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Purpose: Umbilical cord blood-derived platelet-rich plasma (UCB-PRP) containing growth factors has
attracted attention as a biomaterial useful for regenerative medicine. The osteoblastic differentiation of
umbilical cord-derived mesenchymal stromal cells (UC-MSCs) can be induced by UCB-PRP.
Materials and methods: Nine samples of UC and UCB were used to conduct an in vitro study that
determined the contents of three growth factors (i.e., platelet-derived growth factor, transforming
growth factor b-1, and vascular endothelial growth factor) and that examined, by staining with Alizarin
red, their ability to induce the osteoblastic differentiation of UC-MSCs at the baseline, 3 months, and 3
years of cryopreservation.
Results: The contents of growth factors in cryopreserved UCB-PRP were markedly elevated compared to
those found in UCB at baseline. The samples of UCB that were added with cryopreserved UCB-PRP and
those with bone morphogenetic protein-2 were stained granularly with Alizarin red, thus indicating the
presence of calcium. The samples of UCB that were not added with UCB-PRP were not stained with
Alizarin red. The above-mentioned contents and ability were maintained at 3 years of cryopreservation.
Cryopreserved UCB-PRP possibly and advantageously induced the osteoblastic differentiation of UC-
MSCs.
Conclusion: The potential clinical application of cryopreserved UCB-PRP to regenerative medicine was
suggested.
© 2019 The Authors. Published by Elsevier Ltd on behalf of European Association for Cranio-Maxillo-

Facial Surgery. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
1. Introduction

Cells, scaffolds, and growth factors have conventionally been
considered as the “three elements” of regenerative medicine
(Yamada et al., 2011). Attention has been paid to growth factors
because of their critical role in cytogenesis and histogenesis. Bone
morphogenetic protein (BMP), one growth factor, is generally
recognized to accelerate osteogenesis. However, BMP involves
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challenges to be addressed for its clinical application because of its
adverse reactions (Coffman et al., 2016; Pereira et al., 2014;
Tannoury et al., 2014; Zara et al., 2011) and its biological limita-
tions when used alone (McLean et al., 2011; van den Dolder et al.,
2006). In recent years, platelet-rich plasma (PRP) containing
growth factors has attracted attention as a biomaterial useful for
regenerative medicine. PRP, which is a physiological biomaterial
(Dohan et al., 2018) and contains various types of platelet-derived
growth factors, can be expected to exert the actions of multiple
growth factors that are required for histogenesis (Mendonça-
Caridad et al., 2006; Mooren et al., 2010) without the artificial
enhancement of a single growth factor (Murphy et al., 2012).
Furthermore, PRP is devoid of any issues related to cell
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transplantation because of not containing cells, and is easily pre-
parable by simple procedures. Therefore, autologous peripheral
blood-derived PRP (PB-PRP) is already in clinical use (Hsu et al.,
2013; Kassolis et al., 2000; Marx, 2004; Marx et al., 1998; Mishra
et al., 2012; Rodriguez et al., 2003; Murphy et al., 2017).

The authors are investigating the osteoblastic differentiation
potential of mesenchymal stromal cells (MSCs) for the objective of
improving osteogenesis in bone defects at the site of alveolar clefts
of patients with cleft lip and palate. When intended to apply MSCs
clinically, the authors consider that autologous tissues are prefer-
able from the viewpoints of safety and ethics. The umbilical cord
(UC) and umbilical cord blood (UCB) are utilizable as autologous
tissues and can be collected noninvasively and easily at the time of
birth. Furthermore, a large volume of UCB can be obtained at the
time of birth, in contrast to peripheral blood, which cannot be
obtained in large quantity from neonates, infants, and young chil-
dren. Furthermore, PRP derived from adult peripheral blood is
effective for the proliferation and calcification ofMSCs derived from
adult tissues (Murphy MS et al., 2017). These facts drove us to
explore the possibility that UCB-derived PRP (UCB-PRP) can be
utilized as a supply source of growth factors for bone regeneration.

Growth factors contained in UCB are potentially different from
those contained in adult peripheral blood (van den Dolder et al.,
2006; Murphy, 2012). UCB-PRP, which is collected at the time of
birth, needs to be cryopreserved until the time of use. To the extent
of the search, some studies on growth factors were found that are
contained in UCB-PRP (Murphy et al., 2012; Rebulla et al., 2016; van
den Dolder et al., 2006) but we have not found any study on UCB-
PRP cryopreserved for a long-period of time. Against the above-
mentioned background of research, the authors determined the
contents of three growth factors in UCB-PRP that had been cry-
opreserved for 3 years or longer: 1) platelet-derived growth factor-
BB (PDGF-BB)dan MSC proliferation accelerator; 2) transforming
growth factor b1 (TGF-b1) of TGF-b superfamily that is similar in
structure to BMPdan extracellular matrix production accelerator;
and 3) vascular endothelial growth factor (VEGF)dan angiogenesis
accelerator. Furthermore, the authors used UC-derived MSCs (UC-
MSCs) that had been obtained from the same neonates as those
who supplied UCB-PRP and had been cryopreserved for 3 years or
longer in an attempt to examine the ability of growth factors to
induce the osteoblastic differentiation of UC-MSCs in vitro. In the
present study, which is preliminary and unique, the authors
determined the contents of growth factors in UCB-PRP cry-
opreserved for a long period of time and examined their ability to
induce the osteoblastic differentiation of UC-MSCs in vitro.

2. Materials and methods

The present study, approved by the ethics committee at Kitasato
University (approval number B-07-13), was conducted after the
acquisition of written informed consent from pregnant women.
Tissues, namely UC and UCB, which are usually discarded in clinical
practice, were collected as study materials under the conditions in
which the safety of neonates and parturient women was ensured
after the expulsion of the placenta. The collected samples of UC and
UCB were numbered in order not to allow individual identification.

2.1. Treatment of UCB

The UC and UCB samples were collected from neonates who
were born at weeks 37e41 of gestation without any problems
during delivery, to mothers whom obstetricians had not found any
maternal or fetal complications during pregnancy. Samples other
than these were excluded. UCB was treated as per a previously
reported method (Baba et al., 2013) (Fig. 1). Briefly, UCB was
collected by puncturing the umbilical vein after the expulsion of the
placenta. Immediately after collection, UCB was mixed with ACD-A
(Terumo Co., Ltd., Tokyo, Japan) for anticoagulation. Subsequently,
the mixture was centrifuged twice (2,400 rpm, 10 min; 3,600 rpm,
10 min) at 20 �C to obtain UCB-PRP and UCB-derived platelet-poor
plasma (Fig. 2). UCB-PRP was cryopreserved at �80 �C until the
time of use. UCB-PRP, thawed at room temperature just before use,
was randomly allocated to the experiments (Table 1).

2.2. Concentration rates of UCB and the quantitative determination
of growth factors

Immediately after collection, the concentration rates of UCB and
UCB-PRP per 1 mL of platelet count were calculated. Furthermore,
the concentrations of growth factors (i.e., PDGF-BB, TGF-b1, and
VEGF) which were contained in UCB at baseline, 3 months, and 3
years of cryopreservation, were determined quantitatively accord-
ing to enzyme-linked immunosorbent assay. The following re-
agents were used according to the manufacturer's package inserts:
Quantikine Human PDGF-BB Immunoassay (R&D Systems, Min-
neapolis, MN, USA) for PDGF-BB; Quantikine Human TGF-b1
Immunoassay (R&D Systems) for TGF-b1; and Quantikine Human
VEGF Immunoassay (R&D Systems) for VEGF. A microplate reader,
Emax (Molecular Devices, Tokyo, Japan), was used as a gauge.

2.3. Pretreatment of UC-MSCs

Autologous cells, which were obtained from the same infants as
those who supplied UCB, were used. UC was treated as per a pre-
viously reported method (Baba et al., 2012). Briefly, the Wharton
jelly (WJ) was chopped into approximately 5-mm sections. Subse-
quently, the sections were cultured in Dulbecco's modified Eagle's
mediumwith the addition of 10% UCB autoserum in a 25-cm2

flask
(Sumilon Sumitomo, Tokyo, Japan) at 37 �C and with 5% CO2. Media
were replaced for the first time at 1 week after culture initiation
and every 3 days thereafter. The WJ sections were removed at
approximately 2 weeks after culture initiation when adhesive
spindle-shaped cells emerged. Culture continued until the time
when cells became subconfluent (Fig. 3). Subsequently, the cells
were detached and collected before suspension in a solution for cell
cryopreservation (CELLBANKER 1, Nippon Zenyaku Kogyo, Koor-
iyama, Japan) and storage at �80 �C until the time of use.

2.4. Activities of cryopreserved UCB-PRP on UC-MSCs

MSCs, which had been cryopreserved for 3 years or longer, were
thawed at room temperature and put into the 75-cm2

flask just
before cultivation (Matsuo et al., 2008). Culture continued until the
time when 80e90% of cells had become subconfluent. Subse-
quently, the osteoblastic differentiation of UC-MSCs was induced as
per a previously reported procedure (Baba et al., 2013). Briefly, the
medium was changed to NH OsteoDiff Media (Miltenyi Biotec,
Bergisch Gladbach, Germany) once only, with the addition of UCB-
PRP at the ratio of 300 mL/mL. Subsequently, the samples of UC-
MSCs, which were added with BMP-2 instead of UCB-PRP, were
used as positive control; in contrast, the samples of UC-MSCs,
which were added with neither UCB-PRP nor BMP-2, were used
as negative control. All the samples were stained with Alizarin red.

3. Results

3.1. Volumes of UCB and platelet concentration rates

A total of 9 samples were collected, with volume ranges of
20e50 mL (mean volume: 40.1 mL). The platelet concentration



Fig. 1. Overview of the study. ELISA, enzyme-linked immunosorbent assay; UCB-PRP, umbilical cord blood-derived platelet-rich plasma; DMEM, Dulbecco's modified Eagle's
medium.

Fig. 2. Centrifugation of the umbilical cord blood. (a) Photograph taken after the first centrifugation. (b) Photograph taken after the second centrifugation (arrow: buffy coat). (c)
Umbilical cord blood-derived platelet-rich plasma (arrow).
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rates in UCB-PRP varied slightly, with the mean concentration rate
of approximately 6.6-fold (Table 2).

3.2. Contents of growth factors in UCB-PRP

At the baseline of cryopreservation, the contents of growth
factors in UCB-PRP were as follows: 105e422 pg/mL for PDGF-BB;
2.14e12.0 ng/mL for TGF-b1; and 21e141 pg/mL for VEGF in 2
samples of UCB plasma, but unmeasurable in 2 samples. At 3
months of cryopreservation, the contents of PDGF-BB, TGF-b1, and
VEGF in UCB-PRPwere 12,200e18,500 pg/mL, 425e566 ng/mL, and
14,900e45,300 pg/mL, respectively. At 3 years of cryopreservation,
the contents of PDGF-BB, TGF-b1, and VEGF in UCB-PRP were
113,000e463,000 pg/mL, 890e1,950 ng/mL, and 10,200e77,100 pg/
mL, respectively. The contents of growth factors in UCB-PRP cry-
opreserved for 3 months and 3 years were markedly elevated



Table 1
Allocations of the samples of UCB to experiments.

Sample
number

Allocation

Concentration rate
(platelet count)

GF content in UCB at the baseline of
cryopreservation

GF content in UCB at 3 months of
cryopreservation

GF content in UCB at 3 years of
cryopreservation

Culture

1 Determination
2 Determination Determination
3 Determination Determination Determination
4 Determination Determination
5 Determination Determination
6 Determination Determination Determination
7 Use
8 Use
9 Use

GF, growth factor; UCB, umbilical cord blood.

Fig. 3. Preparation of UC-MSCs. (a) Umbilical cords after washing. (b) The cross-section of an umbilical cord after washing. (c) An umbilical cord was chopped, followed by the
culture of UC-MCS according to the explant method. (d) Cultured UC-MSCs. UC-MCS, umbilical cord-derived mesenchymal stromal cells.
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compared to those found in UCB-PRP at the baseline of cryopres-
ervation. Furthermore, the contents of PDGF-BB and TGF-b1 were
greater in the samples of UCB that were added with UCB-PRP
cryopreserved for 3 years or longer than those for 3 months
(Table 3; Fig. 4).

3.3. Effects of UCB-PRP on the osteoblastic differentiation of UC-
MSCs

The samples of UCB that were added with UCB-PRP and those
with BMP-2 were stained with Alizarin red, thus suggesting the
presence of calcium. On the other hand, the samples of UCB that
were not added with growth factors were not stained with Alizarin
red (Fig. 5). These findings suggested the osteoblastic induction of
UC-MSCs when the samples of UCB were added with UCB-PRP and
BMP-2.

4. Discussion

PRP is effective for tissue regeneration through a composite of
actions exerted by types of growth factors that are released from
concentrated platelets (Dohan et al., 2018; Kawase et al., 2005).
Autologous PB-PRPdwhich has distinguishing features (e.g.,
autologous in nature, easy preparation, and lack of cellular
components)dhas been reported to be useful for the reconstruc-
tion of hard tissues (e.g., alveolar bone), especially in the specialty
of maxillofacial surgery (Kassolis et al., 2000; Marex et al., 1998;
Mendonça-Caridad et al., 2006; Suaid et al., 2008; Tomoyasu et al.,
2007; Whitman et al., 1997). UCB is currently in clinical use as a
congeneic tissue for the treatment of leukemia (Kurtzberg et al.,
1996). The presence of UC-MSCs has become well known in
recent years, and attention is paid to its usefulness (Kern et al.,
2006). On the other hand, a limited number of studies have been
published with respect to UCB-PRP. Platelet counts in UCB are
considered not to be different from those in adult peripheral blood.
However, one cannot tell that the contents and activities of growth
factors derived therefrom are identical to those in adult peripheral
blood (Lee et al., 2011; Murphy et al., 2012). Furthermore, cryo-
preservation potentially affects the quality of growth factors. In the
present study, therefore, the authors examined the contents and
activities of growth factors that were contained in UCB-PRP cry-
opreserved for 3 years or longer. Bone marrow-derived MSCs (BM-
MSCs) are representative among osteogenic cells. In the present
study, however, the authors used UC-MSCs as osteogenic cells,



Table 2
Platelet counts in the samples of UCB and platelet concentration rates.

Sample number Platelet count in whole blood, 104/mL Platelet count in platelet-rich-plasma, 104/mL Platelet concentration rate, %

1 25.6 169.1 6.61
2 33.7 230.8 6.85
3 23.2 149.7 6.42

GF, growth factor; UCB, umbilical cord blood.

Table 3a
Time-course changes in PDGF-BB contents in the samples of UCB.

Content, pg/mL
272 285,000

Sample UCB UCB-PRP at 3 months of cryopreservation UCB-PRP at 3 years of cryopreservation

2 463,000
3 226 278,000
4 105 18,500
5 422 14,800
6 333 12,200 113,000

PDGF-BB, platelet-derived growth factor-BB; UCB, umbilical cord blood; UCB-PRP, umbilical cord blood-derived platelet-rich plasma.

Table 3b
Time-course changes in TGB-b1 contents in the samples of UCB.

Content, ng/mL
7.24 1,370

Sample UCB UCB-PRP at 3 months of cryopreservation UCB-PRP at 3 years of cryopreservation

2 1,280
3 4.52 1,950
4 2.14 566
5 10.3 425
6 12.0 522 890

TGB-b1, transforming growth factor-b1; UCB, umbilical cord blood; UCB-PRP, umbilical cord blood-derived platelet-rich plasma.

Table 3c
Time-course changes in VEGF contents in the samples of UCB.

Content, pg/mL
81 39,100

Sample UCB UCB-PRP at 3 months of cryopreservation UCB-PRP at 3 years of cryopreservation

2 77,100
3 Unmeasurable 10,200
4 Unmeasurable 10,200
5 21.0 45,300
6 141 38,800 30,000

VEGF, vascular endothelial growth factor; UCB, umbilical cord blood; UCB-PRP, umbilical cord blood-derived platelet-rich plasma.
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because BM-MSCs may differentiate into osteoblasts without
osteoblastic differentiation induction (Takeda et al., 2012) and
because UC-MSCs also have osteogenic differentiation potential
(Matsuo et al., 2008; Sarugaser et al., 2005), apart from the authors’
intention of utilizing UC and UCBdautologous tissues that can be
obtained noninvasively at the time of birthdfor histogenesis.

The clinical effects of PB-PRP are dependent on the platelet
concentration rate, and the effective concentration rates have been
reported to be 3- to 5-fold (Rebulla et al., 2016; Weibrich et al.,
2004). The platelet concentration rates in the present study were
about 6-fold, which leads us to consider that UCB-PRP can be ex-
pected to be effective clinically.

The contents of growth factors in UCB-PRP cryopreserved for 3
years or longer were much greater than those found in UCB at the
baseline of cryopreservation. This finding is considered attributable
to the cryopreservation- and thawing-caused release and activation
of growth factors that destroyed platelets. The contents of growth
factors differ among the samples of UCB collected from individual
neonates. However, the contents of growth factors in cryopreserved
UCB-PRP that was used in the present study were comparable to
those in tissue-engineered PB-PRP (Murphy et al., 2012; Marx,
2004). Unless their biological activities in relation to target cells
are sustained, growth factors in cryopreserved UCB-PRP are not
utilizable even when their contents are maintained. Furthermore,
the effects of UCB-PRP result from the composite interactions of
multiple growth factors. Therefore, the effects cannot be simply
assessed through the content of a purified single growth factor.
Because of this fact, the authors examined the biological activities
of UCB-PRP when inducing osteoblastic differentiation of UC-MSCs.
Consequently, the samples of UCB in which the osteoblastic dif-
ferentiation of UC-MSCs was induced by the addition of cry-
opreserved UCB-PRP and the control to which BMP-2 was added
were stained with Alizarin red. The authors conducted Alizarin red
staining to examine the ability of cryopreserved UCB-PRP of



Fig. 4. Contents of growth factors in the umbilical cord blood samples determined at 3 months. and 3 years of cryopreservation. (a) PDGF-BB. (b) TGF-b1. (c) VEGF. PDGF-BB,
platelet-derived growth factor-BB; TGF-b1, transforming growth factor-b1; VEGF, vascular endothelial growth factor.

Fig. 5. Photomicrographs showing osteoblastic differentiation-induced, Alizarin red-stained UC-MSCs in the samples of UCB with/without the addition of cryopreserved UCB-PRP
or BMP-2. (a) UC-MSCs are not stained in a sample of umbilical cord blood that was added with neither BMP-2 nor cryopreserved UCB-PRP. (b) Extracellular components of a sample
added with BMP-2 are stained granularly. (c) Extracellular matrix of a sample added with cryopreserved UCB-PRP is stained granularly. UC-MSCs, umbilical cord-derived
mesenchymal stromal cells; UCB, umbilical cord blood; UCB-PRP, umbilical cord blood-derived platelet-rich plasma; BMP-2, bone morphogenetic protein-2.
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inducing the osteoblastic differentiation of UC-MSCs in vitro by
maximally using samples of limited volume. However, the samples
of UCBdto which were added neither UCB-PRP nor BMP-2dwere
not stained with Alizarin red. These findings led us to consider that
the ability of UCB-PRP to induce the osteoblastic differentiation of
UC-MSCs was preserved. The authors had a subjective impression
that the samples of UCB added with cryopreserved UCB-PRP were
more intensively stained with Alizarin red compared to those
added with BMP-2. This suggests that cryopreserved UCB-PRP has
possibly and advantageously induced the osteoblastic differentia-
tion of UC-MSCs through the composite interactions of multiple
growth factors contained therein. It is difficult to consider that
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BMP-2 alone is effective for the osteoblastic differentiation of UC-
MSCs (Kawase et al., 2005; Pereira et al., 2014). Furthermore, the
authors consider that the abovementioned possibility is not
incompatible with previous studies (Plachokova et al., 2009; Qi
et al., 2015) describing that PB-PRP contains growth factors which
accelerate wound healing and hard tissue repair (e.g., PDGF, VEGF,
and TGF-b) and is active on the osteogenic potential of BM-MSCs.
Unfortunately, the small volume per sample hampered us in
determining the degree of osteogenic differentiation by procedures
other than Alizarin red staining, a classic method to assess
precipitated calcium ions without causing any sample loss. This
study is unique and distinguished by the fact that UC-MSCs and PRP
originated from the same infants. To determine the degree of
osteogenic differentiation in the future, the authors intend to use
various osteogenic markers (e.g., ALP, Osx, Runx2, Ocn, and osteo-
pontin) in an in vitro study using samples of sufficient volume.

The results from the present study do not allow us to consider
that the procedures of cryopreservation and thawing are
completely free of any adverse effects on UCB-PRP. In addition,
further research will be required because of the limited number of
tissue samples used in the present study. Nevertheless, the present
study successfully demonstrated that the contents and activities of
growth factors are sustained even when using cryopreserved UCB-
PRP. The clinical application of UCB-PRP to regenerative medicine
requires considerations of ethical issues, safety securement, and
therapeutic efficacy. The safety of materials and procedures is a
critical challenge to be addressed in clinical application (Ohgushi
et al., 2004). The use of autologous tissues as biomaterials for
regenerative medicine will allow the avoidance of issues that are
caused by the use of xenogeneic or congeneic tissues (e.g., infection,
immune response, and ethics). The authors consider that UCB-PRP
can be a useful biomaterial in the clinical application to regenera-
tive medicine because of the following advantages: autologous
tissue, noninvasive collection, abundant volume of tissue, and
simple procedures for preparation. Furthermore, the composite
interactions of multiple components that are contained in UCB-PRP
potentially and advantageously act on histogenesis in which sorts
of cells are involved. The authors intend to examine the utilization
of UCB-PRP for co-culture in the future.

The present study has several limitations. First, the number and
volume of tissue samples were limited because they were obtained
in clinical settings; consequently, the potential activity of UCB-PRP
on UCB-MSCs could not be investigated in detail by using various
markers for osteogenic differentiation. Second, UC-MSCs and PRP
originated from the same infants, resulting in the random alloca-
tion of the samples to the respective in vitro studies.
5. Conclusion

The authors determined the contents of growth factors (i.e.,
PDGF-BB, TGF-b1, and VEGF) in UCB-PRP that was cryopreserved
for 3 years or longer in an attempt to examine the ability of these
growth factors to induce the osteoblastic differentiation of UC-
MSCs. The contents were maintained and the ability was sus-
tained. Hence, the potential clinical application to regenerative
medicine of UCB-PRP, cryopreserved for 3 years or longer, was
suggested.
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