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Abstract: An aging population leads to increasing demand for sustained quality of life with the
aid of novel implants. Patients expect fast healing and few complications after surgery. Increased
biofunctionality and antimicrobial behavior of implants, in combination with supportive stem
cell therapy, can meet these expectations. Recent research in the field of bone implants and the
implementation of autologous mesenchymal stem cells in the treatment of bone defects is outlined and
evaluated in this review. The article highlights several advantages, limitations and advances for metal-
, ceramic- and polymer-based implants and discusses the future need for high-throughput screening
systems used in the evaluation of novel developed materials and stem cell therapies. Automated
cell culture systems, microarray assays or microfluidic devices are required to efficiently analyze
the increasing number of new materials and stem cell-assisted therapies. Approaches described in
the literature to improve biocompatibility, biofunctionality and stem cell differentiation efficiencies
of implants range from the design of drug-laden nanoparticles to chemical modification and the
selection of materials that mimic the natural tissue. Combining suitable implants with mesenchymal
stem cell treatment promises to shorten healing time and increase treatment success. Most research
studies focus on creating antibacterial materials or modifying implants with antibacterial coatings in
order to address the increasing number of complications after surgeries that are mostly caused by
bacterial infections. Moreover, treatment of multiresistant pathogens will pose even bigger challenges
in hospitals in the future, according to the World Health Organization (WHO). These antibacterial
materials will help to reduce infections after surgery and the number of antibiotic treatments that
contribute to the emergence of new multiresistant pathogens, whilst the antibacterial implants will
help reduce the amount of antibiotics used in clinical treatment.

Keywords: stem cell therapy; mesenchymal stem cells; antimicrobial materials; bone tissue engineer-
ing; critical large bone defects; high-throughput screening systems

1. Introduction

Artificial biomedical implants have grown more complex because of progress in
manufacturing processes as well as the creation of novel materials. The daily use of
biomedical implants, including artificial organs, medical devices and disposable clinical
apparatuses in clinical surgeries, has not only saved many lives but also restored the
quality of life for many patients [1]. One field of application for biomedical implants
is orthopedic surgeries, which have a market size of EUR 40 billion worldwide [2]. In
particular, bone implants are used in the field of dental surgery as dental implants or bone
void fillers. They are required after tooth loss as a result of disease or trauma, creating a
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need in the US market which has approximately 450,000 implants per year [3]. Another
reason for the rising demand for bone implants is an increasing elderly population that
requires treatment of various illnesses [4]. These illnesses include poorly healing large
bone defects, which represent a major clinical problem [5]. The human body is not capable
of regenerating critical large bone defects on its own [6]. Therefore, bone grafts must either
be implanted with specific properties to induce bone growth or treated with stem cells
to achieve regeneration of damaged tissue [7,8]. Even though implants have improved
significantly over the last few decades, they still cannot replace original tissues without
side effects. These side effects include irritation, inflammation and rejection of the implant.
To date, autologous implants are the standard, but they bear the disadvantage of high
complication rates of 10–40% and can cause hemorrhage, nerve and vascular lesions and
postoperative pain [9].

New materials, in particular, must reduce negative host responses. Over the past few
decades, interest in biodegradable materials has increased, as they eliminate the need to
remove the implant, thereby reducing the number of surgeries required [10]. Biodegradable
materials are also beneficial in accomplishing the ultimate goal of tissue engineering: the
creation of tissue that is indistinguishable from natural tissue [11]. To achieve this, it is
important to understand the effects of the used materials and their degradation products on
the human body and to take these into account when developing new materials. Therefore,
new materials need to be analyzed for cytotoxicity, antibacterial behavior, inflammatory
responses, genotoxicity, cell attachment, tissue integration and metabolomic or proteomic
changes of any involved cells [12,13]. Although materials used are tested for the listed
parameters and are chosen to match the necessary mechanical and chemical properties to
prevent complications, risks still remain.

Research efforts are aimed at novel alloplastic materials that have the potential to
reduce high complication rates while being available in large quantities. They can be
distinguished by their effects on the formation of new bone. Osteoconductive materials
have the ability to act as a scaffold for the formation of new bone but do not have the
ability to induce spontaneous osteogenesis when implanted subcutaneously, for example
in mice [14]. Materials that can induce spontaneous osteogenesis are called osteoinductive.
Novel synthetic materials must be osteoconductive to be suitable as a bone graft substitute,
but they should preferably be osteoinductive to be used in critical large bone defects [15].
To achieve osteoinductivity, osteoconductive materials can be combined with proteins,
such as bone morphogenetic proteins (BMPs), stimulating miRNAs, drug delivery systems
containing small molecules or nanoparticles to induce osteogenesis [16–20].

Osteoinductive behavior is especially important when the implant is combined with
stem cell treatment. Mesenchymal stem cells (MSCs) can differentiate into adipocytes [21],
chondrocytes [22], neuron-like cells [23] or the osteoblastic lineage [7,24]. Their potential
to increase the number of osteoblasts at the implantation site and their anti-inflammatory
effects [25,26] make them the ideal candidates for supporting the bone healing process.
MSCs can be obtained from the patient’s own tissues, such as adipose tissue, bone marrow
or the umbilical cord [22,27], and subsequently expanded in vitro to generate the number
of cells necessary for clinical treatment. By using autologous stem cells, complications such
as implant rejection can be reduced to a minimum [28].

As mentioned above, some of the most serious risks for patients receiving an implant
are infectious diseases, which contribute to 50–70% of the 2 million healthcare-associated
infections in the USA [29]. As infectious diseases are a major challenge in current healthcare
and especially for patients after surgery, implants with antibacterial effects would have
two benefits: first, they can reduce the number of postoperative complications and, conse-
quently, increase the overall chances of the treatment being successful; a second benefit
would be a decrease in the amount of antibiotics needed, thereby reducing the number
of emerging multiresistant pathogens. Every year, around 670,000 people in the EU are
afflicted by an infectious disease with antibiotic-resistant pathogens; of these cases, 33,000
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are fatal [30,31]. According to the World Health Organization (WHO), approximately
10 million global deaths will be caused by antibiotic-resistant infections in 2050 [32,33].

The optimal bone graft substitute must be a biodegradable, antimicrobial, biocom-
patible and osteoinductive material with favorable adhesive properties for MSCs. Since
it is very unlikely that all of these properties will be found in one raw material, many
approaches focus on modifying materials that have already shown promising results for
some of these properties [2,34–36]. Modification can be done chemically by changing
functional groups, by combining different materials or by loading the scaffold with carrier
particles containing bioactive substances in order to obtain the desired properties [37–39].
As there are many novel materials and the number of samples to be analyzed continues to
grow, screening systems for high throughput are becoming more important [40,41]. The
bottleneck in the development of new types of implants is no longer the production of
new materials, but the ability to effectively evaluate any modified materials [42]. Several
approaches over the past decade have attempted to make high-throughput screening sys-
tems available to the majority of the research community [43,44]. These systems include
microarrays, automated liquid handling systems and microfluidics. However, most of
these systems are still very expensive, and efforts are being made to establish inexpensive
and affordable processes [45,46]. For example, one of these processes is the production of
microfluidic chips through additive manufacturing, which is also known as 3D printing
technology [47,48]. A further improvement and availability of these screening systems
will not only help in identifying the ideal candidate as a bone graft substitute, but also aid
several other research areas such as stem cell differentiation, biomolecule- or cell-adhesion
to surfaces or the effect of fluid dynamics on cell culture.

2. Bone Graft Substitutes for the Reconstruction of Large Bone Defects

Recent publications dealing with large bone defects, the materials used in treatment
and possible screening systems are evaluated in this review. The publications about
materials can be divided into three main categories based on the materials used to produce
new bone graft substitutes. These categories are metals, ceramics and polymers. Different
materials used in studies to create novel bone grafts are shown in Figure 1. Each material
has its advantages and disadvantages as a bone graft substitute, and their expected future
potential consequently correlates with the numbers of recent publications. A detailed
description of literature research with the keywords used and hits obtained is given in
Table 1.

Table 1. Combination of keywords used for database creation.

Section Search Criteria Number of Hits

“large bone defect” AND “bone graft substitute” 297 *

Section 2.1 “large bone defect” AND “metal” AND “bone graft substitute” 120 *

Section 2.2 “large bone defect” AND “ceramic” AND “bone
graft substitute” 169 *

Section 2.3 “large bone defect” AND “polymer” AND “bone
graft substitute” 208 *

Section 2.3 “large bone defect” AND “biodegradable polymer” AND
“bone graft substitute” 69 *

Section 2.3 “large bone defect” AND “chitosan” and “bone
graft substitute” 85 *

Section 3 Checked hits from Section 2 for “stem cells” 87

Section 4 “in vitro” AND “high throughput” AND “osteogenesis” 795 *

* From sciencedirect.com, checked on 4 November 2020.

sciencedirect.com
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Figure 1. Material categories used in the creation of novel bone graft substitutes. Various materials that provide an alter-
native to autologous bone implants are available or in development. Metals have been used for the longest time because 
they are associated with mechanical stability and the manufacturing process is well known [49]. Biodegradable metal 
scaffolds made from magnesium alloys have shown promising results in bone regeneration and have recently attracted 
more attention [50–53]. Metal ions are used in the modification or supplementation of scaffolds to improve their regener-
ative or antimicrobial abilities as they have regulatory effects in cells [54–56]. Ceramics were seen as the most promising 
candidate because of their chemical similarities to natural bone [14,57]. However, since the manufacturing processes for 
ceramics cannot yet achieve the required mechanical stability, these bone grafts are only used for implants that are not 
mechanically stressed [58,59]. Polymers offer the greatest potential with an almost endless number of modification possi-
bilities and adjustable manufacturing processes [60,61]. With increasing interest in biodegradable materials, the focus has 
shifted to polymers, as there are several different materials with known biocompatibility and biodegradation [62–64]. 
Figure created using app.biorender.com. 
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Based on their high mechanical stability and the existing knowledge of their biocom-

patibility, metals are currently irreplaceable for osteosynthesis of mechanically stressed 
bones [49]. However, most metals—which have been traditionally used as bone graft sub-
stitutes—are non-biodegradable [65,66], release toxic metal ions in vivo and have a high 
elastic modulus compared to natural bone tissue [56]. Recently, the biodegradability of 
the graft has become increasingly important, since the aim of tissue engineering is to re-
store a patient's tissue with a material that is biologically adaptable. Wang et al. [65] and 
Li et al. [51] used a magnesium (Mg)–strontium (Sr) alloy (Mg and 1.5 wt% Sr) modified 
with micro-arc oxidation to produce bone grafts on the basis of its biodegradability and 
good mechanical properties. Strontium was added because of its capacity to induce bone 
formation and to prevent osteoporosis [51], according to Li et al. They demonstrated the 
cytocompatibility and osteogenic effects of the created Mg–Sr device in vitro with mouse 
bone-marrow-derived MSCs by showing upregulation of various osteogenic genes and 
cell proliferation similar to that of β-tricalcium phosphate (β-TCP) and calcium sulfate 
(CaSO4) grafts. Wang et al. observed the formation of new bone along ulna defects in vivo 
in New Zealand white rabbits using Mg–Sr alloy grafts compared to a control group 

Figure 1. Material categories used in the creation of novel bone graft substitutes. Various materials that provide an
alternative to autologous bone implants are available or in development. Metals have been used for the longest time because
they are associated with mechanical stability and the manufacturing process is well known [49]. Biodegradable metal
scaffolds made from magnesium alloys have shown promising results in bone regeneration and have recently attracted more
attention [50–53]. Metal ions are used in the modification or supplementation of scaffolds to improve their regenerative or
antimicrobial abilities as they have regulatory effects in cells [54–56]. Ceramics were seen as the most promising candidate
because of their chemical similarities to natural bone [14,57]. However, since the manufacturing processes for ceramics
cannot yet achieve the required mechanical stability, these bone grafts are only used for implants that are not mechanically
stressed [58,59]. Polymers offer the greatest potential with an almost endless number of modification possibilities and
adjustable manufacturing processes [60,61]. With increasing interest in biodegradable materials, the focus has shifted to
polymers, as there are several different materials with known biocompatibility and biodegradation [62–64]. Figure created
using app.biorender.com.

2.1. Metals

Based on their high mechanical stability and the existing knowledge of their biocom-
patibility, metals are currently irreplaceable for osteosynthesis of mechanically stressed
bones [49]. However, most metals—which have been traditionally used as bone graft
substitutes—are non-biodegradable [65,66], release toxic metal ions in vivo and have a
high elastic modulus compared to natural bone tissue [56]. Recently, the biodegradability
of the graft has become increasingly important, since the aim of tissue engineering is to
restore a patient’s tissue with a material that is biologically adaptable. Wang et al. [65] and
Li et al. [51] used a magnesium (Mg)–strontium (Sr) alloy (Mg and 1.5 wt% Sr) modified
with micro-arc oxidation to produce bone grafts on the basis of its biodegradability and
good mechanical properties. Strontium was added because of its capacity to induce bone
formation and to prevent osteoporosis [51], according to Li et al. They demonstrated the
cytocompatibility and osteogenic effects of the created Mg–Sr device in vitro with mouse
bone-marrow-derived MSCs by showing upregulation of various osteogenic genes and
cell proliferation similar to that of β-tricalcium phosphate (β-TCP) and calcium sulfate
(CaSO4) grafts. Wang et al. observed the formation of new bone along ulna defects in vivo
in New Zealand white rabbits using Mg–Sr alloy grafts compared to a control group

app.biorender.com
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treated with autologous morselized bone. Additionally, the authors observed biodegrada-
tion after immersion in Hank’s solution and in vivo resorption after implantation, which
is a major advantage for magnesium-alloy-based bone grafts in comparison to biologi-
cally inert metal-based grafts. In contrast to biodegradable implants, biologically inert
metal-based bone grafts have to be removed in a second surgery or must permanently
remain in the patient. Both options can result in complications such as allergic reactions
or secondary fractures [67,68]. Another approach uses the functional role of metal ions
in the physiological and cellular environment to induce cell proliferation or osteogenic
differentiation [54]. Based on the suggested approach, D’Mello et al. [55] observed bone
healing of calvarial defects in rats using copper-loaded chitosan scaffolds. In their study,
2-fold and 11-fold higher ratios of bone volume to total defect volume were observed
in comparison to chitosan scaffold or empty defect control groups, respectively. Zhang
et al. [56] studied the effect of Mg ions on osteogenesis, chemotaxis and anti-alkaline stress
in hFOB1.19 human osteoblast cells. They observed upregulation of osteogenic genes
for the expression of Runx2 and alkaline phosphatase (ALP) through transient receptor
potential melastatin-7/phosphoinositide-3-kinase signaling pathway. Furthermore, they
observed upregulation of migration-associated factors like MMP2, MMP9 and vascular
endothelial growth factor (VEGF) leading to osteoblast recruiting from low to high Mg
ion environments. Xie et al. [69] developed a hybrid coating consisting of hydroxyapatite,
silver nanoparticles and chitosan. The principal idea was to use the antibacterial effects of
silver nanoparticles [70–72] in the creation of a coating for implants, leading to a decrease
in postoperative infections. To counter the dose-dependent cytotoxicity of silver nanopar-
ticles, Xie et al. [69] used chelatin and polydopamine as organic chelators to prevent the
rapid release of silver ions from the coating. They showed the antibacterial effect of the
developed coating to result in antibiofilm efficiency of 91.7%, 89.5% and 92.0% for Staphy-
lococcus aureus, Staphylococcus epidermidis and Escherichia coli, respectively. Furthermore,
they showed the formation of new bone in a longitudinal in vivo study by implanting
HA/Ag/CS coated titan implants into rats. A scaffold-free approach—designed by Jia
et al. [73]—used mesoporous silica-coated magnetic nanoparticles in distraction osteoge-
nesis (DO) procedures for the treatment of large bone defects. Designed nanoparticles
showed good in vitro biocompatibility for rat bone-marrow-derived mesenchymal stem
cells and induced osteogenic differentiation. Results of quantitative reverse transcription
polymerase chain reaction (qRT-PCR) indicated activation of Wnt/β-catenin signaling path-
way, which plays an important role in osteogenic differentiation of the mesenchymal stem
cells and in vivo bone formation [74–76]. Furthermore, Jia et al. [73] observed increased
bone regeneration in a rat DO model analyzed by X-ray imaging, micro-CT, mechanical
testing, histological examination and immunochemical analysis.

2.2. Ceramics

Ceramics are good implant materials given that their chemical properties are similar to nat-
ural bone tissue [14]. Furthermore, the most commonly used ceramics—calcium hydroxyapatite
(HA) and β-tricalcium phosphate (β-TCP)—are biodegradable, osteoconductive and can be ex-
panded by ceramic-based drug delivery systems to induce osteogenesis [77–80]. Consequently,
in considering only the properties mentioned above, ceramics are the optimal material to create
bone grafts similar to human natural bone. One reason why there still is no bone graft substitute
that can perfectly replace natural bone is the immense importance of the bone graft structure for
its mechanical and biological abilities [2]. To date, it is not possible to produce ceramic structures
that have the mechanical stability of natural bone [58,81]. Furthermore, the handling of the
material has to be reconsidered: either the geometry of the defect has to be adjusted to the
geometry of the ceramic implants or the bone graft substitute has to be modeled to the
desired shape. Modeling properties can be achieved by formulating a cement paste that can
be injected directly into the bone defect or by creating an individual 3D-printed scaffold
matching the bone defect geometry [82]. A downside of a cement paste is its lower mechan-
ical properties [83]. Moreover, the high brittleness of cement paste and sintered ceramics
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when exposed to external forces are significant problems [84–86]. Recent research regarding
ceramic-based bone grafts has therefore focused on modification of HA and β-TCP in order
to increase the osteogeneration for bone grafts used in treatment of non-load-bearing bone
defects. Xie et al. [57] studied the effect of strontium-doped calcium phosphate bone grafts
in vitro on osteoblast-like ROS17/2.8 cells and in vivo on New Zealand white rabbits after
implantation in bone defects. The results show improved biocompatibility and degradation
properties for strontium-doped calcium phosphate grafts compared to calcium phosphate
or hydroxyapatite grafts. Further immunohistochemical staining for VEGF indicated the
potential of promoting angiogenesis. Tovar et al. [87] analyzed HA/β-TCP scaffolds of
different compositions and evaluated them in a rabbit calvaria model, showing that all
analyzed compositions were biocompatible and osteoconductive. The highest amount of
new bone regeneration and the lowest amount of soft tissue infiltration were observed by
using a composition ratio of 55% β-TCP and 45% HA. Weng et al. [16] assessed whether
the addition of cinnamaldehyde has a positive effect on bone regeneration when combined
with β-TCP scaffolds. Cinnamaldehyde is isolated from Cinnamomum cassia and has been
reported to show anabolic effects on osteoblasts [88,89]. After implantation into critical-size
calvarial defects (5 mm) in ovariectomized rats, Weng et al. showed an additive effect
of cinnamaldehyde and β-TCP resulting in increased bone growth compared to a blank
control or β-TCP scaffolds after 12 weeks of treatment. The positive effect of adding miRNA
molecules to the scaffold was demonstrated by Hu et al. [20], whereby an improved tissue
regeneration was achieved. Supplementation of miRNAs offers the possibility to regu-
late multiple signaling pathways without altering mechanical properties of the scaffold.
Hu et al. identified an miRNA (miR-210-3p) that upregulates the expression of several
osteogenic genes in vitro. They loaded a poly-L-lactic acid and a β-TCP scaffold with
miR-210-3p and cultivated the scaffolds with bone-marrow-derived mesenchymal stem
cells. The formation of new bone was observed after subcutaneous implantation in nude
mice, implying osteoinductive properties. Furthermore, they showed significant repair of a
canine load-bearing mandible bone defect using the miR-210-3p-loaded β-TCP scaffold
when compared to the blank control or the β-TCP scaffold.

2.3. Polymers

Polymers have received comparatively more attention recently, since most metals have
the crucial disadvantage of being biologically inert, whilst ceramics have extremely poor
mechanical stability. Moreover, polymers offer several options for chemical functionaliza-
tion that are useful in bone tissue engineering. This allows the behavior of the material to
be individualized in order to adapt to the application, for example by adjusting biodegrad-
ability, antibacterial behavior, osteogenic properties or mechanical strength [60]. Possible
modifications available for polymers include copolymerization, the creation of polymer
blends or special geometries, chemical modification of monomers or the incorporation of
inorganic nanocomposites into polymers [37,38,90]. Polymers are often categorized by their
origin into synthetic polymers—such as polylactic acid (PLA), polyethylene (PE), polyg-
lycolic acid (PGA), polycaprolactone (PCL) or poly (lactic-co-glycolic acid) (PLGA)—and
natural polymers, such as collagen, gelatin, silk fibroin, chitosan, alginate or hyaluronic
acid. A more suitable categorization is to evaluate the polymers from the perspective of
the application, not the manufacturing. In this regard, the specification of biodegradabil-
ity has become more attractive over the last few decades, particularly for implants that
would otherwise have to be removed in a second surgery. The discussion in the following
subsections is presented separately for non-biodegradable and biodegradable polymers.
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2.3.1. Non-Biodegradable Polymers

The bone tissue research community is not primarily focused on non-biodegradable
polymers, as noted above. However, some approaches with non-biodegradable polymers
show promising results in the antimicrobial modification of surfaces in order to address fu-
ture problems with implant infections. For example, Rossetti et al. [91] obtained a polymer
with antibacterial behavior for up to one month against S. aureus, E. coli and Pseudomonas
aeruginosa by melt-compounding PE with quaternary ammonium salts. They showed the
antibacterial effect after incubation overnight on the modified PE samples by means of
live/dead staining. A comparable result was achieved by incorporating an N-halamine
functionality into polyethylene terephthalate (PET) via Knoevenagel condensation in the
polyester chain. The obtained polymers showed superior antibacterial activity with 100%
reduction against S. aureus and E. coli within 30 min of incubation [92].

Poly (ether ether) ketone (PEEK), which is a widely used material for bone implants,
was photochemically modified by utilizing a “grafting to” approach by cationic, quaternary
ammonium containing methacrylate polymer brushes, influencing cell–surface interac-
tion [93]. The material had an anti-adhesive effect against E. coli, resulting in less than 1% of
the bacteria adhering to the samples. In a similar study, Ishihara et al. [60] modified PEEK
substrates with different methacrylate layers and analyzed their behavior with regard
to cell adhesion. A nearly 2-fold increase of adhered L929 fibroblast cells on a cationic
modified surface in comparison to the control PEEK surface was observed in this study.

2.3.2. Biodegradable Polymers

Many articles have been published in the field of biodegradable polymers considering
their potential use as bone implant materials. Biodegradable polymers, such as PLA, are
thermoplastic, allowing their usage as filaments in the process of additive manufacturing,
commonly known as 3D printing [62,94]. This leads to the possibility of adapting the
geometry of the bone implant to the defect of the patient, resulting in better ingrowth and
healing [95]. More important factors for bone implants are the pore size and the pore shape
of the scaffold, which are both necessary for optimal osteoblast proliferation [96,97]. The
parameters mentioned can be adjusted in the fused deposition modeling (FDM) 3D-printing
manufacturing process. The material biocompatibility of 3D-printed PLA in combination
with hydroxyapatite and silk fibroin was demonstrated in vivo for the use as bone clips
by Yeon et al. [98]. Polymer-based implants can also be improved by producing polymer
blends with increased biocompatibility and biofunctionality compared to each material
separately, for example by mixing PLA with PCL or hydroxyapatite. The mentioned
materials were indirectly 3D-printed in different combinations by Hassanajili et al. [99] and
tested for biocompatibility, osteoinductive behavior and mechanical strength in comparison
to human bone tissue. An optimized blend with a weight ratio of 70/30 PLA/PCL was
found to be the best for osteoblast functionality, indicated by increased ALP activity.
Similar to the studies described for non-biodegradable polymers, Kalelkar et al. [100] used
a click chemistry approach, modifying an azido-terminated PLA with different quaternary
ammonium groups and creating a polymer showing antimicrobial activity against E. coli
and S. aureus. The amino-functionalized polymer killed the cultured bacteria within 1 h of
surface contact. Sharma et al. [17] used PLA in a copolymer with PCL cast into a porous
scaffold. They implanted adenoviral infected PLA/PCL scaffolds seeded with rat bone-
marrow-derived mesenchymal stem cells into a rat calvarial defect model and performed
micro-CT analysis after 8 weeks of treatment. Results indicated that delivery of BMP2 alone
showed better bone regeneration than BMP2 and VEGF together with 43.37 ± 3.55% and
27.86 ± 2.89% defect closure, respectively. These results were supported by histological
and molecular analysis. Sharma et al. assumed that adenoviral delivery of VEGF inhibits
the expression of BMP2 when coexpressed, as observed by Schönmeyr et al. [101].
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Chitosan is another very popular polymer often used in the design of novel biodegrad-
able implants because of its good biocompatibility and antibacterial behavior [102]. Yang
et al. [103] designed a scaffold with antibacterial and osteogenic potential by combining
3D-printed PLGA/HA with a covalent hydroxypropyltrimethyl ammonium chloride chi-
tosan (HACC) coating. Bone-repairing and antibacterial effects were studied in infected
rat femoral shaft defect model and rabbit condyle defect model using X-ray, micro-CT,
microbiological and histopathological analysis. They observed increased anti-infection and
bone-healing capabilities for HACC-grafted PLGA/HA scaffolds in comparison to control
groups and suggested treatment of infected bone defects with a combination of antibiotic
scaffolds and systemic antibiotics in order to decrease the risk of antibiotic resistance.
Whilst the mechanism of antimicrobial action is still unclear, it is generally assumed that it
is due to the cationic charge of the glucosamine amino group leading to a disruption of
the bacterial cell wall and leakage of cytosol [104,105]. However, Raafat et al. [106] found
few similarities in transcriptional response patterns of chitosan compared to antimicrobial
peptides that permeate the cell membrane and result in cell lysis [107,108], suggesting a
different underlying antimicrobial mechanism of chitosan apart from its cationic properties.
According to transcriptional analysis, chitosan treatment of S. aureus interacts with its
metabolism by downregulating genes responsible for energy metabolism. Transmission
electron microscopy imaging showed an intact but malfunctioning cell wall, leading to
cytosol leakage without actual pore formation events [106]. The cationic character of
chitosan is also one reason for its biocompatible properties, since the free amino group
becomes easily protonated under physiological conditions, leading to complex formation
with many negatively charged biomolecules, such as nucleic acids, proteins, growth factors
and cytokines [109]. In addition, negatively charged glycosaminoglycans can bind to the
material as a component of the extracellular matrix [110], leading to the recruitment of
these proteins from the physiological environment to the implant surface. This produces a
locally increased protein concentration and improved activity in relation to the surrounding
tissue [111]. Chitosan can be modified by adding several functional groups, for example
via phosphorylation for enhanced osteogenic differentiation and mineralization of bone
tissue [112,113]. Sulfated chitosan has been shown to promote bone tissue formation and
mineralization as well as vascularization of 3D-printed tissues in a HUVEC-MC3T3 cell
coculture system. Interestingly, the osteogenic and vascular effects of sulfated chitosan
were improved compared to phosphorylated chitosan coatings, as demonstrated by higher
related gene and protein expression [114]. Soares et al. [115] created porous chitosan
scaffolds via a freeze-drying process that involved blending chitosan with inorganic hy-
droxyapatite or other calcium salts. They adjusted the porosity of the scaffolds by altering
the ratio of Ca(OH)2 suspension to chitosan during the freeze-drying process. The obtained
construct released Ca2+ ions for up to 21 days. Human dental pulp cells were able to grow
into the scaffold and showed improved metabolic activity towards calcium-rich matrix
deposition. A porous chitosan scaffold was also obtained using ionic liquids, leading to
swelling of water-insoluble chitosan to finally obtain a sponge-like, porous structure for cell
encapsulation. The material displayed good biocompatibility towards human fibroblasts
and human adipose stem cells [116]. Other natural polyaminoglycans, like gelatin [117],
alginate [118] or a combination thereof [119], are used in the design of novel materials for
bone grafts, such as the one designed by Lohmann et al. [120]. They developed an ArcGel
based scaffold consisting of gelatin and PEO-PPO-PEO triblock copolymer (Pluronic F-108).
The ArcGel was compared to standard autologous and commercially available Bio-Oss
collagen implants using µ-positron emission tomography (µ-PET) to monitor bone healing
and metabolic processes over treatment time.
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The results show similar bone healing of osteoinductive ArcGel and autologous
implants resulting in the creation of new bone hardly distinguishable from original bone
tissue. In contrast, the Bio-Oss implant as an osteoconductive implant resulted in slower
bone healing and was incorporated into the defect rather than remodeled into new bone.

Polymeric micelles can be loaded with peptides or drugs in order to supplement
existing scaffolds with bioactive molecules. Capretto et al. [121] created polymeric micelles
consisting of amphiphilic block copolymer Pluronic F127 in a continuous flow microfluidic
device using a hydrodynamic focusing flow configuration. Micelles, including dexam-
ethasone and ascorbic acid 6-palmitate, dissolved in DMSO, were tested for effects on the
osteogenic differentiation of human periodontal ligament mesenchymal stem cells. The
effect of drug-loaded polymeric micelles on osteogenic differentiation of mesenchymal
stem cells was analyzed microscopically with alizarin staining of extracellular calcium
deposits. Stem cells cultured with drug-containing micelles showed increased calcium
deposits compared to stem cells cultured in standard culture medium supplemented with
comparable concentration of dexamethasone and ascorbic acid. Polymeric micelles can
also be used to transport other therapeutics, such as Gli inhibitors for the inhibition of
tumor-induced bone disease as shown by Vanderburgh et al. [122], or to deliver functional
proteins as demonstrated by Kallar et al. [123].

Some of the publications described used composite scaffolds because a combination of
different materials such as ceramics and polymers and coating of scaffolds can achieve bet-
ter results by taking advantage of the properties of each material. However, characteristics
of heterogeneous composite scaffolds must be analyzed regarding biodegradation, since
the interaction between the implant and the patient’s body takes place on the surface of the
implant. The surface of the implant can change during treatment as a result of degradation
and subsequent exposure of lower layers [2,124,125]. To evaluate biodegradation behavior
or implant performance, the model must be carefully selected, particularly as the cell line
or animal used can influence the results obtained, especially in in vitro models.

3. Stem Cell Treatment for Critical Large Bone Defects

Many of the previously described studies used MSCs for showing in vitro biocom-
patibility and biofunctionality of designed materials or scaffolds [17,20,51,73]. MSCs are
preferred because they are seen as the most promising candidate for supporting the healing
process of implants at the cellular level and include the in vitro model that most closely
resembles the natural bone healing process [126]. Reasons for this are their multilineage
differentiation [7,127] and anti-inflammatory behavior [25]. Even though MSCs are rela-
tively easy to obtain from the patient’s adipose tissue [126,128], the cell number isolated
from the tissue is too low for direct use in clinical treatment. Therefore, stem cells have to
be expanded ex vivo after isolation [129]. Subsequently to the expansion, stem cells can be
seeded on the prepared scaffold with osteoinductive properties. These properties act as a
signal for the MSCs to differentiate into osteoblasts so that the initial osteoblasts cell count
in the scaffold is as high as possible [130,131]. Differentiation into the osteoblastic lineage
could otherwise also be induced during ex vivo expansion by supplementing with specific
miRNAs [132–134] or small molecules, such as dexamethasone [135,136]. A higher initial
cell count of osteoblasts and MSCs at the implantation site is beneficial for the healing
process and treatment time, as it drastically shortens the initial phase of cell migration and
cell proliferation in the natural bone healing process [24]. A potential clinical application of
autologous MSCs in the treatment of critical large bone defects is shown in Figure 2.
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Figure 2. Treatment of large bone defects with bone implants supported by autologous mesenchymal stem cells. Application
of mesenchymal stem cells (MSCs) in the treatment of large bone defects has been shown to reduce treatment time and
increase the overall success rate of bone implants [137,138]. The number of cells required for clinical treatment can be
obtained by ex vivo expansion of autologous stem cells derived from different tissues [127,139,140]. Suitable tissues for
the isolation of MSCs are adipose tissue, bone marrow or umbilical cord [22,27]. During ex vivo expansion, osteogenic
differentiation of MSCs can be induced, for example, by supplementing with specific miRNAs [132–134] or small molecules
such as dexamethasone [135,136]. Figure created using app.biorender.com.

4. Test Systems in Material Evaluation

Test systems, which can be used to assess the osteogenic potential of materials, can be
categorized into in vivo and in vitro systems. In vivo test systems are the more accurate
and complex systems of the two and reflect the subsequent application of the implant
as close as possible [141,142]. Therefore, they are used in preclinical trials to assess the
biofunctionality and biocompatibility of an implant in a living body with many complex
systems influencing each other. This complexity has not been achieved in in vitro models
so far [143]. Although in vivo studies are the more comparable model to the human body,
they are usually avoided because of several downsides such as ethical issues, different
cellular behavior between humans and animals and high costs caused by the need for
highly qualified personal and suitable facilities for animal treatment. Consequently, in vitro
models are often used to assess the suitability of a newly created material for an application.
The results obtained can aid in the pre-evaluation of samples, thereby reducing the number
of subsequent in vivo tests required [144], as shown in Figure 3.
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Figure 3. Overview of the evaluation process for novel materials/implants. After development and fabrication, materials
are analyzed and assessed for their suitability for use in implants. In order to reduce the number of in vivo tests required,
the materials are first tested in vitro [144]. In a first step, biomechanical and chemical properties as well as biocompatibility,
biodegradation, cell-specific functionality and cell-differentiation potential are analyzed using in vitro models [18,57,122].
Various test systems are available for in vitro models, including standard cell culture, automated cell culture, microarrays
and microfluidics. The advantages, limitations and applications of these systems are listed in Table 2. After the initial
evaluation of the materials or implants, promising candidates are tested in in vivo models to obtain results that are
more comparable to the human body and have a variety of biological mechanisms that are not implemented in in vitro
models [141,142]. Animal models suitable for testing bone implants include mouse [145,146], rat [15,147], rabbit [57,148]
and sheep [149,150]. Figure created using app.biorender.com.

There are a variety of cell lines commercially available, with distinct advantages and
disadvantages that should be considered for each test model before establishing it. For
example, if mineralization should be observed as an indicator for bone generation, a well-
characterized osteoblast cell line such as Saos-2 or MG63 can be used [151,152]. These
are immortal cell lines isolated from osteosarcomas [151,153] and have the advantage of
being an established part of research studies and, consequently, well characterized and
available in large quantities. The downside of immortal cell lines isolated from tumors
is that they often behave differently to primary cells [153–155]. Therefore, many research
studies, particularly those aimed at clinical approaches, use primary cells isolated from
human or animal tissue. Their use gives the model better comparability with the natural
tissue. However, the availability of primary cells is limited. Furthermore, primary cells
may vary amongst donors, thereby making statistical analysis crucial [156–158] in order to
exclude donor to donor variation. As mentioned, a model as close as possible to the human
body is preferred to evaluate the performance of an implant in preclinical studies [144,159].
Outcomes may differ between in vitro and in vivo experiments because many biological
factors are not fully understood yet and are missing in some in vitro experiments. Therefore,
a combination of both models is recommended [142,143]. Nevertheless, in vitro models
are excellent for understanding an underlying mechanism or for analyzing a specific
behavior because they are easy to manipulate and comprehend. Conversely, in vitro
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models are the standard for the initial evaluation of new materials or drugs [13,160] based
on cost-efficiency, ethical considerations and the possibility of high-throughput screenings.
The efficient screening of materials becomes more important as the number of variables
to be analyzed increases with implants becoming more complex. Implant performance
can be influenced by several factors such as the ratio of used materials, the density of
functional groups, the implant topography and surface degeneration or the modification
with medication [161–165]. If the parameters influence each other and cannot be analyzed
separately, the number of samples to be tested can quickly number into the thousands,
making high-throughput assays essential for effective analysis. In vivo tests are not suitable
for high-throughput assays since the number of animals required to perform these tests
would be neither manageable nor ethically justifiable [166].

4.1. High-Throughput Screening Systems: Automated Cell Culture

Several methods are suitable for setting up a high-throughput screening system, as
shown in Figure 3. The most obvious method is to scale up standard culture procedures
and devices in quantity. However, the challenge here is that the experiments still need to
be manageable, which is only possible if some of the most time-consuming processes, such
as mixing and pipetting reagents, are automated. Such a semiautomated experimental
design for evaluating the influence of small molecules on osteogenesis was described by
Mazaki et al. [167]. The effects of 768 natural compounds from the RIKEN NPDepo library
were analyzed by incubating the chemicals with immortalized bone-marrow-derived hu-
man MSC line UE6E7T-12 in 96-well plates. They identified a natural flavonol, namely
kaempferol, with the ability to increase osteogenic markers and further compared it to
ipriflavone, which has been described to be useful against osteoporosis [168]. More specifi-
cally, incubation with 35 µM kaempferol increased ALP activity by approximately 4.5-fold
compared to the control group. On the other hand, the addition of 35 µM ipriflavone had
no significant effect on ALP activity. A similar study was conducted by Brey et al. [136] to
study the effect of small molecules on the osteogenic differentiation of MSCs. Brey et al.
analyzed the effects of 1040 small molecules of the National Institute of Neurological Disor-
ders and Stroke chemical library on MSCs and identified 36 promoters and 20 inhibitors
of osteogenic differentiation. Cells were cultured in 384-well plates with 10 µM soluble
factors of the library and 0.1% DMSO. After 8 days, cell viability and osteogenesis were
analyzed with AlamarBlue assay and alkaline phosphatase assay, respectively. Addition
of the 1040 soluble factors was performed using a robotic liquid handling system, which
is not part of standard equipment in most laboratories and is, therefore, a limitation for
quickly imitating the described method [169,170].

The formation of new bone tissue depends not only on the proliferation of functional
osteoblasts but also on other important factors, such as the revascularization of newly
formed tissue or biodegradation of the implant [171]. The perfect material should degrade
as fast as the patients’ tissue grows, resulting in a replacement of the implant by functional
tissue. Tzeranis et al. [172] developed a high-throughput degradation monitoring device to
analyze the biodegradation of different tissue engineering constructs. The device monitors
the deformation of the construct under static gravity load correlated with its degradation.
Device capabilities have been shown by the degradation of fresh human cartilage sam-
ples treated with 0.5 or 1 mg/mL collagenase over 3 days resulting in 2.77 ± 0.52% and
6.39 ± 0.99% strain, respectively. The authors mentioned that the device can also be used
to quantify the effects “on the remodeling of various kinds of tissues, implants and tissue
engineering constructs” [172].

4.2. High-Throughput Screening Systems: Microarray Devices

Microarray applications have the potential to screen large libraries of chemicals and are
not limited by a predefined number of wells. The only limitation on the quantity of samples
is defined by the accuracy of the microarray printer and the chip size. For this method,
the materials to be analyzed need to be printable, such as monomer solutions or dissolved
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polymers, or have to be immobilized on the chip’s surface, such as proteins or DNA. A
microarray library with 496 different polymers reported by Mei et al. [173] was printed
on a conventional 25 x 75 mm glass slide and subsequently polymerized via exposure to
UV light. Polymers were coated with fibronectin to increase cell adhesion. The microarray
was designed to study polymer surfaces for islet cell cultures by evaluating cell adhesion
and insulin expression on different synthetic polymers. As a result, Mei et al. identified
a polymer showing cell attachment for Sprague Dawley rat islet cells such as coated cell
culture polystyrene dishes, which are standard in islet cell cultivation. Furthermore, they
showed a different attachment behavior for human embryonic stem cells, highlighting the
potential of microarray applications in the identification of cell type specific interactions,
for example for MSCs on the implant surface, or antibacterial behavior, as suggested by
Khan et al. and Jiang et al. [174,175]. Valles et al. [164] designed a microarray printer,
which photochemically immobilizes glycan molecules on thiol-terminated surfaces for the
analysis of lectin-glycan binding interactions. Combinations of eight lectin solutions and
five different glycosides of varied densities were generated using a microfluidic chip with
chaotic mixers. Valles et al. designed a microarray chip with 100-fold smaller features than
conventional methods and monitored the kinetics of five glycans by fluorescent labeling
by combining microfluidics with the computer-controlled activation of photochemical
chemistry. The proof of concept study showed the potential of this method in high-
throughput screenings of binding kinetics for use in the analysis of novel therapeutics or
material interactions.

4.3. High-Throughput Screening Systems: Microfluidic Devices

Although microarrays are suitable for handling immobilized materials, they are
limited in fluid studies (see Table 2). In this case, microfluidic devices show their strengths
by offering the possibility to control different fluids on a chip. They have the potential
to model a cellular environment more similar to the natural one than the one achieved
in static cultures [176]. Additionally, the possibility to adjust the perfusion rate of cell
chambers can be a huge benefit, as for example in models analyzing vascularization. As
previously mentioned, vascularization is just as important to the success of the implant as
cell-specific functionality. New blood vessels are required to remove degradation products
that could otherwise accumulate and reach toxic levels. Vascularization is irreplaceable for
the nutrient supply of the implants [171]. The generation of new blood vessels is affected
by the supplementation of various factors, as described by Jeon et al. [177]. They studied
the effect of 3D fibrin gels in microfluidic devices on human mesenchymal stem cells in
contact with human endothelial cells by analyzing the creation of microvascular networks
via fluorescent microscopy. Fibrin gels supplemented with VEGF, VEGF + angiopoietin
1 (Ang1) or VEGF + transforming growth factor-β1 (TGF-β1) were tested. The addition
of Ang1 or TGF-β1 each resulted in increased formation of α-smooth muscle actin, but
the addition of TGF-β1 resulted in the generation of non-interconnected microvascular
networks, whereas the addition of Ang1 showed the creation of functional networks. Jeon
et al. mentioned that the implementation of a microvascular network offers promising
potential for the development of advanced, perfusion-capable 3D in vitro models that can
be used to test therapeutics and to understand the underlying mechanisms, for example, in
tissue regeneration processes. The study was performed with a single-channel microfluidic
chip, but Jeon et al. stated that the chip can easily be adapted to high-throughput analysis
by using multichannel microfluidic chips.

Another interesting aspect of microfluidic devices is the ability to create defined and
closed reaction chambers by hydrodynamic flow focusing [43,121]. Each droplet generated
in the process can be viewed as independent, which leads to an almost infinite number of
available micro- or nanoreaction chambers. As demonstrated by Fan et al. [178], droplet-
based microfluidic devices have the potential to analyze the influence of chemical stimuli
on cells. They trapped single cells in a droplet-based microfluidic device and observed
them by impedance analysis of the droplet. As a result, they showed differentiation of
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human bone-marrow-derived MSCs in commercially available differentiation medium,
which is indicated by a decrease in the normalized impedance over a 21-day cultivation.
Findings are in agreement with the results obtained from alkaline phosphatase activity
assay and Alizarin Red S staining. Fan et al. concluded that impedance monitoring can be
used to analyze osteogenic differentiation and that it has potential for high-throughput
screening based simply on upscaling multiple microelectrodes on a chip. A study by Hayes
et al. [179] combined a droplet-based microfluidic system with the frequently used method
of real-time quantitative PCR for quantification of differences in gene expression levels.
They developed the instrument as a continuous flow system with a fully automated fluidic
handling system, droplet generation, distinctive reagent mixing, thermal cycling and an
optical detection unit in one device. A higher sample throughput was achieved at a lower
cost compared to marketed instruments by combining the two methods. Using robust
microdroplets prevents sample-to-sample contamination and reduces the required total
volume per sample from 5 to 0.3 µL [179].

Various parameters, such as antibacterial activity, cell attachment, proliferation, gene
expression, calcification or inflammatory responses, can be analyzed using the methods
discussed. Conclusions can be drawn about the biocompatibility of the analyzed material by
considering several parameters simultaneously. According to ISO 10993-1 FDA guidance,
risk assessment should “consider the proposed clinical use of the device, including the
anatomical location, duration of exposure, and intended use population” [180]. The
parameters to be analyzed are, therefore, device-dependent and must be selected and
evaluated individually for each medical device. By using high-throughput assays, the
number of suitable samples can be limited to a few candidates, which later can be analyzed
more accurately and comprehensively to guarantee biocompatibility and safety.

Table 2. Characteristics and applications of various cell-based high-throughput screening devices.

Device Advantages Limits Applications

Automated cell culture

Based on established methods
and protocols

Adaptable to different
applications

Liquid handling system required
Space-consuming instruments

Sample number limited by
number of wells

Library screening [136,167,170,181];
Enzyme activity screening [169]

Microarray

Screening of large sample libraries
Automated printing and imaging

of devices
Commercially available

manufacturing equipment

Costly manufacturing equipment
Sample number limited by

spotter’s accuracy and chip size
Samples need to be immobilized

on surfaces or printable

Polymer surfaces, cell
attachment [173,175]; Binary polymer

blends [174];
Lectin–glycan interaction [164];

Peptide-functionalized hydrogels [44]

Microfluidic—continuous
flow mode

Adaptable to different
applications

Single-cell observations
Preparation/mixing and
cultivation in one device

Coupling with different detection
methods: e.g., image-based

analysis or mass spectrometry
Individual device construction via

3D printer possible [182–184]

Chip design complexity increases
with sample number

Sample number limited by chip
size and accuracy for creating

enclosed chambers [185]

Single-cell analysis [43,186];
Vascularization [177]; Neuromuscular

circuits [187];
Evaluation of nanobiomaterials [13]

Droplet-based microfluidic

Sample and reagent consumption
in nanoliter range

Single-cell observations
Preparation/mixing and
cultivation in one device

Coupling with different detection
methods: e.g., image-based

analysis, mass spectrometry or
capillary electrophoresis

Complex statistics needed to sort
analysis data

Difficult to perform
long-term culture

Droplet generation [188,189];
Mixing inside droplet [160,190];

Droplet-based microfluidic PCR [179];
Single-cell analysis [178,191];

Metagenomic library screening [192];
Imaging-based droplet analysis [193]
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5. Conclusions and Perspective

Recent years have seen an increasing demand for implants, particularly bone implants,
partly as a result of an aging population. Implants need better functional and antibacterial
properties in order to counteract age-related problems—such as reduced healing abilities
and high complication rates—and to improve the overall success of treatment in tissue
regeneration. Over the past decade, several novel materials have been developed for an
optimal bone implant material that is mechanically stable, biodegradable, antimicrobial,
biocompatible, osteoinductive and easy to manufacture.

Biologically inert metals have been the standard as bone graft substitutes because of
long-term clinical experience and their high mechanical stability [49]. Recent research has
focused more on the creation of biodegradable materials such as magnesium alloys, ceramics
and polymers. Improvements have been achieved by modifying the materials, for example
with nanoparticles to increase antibiotic effects [70–72] or cell functionality [73,121,194], with
metal ions to take advantage of their functional role in the physiological and cellular en-
vironment [54–56] or with proteins or RNAs to induce osteosynthesis [16–20]. The use of
magnesium alloys shows promising potential as a bone graft substitute [65,195], not only
because of its mechanical properties but also because of its physiological ability to induce
the migration of osteoblasts to the implantation site as they migrate to environments of high
Mg ion concentrations [56]. This leads to a higher number of osteoblast cells at the implant
and subsequently to faster bone regeneration. Further modification of magnesium alloys
can be achieved by adapting the biological degradation rate to match the bone ingrowth
rate using calcium phosphate coatings [195]. Ceramics have been, and still are, a material of
interest over the past few decades because of their chemical similarity to natural bone [14].
However, ceramics have the disadvantage of being brittle [84,85] and are therefore not
suitable for implants that are highly affected by external forces [59,196]. Nevertheless,
ceramics show promising potential as a delivery system for therapeutics, for example as
nanocapsules or microspheres incorporated into the scaffold [79,80]. Further research and
development of new manufacturing processes will improve the mechanical stability of
ceramics while reducing brittleness, leading to the development of a bone implant that
resembles natural bone [81]. The last reviewed category of materials, polymers, have
attracted the most attention over the last few years due to its enormous potential through
modifications. There are various polymers with good biocompatibility and biodegradable
properties, which are preferred in the design of new materials [63,174,197,198]. Among
the non-biodegradable polymers such as polyethylene (PE), polyethylene terephthalate
(PET) or poly (ether ether) ketone (PEEK), there are some modified versions that may
qualify as antimicrobial surfaces [60,92,93]. Most research studies, however, have focused
on biodegradable polymers as these have the ability to be replaced by natural tissue [11].
There are various biodegradable polymers available, such as polylactic acid (PLA), poly-
caprolactone (PCL), poly (lactic-co-glycolic acid) (PLGA) and chitosan. The number of
usable polymers in combination with modifications through copolymerization, polymer
blends, generation of special geometries, chemical modification of monomers or combining
polymers with inorganic nanocomposites leads to an enormous number of different pos-
sible bone grafts [37,38,90]. Although the mentioned categories of materials can be used
individually, most research studies have used them in combination to create in compos-
ite scaffolds. Combining different materials can overcome the limitations of individual
components. A suitable material alone is not enough to meet the patients’ expectations
for novel implants. In order to shorten the treatment time and increase the chances of
surgery success, the support of implants by mesenchymal stem cell (MSC) therapy appears
promising [126,137,138]. For clinical applications, autologous MSCs are the most promising
candidates, as the use of allogeneic MSCs can lead to complications such as implant rejec-
tion [199]. Seeding autologous MSCs on the implant before implantation can dramatically
increase the number of initial stem cells and osteoblasts that induce bone regeneration.
Treatment time can be reduced [200] and implant performance can be increased [201] by
reducing the time needed for cell proliferation and migration to the implantation site.
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The nearly unlimited number of material combinations and modifications results in
the creation of many new materials that need to be evaluated. In handling the increasing
number of samples, high-throughput screening systems play an essential role as analytics
seems to be a bottleneck in the development of new implants [42]. Various approaches
to establish high-throughput screening systems are part of research studies and range
from semiautomated standard methods for increased throughput [136,167] to microfluidic
systems working in nanoliter scale for saving space and reagents [178,179]. All approaches
aim at an increased sample throughput in combination with robustness and necessary
sensitivity. Semiautomated standard cultivation systems are relatively easy to establish
when a liquid handling system is available. However, they are not suitable for analyzing
sample numbers in the tens of thousands as the system is based on well plates and therefore
the available space for plates in the system limits the sample number. There is a greater
potential for high-throughput screenings with a higher number of samples when using
microarray or microfluidic devices—especially microfluidic devices based on droplets—as
several of these can be operated at the nanoliter scale [179]. Microarray devices have shown
to be suitable for analyzing printable material compositions or immobilizable molecules
such as proteins or RNA/DNA and are recommended for characterizing libraries [44,202].
Microfluidic devices are recommended when the effect of soluble molecules needs to
be analyzed, even though the creation of these devices via standard soft lithography
can be costly and time-consuming [185,188]. Creating three-dimensional chip designs
using soft lithography is also complicated because chips must be manufactured layer by
layer and subsequently bonded together. Recent developments in the field of additive
manufacturing have shown the fabrication of three-dimensional microfluidic devices with
the required accuracy using fused deposition modeling (FDM) 3D printers [183,184]. The
use of 3D printers will make microfluidic device manufacture more affordable, convenient
and accessible to a larger number of scientists and industrial users [45,46].
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Abbreviations
µ-PET µ-Positron emission tomography
β-TCP β-Tricalcium phosphate
ALP Alkaline phosphatase
Ang1 Angiopoietin 1
BMP Bone morphogenetic protein
FDM Fused deposition modeling
HA Hydroxyapatite
HACC Hydroxypropyltrimethyl ammonium chloride chitosan
Mg Magnesium
MSC Mesenchymal stem cell
PCL Polycaprolactone
PE Polyethylene
PEEK Poly (ether ether) ketone
PET Polyethylene terephthalate
PGA Polyglycolic acid
PLA Polylactic acid
PLGA Poly (lactic-co-glycolic acid)
qRT-PCR Quantitative reverse transcription polymerase chain reaction
Sr Strontium
TGF-β1 Transforming growth factor-β1
VEGF Vascular endothelial growth factor
WHO World Health Organization
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116. Gültan, T.; Bektaş Tercan, Ş.; Çetin Altındal, D.; Gümüşderelioğlu, M. Synergistic effect of fabrication and stabilization methods
on physicochemical and biological properties of chitosan scaffolds. Int. J. Polym. Mater. Polym. Biomater. 2020, 1–12. [CrossRef]

117. Roehm, K.D.; Madihally, S.V. Bioprinted chitosan-gelatin thermosensitive hydrogels using an inexpensive 3D printer. Biofabrication
2017, 10, 015002. [CrossRef] [PubMed]

118. Reed, S.; Lau, G.; Delattre, B.; Lopez, D.D.; Tomsia, A.P.; Wu, B.M. Macro- and micro-designed chitosan-alginate scaffold
architecture by three-dimensional printing and directional freezing. Biofabrication 2016, 8, 015003. [CrossRef] [PubMed]

119. Huang, J.; Fu, H.; Wang, Z.; Meng, Q.; Liu, S.; Wang, H.; Zheng, X.; Dai, J.; Zhang, Z. BMSCs-laden gelatin/sodium algi-
nate/carboxymethyl chitosan hydrogel for 3D bioprinting. RSC Adv. 2016, 6, 108423–108430. [CrossRef]

http://dx.doi.org/10.3390/jcs3020052
http://dx.doi.org/10.1016/j.bioactmat.2020.01.004
http://dx.doi.org/10.1186/s13036-017-0074-3
http://dx.doi.org/10.3390/ma13081836
http://www.ncbi.nlm.nih.gov/pubmed/32295064
http://dx.doi.org/10.1080/09205063.2017.1384199
http://www.ncbi.nlm.nih.gov/pubmed/28934914
http://dx.doi.org/10.1016/j.msec.2019.109960
http://www.ncbi.nlm.nih.gov/pubmed/31500051
http://dx.doi.org/10.1021/acs.biomac.9b00504
http://dx.doi.org/10.1089/ten.tea.2009.0426
http://dx.doi.org/10.1021/bm034130m
http://dx.doi.org/10.1016/j.actbio.2018.08.015
http://dx.doi.org/10.1021/jf061310p
http://dx.doi.org/10.1128/EC.4.4.703-715.2005
http://dx.doi.org/10.1128/AEM.02290-08
http://dx.doi.org/10.1016/S0006-3495(00)76448-4
http://dx.doi.org/10.1016/S0005-2736(99)00200-X
http://dx.doi.org/10.1016/S0378-5173(98)00027-1
http://dx.doi.org/10.1016/j.biomaterials.2005.03.016
http://dx.doi.org/10.3390/ijms12031936
http://dx.doi.org/10.1021/acsbiomaterials.9b01374
http://dx.doi.org/10.1039/C8NJ04889D
http://dx.doi.org/10.1016/j.carbpol.2020.116522
http://dx.doi.org/10.1002/jbm.b.34586
http://dx.doi.org/10.1080/00914037.2020.1725752
http://dx.doi.org/10.1088/1758-5090/aa96dd
http://www.ncbi.nlm.nih.gov/pubmed/29083312
http://dx.doi.org/10.1088/1758-5090/8/1/015003
http://www.ncbi.nlm.nih.gov/pubmed/26741113
http://dx.doi.org/10.1039/C6RA24231F


Int. J. Mol. Sci. 2021, 22, 192 22 of 25

120. Lohmann, P.; Willuweit, A.; Neffe, A.T.; Geisler, S.; Gebauer, T.P.; Beer, S.; Coenen, H.H.; Fischer, H.; Hermanns-Sachweh, B.;
Lendlein, A.; et al. Bone regeneration induced by a 3D architectured hydrogel in a rat critical-size calvarial defect. Biomaterials
2017, 113, 158–169. [CrossRef] [PubMed]

121. Capretto, L.; Mazzitelli, S.; Colombo, G.; Piva, R.; Penolazzi, L.; Vecchiatini, R.; Zhang, X.; Nastruzzi, C. Production of polymeric
micelles by microfluidic technology for combined drug delivery: Application to osteogenic differentiation of human periodontal
ligament mesenchymal stem cells (hPDLSCs). Int. J. Pharm. 2013, 440, 195–206. [CrossRef] [PubMed]

122. Vanderburgh, J.P.; Kwakwa, K.A.; Werfel, T.A.; Merkel, A.R.; Gupta, M.K.; Johnson, R.W.; Guelcher, S.A.; Duvall, C.L.; Rhoades,
J.A. Systemic delivery of a Gli inhibitor via polymeric nanocarriers inhibits tumor-induced bone disease. J. Control. Release 2019,
311–312, 257–272. [CrossRef]

123. Kallar, A.R.; Muthu, J.; Selvam, S. Bioreducible amino acid-derived polymeric nanoparticles for delivery of functional proteins.
Colloids Surf. B Biointerfaces 2018, 164, 396–405. [CrossRef]

124. Braceras, I.; Alava, J.I.; Goikoetxea, L.; de Maeztu, M.A.; Onate, J.I. Interaction of engineered surfaces with the living world: Ion
implantation vs. osseointegration. Surf. Coat. Technol. 2007, 201, 8091–8098. [CrossRef]

125. Mou, P.; Peng, H.; Zhou, L.; Li, L.; Li, H.; Huang, Q. A novel composite scaffold of Cu-doped nano calcium-deficient
hydroxyapatite/multi-(amino acid) copolymer for bone tissue regeneration. Int. J. Nanomed. 2019, 14, 3331–3343. [CrossRef]

126. Jones, E.; Yang, X. Mesenchymal stem cells and bone regeneration: Current status. Injury 2011, 42, 562–568. [CrossRef]
127. Tarte, K.; Gaillard, J.; Lataillade, J.J.; Fouillard, L.; Becker, M.; Mossafa, H.; Tchirkov, A.; Rouard, H.; Henry, C.; Splingard, M.; et al.

Clinical-grade production of human mesenchymal stromal cells: Occurrence of aneuploidy without transformation. Blood 2010,
115, 1549–1553. [CrossRef] [PubMed]

128. Zhan, X.S.; El-Ashram, S.; Luo, D.Z.; Luo, H.N.; Wang, B.Y.; Chen, S.F.; Bai, Y.S.; Chen, Z.S.; Liu, C.Y.; Ji, H.Q. A comparative
study of biological characteristics and transcriptome profiles of mesenchymal stem cells from different canine tissues. Int. J. Mol.
Sci. 2019, 20, 1485. [CrossRef] [PubMed]

129. Selich, A.; Ha, T.C.; Morgan, M.; Falk, C.S.; von Kaisenberg, C.; Schambach, A.; Rothe, M. Cytokine Selection of MSC Clones with
Different Functionality. Stem Cell Rep. 2019, 13, 262–273. [CrossRef] [PubMed]

130. Donzelli, E.; Salvadè, A.; Mimo, P.; Viganò, M.; Morrone, M.; Papagna, R.; Carini, F.; Zaopo, A.; Miloso, M.; Baldoni, M.; et al.
Mesenchymal stem cells cultured on a collagen scaffold: In vitro osteogenic differentiation. Arch. Oral Biol. 2007, 52, 64–73.
[CrossRef]

131. Xue, R.; Qian, Y.; Li, L.; Yao, G.; Yang, L.; Sun, Y. Polycaprolactone nanofiber scaffold enhances the osteogenic differentiation
potency of various human tissue-derived mesenchymal stem cells. Stem Cell Res. Ther. 2017, 8, 1–9. [CrossRef]

132. Eskildsen, T.; Taipaleenmäki, H.; Stenvang, J.; Abdallah, B.M.; Ditzel, N.; Nossent, A.Y.; Bak, M.; Kauppinen, S.; Kassem, M.
MicroRNA-138 regulates osteogenic differentiation of human stromal (mesenchymal) stem cells in vivo. Proc. Natl. Acad. Sci.
USA 2011, 108, 6139–6144. [CrossRef]

133. Huang, C.; Geng, J.; Jiang, S. MicroRNAs in regulation of osteogenic differentiation of mesenchymal stem cells. Cell Tissue Res.
2017, 368, 229–238. [CrossRef]

134. Van Wijnen, A.J.; Van De Peppel, J.; Van Leeuwen, J.P.; Lian, J.B.; Stein, G.S.; Westendorf, J.J.; Oursler, M.J.; Im, H.J.; Taipaleenmäki,
H.; Hesse, E.; et al. MicroRNA functions in osteogenesis and dysfunctions in osteoporosis. Curr. Osteoporos. Rep. 2013, 11, 72–82.
[CrossRef]

135. Hong, D.; Chen, H.X.; Xue, Y.; Li, D.M.; Wan, X.C.; Ge, R.; Li, J.C. Osteoblastogenic effects of dexamethasone through upregulation
of TAZ expression in rat mesenchymal stem cells. J. Steroid Biochem. Mol. Biol. 2009, 116, 86–92. [CrossRef]

136. Brey, D.M.; Motlekar, N.A.; Diamond, S.L.; Mauck, R.L.; Garino, J.P.; Burdick, J.A. High-throughput screening of a small molecule
library for promoters and inhibitors of mesenchymal stem cell osteogenic differentiation. Biotechnol. Bioeng. 2011, 108, 163–174.
[CrossRef]

137. Garg, P.; Mazur, M.M.; Buck, A.C.; Wandtke, M.E.; Liu, J.; Ebraheim, N.A. Prospective Review of Mesenchymal Stem Cells
Differentiation into Osteoblasts. Orthop. Surg. 2017, 9, 13–19. [CrossRef] [PubMed]

138. Ho, C.-Y.; Sanghani, A.; Hua, J.; Coathup, M.; Kalia, P.; Blunn, G. Mesenchymal Stem Cells with Increased Stromal Cell-Derived
Factor 1 Expression Enhanced Fracture Healing. Tissue Eng. Part A 2015, 21, 594–602. [CrossRef] [PubMed]

139. Bernardo, M.E.; Zaffaroni, N.; Novara, F.; Cometa, A.M.; Avanzini, M.A.; Moretta, A.; Montagna, D.; Maccario, R.; Villa, R.;
Daidone, M.G.; et al. Human Bone Marrow–Derived Mesenchymal Stem Cells Do Not Undergo Transformation after Long-term
In vitro Culture and Do Not Exhibit Telomere Maintenance Mechanisms. Cancer Res. 2007, 67, 9142–9149. [CrossRef] [PubMed]

140. Sensebé, L. Beyond genetic stability of mesenchymal stromal cells. Cytotherapy 2013, 15, 1307–1308. [CrossRef]
141. Bashoor-Zadeh, M.; Baroud, G.; Bohner, M. Simulation of the in vivo resorption rate of β-tricalcium phosphate bone graft

substitutes implanted in a sheep model. Biomaterials 2011, 32, 6362–6373. [CrossRef]
142. Taškova, K.; Fontaine, J.F.; Mrowka, R.; Andrade-Navarro, M.A. Evaluation of in vivo and in vitro models of toxicity by

comparison of toxicogenomics data with the literature. Methods 2018, 132, 57–65. [CrossRef]
143. Li, Y.; Chen, S.-K.; Li, L.; Qin, L.; Wang, X.-L.; Lai, Y.-X. Bone defect animal models for testing efficacy of bone substitute

biomaterials. J. Orthop. Transl. 2015, 3, 95–104. [CrossRef]
144. Braakhuis, H.M.; Kloet, S.K.; Kezic, S.; Kuper, F.; Park, M.V.D.Z.; Bellmann, S.; van der Zande, M.; Le Gac, S.; Krystek, P.; Peters,

R.J.B.; et al. Progress and future of in vitro models to study translocation of nanoparticles. Arch. Toxicol. 2015, 89, 1469–1495.
[CrossRef]

http://dx.doi.org/10.1016/j.biomaterials.2016.10.039
http://www.ncbi.nlm.nih.gov/pubmed/27815999
http://dx.doi.org/10.1016/j.ijpharm.2012.07.057
http://www.ncbi.nlm.nih.gov/pubmed/22884778
http://dx.doi.org/10.1016/j.jconrel.2019.08.038
http://dx.doi.org/10.1016/j.colsurfb.2018.02.004
http://dx.doi.org/10.1016/j.surfcoat.2006.03.052
http://dx.doi.org/10.2147/IJN.S195316
http://dx.doi.org/10.1016/j.injury.2011.03.030
http://dx.doi.org/10.1182/blood-2009-05-219907
http://www.ncbi.nlm.nih.gov/pubmed/20032501
http://dx.doi.org/10.3390/ijms20061485
http://www.ncbi.nlm.nih.gov/pubmed/30934541
http://dx.doi.org/10.1016/j.stemcr.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31303506
http://dx.doi.org/10.1016/j.archoralbio.2006.07.007
http://dx.doi.org/10.1186/s13287-017-0588-0
http://dx.doi.org/10.1073/pnas.1016758108
http://dx.doi.org/10.1007/s00441-016-2462-2
http://dx.doi.org/10.1007/s11914-013-0143-6
http://dx.doi.org/10.1016/j.jsbmb.2009.05.007
http://dx.doi.org/10.1002/bit.22925
http://dx.doi.org/10.1111/os.12304
http://www.ncbi.nlm.nih.gov/pubmed/28276640
http://dx.doi.org/10.1089/ten.tea.2013.0762
http://www.ncbi.nlm.nih.gov/pubmed/25251779
http://dx.doi.org/10.1158/0008-5472.CAN-06-4690
http://www.ncbi.nlm.nih.gov/pubmed/17909019
http://dx.doi.org/10.1016/j.jcyt.2013.09.001
http://dx.doi.org/10.1016/j.biomaterials.2011.05.030
http://dx.doi.org/10.1016/j.ymeth.2017.07.010
http://dx.doi.org/10.1016/j.jot.2015.05.002
http://dx.doi.org/10.1007/s00204-015-1518-5


Int. J. Mol. Sci. 2021, 22, 192 23 of 25

145. Cui, Z.K.; Sun, J.A.; Baljon, J.J.; Fan, J.; Kim, S.; Wu, B.M.; Aghaloo, T.; Lee, M. Simultaneous delivery of hydrophobic small
molecules and siRNA using Sterosomes to direct mesenchymal stem cell differentiation for bone repair. Acta Biomater. 2017, 58,
214–224. [CrossRef]

146. Kallai, I.; Mizrahi, O.; Tawackoli, W.; Gazit, Z.; Pelled, G.; Gazit, D. Microcomputed tomography–based structural analysis of
various bone tissue regeneration models. Nat. Protoc. 2011, 6, 105–110. [CrossRef]

147. Förster, Y.; Bernhardt, R.; Hintze, V.; Möller, S.; Schnabelrauch, M.; Scharnweber, D.; Rammelt, S. Collagen/glycosaminoglycan
coatings enhance new bone formation in a critical size bone defect—A pilot study in rats. Mater. Sci. Eng. C 2017, 71, 84–92.
[CrossRef] [PubMed]

148. Piattelli, A.; Scarano, A.; Corigliano, M.; Piattelli, M. Effects of alkaline phosphatase on bone healing around plasma-sprayed
titanium implants: A pilot study in rabbits. Biomaterials 1996, 17, 1443–1449. [CrossRef]

149. Klaue, K.; Knothe, U.; Anton, C.; Pfluger, D.H.; Stoddart, M.; Masquelet, A.C.; Perren, S.M. Bone regeneration in long-bone
defects: Tissue compartmentalisation? In vivo study on bone defects in sheep. Injury 2009, 40, S95–S102. [CrossRef] [PubMed]

150. McLaren, J.; White, L.; Cox, H.; Ashraf, W.; Rahman, C.; Blunn, G.; Goodship, A.; Quirk, R.; Shakesheff, K.; Bayston, R.; et al. A
biodegradable antibiotic-impregnated scaffold to prevent osteomyelitis in a contaminated in vivo bone defect model. Eur. Cells
Mater. 2014, 27, 332–349. [CrossRef]

151. Strzelecka-Kiliszek, A.; Bozycki, L.; Mebarek, S.; Buchet, R.; Pikula, S. Characteristics of minerals in vesicles produced by
human osteoblasts hFOB 1.19 and osteosarcoma Saos-2 cells stimulated for mineralization. J. Inorg. Biochem. 2017, 171, 100–107.
[CrossRef]

152. Sabokbar, A.; Millett, P.J.; Myer, B.; Rushton, N. A rapid, quantitative assay for measuring alkaline phosphatase activity in
osteoblastic cells in vitro. Bone Miner. 1994, 27, 57–67. [CrossRef]

153. Pautke, C.; Schieker, M.; Tischer, T.; Kolk, A.; Neth, P.; Mutschler, W.; Milz, S. Characterization of osteosarcoma cell lines MG-63,
Saos-2 and U-2 OS in comparison to human osteoblasts. Anticancer Res. 2004, 24, 3743–3748.
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