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Abstract: Bone regenerative medicine is a clinical approach combining live osteoblast progenitors,
such as mesenchymal stromal cells (MSCs), with a biocompatible scaffold that can integrate into
host bone tissue and restore its structural integrity. Over the last few years, many tissue engineering
strategies have been developed and thoroughly investigated; however, limited approaches have
been translated to clinical application. Consequently, the development and clinical validation of
regenerative approaches remain a centerpiece of investigational efforts towards the clinical translation
of advanced bioengineered scaffolds. The aim of this review was to identify the latest clinical trials
related to the use of scaffolds with or without MSCs to regenerate bone defects. A revision of the
literature was performed in PubMed, Embase, and Clinicaltrials.gov from 2018 up to 2023. Nine
clinical trials were analyzed according to the inclusion criteria: six presented in the literature and
three reported in Clinicaltrials.gov. Data were extracted covering background trial information. Six of
the clinical trials added cells to scaffolds, while three used scaffolds alone. The majority of scaffolds
were composed of calcium phosphate ceramic alone, such as β-tricalcium phosphate (TCP) (two
clinical trials), biphasic calcium phosphate bioceramic granules (three clinical trials), and anorganic
bovine bone (two clinical trials), while bone marrow was the primary source of the MSCs (five clinical
trials). The MSC expansion was performed in GMP facilities, using human platelet lysate (PL) as a
supplement without osteogenic factors. Only one trial reported minor adverse events. Overall, these
findings highlight the importance and efficacy of cell–scaffold constructs in regenerative medicine
under different conditions. Despite the encouraging clinical results obtained, further studies are
needed to assess their clinical efficacy in treating bone diseases to optimize their application.

Keywords: clinical trials; mesenchymal stromal cells; scaffolds; hydrogels; bone regeneration; tissue
regeneration; human platelet lysate

1. Introduction

Musculoskeletal health problems due to osteoporosis, tumors, and fractures have
been widely studied in recent years and bone is the most frequently transplanted tis-
sue [1,2]. Each year an estimated 2.2 million individuals suffer fractures due to bone
disease [3–5]. Bone tissue is capable of self-repair; however, it has been shown that the
physiological processes are delayed or do not occur in some conditions. The current bone
reconstruction procedures include autologous, allogeneic, and xenogeneic bone grafts [6].
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These approaches have some disadvantages, including the volume of bone that can be
harvested, and associated risks such as immunoreactions and infections. These factors
increase treatment costs and patient discomfort [7,8]. Bone regenerative medicine has been
introduced into clinical practice as an alternative therapeutic approach to overcome the
obstacles related to the use of current bone graft substitutes, creating functional tissues
instead of implanting non-living scaffolds [9]. In particular, bone tissue regeneration pro-
cedures are mainly based on culture-expanded autologous mesenchymal stromal cells
(MSCs) associated with biomaterials that fulfill the requisites of osteogenesis (bone form-
ing), osteoinduction (bone inducing), and osteoconduction (bone supporting) [10]. Several
biomaterials have been used in combination with MSCs aiming to promote their adhe-
sion, proliferation, and osteoblastic differentiation, as well as production of the collagen
matrix that subsequently undergoes mineralization [11]. Moreover, biomaterials must be
resorbable and allow the ingrowth of newly formed blood vessels from the neighboring
tissues [12]. The majority of scaffolds investigated for bone regeneration applications
are natural polymers (e.g., chitosan, fibrin, hyaluronic acid, and collagen) or synthetic
polymers (e.g., polylactic acid, polycaprolactone); bioactive ceramics such as coralline,
hydroxyapatite, tricalcium phosphate, sulphate, bioactive glass, and calcium silicate; and
hybrid combinations of two or more materials with different properties in the form of co-
polymers, polymer-polymer blends, or polymer–ceramic composites [13]. In this context,
since synthetic and natural scaffolds have been described for bone tissue regeneration, this
review explored whether they could be considered for clinical translation. Moreover, the
development of scaffolds based on hydrogels is emerging since they offer the possibility of
generating well-defined 3D fabricated tissue analogs to the native extracellular environ-
ment. Moreover, hydrogels can practically be cast into any shape, size, or form, typically
under cytocompatible conditions, and contain a relatively low amount of dry mass (1–20%),
causing little inflammation and foreign body reaction during degradation. These attributes
make them potential candidates for bone regenerative medicine [14].

Usually, a bone tissue engineering approach consists of harvesting bone marrow from
the iliac crest, abdominal fat, or other tissues, expanding those cells in vitro to a sufficient
number, and then seeding the cells onto a suitable scaffold before implantation into the same
patient for differentiation and/or tissue regeneration [15]. This approach allows the creation
of an environment that drives and stimulates the cells to form new functional tissue that
subsequently integrates into the existing tissue at the defect site [16,17]. The ability of MSCs
to differentiate into various mesodermal cells, such as bone and cartilage lineages, and their
immunomodulatory and anti-inflammatory capacities are widely acknowledged [18,19].
The term ‘mesenchymal stem cell’ is controversially discussed and some investigators in
the field use the term ‘mesenchymal stromal cell’ instead of ‘mesenchymal stem cell’ since
they are connective tissue cells that form the supportive structure of an organ. However,
the precise definition of these cells remains a matter of debate and most scientists refer to
them simply as “MSCs.” MSCs can be derived from different sources, such as bone marrow,
adipose tissue, and oral tissues (dental pulp, periodontal ligament, gingiva) [20–26]. The
therapeutic potential of these cells is rather derived from the release of growth factors,
cytokines, and extracellular vesicles to their surrounding cells, which may favor bone
regeneration and osteogenesis [27]. In the field of skeletal diseases, several preliminary
clinical studies have demonstrated that MSCs are the most promising cell population [19].
To consider these cells in different clinical situations, MSCs must fulfill the definition
criteria of advanced therapy medicinal products (ATMPs), as requested by the International
Society for Cellular Therapy (ISCT) [15]. Many studies have used a mixture of different
cell types, such as the stromal vascular fraction, which is not included among ATMPs [17].
Other groups have used a bone marrow aspirate concentrated by centrifugation in order to
increase the number of mononuclear cells and consequently MSCs injected into the injury
site [7]. These strategies, compared to ATMPs, may not provide a uniform cell product
with exact proportions of defined subpopulations [28–30]. For MSC expansion, platelet
lysate (PL) is a valid substitute for fetal bovine serum (FBS), avoiding the intrinsic risks
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of potential immune responses to animal antigens [31]. PL allows large-scale expansion
of MSCs for clinical use, satisfying all the criteria of the ISCT [32]. Since the use of PL
in regenerative medicine is emerging, standardization and quality control of platelet-
derived products are needed for ex vivo expansion of ATMPs for transplantation, in
compliance with good manufacturing practice (GMP) [33]. Process methodologies that
should be standardized include the use of expired or fresh platelet concentrates, time and
temperature of freezing, storage conditions, thawing temperature, the number of pooled
units, centrifugation steps, filtration conditions, and determination of expiry date [34].
Additionally, donor characteristics such as age, sex, and platelet count influence the growth
factor content in PL as well as the capacity to support MSC expansion [34]. Proteomic
analysis by mass spectroscopy has been shown to be instrumental in the characterization
and standardization of PL [4]. To prove their safety and efficacy, the key challenges are
both the characterization and standardization of cell-based products and the determination
of optimum patient characteristics [32]. Cell-based medicine may be produced by research
physicians in hospitals as well as by pharmaceutical companies as for other novel biological
medicines. This possibility for manufacture outside the standard medical paradigm makes
cell-based ATMPs a ground for extensive study in order to clear the biology supporting their
potential mechanisms of action. Today, the bone regeneration process can be implemented
in some critical clinical situations or pathologies in which replacing the bone in a short
time could accelerate physiological processes in order to improve the quality of life of
patients [13]. However, in the future, the use of such approaches could be considered for
all types of bone defects in several clinical fields. For this reason, it is predictable that the
safety and efficacy of cell-based therapies are of major concern to regulatory authorities [21].
Against a documented lack of defined cellular populations used in clinical trials, this review
aimed to examine the clinical trials published in the scientific literature between 2018 and
2023 that used scaffolds with or without MSCs for bone regenerative medicine in order to
point out new trends in this field, which has reached the stage of patient application.

2. Materials and Methods
2.1. Data Source

This review was performed on clinical trials using scaffolds with or without MSCs for
bone regenerative therapy. The search was performed on the electronic databases Pubmed,
Embase, and ClinicalTrials.gov from 2018 to 2023 using the terms “(mesenchymal stromal
cells) AND (bone tissue OR bone tissue regeneration) AND (hydrogel OR biomaterial
OR scaffold)”.

2.2. Study Selection Process

Two independent reviewers conducted the screening process and analyzed the papers.
First, the reviewers screened the resulting records by title and abstract, then the full text of
selected manuscripts was screened entirely. The exclusion criteria were review articles or
unregistered clinical studies. The inclusion criteria were clinical trials with randomized
(RCT) or a non-randomized (CT) controlled trial designs. From the included studies,
relevant data were extracted, summarized, and analyzed according to the purpose of the
present work. In particular, the following data were evaluated: country, clinical phase,
condition, follow-up, control used, MSC tissue source and characterization, and scaffolds
for bone regeneration. Finally, the obtained results were summarized and compared.

ClinicalTrials.gov
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3. Results

According to the search strategy, five clinical trials were found in PubMed, one in
Embase, and three in ClinicalTrials.gov. All of these studies are summarized in the follow-
ing paragraphs.

3.1. Overview of Published Clinical Trials with MSCs and Scaffolds (2018–2023)

A total of nine clinical trials were included in the analysis: six were present in the liter-
ature and three were reported on Clinicaltrials.gov (Tables 1 and 2, Figure 1). Background
information from each trial was summarized including clinical phase, condition, controls
used, and follow-up. Studies were conducted in Spain [35], Mexico [36], Norway [37],
the Czech Republic [38], Italy [39–41], Western Australia (NCT01742260), and Spain and
Portugal [42]. One trial was reported in three publications [39–41]. Two clinical trials were
at Phase I [35] (NCT01742260), two were at Phase I/II [37,39], one was at Phase IIa [38],
and phase was not reported in one clinical trial [36,42]. The studies were prospective, open,
non-randomized [35,37,39–41], randomized [36,42], interventional (NCT01742260), and in
particular, one trial was multicentric [39–41]. The most common indications concerned
the treatment of lumbar intervertebral degenerative disc disease (DDD) [35], the alveolar
ridge [37,42], large skeletal defects [38], and fracture of long bones [29–40]. Clinical evalua-
tion showed that the patients achieved lumbar fusion in up to five years using TCP and
autologous MSCs [35]. An increase in bone mineralization in association with a decrease in
inflammation were obtained thanks to the combination of MSCs from dental pulp and a
collagen sponge scaffold in periodontal disease at the 6-month follow-up [36]. In particular,
Hernandez et al. evaluated 10 controls for which only collagen scaffold without DPMSCs
had been placed, observing a less impressive clinical outcome with respect to the cell-added
scaffold group [36]. Successful ridge augmentation without adverse events in maxillofacial
bone defects was pursued using BCP and autologous MSCs [37]. No significant differ-
ences were obtained using cancellous allografts compared to the combination of TCP and
MSCs in promoting the healing of bone defects, whereas significant differences were docu-
mented following the implantation of TCP only and cancellous allografts in femoral bone
defects [38]. Clinical and radiological evaluation confirmed complete bone consolidation in
long bone non-unions at 12 months using biphasic calcium phosphate bioceramic granules
and autologous MSCs [39–41]. In addition, some clinical trials reported no findings, results,
or publications in ClinicalTrials.gov although the study’s expected completion dates were
2017 for NCT01742260, 2018 for NCT03682315, and 2022 for NCT03797963. Hydrogels are
the new generation of scaffolds for bone reconstruction and DEXGEL Bone, a hydrogel used
for alveolar ridge preservation, was shown to stimulate natural bone regeneration without
side effects [42]. DEXGEL Bone is derived from the association of Bonelike by Biosckin®

(BL®), a glass-reinforced hydroxyapatite synthetic bone substitute, with a dextrin-based
hydrogel named DEXGEL. In particular, Machado et al. compared the synthetic bone
substitute BL® (control) to its hydrogel-reinforced version, DEXGEL Bone (test), in the
preservation of alveolar ridge dimensions following tooth extraction, demonstrating bone
quantity and quality and primary stability of the implant [42]. Finally, considering all
studies, the follow-up periods ranged between 1 and 60 months.

ClinicalTrials.gov
Clinicaltrials.gov
ClinicalTrials.gov
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Table 1. Summary of clinical trials using MSCs and scaffolds for bone regeneration from 2018 to 2023.

Cells Scaffolds Condition Number of
Patients (Age)

Number of Cells
Seeded (Scaffolds

Dimensions)
Follow Up Control Evaluation Methods and Outcomes References

Autologous bone
marrow-derived

MSCs

ß-tricalcium
phosphate (TCP)

Lumbar
degenerative disc
disease (DDD) at

L4-L5 or L5-S1

11 (18–65)
1.5 × 10−6 cells/kg

from the patient
(20 mL of TCP)

1, 3, 6, 12,
60 months _

Radiography and clinical evaluation
revealed that 80% of patients achieved

lumbar fusion in up to five years. Both the
visual analog scale (VAS) and the Oswestry

disability index (ODI) improved after
surgery. The Short-Form Health Survey

(SF-36) evaluated the physical and mental
status that showed a significant

improvement in the first year after surgery.
There were no adverse effects related to cell

implantation.

Blanco et al.,
2019 [35]

MSCs obtained
from the dental

pulp of two male
patients ages
7 and 8 and a

10-year-old patient
(hDPSCs)

Scaffold of
lyophilized

collagen-
polyvinylpyrrolidone
sponge (Fibroquel;

Aspid, Mexico
City,

Mexico)

Deep infra bony
defect ≥ 4 mm deep

caused by
periodontal disease

22 (55–64) 5 × 106 hDPSCs
(0.5 cm2)

6 months 11 scaffolds
without hDPSCs

Increase in the bone mineral density of the
alveolar bone; increased salivary

superoxide-dismutase and decreased levels
of salivary IL1β

Beatriz
Hernández-

Monjaraz et al.,
2020 [36]

Autologous bone
marrow-derived

MSCs

Biphasic calcium
phosphate

granules (BCP)

Maxillofacial bone
defects 11 (52–79) 20 × 106 cells

(1 cm3)
1, 2,

4,12 months _

All patients had successful ridge
augmentation and an adequate amount of

bone for dental implant installation without
adverse events. The alveolar ridge

increased both in width and volume.

Gjerde et al.,
2018 [37]

Autologous bone
marrow-derived

MSCs

ß -tricalcium
phosphate (TCP) Femoral bone defect 37 (44–75)

15 ± 4.5 × 106 cells
(dimensions not

reported)

6 weeks, 3, 6,
12 months

Group A: 19
patients with ß

-TCP and
autologous MSC,

group B: 19
patients with ß

-TCP alone, group
C: 19 patients with

cancellous
allografts only

The combination between TCP and MSCs
appears safe and promotes the healing of
bone defects. No significant differences
were observed between groups A and B.

Significant differences were observed
between group B and C. Adverse events

emerged from the demanding and extensive
character of revision hip replacement
without a causal relationship to the

suspension of autologous MSCs.

Pavel Sponer
et al., 2018 [38]
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Table 1. Cont.

Cells Scaffolds Condition Number of
Patients (Age)

Number of Cells
Seeded (Scaffolds

Dimensions)
Follow Up Control Evaluation Methods and Outcomes References

Autologous bone
marrow-derived

MSCs

Biphasic calcium
phosphate
bioceramic

granules (BCP)

Long bone
non-unions

(fractures of the
femur, tibia, and

humerus)

28 (3 months), 27
(6 months), 25

(12 months)
(18–65).

E. Gómez-
Barrena et al.,

2020 [25]
26 (18–65). E.

Gómez-Barrena
et al., 2020 [26]
28 (18–65). E.

Gómez-Barrena
et al., 2020 [27]

20 × 106 cells
(5–10 cc of
bioceramic
granules)

3, 6, 12 months
For E. Gómez-
Barrena et al.,

2020 [27]
subgroup
analysis of

gender,
tobacco use,

time since the
original
fracture

_

The ATMP combined with the bioceramic
was surgically delivered to the non-unions,

and 26/28 treated patients were found
radiologically healed at one year (3 out of

4 cortices with bone bridging).
E. Gómez-Barrena et al., 2020 [25]

The REBORNE bone healing score, defined
to perform an evaluation of long bone

non-union consolidation in radiograph and
computed tomography (CT), proved valid

to assess consolidation against CT
measurements with a concordance

correlation of 79% and an accuracy based
on ROC curves of 83%. E. Gómez-Barrena

et al., 2020 [26]
The clinical and radiological evaluation

confirmed bone consolidation at 3 months
(25%), 6 months (67.8%), and 12 months

(92.8%), with lower consolidation scores in
smokers. Femur, humerus, and tibia

showed consolidation at one year.
E. Gómez-Barrena et al., 2020 [27]

E. Gómez-
Barrena et al.,

2020 [39]
E. Gómez-

Barrena et al.,
2020 [40]

E. Gómez-
Barrena et al.,

2020 [41]

Bone
marrow-derived

MSCs from donor

Medical grade
bioceramic
granules of

beta-tricalcium
phosphate by

ChronOS (Synthes
GmbH, Oberdorf)
placed between

specially moulded
plastic scaffolds

(PLA such as 70:30
polyia (L-lactide-
co-D,L-lactide)
and insert the
sandwich into

the skull.

Cranial defect
<80 mm diameter 10 (18–80) Not reported 12 months _

Quantitative bone density of the
tissue-engineered construct and adjacent

bone from CT scan at 12 months.
Assessment of cosmesis by photography.

NO outcomes

No publication,
no results posted
estimated study
completion date

2017
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Table 2. Summary of clinical trials using scaffolds without cells for bone regeneration from 2018 to 2023.

Cells Scaffolds Condition Number of
Patients (Age) Follow Up Control Evaluation Methods and Outcomes References Registration ID

and Country

No cells
Anorganic bovine

bone (BioOss
Xenograft)

Bilateral Maxillary
Sinus Floor

Augmentation
8 (>18 years) 6 months

Active Comparator
(contralateral:

biphasic phycogenic
biomaterial and

autogenous cortical
bone)

CBCT scans before the sinus floor
elevation and 6 months later before

implant placement to calculate vertical
bone height change from the crestal

bone to the floor of the maxillary sinus.
Histomorphometric quantification of

new mineralized tissue,
non-mineralized tissue and remaing

graft particles in a bone biopsy collected
6 months after the grafting procedure.

NO outcomes.

No publication,
no results posted.

Actual study
completion date

2018

NCT03682315
Responsable:

Pablo
Galindo-Moreno,
Universidad de
Granada, Spain

Phase not
applicable

No cells

Anorganic bovine
bone (BioOss
Xenograft) +

autogenous cortical
bone

Bilateral Maxillary
Sinus Floor

Augmentation
10 (>18 years) 6–12–18

months

Active Comparator
(contralateral:

Porcine bone mineral
(Symbios Xenograft)

+ autogenous cortical
bone)

CBCT scans after the sinus floor
elevation and 6–12–18 months later

before implant placement to calculate
vertical bone height change.

Histomorphometric quantification of
new mineralized tissue,

non-mineralized tissue and remaing
graft particles in a bone biopsy

collected 6–12–18 months after the
grafting procedure.

NO outcomes.

No publication,
no results posted.

Actual study
completion date

2022

NCT03797963
Responsable:

Pablo
Galindo-Moreno,
Universidad de
Granada, Spain

Phas not
applicable

No cells but BL®

was mixed with
autologous blood

previously
extracted from

the alveolar defect
and applied with a

spatula.

DEXGEL Bone:
Bonelike by

Biosckin® (BL®), a
glass-reinforced
hydroxyapatite
synthetic bone
substitute, in
association to
dextrin-based

hydrogel, DEXGEL

Alveolar ridge
preservation

12 (above
18 years) 6 months

BL® granules
(250–500 µm) were
administered to 6

randomized
participants whereas
the other 6 received

DEXGEL Bone.

Both treatments showed good
osseointegration. DEXGEL Bone

exhibited increased granule resorption
accompanied by

a tendency for more new bone ingrowth
compared to the BL® group. DEXGEL
was rapidly resorbed and accelerated

BL® resorption as well, freeing up space
that favored

new bone ingrowth, without
compromising mechanical

support. The healing of defects was free
of any local or systemic complications.

Machado et al.,
2023 [42]

EUDAMED: CIV-
PT-18–01–02,705.

RNEC: 30122.
Portugal

Phase not reported
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Figure 1. Bioengineering strategy beyond bone regeneration in clinical practice. The nature and
structure of the scaffolds have great importance to support cell growth. The MSCs represent a source
of growth factors, cytokines, and extracellular vesicles to their surrounding cells, which may favor
bone regeneration and osteogenesis [10].

3.2. MSC Tissue Sources, Characterization, and Manipulation

Bone marrow cells represented the cells most commonly used, particularly autologous
cells [35,37–41]. Cells from donors were also used in [36] and NCT01742260. The term
‘stem’ was much more commonly used than ‘stromal’. MSCs from bone marrow were
expanded in vitro using GMP, according to common standard operating procedures (SOP),
in a specific medium enriched with PL without animal products at different concentrations:
5% PL [35], and 8% PL [39–41]. Cells were used at two or three passages [35,38–41] and
one passage [37]. Mononuclear cell isolation after density-gradient centrifugation was
performed by Blanco et al. [35], while details of viability analysis by flow cytometry for
the positivity of CD90, CD73, and CD105 markers and the negativity of CD14 and CD45
markers were reported by Gjerde et al. [37] and in the ORTHO-1 study [39–41]. Other
tested markers were reported: MHCI, MHCII, CD16, CD45, CD34, CD19, CD3, CD14, and
CD80 [38]. Additional analyses, such as bacteriological tests and cell attachment using
the fluorescent dye DAPI on BCP, were also performed [39]. Gómez-Barrena et al. used
crystal violet and a live/dead assay to indicate that MSCs were attached and alive [39–41].
Moreover, sterility, endotoxins, and mycoplasma were tested [39–41]. Additional quality
controls were performed according to the requests of each country-specific national compe-
tent authority [39–41]. In addition, certificates of analysis included with the investigational
medicinal product (IMP) were obtained by each national competent authority (NCA) of
countries participating in the REBORNE consortium [39–41]. Cells were obtained from 40–
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100 mL [35], 15–20 mL [37], and 10–12 mL [42] of bone marrow aspirate while 50,000 white
blood cells per cm2 of bone marrow aspirate in a culture chamber were used by researchers
in the REBORNE consortium (ORTHO-1 study) and distributed to other units [39–41]. hDP-
SCs from young donors were only used in the research of Hernández-Monjaraz et al. [36].
The nature of the growth factors used in cell culture for cell expansion was not detailed,
but it was declared that the experiments were conducted under the strict criteria of GMP,
using animal-origin-free reagents [36].

3.3. Scaffolds for Bone Regeneration

The majority of scaffolds were composed of calcium phosphate ceramic, such as β-
tricalcium phosphate (TCP) [35,38], biphasic calcium phosphate bioceramic granules [37,39–41],
anorganic bovine bone (NCT03682315, NCT03797963), and hydrogel in association with hy-
droxyapatite [42]. A total of 1.5 × 10−6 cells/kg from the patient were mixed with 20 mL of
TCP support [35], 20 × 106 cells/cm3 were cultivated in BCP [37], 15 ± 4.5 × 106 cells were
applied onto an absorbable porous β-tricalcium phosphate sponge [38], and 20 × 106 cells
per mL were suspended in 10 mL solution with bioceramic granules to obtain the ORTHO-
1 MSC tissue-engineered product [39–41]. Processing of bone biopsies, after scaffolds
were seeded with implanted cells, was performed for histological staining using hema-
toxylin/eosin and Masson trichrome [39]. In addition, immunohistology was performed to
identify macrophages with human CD68 primary antibody by Gómez-Barrena et al. [39–41].
Only in the research of Hernández-Monjaraz et al., 5 × 106 DPMSCs dripped suspended in
PBS were seeded onto a scaffold of lyophilized polyvinylpyrrolidone sponge® (clg-PVP)
in 0.5 cm2 fragments, while the control group only received PBS without DPMSCs [36].
Finally, in both groups, collagen membranes (Biomed extend®, ZimVie, CA, USA) were
placed on the flap. Moreover, in the clinical trial of Herrmann (NCT01742260), the re-
searchers created a skull-like scaffold composed of medical-grade bioceramic granules of
beta-tricalcium phosphate by ChronOS (Synthes GmbH, Oberdorf) and cells (concentration
not reported) were placed between the specially molded plastic scaffolds (PLA such as
70:30 poly(L-lactide-co-D,L-lactide) [36].

Not all of the studies used scaffolds in association with cells. In particular, the study
by Machado et al. demonstrated the ability of the hydrogel to stimulate newly formed
bone and biological compatibility with the host tissues [42]. The authors used DEXGEL,
an in situ gelling hydrogel with oxidized dextrin as the base, as a moldable carrier of BL®

granules in the management of alveolar bone regeneration. BL® is a synthetic bone graft
designed to mimic the inorganic composition of bone [42]. Even if no cells were used in
association with DEXGEL Bone, BL® (control) was mixed with autologous blood previously
extracted from the alveolar defect and applied with a spatula [42]. Moreover, two other
studies tested scaffolds without cells for sinus floor augmentation but no results were re-
ported. The first study used xenograft bovine hydroxyapatite (BioOss) (NCT03682315) with
contralateral active control of the biphasic phycogenic biomaterial and autogenous cortical
bone. The second study added BioOss to the autogenous cortical bone (NCT03797963) with
contralateral active control of the porcine bone mineral (Symbios Xenograft) mixed with
autogenous cortical bone.

4. Discussion

In the last year, tissue engineering approaches have garnered great interest for bone
regeneration [43]. A wide variety of biomaterials for bone regeneration has been used
preclinically to provide osteogenesis, osteoinduction, and osteoconduction, although they
have been rarely tested in clinical trials [44,45]. Biomaterials approved for clinical use
are better candidates for clinical trials in combination with ATMPs, such as expanded
MSCs cultured in GMP [43]. A mandatory step required by regulatory agencies is the
preclinical evaluation of the association of the selected biomaterial and the cell product
before starting the clinical trial. MSCs are reported to be the most frequently studied
stem cells in clinical trials, even if not all of the clinical trials used cells in combination
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with support. A recent analysis examined >1000 stem cell clinical trials, of which 50%
were early phase investigations (phases I–II) [46]. The main applications of bone tissue
engineering approaches are non- and mal-unions of bone, osteonecrosis/avascular necrosis
(e.g., femoral head, humerus, talus, and knee), orthopedic surgery (e.g., trauma applications,
spinal fusion, fracture repair, and revision of endoprostheses), and dentistry applications
(e.g., dental implants, cranial and maxillofacial applications) [47].

As the advances in bone tissue engineering move toward application in the clini-
cal setting, the demonstration of the therapeutic efficacy of these novel scaffold designs
is critical.

This review aimed to analyze the current clinical trials in the last five years that
explored the development of appropriate protocols for bone tissue engineering to produce
clinical-grade biomedical devices based on scaffolds with or without MSCs. The efficacy of
a tissue engineering approach, based on biomaterial with or without MSC transplantation,
was confirmed in all clinical trials. Particularly, the majority of the reported clinical trials
employed properly ISCT-defined MSCs produced in GMP facilities. The SOP included a
safety screening for the end product, including cell content, immunophenotype, sterility,
endotoxins, and karyotype. Generally, different cell doses have not been tested but are
adapted from preclinical findings. In fact, the dose of MSCs provided to a site may be
a critical variable in the success of therapy. The number of cells seeded was a strategic
decision aiming to minimize the risk of sub-therapeutic effects [39–41]. Most of the clinical
trials discussed here used MSCs derived from bone marrow, except for the study by
Hernández-Monjaraz et al., which employed hDPSCs from young donors [36]. The source
of the cells also affects their biological properties and, in turn, may have an impact on
bone regeneration. Bone marrow has been the primary source of MSCs for the majority of
clinical applications since its aspiration is considered a safe procedure for obtaining cells
compared to other anatomical locations [41,42]. hDPSCs should be an easy way to obtain
MSCs, although they are used less often.

Four clinical trials used autologous cells, while two clinical trials used MSCs from
donors. When studied for their therapeutic safety and efficacy, the impact of allogenic MSCs
was somewhat comparable yet less efficacious than those from autologous sources. In
addition, the healing effects (such as anti-inflammatory and bone regeneration) of allogenic
MSCs are less than those of autologous MSCs [18].

The MSCs were expanded using no osteogenic factors, and no osteogenic factors
were used in the clinical procedure. MSCs were cultured using platelet derivates such as
PL [37]. It has been demonstrated that the administration of PL is beneficial as it induces
the migration of MSCs directly to the site of injury or surgery [31]. Moreover, PL contains
growth factors such as PDGF, TGF-beta, IGF, VEGF, and FGF, which are known to be
involved in the regenerative processes of bone tissue [32]. However, PL varies between
each person and due to the many variables involved in the manufacturing process [34]. Not
all of the clinical trials reported the exact number of donors from which PL was derived [35],
for this reason the PL product is still a subject of debate due to the many variables involved
in its manufacturing process [33]. Even if several groups tried to standardize the PL
manufacturing procedure, several open questions must be answered [34]. For this reason,
there is a need to standardize PL in compliance with GMP so that each patient can obtain
the full benefits from platelet derivatives [34].

Even if no osteogenic factors were added, a positive effect on osteogenic “pre-differentiation”
of MSCs using PL as a supplement during the isolation and expansion phases cannot be
excluded [34]. Notably, neither the pre-differentiation of MSCs in osteoblasts nor a mix of
MSCs and pre-differentiated MSCs in osteoblasts are mandatory steps in these regenerative
protocols. This consideration underlines the ability of MSCs to differentiate themselves
and also to recruit different cell types in situ for tissue regeneration.

Only one clinical trial analyzed the biopsy specimens taken 4–6 months after aug-
mentation showing new bone formation, with blood supply and without inflammatory
cells [37]. Moreover, MSCs seem to have a positive effect on neighboring soft tissues,



Gels 2023, 9, 389 11 of 15

such as keratinized mucosa, and contribute to wound healing. Meanwhile, other authors
sustained that a biopsy could not be performed as a standard procedure, particularly in
uncomplaining patients [38]. TCP scaffolds were the most employed in association with
MSCs, since this bone substitute is easy to use and presents appropriate physical and
chemical characteristics similar to human bone [35,38]. TCP scaffolds are considered the
“gold standard” of synthetic bone grafts and are generally resorbed in 13–20 weeks after im-
plantation [47]. TCP scaffolds have been shown to induce bone regeneration and significant
differences were documented compared to cancellous impaction allografting. However, no
significant difference emerged in bone defect healing following the implantation of TCP for
expanded autologous MSCs compared to cancellous impaction allografting [38].

TCP has been associated with hydroxyapatite (HA) for bone formation in vivo using
a synthetic scaffold of biphasic calcium phosphate (BCP) to obtain the advantages of
both materials. Mixing HA with TCP allows a range of resorption times and mechanical
properties, ensuring that the material is stable and can promote bone growth [47]. Thanks
to these properties, a TCP scaffold can be used in large bone defects and load-bearing
areas [47]. TCP and MSCs were used as a new therapeutic approach to regenerate alveolar
bone defects and for the treatment of non-unions in the tibia, femur, and humerus (ORTHO-
1 multicentric clinical trial) [35,39–41]. From the considered studies, it was deducible
that the nature of the scaffold (HA and TCP) is a priority with respect to aspects of the
skeleton structure not considered in detail when using these materials, such as the porosity.
The clinical trial of Herrmann (NCT01742260) also introduced the strategy of mimicking
skull tissue organization, proposing medical-grade bioceramic granules of ß-tricalcium
phosphate added with cells placed between plastic scaffolds (PLA). Unfortunately, no
results have been posted. Finally, the use of a collagen scaffold was a possibility that was
considered [25].

Even if most studies used TCP, the latest studies and clinical trials preferred using hy-
drogels for various medical applications [35]. This aspect demonstrated that tissue engineer-
ing strategies evolve, and although scaffolds may not be constituted by natural materials
such as TCP or HA in the future, they could be based on natural or synthetic materials not
typical of bone tissue. These novel types of scaffolds offer the possibility of customization
and demonstrated recent progress in strategies for constructing biomimetic scaffolds.

Hydrogels can practically be cast into any shape, size, or form, and Machado et al.
confirmed that changing the physicochemical properties of a bone substitute hydrogel can
influence implant stability [42]. In this way, the current use of hydrogels adds the possibility
of customizing the skeleton. In addition, the presence of an adequate pore dimension in
the hydrogel favors osteointegration, osteoconduction, and degradation, allowing bone
ingrowth in the interspaces, as it enables blood vessels and cell infiltration, exchange of
proteins and nutrients, and waste clearance [35]. Hydrogels addressed to bone regeneration
are generally based on extracellular matrix components (collagen, fibrin, polypeptides)
that provide an adhesive surface for the cells, while polysaccharides such as agarose,
alginate, hyaluronic acid, chitosan, and hydroxylpropylmethyl cellulose are interesting
candidates for cell encapsulation [34]. Generally, the scaffolds used in these clinical trials are
considered “second-generation biomaterials” for bone regeneration [47]. These scaffolds
develop the concept of “bioactivity,” inducing a beneficial physiological response in the
body, mainly including synthetic and naturally derived biodegradable polymers, calcium
phosphates, calcium carbonate, calcium sulfates, and bioactive glasses. There is additionally
an increasing emphasis on biodegradability, such that once a scaffold is resorbed, the cells
seeded within the scaffold interact with the surrounding environment [48–54].

In order to define bone healing, robust criteria are needed. For example, E. Gómez-
Barrena et al. [50] elaborated the REBORNE healing scale in tibia, humerus, and femur
non-unions [51], in which computed tomography (CT) imaging is considered the gold
standard to assess bone healing. Compared to the previous scoring system, named RUST
(Radiographic Union Scale for Tibial fractures), the REBORNE score simplified bone healing
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into three stages, with advantages in reliability, repeatability, and validity that have been
widely verified [52–56].

Three of the clinical trials had some limitations, such as the low number of patients in-
cluded [35,37,42]. For this reason, the promising results should be interpreted with caution.
However, the duration of follow-up was extended over five years by Blanco et al. [35]. This
was also the final part of a research line that started with in vitro characterization and pre-
clinical evaluation in rabbits [35]. In vivo biocompatibility and safety were demonstrated
through the assessment of the inflammatory response in rat subcutaneous implants, suba-
cute systemic toxicity, and skin sensitization using rodent models in a previous preclinical
study by Machado et al. [42]. However, a large study cohort and longer follow-up period
are necessary for application in a standard clinical setting. Generally, follow-up is carried
out up to the twelfth month. Nevertheless, the follow-up periods were sufficient to reveal
the evident healing of bone defects. In addition to the timing to establish consolidation,
other factors were considered, including gender and tobacco use [39–41]. While gender
did not influence clinical consolidation, higher consolidation scale values were seen in
non-smoking patients at 6 and 12 months of follow-up [39–41].

A major future challenge for any proposed biomaterial combined with ATMPs is that
it needs to be compared with other gold standards for bone healing augmentation, such as
bone autograft. Moreover, since only one clinical trial was completed, further studies are
needed to assess the clinical usefulness of bioengineered scaffolds with a cell product for
treating bone diseases. In order to confirm the efficacy of cell/scaffold-based therapy, more
clinical trials should be conducted. Moreover, the cost-effectiveness of the therapy should
be also investigated. Taken together, these data suggest that regenerative medicine based
on biomaterials, especially combined with bone marrow-derived mesenchymal stromal
cells, will be a promising tool for the treatment of various diseases and the development of
medicine in the future.

5. Conclusions

With the increasing age of the population, musculoskeletal health problems due to
osteoporosis, tumors, and fractures are becoming more frequent. This review underlined
overall positive findings about the transplantation of MSCs, as ATMPs, together with
biocompatible scaffolds for a variety of bone problems. All clinical trials confirmed the
effectiveness of a tissue engineering approach to treat bone diseases, including fractures of
the femur, tibia, and humerus, but also DDD, deep infra-bony defects, and maxillofacial
bone defects. The majority of the clinical studies used MSCs from bone marrow, reflecting
the fact that they are the most accepted cell source for treating bone diseases due to the
proliferation, differentiation, immunogenicity, and abilities of these cells. In combination
with MSCs, bioactive materials have been demonstrated to significantly enhance bone
formation, showing positive results on the whole. Most of the studies used TCP scaffolds;
however, the future direction of regenerative medicine involves the use of hydrogels
to control the shape, porosity, surface morphology, and size of the scaffold. Our study
findings are in line with several recommendations proposing the advancement of cell
therapy characterization and standardization for clinical transformation. We are confident
that with the development of technologies and procedures, some of the barriers will be
crossed, thereby promoting the clinical application of tissue engineering approaches.

Author Contributions: F.R. and E.B. wrote the manuscript and gave their final approval before sub-
mission. R.R., L.S. and D.R. revised the manuscript and gave their final approval before submission.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict to interest.



Gels 2023, 9, 389 13 of 15

References
1. Manzini, B.M.; Machado, L.M.R.; Noritomi, P.Y.; da Silva, J.V.L. Advances in Bone tissue engineering: A fundamental review.

J. Biosci. 2021, 46, 1–18. [CrossRef]
2. Mitchell, S.A.T.; Majuta, L.A.; Mantyh, P.W. New Insights in Understanding and Treating Bone Fracture Pain. Curr. Osteoporos.

Rep. 2018, 16, 325–332. [CrossRef] [PubMed]
3. Starr, J.; Tay, Y.K.D.; Shane, E. Current Understanding of Epidemiology, Pathophysiology, and Management of Atypical Femur

Fractures. Curr. Osteoporos. Rep. 2018, 16, 519–529. [CrossRef]
4. Hernlund, E.; Svedbom, A.; Ivergard, M.; Compston, J.; Cooper, C.; Stenmark, J.; McCloskey, E.V.; Jonsson, B.; Kanis, J.A. Osteo-

porosis in the European Union: Medical management, epidemiology and economic Burden: A report prepared in collaboration
with the International Osteoporosis Foundation (IOF) and the European Federation of Pharmaceutical Industry Associations
(EFPIA). Arch. Osteoporos. 2013, 8, 136. [CrossRef] [PubMed]

5. Sfeir, J.G.; Drake, M.T.; Khosla, S.; Farr, J.N. Skeletal Aging. Mayo Clin. Proc. 2022, 97, 1194–1208. [CrossRef] [PubMed]
6. Roseti, L.; Parisi, V.; Petretta, M.; Cavallo, C.; Desando, G.; Bartolotti, I.; Grigolo, B. Scaffolds for Bone Tissue Engineering: State of

the art and new perspectives. Mater. Sci. Eng. C 2017, 78, 1246–1262. [CrossRef]
7. Rosset, P.; Deschaseaux, F.; Layrolle, P. Cell therapy for bone repair. Orthop. Traumatol. Surg. Res. 2014, 100, S107–S112. [CrossRef]
8. Ho-Shui-Ling, A.; Bolander, J.; Rustom, L.E.; Johnson, A.W.; Luyten, F.P.; Picart, C. Bone regeneration strategies: Engineered

scaffolds, bioactive molecules and stem cells current stage and future perspectives. Biomaterials 2018, 180, 143–162. [CrossRef]
9. Di Pietro, L.; Palmieri, V.; Papi, M.; Lattanzi, W. Translating Material Science into Bone Regenerative Medicine Applications:

State-of-The Art Methods and Protocols. Int. J. Mol. Sci. 2022, 23, 9493. [CrossRef]
10. Gamie, Z.; Tran, G.T.; Vyzas, G.; Korres, N.; Heliotis, M.; Mantalaris, A.; Tsiridis, E. Stem cells combined with bone graft

substitutes in skeletal tissue engineering. Expert Opin. Biol. Ther. 2012, 12, 713–729. [CrossRef]
11. Saiz, E.; Zimmermann, E.A.; Lee, J.S.; Wegst, U.G.; Tomsia, A.P. Perspectives on the role of nanotechnology in bone tissue

engineering. Dent. Mater. 2013, 29, 103–105. [CrossRef]
12. Liu, F.; Sun, T.; An, Y.; Ming, L.; Li, Y.; Zhou, Z.; Shang, F. The potential therapeutic role of extracellular vesicles in critical-size

bone defects: Spring of cell-free regenerative medicine is coming. Front. Bioeng. Biotechnol. 2023, 11, 1050916. [CrossRef] [PubMed]
13. Hou, X.; Zhang, L.; Zhou, Z.; Luo, X.; Wang, T.; Zhao, X.; Lu, B.; Chen, F.; Zheng, L. Calcium Phosphate-Based Biomaterials for

Bone Repair. J. Funct. Biomater. 2022, 13, 187. [CrossRef]
14. Re, F.; Sartore, L.; Borsani, E.; Ferroni, M.; Baratto, C.; Mahajneh, A.; Smith, A.; Dey, K.; Almici, C.; Guizzi, P.; et al. Mineralization

of 3D Osteogenic Model Based on Gelatin-Dextran Hybrid Hydrogel Scaffold Bioengineered with Mesenchymal Stromal Cells: A
Multiparametric Evaluation. Materials 2021, 14, 3852. [CrossRef] [PubMed]

15. Sipp, D.; Robey, P.G.; Turner, L. Clear up this stem-cell mess. Nature 2018, 561, 455–457. [CrossRef] [PubMed]
16. Quan, H.; Ren, C.; He, Y.; Wang, F.; Dong, S.; Jiang, H. Application of biomaterials in treating early osteonecrosis of the femoral

head: Research progress and future perspectives. Acta Biomater. 2023, in press. [CrossRef]
17. Kirankumar, S.; Gurusamy, N.; Rajasingh, S.; Sigamani, V.; Vasanthan, J.; Perales, S.G.; Rajasingh, J. Modern approaches on stem

cells and scaffolding technology for osteogenic differentiation and regeneration. Exp. Biol. Med. 2021, 247, 433–445. [CrossRef]
18. Samsonraj, R.M.; Raghunath, M.; Nurcombe, V.; Hui, J.H.; van Wijnen, A.J.; Cool, S.M. Concise Review: Multifaceted Charac-

terization of Human Mesenchymal Stem Cells for Use in Regenerative Medicine. Stem Cells Transl. Med. 2017, 6, 2173–2185.
[CrossRef]

19. Kouchakian, M.R.; Baghban, N.; Moniri, S.F.; Baghban, M.; Bakhshalizadeh, S.; Najafzadeh, V.; Safaei, Z.; Izanlou, S.; Khoradmehr,
A.; Nabipour, I.; et al. The Clinical Trials of Mesenchymal Stromal Cells Therapy. Stem Cells Int. 2021, 2021, 1634782. [CrossRef]

20. Bunpetch, V.; Zhang, Z.-Y.; Zhang, X.; Han, S.; Zongyou, P.; Wu, H.; Hong-Wei, O. Strategies for MSC expansion and MSC-based
microtissue for bone regeneration. Biomaterials 2019, 196, 67–79. [CrossRef]

21. Zhang, Z.Y.; Teoh, S.H.; Chong, M.S.; Schantz, J.T.; Fisk, N.M.; Choolani, M.A.; Chan, J. Superior osteogenic capacity for bone
tissue engineering of fetal compared with perinatal and adult mesenchymal stem cells. Stem Cells. 2009, 27(, 126–137. [CrossRef]
[PubMed]

22. Yazdanpanah, Z.; Johnston, J.D.; Cooper, D.M.L.; Chen, X. 3D Bioprinted Scaffolds for Bone Tissue Engineering: State-Of-The-Art
and Emerging Technologies. Front. Bioeng. Biotechnol. 2022, 10, 824156. [CrossRef] [PubMed]

23. Nassif, L.; El Sabban, M. Mesenchymal Stem Cells in Combination with Scaffolds for Bone Tissue Engineering. Materials 2011, 4,
1793–1804. [CrossRef] [PubMed]

24. Rodríguez-Merchán, E.C. Bone Healing Materials in the Treatment of Recalcitrant Nonunions and Bone Defects. Int. J. Mol. Sci.
2022, 23, 3352. [CrossRef] [PubMed]

25. Renesme, L.; Pierro, M.; Cobey, K.D.; Mital, R.; Nangle, K.; Shorr, R.; Lalu, M.M.; Thébaud, B. Definition and Characteristics
of Mesenchymal Stromal Cells in Preclinical and Clinical Studies: A Scoping Review. Stem Cells Transl. Med. 2022, 11, 44–54.
[CrossRef]

26. Shi, X.; Mao, J.; Liu, Y. Pulp stem cells derived from human permanent and deciduous teeth: Biological characteristics and
therapeutic applications. Stem Cells Transl. Med. 2020, 9, 445–464. [CrossRef]

27. Re, F.; Gabusi, E.; Manferdini, C.; Russo, D.; Lisignoli, G. Bone Regeneration Improves with Mesenchymal Stem Cell Derived
Extracellular Vesicles (EVs) Combined with Scaffolds: A Systematic Review. Biology 2021, 10, 579. [CrossRef]

https://doi.org/10.1007/s12038-020-00122-6
https://doi.org/10.1007/s11914-018-0446-8
https://www.ncbi.nlm.nih.gov/pubmed/29948820
https://doi.org/10.1007/s11914-018-0464-6
https://doi.org/10.1007/s11657-013-0136-1
https://www.ncbi.nlm.nih.gov/pubmed/24113837
https://doi.org/10.1016/j.mayocp.2022.03.011
https://www.ncbi.nlm.nih.gov/pubmed/35662432
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.1016/j.otsr.2013.11.010
https://doi.org/10.1016/j.biomaterials.2018.07.017
https://doi.org/10.3390/ijms23169493
https://doi.org/10.1517/14712598.2012.679652
https://doi.org/10.1016/j.dental.2012.08.001
https://doi.org/10.3389/fbioe.2023.1050916
https://www.ncbi.nlm.nih.gov/pubmed/36733961
https://doi.org/10.3390/jfb13040187
https://doi.org/10.3390/ma14143852
https://www.ncbi.nlm.nih.gov/pubmed/34300769
https://doi.org/10.1038/d41586-018-06756-9
https://www.ncbi.nlm.nih.gov/pubmed/30258150
https://doi.org/10.1016/j.actbio.2023.04.005
https://doi.org/10.1177/15353702211052927
https://doi.org/10.1002/sctm.17-0129
https://doi.org/10.1155/2021/1634782
https://doi.org/10.1016/j.biomaterials.2017.11.023
https://doi.org/10.1634/stemcells.2008-0456
https://www.ncbi.nlm.nih.gov/pubmed/18832592
https://doi.org/10.3389/fbioe.2022.824156
https://www.ncbi.nlm.nih.gov/pubmed/35480972
https://doi.org/10.3390/ma4101793
https://www.ncbi.nlm.nih.gov/pubmed/28824108
https://doi.org/10.3390/ijms23063352
https://www.ncbi.nlm.nih.gov/pubmed/35328773
https://doi.org/10.1093/stcltm/szab009
https://doi.org/10.1002/sctm.19-0398
https://doi.org/10.3390/biology10070579


Gels 2023, 9, 389 14 of 15

28. Gualtieri, T.; Ferrari, M.; Taboni, S.; Chan, H.; Townson, J.; Mattavelli, D.; Sahovaler, A.; Eu, D.; Dey, K.; Mathews, S.; et al.
3D-mapping of mesenchymal stem cells growth on bioengineered scaffolds for maxillofacial skeleton regeneration: A preclinical,
in vitro study. Cytotherapy 2021, 23, S145–S146. [CrossRef]

29. Taboni, S.; Ferrari, M.; Gualtieri, T.; Chan, H.; Townson, J.; Mattavelli, D.; Eu, D.; Dey, K.; Mathews, S.; Re, F.; et al. Bioengineered
scaffolding for mandibular reconstruction: A preclinical, xenograft animal study. Cytotherapy 2021, 23, S140–S141. [CrossRef]

30. Wang, X.; Thomsen, P. Mesenchymal stem cell–derived small extracellular vesicles and bone regeneration. Basic Clin. Pharmacol.
Toxicol. 2020, 128, 18–36. [CrossRef]

31. Kim, K.-T.; Kim, K.G.; Choi, U.Y.; Lim, S.H.; Kim, Y.J.; Sohn, S.; Sheen, S.H.; Heo, C.Y.; Han, I. Safety and Tolerability of Stromal
Vascular Fraction Combined with β-Tricalcium Phosphate in Posterior Lumbar Interbody Fusion: Phase I Clinical Trial. Cells
2020, 9, 2250. [CrossRef] [PubMed]

32. Spanò, R.; Muraglia, A.; Todeschi, M.R.; Nardini, M.; Strada, P.; Cancedda, R.; Mastrogiacomo, M. Platelet-rich plasma-based
bioactive membrane as a new advanced wound care tool. J. Tissue Eng. Regen. Med. 2017, 12, e82–e96. [CrossRef] [PubMed]

33. Rauch, C. Alternatives to the use of fetal bovine serum: Human platelet lysates as a serum substitute in cell culture media. Altex
2011, 28, 305–316. [CrossRef] [PubMed]

34. Re, F.; Sartore, L.; Moulisova, V.; Cantini, M.; Almici, C.; Bianchetti, A.; Chinello, C.; Dey, K.; Agnelli, S.; Manferdini, C.; et al.
3D gelatin-chitosan hybrid hydrogels combined with human platelet lysate highly support human mesenchymal stem cell
proliferation and osteogenic differentiation. J. Tissue Eng. 2019, 10, 2041731419845852. [CrossRef]

35. Blanco, J.F.; Villarón, E.M.; Pescador, D.; Da Casa, C.; Gómez, V.; Redondo, A.M.; López-Villar, O.; López-Parra, M.; Muntión, S.;
Sánchez-Guijo, F. Autologous mesenchymal stromal cells embedded in tricalcium phosphate for posterolateral spinal fusion:
Results of a prospective phase I/II clinical trial with long-term follow-up. Stem Cell Res. Ther. 2019, 10, 63. [CrossRef] [PubMed]

36. Hernández-Monjaraz, B.; Santiago-Osorio, E.; Ledesma-Martínez, E.; Alcauter-Zavala, A.; Mendoza-Núñez, V.M. Retrieval of a
periodontally compromised tooth by allogeneic grafting of mesenchymal stem cells from dental pulp: A case report. J. Int. Med.
Res. 2018, 46, 2983–2993. [CrossRef]

37. Gjerde, C.; Mustafa, K.; Hellem, S.; Rojewski, M.; Gjengedal, H.; Yassin, M.A.; Feng, X.; Skaale, S.; Berge, T.; Rosen, A.; et al.
Cell therapy induced regeneration of severely atrophied mandibular bone in aclinical trial. Stem Cell Res. Ther. 2018, 9, 1–15.
[CrossRef]
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