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Abstract

The field of biomaterials has grown rapidly over the past decades. Within this field, porous
biomaterials have played a remarkable role in: i) enabling the manufacture of complex three-
dimensional structures; ii) recreating mechanical properties close to those of the host tissues; iii)
facilitating interconnected structures for the transport of macromolecules and cells; and iv)
behaving as biocompatible inserts, tailored to either interact or not with the host body. This review
outlines a brief history of the development of biomaterials, before discussing current materials
proposed for use as porous biomaterials and exploring the state-of-the-art in their manufacture.
The wide clinical applications of these materials are extensively discussed, drawing on specific
examples of how the porous features of such biomaterials impact their behaviours, as well as the
advantages and challenges faced, for each class of the materials.

Keywords
Polymers, Hydrogels, Fabrication Strategies, Bone Scaffolds, Auricular Tissue Grafts, Articular
Cartilage Reconstruction, Vascular Regeneration, Pharmaceutical and Therapeutic Applications.
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1. Introduction

The use of materials has long been of interest within the clinical field. Knowledge has been
incorporated from several areas, including physical sciences, engineering, life sciences, and
computer sciences, to generate the field of biomaterials science. The ultimate objective of these
biomaterials is to enable tissue repair and regeneration, and eventually re-establish the structure
and/or function of native tissues. A biomaterial should mimic the body, not necessarily in structure,
but certainly in functionality (1).

Porous biomaterials have been demonstrated to i) be manufacturable into complex three-
dimensional (3D) structures, i) replicate mechanical properties similar to the host tissues; iii) form
interconnected structures to enable transport of macromolecules and ingress of cells; and iv)
behave as tissue-compatible implants, tailored to either interact or not with the host body (1). This
review offers an overview of porous materials (e.g., hydrogels, ceramics, polymers, glass, calcium
phosphates (CaP), hydroxyapatite (HAp), and metals), their relevant features, promising
manufacturing techniques, and the clinical applications that have been addressed by porous
biomaterials.

Generally, 3D structures encompass pores at the nano-, micro-, and macroscales. Each pore
size can act to improve the biological function of the implant. Macropores (100-500 pm) should
be interconnected and allow surface cell attachment, tissue ingrowth, and vascularization (2).
Micropores (<100 pum) and nanopores (<100 nm) (3) allow further delivery of biomolecules and
ions. Various fabrication techniques, at different stages of development, are available for creating
multiple pore scales in an interconnected cellular framework, i.e., a hierarchical porosity, for a
range of porous biomaterials. Widely used fabrication techniques include templating and salt-
templating, freeze-drying, patterning, post-treatment, 3D bioprinting, emulsion, and
electrospinning, among others. In particular, rapid prototyping techniques are commonly used in
tissue engineering over conventional techniques due to the advantage of being able to develop
computer-controlled designs a priori. Based on computer-aided design (CAD), some additive
manufacturing techniques, such as stereolithography (SLA)/digital light processing, selective laser
sintering, and fused filament fabrication are also being used to successfully produce interconnected
macro- and microstructures (4,5).

Published on 26 July 2022. Downloaded by University of Sheffield on 8/22/2022 10:59:23 AM.

This review aims to introduce and report the latest developments in the rapidly expanding field of
porous biomaterials for tissue engineering applications. There are many excellent reviews of
porous biomaterials for specific applications in existence; however this review will provide a broad
overview, in order to demonstrate the extensive applications of this important category of
biomaterials and wide benefits to the field of tissue engineering and regenerative medicine (6—10).
We will first present the choices of porous biomaterials that have been successfully manufactured
onto bio-based constructs, including their origin, advantages, and limitations. Secondly, we will
describe the principles and capabilities of the manufacturing techniques used to fabricate porous
scaffolds that mimic the prospective host tissues. Lastly, we will discuss some key applications of
these porous biomaterials, their current challenges, and future opportunities.

2. Choice of Porous Materials

11
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A wide variety of materials and their blends are available and can be selected according to
Ashby diagrams (11). Material choice is driven by the need to mimic the conformation,
configuration, and mechanics of the target native tissue, for both the macro and microcomponents.
Porous materials offer variable local structures that cannot be found in bulk; they work as the
framework for neo-tissue formation, whilst allowing and even facilitating cells to interact within
the material and the body’s environment.

The next step is manufacturing a successful porous construct. The most important elements
to consider can be divided into the physical and the chemical/biological properties. Physical
features include pore geometry, pore size, pore homogeneity and distribution, porosity,
interconnectivity, hydrophobicity, and mechanical properties (compressive and tensile strengths,
equilibrium modulus, fatigue properties, among others). Chemical characteristics influence a
material’s cytocompatibility and bioactivity, enhancing cell adhesion, proliferation, migration, and
differentiation. Other characteristics to take into account are rheological properties, degradability,
and immunoreactivity. In this section, examples from the most commonly used materials and their
porous features are discussed.

2.1. Polymers

The chemical structure, configuration and conformation of the monomers and the
connection between the polymer chains define the mechanical and chemical properties of a
polymer. For this reason, polymers are suitable for use in a wide range of biomaterials and tissue
engineering areas. Additionally, polymers can be used in a solid, liquid, and gelled state. For
example, poly(ethylene glycol) (PEG) can be manufactured as a bulk material, or as a gel-like one,
which makes it versatile for blending as a hydrogel (12) or bulk polymer (13). Porous polymers
coming from both natural and synthetic sources have been proposed for soft and hard tissue
applications; the most important features and applied examples can be found below.

2.1.1. Polymer Selection

Through tailored manufacturing techniques, a wide variety of macro and micro
morphologies can be obtained, as shown in Fig. 1A. Among the most important factors to consider
when choosing the right polymer are their rheological and mechanical properties, their interaction
with water, their crosslinking mechanisms, degradation properties, and cell interactions, illustrated
in Fig. 1B.

Thermoplastic porous materials have been proposed for cardiac (14,15), corneal (16),
urogynecological (17), chondral (18,19), neuronal (20), and vascular applications (20-22), among
others. Thermoset elastomers are often stiffer and have been studied for bone (23,24),
maxillofacial prostheses (25,26), and dental applications (27,28). Promising elastomeric
biomaterials include poly(glycerol sebacate) (PGS) (29,30), poly(e-caprolactone) (PCL) (31), and
silicone/polydimethylsiloxane (PDMS) (32—-34). These materials are malleable, and mimic native
soft tissues mechanical properties; they are cost-efficient and they have shown positive interactions
with cellular environments, not only facilitating cell proliferation within the scaffolds but allowing
differentiation to occur (35,36).

12
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A particular sub-group of thermoset polymers, i.e. shape-memory polymers (SMPs) have
gained special attention as resorbable materials (37), wound dressings/scar management (38,39),
and drug carriers (40,41). For example, citric acid-based elastomers were developed with shape-
memory effects sensitive to anatomical temperatures for the controlled release of drugs (42). Even
though SMPs are commonly proposed for soft tissue engineering, the versatility of some materials
have enabled the use of SMPs for tissue engineering applications requiring stiffer materials. For
example, PCL has been proposed as a perivascular wrap which is mouldable at body temperature,
and allows the scaffold to mimic the patient’s venous geometry (43). In a similar research
direction, porous PCL-SMP scaffolds were developed as “self-fit” cranio-maxillo facial bone (44)
and femoral defects (44,45).

Finally, conjugated polymers are polymers with a backbone that alternates single- and
double-bonds, which creates delocalized m-electrons which makes them electrically conductive
(46). As they are softer than metals, these polymers have been used to form porous matrices for
neural probes (47), ocular drug delivery systems (48), and to support bone regeneration (49).
Moreover, conjugated polymers have found a niche market in bioelectronics; they are easy to
manufacture and possess tailored sol-gel structures whilst maintaining the benefits of their optical
and electronic properties (50). For example, the biocompatibility of porous and non-porous
polypyrrole (PPy) tri-layer actuators were tested in vivo (51). The porous material (pore size: 150
um) encouraged tissue growth; however, the pores promoted delayering of the actuator, releasing
debris in the host tissues. Similar pore sizes have been explored with polythiophene (PT)-PCL
scaffolds, showing good osteoblast cell adhesion and proliferation (52). Nonetheless, PPy has
proved to excel for controlled drug release (53—55). Similarly, polyaniline has been mixed with
soft polymers such as silicone (56) and polyhydroxyalkanoates (PHAs) (57) as antimicrobial drug
carriers for tissue engineering. In particular, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV) is a PHA with antibacterial properties and can be used as a coating for metal porous
scaffolds for bone regeneration applications, as shown in Fig. 1C.

The intermolecular forces between the polymeric chains define the elasticity and associated
mechanical properties of the material (e.g., tensile and compressive strengths, toughness, failure
strain). Graphs in Fig. 1D compare the compressive strengths and stiffness of various materials
used as biomaterials, specifically as porous structures. As observed, mechanical properties of
polymers vary as the porosity changes, allowing porous polymers to be used in multiple tissue
engineering applications.

Published on 26 July 2022. Downloaded by University of Sheffield on 8/22/2022 10:59:23 AM.

2.1.2. Polymers and The Host Tissue

Polymers with low protein adsorption and positive cell adhesion usually show a reduced
immune response. Polymeric materials are also able to offer cell binding motifs and promote
cellular interactions, important for other tissue engineering applications, such as bone tissue
engineering (58). Biocompatible porous materials include synthetic polymers (59) or natural
polymers. The latter ones can be further categorised into polysaccharide-based polymers (e.g.,
chitin, chitosan, alginate, glycosaminoglycans (GAGs) such as chondroitin sulfate (18,60)) and
protein-based polymers (e.g., collagens (61), gelatin (62—64), silk (26,65—-67)).

13
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Biodegradable polymers are used as temporary structures that are broken down by
hydrolytic or enzymatic processes, or a combination of both. Degradation processes can happen at
the surface of the material, the bulk, or as a mixture. Fig. 1B shows the most important elements
to take into consideration when manufacturing and processing porous polymers aimed for clinical
research.

Porous natural polymers usually degrade through the action of enzymes and are mainly
used for sutures and patches for wound healing and post-surgery wound care (68,69). For example,
Wang et al. built a 3-layered “sandwich” structure scaffold with gradient pore size (167 um on the
outside layers and 87 um as inner layer) and achieved superior wound healing in an in vivo murine
model via increased granulation tissue formation and wound re-epithelialization (69). Similarly,
highly porous (70-95%) hyaluronic acid constructs for cutaneous tissue repair have been jet-spun;
the centrifugal forces expel a polymer melt that is subsequently stretched by a combination of the
collector’s quick rotation and the air flow (70). Their porosity was controlled by rehydration, as
they observed water absorption decreased directly proportional to the hydration time; and were
tailored to keep 80% of their integrity after 1 week. Silk is another natural polymer widely used as
biomaterial. Indeed, the Kaplan group highlighted the amazing potential of silk for biomaterials in
an early high impact review (71). Recently this group has also been working on porous silk
constructs for tissue engineering and Bosio et al. have reported gel-spun degradable microtubes
with pores of ~20 um for microvascular grafts (65). They noticed that cell numbers were low for
the first 14 days, but scaffolds maintained their mechanical properties when blended with low
concentrations of poly(ethylene oxide) (PEO). To offset the cellular reactions, tubes with pores
between 60 and 80 um were functionalized with Arg-Glu-Asp-Val (REDV) peptides and showed
an improved cell adhesion (66).

The main degradation mechanism for synthetic degradable polymers in water is via
hydrolytic breaking of labile chemical bonds in their polymer backbone. The most commonly used
porous synthetic polymers are polyesters (including polyester-based polyurethanes (PU)), for both
weight- and non-weight-bearing applications. For example, poly(glycolic acid) (PGA), poly(lactic
acid) (PLA), and PCL have been proposed as porous nerve guide conduits. The three materials
have different degradation times in vivo. PGA will start degrading a few hours after implantation
and normally degrades along a week to a month timescale (63) PLA remains in the body for up to
6 months, while PCL can take 1-2 years to degrade (72,73). Despite supporting cell growth, most
synthetic polymers are hydrophobic and can release acidic byproducts while degrading (74);
natural polymer coatings such as zein (75) and chitosan (76), as well as fibroin and gelatin have
been proposed to improve cell adhesion and growth onto synthetic polymers (64,77).

Polymeric materials have already shown significant clinical successes. Biostable polymers
are non-degradable materials frequently used in musculoskeletal repair and encapsulated cell
therapies. PE has a successful track record for bone implants (78—80) and was recently investigated
for cardiovascular applications, e.g., heart valves (81,82). Ultra-high-molecular-weight
polyethylene (UHMWPE) is commonly used as an articulating material in total hip/knee
replacements due to its chemical inertness, high biostability and compatibility with the joint space.
Also, novel applications of this material have raised interest in the biomedical field. For example,
UHMWPE porous aerogels (porosity 94-97% and pores 2-5 pm) showed tailorable mechanical
properties, which could benefit cell interactions (83). Homogeneous and larger pore sizes (80-700

14
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um) have been proposed to mimic the trabecular bone’s properties, using salt-leached UHMWPE
scaffolds, with resulting mechanical properties within the lower ranges of the target tissue (84).

Contrastingly, polypropylene (PP) is generally used for the regeneration of soft tissues. PP
meshes have been previously used for hernia and pelvic floor repair (85), however, they have
shown undesired inflammatory reactions (86). Recently, scaffolds have blended PP with a
dopamine-functionalized polysaccharide derived hydrogel to form PP-co-(OCMC-DA/CMCS)
abdominal meshes minimising abdominal adhesions, whilst supporting the deposition of collagen
around the mesh and its integration with the abdominal wall (87).

Recent studies have explored the encapsulation of cells, drugs, and biomolecules within
both degradable and non-degradable porous polymeric membranes. For example, porous
nanocomposites and silicone have been used to deliver nucleic acids and support drug delivery
techniques (88).
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Fig. 1. Polymer materials have numerous origins, resulting in a wide variety of materials rich in different properties. A) SEM
pictures of- i) Monodisperse, interfacial initiated poly(1,4-BDDMA) foams with 5 mol % of the water-soluble initiator KPS with
pore sizes of around 70 um (top left). ii) IBOA+UV-234 ‘woodpile’ scaffold. iii) AMF and RMF electrospun fibres. iv) Modulated
particle diameter of model compositions and pore diameter of model compositions (top left). B) Some of the important factors to
take into account when designing and manufacturing a polymeric biomaterial. C) i) Porous Ta TM cross-section coated with a
PHBYV 10% w/v emulsion and its SEM micrograph ii). D) Data compiled from existing literature showing compressive strength
versus porosity and compressive stiffness versus porosity for 3D-printed biomaterials of all architectures for various material
types. E) Histological assessment of PHA/PCL porous scaffolds seeded with cardiac stem cells (CPCs). Views [nuclear (DAPI),
and label (Atto) presented in grayscale, and fused shown in colour (Atto-red, DAPI-blue)], indicating CPC retention (H, K, N)
within the scaffold and myocardium (white arrows). Reproduced from Open Source from Ai (89), Aii (90), E (14), and with
permission of Elsevier from Aiii (20), Aiv (23)), C:i-ii (24) and D (91).
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Abbreviations: AMF: Axial Magnetic Field; (1,4-BDDMA): 1,4-Butanediol Dimethacrylate; Cpcs: Cardiac Stem Cells; DAPI:
4’,6-Diamino-2-Phenylindole; IBOA: Isobornyl Acrylate; KPS: Potassium Persulfate; PCL: Poly(e-Caprolactone); PHA:
Polyhydroxyalkanoate; PHBV: Poly(3-Hydroxybutyrate-Co-3-Hydroxyvalerate); RMF': Radial Magnetic Field.

2.2. Hydrogels

Hydrogels are formed from crosslinked hydrophilic polymers, and can hold large amounts
of water (92). They can form single or multiple polymeric networks. When two polymers are
combined these can be defined as double or dual networks and, depending on the constituent
polymer structures, they can be classified as semi-interpenetrating polymer networks (semi-IPNs,
combining a crosslinked and a linear polymer) or interpenetrating polymer networks (IPNs,
combining two crosslinked polymers), as displayed in Fig. 2A (93). Hydrogels have emerged as
popular materials within regenerative medicine due to their ability to mimic a highly hydrated 3D
soft tissue environment (Fig. 2B) with a variety of external and internal geometries (Fig. 2C). The
porosity, pore size and pore shape of a hydrogel can be varied both by materials formulation (e.g.,
the amount of water within the hydrogel) and the manufacturing technique and balancing these
can yield hydrogels with interesting internal pore geometries. Fig. 2D shows the range of pore
morphologies obtained from directional freezing via freeze-casting aerogels at different dispersion
and weight ratios and demonstrates that radically different pore geometries can be obtained
(sponge-like, columnar, or lamellar). The directionality within the internal structure of the
hydrogel results in an anisotropic stress-strain response of this material upon compression (Fig.
2E). This generates tuneable characteristics including mechanical properties such as resistance to
tension and compression, related to material memory and point of break (Fig. 2F). These factors
influence degradation rates and molecule diffusibility, as well as making them an attractive option
for controlled cell and drug delivery, and cell encapsulation (94).

Hydrogels allow for passive diffusion of oxygen, nutrients, and other water-soluble
molecules but an important challenge arises from their inability to support diffusion throughout
larger-scale constructs, with levels often falling below those required for viable tissue engineering
solutions (95). Various methods have been developed for the fabrication of hydrogel constructs
with macroporous architectures, designed to enhance the viability of cells within the scaffolds
(Fig. 2G). However, the pores often collapse due to the generally weak mechanical properties and
high-water content of the material. Although increasing crosslinking and polymer concentration
may lead to increased mechanical stability of the porous structure, this may give rise to undesirable
changes within the microenvironment and resultant mechanotransduction processes that may alter
the differentiation of the cultured cells (96). Furthermore, denser polymer concentrations may be
seen to interfere with cells’ extracellular matrix (ECM) deposition and migration (97,98).

Gelatin is low-cost, non-immunogenic, and degradable, making it an attractive option for
the development of biomaterials. Gelatin also contains cell-binding motifs such as the arginine-
glycine-aspartic acid (RGD) peptide sequence, which promotes attachment and viability of
encapsulated cells (99). Modification of gelatin with methacrylic anhydride to form gelatin
methacryloyl (GeIMA) has become increasingly popular, as it allows for the production of a
photocurable hydrogel with tunable physical and chemical properties whilst maintaining the
biocompatibility of gelatin (100,101). The latter feature has opened the opportunity for hydrogels
to be used as inks for bioprinting techniques. Billiet ez al. demonstrated the printing of cell-laden
GelMA hydrogels for the production of mechanically stable scaffolds (63). High concentrations
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of GeIMA (10-20% w/v) showed high printability and allowed for the fast-physical gelation and
an excellent 3D shape fidelity resulting in a 100% interconnected pore network. Finally, GeIMA
has also been explored for its ability to permit physical diffusion and allow for transport of
biological molecules through the hydrogel, aiding cellular mechanisms (102).

Alginate is another biodegradable and biocompatible polysaccharide and can be naturally
derived from seaweed. You et al. produced alginate scaffolds with various levels of porosity
varying the contact angle between strands whilst using sequential strand deposition (103). This
methodology usually uses automatic dispensing systems, and sometimes tends towards pneumatic
dispensing mechanism (also known as bioplotters) that deposit strand-like materials on a surface
and are useful for 2D and 3D scaffolds, in a process similar to fused filament fabrication (FFF).
Researchers found that a 2% w/v sodium alginate-based hydrogel with a polyethylenimine
crosslinker was optimal for maintaining the structure. Optimisation of the calcium ion
concentration (used as the crosslinker) produced a mechanically stable, porous scaffold with
controlled degradation rates. However, unlike gelatin, alginate lacks cellular adhesion sites,
limiting its uses for cell culture. The same group recently fabricated similar porous structures but
using a blend of gelatin and sodium alginate to overcome the poor cellular adhesion to alginate
(104).

Additive manufacturing can also create micro- and nanoporous hydrogels. Suspended layer
additive manufacture (SLAM) has been developed as an alternative to the high costs of 3D
printing. SLAM allows low-viscosity hydrogels (between 0.25% and 1.0% w/v) to be extruded at
room temperature, preserving their newly formed structure by submersion in a self-healing fluid-
gel supporting agarose matrix (105). Biodegradable hydrogels such as poly(/N-
isopropylacrylamide-co-vinylpyrrolidone-co-methacrylate-polylactide) have been used in
conjunction with mannitol as a porogen, to facilitate the healing response by encouraging rapid
cellular infiltration. Positive cell infiltration and macrophage polarisation was promoted a few days
after the injection (106) (Fig 2H).

Published on 26 July 2022. Downloaded by University of Sheffield on 8/22/2022 10:59:23 AM.

More viscous hydrogels can be processed using techniques that use hydrogels as colloids,
e.g., emulsion-templating and freeze-drying (107). For example, GelMA-PEO emulsions created
a microporous hydrogel which could then be used as a photocrosslinkable bioink to form highly
interconnected and hierarchical pores, and support cell proliferation and spreading (94,108—110).
Similarly, vascular grafts were manufactured from PCL-gelatin by combining electrospinning and
freeze-drying methods for the controlled release of heparin (111).
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Fig. 2. Porous hydrogels are a source of biomaterials with a wide range of chemical and mechanical properties. A) Hydrogels can
be formed by single polymer networks, or multiple networks formed by combining linear polymers and/or crosslinked polymer
networks. The connection between strands can be a chemical of a physical crosslink. B) Time-dependent rewetting data of HG-10,
HG-20, HG-30, HG-40, and HG-50, for different compositions of cellulose-soy protein hydrogels. C) (i-ii) Scanning electron
micrographs of porous PBLG microspheres fabricated at a gelatin concentration of 6.5% w/v. iii) SR-inline-PCI-CT-based 3D
reconstruction of cross-section of porous hydrogel scaffolds (SA-100 mM). iv) SEM images of SA-200 mM scaffolds (n = 10, *p <
0.05). D) Representative SEM images of aerogels cross-section (the XY-plane perpendicular to the ice-growth direction) with
morphologies ranging from fibrillar (F) to columnar (C) to lamellar (L) and their combinations, dependent on A-CNC:H-POEGMA
weight ratio and CA-CNC+H-POEGMA. Scale bars are 20 um. E) The arrangement of the walls on hydrogel scaffolds defines an
angle directly related to their behaviour under compression, dictating their point of break and material memory. F) Mechanical
response of gradient and non-gradient (0/15° and 0/90°) scaffolds to axial compression load and unload with I um s in the axial
z -direction at 37 °C up to 10 N. G) Morphology of fibroblasts within differently functionalized PEG-based matrices and in collagen
gels at day 1 and week 2. H) Macrophage polarisation 3 days after hydrogel injection. *: muscle, #: hydrogel, Arrows: foreign
body capsule. CD206 (green)/CD68 (red) staining at the hydrogel/muscle interface. Reproduced with permission of Elsevier, from:
B (112)), C:i-ii ((113), C:iii-iv (103), D (114), F (112), G (99), and H (106).

Abbreviations: A-CNC: Cellulose Nanocrystals; H-POEGMA: Hydrogel Poly(Oligoethylene Glycol Methacrylate); CA-CNC+H-
POEGMA: Concentration A-CNC; CD: M2 Macrophages;, HG:Hydrogel; PBLG: Poly(I-Benzyl-L-Glutamate); PEG:
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Polyethylene Glycol; SA: Sodium Alginate; SEM: Scanning Electron Microscopy, SR-Inline-PCI-CT: Synchrotron Radiation-
Based X-Ray Inline Phase-Contrast Imaging-Computed Tomography.

2.3. Ceramics

Porous bioceramics, or bioceramic foams, are versatile advanced materials with distinctive
applications in the biomedical fields (115). This remarkable class of ceramics is used in
biomedicine to fix and rebuild the impaired tissue of musculoskeletal systems (116). These
materials are classified based on their responses to the biological environment, for instance,
alumina and zirconia are bioinert, while CaP ceramics are bioactive and bioresorbable (117). They
are widely used as orthopaedic implants, in maxillofacial surgery, and as dental inserts, and
research is being undertaken to further extend these uses.

Porous bioceramics are used in a variety of clinical applications, depending on the chemical
properties at the pore surfaces and the pore sizes within the material. The pore surface properties
vary based on their composition (e.g., silicon dioxide, alumina, and titanium dioxide (Ti0O,)), state
(crystalline, amorphous, or semi-crystalline,in the case of glass-ceramics), and treatments
(existence or the absence of hydroxyl groups or silanol) (2). Table 1 lists the applications of porous
ceramics corresponding to the pore characteristics.

Table 1. The applications of porous ceramics related to the pore characteristics.

Pores property Different applications
0.001 pm Filtration and separation (118)
Typical size
0.02 um Reverse osmosis membrane (119)
0.2 pm Microbe immobilisation (120)
10 pm Fine foaming (121)

Published on 26 July 2022. Downloaded by University of Sheffield on 8/22/2022 10:59:23 AM.

Nitrogen and oxygen surface groups | Catalyst support (122)

Surface chemistry
Protein function groups Adsorption and absorption (123)

Activated carbons Enzymes immobilisation (124)

Porous bioceramics are used as bone implants at non-load-bearing sites and require an open
interconnected porous network (>100 um) (Fig. 3), to encourage tissue ingrowth and mechanical
interlocking. For example, porous HAp ceramics with approximately 70% interconnected porosity
allow sufficient ingrowth to be used as implants for bioactive fixation (125) (Fig. 4). The porous
network also allows nutrient delivery and removal of waste through proper vascularization.
Bioresorption can take place with bioactive glass, HAp, and tricalcium phosphate (TCP), and slow
bioresorption would potentially allow eventual replacement of the implant with new living tissue

2).
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Fig. 3. A diagram of native human bone morphology (centre) and a potential network of channels (right) and macropores (left)
that can be integrated in the implant structure to mimic natural bone architecture. Reproduced with permission of Springer Nature,
from (126).

For drug delivery use, porous ceramics need a hierarchical porosity to achieve rapid
transport, high selectivity, fast uptake, and release (127). This can be achieved by creating a range
of pore sizes, i.e., bimodal or trimodal size distributions (127). For example, mesoporous silica
nanoparticles (MSNs), particularly MCM-41 and SBA-15 have been widely implemented in
controlled drug release systems (128,129). Other examples include inorganic porous materials
such as zirconia, alumina, and titania (130). For instance, a recent study prepared a bimodal
mesoporous silicon oxycarbide ceramic, functionalized with amino groups, and studied its release
kinetics for Tenofovir, an antiviral drug used to treat human immunodeficiency virus (HIV) and
chronic hepatitis B infections. The resulting porous bioceramic showed an increased drug loading
rate and a favourable adsorption process (131).

Fig. 4. Ceramic scaffolds may contain pores on multiple length scales to facilitate bone in-growth such as this HAp lattice with
three levels of porosity. The macropores (1), micropores (2), and submicron pores (3) can be controlled by the processing
(132,133). Reproduced with permission of John Wiley and Sons.

Abbreviations: HAp: Hydroxyapatite.

2.4. Glass

Glasses have an amorphous structure whereas glass-ceramics, commonly the result of the
partial crystallisation of glasses, possess an arranged organised structure (134). Bioactive glasses
and glass ceramics, despite their different preparation methods, have a common set of properties,
such as the ability to degrade at a controllable rate and to release ions. Glasses can be obtained
from different sources and they are classified accordingly as metallic, chalcogenide, or oxidic. The
last category contains materials obtained from various oxides such as silicon dioxide, phosphorus
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oxide (P,0s), boric anhydride, sodium oxide, aluminium oxide, germanium dioxide, with the main
typical glass forming elements being silicon, phosphorus, and boron (134).

The first bioactive glass system produced in 1969, Bioglass® or 45S5 (135), was prepared
by a melt-quenching method that involves melting high-purity oxides. These glasses consist of a
silicate network with network-modifiers, such as sodium oxide and calcium oxide (CaO). Their
major disadvantage was their fully dense structure which limited their clinical use. However, the
melt-quenching method is still the most reliable for certain compositions such as phosphate and
borophosphate glasses that have shown great potential in biomedical applications (136—-140) due
to their good bioresorbable properties (134). Phosphate-based glasses are chemically similar to the
inorganic phase of human bone and have high solubility which can be tailored by varying the
composition (139). Borophosphate glasses have better thermal and mechanical properties than
pure phosphate glasses (141). Fig. 5 shows bioactive glasses and glass—ceramics for orbital socket

surgery.
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Fig. 5. (A) Conical orbital implants (anterior diameter 10 mm, posterior diameter 3 mm, length 12 mm) made of 4555 Bioglass®
(left), Biosilicate® I glass—ceramic (centre) and Biosilicate® Il glass—ceramic (right) (142). (B, C) MBG-coated porous HAp
scaffolds for possible use as orbital implants: on the left, photograph showing the outward appearance of the HAp devices with
different MBG coating (containing 0, 2 and 5 mol.% of CuQO), on the right, morphology of porous HAp coated with 5 mol% Cu-
doped MBG (132). Reproduced with permission of Springer Nature, from: A (142), B & C: (132).

Abbreviations: Cuo: Copper Oxide; Hap: Hydroxyapatite; MBG: Mesoporous Bioactive Glass.
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Another well-known, low-temperature, and low-cost preparation method used to obtain
bioactive glasses and glass-ceramics, is the sol-gel route. This method has become popular due to
the ease of obtaining porous materials with high surface area, various shapes and structure types,
e.g., crystalline or amorphous. It is noted that at ambient temperature, the sol-gel route gives
control over the porosity through fibres, films, or nanoparticles (134).

Currently, much research effort is directed towards 3D structuring of porous self-supported
bioglasses, also known as textured monoliths (134). Many of the resulting strategies typically
require a sacrificial template that creates the macroporosity; synthetic foams are key in this
approach (143,144). The template can be removed by dissolution (145) or thermal decomposition
(145,146). Using F127, methylcellulose, and PU sponge as templates mixed in a specific sequence
Tang et al. synthesized a trimodal mesoporous bioactive glass scaffold (TMS) (147). This material
included macropores (200-500 wm) with a high pore interconnectivity, cell-sized micropores (<10
um), and mesopores with entrapped active and drug release properties (approximately 7.5 nm).
Beyond synthetic sacrificial templates, natural templates are gaining attention due to their innate,
sophisticated architecture. Biomolecules (148), plants (149) or pollen (150) have successfully been
employed as templates, generally in combination with the sol-gel process (151). Nanofibrous
structures synthesized by electrospinning have also been explored to obtain nanofibrous scaffolds
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and have gained increasing interest since they resemble the native ECM. Sol-gel techniques have
generated nanofibrous scaffolds with fibre diameters 10 times thinner than those obtained by
electrospinning, using a 3D bacterial cellulose aerogel as a sacrificial template (152). Depending
on the intrinsic order of the employed template, final structures ranging from disordered foam-like
textures (125,153-155) to ordered opal-like (156) complementary lattices can be obtained.
Recently, bioglass self-supporting monoliths, hosting well-aligned ordered macropores were
obtained by an ice structuring-based method, either employing sol-gel (157) or preformed bioglass
precursors (158).

Aside from the numerous strictly inorganic structures, advanced hybrids of bioglass-
biopolymer are being developed. These new hybrid composites aim to achieve better cell adhesion,
proliferation, differentiation, and organization in a normal tissue setting while being degradable at
an adequate rate. Bioglass-biopolymer composites can be combined with specific drugs or
nanoparticles (e.g., silver or gold) to improve the system’s medical or mechanical properties. The
most commonly employed biopolymers in tissue engineering research are proteins (e.g., collagen,
albumin, silk fibroin), natural polysaccharides (e.g., chitosan, alginates, hyaluronic acid, starch),
and PHAs (159,160) (e.g., poly((R)-3-hydroxybutyrate), hydroxy valerate copolymer, PHBV
(161), and synthetic poly(a-hydroxy esters) (e.g., PLA, PGA, and their copolymers).

Much effort is being put into developing methods for rapid prototyping of bioglass and
bioactive glass composites. Pires et al. reported that additive manufacture using several
formulations of CaO-P,0s5-TiO, glass generated promising temporary scaffolds for low load-
bearing bone tissue regeneration (162). In another study, Wu et al. proposed an easy method to
prepare hierarchical and multifunctional MBG scaffolds with controllable pore architecture,
excellent mechanical strength, and mineralization ability for bone regeneration, by a modified 3D-
printing technique using poly(vinyl alcohol) (PVOH) as a binder (163). Moreover, 45S5 Bioglass®
(45S5) or strontium-substituted bioactive glass (STBG) was incorporated into PCL and fabricated
into 3D bioactive composite scaffolds utilizing additive manufacturing technology (164). The
composite scaffolds (PCL/45S5 and PCL/SrBG) could be reproducibly manufactured with a
scaffold morphology closely resembling that of PCL scaffolds but with higher compressive
Young’s modulus at similar volumetric porosity (~75%).

2.5. Calcium Phosphate

CaP from natural and synthetic sources has been extensively studied as a biomaterial as it
is the basis of the composition of the mineral phase of the human bone (165-168) and has well-
demonstrated osteogenic potential. CaP is resorbable in vivo as demonstrated in the early 90’s by
Ripamonti (Fig. 6A-B). Bone mineral contains mostly calcium and phosphate together with
several trace elements. Diffraction patterns have indicated carbonate, magnesium (Mg) and sodium
are present within these trace elements. Therefore, bone apatite crystals can be conceived as
carbonated-apatite nanocrystals (169).

A selected mixture of CaPs as ceramics and cements: HAp, biphasic phosphates, and
tricalcium phosphate agents (mainly f-tricalcium phosphate (5-TCP)), have been proposed in
dental applications (Fig. 6C), and as ear and eye implants (170,171). When manufactured as
porous materials they have also been used as drug carriers and antibacterial agents (Fig. 6D) (172).
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Although they have comparably low compressive strengths compared to in vivo bone (Fig. 6E),
they have good cell compatibility (Fig. 6F), facilitate protein adhesion, have tailorable
biodegradability, osteoconductivity and the ability to improve osteoinductivity. These last two
characteristics have attracted attention since 1991 when Ripamonti introduced the intrinsic
osteoinductive properties of CaPs (172,173). This feature has been observed in vivo where further
inflammation in the body could enhance osteoinductive pathways, and which would allow CaPs
to be used without the addition of bone morphogenetic proteins (BMPs) (Fig. 6G) (174).

CaPs have only recently been proposed as porous materials, with interconnected voids at
the macro- and micropore level (175,176). Specifically, research groups have explored different
architectures and microstructures (Fig. 6H), aiming at environments that are suitable for bone
cells, while also supporting the formation of new nerves and blood vessels.

Even though surfactants and porogens have been widely used to create pores in CaP, recent
studies have also investigated biomimetic foaming (simulating host tissues) and 3D-printing
methods, to better control the reproducibility and architectural detail of scaffolds; examples can
be observed in Fig. 6I. Biomimetic foaming creates free porogen-solvent interconnected
structures, and can be achieved through freeze-drying (177,178), electrospinning (179,180), and
Pickering emulsions (181). In addition to the geometric features, cells forming neo-tissues have
shown preference to differentiate on topographic details (rough surfaces) and chemically active
(polar) surfaces. For example, ectopic bone and a more accelerated bone formation was observed
on calcium-deficient hydroxyapatite (CDHA), i.e., CaP that can hydrolyze by itself to form a
cement (182). CDHA scaffolds with inherent rough surface were compared with 3D-printed
sintered ones, the later ones being associated with smooth and clean prints (176). New areas of
study are also exploring self-setting co-extruded ceramics. These material-hybrid inks offer
bioactive surfaces plus the benefit of hardening at room temperature using hydrothermal
treatments. In addition, they preserve an interconnected nano-structural architecture, capable of
supporting mesenchymal cell adhesion and proliferation (183).
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The micro/nanoscale porosity and the specific surface area (SSA) determine the overall
interconnection of the structure. Optimal SSA values between 30-40 m?/g have been identified in
successful ceramic microstructures with high porosities (64-76%) (176,184). Surface geometry
can also impact both cell attachment and cell proliferation. Barba et al. demonstrated that spherical
concave macropores were superior to prismatic convex macropores, even after switching between
foaming and 3D-printing techniques (176). Spherical macropores provided mineral niches, where
calcium and phosphate ions were slowly released, attracting relevant proteins and growth factors
whilst enhancing material resorption, as supported by biphasic CaP-foamed scaffolds (185) and
interconnected CaP constructs for metastatic cell studies (186).

Porosity and pore size have been shown to significantly affect the rate and type of
degradation, as well as the osteoinductive properties. On CDHA foams, ectopic bone has replaced
the scaffold, whereas in sintered CaPs, pores have been coated by new bone, sometimes blocking
the movement of molecules (176). In a previous publication (174), the same group identified that
new bone formation concentrates at the centre of the scaffold, possibly linked to the fast diffusion
of ions. To improve homogeneous distribution of new bone formation, low-temperature powder-
based inkjet methods have been proposed as a novel method of solid freeform fabrication (SFF)
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(187). With this methodology, a sliced computational model of the structure is loaded into the
printer and the nozzle then jets a liquid solution into a thin layer of powder onto a platform. When
the first layer is built, the platform is lowered down and the jet injects the next layer, until the
construct is finished, and excess loose powder is removed. By varying pore sizes, layer thickness,
and printing orientations, Farzadi et al. found a uniform distribution of cells through their one-
dimensional (x-axis) and lower-wall-thickness printed scaffolds (187).
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Fig 6. Manufacturing & application evolution of CaPs. A-B showed early characterisation of CaPs in the 1990s, and the discovery
of its biological properties. A) Conservation of macroporosity from bone apatite. B) New crystals inside the microporosity of CaP
ceramic after 1 year implantation in cortical mastoidal bone of a dog. C) Graphical abstract of fibre-reinforced CaP cement to
stabilise dental implants. D) SEM image of porous 70% w/v B-TCP scaffolds emulsified by manual speed (more variables presented
in original paper). E). Weibull plot of the compressive strength stress data for BCP-7Sr3Ag with different pore sizes. Straight lines
are best fits to data using the Weibull probability function. F) Light micrograph of exudate in a pore of a canal-wall prosthesis
removed from a chronically infected middle ear. G) MSCs isolated from rat’s bone marrow, cultured with CaP in a diffusion
chamber, then implanted in the dog's muscle for 6 months. H) SEM of CDHA-Foam and CDHA-Rob-450 groups showing similar
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architecture, open and interconnected, prismatic, convex macropores. The microstructure of the CDHA scaffolds consisted of the
typical network of entangled, needle-like nanocrystals, whereas the sintered ceramics showed polyhedral smooth crystals. 1) Virtual
reconstructions from uCT data of scaffolds printed with different patterns. Vertical view from the printing plane. Reproduced from
Open Source from: D (188), G (189), with permission of Elsevier from: A (190), B (191), D & H (176), E (192), F (171), I (183).

Abbreviations: AFFP: Allogeneic Fibrin-Fibronectin Protein; BCP: Bicalcium Phosphate; B-TCP: Beta-Tricalcium Phosphate;
Cap: Calcium Phosphate; CDHA: Calcium Deficient Hydroxyapatite; Mct: Micro-Computed Tomography; MSC: Mesenchymal
Stem Cells; SEM: Scanning Electron Microscope.

2.6. Hydroxyapatite

HAp (Ca;¢(PO4)s(OH),) is one of the most commonly found forms of CaPs (Fig. 7A). It
is a popular choice for bone substitutes as it is a key component of the mineralized phase within
the bone and is highly biocompatible (193). HAp is generally used as a powder-precursor, either
in its pure form or as a composite with other materials such as CaPs (194), polymeric materials
(195), and ion substitution (196), to obtain more desirable internal and superficial characteristics.
Despite its beneficial bioactive properties, HAp’s poor mechanical strength and slow degradation
rates limit its use in its pure form and the majority of studies employ it within composites.

HAp composites have been created using both natural and synthetic sources. For example,
HAp scaffolds derived from cuttlefish have been used due to their inherent well-interconnected
porous structure (Fig. 7B) (197), whilst silk fibroin/HAp composites have been processed and
blended to create a flexible but stable structure (198). The fibrils create a heterogeneous
interconnected structure that could be further enriched with growth factors (Fig. 7C). HAp’s
compatibility has also proved effective for the attachment and differentiation of osteoblasts seeded
on freeze-cast porous HAp scaffolds (Fig. 7D) (199).

Cox et al. were able to show that within HAp/PVOH composites, flowability, and hence
printability was increased by decreasing the HAp content (200); however, a reduction in bioactive
properties was observed. Good printability is desirable, as it allows the creation of specific
macroporous architectures with controlled and high-resolution interconnected pores. High printing
resolution is associated with a decrease in interparticle voids, leading to stronger bonds between
particulates, evidenced in the mechanical properties of printed HAp/PVOH constructs.
Furthermore, novel printing techniques (as sintering and depowdering techniques), can also
eliminate the use of solvents which could occlude the pores (5,200) and negatively impact on cell
viability (201,202).
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The benefits of HAp composites as drug carriers have been explored by Han et al., who
prepared functionalized HA/poly(L-lysine)/polydopamine (PLL/PDA) scaffolds with enhanced
bioactivity by embedding BMP in the polymeric coating. Masson’s trichrome staining evidenced
the potential of coated HAp scaffolds as protein delivery systems (Fig. 7E) (203).
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Fig. 7. A) i) Projections of: the unit cell of HAp; ii) the arrangement of octahedrons [Ca(1)Og4] in the HAP structure; iii) the
sequence of octahedral [Ca(1)Og] and tetrahedral [PO,] in the HAp structure; and iv) the sequence of octahedral and tetrahedral
[PO,] in the HAp structure. B) i) HAp scaffold derived from cuttlefish bone displaying interconnected channelled structure
maintained after HT conversion. ii) Porous HAp scaffolds and nanostructures of CaP deposited on the scaffolds assisted by H6L
molecules with a concentration of 0.5 mM. C) Different types and applications of bioceramics made by silk and HAp. D) Porous
part and i) dense part ii) pre-osteoblast cells cultured on a porous HAp bone-like scaffold iii). Optical image. iv) and v)
reconstructed uCT images with initial HAp contents of 15% initial and 40% outer volume (v/v), respectively. E) Masson’s trichrome
staining of HA-BMP2 scaffolds after 12 weeks of implantation. i) Bare HAp scaffold; ii) HA-BMP?2 scaffold; iii) HA-PLL/PDA
scaffold; iv) HA-PLL/PDA-BMP?2 scaffold. Scale bars: 0.5 mm. Reproduced from Open Source: D (199), and with permission from
Elsevier: A (204), Bi (197), Bii (205), D (198), and E (203).

Abbreviations: BMP: Bone Morphogenic Protein; Hap: Hydroxyapatite; HOL: Lattice Solvent Molecules; HT: Hydrothermally;
Mect: Micro-Computed Tomography; PDA: Polydopamine; PLL: Poly L-Lysine; PO,: Phosphate.

2.7. Metals

Metals are the most commonly used scaffolds for load-bearing implants, especially in
orthopaedic surgeries. They can be used in cardiovascular surgery, maxillofacial surgery, and as
dental materials (206). Widely used metals and alloys for clinical applications include stainless
steel, titanium and its alloys, cobalt-based alloys, cobalt-chromium (Co—Cr) alloys and tantalum-
based alloys (207). The first stainless steel alloy used clinically contained chromium and nickel,
making it stronger and more corrosion-resistant than steel (206). Co—Cr alloys have been used in
artificial joints due to their excellent wear-resistance property. Titanium (T1) is distinguished for
its lightweight, along with its alloys, they are known for their excellent tensile strength and pitting
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corrosion-resistance and have been used in applications such as dental and intravascular restoration
wiring (208)) and as porous Ti (TigAl;V) for bone reconstruction (209,210). The precious metals
such as gold (Au), silver (Ag), platinum (Pt), and their alloys are typically used in dentistry as they
hold good castability, ductility, and corrosion-resistance. Tantalum is often used for X-ray markers
for stents. The flexibility of amorphous alloys like zirconium-based alloys makes them good
candidates for miniaturised metal implants. Biodegradable metals such as iron-based (Fe) or Mg-
based alloys are now used for implant material (1),(211),(212),(213)).

When it comes to stainless steel, it is mainly used in fixed surgical implants. The most
commonly used alloy is 316L (316 low-carbon steel) due to its excellent biocompatibility, as it
forms a thin protective chromium oxide layer on its surface avoiding corrosion. It is cheap, easily
available, has excellent fabrication properties, is biocompatible, and has great strength (214,215).
However, when exposed to complex body fluids containing chloride ions or reduced sulphur
compounds, stainless steel implants release toxic elements such as nickel and chromium. In this
regard, one method developed is to coat the alloy with transition metal nitrides such as Ti-nitride
(TN), vanadium nitride (VN), and TiAIN, to act as a protective coating against wear and corrosion
(216,217). Another major concern is the presence of toxic nickel upon which many patients are
sensitive. Research is also going on in the direction of developing nickel-free stainless steel by
replacing it with nitrogen (214).

Furthermore, Co—Cr alloys exhibit excellent mechanical properties and corrosion
resistance. They are usually used as components in modular prosthetic devices such as hip or knee
joints, particularly in the ball and socket joint where movement is needed (209). Recently, Co—Cr—
Mo alloy as a porous structure has been proposed to prevent orthopaedic implant infections (218),
and has also been used in conjunction with UHMWPE to improve its corrosion- and wear-
resistance (219).

On the other hand, Ti is a perfect material for surgical implants thanks to its strong
corrosion-resistance coupled with lightweight and excellent biocompatibility. Ti alloys are used in
craniofacial implants, dental implants, joint replacement parts for hip, knee, shoulder, spine,
elbow, and wrist, and bone-fixation materials such as nails, screws, nuts, and plates, among others
(209). It is well-noted that Ti-6Al-4V is the most commonly used alloy in prosthetic devices.
These materials are compatible with imaging techniques such as computed tomography (CT)
scanning and magnetic resonance imaging (MRI). Research on Ti alloys is also focused on
developing porous structures to allow penetration of the vascular system for the total integration
of metal and bone (220,221). A novel Ti alloy with low enough Young’s modulus to avoid stress-
shielding but high enough to suppress spring back has been developed to be used as spine-fixation
implants so that it can be bent to match with the curvature of the patient’s spine. Such alloys
include Ti—Cr, Ti-Mo, Ti—Zr—Cr, Ti—Zr-Mo, and Ti—Zr—Mo—Cr (222,223). Then comes the nickel-
Ti alloy, or Nitinol, which is a smart material with shape-memory and superelastic properties,
excellent biocompatibility, and considered highly stable in the body. It has an elastic modulus
closer to that of bone than other metal and metal alloy implant materials. Nitinol finds applications
in orthodontics, in the treatment of bone fractures, and as bone suture anchors for attaching soft
tissues such as tendons and ligaments to the bone, and as reinforcement of blood vessels. Adding
copper to Nitinol has demonstrated better fatigue and modified shape-memory properties in both
bulk and porous structures (214,224).
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Mg alloy AZ91D has a lower corrosion-resistance than Ti and Co—Cr alloys. However,
AZ91D resembles more to the bone in terms of its mechanical properties such as tensile strength,
elongation to fracture, and Young’s modulus (206). This makes them suitable as biodegradable
biomaterials since they readily dissolve in corrosive solutions.

Finally, Fe-based alloys are also used, but exclusively in temporary implant applications.
They have higher strengths and Young’s moduli than Mg-based alloys (225).

3. Fabrication Strategies

As shown in Ashby diagrams comparing natural with synthetic materials (see for example
(226) and (11)), the range of materials available for tissue-engineering applications is quite narrow;
the mechanical properties need to be soft yet tough, a balance that is difficult to achieve. However,
there is still the possibility of tuning the physical and chemical features of those limited candidates
and here is where manufacturing techniques play an important role. Biofabrication strategies
include all technologies adapted or designed specifically for biomaterials, which seek to modify
the chemical arrangement, state of matter, and/or architecture of materials to make them suitable
for the micro- and macro-environments in the body. Biofabrication techniques for porous materials
are: i) stimuli-induced techniques to introduce pores into the material(s); i7) material-material
interaction techniques to create pores; and ii/) moulding or printing techniques to build porous
constructs. The most promising techniques are summarized and illustrated in Fig. 8A.

3.1. Templating and Salt-Templating

Templating is commonly used to fabricate biomaterial constructs with controlled pores in
the um-to-nm range, with the template used to obtain tailored morphologies and geometries. To
create a porous scaffold a porogen, which acts as the removable or pore-forming phase, is
introduced to a non-templating phase. The sacrificial phase can be removed through mechanical
stimuli or porogen-dissolution, resulting in the formation of pores (227). The size, geometry, and
orientation of pores can be controlled through a careful choice of the porogen, impacting the
overall internal phase volume, degree of porosity, and interconnectivity of the scaffold. This
method can be used to improve physical properties of 3D scaffolds such as strength and stiffness
(228). A general overview on the steps involved in templating is illustrated in Fig. 8A.

Salt-templating methods are commonly used for biomedical applications as the porogen or
removal phase is a salt that: i) can be easily dissolved without affecting the porous structure; ii)
does not leave toxic residues; iii) is cost-effective and easy to implement; iv) and does not generally
react with the functional groups of the other material(s). Sodium chloride (NaCl) crystals have
been used as default porogens with sizes between 100-300 um, and at concentrations of 20-50%
w/v, easily removed with water. As this exceeds the saturation concentration, the salts can be found
in the solid state and dissolved after crosslinking, even if crystalized within the polymeric matrix.
Additionally, techniques such as microfluidics (229), freeze-drying (230,231), and post-
crosslinking coating (232,233) have been implemented to further control the morphology of the
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pores, commonly affected by swelling/deswelling ratios in hydrogels and shrinking ratios on bulky
materials.

Poly(N-isopropylacrylamide)-alginate (PNIPAAM-Alg) hydrogel porous constructs have
been used to analyse swelling/deswelling rates at different porosities and pore sizes, concluding
that at higher porosities, these porous materials reach the equilibrium swelling state 15 times faster
than non-porous ones (234). The effect of NaCl weight ratios on the surface of the scaffolds can
be observed in Fig. 8B where porosity and pore interconnectivity increased with an increasing
NacCl ratio. Moreover, hydrogels crosslinked through covalent chemical interactions of water-
soluble polymers are neither instantaneous nor rapid, hence their formation is considered time-
dependent. Therefore, the swelling time and ratio are their most important features. This
interaction defines the diffusion of water molecules into and out of the material, which explain
their behaviour in aqueous environments including the human body (235). By decreasing the time
to reach the equilibrium swelling state, the mechanical properties of the resulting material can be
modified and improved to match the desired usage, especially their pore. Furthermore, an
increased porosity results in an increased surface area and leads to a more homogeneous coating,
positive cytological effects, and unique cell topologies (236),(235),(236). The advantages of
increased swelling ratios in salt-templating have been explored by coating SMPs with acrylic acid
and N-hydroxyethyl acrylamide for vascular applications (41). Coated SMPs were able to absorb
up to 5 times more fluid than uncoated ones, whilst supporting cellular adhesion. Contrastingly,
Na* ions have been shown to affect the number of crosslinkable reactive groups impacting the
degree of crosslinking and degradation rates. Large pores (>200 pum) linked to high porosities
(>65%) allow water and fluids to go through, easing the washing stage (237). Thus, the balance
between porogen grain size and concentration, and mixing method need to be tailored to both
material and application. An alternative is salt-leaching using powder, which is a solvent-free, low-
temperature/pressure technique that generates high-porosity (70-80%) structures without
collapsing and shrinking, and with attractive macropores for cell migration (238).

One of the main disadvantages of salt-leaching is the lack of control on orientation and
homogeneous distribution of salt crystals. For that reason, recent experiments propose salt-
templating as part of a dual-pore manufacturing technique. For example, Mohanty ef al. designed
a PVOH polymer base to construct a 3D structure with defined macropores (239). Additionally,
the hydrogel solution contained NaCl to create random micropores (Fig. 8C-E). They successfully
controlled the overall geometry of the construct and offered different paths for fluids and molecules
to travel through the scaffold.

Other salts have also been used on single-salt-leaching or dual-pore methods. For instance,
copper sulfate (CuSO,) was chosen due to its hydrophilicity, allowing it to be rapidly removed
from processed structures. Additionally, in water it dissociates into Cu?" and SO4* ions, promoting
a change in colour and allowing a more ready confirmation of porogen removal. Jakus et al. 3D-
printed poly(lactic-co-glycolic acid) (PLGA) and CuSO, constructs and evaluated their “elevated
porosity”, confirming the excellent mechanical properties that PLGA is known for. Furthermore,
the adhesion of human mesenchymal cell (hMSC), viability, and proliferation were significantly
improved (Fig. 8F) (240). Sugars have also been explored as leaching elements. For example,
Pashneh-Tala combined sucrose leaching with both subtractive and additive manufacturing
techniques to produce inherently porous 3D structured materials from poly(glycerol sebacate)
(241). These scaffolds exhibited a high internal porosity (up to 77%) and supported fibroblast
ingrowth.
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Fig. 8. A) Common steps used for salt templating. The top part shows various states in which both porogen and bulk materials can
be used and the bottom, the different manufacturing procedures proposed by research groups. B) Surface morphologies of an
alginate matrix with various NaCl weight ratios. C) SEM images of fabricated dual-pore scaffolds (structured pore size 400 um x
400 um, distance between structured pores 800 um, random pore size 300—600 um): i) Top view showing structured pores and an
array of random pores; and ii) its magnification. iii) Cross-sectional view of structured and random pores, and iv) its magnification.
Dashed lines: yellow — structured pores in z-direction; red — structured pores in x or y-direction,; blue — random pores area.
dual-pore scaffolds on day 2, 8, and 16. (Green — live; red — dead). Scale bars: a,b,c: 1 mm and d: 350 um. E) Resulting fabricated
porous PDMS scaffolds: i) Salt mould replicated random pore scaffold with pore size of 300—-600 um. ii) PVOH mould replicated
dual-pore scaffolds with structured pores of 400 umx 400 u random pores of 300-600 um. F) Representative scanning electron
micrographs of human MSCs on 25, 50, and 70% w/v F-PLGA 1, 7, 14, and 28 days after seeding. Reproduced with permission of
Elsevier from: B (234), C-E (239), and F (240).
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Abbreviations: HepG2: Heparin Cells; MSCs: Mesenchymal Cells; PDMS: Polydimethylsiloxane; PLGA: Poly(Lactic-co-Glycolic
Acid); PVOH: Polyvinyl Alcohol; SEM: Scanning Electron Microscopy.

However, this technique uses solvents to aid the creation of macro and micro-structures or
enhance their chemical and mechanical properties. These solvents may occlude pores by corroding
or altering the features of the solid phase, leading to poor interconnectivity (228,242).
Consequently, sol-gel deposition and emulsion-templating are more commonly used for
biomaterials. The latter will be discussed in the next section.

Sol-gel deposition is a technique that uses a colloidal suspension of precursor molecules,
known as the ‘sol’, which is typically thermally treated to form a gel. The result is a tailored micro-
and/ or nanostructure on both the surface and internal phase of the scaffolds (228). Armstrong et
al. combined sol-gel deposition with layer-by-layer deposition of a cell-laden bioink, in order to
inject a precise mix of growth factors, copolymers, and cell types, whilst simultaneously
controlling the mechanical properties of the matrix using 3D printing (242). Despite the early
success of printing techniques, there are limitations when the printing parameters also need to
accommodate cell survival environments, as the temperature of the material inside and outside of
the nozzle should promote cell survival and viability, whilst maintaining the material’s ideal
viscosity. In the same study, the group reported that sol-gel deposition in combination with 3D
printing enhanced physical and rheological characteristics, and long-term fidelity of pluronic-co-
alginate hydrogels. Similarly, Bechara et al. reported on the fabrication of PCL nanowires using a
solvent-free nano-templating technique (243). Solvent-free templating is especially advantageous
as it will not compromise the intrinsic bioactivity of scaffolds, such as mechanical strength and
biodegradability.

3.2 Emulsion Templating

Emulsions can be used as versatile templates for porous structures (227,244). As shown in
Fig. 9A, emulsions are immiscible liquids, with one phase dispersed in the other as visible droplets,
and possibly additional intermediate phases (244). Emulsions can be divided into water-in-oil
(W/O) and oil-in-water (O/W). Emulsions are thermodynamically unstable systems and their
stability thus can be understood as their resistance to the sequence of consecutive stages of
destabilisation (245), defined by the physical and chemical interaction between the ingredients
involved in the emulsion. When the material is solidified and the internal phase (i.e., the one
forming the droplets) is removed, an arrangement of pores is left behind. When the droplet phase
volume is high (<74%) this enables production of interconnected porous materials via
polymerisation of the continuous phase of the emulsion. These materials are termed polymerised
high internal phase emulsions (polyHIPEs). Fig. 9B shows the most common fabrication
techniques that use emulsions. A recent review by Dikici et al. summarises in particular the
emergent use of polyHIPE-based scaffolds for tissue engineering (10).

One of the biggest advantages of these techniques is that they enable tunability of the pore
size, distribution, porosity, and interconnectivity (Fig. 9C). This can be achieved by the addition
of initiators, surfactants, and solvents, coupled with manufacturing parameters such as mixing
techniques (mixing paddle geometry and speed), temperature, times of emulsification, and further
crosslinking. Polymerisation of the monomers occurs around the emulsion droplets, and pore size
is controlled by the size of the emulsion droplets up to the micron scale (227). For acrylate and
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styrene-based emulsions, ultraviolet light or heat are commonly used to induce polymerisation
while alginate emulsions have been produced by crosslinking with Ca?* (90,246,247).

Current polymer and hydrogel emulsions seek to enhance both the mechanical properties
and the 3D pore features. At higher internal phase volumes (>74.048%) emulsions are referred to
as HIPEs and have an increased porosity that has proven successful for cartilage (90,248), nerve
(249), vascular (250), and bone (23,251) regeneration. Also, more complicated structures have
been attempted by the combination of manufacturing techniques. For example, Johnson et al.
successfully used an emulsion-based ink to fabricate scaffolds using micro-stereolithography
(uUSLA) (Fig. 9D) by combining emulsion synthesis with laser-based additive manufacturing
setups (227). Additionally, Dikici et al. produced barrier membranes by combining PCL-based
emulsions with electrospinning (31). Fig. 9E shows the impact of different pore sizes on cell
morphology cultured on PCL-based scaffolds. Cells tended to spread as in flat surfaces in the
scaffolds with the larger pore size (31). This method produced polymer matrices with consistent
morphology as well as good mechanical properties. The method has demonstrated excellent
reproducibility and can be used to manufacture scaffolds for 3D cell culture (252). Additionally,
the 3D printing resolution of these scaffolds can be fine-tuned via inclusion of photo-absorbers in
the photocurable resin (90), indicating a potential route for using these resins in commercial SLA
setups (253). Currently, it is still a real challenge to scale up very high-resolution structures to an
industrial level, which makes it still time consuming to achieve microstructures with controlled
porosity (227).

The surface of these materials can be functionalised via air plasma treatment, which
increases cell adhesion and bioactivity of scaffolds by rendering them hydrophilic. Moreover,
Hsiao et al. used this method to improve the process of making hydrogel from nanoemulsion-based
inks and 3D printing (254). With oxygen-permeability and rapid photopolymerisation, the
researchers were able to print the hydrogel with high fidelity by SLA. The gel was developed to
spread evenly during the printing process, allowing the production of mechanically stable scaffolds
with a homogeneous interconnected morphology. However, the relation between the internal phase
volume and strength/Y oung’s modulus is inversely proportional, and as such it may not be possible
to optimise both the porosity and mechanical properties of the material.

The use of two-phase aqueous emulsions is another emulsion templating technique that can
be used to produce porous scaffolds (255). This method allows the development of scaffolds either
by photopolymerisation or bioprinting. GeIMA and PEO solutions have been used to make
biocompatible scaffolds for tissue engineering, regenerative medicine, and drug delivery
(94,108,109). The size of PEO droplets and the physical properties were properly controlled during
the fabrication along with the bioprintable capability of the emulsion. The scaffolds offered larger
pore sizes which lead to desired interconnected structures. With this technique, a high
biocompatibility of GelMA bioprinted scaffolds has been achieved with various types of cells,
including a high viability, proliferation rate and metabolic rate, as previously discussed and
illustrated in Fig. 9C.

With promising results on in vitro experiments using emulsion templates, it is likely that

emulsion-templated scaffolds will have a significant impact on tissue engineering in the coming
years. However, as emulsions can be sensitive to change in internal and external variables,
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challenges remain in finding the appropriate manufacturing formulations and techniques, as well
as a balance between desired mechanical properties and architectural designs.
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Fig. 9. Emulsion techniques and successful applications are displayed herein. A) The origin of emulsions can be through Pickering
1907’s surfactant-free formulation, with a structure i) and SEM image like ii). However, the use of surfactant is also used to obtain
structures as displayed in iii) and imaged in iv). ii) is showing 2-ethylhexyl acrylate and silica nanoparticle emulsion (S4-al.8). iii
are SEM images of PCL-C/T, 5 days after polymerisation (scale bars: 100 um). B) Several techniques have used emulsions as raw
material for bioengineering constructs, the most common protocols include sintering, moulding and 3D printing. C) Extrusion
bioprinting of the aqueous two-phase emulsion bioink. i) Designed patterns. ii) Optical micrographs of corresponding bioprinted
i,v) standard GelMA hydrogel patterns and ii—iv,vi—viii) porous GelMA hydrogel patterns at i—iv) low magnification and v—viii)
high magnification. D) SEM images of EHAS80 polyHIPE structures produced by microstereolithography at different speeds i),
overlapping squares with the intersection of squares in the intersection ii),; grid at 17x magnification (inset shows side view of the
grid pattern at 194 % magnification, clearly showing the open porous nature of the structure) iii); tube created by
photopolymerisation of HIPEs while translating in the z direction (inset shows detail of the top surface of the tube) iv). Scale bars:
i) and iii) 500 um, ii) 2 mm; iv) 1 mm; all insets 100 um. E) SEM images of 4-day cultured HDFs on C/T:60/40, C/T:80/20,
C/T:100/0 and Alvetex®, respectively. SEM images were false-coloured for clear visibility of the cells on the scaffold surface.
(vellow: scaffold, turquoise: cells (scale bars: 50 um). Reproduced from Open Source: Aiii and E (31); and with permission of
Wiley from: Aii (256), C (94), and D (227).
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Abbreviations: C/T: Chloroform/Toluene; EHAS80: 2-Ethylhexyl Acrylate; GelMA: Gelatin Methacrylate; HDFs: Human Dermal
Fibroblasts; PCL: Poly(e-Caprolactone); SEM: Scanning Electron Microscope.

3.3. Freeze-Drying

Freeze-drying can be used to generate polymeric porous biomaterials. This method is
looked at as a physical manufacturing procedure that depends on the phase characteristics of the
polymer and the solvent involved, while the pore size is dependent on the concentration of the
polymeric solution (257). Typically, freeze-drying consists of three main steps: i) freezing stage,
ii) primary drying stage, then iii) secondary drying stage (258). During the freezing stage, the
temperature is reduced so that the solvent freezes. Water is often the main solvent, though a
mixture of alcohol and water can be used. The water present as free water will undergo a freezing
process, but the bound water which is associated with the polymer will remain in its liquid state
throughout the process (259,260). During the primary drying stage, the frozen solvent is removed
by sublimation. Finally, during the secondary drying stage, the bound water is removed by water
desorption enhanced by the application of heat to achieve a certain required moisture level.

The drying process is highly dependent on the material response to heat. Thermo-stable
materials can be processed with a wide range of drying techniques. However, material
decomposition is a challenge for thermo-stable materials and necessitates the application of
complementary drying techniques.

Most liquids freeze by crystallisation, noting that controlled crystallisation can produce
crystals with tailored sizes and structures. The process requires control of the temperature,
heating/cooling rate, and the total process time, as well as the solution’s concentration (261). The
solvent is then removed through sublimation by lowering the pressure and adding heat, though the
operating temperature must be lower than the eutectic point; the last point where solid and liquid
phases coexist (262,263).

High-porosity scaffolds (up to 98% porosity) are fabricated by freeze-drying polymer
solutions over leachable templates. In these cases, a high effective porosity is achieved, large pores
are well-interconnected and very few isolated pores are present in the structure which requires
three main steps: i) preparation of leachable templates (e.g., by fusing salt and sugar); ii) freeze-
drying the polymeric solution; ii7) leaching the template. The introduction of leachable templates
leads to a higher porosity and connectivity between the pores. This technique reduces the amount
of implanted polymer while increasing the SSA for tissue growth (264). Furthermore, the pore
morphology is critical for cell growth and function (265). In their study, Haugh et al. showed that
pore size is dependent on two main factors: freezing temperature and an annealing step, where
temperatures are raised to increase the crystallisation rate (257) (Fig. 10). The pore size decreases
with lower freezing temperatures, while the annealing step resulted in an approximately 40%
increase in the pore size.
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Fig. 10. Digital images of stained scaffold sections at different freezing temperatures (Ty) captured at 125x magnification. The
pore size decreases with the reduction of Ty. It is remarked that for a temperature below -50 °C the mean pore size does not change
substantially. Reproduced with permission of Mary Ann Liebert from (257).

Wu et al. showed that increasing the polymer concentration decreases the porosity resulting
in lower water adsorption (163). Furthermore, they studied the effect of crosslinking agent amount
on the pore size of the gelatin porous scaffold. They remarked that the pore size decreased as the
crosslinking agent amount increased (Fig. 11).
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Fig. 11. SEM images of cross-sections of gelatin scaffolds (A-i, B-i and C-i) with increasingly added amounts of crosslinking agents
(4:0.1%, 0.3%, and 0.5% w/v). (A-ii, B-ii and C-ii) are the SEM images of vertical sections of such scaffolds. The effect of
increasing the amount of agents applied is clear as the pore size is substantially reduced with increased amounts of crosslinking
agents (from A to C). Reproduced with permission of Elsevier from (266).

The properties of the 3D scaffolds are critical for tissue growth and compatibility. For
instance, some surfaces are hydrophobic which is not conducive for cell adhesion. Modifications
to the surface’s properties are introduced to the produced scaffold. Pretreatment techniques can
include applying ethanol, alkaline, or plasma treatment (267-269). Yet, these pre-wetting methods
can only be applied to scaffolds that will be used immediately, with polymer degradation being
observed if structures are immersed for long periods in these harsh solutions. Chen ef al. introduced
a new method to alter properties of a 3D porous material by filling the pores with a collagen
solution (270). Centrifugation is applied to remove the excess of the solution to obtain a uniform
coating layer. This method is very efficient in improving the structure’s surface properties such as
wettability, promoting effective cell seeding, and the resulting scaffold is easy to store.

3.4. Patterning

The introduction of topographical and chemical patterns to biomaterial surfaces is key to
controlling the cell response, with a variety of patterning techniques used to introduce various
topographical cues, i.e., sizes, shapes, and chemical patterns that enhance the cellular activities
(271-273).

Patterning techniques can be divided into two categories: i) cleanroom techniques founded

on traditional microfabrication methods, and ii) non-traditional techniques, not dependent on
cleanroom methods.
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3.4.1. Cleanroom Techniques

It has been possible to develop techniques that allow for good consistency at the micro and
nanoscale resolution in topographical patterning (272). These mainly use masked ion beam
lithography (MIBL), photolithography, or electron beam lithography (EBL) to create an
appropriate pattern that is then transferred to the scaffold by a chemical etching process.

Photo-resistive layer
Thin film wafer

‘ Substrate

Developing

Positive Resist / \Negative Resist

Exposure
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l Etching & Stripping l

Fig. 12. Schematic representing the patterning process using lithography. The process starts by cleaning the surface followed by
wafer preparation. Then, the photoresist layer is applied over the wafer. Removal of well-patterned areas is done by the exposure
of the surface to radiation/ion-beam/laser through a patterned mask to get the intended pattern. This latter step is the main
differentiation between various lithography techniques. The last two steps, namely etching and stripping, consist of removal of
wafer and PR by treating the surface with the convenient chemicals. Reproduced with permission of Elsevier from (274).

Abbreviations: PR: Positive Resist.
In MIBL the surface is covered with a nickel mesh which defines the pattern to be applied

to the surface. The entire surface is exposed to the ion beam except areas “masked” by mesh.
MIBL is not frequently used, though it can create topographical features on non-standard materials
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(e.g., polymethylmethacrylate (PMMA)) allowing additional material selection (275). In parallel,
photolithography employs a photoresist layer which is removed by exposure to intense light. The
exposed surfaces then undergo chemical etching, before the resist is removed by organic solvents,
inorganic acids (e.g., hydrofluoric acid (HF)), or plasma etching (274). This method is limited by
the materials that can be used (i.e., silicon, glass, or quartz) and its low throughput (276). Fig. 12
represents the general lithography process steps.

Similarly, EBL is analogous to photolithography, but uses a focused beam of electrons,
which enhances the resolution of this method (order of nanoscale patterns) compared to the
aforementioned lithography techniques (277). However, the same limitations related to the
throughput and etching step apply to the EBL technique.

On the other hand, surfaces can be modified with patterns of biologically active chemicals
or by introducing a patterned intermediate layer, which affects the chemical properties of the
surface. Similar to topographical patterning, photolithography (278) and EBL (279) can be used
to introduce chemical patterns. Bryant et al. studied photopatterning to suit well-defined cell types
(280). They found that porous hydrogels could be patterned for various specific applications using
this technique. For example, Myung et al. designed an artificial cornea including a micropatterned
skirt region by photochemical patterning of a hydrogel scaffold (281).

Jing et al. introduced large pores to bacterial cellulose hydrogel using a laser-patterning
technique. Then a sequential chemical modification of the membrane was achieved to enhance its
activity using gelatin and HAp, respectively. The produced scaffold showed good substrate-cell
activity for bone tissue engineering applications (282). The types of possible chemical
modifications are discussed in the chemical treatment section below.

3.4.2. Post-Treatment

The ability of any scaffold to support and develop a tissue is dependent on properties such
as porosity, pore size, interconnectivity, and wettability, among others. Surface treatment
techniques are used to alter the scaffold’s surface properties. These modifications can be
introduced by physical treatment, chemical treatment, coating, or printing treatment methods
(283,284)(285),(283,284).

Physical treatments can be via: i) solvents to remove contaminants; ii) surface-roughening
to increase the surface area; and ii7) heat-treatment to enhance the mechanical properties.

On the other hand, the chemical treatment is more engaged to change the chemical
properties of the surface. This technique serves to modify many surface-related factors such as
biodegradation properties, hydrophobicity, antistatic properties, barrier properties amongst others.
It is critical to alter such properties to meet the tissue’s adequate conditions. Chemical methods
can be divided into three main categories: i) functionalising chemical groups; ii) incorporating
functional groups; and iii) grafting functional monomers/polymers (284).
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Fig. 13. Scheme representing various types of chemical treatment for surface modification. Hydrolysis and aminolysis consist of
the introduction of hydrophilic groups to the surface. Plasma and corona treatments aim at incorporating functional groups to
change properties of the surface, yet they pass through the radical formation step before new functional groups are added to the
surface.

When functionalising through chemical groups the aim is to introduce hydrophilic groups
such as carboxylic acid, hydroxyl, and amino groups. to the surface to enhance its hydrophilicity.
The sample is hydrolysed by adding a strong base (e.g., sodium hydroxide) to format two surface
moieties: carboxylic acid (-COOH) and an hydroxyl group (-OH) (268,286,287). Alternatively,
aminolysis can produce free amino groups (288,289). However, this method may affect the
degradation rate and other mechanical properties of the surface. Moreover, the use of strong bases
can cause an irregular surface etching (290).

The incorporation of functional groups process applies methods such as amination,
oxidation, nitration, and halogenation. Functional groups can be added by applying several
techniques such as flame treatment, plasma, radiation, and corona treatment. As illustrated in Fig.
13, this technique includes radical formation followed by the addition of functional groups to the
surface under study. Similarly, radiation treatment plays an important role, where high-energy
radiation is applied to break bonds and release free radicals. These alterations of the surface’s
chemical properties serve to enhance the biocompatibility of the material, by providing a more
favourable surface for cell attachment (285).

Plasma treatment can be used to modify the surface chemistry without altering its bulk
properties. This technique can be used to enhance hydrophilicity, structure, and roughness so that
the intended cell-surface compatibility is achieved. In this method, the sample is exposed to low-
pressure gas (i.e., air, ammonia, oxygen, or argon), the gas is ionised and then hits the surface with
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very high velocity (291). The surface can incorporate functional groups such as hydroxyls (-OH),
aldehydes (-CHO), carboxylic acids (-COOH), and amino groups (-NH;) that enhance the cell-
substrate interaction (283,284). A drawback of this technique is that the introduced properties can
be lost over time, in particular in polymers where the surfaces have the tendency to reconstitute
themselves via hydrophobic recovery (290,292).

Notably, corona treatment is the most widely used atmospheric pressure plasma technique.
This technique applies a high voltage to an electrode with a sharp tip. This leads to the formation
of radicals such as ozone as illustrated in Fig. 13. In addition, the very high energy applied near
the surface causes chemical bonds to break down. The free radicals present react and recombine
with the broken bonds at the surface, modifying its properties. For instance, adding polar groups
enhances the affinity to cells, adhesion, and wettability (293-296).

The aforementioned methods present a glance at the various types of surface post-treatment
techniques. For example, Castilho et al. post-treated printed scaffolds by applying an acid solution
which would lead to a series of chemical reactions that enhanced the mechanical properties of the
porous medium under study (297). Bertol et al. applied different post-processing conditions to 3D-
printed scaffolds (298). Immersion of scaffold in binder and Ringer’s solution lead to an
enhancement in mechanical properties. On the other hand, the immersion of the scaffold in
phosphoric acid for example decreased the porosity, which is unfavorable for tissue applications.
A wide range of chemical/physical treatments are present in the literature to enhance the chemical
and mechanical properties of scaffolds prepared for each specific application.

3.5. Electrospinning

Electrospinning is an extrusion-based method for the fabrication of nanofibers from
polymers. It is widely used within tissue engineering for the production of fibrous scaffolds, with
heterogeneous and interconnected pores. Some of its advantages can be found in Fig. 14A,
particularly the high surface to volume ratio and the high tensile strength. A brief explanation on
the mechanism of electrospinning is shown in Fig. 14B. In conventional electrospinning polymer
solutions are used while also molten polymers can be used at elevated temperatures; this is known
as melt electrospinning (299).

The role of tissue microenvironments and the ECM have repeatedly been proven to be
highly influential in guiding cell morphology (300), attachment (301,302)), proliferation (303),
and differentiation (304), where minor changes in structure and surface chemistry
(conductivity/charge) can allow for significant changes in cell behaviour (305,306).
Electrospinning has the capacity to produce nanometre-diameter fibres and may be able to mimic
this microstructure and physical cues to promote differentiation and survival of surrounding cells.
With careful control of parameters, fibres can achieve a consistent and reproducible level of fibre
diameter and alignment. Examples of this can be found in Fig. 14C. where four different fibre
arrangements produce completely different morphologies, hence their application.

However, due to the electrostatic attractions induced within the fibres, they generally are

deposited with a high packing density, reducing pore size and impeding the infiltration of cells
deeper into the scaffold. Several methods have tried to increase this pore size, such as salt-leaching
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or ultrasonication, which has been shown to loosen the more densely packed fibres and increase
infiltration and viability of cells (307,308). Jeong et al. used RGD peptide-modified alginate and
PEO at different humidity levels (Fig. 14D) to increase the mat thickness and decrease the fibre
diameters, increasing the pore size to up to 300 nm, with enhanced fibroblast infiltration and
proliferation.

Wet electrospinning can also produce high porosity scaffolds. Here a polymer is spun into
a low-viscosity liquid to produce a structure with increased pore size. Chen et al. used this method
to create a 3D fibrous scaffold of PLGA, with pore sizes in the 5-40 um of range (309).
Furthermore, this method allowed the creation of 3 out of the 4 layers of the articular cartilage,
and the successful proliferation and early differentiation of hMSCs (Fig. 14E).

Macroporous PCL electrospun vascular grafts have been tested in vivo with no evidence of
aneurysm or calcification, showing their potential to support the regeneration of neovessels (Fig.
14F) through controlled material degradation (310). Cell penetration was also improved by using
patterned collectors, which increased the pore size but more importantly the pore size distribution,
which allowed fibroblast infiltration to a depth of 250 um, compared with 30 um for conventional
meshes. Cell response to the patterned collectors can be observed in Fig. 14G (311). Another study
created nanofiber scaffolds with precisely controlled diameters using customized glass moulds and
gas-foaming with aqueous sodium borohydride (NaBHj) solution. This resulted in cell penetration
throughout 10 mm of the expanded scaffolds, compared to only surface level infiltration on
unexpanded scaffolds (312).
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Fig. 14. A) Relevant characteristics that place electrospinning as a promising material in tissue engineering during the
manufacture, characterisation and application of electrospun matrices. B) The main elements of electrospinning are the syringe
that feeds a single or multiple polymers/hydrogels, a source of high voltage and different types of collectors. C) Illustration of
electrospinning setups: collected from liquid bath i) and conventional flat platform ii). iii) TEM images of TiO, NFs and iv) is the
morphological characterisation of the PCL/HAp composite scaffolds. D) SEM photomicrographs of cross-sectional sliced mats of
(i-ii) alginate/PEO/Pluronic F127-blended nanofibres, (iii-iv) alginate only nanofibres following PEO/Pluronic F127 extraction,
and (v-vi) ultrasonicated alginate only nanofibres fabricated at 20% and 50% humidity conditions. E) Immunostaining of collagen
type I on hMSCs seeded scaffolds after 21 days of culture in chondrogenic medium: i) RF scaffolds and (ii-iv) sections of the
scaffolds, as labelled. The scale bar in iv (100 um) applies to all panels. The dashed lines in panels ii and iv delineate the collagen

fibre orientation. F) ECM deposition. Sirius red staining showed that collagen (red fibres) was distributed in the neo-tissue and

into the graft wall i). ii) was the magnified image of i), while collagen distribution in the native blood vessel was shown iii) and its
magnified graft iv). G) Cell response on electrospun scaffolds prepared by patterned collectors: compared to the conventional
electrospun scaffold i), the scaffolds prepared by patterned collectors were having zones with a lower fibre density of 10-fold
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Reproduced from Open Source: C:i-ii (309), E (313), with permission from Elsevier: Ciii (314), Civ (315), G (311), with permission
of RSC: D (307); and with permission from Wiley: F (310).

Abbreviations:  ECM:  Extracellular  Matrix;, ~ hMSCs:  Human  Mesenchymal  Cells; ~ PCL/HAp:  Poly(e-
Caprolactone)/Hydroxyapatite; PEO: Polyethylene Oxide; RF: Random Fibre; SEM: Scanning Electron Microscopy, TEM:
Transmission Electron Microscopy, TiO, NFs: Titanium Dioxide Nanofibres.

3.6. Bioprinting

Bioprinting can provide high accuracy and reproducibility in 3D biomaterial fabrication,
which is a substantial advantage compared to other applied methods (316,317). Bioprinting
consists of different printing techniques such as SLA and digital light processing that are used in
vat-polymerization (VP) bioprinting in addition to other techniques such as inkjet bioprinting,
laser-assisted bioprinting, extrusion bioprinting, and electrospinning-based bioprinting (318,319).
These different techniques are illustrated in Fig. 15.
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Fig. 15. Scheme presenting the different applied 3D bioprinting techniques. A) SLA and B) DLP techniques make use of light to
selectively change the state of fluid to solid in the reservoir. C) Inkjet bioprinting that is analogous to 2D ink printers while
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replacing ink by bioink and papers with a 3D platform. D) Laser-assisted bioprinting is analogous to the inkjet technique except
that it uses laser to make finer deposition for the bioink over the platform. E) Extrusion bioprinting is a technique where the
deposition of bioink is done through a mechanical-base manner. F) Electrospinning-based bioprinting makes use of electrospinning
techniques through applying high voltage in the bioink deposition process (318,319). Reproduced with permission of Wiley Online
Library from (318,319).

Abbreviations: DLP: Digital Light Processing; SLA: Stereolithography,; VP: Vat Polymerisation.
3.6.1. Stereolithography Apparatus and Digital Light Processing

SLA uses layer-by-layer photocrosslinking to fabricate 3D structures by a spatially
selective state-change of fluid in the reservoir (320). The first medical application was the
reconstruction of high precision, detailed cranial tissue with (321). A 2D pattern is projected on
the bioink reservoir (Fig. 15A), allowing the formation of the intended 3D structure. As the method
uses light, no shear stress is applied and cell viability is maintained. Importantly, this method is
considered high resolution, with the ability to generate 3-pum features in a 100-pum-thick hydrogel
(322). SLA is one of the additive manufacturing techniques defined by VP (Fig. 15B). A version
of SLA, termed as pu-SLA, aims to produce (sub)micrometre-resolution printing via the bespoke
laser-based SLA set-ups, allowing the printing of complex micro-geometries.

In DLP, the cross-sectional area from each layer of the computed model is oftentimes
printed by projecting light onto a digital micromirror device (DMD), containing up to one million
micro-mirrors, or a liquid-crystal device. This projects a 2D pattern into the resin reservoir,
enabling the solidification of an entire layer in a single exposure. Afterwards, the platform is
translated in the y-axis and the process is repeated until the completion of printing (323,324). DLP
printing has a remarkable printing speed that can reach 0.05 m/s and an acceptable resolution of 1
to 2 um with a layer thickness of 1 to 10 um (325). This is achieved by eliminating the interfacial
interfaces, and materials printed with inclusion of cells have shown superior cell viability (>85%)
(325).

Both SLA and DLP processes involve a layer-by-layer deposition of photocurable resins,
supported by a static bed (323). However, DLP allows for parallelisation of the photocuring
process which results in faster printing, and a more efficient operation at a wider range of
wavelengths. The efficiency of DLP methods also rely on their ability to use customised resin
reservoirs and small volumes of photoreactive resin (326).

3.6.2. Inkjet Bioprinting

Boland et al. patented inkjet bioprinting in 2003 (327). The concept is analogous to 2D
inkjet printing, with the ink replaced by bioink and paper by a 3D platform, allowing the formation
of 3D structures (328). As illustrated in Fig. 15C, the deposition of bioink is controlled by
changing the extrusion nozzle size via thermal or piezoelectric actuators. The deposition of bioink
will eventually build the intended 3D structure. This technique is considered a low-cost, simple,
rapid, high cell-viability, and high-resolution bioprinting method (329-331). Gao et al. used a
bioprinter, to deposit eight materials and crosslink bioprinted units to create a mechanically strong
and suitable structure for bone and cartilage applications (329). Yoon et al. innovatively combined
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inkjet bioprinting and spray-coating techniques producing bioprinted tissues that showed very high
cell proliferation, in addition to a remarkable cellular activity (332).

3.6.3. Laser-Assisted Bioprinting

Duocastella et al. first introduced laser-assisted bioprinting to the tissue-engineering field
(333). Similar to inkjet, this is a direct-writing technique but importantly it uses a high-intensity
pulsed laser to print the bioink. This method has a set-up as shown in Fig. 15D, consisting of two
parallel surfaces called the ribbon and the acceptor surface. The transparent ribbon material
(typically glass or quartz) has the bioink coated on top of a thin layer that absorbs the laser light
(e.g., a 10- to 20-nm-thick layer of gold). The printing occurs when a laser is focused at a certain
specific pixel of the ribbon, the absorbing layer vaporizes and impels a small droplet of bioink due
to the increase in pressure. The impelled droplet deposits on the acceptor surface. This method
maintains a very high cell viability in addition to its very high resolution. However, it is still not a
frequently used technique due to its high cost and the need for further optimisation studies (334—
336).

3.6.4. Extrusion-Based Bioprinting

Zein et al. introduced the extrusion-based mechanism for 3D bioprinting (337). Fig. 15E
illustrates the two main techniques used: pneumatic and mechanical driven extrusion. Pneumatic
systems, which can be a valve or valve-free, use pressure to inject bioinks onto a platform (338).
Mechanical systems can be controlled by a piston or by a screw. The aforementioned systems serve
to inject bioinks that will deposit and form a 3D structure. The extrusion-based technique can be
used for high-viscosity bioinks and is a continuous and not droplet-deposition method, however
there is a moderate impact on the viability of cells due to the high shear stresses imposed in this
technique (330,338,339).
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3.6.5. Electrospinning-Based Bioprinting

Melt electrospinning-based bioprinting (MEBB) is another form of electrospinning,
where a high voltage is applied to melt the polymer coupled with the solidification process. This
process can achieve a high level of control and resolution. MEBB showed the ability to deposit
fine fibres up to 650 nm, which may be utilised to increase the resolution of bioprinting. Fig. SF
shows the setup consisting of a robotic stage where the electrospinning equipment is set, an
extrusion system, a pneumatic regulator, and a high-voltage source. This method can either apply
a continuous or discontinuous deposition of inks (340-343).

4. Applications

Human tissues are porous in nature. This porosity ranges from the nanometre scale, to
allow the diffusion of oxygen and metabolites through the ECM, up to the millimetre-scale, seen
within the trabecular bone (344). The organisation of pores in native tissue is complex and
hierarchical, playing a vital role in its mechanical properties and biological functionality. Each
tissue has a different arrangement depending on its function and location in the body.
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Mimicking these structures is key for the development of successful scaffolds for clinical
applications. Initially it was often not possible to use synthetic materials for larger-scale
organ/tissue repair due to the limitations of diffusion and poor integration with the host tissue that
resulted in poor cell infiltration, necrotic cores, fibrotic capsule formation, and subsequent graft
failure. However, recently, the potential to control the pore size, interconnectivity, and porosity
has led to the possibility of viable scaffolds for implantation.

4.1. Bone Tissue Engineering

In bone replacement scaffolds, porosity and material topography play imperative roles in
helping modulate osteogenesis and neovascularization. High and variable porosities and pores
larger than 100 pm are ideal for nutrient diffusion, the development of the osteons, and
mineralisation (147). Diverse geometries and surface topologies can be observed in Fig. 16A.
However, by increasing the previous features, a decrease in the mechanical strength of the porous
structure can impact their performance, as bones support for high-load-bearing regions.

Due to their notable mechanical properties, metals were the first materials to be considered
suitable for bone regeneration, in particular in load-bearing applications. However, they are
intrinsically bioinert and diverse efforts have been made to promote their biocompatibility,
bioactivity, and enhance their osteoconductive and/or osteoinductive characteristics. For example,
micro-/nanoporous Ti scaffolds have been surface-modified to improve osteoblast attachement and
differentiation (345). A more recent study developed 3D-printed porous Ti (Ti6Al4V) scaffolds
with pores around 600 um and reported favourable bone ingrowth and fixation stability (Fig. 16B).
Improved bioactivity was achieved by an alkali acid-heat treatment and simulated body fluid (SBF)
immersion (346). In a third approach, 3D-printed stiff T1 scaffolds were coated with polyamide,
and demonstrated to trigger bone regeneration in in vivo sheep trials (Fig. 16C) whilst maintaining
their load-bearing structural role (347).

CaPs, although showing great promise in terms of biocompatibility and osteoconductivity,
are heavily limited by their low toughness and poor fracture resistance. Various studies have
demonstrated enhanced properties obtainable from CaPs with the addition of structural coatings
(through sol-gel or electrodeposition) or by using ECM proteins, such as type I collagen, which
forms a critical component of the bone (348,349). Inzana et al. recently produced macroporous
collagen-CaP scaffolds using a low-temperature inkjet 3D-printing methodology (350). Their
results showed that the fabricated scaffolds had greater mechanical strength as well as allowing
for increased bone regenerative capacity within a critically sized murine femoral defect. As an
alternative proposal, octacalcium phosphate (OCP) has been doped with Fe** to enhance affinity
and cell growth, whilst promoting angiogenic differentiation through its controlled release
(347,351). The final porous structure and pore orientation can be found in Fig. 16B (351).

Synthetic biocompatible or/and biodegradable polymers such as PLA, PCL, and PEG are
commonly used in bone scaffolds due to their customisable chemical, physical, and mechanical
properties. Polymer composite scaffolds have shown to improve osteogenic abilities; for example,
the addition of PEG into porous PLA scaffolds supported growth of mineralising osteoblasts (80).
Through 3D-printing technologies, a PLGA/TCP/Icariin (PTI) scaffold was manufactured and
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showed a stable structure with enhanced angiogenesis properties when implanted in a necrotic
rabbit model (352). Additionally, the composite had a controlled degradation whilst maintaining
its structure. The relation between the mechanical properties and degradation rates are reported in
Fig. 16D.

Other common materials popular due to their mechanical stability include MBG, which
has been demonstrated to be biocompatible and osteoinductive (339,353,354). Zhang et al.
manufactured MBG scaffolds containing strontium forming a highly porous scaffold with
increased biological activity. Strontium, a trace element found within human bone, promotes
osteoblast differentiation and inhibits the osteoblasts’ bone-resorbing activities (354). Their study
used 3D-printed slurries made of Sr-MBG and PVOH with compressive strengths of ~8-9 MPa,
comparable to that of trabecular bone, as well as a good apatite-forming ability in the osteoblast-
like cell line MC3T3-E1. Whilst the use of slurry-based inks may bypass the use of toxic solvents,
the process is restricted by long drying times between layer deposition, limiting their use for the
larger and more complex scaffolds that may be necessary within bone engineering. A similar glass
approach was developed using chitosan-diatomite composites (silica) where high porosities (82-
90%) and pores larger than 200 um exhibited high compressive moduli and early mineralisation
(355). The different pore and interconnected morphologies can be observed in Fig. 16E. Finally,
having in mind the importance of both mimicking the porous structure of the bone, and bearing
the mechanical load from the host tissue, a trimodal MGB scaffold was manufactured with meso-
, macro-, and nanopores enriched with BMPs, was demonstrated to perform successfully for
medullary cavity reunion (189).

It is clear that the macro- and microstructures of the constructs play an important role in
the modulation of osteoblast survival and osteogenic mechanisms. This growth is complemented
by the long-term support of the structure. However, challenges in bone regeneration remain in
defining clear parameters for the balance of physical, mechanical, chemical, and biological
features.
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Fig. 16. A) i) Structural analyses of trimodal MGB scaffolds: SEM images of the macroporous networks (upper row) and surface
topologies (bottom row). ii) SEM images of the LTi-1 Ti porous scaffolds. iii) Scaffold pore architecture guides cell migration in
vitro. Here, a perpendicular to the direction of directional freezing during production. B) uCT images i) and SEM internal structure
ii) of an iron-doped OCP/PLGA scaffold for potential cancerous bone regeneration. iii-iv) The characteristics of the ceramic 3D-
printed hollow-pipe-packed BRT-H scaffolds. Channels = 500 um. v) Micrographs of 3D-printed porous Ti6AI4V specimens for
mechanical in vitro test. vi) Failure modes observed in unfilled samples of porous Ti structures. C) Bone ingrowth observed in four
scaffold groups (Ti control: TC; Ti biomimetic: TB; Polyamide biomimetic: PB; and Polyamide control: PC). Samples are plotted
in the order of decreasing stiffness: TC — stiff, TB and PB — matching the moduli of trabecular bone, PC — most compliant and
anisotropic. Box plots are superimposed onto the same graph. D) Mechanical changes in volume and mechanical properties during
degradation of PLGA/TCP/Icariin: PTI) scaffolds in vitro. E) SEM of biosilica incorporated chitosan scaffolds with 100x (1 mm),
250x (500 um), and 1000x (100 um) magnification. Reproduced from Open Source: Aiii (356), C (347); with permission from
Elsevier: Ai (147), Aii (345), B:i-ii (351), B:iii-iv (357), Bv (346), Bvi (358), D (352), and E (355).

Abbreviations: BRT-H: Silicate Bioceramic; MBG: Mesoporous Bioglass; uCT: Micro-Computed Tomography; PTI:
PLGA/TCP/Icariin: Poly(Lactic-co-Glycolic Acid)/p-Calcium Phosphate/Icariin; SEM: Scanning Electron Microscopy.

4.2. Auricular Tissue Engineering

The externally visible part of the ear, which is mainly constituted from elastic cartilage, is
termed the auricle and is mainly responsible for collecting and converging sound to the middle ear
(362). Auricular damage therefore not only affects the aesthetic appearance of the individuals but
also compromises their hearing capabilities (359). The medical concerns around auricular
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malformations emerged back in 1920s, while in 1930s, the need for the development of scaffolds
that are biocompatible and stable to reconstruct the auricle area was clearly stated (360). This
opened the door to research in the area where both the autologous surgical procedure and
reconstructive scaffold development were studied in detail.

Aside from the difficulties finding suitable autologous tissue (361), many issues were faced
when using autologous costal cartilage. These include the need for several surgeries to complete
the reconstruction of the compromised donor site, significant pain after surgery, pneumothorax
risks, and the fact that the results are not always optimal even when performed by an expert (362).
This had shifted the research attention towards alternative approaches and spiked interest in tissue
engineering using biomaterials. Some of the main approaches followed in auricular tissue
engineering are shown in Fig. 17 and will be explained in the following section.

Among the many alternatives developed, implanting and growing a constructive scaffold
on the back of a mouse is one of the most famous (363). In the first work based on this
methodology, a copolymer PLA and PGA scaffold was seeded with primary chondrocytes and
then implanted subcutaneously. New cartilage started to grow from the explanted tissue after 12
weeks. This was the beginning of many studies based on this methodology (364-375). The
interested reader may refer to other reviews for more details (376,377).

Strategies differed from an in vivo method where, after scaffold implantation, the
surrounding tissue provides cells for new tissue development, to other approaches that improve
this tissue formation in vitro or ex vivo by combining the scaffolds and cells (367,378).

Many biomaterials, both synthetic and natural, have been explored for the development of
scaffolds with an architecture similar to that of the auricle. Moreover, many polyesters such as PU
(379), PGA (368), PCL (364,375,380-382), and PLA (383) were part of the biodegradable
synthetic biomaterials used in auricular tissue engineering. Other synthetic biomaterials used for
scaffold development comprise biostable inert materials, including PE (365,378). On the other
hand, many natural biomaterials have been investigated including alginate (375), nanocellulose
(373), and a mixture of alginate and silk (384).
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Fig. 17. Some of the main strategies for auricular tissue engineering. A) i) Random and pore ear scaffolds before, during, and afier
seeding. Random and spherical pore ear scaffolds (left). Scaffold in Sylgard® mould (mid). Scaffold seeded with chondrocytes in a
collagen-hyaluronic acid hydrogel (right). ii) Ear scaffolds after subcutaneous implantation. Posterior surface up on right dorsum,

anterior surface up on left dorsum (left). Anterior face surface details (right upper) and anterior oblique view highlighting excellent
projection (right lower) (385). B) Printed PU auricular prostheses with varying degrees of porosity; i) starting from left to right:

non-porous PU; microporous PU; and macroporous PU. ii) Ear scaffolds after subcutaneous implantation (386). C) 3D-printed
complex anatomical structures based on PCL with PVOH support of the right ear. i) CADs showing permanent (red) and sacrificial
(grey) components. ii) Printed structures showing PCL (bright white) and PVOH (off-white). iii) PCL scaffold after sacrificing
PVOH support (387). D) i) Modular approach where each module exhibits decreasing cross-sectional diameter and allowance of
adequate oxygen gradient. i) Assembled modular construct printed in PCL ii) that displays satisfactory aesthetic appearance under
rubber ‘skin’ (388).

Abbreviations: PCL: Poly(e-Caprolactone); PU: Polyurethane; PVOH: Polyvinyl Alcohol.

During in vivo implantation, the scaffold needs to be stabilised, which is why metals, such
as Ti, have been used in the process (389). Comparing the collagen scaffolds manufactured in a
PDMS mould both with and without the Ti framework, it could be seen that a distorted and
flattened geometry was obtained when the metallic framework was not used, unlike the relatively
unchanged geometry when Ti was deployed (389). Another study combined the use of Ti
framework with polymer meshes developed using electrospinning and implanted in mice, which
demonstrated a new cartilage formation that retained its shape with time due to the metallic
framework (364). It should be noted here that although this approach has its advantages in
stabilising the structure during the formation of the neocartilage, another surgery will be needed
to remove the metallic framework.
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Manufacturing scaffolds with an appropriate geometry is possible using many
biofabrication strategies to accurately reproduce the geometry of the designed mould
(384,390,391). Additive manufacturing was the technique of choice in many studies (375,380—
382). Additionally, bioprinting was used for the same purpose where hydrogels, or bioinks, are
used for 3D construct manufacturing. Several studies have also reported methods that combine
more than one strategy in the same process, such as the manufacturing of polymeric scaffolds to
serve as the mechanical support for the structures that are bioprinted (375,380-382). In such
studies, additive manufacturing was used to produce PCL scaffolds, which in turn were bioprinted
with alginate that contained chondrocytes, or were deposited with the plain alginate, specifically
in their pores, after being seeded with a rabbit’s auricular chondrocytes (382). Comparing the two
approaches, it was reported that bioprinting the cells on the PCL produced scaffolds with better
levels of GAG, and collagen type II, as well as increased cell viability levels compared to the
strategy where cells were seeded onto alginate. Furthermore, better regeneration was observed
upon performing the implant in a rabbit’s ear when the cells bioprinted on PCL were used, as
opposed to the partial regeneration observed when using the PCL scaffolds seeded onto
chondrocytes. Other methodologies based on combining different biofabrication strategies were
also reported. Moreover, the combination of PCL supportive structure and the selective dispensing
between the decellularized cartilage-based ECM polymer filaments or alginate along with
auricular chondrocytes was also stated (375). Using this methodology, GAGs and collagen type
II, which are the hallmark of cartilaginous tissue, were observed following 8 weeks of the in vivo
experiment of the subcutaneous implant in mice.

One of the challenges facing is finding an appropriate cell source to develop a cartilaginous
framework (392). Many approaches had been evaluated for this purpose where one of the most
common is the use of chondrocytes isolated from the patient. However, many concerns such as the
dedifferentiation of chondrocytes, along with the limited availability, have urged research to move
in an alternative direction. Moreover, combining bone marrow-derived mesenchymal stem cells
(BMSCs) with primary articular chondrocytes in different ratios was one of the alternative
approaches proposed by Kang et al. for ear cartilage engineering (305). It was reported that, for
new cartilage tissues to form in vitro, at least 30% of chondrocytes viability is required.
Consequently, cells were used in different ratios for culturing of PGA fibrous nonwoven scaffolds,
and it was reported that a smaller construct size was obtained when fewer chondrocytes and
BMSCs were used relative to different conditions. After 8 weeks cultures with more than 30% of
chondrocyte viability were comparable to chondrocyte controls in terms of GAG, collagen type II
deposition, as well as mechanical properties. Morrison ef al. investigated a similar approach where
the combination of BMSCs and collagen type I hydrogel was tested (372). Thermal gelation was
applied to the cells encapsulated in the hydrogel, and the implantation took place in nude mice.
Comparing the results obtained using this approach to 100% chondrocyte and 50:50 ratio of
chondrocytes to BMSC after one and three months, significant resorption was reported but a lower
expression of GAGs especially for the 50:50 ratio. The previously reported studies shed light on
the interesting approach of using animal stem cells from bone marrow combined with many
cartilage sources, but it is still not validated in humans, which means that notably more work needs
to be done in order to use such approaches clinically (393). Human cell sources have also been
investigated, where a combination of stem cells derived from the human adipose, and scaffolds
derived from small intestine submucosa had been previously reported (394).
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Up until now, the tissue engineering approaches reported were validated both in vitro and
via using different animal models (379,384,390). Different conditions and materials were tested
on small rodents where a partial scaffold is implanted subcutaneously; however, the use of the
reported results to develop a full-size human scaffold model is still very limited. It is only recently
that the very first human clinical trials were reported (383). In this study, patients affected with
microtia had been treated using different approaches based on their case Fig. 18. Data from a pCT
scan of the patient’s ear was used to construct a 3D model. A negative mould was then prepared
using a 3D-printing technique that produced a master of the ear. The scaffolds consisted of two
PGA nonwoven fibre layers that surrounded a PCL inner core and were coated with bonded PLA.
The microtia cartilage was used for the collection of the autologous cartilage biopsies, and in vitro
expansion and isolation of the chondrocytes was performed. In the first surgery, the implantation
of a skin expander was necessary to obtain enough skin to cover the implant in the second surgery.
Before the re-implantation occurred, in vitro culturing of the scaffolds seeded with chondrocytes
took place for 12 weeks. The implantation of this in vitro cultured scaffold took place in the second
surgery and the skin expander provided extra skin to cover the construct. The patient developed a
mature cartilage and benefitted from an adequate aesthetic reconstruction as reported by the
authors when referring to the follow-up at 2.5 years after surgery. This significant advancement in
the field still needs to be coupled with more details on the function of the ear, and a discussion on
the middle and inner ear structures development, since microtia and anotia patients often suffer
from other complications in the middle and inner ear. Additionally, the focus of such studies should
not be centred only on the aesthetic aspect, but rather on restoring the hearing function of the
patient as part of functional therapy.

Auricular tissue engineering has evolved significantly over the last few years, but
challenges still need to be addressed to make a real breakthrough in the field. As a poorly
vascularised tissue, it struggles to promote transfer of molecules and nutrients. The generation of
skin to cover the implant, which takes extensive time and needs to be done in a more efficient and
timely manner. However, the preliminary clinical trials show great promise and could be the next
alternative therapy to autologous tissue.
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Fig. 18. Schematic representation of a human auricle reconstruction using human ear-shaped cartilage developed through tissue
engineering. Adapted with permission (383). Arrows in red refer to lab procedures while arrows in blue are surgical procedures.

Abbreviations: 3D: Three-Dimensional; CT: Computed Tomography, Post-OP: Postoperative.

4.3. Articular Cartilage Regeneration

While cartilage is innervated, it lacks blood vessels, making healing and regeneration
difficult. Therefore, for effective chondral regeneration biomaterials must offer a spatial frame for
new cell proliferation, migration and differentiation. Due to concomitant diseases associated with
the loss of cartilage, most of the biomaterial proposals for chondral regeneration have focused on
articular cartilage. This tissue is formed by 4 layers that differ in fibre composition, orientation
and organization, which influence the cell concentration and morphology. Early approaches have
intended to reproduce a single matrix that can be used for regenerating one or all layers, whilst
novel approaches include graded and multi-layer scaffolds that resemble the host tissue, as shown
by the complex designs in Fig. 19A and Fig. 19B (395-397).

Due to the viscoelastic nature of the native tissue, materials as hydrogels, colloids and soft
polymers are commonly used for chondral regeneration as they can bear and recover from load
cycles, through biphasic viscoelastic behaviour (where the internal tissue fluid pressure interacts
with the load through a slow stress-relaxation process) (398). Eftekhari et al. reviewed the most
common materials used for this application and highlighted that hydrogels have good degradation
rates and encourage ECM production but lack mechanical stability and positive cell adhesion
(399). On the contrary, polymers have good mechanical strengths and strains to failure, but most
cause immunoreactivity and present complications for degradation. However, as a middle ground,
both materials are mostly biocompatible, and good for drug and cell delivery. Challenges for any
proposal in this area remain on encouraging a hyaline-like tissue formation.
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The geometrical configuration of the implant/scaffold is important in two ways: it provides
a stable temporary frame for the formation of neotissues, and it helps the transfer of fluids,
molecules and cells. The compressive and tensile moduli of human articular cartilage have been
reported as 0.079 £+ 0.039 to 13 = 4.2 MPa, and 0.76 £+ 0.13 to 54.6 £ 37.6 MPa respectively.
Olubamiji et al. studied the various molecular weights associated with pore size, orientation, and
spacing on PCL scaffolds and their influence on the mechanical properties of the material. By
independently varying pore size and spacing the porosity of the scaffolds differed significantly;
however, it was barely affected by pore orientation. Nonetheless, even with mixed pore
configurations, the scaffolds did not collapse and their mechanical properties were still close to
those in the host tissue (400).

This is not the case for natural polymers and hydrogels, which struggle to keep solid
structures. Mechanical properties of silk-fibroin-chitosan freeze dried porous scaffolds were
tailored obtaining compressive moduli close to that the native tissue (401). The compressive
moduli of sodium alginate-gelatin constructs have been tuned to reflect those found in vivo by
varying the thickness, slice gaps and scaffold size. Kankala’s populated scaffolds can be observed
in Fig. 19C (402).

Pore geometry and orientation have been shown to impact cell differentiation. Electrospun
oriented nanofibers showed a higher level of GAGs and type II collagen compared with
microfibres, and were better suited for the superficial layer of the articular cartilage (403).
Preference for nanofibres has been confirmed by Chen et al. who incorporated glucosamine sulfate
(GAS) to their PCL/GAS nanofibres and studied the release of ECM in them (404). Other
macromolecules have been incorporated into electrospun nanofiber meshes to enhance cell
recognition and adhesion including amino groups from chondroitin sulfate, one of the most
important GAGs found in cartilage (18), and illustrated in Fig. 19D.

Biomaterials should also address the biological environment. Hydrogels, both IPNs and
SPNs, have been extensively used as they retain molecules and cellular bodies, and can be tailored
to disintegrate to various rates. Additionally, they can be enriched with drugs, macromolecules,
and growth factors (402,405).

Zhao et al. photocrosslinked a chitosan-alginate-based scaffold, porous through salt-
leaching (406). They took advantage of the biocompatibility, low immunogenicity and
biodegradability of the chitosan and improved the cell adhesion through the addition of gelatin.
They observed cell adhesion and proliferation rates increased for 14 days; this differentiated
behaviour promotes the production of type II collagen, also found on chondrocytes seeded on
channelled constructs obtained from collagen sponges (407) and decellularized porcine articular
cartilage (408).

The latest proposals are hybrid scaffolds where the inherent inflammatory effect from

synthetic materials is balanced by the addition of natural ones in-formula or as a coating through
hydrogen bonding, ionic interactions, and chemical or mechanical crosslinking (409—411).
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NF/DCECM

NF/DCECM

Fig. 19. 4) SEM micrographs of: i-ii) Top surface of 400 mm-3D funnel like collagen sponge. Red circles, green circles, and blue
circles indicate large surface pores, small surface pores, and inner bulk pores, respectively. iii) Heat-treated lactose-crosslinked
fish gelatin-based porous scaffolds. iv) Nanofibrous GAS-PCL mats. B) Layered gelatin/PLLA scaffold models and their structure
after the printing process. Samples prepared for mechanical tests. C) Chondrocytes distribution on 3D-printed sodium alginate-
gelatin scaffolds. i-iv) SEM images showing the adhesion of chondrocytes after i) 1, ii) 3, iii) 5, and iv) 7 h. v-vi) CLSM images
showing the distribution of cells over the scaffolds at different magnifications. D) Confocal microscopy images of hACs seeded
onto i-iii) PCL-NFMs and iv-v) chondroitin sulfate-immobilized PCL-NFMs along the time course of the experiment (i.e., 14, 21,
and 28 days). Cytoskeleton evidenced by phalloidin is shown in red, nuclei are stained blue for DAPI and vinculin is stained green.
E) Cell morphology and cell viability assay of 3D nanofibre DCECM scaffolds. i-iii) SEM images of chondrocytes seeded on the
scaffolds after 3 days of culturing. iv) Cell adhesion rate on all three scaffolds. v-xii) Confocal microscopy images of live/dead cell
staining of the scaffolds seeded with chondrocytes after 1, 5, and 10 days of culturing, respectively. Reproduced from Open Source:
C (402); with permission from Elsevier: Ai-ii (407), Aiii (410), Aiv (404), B (412), D (413),; and permission from ACS: E (19).

Abbreviations: CLSM: Confocal Laser Scanning Microscope; DAPI: 4',6-Diamidino-2-Phenylindole; DECM: Decellularized

Cartilage Extracellular Matrix; GAS: Glucosamine Sulfate; Hacs: Human Articular Chondrocytes; NFM: Nanofibres Meshes;
PCL: Poly(e-Caprolactone); PLLA: Polylactic Acid; SEM: Scanning Electron Microscopy.
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4.4. Reconstructive Tissue Engineering

Although there are still many challenges in the production of complex artificial organs,
there are a few applications that have already found their ways through to the clinic, such as skin
grafts, trachea, and hernia repair implants (414-416).

Many different biomaterials are available for use in reconstructive medicine. Hsieh et al.
reviewed one of the most popular techniques for the development of porous materials for
reconstructive surgery, 3D printing, and reported that porous scaffolds could be printed with long-
term fidelity and controlled mechanical properties, with the aid of computational models and CAD
for presurgical planning and the implantation of patient tailored constructs (417). In addition to
the reproduction of robust complex structures, scaffolds have been ameliorated through coatings,
and molecule or drug delivery systems (416,418).

Although there has been a huge advancement in 3D-printed materials for reconstructive
surgery in the last 10 years, some challenges still need to be overcome: i) the biological transition
from inert to biofunctional/mature materials ready for implantation); if) a technological jump, as
there are only few matches between materials and manufacturing techniques; and ii7) the regulatory
gap between reliability and safety related to upscaling (419).

Reconstructive tissue engineering has shown success in the repair of the largest organ, the
skin. 3D printing has been used to produce chitosan-based porous (400 um) scaffolds, that
provided successful cell adhesion and proliferation in both in vitro co-cultured structures
(fibroblasts and keratinocytes), and in vivo in diabetic rats’ wounds (420). Similarly, porous
pullulan/gelatin (PG2) scaffolds manufactured through particulate leaching and controlled
degradation showed good in vivo results in mice for healing kinetics, wound bed-body immersion,
and scarring. Fig. 20Ai shows the internal porous structure that supported wound-healing (421).
The effect of porosity has also been explored in silk fibroin (SF) scaffolds with a mixture of micro
and nanopores that supported neogenesis and collagen matrix formation of fibrous microstructures
for dermal tissue reconstruction (Fig. 20Aii) (67). However, enhancing innervation and
vascularisation of the constructs has yet to be addressed. To support angiogenesis, gelatin-
sulfonated silk constructs were 3D-printed and supplemented with fibroblast growth factor 2
(FGF-2). Successful granulation and wound healing were observed; vascularisation aided by the
FGF-2 (422). Joseph et al. also confirmed the benefits of supplementing their PCL-gelatin
scaffolds with growth factors and human urine-derived stem cells (423).

Surface modifications have also shown positive results on dermal flaps. Electrospun PU-
PLLA constructs surface modified with acrylic acid were studied both in vitro and in vivo with
enhanced cell proliferation rates and a greater angiogenic response in comparison with uncoated
membranes (227). Similarly, cellulose-gelatin emulsions were used to increase the natural
polymer’s bioactivity and cell penetration (Fig. 20Aiii), accelerating the wound healing process
(424). A treatment on pressure sores has been robustly developed on fibrin/alginate porous
scaffolds combined to a plasma polymerised PDMS membrane which is intended to aid chronic
pressure sores treatment. The hybrid membrane increased its material stability whilst still
enhancing cell infiltration and proliferation, illustrated in Fig. 20B (425).
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Challenges still remain as current manufacturing techniques are unable to fabricate large
flaps of artificial skin with full vascularisation, and tissue engineered skin with functional
structures (e.g., sweat glands and hair follicles) has still not been generated successfully (426).

Vascularisation and innervation of implants have also been studied on their own.
PLL/PLGA porous scaffolds that have been shown to induce neuro-vascular interactions were co-
cultured in a system supplemented with genetically encoded calcium indicators (GECIs) (427).
The study allowed the research group to monitor functional activity of the neural and vascular
network in complex constructs (428). From the neural perspective, wall morphology has an impact
on the material’s resistance. The influence of the cross-sectional morphology of porous PLGA
conduits were studied through modelling and mimicking a force stimulus. They developed a
comprehensive study on porosity, number of layers and their arrangement. As a means to study
vascularisation of scaffolds, Kong et al. assembled a tissue flap into a vascular pedicle, using the
body as a bioreactor (429). By connecting their early vascularised construct to a human capillary
network, they could track the tissue cells’ behaviour, and the angiogenic process. The proof of
concept allowed them to understand what other parameters and supplements would impact the
healing process, compared to the native human abdominal skin.

Tissue engineering has also been employed to reconstruct genitourinary and
gastrointestinal tissue. As shown in Fig. 20Bi-ii, hollow collagen hyaluronic with platelet-rich
plasma doped constructs can be tailored for use as ureter-like tubular and bladder-like scaffolds
due to the natural collagen’s chemical composition and the scaffold’s ability to withstand fluid
pressures (430,431). In a similar context, abdominal tissue regeneration has also taken advantage
of porous solutions. A radial pore-oriented collagen scaffold (RP-Composite) was tested in rabbit
diaphragmatic hernias. The pore size and orientation (Fig. 20C) impacted in the pressure
resilience, but denoted overall better results than on commercially available scaffolds (432).
Similarly, pectin-based 3D porous scaffolds with tailored degradability and the possibility to be
used as cell carriers were studied for use in peritoneal adhesions due to their potential antiadhesive
effects (Fig. 20Cii, iv) (433). Finally, porous poly(L-lactide-co-e-caprolactone) (PLCL) scaffolds
have been proposed for vaginal tissue engineering due to their elastic modulus and
biocompatibility, evidenced by the cellular results on epithelial and stromal cells (434).
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Fibroblasts have shown a positive alignment with polymeric fibrils, with a potential for
surgical and reconstructive biomedical applications. Soft tissue augmentation can also make use
of porous structures, as shown by a study with volume-stable collagen matrices (VSCM) that
suggested a short inflammatory phase and full integration with adjacent soft connective tissues,
illustrated in Fig. 20D.

Additive manufacturing has also found a niche in soft tissue reconstruction, specifically
breast tissue, which faces current challenges in guiding the regeneration of both adipose and
fibrous tissue in large sections. CAD models tailored to a patient's scan have helped to study the
mechanical properties of the host tissue. These models have been used to create simulated external
frames composed of geometrical arrangements that mimic the original tissue and provide a stable
interconnected frame. Additionally, each line of the net has an internal porosity (1.25-2.5 mm),
that allows the construct to be used as molecule/cell carrier (Fig. 20Div) (435). The benefits of
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interconnected scaffolds for surgical applications have also been explored by Hosseini ef al. to
create anisotropic porous microfibrillar scaffolds made of PGA and poly(4-hydroxybutyrate)
(P4HB) (436), shown in Fig. 20D.

Fluid & Pressure Skin regeneration

Abdominal T regeneration

A \ v v
TN g-‘_‘ _ so yrl
D, PcAIh | 15w X400 %% 21512018} ,0

) Two f the breast impl ddress ih lv Vv
and biological requirements for regeneration of large volume 0% stretched
>,

External structure minimizing loads
transferring into the growing tissue
within the internal structure,

Internal structure acting as a tissue guidance and
providing biomimetic environment akin 10 the native
tissue

1o combine ld-based with |

Channel structure to control,
fat injection after
implantation

Gradient of pore size within
the internal structures to

avoid fat leaking a ]
| \

Soft & adipose T regeneration

Fig. 20. Some of the alternative applications of porous materials in reconstruction and tissue regeneration. A) i) Confocal
microscopy of HUVEC cells on silk fibroin scaffolds. ii) Preparation of PG2 by a combined particulate leaching/cross linking
process. iii) Reconstructed 3D projection image of a 3D microporous regenerated rBC/Gel scaffold. B) i) 3D confocal z-stacks of
scaffolds. Green arrows point at 1 mm pores present in the silicone membranes. White arrows point at the edge between the silicone
membrane and the fibrin/alginate component. Biomanufacturing tubular and hollow collagen scaffolds: Laboratory setups for
creating collagen-based ii) ureter-like tubular, and iii) a bladder-like scaffold (white arrows show collagen condensation toward
the internal mould). C) i) SEM of the RP scaffolds showing small interconnections between the collagen lamellae. ii) SEM images
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of the scaffolds based on pectine-A with attached MSCs. iii) Part of a diagram illustrating the method of connecting the human
pre-vascularised scaffold to the mouse epigastric pedicle, with the resulting construct (pedicle/scaffold) remaining within the
chamber. iv) The X-ray microtomography of porous PCL scaffolds for vaginal TE. D) i) Overview of a paraffin-embedded tissue

resin section illustrates the VSCM pores filled with blood plasma and mainly erythrocytes at 4 h after implantation; complemented
by a SEM of the 3D structure of the scaffold. iv) Internal and external structures for large volume breast re-construction. Different
designs on internal channels, oriented and graded porous structures are proposed to minimise lipo as-pirate tissue movement and
leakage. v) Top: Relaxed and stretched P4HB-PGA scaffolds for surgical applications. Double head arrows show the stretch
direction and small arrows show P4HB (false red color) interconnecting PGA fibres. Scale bar: 50 um. Reproduced from Open
Source: Civ (434), D:i-iii (437); with the permission of Elsevier: Aiii (424), Ciii (429), 4iv (435); with the permission of RSC: Ai

Abbreviations: HUVEC: Human Umbilical Vein Endothelial Cells; MSCs: Mesenchymal Cells; PCL: Poly(e-Caprolactone); PG2:
Pullulan/Gelatin; P4HB-PGA: Poly(4-Hydroxybutyrate)-Polyglycolide; rBC/Gel: Bacterial Cellulose-Gelatin; RP: Radial Pore-
Oriented; SEM: Scanning Electron Microscopy; TE: Tissue Engineering; VSCM: Volume-Stable Collagen Matrix.

4.5. Vascular Regeneration

As discussed previously, recent advancements in tissue engineering have allowed the
design and manufacture of diverse synthetic and natural materials with both optimal mechanical
and chemical properties, and the architecture to promote and enhance cellular development.
However, post-implantation difficulties still need to be addressed. One of the main concerns is
how tissue engineered constructs can promote and achieve timely vascularisation to enhance their
survival in vivo (438).

When manufacturing a vascular construct, there are two main aspects to be accounted for:
i) the size and geometry of the implant (in order to respond to changes in flow/pressure and to
cover the required distance) (Fig. 21A), and ii) the pre-implantation of cells (single or co-culturing
techniques) (439). Novel approaches in vascular regeneration include: i) traditional seeding
techniques plus the use of mechanical stimuli such as tensile strain (440) and perfusion through
bioreactors (441,442); or ii) cell encapsulation using sol-gel polymers and hydrogels (443).
Computational models of the vascularisation mechanism on tailored scaffolds have also allowed
researchers to predict the behaviour of such materials in the body (Fig. 21B).
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PCL has been used in vascular applications due to its biocompatibility, U.S. Food and Drug
Administration (FDA) approval, and tuneable biodegradability; its low mechanical properties have
been countered by blending it with other polymeric materials such as PHBV (22), PU (444,445),
PLA (446,447) collagen (448), chitosan (449), and gelatin (450). For example, PLCL tubular
porous constructs were manufactured using solid-liquid phase preparation and freeze drying, and
later cultured using cell sheets with hMSCs and endothelial cells (ECs). The cells infiltrated the
structure and populated the luminal wall, differentiating into angiogenic lineages (451). Similarly,
PCL/Nylon 6 dual was electrospun to create porous tubular structures that positively influenced
the cell morphology (fibrous like), attachment and proliferation of endothelial cells (452). Fig.
21Ci-iii illustrates a bilayered PCL/PHBV structure where PHBV (Fig. 21Civ) has been
electrospun to create an inner layer and a PCL (Fig. 21Cv) emulsion-templated scaffold forms the
external layer. The morphology of the internal and external pores, as well as the thickness of each
layer was studied in conjunction with 2-deoxy-D-ribose for improved angiogenesis (22).

A similar study used the size and organization of pores in the surface of vascular grafts, as
well as the thickness of the walls, as a measure of enhanced host integration and vascularisation.
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The response of the body to a vascular graft wall over time can be observed in Fig. 21D, and
evidenced in situ in Fig. 21E. Total blood vessel length, average invasion depth, maximum
invasion depth, total number of anastomoses, ratio of successful sprouts, and TBVL per initial
sprout were compared (Fig. 21F); higher porosities, lower thicknesses, and small-to-medium pore
sizes gave the best results (453). These rendered models have also been assessed for cellular and
blood vessel infiltration, using agent-based models as toolkits to simulate and understand complex
biological systems (454).

3D printing has been used to generate tubular and grid structures using GeIMA, sodium
alginate, and 4-arm PEG-tetra-acrylate (PEGTA) as a bioink, plus light and calcium chloride as
the crosslinking mechanism. Such tubular structures (400—1,000 um of inner diameter) were
bioprinted into 2-, 5-, and 10-layer grids with internal spaces of >1 mm. Both systems were
perfused with vascular cells, which attached, proliferated, and matured in the system (455). De
Valence et al. explored the biological response in the vascular graft wall over time, to understand
the internal mechanism of vascularisation (21). Kong et al. closely explored early vascularisation
of porous polymeric tissue flaps connected directly to a vascular pedicle, with results comparable
to the human skin after 1 week of implantation (429).

Odedra et al. studied three different ways to distribute growth factors in porous collagen
scaffolds, to support vascular regeneration for cardiac applications: perfusion, single point
injection, and diffusion, with better results by perfusion, but with an homogeneous distribution of
the supplemented media (456). Therefore, they experimented with gradient concentrations of
growth factors, seeking to enhance cell migration, promoting cell viability and proliferation for the
first couple of days in vivo. In a similar way, 2-deoxy-D-ribose and 17f-estradiol have been
proposed as an alternative to current vascularisation supplements; showing an effective
proangiogenic potential in thick (>200 pm) constructs, which usually cannot survive in vivo due
to the restricted diffusion of oxygen and nutrients (22).

Revascularisation plays a crucial role in bone remodelling, to ensure an adequate supply of
oxygen and nutrients. The role of pore size in new blood vessels was studied in vivo on biphasic
CaP particles; the functional capillary density and the volume of neo-osteo tissue increased as the
pore size increased over 28 days, with the best results seen on >200-um pores (Fig. 21E) (457).
These results have been supported in other in vivo studies, e.g., the treatment of calvarial defects
using bioactive glass scaffolds (458), and open porous magnesium scaffolds (459). Interestingly,
the 3D-plotted S-TCP scaffolds with 100-um pores showed better vascularisation results for
calvarial bones, whilst 400-pum pores proved better for endochondral ossification (460). A robust
study on this matter was developed using poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBHHX) scaffolds, with three different structures: macro pores (porosity 82%, ~300 pm),
macro-meso pores (porosity 83.9%, 300-500 pm), and macro-micro-meso pores (porosity 85.95%,
20-50 um and 300-500 pum). Even though all three structures promoted cell adhesion and
proliferation, the 3-level pore version (macro-micro-meso) best accelerated cell metabolism,
nutrient transport, and rapid formation of new blood vessels (461).
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Fig. 21. A) Micro-CT characterisation of PPF 3D-printed scaffolds: i) 800-um pores, 25% porosity, ii) 800-um pores, 50%
porosity, iii) 400-um pores. 25% porosity, iv) 800-um pores, 38% porosity. B) ABM 3D renderings of heterogeneous scaffold
vascularisation after 6 weeks for different pore sizes of i) 150, ii) 275, and iii) 400 mm. Overall scaffold porosity is 80% in all pore
sizes. C) (i-ii) SEM image of the cross-section of the bilayer PHBV-PCL tube, iii) Macroscopic image of the bilayer tube, iv) SEM
images of the of PHBV electrospun, and v) PCL PolyHIPE. D) Schematic representation of the biological response in the vascular
graft wall over time. E) Light micrographs of 300-um-thick ceramic implant vertical sections through cranial defects, 28 days after
surgery. The sections were surface-stained with McNeal’s tetrachrome. Ceramic particles (c): brown/red; newly formed bone (b):
light pink; pre-existing bone of the calvarium: magenta,; grey matter of the brain: blue/violet. i) Control (untreated) defect without
implantation of ceramic particles. ii) Ceramic particles with pores in the size range 210-280 um. Scale bars: i): 1000 um; ii): 200
um. F) In silico angiogenesis analysis of polypropylene scaffold designs with two different wall thicknesses and three different pore
sizes was evaluated for: TBVL, AID, MID, NOA, ROSS, and TBVLS. Scaffolds with high porosity (50%,), wall thickness of 100 um,
and small/medium pore sizes (200—400 um) had the best values for all metrics. Reproduced from Open Source: C (22); with
permission from Elsevier: B (454), D (21); and with permission from Wiley: A & F (453), E (457).

Abbreviations: ABM: Agent-Based Modelling; AID: Average Invasion Depth; HIPE: High Internal Phase Emulsion; mCT: Micro-
Computed Tomography, MID: Maximum Invasion Depth; NOA: Number Of Anastomoses, PHBV-PCL: Poly(3-Hydroxybutyrate-
co-3-Hydroxyvalerate)-Poly(e-Caprolactone); PPF: Poly(Propylene Fumarate); ROSS: Ratio Of Successful Sprouts; SEM:
Scanning Electron Microscopy; TBVL: Total Blood Vessel Length, TBVLS: TBVL Per Initial Sprout.
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4.6. Pharmaceutical Applications

Biomaterials have been used extensively in pharmaceutical applications, greatly benefiting
drug discovery, development, and delivery systems. Moreover, the advances in tissues
development used in bioprinting are making a breakthrough in the evaluation of drug toxicity,
where the goal is to obtain similar results using in vivo and in vitro testing of new drugs, lowering
the number of in vivo tests required and the testing phase expenses (462). Additionally, drug-
eluting devices, implants with surface drug solutions, 3D-printed tablets with predetermined drug
release doses, and anticancer drugs loaded on bioprinted tissues are all revolutionary drug delivery
systems available through the development of biomaterials using bioprinting technology (463).
This shows only part of the great potential held by biomaterial tissue engineering in personalised
medicine (462). Such principles, for example, could be applied to replace conventional
chemotherapy by developing personalised tumour models in vitro, and creating local drug-delivery
systems using cutting-edge printing technologies (463).

The integrated use of bioprinted biomaterials has enhanced both precision and cost-
effectiveness for the controlled deposition of drugs, cells, growth factors, and hormones (464,465).
Taking these advantages into account, this has resulted in a broader range of applications for
porous biomaterials in general (465). To enhance the proliferation, migration, and growth of cells,
along with the production of the ECM, it is important to promote the formation of heterogeneities
in cell distribution and their biophysical and biochemical properties matrix (464,466). These
heterogeneities are created by developing scaffolds with adequate interconnectivity and porosity
which subsequently allow for better control of genes, vascularization, and drug delivery (464). The
evolution in the field of porous biomaterials is discussed in detail in the following sections, with a
special focus on 3D printing/bioprinting for drug delivery; a schematic representation of this
technique is shown in Fig. 22).

tg

Fig. 22. Schematic presentation of the concept of pPOD forms A) inkjet printer, B) accurate drug substance formulation ink
deposition, C) precise doses of drug substance on a porous paper substrate, and D) doses inserted into capsules (or alternatively,
directly fabricated into oral dosage forms) (467).
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Abbreviations: pPOD: Printable Pharmaceutical Oral Dosage.

4.6.1. Drug Screening

The ability to predict the effects of a drug is of paramount importance in the pharmaceutical
industry, requiring 3D tissue models for drug discovery, development, and delivery systems (468).
In the conventional drug discovery pipeline, 2D cell culture is used in the screening phase,
followed by animal tests and clinical trials (469). However, native tissues are far more complex
than 2D cultures, which generate results that are not representative of the in vivo response. It was
thus essential to develop advanced models that better replicate the in vivo setting to efficiently test
and screen drugs and reduce both animal and clinical trials. Moreover, cell-to-cell and cell-to-
ECM interactions are usually limited in 2D models, while porous biomaterials offer 3D constructs
facilitating cell growth with the correct anatomy (469). Consequently, 3D models for in vitro trials
are now considered essential for the drug testing phase before proceeding to animal trials (469).

Organ-on-a-chip is an advanced technology that is continuously being developed and
applied in in vitro experimental platforms and drug screening studies (470). This technology is
designed to develop artificial living organs that reproduce the physiological reaction of real organs.
By the intentional manipulation of the artificial organ’s cells and microenvironment, drug
screening could be significantly improved (471). However, many complications are associated
with the fabrication of the organ-on-a-chip device (470). The high degree of flexibility and
capacity for automation make 3D bioprinting well suited to generate reproducible organ-on-a-chip
devices (472). The creation of biosensors and cell-laden microfluidic systems are essential for
organ-on-a-chip technology, an area where 3D printing could be successfully applied (473).
Additionally, applying bioprinting to fabricate liver, skin, and heart tissue models, as well as
microvascular networks, among others, have shown very encouraging results (473). Furthermore,
research fields that are mostly based on 2D cell cultures and animal trials, such as oncology
research, would significantly benefit from applying 3D bioprinting and mixed technologies
(474),(475). This is especially beneficial in light of the ethical concerns of human experimentation,
and the general complication of proceeding from animal models to clinical trials in such research
fields (476).
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Cancer research has also witnessed significant progress when in vitro cancer models were
3D-bioprinted (472,477). This allowed the tumour microenvironment to be precisely engineered
by spatially controlling cell organization and materials, along with biomolecule organization (477).
Moreover, advancement in cancer research was considered tightly connected to further
implementation of 3D printing in the field as it addressed many concerns related to tumour
microenvironment such as intercellular communication, enzyme kinetics and metastatic
progression, as well as cancer cell interaction with adjacent stromal cells (478). It should be noted
here that the bioink formulation used for these models must create a microenvironment analogous
to in vivo tumours especially in terms of cell heterogeneity and biomolecule distribution (479).
Thus, cancer associated fibroblasts, immune cells, and endothelial cells should be included in the
bioink formulation (480). Since bioprinting is the only technology that allows for such precise
tumour microenvironment recreation, it is considered an excellent biofabrication technology for
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the advancement of in vitro metastasis models, and the discovery of cancer drugs through more
efficient drug screening processes (478,479).

4.6.2. Gene Therapy

Gene therapy aims to treat diseases by correcting defective genes or actively transferring
therapeutic nucleic acids into the cells, thereby offering the potential to treat previously incurable
diseases (481). However, common methods for gene delivery into cells have produced
disappointing clinical outcomes, encouraging researchers to develop new approaches for efficient
gene transfection into cells (482). One of the novel approaches is the use of polymeric gene carriers
with well-defined structural and chemical properties that promote the release, transport, and uptake
of plasmids. For example, biodegradable carriers such as chitosan and PLGA showed a positive
transfection rate and lower toxicity compared to other non-degradable polymeric carrier matrices
(483).

The printing of biomaterials could reform gene therapy as it offers opportunities to transduce and
differentiate autologous cells into many lineages in a significantly more efficient manner, using
polymeric gene carriers. Nonetheless, studies that report using bioprinting in such applications
remain very few (484). When genes are bioprinted in biodegradable microparticles, the rate of
vector release to the surrounding cells can be reduced, controlling gene delivery and alleviating
the drawbacks of lowering the transfection efficiency and increasing the toxicity associated with
the usage of naked nucleic acids (484). One study reported using an inkjet cell printing technique
to transfect a plasmid vector as well as deliver cells into bioprinted tissue constructs (482). Both
in vitro and in vivo experiments showed that the transfected genes were expressed in cells,
showing the potential of this new technology. Conversely, the focus of the majority of studies
has been to utilise 3D bioprinting for non-viral gene therapy such as tissue engineering of bone
and cartilage (485). Such studies reported the efficiency of 3D bioprinting for nonviral
transfection and in vivo expression of proteins when compared to the commonly used approaches
(485).

4.6.3. Growth Factor and Drug Delivery

In tissue regeneration, the identification and production of growth factors and recombinant
morphogens are of extreme importance. These therapeutic compounds are commonly released and
activated by being spatially and temporally controlled through the use of a material carrier, as most
effective trials report (486). Challenges still remain in implementing the carrier’s manufacturing
techniques with mechanisms for the encapsulation and release of growth factors. The use of porous
materials is not new to the area, as porous matrices (mainly silica) have been used for decades in
the pharmaceutical industry as stabilising agents and to control the rate of drug release (487).
Porous biomaterials used as excipients and device platforms have been selected due to their
porosity and interconnectivity. Among such, the latest advances in polymer chemistry have opened
the path to a group of versatile biocompatible and biodegradable porous materials that can enhance,
sustain and control the release of molecules and drugs or interest (488).

This is where 3D bioprinting could potentially make a breakthrough. For example, since it
is possible to modify the rate of degradation of alginate through the alteration of its molecular
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weight, it has been used in some studies as a bioink to control the release of cell growth factors
(489). This study highlighted the potential of biomaterials used in 3D bioprinting in the
engineering of microenvironments, and it demonstrated that the release of proteins, mechanical
properties, and printability was highly influenced by the alginate’s molecular weight, the ionic
crosslinker choice, and gelling conditions. In another study, stem cell orientation differentiation
was controlled using submicron fibre scaffolds that were patterned with growth factors, to create
a primitive muscle tendon-bone unit (490).

Porous biomaterials for compound release applications are evolving to what is termed a
“host/guest” system, also referred to as molecular recognition. This term describes the
(engineered) preferential interaction between guest compounds (i.e., growth factors, drugs) and
the host (porous platforms) (491). Polymers and hydrogels, liposomes and micelles are amongst
the most used platforms for drug release (492). For example, porous polystyrene, self-emulsifying
beads were explored for a controlled release of loratadine, offering an alternative approach for the
administration of drugs that suffer limited oral bioavailability (493). Similarly, mesoporous silica-
based biomaterials have been shown to be capable of enhancing the dissolution of anticancer drugs
associated with poor solubility, therefore improving their availability and efficiency (494).

As indicated in the previously reported studies, the development of biomaterials for 3D
bioprinting holds the potential to create a breakthrough in the fields of pharmacy and regenerative
medicine. However, the limitations of 3D bioprinting still need to be addressed for this process,
for fabricating fully functional organs, which is the ultimate aim in the field. One future direction
will be the use of cells that are patient-specific for cancer treatments (personalised medicine).
Another horizon for 3D-bioprinting progress is the potential to employ bioink formulations based
on hydrogels that are stimuli-responsive thus creating dynamic tumour models (477). The use of
robotic bioprinting in surgeries is another future perspective that could make it possible to build
bioengineered tissues for humans (484).
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5. Conclusions

A wide variety of natural and synthetic materials have been proposed as biomaterials.
During the process of attempting to mimic host tissues and organs, biomaterial scientists have
developed porous and interconnected scaffolds that ensure nutrients and cells can travel through
the structure promoting the formation of new tissues and thus healing and restoring body
mechanisms.

Porous materials can be characterised according to their bulk properties (e.g., tensile and
compressive strengths, rheological properties); their pore features (e.g., size, orientation,
geometry) and interconnectivity (e.g., porosity, internal phase volume); and their behaviour when
interacting with body tissues (e.g., biocompatibility, bioactivity, tissue conductivity/inductivity,
biodegradation). Further optimization of the manufacturing techniques will lead to successful
materials which can ultimately satisfy the requirements of all involved in the clinical applications
(material scientists, surgeons, and patients).
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Materials such as metals excel for their ability to maintain shape and bear the load from
external forces, even though they are usually bioinert and non-degradable. However, challenges
remain in the duration of their structural stability and their effect in the tissue remodelling process.
Similarly, polymer chemistry has advanced to a level of control on the molecular weights and
chain heterogeneity that allowed for the creation of polymer solutions (including hydrogels) that
are reactive to external or internal stimuli, self-assembling and crosslinking at ideal conditions or
as a result of chemical cues that can be observed in vivo (497). Challenges remaining in this field
include addressing the i) logistic details of purification, sterilisation and packaging, and i)
ensuring full biocompatibility of the materials from the moment they are implanted, to their full
degradation when this occurs. Finally, ceramics and glasses have found a new avenue as co-
materials with polymers and metals. They contain mineral components naturally found in the body,
where they perform as catalysts, inducers/inhibitors, stabilisers or supplements that can be in long
contact with the body tissues or resorbed. However, opportunities for improvement remain in their
load-bearing capacity, inherent brittleness and the development of suitable and scalable processing
strategies (498,499).

The fabrication and manufacturing of porous biomaterials focuses on producing high-
fidelity structures that mimic in vivo environments. As no method is universal, techniques should
be chosen to better accommodate both the material properties, and the intended applications. For
example, salt and emulsion templating have been extensively used with polymers and hydrogels
for the creation of well-defined pores, up to the nanometer-level. This cost-effective technique
uses a variety of materials as bulk and sacrificial materials, enabling the internal geometries and
interconnectivities to be tuned and controlled. The latest studies aim to reduce and eliminate the
use of solvents and other compounds that could impact negatively on the biocompatibility of the
constructs in vitro and in vivo. Freeze-drying is a similar technique that focuses on the phase
characteristics of the material, and easily creates porous structures with attractive geometrical and
fractal patterns. As priorly mentioned, it is however limited by long drying/purification processes,
and the use of cytotoxic solvents. A hybrid alternative for such situations is electrospinning, which
still works with a diverse range of materials and reduces the use of solvents, whilst enhancing the
production of oriented fibres with tailored porosities.

Patterning techniques have been proposed that further enhance the 3D design and
functionality by offering chemical treatments on the surface of materials that can ameliorate the
biomaterial-host body interactions. Such methodologies, even if expensive, can be applied to
numerous material surfaces, significantly benefiting the clinical performances of biomaterials.

Finally, bioprinting techniques offer a unique opportunity to play with the design and
functionality, from the nanometre- to the macroscale level. Their operation has been adapted to
almost all blends of materials and have also introduced the possibility of including cellular bodies
in the printing process, opening the door to hybrid techniques that create well-controlled
environments that satisfy the host body needs during and after implantation. However, at this time,
such technologies are costly and require long development times, thus limiting their availability
and direct applications.

As reported in this extensive review, there is a massive interest in the development of
biomaterials that fulfil the requirements of cell entities and tissues, supporting their healing and
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regeneration, or even replacing them. A balance between the choice of porous biomaterials and
the manufacturing techniques will allow such specifications to be satisfied. The creativity and
innovation committed to these efforts has allowed the field of biomaterials science to grow
exponentially in the last century and undoubtedly, we can expect that to continue, specifically in
the areas linked to cancer, diabetes, immunology, cardiac and liver pathologies, among others.
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