of the 

clots formed by stored platelets showed a trend similar to those of G′ observed in this study, 

i.e., RT platelets formed clots with significantly reduced stiffness compared to cold-stored 

platelets (65.2± 2.2 vs.58.9± 2.4 mm; 582.7 ±102.7 vs. 283.8± 88 Pa) (Reddoch et al. 2014). 

The G′ measurements may be a better manifestation of the effect of platelet storage on clot 

elasticity given that TEG employs autologous plasma unlike FFP used in these studies, and 

our data (Fig 1) demonstrates that plasma degrades during storage.

The quantifiable structural attributes of fibrin polymers including curvature, density, 

diameter, branch points and cross-links may be uniquely correlated to the mechanical 

properties of the clots (Weisel 2004). The fibres are under constant tension and, as a result of 

this, they appear very straight, and straighter fibres have better clot strength because of 

increased flexural stiffness (Lam et al. 2011; Varjú et al. 2011). In contrast, increased 

curvature makes these fibres wavier, and increased curve length implies that these long 

fibres are formed at the expense of branch points, and hence less connectivity between the 

individual fibres of the network (Petersen & Suenson 1991). Dense fibrin networks store 

more energy and resist deformation forces. The detailed ultra-structural analysis presented in 

this work shows that the underlying form governs the observed function, namely, the denser, 

straighter fibres in clots from cold-stored platelets provide stiffer and stronger clots vis-à-vis 

thinner, less dense fibres formed from RT-stored platelets that render the clots less stiff and 
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weaker. In addition to contributing to the mechanical properties (Lord 2011; Veklich et al. 
1998), fibres with taut conformation, higher density and increased branches are less 

susceptible to fibrinolysis, probably due to lower permeability of lytic enzymes (Longstaff et 
al. 2013; Lord 2011; Varjú et al. 2011; Wufsus et al. 2013).

Clot formation is a complex process, which may be defined by three key steps: linear 

polymerization of fibrinogen to protofibrils mediated by thrombin, lateral aggregation and 

crosslinking of the protofibrils to form a 3D fibrin network, and compaction due to active 

platelet contraction. The presence of substantially higher levels of FXIII on the surface of 

cold-stored platelets may contribute to increased clot stiffness. FXIII is a key 

transglutaminase enzyme in the platelet contractility apparatus, as well as a modulator of 

fibrin structure. While the importance of free plasma FXIII in mediating fibrin cross-linking 

and lateral aggregation of fibres is well documented, the role of platelet-bound FXIII is not 

clear. Platelet-bound FXIII is believed to support adhesion to collagen and von Willebrand 

factor, induce activation signalling (Magwenzi et al. 2011) and also modulate clot retraction 

(Kasahara et al. 2010). Our studies on the mechanism of cold-induced FXIII binding to 

platelet surface shows a novel role for platelet-bound FXIII, i.e., cross-linking the fibrin 

fibres, which decreases the fibrin thickness and increases the clot stiffness by ~4-fold 

compared to uncross-linked fibres, and reduced fibrinolysis (Carr & Hermans 1978; Ferry et 
al. 1951; Gerth et al. 1974; Hethershaw et al. 2014; Roberts et al. 1973; Ryan et al. 1999a; 

Ryan et al. 1999b; Standeven et al. 2007; Yeromonahos et al. 2010). Our results indicate that 

the increase in platelet-associated FXIII on cold-stored platelets is due to plasma FXIII. 

Both forms of plasma FXIII, i.e., A2B2 and B2 have been found to be complexed with the 

circulating fibrinogen in plasma in a 2:1 ratio (Byrnes et al. 2016; Katona et al. 2014; 

Yorifuji et al. 1988). Our group has recently shown that the surface of cold-stored platelets 

contains activated GPIIb/IIIa, which suggests that plasma FXIII may probably be binding to 

the surface directly and also through fibrinogen.(Getz et al. 2016) Thus, we propose that the 

surface of cold platelets is uniquely poised, not only for the initiation and propagation of 

fibrin polymerization by rapid thrombin generation, but also conducive for crosslinking to 

form thinner fibres due to the presence of high local concentrations of fibrinogen and 

FXIIIA2 on cold platelet surfaces (Fig. 7). The surface of cold platelets thus not only 

provides a rich catalytic surface for thrombin generation but also a nucleation site for the 

assembly and crosslinking of fibrin.

In summary, this work provides insights into the haemostatic efficacy of platelets to form 

stable clots and supports the notion that cold-stored platelets may be a better alternative to 

the current standard of care, especially when treating acute bleeding where immediate 

haemostasis is the priority. Furthermore, these platelets provide greater clot strength than 

RT-stored platelets, which may be beneficial in patients who need to be maintained at higher 

blood pressure to support transfusion and avoid ‘popped clot phenomenon’ (Dutton et al. 
2002). Clot microstructure analyses demonstrated that cold-stored platelets form denser clots 

with thinner fibres and more crosslinks, which provides a rationale for the superior 

mechanical properties. Finally, we demonstrate that an increase in platelet-associated FXIII 

may contribute to crosslinking and hence superior mechanical properties during cold 

storage. Of note, the rapid clearance of cold-stored platelets means that the utilization of 

Nair et al. Page 10

Br J Haematol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



their maximum haemostatic potential for acute response, with clot strength comparable to 

that of fresh platelets, is can be accomplished with a reduced risk of late thrombosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of platelets on clot stiffness
Rheological properties of evolving clots were investigated using dynamic mechanical 

analysis at 37°C for 30 min. (A) Representative traces of storage modulus, G′ (clot 

stiffness) for clots formed from plasma, plasma with platelets (300 ×109 platelets /l) and 

plasma with lyophilized platelets (300 ×109 platelets /l); (B) Clot stiffness increases by 6-

fold with physiological concentration of live platelets in plasma (n=3; *, P<0.05). (C) 

Platelets failed to form stable clots on blocking glycoprotein IIb/IIIa receptor (Eptifibatide) 

or actin polymerization (Cytochalasin B). [n=3; ns, not significant (P >0.05); *, P < 0.05; **, 
P<0.01; ***, P<0.001]. Lyo, lyophilized platelets; PPP, platelet poor plasma; PRP, platelet 

rich plasma.
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Figure 2. Effect of storage temperature on clot mechanical properties
Stiffness of clots formed from fresh platelets or platelets stored for 5 days at 4°C (4C) or 

room temperature (RT) were analysed. (A) Clots from 4C-stored platelet rich plasma (PRP) 

showed stiffness comparable to that from fresh platelets, and was higher than that from RT-

stored PRP; (B) Clots from platelet poor plasma (PPP) stored at either 4°C or RT were much 

weaker than from fresh PPP (n = 5); (C) Representative rheological traces of fresh/ stored 

platelets with fresh frozen plasma (FFP); (D) RT-stored platelets form clots with less 

stiffness, whereas 4C-stored platelets have similar stiffness as fresh platelets (n = 5); (E) 

Cold storage maintains clot stiffness over longer periods of storage, unlike RT storage. Data 

normalized to stiffness of fresh platelets (n = 4, * compared to Fresh, δ compared to 5 day 

RT-stored, P < 0.05); (F) Representative traces from amplitude sweep analysis of pre-formed 

clots; Clot strength and cross-linking density were quantified as the stress at which the clot 

deformed irreversibly and the slope of the stress-strain graph in the linear regime, 

respectively; (G) Cold, but not RT storage maintains clot strength; and (H) Relative 

crosslinking density (RCD) compared to fresh platelets (= 1.0). Clots from cold-stored 

platelets have higher cross-linking density (n=5). ns, not significant (P >0.05); *, P<0.05; **, 

P<0.01.
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Figure 3. Clot architecture
Clots were formed from fresh/stored platelets with 20 mM calcium, fixed, stained, 

dehydrated and analysed by scanning electron microscopy (5000x at 20 kV, Jeol 6610LV; 

Jeol, Tokyo, Japan). (A) Representative images of clots formed from fresh and stored 

platelets; (B–E) Quantification of morphology of clots from fresh and stored platelets: (B) 

Density; (C) Curvature; (D, E) Frequency distribution of fibre lengths and mode (D) and 

fibre diameters and mode (E). Based on the diameter, the fibres were classified either as thin 

(<150 nm), intermediate (150–300 nm) or thick (>300 nm). (n=3). ns, not significant (P 
>0.05); *, P<0.05; **, P<0.01. 4C, platelets stored at 4°C; RT, platelets stored at room 

temperature.
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Figure 4. Thrombin generation from fresh and stored platelets
Thrombin generation in apheresis platelet (AP) pellets resuspended in fresh frozen plasma 

(150,000/ml) was measured using the calibrated automated thrombogram (CAT) for 50 min. 

(A) Representative thrombogram from the CAT assay; (B,C) Less lag time and increased 

peak height for thrombin generation in stored platelets compared to fresh platelets (D) Total 

thrombin generated over time (ETP) is the same in stored as well as in fresh platelets (n=4).; 

ns, not significant (P >0.05); *, P<0.05. 4C, platelets stored at 4°C; RT, platelets stored at 

room temperature.
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Figure 5. Cold induced plasma factor XIII (FXIII) binding
Platelets were stained with anti-FXIIIB antibodies to confirm the source of FXIII binding in 

cold-stored platelets.(A) Representative histogram of FXIIIB expression in stored vs. fresh 

platelets (B) Increased FXIIIB positive platelets compared to fresh platelets at baseline (C) 

Geometric mean fluorescence (GMFI) indicates more FXIIIB binding on individual cold-

stored platelet surfaces (D) FXIIIB expression in aggregates and microparticles in stored 

platelets implies fibrinogen-mediated binding; FXIIIA was probed in immunoblots. (E) 

Representative immunoblot showing increased relative density of FXIIIA content in cold-

stored platelets (F) Decreased FXIII binding in PAS storage compared to AP (n=4). ns, not 

significant (P >0.05); *, P<0.05; **, P<0.01. 4C, platelets stored at 4°C; aggs, aggregates; 

AP, apheresis platelets; MP, microparticles; PAS, platelet additive solution; RT, platelets 

stored at room temperature.
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Figure 6. Effect of FXIII on clot mechanics
Rheological analysis was carried out on stored platelets stored in PAS. (A, B) Cold-stored 

platelets in PAS have similar clot stiffness and crosslinking density to fresh platelets (fresh = 

1.0, n=4). (C) Cold-stored platelets in autologous plasma form clots in FXIII-deficient 

plasma with higher stiffness than fresh platelets (n=4). ns, not significant (P >0.05); *, 

P<0.05. 4C, platelets stored at 4°C; AP, apheresis platelets; PAS, platelet additive solution; 

RCD, relative crosslinking density; RT, platelets stored at room temperature.
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Figure 7. Mechanism of FXIII-mediated cross linking in cold-stored platelets
(A) Cold storage leads to Intracellular calcium leakage in platelets, resulting in shape change 

and activation of GPIIb/IIIa receptor through calcium inside-out signalling. Fibrinogen 

(complexed with FXIII on γ chain) in stored autologous plasma binds to GPIIb/IIIa (B) 

Upon activation, thrombin cleaves fibrinopeptides to convert fibrinogen monomer to fibrin, 

as well as FXIIIB to activate FXIIIA. Platelets act as nucleation site for fibrin 

polymerization, and FXIIIA mediates γ–dimer (longitudinal and transverse), γ-tetramer, α-

polymer, αγ-hybrid crosslinks (covalent bonds) in laterally aggregated fibrin polymer (soft 

clot) to form a strong clot (hard clot) with thinner fibres. D, fibrinopeptide D; E, 

fibrinopeptide E; GP, glycoprotein.
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