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In vitro and in vivo analyses are closely connected, and the reciprocal relationship between the two comprises a key assumption with
concern to the conducting of meaningful research. The primary purpose of in vitro analysis is to provide a solid background for
in vivo and clinical study purposes. The fields of cell therapy, tissue engineering, and regenerative medicine depend upon the
high quality and appropriate degree of the expansion of mesenchymal stromal cells (MSCs) under low-risk and well-defined
conditions. Hence, it is necessary to determine suitable alternatives to fetal bovine serum (FBS—the laboratory gold standard)
that comply with all the relevant clinical requirements and that provide the appropriate quantity of high-quality cells while
preserving the required properties. Human serum (autologous and allogeneic) and blood platelet lysates and releasates are
currently considered to offer promising and relatively well-accessible MSC cultivation alternatives. Our study compared the
effect of heat-inactivated FBS on MSC metabolism as compared to its native form (both are used as the standard in laboratory
practice) and to potential alternatives with concern to clinical application—human serum (allogeneic and autologous) or platelet
releasate (PR-SRGF). The influence of the origin of the serum (fetal versus adult) was also determined. The results revealed the
key impact of the heat inactivation of FBS on MSCs and the effectiveness of human sera and platelet releasates with respect to
MSC behaviour (metabolic activity, proliferation, morphology, and cytokine production).

1. Introduction

Fetal bovine serum (FBS) is used widely as a supplement for
the culturing of cells and is considered the universal standard
component with concern to the majority of culture media.
FBS contains key factors for the in vitro preservation and suc-
cessful expansion of cells, e.g., growth factors, vitamins,
lipids, hormones, and various proteins that directly or indi-
rectly participate in cell adhesion and growth. Due to its
blood origin, FBS is considered the tool that best contributes
to the imitation of the natural environment of organisms,
and it is critical for both the short-term [1] and long-term
[2] maintenance and expansion of cells [3] under in vitro

conditions. Nevertheless, FBS as a typical “representative”
serum has a number of disadvantages. Firstly, no batch is
the same in terms of composition and quality [4], and the fact
that it is chemically undefined is detrimental with regard to
experimental reproducibility. In addition, a number of ana-
lytical methods are negatively affected to various extents by
both its components and the differing concentrations
thereof. Secondly, FBS is a xenogeneic agent in the human
medicine context. Furthermore, FBS can be connected with
a high risk of contamination by, e.g., endotoxins, viruses,
and prions, despite it is often being heat treated, i.e., heat
inactivated prior to its practical application. A single study
describes patients who developed antibodies to a single
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component of fetal calf serum (FCS), which resulted in an
arthus-like reaction following the administration of lympho-
cytes cultivated in a medium supplemented with FCS [5].
Thus, it is not particularly safe for clinical applications nor
suitable for the in vitro experiments that usually precede
them. Thirdly, the FBS collection method is highly contro-
versial and strongly nonethical [6]. Therefore, in view of
the significant negative factors, considerable efforts are being
made to replace FBS with other alternatives.

The most promising FBS alternatives for use in human
medicine comprise human serum (HS), blood platelet lysates
(PL) [7], and platelet releasates (PR-SRGF) [8] used either
alone or in combination. In contrast to PL, which usually
contains all the factors and components of platelets, the
PR-SRGF (a platelet releasate-supernatant rich in growth fac-
tors) contains only those factors released from activated
platelets [6, 9, 10]. The α-granules of platelets, particularly,
are rich in various adhesive proteins, cytokines, chemokines,
and growth factors and are released from the platelets follow-
ing the activation thereof [11]. Despite their batch-to-batch
variability, these alternatives resolve most of the basic prob-
lems associated with the application of FBS: they are native
to the human organism, easily accessible, and their collection
is ethical. In addition, the input materials for the production
of these alternatives have for the most part been clinically
tested. Although HS, PL, and PR-SRGF represent promising
supplements due to their native and human origin, further
detailed analysis and studies will be required, and guidelines
will have to be set [3].

While the potential of mesenchymal stromal cells
(MSCs) to fundamentally extend the options available to
regenerative medicine is indisputable, especially with respect
to such cells in the undifferentiated state [12, 13], defining the
approach to the culturing of MSCs remains a critical factor
and a necessary prerequisite for both the study and practical
application of these cells. The determination of optimal cul-
turing conditions including the effective expansion and
simultaneously maintenance of the natural properties of the
cells (self-renewal, multipotency) in the culture remains a
challenge for the fields of cell biology and regenerative med-
icine. Thus, we focused on the characterization of human
MSCs cultivated in the presence of heat-modified and non-
heat-modified FBS (although both versions are widely used,
insufficient attention has, to date, been devoted the difference
between them) and alternatives such as human serum of dif-
fering origin (autologous and allogeneic) and platelet. All of
these culture conditions were compared to a medium supple-
mented with FBS that remains the standard MSC cultivation
supplement.

Our results suggested the significant impact of FBS and
FBS alternatives treated in various ways on cell behaviour
in terms of growth, metabolism, differentiation routes, col-
ony formation, and cytokine production.

2. Materials and Methods

2.1. MSCs and Culturing Conditions. Human MSCs were
obtained from the bone marrow of healthy donors following
signed informed consent and with the approval of the respec-

tive ethical committee. Bone marrow mononuclear cells
(BMMNCs) were isolated by means of centrifugation with
Ficoll-Histopaque medium (Sigma-Aldrich) and initially
expanded in alpha-MEM with 10% nonheat inactivated FBS
(non-iFBS). MSCs from the initial expansion were passaged
once and then frozen. According to the type of experiment
(see below), the adherent cells were further cultivated on 75
or 25 cm2

flasks, 6-, 12-, 24-, or 96-well plates (TPP, Switzer-
land) in a standard α-MEM medium (Life Technologies,
USA) with penicillin (20U/ml; Sigma-Aldrich, USA) and
streptomycin (20mg/ml; Sigma-Aldrich, USA) and with the
selected serum type or alternatives thereof (see Table 1).
The heat inactivation of the FBS was performed at 56°C for
30min (non-iFBS from the same batch was always used as
the control).

In general, the cells were cultivated at 37°C and in a 5%
CO2 atmosphere. The experiments were performed using
MSCs from healthy donors (n = 2‐4) with a passage number
of from two to four (the cells were seeded at various concen-
trations—7 000, 8 000, and 10 000 cells/cm2). Bone marrow
aspirates were also obtained from patients with various hae-
matological diagnoses (n = 5) for the long-term proliferation
assay of the MSCs (Figure 1(b)) following signed informed
consent. The bone marrow-derived mononuclear cells
(BMMNCs) were isolated via centrifugation with Ficoll-
Histopaque medium (Sigma-Aldrich) and seeded at a con-
centration of 1 × 105 cells/cm2 in α-MEM (Sigma-Aldrich)
containing L-glutamine (Gibco Invitrogen) and penicillin/-
streptomycin (Sigma-Aldrich) supplemented with non-iFBS
or 7.5% PR-SRGF (n = 4). The cells were incubated at 37°C
and in a 5% CO2 atmosphere. The nonadherent cells were
washed out 24 hours following seeding. The initial expansion
of the adherent cells lasted 14 days, and subsequent passages
(maximum of 6 passages) were always performed at 80-90%
confluence with TrypLETM (Gibco Invitrogen). The reseed-
ing concentration was 2 600 cells/cm2 from the first
passaging.

2.2. Human Serum Preparation. The human sera, allogenic
human serum (allo-HS; a mixture of human plasma sera
from unknown donors of various blood groups), autologous
human serum (auto-HS; serum from the donor of the MSCs
used), and serum derived from an AB blood group donor
(AB-HS), were obtained from healthy donors following
signed informed consent. The sera were prepared following
the clotting of the blood and subsequent centrifugation (3
000 rpm/10 minutes). The human sera were not heat
inactivated.

2.3. Preparation of PR-SRGF. Two batches of PR-SRGF were
prepared from various donors. The chemical activation of the
platelets was performed via the addition of CaCl2 up to a final
concentration of 0.04M. After one hour of incubation at
40°C followed by centrifugation at 2 200 × g for 10min, the
PR-SRGF was pooled and filtered using a 0.22μm pore size
filter. The aliquots were stored at -20°C pending usage.

2.4. CFU-F Analysis. With concern to the colony-forming
unit-fibroblast (CFU-F) assay, 1.5 cells/cm2 were plated onto
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a 60 cm2 polystyrene Petri dish (TPP, Switzerland) and culti-
vated for 2 weeks with the exchange of the medium every 3
days. The colonies thus formed were stained by means of
crystal violet (Sigma-Aldrich, 0.5% solution in methanol)
and counted by the naked eye. Those cell clusters larger than
1mm in diameter were considered to be CFU-Fs. The CFU-F
efficiency in the graphs represents the percentage of colonies
that were formed from the initial number of seeded cells.

2.5. Determination of the Metabolic Activity. Cells were
seeded on 96-well plates (TPP, Switzerland) at concentra-
tions of 8 000 cells/cm2 and 10 000 cells/cm2 in the culture
medium (see MSCs and Culture Conditions) supplemented
with the selected serum type or alternatives thereof (10%
iFBS and non-iFBS and 7.5% PR-SRGF). A metabolic activity
test (Cell Titer 96 AQueous One Solution Cell Proliferation
Assay, MTS, Promega, USA) was performed according to
the standard protocol of the manufacturer (the reduction of
the MTS reagent to a coloured formazan product was
induced by metabolically active cells) after 4, 24, and 48h.
The absorbance was measured directly in a 96-well plate
using a multidetection microplate reader (LabSystemMultiS-
kan MS, Finland). The results were expressed relative to the
control cells and normalised to the number of counted cells
or the amount of DNA content based on the fluorescence
intensity in the samples using CyQUANT NF Cell prolifera-
tion Assay Kit (Invitrogen).

2.6. Determination of the Doubling Time. MSCs were seeded
on 6-well plates (TPP, Switzerland) at a concentration of 10
000 cells/cm2 in the standard culture medium supplemented
with the selected serum type or alternatives thereof. After 4 h,
24 h, and 48 h of culturing, the cells were harvested (300μl of
trypsin was used) and counted in a Bürker chamber. The
doubling time of the cells was determined using the Cell Cal-
culator available online (http://www.doubling-time.com/
compute.php?lang=en).

2.7. Osteogenic Differentiation of the MSCs in iFBS and Non-
iFBS.MSCs were seeded at a concentration of 8 000 cells/cm2

in 6-well plate (TPP, Switzerland) in the standard expansion
α-MEM medium (Life Technologies, USA) with 10% heat-
inactivated FBS (PAA, Austria), penicillin (20U/ml; Sigma-
Aldrich, USA), and streptomycin (20mg/ml; Sigma-Aldrich,
USA). After attaining 90% confluency, the cells were treated
with osteo-differentiation medium for 21 days (standard α-
MEM medium (Life Technologies, USA)) with 10% heat-
inactivated or noninactivated FBS (PAA, Austria), penicillin
(20U/ml; Sigma-Aldrich, USA), and streptomycin
(20mg/ml; Sigma-Aldrich, USA) supplemented with
0.5mM sodium L-ascorbate, 10mM glycerol-phosphate,
and 0.1μM dexamethasone that was replaced every 3 days
with freshly supplemented medium. The cells were then
stained using the von Kossa staining method and visualised
by means of light microscopy.

2.8. Determination of the Metabolism. The energy metabo-
lism of the cells (glycolysis and oxidative phosphorylation)
was analysed using the Agilent Seahorse XFp Extracellular
Flux analyser (Agilent, USA) and XF Real-Time ATP Rate
Assay (Seahorse XFp Real-Time ATP Rate Assay Kit, Agilent,
USA). The MSCs were cultivated in the standard medium
supplemented with 10% iFBS or 7.5% PR-SRGF for 8 days
in 25 cm2

flasks (TPP, Switzerland; seeded at 5 200 cells/cm2).
The cells were then harvested and reseeded (7.000 c/well) on
8-well XFp cell culture miniplates (Agilent, USA) in the
appropriate medium for 24 h. 1 h prior to the analysis, the
seeded cells were treated with fresh Seahorse XF DMEM
medium, pH7.4, supplemented with 10mM Seahorse XF
Glucose, 1mM Seahorse XF Pyruvate, and 2mM Seahorse
XF L-Glutamine and incubated at 37°C for 1 h. The analysis
was performed using hydrated XFp Cartridges supplemented
with injection solutions (Oligomycin and Rotenone/Antimy-
cin A). Following the analysis in the Seahorse analyser (total
ATP production rate, glycolytic or mitochondrial ATP pro-
duction rate, % of glycolysis or oxidative phosphorylation),
the cells were fixed with 4% paraformaldehyde in PBS at
25°C for 15min and stained by means of DAPI at 37°C for
15min (1 : 1 000; Sigma-Aldrich, USA). Images of the cell
nuclei were taken using an Eclipse Ti-S microscope with a
DS-Qi1Mc digital camera (Nikon, Japan) and a 4x lens. The
cell nuclei were counted using the Cell Profiler software
(USA). The Seahorse data was then normalised to the result-
ing cell numbers. The experiments were repeated three times
in total (all the experiments were performed in triplicates).

2.9. FACS Analysis. The following surface markers were
selected for the FACS analysis of the MSCs: CD14-FITC
(Dako; dil. 1 : 50), CD45-FITC (Dako; dil. 1 : 50), CD73-PE
(Biolegend, clone AD2; dil. 1 : 50), and CD-90-FITC (Dako;
dil. 1 : 50). After 72h of culturing, the MSCs were trypsinized
and resuspended in the standard medium, whereupon 30 000
cells/sample were analysed. The cells were incubated with the
appropriate antibody for 30min at 4°C, then washed and
resuspended in 300μl of PBS. The FACS analysis was per-
formed on a BD FACS CANTO device.

2.10. Light Microscopy. Phase contrast images of the cells
were obtained using an Eclipse Ti-S microscope with a DS-

Table 1: Tested serum types or serum alternatives and their
abbreviations.

Serum types or serum alternatives

5% or 10% heat inactivated fetal bovine serum (iFBS)

5% or 10% heat non-inactivated fetal bovine serum (non-iFBS)

10% heat inactivated adult bovine serum (iBS)

10% heat non-inactivated adult bovine serum (non-iBS)

5% allogeneic human serum (allo-HS)

5% autologous human serum (auto-HS)

5% human serum derived from donor of the AB blood group (AB-
HS)

5% platelet releasate-supernatant rich in growth factors (5% PR-
SRGF)

7.5% platelet releasate-supernatant rich in growth factors (7.5%
PR-SRGF)
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Qi1Mc digital camera (Nikon, Japan). The images were
acquired with a 10x lens and adjusted using the ImageJ soft-
ware (Rasband, W.S., ImageJ, US National Institutes of
Health, Bethesda, Maryland, USA).

2.11. Fluorescence Staining of the Cells and Confocal
Microscopy. The cells were seeded on a 4-well chamber slide
(Thermo Scientific™Nunc™ Lab-Tek™ II Chamber Slide and
trade, USA) and cultivated for 48 h. With respect to the
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Figure 1: Influence of different media supplements on MSC behaviour. Analyses of MSCs cultivated in media with heat-inactivated FBS
(iFBS) and platelet releasate (PR-SRGF): (a) doubling time of MSC during first 48 h of cultivation; (b) long-term proliferation of MSCs
during 42 days of cultivation; (c) CFU-F and colony morphology during first 48 h of cultivation (white bars correspond to 232 μm); (d)
ATP production rate (pmol/min/cells) and % of glycolysis and oxidative phosphorylation after 24 h of cultivation ((a–d) + (f) in 10% iFBS
and 7.5% PR-SRGF; (e) in 10% non-iFBS and 7.5% PR-SRGF). Statistical analysis was done by one factor ANOVA (p < 0:05) with post
hoc Fischer LSD test (95% confidence interval was determined to verify the similarity/comparability of samples with a nonsignificant
difference).
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mitochondrial staining, the cells were incubated with Mito-
Tracker Red CMX Ros (Invitrogen, USA) at 37°C and in a
5% CO2 atmosphere for 30min. They were then fixed via
4% paraformaldehyde in PBS at RT for 15min, permeabilised
using 0.1% Triton X-100 in PBS (Sigma-Aldrich, USA) at RT
for 20min, and stained using DAPI at 37°C for 15min (1 : 1
000; Sigma-Aldrich, USA). Confocal images of the cells were
acquired using a Leica SP8X microscope (Leica Microsys-
tems, Germany) equipped with a confocal scanning head, a
Leica DFC365 FX monochrome digital CCD camera, an
HC PL APO CS2 63x/1.40 OIL objective, a 405nm excitation
laser, and a white light laser (WLL; EX 579/EM 599; hybrid
detector) (Leica Microsystems, Germany). The images were
rendered using the LasX software (Leica Microsystems,
Germany).

2.12. Cytokine Analysis. The cytokine content in the cell
media was analysed using Human Cytokine Antibody Array
for 42 targets (Abcam, UK). 7 000 cells/cm2 were preseeded
in the standard medium (alpha MEM supplemented with
10% iFBS) for 12 hours at 37°C and in a 5% CO2 atmosphere,
whereupon fresh alpha MEM supplemented with 10% iFBS
or 7.5% PR-SRGF was added to the cells for an additional
72 h. Only those media (without cell culturing) incubated
under the same conditions as the cells were used as the con-
trols. Subsequently, the culture media were collected and
stored at -20°C. The total protein concentration in the condi-
tioned medium was determined using the Pierce™ BCA Pro-
tein Assay Kit (Thermo Fisher Scientific, USA); the media
were diluted to a final volume of 1ml. Finally, 1ml of each
culture medium was applied per one cytokine membrane.
The analysis was repeated twice and was performed accord-
ing to the manufacturer’s recommended protocol. WB digital
imaging (ChemiDoc MP, BioRad) and the Image Lab soft-
ware (BioRad, Czech Republic) were used for the determina-
tion of the final cytokine content.

2.13. Capillary ELFO Analysis. The capillary ELFO analysis of
the nondiluted supplements, iFBS (two different batches),
PR-SRGF (two different batches), human AB serum provided
by Sigma-Aldrich (AB-HS (Sigma)), and AB-HS (home-pre-
pared), was performed using the CAPILARYS 2 Flex-Pierc-
ing, type 1 227 device (Sebia, France) according to the
standards and standard protocols applied in the accredited
Laboratory of Clinical Biochemistry. The results of the anal-
ysis were compared to the serum reference range (the rou-
tinely applied human serum standards: albumin, alpha-1-
globulins (alpha 1), alpha-2-globulins (alpha 2), beta-1-
globulins (beta 1), beta-2-globulins (beta 2), and gamma-
globulins (gamma)).

2.14. Statistical Analysis. The statistical results were obtained
from two to four independent experiments performed at least
in duplicates. The data was statistically analysed by means of
one factor ANOVA with or without the post hoc Fischer LSD
test. The values obtained were tested for statistically signifi-
cant differences at an alpha level of 0.05. The statistical eval-
uation was performed using the Statistica software (StatSoft
CR, s.r.o.).

3. Results

3.1. The Impact of Heat-Inactivated versus Noninactivated
FBS on Cell Metabolism and Proliferation. The impact of
heat-inactivated (iFBS) and noninactivated FBS (non-iFBS)
on the metabolic activity and proliferation of MSCs was stud-
ied. ThoseMSCs cultivated up to 48h either with 10% of iFBS
or with 10% of non-iFBS exhibited significant differences in
their metabolic activities (Figure 2(a)). In the presence of
non-iFBS, the MSCs evinced a higher metabolic activity than
in the iFBS-supplemented medium. The difference in their
doubling time (Figure 2(b)) was not significant due to differ-
ences between the patients; however, an increase in MSC
proliferation was indicated in the iFBS-supplemented
medium, and the ratio of the doubling time of the cells culti-
vated in iFBS to the non-iFBS-supplemented medium was
1.2.

The ability of the MSCs to form colonies (CFU-F) was
found to be significantly reduced in the iFBS medium com-
pared to the non-iFBS medium (Figure 2(c)). The significant
difference was confirmed via the determination of a CFU-F
efficiency ratio of 2.6. Moreover, the MSC colonies cultivated
over 14 days in the non-iFBS were seen to be more cell dense
and larger than the colonies raised in the iFBS-supplemented
medium.

Furthermore, the markedly reduced ability of the MSCs
to osteo-differentiate in the presence of the iFBS was appar-
ent compared to the cells in the presence of the non-iFBS
(Figure 2(d)).

3.2. Impact of the Various Types of Sera on the Metabolic
Activity of the MSCs. The next stage focused on the impact
of the various types of sera on the metabolic activity of the
MSCs. The media supplemented with adult noninactivated
(i) allogeneic human serum (allo-HS; a mix of human plasma
sera from unknown donors with differing blood groups), (ii)
autologous human serum (auto-HS, serum from the same
donor as the origin of the MSCs), and (iii) serum derived
from the donor with the AB blood group (AB-HS) were
tested against the medium supplemented with the non-iFBS
(control—its metabolic activity was considered to be 100%)
(Figure 3(a)). In contrast to the non-iFBS, the metabolic
activity of all the tested cells cultivated in all the FBS adult
alternatives was found to be significantly lower, with the
exception of the 5% AB-HS, which was comparable to the
non-iFBS control as soon as after 24 h and significantly
higher after 48 h. The significant inhibitory effect of allo-HS
on the MSCs in contrast to that of AB-HS and auto-HS was
apparent for the whole of the cultivation period, with the
metabolic activity of the cells cultivated in the allo-HS attain-
ing only 60-70% of the control. A reduction in the metabolic
activity to below 75% of the control is generally considered to
be an “inhibitory or cytotoxic” level [14]. On the other hand,
while the metabolic activity of the MSCs cultivated in the
medium with auto-HS was initially also found to have
decreased, it eventually approached the control level. More-
over, the data revealed that the AB-HS and auto-HS sup-
ported the metabolism of the MSCs significantly more than
did the allo-HS, and the metabolic activity of the MSCs was
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seen to be elevated in the AB-HS for the whole of the cell cul-
tivation period as opposed to that of the auto-HS.

Further, with respect to the differing origin of the tested
sera, we compared the metabolic activity of the MSCs culti-

vated in fetal bovine serum compared to that of the adult
bovine serum (BS) (Figure 3(b)). The reduction in the cell
metabolism in the adult bovine serum was observed to be sig-
nificant in almost all cases. Moreover, the similar effect of

0

20

40

60

80

100

120

%
 o

f m
et

ab
ol

ic
 ac

tiv
ity

 o
f n

on
-iF

BS

24 h

⁎

48 h

⁎

4 h

⁎

iFBS
Non-iFBS

(a)

0
10
20
30
40
50
60
70
80
90

63
iFBS/non-iFBS ratio = 1.2

53

100

D
ou

bl
in

g 
tim

e (
ho

ur
s)

iFBS Non-iFBS

Confid.
(± 10.8)

Confid.
(± 10.7)

(b)

Non-iFBS/iFBS ratio = 2.6

0

5

10

15

20

25

30

CF
U

-F
 ef

fic
ie

nc
y

iFBS Non-iFBS

iFBS

Non-iFBS7.4

18.9
⁎

D
iff

er
en

t s
iz

e o
f M

SC
 co

lo
ny

(c)

iFBS Non-iFBS
Osteodifferentiation

(d)

Figure 2: Influence of differently treated FBS on MSC behaviour. Analyses of hMSCs cultivated in media with heat-inactivated FBS (iFBS)
and heat noninactivated FBS (non-iFBS) after 48 h of cultivation (a, b) or 14 days (c) or 21 days (d): (a) metabolic activity; (b) doubling
time; (c) CFU-F and colony morphology (white bars correspond to 232 μm); (d) osteo-differentiation of hMSCs cultivated in osteo-
differentiation media supplemented with iFBS and non-iFBS (used von Kossa staining) ((a) Analysed in 5% iFBS and 5% non-iFBS; (b–d)
analysed in 10% iFBS and 10% non-iFBS). Statistical analysis was done by one factor ANOVA (p < 0:05) with post hoc Fischer LSD test. ∗

Significant difference (p < 0:05) between iFBS and non-iFBS (95% confidence interval was determined to verify the
similarity/comparability of samples with a nonsignificant difference).
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serum heat inactivation (the reduction in the metabolic activ-
ity in the iBS compared to that in the non-iBS) was apparent,
as shown in Figure 2. It is important to note that since this
study used different batches over the course of experimenta-
tion, the general phenomenon of the batch-to-batch varia-
tion of the FBS and its alternatives should also be borne in
mind [15, 16].

3.3. Impact of the PR-SRGF Serum Alternative on the MSCs.
The next stage involved the testing of the effects of a “platelet
releasate-supernatant rich in growth factors” (PR-SRGF, cur-
rently considered to be a valuable alternative to FBS) on the
behaviour of the MSCs.

A comparison of the metabolic activities of MSCs treated
with various non-iFBS alternatives (iFBS, AB-HS, and PR-
SRGF at two concentrations, 5% and 7.5%) is provided in
Figure 3(c). In the early phase of cultivation (4 h), the meta-
bolic activity of the MSCs in all the tested supplements was

observed to be significantly lower than that of the control.
However, over time, the metabolic activity of the cells culti-
vated in the media supplemented with AB-HS and both con-
centrations of PR-SRGF (the higher concentration was seen
to be more supportive) reached the level of the control (at
24 h) and even exceeded it dependent on the concentration
(at 48 h).

We then focused on the impact of PR-SRGF on the
doubling time (Figure 1(a)) and long-term proliferation
(Figure 1(b)) of the cells in comparison to the FBS in
the cultivation medium. While the doubling time analysis
after 48 h indicated no statistically significant differences
between the iFBS and the PR-SRGF (Figure 1(a)), a signif-
icant increase in cell proliferation was apparent after 42
days with concern to the cells cultivated in the PR-
SRGF-supplemented medium. Significantly higher yields/-
numbers of MSCs in the medium with PR-SRGF were
observed as early as at the commencement of cultivation
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Figure 3: Metabolic activity of MSCs cultivated in differently supplemented media. (a) Cells in the media supplemented with 5% allogenic
human serum (allo-HS), 5% autologous human serum (auto-HS), and 5% human serum derived from donor of the AB blood group (AB-
HS) (results compared to % of non-iFBS). All the results were significantly different to non-iFBS (p < 0:05). (b) Metabolic activity of MSCs
cultivated in media with non-iFBS, heat inactivated adult bovine serum (iABS), or noninactivated adult bovine serum (non-iABS).
#Significant difference between non-iFBS and samples (p < 0:05). (c) Cells in the media supplemented with 5% heat inactivated FBS
(iFBS), 5% human AB serum (AB-HS), and 5% or 7.5% platelet releasate (PR-SRGF) supplement after 4–48 h (results compared to % of
non-iFBS). NS: nonsignificant difference to non-iFBS control. ∗Significant difference between samples. #Significant difference between
non-iFBS and samples (p < 0:05), based on one factor ANOVA with post hoc Fischer LSD test.
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(day 12), and at the end of the experiment, the number of
cells cultured in the PR-SRGF was seen to be 45 000 times
higher (resulting in 6 passages of the cells in 42 days) than
that of the cells cultured in the non-iFBS (resulting in only
2 passages of the cells in 42 days).

The analysis of the CFU-F of the MSCs cultured under
both conditions for 14 days revealed that although the
CFU-F of the cells in the PR-SRGF was higher than that of
the cells cultured in the iFBS (the PR-SRGF/iFBS ratio was
1.1); the difference was not statistically significant
(Figure 1(c)). Interestingly, in contrast to the CFU-F effi-
ciency, the size of the colonies differed significantly (see the
images in Figure 1(c)). Compared to the colonies in the iFBS,
those in the PR-SRGF medium were larger and much denser.

The study also included the performance of the FACS
analysis of the surface markers of the MSCs cultured in the
presence of iFBS and PR-SRGF (Supp. 1). Whereas CD73
and CD90 (typical MSC surface markers) were determined
on the cells cultivated in these media, there was no indication
of CD14 and CD45 [17]. The presence of PR-SRGF did not
fundamentally alter the expression of the selected markers
compared to the presence of iFBS—the positive markers
evinced more than 95% positivity while the negative markers
evinced less than 1% positivity.

The analysis was also performed of the morphology of
the MSCs cultivated in the media supplemented with PR-
SRGF compared to that of the media supplemented with
iFBS; differences were apparent even after just 48 h of cultiva-
tion (Figure 4). While the cells in the iFBS medium were
observed to be flatter and with a spindle-shaped morphology
(Figure 4(a)), the MSCs cultivated in the PR-SRGF medium
(Figure 4(b)) were significantly more convex in the nuclei
region and thinner. Moreover, the confocal microscopy of
the mitochondrial network of the MSCs cultured under both
conditions revealed additional apparent differences
(Figures 4(c) and 4(d)). While the mitochondrial network
of the MSCs cultured in the iFBS-supplemented medium
(Figure 4(c)) appeared to be spread out with thick, long, sin-
gle fibres densely located around the cell nucleus in a star-like
pattern (perinuclear region > peripheral region), the mito-
chondrial network of the MSCs cultured in the PR-SRGF-
supplemented medium (Figure 4(d)) was more compact with
shrunken ball-like structures evenly distributed over the cells
(perinuclear region = peripheral region). The differing mito-
chondrial morphological pattern thus suggested the differing
impact of PR-SRGF on the metabolism of the MSCs com-
pared to that of the iFBS; this was supported by the analysis
of the metabolic activity of the MSCs (Figure 3(c)), i.e., the
cells incubated in the PR-SRGF-supplemented medium
evinced an approximately 30% higher metabolic activity than
the cells incubated in the iFBS-supplemented medium.

Consequently, the more detailed analysis of the metabo-
lisms of the MSCs cultivated in the PR-SRGF and FBS was
performed (Figure 1(d)). The ratio of the glycolysis-formed
and oxidative phosphorylation-formed ATP as well as the
ATP formation rate in these cells was compared by means
of Seahorse equipment.

While the cells incubated in the iFBS for 24 h main-
tained a similar ratio between oxidative phosphorylation

and glycolysis, the cells cultivated in the PR-SRGF pro-
duced ATP to an approximately 16% greater extent via
oxidative phosphorylation than via glycolysis. In addition,
the PR-SRGF increased the total ATP formation rate in
the cells by approximately 20% compared to the iFBS
(47 pmol ATP/min in iFBS vs. 56 pmol ATP/min in PR-
SRGF).

Finally, the analysis was performed of the cytokine
content in the media supplemented with 10% iFBS and
7.5% PR-SRGF after 72h of cultivation with the cells
(iFBS + cells, PR − SRGF + cells) and without cells as con-
trols (iFBS, PR-SRGF). Of a total number of 42 tested
cytokines, the most noticeable differences were detected
at the level of the following cytokines (Figure 5(a)): GRO
(growth regulated oncogene), IL-6 (interleukin 6), IL-8
(interleukin 8), MCP-1 (monocyte chemoattractant pro-
tein-1), RANTES (regulated upon activation, normal T cell
expressed and secreted; CCL5), EGF (epidermal growth
factor), angiogenin, VEGF (vascular endothelial growth fac-
tor), and PDGF-BB (platelet-derived growth factor-BB). In
general, the overall cytokine levels were found to be mark-
edly lower in the iFBS-supplemented medium with and
without cells than in the PR-SRGF-supplemented medium,
with just two exceptions—the GRO and PDGF-BB. The
PR-SRGF-supplemented medium per se contained higher
levels of RANTES and EGF and slightly more elevated
levels of VEGF and angiogenin than did the medium sup-
plemented with iFBS. Conversely, IL-6, IL-8, and MCP-1
were undoubtedly produced by the cells since the levels
thereof were elevated only in those samples containing
cells. Interestingly, certain cytokines were reduced in the
presence of cells, i.e., GRO, angiogenin, and VEGF (in
both supplements); EGF and RANTES (in the PR-SRGF);
and PDGF-BB (in the iFBS), thus suggesting their degra-
dation via cell consumption.

3.4. Protein Content Analysis of the Sera and Supplements.
With the aim of investigating the possible impact of differing
sera and supplements from the clinical point of view, we per-
formed the analysis of nondiluted samples of FBS, PR-SRGF,
and human sera by means of capillary electrophoresis
(Figure 5(b)), which is the standard procedure applied for
the protein analysis of human serum in clinical practice. All
the tested supplements were compared with the reference
human serum standard set in the diagnostic laboratory. The
results showed that while both batches of PR-SRGF and
AB-HS were similar to the human serum reference standard,
the two batches of FBS differed from the human reference.
Interestingly, the albumin fraction was significantly reduced
in the FBS in contrast to that of the human samples. On the
other hand, significantly elevated fractions of alpha-2 globu-
lins were determined in both batches of the FBS in contrast to
all the human samples. Moreover, we also compared the pro-
teins in the fetal and adult bovine sera (FBS versus ABS) and
discovered protein levels that differed from the human stan-
dard in both cases; however, an elevated level of gamma glob-
ulins was apparent in the ABS (also higher than in the adult
human samples) related to the enhanced presence of various
antibodies that are not present in fetal serum.
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4. Discussion

4.1. The Impact of Heat-Inactivated versus Noninactivated
FBS on Cell Metabolism and Proliferation. The results pre-
sented in Figures 2(a)–2(c) indicated the reduced doubling
time, cell metabolic activity, and CFU-F efficiency of bone
marrow-derived hMSCs in the medium supplemented with
heat-inactivated FBS compared to the cells cultivated in the
noninactivated FBS. A significant decrease in the cell prolif-
eration of bone marrow-derived MSCs in iFBS after 14 days
was also recorded by Nimura et al. [18]; however, in contrast
to non-iFBS, the synovial MSCs in the same study were not
affected by iFBS. Thus, Nimura’s results evinced differences
not only in terms of serum modification but also concerning
the tissue origin of MSCs under the same conditions. In addi-
tion, he raised questions with respect to the enhanced vari-
ability of MSCs of the same origin linked to differing MSC
donors, which was, in many cases, also apparent from the
presented results and the high standard deviations. Con-
versely, however, Bruinink et al. observed a similar prolifera-
tion rate of bone marrow-derived MSCs cultivated in the
presence of FBS regardless of the heat modification thereof.
However, he did demonstrate the influence of FBS modifica-
tion related to other cell types (primary bone cells) [19]. In

summary, while all these results indicate that the heat inacti-
vation of FBS is capable of markedly affecting the behaviour
of cells, its impact may be significantly affected by the origin
of the cells and cell donor variability [20, 21] and the cell har-
vesting method, number of cell passages, cell cultivation time
[22], and quality of the serum.

In addition, the markedly reduced ability was observed of
MSCs to osteo-differentiate in the presence of heat-
inactivated FBS (Figure 2(d)). These results are supported
by other studies that have suggested the role of heat labile
serum factors (e.g., complement compounds and various
mitogenic factors such as growth factors) [19, 23]. This fact
alone also explains the differing responses of the various cell
types (with respect to the activity of the cell cycle and metab-
olism) and the variability of the FBS batches. As has been
previously demonstrated, the protein profiles of inactivated
and noninactivated sera exhibit significant qualitative and
quantitative differences [24]. This analysis would appear to
suggest that the serum conditions should comply with the
specific requirements of different cell types and their usage
[18, 24, 25].

In summary, the non-iFBS strengthened certain parame-
ters of the stemness (markers and their maintenance) of bone
marrow-derived MSCs such as the enhancement of the

(a) (b)

(c) (d)

Figure 4: (a, b) Light microscopy of living unstained MSCs (10x lens) cultivated for 48 h in medium supplemented with 10% heat inactivated
FBS (iFBS) (a) and 7.5% PR-SFGF (b). (c, d) Confocal images of mitochondrial network of fixedMSC (63x lens) cultivated for 48 h in medium
supplemented with 10% heat inactivated FBS (iFBS) (c) and 7.5% PR-SFGF (d).
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formation of colonies (more cells were able to form colonies,
and the rate of proliferation was higher in the non-iFBS sup-
plemented medium) in the expansion medium and, simulta-
neously, the enhancement of the osteo-differentiation
potential of the MSCs in the osteogenic medium. Despite
the determination of the specific effect of the heat inactiva-
tion of FBS on various cells, more detailed studies on this
topic will be required. Our results demonstrated both the
important impact of the heat inactivation of FBS on the
behaviour of MSCs and the fact that it can be highly mislead-
ing to compare the results derived from experiments per-
formed under differing culturing conditions in cases where
the heat inactivation of the serum is not considered.

4.2. The Impact of Various Types of Serum on the Metabolic
Activity of the Cells.As previously shown [18, 19, 25], marked
differences in cell behaviour have been observed between
human serum and FBS. Thus, we subsequently focused on
the impact of various types of serum—allogenic human
serum (allo-HS), autologous human serum (auto-HS), and
serum derived from the donor with the AB blood group
(AB-HS)—on the metabolic activity of the MSCs
(Figure 3(a)).

Our results indicated that the effect of various types of
serum on MSCs is time-dependent, and the reaction of the
cells is clearly evident at an early cultivation time point

(4 h). The markedly positive effect of the AB-HS onMSC cul-
tivation was not surprising since patients with the AB blood
type are considered to be universal serum donors, and more-
over, this effect has also been described by other studies con-
cerned with bone marrow-derived MSCs [10] and adipose
tissue-derived MSCs [26]. The comparable effects of FBS
and HS on the proliferation and migration of human cervical
cancer cell lines have been observed, and cell invasion and
spheroid formation have been found to be significantly
enhanced in the presence of HS [27]. Thus, the effects of
HS appear to be cell type-specific.

Conversely, we observed the significant inhibitory effect
of all the human sera on the metabolism of the MSCs in con-
trast to the non-iFBS at early time points (4 and 24 h). This
somewhat surprising phenomenon was attributed to the dif-
fering quality of the sera (the content of growth factors and
immune elements) obtained from the adult donors (the
exposure of the immune system to various stimuli during
the life span) and the serum extracted from fetal animals (a
more naive immune system), as has previously been pro-
posed in other studies [4, 15]. The results presented in
Figure 3(b), that illustrate the reduction in the metabolic
activity of MSCs cultivated in an adult bovine serum-
supplemented medium compared to a fetal bovine serum
(Figure 3(b)), support this hypothesis. A further explanation
of the inhibitory effect of allo-HS relates to the suboptimal
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Figure 5: (a) Analysis of selected cytokines in the medium supplemented with 10% iFBS and 7.5% PRSRGF after cultivation with MSC
(iFBS + cells, PR − SRGF + cells) or without cell cultivation (iFBS, PR-SRGF) after 72 hours. (b) Determination of protein fractions in
nondiluted iFBS, PR-SRGF, AB-HS, AB-HS (Sigma), and ABS (adult bovine serum) (without cell cultivation) by capillary ELFO analysis
compared to the human reference standard (albumin, alpha-1-globulins, alpha-2-globulins, beta-1-globulins, beta-2-globulins, gamma-
globulins). Light grey: out of the reference range; dark grey: extremely out of the reference range.
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composition of the sera originating from a mixture of blood
extracted from different donors (different blood types, ages,
and immunological conditions).

In summary, AB-HS appears to be an effective and sup-
portive supplement for the metabolism of MSCs that resem-
bles or exceeds the usage of xenogeneic non-iFBS. Thus, AB-
HS should be considered as a promising, in principle safer
and ethically more acceptable alternative to non-iFBS with
respect to in vitro experiments. The research results empha-
sised the constant conflict and differences between the
in vitro and in vivo behaviour of cells; the in vitro results
(without any contact with the immune system) indicate that
AB-HS is a more efficient provider of metabolic activity to
cells than is auto-HS which, in turn, appears to be a signifi-
cantly less efficient supplement than non-iFBS. Conversely,
however, generally under in vivo conditions, auto-HS repre-
sents the most compatible of the supplements, thus implying
that our results should refer only to in vitro cell cultivation.

4.3. Impact of a Serum Alternative (PR-SRGF) on the MSCs.
Platelet derivatives are considered to provide valuable alter-
natives to FBS, particularly with respect to their potential to
enhance the effectivity of the in vitro expansion of MSCs [3,
28]. Therefore, the effects were compared of iFBS (even
though we previously showed that it is not as potent as
non-iFBS) as the standard with a special form of platelet
derivative, i.e., “platelet releasate-supernatant rich in growth
factors” (PR-SRGF) on the behaviour of bone marrow
derived-MSCs.

Despite the observation of the slight inhibitory effect of
PR-SRGF on the metabolic activity of MSCs at the early time
point (4 h), significant (but limited) enhancement was
observed later. Moreover, the significant enhancement was
apparent of the cell number during the long-term culturing
of these cells in the medium with the PR-SRGF
(Figure 1(b)). These findings thus strengthen the potential
of PR-SRGF as an appropriate alternative to FBS in the
future; while both supplements support the manifestation
of certain MSC (stemness) markers, the PR-SRGF enhances
MSC expansion (a favourable requirement for the culturing
of MSCs) to a greater extent than does FBS. The comparable
or enhanced effect of PR-SRGF on certain MSC cellular
properties (MSCs derived from bone marrow or adipose tis-
sue) in contrast to that of iFBS has also been described in
other studies [10, 26]. Moreover, the FACS analysis of the
surface markers of MSCs cultivated in the presence of iFBS
and PR-SRGF revealed (Supp. 1) that PR-SRGF tends to
maintain the similar expression of selected surface markers
on MSCs as does iFBS, a fact that has also been detected in
other studies [10, 26]. Although all of these studies revealed
the various advantages of the presence of PR-SRGF in the
MSC culture, they also demonstrated the necessity of empha-
sising the critical role of a preparation method involving
platelet derivatives and the urgency of compiling a precise
definition of the general release criteria that are essential in
terms of quality and the enhanced comparability of
platelet-based alternatives for future research purposes [3,
15, 28–30]. AsMurphy demonstrated, even a small difference
in the preparation of the platelet-derived product (e.g., the

origin of the platelets) may affect the content, properties,
and thus the cell behaviour thereof [26]. Nevertheless, the
native variability of MSCs relating to differing cell donors
and tissue origin combined with the batch-to-batch variabil-
ity of PR-SRGF should always be taken into account.

Whereas our results revealed the comparable degree of
efficiency of MSCs in terms of forming colonies (the same
amount of cells required to be able to form colonies) in the
presence of iFBS and PR-SRGF, the sizes of the colonies were
found to differ significantly (see the images in Figure 1(c)).
While the colonies in the PR-SRGF medium were observed
to be large and dense, those in the iFBS medium were much
smaller and comprised fewer cells, thus supporting the
results concerning increased proliferation following longer
term cultivation. Similar results have also been described
for bone marrow-derived MSCs [10] and adipose tissue-
derived MSCs [26].

With concern to the cell morphology, published studies
that focused on CFU-F, the size of colonies, and their mor-
phology are more numerous than detailed studies of changes
in single cell morphology following cultivation in various
media supplements [10, 18, 19, 29, 31]. We noted slight dif-
ferences in cell morphology by means of light microscopy
(flat cells in the iFBS and concave cells in the PR-SFGF)
and apparent differences in the mitochondrial networks in
the cells cultivated in the PR-SRGF and iFBS, thus suggesting
the differing metabolic status of the cells. Forni et al. demon-
strated that the mitochondrial network is dynamic and that
its pattern differs according to the various stages of MSC dif-
ferentiation (nondifferentiated, osteo-, chondro-, and adipo-
differentiated) [32]. This implies that the morphology of the
mitochondrial network is capable of indicating the state of
the cell and its potential tendency to differentiate into a cer-
tain direction over time. Despite the undoubted requirement
for the more detailed study of this topic, our hypothesis sug-
gesting that differing cell status is conditional on an altered
mitochondrial pattern is supported by the elevated degree
of the metabolic activity (Figure 3(c)), enhanced oxidative
phosphorylation above glycolysis (of approximately 16%),
and increased total ATP production rate (of approximately
20%) (Figure 1(d)) of the MSCs in the PR-SRGF compared
to those in the iFBS. The trend is distinct despite the high
standard deviations caused by the use of different donors.
The tendency towards elevated ATP formation in the pres-
ence of PR-SRGF could explain the increased long-term pro-
liferation in the PR-SRGF (Figure 1(b)). The presence of iFBS
and PR-SRGF affects the metabolism of MSCs on oxidative
phosphorylation levels rather than on glycolysis levels, which
remain similar with respect to both supplements. This find-
ing is in line with previous studies that mentioned the meta-
bolic flexibility of MSCs with a crucial link to glycolysis and
the glucose metabolism [33–35]. According to the results of
a study by Mylotte et al., the formation of ATP in MSCs is
reduced under stressful conditions (such as hypoxia, ische-
mia, or glucose deprivation), and moreover, glycolysis has
been shown to be the crucial source of ATP for MSCs [34].
Thus, the similar glycolysis rates of MSCs in the presence
of the two supplements support the idea of the fundamental-
ity of glycolysis and, thus, its higher stability in cells than that
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of oxidative phosphorylation. Moreover, the ATP formation
rate indicates that the PR-SRGF supplement is capable of
mildly elevating the oxidative phosphorylation of cells (i.e.,
it is capable of increasing the oxidative phosphorylation to
glycolysis ratio in favour of oxidative phosphorylation) and
may, thus, be less stressful and more proliferation-inducing
for the cells. It has been demonstrated repeatedly that cell
proliferation is dependent (to a certain extent) on oxidative
phosphorylation and mitochondrial electron transport.
While the need for oxidative phosphorylation at a certain
level has also been observed with respect to cancer cells, the
role of glycolysis remains indispensable and crucial for such
cells [36–38]; due to glycolysis, the gradually elevated trend
of the oxidative phosphorylation of MSCs in the long-term
presence of PR-SRGF is able to participate in the enhanced
proliferation of cells.

Finally, we analysed the production of cytokines by the
MSCs cultivated in the iFBS and PR-SRGF-supplemented
media and discovered that the overall cytokine levels in the
medium with iFBS (with or without cells) were significantly
lower than in the PR-SRGF-supplemented medium.
Although extremely high levels of RANTES and EGF were
detected in the media with PR-SRGF, the cell cultivation in
the media served to slightly lower the overall levels. In addi-
tion, decreases were observed in the levels of GRO, angio-
genin, and VEGF (in both supplements); EGF and
RANTES (in the PR-SRGF); and PDGF-BB (in the iFBS) fol-
lowing cell cultivation indicated the consumption or degra-
dation of cytokines by MSCs, which is in agreement with
the results of a previous study [10]. Interestingly, IL-6, IL-8,
and MCP-1 predominated in both media following cell culti-
vation, thus suggesting the production thereof by the cells.
IL-8, MCP-1, and RANTES are known to trigger an inflam-
matory response. Conversely, IL-6 (produced at comparable
levels by the cells cultured in both supplements) is naturally
connected with impaired inflammatory responses to local-
ised tissue damage or with the impaired induction of acute-
phase proteins. In addition, it has previously been stated that
“IL-6–producing cells” include bone marrow stromal cells,
fibroblasts, and T cells [39], which supports our finding of
the comparable levels of the formation of IL-6 by the MSCs
cultured in both the iFBS- and PR-SRGF-supplemented
media. The question is, therefore, whether the levels of par-
ticular pro- and anti-inflammatory molecules (defined by
in vitro culturing) play a role or not (the level of IL-6 was
one order of magnitude higher than the levels of IL-8,
MCP-1, and RANTES) in the prediction of the balance of
the immune response. If we assume that it does, PR-SRGF
appears to present a higher risk than iFBS with respect to
the potential to induce an inflammatory phenotype. On the
other hand, it has previously been demonstrated that IL-8 is
also linked to the mitosis and angiogenesis of cells [40–42]
and that IL-8, GRO, and MCP-1 are produced by carcinoma
cells in order to enhance the migratory functions of bone
marrow-derived MSCs as a way in which cancer cells are able
to support the chemotactic capacity of MSCs [43]. Con-
versely, these factors serve to predict the advantage of PR-
SRGF in terms of inducing an MSC phenotype that supports
tissue regeneration, though it potentially raises concerns that

such MSCs may also promote cancer growth. A further result
that serves to support the use of PR-SRGF concerns its high
levels of other cytokines that were determined to be impor-
tant in terms of cell proliferation. For example, angiogenin
and VEGF have been presented as elevators of the angiogenic
and cell survival capacity of MSCs [44], and EGF has previ-
ously been shown to be an effective booster of MSC prolifer-
ation [45]. All of these factors serve to both support and link
our finding on the high levels of these cytokines with the high
degree of proliferation of cells in the presence of PR-SRGF. In
summary, it is evident that PR-SRGF provides a wide spec-
trum of cytokines, some of which are indeed connected to a
proinflammatory response; however, others are associated
with an anti-inflammatory function, cell proliferation, and
cell survival, in contrast to iFBS. Thus, although PR-SRGF
appears to carry the risk of a proinflammatory reaction
(which can be induced in the human organism by xenogeneic
iFBS), the high potential remains of PR-SRGF to support the
proliferative and regenerative capacity of MSCs in cultures
and, thus, to enhance the preparation and activation of these
cells for the purpose of administration to living organisms as
required by clinical practice. Nevertheless, the need remains
for further detailed analysis aimed at verifying the safe appli-
cation of PR-SRGF.

4.4. Protein Content Analysis of the Sera and Supplements.
The research also involved the analysis of the protein content
of the FBS, PR-SRGF, HS, and ABS by means of capillary
electrophoresis (Figure 5(b)) (the standard technique used
in clinical practice) and the comparison of the levels of the
content of the various globulins and albumin. The xenoge-
neic conditions were represented by two batches of FBS
(from different providers), the physiological conditions were
represented by human serum AB-HS isolated in our labora-
tory and commercially obtained HS (AB-HS Sigma), and
the clinical conditions were represented by two batches of
PR-SRGF.

The analysis revealed three significant differences. Firstly,
the values in the measured protein fractions of both batches
of the PR-SRGF and the AB-HS were very close to the human
serum reference standard. Surprisingly, the commercially
obtained AB-HS differed in terms of the measured globulins,
which served to provide a warning against its usage. Sec-
ondly, a significantly reduced amount of the albumin fraction
in the FBS was detected compared to the PR-SRGF and the
human serum standard. The role of albumin in the cell adhe-
sion process was previously described in a study byWei et al.,
which revealed the predominant adsorption of albumin on
hydrophobic surfaces that leads to competition between this
protein and cells for presence on the surface; thus, the
enhanced content of albumin results in decreased cell adhe-
sion [46]. This phenomenon was apparent in our metabolic
activity results at 4 h (Figure 3(c)), at which time the differ-
ence between the cells in the FBS and PR-SRGF was observed
to be significant. In addition to the differing origin (bovine
and human) and the differing nature of the two supplements
(serum and releasate), the age and sex factors of the donors
may also have played a significant role in the resulting serum
albumin concentration [47]. From the clinical perspective, a
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reduced albumin fraction is typically observed in human
serum under inflammatory conditions [48], thus indicating
that the PR-SRGF supplement is closer to human serum in
terms of its various effects. However, this conclusion is not
in agreement with the cytokine assay results, which rein-
forces the necessity for the further detailed specification of
PR-SRGF so as to verify its safe application in practice.
Thirdly, while the significantly elevated fraction of alpha-2
globulins in both batches of the FBS and the ABS compared
to the PR-SRGF, AB-HS and human serum standard can be
linked to the xenogeneic origin of the bovine sera, from the
clinical perspective the elevation of this fraction can also be
linked to the inflammation process and, thus, to the presence
of acute phase reactants such as α2-macroglobulin and hap-
toglobin and the ceruloplasmin content thereof [49]. Hence,
this suggests the higher potential of PR-SRGF than FBS in
terms of cell culturing and subsequent application in clinical
practice.

In summary, all our in vitro results served to indicate the
preferentially positive effects of PR-SRGF on MSCs with its
comparable or higher application potential under in vitro
conditions than FBS with respect to its ability to modulate
the cell metabolism. Nevertheless, the further detailed inves-
tigation of its properties will be necessary so as to verify its
safe application in clinical practice.

5. Conclusion

The aim of the study was to compare FBS in its common and
heat-inactivated form with several easily accessible alterna-
tives that are currently considered promising with respect
to in vitro, in vivo, and clinical applications: human serum
(allogeneic, AB, and autologous) and the PR-SRGF platelet
releasate which we also characterized using capillary electro-
phoresis. Our results revealed the significant impact of the
heat inactivation of FBS on the MSC metabolism and CFU-
F efficiency, thus indicating the need for the precise identifi-
cation of FBS in publications. We also confirmed differences
in the sensitivity of human MSCs to various sera and their
alternatives. Our data confirmed that AB serum and PR-
SRGF provide efficient and easily accessible alternatives to
FBS for MSC cultivation purposes (the analysis suggested
that they are comparable or more effective than FBS). Fur-
thermore, PR-SRGF was shown to be an excellent supple-
ment in terms of the long-term effective expansion of
MSCs, providing high yields of cells while maintaining their
character. We also described in detail the various changes
in the morphology, metabolism, and cytokine production of
cells cultivated in the presence of PR-SRGF compared to
FBS. In summary, our results indicated the extent to which
the type of serum (as an essential component for cell cultiva-
tion) and its modification are capable of affecting cell behav-
iour prior to and during experimentation, as well as the
degree of urgency of the transition from the application of
xenogeneic FBS to that of human serum alternatives in the
future for routine research practice and biomaterial and
regenerative medicine. We also highlighted the importance
of not overlooking common cultivation conditions such as
the type of serum and the modification thereof.

Data Availability

Data can be available from the corresponding author upon
reasonable request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Special thanks to Blanka Bilkova for her advanced technical
assistance. This study was supported by projects: NV 19-
08-00144 awarded by the Ministry of Health of the Czech
Republic and PROGRES Q26 and UNCE/MED/016 pro-
vided by the Charles University. P.T. was supported by pro-
ject No. CZ.02.1.01/0.0/0.0/16_019/0000787 “Fighting
INfectious Diseases,” awarded by the MEYS CR, financed
from EFRR.

Supplementary Materials

Supplementary 1: FACS analysis of MSC surface mar-
kers—CD73 in the PE-A channel and CD90, CD14, and
CD45 in a FITC channel, CTRL—appropriate isotype con-
trol. (Supplementary Materials)

References

[1] M. Verdanova, P. Sauerova, U. Hempel, and M. H. Kalbacova,
“Initial cell adhesion of three cell types in the presence and
absence of serum proteins,” Histochemistry and Cell Biology,
vol. 148, no. 3, pp. 273–288, 2017.

[2] C.-Y. Fang, C.-C. Wu, C.-L. Fang, W.-Y. Chen, and C.-
L. Chen, “Long-term growth comparison studies of FBS and
FBS alternatives in six head and neck cell lines,” PLoS One,
vol. 12, no. 6, p. e0178960, 2017.

[3] G. Astori, E. Amati, F. Bambi et al., “Platelet lysate as a substi-
tute for animal serum for the ex-vivo expansion of mesenchy-
mal stem/stromal cells: present and future,” Stem Cell Research
& Therapy, vol. 7, no. 1, p. 93, 2016.

[4] J. E. Piletz, J. Drivon, J. Eisenga et al., “Human cells grown with
or without substitutes for fetal bovine serum,” Cell Medicine,
vol. 10, p. 215517901875514, 2018.

[5] T. A. Selvaggi, R. E. Walker, and T. A. Fleisher, “Development
of antibodies to fetal calf serum with arthus-like reactions in
human immunodeficiency virus–infected patients given syn-
geneic lymphocyte infusions,” Blood, vol. 89, no. 3, pp. 776–
779, 1997.

[6] J. van der Valk, K. Bieback, C. Buta et al., “Fetal bovine serum
(FBS): past – present – future,” ALTEX, vol. 35, no. 1, pp. 99–
118, 2018.

[7] C. Doucet, I. Ernou, Y. Zhang et al., “Platelet lysates promote
mesenchymal stem cell expansion: a safety substitute for ani-
mal serum in cell-based therapy applications,” Journal of Cel-
lular Physiology, vol. 205, no. 2, pp. 228–236, 2005.

[8] M. de Mos, A. E. van der Windt, H. Jahr et al., “Can platelet-
rich plasma enhance tendon Repair?,” The American Journal
of Sports Medicine, vol. 36, no. 6, pp. 1171–1178, 2017.

13Stem Cells International

http://downloads.hindawi.com/journals/sci/2021/6659244.f1.docx


[9] K. Bieback, “Platelet lysate as replacement for fetal bovine
serum in mesenchymal stromal cell cultures,” Transfusion
Medicine and Hemotherapy, vol. 40, no. 5, pp. 326–335, 2013.

[10] K. Bieback, A. Hecker, A. Kocaömer et al., “Human alterna-
tives to fetal bovine serum for the expansion of mesenchymal
stromal cells from bone marrow,” Stem Cells, vol. 27, no. 9,
pp. 2331–2341, 2009.

[11] H. Heijnen and P. van der Sluijs, “Platelet secretory behaviour:
as diverse as the granules … or not?,” Journal of Thrombosis
and Haemostasis, vol. 13, no. 12, pp. 2141–2151, 2015.

[12] E. Anitua, F. Muruzabal, A. Tayebba et al., “Autologous serum
and plasma rich in growth factors in ophthalmology: preclini-
cal and clinical studies,” Acta Ophthalmologica, vol. 93, no. 8,
pp. e605–e614, 2015.

[13] A. Mitchell, K. A. Rivas, R. Smith, and A. E. Watts, “Cryopres-
ervation of equine mesenchymal stem cells in 95 % autologous
serum and 5 % DMSO does not alter post-thaw growth or
morphology in vitro compared to fetal bovine serum or alloge-
neic serum at 20 or 95 % and DMSO at 10 or 5 %,” Stem Cell
Research & Therapy, vol. 6, no. 1, p. 231, 2015.

[14] E. Flahaut, M. C. Durrieu, M. Remy-Zolghadri, R. Bareille, and
C. Baquey, “Investigation of the cytotoxicity of CCVD carbon
nanotubes towards human umbilical vein endothelial cells,”
Carbon, vol. 44, no. 6, pp. 1093–1099, 2006.

[15] H. Hemeda, B. Giebel, and W. Wagner, “Evaluation of human
platelet lysate versus fetal bovine serum for culture of mesen-
chymal stromal cells,” Cytotherapy, vol. 16, no. 2, pp. 170–
180, 2014.

[16] J. van der Valk, D. Brunner, K. de Smet et al., “Optimization of
chemically defined cell culture media - Replacing fetal bovine
serum in mammalian _in vitro_ methods,” Toxicology In
Vitro, vol. 24, no. 4, pp. 1053–1063, 2010.

[17] M. Dominici, K. le Blanc, I. Mueller et al., “Minimal criteria for
defining multipotent mesenchymal stromal cells. The Interna-
tional Society for Cellular Therapy position statement,”
Cytotherapy, vol. 8, no. 4, pp. 315–317, 2006.

[18] A. Nimura, T. Muneta, K. Otabe et al., “Analysis of human
synovial and bone marrow mesenchymal stem cells in relation
to heat-inactivation of autologous and fetal bovine serums,”
BMC Musculoskelet. Disord, vol. 11, no. 1, p. ???, 2010.

[19] A. Bruinink, U. Tobler, M. Hälg, and J. Grünert, “Effects of
serum and serum heat-inactivation on human bone derived
osteoblast progenitor cells,” Journal of Materials Science.
Materials in Medicine, vol. 15, no. 4, pp. 497–501, 2004.

[20] A. Gray, R. S. Schloss, and M. Yarmush, “Donor variability
among anti-inflammatory pre-activated mesenchymal stromal
cells,” Technology, vol. 4, no. 3, pp. 201–215, 2016.

[21] R. Siddappa, R. Licht, C. van Blitterswijk, and J. de Boer,
“Donor variation and loss of multipotency during in vitro
expansion of human mesenchymal stem cells for bone tissue
engineering,” Journal of Orthopaedic Research, vol. 25, no. 8,
pp. 1029–1041, 2007.

[22] G. Detela, O. W. Bain, H. W. Kim et al., “Donor variability in
growth kinetics of healthy hMSCs using manual processing:
considerations for manufacture of cell therapies,” Biotechnol-
ogy Journal, vol. 13, no. 2, p. 1700085, 2018.

[23] F.-P. Huang and D. I. Stott, “Dual inhibitory and stimulatory
activities in serum from SLE patients and lupus mice that reg-
ulate the proliferation of an IL-2-dependent T cell line,” Lupus,
vol. 4, no. 4, pp. 297–303, 2016.

[24] S. Ayache, M. C. Panelli, K. M. Byrne et al., “Comparison of
proteomic profiles of serum, plasma, and modified media sup-
plements used for cell culture and expansion,” Journal of
Translational Medicine, vol. 4, no. 1, p. 40, 2006.

[25] D. P. Hankey, R. E. McCabe, M. J. Doherty et al., “Enhance-
ment of human osteoblast proliferation and phenotypic
expression when cultured in human serum,” Acta Orthopae-
dica Scandinavica, vol. 72, no. 4, pp. 395–403, 2009.

[26] A. Kocaoemer, S. Kern, H. Klüter, and K. Bieback, “Human AB
serum and thrombin-activated platelet-rich plasma are suit-
able alternatives to fetal calf serum for the expansion of mesen-
chymal stem cells from adipose tissue,” Stem Cells, vol. 25,
no. 5, pp. 1270–1278, 2007.

[27] J. I. Heger, K. Froehlich, J. Pastuschek et al., “Human serum
alters cell culture behavior and improves spheroid formation
in comparison to fetal bovine serum,” Experimental Cell
Research, vol. 365, no. 1, pp. 57–65, 2018.

[28] T. Burnouf, D. Strunk, M. B. C. Koh, and K. Schallmoser,
“Human platelet lysate: replacing fetal bovine serum as a gold
standard for human cell propagation?,” Biomaterials, vol. 76,
pp. 371–387, 2016.

[29] M. B. Murphy, D. Blashki, R. M. Buchanan et al., “Adult and
umbilical cord blood-derived platelet-rich plasma for mesen-
chymal stem cell proliferation, chemotaxis, and cryo-preserva-
tion,” Biomaterials, vol. 33, no. 21, pp. 5308–5316, 2012.

[30] R. Fazzina, P. Iudicone, A. Mariotti et al., “Culture of human
cell lines by a pathogen-inactivated human platelet lysate,”
Cytotechnology, vol. 68, no. 4, pp. 1185–1195, 2016.

[31] D. T.-B. Shih and T. Burnouf, “Preparation, quality criteria,
and properties of human blood platelet lysate supplements
for _ex vivo_ stem cell expansion,” New Biotechnology,
vol. 32, no. 1, pp. 199–211, 2015.

[32] M. F. Forni, J. Peloggia, K. Trudeau, O. Shirihai, and A. J.
Kowaltowski, “Murine mesenchymal stem cell commitment
to differentiation is regulated by mitochondrial dynamics,”
Stem Cells, vol. 34, no. 3, pp. 743–755, 2016.

[33] J. C. Estrada, C. Albo, A. Benguría et al., “Culture of human
mesenchymal stem cells at low oxygen tension improves
growth and genetic stability by activating glycolysis,” Cell
Death and Differentiation, vol. 19, no. 5, pp. 743–755, 2012.

[34] L. A. Mylotte, A. M. Duffy, M. Murphy et al., “Metabolic flex-
ibility permits mesenchymal stem cell survival in an ischemic
environment,” Stem Cells, vol. 26, no. 5, pp. 1325–1336, 2008.

[35] A. Nuschke, M. Rodrigues, A. W. Wells, K. Sylakowski, and
A. Wells, “Mesenchymal stem cells/multipotent stromal cells
(MSCs) are glycolytic and thus glucose is a limiting factor of
in vitro models of MSC starvation,” Stem Cell Research &
Therapy, vol. 7, no. 1, p. 179, 2016.

[36] K. Birsoy, T. Wang, W. W. Chen, E. Freinkman, M. Abu-
Remaileh, and D. M. Sabatini, “An essential role of the mito-
chondrial electron transport chain in cell proliferation is to
enable aspartate synthesis,” Cell, vol. 162, no. 3, pp. 540–551,
2015.

[37] J. R. Molina, Y. Sun, M. Protopopova et al., “An inhibitor of
oxidative phosphorylation exploits cancer vulnerability,”
Nature Medicine, vol. 24, no. 7, pp. 1036–1046, 2018.

[38] L. B. Sullivan, D. Y. Gui, A. M. Hosios, L. N. Bush,
E. Freinkman, and M. G. Vander Heiden, “Supporting aspar-
tate biosynthesis is an essential function of respiration in pro-
liferating cells,” Cell, vol. 162, no. 3, pp. 552–563, 2015.

14 Stem Cells International



[39] A. Puel and J.-L. Casanova, “The nature of human IL-6,” The
Journal of Experimental Medicine, vol. 216, no. 9, pp. 1969–
1971, 2019.

[40] C. Alfaro, M. F. Sanmamed, M. E. Rodríguez-Ruiz et al.,
“Interleukin-8 in cancer pathogenesis, treatment and follow-
up,” Cancer Treatment Reviews, vol. 60, pp. 24–31, 2017.

[41] T. P. Mikolajczyk, R. Nosalski, P. Szczepaniak et al., “Role of
chemokine RANTES in the regulation of perivascular inflam-
mation, T-cell accumulation, and vascular dysfunction in
hypertension,” The FASEB Journal, vol. 30, no. 5, pp. 1987–
1999, 2016.

[42] T. Yoshimura, “The production of monocyte chemoattractant
protein-1 (MCP-1)/CCL2 in tumor microenvironments,”
Cytokine, vol. 98, pp. 71–78, 2017.

[43] J. Bayo, A. Real, E. J. Fiore et al., “IL-8, GRO and MCP-1 pro-
duced by hepatocellular carcinoma microenvironment deter-
mine the migratory capacity of human bone marrow-derived
mesenchymal stromal cells without affecting tumor aggres-
siveness,” Oncotarget, vol. 8, no. 46, pp. 80235–80248, 2017.

[44] Z. Jiang, Y. M. Liu, X. Niu et al., “Exosomes secreted by human
urine-derived stem cells could prevent kidney complications
from type I diabetes in rats,” Stem Cell Research & Therapy,
vol. 7, no. 1, p. ???, 2016.

[45] C. Knight, S. James, D. Kuntin et al., “Epidermal growth factor
can signal via β-catenin to control proliferation of mesenchy-
mal stem cells independently of canonical Wnt signalling,”
Cellular Signalling, vol. 53, pp. 256–268, 2019.

[46] J. Wei, T. Igarashi, N. Okumori et al., “Influence of surface
wettability on competitive protein adsorption and initial
attachment of osteoblasts,” Biomedical Materials, vol. 4,
no. 4, p. 045002, 2009.

[47] G. Weaving, G. F. Batstone, and R. G. Jones, “Age and sex var-
iation in serum albumin concentration: an observational
study,” Annals of Clinical Biochemistry, vol. 53, no. 1,
pp. 106–111, 2016.

[48] H. J. Moshage, J. A. Janssen, J. H. Franssen, J. C. Hafkenscheid,
and S. H. Yap, “Study of the molecular mechanism of
decreased liver synthesis of albumin in inflammation,” The
Journal of Clinical Investigation, vol. 79, no. 6, pp. 1635–
1641, 1987.

[49] M. Kasprzyk, W. Dyszkiewicz, D. Zwaruń, K. Leśniewska, and
K. Wiktorowicz, “Assessment of acute phase proteins as prog-
nostic factors in patients surgically treated for non-small cell
lung cancer,” Advances in Respiratory Medicine, vol. 76,
no. 5, 2008.

15Stem Cells International


	The Impact of Various Culture Conditions on Human Mesenchymal Stromal Cells Metabolism
	1. Introduction
	2. Materials and Methods
	2.1. MSCs and Culturing Conditions
	2.2. Human Serum Preparation
	2.3. Preparation of PR-SRGF
	2.4. CFU-F Analysis
	2.5. Determination of the Metabolic Activity
	2.6. Determination of the Doubling Time
	2.7. Osteogenic Differentiation of the MSCs in iFBS and Non-iFBS
	2.8. Determination of the Metabolism
	2.9. FACS Analysis
	2.10. Light Microscopy
	2.11. Fluorescence Staining of the Cells and Confocal Microscopy
	2.12. Cytokine Analysis
	2.13. Capillary ELFO Analysis
	2.14. Statistical Analysis

	3. Results
	3.1. The Impact of Heat-Inactivated versus Noninactivated FBS on Cell Metabolism and Proliferation
	3.2. Impact of the Various Types of Sera on the Metabolic Activity of the MSCs
	3.3. Impact of the PR-SRGF Serum Alternative on the MSCs
	3.4. Protein Content Analysis of the Sera and Supplements

	4. Discussion
	4.1. The Impact of Heat-Inactivated versus Noninactivated FBS on Cell Metabolism and Proliferation
	4.2. The Impact of Various Types of Serum on the Metabolic Activity of the Cells
	4.3. Impact of a Serum Alternative (PR-SRGF) on the MSCs
	4.4. Protein Content Analysis of the Sera and Supplements

	5. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

