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Abstract:  

Uses of platelet and extracellular vesicles rich plasma (PVRP) are in many fields of medicine as 

it was found that PVRP has regenareative properties. Preparation of PVRP is performed by sep-

aration of erythrocytes from the liquid they are immersed in. Erythrocytes are the most numerous 

blood cells; they are also relatively large and dense as they are filled with haemoglobin. Therefore 

they sediment due to gravitation or systemic centrifugation force thereby pushing plasma that 

carries smaller particles in the opposite direction. This mechanism that takes place during pro-

cessing determines the composition of plasma. Its tuning is therefore key in acquiring a prepara-

tion with desired properties. In particular, it is of interest to study the effect of erythrocyte sedi-

mentation rate (ESR) on composition and volume of acquired plasma. Different animals have 

different ranges of ESR values which may enable insight into mechanisms of plasma preparation. 

In this contribution we present the basic mechanisms of plasma preparation and properties of 

blood of different animals.  
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1.   Plasma rich with platelets and EVs  

Application of blood derived products such as plasma (blood devoid of erythrocytes) to a damaged 

tissue area has hitherto proved to accelerate wound healing and help regenerate injured or damaged 

ligament and tendon fibers (Uršič et al., 2016, Vozel et al., 2020a). The preparation is made from 

patient’s own blood following a procedure that is straightforward and easy to perform and can be 

injected directly to the damaged area. In this way, the healing substances can be delivered also to 

places that are not easily reached otherwise. With autologous application there is low risk of com-

plications such as infections or immune rejection (De Pascale et al., 2015).  

Initially, healing capacity of plasma preparations was attributed to platelets (Figure 1 A,B); it was 

found that activated platelets (Figure 1B) release different growth and inflammation factors to the 

extracellular millieu, which have been regarded as vectors of the healing process (Etulain et al, 2018). 

Later on, other features were considered, i.e. platelet membrane receptors, their effects on the im-

munomodulatory actions of the innate and adaptive immune system, effects of leukocytes and of 

mesenchymal stem cells (reviewed in Everts al., 2020), indicating complex interactions between cells 

in the healing process.  

Substances that were considered as possible promoters of regeneration in PVRP are growth factors 

and inflammation markers. Previous research outlined following growth factors: platelet-derived 

growth factor-BB (PDGF-BB), transforming growth factor β-1 (TGF-β1) (Lee et al., 2013), insulin-like 

growth factor-1 (IGF-1) (Lubkowska et al., 2012), vascular endothelial growth factor (VEGF) and ep-

idermal growth factor (EGF) (Taniguchi et al., 2019). Inflammation factors Tumor necrosis factor al-

pha (TNF-alpha), interleukin 1 beta (IL-1 beta), Cholinesterase (ChE), erythrocyte Glutathione S-

transferase (GST) and Interleukin 6 (IL-6) were already proved to be connected to concentration of 

EVs in blood-derived samples (Jan et al., 2021). TNF-alpha was originally described as a circulating 

factor that can cause necrosis of tumors, but has since been identified as a key regulator of the in-

flammatory response (Bradley, 2008). IL-6 has a role as an inflammatory mediator (Mendham, 2011). 

Potential marker of inflammation is activity of plasma Butyrylcholinesterase and erythrocyte Ace-

tylcholinesterase. Both Cholinesterases may enhance inflammation. ChE is believed to modulate im-

mune and anti-inflammatory response via the cholinergic system. Key factor in the anti-inflamma-

tory cholinergic pathway is supposed to be oxidative stress (Villeda-Gonzalez, 2020). Erythrocyte 

GST activity has been proposed as the potential marker for oxidative stress (Neefjes, 1999) and EVs 

formation is considered to be provoked by oxidative stress (Borras, 2020) whereas inflammation pro-

cesses in human body have impact on vesiculation (Chaar 2011).  

Recent developments in the field of biology and medicine have outlined nanosized (ranging from 20 

nm-1000 nm) membrane-enclosed cellular fragments (extracellular vesicles – (EVs)) which are abun-

dant in preparations from processed plasma (Šuštar et al., 2011a,b, Božič et al., 2020) (Figure 1G) as 

important mediators of intercellular communication. It can be expected that these particles may be 

involved in the above features. EVs are formed by cells of all types during apoptosis, in the final 

stage of membrane budding (shown in platelets (Figure 1B), leukocytes (Figure 1C) and erythrocytes 

(Figure 1F)), by release from internal cell compartments or due to mechanical impact (Kralj-Iglič et 

al., 2020). Being free to move with body fluids, they can reach distant cells, interact with them and 

affect their biological function. Containing cell-type-specific signatures, EVs of selected cell types 

have been proposed as therapeutic agents in regenerative medicine, vaccination trials, and drug de-

livery (Fais et al., 2016, Lener et al., 2015). EV formation by cells is considered a physiological process 

(Su et al., 2018) and is accelerated as a result of oxidative stress (Borras et al., 2020) or inflammation 

process (Char et al., 2011).  

Both platelets and EVs seem to be important bioactive substances in plasma. Importance of platelet-

derived EVs was previously outlined and it was indicated that the mechanism by which they are 

formed is a critical determinant of their phenotype and function (Ferreira et al., 2020). A question 

can be posed about what would be the optimal composition of plasma preparation regarding plate-

lets and EVs.  
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Figure 1. A: resting platelets, B: activated platelets, C: budding leukocytes, D: packed erythrocytes at the bottom of the centrifugation pellet, E: 

erythrocytes in physiologic in-vitro conditions, F: budding erythrocytes, G: isolate from blood showing numerous EVs (white arrow) and singular 

residual erythrocytes; there are no resting platelets and no leukocytes in the sample.    

2.   Preparation of plasma rich with platelets and EVs  

The gold standard method for preparation of PVRP is centrifugation of blood samples. The proce-

dure is simple to perform, it requires besides a centrifuge only few basic laboratory tools and contact 

with foreign materials is minimized as not to introduce corrosion particles into the preparation. The 

exising PVRP protocols aim at depletion of plasma in erythrocytes and enrichment in platelets. Dif-

ferent settings have been suggested, based on empirical findings. Widely used are two-spin protocols 

(Figure 2) where relatively low centrifugation pulls are used in both spins (up to 1000 times the 

acceleration due to gravity of Earth (g)). In Spin 1, blood is centrifuged to pellet erythrocytes. In Spin 

2, the Spin 1-supernatant that is abundant in platelets and EVs is centrifuged again to pull the parti-

cles with densities higher than that of the surrounding solution towards the bottom of the centrifuge. 

PVRP is constituted from the lower portion of the sample (Figure 2). The recovery of platelets (the 

number of platelets in the PVRP sample divided by the number of platelets in the blood sample) 

reaches about 80% (Hsin et al., 2017) while platelet concentration can reach values above its baseline 

level in whole blood (Božič et al., 2021). 

 

Figure 2. Two-spin protocol for preparation of PVRP. Blood is centrifuged (Spin 1) to separate erythrocytes (pellet) from plasma (supernatant). The 

acquired plasma is centrifuged again (Spin 2) to concentrate platelets and EVs that are denser than the surrounding liquid into the lower part of the 

tube (PVRP).  

The forces on a particle are gravitational/systemic centrifugal force, the buoyancy and the resisting 

force that is described by the Stokes law. In equilibrium, the sum of the forces vanishes so that   

 

ERC Xg 4rERC3/3 = 6rERC uERC      ,                                                  (1)                                                                        

 

whereERC is the difference between the density of the erythrocytes and the density of the fluid, Xg 

is the respective acceleration that drives sedimentation expressed as a multiplicity of the Earth grav-

ity acceleration g and X is the multiplication factor (generally referred to as relative centrifugal force 

RCF in the centrifuge), rERC is the radius of the erythrocyte,  is the viscosity of plasma and uERC is 

the velocity of the erythrocyte. In gravitational field (X = 1), the velocity of sedimentation of eryth-

rocytes is 

 

uERC = 2ERCrERC
2g /(9)     .                                                          (2) 

In the centrifuge, the force depends on the distance of the particle from the rotor axis x. The factor 

Xg is defined by the distance of the bottom of the tube from the rotor axis xmax and the angular ve-

locity of the centrifuge (expressed also by its frequency in rotations per minute,  = 2RPM/60), so 

that  

 

 X g = 2 xmax   .                                                                      (3)   
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It follows from Eqs. (1) and (3) that the velocity of sedimentation of erythrocytes in the centrifuge is 

 

uERC = 2ERCrERC
2Xg x /(9 xmax)     .                                                   (4) 

We can see that the velocity of the particle is proportional to the difference in particle density and 

the liquid density and to square of the size of the particle, meaning that larger and denser particles 

will sediment faster. This is the basis of the separation of erythrocytes from platelets in gravitational 

field and also in centrifuge. Erythrocytes are bigger than platelets and EVs. Moreover, they tend to 

form aggregates called rolleaux (Figure 3) that travel as unities and thereby further promote the 

difference in sedimentation velocities between erythrocytes and smaller particles.  

 

 

 

 

 

 

Figure 3. Rolleaux formation in normal in vitro conditions (A) and in the presence of anaesthetic (B). 

It was found that the preparation procedure can significantly impact the blood cells and EVs (Šuštar 

et al., 2011, Božič et al., 2020) and therefore the volume and composition of PVRP (Everts, 2020). 

Besides EVs that are already present in plasma in vivo, the preparations contain EVs that are formed 

during the sample processing due to the shear and temperature stresses imposed upon the blood 

cells during processing of the sample (Šuštar et al., 2011, Božič et al., 2020). It is therefore of utmost 

interest to understand the effect of centrifugation on identity and formation mechanisms of EVs in 

plasma preparations as well as on their biological role. 

3.   Enrichment of plasma with platelets and EVs by centrifugation  

Blood can be described as composed of a mixture of particle types differing in density, size and 

shape. It was previously observed that in concentrated multiparticle-type suspensions, the creeping 

flow considerably hinders sedimentation of particles (Major, 1978); if species of particles in suspen-

sion greatly differed in density and size, the lighter and smaller particles could be withdrawn into 

the flow opposite to the flow of the heavier and larger ones (Major, 1978). This principle was recently 

applied to blood where due to the large size and higher density of erythrocyte lumen, erythrocytes 

and leukocytes move faster than smaller platelets and EVs and push those against the centrifugation 

pull into the plasma zone (Božič et al., 2021). Furthermore, when an erythrocyte moves in the direc-

tion of the gravitational (or corresponding centrifugal) force, a following erythrocyte is dragged into 

the left behind “cavity”. As the concentration of erythrocytes in blood is high, the continuing action 

results in sequential ordering of the settling dispersed phase into erythrocyte channels and sur-

rounding plasma zones (Pribush et al., 2010). The erythrocyte sedimentation is accelerated due to 

formation of the channels (Pribush et al., 2010), and is therefore faster than that expected from the 

relations considering movement of singular cells. Enrichment of plasma in smaller particles takes 

place as long as erythrocytes travel towards the bottom of the tube. When they pack in the pellet, 

smaller particles are no longer subjected to the drag of the erythrocyte counterflow and centrifugal 

pull reverses their direction toward the bottom of the tube. In this interval, plasma becomes depleted 

of smaller particles.  

Distribution of different types of particles in the sample in dependence of time was modelled by 

applying laws of motion leading to a system of partial differential equations (Božič et al., 2021). Ap-

proximative simple and transparent solution was found. Model parameters were set by fitting to 

data from a cohort study including patients with chronic ear wounds and subjects without the record 

of disease (Božič et al., 2021) assuming that the movement of platelets and EVs is in the direction 

opposite to erythrocytes but with the proportional magnitude of velocity,  
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uP2 = -  uERC ,                                                                  (5)                                                                                                                                                                                                                                                          

where P2 denotes platelets and EVs and  is an adjustable constant.  

It was found that Spin 1 (centrifugation of blood) was crucial in preparation of plasma. With appro-

priate choice of centripetal accelerations of the centrifuge rotor and appropriate centrifugation times, 

enrichment of plasma in the upper part of the centrifugation tube with platelets and EVs reached 

factor 2.3 (Božič et al., 2021).  

4.    Erythrocyte sedimentation rate (ESR)  

ESR is a test that is routinely performed in clinical practice. It gives a rate (in millimetres per hour), 

at which red blood cells in the whole blood descend in a standardized Westergren tube in gravita-

tional field during a period of one hour. With respect to model equations,  

uERC = ESR     ,                                                                   (6) 

so that it follows from (4)-(6) that 

 uP2 = -  ESR X/xmax      .                                            (7)                                                                        

ESR is influenced by pro-sedimentation factors, mainly the presence of fibrinogen, and also physical 

properties of particles, e. g. the negative surface charge of erythrocytes. When an inflammatory pro-

cess is present, the high level of fibrinogen enhances the formation of rouleaux. In humans, ESR was 

found connected to pathological states such as inflammation, infection, pregnancy, anemia, autoim-

mune disorders, some kidney diseases and some cancers. The rate of erythrocyte sedimentation is 

affected by both inflammatory and non-inflammatory conditions. In inflammatory conditions, fi-

brinogen, other clotting proteins and alpha globulin are positively charged, thus increasing the ESR. 

In non-inflammatory conditions, plasma albumin concentration, size, shape, and number of red 

blood cells and the concentration of immunoglobulin can affect the ESR. Non-inflammatory condi-

tions that can cause raised ESR include anemia, kidney failure, obesity, ageing, and female sex. ESR 

is also higher in women during menstruation and pregnancy. An increased number of red blood 

cells (polycythemia) causes reduced ESR as blood viscosity increases. Hemoglobinopathy, such as 

sickle-cell disease, decrease ESR due to improper shape of red blood cells that impairs stacking. In 

animals like horses, cats and pigs, the rouleaux formation can be a normal physiological finding. 

Westergren’s original normal values (men 3 mm/h and women 7 mm/h) made no allowance for a 

person’s age and were found higher in women than in men. Later studies indicated that ESR tends 

to rise with age (normal values were found to be 1 to 2 mm/h at birth, rising to 4 mm/h 8 days after 

delivery, and then to 17 mm/h by day 14). In human, normal values are now thought to be 3-10 

mm/hour, they were found to be slightly higher in normal populations of African Americans than 

Caucasians of both genders and in anaemic individuals. ESR differs in different animal species an 

is especially high in the horse (120 mm/hour) while in the cow, goat and sheep it was found to be 1 

mm/hour (Bottiger et al., 1967). It is proposed that ESR is higher in athletic mammalian species like 

pronghorn antelope (Antilocapra americana) (Popel et al., 1994).  
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