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Present cell culture medium supplements, in most cases based on animal sera, are 
not fully satisfactory especially for the in  vitro expansion of cells intended for human 
cell therapy. This paper refers to (i) an heparin-free human platelet lysate (PL) devoid 
of serum or plasma components (v-PL) and (ii) an heparin-free human serum derived 
from plasma devoid of PL components (Pl-s) and to their use as single components or 
in combination in primary or cell line cultures. Human mesenchymal stem cells (MSC) 
primary cultures were obtained from adipose tissue, bone marrow, and umbilical cord. 
Human chondrocytes were obtained from articular cartilage biopsies. In general, MSC 
expanded in the presence of Pl-s alone showed a low or no proliferation in comparison 
to cells grown with the combination of Pl-s and v-PL. Confluent, growth-arrested cells, 
either human MSC or human articular chondrocytes, treated with v-PL resumed prolif-
eration, whereas control cultures, not supplemented with v-PL, remained quiescent and 
did not proliferate. Interestingly, signal transduction pathways distinctive of proliferation 
were activated also in cells treated with v-PL in the absence of serum, when cell pro-
liferation did not occur, indicating that v-PL could induce the cell re-entry in the cell cycle 
(cell commitment), but the presence of serum proteins was an absolute requirement for 
cell proliferation to happen. Indeed, Pl-s alone supported cell growth in constitutively 
activated cell lines (U-937, HeLa, HaCaT, and V-79) regardless of the co-presence of 
v-PL. Plasma- and plasma-derived serum were equally able to sustain cell proliferation 
although, for cells cultured in adhesion, the Pl-s was more efficient than the plasma 
from which it was derived. In conclusion, the cells expanded in the presence of the new 
additives maintained their differentiation potential and did not show alterations in their 
karyotype.
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inTrODUcTiOn

Present cell culture medium supplements, in most cases based on 
animal sera, are not fully satisfactory. The adoption of an animal-
free culture medium is particularly relevant in establishing 
culture conditions for isolation and expansion of cells intended 
for clinical applications. Platelet growth factors can support cell 
proliferation and differentiation and human platelet derivatives 
were proposed as tissue culture supplements alternative to fetal 
calf or fetal bovine serum (FCS or FBS). Platelet derivatives used 
as cell culture medium supplements, are commonly provided in 
the form of platelet lysate (PL) within a small amount of plasma.

Plasma is the physiological fluid of blood and serum is the 
fluid remaining from plasma after fibrinogen, prothrombin, 
and other clotting factors have been removed. In vivo, cells are 
normally exposed to plasma and come in contact with serum 
only at the time of clot formation following an injury. Though, 
the use of plasma in cell culture presents some problems. Citrate, 
a calcium chelator, is the standard plasma anticoagulant used in 
the process of blood and plasma collection, but fibrin clots may 
still form when plasma is added to culture media, which contain 
calcium (Ayache et al., 2006). This is often prevented by adding 
heparin to the PL (Kocaoemer et al., 2007). However, heparins are 
active factors that bind growth factors and may interfere with cell 
growth (Vannucchi et al., 1990; Tiozzo et al., 1991; Cavari et al., 
1993; Khorana et al., 2003). Heparin negatively affected prolifera-
tion and motility of vascular smooth muscle cells (Mishra-Gorur 
and Castellot, 1999; Gilotti et  al., 2014) and inhibited growth 
of osteoblasts and MSC under conventional culture conditions 
(Andress, 1995; Handschin et al., 2005; Papathanasopoulos et al., 
2011). It was also shown that a relatively high concentration of 
heparin in culture media supplemented with human PL impaired 
adipogenic and osteogenic differentiation of mesenchymal stem 
cells (MSC) (Hemeda et al., 2013). Others reports showed that 
heparin interfered with the functional capacity for migration and 
homing of BM-derived mononuclear cells used in cardiovascular 
repair (Seeger et  al., 2012). Moreover, commercially available 
heparin is manufactured primarily from porcine sources and, 
being of animal origin, it represents a limit in the development 
of a totally xeno-free medium. Although porcine heparin is 
approved for human use, there are examples of hypersensitivity 
to the molecule (Bottio et al., 2003; Huang et al., 2012).

To overcome the need of heparin to prevent clotting after 
PL addition to the culture medium, different options, including 
the use of serum, were proposed. In principle, a human serum 
could be obtained by letting fresh whole blood, collected without 
any anticoagulant, to clot several hours before high-speed cen-
trifugation. Being deprived of coagulation factors, this serum, 
containing also platelet factors, can be added to the cell culture 
medium without that fibrin clots may form. However, this way 
one can obtain only small aliquots of PL, mainly for research use. 
In fact, this type of strategy does not allow the preparation of 
large batches of standardized, quality controlled PL starting from 
outdated blood donations. Indeed, an adopted approach is the 
production of a serum-converted PL from pooled platelet-rich 
plasma (PRP) derived from buffy coats (BC), i.e., fractions of 
blood which are by-products of plasma preparations routinely 

performed in the Blood Banks. The plasma-coagulation step is 
obtained by the addition of calcium chloride and/or thrombin 
(in most cases of animal origin). However, by this procedure, 
the relative concentration of factors before and after coagulation 
can vary. When the concentration levels of 100 soluble factors 
were measured in plasma and serum using a multiplexed ELISA 
assay, a comparison revealed that concentrations of two factors 
were higher in plasma, whereas the concentrations of 18 factors, 
including 11 chemokines, were higher in serum (Ayache et al., 
2006). Conflicting results exist in the literature with regard to the 
comparison of the biological activities of plasma and its derived 
serum. Mojica-Henshaw et  al. (2013) reported that PL-serum 
was less efficient than the sister counterpart PL-plasma in sup-
porting MSC proliferation although both lysates supported the 
cell tri-lineage differentiation potential. A beneficial effect of the 
fibrinogen-depleted lysate was instead observed with regard to 
the immunosuppressive properties of MSC (Copland et al., 2013).

An additional possibility to avoid the use of heparin is the 
production of a PL devoid of plasma through repeated cycles of 
platelet washing with a saline solution prior their rupture and 
release of bioactive factors. This PL sustained cell proliferation, 
comparable to FBS, in short-term (1–7 days) cultures of renal 
epithelial cells, of either animal or human origin, in adhesion 
and of human lymphoblastoid cells in suspension (Rauch et al., 
2011). The mitogenic effect induced by the PL addition was 
visualized also by the activation of the ERK1/2 factors. However, 
the sustainability of long-term cell expansion in the presence of 
PL obtained from washed platelets was not investigated and no 
experimental evidence was given in the published reports of a 
long-term cell culture in the continuous presence of a plasma-
free or serum-free PL as the only medium supplement.

As mentioned above, serum is usually obtained by allowing 
a whole blood specimen to clot prior to centrifugation. The first 
studies, using human serum obtained by conventional blood 
coagulation as cell culture supplement, showed the efficient 
isolation and expansion of bone marrow MSC that maintained 
their osteo-adipogenic differentiation potential (osteogenic 
differentiation was higher in autologous serum rather than in 
FBS) (Stute et  al., 2004). Furthermore, bone-marrow-derived 
MSC expanded in the presence of autologous human serum 
from whole blood presented a higher cell motility compared 
with the ones expanded in the presence of FCS (Kobayashi et al., 
2005). Autologous serum was shown to be a suitable supplement 
also for the in vitro expansion of dental pulp stem cells without 
altering their multi-lineage differentiation ability (Pisciotta et al., 
2012). In some cases, serum was also successfully derived by the 
clotting of umbilical cord whole blood. Human MSC from bone 
marrow and umbilical cord, isolated and expanded in allogenic 
cord blood serum (CBS) displayed higher self-renewal and a 
delayed senescence compared to cells cultured in fetal bovine 
serum (Shetty et al., 2007). Moreover, MSC cultured in the pres-
ence of CBS showed an enhanced and accelerated osteogenic 
differentiation and a repressed adipogenic differentiation (Jung 
et al., 2009). Off the clot AB serum is commercially available and 
was successfully used for isolation and expansion of cells, such 
as bone marrow MSC and hematopoietic stem cells (Anselme 
et al., 2002; Yamaguchi et al., 2002). Allogenic human AB-serum 
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was successfully used also for adipose MSC long-term culture 
(Kocaoemer et  al., 2007). Contradictory results, however, have 
been reported on the use of allogeneic human serum (Shahdadfar 
et al., 2005; Le Blanc et al., 2007; Tateishi et al., 2008; Turnovcova 
et al., 2009).

Alternatively, serum can be derived from blood plasma that 
has been treated with anticoagulants and from which blood 
cells, including red blood cells, white blood cells, and platelets, 
were removed by centrifugation [platelet-poor plasma (PPP)] 
or by plasma directly collected by apheresis. Also in this case, 
coagulation is obtained by addition of calcium cations and/or 
thrombin treatment. However, depending on the protocols to 
obtain the PPP, preparations may contain residual platelets and, 
when present, these residual platelets are activated during the 
centrifugation steps and the coagulation process and undergo a 
degranulation of the alpha granules, resulting in the release of 
their growth factor content. Therefore, the level of platelet growth 
factors in the final serum may change depending on the pres-
ence of platelets in the source material and this may significantly 
change the biological effect of serum when used as supplement in 
a cell culture medium. Tanaka et al. described a more pronounced 
stimulation of proliferation of human auricular chondrocytes 
when a serum derived from plasma, including platelets was 
compared to a serum derived from a plasma depleted of platelets 
although no significant differences were observed on the cartilage 
matrix deposition by chondrocytes under the different serum 
conditions (Tanaka et al., 2008). Recently, a comparison was per-
formed between two different plasma sources to obtain human 
serum, plasma removed from blood after 24  h from collection 
and plasma devoid of cryoprecipitate. Serum was obtained 
after coagulation in the presence of calcium ions. Both forms of 
plasma-derived serum were effective in sustaining fetal umbilical 
cord matrix derived MSC proliferation as the standard supple-
ment bovine serum (Dos Santos et al., 2017).

The different abilities of plasma and serum to modulate cell 
growth was investigated already in the 1970s. Initial studies 
indicated that cells did not proliferate in plasma containing 
medium, but they proliferated actively when they were exposed 
to serum (Balk et  al., 1973). However, the initial comparison 
was made between platelet-free plasma and serum containing 
platelet mitogens. Indeed, the addition of platelets and calcium to 
platelet-free plasma increased the activity of the obtained plasma-
serum to the same level achieved with blood serum (Ross et al., 
1974). Also the tridimensional environment to which cells are 
exposed to is crucial in modulating cell behavior. Gospodarowicz 
and Ill (1980) reported that bovine vascular smooth muscle cells 
in Petri dishes exposed to plasma proliferated poorly compared 
to when exposed to serum from whole blood, but, when the 
same cells were seeded on ECM-coated dishes, they proliferated 
equally well in the presence of either plasma or serum. Since this  
pioneering work, taking advantage of different cell types, different 
substrates, and different culture conditions, other authors have 
investigated the abilities of plasma and serum to promote cell 
growth (Stute et al., 2004; Shahdadfar et al., 2005; Mizuno et al., 
2006). Published results are sometimes contradictory. However 
some general conclusions can be made out of these publications: 
(i) platelet-depleted plasma or serum derived from this plasma 

are poor cell growth inducers in cultures of primary cells (Ross 
et al., 1974, 1978; Gajdusek et al., 1980); (ii) serum allows a better 
adhesion of the cells to the substrate than plasma, unless a coating 
of the culture dishes by serum or extracellular matrix proteins is 
adopted.

Several years ago, Rutherford and Ross (1976) reported that 
exposure of quiescent cells to whole blood serum or platelet-free 
plasma-serum plus crude platelet factors preparations stimulated 
cell proliferation. However, no accurate investigations were ever 
made to distinguish between the role played by factors and 
molecules released by platelets and the serum components. Aim 
of our experimental study was to verify the role played by PL 
devoid of plasma or serum contaminants (v-PL) and/or plasma or 
plasma-derived serum (Pl-s), used as supplements to the culture 
media, on the viability, proliferation kinetic and differentiation 
potential of MSC derived from human tissue. The effect on the 
proliferative capability of these blood-derived components was 
also tested on several cell lines. We report that, although factors 
and molecules released by platelets (PL in saline solution) were 
capable of activating the cell proliferation machinery (ERK and 
AKT phosphorylation, Cycline D1 induction, etc.) the PL itself 
used as single additive to the culture medium was unable to sup-
port cell proliferation unless the plasma or serum components 
were also present in the culture medium. Interesting, in cells 
that were constitutively stimulated, such as different cell lines of 
human or animal origin, or in some cultures of cells derived from 
fetal tissues, the addition of PL to the culture medium was not an 
absolute requirement and cell proliferation could be obtained by 
the simple addition of PL-free serum.

MaTerials anD MeThODs

Production of Virgin-Platelet lysate  
(v-Pl) and Plasma-serum (Pl-s)
An outline of the manufacturing process is reported in Figure 1. 
All separation steps were made within a sterile closed system. 
The high-speed centrifugation of a whole blood unit separates 
different phases: the plasma at the top, the buffy coat (BC) layer 
(enriched in platelets and leukocytes) at the interface and the 
red blood cells fraction at the bottom. For the preparation of the 
virgin-Platelet Lysate (v-PL), pools of BC units (not usable for 
transfusion purposes; up to 300 total units) were centrifuged at 
low speed. The PRP was recovered from the upper part of the blood 
bag and high-speed centrifuged to separate an upper phase, the 
PPP and a lower phase, the platelet concentrate. Recovered plate-
lets were subjected to three washes in sterile saline solution. After 
the third wash, the platelet concentrate was suspended in saline 
solution and the platelet concentration adjusted to 10 × 106 plt/μl. 
The platelet concentrate underwent three freeze–thaw cycles. A 
high-speed centrifugation was then performed to sediment plate-
let membranes and debris. The different obtained supernatants, 
the plasma-free platelet lysates (v-PL) were combined in a single 
pool before being divided into aliquots and lyophilized.

The Plasma-serum (Pl-s) was obtained from several frozen 
plasma units. Each plasma unit was slowly thawed at 4°C to 
separate the cryoprecipitate and the cryo-poor plasma (CPP). 
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The CPP was added of calcium chloride (2  mg/ml) and then 
subjected to a coagulation step at 37°C up to 6  h. After the 
coagulation step, the blood bag was high-speed centrifuged to 
separate the coagulum. The liquid phase, the plasma-serum 
(Pl-s), was recovered, and the pool of 3–10  units was divided 
into aliquots and lyophilized. Pl-s and v-PL were frozen at −20°C 
and exposed to the freeze-drying procedure by means of the Heto 
LYOPRO 3000 (Analytical Control De Mori, Milano) apparatus. 
The lyophilization process was conducted for about 20  h until 
the water content was completely sublimated and the vials were 
closed under vacuum environment.

Both lyophilized products were stored at −20°C until use  
and generally used for the experiments within 3–4 months from 
their production.

cultures of human Msc and human  
cell lines
The use of human samples was approved by the institutional 
Ethics Committee of the Ospedale Policlinico San Martino, 
Genoa, Italy and done in accordance with the Helsinki 
Declaration of 1975.

Primary cultures of human MSC of different origin were 
established from biopsies of discarded surgical samples, 
lipoaspirates for cosmetic reasons, bone marrow of patients who 
underwent orthopedic surgery or cord blood of healthy moth-
ers. The patient/donor-informed consent was obtained prior 
sample processing. Human bone marrow-derived mesenchymal 
stem cells (BM-MSC) were obtained from bone marrow sam-
ples and adipose-derived mesenchymal stem cells (AD-MSC) 
were derived from liposuction waste according to published 
procedures (Muraglia et al., 2015). Umbilical cord-derived MSC 
(UC-MSC) were kindly provided by Dr. Introna M. (AO Papa 
Giovanni XXIII USS Center of Cell Therapy “G. Lanzani” USC 
Hematology, Bergamo, Italy). Cells were isolated from cord blood 
tissue collected from pregnant women after either normal vaginal 
delivery or Cesarean sections. The UC processing was performed 
in accordance with the protocol for the isolation and expansion 
of UC-MSC as previously described (Capelli et al., 2011). Primary 
cultures of cells derived from adult tissues (AD-MSC, age range: 
50–60 years, female; BM-MSC, age range: 33–60 years, male and 
female; UC-MSC, age range: 30–40 years, female. Number of cell 
cultures, n, is indicated in the legend of the figures for each cell 
type) were initially isolated and expanded in 10% FCS (passage 0). 
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The experiments were performed on cells derived from different 
donors. At the time of the first passage, the culture medium was 
replaced with medium supplemented with Pl-s and v-PL in dif-
ferent relative ratios and the cultures continued by passaging the 
cells before they reached confluence for about 30 days.

Cell lines U-937 and HeLa were purchased from the Interlab 
Cell Line Collection of the Biological Bank and Cell Factory of 
the Ospedale Policlinico San Martino (Genoa, Italy). HaCaT cell 
line was kindly provided by Dr. Pellegrini G. (Centro di Medicina 
Rigenerativa “Stefano Ferrari” Modena, Italy).

Basal medium for primary cell cultures was α-MEM (Lonza, 
Belgium), whereas cell line basal medium was MEM (EBSS) for 
HeLa cells, DMEM for HaCaT, and V-79 cells and RPMI for U-937 
cells (all from Euroclone, Italy). In all cases, the basal medium was 
supplemented with 100 IU/ml penicillin and 100 µg/ml strepto-
mycin, 2 mM l-glutamine and, where indicated, with Pl-s and 
v-PL used alone or in different combinations (5% v-PL alone or 
10% Pl-s or 10% Pl-s + 1% v-Pl or 10% Pl-s + 5% v-PL). In some 
control experiments, medium was supplemented with 10% fetal 
calf serum (FCS, Invitrogen, USA) instead of Pl-s and v-PL. Cells 
were detached from the culture dish with 0.05% trypsin and 
0.01% EDTA (Euroclone, Italy). Trypsin activity was neutralized 
with a trypsin soybean inhibitor solution [0.5 mg/ml in phosphate 
buffered saline (PBS); GIBCO, USA].

human articular chondrocyte (hac) 
cultures
Femoral heads or femoral condyles were collected from patients 
undergoing hip or knee arthroplasty respectively, with their 
informed consent. The patients’ age ranged from 61 to 81 years 
old. All obtained samples were processed immediately after the 
surgery and the experiments were performed on cells derived 
from different donors. After washing the tissue fragment with 
sterile PBS, the articular cartilage was isolated using a sterile blade, 
minced into small pieces, and exposed to repeated cycles of diges-
tion at 37°C in serum-free Coon’s modified Ham’s F12 medium 
(Biochrom, Germany) containing 0.25% (v/v) trypsin (GIBCO, 
USA), 1  mg/ml hyaluronidase type II (Sigma Aldrich, USA), 
400  U/ml collagenase type I and 1,000  U/ml collagenase type 
II (Worthington Biochemical, USA). Recovered chondrocytes 
were expanded as adherent cells (dedifferentiated chondrocytes) 
up to 6 passages in complete medium (Coon’s modified Ham’s 
F-12 medium supplemented with 2 mM l-glutamine, 100 IU/ml  
penicillin, and 100  µg/ml streptomycin) and 10% FCS. When 
indicated, the medium was additionally supplemented with 5% 
v-PL. Culture media were changed twice a week. Cultures were 
performed at 37°C and 5% CO2.

In some experiments, dedifferentiated chondrocytes were 
transferred in suspension culture in the presence of ascorbic acid 
to allow the formation of a cartilage-like tissue (Zerega et  al., 
1999).

cell Proliferation assays
Long-term Cell Proliferation Assay—Cumulative 
Doubling Number Calculation
For determining the number of doublings of BM-MSC, AD-MSC, 
and UC-MSC in a long-term culture, after the initial selection of 

the cells (passage 0) in FCS supplemented medium, at 70–80% 
confluence, cells were detached with trypsin/EDTA solution and 
replated at the density of 7 × 104 cells for UC-MSC and 1 × 105 
cells for all the other cell types, in 60 mm Ø Petri dishes, in dupli-
cate with medium supplemented with 10% Pl-s or 10% Pl-s + 5% 
v-PL or 10% Pl-s + 1% v-PL.

The human cell lines U-937 (pro-monocytic cells growing 
in suspension), HeLa (epithelial cells with adhesion growth), 
HaCaT (keratinocytes with adhesion growth), and the animal 
cell line V79 (hamster lung fibroblasts, also growing as adher-
ent cells) were cultured with the same supplements used for the 
primary cell cultures. At each passage, cells were plated at the 
following densities: U-937, 200,000 cells/ml in T25 flask; HeLa, 
250,000 cells/plate 60 mm Ø; HaCaT, 250,000 cells/plate 60 mm 
Ø; and V79, 400,000 cells/plate 60 mm Ø.

To monitor cell proliferation, the performed cumulative 
doubling number was calculated when the cells reached the 
sub-confluence at each passage and derived at different culture 
times (every 5 days until the end of the culture corresponding to 
about 30 days) as reported into the graphics. Cells were counted 
using a cell counting chamber under the microscope without any 
staining.

Short-term Cell Proliferation Assay
For determining cell proliferation rate during a short time 
period (about 1  week), BM-MSC, HeLa, and U-937 chosen as 
representative of primary cell cultures and cell lines growing 
in adhesion and in suspension, respectively, were plated for 
BM-MSC at 50,000 cells and for Hela, at 100,000 cells/well in 
6 multi-well plates. U-937 were seeded at 100,000 cells/ml  
in T25 flask. The number of cells was determined at different time 
intervals during a week. Results were expressed as the average of 
at least duplicate independent experiments.

cell Proliferation assay for articular 
chondrocytes—crystal Violet staining
Cells were seeded in 96 multi-well plates and cultured in the pres-
ence of different medium supplements as indicated. At different 
times of the culture, after extensive washing with PBS, cells were 
stained with 50 µl staining solution [0.75% (g/ml) crystal violet 
(Sigma-Aldrich, USA), 0.35% (g/ml) NaCl, 32.3% (v/v) absolute 
ethanol, 8.64% (v/v) formaldehyde 37%] for 20  min at room 
temperature (RT). Cells were then washed five times with water 
and dried by exposing the plate to air under a chemical hood.  
To each well 100 µl eluent solution [50% (v/v) absolute ethanol 
and 1% (v/v) acetic acid] were added and the absorbance at 
595 nm measured within 10–30 min with a spectrophotometer 
AD 200 (Beckman Coulter, USA). For each experimental condi-
tion, quintuplicate assays were performed. Results were expressed 
as the average of at least three independent experiments.

cell Differentiation assays
Osteogenic Differentiation
Confluent BM-MSC and AD-MSC were cultured in osteogenic 
differentiation medium containing 10% Pl-s, 50 µg/ml ascorbic 
acid, 10  mM β-glycerophosphate and 10−7 M dexamethasone 
(all from Sigma). Negative control cultures were maintained in 
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medium containing 10% Pl-s. The medium was changed three 
times weekly and osteogenic stimulation took place for 3 weeks. 
Alizarin red S staining was performed at the end of the induction 
period. In some experiments (n = 3), parallel cell cultures were 
conducted in the presence of 10% FCS expanded cells, as stand-
ard additive for the cell culture medium.

Chondrogenic Differentiation
Dedifferentiated chondrocytes were transferred in suspension 
culture in 15 ml Falcon tubes to prevent cell attachment, but still 
ensuring cell–cell interactions, and in the presence of 100 µg/ml 
ascorbic acid (Sigma Aldrich, USA) to allow the organization 
of a cartilage matrix and the formation of a cartilage-like tissue. 
Cell aggregates were cultured with ascorbic acid for 10  days 
before being processed for histological analysis: aggregates were 
washed 3 times with PBS, fixed with 3.7% PFA for 20  min at 
4°C and embedded in paraffin. Paraffin embedded samples were 
sectioned in slices of 5–6  µm thickness. Slices were adhered 
on Superfrost Ultra Plus Slides (Thermo Scientific, Germany) 
coated with poly-l-lysine (Sigma Aldrich, USA), dewaxed to 
remove paraffin and processed for immunohistochemistry.

Sections were permeabilized with 0.2% Triton in PBS for 
10 min, treated with 4% H2O2 for 30 min at RT to inhibit endo-
genous peroxidase activity, rinsed with PBS 3 times  ×  5  min, 
incubated with hyaluronidase type II (Sigma Aldrich, USA) 
at concentration of 1 mg/ml in PBS (pH 6) for 30 min at 37°C 
and washed with PBS. After incubation with 10% normal goat 
serum in PBS for 1 h at RT to inhibit nonspecific binding, the 
sections were incubated at 4°C for 16 h with primary antibod-
ies against α-collagen type II (1:100; CIIC1-Developmental 
Studies Hybridoma Bank, University of Iowa), washed three 
times with PBS and incubated for 1 h at RT with Labeled poly-
mer HRP anti-mouse (Dako, Denmark). Sections were stained 
with 3,3′-Diaminobenzidine (DAB, Enzo Life Sciences, USA) 
for 3–5 min, counter-stained with Mayer’s hematoxylin for 2 s, 
submersed in 0.1% NaHCO3 for 1 min, and finally mounted with 
Eukitt (O. Kindler GmbH, Germany). Images were acquired by 
a microscope Axiovert 200M (Carl Zeiss, Gottingen, Germany).

Western Blot analysis
Confluent dedifferentiated chondrocytes were supplemented 
with 5% v-PL either in the presence or in the absence of bovine 
serum. At different times from the addition of the supplement, 
cells were washed with PBS and collected for western blot analysis. 
Electrophoresis was performed in reducing conditions using 25 μg 
of protein loaded on a 4–12% NuPAGE Bis-Tris gel (Invitrogen, 
Italy) as described (Ulivi et al., 2006). Primary antibodies tested 
were α-Cyclin D1 (1:250) and α-Actin (1:200) (Santa Cruz 
Biotechnology, USA), α-phospho Erk1/2 (1:1,000), α-phospho 
Akt (1:1,000) (Cell Signaling Technology, USA). Secondary HRP 
conjugated anti-mouse and anti-rabbit antibodies were both 
diluted 1:5,000 (GE Healthcare, UK), peroxidase conjugated anti 
goat antibody was diluted 1:10,000 (Jackson Immunoresearch, 
USA). ECL was purchased from GE Healthcare, UK.

Images were scanned using the Epson perfection 1260 scan-
ner (Epson, Italy) and band densities were quantified using 
the ImageJ software (http://rsbweb.nih.gov/ij/download.html). 

Western blots were performed on three different independent 
primary cultures.

Karyotype analysis
40,000 BM-MSC expanded in medium containing 10% Pl-s + 1% 
v-PL were plated in slide flasks (Thermo Fisher Scientific, 
Roskilde, Denmark) and cultured at 37°C in 5% CO2 atmosphere.  
The slide flasks were checked every day for cell growth. When 
several macroscopic colonies were visible the medium was 
replaced with 2.5  ml of fresh medium containing Colcemid 
solution (6  µg/ml; Sigma Aldrich, USA) and incubation 
continued. After 2 h, the medium was removed and replaced 
with 5 ml of hypotonic solution [tri-Sodium citrate dehydrate 
17 mM/Potassium Chloride 75 mM (1:1) solution] followed by 
an incubation of 10 min. After that 0.5 ml of fixative ethanol/
acetic acid (3:1) solution were added to the flask for 10  min 
at RT. The solution was then removed and replaced by 2.5 ml of 
fresh fixative followed by an incubation of 15 min (repeated three 
times).

Chromosome staining was performed by Q-banding tech-
nique (Quinacrine stain, DBA Italia, Italy). Each slide was 
examined and photographed under a fluorescence microscopy 
(Olympus) using software MACTYPE 5.4.1 (Apple). A minimum 
of 10 metaphases for each sample were captured and analyzed.

growth Factor Quantification
PDGF-BB and VEGF were quantified by an ELISA assay on Pl-s 
and v-PL. The adopted kits were from RayBiotech (USA) for 
PDGF-BB and from Invitrogen (USA) for VEGF, respectively. The 
assays were performed according to the manufacturer directives.

statistics
Differences between cell culture conditions were assessed by 
the non-parametric Mann–Whitney test. Statistical significance 
was accepted for any p–value <0.05. Analyses were performed 
using the SPSS package (version 21 for Windows, IBM).

The data were expressed in the graphs as mean ± SE.

resUlTs

growth Factor Quantification in the v-Pl 
and the Pl-s
v-PL and Pl-s were produced according to the protocol described 
in the Section “Materials and Methods” and outlined in Figure 1. 
An ELISA assay was performed for the quantification in the two 
culture medium supplements of PDGF-BB and VEGF as repre-
sentative indicators of platelet factors present in a relatively high 
and relatively low concentration, respectively (Table 1).

stimulation of cell Proliferation by v-Pl: 
Primary cell cultures versus cell lines
Mesenchymal stem cells derived from adult tissues (AD-MSC 
and BM-MSC) or from a fetal tissue (UC-MSC) initially isolated 
and expanded in 10% FCS (passage 0) were transferred in 
medium supplemented with Pl-s and v-PL in different relative 
ratios (10% Pl-s or 10% Pl-s + 1% v-Pl or 10% Pl-s + 5% v-PL) 
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TaBle 1 | Concentrations of PDGF-BB and VEGF in the culture medium 
supplements.

sample PDgF-BB ng/mla 
(mean ± sD)

VegF ng/mlb 
(mean ± sD)

Plasma-serum (Pl-s) 0.11 ± 0.06 0.02 ± 0.01
virgin-Platelet lysate (v-PL) 64.58 ± 9.10 4.35 ± 1.23

aAverage of four different preparations.
bAverage of two different preparations.

FigUre 2 | v-PL effect on cell proliferation—primary cultures. Adult tissue derived primary cells, adipose-derived mesenchymal stem cells (AD-MSC) and bone 
marrow-derived mesenchymal stem cells (BM-MSC) or fetal tissue derived cells, umbilical cord-derived MSC (UC-MSC) initially selected and expanded in medium 
supplemented with 10% FCS were transferred to media with different platelet- and plasma-derived supplements. Their proliferation rate was monitored by 
calculating the number of doublings performed during the time in culture. Number (n) of cell cultures used for the experiments is indicated on the graph for  
each cell type.
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and the cultures continued by passaging the cells before they 
reached confluence for about 30 days. By the evaluation of the 
cumulative number of population doublings performed in the 
different culture conditions, the following conclusions were 
inferred: (i) In general, cells cultured with Pl-s alone showed a 
low or no proliferation rate in comparison to cells grown with 

the combination of Pl-s and v-PL; (ii) In particular, BM-MSC 
essentially did not proliferate in the presence of Pl-s alone (about 
2 cell doublings in 30 days) whereas underwent 10.5 and 17 cell 
doublings in 10% Pl-s + 1% v-PL and 10% Pl-s + 5% v-PL culture 
medium, respectively; (iii) AD-MSC and UC-MSC performed 
about 10 doublings in 10% Pl-s and about 25 and 20 doublings 
in the presence of Pl-s and v-PL, respectively (Figure  2). For 
all three primary cultures, the observed difference in the pro-
liferation rate between the cultures performed in 10%Pl-s and 
the cultures performed in 10%Pl-s + v-PL either 1 or 5% resulted 
statistically significative. No statistically significant differences 
were observed between 10% Pl-s + 1% v-PL or 10% Pl-s + 5% 
v-PL (Table 2).

The same culture medium supplements, used in the same 
combinations as for the primary cell cultures, were tested with 
human, U937, HeLa, HaCaT, and animal V-79 cell lines. Also in 
this case, the cell proliferation was monitored by determining 
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the number of cell doublings at different culture times. v-PL was 
not required to support cell proliferation. Indeed, Pl-s alone was 
able to support human cell growth in a manner comparable to 
the different combinations of Pl-s and v-PL both for suspension 
(U-937) and adhesion (HeLa and HaCaT) cultures. Moreover, the 
human additives sustained survival and proliferation of animal 
derived cells (V-79, growing in adhesion) comparably to human 
cells (Figure  3). The statistical analysis of the different growth 
curves revealed no significant differences between the different 
culture conditions (Table 2).

v-Pl Promotes re-entry in the cell cycle 
of confluent resting cells
Confluent growth-arrested dedifferentiated HAC were main-
tained in the original culture medium supplemented with 10% 
FCS or additionally supplemented with 5% v-PL. A crystal violet 
proliferation assay was performed in parallel on both cultures 
(Figure 4 upper panel). Confluent cells treated with v-PL resumed 
proliferation, whereas the control culture maintained in FCS only 
remained quiescent and did not proliferate.

A western blot analysis of proteins extracted from control 
cells and cells treated with 5% v-PL for different times (1, 4, 
and 8 h) was performed using α-cyclin D1, α-phospho Akt, and 
α-phospho Erk1/2 antibodies. Actin was blotted as an internal 
control. After 1  h from the v-PL treatment, we observed an 
increase in the amount of phospho Akt and phospho extracel-
lular signal-regulated protein kinases 1 and 2 (Erk1/2). After 
8 h the activation of these proteins was almost completely over. 
Instead at the same time an expression of the Cyclin D1 protein 
reached its maximum. Interestingly, the western blot analysis 
also showed that these proliferation pathways were activated 
by PL not only in cells resuming proliferation but also in cells 
treated with v-PL in the absence of serum (Figure  4 bottom 
panel).

This confirmed and expanded our previous observation that 
confluent quiescent osteoblasts (Ruggiu et  al., 2013) that did 
not proliferate when maintained in serum, once exposed to the 
PL mitogenic stimulus were able to activate signal transduction 
pathways that promoted cell growth in response to the extracel-
lular signals.

TaBle 2 | Statistical comparison of culture conditions as depicted in the corresponding figures.

culture condition

cell type p-value 10% Pl-s 10% Pl-s + 1% v-Pl 10% Pl-s + 5% 
v-Pl

10% Fcs 10% Fcs +5% 
v-Pl

5% plasma +1% 
v-Pl

5% Pl-s +1% 
v-Pl

10% plasma

Figure 2
AD-MSC
AD-MSC
AD-MSC

0.027
0.031
0.837

X
X

X

X
X
X

BM-MSC
BM-MSC
BM-MSC

0.002
0.004
0.309

X
X

X

X
X
X

UC-MSC
UC-MSC
UC-MSC

0.023
0.004
0.431

X
X

X

X
X
X

Figure 3
U-937 0.529 X X

HeLa
HeLa
HeLa

0.455
0.349
0.647

X
X

X

X
X
X

HaCat
HaCat
HaCat

0.243
0.191
0.553

X
X

X

X
X
X

V-79
V-79
V-79

0.856
0.710
0.443

X
X

X

X
X
X

Figure 4
HAC 0.078 X X

Figure 6
BM-MSC 0.739 X X

HeLa 0.461 X X

U-937 0.671 X X

Figure 7
AD-MSC 0.001 X X

For each cell type, the culture conditions comparatively assessed are identified by the sign “X.”
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FigUre 3 | v-PL effect on cell proliferation—cell lines. The human cell lines U937, HeLa, HaCaT, and the hamster V79 cell line were cultured in the presence of 
different platelet- and plasma-derived supplements and their proliferation rate was monitored by calculating the number of doublings performed at different culture 
times. On the contrary to the behavior of the primary cell cultures, cell lines are less responsive to the v-PL mitogenic stimulus, and the culture condition in the 
presence of only serum is permissive to the proliferation of the cells both in adhesion or in suspension. Number (n) of cell cultures used for the experiments is 
indicated on the graph for each cell type.
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v-Pl can rejuvenate a culture  
of high Passage Msc
The positive effect of v-PL on resting cells was confirmed on 
a primary culture of BM-MSC (Figure  5). Cells, isolated and 
expanded in 10% FCS for about 10 population doublings, were 
split and transferred to different culture conditions: (i) 1% v-PL; 
(ii) 10% Pl-s; and (iii) 10% Pl-s + 1% v-PL. Both the 1% v-PL 
only and the 10% Pl-s only culture conditions were not permis-
sive for the cell growth and did not support cell proliferation. 
However, the combination of the two supplements allowed a 
good proliferation rate. After about seven doublings, to half of the 
growing cells, the v-PL was removed, leaving the cells in 10% Pl-s 
only. The cells maintained in 10% Pl-s + 1% v-PL remained fully 
viable and continued to grow up to about 25 duplications. On the 

contrary, in the half culture where the mitogenic stimulus of v-PL 
was removed, the cells, after a period of adaptation to the new 
condition, stopped growing and entered a growth arrest status. 
At this point, half of this culture was maintained in 10% Pl-s only, 
whereas the other half was transferred again to 10% Pl-s + 1% 
v-PL (restoring in this way the mitogenic stimulus of the v-PL). 
When v-PL was provided, high passage growth-arrested MSC 
resumed proliferation (Figure 5).

Pl-s versus Plasma
A comparison of the efficacy of Pl-s and plasma in sustaining 
cell proliferation was performed taking advantage of primary 
cultures of BM-MSC and different cell lines growing either 
in adhesion (HeLa) or in suspension (U-937) (Figure  6). 
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FigUre 4 | v-PL promotes re-entry in the cell cycle of confluent resting 
cells. Upper panel: confluent growth-arrested chondrocytes, obtained from 
cartilage biopsies and expanded in vitro in the presence of 10% FCS, were 
maintained in 10% serum or additionally supplemented with 5% v-PL.  
A crystal violet proliferation assay was performed in parallel on both cultures. 
Confluent cells treated with v-PL resumed proliferation, whereas the parallel 
control culture did not. Lower panel: Western blot analysis of proteins 
extracted from the cells treated with 5% PL probed with Cyclin D1, phospho 
Akt, phospho Erk1/2, and Actin antibodies shows that proliferation  
pathways were activated by v-PL also in the absence of serum. Number (n) 
of cell cultures used for the experiments is indicated on the graph for each 
cell type.
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Plasma- and plasma-derived serum were equally able to sustain 
cell proliferation. No statistically significant differences were 
obtained from the analysis as shown in Table 2. However, espe-
cially for BM-MSC and HeLa, both cell types growing in adhesion, 
the Pl-s was slightly more efficient than the plasma from which 
it was derived.

Population Doublings of cells cultured 
with the new supplements versus Fcs
Adipose-derived mesenchymal stem cells were initially isolated 
and expanded in a medium containing either the standard 
animal-based 10% FCS or 10% Pl-s  +  1% v-PL (Figure  7). 
Cultures were monitored for about 30 days and the population 
doublings were calculated. Cells grown with 10% FCS performed 
a significant lower number of doublings in comparison to the 
parallel culture maintained in 10% Pl-s + 1%v-PL (6 versus 22 
doublings, respectively). The observed difference was statistically 
significant (Table 3).

Differentiation Potential of cells cultured 
with the new supplements
Maintenance of the differentiation potential by the cells expanded 
in the presence of the new medium supplements was confirmed. 

Specific in  vitro assays routinely performed in the lab were 
adopted. In particular, osteogenic differentiation was tested for 
BM-MSC and AD-MSC and chondrogenic differentiation for 
dedifferentiated articular chondrocytes. To note that, in experi-
ments where we compared differentiation of MSC expanded in 
the presence of the new culture medium supplements and in the 
standard culture condition, i.e., with FCS as medium additive, 
we observed a higher extent of osteogenic differentiation in cells 
cultured with 10% Pl-s + 1%v-PL and a possible shortening of the 
time before the onset of the osteogenic differentiation.

Representative images of the Alizarin Red S staining of 
MSC and of the type II collagen immunolocalization in the 
chondrocyte culture are presented in Figure 8. In the stimu-
lated culture condition, it is clearly evident a calcium-enriched 
matrix and a type II collagen positivity for the MSC and the 
chondrocytes, respectively.

Karyotype stability of cells cultured  
with the new supplements
Cytogenetic analysis was performed on passage 2 of 3 cultures of 
BM-MSC in 10% Pl-s + 1% v-PL, in order to obtain information 
on the genetic stability of the cells grown in this condition. One 
of the cultures was also analyzed after a more extensive expansion 
in the presence of the new supplement (passage 7). The genetic 
stability was confirmed in all cultures (Figure 9; Table 3).

DiscUssiOn

In almost all studies where in vitro-expanded human MSC were 
adopted for therapeutic purposes, the main cell culture medium 
supplement was the fetal bovine serum (FBS or FCS). However, 
in this case, the use of FBS or FCS as medium supplements is 
undesirable because of the risk of transmitting animal viruses, 
prion diseases, including the bovine spongiform encephalopa-
thy (BSE) in cows, and proteins that may trigger a xenogeneic 
immune response. The use of a human autologous serum avoids 
the zoonotic infection risk, but generation of autologous serum 
has significant limitations from a manufacturing, regulatory, 
and quality assurance perspective. Indeed, the large variability 
observed with sera from different patients deters their use for 
expansion of cells intended for therapy. Moreover, it is expected 
that the supply of bovine serum will be highly diminished in the 
near future years and that research and cell factory labs will be 
forced to modify their cell culture protocols and to adopt sub-
stitutes of FBS. For these reasons, human blood PL supplements 
are gaining an increasing interest as bovine serum substitutes, 
especially when cells that eventually will be implanted in a patient 
are cultured.

Different procedures and protocols have been adopted for 
the preparation of these PL supplements (Bieback et al., 2009) 
reviewed in Pawitan (2012) and Shih and Burnouf (2015). 
In essentially all published protocols, including the recently 
published one of ours for the production of a two component 
supplement (Muraglia et  al., 2015), the final human platelet-
derived additive includes, in addition to growth factors and 
active molecules present within platelets, also a significant 
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FigUre 5 | v-PL can rejuvenate a culture of high passage mesenchymal stem cells (MSC). (a) A culture of bone marrow-derived mesenchymal stem cells 
(BM-MSC) previously expanded in the presence of 10% FCS for about 10 population doublings was split in the different culture conditions. After 3 weeks, 
one part of the cells of the culture in 10% Pl-s + 1% v-PL was transferred in medium supplemented with Pl-s without v-PL. After additional passages, at a 
time that proliferation was arrested (high passage cells), part of the Pl-s culture was transferred again in medium supplemented with 10% Pl-s + 1% v-PL 
(restoring in this way, the v-PL mitogenic stimulus). As shown by the graph, 1% v-PL cannot support cell proliferation, but the addition of v-PL to high 
passage cells, maintained in the presence of Pl-s as the only supplement, rejuvenate the cells that resume proliferation. (B) A scheme is reported to 
summarize the experiment in (a).
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amount of proteins and other molecules component of plasma. 
To avoid coagulation of the plasma fibrinogen upon addition 
of the supplement to the culture medium, heparin is normally 
added as an anticoagulant agent. However, as already mentioned 
in the introduction, it has been reported by several authors that 
heparin is capable of interfering with the activity of several 
growth factors. Hemeda et al. (2013) have described that higher 
heparin concentrations impaired cellular proliferation in a dose-
dependent manner. At high heparin concentrations colony-
forming unit frequency and the in vitro differentiation toward 
adipogenic and osteogenic lineages of human BM-MSC were 
also reduced. Moreover, being of animal origin, the addition 
of heparin should be discouraged whatever possible, especially 
when the culture medium is adopted for the expansion of cells 
intended for cell therapy.

Compared to plasma, proteins and factors involved in the 
coagulation process are missing in the serum. Conflicting results 
have been reported on the use of allogenic serum, obtained by 
conventional blood coagulation or by coagulation of plasma, 
as culture medium supplement. Initial studies performed more 
than 10 years ago with human serum revealed the possibility of 
efficiently isolate and expand human BM-MSC that maintained 
their differentiation potential (Stute et  al., 2004). Shetty et  al. 
(2007) observed an increase of cell proliferation when human 

BM-MSC cultures were performed in the presence of human 
serum from whole blood compared to FCS. In the presence 
of human serum, an enhancement in the adipogenic differen-
tiation of the same cells was observed by Oreffo et  al. (1997). 
Enhancement of MSC differentiation induced by allogenic 
human serum or autologous plasma was observed also by other 
authors (Anselme et al., 2002; Yamaguchi et al., 2002). However, 
Shahdadfar (2005) reported an increased proliferation of human 
BM-MSC induced by autologous serum compared to FCS, but 
not by allogenic serum. An increase in the proliferation, but 
a less effective differentiation of human pre-adipocytes was 
observed by Koellensperger et  al. (2006). Simões et  al. (2013) 
observed an increase in the cell yield when MSC of different 
origins were cultured with human serum compared to FCS as 
medium supplement throughout passage 3 to passage 7. Recently, 
a comparable UC-MSC proliferation was shown in cultures with 
human serum from two different plasma sources as medium 
supplement, plasma removed from blood after 24 h from col-
lection and plasma devoid of cryoprecipitate (Dos Santos et al., 
2017). However, in most, if not all, of the above-cited papers 
and similar ones in the literature, a careful determination of the 
platelet factor concentration in the serum was not done and the 
adopted protocols not always guaranty the absence of platelets 
or platelet content as serum contaminants.
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TaBle 3 | Karyotype stability in cells expanded in the presence of the new 
culture medium supplements.

Donor age (years) Passage Doublings Karyotype

#1 73 2 10 46, XY
#1 73 7 15 46, XY
#2 94 2 11 46, XX
#3 51 2 14 46, XX
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Here, we reported the development of two standardized lyophi-
lized cell culture medium supplements: a completely plasma-free 
platelet lysate (v-PL) obtained from extensively washed platelets 
and a platelet lysate-free serum (Pl-s) obtained by a plasma cryo-
precipitation, to remove the bulk of the fibrinogen molecules, 
followed by a calcium-mediated coagulation, to remove the 
residual fibrinogen. Characterization of these two products and 
investigation on their biological activity when used as cell culture 
supplements lead us to conclude that v-PL recruited quiescent, 
and even differentiated or high passage growth-arrested cells  
back to the cell cycle by activating the cell proliferation machinery 
(ERK and AKT phosphorylation, Cycline D1 induction, etc.). 
Instead, v-PL was unable to support cell proliferation unless the 
plasma or serum components were also present. These observa-
tions are in agreement with the interesting results obtained with 
primary cultures of monkey arterial smooth muscle cells (Ross 
et  al., 1974) and Swiss mouse 3T3 cells, embryo derived cells 

FigUre 6 | Comparison of Pl-s and plasma as medium supplements. Human primary bone marrow-derived mesenchymal stem cells (BM-MSC) and human cell 
lines growing either in adhesion (HeLa) or in suspension (U-937) were cultured either with Pl-s or plasma as medium supplements. Cell proliferation was determined 
by direct cell counting. Number (n) of cell cultures used for the experiments is indicated on the graph for each cell type.

FigUre 7 | Growth rate of cells cultured with the new supplements. The 
combined effect of Pl-s and v-PL on cell growth was tested primary cultures 
of adipose-derived mesenchymal stem cells (AD-MSC) and compared to the 
control condition where cells were grown with the standard supplement 
FCS. The proliferation rate was monitored through the evaluation of the 
cumulative population doublings performed by the two parallel cultures. 
Number (n) of cell cultures used for the experiments is indicated on the 
graph for each cell type.
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FigUre 9 | Representative karyotype of a passage 2 bone-marrow derived mesenchymal stem cells culture. Analyses of more than 10 metaphases revealed a 
normal 46 XX karyotype.

FigUre 8 | Maintenance of the differentiation potential by cells cultured in 
the presence of v-PL and Pl-s. (a,B,e,F) Primary cultures of adipose-derived 
mesenchymal stem cells (AD-MSC) (passage 2) cultured in 10%Pl-s + 1%v-
PL (a,B) or 10% FCS (e,F); (c,D,g,h) primary cultures of bone marrow-
derived mesenchymal stem cells (BM-MSC) (passage 2) cultured in 
10%Pl-s + 1%v-PL (c,D) or 10% FCS (g,h); (a,c,e,g) cells osteogenically 
induced; (B,D,F,h) not osteogenically induced control cells. (i,l) Human 
articular chondrocytes cultured as adherent dedifferentiated cells [(i) scale 
bar 200 µm] and transferred to suspension cultures [(l) scale bar 50 µm] 
stained with antibodies against αII collagen.

with a high degree of sensitivity to contact inhibition of growth 
(Todaro and Green, 1963; Vogel et al., 1978), both types of cells 
requiring platelet-derived growth factors in association with 
plasma components to sustain the cell growth, where platelet 
factors alone did not promote proliferation. Indeed, despite the 
fact that platelet-derived mitogens were crucial to promote the 
reentry in the cell cycle (commitment) of confluent cells of early 
passages and even of late passages of primary cultures, v-PL used 
as single component did not sustain viability and proliferation of 
either cell lines or primary cell cultures. On the contrary Pl-s was 
ineffective in quiescent resting cells, but supported proliferation 
of the same cells after v-PL treatment and of cells constitutively 
stimulated as in the case of established cell lines. In agreement 
with these findings, the combination of the two components 
was highly effective in supporting proliferation of primary cell 
cultures at a higher level than FBS in control cultures, whereas 
the Pl-s added to the medium as a single component sustained the 
growth of several human cell lines in adhesion or in suspension 
at a growth rate comparable to the one of FBS control cultures. 
These results are in line with previous studies, dated back to 
almost 40  years, where virally transformed cells grew well in 
plasma-derived serum without the need of exogenous platelet 
extract, whereas malignant cells of mesodermal origin directly 
derived from tumors showed a range of dependence on platelet-
derived factors (Currie, 1981).

When we determined the efficiency of Pl-s and the plasma 
from which it was derived with regard to the ability to sustain 
cell proliferation in cultures of both primary cells and cell lines, 
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