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Abstract. As an emerging method in tissue engineering, 3D bioprinting technology has shown great
potential in addressing challenges faced by traditional medicine. This review discusses the basic
principles of 3D bioprinting technology, the primary methods involved, and the characteristics of bio-
inks, while exploring its applications in tissue engineering. The main printing techniques include inkjet
bioprinting, micro-extrusion bioprinting, and laser-assisted bioprinting, each with its own specific
advantages and application areas. As the core component of this technology, bio-ink types and
properties significantly influence the printing outcomes. This paper focuses on the specific
applications of 3D bioprinting in areas such as microtia treatment, thyroid reconstruction, and skin
regeneration, which demonstrate the unique advantages of this technology in creating complex
tissue structures and functional organs. Despite the promising outlook of 3D bioprinting, numerous
challenges remain in translating laboratory research to clinical applications, such as improving the
functionality and long-term viability of printed tissues and addressing immune rejection issues. In the
future, advancements in this technology may focus on multi-material and multi-cell-type printing,
optimization of bio-inks, and integration with other advanced technologies. Overall, 3D bioprinting
technology is expected to bring revolutionary changes to tissue engineering and regenerative
medicine, offering more personalized and effective treatment options for patients.
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1. Introduction

Tissue engineering and regenerative medicine have long been areas of significant interest in the
development of modern medicine. Traditional tissue repair techniques, particularly in addressing skin
injuries, primarily rely on skin grafts. However, this approach presents numerous limitations and
challenges. First, skin grafts must be sourced from donors, which means that available grafts are
limited. Secondly, more severe skin injuries often require a complete skin structure, including the
epidermis, dermis, and subcutaneous tissue, making it even more challenging to find suitable grafts.
Furthermore, even when transplantation is successful, improper post-operative care can lead to
pigmentation issues and scarring, affecting the patient’s quality of life.

In response to these challenges, researchers have been seeking more advanced and effective
methods for tissue repair. In recent years, with the rapid development of biomedical and life sciences,
3D bioprinting technology has matured and brought new hope to fields such as soft tissue repair and
skin regeneration. 3D bioprinting technology, developed from traditional 3D printing, combines
computer-aided 3D imaging and multi-layer continuous printing principles to precisely fabricate
complex biological structures. These structures can be designed to mimic the shape, biological
function, and specific microenvironment of cells.

This technology not only provides new tools for tissue engineering but also paves the way for
personalized medicine. Through 3D bioprinting, researchers can create functional three-dimensional
biological constructs and regenerative medicine models in vitro, which can be used not only in
fundamental research but also directly in clinical treatments. From the treatment of microtia to thyroid
reconstruction and the repair of large skin injuries, 3D bioprinting technology has shown great
potential.

This review aims to provide a comprehensive overview of the applications of 3D bioprinting
technology in tissue engineering, including its underlying principles, bio-ink selection and properties,
and specific application cases in various fields. By reviewing and analyzing current research progress,
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we hope to offer readers a clear panorama of 3D bioprinting’s applications in tissue engineering and
to explore its future development direction and potential clinical applications.

2. Overview of 3D Bioprinting Technology

2.1. Characteristics of 3D Bioprinting Technology

3D bioprinting technology is an innovative application that has developed from traditional 3D
printing. Its uniqueness lies in the use of biological materials or cells as "printing ink," enabling the
creation of complex biological structures with both functionality and three-dimensional form. This
technology can be used to manufacture biomedical products such as in vitro three-dimensional
biological constructs and regenerative medicine models. More importantly, 3D bioprinting
technology allows printing based on requirements such as biomimetic morphology, biological
functionality, and specific cellular microenvironments, providing a powerful tool for tissue
engineering and regenerative medicine [1].

2.2. Main 3D Bioprinting Methods

2.2.1. Inkjet Bioprinting

Inkjet bioprinting relies primarily on acoustic or thermal energy to form and deposit droplets of
bio-materials. Acoustic inkjet printing uses acoustic radiation force and ultrasonic fields to eject
droplets from the air-liquid interface. This method's advantage is its ability to avoid the effects of heat
and pressure on biological materials, allowing precise control of droplet size and preventing nozzle
clogging. However, this method poses some limitations on the viscosity of the printable materials,
which can be challenging in certain applications.

In contrast, thermal inkjet printing generates pressure pulses through electrically heated printheads,
causing droplets to be ejected from the nozzle. This method is characterized by its high printing speed,
typically taking only about 20 microseconds. Although heat is applied, the brief heat transfer time
ensures minimal impact on the cells, allowing cell viability to exceed 95%, making thermal inkjet
printing a promising technique in 3D bioprinting.

2.2.2. Micro-extrusion Bioprinting

Micro-extrusion bioprinting is a technique that melts thermoplastic materials using a heater, then
extrudes them through a micro-nozzle. In this process, the material is drawn into filament form, fed
into a heated extrusion head, and melted before being extruded through the nozzle. This method is
relatively simple, cost-effective, and easy to maintain and operate. Additionally, micro-extrusion
bioprinting offers high flexibility, as different nozzles can be swapped to meet diverse printing needs,
and it operates at a faster speed compared to other methods.

However, this technique faces certain challenges, such as lower cell viability, reduced printing
resolution, and a higher risk of contamination. To overcome these limitations, researchers have
developed shear-thinning hydrogels, which exhibit reduced viscosity with increased shear rate during
printing, protecting cells from high shear stress. Examples of such bio-inks include gelatin and its
derivatives, as well as decellularized extracellular matrix (dECM) hydrogels, which are widely used
in 3D bioprinting for tissue engineering [2].

2.2.3. Laser-Assisted Bioprinting

Laser-assisted bioprinting is a technology that uses laser-induced polymerization or crosslinking
of photosensitive materials to achieve high-precision three-dimensional positioning of cells and bio-
materials. The greatest advantage of this method is its high precision, offering micron-level printing
resolution to meet the demands of different cellular printing resolutions. Additionally, laser-assisted
bioprinting features high cell viability, a wide range of compatible biomaterials, and a high degree of
automation. These characteristics make laser-assisted bioprinting particularly suitable for tissue
engineering applications that require high-precision positioning.
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3. Bio-ink
3.1. Definition and Types of Bio-ink

In 3D bioprinting technology, bio-ink is a core component. Bio-ink generally refers to a solution
mixture, often in the form of hydrogels, containing one or more biological materials, which
encapsulate different types of cells during the bioprinting process. This special "ink" provides a three-
dimensional microenvironment that supports cell survival and function.

Based on their function and application, bio-inks can be categorized into several main types. The
most fundamental is Matrix Bioink, which supports and protects cells in the form of a hydrogel,
providing an environment conducive to cell survival and growth. This type of bio-ink forms the basic
material for most bioprinting applications and is indispensable in tissue engineering.

Support Bioink primarily serves to maintain the structure and integrity of the printed constructs. It
typically exhibits good mechanical properties, making it suitable for printing tissues such as muscles,
bones, and cartilage, which require a certain level of rigidity and strength.

Another important type is Sacrificial Bioink. This bio-ink provides temporary support during the
printing process but is removed afterward. Its main role is to ensure the stability of complex structures
during printing and then be removed to form the desired final construct.

3.2. Material Selection for Bio-ink

The selection of bio-ink materials is crucial for the success of 3D bioprinting. Currently, four major
types of bio-ink materials are widely studied and applied.

Natural hydrogel bio-inks are made from natural biological materials, such as collagen and fibrin.
These bio-inks have excellent biocompatibility and can effectively mimic the natural environment of
cells, promoting cell growth and function. Additionally, natural hydrogel bio-inks tend to degrade
quickly, facilitating tissue remodeling and regeneration. However, their mechanical properties are
relatively weak, which may limit their application in scenarios that require higher strength.

Synthetic hydrogel bio-inks are chemically synthesized. Their greatest advantage lies in their
superior mechanical properties and tunability. Researchers can control the physical and chemical
properties of synthetic hydrogels by adjusting the synthesis process to meet the specific needs of
different tissue types. However, synthetic hydrogels may be less biocompatible than natural hydrogels,
which is an important factor to consider in their application.

To combine the advantages of both natural and synthetic hydrogels, researchers have developed
composite hydrogel bio-inks. These bio-inks are made from a mixture of two or more hydrogels,
offering improvements in both mechanical performance and biocompatibility. Composite hydrogel
bio-inks provide researchers with greater flexibility, allowing material properties to be tailored to
specific application needs.

Lastly, photosensitive bio-inks are an emerging type of bio-ink. These bio-inks contain photo
initiators, which can be activated by light exposure to induce a transition from sol to gel state. The
advantages of photosensitive bio-inks include their rapid crosslinking speed and high spatial
resolution, making them particularly suitable for creating tissues with complex microstructures.

3.3. Characteristics of an Ideal Bio-ink

When selecting or designing bio-inks, several key characteristics must be considered to ensure
their effective application in 3D bioprinting. First, an ideal bio-ink should possess a robust tissue
structure and a tunable mechanism to retain that structure. This means the bio-ink should maintain its
shape during printing and provide adequate support afterward until the cells can produce their own
extracellular matrix.

Second, the stabilization and gelation process of the bio-ink should be adjustable. This
characteristic is crucial for maintaining shape during the printing process. A tunable gelation process
allows researchers to modify the rheological properties of the bio-ink according to different printing
needs.
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Biocompatibility is another key characteristic. An ideal bio-ink should mimic the biological
microenvironment, providing cells with a favorable environment for survival and function.
Additionally, the bio-ink should have controllable biodegradability to coordinate with the tissue
remodeling and regeneration process.

The possibility of chemical modification is also an important consideration. Chemically
modifiable bio-inks can be enhanced by adding specific bioactive molecules, such as those that
promote cell adhesion or stimulate cellular behaviors.

Finally, to enable large-scale production and application, an ideal bio-ink should have minimal
batch-to-batch variation. This means the preparation process should be reproducible, consistently
yielding materials with the same properties.

4. Applications of 3D Bioprinting in Tissue Engineering

As an emerging method in tissue engineering, 3D bioprinting has demonstrated immense potential
in various medical fields. This chapter delves into its specific applications in the treatment of microtia,
thyroid reconstruction, and skin regeneration, showcasing the unique advantages of this technology
in addressing complex medical challenges.

4.1. Treatment of Microtia

Microtia is a congenital deformity characterized by underdeveloped or absent external ears.
Traditional treatments primarily rely on autologous rib cartilage grafts or synthetic polymer materials
for auricular reconstruction, but these methods often encounter issues such as limited donor tissue
and significant surgical trauma. The advent of 3D bioprinting technology offers new possibilities for
microtia treatment.

Kim et al. demonstrated the application of 3D printing in the treatment of microtia by combining
3D-printed implants with traditional surgical techniques [3]. Their approach followed Nagata’s two-
stage total ear reconstruction principle, with the 3D-printed implants replacing autologous tissue. In
the first stage, a W-shaped incision was made to reposition the affected ear lobe and prepare a cavity
for the implant. A 3D-printed implant was then inserted into the cavity. In the second stage
(approximately three months later), another incision was made at the rear of the initial implant to
place a second 3D-printed implant, which was used to elevate the reconstructed ear. Finally, a
temporalis fascia was applied over the new implant, and a full-thickness skin graft was placed on the
fascia.

This method offers several advantages, including the ability to customize the implant's shape and
size precisely to match the patient’s facial features, resulting in better aesthetic outcomes.
Additionally, by avoiding the use of autologous rib cartilage, surgical trauma and the risk of
complications are significantly reduced. However, long-term follow-up studies are still required to
evaluate the long-term outcomes and safety of this technique.

4.2. 3D-Printed Thyroid

The thyroid is the largest endocrine gland in the body and plays a vital role in regulating
metabolism. Thyroid dysfunction can lead to severe health issues, and traditional treatments such as
medication or surgery often fail to fully restore thyroid function. 3D bioprinting offers an innovative
approach to thyroid function reconstruction.

Arguchinskaya et al. explored the possibility of 3D-printed thyroid tissue [4]. They constructed a
thyroid cartilage model based on CT imaging data and used 3D printing technology to manufacture
thyroid tissue (Fig. 1). This 3D-printed thyroid was successfully transplanted into experimental
animals, resulting in a significant increase in thyroid hormone levels post-transplantation. More
importantly, histological evaluation confirmed that the bioprinted thyroid matured successfully and
integrated well with the host tissues.
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The significance of this research lies in demonstrating the potential of 3D bioprinting to produce
functional endocrine organs. This not only offers new therapeutic hope for patients with thyroid
dysfunction but also paves the way for the regeneration and reconstruction of other endocrine organs.
However, there are still many challenges to overcome before clinical application, such as ensuring
that the printed thyroid can stably secrete hormones over the long term and avoiding immune rejection.

Figure 1. 3D printing of thyroid gland based on medical images [4].

4.3. 3D-Printed Skin

The skin is the largest organ of the human body and is highly susceptible to injury. For severe skin
damage, traditional treatments primarily rely on skin grafting, but this approach is often limited by
the availability of donor tissue and the formation of scars. 3D bioprinting offers a novel solution for
repairing large-scale skin injuries.

Weng et al. investigated the application of 3D bioprinting in skin tissue engineering [5]. They
highlighted that 3D-printed skin consists of multiple layers, simulating the complex structure of
natural skin, including the epidermis, dermis, and subcutaneous layers. The advantage of this method
is its ability to precisely control the thickness and composition of each layer, better meeting the
specific needs of different skin areas.

However, there are still some limitations to 3D-printed skin. One of the most notable challenges
is that current technology cannot include structures such as sweat glands, hair follicles, and sebaceous
glands in the printed skin. These structures are critical for the normal physiological functions of the
skin. For example, sweat glands play an important role in thermoregulation and produce substances
like urea, lactic acid, and creatine that inhibit bacterial growth on the skin surface. Thus,
reconstructing these complex accessory structures in 3D-printed skin has become a key research
direction.

5. Conclusion

As an innovative approach in the field of tissue engineering, 3D bioprinting demonstrates
enormous potential. This paper has reviewed the fundamental principles, key methods, and
characteristics of bioinks, as well as explored its applications in microtia treatment, thyroid
reconstruction, and skin regeneration.

The core advantage of 3D bioprinting lies in its ability to precisely control the spatial distribution
of cells and biomaterials to construct complex tissue structures. In microtia treatment, it allows for
the creation of personalized auricular implants; in thyroid reconstruction, it shows potential in
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fabricating functional endocrine organs; and in skin regeneration, it offers promising solutions for
repairing large-scale injuries.

Bioink is a critical component of this technology. From natural to synthetic hydrogels, and from
composite to light-sensitive bioinks, researchers have continuously explored new materials and
formulations to balance biocompatibility, mechanical properties, and printability.

Despite its broad prospects, 3D bioprinting faces several challenges before transitioning from
laboratory research to clinical application, such as improving the functionality and long-term viability
of printed tissues, addressing immune rejection, and reconstructing vascular networks within the
printed tissues.

In the future, the development of this technology may focus on multi-material and multi-cell type
printing, bioink optimization, integration with other advanced technologies, improvements in printing
equipment, and advancements toward standardization and scalable applications.

In summary, 3D bioprinting is reshaping the future of tissue engineering and regenerative medicine.
As the related challenges are gradually overcome, this technology has the potential to provide more
personalized, efficient, and safe treatment options, significantly improving human health. However,
achieving this goal will require continued efforts and innovation from multidisciplinary researchers.
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