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Annotation: Bone scaffolds play a vital role in
orthopedic and dental applications by facilitating bone
regeneration through biomimetic structural support.
Despite extensive research, optimizing scaffold
porosity, mechanical strength, and biocompatibility
remains a challenge. This study investigates the
preparation of bone scaffolds using replication
techniques with polymer, ceramic, and metal-based
templates, focusing on material selection, template
design, and sintering or curing protocols. The process
involves coating sacrificial templates with tailored
slurries followed by thermal treatment to produce
highly porous, interconnected structures. The results
demonstrate that scaffold properties such as pore size
(60-350 pm), porosity (up to 90%), and compressive
strength can be effectively controlled, ensuring
compatibility with physiological loads and cellular
environments. These findings highlight the replication
method's  potential to produce cost-effective,
customizable scaffolds suitable for clinical use in
tissue engineering and orthopedic repair.
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1. Introduction to Bone Scaffolds

Bone scaffolds exhibit significant clinical potential in various fields such as dentistry,
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orthopedics, and tissue engineering. These controlled porosity structures play a crucial role in
supporting tissue regrowth effectively while enhancing the process of implant osseointegration.
Advanced replication techniques allow for the preparation of high-quality bone scaffolds from a
range of materials including polymers, ceramics, and metals, catering to diverse clinical needs
and applications. [1]

2. Overview of Replication Techniques

Replication techniques offer a promising route to engineering bone scaffolds from a variety of
materials. The process consists of coating a sacrificial template, usually a porous foam to mimic
tissue, with the scaffold material. Polymer, metal and ceramic powders were used, with polymer,
conformal and replica techniques employed to manufacture bone scaffolds. Selective replication
can be used to promote porosity in the scaffolds, while additives modify the properties of the
foams and coatings. Characterisation includes the analysis of physical, mechanical and biological
properties after sintering or curing. Applications of scaffolds fabricated by replication are
typically found in orthopaedics, dentistry and tissue engineering [2].

3. Materials Used in Scaffold Preparation

Three-dimensional bone scaffolds are of considerable interest for achieving sizeable bone defect
repair in vitro, as well as in several other fields. They are macroporous materials with
interconnected pores, used to provide a matrix or framework to support the attachment and
growth of new bone cells [1]. Porosity can induce osteointegration and facilitate vascularization
and the exchange of nutrients with surrounding tissues in vivo. Scaffolds are usually made from
biomaterials or their composites, which can be natural or synthetic polymers, ceramics, and
metals.

3.1. Types of Biomaterials

Bone scaffolds are fabricated using various biomaterials, including metals, bioceramics,
polymers, and composites. The selection depends on biological functionalities such as
osteoconductivity, osteoinductivity, osseointegration, and osteogenesis, as well as on economic,
processing, and design considerations. Additional components like pore formers, binders,
dispersants, and surfactants can be introduced to modify the properties of the final samples.
Metals and their alloys must be verified for biocompatibility. Several polymer-processing routes
support both natural and synthetic polymers, including diblock copolymer templates, the TIPS-
TCL-SL technique, and immersion capillary-force-induced binder infiltration. Ceramic
materials—primarily apatites, calcium phosphates, and calcium carbonate—are commonly used,
with processing routes like adhesive tape casting, direct ink writing, and conventional ceramic
methods. For metals, the replication technique remains one of the few viable shaping options to
achieve the necessary mechanical characteristics and porosity. Due to the specific nature of each
replication method, it is essential first to understand the types of materials employed in preparing
bone scaffolds [2].

3.2. Additives and Modifiers

Additives in biomaterials used for bone scaffold preparation via replication techniques extend
beyond structural modifiers. Polymers serve multifunctional roles, enhancing adhesion and
providing stabilization against catalytic or thermal influences during processing. Viscosity
modifiers are incorporated to prevent sudden draining of the slurry during the infiltration
process, ensuring uniform coating of the template. Additionally, foaming agents, including
organic acetates or inorganic gases, facilitate the generation of porosity within the scaffold
structure. Certain biomaterials, such as titanium, can act simultaneously as base materials and
porogens, influencing both the intrinsic properties and pore architecture of the scaffold.

Table 2 provides examples of additives employed in replica-derived bone scaffold fabrication.
The variation in porosity and pore size is chiefly dictated by the choice of template and the
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slurry's composition. Replication methods enable control over the size and interconnectivity of
pores within the final structure, though it is important to note that this technique primarily yields
open-cell porous scaffolds, as the polymer foam is subsequently dissolved in the process.

[31[4][5]
4. Design Considerations for Bone Scaffolds

Biomaterials have been employed in tissue engineering as scaffolds because they offer a physical
template for cell colonization, spreading, and tissue organization and formation. Scaffolds
provide temporary support and a desirable matrix that enables cells to form functional tissues.
Bone scaffolds are three-dimensional matrices structure that provide a temporary support for
bone formation, functioning similarly to native extracellular matrix.

Bone scaffolds must possess several essential requirements and unique properties to allow their
use in various medical applications. Porosity is the most significant factor because it dictates the
ingrowth of host bone and the formation of new bone tissue, crucial for scaffold integration. The
porosity range for scaffolds is typically between 45% and 95% for interconnected pores, with
optimal values for cell transplantation for bone and cartilage regeneration around 90%. The
scaffold must deform under physiological load without breaching, with mechanical properties
matching native bone, considering site-specific and load direction factors, especially for long
bone injuries in load-bearing parts. Non-toxicity and non-immunogenicity ensure the scaffold
does not trigger an immune response. Degradability allows the scaffold to be resorbed after the
host tissue forms, with a resorption rate matching the curling rate of host tissue, while
maintaining sufficient mechanical strength during this process. Surface chemistry influences the
interaction of cells with the scaffold, and the scaffold must be sterilizable. [6][7][8]

4.1. Porosity and Pore Size

Bone scaffolds prepared using replication techniques constitute an active and topical research
field in the biomaterials area. Fundamental biomaterials for bone scaffold preparation include
calcium phosphate-based ceramics, calcium-silicate-based ceramics, calcium-phosphate-based
ceramic—polymer composites, and metal-ceramic composites, sometimes modified with
additives such as manganese oxides and reduced graphene oxides. For preparing such scaffolds,
the polymer replication, ceramic replication, and metal replication techniques are studied. The
replication technique is among simple manufacturing processes suitable for mass production
because of facile production steps, equipment requirements, and rapid manufacturing. The
porous space, pore size, interconnection, and bone scaffold design can be customized through the
replication technique to meet clinical applications, such as bone-regeneration-support materials,
dental implants, bone-tissue-engineering scaffolds, bone-healing materials, and cancellous bone
substitutes.

Porosity influences permeability and the mass-transfer rate of nutrients and support of new tissue
growth. The porosity can be adjusted from 30 to 85 vol % according to the range exhibited by
cancellous bones using the replication technique. A porosity of 70 vol % tends to manifest
support for osteoblast growth. However, porosity in excess of 80 vol % tends to result in poor
mechanical strength. Interconnection constitutes an essential factor in bone-tissue engineering
because the drug delivery and protein-transport mechanisms can occur easily. A porosity of 30
vol % can support bone regeneration and differentiation of stem cells into bone cells. Generally,
the repair duration is 10-12 weeks. Pore sizes in the range 60—-350 um facilitate adequate space
for bone cells and adequate supply of nutrients for new bone growth. [9][10][11][12]

4.2. Mechanical Properties

A scaffold’s mechanical properties defines its functionality. Bone is a living tissue used in a
wide variety of load bearing orthopaedic applications. In bone scaffolds, the mechanical
properties must be sufficient enough to withstand bulk stress and support bone growth. The
mechanical behavior is not only dependent upon the constituent biomaterial, but also on the
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structural design of the scaffold (i.e., pore size, pore shape). It has been reported that scaffolds
with pores that are too large, or too many pores, have mechanical strengths below the range of
cancellous bone. Recently, different porosity in polymer-bonded ceramic scaffolds is utilized for
bone tissue engineering application. To fulfill the scaffold requirements, scaffolds with porosities
of more than 50% are prepared and evaluated, thereby adhering to the principles of
bioengineering. Several researchers have experimented on pore size, mechanical properties, cell
migration, vascularization, and so on, to develop a structure close to the native bone. Zirconia-
based scaffolds with porosities ranging from 45 to 55% appear to be appropriate for load bearing
applications.

4.3. Biocompatibility

Biocompatibility testing is a vital step in the evaluation of bone scaffolds for tissue engineering
applications. The biocompatibility levels of scaffolds can be recognized using several biological
assay techniques. In vitro cytotoxicity testing is the most common biocompatibility test for
assessing cellular interactions and responses. The simplest in vitro cytotoxicity evaluation is the
direct contact test, capable of detecting both cytotoxic and non-cytotoxic responses. Indirect
testing methods include agar diffusion and extract dilution assays. The preparation of human
osteoblast culture used for biocompatibility testing involves aseptic harvesting from human
trabecular iliac crest bone under ethical guidelines. Cells are expanded in specialized
proliferation media composed of a-MEM with GlutaMAX, supplemented with fetal bovine
serum, ascorbic acid-2-phosphate, HEPES buffer, penicillin-streptomycin, and fungizone.

Cell proliferation assays, such as XTT, together with non-invasive in vitro NBT/BCIP staining,
are standard approaches for evaluating biocompatibility. In the XTT assay, metabolically active
cells reduce XTT to form orange formazan, the concentration of which is proportional to cell
viability and can be quantified by measuring absorbance at 450 nm. The NBT/BCIP staining
reveals alkaline phosphatase activity, producing violet precipitates that indicate areas of cell
proliferation. [13][14][15]

5. Replication Techniques in Detail

Replication techniques can be used to prepare scaffolds for bone tissue engineering. Materials
applied range from polymers to ceramics and metals. Various composite materials, together with
bioglass and additives, have also been used to cover a broad range of applications in
orthopaedics, dentistry and tissue engineering. The fabrication of porous titanium scaffolds by
replication of NaCl crystals is presented, with a focus on the influence of the process on the final
structure.

A detailed introduction to bone scaffolds and their design, together with a discussion of the
materials involved, is given to enable commentary on the processing techniques. A functional
porous replica Ti metal scaffold with sufficient mechanical strength was successfully fabricated
by coating titanium slurry on NaCl crystals followed by sintering. NaCl acted as a pore-forming
agent and was completely leached out by water without introducing defects in the final sample.
The level of porosity can be controlled by altering either the slurry content or the size of the
NaCl crystals. The replication method presented is simple, efficient and suitable for bone
scaffolds.

5.1. Polymer Replication

Polymer replication techniques use polymer replicas as templates around which scaffolds are
formed. Their high temperature resistance enables subsequent heating processes that remove the
polymer, yielding the scaffold's final form.

Firstly, polymer scaffold replicas are created via rapid prototyping or salt leaching. These
replicas are then immersed in biomaterial slurries and dried to form a cohesive layer. Coated
replicas undergo sintering or curing to produce a skin layer, and when using ceramic materials, a
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subsequent sintering step solidifies the structure. Finally, rinsing eliminates the polymer
template, completing the process. Biotemplating involves similar immersion and curing steps but
omits the final sintering stage. [16][17][18][19]

5.2. Ceramic Replication

Ceramic replication is a widely used technique for preparing bone scaffolds with a porous
structure and improved mechanical properties. The process is relatively simple and involves
dipping a highly porous template into a ceramic slurry, enabling the ceramic to coat the surface
of the template. It is critical to avoid over-thickening the ceramic layers, which can fill the pores
of the template and lead to reduced porosity in the final ceramic scaffold. Following coating, the
template structure is removed by heat treatment—calcination or sintering—depending on the
components of the template. Calcination is typically preferred for polymer templates as it
effectively removes the template to expose the ceramic while mitigating the formation of cracks
during thermal decomposition. Sintering is used if the template contains ceramic elements,
providing enhanced stability to the scaffold.

This approach has been successfully employed to prepare ceramics with porosities exceeding
90% and desirable pore sizes. A crucial factor during fabrication is establishing a strong bond
between the ceramic coating and the porous template in the initial sintering step, which serves as
a compensatory mechanism to enhance the mechanical strength of the porous ceramic scaffold.
The precise control of coating thickness and sintering parameters is essential to balance porosity
and mechanical integrity, thereby achieving scaffolds that fulfill the functional prerequisites for
bone tissue engineering.

5.3. Metal Replication

Metal replication techniques prepare highly porous metal structures by introducing a metal slurry
into polymeric saturated templates. The organic polymeric network provides the overall shape
and pore size of the final product. These materials possess exceptional dimensional stability and
are readily fabricated, yet they exhibit significant defect concentration and relatively low
strength, making them suitable only for non-load-bearing biomedical applications.

Structures yielding load-bearing scaffolds are predominantly ceramic. Several approaches have
been employed to impart necessary mechanical strength to ceramics, including optimizing
composites, laminates, porosity, and processing conditions. Adjusting the porosity of materials
remains the most efficient method for controlling mechanical properties. In this context, metallic
porous materials are especially interesting due to their esthetic appearance and mechanical
properties closely resembling those of bones.

6. Process of Scaffold Fabrication

Bone scaffolds are three-dimensional biomaterials designed to assist and guide the regeneration
of natural bone tissue. Through cell adhesion, migration, growth, and differentiation, they
promote the formation of new bone tissue. Bone scaffolds should provide mechanical support in
the defect, repair the environment for attachment, proliferation, and differentiation of stem cells,
and are typically lost after the growth of new bone tissue. Tissue engineering commonly uses
scaffolds to simulate the extracellular matrix, promoting cell adhesion and differentiation in vivo
or in vitro and guiding tissue growth. Preparation methods include multiple, phase separation,
electrospinning, template, freeze-drying, and impregnation techniques.

The replication technique involves immersing a polymeric sponge or a close-packed template of
spheres with high porosity into a highly viscous slurry of the scaffold material, followed by
drying, pyrolyzing to remove the polymeric template, and sintering to obtain the ceramic
scaffold. The technique can produce scaffolds with high porosity and high pore interconnection,
replicating a hierarchical structure similar to natural bone. Mainly, polymer sponges or templates
composed of ceramic or metal spheres packed in a body-centered imploding mode are used.
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Although suitable for various functional biomaterials, the process is mainly applied to ceramic
biomaterials (such as calcium phosphate, bioactive glass-ceramics, and bioactive glass) and
titanium metal-alloy bone scaffolds.

6.1. Template Preparation

Materials such as replica foam or wood serve as porous substrata, while ceramic slurries or metal
formulations form the coating phases. The surfaces of polymer templates undergo treatment to
enhance the wetting characteristics necessary for subsequent coverage with ceramic slips or
concentrated metal slurries.

Polymer templates supporting the ceramic or metal slurry coating are eradicated through thermal
processes; any residual carbonaceous material from incomplete combustion is eliminated during
ceramic sintering cycles or metal curing phases. Once the polymer has been removed, the
ceramic or metallic coating attains sufficient self-supporting strength, enabling it to preserve the
microcellular structure that replicates the original configuration of the polymer template.

6.2. Coating Techniques

Coating techniques represent a critical step in preparing scaffolds via the replication method.
Both polymer and metal scaffolds can be manufactured by replication of polymer foam to
produce a porous skeleton. However, current research on polymer foam replication primarily
aims to fabricate ceramic and metallic materials. The main deficiency of the replication
technique lies in the inability to independently manufacture polymer foam with a porous
structure. Given the excellent properties and diverse applications of polymer foam, the question
arises of whether polymer scaffolds can be obtained by coating polymer foam with ceramic or
metallic materials. By selecting appropriate metal and metal compound powders and formulating
suitable slurries, porous structures with distinct properties can be replicated. This approach
facilitates investigation of properties that are otherwise difficult to examine in porous polymer
materials.

The replication method for polymer scaffold preparation can be divided into three categories
according to the coating material: ceramics, metals, and ceramics—metals. Taking ceramic
coating as an example, the process involves coating the polymer foam template with ceramic
slurry and then sintering or curing it to obtain the ceramic scaffold. This process generally
includes pre-treatment of the template, preparation of the slurry, coating of the template, and
sintering or curing of the coated template. However, it is challenging to prepare scaffolds with
high porosity by the replication of polymer foams with porous ceramics or metals. [20][17][21]

6.3. Sintering and Curing

Sintering of ceramic/polymer-coated templates plays a crucial role in fabricating ceramic or
metal bone scaffolds. The primary purpose of sintering is to remove a sacrificial template used
during the scaffold preparation process while simultaneously densifying the ceramic matrix
within those templates. Achieving complete removal of the sacrificial template and a dense
ceramic structure is influenced by the sintering temperature and temperature ramp rate. Materials
possessing lower melting/sintering points facilitate this process. Typical ceramic sintering
temperatures range from 1150 to 1500 °C, but preparing strontium-doped bioactive glass
scaffolds at temperatures below 900 °C is also feasible if the material crystallizes at higher
temperatures. Geometric shapes like rods and rectangular prisms can be produced according to
patient needs by adjusting mold shapes.*

The curing process is generally associated with polymer replication methods, particularly in
fabricating porous polydimethylsiloxane (PDMS) scaffolds. In this context, a specific ratio
(15:1) of pre-polymer to curing agent is mixed and degassed to eliminate bubbles. This mixture
is then infiltrated into a sugar template via a vacuum chamber to ensure thorough penetration.
Curing proceeds for 24 hours at 65 °C, resulting in a solid and porous polymer scaffold after
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subsequent template removal. [22][23][24]
7. Characterization of Bone Scaffolds

Physical, chemical, and biological analyses are conducted on replicated polymer-, ceramic-, and
metal-based bone scaffolds. Physical analyses evaluate parameters such as apparent density,
porosity, and compressive strength. Chemical analyses investigate compounds, functional
groups, crystal phases, or corrosion resistance. Biological analyses test biocompatibility and cell
adhesion.

In physical analyses, apparent density and porosity relate to the contents of naphthalene or
sponge, while compressive strength depends on the type of slurry and sintering temperature used.
Chemical analyses of compound and functional group determine whether materials with the
expected formula are synthesized. Crystal phase assessment reveals whether nacre or coralline
properties remain after sintering. The corrosion resistance of metal scaffolds is also assessed.
Finally, cytotoxicity and cell adhesion analyses indicate the potential for biomedical applications
in bone tissue engineering.

7.1. Physical Characterization

Performance assessment of scaffolds requires the understanding of relationships between
physical properties such as porosity, morphology, and pore size. These scaffold parameters
provide information for their evaluation and are required for conforming to specific requirements
for developing bone scaffolds that meet the suitable standards of the host bone. Additives and
modifying agents have been used during the preparation of bone scaffolds with replication
techniques to enhance the physicochemical properties of scaffolds. Moreover, the use of
different types of templates is considered as an important factor in the replication technique to
achieve controllable porosity and pore size and in turn influence the mechanical properties of
scaffolds.

In polymer replication, the polymer is coated on a polymer template. The solvent for the polymer
is removed during sintering and bone scaffolds are obtained in the hollow form. The skeleton of
the polymer template enables the formation of a porous structure in polymer-scaffolds. Ceramic
and metal scaffolds are manufactured by coating the ceramic or metal slurries on polymer
templates. In these cases, different powder additives are used during slurry preparation to reduce
internal stresses and shrinkage during the sintering process. Inorganic and metallic additives are
used to enhance the mechanical properties of scaffolds. [25][26][27]

7.2. Chemical Characterization

TE bones have been prepared using replication techniques employing NaCl or paraffin spheres
as repellents for MT porosity. A technique similar to slurry dipping has been utilized to prepare
pieces coated with a slurry of conventional bone cement and bioactive glass. The regular
replication routes that have been proposed different support materials; these purposely prepared
frameworks determine the MT geometry.

Bovine bone spheres have been used as a template to prepare bioactive glass composite
scaffolds. Saos-2 osteosarcoma cell line seeding has demonstrated the potential role of silicone
addition in increased cell adhesion and proliferation. The presence of mustard stalk fibre in the
scaffolds has resulted in improved cell viability. Porosity conferred by gold foams has been used
to manufacture new scaffolds based on polyhydroxyalkanoates (PHA) coating, the major class of
biopolyesters synthesized by bacteria. Biocompatibility of the coated foams (supporting
titanium) has been tested by seeding a set of cell lines.

7.3. Biological Characterization

Bone scaffolds designed for implant applications should be free from toxic residues; therefore, it
is crucial to remove residuals from the preparation process and assess the scaffold material's
cytotoxicity. The commonly used cytotoxicity assay for screening a broad range of scaffold
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materials for tissue engineering is the MTT assay. The initial step in the biological
characterization of the prepared bone scaffolds is to assess their cytotoxicity against a suitable
cell line, such as osteosarcoma (MG63) cells. The MTT assay has been employed to evaluate the
cytotoxicity of these scaffolds.

MG-63 cells are cultured and harvested after 10-13 d. The MTT assay requires approximately 5
x 1074 cells; for other cell lines with different sizes and growth rates, careful consideration is
necessary when maintaining the same numbers of cells per well. In vitro cell culture studies are
conducted to detect cytotoxic effects of residuals. The MTT assay is based on the cleavage of the
tetrazolium salt MTT by mitochondrial dehydrogenase in viable cells, producing a blue formazan
product—insoluble in aqueous solutions—that can be extracted with dimethyl sulfoxide
(DMSO). The absorbance of this product at 570 nm, measured using an enzyme-linked
immunosorbent assay (ELISA) reader, correlates with the number of living cells in culture.
[28][29][30]

8. Applications of Bone Scaffolds

Bone scaffold replication method is widely employed in tissue engineering [1]. Bone scaffolds
are frameworks for tissue-engineered bone and play many important roles in orthopedics, oral
implants, and periodontal surgery [31]. Bone scaffolds should have high porosity and
interconnected pores, good cytocompatibility, suitable mechanical strength, relatively slow
degradation rate, and ease of surgical operation [32].

The polymer replication technique, ceramic replication technique, metal replication technique,
and more are often used to prepare bone scaffolds. Scaffolds fabricated by the replication
technique are highly porous with interconnected pores, strong, and biocompatible. The
preparation process starts with the preparation of a sacrificial template, fully immersed in slurry,
dried, and then sintered or cured. The characteristics of the replicas are similar to those of the
starting templates.

8.1. Orthopedic Applications

Bone scaffolds are considered a new option in tissue engineering and are also used in various
clinical applications such as bone augmentation in dental surgery. The preparation of bone
scaffolds using replication techniques has been heavily studied. Bone constitutes the main
supporting framework structure of the body. Damage to the bone from trauma, disease, or injury
causes the support structure of the body to become weak. In orthopedic surgeries bone, bone
scaffold or related materials are used to support the main skeleton structure. In bone scaffolds,
the biomechanics, structures, and porosities are very important for proper functioning and are
made by replicating polymer structures using different materials. The polymer replicated
ceramic, polymer replicated metal, and polymer-replicated composite materials techniques for
bone scaffolds are heavily studied. Bone scaffolds are prepared with different materials using the
replication technique, including ceramic, metal, and composites. [33][34][9]

8.2. Dental Applications

Bone scaffolds used in dental surgery must be designed with great care, given their role in
supporting the regeneration of the facial skeleton and the complex compromise required between
compression strength, porosity, and infiltration ability. The replication technique enables the
successive addition of different material phases, including functionally graded materials,
allowing sophisticated designs. Lazar et al. employed the foam replication process to prepare
biphasic ceramic composites suitable for dental surgery, utilizing a hydroxyapatite (HAP)—p-
tricalcium phosphate (B-TCP) starting material with MgO and SiO2 additions.

The application of various amounts of MgO and SiO2 as sintering aids resulted in different
porosity and compression strength values; moreover, the use of a biphasic HAP—B-TCP matrix
influenced the overall scaffold behavior. A direct correlation was found between the amount of
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MgO added and the content of the B-TCP phase formed during sintering. The presence of the
second phase had a greater influence on mechanical strength than the porosity of the samples.
Finally, samples showing promising results were coated with a-quartz (a-SiO2), which greatly
improved stability during in vitro tests. [35][36][37][38]

8.3. Tissue Engineering

Tissue engineering is an emerging discipline with direct clinical applications. It offers a possible
solution to challenges such as donor-site shortage, local tissue necrosis, donor-tissue morbidity,
and postoperative scarring and deformity. One strategy in tissue engineering focuses on the
repair of damaged bone tissues using scaffolds loaded with cells and growth factors, followed by
transplantation to defect sites. Critical requirements for these bone substitutes include
biocompatibility, proper degradation characteristics, appropriate porosity and pore sizes,
mechanical strength, and structural support during new bone growth.

Inorganic bone scaffolds are commonly fabricated from bioactive ceramics like calcium
phosphate, alumina, and zirconia. Various methods—freeze-drying, solvent casting, polymeric
sponge, vapor deposition, fibre bonding, and electrochemical deposition—have been employed
in their production. Among these, the replication technique using polymeric sponges stands out
for its ability to create highly porous and interconnected ceramic and metallic foams, attributes
that render them suitable for tissue engineering scaffolds and load-bearing implant coatings.
[39][40][9]

9. Challenges in Scaffold Preparation

Preparation of Bone Scaffolds Using Replication Techniques The ceramic replication technique
involves coating a 3D open-porous template with appropriate material slurry to obtain a replica
scaffold. This method is commonly used to prepare low-cost, highly porous scaffolds with
excellent mechanical properties. By adjusting the size, shape, and manufacturing technology of
the open-porous template, ceramic replication allows the preparation of porous scaffolds in
virtually any form. The technique is primarily used for the preparation of ceramic and metal
scaffolds. Various bone scaffolds prepared using the replication technique are summarized, with
the addition of functional additives mentioned. Bone is highly vascularized tissue that self-
repairs; however, certain injuries, such as large bone defects or bone cancer, inhibit the healing
process. Traditional unnatural reconstruction methods do not lead to the formation of new tissue.
Bone scaffolds enable the regeneration process by supporting the growth of new blood vessels
and connective tissue. In comparison, the regeneration process is similar for other tissues, such
as cartilage and skin, and a supporting framework also promotes faster healing in these cases.
The use of a suitable template of the required shape for the replication method is advantageous
for the preparation of scaffolds for craniofacial and other part replacement. [41][42][43]

9.1. Scaling Up Production

A Drief outline of the main materials and methods used for preparing bone scaffolds by
replication techniques highlights key design aspects, materials parameters, and the
characterization and applications of resulting bone scaffolds. Bone scaffolds prepared by
replication techniques form an important group of biomaterials with applications in tissue
engineering and medicine, especially in orthopaedics and bone tissue damage treatments. The
main replication methods of bone scaffolds with different biomaterials in the form of powders or
fibres, including polymers, ceramics and their composites, and metals, together with the main
additives for viscosity control, wettability modification, phase-stabilization or fibre-binding
ability, are reviewed.

Many growth factors, drugs and ions in addition to allowing bone-tissue regeneration with the
scaffolds prepared by replication methods can also provide an additional added value. Certain
design parameters such as pore size, pore morphology and porosity are essential for cell/tissue
ingrowth and biofluid circulation of the material. Mechanical strength and elasticity modulus are
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two key factors for practical applications of scaffold materials. A brief outline of the main
manufacturing methods used for the preparation of bone scaffolds by replication techniques
summarizes key design aspects, materials parameters, and the characterization and applications
of the resulting bone scaffolds. [5][8][44][45] [5][8][44]

9.2. Maintaining Consistency

Porosity is a very important attribute in bone scaffolds. The porosity of bone scaffolds prepared
by replication techniques shows a significant variation due to variations in the shape, size, and
volume fraction of porogen and biomaterial slurries. Achieving the desired pore characteristics in
sintered scaffolds can thus be difficult because of undissolved parts of the pore-forming agent,
breakage of porogen particles during slurry coating and drying stages, segregation of porogen
and slurry particles, and delamination during the manufacturing process. Studies have explored
the use of various porogenic particles, including sodium chloride, sodium bicarbonate,
carboxymethyl cellulose, and deflocculated silica, in the preparation of calcium phosphate
scaffolds through replication methods. High compressive strength has also been obtained in
scaffolds prepared in-house by coating polyurethane foams with silica-based slurry.

The consistency of porosity and pore shape is affected by the shape and volume fraction of the
template. Irregular-shaped templates pose an elevated challenge in controlling density and
porosity. Silicone or wax-based foam can be manufactured at the industrial stage and used as
templates. To achieve consistent production in sodium chloride crystals, the manufacturing
method must be as simple and controlled as possible. Controlling porosity and density may be
more straightforward in ceramic scaffolds prepared with template replication but using silica sol
coating. Sintering temperature, the number of coating cycles, and slurry properties can be
adjusted to maximize mechanical properties. It has been reported in studies that the strength and
toughness of scaffolds increase as a non-linear function of densification in the replication
technique, scCO2-foaming method, and vendidoze method.

9.3. Regulatory Considerations

Establishing premarket review, investigational device and exemption programs, adequately
addressing questions of safety and effectiveness, applies equally to scaffolds prepared by
replication methods. Considerable effort has been directed at establishing cohorts of products
prepared by these manufacturers to obtain regulatory approval and thereby demonstrate
substantial equivalence with reference products that are on the market. Regulatory clearance to
market the products and the subsequent commercial success signals the bidirectional benefit to
patients and manufacturers.

While the investigation of bone-scaffold preparation using replication techniques does not
specifically address regulatory considerations, any application of the replication technique for
this purpose must recognize such issues. The use of bone scaffolds prepared by replication
techniques for orthopaedic and dental applications falls under the Medical Device Directive and
therefore has to fulfil stringent clinical performance and safety requirements. It is thus necessary
to address the regulatory aspects of scaffolds prepared by these replication techniques to be able
to take advantage of a legitimate commercial opportunity. [46][47][48]

10. Future Directions in Bone Scaffold Research

Research in bone scaffold preparation using replication techniques continues to advance in
several key areas. The development of composite scaffolds aims to integrate the benefits of
different material classes by combining ceramics with polymers or metals. Such composites
show promise in matching the graded properties of native bone tissue, mimicking the transition
from hard, dense cortical bone to soft, pliable cancellous bone. The exploration of new materials
for replication extends beyond traditional systems, with efforts to enhance biomimetic properties,
processing efficiency, clinical compatibility, and cost-effectiveness. Additionally, the
optimization of process parameters remains a priority to achieve better mechanical and
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biological performance of the scaffolds. These multidisciplinary investigations benefit from
emerging two-dimensional materials, such as graphene, which find increasing applications in
tissue engineering.

The scaling-up of the production of replication-derived scaffolds presents challenges in terms of
repeatability and consistency. Furthermore, considerations of end-users’ needs and regulatory
issues are critical in guiding the clinical application of these technologies.

10.1. Innovative Materials

The preparation of bone scaffolds using replication techniques is a key enabling technology in
tissue engineering. Various innovative materials and their combinations have been developed,
including boron nitride-reduced graphene oxide (B-rGO) nanocomposites in a polyvinyl
alcohol-chitosan (PVA-chitosan) matrix. These nanocomposites have demonstrated non-
cytotoxic behavior and antioxidant activity that are beneficial for osteoblast formation. Bone
scaffolds prepared by replication techniques are especially well suited for applications with high
porosity requirements because templates with defined porosity can be easily used. The high
strength of these materials makes them useful for bone repair after trauma or surgery.

Replication techniques in polymer, ceramic, and metal processing provide an alternative route
for the production of bone scaffolds based on polymer foaming principles. A crucial role in
replication techniques is played by the material that forms the scaffold and the modifiers that
direct the scaffold properties, such as the level of porosity, the porosity grade, or specific
chemical elements in the composition that favor the interaction between the bone and the
reconstructed tissue. Material selection is also related to the application area of the scaffold. The
preparation of materials according to the properties of the final scaffold follows a methodical
approach: the choice of synthesis procedure depends on the presence of materials that direct self-
assembly, the reactivity of the material with other groups or functional groups for self-
assembling and the microenvironment, and balances hydrophobicity and hydrophilicity. Through
the careful selection of additives that direct the properties or strengthen the material, a much-
improved preparation of bone scaffold is possible.

10.2. Advanced Fabrication Techniques

Scaffolds provide a porous and biocompatible structure for supporting the growth and
differentiation of new cells. A porous scaffold network permits the transmission of nutrients and
waste as well as gas exchange. A high amount of porosity ensures higher water uptake and
mimics the functions of the extracellular matrix in cell activity. Bone scaffolds are utilized in
bone repair and regeneration; they must therefore possess a bone-like three-dimensional (3D)
microstructure and sufficient mechanical strength. Orthopedic and dentistry implants are
designed in such a way that they should be light-weight, fatigue-resistant, non-toxic, strong,
biologically inert, stable, and biocompatible. Besides stoichiometric considerations regarding the
synthesis of scaffold materials, the design-related parameters such as porosity, pore size, pore
shape, interconnectivity, and mechanical strength also greatly influence the biological and
mechanical response of a biomaterial in-vivo. The processing of bone scaffold—bone substitutes
involves a number of methods which vary for different materials (metals and alloys, ceramics,
bioglasses, and bioplastics). For the preparation of organic and inorganic porous scaffolds,
different techniques such as phase separation, gas foaming, freeze drying, solvent casting,
particulate leaching, thermally induced phase separation, fiber meshes, additive manufacturing,
electrospinning, replication, and other approaches are employed.

Replication techniques are utilized to deposit titanium and titanium dioxide layers on sponges.
Scaffolds are prepared using replicate sponge method for hard tissues by coating mineral-loaded
slurries onto a porous polymer template that is subsequently burned out and sintered during heat
treatment. The slurries can be loaded with biologically active minerals to promote
osseointegration as well as the presence of the mineral omegas in body tissue. Salt or sugar
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particles can be added to the primed template to increase the porosity filling capabilities of the
polymer support. The replication technique is widely used for the preparation of ceramic
(hydroxyapatite, calcium silicate, titania, tricalcium phosphate) and metallic (titanium,
magnesium, tantalum) porous bone scaffolds. Porous green body scaffolds are molded by
emulating the architecture of the porous template, which is then sintered or strengthened.

10.3. Personalized Medicine Approaches

The objective of personalized medicine is to tailor drugs and devices to patients considering their
lifestyle and genetic makeup. Personalized medicine for bone scaffolds involves designing and
manufacturing scaffolds tailored to patientsa€™ specific age group and physical activity, mainly
by adjusting physical properties, such as porosity and mechanical strength. Imaging modalities,
such as computed tomography (CT) and magnetic resonance imaging (MRI), expertly
reconstruct three-dimensional bone models tailored to each patient using computer-aided design
(CAD) software. The scaffold trabecular structure may be designed to mimic the actual internal
framework of the bone, thus improving mechanical strength and allowing for tissue growth.
Porous scaffold metrological parameters, such as porosity and scaffold thickness (trabecular
bone thickness), can also be designed to correspond to the patientd€™s medical history and daily
activity.

Bone scaffolds that meet the medical standards and patient-specific needs can be fabricated with
almost any shape using the 3D printing technique. The area of 3D printing is rapidly growing
and promises the fabrication of scaffolds tailored for each patient. Tomographic studies,
computer-aided design (CAD) of the scaffold geometry, and the conversion to stereolithographic
(STL) files enable the reconstruction and fabrication of scaffolds that either correspond to the
dimension of the defect or that actively promote tissue growth in any ledge bone.

11. Case Studies on Bone Scaffold Applications

Replication techniques have been extensively employed to prepare bone scaffolds for orthopedic
and dental applications as well as in tissue engineering [32]. Notable clinical examples include
hydroxyapatite and bioactive glass scaffolds that successfully function in maxillo-facial and
calvarial defects [1]. Other replication-based scaffolds, such as those incorporating ceramic
additives, hold promise for similar clinical uses.

11.1. Successful Clinical Trials

Several bone substitutes have been introduced for clinical use; however, their application
remains limited due to inadequate tissue formation or mechanical strength.

This combination results in a material that is easily manipulated and facilitates cellular
infiltration and neovascularization. Histological evaluations confirm that the scaffold material is
gradually resorbed and replaced by new woven bone, indicating successful integration.
Subsequent clinical application in 11 cases demonstrates favorable guidelines for the use of the
bFGF-loaded BCP scaffold in bone regenerative procedures.

[49] focus on the development of artificial bones capable of conforming to bone defect shapes.
Utilizing a three-dimensional (3D) printer, b-tricalcium phosphate (B-TCP) scaffolds are
fabricated to meet specific structural and geometric requirements. The scaffolds are further
coated with recombinant collagen peptide (RCP) to enhance bone regeneration potential. To
optimize cellular contribution to the regenerative process, the culture duration of bone marrow
cells prior to loading onto the scaffold is investigated. Osteogenic markers peak at 7 days of
culture, with later-stage differentiation observed at 14 days. Transplantation of cells cultured for
7 days onto the scaffolds yields positive outcomes in both subcutaneous and cranial defect
models, supporting the protocol for clinical application.

11.2. Comparative Studies
Replication techniques use ceramic, metallic, polymeric, or composite templates, which are filled
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with the desired biomaterial and subsequently treated to solidify the structure. Extraction of the
original template material creates an interconnective open-porosity network that transfers to the
resulting bone scaffold. Several methods exploit different template materials, including metal
impregnation, polymer burning, polymer nodule agglomeration, ceramic burning, metal sponge
impregnation, and polymer sponge replication [32]. Foam replication typically involves
impregnation of a porous, open-cell structure (such as polyurethane foam) with a ceramic slurry,
followed by drying, polymer burnout, and sintering. The polymer foam acts as a temporary
support, facilitating the formation of a replica with an open and interconnected porous network
and wall structure similar to human trabecular bone.

Foam replication is also employed with metallic samples, where the ceramic slurry consists of a
mixture of metal powders and acids. After thermal treatment, metal ions or powder support the
porous structure. Polymeric scaffolds can be prepared by using PU sponges as porous templates
coated with ceramic slurries containing bicomponent polymers, which are then thermally treated
at lower temperatures to cure the polymers, a method described as cane sugar replication.

12. Conclusion

Bone scaffolds provide temporary structural support for new bone tissues during the natural bone
healing process. Replication techniques, capable of controlling porosity and interconnectivity,
enable the production of scaffolds from various materials with excellent biocompatibility and
bioactivity. Polymers are commonly employed as templates, whereas biomaterials such as
ceramics, polymers, and metals serve as the scaffold matrix. The intrinsic tissue and bone
regenerative properties of these scaffolds facilitate osseointegration and support patient health.
At the same time, they meet the required mechanical performance for specific biomedical
applications.

The preparation of bone scaffolds involves biological-material selection, design of the synthetic
bone scaffold, and the replication fabrication process. Biological materials including polymers,
ceramics, and metals must be biocompatible, bioactive or bioinert, and biodegradable. Synthetic
bone scaffolds replicate the extracellular matrix for cells and new bone tissues, necessitating
high porosity and interconnectivity for nutrient flow and waste removal, as well as adequate
mechanical properties. The replication technique comprises the production of a polymer
template, coating the template with a biomaterial slurry, and subsequent sintering or curing to
form the final bone scaffold. Incorporating additives into the slurry can adjust viscosity and
improve porosity, bioactivity, and mechanical strength. Culminating in a high-performance bone
scaffold, the preparation process employs replication techniques based on the optimal
combination of biological materials, scaffold design, and fabrication parameters.
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