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Abstract: Given the enormous increase in the risks of bone and cartilage defects with the
rise in the aging population, the current treatments available are insufficient for handling this
burden, and the supply of donor organs for transplantation is limited. Therefore, tissue
engineering is a promising approach for treating such defects. Advances in materials research
and high-tech optimized fabrication of scaffolds have increased the efficiency of tissue
engineering. Electrospun nanofibrous scaffolds and hydrogel scaffolds mimic the native
extracellular matrix of bone, providing a support for bone and cartilage tissue engineering
by increasing cell viability, adhesion, propagation, and homing, and osteogenic isolation and
differentiation, vascularization, host integration, and load bearing. The use of these scaffolds
with advanced three- and four-dimensional printing technologies has enabled customized
bone grafting. In this review, we discuss the different approaches used for cartilage and bone
tissue engineering.
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Introduction

Traffic accidents, work and sporting injuries, degenerative diseases, and wars present
immense orthopedic trauma burdens, most of which are bone and cartilage fractures
that require reconstruction as well as rehabilitation.' Other than accidental fractures,
aging-related osteoporosis and autoimmune diseases such as arthritis are causes of
bone defects and increase the chances of bone fractures.® Diseases such as osteomye-
litis cause severe pain, fever, and redness in specific areas, and if not addressed, may
lead to irreversible trauma (eg, amputation).*> In addition, cancers affect bone remo-
deling and induce fractures and anemia, and surgery at the cancer site can leave bone
defects.® Moreover, some hereditary diseases (eg, hereditary multiple exostoses and
hereditary bone marrow failure syndromes) can induce bone injuries and require
surgery or stem cell injections for restoration.”* The number of cosmetic surgery
procedures is also increasing as socicties develop.” Worldwide, more than
900 million reconstructive surgery operations are performed annually in response to
all these leading causes of bone fractures and defects.'® Despite the fact that various
precautionary measures (eg, legislation and road safety improvements) have been
implemented to decrease trauma-causing accidents, the number of orthopedic proce-
dures carried out to repair large bone damage has still not shown a tangible decrease. In
general, bone has the intrinsic property to repair itself, but there are many circum-
stances where full bone regeneration fails to occur and requires external stimulation."!
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Figure | Different advanced strategies for scaffold fabrication used in bone and cartilage tissue engineering: nanofibers, hydrogels, and 3D printing.

Therefore, millions of people with bone defects require
a bone graft or substitute. Owing to the high demand for
surgery, the market value for bone grafts and related materi-
als reached 2.4 billion US dollars in 2016 and is expected to
hit 11.5 billion US dollars by 2025."> Other than the supply-
and-demand phenomenon, grants for bone tissue engineering
research, as well as the interest of research and development
authorities in the progress of such technology, are key factors
that boost the market value."

The solutions available to address bone defects and
diseases include medical procedures, transplantation, and
medication.'! Despite their success, however, they are still
not able to fully meet the demands; therefore, tissue engi-
neering has emerged as an alternative option for correcting
bone damage and cartilage defects.'® Advances in the field
of three-dimensional (3D) scaffold fabrication for tissue
engineering, the use of 3D printers for in vitro implant
construction for tissue repair, and the use of stem cells are
expected to solve the problematic issues and help meet the
future demands of cartilage and bone tissue repair. In this
review, we discuss the current treatments and their limita-
tions, advanced tissue engineering tools, 3D scaffolds
(nanofibers, hydrogels), and 3D and four-dimensional

(4D) printing applications for cartilage and bone tissue
engineering (Figure 1).

Bone and cartilage biology, role of
the extracellular matrix, and

synchrotron imaging techniques

The engineering of soft and hard tissues for the repair of
bone and cartilage tissues is an emerging trend in the field
of medical sciences. However, although these two tissue
types are important components of the human skeletal
system, they differ widely in their composition and
mechanics. Bone is hard and rigid, whereas cartilage is
soft, flexible, and viscoelastic, and their physiologies vary
according to body location."*'> Thus, it is essential to
know the basic anatomy of these tissues, as each one
requires a special scaffold or material for its bioengineer-
ing. Bone is further composed of two types of osseous
tissue: cancellous trabecular bone, which constitutes the
inner bone and has a high porosity (50-90% vol); and
cortical bone, which covers the outer bone surface and
has a low porosity (10% vol) (Figure 2). The inner part
of bone is metabolically active and helps in joint and limb
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Figure 2 (A) Anatomical hierarchy of bone and its types (compact bone, trabecular bone); (B) bone remodeling mechanism in which three types of bone cells (osteocyte,

osteoclast, and osteoblast) participate.

movement, whereas the outer part is mechanically sound
and provides support and protection. Mechanically, the
compressive strength of the trabecular bone ranges from
2 to 12 MPa and its elastic modulus from 0.1 to 5 GPa,
whereas the cortical bone is stronger, with a compressive
strength of 170-193 MPa and an elastic modulus of 7-20
GPa.'¢ Furthermore, bone tissues are mineralized connec-
tive tissue and composed of three types of cells: osteo-
cytes, osteoblasts (from pluripotent mesenchymal stem
cells [MSCs]), and osteoclasts.!” These cells are arranged
to work in synchronization, to constitute a unified bone
organism.” Bone is enriched with a vascular network and
consists of 10% water, 30% matrix, and 60% minerals by
weight.'®

The extracellular matrix (ECM) of bone exists as
a biphasic system, with the major portion being composed
of organic matter (mostly collagen type I fibers) and the
rest consisting of inorganic matter and mineral bone salt
(eg, hydroxyapatite [HA] and calcium phosphates)."
Collagen fibers are composed of three polypeptide chains
that are twisted in a helical conformation and stabilized by
intramolecular and intermolecular bonds, which increase
the tensile strength of the fibers.”’ Non-collagenous pro-
teins, growth factors, and cytokines act as functional
players, whereas proteoglycans and phospholipids have
a regulatory effect in the calcification process.”'** The

highly mineralized ECM network of bone provides
strength and support to the skeleton, which shapes the
body and plays a role in the transmittance of muscular
pull for movement. The mineralized ECM is able to pro-
vide protection to soft tissue in the pelvic bone, bone
marrow, and thoracic and cranial cavities.'” Collagen
fibers in ECMs reinforced with HA gave rise to a tough
and flexible nanostructure that supported the adhesion,
proliferation, and differentiation of bone cells.”’ To some
extent, bone tissues also have a self-renewal property,
which they constantly undergo through a remodeling pro-
cess to adapt to the body burden and to repair old micro-
damaged bone with new cells to sustain the mechanical
strength of bone (Figure 2).'"? It was observed that 3% of
cortical bone and 25% of trabecular bone are replaced
every year with new bone,'® indicating that bones possess
remarkable regeneration properties. Nonetheless, some
bone diseases, tumor resections, and union fractures
cause bone defects of a critical size that cannot be mana-
ged spontaneously and need external treatments and induc-
tion for regeneration.”**> This process of bone formation,
known as ossification, is regulated by osteoblasts along
with the bone matrix. Two essential processes are involved
in new bone formation: intramembranous ossification, in
which the primitive connective tissue (mesenchyme) par-
ticipates directly in bone formation (eg, in the mandible,
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skull, and clavicle); and endochondral ossification, where
connective tissues (mesenchyme) first differentiate into
cartilage and are then replaced with bone cells (eg, in the
radius, femur, tibia, and humerus).'~*>

Other than bone, cartilage is another important compo-
nent of the body skeletal system, being composed of
strong and elastic connective tissues that cover the bone
surfaces at joints (articular cartilage), and are found in the
ear, rib cage, nose, and other body components.'> There
are three types of cartilage, based on ECM composition:
elastic cartilage (ECM with elastic fibers), fibrocartilage
(ECM enriched with collagenous fibers), and hyaline car-
(ECM
[GAGs]).%° Hyaline cartilage, also known as articular car-

tilage enriched with  glycosaminoglycans
tilage, is present at the interfaces of gliding bones in the
articular synovial joints. This cartilage reduces the friction
in synovial joints and facilitates their free movement, and
supports the high dynamic compression load. Being less
mechanically strong then bone, cartilage has a shear mod-
ulus of 0.7 MPa, compressive modulus of 0.7-0.8 MPa,
and tensile modulus of 0.3—10 MPa.?® Structurally, carti-
lage consists of a mineralized ECM that is produced by the
chondrocytes embedded within it, and a hydrated ECM
that is 80% water filled with hydrophilic proteoglycans
composed of core proteins with covalently attached
GAGs (mainly chondroitin sulfates) and collagen type II,
which carry out the load-bearing function of the tissue."
The ability of cartilage to withstand high compressive
loads is due to the GAGs, and the high tensile strength
and tolerance for high shear stress come from the collagen
type 11 fibrils.">° Upon compression, the cartilage ECM
is compacted with the efflux of water and the increasing
load; subsequently, the water flow is decreased and the
hydrostatic pressure is increased to hold the load. Because
cartilage tissues are avascular in their anatomy, the supply
of nutrients and infiltration of cells are poor, resulting in
arrested wound healing during tissue injury or defect.'”
Fibrocartilage that was developed to replace native carti-
lage tissue had inferior mechanical strength compared with
the native cartilage. The treatment of bone and cartilage
defects through tissue engineering requires the develop-
ment of materials and scaffolds according to the native
composition and physiological roles of these two tissues.

To mimic the native composition of bone, visualization
of its complex hierarchical structure is the first step toward
understanding the nature of fracture and bone loss.
Therefore, spatial temporal evolution with high spatial
resolution at different lengths has been visualized to

understand the regeneration process of bone tissues and
to design scaffolds to support tissue regeneration.>” Micro-
computed tomography (micro-CT), employing conven-
tional X-ray sources, Raman spectroscopy, Fourier trans-
form infrared spectroscopy, transmission electron
microscopy, quantitative backscattered electron imaging,
and X-ray scattering have been used to map the geometry
and density distribution, imaging, quantification of the
chemical contents, such as cross-links and mineralized
crystallite, and the size, shape and density distribution of
mineral particles within the bone, and to observe the size
and shape of individual mineral crystals.”® But it has still
not been possible to completely analyze bone structure,
owing to the limitations of these techniques. Despite being
gold-standard methods for 3D analysis of trabecular bone
and structure of vascular (osteonal) porosity in cortical
bone, conventional CT and micro-CT have limitations in
imaging micro-damage.”® Synchrotron radiation (SR)
coupled with micro-CT instead of standard X-ray beams
has presented an alternative method to image the detailed
microstructure and micro-damage of bone, and this tech-
nique has led to improved image quality and signal-to-
noise ratio.’® SR applications made it possible to analyze
bone microstructure and bone mineralization simulta-
neously. Various image processing software packages,
such as VGStudio MAX (Heidelberg, Germany), Avizo
(Hillsboro, OR, USA), and Mimics (Leuven, Belgium),
are used to construct 3D images using synchrotron micro-
CT slices.>' These 3D reconstructed models are used for
quantitative assessment of micro-damage and printing of
3D scaffolds to regenerate the micro-damage.*> The
advantages of using 3D reconstructions to measure the
amount of micro-damage in bone are that the 3D model
prevents overcounting or undercounting of micro-damage,
which may occur when assessing micro-damage using
two-dimensional (2D) slices.”® The use of SR-micro-CT
provides better images in terms of quality and resolution,
reduces the scan time, and facilitates the use of mono-
chromatic (single-energy) X-rays. Synchrotron imaging
techniques could be combined with in situ mechanical
testing to visualize the structure and mechanical behavior
of bone at these levels. Cooper et al used SR-micro-CT to
visualize secondary osteons and porous structures in
detail.?® This technique has also been applied to observe
the bone regeneration process inside the scaffold; Campi
et al used synchrotron high-resolution X-ray phase-
contrast micro-tomography and synchrotron scanning
micro-X-ray diffraction techniques to visualize the
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dynamics of collagen packing during ex vivo mineraliza-
tion of ceramic porous HA implant scaffolds.*® The high-
resolution images obtained from the synchrotron can play
a vital role in 3D and 4D scaffold fabrication to repair
bone and cartilage micro-damage.

Conventional treatments and their

limitations
The causes of most bone injuries and defects are categor-
ized into fractures, infections, cancer, old age, hereditary
diseases, and cosmetic surgery,' which can all cause
damage to a certain extent. However, once the damage
increases to a critical point or beyond the limit of the
bone's self-renewal capacity, external stimuli are needed
to initiate and boost bone regeneration and to restore
normal bone volumes and functions. In general, bone
defects are of two types: cavity defects, where the bone
loss is limited, the bone biomechanics are not affected, and
osteosynthesis is not interfered with; and segmental
defects, where the normal bone biomechanics are compro-
mised and the bone organ integrity is endangered.'' Cavity
bone defects are easy to treat with the help of bone auto-
grafts, bone substitutes, morselized allografts, etc. If the
cavity defects are small enough, they can be filled with
implants. Segmental bone defects, which result from high-
energy trauma in which the soft tissue is badly damaged,
are the most problematic. Causes of segmental bone
defects include bone tumor surgery; road accidents that
injure the tibia, long bone (femur), and upper limbs; and
wounds inflicted by weapons,®* many of which result in
major functional disability and can lead to amputation.
Apart from autografts and surgery for infections and
heredity bone defect diseases, the Osteoarthritis Research
Society International and the American Academy of
Orthopedic Surgeons also categorize physical measures
and pharmacological therapy as treatment means.> >’
Physical measures help to manage the mechanical imbal-
ance and reduce the risk of bone diseases, whereas phar-
macological therapies use medications like non-steroidal
anti-inflammatory drugs, paracetamol, and opioid analge-
sics to moderate pain. However, these medications are also
associated with side effects, including gastrointestinal
complications such as bleeding and perforated gastric
ulcers, liver and kidney toxicity, nausea, dizziness, and
constipation. Although the intra-articular injection of hya-
luronic acid has also been used to treat cartilage lesions, its
effect has been reported to be insignificant compared with

that in a placebo group.’” Similarly, arthroscopic lavage
and debridement were previously used as therapies, until
the 2000s.>® Although all these treatments are effective in
providing relief from symptoms, they cannot stop or pre-
vent the progressive damage to the affected cartilage or
bone. Severely injured patients will usually need surgical
treatment or replacement implants. Currently, mosaic-
plasty, microfracture, and autologous chondrocyte implan-
tation are being used to treat cartilage damage, but there
are still doubts about their efficacy for complete recovery
and the restoration of long-term function.*”

Autologous bone grafts are still considered the gold
standard for bone treatment.'"*° However, concerns about
the size of bone to be harvested and problems associated
with the donor site have not been addressed. Furthermore,
donor-site morbidity effects and postoperative problems,
including nerve injury, blood loss, hernia formation, and
infection, are the leading limitations of this treatment
method.*" In general, the techniques available for bone
repair require invasive surgical procedures and a long
healing time. As well as from the intense pain suffered
by patients, surgery increases the risk of infection, and
defects
Moreover, the financial burden due to long-term hospita-

complete repair of the is not guaranteed.
lization and psychological effects due to surgery further
complicate the situation. Because of these limitations,
surgeons continue to look for alternative methods to repair
bone and cartilage defects. Another approach adopted to
repair the damaged part is the reimplantation of an
extruded bone segment. However, this is possible only
for a limited time after the injury or accident and carries
a high risk of infection, and guidelines or protocols for the
sterilization and stabilization of reimplants are not clear.*
The few studies published in this regard have reported
many concerns.* Along with such bone transplant meth-
ods, the Masquelet procedure is another approach for
repairing bone defects. In this procedure, an artificial
chamber is created in situ using a temporary membrane.
Once this membrane has been covered by the periosteum
layer, it is removed and the gap is bridged with cancellous
soft tissue.** These treatments have also been used with
combinations of growth factors, such as platelet-derived
growth factor and bone morphogenetic proteins (BMPs),
as well as cell injections, to focus on bone synthesis
through matrix-forming cells.*” Another available option
is the use of a demineralized bone matrix as a bone graft
extender instead of the bone graft substitute.*® Ceramic
bone graft substitutes have also been tested, but their very
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low mechanical stability and brittle nature limit their use
in locations subject to high pressure. In this perspective,
bone and cartilage tissue engineering has emerged as
a promising alternative approach to effectively overcome
the limitations of traditional implants and repair methods.

Tissue engineering

With the increasing demand for organs for transplantation
and the complications associated with the conventional
treatments of bone and cartilage defects, the importance
of tissue engineering has increased.*” To overcome these
issues, a potential solution, through the combination of
cells with biodegradable and mechanically strong scaf-
folds, is required to repair the damaged tissue and restore
its functions. The development of scaffolds with materials
that exhibit strong mechanical support, biocompatibility,
biodegradability, and osteoinductive properties is the basis
for bone and cartilage tissue engineering. Materials that
have been proposed and used to replace native bone and
cartilage tissue at damage sites include ceramics, metals,
and polymers.** However, the poor degradability of cera-
mics, non-degradability of metallic compounds, and low
mechanical strength of polymers are key challenges in
bone and cartilage tissue engineering. Therefore, research-
ers have focused on the use of hybrid materials to develop
scaffolds with optimum properties. In tissue engineering,
biomaterials are used to produce scaffolds that act as
a temporary matrix to establish a specific ECM for bone
and cartilage regeneration. Natural polymers with high
biodegradability and low immunogenicity are widely
adopted for scaffold fabrication.**° By manipulating the
polymer concentrations, scaffolds with optimized mechan-
ical strengths, pore sizes, and surface charges can be
obtained (Figure 3). To increase the bioactivity of scaf-
folds, their surface is functionalized with various bioactive
materials, functional groups, proteins, and peptides.”’
A scaffold is defined as an artificial support that provides
a 3D environment for the development of the native tissue
morphology.>® It can be used as an acellular system, as
a delivery agent for cells or biological payloads (drugs,
growth factors, etc), or as a cell-anchoring entity. If
implanted as an acellular material on an injured site, the
scaffold supports cell colonization, adhesion, and prolif-
eration for tissue regeneration. Alternatively, if a scaffold
is applied with cells and other biological molecules, it
participates in bone formation in vivo by stimulating
osteogenic differentiation. These cells can be grown and
expanded ex vivo before delivery or implantation.

A variety of cells can be manipulated for bone and carti-
lage tissue engineering.>® Herein, we discuss the fabrica-
tion of advanced scaffolds and their applications for bone
and cartilage tissue regeneration.

Nanofibers

Electrospinning is a highly versatile and promising method
for developing 3D nanofibrous scaffolds with a range of
materials through the use of electrostatic force.*’ In this
technique, materials in solution are dispersed under elec-
trostatic force into nano- and micro-sized continuous
fibers. The elements required for electrospinning include
a polymer source, a dispensing unit, a high-voltage supply,
and a collector.”*>® The resulting scaffold mimics the
natural ECM in terms of the fiber network, pore size,
and surface-to-volume ratio. In addition, the nanofiber
surface can be modified with various cross-linking and
biological techniques according to the targeted tissues.>®
Because of these properties, nanofibers have wide applica-
tions for skin, neural, heart, cartilage, and bone tissue
engineering.”’°° For bone tissue engineering, nanofibrous
scaffolds are considered close to ideal scaffolds owing to
their similarity to collagen fibers in bone, and they mimic
the native bone ECM.®'"% A wide variety of materials are
used to fabricate nanofibrous scaffolds for bone and carti-
lage tissue engineering, including natural polymers (col-
lagen, chitosan, silk, fibrogen, etc), synthetic polymers
[poly(e-caprolactone) (PCL), poly(r-lactic acid) (PLLA),
polyglycolide, polyethylene glycol (PEG), etc], and hybrid
materials (silver with PCL, etc) (Figure 3).49:64-66
Electrospun 3D nanofibrous scaffolds provide extra sites
for cell attachment and high spatial interconnectivity.
These nanofibers can also align in different patterns to
support a cell arrangement similar to that of the native
tissue. For example, Cai et al fabricated a practical 3D
macroporous nanofibrous (MNF) scaffold for application
in bone tissue regeneration.®’ They seeded human embryo-
nic stem cell-derived mesenchymal stem cells (hESC-
MSCs) onto the MNF scaffold and observed the cell
morphology with biochemical testing. The cells showed
enhanced attachment and extended to spindle-like shapes.
Those authors also implanted the MNF scaffold in vivo
and evaluated the bone formation for 6 weeks.
Histological and radiographic analyses showed the forma-
tion of 3D bony tissue after 6 weeks. Their study indicated
that the MNF scaffold could be used for the culture of
hESC-MSCs and their differentiation into bone cells, and

revealed its potential for future clinical application in bone
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and cartilage tissue engineering.®’ PLLA, a synthetic poly-
mer approved by the US Food and Drug Administration
(FDA), with good biodegradability, biocompatibility, and
mechanical stability, has been applied extensively in bone
repair.®® Laurencin used a PLLA-based biomimetic nano-
fibrous scaffold to deliver rat MSCs for ligament repair,
resulting in enhanced mechanical strength and tissue
? fabricated

a nanocomposite scaffold comprising an atelocollagen

regeneration.® Similarly, Ito et al
sponge and a PLLA mesh to repair osteochondral damage
in a rabbit model.”® PCL, another FDA-approved synthetic
polymer, is used widely in tissue engineering both alone
and in combination with other materials, such as collagen,
chitosan, calcium, gelatin, silk, nano-hydroxyapatite
(nHA), and beta-tricalcium phosphate (f-TCP), where it
has shown improved mechanical properties when mixed
with these materials.”"”’* Lee et al used a PCL-gel-HA
composite scaffold coated with the fibronectin 9-10

domain (FNIII9-10) and osteocalcin to evaluate the role
of MSCs.”® The osteocalcin was conjugated with carbox-
yglutamic acid and aspartic acid, with calcium ions in the
HA crystal. Similarly, Yoshimoto et al cultured mesench-
ymal stromal cells on PCL nanofibers and observed
enhanced mineralization and collagen type I deposition.”
Observations of in vivo implantations of PCL-based nano-
fibrous scaffolds have also revealed the multilayered
deposition of osteoblast-like cells, with the formation of
bony tissue and a mineralized matrix enriched with
osteocytes.”” In another study, Eap et al developed a 1-cm-
thick PCL-based nanofibrous scaffold for culturing human
osteoblasts and applied it for bone tissue engineering.”® Xu
et al fabricated a PCL-based scaffold that was similar to
the natural ECM, with high porosity (almost 97%), and
observed better cell physiology for cartilage formation.”’
The scaffold facilitated high cell viability in vitro, and the
mouse bone marrow MSCs expressed BMP2-induced
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chondrogenic rather than osteogenic differentiation. The
in vivo results were similar, proving the effectiveness of
the nanofibrous scaffold as a supportive synthetic ECM for
bone and cartilage regeneration via endochondral
ossification.”’

To mimic the natural ECM, nanofibrous scaffolds have
been loaded with growth factors to repair complex and
large-sized bone defects such as calvarial damage. Li et al
fabricated an advanced form of nanofibrous scaffold,
incorporating nanoparticles loaded with growth factors.”®
They first encapsulated BMP2 into nanoparticles com-
posed of bovine serum albumin, mixed them with
a solution of PCL-co-PEG and dexamethasone (DEX),
and then electrospun that mixture.”® The nanofibrous scaf-
fold demonstrated a sustained release of DXE and BMP2
in vitro over 8 and 35 days, respectively. The authors also
confirmed that the sustained release of these growth fac-
tors favored the propagation of osteoblasts in vitro. When
they implanted this composite scaffold with drug-loaded
nanoparticles to repair rat calvarial defects in vivo, they
found that it cleared the defects more rapidly than the
scaffold without drug-loaded nanoparticles did, owing to
the combined effects of BMP2 and DEX.”® Similarly, PCL
nanofibers loaded with magnetic particles facilitated
enhanced MSC adhesion and proliferation and better
osteogenic differentiation.”®

Natural polymeric nanofibrous scaffolds for bone and
cartilage tissue repair have also been reported. For exam-
ple, Van Hong Thien et al fabricated nanofibers with HA
and chitosan to increase the osteoconductivity of seeded
cells, whereupon the scaffold showed increased cell pro-
liferation and alkaline phosphate (ALP) activity.®
Similarly, the effects of micro-HA and nHA were com-
pared by fabricating the nanofibrous scaffolds with chito-
san, with results showing that nHA facilitated better MSC
adhesion and propagation and estrogenic activity.®!
Moreover, Runt-related transcription factor 2 (Runx2),
ALP, BMP2, BMP4, and SMAD family member 1 were
upregulated in the MSCs when seeded on these scaffolds.
In a similar study, Mi et al used micro-HA and nHA with
thermoplastic polyurethane (TPU) to fabricate nanofibrous
scaffolds and evaluated the effect of the HA size on cell
behavior.*” The TPU nanofibers with micro-HA showed
a higher Young’s modulus and lower break strain then
those with nHA. Overall, the tensile strength of the TPU
nanofibers declined with the addition of either nHA or
micro-HA. The nanofibers with TPU-nHA were soft
owing to their shorter diameter, whereas those with micro-

HA were hard. The soft nanofibers facilitated better osteo-
blast attachment, but cell migration and propagation were
better on the surface of the hard scaffold. Furthermore, the
soft scaffold with nHA enhanced the osteogenesis of
human mesenchymal stem cells (hMSCs) compared with
that without nHA. This study showed that the TPU-nHA
scaffold could be applied for bone tissue engineering.®*
Hybrid scaffolds with more than one type of material
have shown synergetic effects for bone tissue engineering
compared with scaffolds made from a single material
alone. Therefore, the current trend is to study different
combinations of materials to find ideal ones for hybrid
scaffold fabrication. Vozzi et al fabricated a scaffold with
collagen, gelatin, and genipin, seeded it with human pri-
mary osteoblasts, and evaluated it at regular intervals for 3
weeks for the expression of different bone-related genes.®?
Increased cell adhesion, proliferation, and differentiation,
with an increased trend for osteopontin, ALP, and osteo-
calcin expression over time, were observed.* Similarly,
Zhang et al fabricated gelatin—f-TCP nanofibers and
observed the enhanced activity of bone-derived cells.®
Meanwhile, Wang et al developed electrospun poly-
3-hydroxybutyrate-co-3-hydroxyhexanoate nanofibers to
study the adipogenic and osteogenic abilities of osteoblasts
and fibroblasts.®> Another synergetic nanofibrous scaffold,
fabricated using silk and chitosan and cultured with bone
marrow hMSCs, was used to evaluate osteogenic activity
(using the discoloration of the biochemical stain alizarin
red), ALP movement, and the expression of indicator
genes of osteogenesis.®® The chitosan and silk mix
increased the osteogenic separation and proliferation of
hMSCs. Similarly, it was observed that 3D fibroin-based
nanofibrous scaffolds possessed great porosity and showed
bone regeneration potential.®’
scaffolds
shown promising results for bone and cartilage tissue

Although electrospun nanofibrous have
regeneration, their topography and morphology still pre-
sent critical barriers to mimicking the natural ECM. These
types of scaffolds lack macroscopic pores, making the
diffusion of nutrients difficult. Therefore, a gap remains
in the development of innovative methods for fabricating
nanofibers with interconnected macropores to fully mimic
the native ECM of bone. For large tissue defects in big
bones, 3D nanofibrous mats have been recommended.
Further studies are thus needed to enhance the morphology
and architecture of nanofibers with nanopores and macro-
pores, to support not only cell infiltration and nutrient
supply but also vascular growth.

submit your manuscript

4340

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Qasim et al

Hydrogels

The majority of the previously discussed polymeric scaf-
fold types need surgical and invasive support for implanta-
tion. Clinically, there is a demand for scaffolds that can be
implanted with minimally invasive procedures. There is
thus a demand for materials with a low viscosity to allow
easy delivery by injection and that can be cross-linked
in vivo to form a hard scaffold. A hydrogel is
a physically and chemically cross-linked hydrophilic scaf-
fold that can be used for the delivery of biological mole-
cules and provides a 3D environment similar to that of the
native ECM (Figure 4).*® Owing to their ECM-like struc-
ture, hydrogels can entrap proteins or cells in the mesh and
control the release of the materials as required. Moreover,
hydrogels are absorbable and demonstrate excellent inte-
gration with surrounding tissues, thereby avoiding the
complexity of surgical removal and reducing the possibi-
lity of an inflammatory response.** Owing to their high
water-holding capacity (similar to that of soft tissues),
hydrogels can support cell viability better than other 3D
scaffolds.”® The low-viscosity hydrogels can be delivered
via injection to the defect site, and they can incorporate
growth factors, drugs, and cells for tissue engineering.”’
Their properties can be modified according to the polymer
used for their fabrication and the cross-linking agent.”

and

They have shown sustained, programmed,

Long body circulation

Targeted delivery

9

Cargo protection/
encapsulation

Physical
modification

g 'i g’
Chemical

¥ conjugation

Biodegradable

Hydrog
el

thermoresponsive or pH-responsive payload delivery
(Figure 4).°> Their properties protect the payload from
chemical or physical degradation before reaching the tar-
get site and increase their circulation or presence time,
thereby supporting the tissue regeneration process.
Various 3D templates based on hydrogels have been devel-
oped that mimic the bioenvironments, depicting motifs
inspired by the role of the ECM in regulating bone regen-
eration. Hydrogels fabricated with biocompatible, biode-
gradable, and responsive materials with fewer adverse
reactions can be perfect for clinical applications.”*">
Naturally derived hydrogel-forming polymers have
been extensively manipulated in bone and cartilage tissue
engineering. For example, collagen is the most abundant
protein of mammalian tissue ECMs and is used for the
culture of osteoblasts.’”?° Similarly, hyaluronic acid-based
hydrogels developed via copper(I)-catalyzed azide—alkene
cycloaddition have been used as drug reservoirs and cell
scaffolds.”’

gradability and low immunogenicity, and which facilitate

These natural polymers, with excellent biode-

high cell viability, adhesion, proliferation, and migration
abilities, further add to the value of hydrogel scaffolds.
Such scaffolds made of natural polymers, including fibrin,
alginate, gelatin, and chitosan, have shown success in bone
14:49.98.99 " Chitosan,

derived naturally from chitin, is a linear polysaccharide

and cartilage tissue engineering.
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Figure 4 Properties of hydrogel scaffolds used in cartilage and bone tissue engineering through delivery of growth factors and cells and different delivery mechanisms based

on stimulus, target site, and material.
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composed of N-acetylglucosamine.'®® Owing to its simi-
larity with cartilage glycosaminoglycan, it is considered
one of the most favorable candidates for fabricating inject-
able hydrogels for cartilage repair.'’° Naderi-Meshkin et al
fabricated such an injectable hydrogel by mixing chitosan
with glycerol phosphate and the cross-linking agent hydro-
xyethyl cellulose, and used it as a scaffold for cartilage
repair.'®" Similarly, the feasibility for MSC propagation
and isolation for cartilage repair was evaluated using
a chitosan-based injectable hydrogel.'°’ To constitute
a hydrogel with responsive abilities, chitosan is mixed
with stimulus-responsive polymers. For example, Sa-
Lima et al demonstrated the thermoresponsiveness of an
injectable hydrogel for cell delivery, which was fabricated
with chitosan—glycerophosphate and different concentra-
tions of starch.'” Moreover, Moreira et al produced an
injectable hydrogel, composed of bioactive glass nanopar-
with
properties.'” One of the limitations of chitosan is that it

ticles, collagen, and chitosan, thermogelling
is insoluble in water and can only dissolve in acetic acid.
Therefore, efforts have been made to develop a water-
soluble form of chitosan so that its washing steps can be
skipped during hydrogel fabrication. Expanding on the
idea of a water-soluble, chitosan-based hydrogel,
Kamoun developed an injectable hybrid hydrogel with
non-toxic properties, made of N-succinyl chitosan—dialde-
hyde starch.'® The scaffold took less time to gel and
exhibited low water uptake, high degradability, and
a stiff surface, making it highly supportive for cartilage
tissue engineering.'®® To increase the cell viability and
adhesion further, Santo et al added platelet-rich plasma
(which, upon activation, is called platelet lysates) to chon-
showed the

enhanced osteogenic differentiation of MSCs with high
105

droitin sulfate—chitosan hydrogels and
calcium deposition.

Gelatin, another natural biopolymer that is extracted
from collagen and has high biocompatibility and biode-
gradability, is also widely used in hydrogel fabrication.'*®
Oh et al fabricated a unified, dual-thermoresponsive,
macroporous, gelatin-based injectable hydrogel using
stable oil-in-water elevated inner-stage suspensions, with

gelatin-graft-poly(N-isopropylacrylamide).'*”

Similarly,
Geng et al fabricated a pH-responsive injectable hydrogel
from amino gelatin, oxidized dextran, and 4-arm PEG
acrylate in two steps and used it for pre-osteoblast
seeding.'”® The hydrogel showed high biocompatibility

108

and facilitated cell adhesion and differentiation.

Solorio et al fabricated microspheres (2—6 um diameter)

of gelatin hydrogels and loaded them with recombinant
bone morphogenetic protein-2 (rhBMP2) to stimulate
hMSCs for bone formation. These hydrogel microspheres
showed a sustained released of hBMP2, with their loading
capacity increasing with a high degree of cross-linking,
but with low cumulative release. The sustained released of
rhBMP2 resulted in a three- to eight-fold increase in the
expression of bone sialoprotein, confirming the use of the
hydrogel for slow payload delivery and its impact on
tissue regeneration.’’

Fibrin is another natural polymer that is widely
exploited in clinical studies for bone tissue engineering
using stem cells.'” Seebach et al implanted fibrin glue
hydrogels mixed with rat-derived MSCs into damage
sites of rat femoral bone to test host-cell recruitment,
immunomodulation, and tissue regeneration.”® Similarly,
alginate has been used for bone and cartilage tissue
engineering owing to its  non-toxicity, = non-
immunogenicity, and scaffold-forming ability.”® Alginate
is a polysaccharide derived from brown algae, and con-
tains mannuronic and guluronic acids. Moshaverinia et al
fabricated injectable hydrogels comprising alginate-based
microbeads for use in enclosing dental-derived MSCs,
including periodontal ligament stem cells and gingival
MSCs.'"° In their system, alginate was used to encapsu-
late a stem cell and calcium chloride (cross-linking
agent) mixture for injection into a defect site to form
a gel on the spot. Micro-CT analysis confirmed that the
cells remained viable after gelation, and ectopic miner-
alization occurred both inside and around the microbeads
owing to the efficient exchange of materials.''” Because
hyaluronic acid is naturally responsible for chondrogenic
differentiation, the matrix deposition of chondrocytes, the
development of cartilage and limb buds, and the concen-
tration of mesenchymal cells, it is considered a good
candidate for bone and cartilage repair. Yu et al fabri-
cated an injectable hyaluronic acid-PEG hydrogel with
high mechanical stability for bone and cartilage tissue
engineering, whereupon enhanced metabolic activity and
cell propagation were observed inside the hydrogel.'"'
Similarly, Park et al fabricated an injectable hyaluronic
acid-based hydrogel in which methacrylated glycol chit-
osan was incorporated to make the scaffold structurally
similar to glycosaminoglycan.'® Chondrocytes mixed
with the hydrogel showed increased propagation and
extra deposition of cartilaginous ECM. On the basis of
these results, it was concluded that this hydrogel system
could be used for cartilage tissue repair.
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Although hydrogel systems based on natural polymers
have good biocompatibility and biodegradability, they do
not have enough mechanical strength to support large-
sized bone defects. Therefore, different metallic and non-
organic nanoparticles have been used to increase the
mechanical characteristics of hydrogel
nanocomposites.'®® These nanoparticles include graphene
oxide, graphene, nHA, calcium phosphate, carbon nano-
tubes, and bioactive glass.'®*''>™''* The addition of these
nanoparticles to scaffold supports has enhanced cell adhe-
sion, proliferation, and differentiation. B-TCP, biphasic
calcium phosphate, and synthetic hydroxyapatite (sHA)
(a mixture of sHA and B-TCP) have mostly been used as
ceramic granules.''>!'"® Similarly to sHA, bioactive glass
10-fold

expressed superior bone-bonding ability. The use of 2D

showed a increased bioactivity index, and
nanosilicates for the osteogenic differentiation of human
adipose stem cells''” and hMSCs''® has been reported
without the addition of any growth factors such as
BMP2. Similarly, Kerativitayanan et al fabricated porous
nanocomposite scaffolds from poly(glycerol sebacate) and
nanosilicates. The addition of the nanosilicates enhanced
the physical reliability, mechanical strength, and stiffness
of the scaffold without compromising its elastomericity.
These physical characteristics of the hydrogel established
a load-transducing environment for bone regeneration,
which was enough to repair craniofacial defects.'"”
Similarly to natural polymers, synthetic polymers also
offer various approaches for fabricating porous hydrogel
scaffolds with controlled biodegradability and functionally
active surfaces for bone and cartilage tissue engineering.
Various synthetic polymers with a hydrophilic nature can
auto-change to a hydrogel form through physical or che-
mical cross-linking; for example, poly(aminoamides), poly
(N-isopropylacrylamide), poly(glycolic acid), poly(propy-
lene fumarate), poly(hydroxyethyl methacrylate), poly
(vinyl alcohol), and PEG."?*"'?* Nuttelman et al encapsu-
lated hMSCs into a photocross-linkable injectable hydro-
gel composed of dimethacrylated PEG (MW 4.6 kDa).'**
The PEG-based hydrogel system showed high cell viabi-
lity and enhanced osteogenic differentiation values, which
were confirmed by the upregulation of osteonectin and
ALP gene expression. Furthermore, extensive mineraliza-
tion of the ECM was

staining.'** A smart nanogel scaffold developed from

confirmed by biochemical
poly(N-isopropylacrylamide-co-butyl methylacrylate)
behaved like a gel at room temperature and changed to
a hard scaffold at body temperature, making it suitable for

bone tissue engineering.’'*'*> The thermoresponsive beha-
vior of this nanogel scaffold was due to the low critical
temperature of poly(N-isopropylacrylamide) being close to
human body temperature (37°C).

Similarly, Cao et al used glycol chitosan and a multi-
benzaldehyde-functionalized PEG analog [poly(ethylene
oxide-co-glycidol)-CHO] to fabricate an injectable hydro-
gel for cartilage tissue repair.'*® This hydrogel was cross-
linked chemically in situ through a Schiff base reaction
between the aldehyde groups of poly(ethylene oxide-co-
glycidol)-CHO and the amino groups of glycol chitosan at
room temperature.'*® Furthermore, hydrogels formed by
the Schiff base cross-linking of other biomaterials have
been used for tissue engineering. Ma et al reported the
fabrication of an injectable liposome—polymer-based
hydrogel, using phosphatidylethanolamine liposomes and
aldehyde-modified xanthan gum chemically cross-linked
by a Schiff base reaction.'”” This hydrogel, which was
easily fabricated at room temperature and possessed excel-
lent self-curing capability, expressed enzyme-based biode-
gradation and high cell viability. All these studies show
that hydrogel scaffolds, fabricated using a range of natural,
synthetic, and non-organic materials, have huge potential
for use in bone repair and especially cartilage tissue regen-
eration. In the future, customized bone substitutes will be
built using hydrogel scaffolds with advanced 3D and 4D
technologies.

Three-dimensional printing scaffolds

Both bone and cartilage tissue engineering require scaffolds
with high mechanical stability, biocompatibility, and tissue
vascularization capability for implantation. An advanced
manufacturing technology, named 3D printing, has been
developed to overcome these challenges.'*® The instrument
for this technique is composed of a bioink reservoir with
a controllable platform. This methodology has enough flex-
ibility to build 3D structures with complex features. Using
patient data from computed tomography/magnetic reso-
nance imaging, advanced computer-aided design (CAD)
technology, and rapid prototyping, a personalized scaffold
for vasculature, with a bionic appearance and highly inter-
connected pores, can be 3D printed with precise structure
(Figure 5)."*° The mechanism of 3D bioprinting involves
a layer-by-layer deposition of bioinks and biomaterials (ie,
multiple cell types and biomaterials for tissue fabrication) in
a process called additive manufacturing.'**'?" This technol-
ogy is further subdivided into fused deposition modeling,
powder-based printing (3DP), stereolithography (SLA),
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Figure 5 The 3D printing of a scaffold and its surface functionalization with active biological molecules to increase scaffold bioactivity: BCP conjugated with protein

immobilized on a PCL 3D printed scaffold.

Abbreviations: AAL, L-Alanine; BCP, biphasic calcium phosphate; Hep, heparin; IM, immobilized; MES, 2-(N-morpholino)ethanesulfonic acid; PCL, poly (6>+-caprolactone).

selective laser sintering, and robocasting.'** In general,
inkjets and microextrusion are used for the 3D printing of
scaffolds, whereas extrusion-based 3D printing is used for
bone, 133134

In the extrusion-based technique, a three-axis dispen-
sing system is used to fabricate a 3D scaffold by printing
the hydrogel (fiber)-laden material in layers according to
CAD.” The extrusion pressure is generated by com-
pressed gas, and the printed scaffold is subjected to che-
mical or ultraviolet (UV) cross-linking according to the
nature of the material, to maintain the fiber morphology.'*’
In the case of the inkjet technique, thermal or acoustic
force is applied to eject the liquid drops.'*® This is the best
method for fine printing, with excellent resolution and
controlled liquid volumes.'*” Hydrogels are popular mate-
rials for bioprinting as they possess excellent biocompat-
ibility and biodegradability and undergo phase transition
under extreme thermal or chemical stress. Gao et al'*®
used the PEG-methacrylated gelatin (GelMA) hydrogel
for inkjet printing, and showed an increase in the mechan-
ical strength for bone constructs (by a modulus of 1-2
MPa) compared with that of the GelMA scaffold only.
Similarly, poly(L-lactic-co-glycolic acid) (PLGA)-PEG-
PLGA hydrogels have been used for the 3D printing of
scaffolds.'*® In another study, Gao et al'*” used a PEG-
based hydrogel mixed with hMSCs and peptides to bio-
print the 3D bone and cartilage substitutes in a single step.

The resultant matrix led to the development of bone and
cartilage tissues with good deposition of mineralized ECM
and cartilage. The addition of peptides to the 3D scaffold
enhanced the cell differentiation over that of the hydrogel
with polymer only.'** Similarly, Yin et al used GelMA—
gelatin as bioinks for the controlled 3D bioprinting of
microarchitectures, where the scaffold expressed a high
cell viability rate (>90%).'*® Furthermore, Daly et al
used MSC-laden GelMA hydrogels to print scaffolds
with
in vivo bioanalyses of bone repair. They showed that the

interconnected microchannels for in vitro and
microchannel networks facilitated cell migration and
increased the interaction between osteoclasts and immune
cells.'*! In advanced 3D printing methods, multiple print-
ing heads are used to print functional large-sized bone
constructs or full organs. Cui et al applied a dual head
for the 3D bioprinting of large functional bone grafts
enriched with microvascular structures.'*?

A variety of polymers have been applied for the 3D
printing of bone and cartilage scaffolds, including PCL
(Figure 6). Reichert et al'** used a PCL-TCP composite
material for printing a highly porous 3D scaffold with high
elasticity (22.2 MPa), which showed the formation of bone
with high mechanical stability in vivo.'** Similarly, Wang

1'* used the SLA method to fabricate poly(propylene

et a
fumarate) scaffolds and demonstrated that the compressive

modulus was comparable to that of the bone, with high
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Figure 6 In vivo evaluation of a 3D-printed PCL scaffold for bone regeneration in a rat model through radiography with X-ray after 8 weeks.

Abbreviations: GF, growth factor; HA, hydroxyapatite; PCL, poly(e-caprolactone).

mechanical stability and without any cytotoxicity while
degrading.'"** Kao et al'*® used poly(lactic acid) for the
fabrication of a 3D surface and modified it with poly-
(dopamine). This modification made the scaffold surface
hydrophilic and increased the cell adhesion, migration, and
differentiation over those on poly(lactic acid) alone.
Similarly, Kuo et al'*® used collagen type I to functiona-
lize the surface of 3D-printed PLGA—chitosan scaffolds to
increase MSC adhesion and proliferation.

Hybrid materials made of inorganic materials and poly-
mers are also used in the 3D printing of scaffolds for
cartilage and bone tissue engineering. The extrusion-
based 3D printing of scaffolds with HA mixed with poly
(propylene fumarate) has been used to mimic the natural
mechanical strength of bone. The authors controlled the
nHA distribution of the poly(propylene fumarate)-based
scaffold and used 133

Similarly, poly(lactic acid) and osteoconductive HA have

it for in vivo implantation.
been used to fabricate 3D-printed composite scaffolds for
bone tissue engineering.'*” Inorganic silicates alone, such
as tricalcium silicate (Ca3SiOs, C3S) ceramics, are also
used for the 3D printing of scaffolds to allow slow drug
release. The 3D scaffold showed bone tissue formation
in vivo when used with a nanocrystal morphology.'**'4°
Zhu et al combined the 3DP technique with a solid-state
reaction method to fabricate pure-phased Srs(PO,4),SiO4
ceramic scaffolds; these showed increased ALP activity

and the upregulation of gene expression for osteogenesis

(osteopontin, ALP, osteocalcin, and Runx?2) in rabbit bone
marrow-derived MSCs."*® Roohani-Esfahani et al fabri-
cated 3D scaffolds with a triphasic microstructure using
submicrometer gahnite (ZnAl,O,4) mixed with strontium-
doped hardystonite (Ca,ZnSi,0~) and a glass phase. They
achieved a porous network of various pore sizes and
geometries, with high compressive  strengths.'”'
Similarly, Ti-6Al-4V was used with the inkjet method to
develop 3D-printed scaffolds with different morphologies
for use as substitutes for high-torsion bone defects.'>* To
improve bone and cartilage tissue engineering, the 3D
printing technology should be combined with techniques
such as nanosurface modification, digital medical imaging,
finite element analysis, virtual surgical planning, and
motion capture, so that they can be applied directly for
clinical use after FDA (USA) approval. There is also
a need to develop new 3D printing methods to meet the
complex nature of biological materials, by using the right
combination and quantity of seeded cells and evaluating
the existing 3D printing methods for the use of hybrid
materials as bioinks.

Four-dimensional implants

Four-dimensional printing technology has revolutionized
the design of printed constructs.'> It is a printing method
in which constructs being 3D printed are designed to
modify over time according to stimuli from the environ-
ment. Therefore, this method provides many additional
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advantages and applications. As with 3D technology, 4D
printing is dependent on new biomaterials, but these
usually respond to stimuli (humidity, temperature, or
chemicals).'>* After the fabrication process, these stimuli
change the form of the construct accordingly. Miao et al
polymerized soybean oil by UV light to prepare epoxi-
dized acrylate resin for 4D SLA of biomedical scaffolds
with significant shape memory effects. The shape memory
effect depends on temperature to affect the cross-linking of
the molecules. Under low temperature, the cross-linker is
frozen and the shape of the scaffold is fixed, whereas at
elevated temperature, the scaffold retains its original
shape. These scaffolds demonstrated biocompatibility and
allowed stronger attachment of hMSCs and their higher
proliferation, compared with PEG diacrylate-based scaf-
folds. In addition, there was no significant difference
between the effects of poly(lactic acid) and PCL (clinically
approved materials). Potentially, this study could use
renewable resources for biomedical scaffold fabrication
by SLA printing and it may advance to enable the devel-
opment of renewable 4D scaffolds in bone engineering.'>
Similarly, 4D scaffolds of polyurethane were fabricated
using additive manufacturing technology, and seeded
with cells to evaluate the polymer’s shape memory.'>”
After shape recovery of the polymer, the cells were sig-
nificantly elongated, indicating that the mechanical stress
induced by shape recovery could influence cell behavior.
To comply with traditional manufacturing methods, least
possible variation has been employed for the structures, meth-
odologies, and characteristics. Furthermore, in current bone
implant designs, joint contact forces that occur during real-life
activities are not taken into account.'>® Therefore, a 4D design
should consider the physiological condition of the defective
cartilage and bone, including all the micro and macro aspects
of the target tissue and consider them in the scaffold
fabrication process.'”’ Thus, to increase the reliability of
scaffolds for clinical application, all 3D-printed constructs
must be subjected to multiscale finite element analysis
(MFEA) and computational neuromusculoskeletal (NMS)
evaluation, in addition to analyses of their mechanical and
in vivo compatibility. Computational NMS models evaluate
the load-holding capacity of scaffold and muscle forces
according to real-life situations."*® In addition, they help
researchers to simulate structural and functional relationships
between the damage and the designed scaffolds, to understand
the mechanism of injury. MFEA models optimize the scaffold
before its fabrication by considering its micro- and nano-level
aspects, predicting its output, and pointing out the weak areas

in case of in vivo cyclic stress. Therefore, the future of bone
and cartilage tissue engineering is associated with the 4D
bioprinting of implants for full defect repair.

Conclusions and future prospects
Advances in the areas of biomaterials, nanotechnology, and
methodologies of hydrogel- and nanofiber-based scaffold
fabrications have presented significant success for cartilage
and bone regeneration compared with conventional techni-
ques. Nevertheless, significant barriers still exist in the devel-
opment of fully functional bone constructs with enough
mechanical strength to replace large bone defects. These
barriers are associated with not only these technologies but
also with problems in attaining appropriate vascularization,
mechanical strength, and sustainability of the substitute. The
introduction of medical imaging, computational modeling,
precise personalized design, and 3D and 4D bioprinting to
tissue engineering is a step toward facilitating the cost-
effective construction of mechanically strong and functional
bone and cartilage substitutes. This will also require the
development of materials with biomimicry ability, respon-
siveness to stimuli, a highly porous nature, and mechanical
stability for manipulation in 4D printing.
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