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Bone Tissue Engineering Scaffolds: Function of
Multi-Material Hierarchically Structured Scaffolds

Tejas M. Koushik, Catherine M. Miller, and Elsa Antunes*

Bone tissue engineering (BTE) is a topic of interest for the last decade, and
advances in materials, processing techniques, and the understanding of bone
healing pathways have opened new avenues of research. The dual
responsibility of BTE scaffolds in providing load-bearing capability and
interaction with the local extracellular matrix to promote bone healing is a
challenge in synthetic scaffolds. This article describes the usage and
processing of multi-materials and hierarchical structures to mimic the
structure of natural bone tissues to function as bioactive and load-bearing
synthetic scaffolds. The first part of this literature review describes the
physiology of bone healing responses and the interactions at different stages
of bone repair. The following section reviews the available literature on
biomaterials used for BTE scaffolds followed by some multi-material
approaches. The next section discusses the impact of the scaffold’s structural
features on bone healing and the necessity of a hierarchical distribution in the

severely damage bone tissues beyond self-
recovery. While the bone tissue has a self-
healing ability, it is only capable of regen-
erating and remodeling small (<6 mm) de-
fects/damages but remains insufficient for
larger defects.[!]

The gold standard for the recovery of
larger fractures involves using autologous
grafts derived from human donors. The
limited supply of autologous grafts has seen
the development of studies focusing on
developing novel bone tissue engineering
(BTE) strategies for bone regeneration.?]
Scaffolds used for BTE applications must
be designed, taking into consideration their
structural capacity and interaction with the
extracellular matrix (ECM). For example,

scaffold structure. Finally, the last section of this review highlights the
emerging trends in BTE scaffold developments that can inspire new tissue
engineering strategies and truly develop the next generation of synthetic

scaffolds.

1. Introduction

Bone is a multifaceted tissue that provides structural support
while simultaneously contributing to critical biological functions
that keep us alive and functioning. It protects our soft tissues
from the physical trauma endured while doing daily tasks. How-
ever, like any other human body tissue, defects or accidents can
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the foreign body response is triggered due
to the preferential adsorption of fibrin onto
the implant’s surface.[?! Neutrophils in the
implant area attract monocytes to the fibrin-
dominated implant surface, which sub-
sequently differentiate into macrophages,
releasing pro-inflammatory factors such
as tumor necrosis factor-alpha (INF-a),
interleukin-6 (IL-6), and interleukin-8 (IL-8). These macrophage
populations at the injury site encapsulate the surface with fibrous
tissue, preventing any further interaction with local ECM.®! The
inability to interact with the ECM prevents the transfer of ions
and nutrients required for the damaged tissue to undergo os-
seointegration. Lack of osseointegration could eventually require
additional surgeries for removal, and therefore, compromise re-
covery in the long term. The specificity in fibrin adsorption could
be due to the scaffold’s surface charge, wettability, and chemical
composition.[l Thus, materials that positively interact with the
local cells and initiate a bone-healing response must be chosen.
Just like bone tissue, organic components present within their
structure must interact with the cells around them while inor-
ganic components enhance their structural strength. Similarly,
BTE scaffolds must have a dual function of inducing positive
healing processes while simultaneously supporting the damaged
areas.

Osteoinductivity, osteoconductivity, and biocompatibility of
the scaffold are the three critical requirements of BTE scaffolds.
Osteoinduction refers to the ability of scaffolds to recruit the host
mesenchymal stem cells (MSCs) from surrounding tissues and
differentiate them into osteoblast cells, which are responsible for
bone growth.>] Osteoconduction is the ability of the material to
facilitate the growth of cells on the scaffold.’] Biocompatibility,
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as described in the previous section, refers to the scaffold’s abil-
ity to not trigger the foreign body response when implanted. In
addition to these material properties, the scaffold’s architecture
(macrostructure and microstructure) will dictate the extent of an-
giogenesis achievable. The extent of angiogenesis is known to di-
rectly impact the extent of cell spreading, transportation of nu-
trients (blood, biomolecules, or waste), and bone in-growth.[®]
Further, the hierarchical nature of the bone structure has a
wide range of porosities depending on the type, location, and
function.”] Therefore, the scaffolds will require a range of porosi-
ties (size, shape, and extent) to function as effective BTE scaffolds.

Previous reviews have described the effects of material chem-
istry or processing techniques on the bone healing response;!®!
however, these reviews have discussed the effects of a single ma-
terial, whereas as discussed in this review, most scaffolds are
comprised of multiple materials. Although using additives, such
as signaling molecules, growth factors, stem cells, and other
functional materials, has been a popular approach to supplement
the regenerative pathways during bone healing, most recent re-
view articles do not describe the regenerative pathways influ-
enced by composite materials to improve bone healing ability."°!
Limitations of conventional techniques to manufacture next-
generation tissue engineering scaffolds (biofunctionality, patient-
specific, and degradable) have been previously discussed,!'? as
well as the role and capabilities of additive manufacturing (AM)
in the future of regenerative medicine.'') However, previous re-
view articles discussing AM for BTE applications are focused
on the operational challenges and the strategies to overcome
them.!"?] Therefore, this review aims to highlight the synergistic
effects of multi-materials and scaffold architecture on the bone
healing response. The function of materials in the bone healing
pathways, as well as structural features affecting bone healing,
and the need to introduce hierarchy to enhance the adaptability
and efficacy of these scaffolds are discussed. Conventional meth-
ods to manufacture porous material have been previously dis-
cussed extensively; thus, this review will only focus on techniques
capable of producing hierarchical porosities and the ability to pro-
cess multiple materials.

2. Scaffold Function in Bone Tissue Engineering

2.1. Structure of Bone Tissue

Bone is a living material that supports the musculoskeletal sys-
tem, functions as a source of calcium, and stores the bone mar-
row. It is organized in a complex hierarchical structure extending
from a few nanometers to micrometers, as shown in Figure 11.
The various cell types present in the ECM of these bone tissues
enable them to repair and remodel themselves constantly. Os-
teoblasts, osteoclasts, bone lining cells, and osteocytes present
at the injured site have specific functions responsible for initiat-
ing or sustaining the bone healing response. Osteoblasts are re-
sponsible for forming bone tissue by producing bone ECM com-
ponents such as type I collagen, proteoglycans, non-collagenous
proteins, and cell attachment proteins.!'3] Matrix vesicles secreted
Dby the osteoblasts and present in the ECM provide a nurturing en-
vironment for the nucleation of calcium phosphates. Mineraliza-
tion of these vesicles begins when crystalline calcium phosphates
appear inside them, this step is governed by transporter mem-
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branes and enzymes.['* Osteoclasts are multi-nucleated cells de-
rived from monocytes that are responsible for bone resorption
in response to local stimuli.l') The resorption process is crit-
ical in maintaining blood calcium levels.['*] Osteocytes are os-
teoblast cells surrounded by mineralized bone tissue.l'®! The lo-
cation and interconnectivity of these cells make them ideal for
detecting and transducing mechanical stresses into a physiolog-
ical response.['®! Osteogenic cells (bone lining cells) form a thin
layer on bone tissues, functioning as a protective layer from fur-
ther osteoclast activity. However, with suitable stimulation, they
could form osteoblasts.!"*] These osteogenic cell types are usually
up to a few microns in size depending on their location and are
the basic building blocks essential for the formation and mainte-
nance of bone tissue.

Cell types (osteoblasts, osteoclasts, bone lining cells, and os-
teocytes) are responsible for the maintenance and repair of bone
tissue. The supply of oxygen and nutrients for these cell types is
critical to ensuring their survival. The diffusion limit for oxygen
in tissues has been reported to be within the range of 100-200
um, that is, oxygen diffusion will only occur in the tissues within
200 pum of the oxygen source.l'”] The blood distributes oxygen and
nutrients to bone tissues through capillaries. The hypoxic state
of the cells at the injured site (due to the inflammatory wound
healing response triggered after the injury) triggers the release
of vascular endothelial growth factor (VEGF)."®! VEGF causes
the differentiation of angioblasts into primitive blood vessels; this
process is termed vasculogenesis and needs to occur prior to an-
giogenesis. Endothelial cells present within the tissue bridge the
gaps between these primitive blood vessels to form capillary buds
and sprouts; this process is defined as angiogenesis.['®]

The structural morphology of bone tissues can be divided into
osteons, lamella, collagen fibers, and collagen fibrils, considering
their relative sizes.[?] The collagen fibrils consist of several sub-
nanometer type I collagen molecules that are discretely separated
by plate-like hydroxyapatite (HAp) crystals and other impurities
such as HPO,, Na, Mg, and K.[?°! The fibrils self-assemble into
bundles and orient themselves in specific directions forming col-
lagen fibers with a diameter between 3 and 7 um.[?! The arrange-
ment of these fibers concentrically forms osteons in the range of
10-500 um.[2122] When these fibers are concentrically arranged
around Haversian canals, they form Haversian systems, which
are 150-300 pm thick, as shown in Figure 1II. Differences in
the arrangement of these components within the bone produce
two types called cortical and trabecular bone, as shown in Fig-
ure 1-IITa. Cortical bone consisting of concentrically distributed
osteons forms the dense exterior of bones, as shown in Figure 1-
I11d. Trabecular bone shown in Figure 11IIIb consists of a more
open network, where the empty spaces are occupied by blood ves-
sels and bone marrow. This hierarchical organization of bone tis-
sue extends from a few nanometers to micrometers, as shown in
Figure 11121

Synthetic scaffolds used for BTE provide the template for tis-
sue formation and stimulate bone tissue regeneration through
interaction with ECM. Most importantly, scaffolds are meant to
mimic the local niche of the tissue being regenerated. Mimick-
ing the local niche requires a scaffold to facilitate angiogenesis
for transporting critical nutrients, waste, and biomolecules to
the synthetic scaffold.[®) Osteogenesis, coinciding with the above
process, is augmented with the successful vascularization of the
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Figure 1. 1) Each bone tissue consists of four cell types: osteoblasts, osteoclasts, osteocytes, and osteogenic cells (bone lining cells). Reproduced with
permission.[23] Copyright 2022, Libretexts. I1) Type | collagen is an abundant protein consisting of polypeptide chains that fold into triple-helical tropocol-
lagen molecules. Tropocollagen molecules self-assemble into microfibrils, which aggregate in longitudinal and horizontal directions to form collagen
fibrils. The collagen fibrils’ dimensions vary within the bone structure.['’] Osteoblasts precipitate calcium and phosphate through the action of alkaline
phosphatase on the phosphate and calcium groups available. Stoichiometry of the precipitated calcium and phosphate is highly dynamic and often
changes depending on the required osteoclast activity.l’l The multi-scale features at different organizational levels show bone as a complex arrangement
of multi-scale tissues. Reproduced with permission.l’] Copyright 2015, Springer Nature. 11) The morphological distinction between trabecular and
cortical bone a) representing the cross-section of the long bone, b) internal morphology of trabecular bone structures, c) arrangement of lamellae within
the trabecular bone matrix, and d) arrangement of osteons in the cortical bone matrix. Reproduced with permission.[24 Copyright 2020, Springer Nature

synthetic scaffold. Physical attributes, such as pore size, poros-
ity, pore structure, and interconnectivity of the scaffold, are cru-
cial factors in replicating the local microenvironments. Recent
advances in the design of BTE scaffolds have enhanced in vivo
scaffold-tissue interactions. Table S1, Supporting Information,
also shows that using multiple materials for fabricating these
scaffolds is essential to simultaneously address both physical and
chemical attributes necessary for an effective BTE scaffold.

2.2. Bone Healing Response

Bone healing is a complex regenerative process that relies on a
cascade of events triggered by the body in response to the trauma.
The cascade of events leading up to the formation of bone can
be broadly divided into 1) an inflammatory phase, 2) a repair
phase, and 3) a remodeling phase as described in Figure 21.1%7]
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Osteoblasts and osteoclasts formed as a response to this trauma
are responsible for the propagation and termination of the bone
healing response.

The inflammatory response is activated immediately after the
trauma. It enables the recruitment of inflammatory cells and pro-
inflammatory cytokines (IL-1, IL-6, TNF-a, Chemokine ligand 2
[CCL2], and others) that assist in intercellular communication
necessary for the initiation of bone healing.%?! Previous studies
have shown that, during this phase of bone healing, macrophages
(M1 and M2) play a crucial role in recruiting inflammatory cells,
as well as upregulating the expression of bone markers, such
as Osteocalcin and Osteopontin, in MSCs.[?l The MSCs differ-
entiate into osteoblasts and osteocytes replace damaged tissue,
as shown in Figure 2III. The pro-inflammatory M1 phenotype
macrophages remain at the injured site for up to 4 days be-
fore transitioning into anti-inflammatory M2 phenotypes and re-
ducing the inflammation at the injured site.””] Simultaneously,

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

BSUBO1T SUOWIWOD SAERID 3|dedl|dde a3 Ag pauseob ae opie YO 88N JO SaInJ 0 A%iq178UlIUO A3]IM UO (SUORIPUO-PUR-SWLLBYW0D" A8 | ARe.q| 18U JUO//SdNY) SUORIPUOD PUe SR L U3 88S *[£202/50/72] U0 Ariqiaulluo Ao|im ‘Ariqi oqe Nl 10 31pp3 AQ 99/202202 WUPe/Z00T OT/I0p/LLI0d" A3 1M Aselq1[puluo//SAny woiy papeojumoq ‘6 ‘€202 ‘65922612



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

M

Hematoma Granulation tissue

Ill-Tissue

Fibrous tissue Soft callus Hard callus

Bone remodeling

D

d) Systemic growth factors

Other growth factors ® MSCs

2 type

\ ’j IL-1RA

@/Macrophage
Monocyte o e -t

macrophage

Other growth factors
- ~e,u 0 or cytokines.

C) Local cytokines

(11T

MINERALIZATION

= @  Preosteoblast

T
DNA = 55
o
IL-12 Osteoblast §

b)

Receptor

Hydroxyapatite
(=65 wt%)

Integrin

Actin cytoskeleton

LINC
Lamin

Bioactive factors
(Cytokines/System growth factors)

Haversian system Qgteocyte
Lacuna

Trabeculae

V-Organ IV-Tissue lll-Tissue elements

Mechanical scaffold of bone tissue

Figure 2. 1) Bone healing can be broadly divided into three processes; inflammation, repair, and remodeling. The actual repair process can be broken

down into five steps. These steps include hematoma formation, granular tissue formation, fibrous tissue formation, formation to soft callus, and forma-
tion of hard callus. The formation of a hard callus at the fracture site marks the termination of the bone healing step and begins the remodeling process.
Reproduced with permission.[2° Copyright 2021, Elsevier. 1) Cascade of cellular interaction between the monocytes and the MSCs through growth fac-
tors and cytokines leads to differentiation of MSCs responsible for the bone healing response. Reproduced with permission.[2°] Copyright 2021, Elsevier.
111) As shown, the process of bone formation is described in several stages (A-E). A) In response to tissue damage, osteocytes undergo apoptosis, and
bone lining cells detach from their surface and initiate resorption. B) Active osteoclasts promote the mineralization of bone tissue and the resorption
of broken bone fragments. Once resorption is complete, the osteoclasts undergo apoptosis. C) Macrophages differentiated from monocytes along with
other growth factors ad cytokines initiate the differentiation of MSCs to osteoblasts. D) Osteoblasts produce a non-mineralized matrix and transform
into osteocytes after being fully surrounded by mineralized bone tissue. E) Matrix deposited by the osteoblasts undergoes mineralization, and surface
osteoblasts remain as bone lining cells. Reproduced with permission.[3”] Copyright 2016, Revotech Press. 1V) Location of multiple tissue elements of
cancellous and cortical bone. Reproduced with permission.[?®] Copyright 2021, Elsevier.

osteoclasts in the vicinity of the fracture site resorb the bone frag-
ments maintaining the net bone mass as shown in Figure 2IIIB.
Since the precise nature of the intercellular interactions between
the macrophages and the osteoclasts are still unknown, it is un-
clear whether the macrophages directly or indirectly regulate this
crucial step of bone resorption.
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The repair or regeneration phase begins when the inflam-
mation at the injured sites begins to reduce, indicating the
increased presence of M2 phenotype macrophages. The M2
macrophages introduce growth factors such as IL-10, transform-
ing growth factor-beta (TGF-f), and interleukin -1 receptor an-
tagonist (IL-1Ra) to initiate a bone healing response (as shown
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in Figure 2I1).128] Osteoblasts at this stage stimulate bone for-
mation through intramembranous ossification and endochon-
dral ossification.!®) Endochondral ossification involves the con-
version of secreted collagen fibers into a soft woven callus. The
soft callus gradually undergoes mineralization through a pro-
cess of hypertrophic differentiation, causing the cartilage-to-bone
transition.[?”]

On the other hand, intramembranous ossification causes the
direct conversion of secreted collagen fibers into a hard callus.
However, to complete the repair phase, the fractured ends must
be integrated with the implanted scaffold (osseointegration). Any
misalignment can lead to fracture non-unions and subsequently
lead to re-fractures. Eventually, the osteoblasts are completely cov-
ered with a mineralized matrix as shown in Figure 2IV, and are
termed as osteocytes.[?>3%] Presence of these osteocytes is critical
for long-term bone remodeling or functional adaptation of bone
in response to specific mechanical stimuli.l?

The remodeling phase during the bone healing process rep-
resents the balance between osteoblastic and osteoclastic activ-
ity. The osteocytes described previously function as mechani-
cal transducers that convert mechanical stimuli during the load-
ing of the bone to initiate the remodeling processes.>!l Activa-
tion of the bone healing process allows the osteoclasts to mi-
grate to a particular site and begin the process of bone resorp-
tion. This process usually lasts up to 2—4 weeks, after which
the osteoclasts undergo apoptosis ceasing the process of bone
resorption.!?*32] Cavities formed because of resorption then func-
tion as sites of new bone formation. Osteoblasts, monocytes,
and pre-osteoblasts present in these cavities assist in forming
the new bone matrix, similar to the process described in the re-
pair phase.??33] The remodeling process is also a physiological
process that generally occurs with age, as well as a response to
metabolic activity. While the healing mechanism remains the
same for both cortical and trabecular bone, differences lie in their
respective bone balance (amount of bone formed minus amount
of bone resorbed).32] Bone balance in cortical bones is slightly
positive, whereas it is negative in trabecular bone. Therefore, pro-
gressive loss of trabecular-type bone with age, metabolic activi-
ties, and mechanical stimuli can lead to unique structural out-
comes in different patients.

The above-mentioned processes (inflammatory response, re-
pair, and remodeling) can only occur due to the presence of
the ECM. The ECM has a unique composition based on the
tissue type, bone tissues generally consist of an ECM con-
taining 40% of organic (type 1 collagen, non-collagenous pro-
teins) and 60% of inorganic compounds (calcium deficient ap-
atite and other trace elements), respectively.**! However, this
composition generally varies based on sex, gender, and health
conditions. In bone tissues, the primary source of ECM is os-
teoblast cells prior to mineralization. Bone cells within this ECM
use specific glycoproteins (osteonectin, thrombospondins, R-
spondins, small integrin-binding ligand N-linked Glycoproteins
[SIBLINGS], TGF-p) to enable functions such as bone remodel-
ing, differentiation (of MSCs), and maintaining bone mass.>]
The collagen present in the ECM provides a matrix for the os-
teoblast cells to be deposited, which on the further deposition
of cells forms structured bone tissues.’°] Bone remodeling is
also a crucial process in addition to bone formation, and these
functions are performed by osteoclasts present in the bone tis-
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sue. Changes in the stiffness of the ECM surrounding osteoclast
cells regulate the expression of dentin matrix protein-1 (DMP1),
which affects osteoclast attachment allowing the commencement
of remodeling.[**] Therefore, mechanical stimuli are sensed by
the osteocytes through glycoproteins, such as DMP1, present in
the ECM.

3. Biomaterials for Bone Tissue Engineering

Metals, ceramics, and polymer classes of materials individually
offer unique properties necessary for initiating and sustaining
bone healing processes./®] However, bone healing processes re-
quire materials that enable the adsorption of specific proteins,
interact with the local ECM through the exchange of ions, and
attract specific biomolecules or growth factors. Based on the type
of interaction, materials used for manufacturing scaffolds can be
classified into three types, bioinert, bioactive, and biomimetic,
as shown in Figure 31. Their differences in interactions from a
material perspective can be narrowed down to surface chemistry,
roughness, solubility, and crystallinity.

Interactions with ECM primarily occur after protein adsorp-
tion has occurred, and the nature of proteins adsorbed onto
the material surface will determine the physiological response
initiated by the body.*! Positive interaction with the host tis-
sue will enable the bone healing cascade to progress, as de-
scribed previously in Section 2.2. The release of the ions can ini-
tiate the release of growth factors VEGF and BMPs, as shown
in Figure 3II. On the other side, unsuitable materials initi-
ate a foreign body response where fibrin is preferentially ad-
sorbed onto the implant’s surface. This specificity in adsorption
could be due to surface charge, wettability, chemical composition,
and protein structure.*! As previously mentioned, neutrophils
present in the local area of the implant attract monocytes to
the fibrin-dominated implant surface. The monocytes recruited
undergo differentiation into macrophages (type M1), releasing
pro-inflammatory factors such as TNFa, IL-6, and IL-8. These
macrophage populations at the injury site encapsulate the sur-
face with fibrous tissue, as shown in Figure 3111

Some commonly used materials used in BTE scaffolds are
shown in Table 1. This section will discuss the cellular interac-
tions occurring while materials are in contact with the local ECM.

3.1. Ceramics

Ceramics have been used in biomedical applications primarily
due to their inertness, hardness, and abrasion resistance.**! For
example, 3Y-ZrO, has been extensively used in dental crowns
and bridges due to its inert nature and mechanical and tribolog-
ical behavior.[**l Femoral heads of hip replacement joints, which
were previously made from metals, are being replaced by ce-
ramics (alumina, zirconia, zirconia toughened alumina, or sili-
con nitride) due to their superior tribological properties and wear
resistance.[*!] These ceramics discussed here are fully capable of
satisfying the mechanical requirements of the above-described
applications, however, their inert nature prevents any interaction
with the body.

The only ceramics capable of interacting with the body in-
clude bioglasses (BGs) and calcium phosphate-based ceramics.
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Figure 3. |) Materials based on the nature of interaction can be classified

into bioinert, bioactive, and biomimetic. Bioinert materials repel or do not

interact with ECM proteins. When implanted inside the body, bioactive materials can release biomolecules, enabling interaction with ECM through
biomolecule uptake. Biomimetic surfaces can mimic naturally found tissues in the body, allowing cellular interactions through surface-bound ECM
proteins. Reproduced with permissio.[] Copyright 2021, De Gruyter. 1) The exchange of ions at the interface of bioceramic—ECM initiates osteogenesis
and angiogenesis at the implanted site. Mesenchymal stem cells present in the ECM undergo specific differentiation into osteoblasts and osteocytes in
the presence of specific biomolecules. Osteoblasts initiate bone formation leading to an upregulation of alkaline phosphatase (ALP) activity. Osteoclasts
regulate bone formation and assist in their constant remodeling.[38] Reproduced with permission.[38] Copyright 2019, Elsevier. I11) Foreign body response
to implanted material, as shown here, occurs in three stages involving 1) non-specific protein adsorption, 2) monocytes recruited at the local site induce
inflammation, and differentiate into type 2 macrophages, 3) Type 2 macrophages along with T cells and Mast cells increase the number of foreign body
giant cells. Fibroblasts recruited by the FBGCs cause collagen deposition around the implant surface, forming a thick fibrous layer. Reproduced with

permission.[3l Copyright 2020, the Royal Society of Chemistry.

Table 1. Biomaterials commonly used for bone tissue engineering applica-
tions.

Material type Materials

Ceramics Calcium phosphate ceramics (HAp, a-TCP, f-TCP, and BCP),

ZrO,, and black akermanite (Ca,MgSiO;)

Polymer Polylactic acid (PLA), polyurethanes, polyethylene glycol (PEG),
polyglycolid (PGA) and poly caprolactone (PCL), polyether
ether ketone (PEEK), collagen, chitosan, alginate, and

hyaluronic acid

Metals Stainless steel, titanium alloy (Ti6Al4V), tantalum, magnesium,

and cobalt-chromium alloys
Bioglass Acidic oxide bioglasses and basic oxide bioglasses, 4555

bioglass, and borate-based bioglasses (BBG)

Bioglasses are synthetic vitreous materials chemically similar
to natural bone minerals. They are known to undergo rapid
degradation forming HAp on their surface, leading to biological
fixation.[*?] More recent studies have identified techniques to tai-
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lor these degradation rates to the growth of the tissue.l**! While
they are superior to phosphate-based ceramics in their ability to
interact with the body, they lack the mechanical properties to pro-
vide support, making them unsuitable to be used on their own.[*]
Calcium phosphate ceramics (CPCs) used for BTE scaffolds are
known to be osteoinductive and osteoconductive. The bone heal-
ing effect of the CPCs is strongly dependent on the Ca/P ratios,
crystallinity, and composition. CPCs with a Ca/P ratio of 1.5 are
highly soluble in aqueous environments causing the release of
Ca’* and PO,*" ions, so a carbonated apatite layer forms over the
surface. CPCs, such as hydroxyapatite, possess a stoichiometric
ratio of 1.67, making them more stable, and therefore, less solu-
ble in the aqueous environment of the body.!®! Therefore, bioce-
ramics enable protein adsorption and communication with the
local ECM through a solution-driven and cell-mediated process.
While the exact nature of this communication with the ECM is
still unknown, the process is highly dependent on the type of pro-
teins adsorbed onto the surface of the ceramic.[* Therefore, to
modify this property, CPCs are doped with cationic or anionic
impurities to alter their dissolution rate and stability or improve
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Table 2. Effects of cationic and anionic dopants in CPCs on their cellular interactions.

Calcium phosphate
ceramic

Dopants

Biomedical properties Ref.

BCP Cu ® Controlled release of Cu?* ions

[44]

® The release of Cu?* ions introduced an anti-microbial effect

® Cu?* increased angiogenesis at the injured site by enhancing the hypoxia-like tissue reaction

BCP Mg ® |Increased rate of apatite formation in the presence of Mg?* ions [45]

® Mg?* ions upregulate Fibroblast growth factor (FGF23) through elevation in Runx2, osteocalcin, and osterix

expression.

® Higher integrin receptor affinity to Mg2* ions improved cell adhesion to the doped microscaffold

® Collagen secretion and ALP activity were absent

p-TCP Mn ® |ncrease in protein adsorption capacity [46]

® Increase in expression of ALP, Runx2, type 1 collagen, and osteocalcin

® Optimal concentration of Mn?* jons must remain below 7.17 pg L~ to observe improvement in mBMSC

proliferation and promote early-stage differentiation

® Mn?* and Mn3* ions are responsible to limit the accumulation of ROS? species at the inured site

HAp Sr ® Higher expression of Type 1 collagen and BMP compared to pure HAp [47]

® Could be toxic to the cell at high concentrations

® |ncreased formation of bone compared to HAp

® Inhibited osteoclast activity thereby producing increased bone formation

HAp CaF, ® Enabled rapid formation of apatite layer when soaked in simulated body fluids [48]
® Showed good stability in the Ca/P ratio after immersion in SBF fluids

® Micropore formation due to the dissolution of F-HA coating enhanced osteogenesis and ion exchange

® ALP activity showed a significant increase at the early stages of soaking

) The role of reactive oxygen species (ROS) is still an active area of research, and therefore, future research will determine their necessity in bone healing pathway; Note:
biphasic calcium phosphates (BCP); tri-calcium phosphate (TCP); hydroxyapatite (HAP); Ostoegenic-related transcription factor (osterix).

biological functionality. Table 2 shows how the functionality of
certain CPCs has been improved by doping.

The low mechanical strength and brittle nature of CPCs still
make them unsuitable for use in load-bearing areas.*’! To en-
hance their structural strength, they are used in combination
with polymers, metals, and other ceramics, which are termed
multi-material scaffolds. Incorporation of more than one mate-
rial can be achieved in several ways such as homogenous mix-
tures, polymer matrix composites, coatings, ceramic matrix com-
posites, and in the form of layers.

3.2. Polymers

Polymers used for BTE can be further classified into natural
or synthetic, based on their source. As shown in Table 1, algi-
nate, chitosan and collagen are natural polymers that are used
for BTE applications. Natural polymers tend to elicit a positive
response during ECM interactions due to their ability to easily
bind proteins to their surfaces and their similarity with tissues
found naturally in the body.’! For example, type 1 collagen is a
constituent of bone, as described in previous Section 2.2. How-
ever, its low structural strength, difficulties in processing sam-
ples, and the potential risk of disease transmission restrict its us-
age in BTE applications.>!l Synthetic polymers, such as polylac-
tic acid (PLA), polycaprolactone (PCL), polyglycolic acid (PGA),
and polyurethane (PU) can address the above limitations of nat-
ural polymers as the hydrophobic nature of these polymers pre-
vents protein adsorption and requires direct interactions with
ECM to induce a bone healing response.>2] Therefore, polymers

Adv. Healthcare Mater. 2023, 12, 2202766 2202766 (7 Of'|9)

are often functionalized with natural proteins or peptides, such
as RGD, YIGSR, and IKVAV, to enhance cell attachment and
proliferation.?!

Polymers, such as PLA, PGA, and PCL, undergo degradation
through hydrolysis of the ester linkage, lasting anywhere be-
tween a few months to years depending on the polymer’s crys-
tallinity, composition, and hydrophilicity. Degradation times of
3-6 years, 1-2 years, and 3—4 months are typically observed for
PLA, PCL, and PGA, respectively.l*| Degradation of the polymer
occurs when the scaffold is in contact with ECM causing physi-
ological and mechanical changes to the implanted scaffold. For
example, hydrolysis of PGA leads to increasing local pH slow-
ing down the process of osteogenesis.’* In addition to hydrol-
ysis of the polymer, proteins, biomolecules, growth factors, and
peptides bound to the polymer surface are critical to initiate a
bone healing cascade.”! Table 3 highlights the effects of us-
ing secondary phases/polymers to functionalize polymer scaf-
folds. Further, these bioactive polymers can be used as carriers of
growth factors and biomolecules to aid bone healing.>®! Polymer
scaffolds can be biologically effective as BTE scaffolds; however,
the insufficient mechanical strength of polymers, along with in-
creasing porosity, make them unsuitable for use in load-bearing
areas.®

3.3. Metals and Alloys
Metals commonly used for BTE are bioinert, that is, they do

not initiate a foreign body response when implanted.l®] These
metals and alloys include titanium alloys, tantalum alloys,
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Table 3. Function of secondary phases used along with polymer composite scaffold and its implications on their cellular interactions.

Primary polymer Secondary polymer/phase Biomedical property Ref.
PCL Bioglass and GelMA ® Enhanced hydrophilicity of PCL scaffold [55]

® Reduction of contact angle to less than 40°

® Increased protein adsorption
® The release of Na, Si, and Ca ions present in bioglasses assist in mineralization and initiating

the bone healing cascade

® Negative surface charges increased the rate of bone mineralization

Citric acid-based HAp ® Upregulation of ALP activity and Osterix gene expression [57]
polymer ® Citrate molecules assist in bridging mineral platelets improving bone crystallinity (improving

bone strength).

PLA Polydopamine (PDA) and ® Up to 92% increase in type 1 collagen immobilization on the polymer surface [58]
type 1 collagen ® |Increased cell proliferation after 7 days of culture
® The presence of PDA enhanced metabolic activity

® 3D infiltration of ECM was achieved due to covalent immobilization of ECM proteins
® Presence of PDA enables the covalent immobilization of biomolecules such as BMP-2, VEGF,

and RunX2

PCL Gelatin, bacterial cellulose, ® Increased proliferation and attachment due to the inclusion of natural polymers [59]

and HAp

Chitosan AgNP ® Chelation with silver ions improved the degradation rate of chitosan [60]
® An antibacterial effect was observed due to the presence of silver nanoparticles

® Upregulation of RunX2 and increased Alp activity

PLGA Tio, ® Increased mechanical strength [61]
® Increased protein adsorption
® TiO, nanoparticles aid in the precipitation of bone-like apatite

® In-process formation of calcium titanate leads to high osteoblast adhesion

® |ncreased attachment sites for binding bioactive receptors

® The presence of TiO, leads to accelerated hydrolytic degradation

PVA and

Carbonated Hap (CHAp) ® The occurrence of carbonated HAp nanoparticles was identical to that of natural bone [62]

chitosan ® Reduced polymer crystallinity due to the presence of amorphous interfaces

® The increase in mechanical strength was less than 30%

® Reduced elongation due to accumulation of HAp nanoparticles on polymer fiber

® The presence of CHAp increases the number of favorable sites for the protein adsorption

® |Interaction of Ca?* and PO,3~ ions leads to bone mineralization

PVDF Graphene oxide ® |ncreased mechanical performance due to graphene oxide reinforcement (63]

® |Increase in hydrophilicity due presence of hydroxyl functional groups
® Electro-mechanical stimulation of scaffolds showed upregulation in ALP activity

magnesium alloys, and zinc. The use of these metals and al-
loys for BTE application could be in the form of bulk materials,
nanoparticles, or both. Functionalities observed based on the dis-
tinction in their form are vastly different.®%4] However, the crit-
ical issue in the utilization of metal alloys in their bulk mate-
rial form is the mismatch in mechanical properties with natu-
ral bone. The mismatch in load-bearing capacities can cause re-
sorption of bone in the surrounding areas of the implant leading
to loosening or complete failure in attachment.[®#3% Further, the
bioinert nature of some metals and alloys in bulk and nanopar-
ticle form limits their ability to interact positively with the local
ECM and initiate a bone healing response.[546]

Titanium alloys are commonly used for orthopedic applica-
tions primarily due to their bioinert qualities.[**] To functionalize
these metal alloys for BTE applications, alloying elements, such
as Zr, Nb, Al, and V, are added to improve the interaction with the
local niche and improve corrosion behavior.l®! Previous studies
utilizing Nb and Zr additions to Ti alloys have shown increased
alkaline phosphatase (ALP) activity and reduced cytotoxicity.[5¢-67]

Adv. Healthcare Mater. 2023, 12, 2202766 2202766 (8 of 19)

Bioresorbable metals, such as Zn, Fe, and Mg, are recently
becoming more popular for BTE applications. Zn has recently
been a popular material for usage in BTE applications because
of its nominal degradation rate and the importance of Zn fin-
ger proteins (ZFPs) in the human body as DNA-binding tran-
scription factors responsible for the regulation of numerous cel-
lular processes.[®] Zn, when implanted, undergoes degradation
due to galvanic coupling, releasing Zn ions which further inter-
act with Ca?* and PO,3~ ions present in the simulated body flu-
ids (SBF).[8] However, the uptake of Zn ions within the body is
limited to about 15-40 mg day.1°%%] Therefore, degradation of
the scaffold needs to be adjusted to not exceed this physiological
limit.

Magnesium, like Zn, is bioresorbable in nature and the ma-
jor difference lies in the degradation rate. Degradation of Mg
within the body occurs rapidly, leading to a release of hydrogen
gas (H,).l”") The release of H, gas was shown to interrupt the
bone healing cascade due to the increase in the local pH of the
surrounding area.[’!! Even with these limitations, Mg is used as
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a prospective material for bone replacement due to the similarity
of its mechanical strength to that of bone and the importance of
Mg ions for physiological functions within the body.[”%!

Nanoparticles used along with other bioactive materials can
impart osteogenic or other properties necessary to initiate and
sustain the bone healing cascade.[**] The most commonly used
nanoparticles include gold (AuNP), silver (AgNP), iron, alu-
minum, copper, zirconium, and hydroxyapatite nanoparticles.(®*!
Low dosages of AuNP have been shown to function as synthetic
replacements for bone morphogenic proteins (BMP), that are
directly responsible for regulating bone mass through Wnt/g-
Catenin signaling pathways.[”?! Silver nanoparticles are known
for their bactericidal effects, being able to penetrate the bacterial
cell wall, and damage their DNA.I® Titanium oxide nanoparti-
cles are commonly used in BTE applications through addition
into polymer scaffolds. The addition of these nanoparticles has
been shown to improve the wettability and mechanical proper-
ties of the resultant polymer scaffold.[!]

3.4. Multi-Material Scaffolds

Multi-material scaffolds involve using two or more materials in
the form of homogenous mixtures, discrete structures, doping
agents, or surface coatings. Depending on the nature of the com-
bination, the properties of the composite can be significantly
different. For example, nano-HAp, when homogeneously mixed
with zirconia-based scaffolds, can function first as a bioactive
site and second, improve mechanical strength by delaying crack
propagation.l’?] Scaffolds with nano-HAp coatings on Ti alloys
enable interaction with the ECM to improve osseointegration
but do not contribute to the strength of the material due to its
weak surface adhesion.”*] BG, as previously described, is highly
bioactive and could assist in early osteointegration. As a result,
BG coatings are applied on stainless steel, Ti-6Al-7Nb, nitinol,
and other biocompatible alloys.”””] Multi-material scaffolds have
more recently seen application as drug delivery devices, which
has become possible with the combination of organic and in-
organic biomaterials. Chitosan-HAp-based scaffolds have been
shown to function as therapeutic metal ion delivery vehicles of
strontium and copper ions. The strontium-substituted HAp func-
tioned as a source of Sr ions, which are known to enhance bone
formation and influence gene expression of osteoclasts.l’®! The
chitosan polysaccharide, being the carrier of copper ions, inhib-
ited the replication of bacteria due to the initial burst release of
Cu ions.[”®”7] The inclusion of natural polymers in bioceramic
scaffolds is still a challenge due to the high post-processing tem-
peratures required to increase the mechanical strength of ce-
ramic materials. The inclusion of starch-based natural polymers
into HAp-PCL-based composites has been shown to improve me-
chanical properties by functioning as a binder.”8! Further, the
presence of starch increased the degradation time of these scaf-
folds. Preventing increased surface degradation allows cellular
growth and adhesion, which are essential in BTE scaffolds.!”®]
Materials used on their own are more likely to be unsuitable for
BTE applications due to their inherent limitations, thus, combin-
ing them to form composites can help overcome the limitation
described above. Therefore, recent studies have explored multi-
material scaffolds for BTE applications.!”]
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Interconnectivity

Pore size

Porosity

Pore geometry

Figure 4. Description of the features of a porous scaffold used for bone
tissue engineering. Pore sizes refer to the diameter/dimension of the pore.
Porosity of the scaffold refers to the ratio of the total pore volume to the
volume of the scaffold. Pore geometry refers to the arrangement of pores
within the scaffold. Interconnectivity of the scaffold refers to the number
of paths connecting the pores present in the scaffold.

Including a secondary phase in the form of nanoparticles, dop-
ing agents, or uniform mixtures can influence the composite’s
chemical nature; the processing methods of composites are also
known to have similar effects. For example, processing mag-
nesium alloys containing nano-BG particles using the powder
metallurgy technique has been shown to introduce intermetal-
lic Mg, Si and MgO phases that lead to rapid in vitro degradation
of the magnesium-based composite.l®] However, processing the
same composite using spark plasma sintering (SPS) prevented
the formation of intermetallic phases, and the retention of nano-
BG within the matrix of the magnesium alloy reduced in vitro
degradation and improved cell viability.®!l Therefore, simultane-
ously processing these materials will pose challenges in creating
multi-material scaffolds.

4, Scaffold Structure

The porous architecture of BTE scaffolds is characterized by four
factors: 1) porosity (%), 2) pore size, 3) surface area, and 4) inter-
connectivity as shown in Figure 4. Porosity refers to the volume
percentage of free space present within the scaffold architecture.
Pore sizes refer to the average dimensions of the pores present in
the scaffold. The surface area of the scaffold is a function of pore
sizes present on the surface and porosity of the scaffold. The in-
terconnectivity of the scaffold is a function of the spatial location
ofthe pores, their sizes, and porosity and determines the extent of
cell infiltration and nutrient transport achievable when the scaf-
fold is implanted inside the body.

4.1. Pore Size

The pore size of the scaffold is a critical parameter that deter-
mines the extent of infiltration achievable and its mechanical
strength. Figure 5A shows that increasing pore size is inversely
proportional to the compression strength of these porous scaf-
folds, and therefore, pore size must be carefully chosen to allow
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Figure 5. 1) Cylindrical Ti-6Al-4V scaffolds fabricated using selective laser melting (SLM) at four different pore sizes and struct thickness values. Repro-
duced with permission.['%] Copyright 2021, Elsevier. I1) Increasing pore sizes from P300 to P500 shows a significant reduction in compression strength.
Compression strength of P500, P700, and P900 scaffolds remained similar. There was a gradual decrease in elastic modulus with increasing pore sizes.
Reproduced with permission.['%1 Copyright 2021, Elsevier. 111) Pore geometries (gyroid, split-P, diamond, schwarz-p, lindinoid D-prime, cross-hatch)
showed varying stress distributions when loaded. The split-P, diamond, and schwarz-P structures showed low-stress concentration while the lindinoid
and cross-hatch structures showed high-stress concentration on the scaffold surface. Split-P structure showed the highest compression across all pore
size ranges (300, 600, and 900 um) while the cross-hatch and gyroid structure showed the lowest compression strengths at all pore sizes Reproduced
with permission.['1] Copyright 2022, Wiley-VCH GmbH. IV) The interconnected nature of TPMS structures allowed for increased cell migration through-
out the porous volume which is reflected in its higher cell density compared to the cross-hatch structure. Reproduced with permission.['! Copyright

2022, Wiley-VCH GmbH.

for fluid ingress and provide strength. Pore sizes commonly used
in BTE scaffolds vary between 100 and 900 pm.[32! Osteoblast cells
(10-50 um in size) prefer pore sizes greater than 300 um as this
enables infiltration of biomolecules and transportation of nutri-
ents and waste.l”>#3] Increasing pore sizes have also been shown
to reduce the water contact angle, enabling higher fluid ingress
when implanted within the body.®*!

Bone in-growth within the scaffold during the healing process
is critical to ensure load transmission and fixation of the scaffold
to the natural bone. Smaller pore sizes (200-300 um) and lim-
ited space for infiltration are known to induce chondrogenesis
of the MSCs leading to the formation of cartilaginous tissues as
opposed to bone tissue.®]

Optimal pore sizes for in-growth have been shown to be within
the range of 250-500 um.[#¢] The inclusion of large pores,
while beneficial for functionalizing the scaffold, can reduce the
strength of the scaffold affecting its structural capacity.[’’! How-
ever, smaller pores (<100 um) cause fibrous tissue formation
around the scaffold, which physically prevents angiogenesis and
any interaction with the scaffold surface.””! Previous studies
have shown that micropores (within 10 pm) increase the avail-
able surface area, promoting ion exchange and bone protein
adsorption.® These results indicate that different pore sizes im-

Adv. Healthcare Mater. 2023, 12, 2202766 2202766 (10 of 19)

part unique physiological and structural properties to BTE scaf-
folds. Thus, heterogeneity in pore sizes can simultaneously en-
able multiple features critical for bone healing.!®!

4.2. Porosity

The porosity of the BTE scaffold is a function of the pore size
and geometry of the scaffold, when implanted the porous vol-
ume of the scaffold houses osteoblasts cells and functions as a
site for cellular interaction. Scaffolds used for BTE application
have porosities ranging from 50% to 80%, depending on the re-
quired mechanical performance. Higher porosities (greater than
65%) allow greater infiltration of ECM but reduce the structural
capacity of the scaffold as shown in Figure 5.1l Higher scaffold
porosities provide larger surface areas ensuring greater interac-
tion with the ECM.[*Y This promotes faster degradation or bone
ingrowth and assists in vascularization.!®*] Further, continuous
contact with ECM will lead to pore occlusion over time, therefore,
larger porosities present in the scaffold will ensure sufficient per-
meability for the transport of nutrients and biomolecules. Porosi-
ties below 65% provide higher mechanical strength while re-
ducing the ability to interact with the ECM. The reduced ECM
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interaction and lack of cell spreading reduce the ALP activity of
the cells.

Permeability is a critical requirement, which is influenced by
the porosity and interconnectivity of the porous scaffold. The re-
quired extent of permeability will depend on the size of the defect,
larger defects require a greater supply of oxygen and nutrients
for the process of bone healing to proceed.[®?! For example, cell
proliferation studies performed on a 3D-printed stainless steel
scaffold with a porosity of 58% showed higher cell proliferation
and growth compared with scaffolds with 60% and 70% porosity.
The higher cell proliferation and growth at the lower porosity was
due to its ability to retain the cell media for longer compared to
scaffolds with 60% and 70% porosity.**] Therefore, the nature of
porosity can also influence bone healing behavior. A highly open
porous scaffold, while good for promoting angiogenesis, can have
a reduced ability to promote cell growth and proliferation.

4.3. Scaffold Geometry

Scaffold geometry refers to the arrangement of pores within the
scaffold matrix. The scaffold geometry observed in BTE scaf-
folds can be classified into two types based on the orientation
of their structure as randomized and regular. Randomized ori-
entation refers to scaffolds that lack any repeating units. While
these structures tend to mimic the natural bone morphology,**!
their random orientations create inconsistencies in scaffold com-
pression strength and are extremely difficult to replicate.l®] Scaf-
folds with regular orientations include cubic, hexagonal, triply
periodic minimum surfaces (TPMS), spherical, and honeycomb
arrangements. While these structures are not directly responsible
for bone healing, their ability to ensure vascular growth, nutrient
diffusion, and load-bearing ability make them an ideal choice.l*®
TPMS structures have recently become a popular choice for use
in BTE scaffolds because of their ability to ensure the ideal com-
bination of stiffness and permeability.[”! Yanez et al.[®®! showed
that gyroid-based scaffolds used for bone defect reconstruction
showed compression strengths within the range of human tra-
becular bone (1.5-45 MPa) at porosities of 75% and 90%. Further,
the layer-by-layer collapse of the scaffolds and the elliptical strut
shape oriented in the direction of load provided a high stiffness
and strength to the scaffold. It also indicated the significant differ-
ences in plastic deformation at 45° loads when compared to axial
loading.[?®! Thus, load direction must also be considered when
selecting scaffold geometry. Since the effect of pore geometry on
bone healing response is a function of porosity, pore sizes, in-
terconnectivity, and surface area, isolating the effects of pore ge-
ometry can be challenging. However, its influence on mechanical
properties can be clearly isolated as shown in previous studies,®!
hence the most common approach involves analyzing bone heal-
ing behavior based on scaffold features (pores size, porosity, and
interconnectivity) while the mechanical properties are explored
via the influence of pore geometry.

4.4. TPMS Structures

Minimal surfaces can be defined as surfaces with a zero mean
curvature and possessing the least surface area within the bound
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Table 4. Mathematical equations describing triply periodic minimum sur-
face structures.

TPMS Equation Ref.
structure

Gyroid cos (wx) + cos (wy) + cos (wz) =c¢ [102, 103]
Diamond  sin (wx)sin (wy)sin (wz) + cos (wx)sin (wy)sin (wz) + sin

(wx)cos (wy)sin (wz) + sin (wx)sin (wy)cos (wz) =c¢

Primitive cos (wx) + cos (wy) + cos(wz) =¢

w' represents 27/, | represents the unit length of the unit cell, and ¢ represents the
level-set function.

area. When these surfaces are periodically repeated along any
three axes, they are termed triply periodic minimal surfaces.
The implicit functions of these structures can be defined using
the trigonometric functions, unit cell length, and type of unit
cell.’2] Due to this, they can be modified using the variables
described in Table 4. The three basic types of TPMS structures
include the primitive type (P-type), gyroid type (G-type), and
diamond type (D-type).

Mechanical strength and energy absorption of TPMS struc-
tures have been shown to be more reliant on the type of struc-
ture rather than the material itself. P-type structures exhibited
a fluctuation in stress at the plateau stage due to the localized
buckling of curved walls. Failure in these uniform P-type struc-
tures initially occurred perpendicular to the applied load, which
represents the first peak on the stress—strain curve while the re-
maining fluctuations arose from the gradual buckling of the P-
type unit cell.l'%] Thus, the stress-strain response can be altered
by changing the geometry and thickness of the P-type unit cell
structure.

Gyroid-type structures, having an unconnected porous struc-
ture, prevent the propagation of microcracks making them
structurally stronger than the P-type TPMS structures.[104105]
Diamond-based TPMS structures have been shown to provide
the highest mechanical strength when compared to P-type and G-
type structures. Stress—strain response of diamond-based struc-
tures showed a significant change in plateau stress when chang-
ing from a sheet diamond to a skeletal diamond.['%! Skeletal-
diamond structures undergo a single diagonal shear when ap-
plied stress exceeds peak stress, while a sheet diamond requires
the formation of a double shear band for failure to occur,['%] al-
lowing for greater energy absorption, and hence, higher tough-
ness of the sheet-diamond structure.[1°1%7]

The interconnecting and non-penetrating architecture of
TPMS structures is very common in biological systems due to
its ability to fulfill unique requirements demanded by cellular
functions.[1921%8] The concave surfaces of TPMS structures pro-
mote osteogenic cell differentiation compared to scaffolds with
flat or convex surfaces. For example, a HAp scaffold with a split-P
architecture was shown to be more favorable in the formation of
new bone compared to HAp scaffolds with the cross-hatch archi-
tecture when implanted into rabbit joints.['!] Bone growth was
shown to begin at the outer surfaces of the scaffold and continue
inward and the interconnected architecture of the split-P scaf-
fold enabled the complete recovery of the rabbit femur within 12
weeks.[1%1] The architecture of these structures (pore size, poros-
ity, and geometry) will influence mechanical strength, permeabil-
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Figure 6. |) Represents the range of pore shapes (square, parallelogram, and triangles) explored for BTE application using bioceramic—silk scaffolds.
Macropores (~1mm) were introduced using 3D printing and micropores (~50-100 um) were produced by freeze-drying different concentrations of silk
(0.625%, 1.25%, and 2.5%). Reproduced with permission.[1%] Copyright 2015, the Royal Society of Chemistry. I1) Fibrillated collagen scaffolds produced
with the combination of pore sizes that extend from a few mm to nanometers using bioprinting and the selective leaching of PF-127 solution. Reproduced

with permission."""l Copyright 2018, American Chemical Society.

ity, and cellular growth. Similar to natural bone structures, there
is a hierarchical distribution of structural features as shown previ-
ously. In order to mimic this natural environment, scaffolds need
to have an ordered arrangement of features that provide the ideal
combination of mechanical strength, stiffness, and permeability.

4.5. Hierarchical Structures

Hierarchical structures involve the use of a combination of pore
sizes, porosities, and pore geometries. As described previously in
Section 3, differences in these critical scaffold features can elicit
vastly different responses during the bone healing process since
bone healing involves a cascade of signaling pathways that are
based on the scaffold—ECM interaction. The presence of multi-
ple pore sizes and geometries thus become essential features for
BTE scaffolds.

Xu et al.l'%] showed that 3D-printed bioceramic-silk composite
scaffolds showed an increase in the recruitment of BMSCs and
expression of the osteogenic markers, OPN, BMP 2, and RUNX2.
Cell attachment rates during the first 7 days were the highest
in the prepared hierarchical scaffold. While larger pore sizes of
greater than 100 um enabled full infiltration of ECM, mesopores
ranging between 50 and 100 pm at the silk fibroin prevented cell
leakage from the larger pores during cell culture. In vivo studies
involving the implantation of scaffolds in rabbit femur defects
showed increased new bone formation.['”]

Lei et al.l!1% prepared hierarchical scaffolds having pore sizes
ranging from 8 nm to 5 um, using Hydroxyapatite-doped den-
dritic mesoporous silica nanoparticles (HA-DMSN). The pres-
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ence of these nanopores is known to be an interesting prospect
for drug delivery systems involving in situ delivery of growth fac-
tors to the implanted site. In vivo bone regeneration on a rat cra-
nial defect model using HA-DMSN scaffolds showed the largest
bone formation after just 4 weeks of implantation. A primary rea-
son for increased bone formation was an interconnected nano
and microporous structure. The similarity in scaffold porosity to
natural bone assisted in inducing specific functions for bone re-
generation.

Lee and Kim(!'" prepared a hierarchical nanofibrous collagen
scaffold with varying strut thicknesses. The 3D printed structure
consisted of macropores, micropores, and nano-fibrous struts in-
troducing a hierarchy in the scaffold architecture. In vitro stud-
ies using MC3T3-E1 cells showed better protein adsorption (fi-
bronectin, vitronectin, fibrinogen, and laminin) due to the higher
surface area available on the fibrous struts. Further, this nanofi-
brous structure allowed for the unipolar extension of the cell
cytoskeleton allowing for the extension and contraction of the
cell structure. Since the cell absorption was higher in the nano-
fibrous scaffold and there was a lack of interconnectivity, the pro-
liferation of cells was hindered. However, the larger pores present
in the collagen-based scaffold were able to provide a significantly
larger area for cell proliferation (Figure 6).

5. Manufacturing Hierarchical Structures for Bone
Tissue Engineering

Manufacturing hierarchical porous structures require control
over the size and position of the pores introduced. Conven-
tional manufacturing techniques for the production of porous
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Figure 7. An overview of conventional manufacturing techniques to produce porous ceramics.

materials are briefly described in Figure 7 and can be used to
produce macro (d > 50 nm), meso (50 nm > d > 2 nm), and
micro (d < 2 nm) porosities.'!?] Only specific techniques un-
der these pore-forming methods can produce hierarchical porosi-
ties. These techniques include freeze casting, self-assembly, spin
coating, hydration process, nano-stereolithography, and additive
manufacturing.['3]

Freeze casting is a technique used to produce aligned porosi-
ties; this technique involves cooling liquid template-creating
channels within the slurry in the direction of the thermal gradi-
ent. Dendrites formed during the cooling of the liquid template
function as a link between the pore channels.['?] Process param-
eters of the freeze casting process include freezing rate, slurry
formulation, and the solvent used. While freeze casting can pro-
duce a range of pore sizes, pores generated are oriented in the di-
rection of cooling. Also achieving different pore sizes within the
same structure will require careful tuning of process parameters
(freezing rate, slurry viscosity, and concentration of suspension
and preforming agent). Freeze casting has previously been used
in the preparation of hydroxyapatite-gelatin scaffolds, producing
alamellar microstructure with pore sizes between 18 and 125 pm.
The concentration of HAp and cooling rate showed a significant
impact on the microstructure and morphology of the sample./!1*]
Lee et al.['**] produced graded porous hydroxyapatites using a se-
quential freeze-casting process. This was achieved by using dif-
ferent concentrations of HAp (10, 15, 20, 25, 40, and 50 vol%),
producing a porosity between 25% and 70%. Pore sizes up to 160
um were fabricated using this method depending on the HAp
concentration, concentrations exceeding 45 vol% showed very
low porosity and pore sizes due to the high viscosity of the slurry
used for freeze casting.!''>) However, as described in Figure 7,
this technique lacks control over the spatial location of the pores
and pore shape.
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The principle of the replica technique involves using open-
celled porous templates coated with ceramic slurry to form
a defined internal pore network. This is followed by ther-
mal heat treatment to eliminate the template through ther-
mal decomposition.'!®l Once the template is eliminated from
the matrix, it is sintered to form the required porous ceramic.
Porous ceramics generated using these methods have been
used to prepare scaffolds for BTE!'Y] due to their highly retic-
ulated nature and control over pore sizes. For example, PU
foams used as templates while producing porous ceramic scaf-
folds need to have high porosity (>90%) with pore sizes larger
than 100 um.["8] Commonly used PU foams having pore den-
sity values ranging from 5 to 80 ppi have been shown to pro-
duce well-defined pore structures with complete burn-off within
600 °C.[2119]

Electrospinning is a technique to produce fine fibers by charg-
ing a polymer melt or solution under high voltages. The high
voltage counteracts the surface tension of the fluid to form a
thin fiber or filament that is deposited onto a spinneret. The
arrangement of these fibers on the spinneret will dictate the
porous volume of the surface structure. Electrospinning can pro-
duce fibers at the nanometric level, which can mimic the fea-
tures present in natural bone. For example, Xu et al.'%! pro-
duced a 3D electro-spun scaffold with hierarchical porosities up
to 300 um. Huang et al.l'?!l showed that 3D printed scaffolds with
electro-spun meshes produced dual scaffolds introducing a com-
bination of macro and micropores within the scaffold. In vitro
studies showed that the activity of the scaffold was affected by
fiber alignment and mesh density.[!?2) OCN expression showed
an improvement irrespective of the processing parameters used.
The anisotropic nature of the electro-spun fibers showed a pos-
itive influence over cytoskeletal attachment. However, the ma-
jor limitation of electrospinning is in the production of fibers in
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Table 5. Description of additive manufacturing techniques previously used to produce BTE scaffolds.

3D printing process and material Description Ref.
Extrusion-based 3D printing with CaP ¢ Scaffolds possessed pore sizes ranging from 60 to 100 um (130]
material ® Bone growth direction was determined by scaffold geometry

® |nstability of implanted scaffold could lead to foreign body response/formation of fibrous tissue.
® Formation of thick fibrous tissue within the pores

® Resorption of CaP was absent

Selective laser melting with Tantalum ® Porosity of 70% and pore size of 334 um were used [2]
® Surface roughness of the deposited layer was higher for the Tantalum scaffold compared to the control

® Higher cell proliferation on Tantalum-based scaffold
® Significant difference in osteogenic markers (ALP, OPN, OCN, and Col-1) compared to the control at the

14-day mark

® Tantalum scaffolds were able to maintain bone formation significantly longer than the control

Stereolithography with Biphasic CaPs ® Surface topographies on the scaffold had a mean height of 6.5 um [137]
® Pore sizes on the biphasic CaP-based scaffold were smaller compared to the HAp (control)
® Up to 72% of bone in-growth was observed after 3 months of implantation

® No resorption of material was observed
® Fibrous connective tissue and blood vessels were observed at the host bone and biomaterial interface

Electron beam melting with Ti-6Al-4V ® Surface defects created during the EBM process can cause a major health hazard when implanted [132]
® Nanotubes were observed on the scaffold structure after post-processing (etching and anodizing)
® Presence of a smooth surface with post-process samples produced more bone at the scaffold-host

interface

submicron sizes. Further, the pore sizes produced form
nanoscale pores that make it impossible for the infiltration of
ECM and cell migration.['?] Electrospinning can be used to pro-
cess metals and ceramics indirectly, this involves preparing poly-
mer composites containing the metal or ceramic of interest fol-
lowed by post-processing the obtained nanofibers.!12*]

5.1. Limitations of Conventional Manufacturing Techniques

As discussed in Sections 3 and 4, porous scaffolds used for BTE
applications have specific requirements of pore sizes, shapes, and
materials depending on the intended role (structural strength or
interaction with ECM). Conventional manufacturing processes,
as described in Figure 7, lack the required spatial control of
pores and the ability to simultaneously process multiple materi-
als. To mitigate these shortcomings, some recent studies have ex-
plored combining different materials and conventional processes
at specific stages of scaffold production. For example, hydroxyap-
atite scaffolds were prepared by combining them with polyesters
(polyol and di-isocynate) as foaming agents. This produced a
porous ceramic scaffold based on the polyurethane sponge and
simultaneously obtained a cellular structure due to the carbon-
dioxide bubbles generated in situ. Pore sizes produced using this
technique showed four major pore sizes distributed in different
amounts. These major pore sizes are as follows; 1) >1 um (less
than 0.5 cc g™'); 2) 4-20 pm (0.5 cc g™'); 3) 20-210 um (3 cc g77)
and 4) 150-1000 um (less than 0.5 cc g7').['?*! This HAp-based
scaffold with multi-scale porosities showed excellent biocompat-
ibility. With pore formation occurring in situ, the lack of any spa-
tial control over the porosity makes their mechanical strength un-
predictable. Further, the inability to process multiple materials
could impair their ability to address all the requirements of BTE
scaffolds as described in Section 3.
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Freeze casting, as described in Section 5 can produce porosi-
ties mimicking biological materials but only at single-length
scales and directions. Previous studies have shown that, while
multi-scale porosities can be achieved by utilizing different meth-
ods, establishing an interconnection between these multi-scales
porosities is still a major challenge.#12°] Specifically, in the case
of BTE scaffolds where pore interconnectivity is critical for the
vascularization of implanted cells responsible for the bone heal-
ing response. The design of internal and external complex fea-
tures on BTE scaffolds can be a significant challenge for con-
ventional techniques alone or even a combination. To overcome
these challenges, additive manufacturing techniques have been
used or incorporated into conventional techniques.

5.2. Additive Manufacturing

AM can be defined as the process of building up objects or parts
layer by layer.'”] There are several techniques (as described in
Table 5), such as fused filament fabrication, stereolithography,
and selective laser sintering, which have been previously used
for scaffold manufacturing across different materials.?8! Addi-
tive manufacturing techniques offer resolutions from a few mi-
crons to millimeters depending on the technique used, further,
they can process polymers, ceramics, and metals.['”] The com-
bination of AM with computer modeling enables the free-form
fabrication of parts that can address the unique physiological and
mechanical requirements of bone injuries or defects.

In vivo studies involving the implantation of a CaP 3D-
printed scaffold into the patient’s cleft showed increased bone
growth when the gap between the host bone and the scaffold was
minimal (shown in Figure 81). Therefore, the patient-specific 3D-
printed implant contributed toward a faster healing response by
accurately filling the gap between the fractured ends. Changing
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Figure 8. 1) HAp-TCP-based scaffolds show positive interaction with local ECM forming new bone (NB) that is integrated with the existing bone. Presence
of fibrous tissue at the interface of the new and existing bone indicates that an early foreign body response was initiated. Reproduced with permission.['31]
Copyright 2020, Wiley Periodicals, LLC. 1) Histological staining of a Ti-6Al-4V-based scaffold prepared using electron beam melting showed the formation
of new bone tissue within 4 weeks of implantation. Anodic oxidation of the surface showed an improved bone healing performance. Reproduced with
permission.!'32] Copyright 2021, Elsevier. I11) Histological analysis of the Ta-based scaffold indicates higher new bone formation compared to Ti-6Al-4V.
In the 4th week, the appearance of bone lining cells at the implanted site indicates the superior osteoinduction capabilities of the Ta-based scaffold.
Further, at the 12th week, the density of new bone formed appears to be higher on the Ta-based scaffold when compared to the Ti-6Al-4V scaffold.

Reproduced with permission.[?] Copyright 2019, American Chemical Society.

pore geometry from 30° to 60° showed a significantly different
bone healing response and differentiation of MSCs.l130133] A
tantalum-based scaffold 3D printed using SLM showed positive
responses toward bone healing (shown in Figure 8III), where
the bone in-growth was enabled through the channels created
during 3D printing.[?! The irregular surface created from the
laser-powder interaction is known to positively influence bone
healing ability and increase surface area for interaction.2134]
3D-printed biphasic calcium phosphates showed a significant
increase in both in-growth (up to 72%) and the presence of blood
vessels at the scaffold—host bone interface.['*!]

Further, the irregular nature of the scaffold surface is a re-
sult of the low resolution offered by UV-based stereolithography.
Hierarchical microstructure and pores created using a combina-
tion of EBM and post-processing were the primary cause for in-
creased bone formation. Integration of the implanted tissue oc-
curred directly with the natural bone without the formation of
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any fibrous connective tissue, ensuring a strong fixation (shown
in Figure 81I).11%%]

6. Conclusions

Discussions around the efficacy of BTE scaffolds indicate that
these scaffolds require biomaterials that can positively interact
with the local ECM and simultaneously provide structural sup-
port to the damaged areas. To fulfill these dual requirements, an
in-depth understanding of the chemical and physical factors re-
sponsible for the initiation and continuation of the bone healing
response is necessary. Since the bone healing pathway is an active
area of research, designing better BTE scaffolds that can provide
an ideal bone healing environment is still a challenge.

The multi-faceted requirement of BTE scaffolds makes them a
complex arrangement of porosities (shapes, sizes, and intercon-
nectivity) and biomaterials that mimic the natural structure of
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bone tissue. Changes in mechanical strength requirement across
different types of bone (cancellous and trabecular) and their loca-
tion in the body, alters this complex arrangement. Further dam-
ages/defects presented by individuals are often unique, therefore,
a one-size-fits-all approach to the manufacturing of BTE scaffolds
will be less effective in improving patient outcomes.

In-vitro assessments used to validate the efficacy of the scaf-
fold utilizes osteoblast cells, which are infiltrated into the bulk
of the 3D scaffold. Increasing the geometrical complexity to ad-
dress the strength and biofunctionality of the scaffold is a popular
solution although visualizing the growth of the cells within the
scaffold bulks (non-destructively) to assess the efficacy of the scaf-
fold can be difficult. Bone tissues and their surrounding ECM are
highly dynamic in nature, therefore, developing scaffolds that re-
spond to either chemical or physical stimuli can be challenging.
Further, the precise mechanisms that trigger and sustain bone
healing processes are still an area of active research, therefore,
requirements of future BTE scaffolds might change based on the
results of new research. 4D printing technologies that can pro-
duce materials that respond to external stimuli could be utilized
to introduce new functionalities in BTE scaffolds.

Conventional fabrication techniques are unable to capture
these unique features to produce patient-specific scaffolds. Fur-
ther, conventional fabrication techniques can produce hierar-
chical porosities that mimic natural bone structures, but they
lack the ability to simultaneously process multiple materials.
This increases the number of steps during the production of
multi-material scaffolds that are a requirement to produce bio-
functional scaffolds. In addition, they lack control over position-
ing the pores and features within the scaffold architecture. Since
the structural capacity is closely linked with the presence of these
pores, control over their spatial location can alter their structural
capacity. The type of porous structure can also affect the infiltra-
tion of ECM into the scaffold, controlling the interaction of the
scaffold, and hence, its bone healing ability. Therefore, by using
a combination of materials and structural features, unique scaf-
folds with specific bone healing and structural capacities can be
designed.

Recent advances in 3DP technologies combined with imaging
systems (magnetic resonance image, computer tomography, and
synchrotron-based CT scanning) allow us to capture and trans-
late the unique defects/damages into scaffold designs. Incorpo-
rating finite element analysis into this design loop could allow us
to predict the structural capacity of these scaffolds before manu-
facturing them, thereby allowing professionals to make informed
decisions before implanting the scaffolds. While 3DP systems do
provide significant design freedom, they are also associated with
challenges in accurately replicating geometries due to poor reso-
lutions, and materials that can be 3D printed are required to be
modified (converted into slurries, pastes, filaments, or powder).
More knowledge is required to understand the impact of these
modifications on bone healing ability or even their mechanical
strength. When processing multiple materials using 3DP, the
interaction of dissimilar materials can create defects (cracks or
residual stresses) further the adhesion between the materials will
be a critical factor when determining the mechanical strength of
the produced composite. These knowledge gaps will need to be
addressed to truly produce the next generation of patient-tailored
BTE scaffolds.
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