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Abstract: Bone regeneration using Bone Morphogenetic Proteins (BMPs) alongside various engi-
neered scaffolds has attracted considerable attention over the years. The field has seen extensive
research in preclinical animal models, leading to the approval of two products and guiding the quest
for new materials. Natural and synthetic polymers, ceramics, and composites have been used to
fabricate the necessary porous 3D scaffolds and delivery systems for BMPs. Interestingly, all reported
applications in the literature are triumphant. Evaluation of the results is typically based on histologic
assessment after appropriate staining and radiological modalities, providing morphological identifi-
cation of the newly formed bone and describing cells and the organic compound. Remarkably, while
these evaluation methods illustrate mineralization, they are not capable of identifying hydroxyapatite
crystals, the mineral component of the bone, which are crucial for its mechanical properties, struc-
ture, integrity, and long-term stability of regenerated bone tissue. This review aims to focus on the
different scaffolds used in bone tissue engineering applications and underline the pressing need for
techniques that could recognize the presence of hydroxyapatite crystals as well as their characteristics
in bone tissue engineering, which will provide a more complete and comprehensive assessment of
the successful results.

Keywords: bone tissue engineering; scaffold; bone morphogenetic protein; calcium phosphate;
hydroxyapatite crystals; characterization techniques

1. Introduction

Bone is a unique tissue, consisting of cells, alongside the organic and inorganic parts
of its matrix (Figure 1). Type I collagen is the main organic component, providing structural
support and flexibility, whereas hydroxyapatite crystals (HA) primarily form the inorganic
phase, imparting strength and rigidity to bone tissue. Hydroxyapatite is a member of the
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Calcium Phosphates (CaP) family, a group of minerals found in many living organisms,
further highlighting its fundamental role in biological systems.
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Figure 1. Typical structure of bone, showing cellular components and extracellular matrix with its 
organic and inorganic compounds, modified from [1,2]. Adapted with permission from Ref. [1]. 
2013, Elsevier Ltd., Amsterdam, The Netherlands. 

Bone tissue exists in an impressive dynamic equilibrium with exceptional capability 
for regeneration and remodeling. It is able to fully restore its functional and structural 
characteristics following an injury. Despite that, delayed union and pseudarthrosis can 
happen as often as up to 10% [3–5]. Additionally, the surgical treatment of open fractures, 
infection and osteomyelitis, and cancer can create the challenge of coverage of large bone 
defects. Traditionally, a bone graft is the main option with autologous grafting being the 
“gold standard”. An alternative approach includes the use of materials, cells and growth 
factors in an attempt to produce bone either ectopically or normally sited [4–7].  

Since their identification by M. Urist, BMPs are the molecules most widely used in 
bone engineering due to their osteoinductive properties [8,9]. Among all the molecules 
that have been identified, BMP-2 and BMP-7 are the most studied and used in bone tissue 
engineering applications.  

Following the initial successful pre-clinical studies, a large research effort led to the 
final approval of Infuse® Bone Graft (Medtronic, Dublin, Ireland) in the US and InductOS® 
(Wyeth, Madison, NJ, USA) in Europe. They were approved for use at spinal fusion, open 
tibial fractures, and tibia non-unions [10]. Clinical studies showed a significant decrease 
in fracture healing time, the secondary intervention rate, and hospital stay, while the cu-
mulative complication rate was less than 0.5% [11].  

Later clinical studies and systematic reviews after the wide use of clinical applica-
tions with recombinant human BMP-2 (rhBMP-2) highlighted safety concerns and adverse 
events not published initially, increasing the complication rate 10–50 times higher than 
what was initially reported [11]. Heterotopic ossification or bone resorption, excessive 
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Bone tissue exists in an impressive dynamic equilibrium with exceptional capability
for regeneration and remodeling. It is able to fully restore its functional and structural
characteristics following an injury. Despite that, delayed union and pseudarthrosis can
happen as often as up to 10% [3–5]. Additionally, the surgical treatment of open fractures,
infection and osteomyelitis, and cancer can create the challenge of coverage of large bone
defects. Traditionally, a bone graft is the main option with autologous grafting being the
“gold standard”. An alternative approach includes the use of materials, cells and growth
factors in an attempt to produce bone either ectopically or normally sited [4–7].

Since their identification by M. Urist, BMPs are the molecules most widely used in
bone engineering due to their osteoinductive properties [8,9]. Among all the molecules
that have been identified, BMP-2 and BMP-7 are the most studied and used in bone tissue
engineering applications.

Following the initial successful pre-clinical studies, a large research effort led to the
final approval of Infuse® Bone Graft (Medtronic, Dublin, Ireland) in the US and InductOS®

(Wyeth, Madison, NJ, USA) in Europe. They were approved for use at spinal fusion, open
tibial fractures, and tibia non-unions [10]. Clinical studies showed a significant decrease
in fracture healing time, the secondary intervention rate, and hospital stay, while the
cumulative complication rate was less than 0.5% [11].

Later clinical studies and systematic reviews after the wide use of clinical applications
with recombinant human BMP-2 (rhBMP-2) highlighted safety concerns and adverse events
not published initially, increasing the complication rate 10–50 times higher than what was
initially reported [11]. Heterotopic ossification or bone resorption, excessive inflammation
and edema causing dysphagia in cervical spine fusions and nerve root compression, and
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wound-healing problems were some of the most frequently reported issues. According
to the Food and Drug Administration’s (FDA) Manufacturer and User Facility Device
Experience (MAUDE), inflammation and ectopic ossification are responsible for 32% of the
reported adverse incidents [12]. Concerns were also raised regarding the carcinogenetic
effects of BMP-2.

Attempts to diminish side effects have prominently focused on the study of various
delivery systems. These systems must act as both carriers and scaffolds. Their role as
carriers is to retain the growth factors at the site of interest for the desired, prolonged period
of time and protect them from degradation while preserving bioactivity and permitting
their controlled release. They must also act as scaffolds for cell migration, attachment, and
differentiation [10,13,14].

Many aspects of bone tissue engineering using BMPs have been explored at a pre-
clinical level. Studies of different concentrations and doses of BMP-2 or other growth
factors, alternative delivery vehicles, separate solvents, and distinct animal models and
protocols have been described, creating a large heterogeneity of applications each with its
own strengths and limitations. However, the ideal application and product have yet to be
described in order to maximize efficacy and safety in bone tissue engineering using BMPs.

Surprisingly, all documented applications in the literature have demonstrated positive
outcomes with significant bone formation. Extensive documentation exists regarding the
presence of osteoblasts, osteocytes, or bone marrow cells as well as descriptions of the
osteoid and bone’s organic component. Nevertheless, there is minimal information on the
HA crystals and mineral constituents in general. The significance of this omission becomes
better understood when it is considered that these crystals constitute almost 70% of the
bone’s net weight [15].

The aim of this review is to describe the different types of materials used in bone
engineering applications in vivo and to present the evaluating techniques used to report
their success, highlighting the absence of information on HA crystals that form the inorganic
component of the bone.

2. HA Is Not the Only Calcium Phosphate (CaP) Crystal

Bone tissue is the main storage of calcium and phosphorus for the human body,
with these elements predominantly existing in the form of calcium phosphate minerals,
consisting of approximately 70% of the bone mass. Calcium phosphates belong to a large
family of minerals that contain calcium ions (Ca2+), combined with phosphate anions
(Table 1). Apart from being part of living organisms and tissues (bone, enamel, and dentin),
CaP compounds are extremely important for medicine, agriculture, and the food industry.
They have been used as bone substitutes in hard tissue engineering and bone cement and
as fertilizers, toothpaste and mouth hygiene products, and food additives [1,16].

Table 1. Calcium Phosphates (CaP) [1,16].

Orthophosphates (materials that contain Ca2+ combined with PO4
3−)

Tricalcium Phosphate—Ca3(PO4)2
Octacalcium Phosphate—Ca8H2(PO4)6·5H2O
Amorphous Calcium Phosphate (ACP)
Di- and monohydrogen phosphates (materials that contain Ca2+ combined with HPO4

2− or
H2PO4

−)
Monocalcium phosphate—Ca(H2PO4)2
Dicalcium phosphate—CaHPO4 (monetite) or CaHPO4(H2O)2 (brushite)
Polyphosphates
Dicalcium Diphosphate—Ca2P2O7
Calcium Triphosphate—Ca5(P3O10)2
Apatites (materials that include other anions in addition to phosphate)
Hydroxyapatite—Ca10(PO4)6(OH)2
Oxyapatite
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Orthophosphates are one of the main categories of CaP. They characteristically
include the group PO4

3-. Tricalcium phosphate, octacalcium phosphate, and amorphous
calcium phosphate (ACP) are included. Di- and monohydrogen phosphates have been
used as well (HPO4

2− or H2PO4
−), with representatives of monocalcium phosphate and

dicalcium phosphate minerals (monetite and brushite). Polyphosphates include materials
containing Ca2+ ions combined with di- or triphosphates (P2O7

4− and P3O10
5−). Last but

not least, apatites belong to the CaP family. They are materials that include other ions, in
addition to phosphates. Hydroxyapatite (HA-Ca10(PO4)6(OH)2) and oxyapatite are the
best-known minerals.

CaPs are characterized by their calcium-to-phosphorus (Ca/P) ratio, which is unique
for each material. HA has a Ca/P ratio of 1.67, whereas β-TCP has 1.5 [16,17]. Their
properties, including mechanical properties, water solubility, and in vivo degradation,
strongly depend on the Ca/P ratio [17]. Moreover, Boushell et al. described that ceramics
with higher Ca/P ratios showed increased chondrocyte proliferation with early onset of
ALP activity and mineralization [18].

Regarding the water solubility of CaP, as well as their degradation in vivo, HA is the
least soluble CaP, showing the lowest degradation rate in vivo. Monocalcium phosphate
has a greater degradation rate, followed by dicalcium and octacalcium phosphate. B-TCP
shows low degradation in vivo, but its degradation rate is still higher than HA [16].

Hydroxyapatite (HA)

HA is the main mineral component in both cancellous and cortical mature bone. Bone
HA is a carbonated HA (carbonate concentration varies between 2–9%) with a predomi-
nantly hexagonal crystal structure [19,20]. They are the smallest biogenic crystals with a
plate-like or needle-like shape. They have a length of 50–100nm, width of 30–50nm, and
thickness of 2–6 nm [19–21]. HA is fragile and weak under tension and shear forces, while
it shows substantial resistance to compression loads [22].

HA crystallites are either associated with the collagen fibrils (intrafibrillar minerals) or
exist in the space between those fibrils (extrafibrillar minerals) [20,21]. These two mineral
fractions have differences in properties, function, and structure.

Intrafibrillar minerals are located either between the layers of the collagen molecules
at the overlap region or at the gap region, forming the mineralized collagen fibrils (MCFs).
MCFs are the basic building unit of bone tissue, and they are responsible for its mechanical
properties at the nanoscale [20,23]. HA crystals of MCFs have a periodic appearance that
corresponds to the periodicity of the collagen fibrils (D-period). Regarding the collagen–
minerals interactions, it is thought that ionic bonds are formed between the side-chain
carboxyls of collagen and calcium ions of the crystals [20].

On the other hand, extrafibrillar minerals account for almost 75% of the total amount
of bone minerals. They are longer and thicker than their intrafibrillar siblings [20]. Another
highly important element of the space between the fibrils is non-collagenous acidic pro-
teins due to their significance and role in the initiation of the mineralization process [20].
Mineralization starts at this space, and the first CaP mineral to be formed during either
the intramembranous or endochondral ossification is ACP, which is later transformed into
HA [24]. The surrounding chemical environment (factors affecting pH) and mechanical
stimuli (compressive or tensile stress and fluid shear stress) determine the actual crystal
growth speed, size, and morphology [24,25].

3. In Vivo Research in Bone Engineering: Do They Care about the Formation of the
Right HA Crystals?
3.1. Scaffolds Used in Bone Engineering

Research efforts have extensively explored polymers, whether natural or synthetic,
and ceramics, each presenting distinct advantages and drawbacks in the realm of bone
tissue engineering. While polymers offer versatility and customizable properties, ceramics
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boast high mechanical strength and biocompatibility. However, neither material alone
perfectly addresses all requirements for optimal bone regeneration.

In response to this challenge, composite scaffolds have emerged as a compelling
solution. These scaffolds aim to harness the strengths of both polymers and inorganic
materials, theoretically providing a balanced delivery system with enhanced protein-
release capabilities. By integrating the unique characteristics of each component, composite
scaffolds hold promise in overcoming the limitations associated with individual materials,
paving the way for improved outcomes in bone tissue engineering.

Meanwhile, advancements in nanotechnology have opened new avenues for en-
hancing bone regeneration. Nanoscale modifications of implants offer an environment
conducive to bone formation, leveraging the unique properties of nanomaterials to promote
cellular interactions and tissue regeneration. As such, nanotechnology stands poised to
play a pivotal role in driving innovation and progress in the field of bone engineering.

The following paragraphs provide an in-depth exploration of these materials and their
wide-ranging applications in bone tissue engineering, complemented by individual tables
(Tables S1–S5) to enhance clarity and understanding.

3.1.1. Polymers

Polymeric scaffolds are, in general, the most commonly used materials in bone tissue
engineering applications. Their biocompatibility and biodegradability, as well as the ease of
fabrication of different shapes and sizes, are the principal reasons for that. Important phys-
iochemical parameters, such as porosity, pore size, solubility, and mechanical properties,
can be controlled, improving the final scaffold.

1. Natural Polymers

The first materials used in tissue engineering were for the fabrication of natural
polymeric implants. These consist of extracellular materials like proteins (collagen, gelatin,
and fibrin) or polysaccharides (chitosan and alginate) (Table S1). Low cytotoxicity and
favorable degradation products facilitated the rise in interest. In contrast, poor mechanical
properties and rapid degradation raised concerns.

Collagen and Gelatine

Collagen is most commonly used in bone engineering. It is the most abundant matrix
protein. A vast variety of collagen formulations have been used in preclinical studies in the
literature, including gels, absorbable sponges (ACS), fibrils, the demineralized bone matrix
(DBM), strips, membranes, and composites. The most used formulation is that of ACS.

Industrially manufactured sponges are a common practice in most recent studies.
Helistat® (Integra) is the most frequent in bone engineering applications with BMPs. It
consists of collagen derived from the bovine Achilles tendon. It has been cross-linked with
formaldehyde and sterilized with ethylene oxide. Helistat® is clinically approved as a
hemostatic sponge. It is used in surgical procedures as an adjunct to hemostasis. Uludag
et al., in their series of studies, used, among other carriers, Helistat® sponges [26,27]. They
used modified versions of rhBMP-2 and rhBMP-4 in various doses to assess osteoinduction.
Carriers were allowed to soak within the growth factor solution for 10–30 minutes before
being implanted subcutaneously in the thoracic region of Long Evans rats.

Loading time (or soaking time) varies in the literature from five minutes to one hour.
Huang et al. additionally stored the implants overnight at 4 ◦C after soaking for 60 min
at room temperature [28]. Loading time affects protein incorporation into the collagenous
matrix. A slight increase in incorporation is noted by extending the soaking time. Denser
matrices can also increase the binding of protein to ACS [29,30].

The solution used was not mentioned in most applications. Its importance has been
highlighted in the literature. BMP-2 binding to ACS is highly affected by the pH and
ion concentration of the protein’s solution. Binding is negligible at pH 3–4 and increases
significantly at pH 6–7 [29,30]. In those few that included this important information, it
was either a phosphate buffer solution (PBS) [31] or an Infuse® solution [32,33].
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Kato et al. also used 6 mm disks of Helistat®, loaded with increasing rhBMP-2 doses
(0, 1, 2, 5, 10, and 20 µg). ACS was lyophilized after BMP loading in order to show a
dose-dependent reaction in bone formation at three weeks post-subcutaneous implantation
on SPC mice [34]. Chen et al. manufactured a 10% w/v collagen sponge lyophilized pre-
and post-incubation with BMP-2 solution, providing the final implant with a favorable
burst of initial release and a sustained release profile [35].

Apart from Helistat®, other industrially manufactured collagen implants have been
used in similar applications. These include sponges (Mighty®, Teruplug®, and CollaTape®)
and membranes (Hypro-Sorb®) [36–40].

Collagen matrices are versatile. Their manufacture includes several steps. Freeze
drying is the most advantageous procedure to produce the necessary porous structure.
Cross-linking affects the chemical and physical properties of the material and improves its
mechanical properties and degradation ratio [29]. Chemical cross-linking is used for all
industrially manufactured implants. Glutaraldehyde is the most common agent. Dehy-
drothermal treatment (heating under vacuum) or enzymatical cross-linking are alternative
options [35,41]. The use of non-cross-linked scaffolds has rarely been described.

Sterilization is a necessary condition for every medical application, including labo-
ratory animal surgery, although most authors do not mention the sterility status of their
implants. Ethylene oxide (EtO) and γ-irradiation are processes widely used for sensitive
medical devices like proteins and scaffolds, including collagen and natural polymers [32,42].
As with cross-linking, sterilization modalities have an impact on the microstructure of
the implants, affecting their physico-chemical properties and, as a consequence, protein
retention [26].

Kim et al. described a thought-provoking finding. They used 8 mm disks from the
collagen membrane Collatape®, which were loaded for 5 min with a solution of 5 µg of
rhBMP-2 and then placed subcutaneously on Sprague–Dawley rats. Two weeks later, new
bone was evident at the periphery of the implants, whereas this was resolved at eight
weeks [40]. Absorption of the initially evident ectopic bone was also described by Saito
et al., following the suffusion of collagen gel with 3 µg of rhBMP-2. No details regarding the
implant used or the process of BMP loading were provided. Bone-like tissue was present
three weeks post-implantation intra-muscularly into the calf pouches of Wistar rats, but
this had disappeared at seven weeks [43].

DBM is derived from cancellous or cortico-cancellous bone through the removal of
the mineral component using an acidic solution. It still contains structural (mainly type I
collagen) and signaling proteins. It can be used as an alternative to an autologous bone
graft and there are numerous commercially available products [44]. Additionally, it has
been used in many bone tissue engineering applications. Tsiridis et al. prepared DBM
from Wistar rat long bones and used it in combination with 2 µg of BMP-7 in an ectopic
model, achieving superior osteogenesis compared to DBM alone or fresh frozen allograft
(FFA) [45].

Gelatin is a natural polymer that is also commonly used in medical applications,
including bone engineering. Gelatin is derived from collagen, but it has certain advantages.
It is water soluble in neutral conditions and can form poly-ion complexes with growth
factors and proteins. As it is a denatured derivative of collagen, it causes a weaker immune
response [46].

Gelatin scaffolds are typically cross-linked to improve properties and degradation and
are sterilized with EtO or γ-irradiation [47,48]. Both Yamamoto et al. and Takahashi et al.
used gelatin scaffolds cross-linked with glutaraldehyde as a control group, showing more
bone formation and ALP activity at four weeks than collagen and composite materials,
respectively [42,49].

Polysaccharides and More Natural Polymers

Alginate is a polysaccharide of natural origin, which is particularly attractive for bone
and cartilage tissue engineering applications. Saito et al. presented their fascinating work
with a 20-mer peptide derived from the knuckle of BMP-2 linked or mixed with a cova-
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lently cross-linked sterile alginate scaffold in the form of hydrogels or sponges [43,50–52].
Alginate hydrogels have also been used in addition to bone marrow stromal cells (BMSCs)
to promote ectopic bone formation in mice with a minimal dose of 200 ng of rhBMP-2 [53].
Alginates can be further modified to improve their structure, properties, and cell affinity.
In addition to lyophilization and cross-linking, this can happen through mixing with other
materials, chemical surface modifications, or the immobilization of ligands like proteins
and binding sequences, such as arginine-glycine-aspartic acid (RGD) [54–57].

Chitosan, a polysaccharide derived from chitin, has also been utilized in various forms,
like hydrogels, meshes, composites, and derivatives. Luca et al. showed ectopic bone for-
mation (both woven and trabecular) at three weeks following quadriceps injection of 0.2 mL
of hydrogel containing a high dose (150 µg) of rhBMP-2 [58]. Chitosan is mainly used in
combination with other materials or modified to improve bioactive molecule retention and
release, as well as cell proliferation and adhesion and, therefore, final outcomes [10,14,59].
Bakopoulou et al. developed a chitosan–gelatin sponge, freeze-dried and cross-linked
with glutaraldehyde, which was incubated with BMP-2 for 24 h [60]. Similarly, Park et al.
manufactured injectable chitosan–alginate gel loaded with mesenchymal stem cells (MSCs)
and a low dose (2 µg) of rhBMP-2 [61].

Hyaluronate is the third most common polysaccharide used in bone engineering. It
has been used in various applications, such as hydrogels or sponges, as injectable or solid
materials [10,14,62]. Commercially available gels Heprasil® and Glycosil® were used as
rhBMP-2 vehicles by Bhakta et al. in a rat ectopic model [63,64]. They are hyaluronan-based
hydrogels with or without heparin accordingly. Merogel® is a commercially available
hyaluronan sponge, which was used in a similar way as collagen sponges and showed
dose-dependent defect healing and bridging 8 weeks post-operation, with both rhBMP-2
and rhBMP-4 [65].

The introduction of functional groups and cell adhesion molecules led to modified
hyaluronate derivatives. Such a derivative supplemented with collagen type I fibrils
or fibronectin was manufactured by Bulpitt and Aeschlimann. They were freeze-dried,
mixed with rhBMP-2, and then cross-linked with various low- or high-molecular-weight
cross-linking agents [62].

In a simpler application, hyaluronate gel was mixed with a high dose of rhBMP-2
(200 µg) and was injected at the tibial defect site of rabbits showing 100% union [66]. The
combination of a low dose of rhBMP-2 (0.8 µg) and MSCs on an acrylated hyaluronic acid
gel showed a synergic effect on healing calvarian defects in rats with thicker and denser
bone formation [67].

Dextran has been used as a protein carrier as well, as it is highly biocompatible and
water-soluble. Functionalized dextran (FD)-derived hydrogels, sterilized by UV light and
cross-linked with sodium trimetaphosphate, have been used successfully in a rat ectopic
model by Maire et al. [68].

Fibrin and fibrin-related products are widely used as a wound sealant and for achiev-
ing hemostasis. Fibrin is a protein involved in blood clotting and wound healing and acts
as a matrix in injured tissue. Fibrin matrices, mixed with 10 µg rhBMP-2 pre-solidification,
showed similar bone formation to Infuse® collagen sponges at eight weeks in a segmental
femoral defect on a rat model [69]. Similarly, fibrin glue blocks with 10 µg rhBMP-2 showed
a similar amount of bone regeneration in segmental fibular defects with autoclaved autolo-
gous bone [37]. Tisseel®, a commercially available fibrin-fibronectin sealing system, with
the addition of rhBMP-4, displayed the bridging of calvarian defects both at two and eight
weeks, whereas trabecular bone was evident ectopically twelve weeks post-subcutaneous
injection of gels of platelet-enriched fibrin glue with BMSCs and 2 µg of rhBMP-2 [70,71].

Silk proteins demonstrate favorable characteristics for bone engineering applications.
They are degradable with high tensile strength and contain integrin binding motives. Their
properties can be modified by cross-linking, and they can be used in combination with
composite scaffolds [14,57,72]. Kirker-Head et al. fabricated disc-shaped silk scaffolds,
which were autoclaved at 121 ◦C for 15 min and loaded with 2.5 µg of rhBMP-2 [73].
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2. Synthetic Polymers

Synthetic polymers have attracted attention in bone engineering as safe alternatives
to replace collagen and natural polymeric implants. They have been used predominantly
in bone or calvarian defect models (Table S2). The risks of using xenogenic materials, like
immune reactions and disease transmission, are eliminated. They are biodegradable and,
as synthetic materials, their characteristics can be modified in a controlled manner to alter
the drug delivery profile [10,14,43,74].

Poly-e-caprolactone (PCL) is a bioresorbable material that has been used for years in
tissue engineering. Patel et al. manufactured flower-shaped scaffolds, which were used in a
mouse ectopic model with either conjugated or absorbed rhBP-2 (20 or 65 µg/mL). [75] The
fact that it can be produced using 3D printing techniques means that the scheme, porosity,
and degradation level can be altered or maintained as needed.

Porosity, at both macroscopic and microscopic levels, is a significant property of all
scaffolds used in bone engineering. High porosity and large pore size are favorable for
protein absorption, cell migration, capillary formation, and vascularization [72,76,77]. There
is no precise recommendation for the optimal pore size. Scaffolds of various materials with
pores sized between 50 and 600 µm have been described [52,78,79]. Initially, 100 µm was
recommended as the minimum optimal pore size, whereas several studies have demonstrated
more favorable results using scaffolds with pore sizes greater than 300 µm.

Poly-glycolic Acid (PGA), Poly-lactic Acid (PLA), and their copolymer, Poly-lactic-
co-glycolic acid (PLGA), are all polymers of a-hydroxy esters. These materials were used
for the first synthetic, absorbable sutures and are still used for that purpose. Additionally,
they have attracted attention in bone tissue engineering applications [80]. Dexon® is a PGA
mesh utilized in abdominal surgery, like hernia repair, abdominal partitioning, or packing
in intra-abdominal bleeding. Uludag et al. included, among other scaffold materials,
this industrially manufactured mesh in their experiments, measuring the osteoinductive
potential of increasing doses of rhBMP-2, rhBMP-4, and succinylated rhBMP-2 [27].

3D-printed PLA scaffolds with a porosity of 60% and a mean pore size of 100 µm were
functionalized with a thin coating layer of polydopamine (PD). This allowed Chen et al.
to use low doses of rhBMP-2 (1 µg) in their ectopic model application [81]. A 5% PLLA
solution was mixed with 60 µg of rhBMP-2, followed by freeze-drying, which resulted
in disk scaffolds with a porosity of 90% and a mean pore size of 50–60 µm [79]. Jeon
et al. fabricated heparin-conjugated (HP), porous PLGA scaffolds (pores sized 100–200 µm)
in a rat ectopic model [82]. HP-PLGA scaffolds can degrade as slowly as 60 days in a
phosphate buffer solution (PBS) at 37 ◦C and they can continue releasing rhBMP-2 for
14 days. These characteristics allowed Jeon et al. to use 1 µg of rhBMP-2, which resulted in
extensive bone formation in the hind limbs of Wistar rats in eight weeks [82]. Hollinger
et al. confirmed the bridging of a critical radius defect in rabbits when PLGA scaffolds
were used in combination with either autologous blood or carboxymethyl cellulose (CMC).
The results showed dose-dependent results [83].

Polyethelene Glycol (PEG) is a hydrophobic polyether, commonly used in tissue
engineering and drug delivery due to its excellent biocompatibility. Lutolf et al. used
cross-linked PEG-based hydrogels in a calvarian defect model. First, 5 µg of rhBMP-2 was
incorporated into the scaffolds, non-covalently, during the cross-linking process, showing
similar bridging and bone healing to Helistat®-treated defects with the same amount
of rhBMP-2 [84,85]. TG-crosslinked PEG hydrogels of various stiffnesses were used by
Vallmajo-Martin et al. to heal an 8mm calvarian defect. RGD motifs were not found to
improve the final outcome [86].

Poly-Lactic Acid-DioXanone-Poly-Ethylene Glycol (PLA-DX-PEG) is a tri-block copoly-
mer that has been tested for successful rhBMP-2 delivery in a variety of animal models.
Kato et al. confirmed a dose-dependent reaction in a mouse ectopic model, with complete
resorption of the polymer [34]. Suzuki et al. used a scaffold with a PLA/DX/PEG ratio of
5:1:3. Scaffolds were used to carry 5 µg of rhBMP-2 with or without antibiotics, showing no
impact of the antibiotics on material osteoinduction [87].
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3. Overall

In conclusion, polymeric scaffolds, whether derived from natural sources or syntheti-
cally engineered, offer versatility in various applications. Significant advances have been
made in the manufacturing process over the past years. The magnitude of porosity, cross-
linking, and sterilization has been thoroughly studied, and scaffolds have been optimized
accordingly, leading to FDA-approved products. Nevertheless, preclinical studies have
often failed to describe the presence of all elements that compose bone tissue. More specifi-
cally, while significant emphasis has been placed on reporting the presence and behavior of
cells and extracellular matrix, little attention has been paid to the equally vital inorganic
component crystals that form an integral part of bone structure. This oversight underscores
the need for a more holistic approach to scaffold design and characterization, ensuring
that all facets of bone tissue composition and functionality are adequately addressed for
optimal performance and clinical efficacy.

3.1.2. Ceramics

Ceramics is a large category of bioactive, inorganic materials used as bone graft
substitutes and in bone tissue engineering applications (Table S3). They have the advantage
of superior mechanical strength compared to polymers, similar to that of the mineral part of
the bone [14,57,72,74]. Additionally, ceramic scaffolds can be optimized by the modification
of their physical properties, porosity, degradation rate, biocompatibility, or solubility [74].
CaP materials belong to this category.

Hydroxyapatite (HA) has been used in various formulations in bone tissue engineering,
including powder, particles, blocks, and disks [10,88]. There has been significant debate
regarding the optimal characteristics of HA scaffolds. The usual manufacturing technique is
sintering HA powder into the final implant at high temperatures [77,78,89]. This technique
creates porous implants, which are generally considered more effective. It seems that pore
sizes between 300 and 400 µm promote osteoinduction [78].

Murata et al. used porous particles of HA that were sintered to a scaffold with a
porosity of 70% and a mean pore size of 150 µm. Specifically, 300 µg of partially purified
BMP was mixed with the scaffold and scaffolds were implanted subcutaneously in an
ectopic rat model [89]. HA porous scaffolds have been tested with a combination of low-
dose rhBMP-2 (1 µg) and MSCs, and this has also proven successful in promoting de novo
bone formation in an ectopic rat model [90].

Tricalcium phosphates (TCPs) are brittle materials with a slow degradation rate in vivo
that have been studied thoroughly as BMP carriers [74,88]. Liang et al. used sintered porous
β-TCP ceramics with a porosity of 42.3% and an average pore size of 300–400 µm immersed
in a solution of 50 µg of rhBMP-2. Ceramics were lyophilized following immersion and
then sterilized with ethylene oxide before implantation intramuscularly in mouse thigh
muscle pockets [91].

Cerasorb® is a commercially available series of β-TCP products, like particles, pastes,
or foam sponges. They are commonly used in dental surgery. Kim et al. used Cerasorb®

particles loaded with 5 µg of rhBMP-2 in a rat ectopic model and compared it to Helistat®

sponges soaked for five minutes in the same BMP solution. Both materials showed bone
formation in two weeks post-implantation. B-TCP groups showed progression of bone
formation at week 8, whereas in Helistat® groups, bone was not visible as had been
resolved [40]. In contrast, Pang et al. found no difference in bone formation between
the Cerasorb® sponge and Collatape®, a commercially available collagen sponge. Both
materials were loaded with 2.5 and 5 µg of rhBMP-4 for five minutes before implantation
in a rat segmental defect model [39].

Ceramics have demonstrated their superiority in providing robust mechanical proper-
ties essential for specific applications. Porosity and manufacturing processes have again
proven highly important. CaP scaffolds with a slow degradation rate have been commonly
used. Despite that, the origin of calcium deposits and evidence of mineralization seen a
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few weeks post-surgery was not meticulously checked, and it is not clear whether new HA
crystals have been formed, raising questions about the efficacy of current practices.

3.1.3. Composites

Bioactive materials have been combined to create composite scaffolds that, theoret-
ically, could combine the advantages of these materials (Table S4). Polymeric/ceramic
materials have gained attention as they develop improved mechanical properties and
biocompatibility with controlled biodegradation [14,74]. They are considered to mimic
bone structure and approximate its properties [74].

1. Natural Polymers/Ceramics Composites

Natural polymers/ceramics are a common combination with collagen or gelatin,
forming a composite with β-TCP or HA. Gelatin has been combined with different contents
of β-TCP to form composites for rhBMP-2 delivery in vivo. Gelatin was cross-linked with
glutaraldehyde at 4 ◦C for 12 h in the presence of β-TCP, followed by freeze drying of the
final material [49,92–94]. The delivery of 17 µg of rhBMP-2 in segmental defect models
showed complete healing of the defect with no difference between composites and gelatin
sponges [93,94]. In contrast, Takahashi et al., in a subcutaneous ectopic model, confirmed
an inversely proportional relationship between the amount of β-TCP and osteoinduction,
despite homogenous bone formation in all rhBMP-2 groups after 4 weeks [49]. It is highly
interesting that similar findings were reported by Luca et al. using a chitosan/β-TCP
composite [58].

A composite implant of carboxymethylcellulose (CMC) with β-TCP particles (a mix-
ture of 1:2) was used by Tsiridis et al. in a non-critical defect model [95]. A single-level,
wedge-shaped osteotomy was created at the lateral aspect of the right distal tibial meta-
physis of white New Zealand rabbits. The gap was either left unfilled or the composite
implant was used. Next, 200 µg of OP-1 was injected into the implant. Alternatively,
daily subcutaneous injections of 10 or 40 mg/kg of the parathyroid hormone (PTH) were
administered for 3 weeks. Interestingly, the use of OP-1 was related to superior bone
healing, whereas systemic administration of PTH showed more global bone formation [95].

Susin et al. combined Helistat® sponges with Mastergraft®, a biphasic ceramic of 15%
Hydroxyapatite (HA) and 85% β-Tricalcium Phosphate (β-TCP), to create a composite mate-
rial. They used the scaffold in a sinus augmentation model in Göttingen mini pigs. Loading
scaffolds with 1.72 mg rhBMP-2 as per Infuse® BoneGraft instructions again showed
lower bone formation in the composites than ACS alone at 8 weeks post-implantation [96].
Collagraft®, a commercially available composite material that is a combination of purified
Type I bovine dermal fibrillar collagen with 65% calcium hydroxyapatite and 35% TCP, was
compared to MeroGel®, a hyaluronian sponge in a defect model [97].

Collagen/HA composites have also been proven to promote bone healing in defect
models. Specifically, 2 µg of rhBMP-2 was mixed with collagen-HA slurry, followed by
lyophilization and sterilization under UV light (λ = 254nm) for 4 h. Final disk implants
(diameter of 7 mm, average pore size of 100 µm) were placed into calvarian defects showing,
at 8 weeks, full healing with thick, mature bone, with a structure similar to native bone [98].
An extremely large amount of human BMP-4 (10 grams) was loaded in collagen/HA
microspheres sized 600–700 µm, showing evidence of active bone formation [99].

As mentioned previously, gelatin is one of the materials that has been studied ex-
tensively in the formation of composite scaffolds. Gelatin sponges containing different
concentrations (0% wt, 50% wt, and 90% wt) of Magnesium Calcium Phosphate (MCP) were
used in a rat defect model. Gelatin/MCP scaffolds were freeze-dried and dehydrothermally
cross-linked. They were loaded with 2.5 µg of rhBMP-2 before implantation in a cranial, rat
defect model showing significant bone formation both at 3 and 12 weeks, especially for the
50% wt scaffold [100]. A biphasic ceramic powder of Calcium Sulphate (CaS)-HA (60–40%)
was mixed with a 5% gelatin solution, followed by cross-linking with glutaraldehyde, to
create a composite porous scaffold (30–110 µm). When compared to Helistat® in an intra-
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muscular ectopic model, it showed a higher mineralized volume with a dose-dependent
reaction [101].

2. Synthetic Polymers/Ceramics Composites

Synthetic polymers are again alternative materials in the formulation of composite
scaffolds. The addition of ceramics aimed to improve the plasticity and general properties
of final implants. Kato et al. combined PLA-DX-PEG with various amounts of β-TCP and
low doses of rhBMP-2 (2 and 5 µg) in a mice ectopic model to show that the volume of
new bone formation at three- and six-weeks post-implantation increased linearly with an
increase in the β-TCP ratio of up to 66.7% and then decreased [102]. Similarly, Matsushita
et al. used a composite material with 75% β-TCP and low (5 µg) or high (20 µg) rhBMP-2
doses in a defect rabbit model. As was expected, groups with higher doses of rhBMP-2
showed significantly thicker cortical bone formation at six weeks [103]. In the above-
mentioned studies, a copolymer was mixed with β-TCP and rhBMP-2 solutions to form the
final implant, but no further details were provided. In contrast, Yoneda et al. immersed
β-TCP cylinders in PLA-PX-PEG and rhBMP-2 solution under vacuum for a few seconds,
resulting in copolymer coated β-TCP implants. [104].

A similar technique was adopted to create a mixture of liquidized copolymer PLA-
PEG with the rhBMP-2 solution. Kaito et al. dropped a mixture containing 5 or 20 µg
rhBMP-2 onto interconnected porous HA scaffolds and applied the final coated implant to
a rabbit radius critical defect model [105]. On the other hand, Murakami et al. submerged
a cylindrical pure titanium fiber mesh implant in a high-dose rhBMP-2 mixture (60 or
120 µg), which was then applied to a rat humeral defect model. Porous HA scaffolds had an
interconnectivity of 90%, while titanium implants had a porosity of 50% with 350-400 µm
average pore size [106].

Polymer Composites

In research on new osteoinductive materials, natural and synthetic polymers have also
been combined to provide new scaffolds. PLGA is mostly used in such combinations in
the literature. PLGA-coated gelatin sponges were manufactured using freeze-dried gelatin
sponges, cross-linked with dry heating at 155 ◦C, which were submerged in an 8% PLGA
solution, followed by lyophilization [105]. These composites have been evaluated in both a
rat ectopic model and a rabbit defect model, with high doses of rhBMP-2 showing calcified
areas with trabecular bone and defect bridging, respectively [107,108].

PLGA microspheres have been added to Oligo-PEG fumarate (OPF), phosphate modi-
fied (BP) and not, or CMC. AN OPF/PLGA microsphere composite was cross-linked using
UV light 365 nm for 40 min. Furthermore, 2 µg of rhBMP-2 was encapsulated either by
entrapment in microspheres (for sustained release) or absorbed by the composite (for burst
release) or combination. There was no difference in bone volume regardless of the BMP
loading methods. On the other hand, phosphate modification resulted in substantial bone
formation in both models at nine weeks [109].

Blood clots have also been used as an organic part of composite materials [110,111].
Irie et al. combined blood clots with PLA-PGA copolymer microspheres. Specifically, 20 µg
of rhBMP-2 was added to the composite, which was implanted subcutaneously into rats’
thoraxes, resulting in bone matrix appearance by day 5 [111]. Lee et al. used blood clots
and PLGA particles of different sizes (247 or 430 µm), sterilized by ethylene oxide. They
added various amounts of rhBMP-2 (0, 0.93, 3.1, or 9.3 µg) in a rat segmental femoral defect
model. The smaller the particle PLGA size and the larger the amount of rhBMP-2 was, the
greater the torsional stiffness and strength of the newly formed bone [110].

Overall

Combining materials of different categories to create composite scaffolds could imitate
bone characteristics. However, pairing varying ratios of each material seems to have a
heterogenous effect on bone formation underscoring the complexity of such applications.
Thus, the presence of both organic and inorganic elements of bone within these scaffolds
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has to be confirmed to ensure their ability to accurately replicate the intricacies of natural
bone structure and function.

3.1.4. Nanoparticles

Nanostructures can mimic specific bioenvironments by designing constructs with spe-
cific biochemical, mechanical, and electrical properties. Therefore, tissue can be engineered
by employing these nanostructures for enhanced cell adhesion, growth, and differentiation
(Table S5). Mesoporous silica nanoparticles (MSNs) are commonly used in the literature due
to their advantages of amenable pore size, large surface area, and surface functionalization.
MSNs with a mean diameter size of 130 nm (100–200 nm), with or without dexamethasone,
were coated with chitosan gelfoam (chi-MSN) that was distributed in a BMP-2 solution for
four hours [112]. In slightly different scaffolds, Zhou et al. covalently grafted 100 µg of a
20-mer BMP-2-derived (residues 73–92) synthetic peptide onto MSNs gelfoam (nanopar-
ticle diameter of 255 nm), followed by the addition of a dexamethasone solution [113].
Both studies used a rodent ectopic model with evidence of calcium depositions and bone
formation in all groups. The addition of dexamethasone improved the results in both
applications [112,113].

Mohammadi et al. used electrospinning to create PLLA nanofibers (diameter of
541 nm) and deposited nanoHA (size of 70 nm) on their surface in an attempt to mimic the
bone extracellular matrix (ECM). Additionally, they immobilized liposomal nanocarriers
on the surface of their scaffolds, loaded with a BMP-2-derived synthetic 20-mer peptide,
the same as previous studies described [114]. In another recent application, Li et al. man-
ufactured a nanoscaffold using gelatin microspheres (GMS) and nanoHA, loaded with
rhBMP-6 with a final concentration of 100 ng/mL. rhBMP-6 was encapsulated in GMS via
adsorption and lyophilization [115].

PLGA nanospheres (size 300 nm), loaded with 5 µg of rhBMP-7, were immobilized
on PLLA macroporous and nanofibrous PLLA disk scaffolds, previously sterilized with
ethylene oxide [116]. Weng et al. created a 3D nanofiber aerogel using a PLGA–Collagen–
Gelatin (PCG) composite and bioglass (BG) nanofibers. The final construct was freeze-dried
and thermally cross-linked at 520 ◦C for 10 min [117].

Three-dimensional (3D)-printed scaffolds have attracted attention as they offer flex-
ibility over certain characteristics, i.e., porosity, interconnectivity, and shape. Ceramic
nanoparticles and synthetic polymers are the materials utilized. Chen et al. used HA
nanoparticles to print scaffolds that were eventually loaded with BMP-2 or VEGF and were
used to heal 15-mm calvarian defects in New Zealand rabbits [118]. Similarly, Helaehil et al.
printed their scaffold using PCL and either 20% w/w HA or β-TCP [119].

3.2. Describing the Newly Formed Bone

As mentioned above, describing success in bone engineering applications is mainly
based on histologic and radiographic examination of the samples.

3.2.1. Histologic Evaluation

Hematoxylin and eosin (H&E) staining is the standard histologic stain used in the
literature. This dye combination stains nuclei blue or purple, whereas the extracellular
matrix, collagen, cytoplasm, and other structures become various shades of pink [120].
Useful cellular details can be revealed as H&E can identify various cells and tissues by
providing information on the morphology and structures of a tissue, as well as patterns
and shapes of cells within this tissue [120,121]. Patel et al. used H&E staining to describe
cells, vessels, the tissue matrix, and the general tissue morphology [75].

H&E is considered the “gold standard” stain in histology with the diagnosis of various
pathologies (Figure 2). In bone tissue engineering applications, it is used to describe the
presence of osteoblasts or osteoclasts. Harversian systems and bone marrow cells set the
diagnosis of mature bone formation. Characteristically, Omura et al. described the foci
of new immature bone with osteoblasts at the periphery of the sponges with rhBMP-2
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two weeks following implantation, whereas, at four weeks, mature lamellar and trabecular
bone with osteocytes and marrow cavities were present in treatment groups [41].
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The Masson–Goldner trichrome and von Kossa staining have also commonly been
used in the evaluation of bone engineering applications. They have been used in addition
to H&E staining to evaluate mineralization. Other stains (i.e., Alcian blue, Safranin-O,
Movat’s pentachrome, Toluidine blue, and TRAP) are used less frequently [28,54,122,124].

The Masson–Goldner trichrome allows tissue identification through different coloring
and morphological identification (Figure 2). It is used to differentiate collagen, fibrous
tissue, and mineralized and unmineralized matrices [122,124,125]. The modified Masson
trichrome can offer a clear distinction between connective tissue and bone matrix [122].
Luca et al. described a semi-quantitative evaluation method based on the Masson trichrome.
The features they evaluated were carrier persistence, muscle atrophy, types and amounts
of inflammatory cells, the presence of fibrous tissue, bone maturation and mineralization,
and, finally, bone marrow formation [125].

The Von Kossa stain was predominantly developed and used for the detection and
quantification of mineral deposits in tissues [41,42,82,126]. Krishnan et al. confirmed
mineralization of the femoral defect region and the surrounding heterotopic nodules in
a rat model [54]. Chang et al. stained their samples resulting from a rat ectopic model
using H&E, Masson trichrome, and von Kossa stains to evaluate collagen and calcium
deposition [79].

Histologic evaluation in bone engineering applications has to be viewed with skep-
ticism. The reason for that is the application of decalcification (or demineralization) of
the samples, before or after paraffin embedment. CaP minerals consist of 70% of the bone
mass. Decalcification is the process of removing calcium salts from mineralized tissue. It
is performed routinely to soften the tissue for subsequent segmentation and ultramicro-
tomy. It is a necessary process when evaluating hard and dense samples, like mature bone
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and teeth. However, it might be unnecessary or even undesired in certain circumstances.
Developmental studies or bone sarcoma evaluations are such examples [127,128].

The decalcification of samples in bone engineering applications, especially in ectopic
bone models or when ceramic scaffolds are used, should be a major concern as well. De-
calcification is common when H&E is the only stain used [7,34,40,45,102,112], whereas
researchers tend not to use it when the von Kossa stain is selected [42,79,82,116]. Unfor-
tunately, Omura et al. decalcified histologic sections that were stained with H&E and
von Kossa [40]. Bhakta et al. used decalcified sections with H&E stain but undecalci-
fied ones for the von Kossa stain in a rat ectopic model [64]. Another practice described
is the decalcification of samples following the radiographic evaluation of mineralized
volume [125].

3.2.2. Radiologic Evaluation

Radiology serves to complete the evaluation of the newly formed tissue and confirm
the presence of bone. It is mostly used to evaluate the mineral compound of the bone.
Micro-computed tomography (Micro-CT) is the most commonly used modality (Figure 3).
Measuring radiodensity could theoretically not only identify bone tissue but also measure
its volume. Concern has to be raised, however, for the accuracy of this method. The
reason for that is the threshold in radiodensity set for detecting bone. Fat et al., in their
in vitro study, described the inner cortical line at proximal humeri to be between 500 and
900 Hounsfield Units (HU) with a mean value of 700 HU. A value of 300 HU was considered
to be cancellous bone, whereas the outer cortical line was at 1100 HU [129]. Similar findings
were recorded in the literature [130,131]. Despite that, Bhakta et al. used threshold values
between -315 and 543 HU for the quantification of bone in their bone tissue application,
while Chen et al. used 0-4000 HU [35,64]. Raina used a more scientifically proper way as
they calibrated their measurements against HA phantoms of known densities. Interestingly,
they set their threshold to 4600 HU [101].
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In trying to quantify the newly formed bone and measure its volume for comparison
purposes, mineral content (BMC) was measured. This was achieved using peripheral
quantitative computed tomography (pQCT). Saito et al. calculated areas denser than
250 mg/cm3 [43]. Dual-energy X-ray absorptiometry (DEXA) is traditionally used for
measuring BMC, so it plays a role in bone engineering [34,87].

3.2.3. Functional Evaluation

Immunohistochemistry (IHC) has also been used to confirm new bone formation.
Histology provides morphologic evaluation, but, in contrast, IHC reveals the functional
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anatomy and can recognize specific agents and biomarkers with the use of antibodies
against them [132]. Alkaline phosphatase (ALP), osteocalcin (OC), osteopontin (OP), and
osteonectin (ON) are commonly used [35,40,123].

3.3. Characterizing HA Crystals

The common characteristic of all the previously described techniques is the fact that
they are unable to evaluate and describe crystals and their structure. Light microscopy
and its limit of resolution make it impossible to detect CaP crystals. Even mineral-specific
stains, like von Kossa or Alizarin S, fail to differentiate apatite minerals and hydroxyapatite
from other types of CaP crystallites [133,134].

Electron microscopy with its greater resolution and higher magnification could over-
come the limitations of conventional optical microscopy. Scanning Electron Microscopy
(SEM) and Transmission Electron Microscopy (TEM) are the two most common types of
electron microscopy used in research. Both types work with a focused beam of electrons
towards a sample and the image is created by the interactions of that beam and the sam-
ple. SEM scans the surface of the sample and creates an image detecting the reflected
electrons, while TEM uses transmitted electrons that create the image by passing through
a thin sample. SEM provides information on the surface of the sample at macro- and
micro-scales, whereas TEM provides details of the inner structure of the sample at the
nanoscale [135,136].

In addition to histologic staining (H&E and Masson’s trichrome), Bakopoulou et al.
used SEM examination combined with energy-dispersive X-ray spectroscopy (SEM-EDX)
for both in vitro and in vivo studies. SEM showed images of mineralized particles with a
minimum size of 50 nm. EDX evaluation showed a calcium-to-phosphorus ratio (Ca:P) of
1.4 for in vitro scaffolds and close to 1 after in vivo implantation. The latter is not that close
to the ratio of the biological hydroxyapatite [60].

An imaging mode of TEM, called high-resolution TEM (HRTEM), allows the imaging
of the atomic structure of various samples. Regarding biomaterials, HRTEM is considered
a powerful tool that allows the study of their crystallographic structure at an atomic
scale. Selected Area Electron Diffraction (SAED) is another technique performed using
TEM. SAED can be used to describe crystal orientation and composition, measure lattice
constants, and determine any defects (Figure 4). Xue et al. used both HRTEM and SAED
for the characterization of intrafibrillar HA nanocrystals of MCFs in vitro [137].

Also, Atomic Force Microscopy (AFM) is a type of Scanning Probe Microscopy (SPM)
that demonstrates resolution down to atoms, at fractions of a nanometer. It is an extremely
powerful research tool, but its high cost and training needs have prevented it from becoming
widely used [134].

Spectroscopic methods rely on the recognition of substances through spectra emitted
or absorbed by them and comparing them with known spectra of specific compounds.
Fourier-Transform Infrared Spectroscopy (FTIR) has been applied to characterize various
tissues and scaffolds. Since the HA absorption FTIR spectrum has been reported, this
technique could theoretically be used for determining the existence of HA crystals in the
final samples of bone engineering applications [134,138].

Last, but not least, X-ray diffraction analysis (XRD) is a rapid analytical non-destructive
technique used to determine the crystallographic structure of a sample or material. It also
provides detailed information about the chemical composition and physical properties of
this material. The generated X-rays are directed to the material, where their interaction
produces a diffracted ray, which is scattered in various directions. This ray is then detected
and processed. Each phase of the material produces a unique diffraction pattern due to its
specific chemistry and atomic arrangement [134,139]. The qualitative phase analysis of the
XRD pattern is compared with standard crystallographic databases and this leads to the
phase identification of the material [138–140].
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tation of the process of formation of mineralized collagen fibrils, modified from [137].

The usefulness of XRD In the identification of HA crystals is undeniable. As mentioned
before, SEM-EDX examination of in vivo samples by Bakopoulou et al. showed a Ca:P ratio
not close to that of biological HA. Despite that, XRD analysis performed on those samples
confirmed the apatite nature of the newly formed mineralized tissues as HA’s characteristic
diffractogram was evident [60].
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Saito et al., in their studies of a peptide derived from BMP-2, used XRD analysis to
confirm that the pattern found in their sample when the peptide was added was identical
to that of the rat’s tibia and the major peaks were those of HA [43,50].

4. Conclusions

Since the identification of BMPs, great progress has been achieved in the field of bone
tissue engineering. However, the challenge of designing a structure that can effectively
mimic the mechanical, structural, and osteoinductive properties of the bone extracellular
matrix remains [141]. The present review collocates the various materials and delivery
systems that have been used, all with significant successful outcomes.

Polymers, natural or synthetic, and ceramics have been studied, each with its own ad-
vantages and disadvantages. Composite scaffolds are becoming attractive, as, theoretically,
they can combine properties of both polymers and inorganic materials into a more balanced
delivery system, offering more advantageous protein release. The nanoscale modification
of implants offers a more favorable environment for bone formation, and nanotechnology
applications have their role in the field of bone engineering.

Reporting the final outcome and describing the successful and more or less sophis-
ticated applications rely on histologic and radiographic evaluation. The “gold standard”
H&E offers morphological identification, as does Masson’s trichrome. The Von Kossa stain
offers recognition of mineralization and CaP deposits. Of great concern is the fact that
decalcification still remains part of the process and the protocol until the final staining, with
a potential impact on the results. Radiographic modalities attempt to measure the volume
of the newly formed mineralized tissue.

It is at least thought-provoking that evaluating techniques used in the vast majority of
bone engineering applications are unable to identify the presence of HA crystals. Research
in the literature describes newly formed bone tissue, but cannot assess and prove the
existence of the mineral that constitutes 70% of the bone mass.

In clinical cases, when bone pathology is studied, perhaps it is not necessary to
identify HA crystals. Conventional microscopy with standard stains and radiology offers
the required information. However, in research applications, especially when de novo bone
formation in an ectopic, non-bone environment is studied, it is important to describe all
organic and inorganic elements that form the bone tissue. Moreover, wjen using ceramic or
composite scaffolds of CaP materials, it is a prerequisite to corroborate scaffold degradation
and the formation of new HA crystals.

Incorporating advanced techniques such as Electron microscopy, spectrographic tech-
niques, and XRD analysis into the evaluation process can provide deeper insights. By
leveraging their strengths and understanding their limitations, researchers can effectively
choose the most appropriate method for their specific research goals. This approach ensures
robust and comprehensive evaluation of bone tissue engineering outcomes, ultimately
advancing the understanding of bone regeneration and contributing to the development of
more effective treatments and therapies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14050448/s1, Table S1: Natural polymers; Table S2: Syn-
thetic polymers; Table S3: Ceramics; Table S4: Composites; Table S5: Nanoparticles–Microparticles.
Refs. [142–146] are cited in Supplementary Materials.
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