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Introduction
According to data, the number of patients with different 
osteochondral pathologies is increasing because of 
population aging and the current treatments are not 
satisfactorily sufficient to restore tissue function. Tissue 
engineering is a promising modality for alleviating bone 
and cartilage injuries and defects. Progressive methods 
related to biomaterials synthesis and the application 
of cutting-edge fabrication technologies have led to an 
improved engineered scaffold synthesis.1 Shape memory 
materials (SMMs) refer to substrates that can recover 
their original shape from a remarkable (sometimes maybe 
plastic) deformation following a specific stimulation. 
They can alter between a permanent and a temporary 
form during applying and removing external stimuli 
indefinitely.2 SMMs are classified into three groups: shape 
memory alloys (SMAs), shape memory polymers (SMPs), 
and shape-memory hybrids (SMHs).3,4 Among these, 
SMPs are used widely due to their low cost and great 
deformation capacity.5,6 Several external stimulations 
such as stress, light, heating (above the glass transition or 

melting temperature), contact with certain chemicals, and 
electric or magnetic field can be used to dictate permanent 
shape in SMPs instead of temporary and dormant shapes 
(Figure 1).7-9 Several classes of SMPs are commonly 
available based on different stimulation to which they 
respond.2,3 In thermo-responsive SMPs, temperature 
changes are critical factors that correlate with a glass 
transition temperature (Tg).3,10 Studies have indicated that 
the immersion of solvent-sensitive SMPs in an appropriate 
solvent such as water can decrease the Tg values and acts 
as a plasticizer on the polymer chains.11 Along with these, 
light is another stimulating object for SMPs that can easily 
control spatial and precise applications.12,13 In general, UV 
light (using photo-cross-linking/isomerization effect) or 
near-infrared (NIR) light are used to generate photo-
responsive SMPs because of the photothermal effect.14 
Noteworthy, only NIR light is appropriate for in vivo 
uses because of its high tissue infiltration capacity.15 The 
basis of this technology is based on dropping several 
photothermal nanofillers such as carbon nanotubes, 
gold nanorods, and graphene into thermo-responsive 
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Abstract
Bone and cartilage injuries are significantly increasing with population aging. Tissue engineering 
is considered an alternative and promising approach for alleviating osteochondral tissue injuries 
along with available therapeutic modalities. 3D- and 4D-printing fabrication protocols have 
been used to facilitate the production of bone/cartilage scaffolds that are similar to bone and 
cartilage microenvironments. In this regard, advanced biomaterials, including smart polymers 
and stimuli-responsive polymers are the first essential elements for improved bone/cartilage 
regeneration. Shape-memory polymers, are stimuli-responsive materials and are available in 
permanent and temporary structures. The application of shape-memory scaffolds can lead to 
providing in vivo-like conditions and improve cell bioactivity and phenotype acquisition. In 
this review article, we tried to highlight stimuli-responsive polymers and their application in 
osteochondral tissue engineering.
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SMP substrates. This method results in the production 
of NIR-photo-responsive SMP composites which absorb 
NIR light and transform the optical energy into heat.16-18 
Nevertheless, the challenging issue is the nanofillers 
poor biodegradability rate.19,20 An electromagnetic field 
is another stimulating factor for SMPs, which is based 
on the induction of magnetic nanoparticles loaded in 
thermo-responsive shape-memory polymer composite 
matrixes.15,21,22 Along with these modalities, ultrasound-
responsive SMPs have also been investigated to be 
applied as indirect thermos-induction. For this purpose, 
ultrasound is used to transfer heat and elicit the shape-
memory effects.23,24 This technique enables us to remotely 
control the geometric features of shape-memory, which 
makes this method attractive for biomedical applications. 
The modulation of pH is another approach for the 
regulation of shape-memory in SMPs.25 More recently, 
researchers have focused on the application of reversible 
shape-memory effects in different materials. Such an effect 
may be relevant to the switch of two morphologies without 
using other modalities.26,27 Direct evidence has shown 
that shape-memory behavior is closely based on entropic 
elasticity.2 The most entropically stable state of a formless 
polymer chain can lead to the coiled configuration, so 
the release of the force will result in returning to a more 
entropically favorable, coiled form (original form). 
The polymer has a “memory” of its original shape, and 
slippage of the polymer chains (“forgetting” the original 
state) occurs during the long-time implementation of the 
force (hours instead of seconds).28,29 Physical or chemical 
cross-linking of the SMPs prevents the polymer slippage 
and fixes the chains in a permanent state, which is 
thermodynamically stable.26,28 The application of scaffolds 
with shape-memory features and simultaneous 3 and 
4D printing approaches has assisted in sophisticated 

bone grafting. Here, we highlighted the multiple shape-
memory modalities available for engineered cartilage 
and bone tissues. The aim of this study was to investigate 
the advantages and disadvantages of using SMPs in 
cartilage and bone restoration according to the previous 
in vitro and in vivo studies. Also, 4D printing, as a novel 
technology attributed to the 3D printing of SMPs, and its 
applications in cartilage/bone regeneration is introduced.

SMPs in cartilage tissue engineering
Traumatic and destructive injuries to cartilage may lead 
to permanent disability. Osteoarthritis, cancers, excessive 
workload, repetitive stress, and inflammatory responses 
can lead to osteochondral tissue defects. The time-
consuming healing procedure of cartilage is related to its 
dense avascular and aneural structure without a lymphatic 
system. Considering the avascular nature of cartilage, the 
distribution of fibrinogen, growth factors, and different 
cell types are limited to the defect site.30,31 Regarding the 
limited self-regenerative capacity of articular cartilage, 
appropriate replacement systems are required to 
support normal tissue function physically, mechanically, 
histologically, and biologically. The cartilage’s unique 
ability to create a load-bearing surface, almost friction-free 
and painless, depends on the complex interaction between 
cells and the extra-cellular matrix (ECM).32 Adults’ 
cartilage tissue is composed of relatively low chondrocyte 
numbers within the dense ECM. The chondrocytes are 
encapsulated in a dense matrix and cannot migrate easily 
to the repair area, so the matrix prevents the migrating 
cells from entering the synovial fluid.33 Limitations of 
existing clinical treatments for osteochondral tissue 
defects have improved the association of regenerative 
medicine with novel engineering methods to restore 
the damaged tissue. Up to now, an extensive range 
of polymers have been designed in line with cartilage 
regeneration, but they are not completely efficient. 
SMPs provide a conducive and smart microstructure for 
chondrocyte adhesion, proliferation, and ECM simulation 
to completely and effectively fill the large cartilage defects. 
Several studies have recently been performed to this 
end. In an experiment conducted by Zhang et al, they 
developed pH-driven shape-memory nanocomposite 
hydrogel films with graphene oxide and chitosan. They 
induced self-assembly using the water evaporation 
technique and promoted cross-linking in an alkaline 
solution. Ultrastructural analysis revealed the existence of 
layered brick-and-mortar microstructure with significant 
mechanical features, making them appropriate scaffolds 
for artificial cartilage regeneration.34 Combination of 
the smartness of SMPs with the biocompatibility of 
biological agents also has been proposed to increase the 
healing properties of the material. In a non-invasive 
approach, He et al developed a shape-memory hyaluronic 
acid-based cryogel grafted with adhesion peptides 

Figure 1. Various types of shape-memory polymers regarding several 
stimulus methods



Osteochondral smart regeneration

                                                               J Res Clin Med, 2022, 10: 30 3

(arginylglycylaspartic acid, RGD). They seeded the gels 
with chondrocytes and injected them to fill the cartilage 
defect. The gels proved to maintain shape-memory as 
they contracted and then returned to their original shape 
following injection.35 Fifteen-day incubation of cells on 
these scaffolds exhibited enhanced cell proliferation 
and production of cartilage ECM glycosaminoglycans 
compared to hyaluronic acid-based hydrogels. 
Besides, immunohistochemical staining exhibited the 
generation of collagen type II and glycosaminoglycans 
in chondrocytes seeded within the cryogels. It seems 
that injectable shape-memory cryogels composed of 
hyaluronic acid possess high-pore interconnectivity, 
which provides appropriate conditions for dynamic 
growths of chondrocytes and ECM production. Structural, 
physio-chemical, and degradation properties of the SMPs 
can be adjusted and improved efficiency. As another 
example, Almeida et al designed a porous, shape-memory 
scaffold consisting of covalently cross-linked alginate 
with carbodiimide chemistry for cartilage regeneration. 
While the structure of the construct was adjusted using a 
directional freezing procedure.36 Polylactic acid (PLA) can 
be applied in SMP scaffold synthesis because of certain 
biodegradability and biocompatibility.37-39 These kinds 
of scaffolds also exhibited favorable in vivo performance 
for cartilage regeneration. Uto et al provided a 3D 
tubular PLA scaffold filled with cartilaginous particles 
originating from the human-induced pluripotent stem 
cells of auricular frames composed of a helix-antihelix 
prepared for auricle regeneration. Thermo-responsive 
shape-memory PLA mesh scaffolds filled with auricular 
chondrocyte pellets subcutaneously were transplanted in 
nude rats. Data showed that regenerative cartilage was 
observed in all samples eight weeks after transplantation, 
which maintained their cartilage features. According to 
the in vivo results, the regenerated cartilage maintained 
the shape and features of cartilage for one year.40 Xuan et 
al designed bio-functionalized thermo-responsive shape-
memory scaffolds with suitable elasticity, shape recovery, 
and permanent state generated by covalent network 
using polyglycerol sebacate (PGS). Besides, the existence 
of crystallized poly(1,3-propylene sebacate) (PPS) 
provides a reciprocal switch between permanent and 
temporary states. Also, the release of kartogenin (KGN) 
is proportional to the degradation rate, which can give 
us information about the chondrogenic capacity over a 
prolonged period. The results showed that the application 
of scaffolds composed of PPS-PGS-KGN could lead to 
non-invasive surgical procedures and improve cartilage 
defects in vivo. Also, the presence of KGN encouraged 
bone marrow mesenchymal stem cells’ orientation toward 
chondrocytes while inhibiting the osteogenic capacity in a 
dose-dependent manner.41 Previously, Jiang et al assessed 
the chondrogenic effects of 3D collagen and denatured 
collagen scaffolds with shape-memory properties on New 

Zealand rabbits’ cartilage defects. Based on data, collagen 
scaffolds transplanted into the defect areas promoted 
cartilage synthesis and subchondral bone compared to 
the denatured collagen scaffolds.42 These data showed 
that maintaining the triple-helical structure of collagen is 
an important index for the chondrogenic capacity of the 
scaffold. Integration of synthetic and natural polymers and 
also producing physiologically adapted shape-memory 
behavior are the other advantages that can be provided 
by SMPs. Innovatively, Chen et al fabricated a scaffold 
composed of dispersed gelatin/ poly(lactic-co-glycolic 
acid) (PLGA) fibers, hyaluronic acid, and polyethylene 
oxide solution to transform gelatin/PLGA electrospun 
fibers into 3D printing inks. They declared that the 
synthesized scaffold possessed appropriate elasticity 
with water-induced shape-memory properties. Besides, 
the combination of 3D printing ink with chondrocytes 
showed suitable cartilage regeneration in vivo.43 A 
summary of studies based on shape-memory constructs 
for cartilage regeneration is collected in Table 1.

SMPs can be provided with several cartilage ECM 
mimicking structures, including collagen, alginate, 
hyaluronic acid, and gelatin, as well as different synthetic 
polymers. Shape-memory scaffolds are easily loaded 
with primary chondrocytes and mesenchymal cells, 
and stay viable while recovering their final permanent 
form after injection in the defect site. SMPs support cell 
attachment, proliferation, and differentiation offering a 
more stimulating and flexible microenvironment for cell 
adhesion, proliferation, and matrix biosynthesis. The 
shape-memory characterization of these scaffolds makes 
them suitable for being injected into the joint space, 
resulting in a non-invasive restoration of articular cartilage. 

SMP in bone tissue engineering
Trauma, congenital defects, or tumor excision cause 
sized defects in bones, which will not be cured without 
intervention.44 To enhance or hasten bone regeneration, 
grafting is a key clinical technique, but auto-grafts 
are accompanied by some pitfalls and downsides. For 
instance, damages and persistent pains could nerve result 
from autografts, while limited osseointegration, adverse 
immune response, disease transmission, and risk of 
infection can occur in allografts.45,46 As a consequence, it is 
not completely applicable to use auto-grafts and allografts 
for bone defects.47 Tissue engineering has been fascinated 
by noteworthy attention as an alternative approach to 
restore the function and structure of injured bone tissue.48 
Some vital features of each scaffold should be considered 
for efficient transplantation and outcome. To this end, 
transplant scaffolds should closely fit bone defects and 
be osteoconductive so that it permits osseointegration, 
hence allowing bone reconstitution either on the surface 
or inside the structures (Figure 2). Importantly, the 
transplant scaffold should provide physical forces and 
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suitable mechanical stimulation to the juxtaposed bone 
tissue. According to clinical data, mechano-transduction 
is a critical factor in bone regeneration and can regulate 
bone osteogenesis and resorption.49-51 To specifically 
shape and form a transplant scaffold for filling the bone 
cavity and appropriately connecting with the surrounding 
tissue, new intelligent methods are extremely demanded. 
Traditional synthetic scaffolds have limitations due to their 
post-fabrication shaping, mold shape, and complexity of 
computer-aided solid freeform fabrication methods.48,52 
In line with the comments, it seems that moving toward 
injectable composites such as hydrogels, ceramics, and 
glass-ceramics would be helpful to shape in situ solid 

scaffolds within the bone cavities and to reduce the 
invasiveness of the surgical procedure.53,54 Unfortunately, 
the molecular identity of these materials can lead to the 
lack of suitable physicochemical properties, mechanical 
strength in which some of these materials are brittle 
and possess inadequate porosity and interconnectivity, 
reducing osteoblasts migration, bone ingrowth, and 
angiogenesis.53,55,56 As a novel approach, SMPs are proposed 
as a new brand of stimuli-responsive materials that are 
at the center of attention for clinical applications.57-59 

In load-bearing tissues like hip or joints, the highest 
strength and minimal wearing of biomaterial are essential 
requirements for the scaffold design.60 Therefore, the 

Table 1. Summary of the selected studies using shape-memory constructs for cartilage regeneration

Chemical composition Trigger Fabrication method Form Notable characteristics Ref

Cryogel consisting of 
hyaluronic acid 

- Cryogel technique 3D products

•	 Providing an Injectable scaffold for cartilage 
regeneration 

•	 Providing transport for nutrients, byproducts, and 
growth factors

•	 Providing appropriate substrate for chondrocytes 
attachment

•	 Offering proper substrate with RGD conjugates for 
chondrocytes growth

35

Anisotropic Alginate/
Collagen I or II Scaffolds 

Mechanically 
compressed

Freezing technique
Cylindrical 
hydrogels

•	 Arranged pores
•	 Increased production of sGAG and collagen 

36

PLA mesh 
scaffolds + auricular 
chondrocytes

Thermo-responsive Woven threads
3D auricular 
structures

•	 Simulation of the auricular structure 40

PPS/PGS/KGN cell-free 
scaffolds

Body temperature-
responsive  

The modified salt 
fusion process

Ternary scaffold
•	 Excellent bioactivity resulting in cell-free applications
•	 The existence of widespread free hydroxyl groups leads 

to easily functionalization

41

Native collagen and 
denatured collagen 
scaffolds

Hydration Casting process 3D scaffold
•	 Collagen scaffolds provide shape-memory properties
•	 Chondrocyte-seeded scaffolds  are more cartilaginous 

than cell-free scaffolds

42

Gel/PLGA and hyaluronic 
acid (HA)/ polyethylene 
oxide (PEO)

Water-inductive 
shape memory

3D printing and 
freeze-drying

Rectangular-
shaped scaffold

•	 3D printing of electrospun fibers with precise outlines 
and great pores which are elastic in the wet media  

•	 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) crosslinking method 
increased the steadiness of the scaffolds

43

Figure 2. The schemes of covalently cross-linked SMP application in bone tissue engineering and fitting the irregular defects after 2 minutes and 20 minutes. 
The in vivo test can be performed in the water bath at 37ºC. The programming process classically involves polymer deformation above the respective transition 
temperature, in presence of stimulating forces, to the desired temporary shape
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physicochemical features of the transplant scaffold and 
juxtaposed tissues should match.61,62 As a consequence, for 
bone implants, Young’s modulus values of around 1 and 7 
GPa are normally required.62,63 Both natural and synthetic 
polymers can be applied for the fabrication of strong 
SMP scaffolds in bone regeneration. Hu et al assessed a 
combination of PLA-TMC (trimethylene) and natural 
polymer chitosan (CS). 3D PLA-TMC and PLA-TMC/CS 
scaffolds were developed using the solvent/non-solvent 
method. Results showed that PLA-TMC/CS scaffold 
exhibited great biocompatibility, appropriate mechanical 
properties, rapid shaping, and low biodegradability with 
excellent shape-memory effect. Experiments have shown 
that PLA-TMC/CS scaffolds can enhance the proliferation 
of murine osteoblastic lineage MC3T3-E1 cells and 
alkaline phosphatase (ALP) activity.64 Other substrates 
like porous bio-polymers and foam materials have also 
been used as shape-memory scaffolds for bone defects. 
In an experiment conducted by Xie et al, a polyurethane 
(PU)/hydroxyapatite-based SMP foam was produced 
via the gas-foaming method. Using thermal stimulation, 
these polymers can be expanded to fill the bone defects. 
Results indicated PU-hydroxyapatite SMP has excellent 
biocompatibility and appropriate bone ingrowth. Micro-
CT imaging and histological examination revealed rapid 
bone reconstitution and angiogenesis 12 weeks after 
surgery.65 Previously, a thermo-responsive SMP scaffold 
was fabricated and coated with polydopamine by a 
revised solvent-casting particulate leaching technique 
that included photo-crosslinking of polycaprolactone 
(PCL) diacrylate accompanied by a NaCl salt template.52 
This scaffold exhibited suitable interconnectivity and an 
appropriate modulus of 4.4 MPa and can properly fill 
irregular bone defects. Of note, the coating of SMP with 
polydopamine does not affect the porosity, shape-memory 
properties, and physicochemical capacity. Besides, surface 
hydrophilicity was considerably augmented because of 
the presence of amine and hydroxyl groups. The coating 
of SMP with polydopamine supports hydroxyapatite 
mineralization, osteoblast adhesion, dynamics growth, and 
expression of certain genes associated with ECM synthesis 
and osteogenesis. In another work conducted by Zhao et 
al, it was shown that PCL/SMP foam could be considered 
the self-fitting substrate to heal craniomaxillofacial bone 
defects with an excellent shaped scaffolding and SMP 
composite [SMPC (PCL and Fe2O3)]. Their functions 
have been recently investigated using both in vivo and 
in vitro experiments. Results indicated enhanced cell 
attachment and proliferation rate.66 Liu et al studied 
cross-linked PCL nano-hydroxyapatite for osteogenesis. 
To have scaffolds with highly interconnected pores, 
they used the sugar leaching technique. To enrich the 
scaffold with distinct factors such as bone morphogenetic 
protein-2 (BMP-2), both BMP-2 and calcium alginate 

was located on the pore wall surface. Data showed that 
these scaffolds had notable shape-memory recovery from 
the compact status. In vitro and in vivo analyses indicated 
appropriate cytocompatibility, porosity, and enhanced 
bone regeneration after grafting into the mandibular bone 
defect in the rabbit.67 

Fibrous materials are the other types of SMP that are 
fabricated via the electrospinning approach. Bao et al 
studied electrospun scaffolds consisting of poly(D,L-
lactide-co-trimethylene carbonate) (PLMC) with notable 
shape-memory features. The results showed that fiber 
diameter, SMP mechanical features, and the glass 
transition temperature are associated with ratios of D, 
L-lactic acid (DLLA) and trimethylene carbonate TMC in 
the PLMC structure. Shape recovery ratios of Rr > 94% and 
shape fixity ratios of Rf > 98% exhibited suitable shape-
memory features either in 2D or 3D nanofibrous PMLC 
scaffolds with the potential to increase ALP activity, 
apatite deposition, and osteoblast attachment.68 

Complex bone defects are also challenging in the 
regeneration of bone tissue. As an example, the occurrence 
of various fractures in a single bone, fragmentation, 
segmental defects, and open fractures coinciding with soft 
tissue injury can complicate the repair process.69 Synthetic 
polymers have been examined for their potential to 
face these challenges.70 Baker et al investigated in vivo 
application of SMPs composed of tertbutyl acrylate and 
butyl acrylate in a segmental bone defect in a mouse 
model . According to the data, SMP implants demonstrate 
promise strength to fill complex bone defects as synthetic 
load-bearing bone scaffolds (Table 2).71 

Together, the application of SMPs can increase and 
orchestrate differentiation signaling pathways related to 
osteogenic differentiation. SMPs can be used as injectable, 
adjustable, and self-fitting implants for repairing bone 
defects. Furthermore, incorporating bioactive materials to 
the structure accompanies by the shape-memory feature of 
the scaffold, and improves and hastens osteointegration.

Fabrication of SMP using 4D printing
4D printing, a rapidly developing new capacity of research, 
is an inclusive system utilizing both smart materials and a 
3D printing process.2,75 The advantage of the 4D printing 
system correlates with time-dependent control of printed 
materials’ shape.76,77 For the first time, 4D printing 
technology was introduced by Tibbits in February 
2013.78,79 Like 3D printing, 4D technology is dependent 
on novel and smart biomaterials which alter in response 
to external stimuli.1 After the synthesis procedure, 
product configuration can be changed after exposure 
to stimulators. SMPs, SMAs, shape-memory hydrogels, 
and liquid crystal elastomers are smart materials that can 
be modulated using 4D printing.80-83 Some studies have 
used 4D technology to synthesize porous bone scaffolds. 
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Furthermore, shape-memory scaffolds are controllable 
from outside of the body after implanting into the human 
body. In a study, Zhang et al developed the PLA/Fe3O4 
composite filaments, and shape-memory potential can 
be controlled by remote stimulation. They also prepared 
a 4D-printed composite containing 15% Fe3O4 in the 
shape of spinal bones. According to their findings, shape-
memory features can be induced using a magnetic field at 
27.5 kHz. The synthesized products can acquire primary 
structures for a few seconds. Temperatures on the surface 
of 4D-printed structures reached physiological ranges 
during the shape recovery procedure, which makes it 
suitable for biomedical applications.75 This system has 
great potential in medical treatment using an external 

magnetic field to control implanted scaffold in the body. 
Senatov et al printed a porous PLA/HA (20:3 w/w) scaffold 
with shape-memory capacity for bone regeneration by 
fused deposition modeling. The use of hydroxyapatite 
particles in the structure increased the polymer’s Tg from 
53°C to 57.1°C coincided with the increased recovery 
stress of the stent.84 These kinds of printable SMP can be 
used as self-fitting substrates for the regeneration of bone 
defects. In vitro investigations showed quick attachment 
of mesenchymal stem cells on the surface of the scaffold, 
and a regular cell network was detectable using histological 
staining. In immunofluorescence staining, CD105 + cells 
displayed excellent viability, proliferation, and suitable 
interaction of these cells with the material surface triggered 

Table 2. Summary of selected studies using shape-memory constructs for bone regeneration

Chemical composition Trigger Fabrication method Form Notable characteristics Ref

PLA/PCL-based 
poly(urethane) + iron
oxide NP + PEG/gelatin

Thermo/ moisture- 
responsive

Microextrusion-based low-
temperature
fuse deposition manufacturing 
(LFDM) platform

Scaffold
•	 Osteogenesis
•	 biodegradability
•	 3D production

72

Poly(ε-caprolactone) acrylate + 
Hydroxyapatite (HA) 
nanoparticles

Thermo-
responsive

Thiolene click reaction of thiol-
modified HA particles with
functional acrylate-terminated PCL

2D films
•	 PCL-HA structures exhibited excellent 

shape memory properties, shape 
fixing, and recovery ratio

73

Poly(N-acryloyl glycinamide) + 
Nanoclay

Thermo-
responsive

Hydrogen bonding monomer 
(N-acryloyl glycinamide)
(NAGA) was mixed with nanoclay 
(Laponite XLG and UV
light irradiation was used to 
polymerize NAGA-Clay pre-gel 
which resulted in the fabrication 
of stiff PNAGA-Clay composite 
hydrogels

Scaffold
•	 3D production
•	 Improved osteogenesis
•	 In vivo investigation: rat

74

Poly (lactic acid-co-
trimethylene carbonate) and 
natural polymer chitosan

Thermo-
responsive

Solvent/nonsolvent method 3D scaffolds

•	 Improved stability
•	 Great shape memory properties
•	 Increased ALP activity
•	 Increased MC3T3-E1 cells attachment 

and growth 

64

Polyurethane/hydroxyapatite
Thermo-
responsive

Gas foaming technique Foam

•	 Excellent  in-vivo stability
•	 Defect filling ability
•	 Great bioactivity and osteogenesis
•	 Fast neovascularization and bone 

regeneration at 12 weeks after surgery  
•	 Improved osteoconductivity 

65

Poly(e-caprolactone) (PCL) 
diacrylate + polydopamine 
coating

Thermo-
responsive

Photocrosslinking of PCL 
diacrylate 33
using a SCPL method + fused salt 
template

Dense scaffold

•	 Ability to fill the irregular bone defect
•	 Pores with high interconnectivity
•	 Increased mineralization
•	 Improved bioactivity and 

osteoconductivity
•	  Enhancing osteoblast attachment and 

proliferation
•	  Osteogenic gene expression and ECM 

deposition

52

Polylactic acid/Fe3O4

Magnetic field- 
responsive

- 3D scaffold
•	 Mechanical stability
•	 Exceeding improvement in cell 

attachment and growth

66

c-PCL and hydroxyapatite 
nanoparticles + coating 
calcium alginate layer and 
BMP-2 on the surface of the 
pore wall

Body temperature-
responsive

Sugar leaching  
technique:chemical cross-linking 

Dense scaffold

•	 Used both in -vitro and in-vivo
•	 Improved shape memory properties
•	 Excessive cytocompatibility
•	 Improved osteogenesis in the rabbit 

mandibular bone defect

67

Poly(D,L-lactide-co-
trimethylene carbonate)

Thermo-
responsive

Electrospinning method

2-D and 
3-D forms of 
nanofibrous 
scaffolds 

•	 Composition of the construction 
blocks indicate fiber quality, glass 
transition temperature, and SMP 
mechanical characterization

•	 Outstanding shape memory properties
•	 Superb osteoblast attachment, 

proliferation and osteogenesis

68
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the formation of vascular units after implantation into 
the target sites. In cartilage and bone tissue engineering, 
mechanical loading is an important factor as these tissues’ 
physical properties vary dynamically by changing the 
imposed forces.85 This characteristic can be an essential 
issue in designing 4D SMP scaffolds and have a promising 
potential of being replaced by expensive and complicated 
bioreactors. Hendrickson et al. designed a shape-memory 
PU SMP indicated with two approaches to induce pore 
network arrangements (0/90° and 0/45°) (Figure 3).86 
In vitro tests in temporary shape after recovery of the 
permanent shape of the scaffold showed that plated cells 
were considerably more extended. Thus, shape recovery 
can generate mechanical induction, which can influence 
the morphology of cells and nuclei.86 Miao et al. prepared 
epoxidized acrylate resin using UV light polymerization 
of soybean oil for SLA. They pointed out that the 
shape-memory effect is associated with the temperature 
affecting the cross-linking rate. Higher temperatures can 
help the scaffolds to retain their primary shapes, while 
low temperatures can result in a temporary shape of the 
scaffold because of cross-linker freezing.87 In contrast to 
polyethylene glycol diacrylate-based scaffolds, improved 
mesenchymal stem cell attachment and proliferation 
were detected in epoxidized acrylate scaffolds. Also, no 
substantial difference was detected between the effects 
of PCL and PLA. These scaffolds have the potential to be 
used as advanced 4D printable biomaterials in bone tissue 
engineering.88 Most of the available tissue engineering 
methods for bone and cartilage regeneration do not 
consider osteochondral joint forces in the physiological 

state.89 Therefore, it is necessary to focus on the micro and 
nanostructure of scaffolds using computational analysis 
to increase the clinical dependability of scaffolds and 
evaluate the load-bearing potential of scaffolds under real 
physio-mechanical forces.90 Also, these investigations can 
help predict the mechanism of injury and interactions 
between the defect and the designed biomaterials and in 
vivo cyclic forces. Consequently, using the 4D bioprinting 
technology lights the way for defect repair in bone/
cartilage tissue engineering.72-74,91

Conclusion
SMP has become a dynamic field of research with a 
lot of application potential in regenerative medicine. 
Recently, developments in the areas of biomaterials and 
methodologies have brought significant achievements 
for cartilage and bone regeneration. However, major 
challenges still exist in the generation of stable and 
appropriate functional bone and cartilage implants 
to substitute for large bone/cartilage defects. These 
challenges are related to technical approaches, clinical 
assessments, vascularization, mechanical stability, and 
defect fitting. On the other hand, in bone/cartilage 
tissue, cyclic mechanical loading and the simulation of 
the real physical condition is the most important object. 
Bioreactors are used to replicate biophysical conditions, 
which are expensive and usually are not user-friendly. 
Novel technical procedures like 3D and 4D bioprinting 
and using computational modeling pave the way towards 
precise personalized tissue engineering of bone/cartilage. 
Smart biomaterials which are responsive to stimuli would 

Figure 3. Schematic of a 4D scaffold fabrication. A shape-memory PU SMP indicated two approaches to induce pore network arrangements (0/90° and 0/45°). 
Seeded cells are considerably more extended in temporary shape after recovery of the permanent shape of the scaffold. Thus, shape recovery can generate 
mechanical induction which can influence the morphology of cells and nuclei86
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be potential requirements of these novel methodologies 
and can help to produce a new generation of porous and 
mechanically stable biomaterials.
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