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Abstract
Background: Platelet concentrate (PC) transfusions are crucial in prevention and 
treatment of bleeding in infection, surgery, leukemia, and thrombocytopenia patients. 
Although the technology for platelet preparation and storage has evolved over the 
decades, there are still challenges in the demand for platelets in blood banks because 
the platelet shelf life is limited to 5 days due to bacterial contamination and platelet 
storage lesions (PSLs) at 20–24°C under constant horizontal agitation. In addition, the 
relations between some adverse effects of platelet transfusions and PSLs have also 
been considered. Therefore, understanding the mechanisms of PSLs is conducive to 
obtaining high quality platelets and facilitating safe and effective platelet transfusions.
Objective: This review summarizes developments in mechanistic research of PSLs and 
their relationship with clinical practice, providing insights for future research.
Methods: Authors conducted a search on PubMed and Web of Science using the 
professional terms “PSL” and “platelet transfusion.” The obtained literature was then 
roughly categorized based on their research content. Similar studies were grouped 
into the same sections, and further searches were conducted based on the keywords 
of each section.
Results: Different studies have explored PSLs from various perspectives, including 
changes in platelet morphology, surface molecules, biological response modifiers 
(BMRs), metabolism, and proteins and RNA, in an attempt to monitor PSLs and iden-
tify intervention targets that could alleviate PSLs. Moreover, novel platelet storage 
conditions, including platelet additive solutions (PAS) and reconsidered cold storage 
methods, are explored. There are two approaches to obtaining high-quality platelets. 
One approach simulates the in vivo environment to maintain platelet activity, while 
the other keeps platelets at a low activity level in vitro under low temperatures.
Conclusion: Understanding PSLs helps us identify good intervention targets and as-
sess the therapeutic effects of different PSLs stages for different patients.
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1  |  INTRODUC TION

In the 1950s, platelet transfusions were found to save the lives of 
leukemia patients by reducing bleeding.1 In the 1970s, platelets 
preserved at 22°C under constant agitation and oxygen exchange 
were found to have excellent functions.2 To date, the prepara-
tion and storage of platelets have been developed for more than 
60 years, and the procedures from platelet storage to transfusion 
have become relatively mature. Critical variables of platelet stor-
age in the blood bank are temperature (20–24°C), oxygen and 
continuous agitation. However, the platelet shelf life changed 
from 3–5 days to 7 days and was finally limited to 5 days because 
of bacterial contamination and impaired platelet function during 
storage.3 Long-term platelet storage is closely followed by unsatis-
factory platelet recovery and survival after transfusion. Although 
some social interventions have been tried,4 discarded platelets 
still exist due to their short shelf life. This will not only lead to a 
waste of social resources but also a window period of inadequate 
platelet supply in hospitals. Another problem is the shortage of 
PCs in some countries due to a lack of blood donors. The produc-
tion of platelets in vitro may be another viable option. However, 
even if we are able to replace donor-derived platelets with those 
produced in vitro, we cannot overlook the issue of platelet stor-
age. This is because in  situations where timely transfusion of 
in vitro-produced platelets is not possible, such as in remote areas, 
challenges in platelet storage may still arise.

It is well known that platelet transfusions are life-saving, but 
some adverse effects have also been noted. Common transfusion-
associated adverse reactions (TAARs) are allergic reactions, febrile 
nonhemolytic transfusion reaction (FNHTR) and transfusion-
related acute lung injury (TRALI). A recent randomized controlled 
trial (RCT) by Anna Curley5 showed that platelet transfusion in 
neonates at a low threshold (25,000 per cubic millimeter) is asso-
ciated with lower infant bleeding and mortality than that at a high 
threshold (50,000 per cubic millimeter), suggesting that platelet 
transfusions may cause harm in neonates independently of the 
disease process. Some retrospective studies have also suggested 
that platelet transfusion may be associated with the prognosis of 
patients. There are various factors contributing to TARRs. Expect 
for the impact of plasma and leukocytes, transfused stored plate-
lets can individually cause these side effects.6 In addition to their 
classical hemostatic function, it has also been reported that plate-
lets have immunological and proinflammatory effects by interact-
ing with leukocytes.7,8 In the process of collection, preparation 
and storage of platelets, due to shear stress and some in  vitro 
stimulation, the morphology, metabolism and function of plate-
lets will gradually change, resulting in a decrease in the quality of 
platelets. Biological response modifiers (BMRs), such as platelet 
microparticles (PMPs), microRNA, soluble CD40 ligand (sCD40L) 
and regulated on activation normal T cells expressed and secreted 
(RANTES), are released by platelets during storage, which are not 
only reflections of platelet function but also relevant to clinical 
practice as their immunological roles. Meanwhile, clinical platelet 

transfusions will face the challenge, platelet immune and inflam-
mation function.

Although there have been a variety of mature detection tech-
niques in vitro, including platelet aggregometry, electron micros-
copy, flow cytometry, and omics research, to monitor the changes 
in the function, morphology, activation, and metabolism of plate-
lets during storage, the biological mechanisms of platelet storage 
lesions (PSLs) are still not clear, which makes it difficult to further 
extend the storage time of platelets and to obtain high-quality 
platelets.

Recent studies have evaluated novel platelet storage condi-
tions,9 platelet additive solutions (PAS) and cold storage meth-
ods. And the reduction of reactive oxygen species (ROS) is able 
to alleviate PSLs.10,11 Cryopreserved and cold storage conditions 
are reconsidered to lengthen the storage time of platelets and re-
duce bacterial contamination, despite the deleterious effects and 
reduced recoveries of refrigerated platelets as demonstrated by 
Murphy S12 and other studies. Additionally, the characteristics of 
platelets at 4°C that are more capable of coagulating has received 
increasing attention, which may be more suitable for patients with 
acute bleeding.13 Different types of PAS have been shown to re-
duce the incidence of allergic reactions, FNHTR and TRALI and 
may also be helpful to mitigate PSLs for extended storage time. 
While there are lower corrected count increments (CCI) of plate-
lets stored in PAS-E than those stored in plasma but with no sig-
nificant difference.14

This review will discuss current research progresses on PSLs and 
efforts undertaken to mitigate PSLs. Considering the role of plate-
lets beyond coagulation, this paper will also review recent findings 
of BMRs during storage and their potential connections with clinical 
practice.

2  |  PHYSIOLOGY OF NORMAL PL ATELETS

Platelets are small, discoid, anucleate cells with a diameter of 
2–3 μm. Two-thirds of platelets are present in the peripheral blood 
after shedding from megakaryocytes, which plays major roles in 
blood clot formation and maintains the integrity of the vessel wall, 
while the rest are stored in the spleen and liver. Recent studies have 
shown that the lung may also be an important organ for platelet 
production.15 The lifespan of platelets is limited to 7–14 days be-
cause of shear forces and the absence of a nucleus. With the aging 
of platelets, the size decreases, and surface molecules are exposed, 
such as glycoproteins and phosphatidylserine (PS). Finally, senescent 
platelets are eliminated by macrophages. When bleeding, the rest-
ing platelets are activated immediately, and then the shape of the 
platelet changes from smooth disk-shaped structures to irregular 
spheres with pseudopodia. Activated platelets bind to the suben-
dothelial matrix by the surface GPIb/IX/V complex and circulating 
Von Willebrand factor (vWF) for adhesion and combine with colla-
gen by GPIIb/IIIa for aggregation. In parallel, activated platelets fur-
ther contribute to platelet activation by releasing substances stored 
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in dense granules, α-granules, and newly synthesized thromboxane 
A2 (TXA2). In addition, a variety of coagulation factors can also be 
adsorbed by activated platelets to promote secondary hemostasis. 
After performing their normal physiological functions, platelets 
in vivo are cleared. Quach16 has discussed common mechanisms of 
in vivo clearance of activated and senescent platelets, such as plate-
let apoptosis signaling pathways (Bax and Bak), mitochondrial dys-
function, GPIbα activation, and PS externalization. Inhibiting these 
clearance processes may potentially enhance the functionality of 
stored platelets after transfusion.

3  |  PREPAR ATION AND STOR AGE OF PC 
IN THE BLOOD BANK

Platelet concentrates (PC) are isolated by centrifugation. There 
are three types of PC (Figure 1): buffy coat (BC) PC, platelet-rich 
plasma (PRP) PC and apheresis PC.17,18 Apheresis platelets are 
separated by automated instruments, and then the remaining 
blood components are transfused back into the donors where all 
steps are performed with no manual processing. Another benefit 
of apheresis PC is that platelets from one donor are relatively 
sufficient for one receptor, which avoids platelet mixing and re-
duces the incidence of immune reactions. BC-derived PC and 

PRP-derived PC are isolated from whole blood donation by hard 
spin and soft spin, respectively. However, platelets produced by 
the PRP method tend to aggregate during the preparation pro-
cess.18 During the preparation of platelets, other techniques are 
applied for different aims. Pathogen reduction technologies (PRTs) 
reduce microbial contamination to secure platelet transfusions 
by chemical or physical (ultraviolet light illumination) methods 
but may lead to platelet activation,19 ROS generation, PS expo-
sure and apoptotic feature.20,21 Even gamma irradiation as the 
known safe method also showed to increase ROS generation and 
pro-apoptotic function in platelets albeit it does not increase the 
storage dependent levels of an overt apoptosis.21 Leukoreduction 
by filtration can effectively decrease cytokine concentrations.22 
PAS as storage media have protective effects on platelets.14 Shear 
stress and artificial materials are considered as the first step in 
the development of PSLs.17 Some research has conducted experi-
ments to investigate the relationship between shear stress and 
PSLs. In Hosseini study,23 lower GPVI shedding/expression of 
platelets in manually mixed PCs (MM-PCs) than continuously agi-
tated PCs (CAG-PCs) during 4 days storage, which indicated shear 
stress may contribute to GPVI shedding. Additionally, shear stress 
may activate Ca2+ channels.24 In Wang review,25 the shear stress 
threshold of platelets in vitro is lower because the time that plate-
lets experienced is longer and persistent than in vivo.

F I G U R E  1 Platelet concentrate (PC) preparation methods. There are three schemes of platelet preparation established, buffy-coat (BC) 
PC, platelet-rich plasma (PRP) PC and apheresis PC production (top, middle and bottom).17,18 BC is first separated from whole blood by hard 
spin and then pooled with plasma or platelet additive solutions (PAS), where remanent red blood cells are removed under soft centrifugation. 
On the contrary, PRP is isolated by soft spin. Subsequently, platelets are segregated via hard centrifugation. As for apheresis PC, automated 
blood cell separator is utilized to collect platelets and transfuse back the other blood components into donors. BC and apheresis platelets 
can be resuspended in PAS and leukoreduction (LR) technique can be applied.
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Different storage conditions have been explored such as verti-
cal agitation, continuous agitation26 and manually mixed.23 It is an 
established practice that platelets are stored at 20–24°C under con-
stant horizontal agitation in n-Butyryl tri-n-hexyl citrate (BTHC) or 
tri-(ethylhexyl)-trimellitate (TEHTM) plasticized polyvinyl chloride 
(PVC) bags.27 Temperature, agitation, pH (6.4–7.4), fuel availability 
and respiratory capacity are requisite for the maintenance of platelet 
function.

4  |  PSL S AT 20–24°C UNDER CONSTANT 
HORIZONTAL AGITATION

Methods for monitoring the function of stored platelets in vitro are 
changes in platelet morphology, surface molecules, platelet me-
tabolism and BMRs, whereas it is a challenge to accurately predict 
platelet function after transfusion by these tests. One reason is that 

the mechanisms of platelet lesions are not well understood and that 
most of these monitoring methods are used to detect platelet ac-
tivation and apoptosis. The following text will summarize changes 
observed during platelet storage in recent studies and present them 
through Figure 2.

4.1  |  Changes in platelet morphology

Apart from the first stimuli during the platelet preparation process, 
PSLs mainly occur in storage. The normal morphology of platelets is 
the basis for their normal function. The change in platelet morphol-
ogy from discoid to spheres leads to the loss of platelet function 
and low recovery in vivo. Increased mean platelet volume (MPV) and 
platelet distribution width (PDW) may indicate platelet activation 
during the early stage of storage. While in the extended stage of 
storage, over 5 days, decreased MPV may be the result of aging and 

F I G U R E  2 Some major biological response modifiers (BMRs) and the potential mechanisms of platelet storage lesions (PSLs). (1) During 
storage, platelet morphology transforms from discoid to sphere with pseudopodia and lysis at extended storage.17,18,27 (2) Changes in 
molecules on the surface are reduced G-protein-coupled protease-activated receptors (PAR4),38 exposure and shedding of CD42b (GPI 
bα)29 and GPVI,30 and inverse phosphatidylserine (PS),106 which are different from classical platelet activation. In parallel, α-granules 
release CD62P30 to the membrane and soluble CD40 ligand (sCD40L)66 and regulated on normal activation T cells expressed and secreted 
(RANTES)67 to the extracellular space. Platelet microparticles (PMPs)72 are also produced by platelets. (3) These BMRs including GPI 
bα, GPVI, PS and PMPs may be associated with reactive oxygen species (ROS) as demonstrated by elevated O2- level.34 microRNAs 
(miRNAs)50,59 that may be derived from precursor miRNAs (pre-miRNAs) and proteins that are synthesized in the existing process of 
translation (4) can be detected. (5) The proportion of glucose that can access the tricarboxylic acid cycle (TCA) decreases contributes to the 
accumulated lactate due to mitochondrial dysfunction.32
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cytolysis.28 The extent of shape change (ESC) and hypotonic shock 
response test (HSR) are both assessed by light-scattering tech-
niques. ESC is the degree of morphological alteration that platelets 
response to agonists. HSR reflects the structural integrity and sta-
bility of platelets in hypotonic media.3 Platelet morphological score 
(PMS) assigns different types of platelet morphology (balloons = 0, 
dendrites = 1, spheres = 2 and disks = 4).29 Swirling assessment is a 
simple and useful macroscopic method to evaluate PC quality and 
is associated with PH and CCI (no swirling = 0, poor = 1, good = 2, 
excellent = 3).23 Higher HSR, ESC, swirling and PMS scores indicate 
better platelet function. Nonetheless, these parameters that reflect 
changes in platelet morphology are inconsistent across studies.

4.2  |  Platelet activation and surface molecules 
modification

Platelets contain some well-known receptors as markers of platelet ac-
tivation, which can be detected by flow cytometry. Shedding of CD42b 
(GPIbα) may be associated with decreased surface exposure and at-
tenuate platelet response to ristocetin,30 and it may cause decreased 
capability of platelet adhesion at high shear or premature platelet 
clearance. In parallel, inhibiting CD42b shedding improves posttrans-
fusion platelet recovery and hemostatic function.31 GPVI, as a more 
important collagen receptor, is also likely to be shed in storage30 and 
related with functional deficit of platelets including lowering responses 
to collagen-induced aggregation as well as gradual loss of platelet ad-
hesion to collagen.10 CD62P (P-selectin), transported from α-granules 
to the membrane in activated platelets, is significantly increased dur-
ing storage.29,30 The expression of GPIbα (significantly on day 3) and 
GPVI (significantly on day 5) both came down always with the stor-
age time on stored platelets surface, as indicated by the mean fluores-
cence intensity (MFI). Furthermore, these proteins could be detected 
in the supernatant. In contrast, the levels of CD62P and PS showed a 
continuous increase throughout the storage period, with a significant 
difference observed on day 3.30,32 There are three processes of PS ex-
posure, including activation, apoptosis and an unknown way.33 During 
storage, it was also reported that platelets mitochondrial dysfunction 
was associated with PS exposure.32,34 In addition to its coagulation 
function, PS exerts immune effects35 and provides an “eat me” signal, 
but its inflammatory roles in blood components are unclear.36 But, 
it is reported that higher PS-exposed platelets are more suitable for 
high-risk patients to stop bleeding.37 A decrease in G-protein-coupled 
protease-activated receptors 1 and 4 (PAR1, PAR4), bound with throm-
bin, is related to a reduction in platelet aggregation potency.38 It has 
been reported that tissue factor (TF), as the main activator of blood 
coagulation, would increase on stored platelets, but the connections 
with platelet transfusions need further study.39 Beyond activation, 
the occurrence of ROS and34 mitochondrial dysfunction32 may also 
be important factors affecting platelet function because these altera-
tions, such as surface markers (GPVI and PS), are not as classical as 
platelet activation. Some studies hypothesized ROS and mitochondrial 
dysfunction may be associated with platelet apoptosis.40 However, in 

Pleines study, the BAK/BAX depletion of murine platelets was able 
to lengthen platelet life span in vivo but had no protective effects on 
platelet function in vitro, which indicated the loss of granular contents 
was more important to PSLs than apoptosis during platelet storage.41 
The relationship among PSLs, GPVI shedding, mitochondrial dysfunc-
tion and PS exposure needs further study.

4.3  |  Metabolism of platelets

Similar to other living cells, platelets still undergo adenosine triphos-
phate (ATP) consumption during storage to ensure their function, 
which is mainly from the tricarboxylic acid cycle (TCA). The process 
of ATP metabolism is the consumption of oxygen and glucose to 
generate ATP as well as water and carbon dioxide, but in the case 
of abnormal glycolysis and mitochondrial function,32 lactate accu-
mulates and the pH drops as a result of inadequate clearance of me-
tabolites. Therefore, glucose, pH and lactate levels are also used as 
markers to evaluate the function of platelets during storage.17 The 
level of lactate dehydrogenase (LDH), a key enzyme in glycolysis, is 
also increased when platelets are fragmented. Metabolomics stud-
ies show that the metabolic changes in platelets during storage are 
not linear but suddenly change on the fourth and seventh days.42 
During short-term storage (0–3 days), without hypoxia, 40% glucose 
is consumed through the glycolytic pathway, and the levels of lactate 
and malate increase while the pH decreases. During intermediate 
storage (4–6 days), lactate production continues, but TCA become 
active. In addition, changes in platelet lipid metabolism include de-
creased cholesterol and increased sphingomyelin (SM) and cera-
mide.43 Moreover, changes in fatty acid metabolism are associated 
with platelet recoveries after transfusion.44 Although several other 
metabolites have been identified in the Paglia G45 and Zimring JC44 
studies and Paglia G compares the metabolism of platelets from 
different preparation methods after storage, the reasons for the 
metabolic changes in platelets during storage are not clear. There 
are still few studies on the relationship between platelet metabolism 
during prolonged storage of platelets and platelet recoveries after 
transfusion.

4.4  |  Alterations in proteins and RNA

By platelet proteome analysis, the levels of 21 proteins significantly 
changed of which 12 decreased, including vWF (significantly de-
creased on day 5), platelet factor 4 (PF4, significantly decreased on 
day 13) in platelet α-granules and some non-α-granule proteins (his-
tone H2A, significantly decreased on day 2), while proteins in dense 
granules and lysosomes were not lost, which indicates a gradual re-
lease of α-granules.46 In the supernatant of PC, 25 proteins exhibited 
a significant increase, and 42 proteins exhibited a significant de-
crease on day 5. Proteins released by platelets were associated with 
exosomes, two clusters of which were related to hemostasis and 
RNA binding, respectively.47 During in vitro storage, there is a close 
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relationship between the changes in platelet RNA and protein levels 
because the processes of protein translation still exist. From mRNA 
to proteins, microRNAs (miRNAs) are important regulators after 
gene expression, which implies another interesting way to monitor 
PSLs.48 Yan Y49 discussed the role of miRNA during platelet storage, 
and both increased and decreased levels of miRNA have been re-
ported. The increased miRNA levels may be from precursor miRNAs 
(pre-miRNAs) or miRNA cleavage because there is no transcription 
in stored platelets. It was reported that miR-127, miR-191 and miR-
320a were highly expressed and that miR-127 and miR-320a were 
biomarkers of PSLs.50,51 In a study by Norouzi M, miR-326 and miR-
145 were positively correlated with glucose concentrations and can 
be potential biomarkers to reflect platelet function.52 Other miRNAs 
were associated with platelet apoptosis. Mir-326 and mir-let-7b, 
which interacted with Bcl-xL and Bak, had high expression levels 
during storage,53,54 and mir-103b downregulating integrin beta 3 
(ITGB3) promoted platelet apoptosis.55 Overexpression of miR-
570-3p in platelets resulted in reduced levels of mitochondrial ATP 
synthase subunit g (ATP5L) mRNA and concomitant ATP loss.56 miR-
181a57 and miR-320c58 reduce platelet activation by Ras-related 
protein (RAP1) downregulation. Apart from miRNA, some other 
RNAs, such as mRNA, long noncoding RNA (lncRNA) and circular 
RNA (circRNA), also showed interesting level changes during plate-
let preservation by whole transcriptome analysis.59 Recent studies 
have suggested the possibility of RNA, especially miRNA, to predict 
PSLs, and the relationship between miRNAs and platelet apoptosis, 
platelet metabolism, and mitochondrial disorders has also been re-
ported. Besides, the biological mechanisms may be complex because 
of changes in a variety of miRNAs as reported in different studies. 
When identifying miRNAs with bioinformatics tools, we need to be 
aware that the technique may have limitations. One limitation is the 
updating of precursor and mature microRNA sequence databases. A 
recent study,60 based on the latest version of miRbase, comprehen-
sively summarizes the diverse repertoire of miRNAs that are iden-
tified in platelets stored in blood banks for 6 days. These findings 
are further validated using quantitative real-time polymerase chain 
reaction (qPCR). Explaining the changes of miRNAs during platelet 
storage is equally important. Obtaining the key causal relationships 
from numerous clues can help us understand these changes and dis-
cover potential intervention targets.

4.5  |  Major BMRs released by platelets

There are some well-studied BMRs in PC supernatant, including 
PMPs and proteins in α-granules (Table  1). Contents in platelet α-
granules, including sCD40L, RANTES, PF4, β-thromboglobulin 
(β-TG) and transforming growth factor (TGF)-β1, which have vital 
functions in hemostasis, are released into the platelet supernatant 
during storage.17,61 These accumulated soluble mediators can in-
hibit the immune response of dendritic cells to lipopolysaccharide 
(LPS) in  vitro,62 suggesting a nonnegligible immune function of 
platelets. As a transmembrane receptor, CD40L plays an important 

role in innate and adaptive immunity, mainly from activated T cells 
and platelets.63 During the storage process, CD40L is cleaved into 
soluble CD40L (sCD40L). In  vitro, sCD40L activates B cells and 
neutrophils, and also plays a role in allergic reactions, FNHTR, and 
TRALI.64,65 sCD40L along with dysfunctional vascular tissue in re-
cipients may result in adverse reactions.66 RANTES, also known as 
chemokine ligand 5 (CCL5), migrates eosinophils67 and may serve 
as a new measure of platelet secretory function during storage.68 
Higher levels in PC supernatant are also associated with allergic 
reactions and FNHTR but not alone.67,69 PF4 and β-TG have long 
been known to be in platelet α-granules, and their release corre-
lates with platelet activation, as their concentrations also increase 
during storage.61,70 Additional cytokines derived from leukocytes 
in PC supernatants, such as interleukin (IL)-6, IL-8, IL-2 and tumor 
necrosis factor (TNF-α), can be diminished by leukoreduction, espe-
cially pre-storage leukoreduced (pre-LR) in contrast to post-storage 
leukoreduced (post-LR), which significantly reduce the prevalence 
of TAARs.22 However, during the process of leukoreduction by the 
filter, platelets under extra shear stress may be activated, which is 
considered by the accumulated RANTES.71 In this case, downgrad-
ing major BMRs from PC appears to be particularly important.

Another important type of BMRs is PMPs. Microparticles 
(MPs) in circulating blood are platelet-derived MPs (PMPs, 
Annexin-V+ /CD41a+), red blood cell-derived MPs (RMPs, CD235+), 
leukocyte-derived MPs (LMPs, CD45+), monocyte-derived MPs 
(MMPs, CD14+) and endothelial cell-derived MPs (EMPs, CD144+). 
Although different types of MPs can be detected in PCs,72,73 we 
primarily focus on PMPs because the concentration of other cells 
in PCs is minimal. PMPs, small vesicles with a diameter of 0.1–1 
microns, are primarily thought to be a way for platelets to exert 
coagulation function through membrane or intrinsic mediators 
because PMPs can trigger monocytic cell aggregation and release 
of procoagulant tissue factor-expressing MPs.74 However, in later 
studies, the characteristics of PMPs extensively involved in immu-
nity and inflammation are considered since they more easily cross 
tissue barriers than platelets.75 PMPs account for a major propor-
tion of MPs both in stored PC and blood.72 The elevated PMP lev-
els in the preparation and storage process are mainly generated by 
resting platelets, a fraction of which produced by activated plate-
lets (CD62P+) also significantly increased during storge (day 3).72,73 
Unlike cytokines, the PMP concentrations have no significant 
changes after LR.72,76 PS externalization on PMPs surface staining 
with annexin-V is associated with desialylation, which promotes 
phagocytosis by HepG2 cells.77 Some evidence has also suggested 
that PMPs from PC have potential for immune function due to 
proteins. HLA molecule expression highlights the contribution of 
PMPs to alloimmunization mechanisms.78 Proteins from plasma 
(C1q, C3 fragments and factor H) can also be acquired by PMPs, 
apart from those in platelets.79 In vitro experiments, PMPs from 
PCs are able to interact with various cells, such as reducing the 
responsiveness of macrophages and dendritic cells to LPS,79 and 
stimulating the differentiation of B lymphocytes.80 Furthermore, 
sCD40L carried by PMPs induce polymorphonuclears (PMN) 
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respiration burst, which may be related to TRALI.81 However, the 
interpretations are inadequate.

5  |  PA S, COLD AND FROZEN PL ATELETS–
RECONSIDERED CONDITIONS

There are some formulations of PAS that consist of various con-
stituents (acetate, potassium, magnesium, phosphate, bicarbonate 
or additional glucose) to alternate plasma and provide buffering, 
fuel sources and cations.9 In the latest review, PAS are found to 

be effective strategies for reducing the incidence of allergic re-
actions, FNHTR and TRALI, as well as alleviating platelet lesions 
after PRT procedures. Additionally, there are other interesting and 
noteworthy parameters, such as prolonged storage time in PAS-F 
(Isoplate) and reliable 24 h CCI in PAS-E (PAS-5, PAS IIIM, SSP+).14 
Actually, studies that investigate CCI after transfusion of plate-
let stored in different PAS are not sufficient. In an observational 
study,82 it was observed that PCs stored in PAS-C showed a sig-
nificant 16% decrease in 24 h CCI compared to platelets stored 
in plasma. On the other hand, platelets stored in PAS-E exhibited 
a nonsignificant 2% decrease in 24 h CCI compared to platelets 

TA B L E  1 Major BMRs released by platelets at 22°C storage and their relations with clinical practice.

BMRs
Location in 
platelets Function

Changes in BMRs and their potential relationship with 
clinical practice

sCD40L 
(CD154)6,63–66,90,93

α- Granule •	 Activates leukocytes for adhesion, 
superoxide production, infiltration, and 
proinflammatory cytokines release.

•	 Promotes B lymphocytes antibody 
production.

•	 Induces endothelial cells expression 
surface adhesion molecules.

•	 Related to Arteriosclerosis, Systemic 
lupus erythematosus (SLE), Graft 
rejection, etc.

•	 Increased levels during storage and lower 
concentrations in Bicarbonated Ringer's solution 
supplemented with acid-citrate-dextrose Formula A 
(BRS-A).

•	 Accumulated during storage in PAS-III than plasma 
and other types PAS.

•	 Transfusion-related acute lung injury (TRALI).
•	 Nonhemolytic transfusion reactions (NHTRs).
•	 Allergic transfusion reaction.

RANTES 
(CCL5)6,67–69,86,90,93

α- Granule •	 Chemotactic for T cells, eosinophils, 
basophils and mast cells.

•	 Involved in acute and chronic 
inflammation.

•	 Cancer progression.

•	 Elevated during storage and decreased release after 
adenosine diphosphate (ATP)-induced aggregation.

•	 Levels increased during storage in PAS-III than 
plasma and other types PAS.

•	 Higher in NHTRs and allergic transfusion reactions 
but they were not simply related.

Phosphatidylserine 
(PS)16,35–37,106

Platelet plasma 
membrane

•	 A marker of platelet activation 
and coagulation by binding with 
coagulation factors, bridge with TAM 
receptors through the GAS6, bind 
to thrombomodulin to catalyze the 
production of activated protein C (APC).

•	 Mediating platelet clearance.

•	 Increased PS positive events.
•	 Higher PS-exposing platelets were more suitable for 

high-risk patients to stop bleeding.
•	 Exposure was different from activation and might 
be associated with ROS.

Platelet Microparticles 
(PMPs)72,76,79–81,90,93

•	 Intercellular communication.
•	 Acquire different proteins from plasma.
•	 Involved in immune and inflammatory 

responses such as downregulating 
macrophages and modifying the 
development of dendritic cells, activating 
polymorphonuclear neutrophil (PMN) 
respiratory burst, stimulating B cells to 
produce antibodies.

•	 Increased concentrations during storage both in 
plasma and BRS-A, but lower in latter.

•	 Concentrations increased in PAS on day 5.
•	 No influence on concentrations after 

leukoreduction.
•	 Various biological modifiers:
•	 PS, TF for coagulation and PS may also mediated 

the uptake of PMPs by macrophages;
•	 sCD40L concentration was significantly related 
with PMN respiratory burst and potentially 
associated with TRALI.

microRNA50–58 •	 miR127 and miR320a increased during 7 days 
storage and can be biomarkers for platelet function.

•	 miR-326 and miR-145 was positively correlated with 
platelet function.

•	 miR-570 interacted with mitochondrial ATPase 
subunit.

•	 miR-326, miRNA-103 and miRNA let-7b were 
related with platelet apoptosis.

•	 miR-181a and miR-320c reduced platelets 
activation.
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stored in plasma. In a randomized study,83 20 h CCI after transfu-
sion of platelets in PAS-B were significantly lower than in plasma 
(11.5 ± 8.0 vs. 9.5 ± 8.0). In vitro, platelets incubated in PAS-B have 
metabolic improvement.84 Platelets prepared in PAS-C (Intersol) 
are remarkably activated (CD62P+, PS+ staining by annexin-V and 
sCD40L) compared with those in PAS-E and plasma, while the 
use of PAS contributes to complement (C3b and C4b) diminution, 
which may be associated with FNHTR.85 BMRs (RANTES, sCD40L, 
β-TG and PF4) released by platelets stored in both PAS and plasma 
accumulate, while PAS-C supplemented with magnesium and 
potassium can reverse the increase and platelet activation.70,86 
Platelets resuspended in PAS-E are also preserved satisfactorily 
in comparison to those resuspended in PAS-B.87,88 In parallel, the 
use of PAS-E and PAS-G (M-Sol) maintained platelet metabolic ac-
tivity, as evidenced by PH and lactate.89 PAS containing glucose, 
magnesium and potassium also exhibit attractive advantages in 
other experiments.90,91 Increased PMP levels in PAS tend to bind 
to vWF,92 and washing by another PAS, bicarbonate Ringer's solu-
tion supplemented with acid-citrate-dextrose Formula A (BRS-A) 
used in Japan, can reduce PMPs, sCD40L and RANTES levels.93 
Substitution of plasma with PAS may alleviate transfusion reac-
tions by reducing some of the inflammatory substances in plasma, 
but this approach needs to be considered carefully in patients with 
coagulation factor deficiency. Meanwhile, reliable CCI and plate-
let function should also be guaranteed. In addition, PAS had some 
help in alleviating PSLs in some in vitro studies, which was due to 
its inclusion of magnesium ions, potassium ions and glucose.

Platelet storage under cold conditions was abandoned in the 
1970s due to unsatisfactory recoveries and survival after transfu-
sion but remains attractive because of its long preservation time. 
Indeed, recent research has reconsidered cold storage platelets 
(CSP) for their procoagulant characteristics that may produce a 
rapid hemostatic response in bleeding patients.13 Compared to 
22°C, the irreversible discoid-to-sphere shape, inhibition of plate-
let metabolism, mitochondrial dysfunction, GPIbα clustering and 
desialylation for clearance and elevated BMRs in cold storage con-
ditions have been reported.13,25,94,95 Although the CD62P expres-
sion of cryopreserved platelets (CP) were lower than PCs stored 
in room temperature, the aggregation rate of CP decreased. And 
the pathways “SNARE interactions in vesicular transport” and 
“Vasopressin-regulated water reabsorption” were affected by cold 
storage in Wang study.96 However, the profiles of CSP demon-
strate superior capabilities to form stiffer and stronger clots bind-
ing with blood coagulation factor XIII.97 Although the recoveries 
of CSP in vivo are lower than those at 22°C, CSP in the extended 
storage time up to 20 days still maintain the hemostatic response.98 
Recent RCT supports this standpoint. During complex cardiotho-
racic surgery, chest drain output of patients who accept plate-
lets at 22°C or CSP, as well as platelet counts, number of blood 
components, occurrence of thromboembolic events, length of 
stay in intensive care and mortality, are comparable.99 Moreover, 
CSP with PAS-C can ensure platelet function and metabolism, 
reduce platelet activation and improve platelet survival.100 In CP 

with DMSO, GPIbα shedding and enhanced PS exposure may be 
associated with decreased adhesion and increased coagulation 
function respectively.101 PMP levels in CP are 10–15 folds higher 
than those at room temperature, which potentially promotes their 
coagulation.102 Recent RCTs also show that in patients with acute 
leukemia,103 thrombocytopenia104 and high-risk cardiothoracic 
surgery,105 CSP transfusions are safe and have hemostatic effects. 
However, the side effects of the hypercoagulable characteristic 
should be taken into account. Although the superiority of hemo-
static function of CSP has been reported in  vitro, the advanced 
evidence suggesting the characteristic in  vivo is insufficient es-
pecially abundant studies for the same clinical scenario, which 
highlights the urgency of excellent RCTs to clarify posttransfusion 
function of the reconsidered and interesting product in vivo.

6  |  WHAT ARE WE WORKING FOR?

Whether the platelets are stored at 22°C under agitation or cold 
conditions, the ultimate goal is high-quality platelets for safe and 
effective transfusions. Basically, there are two approaches. One is 
to preserve platelets at 22°C under agitation to ensure that they 
are always in a normal state of function and maintain the viability 
of platelets during storage. This approach may be analogous to 
finding the right conditions, such as sufficient nutrients and oxy-
gen, appropriate temperature and even consistent agitation, for 
platelets to subsist as they circulate in vivo. However, TAARs and 
limited platelet shelf life emerge because of PSLs and bacterial 
contamination beyond plasma or other blood cell factors. To un-
derstand the complex biological mechanisms of PSLs other than 
activation or apoptosis, we conduct mechanistic studies, including 
monitoring changes in platelet morphology, metabolic alterations, 
surface markers modification, transcriptomic research, major 
BMRs released by platelets, and the mechanism of platelet clear-
ance in  vivo. It is well known that platelets are small cells with-
out nuclei that are relatively fragile compared to nucleated cells 
and that platelets survive in the body for approximately 2 weeks. 
In this case, platelet senility is inescapable, although PAS may be 
helpful in some way.

Another approach is cold storage at 4°C and cryopreservation 
at −80°C, which is similar to in  vitro cell preservation, in which 
the function of platelets is maintained at a low or even zero level 
in vitro before they are resuscitated and transfused into patients. 
Indeed, bacterial contamination is reduced and storage time is ex-
tended under these conditions, but the tremendous stimulus of 
low temperature will lead to irreversible lesions in platelets, which 
are fragile cells, thus affecting the quality and recoveries of plate-
lets. Cold storage conditions have been reconsidered in recent 
studies, as the higher hemostasis function may be appropriate 
for some acute bleeding patients, and growth factors in expired 
PC can be reused. However, more experimental data are needed 
to evaluate its safety, especially in patients with hypercoagulable 
disorders.
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In this review, we discuss clinical issues and research progress 
related to platelet transfusion. As platelets are essential for hemo-
stasis in the body, their transfusion is crucial for preventing bleeding 
and saving the lives of critically ill patients. However, clinical plate-
let transfusion encounters two significant challenges. Firstly, due to 
PSLs, platelets can only be stored for up to 5 days, limiting their shelf 
life. Additionally, transfusion of platelets may lead to adverse reac-
tions. Therefore, extensive research is focused on understanding the 
mechanisms behind PSLs to monitor platelet function and ensure 
the availability of high-quality platelets for transfusion. Accordingly, 
different studies conduct numerous experiments at temperatures of 
22°C or under cold conditions, both with and without PAS, to main-
tain platelets in an ideal quiescent state where there are no PSLs.

Novel and specific negative regulatory mechanisms may help us 
move closer to this goal of temporarily switching platelets “off” and 
then “on,” without causing damages. As reported in Hosseini study, 
ROS and mitochondrial dysfunction play an important role in PSLs, 
which is associated with GPVI. Therefore, reducing the oxidative–re-
ductive state during platelet storage is beneficial for platelet viability, 
while preventing stored dependent receptor or MPs shedding events. 
Based on current research, another approach to effectively use stored 
platelets is to provide platelets with different levels of PSLs for differ-
ent patients. As discussed above, significant changes that we monitor 
during platelet storage mainly happen on day 3 such as CD62P, PS, 
metabolism molecules, BMRs, proteins and RNA. It is possible that dif-
ferent stages of PSLs have different therapeutic effects on different 
patients. Maybe, before that, PSLs should be uniformly quantified.
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