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A B S T R A C T

Research in the field of regenerative medicine, which replaces or restores the function of human damaged organs 
is advancing rapidly. These advances are fostering important innovations in the development of artificial organs. 
In recent years, three-dimensional (3D) bioprinting has emerged as a promising technology for regenerative 
medicine applications. Among various techniques, digital light process (DLP) 3D bioprinting stands out for its 
ability to precisely create high-resolution, structurally complex artificial organs. This review explores the types 
and usage trends of DLP printing equipment, bioinks, and photoinitiators. Building on this foundation, the ap-
plications of DLP bioprinting for creating precise microstructures of human organs and for regenerating tissue 
and organ models in regenerative medicine are examined. Finally, challenges and future perspectives regarding 
DLP-based bioprinting, particularly for precision printing applications in regenerative medicine, are discussed.

1. Introduction

The field of regenerative medicine is rapidly advancing, driven by 
the increasing need to replace or restore the function of human organs. 
These advances are fostering substantial innovations in the development 
of artificial organs [1,2]. Human organs vary widely in size, from tens of 
centimeters to micrometers, and comprise complex networks of blood 
vessels, specialized tissues, and diverse cell types [3,4]. The internal 
structures of these organs feature microstructures ranging from tens of 
micrometers to nanometers, necessitating the simultaneous creation of 
both large-scale and high-resolution tissue structures for effective arti-
ficial organ fabrication.

3D printing technology, also known as additive manufacturing or 
rapid prototyping, emerged in the 1980s as an alternative to traditional 
manufacturing methods involving molds and machining [5–8]. This 
technology has evolved into a versatile method for producing custom-
ized, complex objects with unprecedented precision. Originally used for 
creating personalized polymer-based products, 3D printing has 
expanded its capabilities to create intricately detailed structures with 
minimal limitations, thereby establishing 3D printing as a key player in 
various research and industrial sectors.

The fundamental concept of 3D printing involves creating a digital 
model of the desired object using computer-aided design (CAD) software 

[9–11]. This model enables layer-by-layer printing of objects, thereby 
facilitating high levels of automation, reproducibility, and 
cost-effectiveness. Such capabilities are particularly valuable for 
on-demand production of customized items, especially in 
low-production volume scenarios where digital files can be modified 
easily. Researchers continuously refine and develop various 3D printing 
techniques, including inkjet-based, light-based, and extrusion-based 
methods [12–19].

Among these techniques, light-based polymerization strategies, such 
as Digital Light Processing (DLP), excel at producing high-resolution 
printing on a micrometer scale [20–22]. DLP-based 3D bioprinting 
employs digital light sources, such as ultraviolet (UV), blue light, or 
near-infrared (NIR) light, to cure photopolymerizable prepolymer so-
lutions layer by layer. This approach enables the construction of com-
plex, high-resolution 3D scaffolds with intricate structural details [23].

DLP printing uses specific light wavelengths to initiate photo-curing 
or photo-polymerization, creating thermosetting properties that enable 
the formation of various tissue types (Fig. 1). This process offers superior 
resolution for the production of intricate structures with high precision. 
In addition, DLP printing is known for its speed, which allows for faster 
tissue and organ fabrication than traditional methods such as inkjet- 
based and extrusion-based methods [24]. A key advantage of this 
method is the elimination of support materials, which simplifies the 
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overall process and reduces the need for post-processing steps.
However, despite these advantages, accurately replicating the com-

plex, multiscale architecture of internal organs remains a significant 
challenge in DLP-based organ printing. Internal organs consist of intri-
cate structures that range in size from large centimeter-sized features to 
microscopic components that span only a few micrometers [25]. The 
ability to precisely replicate multiscale features in a single printed 
construct is a formidable challenge. In addition to structural complexity, 
ensuring the functionality and biological compatibility of printed tissues 
further complicates the process.

The success of these techniques depends heavily on various factors, 
including the printer characteristics and the specific fabrication pa-
rameters employed during printing. These factors influence critical as-
pects of the final product, such as organ resolution, production time, and 
overall quality and functionality of the tissue construct. Furthermore, 
organs of different sizes and complexity require distinct considerations 
for model design and topological optimization. Balancing resolution and 
production speed while ensuring organ structural and functional integ-
rity remains a key challenge.

This review presents an overview of the fundamental principles of 
DLP bioprinting, traces the evolution of light-based printing technology, 
and discusses the current state of DLP printing techniques. Next, cutting- 
edge bioinks currently used for organ tissue construction are examined. 
These bioinks play crucial roles in the biocompatibility, mechanical 
properties, and long-term viability of printed tissues. Finally, this review 
discusses the advantages and limitations of DLP bioprinting for fabri-
cating diverse organs and provides insights into its potential applica-
tions and challenges to be addressed for clinical progress.

2. DLP printing

2.1. DLP printer

DLP was originally developed and patented by Larry Hornbeck at 
Texas Instruments in 1987 [26].

This technology is based on optical micro-electro-mechanical sys-
tems and employs a digital micromirror device (DMD), which comprises 
an array of microscopic mirrors arranged in a matrix on a semiconductor 
chip. In DLP projectors, these micromirrors reflect light to create images, 
and they are synchronized with the DLP printer’s software to form 
printing patterns. Each micromirror corresponds to one or more pixels in 
the projected image, with a pixel pitch as small as 5.4 μm, enabling the 
production of highly detailed and high-resolution prints.

The DMD consists of millions of tiny mirrors that rapidly toggle on 
and off according to the 2D digital patterns uploaded into the DLP 
program software. The synchronized movement of these micromirrors 
determines the grayscale levels by adjusting the ratio of on-time to off- 
time. Each mirror tilts between two positions to either reflect light 
through a lens or direct it away to a heat sink, known as a light dump, 
depending on the printing or projection requirements. This dynamic 
movement controls the rendering of the image on the print or projection 
surface.

The resolution in DLP systems is defined as the number of pixels 
displayed on the screen or in the printed output. Common DMD matrix 
sizes include 800 × 600, 1024 × 768, 1280 × 720, and 1920 × 1080, 
with the number of mirrors directly affecting the system resolution. 
However, due to a process called wobulation, the effective resolution 
can sometimes be halved as the mirrors oscillate to enhance image 
sharpness and detail. DLP technology is versatile and can function 
independently of the light source, allowing it to be used in various types 
of illumination. Historically, high-pressure xenon arc lamps have been 
the primary light source in DLP systems. However, modern pico (ultra- 

Fig. 1. Schematic diagram of the target organ bioprinting process using DLP-based 3D printing technology.
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small) DLP projectors often use high-power LEDs or lasers for illumi-
nation, offering greater energy efficiency and compactness [27]. This 
versatility makes DLP an adaptable and widely used technology in 
various applications, including projection systems and advanced 3D 
printing solutions.

Compared to standard extrusion-based printers, DLP printers excel at 
rapidly producing fine microstructures by projecting digital patterns 
onto the bioink. Their ability to create high-resolution structures at high 
speeds makes DLP printing particularly well-suited for a range of bio-
printing applications. The fundamental components of a DLP printer 
include the following key elements.

• Digital projection device: Digital patterns are projected onto the 
photopolymerizable liquid bioink.

• Light source system: This system provides the necessary light to cure 
the bioink.

• Container with liquid bioink: The bioink is housed in this container 
during the printing process.

• High-precision Z-axis movement device: This device allows precise 
vertical movement for creating detailed layers.

• Control program: Manages printer operation and movement.
• Auxiliary equipment: Supports core components and enhances 

functionality.

Technological advancements have led to the development of diverse 
DLP printers tailored to specific printing requirements (Table 1) [28]. 
The resolution in DLP platforms, which rely on DMDs, is fundamentally 
constrained by the width of light reflected from each individual micro-
mirror [29]. To achieve higher resolution, it is crucial to precisely 
control both the exposure time and the positions of the print head during 
operation. In addition to these factors, adjusting the viscosity of the 
bioink by increasing its density and reducing light penetration can 
further enhance the printing resolution. This strategy helps to refine the 
accuracy of the printed structures.

Most commercialized DLP printers now operate at light wavelengths 
ranging from 365 to 405 nm, allowing them to achieve impressive print 
resolutions between 15 and 50 μm [30]. These technological advance-
ments have significantly expanded the potential applications of DLP 
printing, particularly in high-impact fields such as tissue engineering, 
organ fabrication, and medical research. As DLP printing technology 
continues to evolve, its growing precision and versatility make it an 
increasingly valuable tool for developing complex biological constructs 
and advancing biomedical research.

2.2. Selection criteria of bioink for DLP printing

The selection of bioinks for DLP printing in organ fabrication is 
governed by several critical factors.

1. Number of reactive functional groups: The quantity of reactive 
groups influences the reactivity and mechanical properties of the 
bioink.

2. Ink viscosity: Optimal viscosity ensures printability and high- 
resolution of the final structure.

3. Reaction kinetics: The speed and accuracy of the printing process 
are influenced by reaction kinetics.

4. Hydrophobicity/hydrophilicity: This property influences the 
interaction of the bioink with the cellular environment.

5. Shrinkage: Dimensional stability of the printed structure is 
influenced by shrinkage.

6. Cost: Economic viability is essential for large-scale applications.
7. Shelf life: Practicality of the bioink is determined by its shelf life.
8. Volatility: Safe handling and storage are influenced by bioink 

volatility.
9. Mechanical and functional properties: The bioink must meet the 

desired performance characteristics of the printed organ.

10. Toxicity: Nontoxicity of both the printed 3D structure and re-
sidual bioink is paramount to ensure biocompatibility.

These criteria ensure that the bioink is suitable for the specific type, 
strength, and size of the bio-organ to be printed.

The reactivity of the ink composition is significantly influenced by 
the number of reactive functional groups. A high concentration of 
reactive groups can accelerate the reaction rate at the onset of light 
irradiation, leading to rapid viscosity increases and the formation of 

Table 1 
Overview of various performance metrics for commercially available DLP 
printers [28].

Manufacturer Product 
name

Pixel 
size 
(μm)

Wavelength 
(nm)

Build 
size 
(mm3)

Layer 
thickness 
(μm)

BMF S230 2 405 50 ×
50 × 50

5

Acrea3D Pico 2HD 
27

6.7 385; 385; 
405

19.4 ×
12.1 ×
70

25

Kudo3D Micro 15 365; 385; 
405

15 ×
15 ×
150

5

B9creations B9 Core 
530

15 405 58 ×
32 ×
127

20

EnvisionTec Perfactory 
3

23 385 90 ×
67 ×
180

25

RapidShape D90 4K 23 385 232 ×
137 ×
150

30

MakeX One Pro25 25 405 310 ×
310 ×
450

5

Asiga Pico 2HD 
27

27 385; 405 53.4 ×
30.5 ×
70

1

MiiCraft Profession 
120

30 385; 405 120 ×
67 ×
190

12.5

Cadworks3D M50 30 365; 385; 
405

57 ×
32 ×
120

5

Rapid Shape S30+ 34 405 133 ×
75 ×
155

50

Genera G2 50 385 192 ×
108 ×
370

20

XYZprinting Nobel 
Superfine

50 405 64 ×
40 ×
120

25

Flashforge Hunter 50 N 120 ×
68 ×
150

25

Autodesk Ember 50 405 64 ×
40 ×
134

50

Carima IM 75 405 192 ×
108 ×
200

20

Anycubic Photon 
Ultra

80 405 102 ×
57 ×
165

10

Cellink’s BIONOVA 
X

10 405 19.2 ×
10.8 ×
9

10

LUMEN X 35 405 68 ×
38 ×
100

35

Readily 3D Tomolite 14 405 12.5 ×
12.5 ×
20

50
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denser and more solid three-dimensional networks. Although beneficial 
for fabricating hard tissues, such rapid viscosity increases can also result 
in a significant proportion of unreacted functional groups within the 
polymer, potentially causing issues.

In polymer chemistry, free-radical polymerization is a method in 
which polymers are formed through the continuous addition of free- 
radical building blocks, also known as repeat units [31]. In the 
context of DLP printing, free radicals are typically generated from 
initiator molecules via various mechanisms. The polymerization process 
begins with the initiation step, at which an active center is created that 
allows the growth of the polymer chain. However, not all monomers 
react uniformly to a given type of initiator, and the choice of initiator is 
crucial for the success of the process.

The polymerization process begins with the initiation step, at which 
an active center is formed, allowing the growth of the polymer chain. 
However, not all monomers are reactive to each type of initiator. DLP 
printing inks are primarily composed of free-radical polymerizable 
components formulated with highly reactive acrylate and methacrylate 
functional groups [32]. These groups initiate polymerization through 
well-established mechanisms when exposed to light. In the propagation 
step, photogenerated radicals react with acrylate or methacrylate 
monomers, increasing their molecular weight as the polymer chain ex-
tends. This chain growth continues until the termination step, which 
halts the reaction and completes the polymerization process. 
Acrylate-based inks, which are known for their rapid printing speed, 
high resolution, and nozzle-free printing, have become the industry 
standard for DLP printing.

During the chain propagation step, photogenerated radicals react 
with acrylate or methacrylate monomers, resulting in an increase in 

molecular weight as the polymer chain extends. This process continues 
until the termination step, at which the reaction stops, thereby 
completing the polymerization. Acrylate-based inks have become the 
industry standard due to their high printing speed, high resolution, and 
nozzle-free printing.

Fig. 2 illustrates common monomers and oligomers with an acrylic 
backbone. Radical initiation is most efficient for the carbon-carbon 
double bonds of vinyl monomers and the carbon-oxygen double bonds 
of aldehydes and ketones. Upon light exposure, the acrylate groups in 
bioink trigger polymerization, leading to the formation of highly reac-
tive polymers or cross-linked structures. This pathway, which is funda-
mental to the photopolymerization process in DLP printing, has been 
extensively studied.

However, leftover acrylate-reactive groups in 3D-printed structures 
can pose a cytotoxicity risk, primarily due to the leaching of unreacted 
groups from the printed material. Research has indicated that these re-
sidual acrylate groups may induce mucosal irritation and tissue sensi-
tization [33,34]. To mitigate potential biotoxicity, unreacted acrylate 
groups can be effectively removed by washing and post-processing the 
printed structures, steps that are essential for reducing potential bio-
toxicity in medical applications.

To address the toxicity issues associated with acrylate groups, 
alternative bioinks incorporating different photoresponsive functional 
groups, such as vinyl, vinyl ether, thiol-ene, and epoxy-based systems, 
are actively being explored. Moreover, thiol-ene/phosphorus systems, 
epoxies, and polyethylene glycol diacrylate (PEGDA) are integrated into 
interpenetrating network (IPN) hydrogel matrices, improving the me-
chanical and physiological properties of 3D-printed structures [35,36]. 
These additives reduce polymer shrinkage, alleviate internal stress, and 

Fig. 2. Chemical structures of commercially available monomers and oligomers with acrylic backbones for use in DLP 3D printing applications.
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modulate conversion rates during the printing process.
Despite these advancements, the mechanical and elastic properties of 

3D-printed structures, particularly those designed for artificial organs, 
are heavily influenced by the degree of crosslinking in the primary 
polymer used in bioinks [37–45]. The design of the main polymer is 
critical because it determines the mechanical properties and stress dis-
tribution of the final structure [46]. Low-molecular-weight reactive 
species, due to their low viscosity, enhance mobility within the printed 
structure, reducing post-reaction shrinkage through a temporary dilu-
tion effect. In these systems, the propagation phase follows 
diffusion-controlled dynamics, where the limited mobility of the 
macro-radical chain ends leads to the formation of heterogeneous net-
works with varying crosslinking densities. This heterogeneity plays a 
significant role in determining the overall performance and suitability of 
3D-printed structures for various applications, such as regenerative 
medicine and drug delivery.

An important consideration when selecting bioinks for DLP printing, 
especially when targeting bioprinted cells, is the refractive index 
mismatch between the bioink and the cells or cytoplasm. The light 
scattering effect caused by the presence of a high density of cells can 
reduce printing resolution and lower pattern accuracy, which ultimately 
affects the quality and precision of printed constructs.

In summary, the selection and design of bioinks for DLP printing 
requires careful consideration of various factors to achieve the desired 
mechanical, physiological, and functional properties while ensuring the 
biocompatibility and safety of the final printed structures.

2.3. Types of bioinks used in DLP printing

Natural biomaterials from plants and animals exhibit unique and 
complex components, microstructures, and physiological properties. 
These materials offer exceptional biological support for cell attachment 
and growth through diverse functional sets, making them ideal for 
artificial organ design.

Recent advancements have led to the development and application 
of various natural and synthetic polymer-based bioinks for DLP 3D 
printing, including extracellular matrix (ECM), collagen, gelatin, hyal-
uronic acid (HA), polyvinyl alcohol, and PEG. However, natural bio-
materials have limited availability of photopolymerizable functional 
groups.

ECM materials naturally occurring in the body form networks that 
combine softness, rigidity, and elasticity to provide mechanical support 
and structural integrity to human tissues and organs. Recent advance-
ments have led to the development of several methacrylated ECM-based 
materials as DLP 3D printing inks, demonstrating significant potential in 
this field [47–50].

Collagen, the most abundant protein in mammals, is a major struc-
tural protein in the ECM in various connective tissues [51]. Renowned 
for its biocompatibility and multiple bioactivities, collagen is a widely 
explored bioink. Most collagen hydrogels originate from type I collagen, 
which constitutes approximately 90 % of the protein mass. As a member 
of the fibrillar-forming collagen family, type I collagen comprises three 
alpha helices that form a triple-helix structure. Under physiological 
conditions (neutral pH and 37 ◦C), collagen molecules self-assemble into 
fibrils, forming a hydrogel [52]. This self-assembly property renders 
collagen a potential bioink for extrusion-based printing. However, due 
to its inherent low viscosity, most extrusion-based printing studies have 
required increased collagen concentration or the addition of thickeners 
to achieve stable extrusion.

Concurrent research has explored the use of methacrylated collagen 
(Col-MA)-based bioinks in DLP printers. Although Col-MA demonstrated 
suitable printability, the inherent self-assembly dynamics of collagen 
molecules significantly influence the printing. Therefore, controlling 
mechanical properties and preventing structural collapse remain chal-
lenges when using Col-MA bioinks in DLP printing. To address these 
limitations, innovative DLP printing methods are required to accelerate 

and control gelatinization, enhance bioink stability, and increase the 
crosslinking density of printed artificial organs [53].

Gelatin, a natural biopolymer derived from animal collagen, is pro-
duced through the irreversible denaturation of animal collagen found in 
the skin, cartilage, and tendons. Gelatin shares structural similarities 
with collagen but exhibits distinct thermal properties. It is highly sen-
sitive to temperature, dissolves in water above 40 ◦C, and forms a gel 
below this temperature. Despite its favorable biological properties, 
including an inherent Arg-Gly-Asp (RGD) motif, low immunogenicity, 
biocompatibility, and biodegradability, gelatin’s inherent inadequate 
mechanical properties limit its use as an ink for DLP printing. To 
enhance the printability of gelatin for DLP applications, methacrylated 
gelatin (Gel-MA) was developed [54–58]. By incorporating methacry-
lated groups, Gel-MA becomes photoreactive, enabling crosslinking 
through exposure to UV light in the presence of a photoinitiator. This 
modification significantly expanded the use of gelatin as a bioink for 
DLP printing.

Hyaluronic Acid (HA), a polysaccharide, is particularly noteworthy 
as a biomaterial for wound healing, angiogenesis, tendon regeneration, 
and cartilage regeneration because of its low immunogenicity. Meth-
acrylated HA (HA-MA), which is used as a bioink, exhibits excellent 
biocompatibility and is particularly advantageous for the DLP printing 
of biological organs [59–61]. However, the rapid degradation of 
HA-based 3D structures within approximately one week necessitates the 
incorporation of HA-MA along with other materials to maintain stable 
mechanical properties in vivo.

Following the development of Col-MA, Gel-MA, and HA-MA, re-
searchers have developed methacrylated derivatives of other natural 
biomaterials such as pectin and silk. Despite their potential in designing 
artificial organs, natural biomaterials face significant challenges such as 
batch-to-batch variability, rapid degradation, poor mechanical proper-
ties, and limited processability, hindering their clinical translation.

PEG is highly valued in biomedical applications because of its hy-
drophilic nature, water solubility, and biocompatibility [62]. In aqueous 
solutions, PEG is neutral, exhibits high mobility, and retains hydration, 
making it an excellent candidate for biomaterial development. 
PEG-based polymers, particularly those with reactive (meth)acrylate 
functional groups, such as PEGDA, have gained popularity for photo-
polymerization in DLP printing [63]. PEGDA-based bioinks offer a ver-
satile platform for fabricating soft scaffolds with customizable physical, 
chemical, and mechanical properties, making them highly applicable to 
tissue engineering [64–67]. These scaffolds exhibit a high swelling ratio 
due to their porous structure, which significantly increases the surface 
area exposed to biological media, thereby enhancing absorption.

Understanding and monitoring the volumetric changes caused by 
swelling and water uptake are crucial for maintaining print resolution 
and structural fidelity. The swelling kinetics of 3D-printed PEGDA 
scaffolds, especially under physiological conditions in cell culture 
media, are essential for optimizing their performance in biomedical 
applications [68]. Therefore, studying the behavior of scaffolds when 
exposed to various biological environments is crucial.

Poly(glycerol-co-sebacate) (PGS), a biodegradable elastomer first 
developed in 2002 by Robert Langer’s group, has demonstrated partic-
ular utility in dynamic tissue environments [69]. PGS is a copolymer of 
glycerol and sebacic acid, both naturally occurring components used in 
FDA-approved medical devices. In a significant advancement, Singh 
et al. introduced PGS-methacrylate (PGSM), a modified version of PGS 
that can be rapidly photo-crosslinked via DLP printing [70]. PGSM was 
used to create 3D-printed cylindrical conduits with an average modulus 
of 3.2 MPa, which closely matches the stiffness range of native nerve 
tissue (0.45–3.0 MPa). In vivo studies showed that PGSM-based nerve 
guidance conduits successfully supported axonal regeneration across the 
scaffold and into the distal stump within 21 days, making it a promising 
material for nerve tissue engineering.

In DLP printing, optimizing the exposure time and post-processing 
steps is essential for improving the mechanical properties of printed 
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bioink structures [71]. Extended exposure times increase the cross-
linking density, which strengthens or rigidifies the scaffold. However, 
careful control is required to avoid over-curing, which may compromise 
the scaffold’s flexibility. Post-processing techniques such as thorough 
washing to remove any uncured bioink and additional curing under 
controlled conditions, reinforce the printed network and improve its 
durability. Methods such as thermal annealing can also relieve internal 
stresses in the material, further enhancing the scaffold robustness and 
reliability.

Despite these significant advancements, considerable knowledge 
gaps remain in the molecular design of bioinks for DLP 3D printing. Key 
factors such as dimensional stability, physical isotropy and mechanical 
behavior, and viscoelastic properties require further exploration to 
optimize bioink formulations. Moreover, the influence of printing di-
rection and light orientation on the physical anisotropy of printed 
structures remains a crucial area for further research. To fully realize the 
potential of DLP 3D printing in organ fabrication, it will be essential to 
develop bioinks that maintain consistent physical, chemical, and me-
chanical stability while preserving structural integrity, paving the way 
for future innovations in the field.

2.4. Photoinitiators

DLP printing relies on photoinitiators with high absorption co-
efficients to efficiently convert light energy into reactive species, such as 
radicals or cations, which initiate the polymerization process in bioinks 
[72–74]. These photoinitiators are crucial because they absorb light 
emitted by the DLP projector, driving the chemical reactions necessary 

to solidify liquid bioinks into precise 3D structures. A key aspect of 
photoinitiators is their sensitivity to specific light wavelengths, which 
must match the DLP light source to ensure effective curing. This align-
ment directly influences the polymerization speed, print accuracy, and 
mechanical properties, ultimately affecting the overall print quality. 
Furthermore, photoinitiators must be compatible with various bioink 
formulations and exhibit minimal post-cure shrinkage to maintain the 
precision and stability of the printed scaffolds.

Photoinitiators with high molar absorption coefficients over a broad 
spectral range (200–700 nm) are currently widely used (Fig. 3). Upon 
exposure to UV light, these photoinitiators trigger a chain reaction with 
monomers or oligomers such as activated acrylates, leading to the rapid 
formation of 3D structures. Although UV-based photoinitiators are 
effective, they have certain limitations. The shallow penetration depth 
of UV light necessitates thin printing layers, ranging from a few micro-
meters to less than 100 μm, which can limit the scale of objects that can 
be printed. In addition, prolonged UV exposure can degrade bioink 
components and cause cellular damage in prints containing viable cells, 
potentially leading to chromosomal and genetic instability. These issues 
can hinder the printing process, especially for large structures such as 
artificial organs.

To address these challenges, near-infrared (NIR) photoinitiators have 
been developed, offering several advantages due to their activation at 
longer wavelengths. NIR photoinitiators operate under milder condi-
tions, significantly reducing the risk of cellular damage. They also allow 
deeper light penetration, facilitating the printing of larger and more 
complex structures. Furthermore, NIR photoinitiators are more 
compatible with various cell types, thereby improving the viability of 

Fig. 3. Chemical names, structures, and maximum absorption wavelengths of photoinitiators used in 3D photopolymerization.
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bioprinted tissues and organs.
Recent advancements in DLP photoinitiators have expanded the 

available options, offering varying resolutions that are suitable for 
various printing applications (Table 2) [75–99]. The selection of the 
photoinitiator is critical for determining the resolution and quality of the 
printed structures. However, despite progress in the development of NIR 
photoinitiators, several challenges remain, including their compatibility 
with bioink materials, potential toxicity, and environmental sustain-
ability. Addressing these challenges is essential for optimizing photo-
initiator performance and advancing 3D bioprinting technology.

3. Resolution in organ DLP bioprinting

Recent advances in optical design have significantly enhanced DLP 
capabilities, enabling the fabrication of implantable microtissue models 
for diverse biomedical and regenerative medicine applications. Fig. 4
illustrates the variability in the size of different organs. For artificial 
organ transplantation, precise replication of organ-specific dimensions 
is imperative, which requires the incorporation of cells and biologically 
active factors into printed structures.

A fundamental trade-off exists between the print area and the print 
resolution in DLP bioprinting. The print resolution, which is defined as 
the smallest feature size that can be accurately produced, is a critical 
factor in replicating the intricate details of natural tissues. Although 
higher resolution enables precise replication of complex tissue struc-
tures, it typically requires a reduction in the overall print area.

Current DLP technology typically achieves resolutions in the tens of 
micrometers range. This limitation is primarily attributed to the 
photochemistry involved in the crosslinking process, which constrains 
the lateral resolution beyond the minimum laser spot or pixel size. In 
addition, the layer thickness is linked to the light penetration depth, 
which affects the vertical resolution.

Despite optimizations for micrometer-resolution DLP printing, 
practical limitations remain. Optimal feature dimensions often converge 
around 100 μm laterally and 300 μm vertically, with layer spacings 
between 40 and 50 μm in hydrogel-based systems [100,101]. However, 
recent technological advancements have demonstrated the potential for 
higher resolution. Bhusal et al. achieved line thicknesses as low as 15 μm 
using acellular PEGDA, which approaches the size of individual cells, 
demonstrating the potential of the technology for high-resolution bio-
printing [102].

You et al. included iodate in the bioink to increase the light scattering 
by 10-fold to alleviate the decrease in bioprinting resolution due to the 
increased cell density in the bioink [103]. For the bioink with a density 
of 0.1 billion cells per milliliter, a fabrication resolution of 50 μm was 
achieved. This technology has confirmed the possibility of 3D bio-
printing with high cell density, high viability, and high resolution 
simultaneously. This work serves as a great demonstration of utilizing 
DLP printing technology to tackle large-scale organ biofabrication 
without sacrificing printing resolution due to the light scattering effect. 
Nevertheless, the cell density in this study was still lower than the 
physiologically observed level (1 billion to 3 billion cells/ml), and this 
issue requires continuous improvement for clinical application.

Typically, DLP resolution represents a compromise between the 
desired feature size and sample size, which is influenced by the projector 
resolution and optical configuration [104–106]. To circumvent these 
limitations, an innovative approach combining a dual-color photo-
initiator system with light-sheet excitation and DLP was developed. This 
method reduces layer thickness and eliminates the need for 
layer-by-layer deposition, achieving horizontal and vertical resolutions 
of 25 μm and 50 μm, respectively, in acellular resin.

DLP-based 3D printing encompasses Projection Micro Stereo-
lithography (PμSL) [107]. PμSL excels at printing complex 3D structures 
with exceptional resolutions ranging from 0.6 to 30 μm, while main-
taining relatively large print areas of up to approximately 90 mm × 50 
mm. This technique exemplifies DLP’s potential for high-resolution and 
large-print areas.

Nevertheless, continuous advancements in ink formulations, photo-
initiator design, and printer systems are essential for enhancing printing 
resolution.

4. The advancements of DLP-based 3D organ printing

3D bioprinting offers a novel approach to tissue engineering by 
enabling the precise distribution of cells, materials, and biological ele-
ments within structures. DLP-based 3D bioprinting excels at producing 
tissue constructs under mild conditions, minimizing damage to sensitive 
biological constituents. This technology has been used to fabricate 
various tissues and organ models, including liver, heart, blood vessels, 
and cancer models (Table 3) [108–119]. This section describes the re-
sults of DLP-based artificial organ fabrication.

3D DLP bioprinting offers several key advantages over traditional 
inkjet and extrusion-based methods when it comes to fabricating intri-
cate tissue constructs [120,121]. This technique is notably faster, more 
precise, and gentler. Its printing speed is approximately 1000 times 
faster than conventional nozzle-based approaches such as inkjet or 
extrusion bioprinting. Moreover, DLP technology achieves an impres-
sive lateral resolution of 6 μm on both the X and Y axes, ensuring high 
accuracy in the printed structures. Unlike inkjet and extrusion bio-
printing, which can expose cells to damaging shear stresses during the 
printing process, DLP printing operates in a way that avoids such stress, 
preserving cell viability and function. This characteristic makes DLP 

Table 2 
Bioink and printing performance by photoinitiator type for DLP bioprinting 
(chemical structures of photoinitiators are shown in Fig. 3).

Photoinitiator Light λ 
(nm)

Bioinks Resolution 
(μm)

Cell- 
viability

Ref.

LAP 365 PEGDA, 
GelMA

~20 Medium 75–77

LAP 365 GelMA- 
PEGDA, 
GelMA-HA, 
GelMA- 
GMHA

50 Medium 78–82

LAP 380 GelMA- 
PEGDA

15–50 Low 83

LAP 395 HAMA, 
GelMA

50 High 84,85

LAP 405 PEGDA- 
GelMA, 
PEGDA

10–50 High 86,87

LAP 405 CHI-MA 20–50 High 88
LAP 405 CMC-MA 20–50 High 89
LAP 405 SF-GMA 10–50 High 90
LAP 405 PEGDA 10–50 High 91
Eosin Y 400–700 GelMA, 

PEGDA
50 High 92,93

Eosin Y 405 SF-PEG4A (2 
% w/v)

20–50 High 94

Irgacure 819 380 BPADA-GMA- 
BA

20–50 NAb 95

Ru:SPS 400–700 PVA-MA, 
PEGDA

20–50 High 96,97

UCNP@LAP 980 GelMA >100 High 98
DCPI 375 & 

520
PETA <10 NA 99

[Ru:SPS]: Tris(2,2′-bipyridyl)dichlororuthenium(II) sodium persulfate, [UCNP]: 
Upconversion nanoparticle, [DCPI]: dark-curing photoinitiator [Diphenyl(2,4,6- 
trimethylbenzoyl)phosphine oxide].
GelMA: Gelatin methacrylate, PEGDA: Polyethylene glycol diacrylate, HAMA: 
Hyaluronic acid methacrylate, CHI-MA: Chitosan methacrylate, CMC-MA: Car-
boxymethyl cellulose methacrylate, SF-GMA: Silk fibroin glycidyl methacrylate, 
BPADA: Bisphenol A ethoxylate diacrylate, PVA-MA: Polyvinyl alcohol meth-
acrylate, PETA: Pentaerythritol tetraacrylate, UCNP@LAP: LAP coated on an up- 
conversion nano particle, SF-PEG4A: Silk fibroin incorporated 4-arm poly-
ethylene glycol acrylate.
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bioprinting especially suitable for creating complex and delicate living 
tissues, including those requiring intricate vascular networks, such as 
organs like the liver and lungs.

The liver is the largest internal organ and gland in the human body. 
Using a DLP-based 3D printer, Ma et al. encapsulated three types of 
cells—human induced pluripotent stem cell (hiPSC)-derived hemato-
poietic progenitor cells (HPC), human umbilical vein endothelial cells 
(HUVEC), and adipose-derived stem cells—to print numerous micro- 
hexagonal structures [122–126]. By analyzing cell morphology, 
liver-specific gene expression levels, metabolic products, and cyto-
chrome P450 induction, the authors determined that hiPSC-HPCs in the 
printed liver model closely resembled human liver cells. The results 
indicate that the microstructure and supporting cells promote the 
maturation and maintenance of hiPSC-HPC functions.

A simplified model incorporating HUVEC and HepG2 cells was 
developed [127]. Grigoryan et al. also fabricated an artificial liver with 
functional vascular topology using DLP 3D printing [87]. This vascu-
larized liver with liver cell aggregates exhibited 60-fold higher albumin 
promoter activity than tissues containing single liver cells. Furthermore, 
DLP 3D-printed vascularized liver tissue exhibited enhanced integration 
with the host after in vivo transplantation.

Bones are dynamic organ tissues with inherent regeneration capac-
ity. However, severe bone defects generally require bone replacement or 
surgical intervention. DLP 3D bioprinting offers a precise solution for the 
fabrication of bone scaffolds by arranging various cells within the 
scaffold to form bioengineered bone structures [128]. DLP 3D printing 
enables the creation of bone tissue engineering scaffolds that perfectly 
fit bone defect sites and the accurate printing of internal bone structures, 
facilitating the smooth supply of bio-nutrients and growth factors within 
artificial bone scaffolds [129].

DLP-printed scaffolds exhibit exceptional accuracy for promoting 
cell adhesion, proliferation, and maturation of damaged bone micro-
structures. Recent studies have explored the use of methacrylate poly-
vinyl alcohol (PVA-MA) and Gel-MA loaded with mesenchymal stem 
cells (MSCs) as a DLP bioink to produce bone and cartilage tissue [130]. 
Jiang et al. manufactured a platelet-rich plasma-loaded Gel-MA 
(PRP-Gel-MA) ink using the DLP printing technique and implanted it 
in an injured rabbit for osteochondral defect repair [131]. These 

scaffolds exhibited successful cartilage regeneration and integration 
with native tissue after 18 weeks.

DLP 3D printing has been used to fabricate a scaffold for regenerating 
the spinal cord, a complex and precise cylindrical structure composed of 
nerve fibers and associated tissues. Yuan et al. fabricated a 3D bio- 
mimetic hydrogel scaffold tailored to the size of a rodent spinal cord 
within seconds [132]. The printed scaffold facilitated regeneration of 
axons in the neural progenitor cells (NPCs) housed within it, resulting in 
regeneration of damaged axons and synapses with NPCs, thereby 
enhancing recovery of spinal cord function.

Andres J. Garcia’s group has made significant strides in the fabri-
cation of permeable hydrogels, which are essential for replicating the 
microphysiological environment in vitro [133]. They developed a 
cost-effective, versatile, and ultrafast methodology for creating 
complex-shaped permeable microchannels within photopolymerizable 
hydrogels without requiring specialized equipment or complicated 
protocols. The team photopatterned PEG-norbornene hydrogels using a 
one-step UV photo-triggered crosslinking process with a photomask 
printed on Mylar transparency film. This innovative approach enabled 
the precise printing of permeable microchannels, broadening the po-
tential applications of these hydrogels in biomedical research. In a dy-
namic culture setup with continuous fluid perfusion through the 
microchannels, human endothelial cells successfully formed functional, 
confluent endothelial monolayers. These monolayers remained viable 
for at least 7 days and exhibited responsive behavior to inflammatory 
stimuli, indicating their potential for vascular biology studies.

In a separate advancement, David Juncker’s group has made sig-
nificant contributions by creating 3D-printed structures with varying 
porosity and oxygen permeability, achieving thicknesses as thin as 27 
μm. They used nanoporous PEGDA inks to address the challenges of 
fabricating intricate geometries, including organ-on-a-chip models 
[134]. A notable highlight of their research was an organ-on-a-chip 
model that featured a gyroid scaffold with a central opening filled 
with dark spheroids. This model exhibited excellent gas permeability, 
biocompatibility, and cell adhesion, demonstrating the potential of 
developing functional tissue models that closely mimic in vivo 
environments.

Similarly, Yaling Liu’s group developed an innovative maskless 

Fig. 4. Relative sizes of the organs represented on a logarithmic scale.
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lithography-based rapid prototyping method for fabricating micro-
fluidic devices in situ. This approach, known as image-guided in situ 
maskless lithography (IGIs-ML), combines image-assisted photo-
polymerization with advanced flow control techniques [135]. As a 
single-step UV polymerization process, IGIs-ML can be seamlessly inte-
grated into existing in situ polymerization platforms, streamlining the 
fabrication process. Furthermore, the authors demonstrated the poten-
tial for incorporating this method into SLA or VAT polymerization 
processes provided that suitable imaging and pre-polymer flow control 
strategies are implemented. This integration could significantly enhance 
the efficiency and versatility of microfluidic device production, paving 
the way for more complex applications in biomedical engineering.

5. Challenges and future perspectives in DLP-based bioink 3D 
printing

DLP-based 3D printing has become a leading method for producing 
intricate, highly customized products with exceptional precision and 
speed. This method significantly reduces processing demands while 
enabling the creation of complex structures, making it a key technology 
for advancing the accuracy of bioprinted 3D organ models. This 
approach holds immense promise for biomedical applications, where 

DLP-printed medical models can replicate real physiological conditions 
with high accuracy, which is crucial for accurately positioning scaffolds 
within the body and constructing tissue microstructures. The high- 
resolution and precision of DLP printing enable detailed tissue and 
organ engineering, contributing to advancements in transplantation, 
disease research, and drug discovery.

Technological progress in DLP-based 3D printing has been driven by 
advances in printing equipment and the development of new materials. 
For instance, continuous liquid interface production has significantly 
enhanced the resolution and speed of DLP 3D printing, enabling the 
fabrication of volumetric structures in a single, streamlined process 
[136,137]. In addition, the introduction of a wider range of materials, 
including functional materials, initiator-free systems, and non-toxic 
photoinitiators, has further broadened the scope of DLP-based 3D 
printing applications [138–140]. These innovations are paving the way 
for more sophisticated and biocompatible 3D printing materials, making 
the technology more viable for medical and clinical use.

Despite these advancements, DLP-based bioink 3D printing faces 
several challenges. A major limitation is the restricted material selec-
tion, which is currently limited to photosensitive polymers. This 
constraint excludes a vast array of biocompatible biomaterials that have 
been developed for medical applications. To incorporate these bio-
materials into DLP printing, they must either be combined with photo-
sensitive polymers or chemically modified with photosensitive groups, 
thus adding complexity to the process. In addition, many photoinitiators 
used to trigger polymerization are toxic, raising concerns about the 
biocompatibility of printed structures, particularly in clinical 
applications.

Another challenge inherent to the DLP printing process, particularly 
the vat photopolymerization method, is increased material waste 
compared with extrusion-based 3D printing methods. In addition, the 
repetitive mechanical stress caused by the lowering and lifting of the 
print platform during the process can compromise the mechanical 
integrity of the printed structures, potentially resulting in deformation 
or weakened materials.

To address these challenges, future advancements in DLP-based 
bioink printing will need to prioritize the development of versatile 
and biocompatible materials [141]. Promising innovations are already 
emerging, including functional materials, non-toxic photoinitiators, and 
initiator-free systems, which could help reduce the reliance on tradi-
tional photosensitive polymers. In addition, identifying new bioinks that 
can be directly used in DLP printing without photosensitive modifica-
tions is crucial for expanding the range of available materials.

Improving printing equipment will also be key to addressing some of 
these challenges. Continuous liquid interface production has already 
demonstrated the potential to enhance both the resolution and speed of 
DLP 3D printing, enabling the creation of volumetric structures in a 
single step [142]. Further innovations could focus on minimizing me-
chanical stress during the printing process by reducing or eliminating 
the need for repetitive lifting of the print platform. Such advances would 
improve print quality, reduce material deformation, and enhance the 
overall durability of printed structures.

From a regulatory viewpoint, extensive clinical research is required 
to evaluate the safety, efficacy, and long-term stability of 3D-printed 
medical products. This research will be instrumental in informing reg-
ulatory policies and supporting the clinical translation of DLP-based 3D 
printing technologies into healthcare settings. In addition, the devel-
opment of comprehensive regulatory frameworks will be necessary to 
ensure the safe and widespread adoption of DLP-printed scaffolds and 
tissues in medical applications.

In future research, bioink development must prioritize not only 
physical and chemical stability but also structural integrity and me-
chanical performance in clinically relevant environments. Collaborative 
efforts between material scientists, engineers, and medical researchers 
will be vital in optimizing material formulations, printing parameters, 
and scaffold designs to produce functional, biocompatible structures 

Table 3 
Resolution of DLP-bioprinted organs using various bioinks and cell types.

Bioprinted 
organ

Bioink/Cell 
composition

PI λ (nm) Resolution 
(μm)

Ref.

Liver GelMA, HAGM, 
pluripotent stem 
cells-derived 
hepatic progenitor 
cells and HUVECs

LAP 365 25 108

Liver GelMA, dECM and 
human-induced 
hepatocytes cells

LAP 365 – 109

Cardiac 
muscle

GelMA, mouse 
ventricular 
cardiomyocytes. 
Support and 
cantilever:HAGM, 
PEGDA

LAP 365 1 110

Cardiac 
muscle

PEGDA, BPADA, 
Human-induced 
pluripotent stem 
cell

Irgacure- 
819

405 25 111

Vascular HUVEC-laden 
PEGDA and 
C3H10T1/2 
fibroblast-laden 
collagen

LAP 380–700 100 112

Vascular GelMA and PEGDA LAP 380 15 113
Bone GelMA, C2C12, 

HUVEC, fibroblast, 
hMSCs, osteoblast

LAP 385 25 114

Lung GelMA, PEGDA, 
HUVEC, Human 
lung epithelial cells, 
fibroblast

LAP 405 50 115

Ear GelMA, CAM 
(Cartilage acellular 
matrix), Microtia 
chondrocytes

LAP 405 – 116

Cartilage SF-GMA, NIH/3T3 
mouse fibroblast 
cell

LAP 365 30 117

Ocular GelMA, 
Conjunctival stem 
cells

LAP 365 70 118

Brain 
tumor

GelMA, GMHA, 
glioma stem cells, 
astrocytes, neural 
precursor cells, 
macrophages

LAP – – 120
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suitable for tissue regeneration and therapeutic applications. By over-
coming these challenges, DLP-based 3D printing has the potential to 
revolutionize regenerative medicine, offering precise, customizable so-
lutions for tissue engineering, organ transplantation, and personalized 
medicine.
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