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Abstract
Three-dimensional (3D) printing, which is a valuable technique for the fabrication 
of tissue-engineered constructs and biomedical devices with complex architectures, 
has brought about considerable progress in regenerative medicine, drug delivery, 
and diagnosis of diseases. However, because of the static and inanimate properties of 
conventional 3D-printed structures, it is difficult to use them in therapies for active and 
precise medicine, such as improved tissue regeneration, targeted or controlled drug 
delivery, and advanced pathophysiological monitoring. The integration of stimuli-
responsive biomaterials into 3D printing provides a potential strategy for designing 
and building smart constructs that exhibit programmed functions and controllable 
changes in properties in response to exogenous and autogenous stimuli. These 
features make 3D-printed smart constructs the next generation of tissue-engineered 
products. In this review, we introduce the prevalent 3D printing techniques (with an 
emphasis on the differences between 3D printing and bioprinting, and biomaterials 
and bioink), the working principle of each technique, and the advantages of using 
3D printing for the fabrication of smart constructs. Stimuli-responsive biomaterials 
that are widely used for 3D printing of smart constructs are categorized, followed by 
a summary of their applications in tissue regeneration, drug delivery, and biosensors. 
Finally, the challenges and future perspectives of 3D-printed smart constructs are 
discussed.

Keywords: Three-dimensional printing; Stimuli-responsive biomaterials; Smart 
constructs; Tissue engineering; Biomedical application

1. Introduction
Three-dimensional (3D) bioprinting is a revolutionary manufacturing technology that 
enables the flexible and precise assembly of living cells, biomaterials, and biological 
factors to build tissue-engineered structures for use in therapeutics, pharmaceuticals, 
and diagnostics[1]. The constructs are designed and biofabricated with biomimetic 
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structures into specific shapes, sizes, and compositions to 
perform tasks, such as tissue repair, drug release, or signal 
acquisition, when implanted in patients. These constructs 
can serve as supportive bio-scaffolds that escort cells and 
biomolecules toward the target sites[2], or as stiff sensors and 
transducers placed in the vicinity of biological substances 
(e.g., sweat, tears, and blood) to detect pathophysiological 
changes of these substances in the body[3]. However, 
conventional 3D-printed constructs are restricted to rigid, 
static, and passive processes because they cannot promote 
regeneration, achieve targeted drug delivery, and monitor 
physiological changes, making it difficult for them to meet 
the demands of biomedical and clinical applications. To 
fill this gap, the focus has been on smart constructs that 
can detect environmental conditions and stimuli (e.g., 
mechanical, chemical, electrical, or magnetic signals) and 
react to them by performing specific functions.

To achieve smart performance, 3D-bioprinted 
constructs are fabricated with specific microstructures, 
topology, geometry, and composition; therefore, under 
a given stimuli, a designed transformation, specific 
property, or programmed functionality of the responsive 
biomaterials is triggered. Recently developed intelligent 
materials include stimuli-responsive hydrogels[4], shape-
memory polymers[5], liquid crystal polymers[6], and 
responsive additives (e.g., graphene oxide[7], magnetic 
medium[8], and electroconductive compounds[9]). The 
emergence of intelligent biomaterials has opened new 
avenues for engineering various smart structures (such 
as self-control mechanics, soft robots, adaptive optics, 
and actuators) that have been utilized in the fields of 
defense, aerospace, and industry. However, to build smart 
bioproducts, the selected biomaterials must fulfill several 
critical requirements so that they can be adapted to 3D 
printing/bioprinting techniques.

The fundamental requirement for biomedical 
applications is that the biomaterial used for building 
smart constructs should be non-toxic, biocompatible, and 
biodegradable. The flexibility of the 3D printing techniques 
can facilitate the fabrication of biological structures with 
intricate designs (e.g., microstructure, topology, geometry, 
and composition). Although many printing techniques 
are available, it is not possible to bioprint all types of 
biomaterials, and the materials used require several suitable 
properties, including viscosity, rheological features, and 
polymerization[10]. Furthermore, to impart 3D-bioprinted 
products with intelligence, biomaterials must show 
prompt and tunable responses to specific stimuli that can 
be endured by patients. These stimuli can be exogenous or 
autogenous signals. Due to the advancements in modern 
medical instrumentation, diverse signals, including 
magnetism, electricity, irradiation, heat, and acoustics, can 

be readily used as external stimuli for biological devices 
and medicines to realize precise, customized health care[11]. 
However, the human body is a sophisticated system that 
naturally and continuously experiences complex stress 
and changes in temperature, moisture, pH, enzymes, ion 
concentrations, and electrical activity, which can be used 
as internal impulses[12]. These physical, chemical, and 
biological cues can be utilized to control various aspects 
of the smart constructs by triggering shape-morphing[13], 
navigating targeted delivery[14], programming release 
kinetics[15], and controlling the degradation rate[16]. Due 
to their flexibility, 3D-bioprinted smart constructs have 
great potential as next-generation therapeutic tools and 
biomedical devices (Figure 1).

This review focuses on the progress of 3D-bioprinted 
smart constructs using stimuli-responsive biomaterials 
for biomedical and clinical applications. It explains the 
definition and classification of 3D-printable biomaterials 
and bioinks, outlines prevalent 3D printing and bioprinting 
techniques, and elaborates on the advantages of 3D printing 
and bioprinting in creating smart constructs. Subsequently, 
various advanced responsive biomaterials that have been 
explored for fabricating smart constructs are discussed, 
and typical applications of these 3D-bioprinted smart 
constructs, such as in regenerative medicine, drug delivery, 
and biosensors, are systematically summarized.

2. Biomaterials and 3D bioprinting 
techniques
2.1. Biomaterials and bioinks

For a long time, confusion regarding the definitions of 
“biomaterials” and “bioinks” has led to incorrect use of 
these two terms for quite some time. Biomaterials have been 
extensively studied over the past 50  years. Biomaterials 
are defined as substances engineered to interact with the 
biological systems for biomedical applications, mainly 
for therapeutic (treatment, augmentation, repair, or 
replacement) or diagnostic purposes[17]. Biomaterials is, 
therefore, a broad term that includes biocompatible metals, 
ceramics, glass, polymers, biomolecules, and biological 
products, such as enzymes, growth factors, DNA, and 
exosomes.

Groll et al.[18] defined bioinks as “a formulation of cells 
suitable for processing by an automated biofabrication 
technology that may also contain biologically active 
components and biomaterials. ” This definition 
distinguishes bioinks from other types of biomaterials. 
Although biomaterials must support cellular behaviors and 
functions, they are not designated to encapsulate cells for 
the fabrication of constructs. Bioinks must contain living 
cells as a fundamental element, irrespective of the other 
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materials selected as the basal matrix. Even microcarriers 
of cells (e.g., micro-spheroids and  -cylinders) and cell 
aggregates (composed of only cells) qualify as bioinks. 
However, to support cell viability and performance, bioinks 
should provide a friendly environment that optimally 
mimics the native microenvironment of the human body. 
Therefore, bioactive hydrogels that resemble the structure 
and composition of the natural extracellular matrix (ECM) 
are commonly used in bioinks (Figure 2). Based on their 
source, hydrogel bioinks can be divided into two categories, 
natural (e.g., collagen, gelatin, alginate, chitosan, cellulose, 
fibrin, and their derivatives) and synthetic bioinks (e.g., 
polyethylene glycol (PEG) and Pluronic F127), which have 
been comprehensively reviewed[19].

In addition, the fabrication techniques designed for each 
biomaterial and bioink should be classified accordingly. 
Since cells are vulnerable to harsh manufacturing 
conditions, such as heat, moisture, pH, osmotic pressure, 
and irradiation, 3D printing techniques used for building 
structures using biomaterials might not be applicable 
for bioinks. 3D bioprinting, which is based on several 
conventional 3D printing techniques, has been developed 
to utilize bioinks to fabricate living constructs.

2.2. General overview of conventional 3D printing 
techniques

3D printing, also known as additive manufacturing (AM) 
or rapid prototyping, is a versatile fabrication technique 
that can assemble a wide range of materials using 
various principles (e.g., deposition, binding, sintering, 

or polymerization) in a layer-by-layer manner to rapidly 
construct 3D objects by following complex designs that 
are difficult to produce using traditional manufacturing 
approaches, such as milling, cutting, drilling, and 
lathing[20]. Since its invention in the 1980s, 3D printing 
techniques have been applied to a broad range of domains, 
such as engineering, medicine, military, food industry, and 
education. Its distinctive advantages and vast demands in 

Figure 1. Illustration of 3D-printed or -bioprinted smart constructs with various intelligent functions in response to external or internal stimuli and their 
biomedical applications for tissue regeneration, drug delivery, and diagnosis or monitoring.

Figure  2. A  schematic for categorizing prevalent 3D printing and 
bioprinting techniques and distinguishing bioinks from biomaterial inks.
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relevant fields have spawned various 3D printing techniques 
with unique working mechanisms. As defined in the ASTM 
F2792 standard, AM techniques are divided into seven 
categories: Binder jetting, directed energy deposition, 
material extrusion, material jetting, powder bed fusion, 
sheet lamination, and vat photopolymerization[21]. This 
section focuses on relevant techniques frequently applied 
to precision medicine and discusses their principles, 
benefits, and limitations, as well as the materials used in 
each technique.

2.2.1. Stereolithography

Stereolithography (SLA) was the first 3D printing 
technique developed and was patented by Charles Hulk 
in 1986[22]. As SLA is a typical technique based on vat 
photopolymerization, the exposed photocurable resins 
used in this technique are selectively polymerized through 
several types of resin chemical reactions (e.g., free 
radical, methacrylate, and cationic reactions) under light 
irradiation. By sketching the profile of each layer using 
ultraviolet (UV), infrared, or visible lasers, a solid slice of 
a 3D object can be generated. The vertical movement of 
the working platform at a certain distance induces the flow 
of liquid resins to form another “blank paper” for printing 
the next layer[23] (Figure  3A(i)). Due to the precision of 
computer-controlled laser beams, complex geometries and 
submicron printing resolutions can be obtained[24]. The 
emergence of two photon polymerization (TPP) technique 
further refines the printing resolution down to nanometer 
scale. However, the point-by-point scanning of laser beams 
substantially limits the printing efficiency of early SLA.

To accelerate the fabrication speed, digital light 
processing (DLP) introduced a digital projector consisting 
of micro-mirror arrays to flash an image of a layer across the 
entire platform, curing all the targeted resin simultaneously 
(Figure 3A(ii))[25]. This improvement converts the scanning 
manner from point-by-point to layer-by-layer, facilitating 
the efficient printing of 3D constructs. Kelly et al.[26] 
reported a volumetric additive manufacturing approach 
(VAM) by rotating a photopolymer in a dynamically 
evolving light field, allowing for the printing of an entire 
complex structure through a complete revolution, skipping 
the need for layering (Figure  3A(iii)). Using this novel 
technique, several centimeter-scale objects can be printed 
in seconds.

With this working principle, the materials applicable 
to photopolymerization-based 3D printing techniques 
are generally compatible to photocurable materials, 
enabling a wide range of materials to be adoptable for 
engineering smart structures, including hydrogels, shape-
memory polymers, and liquid crystal elastomers[27]. 
Without impeding key parameters in a printing procedure 

(e.g., irradiation intensity, light penetration, and 
polymerization), functional additives, such as magnetic 
particles, conductive compounds, biochemical reagents, 
and chromogenic payloads, can be flexibly incorporated 
into constructs, which further expand environment-
responsive intelligence.

Because of the advantage for shaping materials 
with high resolution and complex architectures, these 
techniques are useful for constructing ultrafine and 
delicate smart biomedical devices, such as microneedles 
and micro-/nano-biorobots. In combination with 
programmed dynamic changes, these devices are equipped 
with advanced performances. For instance, relying on 
intensity decays as light penetrates the resin precursor 
solution during a DLP process, a microneedle arrays with 
back-facing barbs can be created through the desolvation-
induced deformation of multiple horizontal struts 
(100 μm thickness and 450 μm length) on microneedles 
as a post-printing procedure, which enhances the tissue 
adhesion effect by 18 times compared with those of barb-
free products[28]. As another representative example, 
micro-/nano-biorobots with exquisite designs can be easily 
constructed through polymerization-based 3D printing 
techniques[29]. When propelled in response to physical or 
chemical stimuli, these biorobots may complete various 
medical tasks (e.g., cancer therapy, targeted drug delivery, 
track imaging, and microsurgery).

2.2.2. Selective laser sintering (SLS)

As shown in Figure  3B, SLS is a powder bed fusion 
technique in which a laser beam is used on the surface 
of a thermoplastic powder to produce a designed image. 
The powder is then recovered from the surface, and 
the procedure is repeated. The laser produces a high 
temperature and selectively melts the powder such that 
the scaffold structure has low porosity. Modulating the 
laser power and scanning speed can result in different 
phenomena. Decreasing the laser scanning speed could 
result in a dense structure because the powder is exposed to 
the laser beam for longer duration; however, the fabricated 
structure would be more imprecise. Increasing the laser 
scanning speed could result in a porous structure because 
the powder absorbs less laser power[30].

Many types of materials can be used in SLS. Thermoplastic 
polymers, including natural and synthesized polymers, 
such as cellulose[31] and polycaprolactone (PCL)[32], have 
been used to manufacture scaffolds. Bioactive glass, 
ceramics, and metals can be used in SLS. Because polymers 
possess elasticity and low stiffness and ceramics have a 
greater stiffness than polymers, mixing polymers and 
ceramics (e.g., PCL and hydroxyapatite [HA]) can improve 
the mechanical properties of the structure[33]. The SLS 
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technique applied in biomedical engineering can be used 
for manufacturing patient-specific anatomical models and 
implantable devices, including bone implantation, tissue 
engineering, and the development of bioceramic and 
bioactive scaffolds[34].

Another merit of SLS is the implementation of a 
metallurgical effect during printing. The enhanced 
interatomic/intermolecular forces drastically improve 
mechanical strength and stability. Combining with shape-
memory polymers, metals, and alloys, smart constructs 
that can both exhibit programmed deformation (e.g., self-
expansion and self-compression) and endure bear-loading 
environment have been developed for biomedical uses, 
such as artificial bone, cardiovascular stent, and orthopedic 
apparatus[35].

2.2.3. 3D inkjet printing

Inkjet printing is a binder jetting technique used to print 
computer data or information on paper[36]. In recent years, 

it has been used to fabricate 3D objects. During the inkjet 
printing process, a liquid material is printed from an inkjet 
nozzle onto a powder bed or a receiving substrate according 
to a computer-generated design. When an electrical pulse 
is applied to the nozzle, a vapor bubble is generated, and 
the droplet ejects from the nozzle as the pressure increases. 
The droplets either combine with the particles in the 
powder bed or are deposited on the substrate to create a 
layer. Repetition of such a drop-on-demand procedure 
leads to the building of a 3D structure (Figure 3C). One 
limitation of inkjet printing is the relatively narrow range 
of materials, because using highly viscous inks may 
increase the risk of nozzle blockage. However, because 
the fabrication unit includes single liquid droplets, the 
printing resolution of inkjet can be as high as micrometers 
when appropriate materials and fine nozzles are used[37,38].

Due to the high-resolution and pinpointing deposition 
of droplets with a small volume, inkjet 3D printing is 
widely used to produce smart constructs. For example, 

Figure  3. Schematic of the 3D printing technique. (A) (i) Stereolithography, (ii) digital light processing (DLP)[25] (reproduced with permission from 
Mu  et  al.[25]; copyright 2021, John Wiley and Sons), (iii) computed axial lithography volumetric fabrication[26] (reproduced with permission from 
Kelly et al.[26]; copyright 2019, AAAS). (B) Selective laser sintering. (C) 3D inkjet printing. (D) Fused deposition modeling.
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micro-electrodes and micro-actuators can be fabricated 
through accurate jetting of conductive polymer-loaded 
inks; consequently, a glucose sensor can be successfully 
constructed on the glucose sensor can be successfully 
constructed on a paper to produce an integrated wearable 
biomedical device[39]. Moreover, by controlling the printing 
parameters, droplets with uniform dimensions, shapes, and 
amount payloads can be produced, which are conducive 
to engineering responsive drug carriers with controlled 
dosage formulation and release kinetics. In a representative 
study, thermoresponsive core-shell polymer microcapsules 
for controlled drug release were fabricated through inkjet 
printing[40]. As the sensing temperature decreased to 
around 37°C, the thermoresponsive capsule dynamically 
changed from a swollen structure to a collapsed structure, 
resulting in the appearance of nanopores, which served as 
a retractable gate to control drug release and retention.

2.2.4. Fused deposition modeling

Fused deposition modeling (FDM) is a commonly used 
material extrusion technology for rapid prototyping. 
The principle of the FDM process is shown in Figure 3D. 
A  thermoplastic polymer (e.g., polycaprolactone [PCL], 
polylactic acid [PLA][41], and polyurethane [PU]) is melted 
into a liquid state at a temperature higher than glass 
transition point and then extruded through a head nozzle to 
form a filament. These filaments can be directly deposited 
following computer-generated design in a layer-by-layer 
manner to generate a 3D structure. The thickness of the 
layers, the diameter of nozzles, and printing speed (speed of 
nozzle movement) are important factors in modulating the 
resolution of printing. Reducing the diameter or increasing 
the moving velocity of nozzles produces thinner filaments, 
thereby improving the printing resolution. However, 
the determination of these parameters depends on the 
properties of applied materials (e.g., glass transition point 
and viscosity of molten polymers). Taking acrylonitrile 
butadiene styrene (ABS) as an example, empirical studies 
have explored optimal printing parameters, the layer height 
is 0.1 – 0.3 mm, and the melting extrusion temperature is 
above 180 – 200°C[42].

Unlike other 3D printing techniques, FDM is a relatively 
simple fabrication process that does not require any solvent 
or sophisticated laser system, but it needs polymeric fiber 
coils that continuously supply materials and mechanical 
platforms to control motions[43]. This convenient approach 
permits FDM to be a convenient 3D printing technique for 
fabricating smart constructs, if environment-responsive 
materials or shape-memory polymers technically possess 
thermoplastic characteristics. Conversely, if the primary 
input material does not possess any stimuli-responsive 
ability, other functional additives should be used before 

extrusion (e.g., nano carbon tubes/fibers, magnetic 
particles, and conductive materials) to induce smart 
behaviors in the printed 3D constructs. Moreover, through 
the direct writing feature of FMD, multiple materials can 
be collaboratively deposited using different printing heads 
in a single process to produce a construct with complex 
architecture and heterogeneous compositions[42,44]. The 
coprinting manner can unify the mechanical property of 
structural materials and the responsive capacity of smart 
inks. Thus, various smart devices, such as strain sensors, 
smart tires, and cable-driven soft fingers, can be produced.

2.3. 3D bioprinting techniques

The fields of tissue engineering and regenerative medicine 
aim to facilitate the repair and regrowth of damaged tissues 
and organs, which usually requires key participants, such 
as engineered cells and biomolecules, to improve the 
interactions between the engineered constructs and 
the body of the host. The aforementioned 3D printing 
techniques can be used to build complex 3D constructs 
using various biomaterials, including bioactive polymers, 
metals, ceramics, and glass, which help in producing 
implants and surgical instruments for personalized 
medicine. However, their hash printing environments 
render them unsuitable for use with bioinks. For instance, 
the application of UV irradiation in SLA can trigger cell 
apoptosis due to DNA damage; the inkjet printing binders 
are usually cytotoxic, and the high temperatures used in 
FDM and SLS inevitably cause cell death and denaturation 
of proteins. Although cells and biological factors can 
be introduced in 3D-printed structures through post-
processing methods, such as seeding, binding, and coating, 
these approaches are limited because precision is needed 
to produce biomimetic living constructs. To overcome 
these challenges, the 3D bioprinting techniques were 
designed to directly use living cells, biomaterials, and 
biomolecules as fundamental building blocks to fabricate 
3D constructs[45]. The prevalent 3D bioprinting techniques, 
such as light-assisted, microextrusion-based, and inkjet-
based approaches, are summarized in this section.

2.3.1. Light-assisted 3D bioprinting

Despite the high resolution of laser-based 3D printing 
techniques, the detrimental effects of commonly used UV 
irradiation on cell viability and molecular stability limit 
their application in engineering biological constructs 
(Figure  4A). UV light is electromagnetic radiation with 
wavelengths ranging from 10 to 400  nm, which can be 
further categorized into UVA (320 – 400 nm), UVB (275 – 
320 nm), and UVC (<275 nm). UVA is the least harmful to 
the human body compared to the other shorter wavelengths. 
Treatments involving UVA irradiation for a short period 
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of time, such as ophthalmological therapy for corneal 
disorders, have been studied in clinical trials[46]. Given the 
relatively high safety of UVA irradiation, SLA-based 3D 
printing methods that use light at a wavelength of 365 nm 
have been explored to process bioinks containing living 
cells[47]. However, UVA may induce significant cell injury 
during printing. To achieve high cell viability, the exposure 
time and irradiation intensity are critical parameters.

Visible light (e.g., blue[48], green[49], and white lights[50]) 
is more biocompatible than UV irradiation. Most 
photocurable bioinks require photoinitiators. Since 
many types of photoinitiators have identical absorbance 
peaks but different levels of toxicities to cells, selecting a 
photoinitiator is the main consideration for visible light-
based 3D polymerization. Based on the catalytically active 
species in polymerization, photoinitiators can be classified 
as free radicals and cations. Cationic photoinitiators are 
unlikely to be utilized in 3D bioprinting because they can 
produce protonic acid, which harms the cells[51]. Therefore, 
3D bioprinting of biological constructs using visible 
light mostly relies on free radical photoinitiators, such 
as lithium phenyl-2,4,6-trimethylbenzoyl phosphinate 
(LAP)[52], hexahydrate/sodium persulfate (RU/SPS)[53], 
and eosin Y (EY)[54]. The use of visible light irradiation 
considerably expands the applicability of SLA for 3D 
bioprinting of living constructs. For instance, Wang 
et al.[54] reported an SLA-based 3D bioprinting approach 
that polymerizes polyethylene glycol diacrylate and 
gelatin methacrylate (GelMA) hybrid hydrogels with 
the assistance of an EY photoinitiator under visible light 
irradiation. The printed structure reached a resolution 
as fine as 50 μm and preserved high cell viability (>85%) 
for over 5  days. In addition, Bernal et al.[55] applied 

visible light (405  nm) to print complex centimeter-scale 
structures in short periods (seconds) using the volumetric 
photopolymerization bioprinting method and achieved 
high cell viability (>85%).

As an alternative to switching the light source, changing 
the interaction between light and the bioinks used can 
circumvent the damage caused by cell irradiation. The 
laser-assisted bioprinting approach utilizes UV irradiation 
as an activator for ejecting bioink droplets, instead of 
inducing polymerization. This bioprinting system is 
designed with a laser beam, a ribbon consisting of a laser 
energy absorbing stratum, a layer of bioink, and a receiving 
substrate to collect cell-laden materials[45]. While the laser 
beam is focused locally on the ribbon, vapor pockets are 
generated in the absorbing layer, inducing the formation 
of bioink droplets and propelling them to the receiving 
substrate. Patterned structures can eventually be fabricated 
by combining them with a moving platform. Light-assisted 
bioprinting is nozzle free and, therefore, avoids nozzle 
clogging, which is a distinct advantage in printing bioinks 
with high cell concentrations (up to 108 cells mL−1)[56].

2.3.2. Inkjet-based 3D bioprinting

3D inkjet bioprinters can be categorized into two types: 
Thermal printers, which rely on heat to produce air 
pressure pulses, and piezoelectric printers, which rely on 
acoustic pulses. Both bioprinters result in droplets being 
forced out of the printer heads (Figure  4B). Compared 
to 3D inkjet printing, the mild printing process of the 
inkjet-based 3D bioprinting technique allows for the 
application of bioinks containing cells and biomolecules. 
However, the materials selected for this technique should 
undergo stringent tests to determine their rheological and 

Figure 4. Schematic of 3D bioprinting techniques. (A) (i) Laser-assisted jetting and (ii) stereolithography. (B) Inkjet-based 3D bioprinting. (C) Extrusion-
based 3D bioprinting.
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gelation properties. The inkjet-based printing method 
has the advantage of producing ultra-tiny droplets that can 
achieve single-cell deposition. However, a fine resolution is 
achieved using a small diameter nozzle (<100 μm), which 
can easily be blocked. Therefore, to facilitate the ejection of 
droplets from the nozzles, bioinks must have low viscosity 
(~0.1 Pa·s). Moreover, the successful fabrication of shaped 
structures using droplets of fluidic materials relies on the 
rapid sol-gel transition of the printed inks (e.g., through 
ionic gelation and photopolymerization[57,58]). Because of 
these prerequisites, inkjet-based 3D bioprinting is limited 
to depositing materials that are viscous or undergo a long-
term crosslinking process. However, its advantages of being 
low cost, having high resolution, controllable droplet size, 
uniform cell density, and a rapid deposition rate allow for the 
fabrication of layers with patterned cellularized structures.

2.3.3. Microextrusion-based 3D bioprinting

Microextrusion-based 3D bioprinting inherits the working 
principle of FDM, which squeezes bioinks from a sharp 
nozzle in the form of filaments (Figure  4C). In contrast 
to roller-driven methods for the continuous material 
delivery of FDM, microextrusion-based 3D bioprinting 
applies either pneumatic pressure[59,60] or mechanical 
pressure, which uses pistons and screws, to force the 
bioink out of the needles[61,62]. A  strong extrusion force 
(up to MPa) permits this technique to print a wide range 
of biomaterials, including hydrogels, polymers, and cell 
aggregates. Therefore, in terms of material adaptation, 
microextrusion-based 3D bioprinting is the most versatile 
of the available 3D bioprinting techniques.

The printing resolution of this technique is governed 
by several printing parameters: Moving speed, extrusion 
rate, and nozzle gauge. Changing the moving speed and 
extrusion rate can change the dimensions of the filaments 
by defining the volume of bioink deposited in a certain 
printing period. However, rapid motion or slow extrusion 
can lead to intermittent or non-uniform filaments and 
affect the printing quality. Although using a small nozzle 
helps refine the resolution, it may adversely affect the 
cellular activity due to the higher shear stress generated 
during the extrusion process. Therefore, during the process 
of cell-laden constructs, the bioink should exhibit shear-
thinning properties to alleviate the shear stress-induced 
damage to cells. However, strong shear stress can be applied 
to orient fibrous materials residing in the bioink along the 
printing direction[63]. The generated anisotropic alignment 
of fibers can trigger the programmed dynamic changes in 
hydrogels (swollen and shrunk) when printed structures 
are exposed to stimuli (e.g., temperature, humidity, pH, 
and irradiation); consequently, smart functions, such as 
shape-morphing and locomotion, can be achieved[13]. 

Gong et al. reported that post-printing stimuli could reduce 
the scaffold dimensions and generate higher-resolution 
constructs[64]. The previous studies demonstrated that 
fiber orientation in hydrogels can guide the corresponding 
alignment of cells through biomechanical signaling[65]. 
Therefore, as cells form anisotropic functional tissues 
(e.g., neurons and muscles), constructs can be moved by 
supplying bioelectric and biochemical stimuli.

In general, 3D bioprinting has a key merit that 
differentiates it from 3D printing, that is, living cells can 
be used as building bricks. Printing flow innovations and 
parameters are made to protect cells. However, because 
of similar working principles, 3D bioprinting techniques 
inherit the advantages of their progenitor 3D printing 
methods in building smart constructs. Undoubtedly, 
the recruitment of vulnerable cells shrinks the pool of 
adaptable smart biomaterials and requires a carefully 
designed fabrication process. However, the involved cells 
and generated tissues impart lives to the 3D-bioprinted 
structures, enabling accurate sensing and reacting toward 
stimuli comparable with the response of the human body. 
Thus, it provides a basis for engineering smart constructs.

Table 1 summarizes and compares the main advantages 
and limitations of each 3D bioprinting technique in terms 
of the bioink properties, printing capacity, and cell-friendly 
performance.

3. Stimuli-responsive biomaterials toward 
precision medicine
3D bioprinting enables the precise deposition of various 
cells and biomaterials for engineering living artificial tissues 
and organs with structural complexities. However, as the 
interest in personalized medicine increases, merely locating 
cells and biomaterials are not sufficient in constructing 
an ideal tissue or organ. Therefore, many endeavors have 
been implemented to develop novel biomaterials for tissue 
engineering[66]. Several biomaterials capable of responding 
to certain stimuli (e.g., temperature, pH, light, ultrasound, 
and magnetic fields) have been briefly introduced before 
their application to 3D bioprinting (Figure 5 and Table 2).

3.1. Temperature-responsive biomaterials

Thermoresponsive materials respond to exogenous 
temperature changes and undergo shape transformations[67]. 
The transformation principle of thermoresponsive 
biomaterials is based on how their solubility and wettability 
change with temperature. Temperature responsiveness 
enables a user-defined functionality. For example, double-
network hydrogels were fabricated by combining two 
compositions with substantially different thermal properties 
through crystallization[68-70]. The novel hydrogel was 
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formulated with polyvinyl alcohol (PVA), which is capable 
of interpenetrating with chemically cross-linked PEG 
during crystallization. After three cycles of freezing and 
thawing, the hydrogel composed of 70% PVA and 30% PEG 
exhibited a stable helical morphology. The results of these 
studies showed that the degree of thermoresponsiveness 
was affected by the crystallinity of the polymers. Xu et al.[71] 
merged dynamic ionic and covalent bonds to formulate a 
novel thermally responsive polybutadiene (PB) rubber. 
More specifically, the ionic bonds were formed through the 
combination between PB-COOH and PB-NH2. Afterward, 
they were cross-linked with different concentrations of 
the trithiol cross-linker. The SPB-6% hydrogel exhibited 
a permanent spiral-like structure when the SPB film was 
photocrosslinked after rolling on a rod. As the spiral 
biomaterial ink was heated to 60°C, the structure was 
changed into a temporary flat shape, which reverted to 
spiral shape on cooling. This transformation may have 
been caused by the thermoreversibility of the ionic 
bonds. Different types of thermoresponsive materials are 
widely utilized in various tissue engineering applications. 
Therefore, they have great potential in smart 3D bioprinting, 
in which the shape of biomaterial ink can be transformed 
by altering the temperature within ideal ranges.

3.2. pH-responsive biomaterials

The development of pH-sensitive biomaterial inks 
to improve the efficiency of drug release for tumor 
therapy is underway[72,73]. Polymers that are used 
to study pH responsiveness include polyacrylate, 
poly(N-isopropylacrylamide), n-vinylcaprolactam, sodium 
alginate, and carrageenan[74]. Bivalent copper can be used 
in combination with alginate to form biomaterial ink. 
Notably, it has proven in this study that the encapsulation 
system is able to retain its structural integrity at pH = 1.2. 
The contents were then released slowly only at a pH > 5, 
suggesting slow release of the contents in the intestinal 
tract[75,76]. Furthermore, novel biomaterial inks have been 
developed using a gelation mechanism that crosslinks 
polyvinylpyrrolidone polymer and crotonic acid under 
gamma (γ) radiation[76]. The drug release rate from the 
resulting gel was much lower in an acidic medium than 
in a neutral medium. Some biomaterial inks must also 
include the stability of their pores to avoid swelling. Silica 
nanocomposites on top of poly(N-isopropylacrylamide) 
have been employed for this purpose[77]. The pH-responsive 
biomaterial inks depend on the ionic side chains, that is, they 
depend on the protonation of electrostatic repulsion with 
the surrounding environment[78]. pH-responsive cellulose 
biomaterial inks have also been used in wound dressings 
for better skin tissue engineering. These are biomaterial 
inks that can be degraded on acidic skin and have the 
ability to self-heal. For example, Akhlaghi et al.[79] revealed 
that the functionalized cellulose nanocrystals (CNCs) with 
amine (CNC-NH2) moieties could lead to pH-responsive 
characteristics. The biomaterial ink was degraded at a low 
pH. This ink can be added into a poly(vinyl acetate) to 
obtain pH-responsive composite nanofilms. In addition, 
pH-responsive characteristics can be used to improve 
micropores within a biomaterial ink[80,81]. For example, 
Bao et al.[80] manufactured micropore-forming viscoelastic 

Table 1. Comparison of performances of commonly used 3D bioprinting techniques.

Technique Advantages Drawbacks References

Inkjet based • Low cost
• High cell viability (75% – 90%)
• Fine printing resolution (~30 μm)
• Rapid printing speed (up to 10,000 droplets per second)

• Low cell density (<106 cells mL-1)
• Low‑viscosity bioinks (~3 – 12 mPa·s)
• Risk of nozzle clogging

[45,154-157]

Microextrusion • High cell density (~108 cells mL-1, e.g., cell spheroids)
• High viscosity bioinks (30 mPa·s‑6×107 mPa·s×107 mPa·s)
• Medium cell viability (40% – 95%)

• Low resolution (~100 μm)
• Slow printing speed (~10 – 50 μm s-1)
• High shear stress
• Nozzle clogging

[158-162]

Light assisted • Ultrafine printing resolution
• High cell viability (>95%)
• High cell density (108 cells mL-1)
• Low‑viscosity cell suspensions (1 – 300 mPa·s),
• Free from nozzle clogging

• High cost
• Post‑printing cell damage
• Difficulty in assembling multiple types of bioinks

[159,163,164]

Figure 5. Stimulation-responsive biomaterials in tissue engineering.
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hydrogels stimulated by pH-triggered phase separation. 
The fabricated structure can be tuned independently 
of porosity and stiffness while superior mechanical 
robustness can be included despite high porosity. With 
these features, cell spreading, migration, and proliferation 
can be improved.

3.3. Electrically responsive biomaterials

Many tissues or organs in our body generate endogenous 
electrical signals critical for various mechanisms, 
including mitosis, cell signaling, migration, wound 
healing, and angiogenesis[82]. Therefore, the ability to 
respond to electrical cues is essential for enhancing 
the functionality and homeostasis of the native tissues 
and organs. In addition, applying exogenous electrical 
signals are shown to affect stem cell differentiation 
and the maturity of engineered tissues/organs[82]. 
Recently, the use of conductive biomaterials has been 
a focus when studying neural interfacing, drug or 
molecule release from engineered structures, and 

mechanical actuation/stimulation acting on the cells[83]. 
Conductive polymers are among the most commonly 
used biomaterials to interface with cells[83]. This type of 
polymer is used as a biomaterial and in tissue engineering 
applications and has several advantages over conventional 
conductive materials (e.g., metals).

Conductive polymers are used for mechanical 
stimulation on cells in “organ-on-a-chip” setups. They 
can provoke electrical activity of internal calcium 
concentration of stimulated cells[84]. The actuation 
properties of conductive polymers in 3D structures 
have also been investigated. For example, PPy-coated 
poly(lactic-co-glycolic acid) (PLGA) fibers experienced 
cyclical shrinking and swelling when an electrical signals 
were applied to the tissue structure. It induced directional 
contraction and flowed through the pores of the structure 
to the seeded cells. The electrical stimulation significantly 
downregulated Oct4 and upregulated the cardiomyocyte-
specific genes NKX2.5 and GATA4 with or without 

Table 2. Responsive biomaterials and bioinks for 3D printing of smart constructs.

Stimuli Materials Responses Fabrication methods Applications

Temperature PLA/PCL/SOEA Shape-morphing FDM Muscle tissue engineering[165]

Polyurethane Shape-morphing Microextrusion Scaffolds for tissue engineering[166]

PLA/hydroxyapatite Shape-morphing Microextrusion Bone tissue repair[167]

SOEA Shape-morphing SLA Muscle tissue engineering[168]

SOEA Shape-morphing SLA Cardiac tissue repair[169]

pH mPEG-silane Programming release kinetics Microextrusion Protein delivery for bone repair[170]

Polyvinylpyrrolidone Programming release kinetics FDM Producing delayed release tablets[171]

Hydrogel-based dressing Programming release kinetics Microextrusion Biosensor for monitoring pH of the 
wound[172]

Single-walled carbon nanotubes Changing resistance values Inkjet printing Biosensor to measure the change in 
pH and fluid content in a wound[144]

Electricity Pluronic F127 and aniline 
tetramer-grafted-polyethyleneimine 

Changing the conductivity Microextrusion Muscle, cardiac, and nerve tissue 
repair[147]

Graphene/Poly (trimethylene Carbonate) Changing the conductivity Microextrusion Developing scaffolds for tissue 
engineering[173]

Light Polyurethane Shape-morphing FDM Soft robotics[174]

Poly (lactic-co-glycolic) acid/plasmonic 
gold nanorods

Programming release kinetics Microextrusion Programmable Release Capsules[175]

Alginate/polydopamine Shape-morphing Microextrusion Artificial tissues and organs[13]

Magnetic field PLA/Fe3O4 Shape-morphing Microextrusion Intravascular stent[176]

Fe3O4/bioactive glass/PCL Programming release kinetics Microextrusion Local anticancer drug delivery[177]

PCL/iron-doped hydroxyapatite Changing cells behaviors Microextrusion Bone regeneration[178]

Collagen/agarose Alignment of collagen fibers Inkjet printing Cartilage tissue engineering[179]

Ultrasound Alginate Programming release kinetics Microextrusion Drug delivery[106]

Arginine-glycine-aspartic acid-serine 
peptide/nanocrystalline hydroxyapatite 

Changing cells behaviors SLA Bone regeneration[180]

SOEA: Soybean oil epoxidized acrylate
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electrical stimulation. These results could influence stem 
cell differentiation and functionalities.

Electrically responsive biomaterials have recently 
been shown to be capable of drug release with electrical 
signals triggering rapid, localized, responsive, and 
controllable drug release[85]. This facilitates localized burst 
release, which is appropriate for long-term implants. 
Several growth factors and drugs are accommodated into 
conductive polymers for controlled release, including 
dopamine[86], naproxen[87], heparin[88], nerve growth factor 
(NGF)[89], and dexamethasone[90]. Specifically, drug release 
can be controlled stepwise, and payload volume can be 
controlled through electrical stimulation by modifying the 
electric potential used. Although controlled drug release 
for cell manipulation within 3D structures has not been 
widely studied, electrical stimulation and drug release 
have been shown to have remarkable effects on neuronal 
cell development and growth. An electroactive structure 
capable of controlled release of BMP4 has also been shown 
in a rabbit model with electrodes inserted into the bone 
defects. Enhanced bone healing in the tested animals was 
demonstrated with the synergistic benefits of electrical 
stimulation and drug release.

3.4. Light-responsive biomaterials

Light is a versatile stimuli for the control of engineered 
structures due to the easiness of use[82]. Optical stimuli 
were used to a localized region with a high spatial 
resolution. The light intensity can affect the behavior of 
biomaterial inks mainly by manipulating the polymer 
chains. Light-responsive biomaterials are an emerging 
class of materials for biomedical engineering applications, 
including photothermal[91] and photodynamic therapy[92], 
drug delivery[93], and regenerative medicine[94].

Light-responsive biomaterials not only enable 
spatiotemporal tunability of biomaterial ink but also 
provide biological cues that significantly affect cellular 
function and behavior. For instance, the mechanical 
property of the biomaterial ink has a part in tumor cell 
migration[95] since ECM stiffness is related with cellular 
invasion and cell phenotype. Since these processes take a 
long time to complete, a dynamic change of the stiffness 
by an external source is required. Lee et al.[96] presented a 
novel method to manipulate cell adhesion through light-
triggered activation of RGD peptide. Growth factors that 
are delivered by light-responsive nanoparticles through 
a biomaterial ink could also promote cell function and 
activity. Therefore, recent achievements in the study of 
novel applications of light-responsive biomaterial inks 
in 3D cell culture hold great promise for future clinical 
applications. Carbon nanotube (CNT), gold nanoparticles, 
graphene oxide (GO), and graphite carbon nitride are 

widely used for designing light-responsive structures 
that regulate the extracellular environment[97]. The use 
of light-responsive graphene-based materials has also 
been reported[98]. A  polydopamine-functionalized GO 
nanosheet (GO-PDA) was used to fabricate the micro 
pattern. The GO-PDA structure transformed to form a box 
after 2.6  seconds of near-infrared (NIR) light exposure. 
A  microbot and an artificial hand were also assembled. 
The artificial hand could fold and grasp an object when 
stimulated by NIR light, whereas the microbot moved 
forward upon the NIR stimulation and showed precise 
remote control.

In addition to mechanical changes, light-responsive 
biomaterial inks can control the patterning of biochemical 
signals and define signaling areas that affect cell behavior or 
cell fate[99]. Biomaterial inks can be considered to respond 
to two-photon excitation by employing NIR light[100]. Using 
a PEG hydrogel cross-linked with allyl sulfide groups, 
Gandavarapuet et al.[101] reported a ligand attachment and 
subsequent patterning within a 3D structure through two 
photons. This technique formed an RGD peptide pattern, 
and the results demonstrated the selective attachment of 
human mesenchymal stem cells (hMSCs) to the patterned 
region. Similarly, Wylie et al.[102] showed the patterning 
of multiple growth factors within 3D biomaterial inks 
through the two photons. A coumarin-photocaged thiols-
included agarose was activated through the reaction 
of photon with the two distinct maleimide-conjugated 
linkers. It eventually allowed the independently controlled 
immobilization of two stem cell differentiation factors. 
Light-responsive biomaterials can also be used to time the 
presentation of bioactive cues[103]. Kloxin et al. designed a 
platform with a time-controlled presentation of adhesive 
peptides and photo-controlled degradation. An RGD 
adhesive peptide linked to a PEG-based structure was 
incorporated using a nitrobenzyl ether-derived photolabile 
tether. Photocleavage of RGDs from the structure on 
day 10 after the culture increased the production of 
glycosaminoglycan and induced the differentiation of 
hMSCs through a chondrogenic pathway with their 
viability retained during the culture.

3.5. Ultrasound stimulation

Ultrasound pressure waves at frequencies above 20 kHz are 
used as controllable remote stimuli for 3D structures[82]. 
The pressure caused by oscillation and the resultant 
mechanical effects have been widely used in various tissue 
engineering applications, including controlling the release 
from acoustically responsive carriers, enhancing the 
transdermal permeability of agents through sonophoresis, 
and manipulating cells in vitro into defined geometric 
assemblies. Ultrasound waves are readily penetrated 
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through engineered tissues and tissue-like constructs[82], 
allowing for the in situ manipulation of materials and cells. 
Ultrasound can be employed with high biocompatibility 
by managing the duration and intensity of the stimulating 
ultrasound[104]. Therefore, the design of tissue structures 
capable of cellular control using ultrasound stimuli 
is a promising area in the field of tissue engineering 
approaches.

One strategy to create ultrasound-responsive 
biomaterial inks involves incorporating acoustic-
responsive delivery particles into the biomaterial ink. 
The sustained delivery of certain growth factors might 
benefit effective tissue regeneration[105]. Kennedy et al.[82] 
demonstrated that ultrasound-burstable capsules with 
high retention could be integrated into bulk biomaterial 
inks for controlled release. Alginate-based capsules 
with a 4  mm diameter were formulated for loading the 
nanoparticle-based payload solutions. The formulated 
alginate capsules showed near-complete retention of the 
gold nanoparticle (AuNP) payload for 7 days. The ability to 
rupture weak capsules with lower-intensity ultrasound was 
evaluated while ensuring sustained release from stronger 
walled capsules. AuNPs were further modified with BMP2 
to better induce osteogenic differentiation.

Ultrasound stimulation can be employed to control 
crosslinks within a biomaterial ink, which can influence 
the release profile[106,107]. As an example, Huebsch et al.[106] 
addressed this issue by formulating an ionically cross-linked 
alginate biomaterial ink to which ultrasound exposure 
could increase the drug release rate, facilitating repeated 
release. Ultrasound stimulation enables the degradation of 
the guluronic acid chains of alginate polymers, increasing 
the payload release. When the ultrasound was completed, 
the crosslinks were reformed through the calcium binding. 
It eventually reduces the release rate. Furthermore, they 
exhibited the pulse release of ECM-binding cytokine 
and stromal cell-derived factor-1𝛼. Biomaterial inks that 
allow ultrasound-induced growth factor release provide a 
method for personalized remote control of bioactive cues 
from engineered constructs, which can lead to optimal 
tissue regeneration depending on the bodily conditions of 
patients.

In addition to photothermal-activated biomaterial 
inks, ultrasound-activated reactions are unique candidates 
of biomaterial ink sources for precision medicine. 
Specifically, ultrasound can be used as an energy source 
to control a fabricated construct remotely. Habibi et al.[108] 
demonstrated the 3D printing of structures using acoustic 
cavitation through the concentrated ultrasound and 
showed its potential by printing ear and nose constructs. 
This finding based on ultrasound-activated reactions 

highlights the variability in the selection of biomaterial 
inks for precision medicine.

3.6. Magnetic stimulation

Magnetically responsive biomaterials have been 
introduced into biomedicine to improve the biological 
activity of cells, tissues, and organs[109]. This is mainly 
due to their responsiveness to external magnetic fields. 
This stimulation remotely regulates the biochemical and 
physical-mechanical properties toward native tissues 
and organs[109]. Several outcomes have demonstrated that 
magnetic biomaterial inks can function as superior drug 
release and targeted systems. Gao et al.[11] developed a 
magnetic biomaterial ink based on ferromagnetic vertex 
domain iron oxide. The result demonstrated that the 
developed magnetic ink could remarkably suppress the 
local recurrence of breast tumors. In addition, Manjua 
et  al.[110] developed a magnetically responsive PVA 
hydrogel that could be activated by an on/off magnetic 
field to regulate motility and sorption non-invasively. This 
magnetism-based biomaterial can be used as a promising 
drug delivery system or biosensor. Chen et al.[111] prepared 
a novel magnetic biomaterial ink by combining self-
healing chitosan/alginate biomaterial inks with magnetic 
gelatin microspheres.

Most studies on this topic have evaluated magnetic 
nanoparticle (MNP) incorporated hydrogels for bone 
regeneration[112]. Since hydroxyapatite (HAP) is the well-
qualified inorganic component of native bone tissue, a 
magnetic HAP composite biomaterial ink was fabricated 
for enhanced bone tissue regeneration. Specifically, 
nano-HAP-coated γ-Fe2O3 nanoparticles (m-nHAPs) 
were formulated and then added into a PVA solution. 
As a result, PVA exhibits excellent biocompatibility, slow 
biodegradation, and excellent mechanical properties, 
which are essential for personalized application. The pore 
sizes of the hydrogels gradually increased, followed by 
an increase in m-nHAP content. The proliferation and 
function of human osteoblasts were significantly enhanced 
when the concentration of m-nHAP increased. Zhang 
et al.[16] also studied magnetic biomaterial ink for enhanced 
cartilage tissue engineering. In this study, PVA-conjugated 
Fe3O4 MNPs were prepared using the grafting-on method. 
Subsequently, it was mixed with a hybrid biomaterial ink 
(MagGel) composed of PEG, HA, and type II collagen using 
a mechanical method. The in vitro results showed that the 
MagGel lost its structural integrity after incubation at 37°C 
for 21 days. The findings demonstrated that the magnetic 
nanocomposite biomaterial ink had a microstructure and 
chemical components similar to those of natural hyaline 
cartilage and supported bone mesenchymal stem cell 
behavior in vitro.
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4. 3D-bioprinted smart constructs using 
stimuli-responsive biomaterials for 
precision medicine
Studies have attempted to develop personalized treatments 
by controlling the regenerative capabilities of implants 
in vivo. Recently, 3D bioprinting-based biofabrication 
and stimuli-responsive biomaterials have been used to 
engineer 3D smart constructs that can be controlled after 
the fabrication process. This section introduces several 
advancements in 3D bioprinting-based approaches that 
use functionalized and smart bioinks.

4.1. Tissue regeneration and repair

3D bioprinting is a promising biofabrication tool for 
generating a 3D engineered tissue structure for use in 
biomedical tissues and organs. Biomaterial inks are regarded 
as excellent materials for tissue engineering because of their 
soft, porous, and water-resistant extracellular matrices. 
Biomaterial inks employed in tissues are composed of 
collagen, alginate, gelatin, chitosan, PEG, and polyethylene 
glycol diacrylate. Due to their ability to support complex 
microenvironments for better functionality, these inks 
require dynamic and time following performances in vivo 
as observed in the original tissues.

In combination with 3D bioprinting, stimuli-
responsive biomaterials inks, termed bioinks, are 
developed to emulate the structural shape and dynamic 
behavior of native tissues and organs. For example, 
Kirillova et al.[94] suggested a 3D-bioprinted form 
changing bioink by mixing methacrylated alginate 
(AA-HA) and bone marrow stromal cells to open new 
pathways for developing personalized cell-encapsulated 
form changing structure and tailoring targeted tissues/
organs. Specifically, harnessing the printing and post-
printing parameters through water, calcium chloride, 
and EDTA solutions allows the attainment of internal 
tubes with average diameters as low as 20 μm, which is 
appropriate for capillaries (Figure  6A). This process did 
not affect cell viability and supported cell survival for 
7  days (Figure  6B). Ko et al.[113] revealed that oxidized 
hyaluronate (OHA) and glycol chitosan (GC) could be 
used to create a self-curing ferrogel without the use of 
further chemical cross-linkers. The GC/OHA ferrogel 
bioink was magnetic field responsive (Figure  6C). 
This ferrogel may benefit the design and fabrication of 
controllable tissue-engineered constructs. Gua et al.[114] 
created a nanoclay-incorporated double-network (NIDN) 
bioink using 3D bioprinting. Nanoclays interact with 
methacrylated hyaluronic acid (HAMA) and alginate as 
physical cross-linkers (Alg). The nanoclay played a key 
role as a physical cross-linker between HAMA and Alg. 

This endows the bioink with the ability to form complex 
structures (Figure  6D). Their findings also showed that 
the NIDN bioink could be easily transformed into a new 
type of magnetic-reactive biomaterial ink supporting the 
growth of bone-derived stem cells (Figure 6E). The ability 
to repair calvarial defects was also observed (Figure 6F).

Electrical stimulation can manipulate cell maturation 
and responses through electroactive bioinks. Dister 
et  al.[115] studied the 3D printability of bioinks in 
building cytocompatible and conductive hydrogels by 
the formulation of pyrrole and oxidized alginate-gelatin 
(ADA-GEL) bioink. The mechanical and electrical features, 
3D bioprintability, and biocompatibility of the developed 
bioink were evaluated. In contrast to a 2D structure, 3D 
bioprinting allows for the creation of open porous structures 
with electrically conductive properties and provides higher 
cell proliferation efficacy. More recently, Siebert et al.[116] 
suggested a GelMA-based light controllable bioink for 
wirelessly triggering the release of vascular endothelial 
growth factor (VEGF). To induce light-triggered activation, 
a 3D-bioprinted patch was fabricated. In the patch, 
VEGF was coated with photoactive tetrapodal zinc oxide 
(t-ZnO) microparticles (Figure 6G). This light-controlled 
wound patch was activated at different concentrations by 
exposure to UV or visible light. The elastic modulus and 
degradation of the patch can be adjusted by changing 
the t-ZnO concentration. Its potential as a bioink source 
was demonstrated by printing the desired micropattern 
(Figure 6H). In vivo tests showed that the printed wound 
patch is a promising tool for enhancing wound healing 
(Figure  6I). This approach demonstrates a smart wound 
dressing platform that can be controlled after application. 
Banche-Niclot et al.[117] proposed large-pore mesoporous 
silicas (LPMSs) that deliver large biomolecules, which are 
released on pH stimulation, for bone regeneration. The 
presented pH-triggered bioink was intended to imitate 
the release of growth factors, along with a decrease in pH 
during bone remodeling. To achieve this, LPMSs were 
formulated using 1,3,5-trimethyl benzene as the swelling 
agent. The synthesis solution was hydrothermally treated 
to determine how the process temperature and duration 
affected the resultant meso-structure. Subsequently, the 
LPMSs were coated with pH-responsive PEG to enable 
the transfer of the incorporated biomolecules in response 
to pH reduction. These findings indicate that in an acidic 
environment, PEG-coated carriers could rapidly release 
horseradish peroxidase because of the protonation of 
PEG at low pH, suggesting that LPMSs could be used as 
functional carriers. Although this bioink has not been used 
in 3D printing, this delivery method can be adapted for 3D 
bioprinting of pH-responsive tissue constructs such as skin 
and bone.
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4.2. Drug delivery for therapy of disease

Conventional delivery systems require frequent and high-
dose administration for success[118]. However, the adverse 
effects could badly influence the body and decrease the drug 
efficacy. In line with precision medicine, an optimal drug 
delivery system should release pre-planned drugs under 
harsh in vivo environmental conditions. Stimuli-responsive 
biomaterials have the potential to change their form in 
response to external stimuli and changes in variables, 

such as pH and biomolecule concentration. Therefore, 
3D-bioprinted constructs with stimuli-responsive 
biomaterials are under development as smart drug 
delivery systems. Wang et al.[119] proposed a hybrid bioink 
with shape memory for drug delivery. Sodium alginate 
and Pluronic F127 diacrylate macromers (F127DA) were 
mixed to formulate shape-memory hydrogels (SMHs). 
3D printing was utilized as an effective tool to control the 
internal structure of the shape memory hydrogels. This 

Figure 6. Potential applications of stimuli-responsive bioinks for tissue regeneration and repair. (A) AA-MA tube responsiveness in immersed solutions 
and tube diameters according to printing speed. (B) Representative fluorescent images of cell-laden AA-MA tubes for 7 days: fluorescence images in green 
(upper row) representing live cells, fluorescence images in red (middle row) showing dead cells within self-folded tubes, and overlays of green and red 
fluorescence images (lower row) with live cells (orange) and dead cells (red)[152]. (Figure A and B reproduced with permission from Kirillova et al.[152]; 
copyright 2017, John Wiley and Sons). (C) Alteration in the fabricated 3D structure by applying a magnetic field; the originally printed shape was returned 
when the magnetic field was removed (reproduced with permission from Ko et al.[113]; copyright 2020, Elsevier). (D) Images showing the injected bioink 
through a syringe to create self-supporting structure. (E) The images of magnetic ferrofluids, extrusion filament, and 3D-fabricated structure with magnetic-
responsive behavior. (F) Micro-CT images after implantation on 4 weeks and 8 weeks. (Figure D, E, and F reproduced with permission from Guo et al.[114]; 
copyright 2021, John Wiley and Sons). (G) Working principle showing drug-release through UV/green light stimulations. (H) Micropatterned patch by 
3D bioprinting process. (I) Hematoxylin and eosin staining of skin tissue collected after 28 days to show the wound healing process. (Figures G, H, and I 
reproduced with permission from Siebert et al.[116]; copyright 2021, John Wiley and Sons).
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bioink included two network structures: A  permanent 
network created by F127DA photo-crosslinking and a 
reversible lattice shape created by alginate (Figure 7A). The 
printed construct with the temporal state had the higher 
release profile of drug when compared with the one with 
original state, indicating the curved shape could increase 
the drug release. Shape-memory hydrogels (SMHs) can be 
loaded with methotrexate (MTX), which is a representative 

anticancer agent, indicating that SMHs can be used for 
drug delivery. They evaluated the release profile under 
in vitro conditions and found that the printed SMHs can 
release more drugs (Figure  7B), probably because of the 
3D-bioprinted interior patterns, which increase the surface 
area of the drug. Larush et al.[120] utilized the DLP bioprinting 
method to develop drug delivery systems with shape-
dependent swelling-  and pH-triggered drug release. This 

Figure 7. Potential applications for drug delivery. (A) The images displaying the shape-memory behavior of F127DA-alginate hydrogels: (left) Printing 
shape, (middle) UV 365 nm fixed the original shape of bioink, (right) the temporary shape of the biomaterial ink. (B) In vitro drug release profiles from 
3D-printed structure. (C) Images of drug-loaded 3D-printed tablets with different shapes before and after 24 h swelling in phosphate buffer (pH 7.4) 
(reproduced with permission from Wang et al.[119]; copyright 2021, John Wiley and Sons). (D) Photographs obtained during shape recovery (room 
temperature) on PVA05GLY samples with their original I-shape[153]. (Figures A, B, and D reproduced with permission from Wang et al.[153], copyright 
2021, John Wiley and Sons). (E) Enzymatic degradation of fabricated microswimmers; MMP-2 is degraded from microswimmers within 118  h at 
the physiological level. (F) Application scenario of the 3D-printed and biodegradable microrobotic swimmers.[122]. (Figures E and F reproduced with 
permission from Ceylan et al.[122], copyright 2021, John Wiley and Sons).
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study revealed that 3D printing was utilized to ameliorate 
the efficacy of conventional shapes, which were used in 
drug administration by controlling the geometric criteria 
(Figure 7C). Due to the responsiveness of the printed bioink, 
drug release in oral delivery systems can be manipulated 
according to variations in the pH of the system. Melocchi 
et al.[121] fabricated a device for intravenous drug delivery. 
Engineered SMHs were used to maintain a temporal form 
for bladder administration. As the device contacted water 
in the bladder, it reverted to its original shape (Figure 7D). 
Increased treatment time was able to improve the efficiency 
of treatment by facilitating localized and extended 
drug delivery. Next, Ceylan et  al.[122] investigated the 
degradation properties of gelatin methacryloyl bioink to 
manufacture a biodegradable microrobot for the detection 
of the matrix metalloproteinase 2 (MMP-2) enzyme. Their 
findings showed that MMP-2 could entirely degrade the 
microswimmer after 118 h to solubilize non-toxic materials 
(Figure  7E). After the injection of microswimmers into 
the tumor, an external magnetic field allowed the remote 
control to reach a targeted location (Figure 7F). During the 
process of tissue remodeling, MMP-2 destroyed collagen 
matrix and formed the structure. Taken together, these 
findings show that stimuli-responsive bioinks can be 
utilized to create 3D engineered structures with localization 
and control over drug release.

4.3. Biosensors

Due to the increasing interest in precision medicine 
and personalized therapy, studies on 3D bioprinting of 
living cells have focused on the real-time monitoring of 
cell growth in bioprinted structures after implantation. 
Trampe et al.[123] formulated a functionalized smart 
hydrogel with luminescent optical sensor nanoparticles for 
use in combination with 3D bioprinting (Figure 8A). They 
developed a novel functionalized bioink incorporated 
sensor that enabled spatiotemporal mapping of oxygen 
dynamics in 3D-bioprinted constructs with living cells. 
Oxygen is a key element for the survival of encapsulated 
cells and a crucial indicator to determine metabolic activity, 
which is the most important for tissue functionalities. 
After printing was completed, the oxygen level in the 
printed construct was measured using a ratiometric RGB 
camera system. Specifically, sensor particles were excited 
using a 445  nm customized LEP chip equipped with a 
bandpass filter. The combination of sensing nanoparticles 
with green microalgae did not impair the viability of stem 
cells (Figure  8B). Moreover, the rheological properties 
of the bioink enabled layer-by-layer 3D bioprinting of 
the developed sensing bioink with a smart response to 
oxygen concentration. Using the printed bioink with 
microalgae and oxygen sensor nanoparticles, the ability 
to use luminescence imaging to map the spatiotemporal 

chemical heterogeneity was explored (Figure 8C). Oxygen 
dynamics resulting from respiration and photosynthesis 
could be captured, and the metabolic activity of different 
cell types could be distinguished within the engineered 3D 
structures (Figure 8D). Based on these results, the authors 
stated that the suggested bioinks with sensor nanoparticles 
enabled non-invasive monitoring of cell metabolism and 
spatiotemporal dynamics in 3D-bioprinted structures. This 
major advantage facilitates swift evaluations of cell activities 
in bioprinted constructs without post-processing, including 
a function of structural complexity, metabolic interactions, 
and response to external incubation conditions. This is the 
first attempt to combine a 3D bioprinting technique with a 
luminescent sensor nanoparticle. In another example, Iversen 
et al.[124] suggested a wearable, flexible smart patch through 
3D printing acting as a pH and hydration sensor for wound 
healing. Wound healing is a complex biological regeneration 
process with the physical-chemical microenvironments[125]. 
Therefore, real-time monitoring would offer strong benefits, 
particularly for bedridden patients. Their study reported 
low-cost, flexible, and printed sensors that can be attached 
to the skin for the measurement of pH change and fluid 
contents in a wound. The components of the printed patch 
are shown in Figure 8E; specifically, components 1, 2, 3, 4, 
and 6 were printed, and components 5, 7, and 8 were then 
used to conduct the measurements without interfering with 
the printed parts. Eventually, a sensor consisting of different 
electrodes was printed on a polydimethylsiloxane substrate 
to sense pH and moisture (Figure 8F). For the pH sensor, 
patches were submerged in a buffer solution, and changes 
in resistance were detected with a digital Keithley model 
2110. Afterward, the sensor output was recorded using 
Kickstart (version 2.4). The printed patch was maintained in 
buffer solution until the detected resistance was in a steady 
state. In addition, the repeatability of the printed sensor was 
investigated with time. The maximum difference between 
the first maximum and minimum resistance values was 0.9. 
With the fabricated hydration sensors, the hydration (or 
fluid) level could be measured with respect to the measured 
resistance of the sensor ranging from 0% to 100%. The 
developed sensor patch had included a sensitivity in wound 
pH levels of 7.1  ohm/pH. In addition, the results of the 
fabricated hydration sensor demonstrated that the moisture 
levels could be evaluated on a semi-porous surface based on 
the change in resistance.

5. Advantages and considerations of 
3D-printed and 3D-bioprinted smart 
constructs
5.1. Advantages over other manufacturing techniques

Smart constructs are considered next-generation tools in 
precision medicine because they can responsively perform 



Volume 9 Issue 1 (2023) 246 https://doi.org/10.18063/ijb.v9i1.638

3D printing of smart constructs for precise medicineInternational Journal of Bioprinting

predesigned functions (e.g., shape-morphing, navigating, 
sensing, and providing feedback). Although various 
manufacturing techniques, such as molding, stamping, 
etching, filament winding, and cutting, have been used, 
processing responsive biomaterials and living units to 
obtain smart constructs with acceptable quality (e.g., 
high resolution, heterogeneous composition, complex 
architecture, and good viability) remain challenging. 

Therefore, the unique advantages of 3D printing and 
bioprinting techniques, such as the high compatibility of 
materials, the flexibility of building complex constructs, 
and the capacity for engineering living systems, turn out 
to be compelling.

Numerous intelligent materials, including shape memory, 
photovoltaic, photochemical, electroactive, magnetostrictive, 

Figure 8. Potential applications for biosensors. (A) A new bioprinting method with functionalized bioink with oxygen-sensing nanoparticles. (B) Viability 
of the microalga Chlorella sorokiniana and cell line during incubation in 3D-bioprinted structure containing oxygen sensor nanoparticles. (C) Structural 
image of 3D-bioprinted constructs with the two different layers and images of oxygen concentrations according to time-dependent illumination. 
(D) Spatiotemporal dynamics of oxygen concentrations in a multilayered 3D construct with sensor nanoparticles only, nanoparticles + microalga, as well 
as cell line. (Figures A, B, C, and D reproduced with permission from Trampe et al.[123]; copyright 2018, John Wiley and Sons). (E) Exploded view of the 
patch showing all the components necessary for fabrication processes. (F) The gross images and scanning electron microscope image of fabricated patch 
with polydimethylsiloxane (PDMS) containing 20 wt% of SiO2 NPs and Ag and single-walled carbon nanotubes electrodes.
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thermo-electric, dielectric, halochromic, and chromogenic 
materials, have been intensively explored for engineering 
smart constructs[126]. Several categories of 3D printing and 
bioprinting techniques are available for full exploitation of 
their functions (section 2). Each of these methods shows 
a unique ability to process different types and forms of 
biomaterials. For instance, photocurable polymers, shape-
memory alloys, low viscosity liquids, and thermoplastic 
polymers are specifically adaptable to SLA, SLS, 3D inkjet, 
and FDM techniques, respectively. Furthermore, commonly 
used 3D bioprinting techniques can embed living cells within 
the printed structures. Therefore, 3D printing and bioprinting 
technique cover a wide range of smart biomaterials. Liquid 
metals[127], liquid crystal polymers[128], hydrogels[129], shape-
memory polymers[130], and smart composites[131] have 
been used as printable materials in pioneering studies, 
demonstrating the unparalleled material compatibility of 3D 
printing and bioprinting techniques.

Complex structural and compositional designs 
can further enhance the intelligence of some stimuli-
responsive materials; consequently, advanced smart 
structures can be developed. For example, smart construct 
structures can be designed in bilayers or multiple layers, 
anisotropic alignments, and programmed patterns to 
achieve the desired shape transformation responsive 
morphing behaviors, such as rolling[132], compression[133], 
torsion[134], stretching[135], folding[136], and complex actions 
(e.g., swimming, walking, and crawling[137]). In addition, 
the distribution or gradient of multiple components has 
been applied to smart composites to establish stimuli-
triggered transformation[138], degradation[139], and payload 
release[140]. Despite these advanced functions, developing 
sophisticated designs using other manufacturing 
approaches are difficult. 3D printing and bioprinting have 
become pivotal techniques for producing smart constructs 
because they provide the flexibility to precisely position 
multiple biomaterials and bioinks to construct a 3D 
assembly with the desired structures and compositions.

Cell therapy, cell-based drug delivery system, and 
functional in vitro tissue models, organ-on-a-chip, and 
organoids have fully demonstrated that living systems are 
desirable for biomedical and clinical applications because 
they can comply with physiological processes and respond 
to natural signals from the human body (e.g., pH, ion, 
bioelectricity, body motion strain, and infectious signals). 
Equipped with smart properties, these living constructs 
may achieve unique performances. 3D bioprinting 
technique is a tailor-made technology that can combine 
smart biomaterials, cells, and biomolecules to achieve this 
goal. For example, Schmidt et al. developed a biohybrid 
sperm micromotor (Spermbot) as a novel targeted drug 
delivery system for the treatment of diseases within the 

female reproductive tract. A  sperm can be unleashed to 
deliver drugs to cancer cells by magnetically navigating 
sperm-embedded microrobots fabricated using a TPP 
3D printing technique toward a HeLa tumor spheroid. 
Other studies have also innovatively investigated the 
shape-morphing of cell-laden 3D constructs bioprinted 
using stimuli-responsive bioinks[141]. For instance, 
Luo et al.[13] 3D bioprinted a bilayered scaffold with an 
orthogonal structure using alginate/polydopamine and 
alginate/GelMA-containing human embryonic kidney 
cells (HEK 293T). On near-infrared irradiation-induced 
dehydration, the biphasic scaffold can undergo tailored 
structural transformation within several minutes while 
retaining high cell viability after 14 days of culturing. With 
the application of 3D bioprinting in engineering live smart 
constructs, 4D bioprinting and biofabrication of advanced 
artificial tissues may be achieved.

5.2. Considerations of 3D-printed smart constructs 
in precision medicine applications

Despite the great potential for precision medicine 
application, 3D-printed smart constructs should be 
further developed and enhanced, awaiting future efforts 
for continuous innovations. Fundamental material 
formulation and desired smart functions should be 
matched to develop advanced smart constructs for tissue 
regeneration, drug delivery, and health monitoring.

In general, artificial tissue, drug carrier, and biosensors 
are usually implanted into the patients’ body or placed 
in close contact with human tissues. Therefore, biosafety 
becomes the principal requirement for smart constructs. 
Regardless of smart properties, the applied biomaterials 
must possess several critical performances, including 
non-immunogenicity, non-toxicity, and biocompatibility. 
Conversely, good printability is an indispensable 
performance of smart biomaterials in 3D printing 
techniques. In addition, strong magnetoelectric signal, 
extreme pH, intense irradiation, and high ion concentration 
may trigger cell death and tissue damage[28]. Considering 
the patients’ health, the stimuli applied to activate smart 
constructs must be mild.

There are also additional specific requirements for 
the design of materials in each type of application. For 
tissue repair and regeneration, biomaterials and bioinks 
must be cell-friendly to promote cell activities and 
generate functional tissues. Accordingly, mechanical, 
compositional, and structural features of materials 
matrices should mimic those of the tissue ECM so that a 
cell-favorable microenvironment can be established[10]. 
Moreover, hyperplasia and mechanical-failure can be 
initiated by the unmatched mechanical properties between 
implants and soft or hard tissues[142]. Hence, key material 
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properties (e.g., strength, elasticity, hardness, and fatigue) 
should be carefully modulated.

One of the most important considerations for applying 
3D-printed smart construct as a carrier for targeted drug 
delivery is the maintenance of drug nature and stability. 
Although various responsive biomaterials show intriguing 
potential for engineering smart drug delivery systems, the 
type of stimuli should not compromise the therapeutic 
efficacy of loaded drugs. Numerous biomolecule-based drugs 
(e.g., growth factors, enzymes, hormones, antibodies) have 
been used for disease treatment. However, the structure and 
function of these proteins are susceptible to environmental 
factors, such as temperature, light, and pH[143]. Therefore, 
appropriate stimuli-responsive biomaterials for carrying 
these molecules must be selected. Constituent biomaterials 
should be completely excluded from the patients’ body after 
the necessary tasks are completed. Therefore, controllable 
biodegradation and safe metabolism of byproduct or at least 
retrievable materials from the human body are important 
requirements for such applications.

Implantable or wearable biosensors have stringent 
requirement in terms of sensitivity and stability of applied 
smart biomaterials. In many cases, biosensors collect 
a small volume (e.g., microliters by microneedles) of 
biological samples from body fluids (sweater and blood) 
or tissue (cells) and acquire imperceptible physical or 
chemical signals (motion, heat, electricity, ion, and pH) to 
monitor and analyze the health of patients[144]. To achieve 
real-time and precise diagnosis, smart materials must show 
high sensitivity and rapid response toward the targeted 
stimuli. In addition, biomaterials or bioinks used for 
fabricating biosensors should possess acceptable stability 
to avoid the interference of signal acquisition and analysis. 
For instance, stimuli-responsive hydrogels are widely 
applied in biosensing fields. However, hydrogel-based 
biosensors are mainly applied in aqueous environments 
to avoid dehydration. Solution-induced hydrogel swelling 
may drastically affect the evaluation of analyte level and 
the precision of detection.

5.3. Design of smart functions

At present, most of the achievements that apply 3D-printed 
smart constructs for tissue generation rely on the shape-
morphing ability of stimuli-responsive materials to 
generate complex structures or adapt the architecture of 
native tissues. However, with the continuous innovations of 
fabrication strategies, 3D printing technique alone may be 
applied to reproduce the structural features of tissues and 
organs. Using FRESH 3D printing strategies, researchers 
have engineered an artificial heart[145]. Therefore, further 
efforts should be devoted to exploring the advantages of 
smart constructs to support organ functions and improve 

tissue repair. For example, the shape-morphing property 
can be applied to assist the function of motile organs, such 
as the heart, stomach, and bladder. In a previous study, a 
3D-printed implantable device has been developed using 
a shape-memory alloy actuator to void an underactive 
bladder[146]. With this achievement, various implantable 
constructs, such as heart and stomach patches as 
pacemakers or support for gastrointestinal peristalsis, can 
be developed. Furthermore, the deformation-electricity 
transition function of piezoelectric and triboelectric 
materials can involve electromechanical stimuli that 
trigger cell and tissue activities[147]; consequently, neural 
and muscular tissues may regenerate. These applications, 
combined with 3D-bioprinted cell-laden constructs, are 
promising therapeutic tools for tissue regeneration.

In comparison with conventional drug administration, 
targeted drug delivery is advantageous because of the 
precise navigation of drugs to disordered sites and the 
controlled dosage release. An elaborate design of smart 
constructs potentially helps improve the performances 
of drug delivery systems. Thus far, various smart drug 
carriers responsive to pH, redox reaction, heat, magnetism, 
ultrasound, hypoxia, and infection have been developed[148]. 
For example, thermoresponsive liposomes and magnetic-
responsive iron oxide nanoparticles[149,150] have been 
approved for clinical applications. A remarkable advantage 
of these products, based on the previous U.S. Food and 
Drug Administration (FDA) evaluations, is their simple 
designs and formulations. Conversely, many developed 
drug delivery systems are equipped with complex 
structures and compositions to gain smart functions. 
However, such sophisticated designs inevitably limit 
scale-up manufacturing in the pharmaceutical industry. 
Therefore, design simplicity is a critical consideration for 
translating smart drug carriers to clinical applications.

With the assistance of 3D printing technique, a wide 
range of wearable and implantable smart biosensors, 
including glucose, neurotransmitter, sweat, strain, lactate, 
and oxygen sensors, have been successfully engineered[151]. 
Considering the continuous emergence of printable smart 
materials with excellent properties, such as superior 
elasticity, flexibility, recyclability, self-healing, self-fueling, 
and conductivity, more advanced 3D printing technologies 
may be explored to integrate these properties so as to 
improve the performances of existing biosensors.

6. Conclusion and future perspectives
The convergence of 3D printing techniques and 
intelligent biomaterials has enabled the creation of 
various smart constructs that exhibit tunable alterations 
in their properties, such as shape, architecture, position, 
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degradation, and color, in response to the given signals. In 
this review, we provide an overview of the classifications 
and divisions of 3D printing or bioprinting techniques, 
biomaterials or bioinks, and commonly used stimuli-
responsive biomaterials, followed by a summary of recent 
biomedical applications of 3D-printed or -bioprinted smart 
constructs in regenerative medicine, drug delivery, and 
pathophysiology monitoring. Although these achievements 
have resulted in the dawn of smart constructs, several 
critical challenges in using this innovative technology 
remain.

First, the limited number of available intelligent 
biomaterials is a major challenge to produce smart 
constructs. Despite the abundant emergence of stimuli-
responsive materials, most of them are not eligible 
candidates for biomedical applications because they do 
not fulfill two important criteria, biocompatibility and 3D 
printability. A few pioneering studies have demonstrated 
that properties such as adhesion, migration, and 
contraction can be utilized to actuate 3D-bioprinted 
structures, showing that it is possible to create 
living smart constructs. When producing constructs 
using cell-laden bioinks, 3D bioprinting techniques 
have additional requirements for the properties of 
biomaterials, including cell-friendliness, rheology, and 
crosslinking performance. In addition, when executing 
specific functions, such as shape transformation, 
biomaterials should exhibit reasonable mechanical 
strength. Therefore, an increased focus should be placed 
on developing novel, applicable intelligent biomaterials 
to advance smart constructs.

Second, the smart constructs summarized in this review 
are categorized into three groups: Tissue regeneration, 
drug delivery, and monitoring. However, to alleviate the 
suffering of patients and clinical burdens, the constructs are 
expected to be multifunctional and should be able to serve 
both therapeutic and diagnostic purposes when stimuli are 
supplied on demand. For instance, conventional vascular 
stents are usually designed to be delivered using a catheter 
to mechanically expand the stenotic blood vessels. Several 
studies have developed 3D-printed vascular stents using 
heat-  and magnetically-sensitive biopolymers. Designs 
utilizing shape-memory transformations or magnetic 
field-triggered navigation have significantly eased and 
improved the precision of the deployment process. 
However, the ability to provide radial force to support 
and regain the diameter of the narrowed vessels is just one 
of the many properties required for vascular stents. An 
ideal smart stent should encompass other critical features, 
such as the programmable release of drugs for recovering 
atherosclerotic plaques, controllable degradation to prevent 
the generation of hyperplastic tissues, and trackable signals 

to reflect the condition of the lesions. Despite the absence 
of multifunctional stimuli-responsive biomaterials, the 
integration of available candidates and corresponding types 
of stimuli may be an optional approach to engineering 
versatile smart constructs.

Third, numerous problems await when translating 
3D printing and bioprinting from laboratory to 
industrial settings. Although the automated fabrication 
method is highly reproducible, large-scale production 
remains challenging. Considering medical and clinical 
applications, a standardized production process, including 
material preparation, fabrication, and packaging, should 
be established in accordance with good manufacturing 
practices to avoid unexpected contaminations. Moreover, 
for products containing cells and fragile biological or 
chemical components, their viability and stability during 
storage and transportation should be considered.

Finally, although the existing literature has demonstrated 
the potential of smart bioconstructs and biomedical 
devices, most of them are proof-of-concept studies that 
are still in their infancy. The most of the reviewed reports 
describe works that are still in the fundamental research 
phase, and no prototypes have been developed for clinical 
trials. Hence, FDA-approved smart constructs are currently 
not available. Advancing the smart constructs into clinical 
scenarios requires in vitro and in  vivo experiments to 
validate their safety and efficacy.

In conclusion, 3D printing of smart constructs is an 
emerging research subject that has proven its extraordinary 
potential for the next generation of bioproducts and 
biomedical devices and as a future direction of tissue 
engineering. Overcoming the current challenges requires 
multidisciplinary collaborations to enrich the pool of 
smart biomaterials, clarify clinical demands, and complete 
the pre-clinical evaluations.
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