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Simple Summary: The use of fetal bovine serum (FBS) in the manufacturing and production of
therapeutic products is discouraged by the regulatory authorities due to the risk of zoonoses and
xenogeneic immune reactions. Human platelet lysate (hPL) is suggested as an alternative to FBS for
in vitro cell expansion in accordance with good manufacturing practice (GMP) regulations. Since
hPL contains a lot of fibrinogen and other coagulation factors, heparin is commonly added to
prevent gel formation. However, heparin is typically derived from animals, and despite following
the recommended maximum dose, gel and precipitate formation can still occur during storage
and cell culture. Thus, an alternative preparation method is proposed in this study to prepare
fibrinogen-depleted hPL (Fd-hPL) that supports heparin-free expansion of umbilical cord-derived
mesenchymal stem cells (UC-MSCs). The findings revealed that Fd-hPL supported the in vitro
expansion of UC-MSCs without compromising their growth and characteristics. Therefore, it has
the potential to be used as a substitute for FBS for in the vitro culture of MSCs without introducing
xenogeneic components. However, further research is necessary to fully understand the functionality
and therapeutic potential of these expanded cells.

Abstract: Human platelet lysate (hPL) has high levels of fibrinogen and coagulation factors, which
can lead to gel and precipitate formation during storage and cell culture. Heparin derived from
animals is commonly added to minimize these risks, but cannot completely eliminate them. Thus,
this study proposes an alternative method to prepare fibrinogen-depleted hPL (Fd-hPL) that supports
heparin-free expansion of mesenchymal stem cells (MSCs). hPL was added to heparin to prepare
heparin-hPL (H-hPL), whilst Fd-hPL was prepared by adding calcium salt to hPL to remove the
fibrin clot. The concentrations of calcium, fibrinogen, and growth factors in H-hPL and Fd-hPL
were compared. The effects of H-hPL and Fd-hPL on umbilical cord-derived MSCs (UC-MSCs) were
assessed. The results showed that Fd-hPL possessed a significantly higher calcium concentration and
a lower fibrinogen level than H-hPL. The concentrations of BDNF, TGF-β1, and PDGF-BB showed
no significant difference between H-hPL and Fd-hPL, but Fd-hPL had a lower VEGF concentration.
Fd-hPL retained the characteristics of UC-MSCs, as it did not affect the cell viability, proliferation,
multilineage differentiation potential, or surface marker expression. In conclusion, Fd-hPL effectively
supported the in vitro expansion of MSCs without compromising their characteristics, positioning it
as a potential substitute for FBS in MSC culture.
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1. Introduction

Fetal bovine serum (FBS) is commonly used as a serum supplement for in vitro cell
expansion as it provides growth factors, hormones, proteins, lipids, carbohydrates, elec-
trolytes, and other undefined components, which are essential in supporting cell survival,
attachment, metabolism, proliferation, and growth [1]. Furthermore, FBS maintains the
stemness, specific surface markers, and multilineage differentiation potential of mesenchy-
mal stem cells (MSCs) [2]. Due to its robustness, FBS is also widely used to culture many
other cell types, including the primary cells and cell lines of human and animal origins.
Nonetheless, FBS is not ideal for use in expanding cells meant for clinical use due to the risk
of animal pathogen transmission and activation of the xenogeneic immune response in the
transplanted host [3]. These disadvantages suggest that the use of FBS is not compliant with
the good manufacturing practice (GMP) principle as it may affect the safety and efficacy
of cell therapy [4]. Therefore, chemically defined serum-free medium and human serum
have been explored as potential xenogeneic-free alternatives for FBS. The transition from
ill-defined serum to a chemically defined medium may offer advantages. However, this
switch can pose challenges, as different cell types may necessitate varying formulation
adjustments. Consequently, the process becomes costly and may not be applicable or
utilized in many situations [5].

Platelet concentrate is a type of blood component stored in blood banks for clinical use.
In Malaysia, platelet concentrate is kept for five days at 20–24 ◦C under constant agitation
in accordance with the Ministry of Health’s guidelines and is discarded as biological waste
if no transfusion is made [6]. Constant agitation is critical to prevent clot formation, but
this affects the platelet viability and functionality by causing platelet activation, resulting
in a short shelf life [7]. Outdated platelet concentrates can be salvaged by processing into
hPL for cell culture purposes as it still contains a high level of growth factors that are
needed to sustain the viability and growth of cultured cells [8]. The cells cultured with
hPL are safe for clinical applications as platelet activation does not produce any harmful
by-products. In fact, outdated platelet concentrates are subjected to additional processing
steps to achieve a higher rate of platelet activation to enhance the release of proteins and
growth factors into the plasma. The use of expired concentrates to produce hPL has many
advantages, such as no active blood taking from donors (to avoid competition with a blood
bank who has a high demand for blood to save life) and no ethical issues [9]. Furthermore,
platelet concentrates are collected from low-risk populations and screened for transfusion-
transmissible infections to minimize the risk of transfusion recipient allosensitization, as
well as transfusion-transmissible infections [10]. Hence, the cells cultured with hPL are
considered safer compared to those expanded with FBS.

Many methods can be applied to lyse and release the growth factors from platelets to
obtain cell-free and growth factor-rich hPL, such as repeated freezing and thawing [10], di-
rect platelet activation using calcium salt or thrombin [11], sonication [12], solvent/detergent
treatment [1], and the combination of these techniques [13]. Generally, heparin must be
added to hPL-supplemented culture medium to prevent spontaneous gel formation due to
the high fibrinogen concentration present in hPL. Heparin is a glycosaminoglycan with anti-
coagulant activity to prevent the formation of fibrin clots [14]. Heparin has been reported
to promote the expansion of human stem cells, whereby it increases the proliferation of
human embryonic stem cells [15] and MSCs [16]. However, a high concentration of heparin
is linked with suppressed MSC proliferation, altered cell morphology, and phenotype, as
well as MSC senescent [14].
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In our previous study, in-house hPL prepared from expired platelet concentrates
was found to be more efficient than FBS in promoting the proliferation of human skin
fibroblasts [17], chondrocytes [18,19], and umbilical cord-derived MSCs (UC-MSCs) [20].
However, clot formation was observed during storage and occasionally in medium prepa-
ration and culture flasks, even though a final concentration of 4 IU/mL of heparin was
added to the complete medium. As a high concentration of heparin adversely affects
cell functionality, the depletion of fibrinogen and other clotting factors is more ideal than
further increasing the heparin concentration to abrogate clot formation.

In this study, calcium chloride was added into hPL prepared using the freeze/thaw
cycle method to stimulate clot formation. Calcium ions mediated the conversion of pro-
thrombin into thrombin and expedite the rate of fibrin monomer polymerization, thereby
enhancing fibrin clot formation [21]. Then, the precipitate formed was removed by cen-
trifugation to obtain fibrinogen-depleted hPL (Fd-hPL). The concentrations of calcium,
fibrinogen, and growth factors were measured to evaluate the efficacy of the procedure,
while the functionality of Fd-hPL was evaluated through the cultivation of UC-MSCs.

2. Materials and Methods
2.1. Human Platelet Lysate Preparation

Expired human platelet concentrates were collected from the Blood Bank Unit, Hospi-
tal Canselor Tuanku Muhriz, Kuala Lumpur, Malaysia (ethical approval: UKM PPI/111/8/
JEP-2023-033). Briefly, the expired platelet concentrates were pooled and exposed to freeze–
thaw cycles twice, at 37 and −80 ◦C (Figure 1). Then, the platelet concentrates were
centrifuged at 5000 rpm for 15 min at 4 ◦C to separate the supernatant (hPL) that was col-
lected and precipitate that which was discarded. H-hPL was prepared by adding 40 IU/mL
of heparin (Duopharma, Malaysia) into the hPL. To prepare Fd-hPL, calcium chloride
(CaCl2) (Sigma-Aldrich, St. Louis, MO, USA) was added into hPL to a final concentration of
20 mM and incubated at 37 ◦C for 2 h, followed by overnight incubation at 4 ◦C. After this,
the clotted hPL was centrifuged at 5000 rpm for 15 min at 4 ◦C. The supernatant (Fd-hPL)
was collected. Both H-hPL and Fd-hPL were stored at −80 ◦C until further use.
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Figure 1. Preparation of hPL. Platelet concentrates were pooled and underwent repeated freeze–thaw
cycling to prepare H-hPL through the addition of 40 IU/mL of heparin. Calcium chloride was added
to hPL to stimulate clot formation, which was later removed via centrifugation to prepare Fd-hPL.
Created with Biorender.com (accessed date: 20 July 2023).
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2.2. Calcium Assay

The calcium ion concentration in H-hPL and Fd-hPL was identified using a calcium
colorimetric assay kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s
protocol. Briefly, H-hPL and Fd-hPL were diluted with MilliQ water to 10× and 100×,
respectively, and added into a 96-well-flat bottom plate. The chromogenic reagent was
added into standard and sample wells, followed by adding the calcium assay buffer. The
mixture was mixed gently and incubated in the dark at room temperature for 5–10 min.
The absorbance was read at 575 nm using a spectrophotometric multi-well plate reader
(Biotek®, Santa Clara, CA, USA) with Gen 5 software, version 2.09.

2.3. Measurement of Fibrinogen and Growth Factor Concentration

An enzyme-linked immunosorbent assay (ELISA) was performed to measure the
concentration of fibrinogen (Cusabio, Wuhan, China), BDNF (BioLegend, San Diego, CA,
USA), VEGF (BioLegend, San Diego, CA, USA), PDGF-BB (Qayee-Bio, Shanghai, China),
and TGF-β (Qayee-Bio, Shanghai, China). The assay was performed following the manu-
facturer’s protocol. Briefly, H-hPL and Fd-hPL were diluted with supplied diluent before
adding to the antibody-coated wells and incubated for 1 to 2 h. Then, the detection antibody
and HRP-avidin were added sequentially and incubated for 30 min to 1 h. After this, the
TMB substrate solution was added to each well and incubated for 10–15 min at 37 ◦C in the
dark, followed by the addition of stop solution. The absorbance was read at 450 nm within
5 min using a spectrophotometric multi-well plate reader.

2.4. Isolation and Culture of Umbilical Cord-Derived Mesenchymal Stem Cells (UC-MSCs)

The umbilical cord sample was collected from mothers undergoing caesarean section
in Hospital Canselor Tuanku Muhriz with consent (ethical approval: UKM PPI/111/8/JEP-
2023-033). Briefly, arteries and veins were removed from the umbilical cord before mincing
into small pieces for enzymatic digestion using 0.6% collagenase type I (Worthington,
Lakewood, NJ, USA) for 1 h at 37 ◦C in a shaking incubator. The isolated cells were cul-
tured in low-glucose Dulbecco’s modified Eagle medium (LG-DMEM; Sigma-Aldrich, St.
Louis, MO, USA) with 1% GlutaMAX™ (Gibco, Grand Island, NY, USA), 1% antibiotic–
antimycotic (Capricorn, Ebsdorfergrund, Germany), and 10% FBS (Capricorn, Ebsdorfer-
grund, Germany), 10% H-hPL, or 10% Fd-hPL.

2.5. Mesenchymal Stem Cell Characterization

The UC-MSCs cultured with Fd-hPL were characterized according to the International
Society for Cell and Gene Therapy (ISCT) guidelines [22]. The MSC positive and negative
markers were identified using a Human MSC Analysis Kit (BD Biosciences, San Jose, CA,
USA) following the manufacturer’s protocol. Briefly, 1 × 106 cells were resuspended in
100 µL of phosphate saline buffer (PBS) + 1% FBS in microcentrifuge tubes. The cells were
labeled with positive antibodies (CD90, CD105, and CD73) and negative antibodies (CD34,
CD11b, CD19, CD4, and HLA-DR) in the dark at room temperature for 30 min. Then, the
cells were washed with PBS + 1% FBS and analyzed on a flow cytometer (BD FACSVerse™,
San Jose, CA, USA).

UC-MSCs were cultured in 12-well plates with StemPro™ adipogenesis and osteogen-
esis differentiation media (ThermoFisher Scientific, Grand Island, NY, USA) for 14 days.
The differentiation media was changed every two to three days. After induction, the cells
were fixed with 4% paraformaldehyde and stained with oil red O (Sigma-Aldrich, St. Louis,
MO, USA) and Alizarin red (Sigma-Aldrich, St. Louis, MO, USA) to detect lipid droplets in
adipogenic differentiated cells and calcium deposition in osteogenic differentiated cells,
respectively.
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2.6. Cell Morphology, Cell Size, Cell Viability, Total Cell Number, and Population Doubling
Time Assessment

UC-MSCs at passage 4 were seeded in six-well plates with a seeding density of
3000 cells/cm2 in LG-DMEM with 1% GlutaMAX™ (Gibco, Grand Island, NY, USA), 1%
antibiotic–antimycotic (Capricorn, Ebsdorfergrund, Germany), and 10% FBS (Capricorn,
Ebsdorfergrund, Germany), H-hPL, or Fd-hPL. The morphological changes, growth pattern,
and confluency of cultured UC-MSCs were observed and captured using an inverted
microscope at a magnification of 40×. Five points per well were captured. The length,
width, and size of the cells were analyzed using ImageJ software, version 1.53k. Then, the
cells were trypsinized with 0.05% trypsin-EDTA (Gibco, Grand Island, NY, USA) when the
cell confluency reached 70%–80%. The cells were stained with 0.4% trypan blue solution
(Corning®, Manassas, VA, USA) and the number of viable and non-viable cells was counted
using a hemocytometer. The population doubling time (PDT) was calculated using the
following formula:

PDT (hour) =
tlog 2

log N2 − log N1

where t denotes time in culture; N2 denotes the cell number at the end of the passage;
N1 denotes the cell number seeded at the beginning of the passage.

2.7. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism version 9.4.1. The data are
presented as the mean ± standard error of the mean (SEM). An unpaired t-test was used
to analyze the significance between two groups, while the significance among three or
more groups was examined using a one-way ANOVA. A p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Fd-hPL Has a Higher Calcium Concentration and a More Noticeable Trend with a Lower
Fibrinogen Concentration Compared to H-hPL

The existence of precipitate formation in the H-hPL was seen as Figure 2A, while
Figure 2B reveals no visible precipitate in the Fd-hPL sample, showing that such precipitate
forms did not exist. The calcium level in the Fd-hPL group (45.10 ± 3.89 nmole/mL)
treated with 20 mM of CaCl2 was significantly higher compared to the H-hPL group
(3.03 ± 0.24 nmole/mL) (*** p < 0.001) (Figure 2C). After the fibrinogen depletion process,
the fibrinogen concentration of hPL reduced from 36,253 ± 18,996 to 20,644 ± 5955 µg/mL
(Figure 2D). As a comparison, the fibrinogen concentration of two commercial hPL and the
FBS was also measured. It was found that the fibrinogen levels of commercial hPL 1 and
hPL 2 were 74,409 and 23,248 µg/mL, respectively. The fibrinogen level of FBS was below
the detection limit of the kit.
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Figure 2. Picture of (A) H-hPL and (B) Fd-hPL after two times freeze-thaw cycles. Precipitate
formation was observed in H-hPL and absent in Fd-hPL. Red arrow indicating the precipitates
formed in hPL. (C) The calcium level in Fd-hPL was significantly higher than in H-hPL. (D) Fd-hPL
showed a more noticeable trend with lower levels of fibrinogen compared to H-hPL. Values expressed
as the mean ± SEM (N = 6 per group). *** p < 0.001; unpaired t-test with the Holm–Šídák method.

3.2. The Concentration of VEGF Was Reduced Significantly in Fd-hPL Compared to H-hPL

After fibrinogen depletion, the concentrations of BDNF (153.87 ± 11.94 ng/mL in
Fd-hPL and 159.27 ± 38.51 ng/mL in H-hPL), TGF-β1 (7668.06 ± 166.86 pg/mL in Fd-hPL
and 7827.78 ± 130.81 pg/mL in H-hPL), and PDGF-BB (1140 ± 57.96 pg/mL in Fd-hPL
and 1068.89 ± 57.34 pg/mL in H-hPL) were maintained. A significant decrease in the
concentration was recorded for VEGF, dropping from 550.64 ± 174.11 pg/mL in H-hPL to
83.06 ± 26.68 pg/mL in Fd-HPL (Figure 3).
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Figure 3. Concentrations of growth factors in H-hPL and Fd-hPL. (A) BDNF, (B) TGF-β1, (C) PDGF-
BB, and (D) VEGF. There were no notable differences in the concentrations of BDNF, TGF-β1, and
PDGF-BB between H-hPL and Fd-hPL. However, Fd-hPL exhibited a decreased concentration of
VEGF compared to H-hPL. Values expressed as the mean ± SEM (N = 5 per group). * p < 0.05;
unpaired t-test with the Holm–Šídák method.

3.3. Morphology of UC-MSCs

UC-MSCs cultured with H-hPL and Fd-hPL took four days to reach 70%–80% con-
fluency, whereas cells cultured with FBS needed seven days to reach the same confluency.
The cells in all groups had similar spindle-shaped fibroblastic morphologies. However,
UC-MSCs cultured in FBS displayed less consistent cell morphologies, with some cells
exhibiting irregular flattened shapes and enlarged sizes (Figure 4A). In Figure 4B, the
H-hPL group was smallest in cell size, followed by the Fd-hPL and FBS groups. Both hPL
groups demonstrated similar cell lengths (Figure 4C) and widths (Figure 4D), while they
were smaller in comparison to the FBS group.
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Figure 4. (A) Morphology of UC-MSCs cultured in different serum supplements (10% H-hPL, 10%
Fd-hPL, and 10% FBS) under inverted microscopy. (B) Cell size of UC-MSCs cultured in different
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All groups exhibited comparable long spindle-shaped fibroblastic morphologies. Both H-hPL and
Fd-hPL groups exhibited reduced cell size, cell length, and cell width in comparison to the FBS group.
Values expressed as the mean ± SEM. ** p < 0.01 and **** p < 0.0001; one-way ANOVA with Tukey’s
multiple comparison test.

3.4. UC-MSCs Grown in Fd-hPL Showed Typical MSC Surface Marker Expression Profiles

Immunophenotyping was performed to determine the surface marker expression
profile of UC-MSCs cultured with Fd-hPL. Figure 5 demonstrates that more than 99% of
UC-MSCs were positive for CD73, CD90, and CD105, whilst less than 2% of the cells showed
positive expression of negative markers CD34, CD45, CD11b, CD14, CD19, and HLA-DR.
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Figure 5. Flow cytometry analysis showed that UC-MSCs cultured with Fd-hPL expressed the MSC-
specific markers CD73, CD90, and CD105, and were negative for the hematopoietic markers CD34,
CD45, CD11b, CD14, CD19, and HLA-DR in negative cocktails.
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3.5. UC-MSCs Grown in Fd-hPL Retained Adipogenic and Osteogenic Differentiation Potential

The multilineage differentiation potential of UC-MSCs cultured with Fd-hPL was
determined using the adipogenic and osteogenic differentiation assays. After two weeks of
culture in adipogenic differentiation medium, lipid droplets (red vesicles) were spotted in
the cell cytoplasm using the oil red O stain (Figure 6A). Calcium deposition (red spots) was
apparent upon two weeks of culture in osteogenic differentiation medium after Alizarin
Red staining (Figure 6B).
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Figure 6. The multilineage differentiation potential of cultivated UC-MSCs. The UC-MSCs were
cultured in adipogenic and osteogenic medium for two weeks. (A) Lipid droplets were detected in
cytoplasm after a two-week induction using oil red O staining (under magnification 20×). (B) The
presence of calcium deposition in the cells’ extracellular matrix was determined by Alizarin Red
staining (under magnification 4×).

3.6. Cell Viability, Total Cell Number, and PDT of UC-MSCs

UC-MSCs were trypsinized once they reached 70%–80% confluency to determine
the viability, cell yield, and PDT. The UC-MSCs cultured with H-hPL and Fd-hPL were
trypsinized at day 4 and the cells cultured with FBS were trypsinized at day 7. The cell
viability exceeded 90% for all groups with the H-hPL (97.28 ± 0.56%) having the highest
cell viability, followed by Fd-hPL (95.44 ± 0.36%) and FBS (90.48%) (Figure 7A). Starting
with a seeding density of 3000 cells/cm2 in a six-well plate, a total of 492,500, 425,833,
and 105,000 cells were obtained in the H-hPL, Fd-hPL, and FBS groups, respectively. The
PDT of the UC-MSCs grown in H-hPL (13.21 ± 0.33 h) and Fd-hPL (13.49 ± 0.22 h) was
significantly shorter compared to the UC-MSCs grown in FBS (32.75 h) (Figure 7).
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the H-hPL group, followed by the Fd-hPL and FBS group. (C) The H-hPL and Fd-hPL groups
had significantly shorter PDTs compared to the FBS group. Values expressed as the mean ± SEM
(N = 6 for H-hPL and Fd-hPL and N = 1 (three technical replicates) for FBS). * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001; one-way ANOVA with Tukey’s multiple comparison test.

4. Discussion

The use of FBS for ex vivo expansion of MSCs to be applied clinically for disease mod-
ification will need reconsideration as the cultured cells will contain xenogeneic proteins
that may activate the recipient’s immune system to reject the transplanted cells [23]. Addi-
tionally, they contain endotoxins, which increase the risk of zoonotic disease transmission.
Due to these limitations, human-derived alternatives such as platelet-rich plasma, human
serum, and hPL are being used as safer alternatives for MSC culture in the current good
manufacturing practice (cGMP) facility [1,24]. Currently, hPL seems to be the most ideal
substitute for FBS as it is rich in platelet-specific growth factor, can efficiently increase
MSC proliferation without compromising cell functionality, and it is very safe with no
serious side effects reported in clinical studies. However, crude hPL is rich in fibrinogen,
thrombocyte-derived factors, and clotting factors that significantly escalate the possibility
of fibrin clot formation [25–27]. The presence of this gel layer might hamper cell growth
and interfere in the cell harvesting process. Typically, animal-derived heparin is added to
the culture medium to prevent clot formation. Even so, it cannot eliminate the risk of clot
formation, and increasing the heparin concentration is not a viable option as it is known to
be cytotoxic at high concentrations. High concentrations of heparin will lead to cell growth
inhibition and apoptosis [28,29]. More alarmingly, porcine heparin has been linked with
serious side effects such as thrombocytopenia, hypersensitivity, and hyperkalemia in up to
5% of patients [30–32]. Hence, this study aimed to identify a reliable and effective approach
for preparing hPL that is clot-free even without the addition of heparin for efficient expan-
sion of MSCs. UC-MSCs were selected as the model cell for this study due to their inherent
advantages in the field of regenerative medicine and cell therapy. These advantages include
their widespread availability, a non-invasive isolation process that is ethically acceptable, a
higher capacity for expansion compared to adult MSCs, and robust immunomodulatory
capabilities [33,34]. These characteristics made UC-MSCs an ideal choice for investigating
the effects and potential applications of Fd-hPL in this study.

The freeze–thaw cycle method was chosen for the preparation of hPL due to its widespread
use and reported advantages, including simplicity and cost-effectiveness [10,25,27]. Previous
studies have consistently demonstrated the effectiveness of hPL prepared using this tech-
nique. These studies have shown that cells cultured with hPL exhibit a significantly higher
cell yield and shorter PDT compared to cells expanded with FBS [17–20]. The process of
removing fibrinogen was carried out using a calcium salt solution to stimulate platelet
activation and coagulation [35]. hPL became clear and precipitate-free upon calcium salt
treatment due to fibrinogen removal. Even though the concentration of fibrinogen did not
reduce significantly, it was low enough to avoid the need for heparin to prevent clot forma-
tion after multiple freeze-thaw cycles. Apart from preventing clot formation, low fibrinogen
levels might also improve the MSC therapeutic potential as prior studies have revealed
that the presence of fibrinogen increases the secretion of pro-inflammatory cytokines such
as MCP-1, IL-8, and IL-6 by MSCs, human dendritic cells, endothelial cells, and pancreatic
stellate cells [25,36–39]. Copland et al. showed that fibrinogen also negatively impacts the
immunosuppressive capabilities of MSCs [25]. Calcium salt treatment did increase the
calcium levels in Fd-hPL. However, this does not jeopardize the safety or efficacy of cells
cultured with Fd-hPL [11,25].

HPL is rich in growth factors that are critical for stimulating cell proliferation and
maintaining cell metabolism [40]. Thus, it is important to determine the concentration of
the important growth factors upon fibrinogen depletion as they may be removed together
with the fibrin matrix. In this study, we measured the concentration of four growth factors—
PDGF, VEGF, BDNF, and TGF- β1. Only the concentration of VEGF dropped significantly
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after calcium treatment, whilst the concentrations of other growth factors were maintained.
The VEGF level was reduced as it binds fibrinogen and fibrin with high affinity in a
unique and saturable manner [41]. The unchanged levels of TGF-β1 and BDNF is quite
surprising as Martino et al. mentioned that BDNF and TGF-β1 have high binding affinity
to fibrinogen, which leads to retention in the fibrin matrix [42]. PDGF also showed binding
affinity to fibrin. However, the unchanged levels of PDGF found in this study could be due
to the rapid release of PDGF from the matrix. In the same study, the authors also found
that fibrin binds with growth factors from the VEGF/PDGF and FGF families through its
heparin-binding domain [42].

The findings from the cell culture experiments showed that a high calcium level and a
lower concentration of VEGF in Fd-hPL does not affect the growth and characteristics of
MSCs as no significant changes in cell yield, PDT, multilineage differentiation potential, or
surface marker expression were recorded. These results are consistent with the findings
of a previous study that mentioned that a high calcium ion concentration could only
maintain but failed to enhance cell growth [43]. In addition, the elevated calcium level
in Fd-hPL (45.10 ± 3.89 nmole/mL) was still lower than the calcium level in FBS, which
varied from 3.5 to 4 mM [44]. A mild drop in the total cell number in the Fd-hPL group
might be due to the slight reduction in the concentration of PDGF, which is essential for
improving the development and survival of a variety of cell types, as well as encouraging
the proliferation of MSCs [45,46]. Moreover, the significantly lowered VEGF levels might
also be a contributing factor, because VEGF can activate PDGF receptors, which control the
proliferation and migration of MSCs [47]. Importantly, the MSCs expanded with Fd-hPL
retained the MSC characteristics as indicated by their fibroblastic morphology, adipogenic
and osteogenic differentiation potential, and positive expression of CD73, CD90, and CD105,
along with the negative expression of CD34, CD45, CD11b, CD14, CD19, and HLA-DR.
This outcome is in line with the findings of Copland et al. [25].

In a nutshell, our study suggested that Fd-hPL has the potential to be an alternative
for H-hPL to cultivate UC-MSCs in vitro. However, further studies are needed to fully
comprehend the molecular processes underlying the interaction between the growth factors,
fibrinogen, and heparin and the biological activity of MSCs. Additionally, the use of hPL
in cell cultures is associated with batch-to-batch variation. Thus, efforts should be made
to minimize these variations. Moreover, it is possible to assess the impact of hPL on
other cell types in the future to identify its potential uses and limitations as the cells may
respond differently to Fd-HPL. Evaluating the effects of Fd-HPL on these cell types can
help determine its potential applications in tissue engineering, wound healing, and other
therapeutic interventions.

5. Conclusions

We successfully prepared Fd-hPL that does not clot in cultures by using calcium salt to
reduce the fibrinogen concentration. Fd-hPL demonstrated comparable efficacy as H-hPL
in supporting MSC expansion in vitro without compromising the cell characteristics. How-
ever, the impact of changes in the fibrinogen, calcium, and growth factor concentrations on
the cell functionality and therapeutic potential has yet to be fully elucidated. Therefore,
more studies need to be performed to determine the possibility of using Fd-hPL to expand
the MSCs in the cGMP facility for clinical applications.
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