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““Integrating nanomaterials with 4D printing paves new ways toward greater control over the 4D
transformation of the printed products to stimulation, and holds great potential in medicine in the
development of smart tissue scaffolds, biosensors, bioactuators, biorobots and various other
smart medical systems”’
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In recent years, 3D printing has been extensively explored in medicine for manufacturing various biomedical
products. Referring to 3D printing applications in nanomedicine, it should involve either printing biomedical
products in nanoscale resolution or printing nanocomposites [1]. Because of the limitation of current printing
techniques, 3D printing with nanoscale resolution is still challenging. Current 3D printing in nanomedicine focuses
on printing nanocomposites that comprise nanomaterials and host material matrices. With the rapid development
of material science and additive manufacturing, 3D printing has evolved into a new stage — 4D printing. 4D printing
involves the fourth dimension of time, which confers 3D printed products with the capacity of deforming upon
external stimulation post-printing. 4D printed products are able to change their shape/function on-demand over
time, which attracts substantial attention in various research fields including the biomedical field [2,3]. Integrating
nanomaterials with 4D printing paves new ways toward greater control over the 4D transformation of the printed
products to stimulation, and holds great potential in medicine in the development of smart tissue scaffolds,
biosensors, bioactuators, biorobots and various other smart medical systems.

Smart materials & nanomaterials for 4D printing
There are two major ways to realize 4D printing. One is to integrate transforming information in the initial
structural design. The typical mechanism is the anisotropic design in a printing process [4]. Under this mechanism,
the self-morphing of printed objects can be achieved through precisely controlling the relative orientation and
location of heterogeneous ink materials in layered structures (5]. The shape/property transformation of the printed
products can be initiated by various stimuli, such as temperature, pH, humidity, stress, electricity, magnetic field,
light, acoustics or a combination of these stimuli, and undergo a large variety of possible mechanisms.
The other way to achieve a 4D effect is to print smart materials which can respond to external stimuli and change
their shape. The printable inks can comprise a single smart material, multiple smart materials or a mixture of smart
materials with conventional materials. The smartness of printable ink, referring to shape memory, self-adaptability,
self-sensing and multiple functionalities, determines how the printed products change their shape/properties in
response to the external stimuli (6]. The mechanism under this 4D transformation is that shape morphing of the
printed products results from the change of intrinsic physiochemical properties, such as shape memory (7,8]. Shape
memory materials can be frozen on a temporal deformation, and then triggered to release the accumulated stresses .
gradually recovering to the original shape upon heating [9,101. Printing shape memory materials can control the ~ Future Ty
spatial localization of materials to realize gradational, sequential or local shape memory responses. Medicine ”
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Integrating novel smart materials with typical nanomaterials into 3D printing gives rise to a new concept of 4D
printing nanocomposites. Because of their unique physical and chemical properties, nanomaterials may bring a
lot of merit to advance 4D printing. One such merit is that nanomaterials are able to change the shear-thinning
properties of bioinks to assist with 4D printing [11]. Shear thinning is a significant property for extrusion-based
3D/4D printing as high-fidelity structures can be only achieved through reversible changes in the shear viscosity of
printable inks. One study has employed a kind of nanoclay, Laponite, in 4D printing in order to improve the shear-
thinning properties of bioinks. Laponite possesses excellent thixotropy in water which endows the shear-thinning
ability of bioinks and self-supported features post-printing [12]. In addition, nanomaterials can also reinforce the
mechanical properties of 4D printed products [12]. Besides, through the use of pristine nanomaterials, nanomaterials
can be engineered to have specific characteristics (such as photosensitivity, thermosensitivity and incorporated into
printable ink) to improve the stimuli-responsiveness of printed products. In a report by Kim ez al. 13}, barium
titanate nanoparticles were chemically modified with acrylate surface groups and incorporated into printable inks.
It was found that the modified nanoparticles can form direct covalent linkages with the polymeric ink under
light exposure. The incorporation of modified nanoparticles also resulted in a ten-times increase in piezoelectric
coefficients. These results suggest that applying nanomaterials to printable inks would contribute a lot to the
application of applying 4D printing to many high-value research fields.

4D printing nano-tissues

One of the intriguing applications of 4D printing in medicine is the manufacturing of scaffolds for tissue regener-
ation. The natural tissue regeneration process usually involves a dynamic change in tissue conformations that may
be significant for functional recovery. Even though 3D printing techniques are able to create tissue scaffolds with
complex 3D shapes and accurate microarchitectures, it cannot precisely mimic the dynamic nature that occurs in
natural tissue repair. With this in regard, 4D printing has been brought into the field of tissue engineering, which
includes stimuli-response effects into 3D printed tissue constructs and provides the possibility to recapitulate the
dynamic change in the process of tissue regeneration. Such 4D transformation can offer a traction force for cells that
may influence cell phenotype, cell-cell communication and cell density and orientation, and eventually contribute
to tissue regeneration.

Considering the nanostructural features of human tissues [14], nanomaterials have been introduced into 4D
printing to produce smart nano-bioinks for the creation of tissue scaffolds. The nanomaterials may interact with
smart materials to amplifying 4D effects in printed bio-tissues. Our group recently developed a proof-of-concept
4D printed brain model using near-infrared light (NIR) responsive nanocomposites to evaluate the capacity for
controllable 4D transformation, as well as the feasibility of photothermal stimulation for modulating neural stem
cell behaviors (7). In this study, photothermal graphene nanoplatelets were incorporated into a thermally responsive
shape memory polymeric bioink. The graphene can absorb photons from NIR illumination to produce thermal
energy which eventually initiates the transformation of printed objects. Compared with directly thermal-triggered
shape changing processes, this nanomaterial-assisted thermal-triggered shape change is particularly useful in the
generation of tissue scaffolds because the long-wavelength NIR is human benign and can efficiently penetrate into
human tissue with no biological harm.

In addition to assisting with producing a cell-favorable stimulation, nanomaterials can also tune the curvature
of 4D printed objects, and therefore facilitate the creation of a complex microarchitecture. In one of our studies to
produce a neural conduit, we found that nanomaterials can attenuate the laser energy in stereolithography-based
printing and contribute to the regulation of the curvature in 4D transformation [15]. Nano-bioinks containing
typical functional nanoparticles, such as iron oxide magnetic nanopowder, carbon nanofiber, hydroxyapatite and
graphene, all significantly increased the curvature of the 4D-printed architectures when compared with the pure
polymeric ink. Meanwhile, the 4D curvature of printed objects can be tuned by manipulating the nanoparticle
concentrations for advancing specific criteria of various applications.

4D printing nano-smart biomedical devices

Combined with the merits of nanomaterials, 4D printing has tremendous potential in the development of nano-
smart biomedical devices, such as biosensors, bioactuators, biorobots, etc. 4D printed biomedical devices can be
designed to monitor various physiological changes, in which nanomaterials could serve as the receptor of external
stimulation, enhancer of 4D shape morphing, supporter of the architecture as well as many others. Possible
applications may include utilizing biosensors to detect physical activity of cells and metabolites for diagnostics,
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printing actuators that could actuate through heating or cooling, developing biorobots to deliver therapeutic agents
and release upon external stimulation.

Conclusion & future perspective

4D printing applies smart materials to manufacture advanced biosystems capable of dynamically changing confor-
mation for a variety of biomedical applications. Even though only a limited number of smart materials have been
explored so far for 4D printing, one can expect a range and variety of printable smart materials that will expand
accompanying improvements in printability, controllability and smartness. The integration of smart materials with
nanomaterials has emerged as an intriguing area for 4D printing. The unique interactions between smart materials
and nanomaterials could be investigated and used to facilitate the design of novel 4D printed biomedical products.
4D printed dynamic tissue scaffolds would be one of the most attractive biomedical applications of 4D printing.
However, the influence of deformation in cell fate should be fully investigated to achieve a controllable fashion
for inducting bio-tissue development. Despite 4D printing still in its infancy, it undoubtedly holds great potential
for various biomedical applications including but not limited to tissue engineering, biorobotics, bioactuation and
biosensing.
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