
Citation: Zhang, S.; Chen, X.; Shan,

M.; Hao, Z.; Zhang, X.; Meng, L.;

Zhai, Z.; Zhang, L.; Liu, X.; Wang, X.

Convergence of 3D Bioprinting and

Nanotechnology in Tissue

Engineering Scaffolds. Biomimetics

2023, 8, 94. https://doi.org/10.3390/

biomimetics8010094

Academic Editor: Baiheng Wu

Received: 3 February 2023

Revised: 21 February 2023

Accepted: 24 February 2023

Published: 26 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomimetics

Review

Convergence of 3D Bioprinting and Nanotechnology in Tissue
Engineering Scaffolds
Shike Zhang 1,†, Xin Chen 2,†, Mengyao Shan 1, Zijuan Hao 3, Xiaoyang Zhang 1, Lingxian Meng 1, Zhen Zhai 1,
Linlin Zhang 1, Xuying Liu 1 and Xianghong Wang 1,*

1 Henan Innovation Center for Functional Polymer Membrane Materials, Henan Key Laboratory of Advanced
Nylon Materials and Application, School of Materials Science and Engineering, Zhengzhou University,
Zhengzhou 450001, China

2 National Engineering Research Center of Wheat and Corn Further Processing, College of Food Science and
Engineering, Henan University of Technology, Zhengzhou 450001, China

3 Henan Innovation Center for Functional Polymer Membrane Materials, Xinxiang 453000, China
* Correspondence: wangxh@zzu.edu.cn; Tel.: +86-371-67739217
† These authors contributed equally to this work.

Abstract: Three-dimensional (3D) bioprinting has emerged as a promising scaffold fabrication strat-
egy for tissue engineering with excellent control over scaffold geometry and microstructure. Nanobio-
materials as bioinks play a key role in manipulating the cellular microenvironment to alter its growth
and development. This review first introduces the commonly used nanomaterials in tissue engineer-
ing scaffolds, including natural polymers, synthetic polymers, and polymer derivatives, and reveals
the improvement of nanomaterials on scaffold performance. Second, the 3D bioprinting technologies
of inkjet-based bioprinting, extrusion-based bioprinting, laser-assisted bioprinting, and stereolithog-
raphy bioprinting are comprehensively itemized, and the advantages and underlying mechanisms
are revealed. Then the convergence of 3D bioprinting and nanotechnology applications in tissue
engineering scaffolds, such as bone, nerve, blood vessel, tendon, and internal organs, are discussed.
Finally, the challenges and perspectives of convergence of 3D bioprinting and nanotechnology are
proposed. This review will provide scientific guidance to develop 3D bioprinting tissue engineering
scaffolds by nanotechnology.

Keywords: 3D bioprinting; nanobiomaterials; nanotechnology; tissue engineering scaffolds

1. Introduction

Tissue engineering (TE) is an interdisciplinary field that applies the principles of en-
gineering and life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue functions [1]. The three elements of tissue engineering are
scaffolds, cells, and signal molecules, of which scaffolds can be called “beating hearts” [2].
It is a 3D structure of an artificial extracellular matrix used in tissue engineering. It pro-
vides a temporary environment for cell adhesion, growth, reproduction, oxygen diffusion,
nutrient transport, and waste removal, and minimizes inflammation and toxicity [3,4]. It
can also be biodegraded at a controlled rate to support the formation of new tissues [5].
Based on the above, the scaffold needs to have (i) mechanical strength that can resist
external pressure, maintain the original shape and integrity of the tissue, (ii) promote
cell adhesion and proliferation, non-toxic, no inflammation reaction, and biocompatibility,
(iii) appropriate degradation rate and other properties. Therefore, the chemical composition,
physical structure, and biological functional parts are all important for tissue engineering
scaffolds [6–8].

Considering the complexity of the human body, it is critical to select suitable bioma-
terials as scaffold media in tissue engineering. Currently, polymers (including natural
polymers, synthetic polymers, and polymer-derived materials) have dominated tissue
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engineering scaffolds [9]. In parallel, nanotechnology is a broad, versatile, and diverse
area and can be defined as the production, characterization, and application of different
materials, devices, or systems while maintaining control of the shape and size on a nano-
metric scale [10]. Nanotechnology is excellent in constructing three-dimensional scaffolds
suitable for various tissue engineering applications because its nanoscale size allows ma-
terials to support and guide cell activity at the cellular and subcellular levels. Therefore,
nanofibers, nanoparticles, nanocrystals, and other types of nanomaterials are increasingly
introduced as powerful tools for biofunctionalized scaffold materials to process and control
the three-dimensional shape and geometry of scaffolds [11,12].

Choosing production technology depends on the specific requirements of the bracket,
related materials, and machine constraints [13]. Various fabrication methods, such as
freeze-drying, phase separation, gas foaming, particle leaching, and solvent casting, have
been developed to produce tissue scaffolds in recent years. However, many manufacturing
methods are traditional, not fully mimicking the inherent structure of the tissue or using
organic solvents, and they are difficult to support cell growth. Among the technologies,
3D bioprinting is a promising strategy for fabricating scaffolds for tissue engineering.
Based on an on-demand 3D model, it locates and assembles biomaterials (living cells can
also be mixed in customized biomaterials) to manufacture biomedical products such as
artificially implanted stents, tissues, and organs through computer-aided design software
layered discretization and Computer Numerical Control molding methods. This technology
not only has excellent control over the geometry and microstructure of the scaffold but
also enables living cells and growth factors to be integrated into the scaffold during the
manufacturing process [14].

This review first introduces the commonly used materials in tissue engineering scaf-
folds, both natural and synthetic, and reveals the improvement of nanomaterials on scaf-
fold performance. Second, the 3D bioprinting technologies of inkjet-based bioprinting,
extrusion-based bioprinting, laser-assisted bioprinting, and stereolithography bioprinting
are itemized, and the advantages, the potential mechanisms are comprehensively stated
from classification to application. Then the convergence of 3D bioprinting and nanotech-
nology applications in tissue engineering scaffolds, such as bone, nerve, blood vessel,
tendon, and internal organs, are discussed. Finally, we discuss the challenges and perspec-
tives in the development of convergence of 3D bioprinting and nanotechnology in tissue
engineering scaffolds.

2. Materials for 3D Bioprinting

Nanotechnology is defined as the technological progress of basic nanoscale materials
that can be applied in daily life [15,16]. As biomaterial-cell interactions are key to cell
viability, proliferation, and differentiation, it is necessary to consider the characteristics of
biomaterials, such as non-toxicity, good biocompatibility, and no immune and foreign body
reaction [17]. In the process of using 3D printing technology to construct tissue engineering
scaffolds, the use of nanomaterials enhances shape fidelity and printability apart from
endowing plentiful biological functions to the bioinks [18]. In this part, 3D scaffolds are
divided into synthetic polymer scaffolds, natural polymer scaffolds, and polymer derivative
scaffolds according to the source of manufacturing materials. We discuss the integration of
nanomaterials and 3D printing technology in these scaffolds. We summarize the advantages
and disadvantages of the polymer in Table 1.

2.1. Natural Polymer

Natural biopolymers have resurged over the past few decades as primary bioactive
substances [19]. Biofunctional molecules which ensure bioactivity, biomimetic nature,
and natural restructuring are typically found in such polymers. Natural polymers are
macromolecular compounds existing in organisms, including chitosan [20], cellulose [21],
alginate [22], and collagen [23] (Figure 1).



Biomimetics 2023, 8, 94 3 of 26

2.1.1. Chitosan

The raw material source of chitosan is the exoskeleton of marine crustaceans, such as
crabs, lobsters, shrimps, and krill, which has low toxicity, a changeable structure, abundant
functional groups, and can be processed into various shapes and sizes by 3D printing [24].
Although it has many advantages in tissue engineering, low strength limits the application
of chitosan [25]. Nano-sized materials were added to chitosan as fillers and dispersed in
the whole matrix to resolve the problem of structural defects. Sadeghianmaryan et al. [26]
developed a chitosan/sodium alginate/nano-hydroxyapatite scaffold by impregnating
sodium alginate and nano-hydroxyapatite (nHA) into a printed chitosan scaffold with 3D
printing technology. The compression test showed that the addition of nHA increased
the elastic modulus of the scaffold, and the live/dead cell analysis showed that nHA
enhanced cell viability and attachment. Chen et al. [27] developed a 3D-printable chitosan
cryogel using difunctional polyurethane nanoparticles as the crosslinker. The cryogel
was printed on a liquid cryodeposition manufacturing platform by a 3D printer and had
similar properties to bulk cryogel, such as high compressibility, elastic recovery, and
water absorption (≈3200%). The cell experiments showed that the 3D-printed chitosan
cryogel scaffold was injectable and shape-restorable, which could provide good mechanical
integrity for the proliferation of human adipose-derived adult stem cells and cartilage
differentiation. Zhang et al. [28] developed chitosan/silk composite scaffolds using silk
nanoparticles, silk microfibers, and silk nanofibers by an extrusion-based 3D printing
method (Figure 1A). The surface of the scaffolds is hydrophilic, and the fabricated scaffolds
can support stable cell growth. Among them, the use of silk nanoparticle geometry had
a significant effect on the mechanical properties, and the 3D-printed scaffolds prepared
with silk nanofiber fillers have the highest fibroblast proliferation rate and more elongated
morphology. These findings indicate the potential of nanomaterials as ink fillers.

2.1.2. Cellulose

Cellulose is a kind of β-1,4-linked glucopyranoside polymer, which is environment-
friendly, renewable, biodegradable, biocompatible, non-toxic, and can be covalently linked
to many bioactive molecules [29]. Cellulose nanofiber (CNF) can be obtained in two
ways. The first method is to turn plant cellulose into CNF. The second is to synthesize BC
nanofibers through bacterial fermentation of sugar [30]. Nanocellulose has a large surface
area and high mechanical strength, which is mostly used for complex scaffold fabrication
and to increase the stiffness of biomaterials [31]. Samfors et al. [32] developed a method to
create channel structures within nanoporous bacterial cellulose (BNC) scaffolds that used a
3D printer to interconnect macroporosity and vessel-like lumens. This structure enabled
endothelial cells to be arranged to form a vascular-mimicking network, and the microscopic
nano-morphology of the scaffold increased oxygen and nutrient diffusion, which could
be used to simulate the vascular system or other tubular tissues. Xu et al. [33] developed
a 3D printing method to form double-crosslinked nanocellulose hydrogels and explored
optimized printing and geometric design parameters to further adjust the stiffness of the
printed scaffolds so that the mechanical strength of the scaffolds could be well-tuned in the
3 to 8 kPa range and promoted cell proliferation when stiffness increased within this range
(Figure 1B). This correlation was first demonstrated by 3D-printed nanocellulose hydrogels.

2.1.3. Alginate

Alginate is non-toxic, hydrophilic, biocompatible, and biodegradable. However,
bioinks composed of alginate have shear thinning properties and reduced viscosity (lower
viscosity provides less shear stress, thus reducing cell damage), which can cause printing
difficulties when using extrusion 3D bioprinting techniques [34]. In order to improve
alginate applicability for bioink, it is often functionalized by nanomaterials to obtain better
printability. Abouzeid et al. [35] used sodium alginate and polyvinyl alcohol (PVA)-grafted
cellulose nanofibers to fabricate hydrogel scaffolds with 3D printing. By varying the CNF
content, they investigated how the viscosity of the hydrogel changes along with the shear
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rate at room temperature. The results showed the increase in CNF content leads to higher
viscosity values, which is related to the tight entanglement between the nanofibers. When
the shear rate is increased, all the as-prepared hydrogel scaffolds exhibit shear-thinning
behavior with decreasing viscosity; this may be related to the typical breakdown of the
hydrogel nanofiber network at high shear rates [36]. Shang et al. [37] proposed a mixed 3D
printing and electrodeposition method of calcium alginate hydrogel. The specific method is
as follows: the injection syringe is connected to the traditional 3D printer, sodium alginate,
and CaCO3 nanoparticles are sprayed from the injector nozzle to the conductive substrate
as fillers, then the Ca2+ released from CaCO3 particles via electric pressure that makes
the alginate cross-linked to form calcium alginate hydrogel. By controlling the voltage,
deposition time, movement, and other parameters of the 3D printer, various 3D structured
alginate gels can be formed (Figure 1C).
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Figure 1. (A) Schematic elucidating 3D printing process of chitosan/silk composite scaffolds [28].
Copyright 2019, Elsevier. (B) Illustration of 3D printing of CNF hydrogels [38]. Copyright 2018,
The Royal Society of Chemistry. (C) A schematic of the developed system: a PC is used to control
the movement of the 3D printer and the ejection flow rate, and a DC voltage is applied across the
conductive plate (anode) and the nozzle (cathode) to trigger the electrodeposition process [37]. Copy-
right 2017, IOP Publishing Ltd. (D) Schematic of dual-material printing using a collagen ink (green)
and a high-concentration cell ink (pink) [34]. Copyright 2020, Elsevier. (E) Schematic illustration of
DLP-based bioprinting of porous tissue constructs using nanoparticle-stabilized emulsion bioink [39].
Copyright 2022, Wiley.

2.1.4. Collagen

Collagen mainly exists in the human extracellular matrix (ECM) and is the most abun-
dant protein in mammals. It is responsible for maintaining the sustainability of the three-
dimensional microstructure. It has stability and high biocompatibility [40]. Li et al. [41]
prepared a bioink for 3D printing by dispersing nano-hydroxyapatite and deproteinized
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bovine bone into collagen. They fabricated a porous scaffold using a 3D printer to obtain the
bone replacement material closest to the natural bone structure and composition. By evalu-
ating the biocompatibility, it was found that the composite material was beneficial to the
proliferation and differentiation of bone marrow mesenchymal stem cells. Chou et al. [42]
combined fused deposition modeling and electrospinning techniques to embed poly(d,l-
lactide-co-glycolide) (PLGA) in collagen nanofibrous membranes and integrated them onto
polylactic acid (PLA) bone plugs. The in vivo effects of PLGA/collagen nanofibers and
PLA bolts on tendon-bone healing was investigated on a rabbit bone tunnel model by
histology and tendon pullout assays. They found PLGA/collagen nanofibrous membranes
triggered more tendon-osseointegration in the lateral cortex, indicating that the composite
polymer could effectively promote tendon remodeling in the rabbit model. In a recent
report, an elliptical left ventricular model was printed by using a dual-material printing
strategy [43]. Collagen bioink was used as the structural component of the inner and outer
walls to provide sufficient structural integrity and maintain the expected geometric shape
(Figure 1D). The central core area combined high-density cell bioink (cardiac muscle cells
derived from human stem cells, etc.) to complete synchronous contraction and directional
action potential transmission.

2.1.5. Dextran

Dextran is a bacterial polysaccharide consisting essentially of α-1,6 linked glucopy-
ranoside residues with a small percentage of α-1,3 linked residues. It has the advan-
tages of biocompatibility, low toxicity, relatively low cost, and simple modification [44].
Wang et al. [45] proposed a dual-functional GelMAdextran aqueous two-phase emulsion
bioink, simultaneously formulated with IL-4-loaded AgGNRs and MSCs. They found
that the PGelDex bioinks exhibited excellent printability in DLP, conventional extrusion,
and handheld extrusion bioprinting methods. Furthermore, this functional micropore-
forming bioink could successfully suppress both Gram-positive and Gram-negative bac-
terial growth. The data also showed that the existence of IL-4 and MSCs promoted the
differentiation of the M2 phenotype of macrophages, indicating that biological ink has
a potential anti-inflammatory function. Tao et al. [39] produced bio-inks through the in-
tegration of GelMA solution and β-lactoglobulin (β-LG) nanoparticles/dextran solution
mixture and printed tissue constructs using 3D bioprinting technology based on digital
light processing (Figure 1E). After the ink is solidified, it is immersed in the culture medium
to wash out the dextran so as to form pores in situ, allowing nutrients and oxygen to diffuse
into the 3D-printed hydrogel construction. This mode allows precise and complex structure
bioprinting. In addition, they proved that after subcutaneous implantation in nude mice,
the 3D-printed porous structure trachea showed the ability to support the survival and
maturation of chondrocytes and induced successful cartilage reconstruction in vivo.

2.2. Synthetic Polymer

Synthetic polymers are man-made polymers produced through chemical reactions
with tunable chemical structures and physical properties. Compared to natural polymers,
synthetic polymers are cheaper, strengthener, and have better functionality [46]. Some syn-
thetic polymers are biodegradable, and these polymers can be degraded by microorganisms
or biological fluids in vivo [47]. The commonly used biodegradable synthetic polymers
include polylactic acid (PLA), poly(lactic-co-glycolic acid (PLGA), polycaprolactone (PCL),
polyurethane (PU), and polyvinyl alcohol (PVA). However, few biodegradable synthetic
polymers can meet all the needs of 3D printing of bioartificial organs. The current solu-
tion is combining these polymers with nanomaterials that are easy to be produced under
controlled conditions and have strong mechanical properties [48] (Figure 2).

2.2.1. Polylactic Acid (PLA)

Polylactic acid (PLA) is a biodegradable, bioabsorbable, thermoplastic aliphatic polyester.
It is derived from renewable resources, contains repeating lactic acid units, and includes
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both D- and L-stereoisomers or be enantiomerically pure (e.g., PLLA contains only L stere-
ocenters) [49–52]. However, the poor mechanical properties limited its applications [53,54].
To improve its mechanical strength, various nano-additives have been added to PLA. PLA-
Silk Fibroin/NGF (PS/N) scaffolds were prepared by coaxial electrospinning, and p-PS/N
nanofibers were obtained by air plasma treatment [55]. During coaxial electrospinning,
PLA and silk fibroin nanofibers were sprayed by two different needles to form core-shell
composite nanomaterials (Figure 2A). The diameters of PS/N and p-PS/N were 221 nm
and 228 nm, respectively, and the water contact angle changed from 133.60◦ to 0◦. It
showed that plasma treatment significantly improved the hydrophilicity of the scaffold
without damaging the fibers. In addition, the scaffold has been shown to support the
attachment and differentiation of PC12 cells and can be used as a suitable matrix for neural
tissue engineering. Naghieh et al. [56] fabricated several sets of pure PLA scaffolds with
different pore sizes and shapes using fused deposition modeling (FDM), then developed
the scaffolds by adding nanocomposite hairless gelatin forsterite layers via electrospinning
technology. The formation of apatite on the scaffold surface was investigated by immersion
in simulated body fluids. The results showed that the elastic modulus of the PLA/gelatin
forsterite scaffold was significantly higher than the pure scaffold (about 52%), and the cal-
cium phosphate-like precipitate formed on the surface confirmed that the nanocomposite
fibrous layer had improved scaffold bioactivity. It is expected to be used for bone tissue re-
generation in the future. In the study of K. Dave [57], amphiphilic nanomaterial carbon dots
(CDs) were melt-blended with polylactic acid to be extruded into filaments suitable for 3D
printing, and then they used FDM technology to print porous scaffolds, which were mixed
with untreated materials. In contrast, treatments were found to enhance cell adhesion, pro-
liferation, and migration in biological environments, providing opportunities for built-in
scanning and monitoring of scaffolds and cellular environments. Prasopthum et al. [58]
used extrusion-based 3D printing technology to incorporate hydroxyapatite nanoparticles
(nHA) into polylactic acid (PLLA) to form nanofiber chains and then successfully printed
self-supporting structures with different characteristics from nanometers to centimeters
at room temperature. The mechanical properties of the scaffold were improved, and the
osteogenesis of bone marrow mesenchymal stem cells was promoted.

2.2.2. Poly(Lactic-co-Glycolic Acid) (PLGA)

Poly(lactic-co-glycolic acid) (PLGA) is a functional polymer organic compound, which is
randomly polymerized from two monomers, lactic acid, and glycolic acid, and has adjustable
biodegradability. However, the acidic microenvironment caused by its degradation products
causes poor biological activity (e.g., osteoconductivity and osteoinductivity), so nano-materials
are added to PLGA to improve this performance [59]. Rasoulianboroujeni et al. [60] intro-
duced the advantages of 3D-printed PLGA/TiO2 nanocomposite scaffolds in re-bone tissue
engineering. Compared with pure PLGA, the addition of TiO2 nanoparticles to PLGA not
only increased the glass transition temperature, thermal decomposition onset point, and
compressive modulus of the composite but also enhanced the surface wettability, which
supported cell survival and increased bone tissue regeneration. Xia et al. [61] prepared the
3D-printed PLGA/HA/MgO (PHM) composite porous scaffolds by incorporating nano-
hydroxyapatite (HA) and magnesium oxide (MgO) into a PLGA matrix. The experiments
showed that, after adding inorganic components (HA and MgO), the composite scaffold
could maintain its original pore structure throughout the degradation process with no
significant change in surface morphology and showing a stable and slow degradation rate.
What is more, the prepared PHM scaffold had good hydrophilic and mechanical properties
similar to natural bone and a strong affinity for cell adhesion and proliferation, which
can reduce inflammatory reactions and promote the formation of new bone. The porous
scaffolds show a good application prospect in the field of bone repair. In another study [62],
quaternary ammonium chitosan (HACC) was grafted onto a 3D printing scaffold composed
of PLGA and hydroxyapatite to design a bone engineering scaffold with antibacterial and
bone conduction properties (Figure 2B). The experiment proved that the combination of
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PLGA and HA enhanced the mechanical properties and bone conductivity of the scaffold.
HACC reduced bacterial adhesion and biofilm formation in vitro and in vivo, and the
scaffold generally showed good neovascularization and tissue integration.

Table 1. Key classes of materials discussed in this review and their key beneficial and detrimen-
tal properties.

Types Polymers Advantages Disadvantages Reference

Natural

Chitosan Non-toxicity; Easy availability Poor mechanical properties [26,27,62]

Cellulose Adhesive and bioactive;
Abundant and biodegradable

Mechanical stability lost during
processing [32,33,63]

Alginate
Ease of use for 3D printing;

Rapid gelation with divalent
cations

Poorly adhesive; May damage
cells during printing [26,35,37]

Collagen
Adhesive and bioactive;

Abundant and biodegradable;
Tolerant of functionalization

Mechanically weak;
Contamination can lead to

immunogenicity
[41–43]

Dextran Cost-effective; Biocompatibility Low reproducibility due to
variations in composition [39,45]

Synthetic
Polylactic acid (PLA)

Degradable by hydrolysis;
Properties dependent on

monomer feedstock

Hydrolysis products may cause
inflammation; Physically

cross-linked gels are weak
[55–58,64]

Poly(lactic-co-glycolic
acid) (PLGA) Adjustable biodegradability Poor biological activity [60–62]

Polycaprolactone (PCL)
Degradable by hydrolysis; Stable

hydrogels over wide
concentration range

Insufficient mechanical strength;
Crystallinity may slow

hydrolysis beyond relevant
timeframe

[65–67]

Polyurethane (PU) Biodegradability; High
mechanical strength; Softness

Lack of cell adhesion sites; Less
biocompatible [63,64,68]

Polyvinyl alcohol
(PVA)

High elasticity; High
biocompatibility and

hydrophilicity
Non-degradable; Non-adhesive [69–71]

2.2.3. Polycaprolactone (PCL)

Polycaprolactone is a class of biodegradable aliphatic polyesters with insufficient
mechanical strength. The incorporation of nanoparticles into the PCL matrix can improve
the inherent properties of PCL. Jakus et al. [65] have compounded 90 wt% hydroxyapatite
and 10 wt% polycaprolactones to form a liquid ink, which was printed by rapid 3D
extrusion at room temperature into a synthetic bone regeneration biomaterial (HB). The
obtained HB showed high elastic mechanical properties (~32 to 67% strain to failure, ~4
to 11 MPa elastic modulus) and absorbent (50% material porosity. Animal experiments
proved that HB could be integrated rapidly with surrounding tissues to support new bone
growth without the addition of biological factors. Yeo et al. [66] have proposed a PCL
hierarchical structure. First, the PCL pillar was printed using a melt pressure of 3d; then
micro/nanofibers were deposited on the surface of the PCL scaffold using an improved
electrospinning method. Finally, cell-loaded bioinks (C2C12 myoblasts, polyethylene oxide,
and alginate) were printed to the surface of the pillar. The experiments showed that the
vertical PCL scaffolds provided excellent mechanical properties. The effective release and
uniform distribution of cells in the scaffold were achieved by cell printing, and myoblast
extension was induced by aligned micro/nanofibers. This printing method is expected to be
used for muscle tissue regeneration. Ji et al. [67] have printed composite scaffolds by mixing
nano-hydroxyapatite(nHA) into polycaprolactone and then implanted the hydroxypropyl
chitin hydrogel embedded with mesenchymal stem cells to evaluate the osteogenic activity
and mechanical properties (Figure 2C). The Young’s modulus of the printed PCL/nHA
structure under compression was 2.34 ± 0.10 MPa and 2.33 ± 0.27 MPa, which was much
higher than HPCH hydrogel (1.0 kPa). The co-culture experiment showed that the hybrid
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scaffold promoted macrophages to secrete growth factors, thereby promoting angiogenesis
and osteogenesis.

2.2.4. Polyurethane (PU)

The polyurethanes referred to here are thermoplastic linear polymers with biodegrad-
ability, high mechanical strength, softness, and high elasticity that can be processed into
three-dimensional (3D) scaffolds by various fabrication techniques [72,73]. Chen et al. [64]
blended thermoplastic polyurethane (TPU) with polylactic acid and added graphene ox-
ide (GO) for fused deposition molding to achieve 3D printing of elastic TPU/PLA/GO
nanocomposites (Figure 2D). They found that the addition of GO significantly improved the
mechanical properties of the polymer matrix with a compressive modulus of 167% and a
tensile modulus of 75.5%. The cell culture results showed that the 3D-printed scaffolds had
good cell viability, which was conducive to cell proliferation, and had good potential as a
tissue engineering scaffold. Chen et al. [63] prepared a novel high-viscosity, direct-printable
polyurethane composite ink containing nanocellulose (CNF) and fused deposition 3D print-
ing at low temperatures to fabricate various shapes and complex degree brackets. TEM
images declared that CNFs were connected to multiple PU nanoparticles to form a “string”
structure, and the continuous proliferation of fibroblasts was also proved in the scaffold
by in vivo experiments. Hung et al. [68] printed a scaffold at low temperatures using
polyurethane (PU) elastic nanoparticles, hyaluronic acid, and bioactive components, which
were compliant and bioactive. When the scaffold was implanted into a rabbit cartilage
defect, the release of bioactive components promoted the self-aggregation of mesenchy-
mal stem cells (MSCs), which induced the differentiation of MSCs into chondrocytes and
produced a cartilage repair matrix.

2.2.5. Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) is a synthetic polymer with good biocompatibility, and its
viscoelastic properties are comparable to those of articular cartilage. With the addition of
nano-additives, PVA scaffolds are an ideal matrix for tissue repair and regeneration [74].
H. et al. [69] prepared porous scaffolds by chemical coprecipitation and 3D gel printing
technology. The printing paste based on polyvinyl alcohol and MgFe2O4 nanoparticles
has a compressive strength between 1.8–12.51 mpa, which is suitable for human cancel-
lous bone. A preliminary biological experiment showed that MC3T3-E1 cells had good
adhesion and proliferation on the MgFe2O4 scaffolds surface, and MgFe2O4 scaffolds can
promote ALP activation and calcium deposition, improving osteogenic ability. All this
shows that MgFe2O4 magnetic scaffolds are suitable for cancellous bone repair (Figure 2E).
Topsakal et al. [70] developed PVA-based 3D-printed composites as versatile biomaterials
for orthopedic applications, where gold nanoparticles (AuNP) and ampicillin (AMP) were
used for reinforcement. It was shown that the 3D-printed composite scaffolds based on
PVA/AuNP/AMP had good biocompatibility, osteoinductivity, and antibacterial proper-
ties. Song et al. [71] fabricated 3D-printed scaffolds composed of nano-biphasic calcium
phosphate (BCP), polyvinyl alcohol, and platelet-rich fibrin (PRF) at low temperatures with
specific shapes and operable internal structures. The scaffold showed good bioactivity and
biocompatibility both in vitro and in vivo. What is more, it also proved that PRF has the
potential to enhance the repair of segmental bone defects in vivo.

2.3. Polymer Derivatives

Natural polymers are acquired from natural materials and provide an assurance of nat-
ural restructure, biomimetic nature, and bioactivity [75]. Natural polymer derivatives refer
to more complex products which derived from the substitution of atoms or atomic groups
of natural polymers. Generally, the function of a nano-filler is to solve a specific problem.



Biomimetics 2023, 8, 94 9 of 26
Biomimetics 2023, 8, 94  9  of  28 
 

 

 

Figure 2.  (A) Schematic  illustration of  the electrospinning and air plasma  treatment  towards  the 

formation of p‐PS/N scaffolds [55]. Copyright 2015, The Royal Society of Chemistry. (B) Schematic 

illustration for the synthesis mechanism of P/HA/H composite scaffolds [62]. Copyright 2016, Else‐

vier. (C) The schema of PCL hybrid scaffold fabrication and in vivo implant [67]. Copyright 2020, 

Ivyspring. (D) TPU/PLA/GO nanocomposites filament preparation and FDM printing process [64]. 
Copyright 2017, American Chemical Society. (E) Schematic diagram of 3DGP for preparing the po‐

rous scaffolds [69]. Copyright 2022, Elsevier. 

   

Figure 2. (A) Schematic illustration of the electrospinning and air plasma treatment towards the
formation of p-PS/N scaffolds [55]. Copyright 2015, The Royal Society of Chemistry. (B) Schematic
illustration for the synthesis mechanism of P/HA/H composite scaffolds [62]. Copyright 2016,
Elsevier. (C) The schema of PCL hybrid scaffold fabrication and in vivo implant [67]. Copyright 2020,
Ivyspring. (D) TPU/PLA/GO nanocomposites filament preparation and FDM printing process [64].
Copyright 2017, American Chemical Society. (E) Schematic diagram of 3DGP for preparing the
porous scaffolds [69]. Copyright 2022, Elsevier.

2.3.1. Chitosan Derivatives

Chitosan has a changeable structure and abundant functional groups. The presence of
a large number of amino groups allows chitosan to chemically react with anionic systems
to change physicochemical properties. The use of functionalized chitosan to improve
the self-healing properties of materials is the most commonly reported. Liu et al. [76]
developed a chitosan self-healing hydrogel using modular 3D printing and secondary post-
printing crosslinking, in which chitosan was functionalized with phenol (Chi-Ph) and then
terminated with telespiral polyethylene glycol (DF-PEG) of benzaldehyde to form injectable
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hydrogel (CPDP) as printing ink (Figure 3A). The dynamic imine bond between amine on
Chi Ph and benzaldehyde on DF-PEG, as well as the irreversible phenol bond between
Chi-Ph chains, enable the hydrogel to have a faster gelling rate, higher modulus, better
long-term stability, and self-healing ability. These properties may expand the biomedical
applications of chitosan self-healing hydrogels. Ko et al. [77] selected ethylene glycol
chitosan (GC) and oxidized hyaluronic acid (OHA) as basic materials, formed self-healing
iron gel (GC/OHA/SPION) in the presence of superparamagnetic iron oxide nanoparticles
(SPION), and then produced 3D structures through extrusion-based printing (Figure 3B).
The reversible imine bond between OHA and GC is the key to inducing gel self-healing.
Complete self-healing of GC/OHA/SPION ferrogel was observed at SPION > 5 wt%,
and this autonomous healing was repeated several times, indicating that the gels were
self-healing. Besides, by testing the viability of ATDC5 cells in the presence of polymer
solutions or hydrogels, it was found that GC, HA, OHA, and GC/OHA/SPION gels did
not show significant toxicity. It may have the potential as a magnetically actuated system
in medicine, as it can stimulate and regulate cell differentiation in the presence of the
magnetic field. Koosha et al. [78] prepared glyoxalylated chitosan/polyvinyl alcohol (PVA)
hydrogel nanofibers by electrospinning in situ and introduced halloysite nanotubes (HNT)
as a reinforcing agent, which increased the swelling degree from 272% to about 400%.
Biocompatibility studies have shown that the presence of HNT increased the cells attached
to the surface of the nanofibers, resulting in higher biocompatibility.

2.3.2. Cellulose Derivatives

To improve the printability (rheological properties) and the formability of the nano-
cellulose ink, nano-based auxiliary materials have been added to cellulose derivatives. The
principle is to improve performance through particle-polymer interface interactions (elec-
trostatic, van der Waals force, hydrogen bonds, covalent bonds, etc.) and energy dissipation.
Xu et al. [38] demonstrated 3D printing and UV crosslinking of cellulose nanofibril (CNF)-
based inks containing methacrylate derivatives. The CNF/gelatin methacrylate (GelMA)
and CNF/galactomannan methacrylate systems were cross-linked with photoinitiators.
By tuning the compositional ratio between CNF and GelMA, the compressive of Young’s
modulus and local surface stiffness could be well tuned. The developed ink formulations
are noncytotoxic and cytocompatible. Furthermore, the ink formula with CNF incorporated
of GelMA, particularly with CNF/GelMA ratios of 2:1 and 5:1, promoted the proliferative
activity of 3T3 fibroblasts in comparison with the plain CNF hydrogel. Kuzmenko et al. [79]
proposed a conductive nanocellulose-based ink for 3D piezoelectric microvalve printing
of neural scaffolds. The ink is composed of highly charged carboxymethyl nanocellu-
lose (CNF) and water-based single-walled carbon nanomaterials (CNT) dispersions. The
negatively charged deprotonated carboxyl groups on the fiber surface not only provided
electrostatic repulsion between CNFs, but also CNTs could be better dispersed in water
(Figure 3C). Cell culture studies showed that neural cells were preferred to attach, pro-
liferate, and differentiate on CNF/CNT scaffolds. Cernencu et al. [80] designed a novel
bio-based ink formulation suitable for 3D printing using pectin and carboxylated cellulose
nanofibers. Rheological experiments demonstrated that the viscosity of the gel was deter-
mined by the nanofibers. The addition of pectin intensifies by increasing the viscosity drop,
improving the printability of the ink formulation. The 3D-printed scaffolds based on pure
CNF filaments presented a partial instability of the filaments that generate circular pores.
The porous objects prepared with the new formulation showed a uniform shape and size
of square-like pores, indicating that the bracket is uniform and stable after printing.

2.3.3. Gelatin Derivatives

Gelatin, as a hydrophilic biomacromolecule, is denatured collagen with better pro-
cessing properties than collagen, but gelatin does not have enough mechanical stability
to support porous scaffolds. Gao et al. [81] used macromonomer gelatin methacryloyl
chemically crosslinked gelatin (GelMA) to blend with nano-hydroxyapatite and combined
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with the sol-gel transformation (physical gel) of gelatin derivative aqueous solution to
extrude a new physical hydrogel by 3D printing (Figure 3D). Itshowed that the porous
bilayer scaffold composed of the hydrogel can induce osteochondral regeneration in vivo
after implantation in mammalian joints. Pu et al. [82] printed GelMA/HAp scaffolds by
direct ink writing using gelatin methacrylate anhydride (GelMA) with a high solid con-
tent of 82.5%, which was mixed with nano-hydroxyapatite (HAp) particles and anchored
with functionalized polyphenol hydrogels. The scaffold and hydrogel were organically
integrated into a biomimetic bone implant, which exhibited better water retention and
mechanical stability than a single 3D-printed scaffold. It can promote the migration, pro-
liferation, and osteogenic differentiation of bone marrow stem cells. Boere et al. [83] used
poly(hydroxymethylglycolide-co-e-caprolactone)/poly(e-caprolactone)/PCL to functional-
ize thermoplastic polymer blends (pHMGCL/PCL) and grafted it onto gelatin methacry-
lamide (GelMA) hydrogel by photopolymerization (Figure 3E). Three-dimensional printed
PHMGC/PCL and pMHMGCL/PCL scaffolds were used to enhance GelMA constructs and
tested in a model of local articular cartilage defects. It was found that chondrocytes embed-
ded in the constructs could form cartilage-specific matrices in vitro and in vivo. The results
demonstrated that the embedded chondrocytes displayed significant cartilage-specific
matrix deposition in these constructions.
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formation between OHA and GC [77]. Copyright 2019, Elsevier. (C) Chemical structure of car-
boxymethyl cellulose. (D) Functionalized pHMGCL/PCL with methacrylate and covalently grafted
to gelMA hydrogel [83]. Copyright 2014, Elsevier. (E) Synthesis route for nanofibers with aldehyde
and carboxylic acid groups [35]. Copyright 2020, Elsevier. (F) The reaction diagram of the synthesis
of gelMA [81]. Copyright 2020, Wiley.

3. Three-Dimensional Bioprinting Technology

Three-dimensional bioprinting is a promising method for constructing tissue engi-
neering scaffolds. It is based on an on-demand 3D model. The file is discretely layered by
computer-aided design software (CAD) and sent to a 3D printer [84]. After that, the bio-
material is partially assembled (living cells can also be mixed in customized biomaterials)
to manufacture human scaffolds [5]. This technique not only provides excellent control
over the geometry and microstructure of the scaffolds but also enables the incorporation of
living cells and growth factors into the scaffolds during fabrication, which promotes the
formation of biomimetic tissue [14].

According to the working principle, 3D bioprinting techniques can be divided into
four categories [85]: (i) Inkjet-based 3D bioprinting; (ii) Extrusion-based 3D bioprinting;
(iii) Laser-assisted bioprinting; (iv) Stereoscopic engraved bioprinting. Currently, these
bioprinting modes have been widely used in the construction of tissue engineering scaffolds.
We summarize the common characteristics of 3D printing technology in Table 2.

Table 2. Summary of common characteristics of 3D printing techniques.

Inkjet-Based 3D
Bioprinting

Extrusion-Based
3D Bioprinting

Laser-Assisted 3D
Bioprinting

Stereolithography 3D
Bioprinting

Applied
Representative

Materials
collagen, alginate, PEG Alginate, GelMA,

chitosan, PU
alginate, gelatin, PCL,

PLGA Photopolymers

Working
Principle

Using thermal or
acoustic force to eject

very small size ‘bioink’
drops onto a substrate

Biomaterials are
extruded though one or

more nozzles under
controlled pressure in a
layer-by-layer pattern

Laser pulse generates a
high-pressure bubble
towards the collector

substrate

A solid freeform,
nozzle-free technology

based on photosensitive
polymer formulation under

laser beam

Merits

High print resolution;
Faster printing speed;

Cell viability after
printing; Low drive

pressure;

Printable high-viscosity
biomaterials; Wide range

of printable
biocompatible materials;
More diversified material

selection

No clogging of the
cell/biomaterial; Does
not cause mechanical
damage to cells, thus

increasing cell survival
rates (above 95%);

Multiple biomaterials
can be used to print

high-viscosity bioinks

Selective cross-linking of
bioink using light and

layer-by-layer solidification
to for a 3D structure; High
efficiency: Simpler device;

Easy to control

Drawbacks

Cannot print
high-viscosity materials
or high concentration

of cells; May cause
mechanical or thermal
damage to cells during

printing; Lack of
precision regarding

droplet size and shape

Low print resolution;
High mechanical and
shear pressure stress;

Relatively low cell
viability

Complex control of
laser printing systems;
Few materials suitable
for laser bioprinting;
Side effects of laser

irradiation on cells are
not fully understood;

Low printing efficiency

Ultraviolet light and its
initiator can damage cells

Bioink
Viscosity 3.5~12 MPa·s 30~6 × 107 MPa·s 1~300 MPa·s No limitation

Resolution <70 µm 200–500 µm 10–100 µm 50 µm
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3.1. Inkjet-Based 3D Bioprinting

Inkjet printing is the earliest bio-3D printing technology with a relatively low cost.
The principle is similar to that of traditional 2D inkjet printing. Piezoelectric or thermally
driven nozzles are used to divide the bioink (a mixture of hydrogel and cells) into a series
of droplets (Figure 4(A1)). After layer-by-layer non-contact printing, a three-dimensional
structure containing cells can be formed [86]. Cells and polymers can also be patterned
into desired shapes by changing the content of the “ink” [87]. Park et al. [88] used inkjet
printing to seed cells in patterns within collagen-containing bed to remodel the surrounding
collagen matrices. Within the collagen matrices, fibroblasts rearranged and reorganized
the surrounding ECM microenvironment, and ultimately, vertically elevated collagen
microstructures were formed relevantly to the size and shape of the printed cell patterns.
Finally, human skin models with papillary structures and the function of complex tissues
at the dermo-epidermal junction were created.

According to the different printing technology, inkjet printing can be divided into
continuous inkjet, drop-on-demand inkjet, and electrodynamic inkjet [89]. Continuous
inkjet uses a piezoelectric driving device to fix pressure on the ink in the nozzle to make it
continuously eject (Figure 4(A2)). The print speed of this continuous cycle inkjet system
is high, and it can generate high-speed ink droplets, but it is rarely used in the field of
bioprinting because of imprecisely [87].

In the drop-on-demand inkjet system, the ink is only ejected when needed for printing
and deposited drop by drop in a “bottom-up” manner. For this shortcoming, the multi-
nozzle method is often used to improve the printing speed [90]. Zimmermann et al. [91]
developed a multicomponent inkjet bioprinting method by using a printing nozzle with
two piezoelectric pipettes to dispense two reactive hydrogel solutions simultaneously,
one of which contained human bone marrow-derived mesenchymal stem cells. The fabri-
cated hydrogel scaffolds were shown to have cell-supporting properties. In addition, this
technique may be used to control reducing tissue and organoid at a new overall level in
the future.

An electric inkjet involves an electric field that uses micro-voltage changes to control
the ejection of ink dots, which can precisely control the direction and shape of the ink dots.
This technology is superior to other inkjet technologies because small-diameter orifices
and high concentrations of bioink are used [92]. Electric inkjet 3D printing technology was
applied with poly-lactic-co-glycolicacid by Tong Liu et al. to build biocompatible tissue
engineering scaffolds [93]. By changing the electric field and drawing paths, different
scaffold structures could be obtained, and these scaffolds were proven to be able to guide
and improve cell proliferation and growth, potentially promoting wound healing.

Due to the small driving pressure of the nozzle, inkjet printing cannot print high-
viscosity materials and high-density cells [94]. In addition, the low-viscosity material makes
the structural strength smaller after printing, which cannot meet the needs of subsequent
in vitro culture and transplantation. Therefore, the viscosity factor narrows the range
of applicable biomaterials. What’s more, during the inkjet printing process, mechanical
damage or thermal damage to cells may occur, and these disadvantages also limit the
applications of inkjet printing technology.

3.2. Extrusion-Based 3D Bioprinting

Extrusion printing technology is the most widely used bioprinting method. This
method uses pneumatic or mechanically driven nozzles to extrude biological ink in a con-
trolled manner with a continuous process (Figure 4(B1)). Microfibers are extruded from the
nozzles and deposited on the forming platform to form a two-dimensional structure. With
the movement of the nozzle or the forming platform in the z-direction, the two-dimensional
structure is stacked layer by layer to form a three-dimensional structure [95]. In the extru-
sion printing process, the continuous extrusion force can extrude uninterrupted fibers, not
just single droplets. This forming method can print biomaterials with different viscosities.
High-viscosity bioinks can provide better printability and structural integrity, and low-
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viscosity bioinks are more conducive to maintaining cell function. The material is suitable
for a wide range of applications and can produce a structure with better structural strength.

The most common methods in extrusion-based 3D bioprinting are fused deposition
modeling (FDM), melt electrowriting (MEW), and near-field electrospinning (NFES) [96].
In the FDM process, thermoplastic pellets or filaments of material are extruded by a
temperature-controlled extruder and deposited layer by layer on a platform [97]. The
direction of each deposited material layer and the spacing between material paths can be
changed (i.e., layup mode), thereby obtaining scaffolds with a highly uniform internal hon-
eycomb structure, controllable pore morphology, and complete pore interconnection [98].
Liu et al. [99] constructed a novel composite porous scaffold by combining large and
small pores and honeycomb structures on FDM technology. It has a large pore size of
510 ± 20 µm and a small pore size of only 210 ± 15 µm. The scaffold owns significantly
enhanced hydrophilicity, good mechanical properties, cell affinity, and osteogenic activity
and would be an expected candidate as a bone repair material.

Melt electrowriting (MEW) combines melt electrospinning and 3D printing to provide
higher-resolution printing. With the help of air pressure and an electric field, programmable
electrospinning is realized by computer manipulation. Depending on the printing parame-
ters, the resulting fiber diameter can be controlled, adjusted, and direct-written in different
configurations [100]. Typically, fibers printed using MEW technology are in the range of
several micrometers (2–50 µm) [96] therefore expanding the complexity and morphology
of the resulting scaffolds (Figure 4(B2,B3)). Castilho et al. [101] designed and fabricated
ultra-stretchable microfiber scaffolds with controllable hexagonal microstructures by melt
electrowriting (MEW) technology, which exhibited up to 40% bidirectional deformations.
The scaffold was combined with derived cardiomyocytes (induced pluripotent stem cells)
in a collagen hydrogel to make a cardiac patch. It was found that its high-tension strain
supports cardiac contraction and may be used for cardiac repair in the future.

Near-field electrospinning (NFES) is the extrusion printing method with the highest
resolution, which has a resolution of less than 100 nm [102]. Based on the polymers soluble
in volatile solvents, it creates 3D-aligned nanofiber scaffolds by using melts or solutions
to control the deposition of electrospun fibers on mobile platforms [103]. Compared
with MEW, it requires a higher voltage and a shorter distance between the nozzle and
the collector plate. The printer setup is simpler because no heating element is required.
However, this method has the risk of cytotoxicity due to the use of organic solvents, which
limit cell encapsulation [98]. Fattahi et al. [104] reported an NFES method for the fabrication
of controlled polymer fibers by printing polymethyl methacrylate fibers in cell-loaded 3D
collagen gels for automation. The method controlled the deposition of single fibers precisely
and fabricated high-resolution and repeatable 3D polymer fiber patterns. Fiber diameters
were in the range of 1.86 ± 0.41 µm and aligned uniformly in the target direction. The results
showed that the collagen gel on the printed fiber pattern exhibited good compatibility
between cells and tissues. Besides, patterned fibers completely supported the hMSCs’
cellular growth.
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crowell array in a high-throughput manner [89]. Copyright 2016, Elsevier. (B1) The mechanism
diagram of the extrusion-based 3D bioprinting [85]. Copyright 2020, MDPI. (B2,B3) Schematic of
the MEW printer with the various components [96]. Copyright 2018, Wiley. (C1) The mechanism
diagram of laser-assisted bioprinting [85]. Copyright 2020, MDPI. (C2) Experimental apparatus and
schematic of proposed metallic foil-assisted laser cell transfer [105]. Copyright 2011, ASME. (D1) The
mechanism diagram of the stereolithography bioprinting [85]. Copyright 2020, MDPI. (D2,D3) The
stereolithography bioprinting device [106]. Copyright 2021, Elsevier.
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3.3. Laser-Assisted 3D Bioprinting

Laser-assisted bioprinting (LAB) is also a headless inkjet printing method. The princi-
ple of LAB technology is that bioink is coated on the absorption layer on the transparent
glass plate to form a three-layer structure of glass plate-absorption layer-bio-ink layer.
Then pulse laser irradiation is focused on the absorption layer (Figure 4(C1)) so that a
small part of the bioink layer at the irradiation position is vaporized and expanded. The
bioink is squeezed from the surface to form a jet, which is then deposited on the receiving
substrate [107]. Another similar technology is LIFT (last induced forward transfer); the
difference is that the technique is written in continuous filaments [105,108] (Figure 4(C2)).

Compared with inkjet printing technology, this technology can avoid direct contact
between bioink and processing devices, which does not cause mechanical shear damage
to cells. This method can print higher-viscosity biomaterials, and the applicable range is
wider than inkjet printing [109]. However, this technology is still mainly in the research
stage and has few applications. The main reasons include (i) The printing cost is relatively
high, and the process is not mature enough; (ii) It is time-consuming and labor-intensive
when each layer is printed by bioink with the laser absorbing material coated; (iii) The
repeatability and uniformity of the generated droplets need further research.

Most researchers used 1064 nm [110] and 193 nm [111] laser sources for bioprinting.
Sorkio et al. [112] created a 3D corneal phantom by using human stem cells and laser-
assisted bioprinting. Human embryonic stem cell-derived limbal epithelial stem cells were
used as the cell source for printing epithelial-mimicking structures, while human adipose
tissue-derived stem cells were used to construct lamellar matrix-mimicking structures.
During the printing process, two bases with different laser wavelengths and appropriate
absorber layers were built. The first layer was 1064 nm wavelength; this layer acted as a
donor glass slide combined with a 60 nm thin gold absorber layer. The second layer was
2940 nm wavelength, which was suitable for the absorption maximum of water and the
hydrogel absorbing layer. The 3D-printed matrix constructions were implanted into porcine
corneal organ cultures, and it was found that the above two cell types both maintained
good viability after printing.

3.4. Stereolithography 3D Bioprinting

Stereolithography (SLA) bioprinting is a solid free-form, nozzle-less 3D printing
technology based on photosensitive polymer formula, which also manufactures 3D tissue
structure layer by layer [34]. Compared with traditional bioprinting methods, SLA has the
advantages of multiscale, high-resolution, and rapid printing of highly complex scaffolds
(Figure 4(D1)). Furthermore, it is highly relevant to clinical applications because of the
ability to fabricate implantable scaffolds with anatomically precise geometries, precisely
controlled surface properties, and tunable physical or chemical properties.

Lighting sources play an important role in defining the performance of the SLA process.
The resolution and precision of printed parts are often determined by the characteristics
of the illumination source. In addition, the mechanical properties of the stent can also
be tuned by controlling the light conditions [113]. Based on the illumination source, SLA
3D bioprinting systems can be divided into single-photon and multi-photon bioprinting.
In single-photon methods, one high-energy photon is absorbed by a photoinitiator to
generate free radicals. Visible light and UV-based SLA 3D bioprinting systems belong to
this category. In multiphoton or two-photon methods, multiple low-energy photons are
sequentially absorbed by photoinitiators in excited transition states to generate radicals,
and infrared (IR) illumination is a common illumination source for two-photon bioprinting
systems [114,115].

Lee et al. [116] fabricated a novel 3D biomimetic neural scaffold with a tunable porous
structure and embedded aligned fibers. They used a technique that combined SLA and
electrospinning to embed the microfibers into a 3D printing hydrogel scaffold under the ir-
radiation of a solid-state ultraviolet (355 nm) laser, in which the microfibers were composed
of polycaprolactone (PCL) and PCL. The scaffold significantly improved neural stem cell
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adhesion. Furthermore, highly aligned PCL/gelatin fibers within the scaffold improved
neurite outgrowth and orientation control in primary cortical neurons. Zhang et al. [106]
proposed a 3D bioprinting system based on lightweight stereolithography, which can be
used for the 3D bioprinting of methacryloyl-modified hydrogels as photocrosslinking ma-
terials (Figure 4(D2,D3)). The system had an intelligent structural design, equipped with
a visible laser emitter with a spot diameter of 1 mm, a wavelength of 405 nm, and a Petri
dish. A temperature control platform was also installed below the printer slot to prevent
hydrogel condensation. Only a relatively small amount of bioink (measured in milliliters)
was consumed per print. By printing scaffolds loaded with mesenchymal stem cells (mBM-
SCs) and culturing mBMSCs on the scaffolds, it was found that the cells in the scaffolds
were concentrated on the surface of the gel scaffolds, and the survival rate exceeded 95%.
In addition, after five days, mBMSCs showed excellent survival on the GelMA scaffold
(morphologically stretched, migrated, and exhibited a certain functional structure).

4. Three-Dimensional Bioprinting and Nanotechnology for Tissue Engineering Scaffolds

Three-dimensional bioprinting is a powerful technology with a remarkable ability
to create three-dimensional scaffolds for tissue engineering and to control the geometry
and microstructure of scaffolds. Nanotechnology is mainly used in tissue engineering
and regenerative medicine. According to different purposes and functions, as well as its
inherent characteristics and presentation in the biological environment, the technology
creates many possibilities for generating highly complex cell structures. It paves the way
for biological manufacturing with the integration of the two technologies by improving the
key weaknesses of the manufacturing process and has great potential in the construction of
tissue engineering scaffolds.

4.1. Bone Tissue Engineering Scaffold

Healthy bones are essential to maintain the important function of the human body.
Bone defects, infection, tumors, and congenital diseases can cause patients to lose their
basic motor ability and seriously affect their quality of life [117]. Although bone is a flexible
organization with self-repair ability, its ability to fill the big defect is still complicated and
limited [118]. Three-dimensional printing has the ability to control the bracket structure.
Scaffold design is an important step in bone repair. This is because the features of the
porous structure, including the porosity, pore size, and pore interconnectivity, have a
great influence on their biological performance and mechanical properties [119]. The use
of nanoparticles for 3D printing bone tissue engineering brackets can further enhance
its functionality.

Yu et al. [120] blended 1,6-hexanediol L-phenylalanine poly(ester urea) (PEU) with hy-
droxyapatite (HA) nanocrystals through a fused deposition model and then printed it into a
porous scaffold (porosity 75%). MC3T3-E1 preosteoblasts were inoculated in vitro to detect
their biological activity. It proved that the mechanical properties of composite brackets
(65~85 MPa) were significantly higher than polymer brackets made of other technologies
(such as the salt soaking method) and other 3D printing pure polymer brackets. After four
weeks of cell culture in the sample, the calcium concentration in the mineralization of the
extracellular matrix increased by 185 times, indicating HA gave the bracket bone induc-
tion and bone transmission (Figure 5A). Nadi et al. [121] synthesized a strontium-doped
boron iron ore nanoparticle and used 3D printing technology to prepare a new nanocom-
posite scaffold with polycaprolactone and polylactic acid to promote the regeneration of
critical-sized bone defects. The scaffold was immersed in a simulated body fluid solution,
and hydroxyapatite crystals were found on the surface of the scaffold. With the addition
of nanoparticles, the formation rate of apatite increased, which proved that the scaffold
supported the activity and proliferation of human osteoblasts. The nanocomposite scaffold
was implanted into a critical-sized defect of the rat skull. After three months, it was found
that the defect was filled with fibrous tissue, and osteocytes infiltrated into the implanted
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area to form blood vessels and a small amount of mineral deposition, implying that the
scaffold could promote bone regeneration.

4.2. Neural Tissue Engineering Scaffold

As the nervous system is complex, it is still a challenge to repair damaged nerves and
achieve full functional recovery. Because the extracellular matrix of human nerve tissue
has a hierarchical structure from nanometer to micron, the nanostructured scaffold with
bionic characteristics and excellent physical and chemical properties is very promising in
nerve regeneration [122].

Lee et al. [123] combined multi-walled carbon nanotubes (MWCNT) with poly
(ethyleneglycol) diacrylate (PEGDA) and used a stereolithography 3D printer with a
355 nm laser to fabricate MWCNT hydrogel nerve scaffolds easily, which have an ad-
justable microstructure and porous structure (Figure 5B). The results showed that the
scaffolds combined with MWCNT promoted the proliferation of neural stem cells and
neuronal differentiation. In addition, when the current is 500 µA, biphasic pulse stimulation
can analyze protein expression by quantitative polymerase chain reaction and promote
neuronal maturation. In another study [124], researchers used 3D printing technology
based on stereolithography and coaxial electrospray to prepare a novel 3D biomimetic
scaffold. To achieve nanostructure and sustained bioactive molecular delivery, the scaffold
was embedded into core-shell nanoparticles with a continuous neurogenic factor delivery
system. In addition, an adjustable porous structure was designed. The results showed
that the scaffolds with higher porosity improved the adhesion of PC-12 cells significantly.
More importantly, the improvement in the function of PC-12 and primary cortical neurons
was observed on 3D printed nerve scaffolds containing bioactive factor nanoparticles,
indicating its great potential in the repair and regeneration of peripheral nerve or central
nervous system.

4.3. Vascular Tissue Engineering Scaffold

The vascular network is the basis for the continuous supplementation of oxygen and
nutrition to cells. Vascular network 3D printing should have a specific level of angiogenesis
ability to promote cell regulation, survival, growth, and differentiation. This emphasizes
the biochemical characteristics of “biological ink” that combines 3D printing technology
with various cellular hydrogels, which should be in line with specific engineering configu-
rations [125].

Miao et al. [126] constructed a dynamic DNA hydrogel by using a nanoactivation
strategy, namely vascular endothelial growth factor-modified black phosphorus nanosheets,
and integrated it with a 3D-printed polylactic acid scaffold (VEGF-BP/DNA+PCL), giving
the PCL scaffold a dual regulation of angiogenesis and skull regeneration bone. The black
phosphorus nanosheets enhance the mechanical strength of dynamic self-healable hydrogel
and endow the gel-scaffold construct with preserved protein binding to achieve sustainable
delivery of growth factor. They found that the expression of angiogenic marker genes
in the VEGF-BP/DNA+PCL construct was significantly up-regulated, and the ability of
the construct to form HUVEC tubes in vitro was significantly improved, doubling the
number of tubes, compared with the construct without VEGF. The results indicated that the
VEGF-BP-DNA+PCL construct could significantly promote the angiogenesis performance
of HUVEC. What is more, they confirmed that the gel-scaffold construct was able to
promote the growth of mature blood vessels as well as induce osteogenesis to promote
new bone formation. With the combination of SLA and FDM 3D printing systems, S.Y.
Hann et al. [127] developed a biomimetic nanostructure with perfused endothelial vascular
channels, in which nano-hydroxyapatite was incorporated into gelatinmethacryloyl bioink
to form biological ink. The perfusion vascular channels were created in SLA-printed
bone scaffolds by using FDM-printed polyvinyl alcohol templates. To predict the ability of
vascular bone tissue to regenerate in vivo, human umbilical vein endothelial cells (HUVECs)
were cultured in scaffolds (Figure 5C). The results showed that different capillaries sprouted
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through endothelial channels after the perfusion of HUVECs, indicating that the dual
printing system was helpful in improving vascular growth.

4.4. Tendon Tissue Engineering Scaffold

Tendon tissue has a hierarchical structure and fewer blood vessels and nerves. The
chaotic arrangement of new collagen in the scar tissue after injury will weaken the mechan-
ical properties and function of the injured tendon. It is beneficial to combine 3D bioprinting
and nanotechnology to develop a scaffold, which can promote the ability of tendon tissue
to imitate the hierarchical structure of the natural tendon.

Yang et al. [128] arranged the three-dimensional oriented polycaprolactone nanofiber
yarns (NFY) of different diameters neatly by dry-wet electrospinning. The NFY can simulate
the hierarchical structure of collagen bundles and fibers in natural tendon tissue. By
studying the effect of aligned NFYs on the differentiation of tendon stem/progenitor cells
(TSPCs), it was found that the oriented nanofiber structure could induce tendon orientation
and elongation, and the multi-scale structure of oriented NFY could improve tendon
differentiation (Figure 5D). The results of rat tendon repair further showed that the bundled
NFY promoted tendon repair in vivo by inducing new collagen tissue directionally. These
data highlight its potential as a bionic multi-scale scaffold for tendon tissue regeneration.
Wu et al. [129] developed a hybrid 3D porous scaffold, which consisted of an outer three-
layer micron fiber bundle coiling from an electrohydrodynamic jet-printed polycaprolactone
fiber network and an internal part making from a heat-sealed PCL tube under uniaxial
tension. Compared with the rolled electrospun fibers, the cell metabolism cultured in
tendon scaffolds was enhanced. In addition, the scaffold also led to the up-regulation of
cell arrangement, cell elongation, and type I collagen formation.

4.5. Organs Tissue Engineering Scaffold

Although most studies have focused on bone, nerve, cardiovascular, and tendon
tissue engineering, 3D bioprinting of other tissues has also been studied [130]. Biological
imprinting of skin tissue applications (such as wound repair and dermis regeneration)
requires structural enhancement, which is usually achieved by collagen nanoparticles or
natural polymer mixtures [23,131]. Nanofiber cellulose is used to construct functional
adipose tissue and to differentiate pluripotent stem cells into cartilage [132]. Recently, many
scholars have tried to use 3D printing technology and nanotechnology to reconstruct tissue
models of living tissues and finally make transplantable matrices for various organs.

Lei et al. [133] prepared multi-scale micro/nanofiber conductive scaffolds with layer-
specific fiber orientation in a layer-by-layer manner by combining solution-based and melt-
based electrohydrodynamic printing technology for cardiac regeneration. In each layer,
eight PCL microfibers were reprinted and stacked vertically to form parallel microwells
(Figure 5E). Compared with ordinary PCL scaffolds, multi-scale conductive scaffolds were
found to guide the arrangement of cells between specific layers and significantly enhanced
the expression of specific genes. Rajendran et al. [134] prepared chitosan nanofiber scaffolds
by electrospinning and established a new three-dimensional liver model with a co-culture
system composed of hepatocytes and fibroblasts (Figure 5F). Compared with the co-culture
of single cell culture and three-dimensional culture system, it was found that the co-cultured
hepatocytes formed colonies and maintained their morphology and function for a long time.
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Figure 5. (A) Ca2+ deposited in the mineralized ECM on the surface of the filament in the scaffolds
as visualized by Alizarin Red S staining. Dark red layers on the surface of the filaments in the bright
field microscope image indicated enhanced mineralization resulting from higher HA contents in the
scaffolds [120]. Copyright 2017, American Chemical Society. (B) Confocal micrographs of neural stem
cells growth and spreading on 3D printed scaffolds at day 8. Cells were stained with GFP (green)
and TUJ1 (red) [123]. Copyright 2018, IOP Publishing Ltd. (C) hMSCs (bone scaffolds, right columns)
and HUVECs (blood vessel scaffolds, left columns) co-cultured, where the white dash lines indicate
blood vessel channels [127]. Copyright 2021, Elsevier. (D) Fluorescence imaging of live (green) and
dead (red) TSPCs that were seeded on aligned NFYs and cultured in a growth medium for 24 [128].
Copyright 2022, Frontiers Media S.A. (E) Immunofluorescence images of primary cardiomyocytes on
the microfibrous PCL scaffolds and multiscale conductive scaffolds after eight days of culturing [133].
Copyright 2019, RSC Pub. (F) Vinculin focal adhesion and F-actin distribution of hepatocytes cultured
on 2D chitosan or chitosan-FN film surfaces [134]. Copyright 2017, Wiley.

5. Conclusions and Future Directions

To sum up, this review focuses on 3D bioprinting technology and nanomaterials, as
well as their latest development in tissue engineering scaffold integration, and highlights
the main contributions of these nanomaterials. 3D bioprinting has made rapid progress in
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the manufacture of 3D functional biological structures. The application of nanotechnology
and nanomaterials in the biomedical field has also made remarkable achievements. The
synergistic combination of the two has proven to be an effective method for biological
manufacturing processes, but there are still many challenges to be solved. For example,
nanocomposite bioinks have been used to trigger specific cell reactions. However, the strict
classification of target applications is not entirely clear. The highest resolution of printing
reaches the micro range but is not enough to print at the capillary level, which is a long
way to reproduce a complete and available biological organ. Scaffolds that bind cells and
growth factors are difficult to store due to their low activity and instability. The distribution
of three-dimensional cell microstructure and extracellular matrix in large three-dimensional
scaffolds lacks spatiotemporal control, which limits their application in the regeneration
of complex functional tissues (such as kidney and liver). Once the above problems are
resolved, the development of 3D scaffolds may improve tissue regeneration and achieve
wide application in the clinic.
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