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Abstract: It has been observed that bone fractures carry a risk of high mortality and morbidity. The
deployment of a proper bone healing method is essential to achieve the desired success. Over the
years, bone tissue engineering (BTE) has appeared to be a very promising approach aimed at restoring
bone defects. The main role of the BTE is to apply new, efficient, and functional bone regeneration
therapy via a combination of bone scaffolds with cells and/or healing promotive factors (e.g., growth
factors and bioactive agents). The modern approach involves also the production of living bone
grafts in vitro by long-term culture of cell-seeded biomaterials, often with the use of bioreactors.
This review presents the most recent findings concerning biomaterials, cells, and techniques used
for the production of living bone grafts under in vitro conditions. Particular attention has been
given to features of known bioreactor systems currently used in BTE: perfusion bioreactors, rotating
bioreactors, and spinner flask bioreactors. Although bioreactor systems are still characterized by
some limitations, they are excellent platforms to form bioengineered living bone grafts in vitro for
bone fracture regeneration. Moreover, the review article also describes the types of biomaterials
and sources of cells that can be used in BTE as well as the role of three-dimensional bioprinting and
pulsed electromagnetic fields in both bone healing and BTE.

Keywords: mesenchymal stem cells; osteoblasts; osteogenic differentiation; three-dimensional culture;
scaffold; bioreactor; bioprinting; bioink; pulsed electromagnetic fields; bone tissue engineering

1. Introduction

Mechanical support of the body, protection of internal organs, hematopoiesis, and the
reservoir of ions and growth factors are the main functions of bone tissue [1]. Bone is a rigid
tissue that consists of minerals (approximately 65%) and organic parts (approximately 20–
25%), while the remaining portion is water (10–20%) whose amount depends on bone health,
age, etc. The mineral part is composed mostly of calcium phosphate, called hydroxyapatite
(85%), as well as calcium carbonate and calcium fluorite, whereas organic parts of the bone
are primarily formed by type I collagen (approx. 90%) but also non-collagenous proteins
(osteonectin (OCN), osteopontin (OPN), osteocalcin (OC), and bone sialoproteins (BSP)),
proteoglycans, lipids, and other macromolecules [1,2]. Mechanical properties of the bone
(tensile strength, Young’s modulus, and compressive strength) are determined by both
mineral and organic phases [1,3].

Bone tissue possesses an incredible ability to regenerate and repair itself without
scar formation [2]. Nevertheless, there are various bone diseases causing bone weakness
and brittleness, e.g., (1) osteogenesis imperfecta, a metabolic bone disorder causing bone
fragility due to defects in type 1 collagen (COL I) [4]; (2) osteoporosis, a metabolic skeletal
disease characterized by microarchitectural deterioration and decreased bone mass due to
hormonal deficiencies, resulting in excessive bone resorption [5]; (3) osteomalacia, which is
bone disease characterized by a loss of bone mineral caused by nutritional deficiencies [6];
(4) osteomyelitis, which is an inflammatory state of bone caused by microorganism [7]; and
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(5) primary and metastatic cancers [1]. A decrease in bone density caused by diseases may
result in partial or total loss of bone continuity caused by low-energy trauma, which is called
a fragility fracture [1]. Nowadays, a great number of elderly with confirmed osteoporosis
(approximately 200,000,000 patients each year) and osteoporotic fractures (approximately
9,000,000) worldwide has been observed [8]. The life expectancy of the people has risen
significantly in developed countries, causing an increased incidence rate for osteoporotic
fractures and thereby an increase in socioeconomic costs [2]. Bone fracture healing is
a complex and multistage process which consists of four steps. The first stage is the
inflammation that includes hematoma formation, release of bone morphogenetic proteins
(BMPs), tumor necrosis factor-alpha (TNF-α), tumor-derived growth factor-beta (TGF-β),
the platelet-derived growth factor (PDGF), and interleukins (IL-1, IL-6, IL-11, and IL-23).
It also involves recruitment and migration of mesenchymal stem cells (MSCs) [9,10]. The
second phase of bone healing is associated with cartilage formation and periosteal response.
During this phase, neo-angiogenesis, chondrogenesis, and endochondral ossifications are
observed. The third phase involves cartilage resorption and primary bone formation. Then,
during the fourth phase, bone remodeling related to osteoclast activity is observed [10].

In the case of large bone loss, bone grafts are needed to support and accelerate bone
fracture regeneration. It is worth noting that next to the blood, bone is the most frequently
transplanted tissue [2]. There are three types of natural bone grafts: autografts, allografts,
and xenografts. Autografts are considered the gold standard because of their high his-
tocompatibility. The autografts are derived from the host bone (e.g., iliac crest and rib)
and implanted into the bone-loss site. Unfortunately, restricted donor source, donor-site
morbidity, infection, and pain are among the limitations of using autografts [2,11]. In
turn, allografts are derived from donors being of the same species (from cadavers or living
donors). Clinically, fresh-frozen bone and freeze-dried/demineralized bone are the most
frequently used [12]. The allografts carry a risk of immune reaction, the possibility of
infection, and possibility of disease transmission [2,11,13]. Nevertheless, it is worth noting
that tissue banks perform tissue sterilization by using specific disinfection methods during
the preparation and processing of allograft tissues, thereby minimalizing viral or bacterial
disease transmission [14]. Moreover, a number of commercial bone allografts are available,
for example, Osteocel® Plus, Osteocel® PRO (Nuvasive, San Diego, CA, USA), Via® (Vivex
Biologics Inc., Miami, FL, USA), ViviGen®Formable (DePuy Synthes, Raynham, MA, USA),
Map3® (RTI Surgical, Alachua, FL, USA), and CeLLogix (Omnia Medical, Morgantown,
WV, USA) [15]. Grafts obtained from animals are called xenografts that can cause immune
reactions and carry a rare risk of transmission of zoonotic diseases [2]. Among commer-
cially available bone xenografts, the following products may be distinguished: SmartBone®

(IBI, Mezzo-Vico Vira, Switzerland) and i-FACTOR® P-15 (Cerapedics, Westminster, CO,
USA) [15]. Another approach to bone-fracture regeneration is the application of metal im-
plants made of stainless steel or titanium alloys, such as screws, plates, and joint prostheses.
The main drawbacks of this approach are high rigidity, non-degradability, and often poor
osseointegration with the host tissue [13].

Bone fractures, such as osteoporotic fractures, and implant-associated infection are
characterized by high mortality and morbidity [16,17]. Therefore, the selection of an
appropriate healing method is crucial for good clinical outcomes. Thus, over the years, a
growing interest in bone tissue engineering (BTE), which is a very promising approach
to bone-fracture regeneration, has been observed. The aim of this paper is to review
the latest available literature concerning biomaterials, cells, and techniques used for the
production of living bone grafts under in vitro conditions. To collect the data for this
review, the electronic databases PubMed and Web of Science were used. The search of the
available scientific reports was mostly limited to the last three years. The following term
combinations/keywords were used to collect data: mesenchymal stem cells; osteoblasts;
osteogenic differentiation; three-dimensional culture; scaffold; bone grafts; bioreactor;
bioprinting; bioink; pulsed electromagnetic fields; bone tissue engineering; biomaterials;
perfusion bioreactors; rotating bioreactors; and spinner flask bioreactors.
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2. Current Concept of Bone Tissue Engineering

The role of BTE is an implementation of new functional bone regeneration therapy
via a combination of biomaterials, cells, and healing promotive factors, such as growth
factors (e.g., BMPs, PDGF, TGF-β, the insulin-like growth factor (IGF), and the fibroblast
growth factor (FGF)) [18], proteins (e.g., collagen, fibronectin, and laminin) [19], drugs
(e.g., antibiotics, antitumorals, or antiresorptive drugs) [20], nanoparticles (e.g., quantum
dots, mesoporous silica, and gold) [21], and phytochemicals (e.g., myricetin, resveratrol,
vanillic acid, and curcumin) [22]. Figure 1 shows the main components that are used in
BTE for the production of bioengineered bone grafts. To successfully create living bone
grafts in vitro capable of supporting bone regeneration, BTE requires the collaboration of
scientists, engineers, and also orthopedic surgeons since the production of bioengineered
grafts needs expertise and knowledge from different fields of science, including biology,
biochemistry, materials science, and medicine [1,18,23]. The process of bone graft develop-
ment and implementation may involve some or all of the following stages: (1) production
of biomaterials/scaffold; (2) combination of biomaterial with healing promotive factors;
(3) harvesting of bone marrow or adipose tissue from a patient and isolation of MSCs;
(4) seeding cells (e.g., MSCs and osteoblasts) onto the biomaterial, followed by in vitro
culture in a static condition; (5) seeding cells onto the biomaterial, followed by in vitro
culture in a dynamic environment using a spinner flask (growth of premature tissue); (6)
seeding cells onto the biomaterial, followed by in vitro culture in bioreactor mimicking
physiological environment (growth of mature tissue); and (7) surgical transplantation of
living bone graft [1,24]. Figure 2 demonstrates the main stages of bone graft development
under in vitro conditions. The multidisciplinary nature of the BTE causes the translation of
laboratory studies into clinical use to be generally challenging, costly, and time-consuming.

Figure 1. Scheme presenting the main components of bioengineered bone graft used in
tissue engineering.

2.1. Biomaterials

Biomaterials/scaffolds for BTE applications perform a function of the platform and
space for cells that will form new tissue. Microstructural properties of fabricated biomateri-
als should partly reflect the anatomical three-dimensional (3D) microstructure of native
bone. Moreover, the biomaterials should provide temporary mechanical support at the
load-bearing implantation site [13,24]. During the designing of bone scaffolds, the fol-
lowing criteria/features should be considered: architecture features (mechanical strength,
surface topography, optimal porosity, and pore interconnectivity that ensures efficient
cell colonization, oxygenation, and nutrients supply), biocompatibility (non-toxicity, non-
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immunogenicity, and non-genotoxicity), osteoconductivity (stimulation of cell adhesion,
migration, proliferation, and bone extracellular matrix (ECM) formation), and osteoin-
ductivity (induction of osteogenic differentiation in osteoprogenitor cells/stem cells) [25].
Ideal biomaterial for BTE applications should display a majority of the above-mentioned
properties. However, it is very challenging and difficult to create ideal biomaterial. Figure 3
shows various bone scaffolds that may be used for living bone graft production in vitro.

Figure 2. Schematic representation of the main stages of living bone graft production in vitro.

Figure 3. Photographs of various biomaterials that may be used for living bone graft production
in vitro: (a) 3D printed mesh titanium alloy (Ti6Al4V); (b) PEEK-based biomaterial prepared by
machining process; (c) freeze-dried chitosan/agarose/zeolite 13X composite; (d) freeze-dried chi-
tosan/agarose/nanohydroxyapatite composite; (e) air-dried curdlan/fluoroapatite composite; and
(f) air-dried curdlan/chitosan/hydroxyapatite composite.
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Biomaterials used in BTE can be divided into metallic, ceramic, polymeric, and com-
posite [13,26]. The metallic biomaterials are frequently used for dental and orthopedic
applications thanks to their very good mechanical properties. The main drawback of
metallic scaffolds for orthopedic applications is their poor biodegradability and high
stiffness, resulting in a stress-shielding effect followed by bone atrophy and implant loos-
ening [27]. Metallic biomaterials can be produced using stainless steel, titanium-based
alloys, magnesium alloys, nickel–titanium alloys, and cobalt-based alloys [26]. In turn,
ceramic materials, such as calcium phosphate cements, bioactive glass (BG), hydroxyap-
atite (HA), α-tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), and calcium
silicate, possess the ability to create direct bonds with the host bone after implantation,
which is called osseointegration. Moreover, ceramic materials are characterized by good
bioactivity and biodegradability. Ceramic materials may be of natural or synthetic ori-
gins [28]. Similar to ceramic materials, polymeric materials used in BTE may also occur
naturally or be synthesized. Polysaccharides (chitosan, cellulose, agarose, starch, alginate,
hyaluronic acid, lignin) and proteins (collagen, fibrinogen, silk, fibrin, and gelatin) are
naturally derived polymers that show good biocompatibility, osteoconductivity, and low
immunogenicity [13,29]. Nevertheless, they exhibit a low mechanical stability and degra-
dation rate, which is difficult to control [13]. In turn, synthetic polymers, such as polylactic
acid (PLA), polycaprolactone (PCL), poly(glycolic acid; PGA), poly(lactic acid-co-glycolic
acid; PLGA), poly(ethylene glycol; PEG), polyether ether ketone (PEEK), polypropylene
fumarate (PPF), polyphosphazene, and polyanhydride, are characterized by a controlled
degradation rate [13]. However, unlike natural polymers, synthetic polymers exhibit a
lower capability to interact with the cells [13].

Bone is a heterogeneous tissue consisting of mineral and organic parts. During the
fabrication process of the bone scaffolds, composite biomaterials are very often created to
mimic natural bone tissue, thus achieving potentially greater bioactivity [30,31]. Composite
materials are composed of two or more components possessing various features to obtain
biomaterials with properties that differ from particular components. The most popular
composite materials are: metal–ceramic, polymer–ceramic, metal–polymer, and polymer–
polymer [13,26]. Nevertheless, composites of HA and various polymers are considered
as the most biomimetic materials since they were proven to significantly enhance bone
formation in vitro and/or in vivo [23]. The most important features of the biomaterials
used in BTE are summarized in Table 1.

Table 1. General features of commonly used biomaterials in BTE.

Biomaterial Type General Features Ref.

Metallic Very high biomechanical load capacity and high Young’s modulus, causing
stress-shielding effect, corrosion resistance, poor biodegradability, and biocompatibility [26,32]

Ceramic Low mechanical strength, high brittleness, slow resorption rate, biocompatibility,
bioactivity, osteoconductivity, and osteoinductivity [18,32]

Polymeric Poor mechanical properties, low stiffness, biodegradability, biocompatibility, and
low immunogenicity [13,29,32]

Composite Biomimetic properties, good mechanical strength, biocompatibility, osteoconductivity,
osteoinductivity, bioactivity, and biodegradability [18,31,33]

Several scaffold fabrication techniques may be distinguished in BTE, such as solvent
casting/particulate leaching, porogen leaching, gas foaming, freeze-drying, melt-molding,
fiber-bonding, rapid prototyping (three-dimensional (3D) printing), and electrospinning.
Each production method possesses some crucial advantages, enabling the production of
highly porous biomaterials that support cell distribution and growth into three-dimensional
space. The selection of an appropriate technique for biomaterial synthesis depends on the
expected microstructural, physicochemical, and biological properties of the final product
and its planned application [32,34,35]. Recently, modern BTE most frequently uses 3D
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printing with living cells, which is known as the bioprinting process. Thus, the bioprinting
technique will be discussed in more detail further in this review article.

2.2. Cells

In BTE, biomaterials may be used as acellular material (without cells) that supports
host-cell colonization or as cellular material (seeded with the cells) that performs a role of
a vehicle for cells and/or bioactive molecules. Cells may be harvested from the patient
and expanded in vitro before seeding onto biomaterial [13]. The main challenge in cellular
therapy is to choose an appropriate cell source that can be used to create an implant
capable of repairing bone defects. There are some cell sources that may be utilized in
BTE: (1) embryonic stem cells (ESCs); (2) adult stem cells, bone marrow-derived stem cells
(BMDSCs), adipose tissue-derived stem cells (ADSCs), peripheral blood-derived stem cells,
tooth-derived stem cells (pulp and exfoliated teeth), cord blood-derived stem cells, and
amniotic fluid-derived stem cells; (3) induced pluripotent stem cells (iPSCs); and (4) bone
marrow aspirate concentrate [13,23]. The choice of the type of cell depends on a facility of
isolation, cell expansion efficiency, the osteogenic differentiation potential of the cells, and
long-term safety, i.e., without immune rejection and carcinogenesis [23].

Human embryonic stem cells are pluripotent stem cells derived from the inner cell
mass of the blastocyst of an embryo. These stem cells have the ability to differentiate
into cells of three embryonic germ layers (ectoderm, mesoderm, and endoderm) [36]. The
possibility of teratoma formation after the transplantation of embryonic stem cells into a
living organism and ethical issues hinder their clinical implementation [37]. Nevertheless,
pluripotency and the rapid proliferation rate of human embryonic stem cells make them
appropriate for investigation purposes as a cellular model in vitro [38]. In turn, BMDSCs
and ADSCs are the most common MSCs used in BTE and regenerative medicine [36]. MSCs
possess the ability of multi-lineage differentiation, including the osteogenic and chondro-
genic one, under standard in vitro conditions [37,39]. Moreover, it was proven that MSCs
exert the immune-suppressive effect by releasing soluble factors to the microenvironment,
which makes them a promising tool in accelerating bone regeneration [39]. Based on the
available literature, a comparison of the osteogenic ability between BMDSCs and ADSCs
showed that ADSCs have inferior osteogenic potential compared to BMDSCs. Nevertheless,
due to easy accessibility in great quantities of adipose tissue as well as the good stem cells’
isolation yield and rapid proliferation rate in vitro, ADSCs may be an attractive alternative
to BMDSCs for application in BTE [37]. Nevertheless, BMDSCs may be characterized by
some limitations, such as immunogenic concerns (in the case of allogeneic cells), the limited
availability of autologous bone marrow and their invasive harvesting procedure, and the
donor age-related decrease in the cell proliferation rate [40]. Another cell source that may
be utilized in BTE is the dental pulp. The dental pulp-derived MSCs are considered as
a promising alternative cell source for bone regeneration since both in vitro and in vivo
studies have shown that these cells reveal a high proliferation rate and a good osteogenic
differentiation potential [41]. Similarly, peripheral blood-derived cells exhibited also bone
regeneration efficiency [42].

To address the limitations associated with the use of MSCs, an application of iPSCs
has a growing interest as a promising alternative approach to bone regeneration. The iPSCs
are directly generated from somatic cells by genetic reprogramming. These cells possess
the capability to differentiate into cells of three germ layers [40,43]. It was proved that
iPSCs have an osteogenic differentiation ability at an equal or higher level than MSCs and
unlimited self-renewal capacity. However, clinical application of iPSCs carries a risk of
spontaneous teratoma formation [40]. Thus, nowadays, iPSCs-based bioengineered grafts
are concerned with only laboratory-scale production and scientific purposes.

In the last few years, bone marrow aspirate concentrate (BMAC) for regenerative
medicine applications has gained significant attention due to its potential benefits in the
treatment of cartilage and bone injuries. Importantly, BMAC therapy was approved by the
United States Food and Drug Administration (FDA) [44]. Density gradient centrifugation
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of autologous bone marrow aspirate is performed to obtain BMAC, which is composed of a
high concentration of MSCs, hematopoietic stem cells (HSCs), white blood cells, platelets,
and growth factors, such as TGF-β, PDGF, BMP-2, and BMP-7 that are known to exert
anabolic and anti-inflammatory effects [44,45]. A number of pre-clinical and clinical trials
have shown the effectiveness of BMAC alone or in conjunction with platelet-rich plasma
and/or biomaterials to treat musculoskeletal injuries, e.g., osteoarthritis of the knees and
osteonecrosis of the femoral head. Moreover, BMAC-based bone therapy is considered as
an economical method and safe due to the low risk of immune response, which makes it a
promising treatment approach [45].

To produce functional living bone graft in vitro, it is highly recommended to seed the
scaffold with various types of cells. This approach allows for creating partly vascularized
bone grafts. To produce such a graft, scientists co-culture MSCs with endothelial cells
(e.g., human umbilical vein endothelial cells (HUVEC) and human microvascular dermal
endothelial cells (HMECs)). The endothelial cells seeded onto the 3D matrix/biomaterial re-
veal the ability to form vessel-like structures in vitro [46,47]. Moreover, osteo-differentiated
MSCs co-cultured with endothelial cells additionally promote angiogenesis and endothelial
cells’ recruitment. In turn, it was also proven that endothelial cells are able to support the
osteogenic differentiation of MSCs, increasing bone formation [47].

2.3. Three-Dimensional Bioprinting

Three-dimensional (3D) bioprinting is an additive manufacturing method used to
produce biomaterials with cells or biomolecules incorporated in user-defined patterns. The
desired microstructure of 3D bioprinted scaffolds is gained by the use of a computer-aided
design model loaded onto a 3D printer. Next, the 3D bioprinter deposits bioink in a layer-
by-layer manner to produce 3D biomaterial [36,48]. Various 3D bioprinting technologies
are used to produce biomaterials, e.g., inkjet bioprinting (drop-on-demand bioprinting and
electrohydrodynamic jet bioprinting) [49], micro-extrusion [50], and laser-assisted bioprint-
ing [51]. Bioink used in tissue engineering is a material (e.g., based on natural or synthetic
polymers) that possesses pre-defined rheological properties resembling the ECM. Moreover,
among the desired features of bioinks, suitable viscosity range of bioinks formulation,
appropriate mechanical properties, biodegradability, and high biocompatibility may be
distinguished [52]. Many types of bioinks have been utilized to produce 3D biomaterials by
3D bioprinting, including polymeric materials and composite materials (polymer–polymer
and polymer–ceramic). Moreover, bioinks may contain either growth factors and simulative
molecules or living cells. Multicomponent bioinks have attracted wide interest due to their
ability to mimic the properties of native tissue, supporting tissue regeneration after scaffold
implantation [48]. It is also worth noting that the selection of the suitable cell origin for the
bioprinting process guarantees successful clinical implementation of 3D bioprinted living
bone grafts. Ambler et al. [53] bioprinted 3D constructs with mesenchymal progenitor
cells that were isolated from different human bone sites, such as the alveolar bone, iliac
crest, fibula, bone marrow, and mastoid. After 28 days of cell culture in vitro, cell viability,
gene expression (ALP, COL 1, RUNX2, OCN, and OPN), and ECM mineralization were
evaluated. The conducted study showed that periosteum-derived mesenchymal progenitor
cells exhibited great osteogenic differentiation ability and they may be considered as a
promising cell source for the production of 3D bioprinted living bone grafts in vitro.

Due to inherent versatility, printing resolution, and precision, 3D bioprinting is an
attractive tool for the production of living bone grafts/substitutes for regenerative medicine.
Several attempts have been made to develop bone substitutes using bioprinting. Table 2
summarizes recent studies (last three years) regarding 3D bioprinting techniques that have
been used to produce living bone grafts in vitro. Chimene et al. [54] bioprinted scaffolds
for craniomaxillofacial bone defects by using nanoengineered ionic covalent entanglement
bioink formulation containing gelatin methacryloyl, kappa-carrageenan, nanosilicates, and
human BMDSCs. They showed that the developed biomaterial stimulated the endochon-
dral differentiation of BMDSCs and ECM mineralization. Nanosilicates are well-known as
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bioactive agents that have the ability to support the osteogenesis process by their products
such as sodium ions, magnesium ions, lithium ions, and orthosilicic acid [55]. Liu et al. [56]
fabricated functional and biomimetic nanocomposite scaffolds composed of nanosilicates,
gelatin, alginate, and rat BMDSCs. They demonstrated that nanosilicates induced os-
teogenic differentiation of the encapsulated rat BMDSCs in vitro. Moreover, the in vivo
research showed that developed 3D bioprinted biomaterial significantly supported the
bone regeneration of the rat calvarial defects. In another study, Kosik-Kozioł et al. [57]
showed that scaffolds composed of gelatin methacrylamide, alginate, β-TCP, and human
BMDSCs increased the expression of ALP and bone gamma-carboxyglutamate protein
(BGLAP) genes. In turn, Yang et al. [58] developed a novel bioink composed of collagen, hu-
man ADSCs, and neonatal chicken BMDSCs-conditioned medium that contained bioactive
components supporting bone restoration, such as TGF-β and periostin. In vitro experi-
ments showed that 3D bioprinted hADSC-based constructs increased ALP activity, ECM
mineralization, and the expression of osteogenesis-related genes (runt-related transcrip-
tion factor 2 (RUNX2), COL 1, ALP, BMP-2, OCN, and OPN). Developed bone constructs
had also the ability to increase bone formation in vivo in a rat model. In another study,
Alcala-Orozco et al. [59] produced, using bioprinting, stable hybrid constructs made of
magnesium hydroxide nanoparticles-PCL and BMDSCs-laden Sr-gelatin methacrylamide.
They showed that the developed novel scaffolds increased the osteogenic differentiation
of encapsulated cells and ECM mineralization. Awwad et al. [60] bioprinted PLGA/PEG-
based bone scaffolds comprised of the active GET (glycosaminoglycan-binding enhanced
transduction system)-RUNX2 protein and human MSCs. Bioprinted scaffolds ensured
controlled release of transcription factors, affecting the osteogenic differentiation of the
cells. In vivo experiments conducted using a mouse model showed that implantation of
3D bioprinted biomaterial led to the development of high-density bone in a defect. Thus,
they demonstrated that the incorporation of a cell-fate programming system along with
viable human MSCs into a bioprinting process enabled the production of living bone graft
under in vitro conditions.

Fabrication by the 3D printing technique of the template without cells, that may serve
as a scaffold supporting cell adhesion, proliferation, and differentiation in vitro, is an
easier approach frequently used in BTE than in the production of the scaffolds with cells
already incorporated (Table 2). For example, Wang et al. [61] produced nano-attapulgite-
based scaffolds by the 3D printing technique that showed induction of BMP-2 and RUNX2
gene expression in human BMDSCs. Moreover, they demonstrated, using a rat model,
that fabricated novel 3D printed biomaterial enhanced bone formation. In another study,
Jeong et al. [62] showed that 3D printed bone scaffolds containing gelatin and β-TCP were
supportive to preosteoblasts’ (MC3T3-E1 cells) adhesion, proliferation, and differentiation
in vitro. Moreover, the scaffold stimulated bone formation in the animal experiments (a
rat model). Yan et al. [63] fabricated a 3D printed biodegradable PCL-based bone scaffold
that had the ability to release deferoxamine (DFO). The DFO was loaded into the scaffold
by immersion in the DFO solution after the bioprinting process. The DFO-loaded PCL
scaffold exhibited a stimulatory effect on ECM mineralization and increased the expression
of osteogenesis-related genes (RUNX2, Osterix, OCN, OPN, and COL 1) in rat BMDSCs
in vitro, whereas the in vivo study using a rat model showed that a novel scaffold supported
vascular ingrowth and bone regeneration.

Three-dimensional bioprinting is a rapidly emerging approach in tissue engineering
and is considered as an effective and promising tool for the fabrication of living grafts. This
method mainly focuses on the fabrication of cell-laden biomaterials for in vitro/in vivo
studies. In situ 3D bioprinting has a growing interest in the scientific community that may
revolutionize the tissue engineering field in the future. In a recent study, Li and colleagues
performed the in situ restoration of a cuboid-shaped bone defect in a sacrificed rabbit
by 3D scanning and 3D bioprinting using alginate hydrogel as a bioink [64]. In another
study, Li et al. [65] repaired bone defects in a pig model by in situ 3D bioprinting using
a robotic manipulator 3D printer and bioink containing sodium alginate, polyethylene
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glycol diacrylate (PEGDA), and gelatin methacrylamide. The accelerated bone repair was
observed after three months. Thus, robotic-assisted 3D bioprinting in situ is a promising
strategy for direct clinical applications.

Table 2. Three-dimensional bioprinting techniques utilized for the production of living bone grafts
in vitro.

Bioprinting Technique Bioink Results Ref.

Micro-extrusion
Gelatin methacryloyl,

kappa-carrageenan, nanosilicates,
and human BMDSCs

In vitro (human BMDSCs): stimulated endochondral
differentiation and increased ECM mineralization [54]

Micro-extrusion Gelatin, alginate, nanosilicates, and
rat BMDSCs

In vitro (rat BMDSCs): increased ALP activity and
ECM mineralization, and supported expression of
osteogenesis-related genes (RUNX2, Osterix, OCN,

OPN, and COL 1)
In vivo (rat model): supported bone formation

[56]

Micro-extrusion Gelatin methacrylamide, alginate,
β-TCP, and human BMDSCs

In vitro (human BMDSCs): increased expression of
osteogenesis-related genes (ALP and BGLAP) [57]

Micro-extrusion
Collagen, chicken

BMDSCs-conditioned medium, and
human ADSCs

In vitro (human ADSCs): increased ALP activity,
ECM mineralization, and expression of

osteogenesis-related genes (RUNX2, COL 1, ALP,
BMP-2, OCN, and OPN)

In vivo (rat model): stimulated bone formation

[58]

Micro-extrusion

PCL, magnesium hydroxide
nanoparticles, Sr-gelatin

methacrylamide, and human
BMDSCs

In vitro (human BMDSCs): increased ECM
mineralization and expression of COL 1 and OCN [59]

Micro-extrusion PLGA, PEG, GET-RUNX, and
human MSCs

In vitro (human MSCs): increased
osteogenic differentiation

In vivo (mouse model): supported bone formation
[60]

Micro-extrusion Natural nano-attapulgite with
polyvinyl alcohol as binder

In vitro (human BMDSCs): induced expression of
osteogenesis-related genes (BMP-2 and RUNX2)
In vivo (rat model): supported bone formation

[61]

Micro-extrusion Gelatin and β-TCP

In vitro (mouse preosteoblast, MC3T3-E1 cell line):
supported cell migration, proliferation, and

osteogenic differentiation
In vivo (rat model): stimulated bone formation

[62]

Micro-extrusion PCL

In vitro (rat BMDSCs): increased ECM
mineralization and expression of

osteogenesis-related genes (RUNX2, Osterix, OCN,
OPN, and COL 1)

In vivo (rat model): supported vascular ingrowth
and bone regeneration

[63]

3. Bioreactor Systems

Native tissue consists of micro and macroenvironments that interact with each other.
A very important issue is to mimic the in vivo conditions during preclinical studies in vitro.
Two-dimensional (2D) cell culture is a predominant method used in many cell-based as-
says. However, 2D cell culture possesses some drawbacks, e.g., poor imitation of in vivo
conditions since cells are grown as a monolayer on stiff flat surfaces [34]. Recently, the
3D cell culture models have gained a growing interest in the field of tissue engineering,
tumor research, and drug discovery studies. The 3D cell culture models provide appropri-
ate cell–cell cross-talk, cell–ECM components interconnection, and intercellular signaling
networks. Occurrence of the mentioned interactions within the 3D cell culture models
results in better mimicry of the in vivo microenvironment compared to standard 2D cell
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culture [66,67]. Cells in the ideal 3D culture model should exhibit good migration, prolifer-
ation, differentiation, and cell signaling. There are three main 3D culture techniques: (1)
anchorage-independent (scaffold-free), (2) anchorage-dependent (scaffold-based), and (3)
specialized 3D culture platforms. The selection of an appropriate 3D cell culture model
depends on the specific research direction, e.g., BTE applications and mimicry of a tumor
microenvironment or a particular disease phenotype [68].

To mimic the native microenvironment of tissues under in vitro conditions, bioreactor
systems are very valuable tools. Bioreactor systems can be defined as devices used to
control and provide appropriate parameters during cell culture, including temperature, pH,
gas and nutrient concentration, waste removal, and mechanical stimuli [69]. In bone-tissue
engineering and regenerative medicine, bioreactors are excellent platforms to form living
bone grafts that subsequently may develop to replace damaged bone in vivo. Additionally,
bioreactors are also a good device for large-scale expansion of MSCs [70,71]. Dynamic cul-
ture conditions, obtained by using bioreactor systems, ensure good oxygenation and mass
transport (of nutrients, metabolites, and waste products), as well as maintain a uniform
cellular distribution and cellular survival within the graft. It is a desired phenomenon since
the necrotic center within the structure of grafts cultured in the static conditions was often
observed [72,73]. Moreover, dynamic culture yields shear stress, which is exerted by the
medium flow, stimulating cell proliferation and differentiation [73,74]. A great diversity
of dynamic 3D bioreactors has been developed for BTE applications, for example, such
as perfusion bioreactors, rotating bioreactors, spinner flask bioreactors, and bioreactors
with pulsed electromagnetic fields. The mentioned bioreactor systems differ in terms of
cost-effectiveness, simplicity to use, monitoring options, productivity, and recommended
applications [69,72,75]. Figure 4a–d demonstrate two types of commercially available
bioreactor systems for BTE. The Lazar Arrow-MTM Micro Bioreactor System belongs to
perfusion bioreactors with continuous medium flow whereas the Rotary Cells Culture
System (RCCS) marketed by Synthecon is a rotating bioreactor. The RCCS may be used
without or with biomaterials to generate 3D cell or 3D tissue models, respectively. In this
section, bioreactor systems used in BTE with their general properties are outlined. Table 3
shows a summary of the studies concerning bioreactor systems used for the production of
living bone grafts in vitro.

Table 3. Bioreactor systems used for the production of living bone grafts in vitro.

Bioreactor System Applied Physical Stimuli Biomaterial Cells Results Ref.

Perfusion
1 mL/min medium flow rate;

dynamic compression (1%
strain at 1 Hz)

Chitosan-graphene
scaffold Human BMDSCs

Increased cell viability and
enhanced ECM
mineralization

[73]

Perfusion 0.1 mL/min medium flow rate DEX-loaded RADA
16-I scaffold Human BMDSCs

Increased ECM
mineralization and

expression of
osteogenesis-related genes

(ALP, OCN, and COL 1)

[76]

Perfusion 1.7 mL/min medium flow rate

Calcium phosphate
(substituted with
Mg2+, Zn2+ and

SeO3
2−)/chitosan

composite scaffold

Human BMDSCs Supported COL 1 synthesis
and ECM mineralization [77]

Perfusion
1.7 mL/min medium flow rate;

dynamic compression (10%
strain at 1 Hz)

Human femoral
head-derived

decellularized bone
scaffold

Human BMDSCs Increased cell proliferation
and ECM synthesis [78]

Perfusion 1.6 mL/min medium flow rate

Poly(L-lactide-co-
trimethylene

carbonate) lactide
(LTMC) scaffold

Rat BMDSCs

Decreased cell proliferation
and increased expression of
osteogenesis-related genes

(RUNX2, ALP, SP7, BSP,
OPN, and OCN)

[79]
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Table 3. Cont.

Bioreactor System Applied Physical Stimuli Biomaterial Cells Results Ref.

Perfusion 10 mL/min medium flow rate Fibrin beads Rat BMDSCs
Increased expression of

osteogenesis-related genes
(OPN, RUNX2, and VEGF)

[80]

Perfusion 3.47 mL/min medium flow rate Polyurethane scaffold

Human embryonic
stem cell-derived

mesenchymal
progenitors

Increased ALP activity and
cell number [81]

Perfusion 1.6 mL/min medium flow rate;
shear stress of 3.93 mPa

Polycaprolactone/hydroxyapatite
(PCL/HA) scaffold
functionalized with

RGD–C
(arginine–glycine–
aspartate–cysteine)

Human fetal
osteoblasts (hFOB

1.19)

Decreased cell proliferation
as well as increased ALP

activity and ECM
mineralization

[82]

Perfusion 0.3 mL/min medium flow rate Mg-based alloy/HA
scaffold

Human fetal
osteoblasts (hFOB

1.19)

Increased COL 1, ALP,
OCN, and OPN synthesis [83]

Perfusion 1 mL/min medium flow rate
Porcine

decellularized native
bone

Human smooth
muscle cells (hSMCs)
and human umbilical
vein endothelial cells

(HUVECs)

Improved cellular density
and increased

microvascular networks
[84]

Rotating 5 rpm rotation rate
Polycaprolactone–β-
tricalcium phosphate
(PCL-TCP) scaffold

Human BMDSCs

Increased expression of
osteogenesis-related genes

(ALP, OC, OCN, and
COL 1)

[85]

Rotating Not provided Chitosan/hydroxyapatite
microbeads Rat BMDSCs Increased OC and

OPN synthesis [86]

Rotating Not provided
Poly(lactic-co-

glycolic acid; PLGA)
scaffold

Human dental
pulp-derived

mesenchymal stem
cells

Increased COL 1 synthesis
and ECM mineralization [87]

Rotating and
perfusion

1 rpm rotation rate; 1−2
mL/min medium flow rate

Gelatin-coated
β-tricalcium

phosphate scaffold

Buccal fat pad
tissue-derived

mesenchymal stem
cells

Supported ECM protein
synthesis [88]

Rotating and
perfusion

1 rpm rotation rate; 1−2
mL/min medium flow rate

Gelatin-coated
β-tricalcium

phosphate scaffold

Buccal fat pad
tissue-derived

mesenchymal stem
cells

Increased expression of
osteogenesis-related genes

(RUNX2, ALP, OC, and
COL 1)

[89]

Spinner flask 30 rpm stirred rate Fibra-Cel® Disk
(Eppendorf)

Human BMDSCs
Increased ALP activity and

decreased ECM
mineralization

[90]

Spinner flask 50 rpm stirred rate

Collagen/
nanohydroxyapatite/

phosphoserine
scaffold

Human dental
pulp-derived

mesenchymal stem
cells and

human dental
follicle-derived
mesenchymal

stem cells

Increased ALP activity and
higher osteogenic gene

expression (OC and BMP-2)
[91]

Spinner flask 50 rpm stirred rate Polycaprolactone
(PCL) microparticles

Human ADSCs and
human osteoblasts

Enhanced ECM
mineralization [92]

Spinner flask 50 rpm stirred rate CultiSpher S
microcarriers

Human
amnion-derived

MSCs and HUVECs

Downregulated ALP
activity, ECM

mineralization, and gene
expression (COL I, RUNX2,

and OC)

[93]
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Figure 4. Bioreactor systems used for the production of living bone grafts in vitro: (a) Lazar Arrow-
MTM Micro Bioreactor System (Lazar Research Laboratories, Inc., Los Angeles, CA, USA); (b) Rotary
Cell Culture System (RCCS) (Synthecon, Houston, TX, USA) and its autoclavable vessels; (c) Slow
Turning Lateral Vessels (STLV) and (d) High Aspect Ratio Vessels (HARV); and (e) schematic drawing
of spinner flask bioreactor.

3.1. Perfusion Bioreactors

Perfusion bioreactors have been developed to ensure appropriate mass transport and
controlled mechanical stimuli (e.g., shear stresses and hydrodynamic forces) during 3D cell
culture. The mass transfer through the interconnected pores of the 3D scaffolds and good
oxygenation are obtained in the perfusion bioreactor system by the continuous flow of the
cell culture medium, enhancing the cell distribution and ECM synthesis. Basic perfusion
bioreactors consist of a media reservoir, a tubing circuit, a pump, perfusion/reactor cham-
bers, a waste tank, and an oxygenator or gas-permeable membranes [69,74,94,95]. In the
perfusion bioreactor, a medium is piped and next pumped to the reactor chamber contain-
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ing cells/scaffold constructs. The medium may flow in a closed-loop or in an open-loop
system when the bioreactor ensures a medium reservoir and a waste tank [69,96]. In these
systems, the most important issue is the flow rate of the medium and fluid-induced wall
shear stress that influences the microenvironment of cells and upregulates the expression
of both osteoblastic markers and thus efficient bone graft formation [74,94,97]. Perfusion of
the cell culture medium in bioreactors may occur indirectly or directly. Indirect perfusion
occurs when the medium flows around and partly through the biomaterial, whereas di-
rect perfusion indicates the medium flowing only through the biomaterial, thereby shear
stress directly influences the cells within the scaffold [69,96,98]. The shear stress stimuli
create conditions that mimic the in vivo microenvironment, enhance cell proliferation and
differentiation, and also support the mineralization within the bioengineered bone tissue
construct [95]. Moreover, Seddiqi et al. [99], who determined shear stress-related cell
responses in vitro, showed that pulsating fluid flow with high peak shear stress (6.5 Pa)
more strongly stimulated nitric oxide production by pre-osteoblasts than fluid flow with
low peak shear stress (0.8 Pa). Consequently, the nitric oxide promoted the osteogenesis
process by regulation of canonical Wnt/β-catenin signaling. In another study, continuous
medium flow with a mean shear stress equal to 8.5 mPa improved the proliferation of
human BMDSCs and increased ECM production compared to control cells cultured in
static conditions [78]. In turn, Yamada et al. [79] showed that during the perfusion (shear
stress distribution ranging from 0.20 mPa to 0.40 mPa), cell proliferation on polyester-based
scaffolds was significantly inhibited. However, they observed increased expression of
osteogenesis-related genes (RUNX2, ALP, SP7, BSP, OPN, and OCN) in the absence of
chemical stimuli (i.e., the application of dexamethasone) compared to static culture. Simi-
larly, Salifu et al. [82] proved that human fetal osteoblasts cultured on the surface of the
polycaprolactone/hydroxyapatite scaffold functionalized with RGD–C (arginine–glycine–
aspartate–cysteine) in a perfusion bioreactor (shear stress of 3.93 mPa) showed a lower
proliferation rate but increased ALP activity and ECM mineralization.

Perfusion bioreactors are a good tool to produce bone tissue-engineered grafts for
regenerative medicine applications since they provide a 3D dynamic microfluidic envi-
ronment that exerts a positive effect on cellular response. For example, Panek et al. [76]
cultured human BMDSCs on dexamethasone-loaded peptide hydrogels in a perfusion
bioreactor. They showed that cells exhibited increased ECM mineralization and expression
of osteogenesis-related genes (ALP, OCN, and COL 1). Similarly, Ressler et al. [77] showed
that human BMDSCs cultured on the calcium phosphate (substituted with Mg2+, Zn2+,
and SeO3

2−)/chitosan composite scaffold exhibited increased COL 1 synthesis and ECM
mineralization. In turn, Bhaskar et al. [81] demonstrated that human embryonic stem
cell-derived mesenchymal progenitors cultured on polyurethane scaffolds in the perfusion
bioreactor exhibited increased ALP activity compared to cells grown in static conditions.
Gandhi et al. [80] encapsulated rat BMDSCs within fibrin beads and cultured them in the
perfusion bioreactor or in static conditions for 14 days. In vitro experiments showed an
increased expression of OPN, RUNX2, and VEGF in cells cultured both in static conditions
and in the bioreactor. Nevertheless, in vivo studies in a rat model demonstrated that encap-
sulated rat BMDSCs within fibrin beads after culture in the bioreactor displayed superior
mineralized bone formation and vascularization within the defect model compared with
other groups. In turn, Han et al. [83] found that human fetal osteoblasts cultured on the
Mg-based alloy/HA scaffold in the perfusion bioreactor synthesized higher amounts of
COL 1, ALP, OCN, and OPN than cells cultured in static conditions.

Perfusion bioreactors have also been demonstrated to be a very good tool for the pro-
duction of vascularized bone tissue grafts. Vascularization of the scaffold is crucial for graft
survival after implantation. The promising approach in BTE is to produce pre-vascularized
tissue-engineered bone grafts by using endothelial cells [75,100]. For example, Liu et al. [84]
cultured human smooth muscle cells (hSMCs) on the decellularized native bone for 3 weeks
and next they seeded human umbilical vein endothelial cells (HUVECs) as well as per-
formed co-culture in a perfusion bioreactor. The developed in vitro pre-vascularization
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procedure allowed for obtaining a vascularized bone scaffold that was characterized by
improved cellular density and better microvascular networks compared with the culture
in static conditions. Moreover, it has been proved that the stromal vascular fraction (SVF)
of adipose tissue may be used as a source of vasculogenic cells for the production of vas-
cularized bone tissue grafts [101,102]. The SVF is a heterogeneous cell population that
contains MSCs, preadipocytes, mature endothelial cells, and endothelial progenitor cells
that promote the formation of microvascular networks [37,101]. Furthermore, to support
the vascularization of the bone grafts, some investigators chose an approach to deliver
pro-angiogenic factors (e.g., VEGF, PDGF, FGF, and BMP) that enhanced both new vessel
and bone formation [75].

3.2. Rotating Bioreactors

In the early 1990s, the National Aeronautics and Space Administration (NASA) de-
signed rotating bioreactor systems to simulate relative microgravity conditions. The NASA-
developed Rotary Cell Culture Systems (RCCS), which are commercially accessible from
Synthecon Inc. (Houston, TX, USA), have become pivotal device tools for medical stud-
ies due to their ability to provide the most favorable environment for cell and tissue
cultivation [103]. It was proven that the microgravity and dynamic culture in a rotary
bioreactor exert a positive effect on cell propagation, osteogenic differentiation, and miner-
alization [103–107]. The most common RCCS is composed of a rotating wall vessel, a rotary
base, and a power supply (Figure 4b–d). Various designs of rotating bioreactors have been
developed, e.g., cells may be seeded onto biomaterials and cultivated in a free-fall manner
or biomaterials seeded with the cells are fixed on a needle in the rotating vessel during
culture [69]. During constant rotation of the vessel, cells cultured on the biomaterials are
maintained under a continuous circulation flow. The continuous vessel motion facilitates
the exposure of the cells to gases and nutrients. Furthermore, the shear stress that is exerted
by media flow may be adjusted and controlled by the rotational speed. Hence, it is possible
to generate relatively low shear stress conditions [104].

In recent years, rotating wall vessel (RWV) bioreactors have become a popular device
for tissue engineering applications. RWV bioreactors contain two concentric cylinders
(inner and outer) and the cells are cultured between them. The outer cylinder rotates
whereas the inner cylinder rotates or is stationary. RWV creates a microgravity environ-
ment using similar mechanisms such as RCCS bioreactors [108]. Results of the studies
performed using either commercially available or custom-made rotating bioreactors are
summarized in Table 3. Ravichandran et al. [85] cultured human BMDSCs on the surface of
polycaprolactone/β-tricalcium phosphate-based biomaterials in a multimodal bioreactor
system that allows for the application of cyclic compressive strains and biaxial rotation
of a chamber. After two weeks of culture, they showed that cells exhibited increased
expression of osteogenesis-related genes (ALP, OC, OCN, and COL 1) in comparison
with static cultures. In turn, Koç et al. [86] applied a slow turning lateral vessel (STLV)
and RCCS, along with rat BMDSCs encapsulated into microbeads, to evaluate osteogenic
differentiation during dynamic culture conditions. In vitro tests proved that the encap-
sulated cells differentiated towards the osteoblastic lineage and formed bone-like tissue.
Another study proved enhanced odontogenic differentiation of human dental pulp stem
cells after dynamic culture in the RCCS bioreactor [87]. Moreover, bioreactor-incubated
cell-seeded scaffolds were characterized by greater amounts of ECM proteins including
glycosaminoglycans and collagen [88]. In another study, it was proven that cells cultured
in a rotating/perfusion bioreactor showed a significantly higher expression of osteogenesis-
related genes (RUNX2, ALP, OC, and COL 1) compared to the cells cultured in the static
condition as well as in the perfusion bioreactor [89]. Thus, those observations led to a
hypothesis that rotating bioreactors with continuous medium perfusion are an effective
approach in BTE and may be used not only as a device for research but also as a tool for the
production of living bone tissue graft.



Int. J. Mol. Sci. 2022, 23, 1765 15 of 22

3.3. Spinner Flask Bioreactors

A spinner flask is a type of cheap and simple bioreactor that is composed of a media
reservoir with two side arms with filter caps allowing for gas exchange (Figure 4e). Un-
like rotating bioreactors, in a spinner flask, medium motion is created by a stirrer device.
Nevertheless, similar culture conditions in the continuous circulation fluid flow are pro-
vided [69,104,109]. A magnetic bar that is placed in the middle of the flask renders the
flow of fluid around the cell/biomaterial constructs. Most often, biomaterials are fixed
on a needle that is linked with a cover of the spinner flask [69]. It is worth noting that
the spinner flask systems provide highly homogenous medium solution on the outside of
the biomaterials but the supply of oxygen and nutrients to the cells in the middle of the
scaffold is less efficient compared to the perfusion bioreactors [109]. Some of the recent
research that involved spinner flask bioreactors to evaluate the osteogenic differentiation of
the cells cultured on the surface of bone scaffolds is presented in Table 3. Salgado et al. [91]
applied a spinner flask to compare the osteogenic ability of tooth-derived stem cells for
BTE applications. An increase in ALP activity and enhanced osteogenic gene expression
(OC and BMP-2) compared to the static culture were observed. This effect resulted from the
more efficient supply of nutrients to the cells during continuous circulation of the medium
in the spinner flask. In static culture conditions, the nutrient supply was slower than in
the dynamic culture. In another study, Nadine et al. [92] showed that co-encapsulated
human osteoblasts and adipose-derived stromal cells in PCL-based microgels, followed
by culturing in the dynamic condition in a spinner flask, may be a good method for the
in vitro formation of bone-like microtissue. Moreover, microcapsules cultured in dynamic
conditions exhibited enhanced ECM mineralization compared to the static cultures. In
turn, Zhang et al. [93] made an attempt to fabricate functional pre-vascularized bone tissue
constructs in vitro by co-culturing human amnion-derived MSCs and HUVECs on micro-
carriers in the spinner flask. They observed that HUVECs exerted a negative effect on
the osteogenic differentiation of MSCs, i.e., HUVECs downregulated ALP activity, ECM
mineralization, and the expression of osteogenesis-related genes (COL I, RUNX2, and
OC). Thus, to fabricate pre-vascularized bone microtissues, a delayed seeding method
of HUVECs against MSCs should be applied. In another study, Tsai et al. [90] cultured
BMDSCs on non-woven fiber disks (Fibra-Cel® Disk, Eppendorf) in two different dynamic
culture systems (in the spinner flask or a bidirectional-flow bioreactor). They showed that
the expansion rate of cells was faster in the flow-bioreactor than in the spinner flask and
static culture. Nevertheless, the highest ALP activity was observed in cells cultured in
the spinner flask. Thus, spinner flask systems are a simple type of bioreactor that have
exhibited good efficiency in some cases.

3.4. Pulsed Electromagnetic Fields-Based Bioreactors

Over the years, it has been observed that biophysical stimuli, such as electromagnetic
stimuli, internal structural stimuli, or external mechanical stimuli, exhibit a promising
potential to accelerate the regeneration of critical bone defects [110–112]. In the 1950s, the
piezoelectric properties of the bone were discovered by a group of Japanese researchers.
It was reported that bone is electropositive under tension as well as is electronegative
under compression. Moreover, the formation of new bone tissue is observed in the areas
of bone under tension, whereas the compression causes bone resorption. Thus, pulsed
electromagnetic fields (PEMFs) have been recently implemented as an effective approach in
orthopedic clinical treatment to support bone healing [113,114]. PEMFs are low-frequency
magnetic fields that are generated from an alternate current. Waveform and amplitude are
defined and have a permanent variation of the magnetic field amplitude over time [113].
PEMFs were approved by the FDA as a safe and non-invasive method to treat non-union
or delayed-union bone fractures [113,114]. Moreover, the PEMPs are also regarded as a
more efficient therapy of osteonecrosis and diabetic osteopenia in comparison with drug
therapy [115]. Several studies have been performed to investigate the PEMF influence on
osteoprogenitor cells in vitro and bone healing in vivo.
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It was proven that PEMFs promote MSCs’ migration and osteogenic differentiation.
Additionally, PEMFs increase the secretory activity of MSCs, thereby their secretome
may affect the surrounding microenvironment by the anti-inflammatory effect. Further-
more, it was shown that low-frequency (LF) PEMF downregulates the expression of proin-
flammatory cytokines/factors (TNF-α, IL-6, and INF-γ) and increases the level of anti-
inflammatory cytokines (IL-4, IL-10, and IL-13) in vitro [112]. Activation of BMP signaling,
the MAPK/ERK pathway, Notch signaling, and the Ca2+/CAM pathway were also ob-
served in MSCs after PEMF stimulation. Thus, PEMFs modulate signaling pathways in
MSCs that play well-established roles in bone healing [116–119]. Moreover, PEMF stimula-
tion also significantly influences the proliferation and differentiation of osteoblastic cells. It
was proven that PEMFs affect the gap junction communication system between cells and
exert action on ion channels [115,120]. Importantly, in vivo studies confirmed that PEMFs
significantly improve bone-implant osseointegration [110,121]. Parmaksiz et al. [122] trans-
planted the decellularized cancellous bone matrix (DBM) and DBM with incorporated
magnetic iron oxide nanoparticles (MNPs) in the rat cranial defect model with or without
LF-PEMF treatment. The in vivo study showed that implantation of DBM and DBM/MNPs
in combination with LF-PEMF treatment promoted osteoblastic regeneration and angiogen-
esis. To translate the mentioned advantages of PEMFs to the BTE, PEMF-based bioreactors
were developed. Generally, the PEMF-based bioreactor system consists of two Helmholtz
coils powered by a PEMF generator, wherein a bioreactor chamber with biomaterial is
placed in between them. In vitro studies indicated that cell culture in PEMF-based biore-
actors enhances osteogenic differentiation and ECM mineralization [69]. For instance,
Tsai et al. [123] cultured rat osteoblasts on the surface of the PLGA scaffold in a bioreactor
integrated with PEMFs. The performed study showed that PEMF treatment influenced
osteoblast proliferation and differentiation depending on the applied amplitudes, e.g., the
0.32 T hindered cell proliferation but increased ALP activity.

As observed in some in vitro and in vivo studies, the PEMFs improved the osteogenic
differentiation of cell/scaffold constructs compared to the static cultivation. Although
PEMF-based bioreactor systems appear to be a very promising tool for the production of
living bone grafts, they are characterized by high costs, limiting their wide-scale applica-
tions in BTE [69].

4. Conclusions

The emergence of tissue engineering and regenerative medicine at the turn of the year
1980/1990 was the hope for the revolution of treatment and therapies for patients [124].
The fast regeneration of large bone fractures is a big challenge for regenerative medicine
since that type of fracture carries a risk of high mortality and morbidity. To achieve the
desired healing success, the implementation of a proper bone treatment method is essential.
Some commercial bone allografts and xenografts are available. Nevertheless, these bone
substitutes showed some shortcomings during a precise biological evaluation, reducing
their clinical relevance. Over the years, BTE has become a very promising approach,
aiming to accelerate the restoration of bone defects. The main role of the BTE is the
production under in vitro conditions of implantable bone substitutes via a combination of
bone scaffolds/biomaterials with cells and/or bioactive molecules (e.g., growth factors).
The present review described the most recent findings concerning biomaterials, cells, and
techniques used for the production of living bone grafts. Viable and functional cell/scaffold
constructs are crucial to achieve the desired regeneration of large bone fractures that are
difficult to heal. Nevertheless, although BTE has been developing since the late 1980s and
there are numerous types of biomaterials and techniques described in the literature, many
proposed approaches are very complex and expensive, causing their delayed translation
into clinical use. Therefore, the major challenge of BTE for the upcoming years is the
development of a cost-effective and efficient method for bone tissue construct production
in vitro that would allow for a significant acceleration of the bone healing process and for a
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rapid translation of this new technology to clinical applications. The mentioned features of
living bone grafts are an important and crucial expectation for bone regenerative medicine.

It is worth noting that ideal bone scaffolds for BTE applications should reveal simulta-
neously good mechanical properties and high biocompatibility, which is very challenging.
Moreover, ideal living bone constructs should be produced by co-culture of MSCs with
endothelial cells on the surface of biomaterial in order to create pre-vascularized bone
graft that will accelerate revascularization after implantation. Thus, the huge hope is
that in the future, researchers will be able to design a simple and cost-effective protocol
concerning the fabrication of a living bone graft under in vitro conditions. According to the
available literature, 3D bioprinting is full of promise as a technique for the production of
bone constructs for regenerative medicine applications due to its addressing of challenges
such as high cell viability and vascularization within the bone graft. However, the use
of bioprinting in clinical practice may generate high costs. In turn, bioreactor systems
currently used in BTE, such as perfusion bioreactors, rotating bioreactors, and spinner
flask bioreactors, are not only more cost-effective than 3D bioprinting but also they are
excellent platforms to form living bone grafts under conditions mimicking the physiological
microenvironment. The important advantage of bioreactor systems is the possibility to
control and monitor specific parameters (biological, physical, and chemical) during the
cell culture in vitro, which allows researchers to obtain replicable outcomes. However,
adjustment of the respective parameters in bioreactor systems involves effort, diligence,
and time. The PEMP-based bioreactors are also regarded as an efficient method for living
bone graft production in vitro. Nevertheless, due to the costliness and complexity of this
technology, its clinical applications are limited. Other concerns related to the clinical use of
bioengineered living bone grafts are associated with law limitations, such as some strict
regulations for cell-based therapies. It is worth noting that although tissue engineering and
regenerative medicine have been studied for about 30 years, the production of living bone
grafts is still a significant challenge for researchers.

In summary, the selection of the appropriate biomaterial and technique for the pro-
duction of living bone grafts should be tailored to the needs of specific patients and type
of fracture. Moreover, creation of the bioengineered bone construct is associated with
cell-based therapy. Some disease entities do not allow for the collection of autologous cells
from the patient. On the other hand, application of allogeneic cells may carry the risk of
adverse immune response and disease transmission. Thus, production of the bone graft
in vitro depends on many factors and is a very challenging task. However, taking into
account the aging population and increasing demand for autologous bone transplants, it is
very important to develop modern, cost-effective, simple, and universal technology for the
production of bone constructs. A good compromise might be the application of cell-free
bone substitutes containing bioactive molecules, promoting cell migration, proliferation,
and new bone formation after transplantation in vivo. Thus, further scientific efforts should
be attempted to develop efficient bone grafts that might be easily translated to clinical
applications.
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I. Bone Tissue Engineering in a Perfusion Bioreactor Using Dexamethasone-Loaded Peptide Hydrogel. Materials 2019, 12, 919.
[CrossRef]
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