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ABSTRACT
Platelet lysate, derived from platelets, are valuable biological products rich in bioactive mole-
cules. Their use promotes tissue healing and modulates inflammation. However, maintaining 
the stability and bioactivity of platelet lysate is challenging since they degrade rapidly at room 
temperature. This study focused on the possibility to confer enhanced stability to freeze-dried 
equine platelet lysate as an alternative to platelet-rich plasma (PRP). Platelet lysate (PL) was 
derived from PRP and freeze-dried either as such or using various adjuvants. Primary cell 
cultures of porcine Vascular Wall-Mesenchymal Stem Cells were treated with different 
PL formulations, and cell viability was assessed using an MTT assay. Overall, the addition of 
PL significantly improved cell viability as compared to controls without growth factor supple-
mentation or with foetal bovine serum. Notably, the freeze-drying process maintained the 
effectiveness of the PL for at least a week. Furthermore, the study revealed that varying the 
horse as the source of PL could yield varying effects on cell viability. Detailed freeze-drying 
protocols were established, including freezing, primary drying and secondary drying phases, 
and the type of adjuvant. This study demonstrated the potential of freeze-dried equine PL as 
a viable alternative to PRP and highlighted the importance of precise freeze-drying protocols 
and adjuvants for standardization. Equine PL showed promise for medical treatment in horses, 
offering advantages such as extended shelf life, ease of handling, and reduced transportation 
costs, with the potential for broadened therapeutic usage.
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1. Introduction

The platelet lysate (PL) are biological products obtained 
from whole platelets or their content. They are pro-
duced by processing platelet concentrates sourced 
from peripheral blood using differential centrifugation 
or apheresis so that the concentration of the bioactive 
molecules is fold higher with respect to the whole blood 
[1,2]. Depending upon the production process, there 
are different formulations of PL, all characterized by 
growth factors, such as platelet-derived growth factor 
(PDGF), vascular endothelial growth factor (VEGF), 
transforming growth factor beta (TGF-β), epithelial 
growth factor (EGF), basic fibroblast growth factor 
(bFGF), connective tissue growth factor (CTGF); bioac-
tive peptides, such as BMPs (bone morphogenic pro-
teins), and cytokines. Overall, these bioactive molecules 
stimulate cell proliferation, matrix deposition, and 
angiogenesis, and therefore, promote tissue healing 
and modulate the inflammatory process [3].

Bioactive molecule concentration and activity in PL 
have to be preserved in order to guarantee their effec-
tiveness since bioactive molecules degrade at room 

temperature, and they cannot be detected as early as 
2 weeks [4]. Fresh PL may be appropriately frozen at 
very low temperatures, i.e. −80°C in order to maintain 
a stable preparation, enabling storage of multiple 
doses with a single blood collection [5]. To circumvent 
the needs of long-term cryopreservation, the difficulty 
in transporting frozen samples and the relative cost, 
the lyophilization technique was evaluated [4, 6–11]. 
Lyophilization is a drying method which increases the 
shelf life of therapeutic molecules and facilitates their 
packaging, preservation, and transport [12]. 
Lyophilization has recently been applied to PRP by 
means of the preparation of powder or wafers from the 
blood of healthy human patients [7,8]. Freeze-dried 
PL have many advantages, such as adequately preser-
ving PRP bioactivity, enabling standardization of the 
biomolecule concentration, and facilitating their 
handling and long-term preservation [2,4,6–8] 
Moreover, lyophilization preserves the antibacterial 
property of PL [8,13].

Of the various PL, platelet-rich plasma (PRP) is the 
most popular and utilizes intact platelets which are 
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activated upon usage; PRP has been utilized in many 
medical scenarios, such as orthopaedics, odonto- 
stomatology, ophthalmology, and wound healing in 
humans [14]

The application of PRP has also been gaining wide-
spread interest in equine veterinary practice. The 
effectiveness of PRP in horses has especially been 
described for tendon and ligament repair [15–21]; 
however, it can be utilized in numerous other situa-
tions. In particular, the authors observed that PRP 
promoted the proliferation and migration of equine 
corneal cells [22], it was a safe and effective aid for the 
treatment of osteoarthritis [23,24], and it reduced 
healing time and promoted the healing process when 
applied on skin wounds [25]. Nonetheless, a great 
variability in effectiveness has been reported which is 
likely associated with a lack of standardization in 
production and formulation [2]; [9]; [14]; [26–28]. 
Several methods have been described for preparing 
PRP in equine medicine [20]; [29]; [30]. Of the meth-
ods described, some [20]; [31] allow the preparation of 
multiple aliquots of PRP for multiple applications 
from a single blood collection which needs to be kept 
frozen at − 80°C. However, the cold chain for preser-
vation and transport can be difficult to be maintained 
for the equine private practitioner and this limits the 
application of PRP in equine medicine. However, acti-
vated PRP has a gel-like consistency which hampers its 
prompt dissolution and makes it difficult to be stan-
dardized [32–38].

As alternative to PRP, PL obtained from PRP, was 
used; PL is a blood product free of xenogenic sub-
stances since it is cell-free and devoid of cell mem-
branes, and it is specifically suitable for in vitro studies 
[39,40].

It is still a matter of discussion which factors or 
combination of factors are exactly involved in biolo-
gical PL properties; specifically, biomolecule concen-
tration per se does not necessarily predict the in vivo 
effect of the PL [10,28,41]. It has been observed that 
the claims of the standardization of PL production and 
formulation presented in many studies should also 
include the standardization of the method used to 
assess their biological function [2].

Currently, the characterization of PL, either fresh, 
frozen or lyophilized, may be carried out using indir-
ect or direct methods. Indirect methods are used to 
measure the number of platelets, the growth factors 
and also biomolecule concentration [7,9–11,42]. 
Alternatively, direct methods ignore the quantitative 
measurement of bioactive molecules and instead focus 
on the direct assessment of their biological effect, 
using in vivo or in-vitro systems [11,42,43]. In parti-
cular, the beneficial effects of PL on mesenchymal 
stem cell cultures, were demonstrated [39,44].

The aim of this proof-of-concept study was to 
assess the ability of equine freeze-dried PL to maintain 

mesenchymal cell viability using a standardized and 
reproducible lyophilization protocol as compared to 
its fresh or frozen counterpart.

2. Methods

2.1. Experimental layout

The possibility of the xenogenic adverse effects of 
equine PL on swine primary mesenchymal stem cell 
(MSC) cell culture was tested and excluded by com-
paring the viability of porcine Vascular Wall- 
Mesenchymal Stem Cells) (sVW-MSCs) cultured 
with Pericyte Growth Medium (PGM) to which 
swine or equine was added with sVW-MSC viability 
when cells were cultured with PGM alone (no growth 
factors added), or in PGM to which 10% Fetal Bovine 
Serum (FBS) was added or PGM to which vascular 
stem cell specific growth factors were added 
(Figure 1). The effects of the heat inactivation, the 
thermal treatment (fresh, frozen and freeze-dried) 
and the addition of adjuvants or not were then com-
pared; the experimental layout is seen in a schematic 
graph in Figure 2.

2.2. Platelet rich plasma

Platelet-rich plasma was obtained utilizing the buffy 
coat method, using a 450-mL double transfusion bag 
(Terumo BCT, Rome, Italy). The blood was collected 
from the jugular vein from two healthy horses and two 
healthy swine, and was adequately mixed with citrate- 

Figure 1. Schematic representation of the experimental work-
flow to exclude axenogenic effect: hPL: platelet lysate serum of 
the horse; sPL: platelet lysate serum of swine; HI: heat inacti-
vated at 56°C for 30 min; sVW MSCs: swine vascular wall 
mesenchymal stem cells; RT: room temperature.
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phosphate dextrose solution with adenine (CPDA-1; 
63 mL for 450 mL of blood). The separation of the 
blood cells was carried out using a refrigerated labora-
tory centrifuge (Heraeus Cryofuge 6000). 
Centrifugation was first carried out at 800 rpm for 
20 min at an environmental temperature (2°C). The 
first centrifugation step led to the separation of the red 
and white blood cells from the plasma and platelets, 
separated by an intermediate thin greyish – white layer 
(buffy coat). The plasma component obtained was 
transferred to a satellite bag using a plasma extractor 
and subsequently underwent a second centrifugation 
at 3500 rpm for 10 min at an environmental tempera-
ture (22°C). After the second centrifugation, two com-
ponents were obtained: PRP as a turbid fraction on the 
bottom of the bag, and another clear fraction above 
(platelet poor plasma PPP). The next step was the 
retransfer of the PPP into the initial bag containing 
the red blood cell component. The PRP was then 
separated under sterile conditions into different ali-
quots (1.8-mL Eppendorf vials; SARSTEDT, Verona, 
Italy) which were stored at −80°C.

2.3. PL

PL was produced from the PRP using the method 
described by Mojica-Henshaw et al. [39]. In more 

detail, frozen PRP was thawed at room temperature, 
then refrozen at − 80°C overnight, thawed again at +  
4°C and then finally centrifuged at 4000 × g for 20  
min. After the centrifugation, a sediment composed of 
cell membranes was evident at the bottom of the tubes 
while the supernatant was the PL-plasma. To precipi-
tate the clotting factors, 100 µL of CaCl2 2.5 M was 
added to approximately 1000 µL of PL-plasma (1:10 v/ 
v) and left at 4°C overnight. The sample was then 
centrifuged at 4000 × g for 20 min; the fibrin clot was 
then mechanically detached using a sterile plastic loop 
and centrifuged again for 1 min at 11,000 × g. The 
supernatant PL was collected and transferred to 
a sterile tube until needed.

2.4. Adjuvants

Different adjuvants at 5% v/v final concentration, 
when not otherwise specified, were used to freeze- 
dry the PL samples, namely Trehalose (Trehalose 
dihydrate; lyophilization mix 1 (M1)), 
Polyvinylpyrrolidone 40 (PVP40; lyophilization mix 
2 (M2)), Lactitol (D-Lactitol monohydrate; lyophiliza-
tion mix 3 (M3)) and a mix of Glycin 2.5% and 
Trehalose (lyophilization mix 4 (M4)). All the reagents 
were purchased as powder from Sigma-Aldrich 
(Merck), solubilized in DHPLC grade water using 

Figure 2. Schematic representation of the experimental workflow to test freeze-dried equine platelet lysate properties. hPL: 
platelet lysate of the horse; HI: heat inactivated at 56°C for 30 min RT: room temperature. M1: lyophilization mix 1, trehalose 
dihydrate 5% final concentration; M2: lyophilization mix 2, polyvinylpyrrolidone 40 5% final concentration; M3: lyophilization mix 
3, D-Lactitol monohydrate 5% final concentration; M4: lyophilization mix 4, Glycin 2.5% and trehalose dihydrate 5% final 
concentration.
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a heated magnetic stirrer and sterilized by 0.22 µM 
filtering. The concentration of the stock solutions 
was 30% for Trehalose and Lactitol and 10% for 
Glycin and PVP40. The stock solutions were stored 
at −20°C until needed.

2.5. Freeze-drying

One mL of liquid PL with formulation, including or 
not adjuvants, was put into 5 mL glass vials and par-
tially closed with lyophilization stoppers. 
Lyophilization was carried out using a freeze-dryer 
(VirTis Advantage Pro serie SP SCIENTIFIC) with 
two drying shelves and a pneumatic stoppering system 
to stopper the vials at the end of the lyophilization 
process. A preliminary freeze-drying study (not 
reported) carried out using a small amount (50 µL) 
of PL in lyophilization plastic tubes was used to estab-
lish an effective PL freeze-drying protocol and to 
reduce the adjuvant candidates to those most effective 
for that purpose.

The freeze-drying cycle, which included the three 
main freeze-drying stages: freezing, primary drying 
and secondary drying, was set up on the freeze-dryer 
and carried out in the following sequential order: 
initial stabilization phase at 8°C for 10 min, ramp 
shelf temperature (Ts) at − 40°C at max speed and 
held for 150 min at 560 Torr (Thermal treatment), the 
shelf temperature was brought to −25°C in 120 min 
and the pressure was lowered to 200 mTorr and held 
for 720 min, the shelf temperature was brought to 
−15°C in 120 min and the pressure was lowered to 
200 mTorr and held for 360 min, the shelf temperature 
was brought to 0°C in 120 min and the pressure was 
lowered to 100 mTorr and held for 720 min, and then 
the shelf temperature was brought to 20°C in 360 min 
and the pressure was lowered to 50 mTorr and held for 
720 min (drying steps). At the end of the programme, 
the lyophilization chamber was filled with NO2 pro-
gressively increasing the pressure to 760 Torr, and the 
vials were stoppered.

The freezing programme was shared by both sam-
ples, one to be conserved frozen and one to be freeze- 
dried. At the end of the freezing protocol, the samples 
treated by only freezing were stored at −20°C until use 
while the samples to be freeze-dried continued 
through the other two stages of the lyophilization 
programme.

2.6. Cell culture and treatments

Primary cell cultures of the VW-MSCs were pre-
viously isolated, recovered and characterized as 
described [45]. The VW-MSCs were thawed, seeded 
and routinely recovered in primary culture flasks (1.5 
× 106 cells/T75-flask) in PGM (Promocell, Heidelberg, 
Germany) to which 1× antibiotic-antimycotic solution 

and vascular stem cell specific growth factor mix 
(Promocell) was added to constitute the complete 
PGM medium. The cells were cultured in a 5% CO2 
atmosphere at 38.5°C. The pVW-MSCs were thawed 
at the second pass age and grown in T-75 for three 
days; once they reached confluence, they were washed 
with Dulbecco’s Phosphate Buffered Saline (DPBS) 
(Gibco-Life Technologies, Carlsbad CA, USA), 
detached with 0.25 × Trypsin (Gibco-Life 
Technologies), counted using a Burker chamber and 
were seeded in 5 × 103/wells in a 96-well plate. 
The day after, the cells were treated under different 
conditions (Figure 1) for 24 hours. For the viability 
determination, an MTT-based assay (In Vitro 
Toxicology Assay Kit MTT TOX-1, Sigma-Aldrich 
St. Louis, MO, USA) was carried out at the end of 
the treatment time, following the manufacturer’s 
instructions. Briefly, the MTT substrate was added to 
the culture medium and incubated for 4 hours; the 
MTT solubilization solution was then added to dis-
solve the formazan crystals. Formazan Abs was mea-
sured at 570 nm, using Infinite® F50/Robotic 
absorbance microplate readers from TECAN Life 
Sciences (Männedorf, Switzerland). All the experi-
ments were repeated three times independently; 8 
technical replicates were used for each treatment.

2.7. Statistical analysis

The effect of the following factors was compared using 
the Kruskal-Wallis test for inequality of medians: the 
effect of different additions to the PGM (no addition, 
FBS, commercial addition or PL (either swine and 
equine), thermal treatment (fresh, frozen, or freeze- 
dried), horses used as the source of PRP, and the effect 
of the freeze-drying adjuvants. Estimations of the 
median differences between the groups were carried 
out using the Hodges-Lehmann location shift and 
were evaluated using the Steel-Dwass-Critchlow- 
Fligner pairwise ranking nonparametric method. 
Statistical significance was set at 5% (p < 0.05). All 
the analyses were carried out using the Analyze-it 
package software (Analyse-it Software, Ltd, UK).

3. Results

No xenogenic reactions which could have hampered 
the effect of the PGM addition to the PL from the 
horses on the pVW-MSC culture were detected; in 
fact, no adverse effect on cell viability was observed 
with the addition of equine or swine PL (Figure 3).The 
addition of the specific commercial concentrates of the 
growth factors optimized for the growth of these vas-
cular mesenchymal stem cells (PGMadd) achieved the 
best effect on cell viability, being significantly better 
than PGM alone, also against the addition of the 
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common use of 10% FBS but not of equine PL which 
guaranteed high viability (Figure 3).

In the second experiment, it was confirmed that the 
two horses used as sources of PL, although they were 
not the same as those of the first experiment, yielded 
significant differences in the MTT assay (median 
0.11780 vs 0.09780; p = 0.0001), red: p value < 0.05; 
green: p value > 0.05

In general, no toxic effect was evidenced: all the PL 
treatments and supplementations resulted in 
a significant increase in cell viability with respect to 
the PGM without growth factors (Figure 4). Moreover, 
the addition of PL was confirmed to significantly affect 
cell growth regardless of the treatments used to store 
the PL. The most effective addition was the use of 
a commercial brand growth factor supplement specific 
for MSCs which was also found to have a greater effect 
than the addition of either freeze-dried PL without 
adjuvants or that with adjuvants M1-M3, or heat 
inactivated and frozen, or fresh. On the contrary, 
adjuvant M4 reached results comparable with those 
of PGM add. Detailed pair comparisons findings are 
reported in Figure 4.

The comparisons of the methods of storage of the 
PL, either freshly processed PL kept at + 4°C, frozen 
PL kept at −20°C or freeze-dried PL kept at room 
temperature for a week (Figure 5a, b) did not show 
any differences while it should be noted that M4 and 
M3 yielded a greater effect (Figure 5c, d).

4. Discussion

This study described a method of preparing 
a standardized freeze-dried equine PL, as an alterna-
tive to PRP, which had the same effectiveness in main-
taining cell viability in vitro of the respective fresh and 
frozen equivalents, at least in the investigated short 

term of a week. This meant that freeze-drying would 
have no impact on the bioactive molecular content of 
the equine PL which, in turn, were, for the most past, 
expected to overlap with the spectra of the bioactive 
molecules involved in tissue reparation/regeneration 
in vivo. This proof-of concept study supported the 
possibility of extending this approach to in vivo studies 
and moved in the direction of a broader application of 
platelet lysate as therapeutics in horses. In fact, short- 
term conservation is appropriate for transporting the 
product to the site in which it is used without the need 
for maintaining a cold chain. This aim was reached 
regardless of whether or not adjuvants were used. The 
temperature-controlled shipment of biological materi-
als is costly and demanding since it requires setting up 
dedicated supply chain of raw materials such as dry 
ice, and packaging, and complying with stringent laws 
and regulations regarding classifying, packing and 
labelling these shipments. The achievement herein 
described, by minimizing the need for a cold chain 
and lowering the relative costs and logistics, envisages 
in equine medicine a wider diffusion of the therapeu-
tics applications of PL for treatments applied directly 
in the field almost everywhere.

A previous study reported significant changes in 
the concentrations contained in the frozen PL, limited 
to insulin-like growth factor 1 (IGF-1), when com-
pared to fresh PDs [5]. Instead, another study reported 
a greater concentration of growth factors in lyophi-
lized PRP as compared to fresh PRP since freeze- 
drying lyses the majority of platelets, releasing their 
granular content into the extracellular fluid for mea-
surement. Regardless of the different concentrations 
of discrete biomolecules in fresh, frozen of freeze- 
dried PL, in almost all the studies, no differences 
were demonstrated in the biological effect in vitro or 
in vivo [2,7,10,11,42]. The effectiveness of freeze- 

Figure 3. Skeletal Box plot representation of cell viability. The sVW-MSCs were cultured in PGM without growth factor 
supplementation (PGM), with 10% FBS (PGM +FBS), with MSC specific growth factors (PGMadd), with equine PL (PGM PL H), or 
with swine PL (PGM PLs S). The median is plotted in black as a line, the 1st and 3rd quartiles as a dashed box, and the maximum and 
minimum values as whiskers with end caps. The mean values ± SE (standard error) are reported in blue. FBS: fetal bovine serum; 
PGM: perycite growth medium; PLs H: platelet lysate serum of the horse: PLs S: platelet lysate serum of swine. Pair comparisons 
with a significance level using the Steel-Dwass-Critchlow-Fligner method and median difference estimations are indicated on the 
right.
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drying in this context has notable supporting evidence 
which was not surprising [11]. However, it should be 
emphasized that some authors who have reported 
great variability in effectiveness have also referred to 
difficulties in standardizing lyophilization [14,46]. In 
fact, the freeze-drying protocols are crucial to keeping 
the desired qualitative features of PL. Unexpectedly, 
by reviewing the literature, it emerged that many 

studies were carried out using basic freeze-drying pro-
tocols and instruments without strict control over 
temperature and pressure, or without the possibility 
of automatically modifying parameters during the 
treatments as in advanced freeze-dryers. Likewise, 
detailed freeze-drying steps were reported sporadically 
[6] whereas, in the majority of studies, the lyophiliza-
tion protocol was not reported [2,4,7,10,11]. 

Figure 4. a) Skeletal Box plot representation of cell viability. The pVW-MSCs were cultured in PGM supplemented with equine 
PL, either frozen (PGM hPLs frozen), heat inactivated and then frozen (PGM hPL frozen and HI), freshly prepared and kept at + 
4°C (PGM hPLs fresh), lyophilized without adjuvants (PGM hPL NO adj) or lyophilized using adjuvants (PGM hPL M1 to 4); PGM 
alone or PGM to which 10% FBS or commercial growth factors (PGMadd) were added were used as internal controls. The 
median is plotted as a line in black, the 1st and 3rd quartile as a dashed box, and the maximum and minimum values as whiskers 
with end caps. The mean values ± SE (standard error) are reported in blue. FBS: fetal bovine serum; PGM: perycite growth 
medium; PLs H: platelet lysate serum of the horse: PL S: platelet lysate serum of swine. Pair comparisons with a significance level 
using the Steel-Dwass-Critchlow-Fligner method and median difference estimations are indicated on the right. b) only 
statistically significant (p < 0.05) contrasts are reported.
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Consequently, it was not possible to standardize such 
a complicated procedure as the freeze-drying of bio-
logicals and, even more important, it was not possible 
to upgrade the process from experimental laboratory 
procedures to manufacturing for clinical applications 
[47,48]. For that reason, in this study, the Authors 
reported a detailed freeze-drying protocol which 
included all the typical phases of lyophilization: freez-
ing (solidification), primary drying (ice sublimation) 
and secondary drying (moisture desorption) so that 
the entire cycle could be reproduced elsewhere. Tight 
control of the different phases of a freeze-drying cycle 
is crucial for guaranteeing its reproducible effective-
ness [49,50]. In particular, when dealing with inject-
able drugs, such as biologicals, the gross appearance of 
the product (cake) is a relevant quality attribute, and 
a uniform and elegant cake is the main goal of an 
adequate lyophilization process. To that aim, the 
freezing phase affects the texture of the cake and, 
eventually, the aspect and the shelf-life of the products 
[49,50]. Controlling the freezing step accounts for 
ramp speed, and the lowest temperature achieved 
and its duration [50]. In this study, these parameters 
were used to freeze-dry a volume of product which 
resembled the one used in clinical application. This 
was because the volume of liquid determines the thick-
ness of the cake which, in turn, affects the lyophiliza-
tion process. Generally, the thicker it is, the more 
freeze-drying is hindered. Furthermore, adjuvants 
can be used to facilitate the cake formation. In the 
lyophilization of PL, the use of adjuvants has been 
evaluated in some studies [6,8,9] while, in other stu-
dies, the PL was freeze-dried as such [2,4,7,10]. The 
adjuvants included Sodium carboxymethylcellulose 
[8], Tris, glycine and sucrose solution [9] and 
HEPES, NaCl, KCl, MgCl2, trehalose, and human 

serum albumin [6]. In the present study, four lyophi-
lization mixes were evaluated in a dozen different 
molecules after preliminary empirical screening. 
A mix of glycine and trehalose gave the best results 
but lactitol also showed a significantly positive effect. 
Trehalose may be crucial for maintaining the platelets 
intact during freeze-drying [32] which is not the case 
for PL in which the platelets are thoroughly lysed and 
their content completely released and, hence, in short- 
term conservation, the benefit of using adjuvants was 
not obvious. However, sugar and glycine also have 
a positive impact on better cake formation, and their 
use would be warranted in the case of the long-term 
conservation of PL [6,9,12].

In this study, straightforward evidence of the activ-
ity of equine PL on cell cultures obtained from distinct 
species was demonstrated. No evidence of xenogenic 
reactions was observed in-vitro which, however, needs 
to also be confirmed in vivo. Moreover, it is worth 
noting that no differences were observed when heat 
inactivation was used to inhibit the complement- 
mediated immune reactions. Heat inactivation may 
also lead to subtle damage of useful biomolecules 
apart from the complement [51]. The fact that heat 
inactivation of the PL is not necessary may be relevant 
both for the application of PL as a medium supple-
ment in cell culture but also in the perspective of 
allogenic formulations. In this instance, no xenogenic 
molecules, such as bovine thrombin, were used; 
instead, the Authors intended to evaluate calcium as 
a platelet activator which was confirmed to be simple 
and effective [6]. Additional studies are necessary to 
explore this interesting possibility.

Finally, it should be considered that a great inter-
individual variability exists in the biological effect 
induced by various PL obtained under the same 

Figure 5. a) Skeletal Box plot representation of cell viability. The pVW-MSCs were cultured in PGM supplemented with the PL, 
either freeze-dried or frozen and kept at −20°C, or freshly processed and kept at +4°C, b) estimation of the median shift location 
and its significance. c) Skeletal Box plot representation of the comparisons of cell viability. The pVW-MSCs were cultured in PGM 
with different lyophilization mixes (PGM hPL M1-M4) or without mixes (PGM hPL NO adj) and c) estimation of the median shift 
location and its significance. Only statistically significant (p < 0.05) contrasts are reported. The median is plotted as a line in black, 
the 1st and 3rd quartiles as a dashed box, and the maximum and minimum values as whiskers with end ca. The mean values ± SE 
(standard error) are reported in blue. red: p value < 0.05; green: p value > 0.05.
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conditions [2,31,52–55]. The present study also con-
firmed this circumstance; in fact, the PL obtained 
from different horses gave significantly different 
in vitro effects. However, in the case of allogenic 
treatment, individual variability was controlled by 
mixing PL from different subjects; this was unlikely 
to represent a limitation whereas, in the case of 
autologous treatment, this would be the case [2]. If 
so, it should be noted that freeze-dried PL can be 
reconstituted using a different amount of water with 
respect to the original amount and, hence, the con-
centration of bioactive molecules can be concen-
trated or diluted as needed [7,41].

5. Conclusion

This study showed that equine PL maintained cell 
viability in vitro, reflecting a high content of bioac-
tive molecules and, in addition to medical treatment 
for horses, it could conveniently be used as 
a medium supplement in cell cultures as an alter-
native to FBS. Finally, this study confirmed that 
freeze-drying was effective in keeping the therapeu-
tic potential of these biologicals intact and provided 
details regarding lyophilization protocols which 
could be of aid for additional efforts towards 
standardizations.

6. Ethics approval and consent to participate

The care and handling of the animals were in accor-
dance with the provisions of European Economic 
Community Council Directive 86/609, adopted by 
the Italian Government (D.L. 27 January 1992 n 116) 
PROT. n. 43-IX/9

7. Consent for publication

Not applicable

8. Availability of data and materials

The authors confirm that the main data supporting the 
findings of this study are available within the article. 
The datasets used and/or analysed during the current 
study are available from the corresponding author on 
reasonable request.

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This study was supported by the “IROMdidattica” Grant 
and “economiespadari” Grants.

ORCID

Chiara Bernardini http://orcid.org/0000-0003-3384-0244

Abbreviations

PRP: platelet-rich plasma
pVW-MSCs: porcine Vascular Wall-Mesenchymal Stem 

Cells
PL: Platelet lysate
H: Horse
PDGF: Platelet-derived Growth Factor
VEGF: Vascular Endothelial Growth Factor
TGF-β: Trasforming Growth Factor
EGF: Epithelial Growth Factor
bFGF: Basic Fibroblast Growth Factor
CTGF: Connective Tissue Growth Factor
BMPs: Bone morphogenetic proteins
FBS: Fetal Bovine Serum
PGM: Pericyte Growth Medium
S: Swine
DPBS: Dulbecco’s phosphate-buffered saline
CPDA-1: Citrate-phosphate dextrose solution with 

adenine
IGF_1: Insulin-like growth factor 1

Author’s contributions

Conceptualization: NR and FG; methodology: CB, IC and 
MET; data analysis and interpretation: NR and FG; writing – 
original draft preparation: CB, NR and FG; writing – review 
and editing CB, NR, MET AS, MF and FG; funding acquisi-
tion: NR and AS. All the authors have read and approved the 
final manuscript.

References

[1] Dohan Ehrenfest DM, Andia I, Zumstein MA, et al. 
Classification of platelet concentrates (platelet-rich 
plasma-PRP, platelet-rich fibrin-PRF) for topical 
and infiltrative use in orthopedic and sports medi-
cine: current consensus, clinical implications and 
perspectives. Muscles Ligaments Tendons J. 2014;4 
(1):3–9. doi: 10.32098/mltj.01.2014.02  

[2] Kieb M, Sander F, Prinz C, et al. Platelet-rich plasma 
powder: a new preparation method for the standardi-
zation of growth factor concentrations. Am J Sports 
Med. 2017;45(4):954–960. doi: 10.1177/ 
0363546516674475  

[3] Dohan Ehrenfest DM, Rasmusson L, Albrektsson T. 
Classification of platelet concentrates: from pure 
platelet-rich plasma (P-PRP) to leucocyte- and 
platelet-rich fibrin (L-PRF). Trends Biotechnol. 
2009;27(3):158–167. doi: 10.1016/j.tibtech.2008.11.009  

[4] Shiga Y, Kubota G, Orita S, et al. Freeze-dried human 
platelet-rich plasma retains activation and growth 
factor expression after an eight-week preservation 
period. Asian Spine J. 2017;11(3):329–336. doi: 10. 
4184/asj.2017.11.3.329  

[5] McClain AK, McCarrel TM. The effect of four differ-
ent freezing conditions and time in frozen storage on 
the concentration of commonly measured growth 
factors and enzymes in equine platelet-rich plasma 
over six months. BMC Vet Res. 2019;15(1):292. doi:  
10.1186/s12917-019-2040-4  

78 C BERNARDINI ET AL.

https://doi.org/10.32098/mltj.01.2014.02
https://doi.org/10.1177/0363546516674475
https://doi.org/10.1177/0363546516674475
https://doi.org/10.1016/j.tibtech.2008.11.009
https://doi.org/10.4184/asj.2017.11.3.329
https://doi.org/10.4184/asj.2017.11.3.329
https://doi.org/10.1186/s12917-019-2040-4
https://doi.org/10.1186/s12917-019-2040-4


[6] Pan L, Yong Z, Yuk KS, et al. Growth factor release 
from lyophilized porcine platelet-rich plasma: quan-
titative analysis and implications for clinical 
applications. Aesthetic Plast Surg. 2016;40 
(1):157–163. doi: 10.1007/s00266-015-0580-y  

[7] Nakatani Y, Agata H, Sumita Y, et al. Efficacy of 
freeze-dried platelet-rich plasma in bone 
engineering. Arch Oral Biol. 2017;73:172–178. doi:  
10.1016/j.archoralbio.2016.10.006  

[8] Yassin GE, Dawoud MHS, Wasfi R, et al. 
Comparative lyophilized platelet-rich plasma wafer 
and powder for wound-healing enhancement: formu-
lation, in vitro and in vivo studies. Drug Dev Ind 
Pharm. 2019;45(8):1379–1387. doi: 10.1080/ 
03639045.2019.1620269  

[9] Huber SC, Jlrc J, Silva LQ, et al. Freeze-dried versus 
fresh platelet-rich plasma in acute wound healing of 
an animal model. Regen Med. 2019;14(6):525–534. 
doi: 10.2217/rme-2018-0119  

[10] Notodihardjo SC, Morimoto N, Kakudo N, et al. 
Comparison of the efficacy of cryopreserved human 
platelet lysate and refrigerated lyophilized human 
platelet lysate for wound healing. Regen Ther. 
2018;10:1–9. doi: 10.1016/j.reth.2018.10.003  

[11] Chen LW, Huang CJ, Tu WH, et al. The corneal 
epitheliotrophic abilities of lyophilized powder form 
human platelet lysates. PLOS ONE. 2018;13(3): 
e0194345. doi: 10.1371/journal.pone.0194345  

[12] Kumar G, Prashanth N, Kumari B. Fundamentals and 
applications of lyophilization. J Adv Pharm Res. 
2011;2(4):157–169.

[13] Mariani E, Pulsatelli L. Platelet concentrates in mus-
culoskeletal medicine. Int J Mol Sci. 2020;21(4):1328. 
doi: 10.3390/ijms21041328  

[14] Andia I, Perez-Valle A, Del Amo C, et al. Freeze- 
drying of platelet-rich plasma: the quest for 
standardization. Int J Mol Sci. 2020;21(18):6904. doi:  
10.3390/ijms21186904  

[15] Maia L, de Souza Mv, Júnior JIR, et al. Platelet-rich 
plasma in the treatment of induced tendinopathy in 
horses: histologic evaluation. J Equine Vet Sci. 
2009;29(8):618–626. doi: 10.1016/j.jevs.2009.07.001  

[16] Georg R, Maria C, Gisela A, et al. Autologous condi-
tioned plasma as therapy of tendon and ligament 
lesions in seven horses. J Vet Sci. 2010;11 
(2):173–175. doi: 10.4142/jvs.2010.11.2.173  

[17] Giunta K, Donnell JR, Donnell AD, et al. Prospective 
randomized comparison of platelet rich plasma to 
extracorporeal shockwave therapy for treatment of 
proximal suspensory pain in western performance 
horses. Res Vet Sci. 2019;126:38–44. doi: 10.1016/j. 
rvsc.2019.07.020  

[18] Angelone M, Conti V, Biacca C, et al. The contribu-
tion of adipose tissue-derived mesenchymal stem cells 
and platelet-rich plasma to the treatment of chronic 
equine laminitis: a proof of concept. Int J Mol Sci. 
2017;18(10):2122. doi: 10.3390/ijms18102122  

[19] Bosch G, van Schie Ht, de Groot Mw, et al. Effects of 
platelet-rich plasma on the quality of repair of 
mechanically induced core lesions in equine super-
ficial digital flexor tendons: a placebo-controlled 
experimental study. J Orthop Res. 2010;28 
(2):211–217. doi: 10.1002/jor.20980  

[20] Romagnoli N, Rinnovati R, Ricciardi G, et al. Clinical 
evaluation of intralesional injection of platelet-rich 
plasma for the treatment of proximal suspensory 

ligament desmitis in horses. J Equine Vet Sci. 
2015;35(2):141–146. doi: 10.1016/j.jevs.2014.12.011  

[21] Montano C, Auletta L, Greco A, et al. The use of 
platelet-rich plasma for treatment of tenodesmic 
lesions in horses: a systematic review and 
meta-analysis of clinical and experimental data. 
Animals (Basel). 2021;11(3):793. doi: 10.3390/ 
ani11030793  

[22] Rushton JO, Kammergruber E, Tichy A, et al. Effects 
of three blood derived products on equine corneal 
cells, an in vitro study. Equine Vet J. 2018;50 
(3):356–362. doi: 10.1111/evj.12770  

[23] Garbin LC, Olver CS. Platelet-rich products and their 
application to Osteoarthritis. J Equine Vet Sci. 
2020;86:102820. doi: 10.1016/j.jevs.2019.102820  

[24] Smit Y, Marais HJ, Thompson PN, et al. Clinical 
findings, synovial fluid cytology and growth factor 
concentrations after intra-articular use of a 
platelet-rich product in horses with osteoarthritis. 
J S Afr Vet Assoc. J 2019;90:e1–e9. doi: 10.4102/ 
jsava.v90i0.1721  

[25] Pereira RCDF, De La Côrte FD, Brass KE, et al. 
Evaluation of three methods of platelet-rich plasma 
for treatment of equine distal limb skin wounds. 
J Equine Vet Sci. 2019;72:1–7. doi: 10.1016/j.jevs. 
2017.10.009  

[26] Hessel LN, Bosch G, van Weeren Pr, et al. Equine 
autologous platelet concentrates: a comparative study 
between different available systems. Equine Vet J. 
2015;47(3):319–325. doi: 10.1111/evj.12288  

[27] Hauschild G, Geburek F, Gosheger G, et al. Short 
term storage stability at room temperature of two 
different platelet-rich plasma preparations from 
equine donors and potential impact on growth factor 
concentrations. BMC Vet Res. 2017;13(1):7. doi: 10. 
1186/s12917-016-0920-4  

[28] Pandey S, Hickey DU, Drum M, et al. Platelet-rich 
plasma affects the proliferation of canine bone 
marrow-derived mesenchymal stromal cells in vitro. 
BMC Vet Res. 2019;15(1):269. doi: 10.1186/s12917- 
019-2010-x  

[29] Seidel SRT, de Souza AF, Fülber J, et al. Evaluation of 
platelet-rich plasma applied in the coronary band of 
healthy equine hooves. Can Vet J. 2021;62 
(7):729–735.

[30] Lee EB, Kim JW, Seo JP. Comparison of the methods 
for platelet rich plasma preparation in horses. J Anim 
Sci Technol. 2018;60(1):20. doi: 10.1186/s40781-018- 
0178-4  

[31] Rinnovati R, Romagnoli N, Gentilini F, et al. The 
influence of environmental variables on platelet con-
centration in horse platelet-rich plasma. Acta Vet 
Scand. 2016;58(1):45–51. doi: 10.1186/s13028-016- 
0226-3  

[32] Wolkers WF, Walker NJ, Tablin F, et al. Human 
platelets loaded with trehalose survive freeze-drying. 
Cryobiology. 2001;42(2):79–87. doi: 10.1006/cryo. 
2001.2306  

[33] Fischer TH, Merricks EP, Bode AP, et al. Thrombus 
formation with rehydrated, lyophilized platelets. 
Hematology. 2002;7(6):359–369. doi: 10.1080/ 
1024533021000047954  

[34] Crowe JH, Tablin F, Wolkers WF, et al. Stabilization 
of membranes in human platelets freeze-dried with 
trehalose. Chem Phys Lipids. 2003;122(1–2):41–52. 
doi: 10.1016/S0009-3084(02)00177-9  

INTERNATIONAL JOURNAL OF VETERINARY SCIENCE AND MEDICINE 79

https://doi.org/10.1007/s00266-015-0580-y
https://doi.org/10.1016/j.archoralbio.2016.10.006
https://doi.org/10.1016/j.archoralbio.2016.10.006
https://doi.org/10.1080/03639045.2019.1620269
https://doi.org/10.1080/03639045.2019.1620269
https://doi.org/10.2217/rme-2018-0119
https://doi.org/10.1016/j.reth.2018.10.003
https://doi.org/10.1371/journal.pone.0194345
https://doi.org/10.3390/ijms21041328
https://doi.org/10.3390/ijms21186904
https://doi.org/10.3390/ijms21186904
https://doi.org/10.1016/j.jevs.2009.07.001
https://doi.org/10.4142/jvs.2010.11.2.173
https://doi.org/10.1016/j.rvsc.2019.07.020
https://doi.org/10.1016/j.rvsc.2019.07.020
https://doi.org/10.3390/ijms18102122
https://doi.org/10.1002/jor.20980
https://doi.org/10.1016/j.jevs.2014.12.011
https://doi.org/10.3390/ani11030793
https://doi.org/10.3390/ani11030793
https://doi.org/10.1111/evj.12770
https://doi.org/10.1016/j.jevs.2019.102820
https://doi.org/10.4102/jsava.v90i0.1721
https://doi.org/10.4102/jsava.v90i0.1721
https://doi.org/10.1016/j.jevs.2017.10.009
https://doi.org/10.1016/j.jevs.2017.10.009
https://doi.org/10.1111/evj.12288
https://doi.org/10.1186/s12917-016-0920-4
https://doi.org/10.1186/s12917-016-0920-4
https://doi.org/10.1186/s12917-019-2010-x
https://doi.org/10.1186/s12917-019-2010-x
https://doi.org/10.1186/s40781-018-0178-4
https://doi.org/10.1186/s40781-018-0178-4
https://doi.org/10.1186/s13028-016-0226-3
https://doi.org/10.1186/s13028-016-0226-3
https://doi.org/10.1006/cryo.2001.2306
https://doi.org/10.1006/cryo.2001.2306
https://doi.org/10.1080/1024533021000047954
https://doi.org/10.1080/1024533021000047954
https://doi.org/10.1016/S0009-3084(02)00177-9


[35] Zhou XL, Zhu H, Zhang SZ, et al. Freeze-drying of 
human platelets: influence of intracellular trehalose 
and extracellular protectants. Cryo Letters. 2006;27 
(1):43–50.

[36] Zhou XL, Zhu H, Zhang SZ, et al. Freeze-drying of 
human platelets: influence of saccharide, freezing rate 
and cell concentration. Cryo Letters. 2007;28 
(3):187–196.

[37] Zhang SZ, Qian H, Wang Z, et al. Preliminary study 
on the freeze-drying of human bone marrow-derived 
mesenchymal stem cells. J Zhejiang Univ Sci B. 
2010;11(11):889–894. doi: 10.1631/jzus.B1000184  

[38] Shi L, Li R, Wei S, et al. Effects of a protective agent on 
freeze-dried platelet-rich plasma. Blood Coagul 
Fibrinolysis. 2019;30(2):58–65. doi: 10.1097/MBC. 
0000000000000796  

[39] Mojica-Henshaw MP, Jacobson P, Morris J, et al. 
Serum-converted platelet lysate can substitute for 
fetal bovine serum in human mesenchymal stromal 
cell cultures. 2013;15(12):1458–1468. doi: 10.1016/j. 
jcyt.2013.06.014  

[40] Chen MS, Wang TJ, Lin HC, et al. Four types of 
human platelet lysate, including one virally inacti-
vated by solvent-detergent, can be used to propagate 
Wharton jelly mesenchymal stromal cells. 
N Biotechnol. 2019;49:151–160. doi: 10.1016/j.nbt. 
2018.11.003  

[41] Hahn O, Kieb M, Jonitz-Heincke A, et al. Dose- 
dependent effects of platelet-rich plasma powder on 
chondrocytes in vitro. Am J sports med. 2020 48 
(7):1727–1734.

[42] Spanò R, Muraglia A, Todeschi MR, et al. Platelet-rich 
plasma-based bioactive membrane as a new advanced 
wound care tool. J Tissue Eng Regen Med. 2018;12(1): 
e82–e96. doi: 10.1002/term.2357  

[43] Muraglia A, Ottonello C, Spanò R, et al. Biological 
activity of a standardized freeze-dried platelet deriva-
tive to be used as cell culture medium supplement. 
Platelets. 2014;25(3):211–220. doi: 10.3109/09537104. 
2013.803529  

[44] Griffiths S, Baraniak PR, Copland IB, et al. Human 
platelet lysate stimulates high-passage and senescent 
human multipotent mesenchymal stromal cell growth 
and rejuvenation in vitro. Cytotherapy. 2013;15 
(12):1469–1483. doi: 10.1016/j.jcyt.2013.05.020  

[45] Zaniboni A, Bernardini C, Bertocchi M, et al. In vitro 
differentiation of porcine aortic vascular precursor 
cells to endothelial and vascular smooth muscle 

cells. Am J Physiol Cell Physiol. 2015;309(5):C320– 
31. doi: 10.1152/ajpcell.00049.2015  

[46] De Pascale MR, Sommese L, Casamassimi A, et al. 
Platelet derivatives in regenerative medicine: an 
update. Transfus Med Rev. 2015;29(1):52–61. doi:  
10.1016/j.tmrv.2014.11.001  

[47] Tsinontides SC, Rajniak P, Pham D, et al. Freeze 
drying–principles and practice for successful scale- 
up to manufacturing. Int J Pharm. 2004;280(1– 
2):1–16. doi: 10.1016/j.ijpharm.2004.04.018  

[48] Kuu WY, Hardwick LM, Akers MJ. Correlation of 
laboratory and production freeze drying cycles. 
Int J Pharm. 2005;302(1–2):56–67. doi: 10.1016/j. 
ijpharm.2005.06.022  

[49] Kasper JC, Friess W. The freezing step in lyophiliza-
tion: physico-chemical fundamentals, freezing meth-
ods and consequences on process performance and 
quality attributes of biopharmaceuticals. Eur J Pharm 
Biopharm. 2011;78(2):248–263. doi: 10.1016/j.ejpb. 
2011.03.010  

[50] Beech KE, Biddlecombe JG, van der Walle Cf, et al. 
Insights into the influence of the cooling profile on 
the reconstitution times of amorphous lyophilized 
protein formulations. Eur J Pharm Biopharm. 
2015;96:247–254. doi: 10.1016/j.ejpb.2015.07.029  

[51] Simon J, Müller J, Ghazaryan A, et al. Protein dena-
turation caused by heat inactivation detrimentally 
affects biomolecular corona formation and cellular 
uptake. Nanoscale. 2018;10(45):21096–21105. doi:  
10.1039/C8NR07424K  

[52] Weibrich G, Kleis WK, Hafner G, et al. Growth factor 
levels in platelet- rich plasma and correlations with 
donor age, sex, and platelet count. J Craniomaxillofac 
Surg. 2002;30(2):97–102. doi: 10.1054/jcms.2002.0285  

[53] Montagnana M, Salvagno GL, Lippi G. Circadian 
variation within hemostasis: an underrecognized 
link between biology and disease? Semin Thromb 
Hemost. 2009;35(1):23–33. doi: 10.1055/s-0029- 
1214145  

[54] Mannava S, Whitney KE, Kennedy MI, et al. The 
influence of naproxen on biological factors in 
leukocyte-Rich platelet-Rich plasma: a prospective 
comparative study. J Arthroscopic & Relat Surg. 
2019;35(1):201–210. doi: 10.1016/j.arthro.2018.07. 
030  

[55] Drew AL, Fortier LA. Platelet-Rich Plasma: formula-
tions, preparations, constituents, and their effects. 
Oper tech sports med. 2017;25(1):7–12. doi: 10. 
1053/j.otsm.2016.12.002

80 C BERNARDINI ET AL.

https://doi.org/10.1631/jzus.B1000184
https://doi.org/10.1097/MBC.0000000000000796
https://doi.org/10.1097/MBC.0000000000000796
https://doi.org/10.1016/j.jcyt.2013.06.014
https://doi.org/10.1016/j.jcyt.2013.06.014
https://doi.org/10.1016/j.nbt.2018.11.003
https://doi.org/10.1016/j.nbt.2018.11.003
https://doi.org/10.1002/term.2357
https://doi.org/10.3109/09537104.2013.803529
https://doi.org/10.3109/09537104.2013.803529
https://doi.org/10.1016/j.jcyt.2013.05.020
https://doi.org/10.1152/ajpcell.00049.2015
https://doi.org/10.1016/j.tmrv.2014.11.001
https://doi.org/10.1016/j.tmrv.2014.11.001
https://doi.org/10.1016/j.ijpharm.2004.04.018
https://doi.org/10.1016/j.ijpharm.2005.06.022
https://doi.org/10.1016/j.ijpharm.2005.06.022
https://doi.org/10.1016/j.ejpb.2011.03.010
https://doi.org/10.1016/j.ejpb.2011.03.010
https://doi.org/10.1016/j.ejpb.2015.07.029
https://doi.org/10.1039/C8NR07424K
https://doi.org/10.1039/C8NR07424K
https://doi.org/10.1054/jcms.2002.0285
https://doi.org/10.1055/s-0029-1214145
https://doi.org/10.1055/s-0029-1214145
https://doi.org/10.1016/j.arthro.2018.07.030
https://doi.org/10.1016/j.arthro.2018.07.030
https://doi.org/10.1053/j.otsm.2016.12.002
https://doi.org/10.1053/j.otsm.2016.12.002

	Abstract
	1. Introduction
	2. Methods
	2.1. Experimental layout
	2.2. Platelet rich plasma
	2.3. PL
	2.4. Adjuvants
	2.5. Freeze-drying
	2.6. Cell culture and treatments
	2.7. Statistical analysis

	3. Results
	4. Discussion
	5. Conclusion
	6. Ethics approval and consent to participate
	7. Consent for publication
	8. Availability of data and materials
	Disclosure statement
	Funding
	ORCID
	Abbreviations
	Author’s contributions
	References

