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Abstract: Additive manufacturing, widely known as 3D printing, has revolutionized the production
of biomaterials. While conventional 3D-printed structures are perceived as static, 4D printing intro-
duces the ability to fabricate materials capable of self-transforming their configuration or function
over time in response to external stimuli such as temperature, light, or electric field. This transforma-
tive technology has garnered significant attention in the field of biomedical engineering due to its
potential to address limitations associated with traditional therapies. Here, we delve into an in-depth
review of 4D-printing systems, exploring their diverse biomedical applications and meticulously
evaluating their advantages and disadvantages. We emphasize the novelty of this review paper by
highlighting the latest advancements and emerging trends in 4D-printing technology, particularly in
the context of biomedical applications.

Keywords: 3D printing; stimuli responsive materials; 4D printing; drug delivery; smart materials

1. Introduction

Tissue engineering has been widely revolutionized with the development of 3D-
printed structures where the precise fabrication of materials with functional structures
can be produced in a mass, batch, or indeed patient-specific fashion. These 3D-printed
structures can be composed of bioinert materials (e.g., metals/alloys) designed to stay
in place for a long period of time (e.g., orthopedics); or indeed degradable materials
(e.g., natural/synthetic polymers) which may eventually be replaced by the patient’s
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tissues over time. In both cases, their lifetimes will be dictated by the stresses that they are
exposed to (e.g., wear and tear on load-bearing materials like acetabular cups).

There are different types of additive manufacturing (AM) that may be used to pro-
duce responsive materials [1–3]. Such processes include: powder bed fusion (regions of
powder (commonly metal) are selectively melted using a laser, another layer of powder
is deposited, and this process is performed repeatedly) [4,5]; binder jetting (liquid binder
is deposited/jetted over a region of powder, additional powder is deposited, and this
is repeated) [6]; directed energy deposition (laser melting of metals extruded from noz-
zles) [7]; material extrusion (molten thermoplastics are extruded from a nozzle) [8]; material
jetting (regions of layers of liquid resin are cured (often with light), another layer of liquid
resin is deposited, and this is repeated) [9]; stereolithography (regions of layers of liquid
resin deposited on a print bed are UV-cured, the print bed is lowered, another layer of
liquid resin is deposited, and this is repeated) [10]; sheet lamination (sheets of materials
are cut to shape, another sheet deposited and made to adhere and then cut to shape, and
this is repeated) [11]; electrospinning to deposit fibers onto a substrate to create a desired
pattern (offering high print resolution and control over fiber orientation) [12,13], extrusion
bioprinting (bioink composed of a mixture of cells and other materials are extruded from a
nozzle followed by crosslinking or curing); inkjet bioprinting (droplets of bioink composed
of a mixture of cells and other materials are jetted onto a print bed) [14,15]; laser-assisted
bioprinting (laser pulses are used to generate droplets of bioink composed of a mixture of
cells and other materials dropped onto a surface); multiphoton fabrication (an ultrafast
laser is used to print structures inside other structures, including living organisms) [16].
The choice of which technique will be employed depends on the choice of materials used
and the structure to be printed.

Although 4D printing employs the same printing techniques as 3D printing, the mate-
rials employed are stimuli-responsive, which means that the structures printed can change
their shape and/or function over time in response to external stimuli (e.g., temperature,
light, electric fields, and magnetic fields) [17,18] (Figure 1).
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Figure 1. Schematic illustration of the 4D-bioprinting process.

The use of 4D printing has gained popularity in biomedicine because of its potential
to facilitate disease modeling and drug testing [19] via the creation of anatomically correct
organoid models, and novel tissue engineering paradigms (wherein the creation of complex
functional structures that can recreate the properties of natural tissues can help the tissues
to regenerate) [20–24]. In this review, we discuss recent advances in 4D bioprinting for
biomedicine including the different materials used for 4D bioprinting, the external stimuli
available, and the possible applications of this technology. This work can serve as a starting
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point for deeper research on 4D printing and its implications in various fields and offers the
opportunity to explore and better understand the key aspects of this emerging technology.

2. Advantages and Disadvantages of Different 3D-Printing Techniques
2.1. Selective Laser Sintering (SLS)

Power bed fusion and binder jetting are both techniques that use the selective laser
sintering method. The primary advantage of the SLS method lies in its exceptional fracture
toughness and mechanical strength, ensuring high-quality outcomes. Additionally, this
technique offers the notable benefit of creating components without the need for supporting
structures [25]. Consequently, each build can yield more parts, reducing the post-processing
requirements. However, it is essential to note that the strength of parts may vary, introduc-
ing the potential for different strength levels among multiple copies of the same part. In
addition, there is a wide range of available biomaterials to use in this method. Compared
to conventional techniques, the controlled pore size of the scaffold in SLS contributes to
enhanced tissue regeneration. Nevertheless, the high temperature generated during the
laser radiation makes it unsuitable for cell printing [26–29].

2.2. Directed Energy Deposition (DED)

Producing porous implants using DED offers advantages over conventional methods.
The ability to modify mechanical properties by altering the orientation or geometry of the
build is a notable advantage. Additionally, DED allows for the incorporation of different
materials, achieving optimal properties through functionally graded materials. The process
is also more adaptable to customizing implants based on specific patient requirements,
making it easier to tailor the implants to individual needs [30]. Using DED for cladding
two dissimilar materials offers an additional advantage, thanks to the potential utilization
of functionally graded alloys. Another valuable cladding technique with DED is multi-axis
cladding, enabling the deposition of layers at any angular axis. This functionality stands
as a significant advantage of DED over other additive manufacturing systems [31–33].
On the other hand, important disadvantages of DED processes include low repeatability,
poor adaptive control, accumulative error, and the need for expensive post-processing
technologies [34].

2.3. Material Extrusion

It is crucial to underscore both the advantages and disadvantages of the material
extrusion technique. One notable benefit is its simplicity and safety, as it does not involve
toxic materials and is user-friendly. Moreover, post-printing, the only additional step
required is support removal, making it easily manageable. Customization is another
strength, allowing users to produce solid or porous parts by adjusting parameters such as
the fill pattern, raster width and angle, and air gaps using the software. In the context of
tissue engineering, the simplicity of this method stands out [35,36]. However, there are
some drawbacks to consider. Accuracy may be compromised, leading to a grainy surface
due to the layer-by-layer deposition process through the nozzle. The slow printing speed, a
consequence of using a single nozzle tip for layering, can also extend the time required to
complete a part. Additionally, each new material must adhere to the diameter requirements
of the nozzle tip in the printer. In the context of biomaterial printing, limitations arise
from the high temperature used in the process, preventing cell printing and requiring a
separate step for cell seeding. Resolution is another concern, being lower compared to
alternative methods. Lastly, materials may lead to nozzle clogging, presenting an additional
challenge [37,38].

2.4. Material Jetting

The adaptability of technology to accommodate thin layer thicknesses allows for the
production of high-quality parts, reducing the visibility of staircase effects and enhanc-
ing the printing of thin wall features. Another advantage is the low surface roughness
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texture, addressing a significant challenge in many additive manufacturing technologies.
Additionally, material jetting technology eliminates the need for post-processes, as parts
are usable in their as-built condition after separation from the build platform and support
removal processes [39,40]. On the other hand, some disadvantages are the high cost, the
slow printing process, high dimensional accuracy, and poor mechanical properties [41].

2.5. Stereolithography (SLA)

SLA printing displays a wide range of advantages, including a stable printing process
and the highest resolution when compared to other printing techniques. This superior
resolution stands in contrast to the ones found in other printers. Another noteworthy ad-
vantage is the capability to produce large-size models. However, it is important to note that
the printing rate is inversely proportional to the size of the models, as larger models result
in slower printing rates due to the laser beam movement dependency [42]. Despite these
strengths, the SLA printing process is characterized by its inherent slowness, attributed to
the low photopolymerization rates during printing. The process is “discontinuous” because
it involves separate steps, including laser scanning, platform movement, and resin refill,
creating intervals with no printing process. An additional drawback is the limitation on
certain biocompatible resins that cannot be used in this printing system, and the inability
to print cells. This limitation arises from the potential damage to DNA and promotion of
cell lysis caused by the UV irradiation used in the SLA process [43].

2.6. Sheet Lamination

Certainly, there are several advantages associated with the sheet lamination method.
It can be employed for various materials, including polymers, paper, ceramics, and metals,
with a suitable method used to bind the sheets of each material. Additionally, this process
is known for being cost-effective, exhibiting a high printing speed, and offering ease
of material handling. The primary disadvantage of the sheet lamination process is its
limitation in printing complex geometries. Furthermore, this method tends to produce
outcomes with a resolution ranging from poor to average [41].

2.7. Electrospinning

The primary advantage of this method lies in its versatility, since it can be employed to
synthesize fibers derived from a combination of polymers, enhancing their characteristics.
Additionally, it enables the creation of scaffolds with a high surface area and a structure
similar to the extracellular matrix, promoting favorable cell interaction and growth. How-
ever, a notable disadvantage is that cell migration is occasionally impeded due to the small
pores formed between the microfibers and nanofibers obtained [44].

2.8. Extrusion Bioprinting

A significant advantage of this method is its scalability, facilitated by a continuous
bioink flow and a large deposition rate. Furthermore, it accommodates high viscosity
bioinks and high cell concentrations. However, a drawback of this technique is the require-
ment for bioinks with shear-thinning properties. In addition, it exhibits a lower resolution
compared to other methods and nozzle clogging represents another disadvantage [36].

2.9. Inkjet Bioprinting

The advantages of inkjet-based bioprinting encompass high print speeds,
cost-effectiveness, high resolution, and wide availability. However, challenges include low
droplet directionality and unreliable cell encapsulation, primarily attributed to the low
concentration of the ink [45].

2.10. Laser-Assisted Bioprinting

An interesting advantage of this printing technique is its non-contact process, effec-
tively eliminating nozzle clogging. Furthermore, it has a high resolution, allowing for
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the printing of single cells per droplet, utilization of high-cell densities, and handling of
low-viscosity cell suspensions. However, there are notable disadvantages to consider, with
the most significant being the risk of photonic cell damage arising from laser exposure.
Additionally, the use of metals as a laser-energy-absorbing layer raises concerns about the
cytotoxicity induced by metallic nanoparticles. Furthermore, scalability is limited due to
the elevated cost of the laser system and the complexity associated with controlling laser
pulses [46–48].

2.11. Multiphoton Fabrication

The main advantage of the multiphoton fabrication is the creation of high-performance,
3D photonic crystals and microinductors. Furthermore, there is potential for commercial
applications in other domains, including tissue scaffolding and the development of func-
tional 3D components for microfluidic systems [49]. In addition, this method has the ability
to fabricate computer-designed, fully 3D structures with a resolution surpassing the diffrac-
tion limit. This method uses light to drive the reaction instead of heat. This implies several
advantages, including the elimination of solvent, high reaction rates at room temperature,
and spatial control of polymerization. However, a notable disadvantage is the limitation
on the number of designs that can be structured. In many cases, the materials have not
been able to deliver the necessary resolution and structural integrity required for optical
metamaterials [50].

3. Materials

In this section, we will discuss the different materials used for 4D printing, which are
usually named “smart materials” that are employed in 4D printing due to their ability to
change their properties over time in response to stimuli [51].

3.1. Shape Memory Materials (SMM)

SMMs are also known as intelligent materials capable of altering and adapting their
shape in response to external stimuli. These materials include shape memory polymers
(SMPs), shape memory alloys (SMAs), shape memory ceramics (SMCrs), and others. The
SMM materials are in a metastable state and are able to switch from a temporary state
to a stable state [52] due to the exposure to changes in pH, moisture, and electrical and
magnetic fields [53–56].

3.1.1. Shape Memory Polymers (SMPs)

SMPs are a type of smart, stimuli-responsive material capable of changing their shape,
in a controlled manner, when an external stimulus is applied [57,58]. These materials
respond to different stimuli (e.g., temperature, pH, light [59], etc.) and their shape changes
can be reversible [60,61]. SMPs respond to temperature transitions such as the glass tran-
sition temperature (Tg) and melting temperature (Tm) through physical and chemical
cross-links. Typically, these materials are processed and molded at temperatures above
their Tg to establish their initial shape. Upon cooling below the Tg, the shape becomes
deformed and remains fixed in that position [62]. SMPs display several advantages over
other materials, such as a more reliable recovery performance, lighter weight, biodegrad-
ability, and low toxicity [63,64]. Thermo-responsive SMPs may include blocks composed of
polycaprolactone (PCL), poly(lactic acid) (PLA), acrylated epoxidized soybean oil (AESO),
and polyurethane (PU) [65–67]. For example, the U.S. Food and Drug Administration
compliant biodegradable polyester PLA is popular for inclusion in SMP materials owing
to its low Tg [68], and the ease with which it is possible to impart other properties via the
preparation of composites that respond to stimuli including temperature [69], light [70],
and magnetic fields [71].
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3.1.2. Shape Memory Alloys (SMAs)

SMAs are a metal alloys that go through a solid-to-solid phase transformation [72].
There are usually two phases of the process that could depend on changes in temperature
or magnetic field [73].

In the case of temperature, the shape memory effect arises from the presence of two
crystal structures within the alloys: the martensite phase at low temperatures and the
austenite phase at high temperatures. SMAs are deformed in the martensite phase and
regain their original shape as the temperature increases and transitions to the austenite
phase [74]. In the case of magnetic fields, there are two approaches used: magnetically-
induced reorientation and magnetic-field-induced phase transformation [75].

In general, the use of SMAs needs the addition of Ni-Ti, Cu-Al-Ni, or Fe-Mn-Al-Ni,
among others [76–79]. In this vein, the most frequently used printing techniques are
selective laser sintering (SLS) and selective laser melting (SLM) due to their capacity for
printing metallic structures with adequate strength characteristics.

When comparing SMP with SMA, SMP materials are preferred since they can achieve
a higher shape recovery, the stiffness could be tailored to their Tg range, they have lower
cost, high elastic deformation, and can be designed to be biodegradable and biocompatible,
making them useful for biomedical applications [63,80,81].

3.1.3. Shape Memory Ceramics (SMCrs)

SMCrs, like SMAs, exhibit either superelasticity, allowing them to deform significantly
and recover, or the shape memory effect, enabling transformation between predefined
states with the assistance of an external stimulus. Certain brittle ceramics also undergo
martensitic transformations and can exhibit shape memory effects akin to SMAs, but their
brittle nature poses concerns regarding cracking [82]. Direct ink writing, SLS, and SLM are
the printing techniques that are used to print ceramics inks [83,84].

3.1.4. Other Materials

In addition to the commonly used SMPs, SMAs, and shape memory ceramic-reinforced
composites (SMCrs), there are also shape memory hybrids and composites (SMHs, SMCs).
Shape memory composites are multiphase materials that blend a filler and matrix phase on
a larger scale. Conversely, SMHs involve the combination of two materials at the molecular
or nanometer level. The transformations displayed by SMHs and SMCs depend on the
specific material component possessing the shape memory capability. For instance, an
SMA wire integrated into a polymer matrix undergoes martensitic changes, whereas an
SMH consisting of different polymer phases experiences physical and chemical cross-links
associated with temperature transitions [85].

3.2. Gels

In addition to SMPs, stimuli-responsive gels are a popular material used for 4D
printing since they display a high shape-morphing capability in response to the different
stimulus [86–89].

3.2.1. Hydrogels

Hydrogels are cross-linked polymeric networks swollen with water. Due to the
crosslinking between chains, these materials can absorb a large amount of water without
dissolving. Hydrogels are potentially capable of folding, stretching, and bending, and
experience geometrical expansion, leading to a high printing capability [90]. Moreover, they
are easy to print with incorporated bioactive molecules [58,59] that can support cell growth
and differentiation [20,91,92]. Smart hydrogels have physical or chemical properties that can
be controlled when they are exposed to external stimuli [93,94]. A wide variety of polymers
have been used in hydrogels for 4D bioprinting, including: poly(ethylene glycol) (PEG),
poly(N-isopropylacrylamide) (PNIPAM), poly-N-vinyl caprolactam (PNVCL), collagen,
gelatin, and alginate [95].
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The most common polymer used in hydrogels for 4D bioprinting is the U.S. FDA
compliant PEG due to its biocompatibility [96,97]. PEGs can be engineered to be responsive
to light [98], pH [99], moisture, and temperature [100]. PNIPAM-based hydrogels which can
be engineered to be light-responsive [101] and thermo-responsive in a reversible manner
were made using 4D-bioprinting technology [102]. PNVCL is water-soluble and thermally-
responsive with a liquid-to-gel transition in the range of 34–37 ◦C [103].

Collagen is often included in bioinks because it is a natural component of the extra-
cellular matrix [104–106]. The rheological properties of collagen-based hydrogels can be
adapted to enable the precise printing of complex structures potentially including cells
during the bioprinting process [107]. The partially hydrolyzed version of collagen, gelatin,
is widely used in biomaterials [108–110] and undergoes a phase transition that changes its
mechanical properties in response to temperature changes [19].

3.2.2. Organogels

Organogels exhibit similarities to hydrogels in their ability to expand when placed
in a liquid medium. These gels have a particular characteristic of swelling significantly
in a specific organic solvent, which should possess comparable solubility parameters to
the polymer network. Like other materials, organogels can undergo reversible changes in
shape, responding to various stimuli [111,112]. Two primary printing techniques employed
for organogels are digital light processing and direct ink writing [113,114].

3.3. Liquid Crystalline Elastomers (LCE)

LCEs are another stimulus-responsive materials with bidirectional actuation behavior
that responds to several stimuli, including light, heat, magnetic fields, and
electricity [115–118]. In addition, LCEs display reversible actuation to the different stimulus
mediated by their molecular orientations, pitch, or mesophase-isotropic phase transition,
without the need for an aqueous environment or a connected power supply. LCEs are
soft materials with desirable programmable properties, characterized by a combination
of the soft elasticity of lightly crosslinked polymer networks and the director-dependent,
reversible property change behavior of liquid crystals [115,116,119–125].

There are several printing techniques that could be used with these materials, such
as direct ink printing, fused deposition modeling (FDM), stereolithography, and inkjet
printing [126–131]. Up to now, no biomedical devices has been approved for humans using
LCE-based materials. However, there are several developments in the biomedical area such
as surgical tools and cell culture set ups [132].

3.4. Other Functional Materials
3.4.1. Magneto-Responsive Materials

Magnetic nanoparticles (MNPs) are appealing for biomedical applications because
magnetic fields can penetrate all bodily tissues [133]. The most commonly used MNPs
are the ferromagnetic nanoparticles, examples of which include magnetic composites
such as agar/PEG-based hydrogels including Fe3O4 NPs [134], and Fe-based NPs in
poly(dimethylsiloxane) (PDMS) [135].

3.4.2. Electro-Responsive Materials

Electro-responsive materials may undergo deformation when exposed to electric fields,
examples of which include polypyrrole (PPy) and polythiophene derivatives [136], carbon
nanotubes (CNTs), graphene, and other NPs [137], often combined with other biomaterials
to make bioinks with different physicochemical properties [60].

4. Stimulus and Effect on Responsive Materials

The new age of materials for biomedical applications involves the development of
smart platforms that can respond to external stimuli and, in this way, achieve more per-
sonalized treatments and precise medicine [138]. In 4D bioprinting, materials should have
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good printability and shape-morphing ability, i.e., their final shape should be controlled
by external triggers [139]. These can be categorized into physical, chemical, and biological
stimuli. Physical stimuli include temperature, magnetic field, light, sound, and electric
fields; chemical triggers comprising pH, solvent, and humidity; and biological stimuli
involving enzymes, glucose, proteins, and cell traction forces, and these can be harnessed to
control the morphology or functionality of the responsive material. The exposure of stimuli-
responsive materials to one or more external triggers can result in irreversible/reversible
deformations defining the final shape of the material. In this section, some of the different
external stimuli used for 4D biomaterials are discussed.

4.1. Physical Stimuli
4.1.1. Light

Light-responsive materials can experience a physical or chemical change by capturing
the light with chromophores included in the main chain of the polymer [140]. Due to
the presence of different chromophores, such as azobenzenes, spiropyrans, and fulgides,
exposure to light irradiation produces changes in the chemical structure, charges, affinity for
water, and polarity of the polymer that are transferred to changes in the final properties of
the 4D-printed material [141]. Light-responsive biomaterials can be remotely stimulated by
ultraviolet (UV), infrared (IR), and near-IR (NIR) radiation (depending on the chromophores
included) where the intensity and wavelength can be precisely tuned. The main advantages
of light stimuli are that they can be rapidly applied, quickly switched, and easily focused
in time and space with high precision by non-/minimally-invasive techniques [142].

The type of the photochemical functional group used in the SMPs is a crucial factor
in the design of light-responsive 4D materials. Based on the nature of the photosensi-
tive moieties and the type of polymer material, the light-induced transformation can be
reversible or irreversible. Among the light-responsive polymers, there are hydrogels, com-
posites, liquid crystal elastomers, and SMPs [143]. NIR-sensitive nanocomposites that can
be reversibly shape-modified by a photothermal approach [144] have been prepared in
which photothermally-responsive graphene nanoplatelets were included in a temperature-
responsive epoxy based on bisphenol A diglycidyl ether and the final composite was
printed by fused deposition modeling. Graphene absorbs NIR radiation which results in a
temperature increase that induces a change in the shape of the nanocomposites through a
“thermomechanical reprogramming” process. The advantage of this photothermal method
over direct thermal processes is that NIR light stimulation is more controllable. It has
been shown that after exposing the nanocomposite to an NIR laser, the 4D-printed mate-
rial exhibited a gradual shift of its shape in a well-defined time and position without a
complex predesign.

An interesting study explored the preparation of a cholesteric liquid crystal (“azo-
ChLC”) oligomer that was functionalized with azobenzene to generate different nematic LC
alignments with the same color ink in a single continuous direct ink writing (DIW) process
without changing printing parameters, yielding a photoisomerizable elastomer [145].

The creation of cell-laden constructs by 3D printing of a light-sensitive ink based on
alginate and photothermal polydopamine (PDA) yielded 3D structures that were able to
change their folded shape under NIR stimulation and preserve their new morphology
for at least 14 days. This shape-changing response could also be tuned by laser power
and irradiation time. The biocompatibility of the hydrogel-based ink, the NIR-sensitive
structures and conservation of the deformed shape make this approach attractive to apply
in 4D bioprinting of artificial tissues and organs [146].

4.1.2. Temperature

Temperature is one of the most frequently used external stimuli in 4D printing to
produce a shape deformation and geometric arrangement of responsive materials, as it
can be simply regulated and applied in a non-invasive way. The most extensively used
temperature-responsive materials in 4D-printing applications are SMPs and sensitive
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polymer solutions. Generally, SMPs are first printed and then shape-modified with temper-
ature [147–149]. They can be permanently deformed applying a temperature above their
glass transition temperature (Tg,1), or temporarily modified by heating at a temperature
between Tg,1 and their intermediate glass transition temperature (Tg,2) and subsequently
cooling to a lower temperature. The recovery of the original morphology occurs when
the polymer is reheated at an elevated temperature. This ability to recover its form af-
ter the applied stimulus can be particularly useful for the repair and recovery of bone
defects [150,151]. This approach only functions with polymers whose Tg is lower or equiva-
lent to body temperature. For example, 3D-printed polylactide (PLA)/hydroxyapatite (HA)
porous scaffolds that have the capacity to recover their shape after compression–heating–
compression cycles for a potential use in self-fitting tissue engineering implants [152,153].
Poly(glycerol dodecanoate) acrylate (PGDA)-based SMPs with a transition temperature
between 20 ◦C and 37 ◦C were developed to program the shape at room temperature
and modify it at human body temperature [154]. These materials showed a shape-fixity
ratio of 100% at 20 ◦C and a recovery ratio of 98% at 37 ◦C, demonstrating through
in vitro and in vivo tests the excellent adaptability of the 3D-printed PGDA constructs for
biomedical implantation.

Sensitive polymer (SP) solutions react to a temperature change by disrupting the
hydrophilic and hydrophobic interactions between the SP chains and the solvent [155].
This results in the precipitation, shrinkage, or expansion of the SP. Some of the most com-
mon SPs used for 4D printing are poly(N-isopropylacrylamide) (PNIPAM), PEG, collagen,
gelatin, and poly(N- vinyl caprolactam) (PNVCL). For example, PNIPAM-based hydrogels
have a low critical solution temperature (LCST), so at T < LCST the hydrogel network
expands due to the absorption of water, while at T > LCST the hydrogels eliminate the
liquid and contracts. This temperature-dependent behavior has been exploited to develop
3D-printed mobile micromachines of PNIPAM that can penetrate and control obstructions
of narrow channels [156]. They demonstrated that these microrollers and microscrews
prepared by two-photon polymerization-based 3D printing can reversibly swell and shrink
with temperature. Indeed, these size-controllable micromachines of PNIPAM can swell
with temperature up to 65% of their initial length, making them attractive to target ob-
structive interventions. PEG has also been used for the development of 4D-printed shape
memory implants. PEG1.5k was combined with PLA to obtain a biocomposite with a
controllable transition temperature that can act as a biomimetic intestinal stent [157]. By
fused deposition modeling, they printed functional 4D implants that remain in an elastic
condition during the implantation process to decrease tissue damage and continue in a
glassy state at body temperature (after implantation), providing appropriate support to
the wound. These biocompatible intelligent stents have the ability to reconfigure at 37 ◦C
and reopen the blocked colon. PEG was also combined with gelatin and a hyperbranched
triethoxysilane reagent (HPASi) to 3D print a thermoresponsive material that shows good
biocompatibility, improved mechanical strength, and the ability to fold and unfold [158].
Indeed, the material was forced into a temporary shape of “V” with a folding angle of 171◦,
and after heating it, the hydrogel immediately recovered its original unfolded shape after a
few seconds.

4.1.3. Electric Field

Electroactive biomaterials are exciting for a variety of biomedical applications in-
cluding drug delivery [159], tissue engineering, and regenerative medicine [160]. In
this sense, electrically conductive materials have also been investigated in 4D-printing
paradigms [161]. The development of electroactive materials requires the inclusion of
conductive components such as CNTs, carbon fibers, carbon black, graphene or gold, silver,
nickel, copper nanoparticles, conducting polymers, etc. For example, the 4D printing of
electro-responsive composites based on thermoplastic polyester urethane (PEU), PLA, and
multiwall CNTs (MWCNTs) [162], wherein the MWCNTs act as fillers to make the poly-
meric material electroactive and induce Joule heating to trigger shape change after applying
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an electric current. Four different structures were printed with electro-active filaments and
the triple-shape effect (TSE) was studied, demonstrating that after applying a low voltage
to a U-shape composite containing 14% of MWCNTs, the temperature increased to 50 ◦C
and the original form was partially recovered. However, when a higher voltage was used,
increasing the temperature to 90 ◦C produced a near-complete recovery of the shape.

Printing composites of CNTs and PLA by the fused deposition method yielded 4D
electroactive devices [163]. The form recovery behavior of conductive filaments and the
effect of structural design on the shape memory electro-response of 4D-printed structures
was studied. Filaments with a higher concentration of CNTs exhibited an enhanced electri-
cal and thermal conductivity which resulted in an improved electroactive shape memory
performance. The 2D and 3D structures printed with the most conductive filaments also
showed excellent electroactive response with a 90% shape recovery under voltage applica-
tion. This work shows the potential of 4D technology to develop new responsive devices
with multiple applications.

Finally, 4D-printed electroactive nanocomposites with shape memory behavior were
developed through direct ink writing for liquid sensors [164]. The combination of poly
(D,L-lactide-co-trimethylene carbonate) (PLMC) with CNTs generated 4D-printed materials
with a fast electro-responsive shape-changing performance and high electrical conductivity.
They demonstrated that after applying a 25 V voltage, the temperature of the material
increased to 80 ◦C in 47 s, producing the recovery of the scaffold’s original shape within
16 s. As the relative resistance change (RRC) of the material shifted when it was submerged
in a solvent due to a variation in the connection between CNTs, they used the 4D-printed
PLMC/CNTs-based scaffolds to sense different liquids. Furthermore, they improved the
sensor, making it able to deform and adapt its shape to the liquid environment under an
electric field application.

4.1.4. Magnetic Field

The remote and safe control of the 4D-printed constructs can potentially also be
achieved by an applied magnetic field from a certain distance [165]. Magnetism-responsive
materials can be obtained by the incorporation of ferromagnetic or paramagnetic additives
to the polymeric structure that can actuate under a magnetic field trigger. Some of the most
common magnetic additives are metal alloys, metal oxides, and magnetic nanoparticles. By
the addition of any of these magnetic-response components, the 4D-printed material can
experience a shape change through direct magnetism, thermomagnetism [166], or electro-
magnetism [167]. To develop 4D-printed magnetoactive soft materials with a controllable
shape change and movement capacity, an ink based on hard magnetic microparticles of
NdFeB, polydimethylsiloxane (PDMS), dibutyl phthalate, and fumed silica was printed to
yield 3D magnetoactive soft materials [59]. This material was then magnetized by a pulse
strong magnetizing field Hm, and its shape could be controlled by applying an external
magnetic field. Through this method, a bionic human hand, bionic butterfly, and bionic
turtle were produced, which could move their fingers, wings, and legs, respectively, via
on-demand magnetic activation.

A PDMS-based ink with Fe nanoparticles was printed to create 4D magnetoactive
structures with a fast response to an external magnetic field [135]. Due to the mechanical
flexible properties of the PDMS, the 3D structure obtained could deform and recover
its original shape after applying or removing the magnetic stimuli. To demonstrate the
fast reaction of the 4D-printed PDMS/Fe composite under a magnetic trigger, a butterfly
structure was printed and the speed of movement of its wings under an external magnetic
field provided by NdFeB magnets was studied, finding that the 3D butterfly wings could
move up and down in only 0.7 s and the flapping speed increased with a faster movement
of the magnets. The low magnetic coercive force and the high magnetic permittivity of the
iron nanoparticles used for the ink could explain the capacity of the 4D-printed material to
respond rapidly under an external magnetic field, which makes it promising for functional
biomedical devices. Other recent reported works describe the development of 4D-printed
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magneto-responsive SMMs by combining thermoplastic PU (TPU) with PLA and Fe3O4
particles [168], or with NdFeB [169]. Both intelligent 4D-printed structures exhibited a high
tensile strength and fast response under a remote external magnetic field. These findings
lay the basis for future studies on magnetoactive structures from 4D printing.

4.2. Chemical Stimuli
4.2.1. pH

pH variation is one of the most used chemical stimuli that can impart 3D-printed
materials with interesting shape transformations. pH-responsive materials are widely
employed for several biomedical applications, especially for those treatments where the
material is exposed to different pH conditions, as happens in cancerous or inflammation
sites. Upon pH variation, the 3D-printed materials can swell, shrink, dissociate, or collapse
due to a change in the chemical interactions or bonds of the material. Both natural and
synthetic polymers are used to develop pH-sensitive 3D-printed materials [170]. Natural
pH-responsive biopolymers include hyaluronic acid, collagen, alginate, gelatin, keratin,
and chitosan [171], while synthetic polymers are predominantly composed of acrylic acid,
histidine, and L-glutamic acid monomers [172]. These materials are also classified into basic
polymers (with an −NH2 group) and acidic polymers (containing −SO3H and −CO2H
groups). In a recent work, pH-responsive tablets were developed by semi-solid extrusion
3D printing to improve the bioavailability of oral drugs. By combining different ratios of
carboxymethyl chitosan, sodium alginate, and PEG diacrylate (PEGDA), they prepared
new polypills with a site-targeted and sustained drug release controlled by the pH of the
stomach and intestine [173]. In this case, the secondary crosslinking of the material with
Ca2+ gave the tablets an active response at different pH values. A pH-sensitive 3D-printed
formulation was developed for colon-specific protein release [174]. For this, they used
the digital light processing (DLP) printing technique to co-print constructs based on the
reverse thermo-responsive poly (ethylene oxide)/poly(propylene oxide)/poly(ethylene
oxide) (PEO–PPO–PEO) triblocks and the pH-responsive acrylic acid to provide them pH
sensitivity. They demonstrated that the 3D-printed structures exhibited fast and reversible
swelling–deswelling behavior depending on the temperature and pH of the environment.
Bovine serum albumin was used as a model drug to test the multi-responsive activity of
the material, showing that at pH 2.0 (below acrylic acid’s pKa) and 10 ◦C, the 3D material
released only 20 wt% of the encapsulated protein after one week, whereas at pH 7.4 (above
acrylic acid’s pKa) and 37 ◦C, it released 65 wt%. Given the different pH values that can
be found in the human body, this feature can be exploited to create new pH-responsive
devices for biomedical applications.

4.2.2. Humidity

As well as pH-responsive scaffolds, moisture-sensitive materials can change their
shape, function, and dimension under a variation in humidity [175]. Humidity-responsive
materials can swell up or shrink in the presence or absence of liquid, which makes them
attractive for 4D printing [176]. Although these features are interesting for biomedical
applications, the transition procedure between the swollen and the shrunken state should
be carefully controlled to keep the integrity of printed materials. A pallet of cellulose-filled
filaments with different stiffness and hygroresponsiveness were 3D printed to generate
hygromorphic structures using the fused filament fabrication technique [177]. Due to the
high hygroscopicity of cellulose, all prototypes showed fully reversible cyclic opening and
closing under different relative humidity conditions. These properties bring innovative
ideas for the development of smart materials that can react autonomously in response to
relative humidity shifts. Moisture-responsive polymers have also been used to fabricate
a seed-like soft robot by 4D printing [178]. The artificial seed was obtained by the fused
deposition modeling of hygroscopic PCL combined with the coaxial electrospinning of
hygroscopic fibers composed by PEO and cellulose nanocrystals. The obtained robot was
able to mimic the biomechanics of Pelargonium appendiculatum (L.f.) wild seeds and explore
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and adapt its morphology to the soil by varying the environmental humidity. This kind of
hygroscopic actuator could perform as a renewable energy solution for miniaturized robots.

4.3. Biological Stimuli

Bioresponsive materials use biological stimuli such as glucose levels, enzymes, pro-
teins, or other biomacromolecules to exhibit bioactive functions [179]. Apart from chemical
and physical stimuli, 4D-sprinting technology also aims to produce materials with sensitive
behavior when exposed to biological stimuli.

4.3.1. Enzymes

Enzymes are highly specific and selective molecules which are involved in different
biological processes. Thus, the interest in using printed enzyme-responsive materials for
biomedical applications has increased over the years since many enzymes are found in
the body [180–182]. For example, the incorporation of enzymes to 3D-printed materials
can be used in the field of tissue regeneration to customize devices that fit patients well or
induce the degradation of implants for their natural removal. In a recent work, a thermal
paste printing technique was used to obtain PCL composites containing lipases to develop
a new biomaterial that can be placed and naturally degrade inside the body [183]. Due to
the capability of lipases to degrade biodegradable plastics, it was shown that 3D-printed
PCL-lipase composites were hydrolyzed in an aqueous environment at 37 ◦C within a
reasonable period of time. To demonstrate this, they imbedded PLA objects (that do not
react with lipases) inside the printed PCL-lipase structures. The hybrid composites were
incubated in buffer at 37 ◦C and after 8 days they observed that the PCL-lipase shell was
fully decomposed, releasing the embedded PLA objects intact. These kinds of 4D-printed
materials may be applied as a biomedical implant where a fraction of the scaffold is required
to be absorbed into the body before another part. To demonstrate the potential of enzyme-
responsive materials in tissue engineering for bone reconstruction, alkaline phosphatase
was included within 3D-printed PEGDA scaffolds to generate enzyme-induced in situ
calcification [184]. The 3D-printed material containing the alkaline phosphatase was
immersed in a solution of α-D-glucose-1-phosphate, resulting in the release of phosphate
groups which, in the presence of free calcium, precipitate as calcium phosphate on the
printed structures. Both microscopic analysis and colorimetric staining confirmed the
formation of calcium precipitates. Thus, the strategy of immobilizing enzymes in 3D-
printed structures is an attractive technique to control calcification processes, bringing
an alternative method for bone restoration. Apart from tissue-engineering applications,
printing immobilized enzymes also represents a new class of 3D-printed biocatalysts with
a wide variety of uses in industrial biotechnology [185], like drug screening [186], organic
synthesis [187], biosensing [188], and industrial and environmental applications [189,190].

4.3.2. Biomolecules

Urea and glucose monitoring are nowadays a regular and simple procedure for early
diagnoses or indications of kidney diseases and diabetes, respectively. Over the years,
much effort has been made to develop simpler and more accurate biosensors to improve
urea and glucose detection [191,192]. Among all the fabrication methods, 4D printing has
emerged as an efficient technology to produce biomolecule-responsive materials for the
quantitative analysis of urea and glucose in complex biological samples. In this way, a
recent report used the digital light processing (DLP) 3D-printing method and photocurable
resins with or without 2-carboxyethyl acrylate for the fabrication of an all-in-one needle
panel meters for glucose and urea detection [193]. By combining the 4D-printed needle
panel meters with the derivatization reactions for urea hydrolysis or glucose oxidization
catalyzed by urease and glucose oxidase, respectively, the urea and glucose concentration
can be quantified by measuring the bending of the needles. The advantages of this new
device include the possibility of reuse, its applicability in complex biological matrices, its
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simplicity, cost-effectiveness, and its independence in relation to the analysis conditions
(temperature, buffer, pH).

5. 4D-Bioprinting Applications
5.1. Advantages and Disadvantages of 4D Printing for Biomedical Applications

The use of 4D-printing technology has revolutionized the field of biomedical ap-
plications by providing novel solutions for different limitations of 3D printing (Table 1).
The process of 4D printing enables the manufacturing of smart materials with stimuli-
responsiveness and shape-changing behavior. These 4D-printed bio-architectures can
change their properties as a function of environmental conditions or external stimuli and
present dynamic and flexible structures—like living tissues—which is essential for biomed-
ical applications such as tissue engineering and drug delivery. Furthermore, 4D-printing
technology has other advantages such as the spatio-temporal control of printing proce-
dures and the use of the intelligent stimuli-responsive materials to fabricate patient-specific
products [194].

However, despite all these advantages, 4D-printing technology has some limitations
that restrict its use in specific biomedical applications such as drug delivery, regenerative
medicine, and implantable devices [195,196]. For example, materials do not always present
the required strength, flexibility, and durability, or they are not able to resist the extreme
conditions used during the printing processes. In addition, it is difficult to find materials
with shape-changing behavior and which at the same time exhibit biocompatible properties
and appropriate degradation rates that guarantee the protection of patients. Although
4D-printing technology has the ability to produce structures with different properties by
combining diverse materials into one printed object, it is often difficult to find materials
that can be combined with each other without affecting the desired functionality of the final
device. Also, some current 4D-printing methodologies either do not have the resolution
and accuracy required to fabricate materials that properly fit within the patient’s body or
are expensive, time-consuming, and are not scalable, making them inappropriate for large-
scale production to satisfy the needs of numerous patients. Finally, given the innovation of
4D-printing technology, the regulations and ethical considerations that ensure the safety
and efficacy of the 4D-printed biomedical devices, protect patient privacy, and ensure the
protection of delicate data are still not clear.

In this section, some of the most recent and innovative works that have been developed
using 4D technology for biomedical applications are described.

5.2. Light-Responsive Materials

The advancements in 4D-printing technology have revolutionized the fabrication of
3D-printed structures by allowing shape and functional changes over time. This cutting-
edge technology offers a myriad of practical applications in tissue engineering, cell en-
capsulation, wound healing, and drug delivery through the creation of complex and
light-responsive multilayer scaffolds [197–199].

While the human body has the innate ability to regenerate damaged tissue, certain
types of tissue, particularly critical-sized defects, pose significant challenges due to their
complex design [200]. Bone tissue regeneration, for instance, is one of the most challenging
issues to address because of its intricate architecture, including an interpenetrating vascu-
lature network and calcified areas [201]. In this regard, 4D scaffolds have emerged as a
promising solution, providing a dynamic and functional environment that can be tailored to
meet patient-specific requirements such as pore size and tissue structure [202,203]. One of
the key methods to achieve these demands is through the use of light-responsive polymeric
chains to obtain photoisomerizable and photodegradable scaffolds [204]. A direct-ink-
writing strategy using a photo-crosslinkable polymer of GelMA was used to create tissue
scaffolds that support neoangiogenesis [205]. The construct is composed of a central rod
printed with GelMA with low methacryloyl substitution and a high rate of degradation,
forming the vessel channel. The walls were printed using highly functionalized GelMA-
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filled silicate nanoplatelets and various amounts of VEGF to promote osteogenesis and
micro-capillary formation, forming a gradient. The bioink includes human mesenchymal
stem cells (hMSCs), which differentiate into smooth muscle cells in the outer layer and
inner fiber, supporting endothelial cell proliferation and osteogenic development, and
promoting the formation, stability, and maturation of vascular vessels in vitro. Cells can be
perfused through the inner channel, and a mature bone niche can form after 21 days.

A tissue-engineering challenge is achieving the dynamic behavior of blood vessels
to fulfill the needs of the tissues during various repairing and remodeling processes. A
technique for creating complex and programmable 3D vascular networks inside biocom-
patible hydrogels using precise molecular photolysis was described [206]. Strain-promoted
azide-alkyne cycloaddition (SPAAC) between a diazide-functionalized synthetic peptide,
tetrabicyclononyne (PEG-tetraBCN), and PEG was used to create photodegradable hydro-
gels. The crosslinker contained a photodegradable moiety (ortho-nitrobenzyl ester, o-NB)
and the polypeptide sequence GPQGIWGQ, which can be cleaved by various types of
metalloproteinases (Figure 2A). The tri-amino acid sequence, arginine–glycine–aspartate
(RGDS), was also added to the peptide to promote overall cell proliferation, adhesion,
and spreading. Using multiphoton-lithography inside the bio-printed structure, the ef-
fective and spatial-specific channel building, endothelialization of artificial vessels, and
cytocompatibility of photodegradation by irradiating close to encapsulated hS5 stromal
cells within the hydrogel was demonstrated. These results highlight the vast potential of
these polymer-peptide-based materials for engineering dynamic and customizable tissues.
In a similar approach, photodegradable hydrogels composed of various kinds of macromers
and o-NB groups that encapsulated hMSCs was described [207]. By choosing the function-
alization grade from o-NB linkers, they could manipulate the rate constants of degradation
obtaining a composite light-sensitive hydrogel with selective erosion and different delivery
profiles. They not only tested the cytocompatibility of the construct but also the differential
release of various cell populations. This approach could be useful in the regeneration of
complex tissues that cannot be healed by the activity of a single cell type. In addition,
while implants must be able to address tissue damage, they must also overcome issues
such as ruptures and positioning challenges within the affected area. Red-light-responsive
(625 nm) hydrogels based on the interaction between azobenzene (Azo) and cyclodextrins
(CDs) were prepared which exhibited reversible adhesion and mechanical properties, as
well as self-healing capacity [208]. The hydrogels were prepared via crosslinking between
CDs and photoisomerized tetra-ortho-methoxy-substituted Azo (mAzo)-functionalized
hyaluronic acid (HA) to generate hydrogels with weaker photoisomerization and stronger
hydrogen bonding, which can prevent a complete sol-gel transition. To evaluate the cyto-
compatibility and multifunctional properties of the hydrogel, NIH 3T3 cells were cultured
on the hydrogel surface, and the MTT assay showed a high degree of cellular viability
of more than 90% after 3 days of culture. The self-healing response of the hydrogel was
demonstrated by cutting it and then irradiating it with a red-light source, which resulted in
complete fading of the notch within 3 h, as opposed to when the experiment was conducted
in the dark. To rule out a photothermal effect, the same experiment was carried out at a
fluctuating temperature, and no response was observed. The researchers hypothesize that
dynamic noncovalent binding and dissociation between CD-HA and mAzo-HA promote
supramolecular hydrogels to self-heal. Additionally, irradiation of the hydrogel surface
induced a reversible change in viscosity, allowing for light-controlled adhesion. This behav-
ior is likely due to competition between the partial photoisomerization of the mAzo groups,
which induces a softening process, and the strong hydrogen bonds between the HA chains
and the substrate, which are responsible for adhesion [209]. Overall, these findings suggest
a feasible strategy for developing a dynamic hydrogel with potential benefits for tissue
engineering, which can be remote-controlled in the context of injured sites.

Light-responsive materials are abundant in the field of drug administration and tissue
engineering due to their high stimulus/response accuracy, both spatially and temporally,
and the transparency of tissues to NIR light [210]. Scaffolds with rectangular divided
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regions allowed for the controlled release of insulin from the matrix upon NIR irradia-
tion [211]. The partitions were made of polycaprolactone, while the responsive regions
were printed using lauric acid, polycaprolactone, and melanin as the photothermal com-
pound. In this case, local heating triggered insulin release from the matrix (Figure 2B).
The scaffold was effectively implanted in a mouse diabetic model, and after NIR irradi-
ation, the glucose blood levels decreased due to insulin-released activity, demonstrating
the efficacy of the construct as an alternative to repeated insulin injections for patients.
Hyaluronic acid hydrogels that combine chemo-photodynamic therapy with light-triggered
release of the anticancer drug DOX and photosensitizer PpIX were prepared [212]. The
hydrogels were designed to degrade in response to reactive oxygen species (ROS) gener-
ated by photodynamic therapy (PDT). The researchers chemically conjugated PpIX to a
dihydrazide-modified HA hydrogel (HA-ADH) to enhance the photosensitizer’s solubility
and create a PDT-compatible scaffold. They subsequently crosslinked the HA-ADH with a
ROS-cleavable dialdehyde-functionalized thioketal (TK-CHO) to obtain a ROS-degradable
material. When the hydrogel is exposed to light, ROS generation is induced by the photo-
sensitizer, which breaks down the ROS-cleavable small molecule crosslinker, resulting in
localized PDT and on-demand release of DOX for subsequent chemotherapy. The study pro-
vides a promising approach to achieve the effective, localized delivery of anti-cancer agents.
Unlike the development of metallic stents and polymer-based drug-eluting cardiovascu-
lar scaffolds (DECS) with dual functionality, the worldwide prevalence of cardiovascular
disease, particularly atherosclerosis, characterized by reduced blood flow and artery nar-
rowing due to plaque formation on the arterial wall [213], has demanded the development
of novel treatments. Recent studies have shown the elaboration of controlled drug-eluting
cardiovascular scaffolds, which offer improved qualities over traditional DECS, including
decreased toxicity, controlled dosage release, and superior biocompatibility [214]. For
example, 3D-printed drug eluting cardiovascular scaffolds composed of polycaprolactone
(PCL) impregnated with gold nanoparticles-decorated carbon nanofibers that improve the
mechanical properties of PCL scaffolds and provide controlled drug release and X-ray visi-
bility were produced (Figure 2C) [215]. The proof of concept was carried out using DOX as
a model drug. The release of the therapeutic agent was evaluated both in vitro and in vivo
by implanting the scaffold in the mouse thoracic cavity under NIR-light irradiation. The
cardiovascular scaffolds proposed offer a platform for tissue engineering, atherosclerosis
treatment, and other localized therapies, and have shown no cytotoxic effects in HUVECs
and VSMCs adhered to the construct. Furthermore, in the pursuit of overcoming many of
the limitations of traditional drug delivery methods, researchers have developed micro and
nanorobots that can transport drugs to specific targets of interest [216]. These innovative
systems have been designed to enable the directed movement of the drug carriers, which
can be combined with controlled release mechanisms activated by external stimuli. With
the ability to precisely target and release drugs at specific sites, these technologies hold
great promise for enhancing the effectiveness of drug therapies [217]. To achieve these
features, bio-printed chitosan microswimmers capable of being powered by a rotating
magnetic field (10 mT) were reported [218]. These microswimmers also demonstrated
triggered DOX release using an external light stimulus (3.4 × 10−1 W/cm2 and 365 nm
wavelength). The microswimmers’ mobility in water was also demonstrated, and due to
the chitosan matrix, no cytotoxic effects were observed.

Another important area where 4D bioprinting may provide solutions is the treatment
of skin wounds, which are becoming a global emergency. Extrusion-based bioprinting with
cell-loaded bioinks is the preferred method for wound care due to its cost-effectiveness,
accessibility, and ability to replicate tissue complexity [219]. One of the most crucial goals in
the area of wound dressings is the creation of a biocompatible, biodegradable antibacterial
surface that may stop bacterial adherence, preventing the colonization of biofilms and
subsequent infections [220]. Wool keratin (a biopolymer) was utilized to produce light-
responsive 3D scaffolds with antimicrobial activity [221]. The leucine–aspartic–valine (LDV)
and arginine–glycine–aspartic acid (RGD) adhesion sequences present in wool keratin make
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it a promising material for regenerative therapy. To enhance its antimicrobial properties, the
researchers incorporated two distinct kinds of photosensitizers (Ps)—5,10,15,20-tetrakis[4-
(2-N,N,N-trimethylethylthio)-2,3,5,6-tetrafluorophenyl]porphyrin tetraiodide (TTFAP) and
Azure (AzA)—at varying concentrations within the pores of the keratin sponges. Upon
exposure to a 500 W halogen–tungsten lamp (400 nm), ROS were produced, which inhib-
ited the activity of microorganisms [222]. The researchers demonstrated the effectiveness
of the responsive scaffold against both Gram-positive and Gram-negative bacteria, with
TTFAP showing a greater antibacterial response. Importantly, the scaffold did not ex-
hibit any cytotoxic effects on fibroblast cell cultures, highlighting its potential for wound
healing and tissue-engineering applications. Additionally, current research in this area
is focused on developing multifunctional wound dressings that combine expertise from
the tissue engineering and drug delivery fields. Hydrogel core/shell-based scaffolds with
the controlled release of doxorubicin for cancer therapy were reported [223]. The core is
composed of alginate–gelatin hydrogels coated with polycaprolactone (PCL) and PDA to
achieve an on-demand drug release mechanism through near-infrared (NIR) laser activa-
tion. The PDA coating’s antioxidant properties and hydrophilic surface make the core/shell
structure highly promising for wound treatment. The scaffold’s effectiveness for wound
treatment was assessed using a full thickness wound model in rats, scaffold implantation,
and subsequent histology and immunohistochemistry of the tumoral environment.

An artificial light-responsive 3D-printed beating heart with precise spatiotemporal
modulation has been successfully fabricated during the last year [224]. In this sense,
a biomimetic aortic valve microstructure composed of a buckyball unit of cells and a
solid layer was printed. The buckyball’s unit of cells with a shape-morphing response
under the stimulation of a near-infrared light beam were assembled to a dynamic and
static layer made of CNTs-doped N-isopropylacrylamide (NIPAM) composite hydrogel
resulting in a light-driven intelligent micromachine with enhanced light absorption, thermal
conductivity, and mechanical modulus. In the absence of light, the valve kept closed but
after a laser beam stimulation, the entire valve became an open state due to the efficient
light–temperature conversion and thermal conductivity of the smart hydrogel. Using
this technology micropillar cilia, microheart valves, and microclaw grippers can also be
manufactured for biomedical, soft robotics and bionic structures applications.

In conclusion, 4D printing is an exciting area of research that has the potential to
revolutionize the field of additive manufacturing. One of the most promising developments
in this area is the use of light-responsive materials, which can be programmed to change
shape or properties in response to different wavelengths of light. This technology has
many potential applications, including biomedical devices, robotics, and smart textiles. As
researchers continue to refine the techniques and materials used in 4D printing, it is likely
that we will see even more innovative and transformative applications in the future.

5.3. Thermo-Responsive Scaffolds

Tunable mechanical properties are of the upmost importance for in vivo
tissue-engineering applications of 3D-bioprinted materials. Thermo-responsive bioinks
offer an interesting range of possibilities in this regard. Many examples of applications of
3D-bioprinted thermo-responsive polymers are in the cartilage and bone repair fields. Mi-
croporous scaffolds based on SMPs prepared by the combination of polycaprolactone triol,
poly(hexamethylene diisocyanate), and castor oil revealed to enhance the attachment, prolif-
eration, and differentiation of human bone-marrow-derived mesenchymal stem cells [225].
These cytocompatible polymers displayed a controllable shape with a tunable glass transi-
tion temperature in a range from−8 ◦C to 35 ◦C. Their recovery speed was easily adjustable,
with shape fixing at −18 ◦C or 0 ◦C and recovering their full shape at body temperature. In
this case, printing was assisted by a sacrificial 3D mold, bypassing certain difficulties and
requirements of direct 3D-printing techniques. Human bone marrow mesenchymal stem
cells were also successfully encapsulated within 3D-bioprinted interpenetrating thermo-
responsive polymer scaffolds based on PNIPAM and hydroxyethyl-chitosan, with the
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reinforcement of dithiol-modified graphene oxide nanosheets [226]. By modifying the
polymer components’ weight ratio, LCST could be easily tuned allowing cell encapsulation
around 20 ◦C. The hydrogel was then fully formed at body temperature. The incorpo-
ration of graphene oxide nanosheets contributed to improving the hydrogel mechanical
properties (extrudability and uniformity), providing an appropriate microenvironment
for cell growth, and favoring cell viability inside scaffolds. Cell-laden polymer solution
injection into rat necks demonstrated in situ hydrogel formation, and angiogenic activity
was evidenced 28 days after administration.
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delivery. (A) Microvasculature fabrication through multiphoton lithography within multipurpose
hydrogel biomaterials elaborated with PEG tetra bicyclononyne (PEG-tetraBCN), and a diazide-
modified synthetic peptide. Reproduced from [206] with permission from John Wiley and Sons.
(B) NIR-triggered on-demand delivery of insulin (hIn) from 3D-printed multiunit implants (LP, lauric
acid, and polycaprolactone) at various times to regulate blood sugar levels in diabetic mice. Adapted
from Kim et al., [211] with permission from Elsevier. (C) 3D-printed CDECS of polycaprolactone
(PCL) reinforced with gold nanoparticles-decorated carbon nanofibers for real-time X-ray imaging
and targeted therapies. Adapted from Jeong et al., [215] with permission from Elsevier.

The fine-tuning of the thermo-responsive mechanical properties of triblock copoly-
mers of PEG and partially methacrylated poly[N-(2-hydroxypropyl) methacrylamide
mono/dilactate] incorporating polysaccharides, such as methacrylated chondroitin sulfate
or methacrylated hyaluronic acid, allowed the preparation of stable 3D-bioprinted scaffolds
for cartilage repair [227]. The thermo-responsive behavior of these kinds of copolymers
allowed the easy incorporation of drugs or cells at low temperatures and good printability
at physiological conditions. The incorporation of polysaccharides resulted in an improved
thermosensitive profile, increased storage modulus, and decreased degradation. Particu-
larly, the addition of methacrylated hyaluronic acid improved printability and cell viability.
Abundant cartilage matrix formation (chondrogenesis) was evidenced in chondrocyte-
laden 3D-printed constructs using the polymer combination. Chondrocyte-laden, stratified
cartilage scaffolds were also 3D printed using a thermo-responsive bioink blend composed
of PNIPAM-grafted hyaluronan and methacrylated hyaluronan [228]. Polymer gelation
at body temperature was based on the LCST of PNIPAM and ensured good printing fi-
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delity, while allowing cell and growth factor loading at room temperature. Meanwhile,
methacrylated hyaluronan was demonstrated to reinforce the construct mechanical sta-
bility for extended periods after post-printing UV exposure. The gelation temperature,
storage modulus, and swelling behavior were shown to be influenced by the addition of
cells or by different biopolymers such as chondroitin sulfate methacrylate or hyaluronan
methacrylate. Importantly, to ensure the good viability of the encapsulated chondrocytes,
PNIPAM-grafted hyaluronan should have been eluted by a washing step at 4 ◦C to produce
a more porous scaffold that ensured good nutrient diffusion.

More research on articular cartilage damage repair has recently been derived on the
preparation of a temperature-responsive hydrogel bioink containing infrapatellar fat pads
adipose-derived stem cells [229]. These cells were selected as they are supposed to have a
similar chondrogenesis potential to that of stem cells from hyaline cartilage. The hydro-
gel bioink for 3D printing was composed of decellularized cartilage extracellular matrix,
methacrylated gelatin, and sodium alginate. The thermo-responsive behavior, mechanical
properties, degradation, and swelling behavior were influenced by the amount of decellular-
ized cartilage extracellular matrix incorporated into the bioink. The optimal proportion was
selected for the sake of achieving a low biodegradation rate, high mechanical properties,
good printability, and histocompatibility. The printed scaffolds achieved an efficient and
homogeneous integration of stem cells and bioactive factors within the generated network.
Chondrogenic differentiation in vitro was demonstrated to be enhanced by the analysis
of growth factors’ expression. When the scaffolds were subcutaneously implanted in an
articular cartilage defect in vivo, they showed no immunogenic response and achieved
full restoration of the damaged tissue, showing promise as a treatment for osteochondral
lesions (Figure 3) [229].
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Meanwhile, applications in bone repair include the development of a thermo-responsive
polymer bioink based on poly(lactic-co-glycolic acid)-PEG [230] as a filler for bone defects.
The resulting mechanical properties of constructs (yield stress and Young’s modulus) made



Pharmaceutics 2023, 15, 2743 19 of 37

it like cancellous bone. Moreover, this bioink allowed an easier incorporation of proteins
and human mesenchymal stem cells at room temperature, while exposure to body temper-
ature induced the formation of a rigid porous construct. In a more recent development for
bone repair, a poly(organophosphazene) nanocomposite bioink with controlled mechanical
properties in the range from 20 to 37 ◦C did not require post-crosslinking, and non-toxic
biodegradation was achieved [231]. To stimulate bone regeneration, including cell migra-
tion and osteogenesis, the bioink was loaded with bone morphogenetic protein-2 (BMP-2)
and transforming growth factor-beta1 (TGF-β1), which were retained by hydrophobic and
ionic interactions into the porous structure. Simple mixing was needed to incorporate all
bioink components below the gelation temperature. Above this temperature, the bioink
mechanical properties (rheological properties and extrudability) were finely tuned, allow-
ing the performance of the bioprinting process. Printing outcomes were also favored by the
shear-thinning behavior and the self-healing ability of the prepared bioink. Moreover, after
printing, no crosslinking was required owing to the optimal bioink behavior (mechanical
stiffness) at body temperature and the consequent maintenance of the 3D structure for
prolonged periods. When the printed scaffold was implanted in a calvarial bone-defect
model, it was infiltrated by cells from surrounding tissues which promoted osteogenesis,
healing the bone defects. After scaffold degradation over 6 weeks, which was followed by
growth factors’ release, newly formed bone was observed.

Applications of 3D-bioprinted thermo-responsive polymers also extend to diverse
areas, such as wound healing, neural tissue engineering, and cell spheroid formation. In this
regard, polycaprolactone-PEG-polycaprolactone triblock polymers have proven to exhibit
a good compatibility for endothelial cells and fibroblasts, which are commonly used in skin
regeneration and wound repair (Figure 4) [232]. Composition ratio variation in copolymer
blocks allowed the tuning of bioink mechanical properties and phase-transition behavior
in the range from 10 to 40 ◦C. Polycaprolactone block crystallization has been shown
to enhance bioink stability and mechanical strength, allowing printing by temperature
control and the maintenance of structure afterwards. In another venue, PU nanoparticles
with the inclusion of oligodiols [polycaprolactone diol, poly(L-lactide) diol and poly(D,L-
lactide) diol] as soft segments determined a strong temperature-dependence response in the
resulting hydrogel and served as appropriate 3D scaffolds for neural stem cells’ proliferation
and differentiation. In a first study, these particles were mixed with soy protein to enhance
the structural integrity and achieve rapid gelation and a good biocompatibility [233]. These
biodegradable polymer hydrogels also exhibited a photo-thermal behavior owing to the
presence of acrylate groups. In a further study, when PU dispersions were cured under
UV treatment, they underwent gelation at body temperature with resulting moduli in the
range of 0.5 to 2 kPa [234]. They showed shear thinning behavior, creep recovery, and
dynamic viscoelasticity values at 37 ◦C that favored bioink 3D-printing processing. The
printed constructs were soft but showed structural stability and printing fidelity. Neural
stem-cell-laden scaffolds were easily prepared by mixing cells with bioink before printing.
Hydrogels with a low modulus (less than 1 kPa) were more suitable for achieving neural
stem cell survival, fast proliferation, and differentiation into neural cells as shown by the
enhanced expression of specific neural-related genes.

The promotion of cell spheroid formation for drug screening or injectable formulations
was also enhanced by responsive bioprinted materials based on sodium alginate grafted
with PNIPAM-co-N-tert-butylacrylamide [235]. This copolymer was found to exhibit a
bi-phasic gelation process. The first step involved the alginate chelation with calcium ions
generating a soft gel network, while the second step involved the interaction of PNIPAM
side chains upon heating, forming a more rigid structure. These phenomena resulted in
an improvement in the storage modulus and benefited the 3D printability of the thermo-
responsive bioink, the mechanical properties of which could be tuned by modifying the
amount of calcium ions or the N-tert-butylacrylamide monomer. The printed scaffolds
have been shown to promote the proliferation of human periosteum-derived cells in 3D
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and the formation of 3D spheroids. A facile spheroids recovery process ensuring their
viability was possible owing to the thermally-induced reversible bioink behavior.
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Figure 4. Schematic illustration of a thermo-responsive nanocomposite bioink system and bone
tissue regeneration. (A) The bioink exhibits thermo-responsive behavior and incorporates growth
factors through hydrophobic–ionic interactions. (B) After printing at 25 ◦C, the bioink reaches
optimal properties at body temperature. (C) The bioink scaffold was implanted into a rat calvarial
defect model, stimulating cell migration and osteogenesis for bone healing. Reproduced from
Kim et al., [231] with permission from John Wiley and Sons.

5.4. Electric-Field-Responsive Scaffolds

Electric-field-responsive 4D-printed scaffolds represent promising materials for medicine
with opportunities for controlled drug release and cell stimulation [160,236]. A variety of
conducting polymers (i.e., PPy, polyaniline, poly(3,4-ethylenedioxythiophene) (PEDOT)
and/or conductive fillers (i.e., nanoparticles, graphene, MXenes) has been successfully
applied in the development of electric-responsive scaffolds and wearable sensors [237,238].
Composite materials comprising polyester urethane, PLA, and MWCNTs as conductive
fillers were printed employing the fused filament fabrication method. The composites
displayed a stepwise, tunable shape change process that may be triggered remotely on de-
mand [162]. Alternatively, hydrogel precursors offering 3D-printability were prepared with
a combination of pyrrole with a high-gelatin-content oxidized alginate–gelatin (ADA-GEL).
Subsequently, the electroactive PPy:poly(styrenesulfonate) (PPy:PSS) was synthesized
inside the ADA-GEL matrix by the oxidation of pyrrole (Figure 5). The formation of an in-
terpenetrating matrix increased the conductivity and stiffness of the hydrogels, maintaining
the capacity to promote cell adhesion and proliferation [239].

Alternative ink formulations based on PEDOT:PSS were employed to print tissue
scaffolds etc. Post-treatment by ethylene glycol in combination with thermal annealing
provided printed materials with electrical resistance and stability. In addition, collagen
coating improved the biocompatibility and adhesion of fibroblast and cardiomyocytes cells.
These findings highlight the importance and opportunities of post-printing treatments [240].
In addition, the application of electrical stimulus can be used to enhance the release of
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drugs [241,242]. A 4D-printed hydrogel based on agarose/alginate–aniline tetramer with
the capability of tailored electrically controlled dexamethasone release for neurodegen-
erative diseases’ treatment. There was a passive diffusion of dexamethasone from the
hydrogel to the surrounding medium; however, the amount of released dexamethasone
increases with the amplitude of the electrical voltage. Moreover, the hydrogels showed no
cytotoxicity and promoted the adhesion and proliferation of PC12 cells, showing promise
for neurodegenerative diseases’ treatments [243].
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Figure 5. Schematic illustration of the formation of the ADA-GEL-PPy:PSS conductive hydrogel.
(A) An ADA-GEL hydrogel precursor containing different molarities of Py and PSS is prepared.
(B) After 3D printing, the formation of PPy is triggered by the oxidation of Py by immersion in
FeCl3 solution. (C) The final ADA-GEL-PPy:PSS scaffolds are dually crosslinked using Ca2+ and
microbial transglutaminase to respectively crosslink the oxidized alginate and gelatin network inside
the hydrogel. Adapted from [239] with permission from John Wiley and Sons.

A recent work reported the development of a stable composite actuator with high
potential as a biomedical device based on the combination of magnetorheological elastomer
(MRE) composites with 4D-printed conductive shape memory polymers [244]. Briefly,
silicone resins were filled with strontium ferrite magnetic particles and a thin conductive
carbon black polylactic acid (CPLA) was 4D printed and fixed as a core inside the composite.
The authors demonstrated the bi-directional feature of the actuator. By controlling the
magnetic field, different shapes could be achieved and used as an attachment-like hook
system. In addition, the 3D-printed electroactive structure was used to demonstrate the
capacity of the composite actuator as a remotely operated hook using different input
voltages. In this sense, the actuator within a structure can be operated externally and bent
to reach a complex target. Consequently, the electroactive shape memory actuator may be
applied in biomedical devices for a diversity of supportive treatments, including tracheal
splints and shattered bones.

5.5. Magnetic-Field-Responsive Scaffolds

The 3D printing of structures that respond to magnetic fields has also been reported.
The incorporation of magnetic nanoparticles to inks works as a nanofiller that alters their
rheological and mechanical properties, but it also produces objects that can be remotely
actuated via magnetic fields. Recently, an ink based on magnetic nanoparticles, alginate,
and methylcellulose was employed to print 3D structures with mechanical stability and
responsiveness to a magnetic field [245]. A low-intensity magnetic field was employed to
align iron oxide nanoparticles into filaments within a gelatin methacryloyl matrix. Cells
seeded on top or embedded within the hydrogel aligned themselves along the same axes of
the aligned iron oxide nanoparticles’ filaments. Moreover, in the hydrogel, C2C12 skeletal
myoblasts differentiated into myotubes without the addition of differentiation media. Inter-
estingly, the nanocomposite hydrogel could be 3D printed to create complex heterogeneous
structures that responded to magnetic fields (Figure 6). Indeed, the anisotropic distribution
of the iron oxide nanoparticles allows the flapping movement of the soft gelatin-based
hydrogel in response to alternated exposure to magnetic fields [246]. These results pave the
way for the generation of bioinspired soft robotic systems.
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pension (T > 37 °C) of methacryloyl gelatin (G) hydrogel precursor. (ii) Application of a low-inten-
sity magnetic field. (iii) Formation of the oriented IOPs filaments while the mixture temperature 
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nanocomposite. (iv) 3D printing of the G/IOPs mixture on a bed of G hydrogels. (v) The 3D-printed 
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Figure 6. Schematic representation for the anisotropic nanocomposite fabrication and the 3D-printed
star-shaped magnetic soft robot. (i) Iron oxide nanoparticles (IOPs) addition to a liquid suspension
(T > 37 ◦C) of methacryloyl gelatin (G) hydrogel precursor. (ii) Application of a low-intensity
magnetic field. (iii) Formation of the oriented IOPs filaments while the mixture temperature decreases
below the melting temperature and final crosslinking via UV-light of the anisotropic nanocomposite.
(iv) 3D printing of the G/IOPs mixture on a bed of G hydrogels. (v) The 3D-printed structure is
finally crosslinked by UV light resulting in a stable star-shaped responsive structure. Reproduced
from [246] with permission from John Wiley and Sons.

In a similar approach, Fe3O4 microparticles were incorporated in hydrogels precursors
and it was observed that the increase in the content of microparticles provoked an elevation
in the storage modulus (G′) and loss modulus (G′′). This effect was beneficial to print
a 3D structure with magnetic responsiveness. In this way, when the magnetic field was
programmed to rotate, this induced the rotational movement of the magnetic dolphin robot
(Figure 7) [247].
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Figure 7. Preparation and characterization of magnetic nanoclay-incorporated double-network (M-
NIDN) hydrogels for 3D printing and magnetic guided movement. (a) Schematic illustration of the
preparation of M-NIDN hydrogel ferrofluids and the resulting extrusion filament. MMPs represent
magnetic microparticles. (b) Oscillatory frequency sweep of the NIDN hydrogel precursors before
and after the inclusion of magnetic microparticles. (c) G′ and G′′ from continuous strain sweep with
alternate high-strain (300%, shaded green) and low-strain (1%) conditions. (d) Digital images of the
magnetic ferrofluids, extrusion filament, and 3D-printed lattice structure with magnetic-responsive
behavior. (e) Top view of a 3D-printed magnetic dolphin robot with low or high filling density. The
magnetic dolphin robot could be actuated by an outer programmed magnetic field (NdFeB magnet,
N35). Reproduced from [247] with permission from John Wiley and Sons.
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In another recent work, 3D-printed magneto-responsive shape memory polymers were
fabricated by combining PLA, thermoplastic PU (TPU), and Fe3O4 particles [168]. The 3D-
printed PLA/TPU/Fe3O4 showed a fast magnetic response, indicating the high efficacy of
heat generation by magnetic particles, and a high recovery ratio. By designing and printing
magnetic-responsive honeycomb and bionic flower-like models, the authors demonstrated
the capacity of this novel material to be used in the development of multifunctional
magneto-responsive printed devices with great potential as biomimetic structures.

5.6. Humidity-Responsive Applications

Water is another prevalent trigger. It has the potential to induce changes in bioprinted
scaffolds through differential water sorption levels, thereby leading to swelling within
distinct compartments of the scaffolds. This phenomenon causes bioprinted scaffolds to
exhibit temporally- and spatially-dependent swelling patterns when submerged in water.

Hydrogel scaffolds composed of photocrosslinked PEG bilayers were developed where
the PEG bilayers were composed of two distinct molecular weights and are crosslinked
through conventional photolithography methods. The driving force behind this self-folding
phenomenon is the differential swelling exhibited by the two PEG bilayers when immersed
in aqueous solutions, resulting in the curvature of the scaffolds. Cells are then encap-
sulated within these PEG bilayers, and in the presence of water, the cell-laden scaffolds
autonomously transform into cylinders of varying radii due to the water-induced self-
folding of the PEG bilayers. The outcomes of these analyses indicate that the encapsulated
cells maintain viability and robust insulin production for a period exceeding eight weeks
within the cultured environment. Through meticulous design, such bioprinted 3D re-
sponsive scaffolds can be tailored to achieve complete customization, thus facilitating the
construction of diverse microscale geometries that align with anatomical relevance [248].

The formation of droplet networks that function in aqueous environments yields novel
structures termed “multisomes”, wherein the encapsulated droplets not only adhere to one
another but also bind to the surface of the oil droplet, forming interface bilayers that facili-
tate intercommunication between droplets and their surroundings. This communication
occurs through membrane pores. By altering the pH or temperature of the surrounding
solution, the contents within the droplets can be released. The multicompartment nature of
multisomes emulates tissue-like structures and offers significant potential in the domains
of synthetic biology and medicine [249].

In a recent work, the hydrophobic nature of zein was exploited to control its self-
assembly in the presence of water [250]. By the 3D printing of zein gel in a supporting
bath of Carbopol containing different amounts of water in an ethanol/water mixture, the
hydrophobic and hydrogen bonding of the plant protein could be modulated, obtaining
materials with different functions. For example, when zein was printed in a supporting
bath with a high concentration of water, a higher drug loading and faster drug release
rate were obtained compared to the gels printed in Carbopol with a lower water content.
As well as this, the degradation rate and porosity of the material were also controlled by
changing the water concentration: zein gels 4D printed in supporting baths with a lower
amount of water showed lower degradation rates. This modulation of the properties of the
printed structures by controlling the hydrophobic self-assembly behavior is crucial for the
development of biomedical materials for tissue engineering.

5.7. Enzymes Responsive Materials

In the context of 4D bioprinting, biological stimuli-responsive polymers tend to hold
more prominence compared to materials that respond to physical or chemical triggers. This
preference can be attributed to several factors. Firstly, biological signal molecules originate
from cellular secretions or natural metabolic processes. Secondly, numerous diseases stem
from the excessive expression of specific proteins at the molecular level or the anomalous
metabolic patterns of biological signals. Hence, the identification of a specific polymer
system capable of selectively responding to disease-associated biological signals holds the
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potential to yield exceptional nanomedicines. These substances could be designed to target
pathological cells specifically, thereby addressing common medication side effects [251].

With the aim of creating a biomaterial that emulates the characteristics of vascularized
alveolar bone, a 4D-printed PEGDA hydrogel was designed. In their study, the authors
outline a novel strategy to produce 4D-printed objects possessing multiple biological
functionalities. These functionalities are established by encapsulating two distinct enzymes,
namely alkaline phosphatase, and thrombin, during the 3D-printing process. To achieve
this, alkaline phosphatase and thrombin were blended with the PEGDA polymer precursor,
subsequently becoming entrapped within the structure formed through printing. This
unique approach leads to a 4D-printed object with the capacity to generate a range of
bioactivities that hold relevance for in vitro tissue-engineering applications. Specifically, the
entrapped alkaline phosphatase plays a role in enabling the localized and pre-programmed
calcification of select parts of the 3D object. In addition, the diffusion of thrombin from the
object initiates the formation of a fibrin biofilm, including living cells, directly on the surface
of the 3D object. They observed that these enzymes, over time, may promote both the
processes of calcification and fiber formation. The study thus demonstrated the potential
of utilizing enzymes to drive the formation of calcified structures and fiber patterns, akin
to natural blood vessels, in the 4D-printed hydrogel construct. This study stands as a
compelling demonstration of the efficacy of 4D-printed hydrogels in realizing intricate 3D
shapes that house multiple active enzymes. Through the utilization of alkaline phosphatase
and thrombin in the context of 4D printing, the researchers have achieved a significant goal:
the creation of a bioinspired object with multifaceted activities. In essence, this study not
only underscores the potential of 4D printing for creating advanced bioactive constructs
but also introduces a paradigm shift in the methodologies used for developing complex
tissue-engineered constructs [252].

In another novel innovation, for the on-site determination of urea and glucose,
a 4D-printed all-in-one needle panel meter was recently fabricated [193]. By adding
2-carboxyethyl acrylate to photocurable resins and coupling with a derivatization reaction
such as the hydrolysis of urea (catalyzed by urease to decrease [H+]) or oxidation of glucose
(mediated by glucose oxidase to increment [H+]), the [H+]-sensitive layer of the 4D-printed
needle allows the quantification of urea or glucose by measuring the bending of the needles
with a Vernier caliper or pre-calibrated concentration scales and simple observation. These
4D-printed devices can be used several times and can detect 4.9 and 7.0 µM of urea and
glucose, respectively. This design has been shown to be able to quantitatively analyze
glucose and urea in human urine, fetal bovine serum, and rat plasma samples.

Table 1. Applications of 3D-printed stimuli-responsive materials.

Stimuli Material Applications Ref.

Light

GelMA-filled silicate nanoplatelets containing hMSCs Promotion of the formation, stability, and
maturation of vascular vessels in vitro [174]

PEG tetrabicyclononyne (Mn ~20,000 Da),
diazide-functionalized synthetic peptide Generation of endothelialized 3D vascular networks [206]

Hyaluronic acid functionalized with photoisomerized
tetra-ortho-methoxy-substituted Azo

crosslinked to cyclodextrins

Regeneration of functional multi-tissue complex
under an external control [208]

PCL, lauric acid, and melanin Controlled release of insulin [211]

Dihydrazide-modified HA hydrogel Effective, localized delivery of anti-cancer agents [212]

PCL impregnated with gold nanoparticles-decorated
carbon nanofibers Controlled drug release [215]

Chitosan microswimmers Controlled drug release [218]

Wool keratin modified with TTFAP and AzA Wound healing and tissue-engineering
applications.Antimicrobial activity [221]

Alginate-gelatin hydrogels coated with PCL and PDA Controlled release of doxorubicin for cancer therapy [223]

CNTs-doped N-isopropylacrylamide
(NIPAM) composite hydrogel Biomimetic aortic valve microstructure [224]
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Table 1. Cont.

Stimuli Material Applications Ref.

Temperature

PCL triol, poly(hexamethylene diisocyanate), and castor oil
Enhancement of the attachment, proliferation, and

differentiation of human bone-marrow-derived
mesenchymal stem cells

[225]

PNIPAM, hydroxyethyl-chitosan, and dithiol-modified
graphene oxide nanosheets Angiogenic activity [226]

PEG and partially methacrylated poly[N-(2-hydroxypropyl)
methacrylamide mono/dilactate] incorporating

polysaccharides
Cartilage repair [227]

PNIPAM grafted hyaluronan and methacrylated hyaluronan Chondrogenesis [228]

Decellularized cartilage extracellular matrix, methacrylated
gelatin, and sodium alginate Chondrogenesis [229]

Poly(lactic-co-glycolic acid)-PEG Bone repair [230]

Poly(organophosphazene), BMP-2, and TGF-β1 Bone regeneration [231]

PCL-PEG-PCL triblock polymers Skin regeneration and wound repair [232]

PU nanoparticles with the inclusion of oligodiols [PCL diol,
poly(L-lactide) diol and poly(D,L-lactide) diol]

Promotion of neural stem cells’ proliferation
and differentiation [233]

PU Promotion of neural stem cells’ proliferation
and differentiation [234]

Sodium alginate grafted with
PNIPAM-co-N-tert-butylacrylamide Promotion of cell spheroid formation [235]

Electric field

Alginate–gelatin containing PPy:PSS Promotion of cell adhesion and proliferation [239]

PEDOT coated with collagen Electrical controlled drug release [240]

Agarose/alginate–aniline tetramer Controlled dexamethasone release for
neurodegenerative diseases’ treatment [243]

Magnetorheological elastomer composites with conductive
carbon black polylactic acid

Supportive treatments, including tracheal splints
and shattered bones [244]

Magnetic field

PLA/TPU/Fe3O4 Development of biomimetic structures [168]

Gelatin methacryloyl with iron oxide nanoparticles Generation of bioinspired soft robotic systems [213]

Nanoclay-incorporated double-network hydrogel with
magnetite nanoparticles Magnetic guided movement [214]

Humidity

PEG bilayers 3D biological studies and tissue engineering [248]

Multisomes Domain of synthetic biology and medicine [249]

Zein gel in a supporting bath of Carbopol Development of controlled self-assembly
biomedical materials [250]

Enzymes

PEGDA hydrogel with alkaline phosphatase and thrombin Formation of calcified structures and fiber patterns [252]

2-carboxyethyl acrylate added to photocurable resins and
derivatized with urease and glucose oxidase On-site determination of urea and glucose [193]

6. Current Challenges and Future Prospects

Although there have been significant advancements in 4D bioprinting for tissue
engineering and regenerative medicine applications (Table 1), many challenges remain for
the widespread clinical implementation of this technology. Critical obstacles may appear
when considering material properties. Designing bioinks with suitable viscosity and the
ability to withstand the conditions of the printing process while maintaining the stimuli-
responsive behavior after fabrication poses important difficulties. Moreover, the mimicking
of the biochemical and mechanical properties for recreating microenvironments of native
tissues, the incorporation of multiple cell types in the same construct, and the design of bio-
printed materials that respond to different type of stimuli to emulate the in vivo situation
are still difficult challenges for 4D-bioprinting technologies. The desired degradation
behavior of 4D-bioprinted constructs could also be complex to achieve as it could be
influenced by diverse intrinsic properties (composition, structure, processing conditions)
and extrinsic factors (microenvironment, healing rate, and immune response). Current
printing technologies are limited at this time in creating structures incorporating multiple
materials with different properties and stimuli responsiveness. They are also limited in
meeting the high levels of resolution and accuracy needed for some bioprinted constructs.
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In terms of biocompatibility, from a general perspective, an effective clinical transla-
tion of 4D-bioprinted devices should require the use of non-immunogenic and non-toxic
materials that guarantee patient safety. It is also of the upmost importance that the cells
encapsulated within the structures remain viable after being exposed to shear stresses
during the bioprinting process. For instance, the incorporation of nanoclay particles or
the modification with bioactive peptides have been shown to improve cell viability within
4D-bioprinted materials [253,254].

Other significant challenges to be met up by 4D printing for regenerative medicine and
tissue-engineering applications are scalability and mass production. For these purposes,
printing processes should achieve time efficiency and cost-effectiveness for the definitive
adoption and clinical translation of 4D-bioprinted constructs. In this sense, integration with
additive manufacturing or injection molding are envisioned. Clinical applications of 4D-
printed biomedical devices also require complying with the approval of regulatory agencies
(e.g., FDA), where new guidelines could be needed to address the unique properties of
these devices. In this complex scenario, preclinical studies, clinical trials, and post-market
surveillance will be on track. Moreover, several ethical considerations including informed
consent, patient privacy, and equitable access will arise for the clinical implementation of
4D-bioprinting technology.

Future directions in the realm of 4D bioprinting should present innovative solutions
to urgent clinical challenges and pave the way for new avenues of research. Currently, a
notable limitation lies in the sensitivity of most available polymeric materials and hydrogels,
which respond to a single stimulus, or in the adaptability of those sensitive to multiple
stimuli, which undergo simple deformations, such as folding, curling, and bending, creating
difficulties for the use of these materials in the complex human environment. A pivotal
advancement comes in the form of multi-material and multi-process printing, enabling
the fabrication of intricate, multifunctional structures made up of specific regions with
different thermal, electrical, or mechanical properties, capable of responding to diverse
stimuli in different ways. In that sense, the integration of nanomaterials into shape-memory
polymers and hydrogels shows promise for constructing multifunctional bioengineered
tissues with exceptional biomechanical properties [17]. This progress has left an indelible
mark on 4D-printing applications in biomedical engineering, smart materials, and soft
robotics. Overcoming existing challenges, including the advancement of printing systems
and ensuring material compatibility, will undoubtedly expand the potential of 4D-printing
technology [255,256].

Environmentally friendly and biodegradable materials for 4D printing in biomedical
engineering are becoming more and more popular as worries about the effects of mate-
rials and waste management on the environment grow. In order to create biodegradable
synthetic polymers for 4D printing, researchers are actively investigating the utilization
of naturally produced materials like chitosan or cellulose [257]. The adoption of these
materials might lead to more sustainable healthcare practices and reduce the negative
environmental effects of biomedical equipment.

In the context of organ design and tissue regeneration, it is imperative not only to
enhance biocompatibility but also to establish interlinkages within vascular tissues. The
vascular system of organs and tissues hinges on the interconnectedness between vascular
cells and tissue-specific cells. This interconnection is contingent on cell types and contents,
necessitating meticulous attention when designing co-cultured tissue regenerative systems.
Despite strides in 4D-bioprinting technology, efforts are indispensable to enhance the biome-
chanical performance of vascular tissue grafts and replicate the biological functionality
and structural complexity of in vivo vascularization. Moreover, the integration of vascular
tissues into living material poses another challenge that warrants scientific attention. The
fusion of living cells with 4D-printed structures holds promise for developing biohybrid
systems that exhibit the desired characteristics of both biological tissues and engineered
materials, potentially diminishing the need for organ transplantation.
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In the realm of personalized medicine, 4D printing assumes a significant role by
facilitating the fabrication of patient-specific devices and structures tailored to individual
needs. This encompasses the development of customizable implants and prosthetics
that precisely conform to a patient’s anatomy, as well as patient-specific drug delivery
systems for the optimal dosing and targeted delivery of therapeutic agents. Moreover, the
integration of cells directly derived from patients would efficiently prevent rejection from
the immune system when bioprinted constructs were implanted in vivo. More efficient
therapies and better patient outcomes might result from the broad use of 4D printing in
customized medicine.

Furthermore, the incorporation of self-healing properties into 4D-printed devices could
enable the structures to repair themselves in response to damage, thereby reducing the need
for replacement or invasive surgeries [258]. Moreover, the improvement of these implants
with the integration of sensors and electronics into these printed structures represents a
promising area of research. More individualized and successful treatment regimens might
be made possible by these electronic components, which could also follow the healing
process, monitor, identify potential issues, and give feedback to healthcare personnel.

Future innovations are also centered on the synthesis, design, and application of
materials and devices at the nanoscale, with the aim of reducing side effects, improving
therapeutic efficacy, and enabling personalized medicine. The confluence of nanomedicine
with 4D-printing technology promises to revolutionize healthcare and improve patient
outcomes through novel approaches to illness detection, management, and prevention.

For everything mentioned above, improvements in the current techniques are required.
Advances in 4D-printing techniques, including the infusion of machine learning and AI-
driven design, are paramount for predicting material behavior and guiding the selection of
geometries, materials, and fabrication parameters to achieve desired functionalities. The
judicious application of these technologies will undoubtedly lead to more streamlined
and effective fabrication processes, resulting in the enhanced capabilities of 4D-printing
technology across a spectrum of applications and industries [259,260].

The considerations discussed herein are essential for establishing 4D bioprinting as
a groundbreaking technology in bioengineering. Nevertheless, the transition of these
concepts from laboratory settings to real-world applications necessitates the optimization
of both automation and scalability in the processes outlined above. Advancements in
automated quality control systems, high-throughput manufacturing techniques, and the
creation of standardized procedures and guidelines will accelerate the large-scale manu-
facture, increased affordability, and effective clinical translation of 4D-printed structures.
Advances in scalable and automated manufacturing processes will surely be revealed by
ongoing research, which will be crucial in realizing the full potential of 4D printing and
enabling its smooth integration into a variety of applications.

7. Conclusions

The process of 4D printing is a rapidly developing technology that is revolutionizing
the biomedical field. By employing stimuli-responsive materials 4D printing allows for
the creation of objects that can change shape or function over time in response to envi-
ronmental stimuli. The ability of 4D-printed constructs to adapt and respond to their
environment holds immense promise for various biomedical applications, including drug
delivery systems, biosensors, tissue engineering, and medical devices. Indeed, applications
drive the appropriate selection of biomaterials and stimuli to achieve optimal efficacy
for 4D-bioprinted scaffolds. This could be used to improve the efficacy and reduce the
side effects of drugs, repair damaged tissues, or to create new organs that are not possi-
ble with traditional manufacturing methods. The potential applications of 4D printing
in the biomedical field are vast and still being explored. As the technology continues
to develop, it is likely that 4D printing will have a major impact on different medical
procedures [261]. In conclusion, this groundbreaking technology opens up a plethora of
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possibilities for developing innovative biomedical solutions that transcend the limitations
of conventional therapies.
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39. Pilipović, A.; Baršić, G.; Katić, M.; Havstad, M.R. Repeatability and Reproducibility Assessment of a PolyJet Technology Using

X-ray Computed Tomography. Appl. Sci. 2020, 10, 7040. [CrossRef]
40. Dilag, J.; Chen, T.; Li, S.; Bateman, S.A. Design and direct additive manufacturing of three-dimensional surface micro-structures

using material jetting technologies. Addit. Manuf. 2019, 27, 167–174. [CrossRef]
41. Khosravani, M.R.; Reinicke, T. On the environmental impacts of 3D printing technology. Appl. Mater. Today 2020, 20, 100689.

[CrossRef]
42. Melchels, F.P.W.; Feijen, J.; Grijpma, D.W. A review on stereolithography and its applications in biomedical engineering.

Biomaterials 2010, 31, 6121–6130. [CrossRef]
43. Skoog, S.A.; Goering, P.L.; Narayan, R.J. Stereolithography in tissue engineering. J. Mater. Sci. Mater. Med. 2014, 25, 845–856.

[CrossRef] [PubMed]
44. Ding, J.; Zhang, J.; Li, J.; Li, D.; Xiao, C.; Xiao, H.; Yang, H.; Zhuang, X.; Chen, X. Electrospun polymer biomaterials. Prog. Polym.

Sci. 2019, 90, 1–34. [CrossRef]
45. Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef] [PubMed]
46. Hopp, B.; Smausz, T.; Kresz, N.; Barna, N.; Bor, Z.; Kolozsvári, L.; Chrisey, D.B.; Szabó, A.; Nógrádi, A. Survival and Proliferative

Ability of Various Living Cell Types after Laser-Induced Forward Transfer. Tissue Eng. 2006, 11, 1817–1823. [CrossRef]
47. Pedde, R.D.; Mirani, B.; Navaei, A.; Styan, T.; Wong, S.; Mehrali, M.; Thakur, A.; Mohtaram, N.K.; Bayati, A.; Dolatshahi-Pirouz, A.; et al.

Emerging Biofabrication Strategies for Engineering Complex Tissue Constructs. Adv. Mater. 2017, 29, 1606061. [CrossRef]
48. Schiele, N.R.; Corr, D.T.; Huang, Y.; Raof, N.A.; Xie, Y.; Chrisey, D.B. Laser-based direct-write techniques for cell printing.

Biofabrication 2010, 2, 032001. [CrossRef] [PubMed]
49. Maruo, S.; Fourkas, J.T. Recent progress in multiphoton microfabrication. Laser Photon. Rev. 2008, 2, 100–111. [CrossRef]
50. Farsari, M. 3D Printing via Multiphoton Polymerization. In Nanomaterials for 2D and 3D Printing; Magdassi, S., Kamyshny, A.,

Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2017; pp. 83–105. [CrossRef]
51. Leist, S.K.; Zhou, J. Current status of 4D printing technology and the potential of light-reactive smart materials as 4D printable

materials. Virtual Phys. Prototyp. 2016, 11, 249–262. [CrossRef]
52. Salimon, A.I.; Senatov, F.S.; Kalyaev, V.A.; Korsunsky, A.M. Shape memory polymer blends and composites for 3D and 4D printing

applications. In 3D and 4D Printing of Polymer Nanocomposite Materials: Processes, Applications, and Challenges; Sadasivuni, K.K.,
Deshmukh, K., AlMaadeed, M.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 161–189. [CrossRef]

53. Miyata, T.; Asami, N.; Uragani, T. A reversibly antigen-responsive hydrogel. Nature 1999, 399, 766–769. [CrossRef]
54. Yang, B.; Huang, W.M.; Li, C.; Li, L. Effects of moisture on the thermomechanical properties of a polyurethane shape memory

polymer. Polymer 2006, 47, 1348–1356. [CrossRef]
55. Cho, J.W.; Kim, J.W.; Jung, Y.C.; Goo, N.S. Electroactive Shape-Memory Polyurethane Composites Incorporating Carbon

Nanotubes. Macromol. Rapid Commun. 2005, 26, 412–416. [CrossRef]
56. Mañosa, L.; González-Alonso, D.; Planes, A.; Bonnot, E.; Barrio, M.; Tamarit, J.L.; Aksoy, S.; Acet, M. Giant solid-state barocaloric

effect in the Ni–Mn–In magnetic shape-memory alloy. Nat. Mater. 2010, 9, 478–481. [CrossRef] [PubMed]

https://doi.org/10.1016/j.polymertesting.2010.10.011
https://doi.org/10.1080/17452759.2013.838825
https://doi.org/10.1038/nmat1421
https://doi.org/10.3390/bioengineering5010002
https://doi.org/10.1016/j.msec.2017.05.017
https://www.ncbi.nlm.nih.gov/pubmed/28575964
https://doi.org/10.1016/j.powtec.2017.12.058
https://doi.org/10.1016/j.optlaseng.2005.08.005
https://doi.org/10.1016/j.optlaseng.2013.12.017
https://doi.org/10.1115/1.1649966
https://doi.org/10.1051/metal/2021063
https://doi.org/10.1002/adhm.201601118
https://www.ncbi.nlm.nih.gov/pubmed/27995751
https://doi.org/10.3390/molecules21060685
https://doi.org/10.1186/s13036-015-0001-4
https://doi.org/10.1002/adma.201302042
https://doi.org/10.3390/app10207040
https://doi.org/10.1016/j.addma.2019.01.009
https://doi.org/10.1016/j.apmt.2020.100689
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.1007/s10856-013-5107-y
https://www.ncbi.nlm.nih.gov/pubmed/24306145
https://doi.org/10.1016/j.progpolymsci.2019.01.002
https://doi.org/10.1038/nbt.2958
https://www.ncbi.nlm.nih.gov/pubmed/25093879
https://doi.org/10.1089/ten.2005.11.1817
https://doi.org/10.1002/adma.201606061
https://doi.org/10.1088/1758-5082/2/3/032001
https://www.ncbi.nlm.nih.gov/pubmed/20814088
https://doi.org/10.1002/lpor.200710039
https://doi.org/10.1002/9783527685790.CH5
https://doi.org/10.1080/17452759.2016.1198630
https://doi.org/10.1016/B978-0-12-816805-9.00006-5
https://doi.org/10.1038/21619
https://doi.org/10.1016/j.polymer.2005.12.051
https://doi.org/10.1002/marc.200400492
https://doi.org/10.1038/nmat2731
https://www.ncbi.nlm.nih.gov/pubmed/20364140


Pharmaceutics 2023, 15, 2743 30 of 37

57. Lendlein, A.; Gould, O.E.C. Reprogrammable recovery and actuation behaviour of shape-memory polymers. Nat. Rev. Mater.
2019, 4, 116–133. [CrossRef]

58. Hardy, J.G.; Palma, M.; Wind, S.J.; Biggs, M.J. Responsive Biomaterials: Advances in Materials Based on Shape-Memory Polymers.
Adv. Mater. 2016, 28, 5717–5724. [CrossRef] [PubMed]

59. Zhang, Y.; Wang, Q.; Yi, S.; Lin, Z.; Wang, C.; Chen, Z.; Jiang, L. 4D Printing of Magnetoactive Soft Materials for On-Demand
Magnetic Actuation Transformation. ACS Appl. Mater. Interfaces 2021, 13, 4174–4184. [CrossRef] [PubMed]

60. Ashammakhi, N.; Ahadian, S.; Zengjie, F.; Suthiwanich, K.; Lorestani, F.; Orive, G.; Ostrovidov, S.; Khademhosseini, A. Advances
and Future Perspectives in 4D Bioprinting. Biotechnol. J. 2018, 13, 1800148. [CrossRef]

61. Haskew, M.J.; Hardy, J.G. A Mini-Review of Shape-Memory Polymer-Based Materials: Stimuli-responsive shape-memory
polymers. Johns. Matthey Technol. Rev. 2020, 64, 425–442. [CrossRef]

62. Abdullah, S.A.; Jumahat, A.; Abdullah, N.R.; Frormann, L. Determination of Shape Fixity and Shape Recovery Rate of Carbon
Nanotube-filled Shape Memory Polymer Nanocomposites. Procedia Eng. 2012, 41, 1641–1646. [CrossRef]

63. Monzón, M.D.; Paz, R.; Pei, E.; Ortega, F.; Suárez, L.A.; Ortega, Z.; Alemán, M.E.; Plucinski, T.; Clow, N. 4D printing: Processability
and measurement of recovery force in shape memory polymers. Int. J. Adv. Manuf. Technol. 2017, 89, 1827–1836. [CrossRef]

64. Behl, M.; Lendlein, A. Shape-memory polymers. Mater. Today 2007, 10, 20–28. [CrossRef]
65. Mohammadalizadeh, Z.; Bahremandi-Toloue, E.; Karbasi, S. Recent advances in modification strategies of pre- and post-

electrospinning of nanofiber scaffolds in tissue engineering. React. Funct. Polym. 2022, 172, 105202. [CrossRef]
66. Miao, S.; Zhu, W.; Castro, N.J.; Nowicki, M.; Zhou, X.; Cui, H.; Fisher, J.P.; Zhang, L.G. 4D printing smart biomedical scaffolds

with novel soybean oil epoxidized acrylate. Sci. Rep. 2016, 6, 27226. [CrossRef] [PubMed]
67. Hendrikson, W.J.; Rouwkema, J.; Clementi, F.; Van Blitterswijk, C.A.; Farè, S.; Moroni, L. Towards 4D printed scaffolds for tissue

engineering: Exploiting 3D shape memory polymers to deliver time-controlled stimulus on cultured cells. Biofabrication 2017, 9,
031001. [CrossRef] [PubMed]

68. González-Henríquez, C.M.; Sarabia-Vallejos, M.A.; Rodriguez-Hernandez, J. Polymers for additive manufacturing and 4D-
printing: Materials, methodologies, and biomedical applications. Prog. Polym. Sci. 2019, 94, 57–116. [CrossRef]

69. Pandey, A.; Singh, G.; Singh, S.; Jha, K.; Prakash, C. 3D printed biodegradable functional temperature-stimuli shape memory
polymer for customized scaffoldings. J. Mech. Behav. Biomed. Mater. 2020, 108, 103781. [CrossRef]

70. Cheng, C.Y.; Xie, H.; Xu, Z.; Li, L.; Jiang, M.N.; Tang, L.; Yang, K.K.; Wang, Y.Z. 4D printing of shape memory aliphatic copolyester
via UV-assisted FDM strategy for medical protective devices. Chem. Eng. J. 2020, 396, 125242. [CrossRef]

71. Wei, H.; Zhang, Q.; Yao, Y.; Liu, L.; Liu, Y.; Leng, J. Direct-write fabrication of 4D active shape-changing structures based on a
shape memory polymer and its nanocomposite. ACS Appl. Mater. Interfaces 2017, 9, 876–883. [CrossRef]

72. Hartl, D.J.; Lagoudas, D.C. Aerospace applications of shape memory alloys. Proc. Inst. Mech. Eng. Part G J. Aerosp. Eng. 2007, 221,
535–552. [CrossRef]

73. O’Handley, R.C. Model for strain and magnetization in magnetic shape-memory alloys. J. Appl. Phys. 1998, 83, 3263–3270.
[CrossRef]

74. Mouritz, A.P. Titanium alloys for aerospace structures and engines. In Introduction to Aerospace Materials; Mouritz, A.P., Ed.;
Woodhead Publishing: Sawston, UK, 2012; pp. 202–223. [CrossRef]

75. Paul, D.I.; McGehee, W.; O’Handley, R.C.; Richard, M. Ferromagnetic shape memory alloys: A theoretical approach. J. Appl. Phys.
2007, 101, 123917. [CrossRef]

76. Lu, H.Z.; Yang, C.; Luo, X.; Ma, H.W.; Song, B.; Li, Y.Y.; Zhang, L.C. Ultrahigh-performance TiNi shape memory alloy by 4D
printing. Mater. Sci. Eng. A 2019, 763, 138166. [CrossRef]

77. Khoo, Z.X.; An, J.; Chua, C.K.; Shen, Y.F.; Kuo, C.N.; Liu, Y. Effect of Heat Treatment on Repetitively Scanned SLM NiTi Shape
Memory Alloy. Materials 2019, 12, 77. [CrossRef] [PubMed]

78. Khoo, Z.X.; Liu, Y.; Low, Z.H.; An, J.; Chua, C.K.; Leong, K.F. Fabrication of SLM NiTi Shape Memory Alloy via Repetitive Laser
Scanning. Shape Mem. Superelasticity 2018, 4, 112–120. [CrossRef]

79. Dadbakhsh, S.; Speirs, M.; Kruth, J.P.; Schrooten, J.; Luyten, J.; Van Humbeeck, J. Effect of SLM Parameters on Transformation
Temperatures of Shape Memory Nickel Titanium Parts. Adv. Eng. Mater. 2014, 16, 1140–1146. [CrossRef]

80. Liu, C.; Qin, H.; Mather, P.T. Review of progress in shape-memory polymers. J. Mater. Chem. 2007, 17, 1543–1558. [CrossRef]
81. Erkeçoglu, S.; Sezer, A.D.; Bucak, S. Smart Delivery Systems with Shape Memory and Self-Folding Polymers. In Smart Drug

Delivery System; Sezer, A.D., Ed.; IntechOpen: London, UK, 2016. [CrossRef]
82. Lai, A.; Du, Z.; Gan, C.L.; Schuh, C.A. Shape memory and superelastic ceramics at small scales. Science 2013, 341, 1505–1508.

[CrossRef] [PubMed]
83. Speirs, M.; Van Hooreweder, B.; Van Humbeeck, J.; Kruth, J.P. Fatigue behaviour of NiTi shape memory alloy scaffolds produced

by SLM, a unit cell design comparison. J. Mech. Behav. Biomed. Mater. 2017, 70, 53–59. [CrossRef] [PubMed]
84. Guo, Y.; Liu, Y.; Liu, J.; Zhao, J.; Zhang, H.; Zhang, Z. Shape memory epoxy composites with high mechanical performance

manufactured by multi-material direct ink writing. Compos. Part A Appl. Sci. Manuf. 2020, 135, 105903. [CrossRef]
85. Ryan, K.R.; Down, M.P.; Banks, C.E. Future of additive manufacturing: Overview of 4D and 3D printed smart and advanced

materials and their applications. Chem. Eng. J. 2021, 403, 126162. [CrossRef]
86. Van Der Linden, H.J.; Herber, S.; Olthuis, W.; Bergveld, P. Stimulus-sensitive hydrogels and their applications in chemical

(micro)analysis. Analyst 2003, 128, 325–331. [CrossRef] [PubMed]

https://doi.org/10.1038/s41578-018-0078-8
https://doi.org/10.1002/adma.201505417
https://www.ncbi.nlm.nih.gov/pubmed/27120512
https://doi.org/10.1021/acsami.0c19280
https://www.ncbi.nlm.nih.gov/pubmed/33398983
https://doi.org/10.1002/biot.201800148
https://doi.org/10.1595/205651319X15754757916993
https://doi.org/10.1016/j.proeng.2012.07.362
https://doi.org/10.1007/s00170-016-9233-9
https://doi.org/10.1016/S1369-7021(07)70047-0
https://doi.org/10.1016/j.reactfunctpolym.2022.105202
https://doi.org/10.1038/srep27226
https://www.ncbi.nlm.nih.gov/pubmed/27251982
https://doi.org/10.1088/1758-5090/aa8114
https://www.ncbi.nlm.nih.gov/pubmed/28726680
https://doi.org/10.1016/j.progpolymsci.2019.03.001
https://doi.org/10.1016/j.jmbbm.2020.103781
https://doi.org/10.1016/j.cej.2020.125242
https://doi.org/10.1021/acsami.6b12824
https://doi.org/10.1243/09544100JAERO211
https://doi.org/10.1063/1.367094
https://doi.org/10.1533/9780857095152.202
https://doi.org/10.1063/1.2740328
https://doi.org/10.1016/j.msea.2019.138166
https://doi.org/10.3390/ma12010077
https://www.ncbi.nlm.nih.gov/pubmed/30587793
https://doi.org/10.1007/s40830-017-0139-7
https://doi.org/10.1002/adem.201300558
https://doi.org/10.1039/b615954k
https://doi.org/10.5772/62199
https://doi.org/10.1126/science.1239745
https://www.ncbi.nlm.nih.gov/pubmed/24072920
https://doi.org/10.1016/j.jmbbm.2017.01.016
https://www.ncbi.nlm.nih.gov/pubmed/28162939
https://doi.org/10.1016/j.compositesa.2020.105903
https://doi.org/10.1016/j.cej.2020.126162
https://doi.org/10.1039/b210140h
https://www.ncbi.nlm.nih.gov/pubmed/12741636


Pharmaceutics 2023, 15, 2743 31 of 37

87. Prabaharan, M.; Mano, J.F. Stimuli-Responsive Hydrogels Based on Polysaccharides Incorporated with Thermo-Responsive
Polymers as Novel Biomaterials. Macromol. Biosci. 2006, 6, 991–1008. [CrossRef] [PubMed]

88. Tokarev, I.; Minko, S. Stimuli-responsive hydrogel thin films. Soft Matter 2009, 5, 511–524. [CrossRef]
89. Qiu, Y.; Park, K. Environment-sensitive hydrogels for drug delivery. Adv. Drug Deliv. Rev. 2001, 53, 321–339. [CrossRef] [PubMed]
90. Ahmed, E.M. Hydrogel: Preparation, characterization, and applications: A review. J. Adv. Res. 2015, 6, 105–121. [CrossRef]

[PubMed]
91. Catoira, M.C.; Fusaro, L.; Di Francesco, D.; Ramella, M.; Boccafoschi, F. Overview of natural hydrogels for regenerative medicine

applications. J. Mater. Sci. Mater. Med. 2019, 30, 115. [CrossRef]
92. Hivare, P.; Gangrade, A.; Swarup, G.; Bhavsar, K.; Singh, A.; Gupta, R.; Thareja, P.; Gupta, S.; Bhatia, D. Peptide functionalized

DNA hydrogel enhances neuroblastoma cell growth and differentiation. Nanoscale 2022, 14, 8611–8620. [CrossRef]
93. Osada, Y.; Matsuda, A. Shape memory in hydrogels. Nature 1995, 376, 219. [CrossRef]
94. Wu, J.J.; Huang, L.M.; Zhao, Q.; Xie, T. 4D Printing: History and Recent Progress. Chin. J. Polym. Sci. 2018, 36, 563–575. [CrossRef]
95. Saska, S.; Pilatti, L.; Blay, A.; Shibli, J.A. Bioresorbable Polymers: Advanced Materials and 4D Printing for Tissue Engineering.

Polymers 2021, 13, 563. [CrossRef] [PubMed]
96. D’souza, A.A.; Shegokar, R. Polyethylene glycol (PEG): A versatile polymer for pharmaceutical applications. Expert Opin. Drug

Deliv. 2016, 13, 1257–1275. [CrossRef] [PubMed]
97. Ge, G.; Wang, Q.; Zhang, Y.Z.; Alshareef, H.N.; Dong, X. 3D Printing of Hydrogels for Stretchable Ionotronic Devices. Adv. Funct.

Mater. 2021, 31, 2107437. [CrossRef]
98. Pinho, A.C.; Buga, C.S.; Piedade, A.P. The chemistry behind 4D printing. Appl. Mater. Today 2020, 19, 100611. [CrossRef]
99. Lin, Q.; Li, L.; Tang, M.; Hou, X.; Ke, C. Rapid macroscale shape morphing of 3D-printed polyrotaxane monoliths amplified from

pH-controlled nanoscale ring motions. J. Mater. Chem. C 2018, 6, 11956–11960. [CrossRef]
100. Yang, G.; Liu, X.; Tok, A.I.Y.; Lipik, V. Body temperature-responsive two-way and moisture-responsive one-way shape memory

behaviors of poly(ethylene glycol)-based networks. Polym. Chem. 2017, 8, 3833–3840. [CrossRef]
101. Sumaru, K.; Katsuhide, O.; Toshiyuki, T.; Toshiyuki, K.; Toshio, S. Photoresponsive properties of poly(N-isopropylacrylamide)

hydrogel partly modified with spirobenzopyran. Langmuir 2006, 22, 4353–4356. [CrossRef]
102. Bakarich, S.E.; Gorkin, R.; Panhuis, M.; Spinks, G.M. 4D Printing with Mechanically Robust, Thermally Actuating Hydrogels.

Macromol. Rapid Commun. 2015, 36, 1211–1217. [CrossRef]
103. Halligan, E.; Zhuo, S.; Colbert, D.M.; Alsaadi, M.; Hieng Tie, B.S.; BEzerra, G.; Keane, G.; Geever, L. Modulation of the Lower

Critical Solution Temperature of Thermoresponsive Poly(N-vinylcaprolactam) Utilizing Hydrophilic and Hydrophobic Monomers.
Polymers 2023, 15, 1595. [CrossRef]

104. Debons, N.; Dems, D.; Hélary, C.; Le Grill, S.; Picaut, L.; Renaud, F.; Delsuc, N.; Schanne-Klein, M.-C.; Coradin, T.; Aimé, C.
Differentiation of neural-type cells on multi-scale ordered collagen-silica bionanocomposites. Biomater. Sci. 2020, 8, 569–576.
[CrossRef]

105. Mebert, A.M.; Alvarez, G.S.; Peroni, R.; Illoul, C.; Hélary, C.; Coradin, T.; Desimone, M.F. Collagen-silica nanocomposites as
dermal dressings preventing infection in vivo. Mater. Sci. Eng. C 2018, 93, 170–177. [CrossRef]

106. Foglia, M.L.; Mitarotonda, R.; De Marzi, M.C.; Desimone, M.F. Silicified collagen materials: Modulation of the in vitro and in vivo
response. Mater. Sci. Eng. C 2019, 99, 47–56. [CrossRef] [PubMed]

107. Gomez-Guillen, M.C.; Gimenez, B.; Lopez-Caballero, M.E.; Montero, M.P. Functional and bioactive properties of collagen and
gelatin from alternative sources: A review. Food Hydrocoll. 2011, 25, 1813–1827. [CrossRef]

108. Pati, F.; Jang, J.; Ha, D.H.; Won Kim, S.; Rhie, J.W.; Shim, J.H.; Kim, D.H.; Cho, D.W. Printing three-dimensional tissue analogues
with decellularized extracellular matrix bioink. Nat. Commun. 2014, 5, 3935. [CrossRef] [PubMed]

109. Lukin, I.; Erezuma, I.; Maeso, L.; Zarate, J.; Desimone, M.F.; Al-Tel, T.H.; Dolatshahi-Pirouz, A.; Orive, G. Progress in Gelatin as
Biomaterial for Tissue Engineering. Pharmaceutics 2022, 14, 1177. [CrossRef] [PubMed]

110. Alexa, R.L.; Iovu, H.; Ghitman, J.; Serafim, A.; Stavarache, C.; Marin, M.M.; Ianchis, R. 3D-Printed Gelatin Methacryloyl-Based
Scaffolds with Potential Application in Tissue Engineering. Polymers 2021, 13, 727. [CrossRef]

111. Deng, K.; Liu, Z.; Hu, J.; Liu, W.; Zhang, L.; Xie, R.; Ju, X.; Wang, W.; Chu, L. Composite bilayer films with organic compound-
triggered bending properties. Chin. J. Chem. Eng. 2019, 27, 2587–2595. [CrossRef]

112. Lee, A.Y.; Zhou, A.; An, J.; Chua, C.K.; Zhang, Y. Contactless reversible 4D-printing for 3D-to-3D shape morphing. Virtual Phys.
Prototyp. 2020, 15, 481–495. [CrossRef]

113. Zhao, Z.; Wu, J.; Mu, X.; Chen, H.; Qi, H.J.; Fang, D. Desolvation Induced Origami of Photocurable Polymers by Digit Light
Processing. Macromol. Rapid Commun. 2017, 38, 1600625. [CrossRef]

114. Su, J.W.; Tao, X.; Deng, H.; Zhang, C.; Jiang, S.; Lin, Y.; Lin, J. 4D printing of a self-morphing polymer driven by a swellable guest
medium. Soft Matter 2018, 14, 765–772. [CrossRef]

115. Thomsen, D.L.; Keller, P.; Naciri, J.; Pink, R.; Jeon, H.; Shenoy, D.; Ratna, B.R. Liquid crystal elastomers with mechanical properties
of a muscle. Macromolecules 2001, 34, 5868–5875. [CrossRef]

116. Camacho-Lopez, M.; Finkelmann, H.; Palffy-Muhoray, P.; Shelley, M. Fast liquid-crystal elastomer swims into the dark.
Nat. Mater. 2004, 3, 307–310. [CrossRef]

117. Ma, B.; Xu, C.; Cui, L.; Zhao, C.; Liu, H. Magnetic Printing of Liquid Metal for Perceptive Soft Actuators with Embodied
Intelligence. ACS Appl. Mater. Interfaces 2021, 13, 5574–5582. [CrossRef] [PubMed]

https://doi.org/10.1002/mabi.200600164
https://www.ncbi.nlm.nih.gov/pubmed/17128423
https://doi.org/10.1039/B813827C
https://doi.org/10.1016/S0169-409X(01)00203-4
https://www.ncbi.nlm.nih.gov/pubmed/11744175
https://doi.org/10.1016/j.jare.2013.07.006
https://www.ncbi.nlm.nih.gov/pubmed/25750745
https://doi.org/10.1007/s10856-019-6318-7
https://doi.org/10.1039/D1NR07187D
https://doi.org/10.1038/376219a0
https://doi.org/10.1007/s10118-018-2089-8
https://doi.org/10.3390/polym13040563
https://www.ncbi.nlm.nih.gov/pubmed/33668617
https://doi.org/10.1080/17425247.2016.1182485
https://www.ncbi.nlm.nih.gov/pubmed/27116988
https://doi.org/10.1002/adfm.202107437
https://doi.org/10.1016/j.apmt.2020.100611
https://doi.org/10.1039/C8TC02834F
https://doi.org/10.1039/C7PY00786H
https://doi.org/10.1021/la052899+
https://doi.org/10.1002/marc.201500079
https://doi.org/10.3390/polym15071595
https://doi.org/10.1039/C9BM01029G
https://doi.org/10.1016/j.msec.2018.07.078
https://doi.org/10.1016/j.msec.2019.01.086
https://www.ncbi.nlm.nih.gov/pubmed/30889722
https://doi.org/10.1016/j.foodhyd.2011.02.007
https://doi.org/10.1038/ncomms4935
https://www.ncbi.nlm.nih.gov/pubmed/24887553
https://doi.org/10.3390/pharmaceutics14061177
https://www.ncbi.nlm.nih.gov/pubmed/35745750
https://doi.org/10.3390/polym13050727
https://doi.org/10.1016/j.cjche.2018.11.018
https://doi.org/10.1080/17452759.2020.1822189
https://doi.org/10.1002/marc.201600625
https://doi.org/10.1039/C7SM01796K
https://doi.org/10.1021/ma001639q
https://doi.org/10.1038/nmat1118
https://doi.org/10.1021/acsami.0c20418
https://www.ncbi.nlm.nih.gov/pubmed/33472372


Pharmaceutics 2023, 15, 2743 32 of 37

118. Kaiser, A.; Winkler, M.; Krause, S.; Finkelmann, H.; Schmidt, A.M. Magnetoactive liquid crystal elastomer nanocomposites.
J. Mater. Chem. 2009, 19, 538–543. [CrossRef]

119. Ohm, C.; Brehmer, M.; Zentel, R. Liquid Crystalline Elastomers as Actuators and Sensors. Adv. Mater. 2010, 22, 3366–3387.
[CrossRef] [PubMed]

120. Ma, J.; Yang, Y.; Valenzuela, C.; Zhang, X.; Wang, L.; Feng, W. Mechanochromic, Shape-Programmable and Self-Healable
Cholesteric Liquid Crystal Elastomers Enabled by Dynamic Covalent Boronic Ester Bonds. Angew. Chem. Int. Ed. 2022, 61,
e202116219. [CrossRef] [PubMed]

121. Nie, Z.Z.; Zuo, B.; Wang, M.; Huang, S.; Chen, X.M.; Liu, Z.Y.; Yang, H. Light-driven continuous rotating Möbius strip actuators.
Nat. Commun. 2021, 12, 2334. [CrossRef]

122. Wang, Q.; Yu, L.; Yu, M.; Zhao, D.; Song, P.; Chi, H.; Guo, L.; Yang, H. Liquid Crystal Elastomer Actuators from Anisotropic
Porous Polymer Template. Macromol. Rapid Commun. 2017, 38, 1600699. [CrossRef]

123. Warner, M.; Modes, C.D.; Corbett, D. Curvature in nematic elastica responding to light and heat. Proc. R. Soc. A Math. Phys. Eng.
Sci. 2010, 466, 2975–2989. [CrossRef]

124. Zhao, Y.; Chi, Y.; Hong, Y.; Li, Y.; Yang, S.; Yin, J. Twisting for soft intelligent autonomous robot in unstructured environments.
Proc. Natl. Acad. Sci. USA 2022, 119, e2200265119. [CrossRef]

125. Lan, R.; Wang, Q.; Shen, C.; Huang, R.; Bao, J.; Zhang, Z.; Zhang, L.; Yang, H. Humidity-Induced Simultaneous Visible and
Fluorescence Photonic Patterns Enabled by Integration of Covalent Bonds and Ionic Crosslinks. Adv. Funct. Mater. 2021, 31,
2106419. [CrossRef]

126. Traugutt, N.A.; Mistry, D.; Luo, C.; Yu, K.; Ge, Q.; Yakacki, C.M. Liquid-Crystal-Elastomer-Based Dissipative Structures by Digital
Light Processing 3D Printing. Adv. Mater. 2020, 32, 2000797. [CrossRef]

127. Gantenbein, S.; Masania, K.; Woigk, W.; Sesseg, J.P.W.; Tervoort, T.A.; Studart, A.R. Three-dimensional printing of hierarchical
liquid-crystal-polymer structures. Nature 2018, 561, 226–230. [CrossRef]

128. Zhang, C.; Lu, X.; Fei, G.; Wang, Z.; Xia, H.; Zhao, Y. 4D Printing of a Liquid Crystal Elastomer with a Controllable Orientation
Gradient. ACS Appl. Mater. Interfaces 2019, 11, 44774–44782. [CrossRef] [PubMed]

129. Li, S.; Bai, H.; Liu, Z.; Zhang, X.; Huang, C.; Wiesner, L.W.; Silberstein, M.; Shepherd, R.F. Digital light processing of liquid crystal
elastomers for self-sensing artificial muscles. Sci. Adv. 2021, 7, eabg3677. [CrossRef] [PubMed]

130. Zeng, H.; Wasylczyk, P.; Cerretti, G.; Martella, D.; Parmeggiani, C.; Wiersma, D.S. Alignment engineering in liquid crystalline
elastomers: Free-form microstructures with multiple functionalities. Appl. Phys. Lett. 2015, 106, 111902. [CrossRef]

131. Calvert, P. Inkjet printing for materials and devices. Chem. Mater. 2001, 13, 3299–3305. [CrossRef]
132. Ula, S.W.; Traugutt, N.A.; Volpe, R.H.; Patel, R.R.; Yu, K.; Yakacki, C.M. Liquid crystal elastomers: An introduction and review of

emerging technologies. Liq. Cryst. Rev. 2018, 6, 78–107. [CrossRef]
133. Javaid, M.; Haleem, A. 4D printing applications in medical field: A brief review. Clin. Epidemiol. Glob. Health 2019, 7, 317–321.

[CrossRef]
134. Ulbrich, K.; Holá, K.; Šubr, V.; Bakandritsos, A.; Tuček, J.; Zbořil, R. Targeted Drug Delivery with Polymers and Magnetic
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