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a b s t r a c t 

Four-dimensional (4D) bioprinting, in which the concept of time is integrated with three-dimensional 

(3D) bioprinting as the fourth dimension, has currently emerged as the next-generation solution of tissue 

engineering as it presents the possibility of constructing complex, functional structures. 4D bioprinting 

can be used to fabricate dynamic 3D-patterned biological architectures that will change their shapes un- 

der various stimuli by employing stimuli-responsive materials. The functional transformation and matu- 

ration of printed cell-laden constructs over time are also regarded as 4D bioprinting, providing unprece- 

dented potential for bone tissue engineering. The shape memory properties of printed structures cater 

to the need for personalized bone defect repair and the functional maturation procedures promote the 

osteogenic differentiation of stem cells. In this review, we introduce the application of different stimuli- 

responsive biomaterials in tissue engineering and a series of 4D bioprinting strategies based on functional 

transformation of printed structures. Furthermore, we discuss the application of 4D bioprinting in bone 

tissue engineering, as well as the current challenges and future perspectives. 

Statements of significance 

In this review, we have demonstrated the 4D bioprinting technologies, which integrate the concept of 

time within the traditional 3D bioprinting technology as the fourth dimension and facilitate the fabri- 

cations of complex, functional biological architectures. These 4D bioprinting structures could go through 

shape or functional transformation over time via using different stimuli-responsive biomaterials and a se- 

ries of 4D bioprinting strategies. Moreover, by summarizing potential applications of 4D bioprinting in the 

field of bone tissue engineering, these emerging technologies could fulfill unaddressed medical require- 

ments. The further discussions about future challenges and perspectives will give us more inspirations 

about widespread applications of this emerging technology for tissue engineering in biomedical field. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Three-dimensional (3D) printing, which was first proposed by

ull and co-workers in 1986 [1] , has garnered considerable atten-

ion in the tissue engineering and biomedical fields [2–4] . Differ-

nt 3D bioprinting technologies have been used to fabricate differ-

nt kinds of biological structures such as blood vessels, liver tis-

ue, bone, and heart tissue [5–7] . However, 3D bioprinting has a

ignificant limitation that 3D bioprinting only considers the initial

ondition of a printed objectand assumes it to be inanimate and

tatic. Natural tissue regeneration involves sophisticated 3D struc-

ures, microarchitectures, and extracellular matrix compositions, as

ell as generating tissue that possesses unique functions achieved

hrough dynamic changes in tissue conformation. Most of these

ynamic functional conformational changes are caused by built-

n mechanisms that respond to intrinsic or/and external stimuli,

hich cannot be mimicked through 3D bioprinting [8] . 

In 2014, Skylar Tibbits, the director of the Self-Assembly Lab

t the Massachusetts Institute of Technology (MIT), first demon-

trated four-dimensional (4D) printing as a technology entailed

ulti-material prints with the capability to transform over time, or

 customized material system that can change from one shape to

nother [9] . This technology has been quickly applied to the field

f tissue engineering, the concept of time can be integrated within

D bioprinting technology as the fourth dimension, leading to the

evelopment of 4D bioprinting [10] . By using stimuli-responsive

aterials, 4D bioprinting can be used to fabricate various 3D de-

igned biologically active architectures capable of dynamic configu-

ation transformations in response to different desired stimuli over

ime, addressing the limitations of 3D bioprinting [8] . Furthermore,

ao et al. defined the 4D bioprinting not only as the generation

f cell-laden 3D-printed structures able to respond to internal cell

orces or external stimuli, but also as the maturation and func-

ionalization of cells or tissues in 3D-printed constructs with time

i.e., the configuration of the printed structures does not change)

10] . The shape and functionalities changes of printed constructs

ver time are the two main strategies for 4D bioprinting. These

haracteristics are essential for maintaining long-term homeosta-

is and self-renewal of biosynthetic constructs. However, the con-

rolled degradation of materials in 3D-printed constructs that com-

letely disappear in the dynamic process, should not be considered

s 4D printing. Most 3D-printed constructs remain integrated dur-

ng shape or functional transformation [11] . Thus, the configuration

r function of 4D-printed constructs should be stable before and

fter stimulation during the 4D printing process [12] . 

Bone fractures and osteo-degenerative diseases lead to bone de-

ects, necessitating bone regeneration to replace the damaged tis-

ues [13] . Significant progress has been made in 3D bioprinting

echnology for bone tissue engineering over the last two decades

ith numerous researches demonstrating that how to combine

iomaterials, cells and bioactive factors to engineer bone tissue

onstructs [14–18] . These technologies have promoted bone re-
eneration with controlled patterns and biomimetic architectures.

owever, there are still a series of challenges for further clinical

pplications of 3D bioprinting in bone tissue engineering, such as

he reconstruction of large and irregular bone tissues for person-

lized needs, vascularization and neural regeneration in large bone

efect repair, as well as the mechanical properties of 3D-printed

tructures [15 , 19 , 20] . 

The 4D-printed constructs are able to change over time under

ifferent stimulus and adapt to the native microenvironments of

efect areas, providing new strategies for bone tissue engineering

21] . A series of progressive 4D strategies have been proposed to

ddress current challenges in bone tissue engineering. For exam-

le, various stimuli-responsive shape-recovery polymers have been

idely studied as suitable scaffolds and injectable hydrogels for

one tissue engineering [22–24] . The shape-transformation feature

f 4D-printed bone tissue constructs could cater to the need of

ersonalized bone regeneration, especially the irregular bone de-

ects. In addition, the mechanical properties of 4D printed con-

tructs could be modulated through the programmed crosslink-

ng or reassembly of stimuli-responsive materials [25] . Meanwhile,

he 4D-printed self-folding micro-tubes could be designed to engi-

eer vascularized bone constructs. The stimuli-responsive biomate-

ials could make it possible to realize spatiotemporal distributions

nd release of bioactive cues and cells for complex heterogeneous

issue regeneration, containing both bone, vascular and nerve tis-

ues [26] . Furthermore, the over-time functional maturation of 4D-

rinted bone structures could contribute to the establishment of

iomimetic microenvironments, which influences the cell behav-

ors during the post-printing stage and enhanced the differentia-

ion of stem cells [27–29] . These developments of 4D bioprinting

n bone tissue engineering could modify the traditional 3D-printed

one constructs with enhanced shape or/and functional adaptabili-

ies, providing additional potentials for the fabrication of elaborate

rinted bone constructs to fit the defect areas dynamically in the

uture clinical applications [30] . 

However, 4D bioprinting technology is still in its infancy, and

ts concepts and mechanisms are not yet widely understood by

esearchers. In this review, publications based on three databases

Pubmed, MEDLINE, Web of Science) have been overviewed by

wo researchers respectively. Based on these published articles, we

ntroduce a series of stimuli-responsive materials and their cell-

nherent features, as well as their shape-transformation mecha-

isms for 4D bioprinting, as reported in current literatures. Mean-

hile, several strategies to realize the functionalization and mat-

ration of cells or tissues in 3D-printed constructs over time have

lso been reviewed. Furthermore, this review focuses on the devel-

pment of bone tissue 4D bioprinting and introduces its advanced

pplications in bone tissue regeneration, combining the current

tudies with potential clinical insights. Finally, we discuss the ma-

or obstacles to the development of 4D bioprinting and consider

he future directions and perspectives for this revolutionary, valu-

ble, and fascinating technology. 



28 Z. Wan, P. Zhang and Y. Liu et al. / Acta Biomaterialia 101 (2020) 26–42 

Fig. 1. The overview of current publications for 4D bioprinting. (A) The searching strategy for overviewing the current publications of 4D bioprinting in Pubmed, MEDLINE, 

and Web of Science databases (until 30 September 2019). (B) Statistics on the numbers of publications in recent years. 
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2. The overview of published articles on 4D bioprinting 

Publications were reviewed by two researchers respectively

based on the three databases (Pubmed, MEDLINE and Web of Sci-

ence) until 30 September 2019. The following keywords were used:

(4D bioprinting) OR (4D biofabrication) OR ((printing) AND ((shape

memory) OR (shape transformation) OR (shape morphing) OR (self

folding) OR (self morphing) OR (stimuli-responsive) OR (stimuli-

sensitive) OR (smart materials) OR (smart polymer) OR (smart hy-

drogel) OR (smart scaffold) OR (functional change) OR (functional

transformation) OR (functional maturation)) AND ((cell) or (tissue)

or (organ) or (medical) or (biomaterials))). Titles and abstracts of

678 articles were reviewed and selected by two researchers in-

dependently. In addition, reference tracking of the included arti-

cles was completed to find missing articles. The final number of

included articles was 204. An overview of published articles on

4D bioprinting was performed based on above included articles

( Fig. 1 ). In this review, we introduce the 4D bioprinting technol-

ogy from two fundamental mechanisms, shape-transformation and

functional transformation mechanisms, based on these included re-

search articles. 

3. 4D bioprinting based on shape-transformation mechanism 

Shape-transformation is the most common way to introduce

the fourth dimension into 3D bioprinting. There are several ways

to realize shape-transformation of the printed structure, which

can be performed manually or by using cell traction force (CTF).

It also can be performed utilizing the shape changing properties

of certain biomaterials. This section reviews a range of shape-

transformation mechanisms and considers their potential integra-

tion with 3D bioprinting technology to realize 4D bioprinting. 

3.1. CTF for 4D bioprinting 

Cells are able to exert traction force originating from actin poly-

merization and actomyosin interactions when adhered to a sub-

strate [31] . CTF plays an essential role in many biological pro-

cesses [32] , regulating cellular and tissue behaviors such as wound

healing [33] , angiogenesis [34] , metastasis [35] , inflammation [36] .

Based on the mechanisms of CTF, cell origami technology, in

which cells form 3D constructs by folding two-dimensional ele-
ents into pre-defined shapes, was developed [37] . This technol-

gy was utilized by Kuribayashi-Shigetomi et al. to fabricate di-

erse high-throughput self-folding cell-laden 3D microstructures

38] . They fabricated a parylene microplate model connected by

exible joints, and the cells were cultured across the two mi-

roplates. Thus, the cells exerted deformation at the flexible joint

wing to CTF, leading to folding of the microplates. The folding

ngle can be managed accurately by incorporating an additional

hin and flexible joint within adjacent microplates. Moreover, this

ell-enabled folding technique could also be used to construct

essel-like structures by culturing human umbilical vein and ar-

erial endothelial cells according to Kuribayashi-Shigetomi’s study

38] . Multiple cell types can be combined with designed com-

lex cell-laden structures, providing a potential strategy for 4D

ioprinting. 

.2. Potential stimuli-responsive materials for 4D bioprinting 

The use of stimuli-responsive biomaterials has largely super-

eded CTF-based approach, providing a more refined strategy for

ffecting controlled shape-transformation of an object [39 , 40] .

MPs belong to smart polymers that could “remember” permanent

hapes owing to physical or chemical crosslinks. This allows them

o be deformed temporally, fixed by vitrification or crystallization

f the polymer chains, and returned to their original shape under

n external stimulus [41 , 42] . However, the disadvantage of the ma-

ority of solid-state SMPs in terms of 4D bioprinting is that cells

an only be seeded on the surface of the materials rather than

niformly dispersed within it. Therefore, cell-laden shape mem-

ry hydrogels (SMHs), which can achieve reversible and sequential

hanges of their conditions and functions on demand, have been

eveloped [43] . The typical shape memory behavior of smart hy-

rogels achieved through the reversible hydration of hydrophilic

hain segments inside the polymer network, whereupon tempo-

ary crosslinks formed or cleaved. Owing to the strain discrepancy

mong their different components, 3D-printed structures can un-

ergo self-assembly processes, which can be utilized to achieve 4D

ioprinting [44] . 

The fabrication of printed constructs with suitable stimuli-

esponsive materials allows their shape-transformation and/or

unctional adjustment under specific external stimuli [2] . In

he following section, we introduce several potential stimuli-
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Fig. 2. Schematic illustrations of physical stimuli-responsive biomaterials. (A) Thermoresponsive properties of electrospun pNIPAM-PCL bilayer. No folding is observed for 

the bilayer at room temperature. The self-fold microtubes form at body temperature. (B) Schematic illustrations of humidity-responsive self-fold bilayer in water. The bio- 

compatible bilayer consisting of two layers with different swelling characteristics in aqueous solutions, constructing spontaneous deformation to transform a tubular tissue 

architecture. (C) 3D cell culture with magnetic-based levitation. F m : magnetic force. F g : gravity. Magnetic force and gravity guide cells to assemble at the levitation height 

and form 3D cell spheriods. (D) Thermal gelation of chitosan solution in the presence of β-glycerophosphate (GP). The solution exhibits liquid state at 25 °C and solidifies to 

forma gel at 37 °C. Cationic chitosan chains are linked closer to the negatively charged GP molecules. The decrease in electrostatic repulsion amongst CS–CS chains, increase 

in electrostatic attraction between CS–GP and formation of hydrogen bonds are responsible for gelation without precipitation. (E) Schematic illustrations of the UV-assisted 

light-responsive polymer cross-linking process. The cross-linked composites networks invoke the shape-transformation of printed structures. 
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esponsive materials, their self-assembly or shape memory abili-

ies, and their potential uses in 4D bioprinting. According to the

ype of the stimuli to arouse 4D procedure, these smart materials

an be classified into physical, chemical, and biological responsive

timuli-responsive materials Table 1 . 

.2.1. Physical stimuli-responsive materials 

Temperature-responsive materials : Temperature is the most fre-

uently used physical stimulus to achieve shape-transformation in

ioprinted structures [45–47] . A series of thermoresponsive ma-

erials have been developed based on the mechanism of thermal

elation. When the environmental temperature is below the low

ritical solution temperature, the polymeric chains adopt exten-

ion mode and transform into solution phase. However, contrac-

ion of polymeric chains turns the polymer into a gel state when

emperature is above the low critical solution temperature [48–50] .

his mechanism has been used to fabricate cell-laden bilayers that

xhibit reversible folding/unfolding deformation under decreased

r elevated temperature, respectively [51–53] . For example, Hen-

rikson’s group fabricated a thermo-controlled 3D shape-memory

olyurethane scaffold that can change shape with time during cul-

ure [54] . The transformation temperature of polyurethane is 32 °C
 r  
nd a predetermined mechanical strain can be applied to the seed

ells during the shape recovery procedure, directing the behaviours

f cells seeded on the scaffolds. 

A classical thermoresponsive material is poly( N -

sopropylacrylamide) (pNIPAM) [47] . For instance, Luo et al.

sed 4-hydroxybutyl acrylate (4HBA) as a crosslinker to fabricate

n elastic porous pNIPAM hydrogel that exhibits rapid and pro-

rammable locomotion prompted by external stimuli [55] , and

psite et al. fabricated self-folding multi-layer porous electrospun

caffolds using thermoresponsive poly(caprolactone) (PCL) and 

NIPAM ( Fig. 2 (A) [56] . These pNIPAM-based thermoresponsive

aterials provide a wide range of possibilities for bioprinting,

hile they still have essential limitations, such as poor biocom-

atibility, hydrophobicity, and undegradability [57] . Moreover,

NIPAM generally requires relatively high transformation tempera-

ures, leading to insufficient cell viability and function. Employing

opolymers with pNIPAM may address these limitations. For

xample, cell viability can be maintained by reducing the transfor-

ation temperature to around 37 °C, and cell adhesion and growth

an be improved by combining with bioactive peptides, such as

rginine-glycine-aspartic acid (RGD) [8] . 

Another transformation principle of thermoresponsive mate- 

ials is based on changes in their wettability and solubility
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with temperature [58 , 59] . For example, Inonv’s group utilized the

sol-gel transition of gelatin to fabricate a temperature-triggered

gelatin-polycaprolactone(PCL) bilayer [60] . The self-rolled poly-

mer bilayer folds at room temperature (22 °C). The photoinitiator-

modified gelatin does not undergo dissolution and is held by non-

photocrosslinked gelatin, preventing the bilayer from folding at

37 °C. Inonv’s group also demonstrated another gelatin-PCL bilayer

in which the gelatin layer swells and generates stress in aqueous

environments [61] . When the PCL layer is in crystalline state at

room temperature, the gelatin layer cannot bend it, while increas-

ing temperature softens the PCL layer and the bilayer undergoes a

folding process. These mechanisms, based on the reversible struc-

ture switching of PCL upon melting and crystallization, is similar to

the reaction of SMPs under increasing temperature, and mechani-

cal stress is induced by swelling of the hydrogel (gelatin) layers.

Any hydrogel can be used to replace gelatin and any hydropho-

bic polymer with an appropriate softening point can replace the

PCL. Furthermore, all the polymers used in these studies are com-

patible and biodegradable [57] . The cells adsorbed or encapsulated

in these constructs remain alive for a considerable period of time,

providing new options for 4D bioprinting. 

Humidity-responsive materials : Humidity-responsiveness widely

exists in natural systems, where plants such as pinecones and

wheat utilize humidity shifts to trigger structural transformations

in order to disperse their seeds under beneficial conditions [62 , 63] .

These phenomena have inspired the development of humidity-

responsive materials that change their shapes and sizes during

swelling and shrinking processes upon variations in humidity

( Fig. 2 (B)) [64 , 65] . 

For instance, Jamal et al. have reported the spontaneous defor-

mation of a poly(ethylene glycol) biocompatible bilayer consisting

of two cell-laden layers with different swelling characteristics in

aqueous solutions, constructing a series of anatomical microscale

geometrical structures [66] . Zhang et al. combined a poly(ethylene

glycol)-conjugated azobenzene derivative (PCAD) with agarose (AG)

(PCAD@AG) to fabricate a new biomaterial that was capable of

shape reconfiguration upon humidity change [67] . After combin-

ing pure agarose with PCAD, its rate of absorption decreased while

the rate of desorption enhanced. This property is critical to the fast

locomotion of PCAD@AG. 

Cellulose stearoly esters (CSEs) also can be used to fabricate

moisture-responsive, self-standing films [68] . As a result of the ab-

or desorption of water molecules, CSE films with the low degree of

stearoyl substitution of 0.3%, labeled CSE0.3, could fold or unfold to

exhibit rhythmical bending motions, while CSE3 (stearoyl substitu-

tion of 3%) is hydrophobic and exhibits thermoresponsive proper-

ties. Humidity-responsive bilayer films with hydrophobic surfaces

were obtained by spraying CSE3 nanoparticles onto the surface of

CSE0.3 films. This kind of bilayer can perform fast reversible bend-

ing motions and continuous shape-transformation in solution. 

These technologies represent the earliest versions of 4D print-

ing, where the concept of multilayer structures was compati-

ble with the future design of 4D bioprinting using biocompati-

ble humidity-responsive materials. However, the culture environ-

ment of cells should be maintained under constantly high humid-

ity and specific osmotic pressure. Therefore, the degree of shape-

transformation may be limited due to humidity/osmotic pressure

limitations. These challenges could be addressed by adjusting the

sensitivity of humidity-responsive materials to within the range of

cell endurance [8] . 

Electro-responsive materials : Most electro-responsive materials

are polyelectrolyic polymers, which can swell, shrink, or fold un-

der an external electric field. The properties of these materials

can be regulated by the direction or strength of the electric field

[69] . These developed electrically conductive biomaterials could

provide new insights into biomedical applications and drug de-
ivery [70–73] . Moreover, some hydrogels containing electrically

onductive polymers, such as poly(pyrrole)s, poly(aniline)s, and

oly(thiophene)s, can exhibit favorable biocompatibility and print-

bility, giving potential for 4D bioprinting [74 , 75] . For example, a

onductive electroactive hydrogel was fabricated by combining 3D

rinting with polypyrrole interfacial polymerization has been re-

orted [76] . The printed constructs could be applied for developing

ew bioelectronics interfaces and neuroprosthetic devices. 

The electro-responsive carbon-based nano-biomaterials, such as

raphene and carbon nanotubes (CNTs), have also attracted exten-

ive attention in recent years as tools to investigate and control

he biology and fate of stem cells due to their unique mechan-

cal properties, adjustable surface chemistry, and favorable elec-

rical conductivity, which have more advantages for nerve tissue

ngineering [77 , 78] . Nanoparticles of these materials have the po-

ential to be used as bioinks for 4D bioprinting [79–81] . For in-

tance, Servant et al. designed a graphene-based macroporous hy-

rogel matrix that is able to control the release of small molecules

nder particular electrical stimulation via reversible deswelling of

he hybrid gel [82] . Moreover, CNTs also show desired mechanical,

lectrical, and cytocompatible properties for 4D bioprinting. For in-

tance, Shin’s group has dispersed CNTs into gelatin methacryloyl

nd hyaluronic acid bioinks to facilitate the manufacture of elabo-

ate foldable biosensors and functionalized tissue-engineering con-

tructs [81] . The in vitro and in vivo studies showed that printed

caffolds coated with graphene and carbon nanotubes nanocom-

osites could accelerate the osteogenic differentiation of seeded

tem cells obviously [83–85] . In conclusion, these biocompatible

nd electrically conductive carbon-based nano-biomaterials could

e used to fabricate stimuli-responsive 4D architectures, providing

ore possibilities for neural and bone tissue regeneration [86] . 

Magnetic responsive materials : Magnetic responsive materials

onsist of ferromagnetic or paramagnetic magnetic nanoparticles

MNPs) that can respond to magnetic fields [87] . These materi-

ls have been widely used in biomedical applications, such as

ontrolled drug release system and tissue engineering [88–92] .

or example, a magnetic responsive drug delivery system can be

onstructed by combining Fe 3 O 4 nanoparticles with polyethylene

lycol/agar hydrogel networks, representing a promising alterna-

ive for soft tissue injury treatment [93] . In addition, the Fe 3 O 4 

anoparticles can also be encapsulated into the organogel to pre-

are a magnetic gel with remarkable magnetic responsive and self-

ealing properties, which shows favorable rheological properties

or bioprinting [94] . 

Magnetic 3D bioprinting technology, which controls the orien-

ation and assembly of anisotropic micro-biomaterials as build-

ng blocks during the printing process, has been proposed as a

iofabrication strategy for generating innervated secretory epithe-

ial organoids [2 , 95] . By magnetizing with magnetic nanoparticles,

ells in monolayers arranged spatially with magnet dots to pro-

uce 3D spheroids. These magnetic 3D bioprinting spheroids ex-

ibit higher cell viability and steadier intracellular activity com-

ared with magnetic-nanoparticle-free spheroids. This magnetic

D bioprinting technology also was used to pattern human my-

metrium cells into rings that then were monitored for contractil-

ty and function over time [96] . 

Recently, the magnetic assembly of cells or tissue spheroids, or

iving materials has been studied, providing great potential for 4D

ioprinting ( Fig. 2 (C)) [97] . The paramagnetic properties of MNPs

ould be used to realize magnetic levitational assembly of cells or

icro-tissues. For example, Souza et al. utilized the magnetic lev-

tation of cells to establish a 3D tissue culture system in which

ells or a matrix are labeled with gold, iron oxide nanoparticles,

r filamentous phages. The geometry of the cell spheroids is con-

rolled via the spatial control of the magnetic field, and co-cultures

f different types of cells could be realized [98] . Furthermore, Sun
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Table 1 

Stimuli-responsive shape-memory materials and methods. 

Stimulus Materials/methods Mechanisms Application Pros Cons References 

Temperature poly( N - 

isopropylacrylamide) 

(pNIPAM) 

Sol-gel transition Cell-laden bilayers 

for soft tissue 

Easy availability; 

High sensitivity 

to temperature 

Not well 

biocompatibility; 

Hydrophobicity; 

Low 

biodegradability; 

Low control 

precision. 

Wei et al. [48] 

Bakarich et al. 

[47] 

Breger et al. [49] 

Pei et al. [50] 

Zakharchenko 

et al. [51] 

Luo et al. [55] 

Apsite et al. [56] 

Polyurethane Shape 

transformation 

Cell-laden scaffolds 

for bone, muscle, 

cardiovascular 

tissue repair 

Suitable shape 

transition 

temperature 

Complex 

mechanical 

stimuli control 

Hendrikson et al. 

[54] 

Gelatin- 

Polycaprolactone(PCL) 

Sol-gel transition; 

Wettability and 

solubility 

differences 

between two 

materials 

Bilayers, 

Cell-laden 

bioscaffolds for 

tissue 

engineering 

Compatible; 

Biodegradable 

Unsuitable for 

complex shape 

transformation 

Stroganov et al. 

[60 , 61] 

Ionov L et al. 

[57] 

Humidity Poly-ethylene glycol (PEG) Swelling properties Cell-laden bilayers Biocompatibility Humidity/osmotic 

limitation 

Jamal et al. [66] 

Zhang et al. [67] 

Agarose Water 

sorption/water 

desorption 

Hybrid films Native; Strong 

hygroscopic 

Humidity/osmotic 

limitation 

Zhang et al. [67] 

Cellulose stearoly esters 

(CSEs) 

Water 

sorption/water 

desorption 

Bio-sensors or 

bio-actuators 

Biocompatible Humidity/osmotic 

limitation 

Zhang et al. [68] 

Electric field Polypyrrole(PPy); 

Polyaniline; 

Polythiophene 

Electrically 

conductive 

properties 

Drug delivery; 

Biomimetic or 

bioinspired 

systems 

Improved 

conductive 

characteristics 

Undesirable 

biocompatibility 

Green et al. [74] 

Song et al. [75] 

Fantino et al. 

[76] 

Carbon-based 

nanobiomaterials 

(graphene, carbon 

nanotubes) 

Electro-responsive 

properties 

Drug delivery; 

Biosensors; 

Cell-laden 

scaffolds for 

bone and nerve 

tissue 

engineering 

Suitable 

mechanical 

properties; 

Adjustable 

surface 

chemistry; 

Excellent 

electrical 

conductivity; 

Cytocompatibility. 

Restricted 

electrical 

stimulation 

Ahadian et al. [77] 

Ramon et al. [78] 

Shin et al. [81] 

Servant et al. 

[82] 

Miao et al. [184] 

Magnetic 

field 

Magnetic nanoparticles 

(MNPs) 

Magnetic- 

responsive 

properties; 

Self-assembly 

Drug delivery; 

Cell/tissue 

spheroids 

(epithelial 

organoids; 

myomethrium 

rings; 3D 

embryoid body; 

microvascular- 

like 

structures) 

Remote control; 

High control 

precision; 

Harmlessness to 

cells 

Complex control 

system; 

Challenging 

sufficient 

magnetic field 

gradient 

achievement 

Zhang et al. [90] 

Lalitha et al. [94] 

Souza et al. 

[96 , 98] 

Du et al. [97] 

Sun et al. [99] 

Adine et al. [95] 

Gadolinium (Gd 3 + ) Magnetic levitation Cell/Tissue 

spheroids; 

Drug delivery; 

Cancer therapy 

Low toxicity; 

Noninvasiveness; 

Easy-to-use 

Undesirable 

cytotoxic effect 

at high 

concentration 

Tocchio et al. [100] 

Parfenov et al. 

[102] 

Fattah et al. 

[103] 

Turker et al. 

[104] 

light Photoinitiators 

(e.g.: benzophenone, 

hydrazone bonds, 

methylene blue) 

Photocrosslink; 

Dynamic 

covalent 

chemistry 

Soft robotics; 

Cell delivery; 

in-situ 

photo-curing 

structures 

High shape 

fidelity; 

Stability 

relaxation; 

Cytocompatibility 

Low light tissue 

penetration 

Wei et al. [113] 

Kuang et al. 

[114] 

Photodegradable 

moieties(e.g.: coumarin, 

o-nitrobenzyl ether 

groups) 

Programmable 

photodegrada- 

tion 

Cell delivery; 

Cell-laden 

structures; 

3D vascular 

networks 

Precise multistaged 

light program 

Low tissue 

penetration; 

Phototoxicity. 

Griffin et al. [116] 

Arakawa et al. 

[117] 

Acoustic Surface acoustic waves 

(SAWs) 

Acoustic force 

assembly 

3D cellular 

patterns and 

constructs 

Non-invasive; 

Cytocompatible; 

Biocompatible 

Limited line 

patterns; 

Micro 

dimensions only 

Nasser et al. [119] 

( continued on next page ) 
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Table 1 ( continued ) 

Stimulus Materials/methods Mechanisms Application Pros Cons References 

Near field standing waves Acoustic radiation 

forces 

3D brain-like 

constructs 

Easy to use; 

Cytocompatible 

Limited cell 

populations; 

Homogenous 

tissues only 

Bouyer et al. [122] 

Ultrasound Ultrasound- 

disrupted 

ionically 

crosslink 

Drug release; 

Chemotherapy 

Non-invasive; 

Biocompatible 

Need further test 

mimicking 

Huebsch et al. 

[121] 

pH Amino acids (e.g.: 

polypeptide, I-arginine 

grafted alginate) 

Noncovalent 

crosslink; 

pH determined 

swelling 

properties 

β-sheet structure; 

Protein delivery 

Tunable 

morphology and 

mechanical 

properties 

Specific pH 

environments; 

Unsuitability for 

complex shape- 

transformation 

Clarke et al. [128] 

Eldin et al. [129] 

Chitosan-based polymers 

(N-succinyl chitosan 

grafted polyacrylamide, 

chitosan-based 

tripolyphosphate) 

pH determined 

swelling 

properties; 

Electrostatic 

crosslink 

Drug delivery; 

Bone 

regenerative 

therapies 

Better controlled 

release of drugs; 

Tunable 

mechanical 

properties 

Limited pH change 

range 

Mukhopadhyay 

et al. [131] 

Xu et al. [132] 

Ion Zn 2 + /Ca 2 + -responsive 

hydrogels 

Reversible 

chemical 

crosslink 

Cell-laden shape 

memory 

structures; 

Hollow 

self-folding 

tubes (blood 

vessels) 

Suitable strength; 

Tunable 

mechanical 

properties; 

Biocompatibility 

Difficult to control 

in vivo 

Liu et al. [135 , 136] 

Lonov et al. 

[140] 

Biological Polypeptides; 

Polynucleotides 

Hydrogen bond 

crosslinks or 

ionic interactions 

Shape memory 

hydrogels for 

drug delivery, 

programmed cell 

adhesion 

matrices 

Biodegradable and 

biocompatible 

Low mechanical 

strength 

Skrzeszewska et al. 

[142] 

Hao et al. [143] 

Guo et al. [144] 

Todhunter et al. 

[145] 

Enzymes (e.g.: matrix 

metalloproteinase, 

thrombin, Sortase A, 

horseradish 

peroxidase) 

Enzymatic 

mediated 

crosslink 

Drug delivery; 

Bioinspired 

multi-activities 

object for blood 

vessels /bone 

/cartilage tissue 

regeneration 

Biological 

substance; Cyto- 

compatibility; 

Suitable 

degradation; 

Tunable 

morphology 

Complex 

regulation; 

Unidentified 

immune 

response 

Kim et al. [146] 

Broguiere et al. 

[147] 

Costa et al. [148] 

Yan et al. [149] 
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et al. presented an innovative strategy based on magnetic alginate

microfibers as scaffolding elements to fabricate microvascular-like

structures, allowing direct cell-to-cell interaction, which is essen-

tial for the formation of vessel-like structures [99] . 

Another universal system for levitating and assembling cells

using a gadolinium (Gd 

3 + )-based nonionic paramagnetic agent

has been reported for fabricating scaffold-free living architectures

[100 , 101] . Parfenov et al. developed a prototype device equipped

with magnetic levitation capabilities using gadolinium in culture

media [102] , Similarly, Fattah et al. demonstrated a new technol-

ogy for fabricating 3D cellular structures, co-culturing breast can-

cer MCF-7 cells and human umbilical vein endothelial cells utiliz-

ing a magnet array to manipulate diamagnetic cells in a param-

agnetic gadopentatic acid medium [103] . Three different gadolin-

ium chelates were utilized to magnetize the cell culture envi-

ronment, thus realizing scaffold-free levitation and assembly of

cells [104] . 

Moreover, Tasoglu’s group manipulated and assembled a cell-

encapsulating poly(ethylene glycol) hydrogel in magnetic fields us-

ing permanent magnets by exploiting the paramagnetic character-

istic of free radicals without using magnetic nanoparticles [105] .

They also fabricated tunable and magnetic self-assembly microgels

using a cell-laden gelatin methacryloyl hydrogel that is paramag-

netized upon submerging in a stable free-radical solution [106] .

In conclusion, these innovative magnetic levitational assembly sys-

tems show enormous promise for complex cellular assemblies and

tissue engineering, providing a new paradigm for the application

of 4D bioprinting. 

Photoresponsive materials : Photoresponsive materials could cap-

ture externally applied optical signals and convert them into me-
hanical responses. Photoresponsive biomaterials can be activated

y light in a relatively wide wavelength range, including near-

nfrared (NIR), infrared (IR), and ultraviolet (UV) regions, which

ave been broadly applied in biomedical applications such as con-

rolled drug release and tissue engineering [107–112] . 

Photoisomerization and photodegradation of polymer chains

re the most common response mechanisms for light-responsive

aterials, which have been widely applied to fabricate active

D shape-changing structures. For instance, Wei et al. printed

 tubular shape-memory poly(lactic acid) (PLA) structure by in-

roducing a UV crosslinking agent ( Fig. 2 (E)) [113] , while Kuang

t al. reported a UV-light-assisted printing bioink containing ure-

hane diacrylate and a linear semi-crystalline polymer [114] . The

ioink showed capability of high strain shape memory as well as

elf-healing feature, paving the way for the development of 4D

ioprinting. 

In addition, photodegradation of biomaterials provides real-

ime temporal and spatial control during hydrogel degradation.

hotodegradation of biomaterials can be induced by exploiting

heir photoresponsive features, producing dynamic hydrogel envi-

onments [115] For instance, Griffin et al. added photodegradable

oieties, such as o-nitrobenzyl ether groups and coumarin, into

ydrogels to tune the rate of its biodegradation [116] . Furthermore,

rakawa et al. exploited a programmable biomaterial photodegra-

ation strategy to construct 3D multicellular endothelial vascular

etworks within cell-laden hydrogels [117] . Networks of mi-

rochannels with similar sizes and scales to those of the native

uman vascular systems could be easily generated through pro-

rammable 4D control using multiphoton lithography technology.

herefore, these photoresponsive 4D bioinks show the potential to
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imic the dynamic characteristics of natural extracellular matrix

egradation. 

However, the strong attenuation of light by biological tissues

s a challenge. This challenge may be addressed by exploring the

se of ultra-IR light, which has lower living tissue absorbency and

hototoxicity as well more effective tissue penetration than UV

ight. Meanwhile, multiple kinds of photo-initiators have limita-

ions in applications of tissue engineering due to their undesired

ytotoxicity. New photo-polymerized systems with significant

itigated adverse effects on cellular metabolic activities and

roliferative capacities have been developed, giving potential for

pplications including cell encapsulation and biofabrication of

njectable hydrogels [118] . 

Acoustic responsive materials : Acoustic responsive materials have

een used in drug release systems and tissue engineering. Acoustic

orce patterning is a potential technology that can be used to con-

truct location-controlled cell platforms in a contactless, rapid, and

ccurate manner [119 , 120] . Huebsch et al. developed an alginate-

ased, self-healing, ultrasound-responsive hydrogel for near-digital

patiotemporal control of drug delivery and used ultrasound stim-

lation to disrupt the ionic crosslinks within the hydrogels [121] .

urthermore, Naseer et al. reported a biological acoustic-force-

ediated micro-patterning technique to achieve rapid arrangement

f cells within gelatin methacryloyl hydrogels by using surface

coustic waves [119] . A multilayered 3D brain-like construct was

lso fabricated via levitating neuroprogenitors through acoustic ra-

iation forces based on near field standing waves, indicating that

coustic responsive hydrogels have the potential to be applied to

D bioprinting in tissue engineering [122] . These bioacoustic levi-

ational assembly technologies are non-invasive and biocompatible,

hile limited to line patterns and homogenous cell populations.

ore sophisticated methods are needed to fabricate complex het-

rogeneous tissue cellular architectures. 

.2.2. Chemical stimuli-responsive materials 

pH-responsive materials : pH-responsive materials containing

hemical groups (carboxyl, pyridine, sulfonic, phosphate, etc.) that

an release or accept protons with changing pH have been ap-

lied to the fabrication of self-assembled structures [123] . These

H-responsive materials exhibit globule-to-coil transition at a criti-

al pH value. When the functional group of the polymer is neutral-

zed, the polymer chains are converted into globule structures from

heir coil forms in electrostatically repulsion states [124] . Nadgorny

t al. described a 3D-printed pH-responsive construct by using

oly(2-vinylpyridine) [125] . These 3D-printed structures exhibit re-

ersible and dynamic pH-dependent swelling characteristics. The

ydrogel can be used as a flow-regulating valve to regulate flow

ate by controlling the changes of pH. Few synthetic pH-responsive

olymers have been reported in the field of bioprinting, while

he applications of natural proteins have gained great attention

124 , 126 , 127] . For instance, three different charge pentapeptide se-

uences were used to fabricate a robust pH-responsive hydrogel

128] . The mechanical properties of the hydrogel could be regu-

ated significantly by tuning the charge distribution and concentra-

ion of the pentapeptide sequences. Moreover, a pH-responsive hy-

rogel using L -arginine-grafted alginate (Arg-g-Alg) hydrogel beads

as been synthesized as a new type of carrier for protein deliv-

ry at specific pH environments [129] . The swelling characteristics

f the hydrogel beads were determined by pH changes. These pH-

esponsive hydrogels with tunable stiffness and adjustable mor-

hology are promising for applications in injectable drug delivery

nd tissue engineering. 

Meanwhile, a series of pH-responsive chitosan hydrogels also

ave been widely used in drug delivery and bioprinting ( Fig. 3 (A))

130 , 131] . Xu’s group reported a chitosan-based tripolyphosphate

caffold with regulated primary amine content, which influenced
he pH-responsive resorption and made the scaffold enable to ab-

orb or release water under the changes of pH [132] . These pH-

esponsive materials modified scaffolds with tunable morphology

nd mechanical properties possess the possibility for biomedical

pplications, providing new possibilities for 4D bioprinting. 

Ion-sensitive hydrogels : Many recent studies have reported

trategies for the fabrication of sufficiently strong scaffolds to sup-

ort clinical-scale cell-laden structures [133] . Crosslinking with

ultivalent ions such as Ca 2 + and Zn 

2 + has been exploited

n bioprinting to obtain scaffolds with suitable strength and

unable mechanical properties ( Fig. 3 (B)) [134 , 135] . For exam-

le, Liu et al. fabricated a reversible shape-memory ultrahigh

trength cell-laden hydrogel utilizing the dipole-dipole interactions

f poly(acrylonitrile) chains that are reversible in response to Zn 

2 + 

136] . They also utilized imidazole-zinc ion coordination to synthe-

ize another shape memory hydrogel [137] . The permanent shapes

f these printed constructs can be restored by extracting zinc ions

sing chelating agents, and this memory process is reversible. The

at cell-laden hydrogel sheet can be fold into a temporary tubular

onstruct and fixed in culture medium containing zinc ions. 

In addition, a crosslinking mechanism involving sodium-

alcium ion exchange between alginate and calcium chloride has

een widely applied in bioprinting [138 , 139] . Hydrogels based on

 hydrogen bonding/calcium ion crosslinking mechanism exhibited

hape memory abilities in response to reversible Ca 2 + crosslink-

ng. Such hydrogels with weaker hydrogen bonding interactions

xhibit sharp volume changes triggered by calcium ions [135] .

urthermore, Lonov et al. have reported an advanced 4D bio-

rinting approach to cell-laden, stimuli-triggered, shape-changing

lginate and hyaluronic acid hydrogels, which were modified with

ethacrylate groups to endow them with photo-crosslinkable

roperties [140] . The photo-crosslinking hydrogel exhibited strong

a 2 + -ion-concentration dependent rheological properties. Cells 

an tolerate calcium ion changes in the extracellular environment,

llowing Ca 2 + ions to act as biocompatible shape-transformation

timuli. This bioprinting strategy based on Ca 2 + stimuli-triggered

olymers could be used to print hollow tubular structures with

iameters equivalent to those of the narrowest blood vessels.

n a word, these ion-sensitive crosslinking hydrogels pave the

ew ways for presentation of tunable cell-laden shape-morphing

tructures for tissue engineering and 4D bioprinting applications. 

.2.3. Biological stimuli-responsive materials 

Besides gelation through ion-crosslinking processes, shape-

emory hydrogels exhibit self-assembly abilities via reversible

ydrogen bond crosslinks or ionic interactions with polypeptides

r polynucleotides [141] . For example, a thermally induced shape-

emory hydrogel was formed by utilizing biocompatible and

iodegradable recombinant telechelic polypeptides that combine 

ith random coil-like middle blocks and collagen-like end blocks,

orming of triple helices and allowing the fixation of temporary

hapes upon cooling [142] . The programmed shape of hydro-

els containing lysine residues was achieved through chemical

rosslinking of random coils. The triple helix led to permanent

hape recovery upon opening of the crosslinks during heating

nd melting. Similarly, by utilizing DNA as a programmable and

equence-specific glue, shape-controlled hydrogel units can be

elf-assembled into diverse prescribed structures in aqueous or

nterfacial agitation systems [143] . In addition, the cytosine-rich

ucleotide sequences generated an i-motif construct through

elf-assembly at low pH and dissociated into random coil con-

ormations at pH 8, leading to a reversible shape-transformation

etween a “quasi-liquid” state and a predesigned shape structure

144] . Furthermore, Todhunter’s group performed multicellular tis-

ue organizations utilizing a DNA-programmed cell-assembly strat-

gy [145] . This technology exploits dissociated cells functionalized
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Fig. 3. Schematic illustrations of chemical stimuli-responsive biomaterials. (A) Schematic presentation of swelling and drug release pattern of the pH-responsive hydrogel. (B) 

A schematic diagram depicting the mechanism underlying a small number of calcium/zinc ions triggered reversible shape memory behavior. The functional groups coordinate 

with Ca 2 + /Zn 2 + , while the Ca 2 + /Zn 2 + functional group linkages are dissociated in EDTA solution. 
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chemically with degradable oligonucleotides that can adhere to

other cell surfaces labeled with complementary DNA sequences.

The rapid, reversible, and specific cell adhesion induces layer-by-

layer DNA-programmed assembly, fabricating 3D tissue constructs

with programmed shapes, sizes, and spatial heterogeneities above

a template, providing a potential approach for 4D bioprinting. 

Moreover, active biological molecules, such as antibodies and

enzymes, can be entrapped in 3D objects to obtain 4D structures

( Fig. 4 ). Enzymes play important roles in processes of many

biochemical reactions. The human body has multiple kinds of en-

zymes that can be utilized as triggering factors for shape memory

properties of hydrogels. The substrates of enzymes should serve as

functional side groups or crosslinkers of hydrogels [73] . For exam-

ple, matrix metalloproteinase is an important protease related to

the degradation of extracellular matrix components. Matrix met-

alloproteinase sensitive hyaluronic acid-based hydrogels showed

tunable swelling and degradation capacities with dramatic cell

attachment [146] . In addition, the bacterial ligase sortase A (SA)

and its mutated variants have been used as crosslinking enzymes

for hydrogel-based tissue engineering [147] . Modifying hyaluronan

(HA) with SA-substrate peptides achieved near-instantaneous gel

formation of HA. Similarly, Costa et al. demonstrated a fast-gelling

silk fibroin bioink capable of enzymatic crosslinking for 3D bio-
 p  
rinting [148] . The hydrogels can transform from random coil

onfigurations into β-sheet conformations over time, and can be

sed to fabricate different fine-tuned structures, such as shape-

emory patient-specific implants, with good reliability, resolution,

nd reproducibility [149] . These enzyme-sensitive hydrogels with

ast-crosslinking, suitable degradation and tunable morphology

haracteristics could be applied for tissue defect regeneration and

omplex tissue engineering. 

. 4D bioprinting based on functional transformation 

echanism 

Advanced biology studies have extended the original definition

f 4D bioprinting, which was limited to the geometric change

f 3D-printed objects, to include the transformation of shape,

roperties, and physical, chemical, or biological compositions of

D constructs [150] . The functional transformation and maturation

f 3D-printed cell/tissue constructs over time have also been

egarded as constituting 4D bioprinting [10 , 151 , 152] . Natural tis-

ues and organs are structurally anisotropic and highly organized

rchitectures [3 , 153] . The establishment of biomimetic constructs

hat mimic the native extracellular matrix could guide and sup-

ort the growth and differentiation of stem cells during the
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Fig. 4. Schematic illustrations of enzymatic-crosslinked process. The enzyme removes the terminal of substrates and then attacks the free functional groups to form crosslinks 

of hydrogels. 
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ost-bioprinting stage, making it possible to fabricate on-demand

mplantable and functional multilayered tissues such as cartilage,

kin, and skeletal muscle [154–156] . 

The 4D-printed constructs with aligned micro-patterns

ay exhibit functional differentiation and maturation during

he cultivation process. For example, Betsch et al. presented

n advanced bioprinting strategy utilizing a straightforward

agnetic-based technology in agarose/type I collagen hydrogels to

lign collagen fibers [157] . The strategy realized real-time matrix

emodeling of structural microarchitectures by magnetism. The

nidirectional anisotropic scaffold imitates the natural tissue fiber

orphology, guiding the proliferation and differentiation behaviors

f cells and maturation of printed tissue in a highly desired way. 

Moreover, Miao’s group created biomimetic hierarchical 4D

icro-patterns with smart soybean oil epoxidized acrylate (SOEA)

ioinks by using a special photolithographic-stereolithographic-

andem strategy [158] . The topographical surfaces of these archi-

ectures regulate the cardio-myogenic behaviors of human MSCs

ffectively. These printed scaffolds could be applied to osteo-

hondral and neural tissue engineering because of their ability to

ifferentiate and proliferate human MSCs. This scaffold fabricated

ot only shows dynamic 4D shape change upon external stim-

lation but also provides subtle surface micro-patterns to regu-

ate the multilineage differentiation of stem cells. Similarly, they

lso fabricated a 4D anisotropic skeletal muscle tissue using stair-

ase effect strategy and investigated the effects of topographical

ues on the skeletal muscle differentiation of human bone marrow

esenchymal stem cells [159] . The expression of myogenic genes

as enhanced, confirming that this biomimetic strategy can recon-

truct highly organized functionalized skeletal muscle tissues. In

onclusion, by fabricating aligned and hierarchical microstructures,

ore potential bioprinting strategies have emerged to mimick the

icroenvironments of cell cultures, regulate the differentiation of

eeded cells, and accelerate the maturation of complex constructs,

roviding new directions for 4D bioprinting. 

Another technology, synthetic printed droplet networks, which

ontain thousands of programmed patterned communicating aque-

us droplets, can be used as substrates in tissue engineering and

ay be modified to mimic living tissues [160] . For instance, Booth

t al. used this technology to create a 3D synthetic tissue consist-

e  
ng of hundreds of synthetic cells [161] . A kind of light-activated

NA (LA-DNA) promoter was used to turn on gene expression

ithin the synthetic cells, giving the synthetic tissues the abil-

ty to synthesize protein through the translation of encapsulated

NA under UV light control. By using light activation, protein pores

ere expressed in 3D-printed synthetic tissues, incorporating into

ertain bilayer interfaces and mediating electrical communication

etween neighboring cell subsets. This functional simulation of

euronal transmission can be controlled precisely, providing new

trategies for 4D bioprinting. 

. Applications of 4D printing in bone tissue engineering 

4D printing technology has revolutionized the 3D-printed con-

tructs with shape and functional modification over time. Innova-

ive 4D printing strategies present the potential for the fabrica-

ion of complex multilayer tissue constructs, providing many ad-

antages for tissue engineering and applications [162–165] . Here,

e focused on the 4D bone tissue engineering and introduce var-

ous existing applications of 4D printing in bone tissue engineer-

ng ( Fig. 5 ). These applications exhibit overwhelming superiority in

ersonalized bone defect repair, especially the irregular or minor

ize bone defects. The self-remodeling and functional maturation

eatures of 4D-printed structures would help to fabricate biologi-

al complex hierarchical constructions similar to the native bone

issue. In addition, multiple 4D-printed strategies could be used to

evelop microvascular system and nervous networks within bone

onstructs, which is essential for large bone-graft-substitute. 

.1. 4D printing of bone tissue based on injectable stimuli-responsive 

ydrogels 

A series of injectable thermoresponsive polysaccharide hydro-

els, which could play the role as a carrier for different cells,

rowth factors or inorganic composites (such as hydroxyapatite,

alcium phosphate cements, and bioactive glass), have been de-

eloped for bone tissue engineering [24] . These modified bio-

aterials, such as hydroxypropyl methylcellulose, hydroxybutyl 

hitosan and hydroxypropyl guar-graft-poly(N-vinylcaprolactam), 

xhibit suitable lower critical solution temperature between
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Fig. 5. Applications of 4D printing in bone tissue engineering. (A) Injectable thermosensitive hydrogels for 4D bone tissue regeneration: the hydrogel could be injected into 

the irregular defect area and transform to gel state under body temperature. (B) 4D printing of bone tissue based on shape-transformation mechanism: a shape memory 

scaffold changes its size to occupy the void space, realizing personalized bone defect repair. (C) 4D printing of bone tissue based on the establishment of biomimetic 

microenvironment: the 4D printed biomimetic scaffold with modified architectures can induce the functional maturation of neo-bone tissue and promote the osteogenesis 

of stem cells, enhancing the formation of new bone tissue. 
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physiological temperature and manipulative room temperature and

could translate into gel state under body temperature [166–169] .

The classical thermoresponsive material, pNIPAM, has been incor-

porated with hyaluronic acid and chitosan to fabricate an injectable

hydrogel for bone tissue regeneration [170–173] . Similarly, chitosan

could form a thermoresponsive hydrogel by combining with β-

glycerophosphate salt, which modulates the hydrogen bonding and

electrostatic, hydrophobic crosslinkings during the gel formation

[22 , 174] . This kind of chitosan hydrogel exhibited desirable in-

jectability and rapid gelation at body temperature ( Fig. 2 (D)). An-

other kind of available thermosensitive material is a copolymer

of poly(lactic acid), poly(ethylene glycol) and poly(glycolic acid),

which converts to a gel state under physiological conditions [175] . 

The mechanical strength and load-bearing capacity of these hy-

drogels were improved by including different mineral components,

such as tricalcium phosphate, nano-hydroxyapatite and bioactive

glass [176–179] . These injectable hybrid hydrogels with desirable

rheological feature and in vivo self-setting ability served as de-

sirable carriers for osteoblast cells with improved alkaline phos-

phatase activity and calcium deposition, making them enable to

fill small, irregular-shaped defects and form gel at body tempera-

ture and providing a significant potential in mini-invasive repair of

bone defects. Bioactive cues, such as osteogenic and angiogenetic

growth factors, have been involved into the hydrogel systems to
 i  
nhance the differentiations of MSCs, providing new strategies for

one defect repair [180–182] . Therefore, the composite material

an be used as an injectable osteogenic material for orthopedic ap-

lications, providing new insights for clinical translation. 

.2. 4D printing of bone tissue based on shape memory scaffolds 

4D printing has been used to print hard-tissue constructs. For

xample, shape-recovery polylactide and hydroxyapatite porous

caffolds were obtained by fused filament fabrication [23] , in

hich direct heating stimulated the shape-memory effect. The

olylactide/hydroxyapatite hybrid porous scaffolds with high lev-

ls of shape recovery ability could be used as self-fitting implants

o repair small bone defects. Thus, the shape-transformation fea-

ures of 4D printing constructs may realize personalized bone de-

ect repair. Such biomaterials could be used to repair bone defects

n which the scaffold shape changes to occupy the void space after

mplantation [21] . 

Moreover, Miao et al. utilized PCL and crosslinkers with pre-

etermined amounts of castor oil to synthesize smart renew-

ble bio-scaffolds, which exhibit favorable shape-memory effects

nd shaperecovery at physiological temperature [183] . The surface

orphology, shape memory, mechanical properties, biocompatibil-

ty and biodegradability of the synthesized smart polymers were
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emonstrated to be satisfactory [184] . Similarly, the authors also

abricated a biocompatible temperature-responsive shape-memory 

caffold comprising epoxidized acrylate materials based on renew-

ble soybean oil using a 3D laser printing technique [185] . The

orous scaffolds are biocompatible and exhibit comparable attach-

ent and proliferation abilities to those of multipotent human

one marrow mesenchymal stem cells. Thus, these studies pro-

osed renewable biomedical scaffolds that could potentially con-

ribute to the development of 4D constructs in bone engineering. 

.3. 4D printing of bone tissue based on functional transformation 

echanism 

The biomimetic bony microenvironment can improve the bi-

logical functionality of 3D-printed scaffolds and drive osteoge-

esis of stem cells during the post-bioprinting stage. It inspires

s whether the establishment of this biomimetic microenviron-

ent, which enhanced the functional maturation of 3D-printed

onstructs, would be considered as 4D printing in tissue engineer-

ng. Pati et al. [186] reformed polymeric 3D-printed scaffolds by or-

amenting them with a cell-laden mineralized extracellular matrix

o mimic bony microenvironments. The printed bone structures be-

ame mature after culturing in a rotary flask bioreactor over time.

he results showed that the extracellular-matrix-ornamented scaf-

olds exhibit better osteoinductive and osteoconductive properties

han those of bare 3D-printed scaffolds. 

Moreover, the complex hierarchical structures of bone tissue

ossess anisotropic mechanical and electromechanical properties

187] . The smart biomaterial with piezoelectric effect, such as bar-

um titanate, could stimulate the physiological electrical microen-

ironment in response to applied stress and promote the growth of

steoblasts, showing favorable biocompatibility and bone-inducing

bilities [188–190] . This promising development of piezoelectric

aterials could be used to enhance the functional maturation of

rinted constructs during the post-printing stage, presenting new

trategies for 4D bone tissue bioprinting. 

.4. 4D-printed bone constructs with blood vessels and nervous 

etworks 

The major challenge in large bone-graft-substitute engineering

s the regeneration of microvasculature and nervous networks in

he substitute [191–193] . A series of 4D strategies have been pro-

osed to fabricate microvasculature constructs. For example, hol-

ow self-folding tubes with diameters comparable to those of the

mallest blood vessels have been fabricated by combining mouse

SCs with methacrylate alginate and hyaluronic acid hybrid hy-

rogels [140] . In addition, localized and pre-programmed calcifica-

ion and direct fibrin biofilm formation could be triggered through

he entrapment of enzymes within the 4D hydrogel during the

ioprinting processes. The bioinspired 3D constructs in this study

ere composed of bone-like structures surrounding a blood-vessel-

ike structure, making it possible to fabricate vascularized alveolar

one constructs [194] . These enzymes could be used alone or co-

mmobilized to create bioinspired constructs with multi-activity.

his technology was the first to demonstrate the fabrication of

uch 4D-printed constructs with multi-activity, providing a poten-

ial approach for complex bone tissue engineering. 

Furthermore, the 4D bioprinting of the electro-responsive bio-

aterials have shown great potential for nerve tissue regenera-

ion. Miao’s group demonstrated a multi-responsive graphene hy-

rid 4D-printed architecture providing multiple nerve regenera-

ion characteristics, such as physical guidance, chemical cues, and

eamless integration [195] . This stimuli-responsive 4D technique

ould be combined with the bone tissue fabrications, paving the

ay for repairing bone defects with nerve damage. 
. Future perspectives and current challenges 

4D bioprinting, incorporating “time” as the fourth dimension

ithin 3D bioprinting, is expected to allow the creation of compli-

ated structures with on-demand dynamically controllable shapes

nd functions, considering to be the next generation of tissue

ngineering technology [8] . In the last few years, with emerg-

ng development of stimuli-responsive biomaterials and better un-

erstanding of tissue regeneration, 4D bioprinting technology has

ained lots of attention in biomedical area and clinical applica-

ions [53 , 196–201 ]. For example, 4D bioprinting technology provide

normous application prospects in the field of personalized tis-

ue regeneration. The 4D-printed implantation with programmed

hape and size would fit the defect sites with precise geometry

202–205] . The functional transformation of implantation during

he post-printing stage would show bio-mimicking features, facili-

ating the tissue remodeling and maturation. At the same time, the

ecent progress of computational model system has provided new

pportunities to program neo-tissue growth in personalized tissue

ngineering [73 , 206] . 

Meanwhile, the transformation features of 4D bioprinting could

lso benefit the treatment of adolescent patients through fabricat-

ng self-growing constructs. For example, Morrison et al. demon-

trated the successful application of personalized 4D-printed med-

cal device for the treatment of pediatric tracheobronchomalacia

164] . The 4D-printed PCL airway splints exhibited optimal adjust-

ent to tissue growth with designed mechanical and degradation

ehaviors over time, which indicates a self-growing feature. The

elf-transformation and self-maturation abilities of 4D-printed con-

tructs would give a new perspective to produce specific implants

ith time-dependent growth behavior, which shows great advan-

ages in the treatment of adolescent patients with congenital mal-

ormation [207] . 

In addition, stimuli-responsive cell-assembly and tissue remod-

ling technologies could be used in the clinical applications of drug

elivery and cell therapy [208–210] . An effective magnetic force

riven stem cells delivery system has been applied in spinal cord

njury repair [211] . Similarly, these stimuli-responsive cell carri-

rs could exhibit directional migration and cell homing features in

ivo , serving as a clinically applicable vehicle for the injury repair

t special site [212] . 

To summarize, the shape and function transformation features

f 4D bioprinting could be utilized to design and control the

rinted constructs with special shapes, sizes, functional time and

orking sites over time, which will meet the requirements of

issue engineering and clinical applications. These 4D bioprinting

echnologies could provide great potential for personalized treat-

ent and precision medicine, which have been regarded as the

aramount trend in the field of tissue engineering [213 , 214] . Al-

hough a series of stimuli-responsive biomaterials and multiple in-

ovative strategies have been developed, 4D bioprinting is still in

ts infancy and multiple challenges are needed to be addressed. 

Firstly, it is still challenging to make the existing stimuli-

esponsive biomaterials printable and transforming them to opti-

ized bioinks [8] . Although several stimuli-responsive biomaterials

ave been thoroughly investigated for biofabrication approaches,

nd the cytocompatibility and in vivo suitability of SMP materials

ave been verified [215–219] , their direct application into bioinks

ay not be simple. In addition, more researches are required to

ddress the multiple challenges in 4D bioprinting, such as the neg-

tive effects of the printing procedures on cell-laden bio-scaffolds

nd the possibilities for scaling-up and high-throughput produc-

ions. 

Secondly, the existing shape-transformation procedures of 4D-

rinted structures are still simple deformations, such as folding

r assembling, which can not meet complex needs in clinical ap-
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plications. More effort s should be made to improve the accu-

rate spatiotemporal control of the shape-transformation and print-

ing resolution for a wide spectrum of tissue engineering applica-

tions. The precise control of the generation or release of internal

stress is also required during the use of stimuli-responsive materi-

als when shape-transformation occurs. The stimuli-responsive abil-

ities should be maintained during the long-term application pro-

cess without losing their unique properties. Raviv et al. reported

that repeated folding/unfolding led to an obvious decrease of the

mechanical properties of printed structures. These scaffolds could

only be fully recovered to the original shape in limited situations

[220] . In addition, the mechanical strength of printed structures

are usually insufficient to withstand a high pressure [57] . Thus,

it is necessary to develop 4D-bioprinted structures with robust

shape-transformation properties, especially when repeated respon-

siveness is required. 

Moreover, some limitations are expected to be overcome before

further applications in clinical practice. There are still substantial

restrictions in terms of incitation mechanisms that can be utilized

to trigger deformation procedures. For instance, dramatic changes

in UV level and pH may be unsuitable because of their possible

negative effects on cell viability [221] , while temperature (between

4 and 40 °C) and Ca 2 + concentration can be altered without detri-

mental effects to living cells [57] . Relatively moderate incitation

mechanisms or stimuli for 4D transformation are expected to be

proposed to make 4D-prined technology more friendly to the host

environments. Meanwhile, it is also important to investigate the

interactions between stimuli-responsive materials and the immune

system, facilitating the integration between printed structures and

the microenvironment of recipient sites. Thus, the interactions be-

tween printed structures and microenvironments of the hosts are

expected to be harmonized in a smarter and more controllable

manner. 

Furthermore, the real-life physiological activities of human tis-

sues are much more complex, and cellular activities can be influ-

enced by a variety of stimuli, such as neuro-regulation, humoral

regulation, and self-regulation [10 , 20] . Printed biological constructs

usually go through multiple transforming processes before achiev-

ing their full functionality. Thus, it is still challenging to fabricate

printed objects that can undergo complex shape-transformation

processes and functional transitions under multiple stimuli simul-

taneously. 

To advance the scaling-up production and realize the elaborate

programmed control of 4D bioprinting in tissue engineering, it is

important to introduce computer design technologies and sophis-

ticated multiple stimuli-responsive procedures to realize the fabri-

cation of complex self-transformation objects. The Project Cyborg

software designed by MIT is a platform that offers the abilities to

simulate self-assembly and programmable materials, as well as the

optimization of design constructs [222] . Biosensors and bioactua-

tors have been used for monitoring physical activities in the body

[223] . While, further work is required to provide precise control of

the stimuli applied to bioprinted structures in a minimally invasive

manner. 

However, the cost of these stimuli-responsive and pro-

grammable biomaterials could be expensive and the manufacture

of such materials with sophisticated computer design systems are

usually costly. Meanwhile, the scaling-up production should be af-

fordable and manageable. Thus, there is still a trade-off between

the feasibility of manufacture and the superiority of 4D bioprinted

constructs. 

7. Conclusions 

In conclusion, 4D bioprinting offers the ability to fabricate

shape-programmed and functional structures in a controlled way,
merging as a promising approach to construct an active, multiple-

ayered and functional bone tissue with complex structures. In ad-

ition, the advancement of 4D bioprinting will fulfill the upgraded

edical requirements and explore its widespread application in

he biomedical field. At the same time, more studies are expected

o solve the existing challenges before 4D printing serves as a pow-

rful method to establish dynamic and hierarchical architectures of

atural tissues or organs. 
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