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RESEARCH ARTICLE

Cryopreservation affects platelet macromolecular composition over time 
after thawing and differently impacts on cancer cells behavior in vitro
Gaia Gavioli1,2,*, Agnese Razzoli1,2,*, Diana E. Bedolla3,4,5, Erminia Di Bartolomeo1, Eleonora Quartieri1, Barbara Iotti1, 
Pamela Berni1, Giovanni Birarda3, Lisa Vaccari3, Davide Schiroli1, Chiara Marraccini1, Roberto Baricchi1, & Lucia Merolle1

1AUSL-IRCCS di Reggio Emilia, Transfusion Medicine Unit, Reggio Emilia, Italy, 2Clinical and Experimental PhD Program, University of Modena and Reggio 
Emilia, Modena, Italy, 3Elettra – Sincrotrone Trieste S.C.p.A, Basovizza, Italy, 4Molecular Pathology Lab, International Center for Genetic Engineering and 
Biotechnology (ICGEB), Area Science Park, Trieste, Italy, and 5Center for Biospectroscopy and School of Chemistry, Monash University, Clayton, VIC, Australia

Abstract
Cryopreservation affects platelets’ function, questioning their use for cancer patients. We aimed to 
investigate the biochemical events that occur over time after thawing to optimize transfusion 
timing and evaluate the effect of platelet supernatants on tumor cell behavior in vitro. We 
compared fresh (Fresh-PLT) with Cryopreserved platelets (Cryo-PLT) at 1 h, 3 h and 6 h after 
thawing. MCF-7 and HL-60 cells were cultured with Fresh- or 1 h Cryo-PLT supernatants to 
investigate cell proliferation, migration, and PLT-cell adhesion. We noticed a significant impairment 
of hemostatic activity accompanied by a post-thaw decrease of CD42b+ , which identifies the 
CD62P−-population. FTIR spectroscopy revealed a decrease in the total protein content together 
with changes in their conformational structure, which identified two sub-groups: 1) Fresh and 1 h 
Cryo-PLT; 2) 3 h and 6 h cryo-PLT. Extracellular vesicle shedding and phosphatidylserine externa-
lization (PS) increased after thawing. Cryo-PLT supernatants inhibited cell proliferation, impaired 
MCF-7 cell migration, and reduced ability to adhere to tumor cells. Within the first 3 hours after 
thawing, irreversible alterations of biomolecular structure occur in Cryo-PLT. Nevertheless, Cryo- 
PLT should be considered safe for the transfusion of cancer patients because of their insufficient 
capability to promote cancer cell proliferation, adhesion, or migration.
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Plain Language Summary
What is the context? 
● Transfusion of Fresh platelets (Fresh-PLT) with prophylaxis purposes is common in onco- 

hematological patients.
● Cryopreservation is an alternative storage method that allows to extend platelet component 

shelf life and build supplies usable in case of emergency.
● It is well established that cryopreservation affects platelet function questioning their use in 

onco-hematological patients.
● It is still unknown how platelet impairment, induced by cryopreservation, occurs over time 

after thawing, nor how the by-products of PLT deterioration may impact on cancer cell 
behavior.

What is new?
● In this study, we deeply characterized the functional and morphological changes induced by cryopre-

servation on platelets by comparing Fresh-PLT with Cryo-PLT at 1 h, 3 h and 6 h after thawing. 
Afterwards, we evaluated the effect of PLT supernatants on cancer cell behavior in vitro.

● The data presented show that within 3 hours after thawing Cryo-PLT undergo to irreversible 
macromolecular changes accompanied by increase of peroxidation processes and protein 
misfolding.
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● After thawing the clot formation is reduced but still supported at all-time points measured, 
combined with unchanged phosphatidylserine expression and extracellular vesicles release 
over time.

● Cryo-PLT supernatants do not sustain proliferation and migration of cancer cells.

WHAT is the impact?
● Cryo-PLT may be considered a precious back-up product to be used during periods of Fresh- 

PLT shortage to prevent bleeding in non-hemorrhagic patients.
● It is desirable to make it logistically feasible to transfuse cryopreserved platelets within 1 hour 

of thawing to maintain the platelets in their best performing condition.

Introduction

Platelets are multifunctional blood components that play a pivo-
tal role in many pathophysiological processes, especially in 
hemostasis and inflammation.1 The number of circulating plate-
lets may decrease consequently to severe bleeding, reduced 
production from the bone marrow, spleen seizure or increased 
consumption. All these conditions may eventually result in 
thrombocytopenia, which may require transfusion with platelet 
concentrates (PLT) in order to restore platelet count, and prevent 
possible bleeding.2

The large majority of PLT recipients are thrombocytopenic 
onco-hematological patients, for whom platelets production is 
hampered by the disease itself or by the therapeutic treatment.3,4

PLT for transfusion purposes are collected from healthy volun-
teers by whole blood donation or by apheresis. Once collected, 
platelets are stored in either plasma or platelet additive solution 
(PAS) and maintained at room temperature (RT, 22–24°C) in gas- 
permeable storage bags. To reduce the risk of septic transfusion 
reactions, PLT storage is recommended for up to 5–7 days after 
collection under constant gentle agitation to prevent aggregates.5 

The exact shelf-life depends on the regulation by country.
RT storage makes PLT supply logistically complex and depen-

dent on constant donor availability, which may fail during emer-
gency periods (i.e. SARS-Cov-2 pandemic).6 PLT cryopreservation 
represents an alternative to RT maintenance: following different 
freezing protocols, PLT can be stored at −80°C up to 1 year, or, as 
recommend by the EU Guidelines for storage longer than 1 year at 
≤−150°C, in vapor-phase liquid nitrogen.7 The maximal length of 
storage for Cryo-PLT at −80°C has not been universally estab-
lished; recent studies have suggested an extended shelf-life up to 5 
or 12 years.8 However, the only limitations for the use of Cryo-PLT 
is the platelet recovery count after thawing, which must be over 
50% on the pre-freezing count, and the shelf-life that is limited to 6  
hours after thawing.9–11

Platelets may undergo a series of biological changes during 
PLT concentrates preparation.12–14 Metabolic changes (i.e. loss of 
discoidal morphology, pH variations, reduction of PLT function-
ality, fragmentation and altered surface antigen expression) that 
continue to accumulate during storage are collectively referred as 
“platelet storage lesions” (PSL), which are dependent from the 
resuspension media.15–17 PSL development is associated to 
reduced platelets in vivo recovery, survival, and hemostatic activ-
ity after transfusion.18,19 It is well known that reduced platelet 
function is significantly associated with bleeding risk20 and 
reduced platelet recovery in cancer patients.21 The accumulation 
of lesions has been largely documented both for RT and Cryo- 
PLT, with the latter having lower functionality but also decreasing 
the chance of developing bacterial contamination.22–24 The use of 
Cryo-PLT in hemorrhagic patients is widely supported,25,26 but 
transfusion for prophylactic purposes in thrombocytopenic cancer 
patients has raised several concerns, not only regarding reduced 
functionality and efficacy of transfusion outcomes, usually 

determined by Corrected Count Increment (CCI), but also to the 
possibility of inducing adverse effects.

For instance, Cryo-PLT show increased activation after thaw-
ing, which results in morphological changes and massive release 
of soluble bioactive molecules from α-granules.27 These mole-
cules are known to play a role in the tumor microenvironment, 
being associated with cell proliferation, angiogenesis and epithe-
lial–mesenchymal transition (EMT).28 Additional concerns on the 
prophylactic transfusion of Cryo-PLT to cancer patients are 
related to their possible pro-thrombotic effect and to the accumu-
lation of undesired metabolites in the supernatants.28,29

Despite Cryo-PLT have been extensively characterized,27,30,31 

only a few time points after thawing have been evaluated, and 
only for buffy coat-derived platelet concentrates.32 The effects of 
Cryo-PLT on cancer cell proliferation and migration are not yet 
known, although recent studies have shown that subpopulations of 
Cryo-PLT bind to cancer cells.33

Identifying the exact transfusion timing and evaluating the 
effect of Cryo-PLT supernatants are essential steps to reduce 
transfusion risk in cancer patients. Through a multidisciplinary 
approach, we primarily focused on investigating the effect of time 
after thawing on the biochemical characteristics of cryopreserved 
platelets for transfusion timing optimization. It also encompassed 
a secondary objective of assessing the influence of these platelets 
on cancer cell behavior in vitro, providing a more comprehensive 
understanding of their potential implications in cancer-related 
processes.

Our findings would provide valuable insights into the potential 
of Cryopreserved platelets as a valuable resource for transfusion 
support in the prevention of bleeding, such as in onco-hematolo-
gical patients.

Methods

Study design and platelets collection

The study was carried out by the Transfusion Medicine Unit of 
the Azienda USL-IRCCS di Reggio Emilia, approved on 17 
December 2020 (protocol number 2020/0149618) and emended 
on 26 July 2021 (protocol number 2021/0094053) by the 
Institutional Board Review (Reggio Emilia Ethics Committee).

Five platelet donors were recruited by our Transfusion Medicine 
Unit at “Casa del Dono” in Reggio Emilia (Italy). All recruited donors 
signed an informed consent according to the Declaration of Helsinki. 
Platelet apheresis procedures were performed using an automated 
blood collection system (Mobile Collection System MCS+, 
Haemonetics Corp., Boston, MA, USA), according to the manufac-
turer’s instructions. Acid Citrate Dextrose Solution A (ACD-A, 
Haemonetics Corp., USA) was used as anticoagulant; plasma and 
platelet additive solution (T-PAS+, Terumo) were added in a ratio 
as 30:70. After collection, PLT units were irradiated with a delivered 
dose of 35 Gy (Raycell) before Cryopreservation procedure according 
to Italian law.34
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PLT units (n = 5) were Cryopreserved without the use of a 
controlled freezing rate protocol within 24 hours from collec-
tion according to Valeri et al.35 Briefly, a sterile solution of 
25% Dimethyl Sulfoxide (DMSO, Sigma Aldrich) in 0.9% 
Sodium Chloride (NaCl, Baxter) was added to each PLT unit 
to achieve a DMSO final concentration of 6%. Next, the PLT 
units were equally divided into three satellite 300 mL PVC 
made Teruflex® bags (Terumo) and subjected to centrifuga-
tion at 1349 g for 10 minutes at 20°C using Rotixa 50 RS 
(Hettich Zentrifugen). After removing the supernatant, a PLT 
pellet of approximately 10 mL ± 1,9 was stored at −80°C 
using the MDF-U5386S freezer (Sanyo). Cryo-PLT were 
stored for a mean of 200 ± 30 days before analyses.

Each satellite Cryo-PLT units was thawed at 37°C in water 
bath and then reconstituted with 70 mL platelet additive solution 
(T-PAS, Terumo). For each donation, donor plasma was also 
collected separately. Experimental plan is reported in Figure 1.

PLT characterization

All characterization analyses were performed on both fresh (con-
trol samples, T0) and thawed products. Fresh-PLT were stored at 
22–24°C, with constant agitation for not more than 5 days. 
Thawed, reconstituted PLT were kept at 22–24°C in agitation 
and samples (15 mL) were collected 1 h, 3 h and 6 h post-thaw 
for further analysis. Fresh-PLT (5 × 106/mL) activated with 
thrombin (0.5 U/mL) for 10 minutes at 37°C (Midi CO2 
Incubator, ThermoScientific) were also assessed as positive 
control.

Platelet counts and ROTEM assay

PLT count was performed on Fresh and Cryo-PLT immediately 
after thawing by using a blood cell counter (XS-1000i analyzer, 
Sysmex). Post-thaw recovery was calculated using the following 
formula36: 

Platelet clot viscoelastic parameters were evaluated on Fresh-PLT 
and thawed Cryo-PLT by thromboelastometry on ROTEM® delta 
(Werfen, Milano, Italy) device. A volume of 350 µL of PLT was 
diluted with 150 µL of autologous plasma. Intrinsic, extrinsic and 
contact-mediated coagulation paths were evaluated using INTEM, 
EXTEM and NATEM tests respectively, according to the manu-
facturer’s instructions. The following thromboelastometric para-
meters were assessed: Clotting Time (CT, sec) the time until clot 

formation starts; Clot Formation Time (CFT, sec) the time from 
CT until the clot reaches an amplitude of 20 mm; A20 (mm) value 
indicating the clot amplitude 20 minutes after CT; Maximum Clot 
Firmness (MCF, mm), defined as the maximum amplitude 
reached by clot formation during measurement.

Flow-cytometry

Surface receptors, activation markers (P-selectin, CD62P) and 
phosphatidylserine (PS) expression were analyzed with the 
FACSLyrics flow cytometer (BD, Bioscience). All reagents are 
from BD Biosciences, unless otherwise specified.

Glycoproteins expression was carried out adding 20 µL of anti- 
CD41a-PE, anti-CD42b-FITC, anti-CD62P-APC and 5 µL of anti- 
CD61-PerPC to 100 µL of platelets (5 × 106/mL).

Samples were incubated at RT in the dark for 15 minutes and 
then 400 µL of PBS (EuroClone) was added before acquisition.

PS exposure was assessed using AnnexinV-FITC. In brief, 
samples were diluted in PBS to reach 200.000 PLT/mL concen-
tration, centrifuged at 1500 g for 5 minutes and resuspended in 
200 µL of Annexin VBinding Buffer. 5 µL of Annexin V-FITC 
were added to 100 µL of samples, incubated in the dark for 15  
minutes and then resuspended in 400 µL of Annexin V binding 
buffer for flow cytometer analysis.

PLT microparticles were enumerated exploiting the custo-
mized extracellular vesicles (EVs) kit for flow cytometry (BD 
Biosciences, #626267, Custom Kit)37 according to manufac-
turer’s. A reagent mix was prepared for each sample as follows: 
94 µL of 0.22 μm-filtered PBS, 0.5 µL of Lipophilic Cationic Dye, 
0.5 µL of FITC-conjugated phalloidin, 5 µL of CD41a-PE and 
centrifuged at 22.000 g for 15 minutes (Centrifuge 5424, 
Eppendorf). The mix was added to 100 µL of PLT (150.000/µL) 
previously dispensed into a TrueCount™ Tube (BD). After 45  
minutes of incubation (RT, in the dark), 1 mL of filtered PBS was 
added and vortexed (ZX3, Velp Scientifica) immediately before 
the acquisition.

FTIR spectroscopy

Fourier Transform InfraRed (FTIR) spectroscopy was performed 
at the SISSI-Bio beamline38 at Elettra Sincrotrone Trieste, in 
order to assess protein and lipid structure of both Fresh and 
Cryo-PLT. PLT samples were diluted 1:10 with 0.9% NaCl and 
fixed with 0.5% PFA (Promega) for 15 min, at RT. Samples were 
then centrifuged for 5 min at 1500 g (Centrifuge 5424, 
Eppendorf), resuspended in 500 µL of 0.9% NaCl and left at 4° 
C (Recorder fridge, Medical Project) until the analysis. Samples 

Figure 1. Schematic illustration of experimental design. Image created with Biorender.
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were deposited onto a CaF2 window, 1 mm thick and 13 mm in 
diameter, dried inside a laminar flow biological hood and then 
measured. The measurements were carried out using a Bruker 
Hyperion 3000 IR/VIS microscope coupled to an in-vacuum 
interferometer VERTEX70V (Bruker Optics – Billerica MA, 
US) with a single-point MCT (Mercury Cadmium Telluride) 
detector. The microscope apertures were closed at 50 × 50 
microns in order to select small groups of PLT. A total of 1366 
spectra were collected. Each spectrum is the average of 256 scans, 
at 2 cm−1 of spectral resolution, with a scanner velocity of 40  
kHz. After the recording, spectra were corrected for the atmo-
spheric water vapor and CO2 with a routine embedded in OPUS 
8.5 SP1 (Bruker Optics – Billerica, MA – US) and imported in 
QUASAR (http://quasar.codes).39 With the modules present in 
this software, data were baseline corrected, 2nd degree derivative 
was calculated using Savitzky-Golay filter (31 point of smoothing 
and 3rd degree polynomial function) and normalized with 
Standard Vector Normalization (SVN). Using the baseline cor-
rected absorbance spectral data the following spectral ratio were 
calculated:

● C=O/Lipids (Area 1760–1700 cm−1/Area 3000–2800 cm−1)
● C=O/Amide I (Area 1760–1700 cm−1/Area 1715–1590 cm−1)
● CH2/CH3 (Area 2860–2840 cm−1/Area 2945–2910 cm−1)
● NucAcids/Amide I (Area 1278–1200 cm−1/Area 1715–1590 cm−1)

Results were then imported in Origin(Pro)2022 (Origin Lab 
Corporation, Northampton, MA, USA) and the averages were 
compared using an ANOVA, according to the class of interest, 
being it time (Fresh, 1 h, 3 h and 6 h) or activation status.

A Principal Component Analysis (PCA) was performed on 2nd 

derivative normalized spectral data considering the ranges 
between 3200 and 2800 cm−1 and 1800 and 900 cm−1.

ELISA and Luminex assays

TGF-β (Transforming growth factor beta) concentration (pg/mL) 
was quantified by means of ELISA (Transforming growth factor 
beta ELISA Kit, R&D system, Biotechne), following the manu-
facturer’s instructions. Each measure was performed on PLT 
supernatant and tested in triplicate against a standard curve. 
Samples in 96-well plates were read at 450 nm (Glomax® 
Discover Microplate Reader, Promega, Madison, WI, USA).

Luminex technology (Bio-Plex Pro Human Cytokine 
Screening Panel Kit, BIORAD) was exploited to evaluate the 
concentration of RANTES, PDGFB and FGF (pg/ml) in the 
PLT supernatants. To obtain 1 h PLT supernatants, fresh and 
thawed PLT samples were subjected to centrifugation at 1500 g 
for 20 minutes at 10°C. Subsequently, a second centrifugation at 
10 000 × g for 5 minutes was performed to obtain PLT-free super-
natant. Following this, the pellet was resuspended in a fresh 
resuspension solution and subjected to another round of centrifu-
gation to measure the delta release at 3 hours after thawing. This 
identical procedure was repeated for the subsequent time point of 
6 hours after thawing.

The resulting supernatant was stored at −80°C with 1:200 
protease inhibitor cocktail (Abcam, MA, USA) until further 

analysis. Measures were performed following the manufacturer’s 
instructions and assessed in triplicate against a standard curve. 
Samples in 96-well plates were read with Bio-Plex MAGPIX® 
Multiplex Reader (Luminex XMAP Technology, BIORAD, 
Hercules, CA, USA).

Cell culture and cell proliferation analysis

The human breast cancer cell line MCF-7 was chosen as breast 
cancer model to mimic solid tumors in vitro.40,41 MCF-7 were 
cultured in low glucose Dulbecco’s modified Eagle’s medium 
(DMEM Low Glc, EuroClone) supplemented by 10% fetal bovine 
serum (FBS, EuroClone), 1% L-Glutamine (EuroClone) and 1% 
Penicillin-Streptomycin (Pen-Strep, Sigma Aldrich). Complete 
growth medium was renewed 2–3 times per week and cell con-
fluency was kept approximately under 80% in T75 flasks 
(CytoOne).

The human myeloid leukemia cell line HL-60 was cultured in 
RPMI 1640 medium (EuroClone) added with 10% FBS 
(EuroClone) and 1% Pen-Strep (Sigma Aldrich).

PLT (1×106/mL) samples were centrifuged twice at 10 000 g 
for 5 minutes (Centrifuge 5424, Eppendorf) to obtain Fresh-PLT 
supernatant (Fresh-PLT) and Cryo-PLT supernatant (Cryo-PLT).

Cell viability of MCF-7 and HL-60 was measured by WST-1 
cell proliferation assay (Cell Proliferation Reagent WST-1, 
Merck). Experimental conditions are detailed in Table I. MCF-7 
and HL-60 cells were seeded at a concentration of 15 000 cells/ 
cm2 and 30 000 cells/mL respectively, into 96well-plates 
(EuroClone); after 24 hours cell culture media were replaced 
with the conditioned media listed in Table I. Proliferation was 
assessed after 24, 48 and 72 h of incubation (Midi CO2 Incubator, 
ThermoScientific) by addingWST-1 to the cells for 2 h at 37°C 
(Midi CO2 Incubator, ThermoScientific) prior reading at 450 nm 
(GloMax Discover, Promega).

Cell migration and cells-platelets adhesion assay

Wound healing assay was performed to monitor MCF-7 migra-
tion. MCF-7 cells were seeded in culture medium at a concentra-
tion of 75 000 cells/cm2 and allowed to grow for 24 h to reach 
approximately 100% confluence. Then, the medium was removed 
and a linear wound was generated in the monolayer with a sterile 
10 µL plastic pipette tip (ClearLine, Dominique Dutscher). Wells 
were washed twice with PBS to eliminate cellular debris and new 
medium was added following the conditions indicated in Table I. 
Digital images of cells’ clear area were acquired right after wound 
generation (0 h) and at 24, 48, and 72 h at 4X magnification. The 
data were analyzed using ImageJ42 software and the results of five 
replicates for each of the four conditions were expressed as 
percentage of wound closure.

Platelets-cells adhesion assay was performed as previously 
described.43 Briefly, MCF-7 and HL-60 cells were resuspended 
at the concentration of 1 × 106 cells/mL in culture medium con-
taining 1 mM CaCl2 and 0.1% FBS. Subsequently, 2 × 105 cells/ 
mL cells were incubated in agitation with 2 × 108 platelets/mL for 
30 min at 37°C. Staining with anti-CD41a-PE antibody (BD 
Biosciences) was performed to discriminate platelets from cancer 

Table I. Experimental culture conditions.

Sample Culture Condition

1 Positive control (normal proliferation) 10% FBS
2 Negative control (slow proliferation) 0.1% FBS
3 Treatment with Fresh-PLT 0.1% FBS + 5% Fresh-PLT-Sup
4 Treatment with Cryo-PLT 0.1% FBS + 5% Cryo-PLT-Sup
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cells (30 min at RT, in the dark) before flow cytometric analysis 
(FACSLyrics system, BD Biosciences). MCF-7 and HL-60 cells 
resuspended in PBS were used as negative control (CTRL).

Statistics

Statistical analysis was performed using GraphPad (Prism 
8.4.2, GraphPad Software, San Diego, CA, USA). One- way 
or two-way ANOVA with multiple comparisons test or 
Benjamini correction were performed to assess difference 
among samples. A P-value of <.05 was considered statistically 
significant. Flow cytometry data were analyzed with FacSuite 
Software (BD Biosciences).

Results

Cryopreservation affects coagulation capacity and activation 
profile of Cryo-PLT vs. Fresh-PLT

To determine platelets recovery after cryopreservation, we com-
pared platelet count before freezing and after reconstitution of 
the thawed units in T-PAS as resuspension media. The mean 
count in fresh samples and after thawing, was 1206 ± 160 × 103/ 
μL and 983 ± 189 × 103/μL, respectively, with a recovery 
of 81%.

We compared the hemostatic activity of Fresh- and Cryo-PLT 
after 1, 3 and 6 hours from thawing (both samples were resus-
pended in T-PAS) by assessing the ROTEM standard parameters 
(CT, CFT, MCF).

All ROTEM parameters resulted to be impaired after thawing 
(ANOVA overall effect, p < .01). INTEM and EXTEM analysis 
revealed a prolongation of the CT and CFT after cryopreservation in 
comparison to Fresh-PLT (Figure 2a,b). When comparing post- 
thawed samples, CT increased significantly after 6 hours of cryopre-
servation compared to 1 h and 3 h samples for INTEM and NATEM 
assays, respectively (Figure 2a). Cryopreservation also affected the 
strength of the PLT clot compared to Fresh-PLT, as shown by the 
decrease of the MCF (Figure 2c) and of the clot amplitude at 20 min 
from CT (Figure SD1).

We then performed flow cytometry analysis to evaluate the 
exposure of CD62P activation marker after cryopreservation: 
obtained data were compared with the activating effect of throm-
bin on fresh samples. In non-activated (NA) samples, CD62P- 
associated median fluorescence channel (MFC) values increased 
from 296.2 ± 19.4 of Fresh-PLT (Figure 2d, black area) to 405.5  
± 41.7 of Cryo-PLT at 1 h post thaw (Figure 2d, light gray line) 
which was accompanied by an increase of CD62P-positive events 
in Cryo-PLT for all the after thawing time points analyzed (Figure 
2e). However, CD62P exposure of Cryo-PLT was less evident 
compared to activated Fresh-PLT (Fresh-A) which showed an 
MFC of 593.0 ± 154.6 (Figure 2d, light blue) and a percentage 
of 56.1% ± 5.0 (Figure 2e, light blue) of CD62P-positive events. 
Of note, Cryo-PLT were unable to respond to thrombin and to 
induce CD62P exposure (Figure SD2).

Cryopreservation resulted in a decrease of CD42b-positive 
platelets and in an increase of CD41a-positive platelets compared 
to Fresh-PLT (Figure 2f,g). A mild decrease of CD61-positive 
PLT was also observed (see Table SD1), whereas agonist pro-
duced an increase of only fresh-induced samples.

Intriguingly, the decrease of CD42b-positive platelets after 
cryopreservation was accompanied by a CD41a-positive/CD42b- 
negative platelet subpopulation (Figure 2j, fuchsia dots), which 
was also negative to CD62P (Figure 2m, fuchsia lines). On the 
other hand, fresh activated PLT expressing both CD41a and 
CD42b (Figure 2i,l), were also positive to CD62P, while Fresh- 
PLT NA (Figure 2h,k) were not. These data indicate that 

cryopreservation induces a significant change in the activation 
pattern of platelets which may lead to a deterioration of clotting 
capacity.

PS exposure and EVs shedding are linked to membrane 
modifications occurring over time after thawing

We evaluated the PS exposure and extracellular vesicles (EVs) 
release by means of flow cytometry. As reported in Figure 3a, 
Cryo-PLT samples 1 h after thawing (1 h, light gray) showed an 
increase of PS-positive platelets (77.0 ± 8.4%) compared to non- 
activated Fresh-PLT (Fresh-NA, 36.5 ± 4.2), with percentages 
comparable to fresh activated samples (Fresh-A, 73.0 ± 5.5). 
Although still statistically significant, this increase declined over 
time after thawing (3 h and 6 h). Similar results were obtained 
with the EVs quantification assay reported in Figure 3b, that 
showed a 38-fold EVs increase in 1 h post-thaw Cryo-PLT over 
the non-activated Fresh-PLT (Fresh-NA). Of note, cryopreserva-
tion induced a 7-fold increase of EVs also when compared with 
thrombin-activated Fresh-PLT (Fresh-A). Again, EVs release 
decreased slightly at 3 and 6 hours after thawing (Figure SD3b 
and Table SD2) but the differences were not significant. 
Thrombin-stimulated platelets showed no statistical difference 
before and after thawing at any of the time points evaluated for 
both PS exposure (Figure SD3a) and EVs formation (Figure 
SD3b and TableSD2).

FTIR spectroscopy was performed to evaluate the influence of 
cryopreservation on membrane phospholipids and protein folding. 
After collection and pre-processing, data were analyzed using 
both univariate and multivariate approaches. The average absor-
bance spectra of the data are shown in Figure SD4 of the supple-
mental data. At a first glance, no major differences could be 
spotted among the four spectra of Fresh-PLT and Cryo-PLT at 
1 h, 3 h and 6 h after thawing. Therefore, specific bands ratio were 
calculated (Figure 3c–f). The complete range of CH2-CH3 stretch-
ing bands (2800–3000 cm−1) was used to evaluate the lipid con-
tent, while the ratio of the single asymmetric stretching bands of 
CH2 and CH3 was used to evaluate the membrane relative com-
position, integrity and stiffness.44 In Figure 3c the CH2/CH3 ratio 
increased with time after thawing; Fresh-PLT, 1 h and 3 h Cryo- 
PLT values were significantly different, whereas 3 h and 6 h were 
not. Since this ratio is associated to an average membrane com-
position or stiffness, this trend indicated that the membrane 
became stiffer at the different time points after thawing.

The proteins/lipids ratio (Figure 3d) was used to evaluate the 
variation of protein material among the PLT samples with time. In 
this case, we observed a loss of proteins after thawing, which was 
noticeable up to 3 h, and then at 6 h became stable.

Figure 3e,f show the lipid and protein peroxidation status by 
assessing the C=O/proteins and C=O/lipids ratios, respectively. 
Both values increased with time after thawing, indicating a pos-
sible ongoing mild oxidative process. Again, no clear distinction 
could be made between 3 h and 6 h.

To highlight subtler spectral variations that were not appreci-
able in the absorbance data, we performed a Principal Component 
Analysis (PCA) on the normalized second derivative spectra.45 In 
Figure 3g the score values of the acquired spectra on PC1 (x) and 
PC3 (y) are plotted as a scatterplot. With this representation, 
Fresh-PLT and Cryo-PLT at 1 h overlap, even though, from the 
projection representation of the same data on their respective 
Principal Component (Figure 3h,i), their centroid and distribution 
are significantly different (p ≤.001). Data at 3 h and 6 h after 
thawing are separated from Fresh-PLT and those at 1 h after 
thawing along PC1, whereas PC3 separates 3 h (upper quadrant) 
from 6 h (lower quadrant). In order to identify the spectral fea-
tures that explain the grouping in different zones of the PCA 
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Figure 2. Cryopreservation affects coagulation capacity and activation profile of Cryo-PLT vs. Fresh-PLT. (a) clotting time (CT) (b) clot formation time 
(CFT) and (c) maximum clot firmness (MCF) for INTEM, EXTEM and NATEM assays in Fresh- and Cryo-PLT analyzed at different time points after 
reconstitution (1 h, 3 h and 6 h). Data are represented as median with interquartile ranges. (d) overlay cytogram of CD62P+ PLT in: fresh non activated 
samples (Fresh-NA, black), PLT activated with thrombin (Fresh-A, light blue) and Cryo-PLT after 1 h from thawing (1 h, light gray). (e) CD62P f) 
CD42b (g) and CD41a exposure on Fresh-(NA and A) and Cryo-PLT at different time points after thawing (1 h, 3 h and 6 h). Data are represented as 
percentage % of positive events and reported as mean ± SD. (h, i, j) gating strategy to discriminate CD41a+/CD42b+ (green dots) and CD41a+/CD42b− 

(fuchsia dots); k,l,m) CD62P expression PLT in Fresh-(NA and A) and Cryo-PLT based on gated population CD41a+/CD42b+ (green curve) and 
CD41a+/CD42b− (fuchsia curve).Statistical analysis was performed using one-way ANOVA with multiple comparisons *p < .05, **p < .01, ***p  
< .001, ****p < .0001. Black * and lines indicate significant differences from the Fresh-PLT, while gray * and lines indicate differences among time 
points after thawing.

6 G. Gavioli et al.                                                                                                                  Platelets, 2023; 34(1): 1–14



Figure 3. PS exposure and EVs shedding are linked to membrane modifications occurring over time after thawing. (a) Annexin-V positive events 
recorded in Fresh-(NA and A) and Cryo-PLT at different time points after thawing (1 h, 3 h and 6 h) evaluated by flow cytometry and reported as 
percentage (left panel) mean ± SD (right panel) (b) extracellular vesicles enumeration (EVs/µL) derived from Fresh-PLT (NA and A) and Cryo-PLT 
analyzed by flow cytometry after thawing (1 h, 3 h and 6 h). One-way ANOVA with multiple comparisons was used to evaluate statistical significance: 
**p < .05; ****p < .0001. (c) CH2/CH3 ratio; (d) proteins/lipids (Amide I/CH2-CH3 stretching bands) ratio; (e) carbonyl/proteins (C=o/amidei) ratio 
(f) Carbonyl/lipids (C=o/lipids) ratio in Fresh-(NA and A) and Cryo-PLT at different time points after thawing (1 h, 3 h and 6 h) evaluated by FTIR. (g) 
scatter plots of the PCA scores for PC1 and PC3, representing the 43.5% and 7.4% of variance, respectively. Centroid and distribution comparison of 
(h) PC1 and (i) PC3 respectively. (j) loading vectors of PC1 (black) and PC3 (red). *p < .05, **p < .01, ***p < .001, black * and lines indicate 
significant differences calculated with Tukey method. Data are presented as box 25–75% range of the data, whiskers range within the 1st quartile, line: 
median line, square: mean, black diamonds: outliers. FTIR unsupervised principal component analysis (PCA).

DOI: https://doi.org/10.1080/09537104.2023.2281943                 Cryopreserved platelets macromolecular changes and impact on cancer cells 7



plane of the data, loading vectors have been plotted in Figure 3j. 
The PC1 vector that represents 43.5% of the data has the strongest 
signals in the protein region, one positive at 1655 cm−1 and one 
negative at 1625 cm−1; the first can be assigned to proteins in α- 
helix conformation, which were found to be higher in Fresh-PLT 
samples and Cryo-PLT after 1 h from thawing, while the second 
can be assigned to proteins in β-sheet conformation, higher in 
Cryo-PLT samples at 3 h and 6 h. Therefore, we can hypothesize 
that the protein components of the platelets undergo a partial 
rearrangement of folding already 1 h after thawing, probably due 
to some oxidative processes (Figure 3e,f)

Spectral features on PC3, that explain 7.4% of the variance 
within the data, mainly refer to the separation between 3 h and 6 h 
samples. In this case, the more intense signals are in the range of 
lipids aliphatic chains (CH2-CH3 stretching bands, 2800–3000  
cm−1), and precisely at 2918 and 2848 cm−1. These signals are 
similar for Fresh-PLT (NA or A) and 1 h samples, whereas at 3 h 
from thawing are higher and lower at 6 h. Other two strong 
positive peaks are in the protein region at 1625 cm−1 for the 
Amide I and 1550 cm−1 for the amide II. Similarly, to the assign-
ment of this peak for PC1, these signals can be read as a hint of a 
lower misfolding of platelets at 3 hours from thawing (3 h) com-
pared to those at 6 hours (6 h).

Cryopreservation induce platelet degranulation

We evaluated platelet degranulation by comparing the amount of 
clinically relevant soluble factors in the PLT supernatant of Fresh- 
and Cryo-PLT. We found a slight, but significant, increase of 
soluble mediators 1 h after thawing (Figure 4a–c); the most rele-
vant increase was detected for RANTES (55% increment after 
thawing). On the other hand, TGF-β (Figure D) exhibits an 
opposite trend, with a reduction of its concentration in cryopre-
served supernatants compared to Fresh-PLT. Release of soluble 
factors was not evident at subsequent time points (data not 
shown).

Cryo-PLT has lower pro-tumoral effect and adhesive capacity 
compared to Fresh-PLT in MCF-7 and HL-60 cell lines

We used MCF-7 and HL-60 cancer cells to investigate the effect 
of Fresh and Cryopreserved PLT supernatants on cancer cell 
proliferation by means of WST1 (see Table I for details on culture 
conditions). For these experiments, we tested only 1 hour after 
thawing based on soluble mediators data (Figure 4). Although no 
statistically significant differences were found between the con-
ditions examined, Figure 5a shows that MCF-7 cells treated with 
Fresh- and Cryo-PLT supernatant had a proliferation pattern 
compared to the negative control (CTRL-). On the other hand, 
supernatant from Fresh-PLT was able to induce proliferation of 
HL-60 cells at 72 h, similarly to positive control (CTRL+); 

supernatants from Cryo-PLT instead, were always comparable 
to the negative control (Figure 5b).

To evaluate the effect of PLT supernatants on MCF-7 cells 
migration, we performed a scratch wound healing assay. Figure 5c 
shows that cells treated with PLT supernatant had a slower overall 
wound closure rate after 72 hours than both positive and negative 
controls. Although not statistically significant, a slight difference 
between Fresh- and Cryo-PLT was found after 72 hours, with the 
wound closure higher upon treatment with Fresh-PLT.

To evidence PLT ability to bind cancer cells, MCF-7 and HL- 
60 cells were incubated for 30 minutes with Fresh or Cryo-PLT 
and then stained CD41a fluorescent antibody before flow cyto-
metry acquisition. The percentage of CD41a-positive events, 
representing the cancer cells coated by platelets on their surface, 
is reported in Figure 5d. Cells without pre-treatment with PLT are 
shown as negative control (CTRL). Platelets, either fresh or 
thawed, were unable to adhere to MCF-7 cells, while the HL-60 
displayed a high percentage of CD41a-positive events. Of note, 
Cryo-PLT display a reduced ability to interact with cancer cells, 
as demonstrated by the lower number of CD41a-poisitive events 
in the HL-60 region (Figure 5, panel D).

Discussion

Platelets must be stored in blood banks at RT, limiting the shelf 
life to only 5–7 days because of the risk for bacterial growth 
during storage.5 Platelet cryopreservation could be a valid alter-
native to room-stored PLT, and some in vivo studies have shown 
its safety and efficacy in the context of surgery.26,46,47 However, 
the generation of platelet storage lesions due to either cryopro-
tectant toxicity, warming procedure or resuspension media can 
significantly affect platelet functions.4 It is well established that 
reduced platelet function is significantly associated with bleeding 
risk and reduced platelet circulating time in the recipients.20 Other 
concerns relate to the potential for the indiscriminate release of 
growth factors and cytokines into the circulation or an increase in 
the risk of thrombosis and hypercoagulability.48–50

In order to identify additional key parameters of platelet func-
tionality that may help understanding if Cryo-PLT could represent 
an effective alternative to Fresh-PLT for onco-hematological 
patients, we performed an in-depth biochemical characterization 
of Cryo-PLT. We considered the events that occur over time after 
thawing and that may affect platelet morphology, coagulation 
capacity, functionality and responsiveness to physiological sti-
muli. Furthermore, we evaluated the extent of platelet interaction 
with cancer cells and the effect of PLT supernatants on cancer cell 
behavior in vitro.

Dynamic information on the speed of coagulation initiation, 
kinetics of clot growth and clot strength were obtained by 
ROTEM analysis reporting an alteration of the coagulation pro-
cess. In particular, clotting capacity and efficiency were reduced 

Figure 4. Soluble mediators levels in PLT supernatants. ELISA assay was performed on supernatants of Fresh- and Cryo-PLT (after 1 hour from 
thawing). **p < .01 ****p < .0001.
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by cryopreservation for all the coagulation pathways investigated 
(Figure 2a–c): the decrease of the clot strength and stability was 
accompanied by an increase of the time necessary to generate a 
stable clot evidenced by increase of the CFT and decrease of the 
clot amplitude. However, the overall clotting capacity did not 
change over time after reconstitution and always remained within 
the clinically accepted range.51 Nevertheless, our data partially 
contradict previous studies demonstrating a faster CT and pro- 
coagulant phenotype of Cryo-PLT,11,52,53 reporting that pro-
longed storage of post-thawed platelets only slightly reduces 
hemostatic function in vitro.11,32,54,55 Conflicting results have 
been published for clot formation time. Some groups have found 
a decrease in this parameter after cryopreservation, while others 
have found no difference among different platelet frozen 
methods.55–57 Such discrepancies could be explained, among 
others, by the agonist used to perform hemostatic assay, e.g. 
kaolin or tissue factor, the differences in the methods of 

preparation, platelet concentration58,59 and resuspension media.60 

Specifically, the effects of additive solutions and the substances 
they contain can affect the preservation and physicochemical 
properties of platelets.17,60 Our study focuses on 100% platelet 
additive solution as a resuspension medium whereas the vast 
majority of available studies focus on plasma-based solutions.47,61 

Johnson et al. compared Cryo-PLT reconstituted in plasma and 
platelet additive solution demonstrating that plasma-reconstituted 
Cryo-PLT shows a more pro-coagulant behavior.36,56

The reduced clotting activity was also accompanied by a 
glycoprotein pattern modifications occurred after thawing 
(Figure 2). According to what was first reported by Valeri and 
colleagues,62 our data confirmed that cryopreservation induces a 
loss of CD42b exposure, a key receptor of the hemostatic and 
coagulation cascade.63 This decrease is accompanied by a reduced 
responsiveness to thrombin activation, as depicted in Figure SD2. 
These results align with similar findings observed in 

Figure 5. Effect of PLT supernatants on cancer cells behavior in vitro. Cell proliferation profile of (a) MCF-7 and (b) HL-60 cell lines conditioned with 
the Fresh- and Cryo-PLT supernatants evaluated by WST1 assay after 24, 48 and 72 h of seeding. (c) analysis of MCF-7 cells migration by in vitro 
wound healing assay. Quantification of the wounded area invaded by MCF-7 and time-lapse representative microscopy images of MCF-7 cells after 24, 
48 and 72 h of conditioning with PLT supernatants. Data are reported as percentage (%) of wound closure at the baseline (T = 0 h after treatment). 
Results are reported as mean ± SD of three measurements of the wounded area, obtained in 5 independent experiments (n = 15). The dotted lines define 
the area lacking cells. Scale bars, 100 μm. (d) PLT- cancer cells adhesion. Percentage of CD41a-positive cells (MCF-7 or HL-60) after being 
conditioned with Fresh- or Cryo- PLT supernatant. Control (CTRL) are same cells w/o any conditioning. Data are reported as mean ± SD of three 
independent experiments. Statistical analysis was performed using one-way ANOVA with multiple comparisons *p < .01, **p < .005.
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cryopreserved platelet concentrates derived from buffy-coat and 
resuspended in a solution containing 30% plasma and 70% addi-
tive solution.33 The CD41a+/CD42b− platelet sub-population 
observed in Cryo-PLT was negative for P-selectin (Figure 2j,m), 
confirming the hypothesis that CD42b exposure is necessary to 
switch to the active phenotype.62 Based on CD42b/CD62P stain-
ing, Johnson and colleagues recently reported that only the 23 ±  
7% of cryopreserved platelet would be defined as pro-coagulant.31 

Accordingly, we found only a 25% of CD42b+/CD62P+ activated 
platelets in the Cryo-PLT at 1 h after thawing. Finally, we saw a 
higher exposure of CD62P in thawed platelets that, coupled with 
the ROTEM results discussed earlier, may be explained by an 
increased degranulation and release of mediators from the α- 
granules rather than by a higher coagulation activity.64

It has been reported that platelet morphology is significantly 
affected after cryopreservation.56,57,64,65

However, most of the evidences regard structural changes and 
do not investigate how cryopreservation quantitatively alter the 
biological components of PLT.64,66,67 Here, we obtained impor-
tant clues on the macromolecular changes induced by cryopreser-
vation on membrane lipids, protein content and increasing of 
peroxidation processes. Indeed, FTIR data demonstrate how 
time after thawing affects membranes’ functional characteristics 
and integrity. Intriguingly, these alterations proceeded over time 
after thawing with the maximum morphological deterioration 
occurring within the first 3 hours (Figure 3). We found morpho-
logical changes in the plasma membrane composition, with 
increased membrane stiffness (CH2/CH3 ratio) and loss of protein 
content (protein/lipid ratio) after cryopreservation. On the other 
hand, both C=O/lipids and C=O/proteins ratios increased over 
time after thawing possibly because of peroxidation, which may 
eventually be responsible of impaired platelet function.44,68 The 
PCA results (Figure 3g–j) also revealed that the thawing process 
impairs protein folding and membrane phospholipids structure. In 
particular, protein structure seems to be maintained within the 
first hour after thawing, as inferred by signals of α-helix bands, 
which is stronger for Fresh and Cryo-PLT at 1 h; however, 3 hours 
after thawing the strongest signal was related to the β-structures, 
the accumulation of which is a marker of protein misfolding and 
cell function impairment44.

According to previous studies,27,57,69 we found that cryopre-
servation produced an increase secretion of platelet derived EVs 
accompanied by an increase of PS externalization compared to 
fresh components. Both increases declined over time after thaw-
ing (Figure 3, 3 h and 6 h). We hypothesize that the decrease of 
PS-positive platelet counts and the EVs release of post-thawed 
Cryo-PLT, mirror the increased peroxidation process and protein 
misfolding and account for the alteration of membrane integrity 
and stiffness, which occur irreversibly 3 hours after thawing, and 
for the reduced clotting capacity of Cryo-PLT, despite the strong 
EVs release at short times. Altough, PS externalization has been 
largely recognized as a unique marker of pro-coagulant platelets 
among the subpopulation of activated platelets, recently 3 surface 
markers have been recommended to be used in order to differ-
entiate pro-coagulant platelets from apoptotic platelets.31,70,71 

Accordingly, the higher exposure of PS found in Cryo-PLT is 
probably caused by the reduced viability as confirmed by the fact 
that Cryo-PLT are less responsive to physiological agonist treat-
ment (Figure 3b, Fresh-A vs. 1 h).72,73

Several studies suggest that EVs support blood coagulation,74– 

76 however recent investigations have challenged earlier work 
regarding the pro-coagulant activity of EVs. A recent study by 
Berckmans et al. revaluated their previous findings on the coagu-
lant properties of EVs in blood.77 In comparison to their earlier 
study, they could detect a fibrinolytic activity associate to EVs, 
thereby pointing to anti-coagulant functions. These conflicting 

results may be explained by the existence of different EVs subsets 
or by numerous subpopulations of EVs (from platelets or other 
cellular lineages) present in the blood, associated with either pro- 
or anti-coagulant activity.31,78 It can also be hypothesized that it is 
the plasma rather than the platelets themselves that retain the 
main effect and that EVs are only effective in the presence of 
plasma. Thus, although the promotion of coagulation was the first 
function attributed to EVs, extensive research dedicated to under-
standing their role is needed.

The membrane impairment induced by cryopreservation, 
together with the analysis on glycoproteins exposure, might 
also explain the results obtained on soluble mediators releases 
from the α-granules. Among all the biomolecules assessed (see 
Materials and Methods for details), the main differences 
between Fresh- and Cryo-PLT were found after 1 h form thaw-
ing for FGF, PDGF-BB, RANTES (CCL5) and TGF- β. 
Subsequently, the residual concentrations of these molecules 
dropped below the limit of detection (see Material and 
Methods for details). Again, these data must be read according 
to the type of solution in which the platelets are reconstituted 
after thawing or the platelet number. Cardigan and colleagues 
showed that parameters related to platelet activation (e.g., 
TGF-β, CD62P) and cytokine release markers (e.g., IL-8) can 
change depending on PAS composition and that modification 
of the quality and concentration of the different components of 
PAS can improve both the storage and safety profiles of plate-
let concentrates.79 In a previous study on cryopreserved platelet 
concentrates for non-transfusion purposes,80 we observed that 
the release of growth factors did not correlate with platelet 
numbers, suggesting that it is more likely dependent on donor 
variability and specific factors related to the freezing and 
thawing process. This observation underscores the complexity 
of the interactions between cryopreservation, platelet concen-
trations, and the release of soluble mediators. All the evaluated 
factors26,81,82are involved in cancer progression, although a 
bidirectional effect on tumor progression has been reported 
for RANTES and TGF-β.83 Nevertheless, it has been demon-
strated that TGF-β, when originating from platelets, is the 
solely responsible for inducing an invasive epithelial–mesench-
ymal transition to metastasis.84,85

Based on these data and knowing that platelets play a key role 
in tumor progression and metastasis,40,86 we evaluated the cap-
ability of Cryo-PLT to stimulate in vitro models of cancer. We 
found that Cryo-PLT have lower pro-tumoral effect compared to 
Fresh-PLT evidenced by cell migration impairment (Figure 5c), 
decrease of cell proliferation (Figure 5a,b) and lower ability to 
interact and aggregate with HL-60 (Figure 5d). On the other hand, 
although Fresh-PLT are more prone to induce cell growth, they 
showed only moderate stimulation of proliferative capacity com-
pared to the positive control (Figure 5b). Thus indicating that 
viability is necessary for effective and functional platelet–tumor 
interaction. Accordingly, the reduced amount of TGF-β in Cryo- 
PLT could explain the reduced migration capability of Cryo-PLT 
compared to Fresh-PLT. Our data is partially in agreement with 
those of Pu et al.,28 reporting an inhibitor effect on cell growth by 
platelet supernatants; these authors attributes this effect to the 
accumulation of toxic metabolites over time after collection. 
Collectively, these pieces of evidence suggest that Cryo-PLT are 
not more prone to stimulate neither solid nor liquid tumor cells. 
Therefore, platelet releasate of Cryo-PLT does not seem to affect 
cancer cells behavior.

With our study, we proved that cryopreserved platelets from 
apheresis donation, collected and resuspended in platelet additive 
solution, undergo marked morphological changes that impair their 
integrity. We showed indeed that, after thawing, Cryo-PLT pro-
gressively accumulate features ascribable to oxidative stress and 
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PSL with reduced functionality, and increase of PS externaliza-
tion, peroxidation processes and protein misfolding.

Despite platelets and their soluble factors are known to play a 
key role in tumor progression and metastasis,40,86 our results on 
the effect of Cryo-PLT on in vitro models of cancer cells suggest 
that this product can be considered safe for the transfusion of 
onco-hematological patients with not sufficient capability to pro-
mote a higher grade of proliferation, cell adhesion or migration. 
Nevertheless, Cryo-PLT may thus be considered a precious back- 
up product to be use during periods of Fresh-PLT shortage to 
prevent bleeding in non-hemorrhagic patients. It is desirable to 
make it logistically feasible to transfuse cryopreserved platelets 
within one hour of thawing to maintain the platelets in their best 
performing condition.

We are aware that our study present some limitations. 
Despite the efforts to control for confounding variables, there 
is a possibility that unaccounted or unknown factors could have 
influenced the observed results, aside from the freezing process 
itself. These factors may include variations in sample collec-
tion, processing techniques and storage conditions that were 
not directly accounted for in our study design. We also 
acknowledge that the generalizability of our study is limited 
due to the specific conditions, the small number of test repli-
cates and the parameters used, which may be affected by 
unidentified confounding factors.

Finally, our investigation is limited to in-vitro experiments, 
lacking of information on the transfusion outcome with Cryo- 
PLT on patients, such as the determination of the Corrected Count 
Increment (CCI).87 Although the use of the CCI to assess the 
efficacy of platelet transfusion is controversial,88,89 we acknowl-
edge that the persistence of platelets after transfusion is a pre-
requisite for their functionality.20,21 The CCI was indeed used as 
primary outcome to evaluate the efficacy of prophylactic transfu-
sion with buffy coat derived cryo-PLT in three hematological 
patients90 and in a small cohort of women with gynecological 
malignancies treated with autologous cryo-PLT.91 While existing 
in vivo studies have demonstrated the hemostatic effectiveness of 
Cryo-PLT without evidence of an increase in post-transfusion 
thrombosis,25,92,93 and clinical trials have been conducted to 
assess the safety and efficacy of Cryo-PLT in different clinical 
settings,46,47,50 we recognize the need for further in vivo studies 
or clinical trials to determine the clinical relevance of prophylac-
tic Cryo-PLT transfusion in non-actively bleeding thrombocyto-
penic patients

List of Abbreviation

1-3-6h Thawed samples at 1-3-6h after reconstitution
A Thrombin Activation
A20 Amplitude of clot firmness at 20 min after CT
ACD-A Acid Citrate Dextrose Solution A
CCI Corrected Count Increment
CFT Clot Formation Time
Cryo-PLT Cryopreserved Platelet
CT Clotting Time
CTRL - Negative Control
CTRL + Positive Control
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl Sulfoxide
EDTA Ethylenediaminetetraacetic Acid
EV Extracellular Vesicles
FBS Fetal Bovine Serum
FGF Fibroblast Growth Factor
Fresh-PLT Fresh Platelet
FTIR Fourier Transform Infrared
GF Grow Factor

HLA Human Leukocyte Antigen
HPA Human Platelet Antigen
MCF Maximum Clot Formation
MCT Mercury Cadmium Telluride
NA No thrombin activation
NK-cell Natural Killer cell
PBS Phosphate Buffer Saline
PC Principal Component
PCA Principal Component Analysis
PCA Principal Component Analysis
PDGF-ββ Platelet Derived Growth Factor
Pen-Strep Penicillin-Streptomycin
PFA Paraformaldehyde
PLT Platelet
PS Phosphatidylserine
PSL Platelet Storage Lesion
RANTES Regulated on Activation, Normal T cell Expressed 

and Secreted
RPMI Roswell Park Memorial Institute Medium
RT Room Temperature
SI Supplemental Information
SVN Standard Vector Normalization
TGF-β Tumor Growth Factor
T-PAS Platelet Addition Solution
VWF Von Willebrand Factor
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