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Three‑dimensional bioprinting 
for medical applications
Alperen Abaci, Gulden Camci‑Unal,* and Murat Guvendiren,*   Guest Editors

In recent years, three-dimensional (3D) bioprinting has become an emerging technology to 
fabricate functional tissues and organs that could replicate native tissue function. Due to its 
ability to precisely position cellular materials and utilize medical images, 3D bioprinting has 
enormous potential in biomedical applications, including tissue engineering and regenerative 
medicine. Three-dimensional bioprinting is a rapidly progressing field that has demonstrated 
clinically relevant impactful uses. In this article, we provide an overview of important aspects 
of 3D bioprinting technologies, bioink design, and emerging bioprinting technologies in the 
field. We also feature five articles that focus on different aspects of 3D bioprinting included 
in this issue. These articles highlight 3D bioprinted tissue models, 3D bioprinting of organoid 
and organ-on-a-chip platforms, volumetric bioprinting for large-scale tissues and organs, and 
applications of 3D bioprinting in bone tissue engineering and otolaryngology.

Introduction
Mimicking the sophisticated biological and architectural features 
of native tissues is a challenging task. Currently available conven-
tional biofabrication techniques have limitations to address this 
issue. The unique ability to precisely position bioinks (i.e., cel-
lular materials) into spatially organized living structures renders 
three-dimensional (3D) bioprinting a practical and widely acces-
sible tool in various medical applications, including tissue engi-
neering and regenerative medicine.1–3 In addition, 3D bioprinting 
allows development of personalized scaffolds and implantable 
grafts by processing patients’ medical images obtained by com-
puted tomography (CT) or magnetic resonance imaging (MRI). 
Biocompatible materials and cells can then be used to fabricate 
3D personalized constructs making 3D bioprinting a promising 
biofabrication approach to address tissue and organ shortage for 
transplantation as well as in vitro disease models.4,5

Three-dimensional bioprinting refers to layer-by-layer fab-
rication of cellular structures using live cell formulations called 
“bioinks.”6–8 Although it is possible to fabricate polymeric scaf-
folds by printing biomaterial inks that can be seeded with cells 
post-printing, this process is not typically considered as “bio” 

printing because the ink formulations do not incorporate live 
cells in the printed formulations.9 Bioinks can contain cellular 
components in the form of cellular aggregates or spheroids 
without biomaterial matrices, which is called cell-only bioinks. 
Bioinks can also include naturally derived or synthetic hydro-
gels or decellularized extracellular matrix (dECM) to fabricate 
cell-laden 3D structures.10 Because live cells are processed dur-
ing the printing process, the printing technology must be cyto-
compatible without damaging cells, which limits the available 
technologies for bioprinting to direct ink writing (DIW), inkjet 
printing, laser-induced forward transfer (LIFT), stereolithogra-
phy (SLA), and digital light processing (DLP).11,12

DIW is an extrusion-based printing technique where the 
bioink is loaded into a syringe and extruded through a fine 
nozzle by pneumatic pressure or mechanical tools.13 Although 
it is generally used with high viscosity cell-laden hydrogels 
(30–6 × 107 mPa.s), DIW can also be utilized with cell-only 
bioinks.14 The resolution of the printed features depends on 
parameters such as print speed, extrusion rate, and nozzle 
size, and the DIW technique generally can provide features as 
small as ~100 µm.13,15 As the DIW technology is capable of 
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working with various types of bioinks simultaneously to fab-
ricate heterogeneous living structures, and also easy to operate 
and easily accessible, it is the most commonly used bioprinting 
technology. Besides extrusion-based technologies, 3D struc-
tures can also be fabricated using droplet-based bioprinting 
techniques, namely inkjet and LIFT bioprinting. In inkjet bio-
printing, a low viscosity bioink (~10 mPa.s) is deposited in the 
form of droplets at high shear rates (105–106 s−1).14 Droplets as 
small as 50 µm in diameter can be generated by a piezoelectric 
or thermal tool.16 Because low viscosity inks are processed 
in inkjet bioprinting applications, each individual printed 
layer needs to be cured rapidly to ensure structural integrity 
of the printed layer.17,18 In the LIFT technology, a glass slide 
is coated with a thin (10- to 100-nm thick) laser-absorbing 
layer, generally a metal such as gold, titanium, or silver, and 
the bioink underneath this layer, which is referred as donor 
substrate. By projecting laser on the laser-absorbing layer, 
high pressures can be generated due to laser absorption, which 
allows the bioink underneath to expand rapidly to form drop-
lets and separate from the donor substrate. Ejected droplets are 
transferred on a receiver substrate, where 3D structures can be 
fabricated by layer-by-layer deposition of these droplets. With 
LIFT, features as small as 10 µm can be fabricated.14,19 Vat 
photopolymerization-based techniques (SLA and DLP) utilize 
photocurable cell-laden polymer solutions loaded in a vat that 
are spatially cross-linked by exposure to a UV light or laser 
source. Because the resolution of the structures are defined 
by the size of the projected light, vat photopolymerization-
based techniques can provide resolutions as low as 10 µm and 
highly complex architectures can be fabricated. Despite the 
possibility of a fast and accurate fabrication process, one of the 
main challenges of these techniques is incorporating multiple 
bioinks within the same structure.20–22

Despite the strong potential of 3D bioprinting to address 
tissue and organ shortage and improve personalized medi-
cine, the fundamental challenges of mimicking the native 
tissues, including the incorporation of biological and topo-
logical features similar to the native tissues at a clinically rel-
evant scale limit the translational aspects of 3D bioprinting. 
To overcome these challenges, bioink design and develop-
ment of sophisticated 3D bioprinting techniques are crucial 
toward generating physiologically relevant 3D bioprinted 
tissue models.

Bioink design
The bioinks used during the bioprinting process are the build-
ing blocks of the tissue models and influence controlling the 
cellular behavior within the 3D printed constructs. For a suc-
cessful bioprinting process, the bioink must have the following 
properties: convenient printability, adequate mechanical prop-
erties, desirable degradation rate, biochemical functionality, 
high cell viability, and biocompatibility.

Printability of the bioink is directly related to the rheo-
logical properties of the bioink.23,24 The bioink must allow 
replication of desired features of the digital design with high 

accuracy and print fidelity. For this purpose, generally shear 
thinning viscous polymer solutions are utilized to print cell-
laden hydrogels, as these solutions flow easier under shear 
during the extrusion process and recover right after printing. 
These polymers provide the required high viscosity to ensure 
structural integrity of the printed layer. Besides viscous prop-
erties of the bioink, cross-linking strategies are also crucial 
to fabricating reliable and reproducible structures with high 
print fidelity.25,26 Because rapid sol–gel transition is required 
to ensure structural integrity, cross-linking kinetics of the 
bioinks should be investigated in detail prior to printing to 
understand the gelation mechanism and optimize the curing 
process. If the bioink properties are still not sufficient to self-
support the printed shape, they can be printed within a support 
framework or mold using supportive polymeric inks, such as 
polycaprolactone (PCL).27–29 The bioink can also be partially 
cross-linked to improve the initial viscosity prior to printing,30 
or printed in support suspension baths of shear thinning and 
self-healing microgels.31,32

Adequate mechanical properties are required to obtain 
self-supporting structures post-printing. Additionally, the stiff-
ness (Young’s modulus) of the structures can be influential 
on cellular behaviors, such as viability, growth, or differen-
tiation.33–35 To replicate the healthy native tissues, the stiff-
ness of the bioprinted structures should be similar to that of 
the target tissue for the embedded cells to function properly 
as in the native environment. A general approach to tune the 
stiffness of the final structure is the modulation of the cross-
linking mechanism or polymer concentration within the bioink 
formulation.36

Post-printing, during the culture, cells within the bio-
printed structures start to secrete their own ECM. While 
the hydrogel-based matrices provide support to the encap-
sulated cells during the culture period, they should ideally 
degrade at a physiologically relevant rate to allow cells 
to form the new tissue. Bioink design strongly influences 
the degradation process, as the type of polymers or cross-
linkers can alter the degradation process.37 Different deg-
radation approaches can be utilized, such as hydrolytic or 
enzymatic, and the degree of degradation has a significant 
effect on cellular behavior as well.38 Because the cells 
would have more space to spread within the degradable 
materials compared to the highly cross-linked nondegrada-
ble matrices, the morphology of the encapsulated cells will 
be affected, possibly influencing the cellular differentiation 
processes.39,40

Another approach to control the cellular behavior is to pro-
vide the essential biochemical functionalities to the encapsu-
lated cells through addition of bioactive cues. For example, 
some widely used polymers in bioprinting approaches do not 
provide binding sites for the encapsulated cells, which is a 
required feature for cell survival, growth, and proliferation. 
The general approach to improve cellular adhesion is to intro-
duce cell-adhesive peptides (e.g., arginine–glycine–aspar-
tic acid [RGD]) to the formulation, which will allow cells 
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to adhere through integrin binding.41 The addition of RGD 
sequences typically improves cellular traction and spread-
ing of the cells within the structure.39 Besides adding pep-
tides, it is possible to incorporate bioactive materials, such 
as hydroxyapatite, or growth factors to the bioink formula-
tions to direct cellular differentiation.42,43 Another approach 
to enable native tissue such as biochemical functionality is to 
use dECM-based bioinks, as these materials are derived from 
native tissues by removal of the cellular components while 
retaining the ECM materials and growth factors within the 
tissue.10,44 The composition of these bioinks would otherwise 
be challenging to replicate, which can enhance the biological 
function of the encapsulated cells.

Although optimizing the biochemical and mechanical fea-
tures of the bioink is crucial to control the cell behavior, the 
survival of the cells during the printing process and culture in 
the bioprinted structures is also essential. Printing processes 
and cell culture conditions must be cytocompatible to maintain 
a high cell viability in the printed structures. In addition, the 
materials used in the bioink formulations such as the poly-
mers, cross-linkers, or initiators, and the degradation byprod-
ucts should be biocompatible to avoid cell damage during the 
culture period.45,46

Although many factors should be considered for an ideal 
bioink design using cell-laden hydrogels, the alterable prop-
erties are limited to cell-only bioinks, as they only contain 
live cells with no carrier hydrogel. The desired properties 
of the cell-only bioinks for a successful bioprinting process 
can be listed as printability, self-assembly post-printing, cell 
viability, and the type of cells. Printability of the cell-only 
bioinks is challenging to improve separately, as the formu-
lation contains only cells. Therefore, the cells are generally 
bioprinted within or on top of the support materials, which 
degrade or wash away after allowing the self-assembly of the 
printed cells to hold their shapes and form self-supporting 
structures.47–49 The printing technique should be delicate as 
there is no carrier to protect the cells from the printing pro-
cess in the cell-only bioinks. The cell-only bioinks in the form 
of aggregates or spheroids were in various studies with high 
cell viability.48,50–53 Additionally, the choice of cells is another 
important factor in cell-only bioink design, as the cell lines 
within the formulation must resemble the composition of the 
targeted native tissue and provide the required bioactivity to 
the printed structures.

Developing 3D printing techniques
Although bioink design is one of the crucial steps of bioprint-
ing as it directly impacts the cellular behavior, developing 
advanced bioprinting techniques are also important to repli-
cate the inherent tissue architecture. The main challenges in 
the fabrication of large-scale structures include the mechani-
cally soft nature of bioinks, which cause loss in structural 
integrity, and incorporation of a vascular network to provide 
sufficient nutrient support to the encapsulated cells within 
the printed structure. In addition, due to the layer-by-layer 

fabrication approach, 3D bioprinting is limited for incorpora-
tion of complex features, such as hollow channels and over-
hanging structures.58,59 However, multiple types of bioinks 
are required to be positioned in the printed structures to incor-
porate the needed biological heterogeneity while replicating 
architectural features of the respective tissue model. Although 
some biofabrication methods such as gel casting or unit stack-
ing can overcome these issues to an extent, they have not been 
able to provide the required structural complexity.60 In recent 
years, there have been emerging bioprinting approaches, such 
as embedded printing, volumetric printing, organ-on-a-chip 
platforms, four-dimensional (4D) printing, and in situ printing, 
to improve the fabricated tissue models.

Embedded printing
To overcome the challenges due to the limitations of con-
ventional biofabrication techniques, embedded printing 
approaches within support baths were developed by Angelini32 
and Feinberg31 groups around the same time. In these 
approaches, soft hydrogels are printed within a suspension 
bath that contain microgels which show Herschel–Bulkley or 
Bingham plastic behavior (Figure 1a). These support baths 
act as a liquid under shear where the needle moves during the 
extrusion process and act as solid when the needle departs and 
shear is removed. Because the microgels utilized in embed-
ded printing applications show shear-thinning and self-healing 
properties, the needle can freely move within the support bath 
and the deposited features are held within the printed location 
without spreading as microgels recover rapidly to hold the 
printed material without losing their structural integrity. Due 
to this unique feature, embedded printing can be applied to 
various types of soft materials that are challenging to fabricate 
architecturally complex self-supporting structures.61,62 With 
the potential of fabricating overhanging structures, embedded 
printing can also be used to fabricate vascularized tissues by 
depositing sacrificial materials, which can be removed after 
the printing process, within a matrix to generate hollow chan-
nels.40,63 These channels can then be seeded with endothelial 
cells to form vascular structures that can enhance nutrient 
support.

Although cell-laden hydrogels have been convenient bioink 
choices as they provide cells a 3D matrix that resembles the 
ECM and applied in embedded printing applications, the 
use of hydrogel-based inks limits cellular interactions, and 
can lead to inhomogeneous distribution of cells and low cell 
density within the bioprinted structure.47 To overcome these 
issues, cell-only bioinks started to receive growing interest 
to fabricate densely packed, scaffold-free cellular structures. 
Due to their soft nature, it is challenging to utilize cell-only 
bioinks in air with layer-by-layer printing approaches to cre-
ate self-supporting structures. Thus, cell-only bioinks are 
generally printed within suspension baths using embedded 
printing approaches that act as a support during the bioprint-
ing printing process. For example, using cell-only bioinks, 
Jeon et al. showed that highly complex structures could be 
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Figure 1.   (a) Freeform bioprinting approach to print embedded soft hydrogel (alginate) and collect the 
printed features by releasing the gelatin support bath. Scale bars = 1 cm. Adapted with permission from 
Reference 31. © 2015 The Authors, licensed under a Creative Commons Attribution (CC BY 4.0) license.  
(b) Embedded bioprinting using mesenchymal stem cell-only bioinks (spheroids) to fabricate cellular struc-
tures with high cell density within hyaluronic acid-based support bath. Scale bars: 250 µm. Adapted with 
permission from Reference 49. © 2021 The Author(s), licensed under a CC BY 4.0 license. (c) Volumetric 
bioprinting approach where (i) the bioink is loaded into a rotating platform to (ii) to project light patterns.  
(iii) Bioprinted ear model in 22.7 s. Scale bar: 500 µm. Adapted with permission from Reference 54.  
© 2019 Wiley. (d) Organ-on-a-chip approach where (i) multiple bioinks are deposited to create hetero-
geneous structures, (ii) reproduce direct cell patterning or (iii) 3D microstructures, and (iv) used to model 
tissue barrier/interface. Adapted with permission from Reference 55. © 2019 Elsevier. (e) Four-dimensional 
bioprinting approach with cell-only bioinks to generate preprogrammed cellular shapes. MG, microgel. 
Adapted with permission from Reference 56. © 2022 Wiley. (f) In situ bioprinting approach where the defect 
site can be scanned for precise bioprinting and directly filled with bioinks. Adapted with permission from 
Reference 57. © 2019 The Author(s).
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fabricated within oxidized methacrylated alginate microgel 
support using an hMSCs-only bioink. The 3D printed hMSCs 
were then differentiated into cartilage and bone tissues.48 Bras-
sard et al. developed an approach called bioprinting-assisted 
tissue emergence (BATE) where macroscale intestinal tubes 
within Matrigel-collagen supports could be formed through 
self-organization of bioprinted cell aggregates.53 Besides using 
cell aggregates as cell-only bioinks, spheroids were also uti-
lized (Figure 1b) to fabricate densely populated osteogenic and 
chondrogenic tissues,50–52 as well as cardiac tissue models49 
using embedded printing techniques. Although the use of cell-
only bioinks along with suspension baths improve complexity 
of the tissues by incorporating high cell density to the fabri-
cated structures, the current approaches use the suspension 
bath technique generally as a mechanical support only and the 
printed structures lack the relevant bioactive cues and hetero-
geneity to guide cellular behavior, such as differentiation into 
a specific lineage or cellular morphology.

Current embedded printing approaches limit the printable 
formulations due to the lack of tunable material properties of 
the support baths. To improve the embedded printing methods, 
Ji et al. developed a novel printing approach that could be used 
to create complex channels within cell-laden hydrogels.63 In this 
approach, the support bath was replaced with a support matrix 
that is printed layer-by-layer with commercially available pho-
tocurable methacrylated alginate (MeAlg) and methacrylated 
hyaluronic acid (MeHA) hydrogels while partially cross-linking 
each layer by blue light (405-nm wavelength) exposure to cre-
ate a self-supporting layer. At the desired height of the printed 
structure, a sacrificial ink (Pluronic F-127) was deposited within 
the matrix layer prior to partial cross-linking. After this layer 
was stabilized by partial cross-linking again, more layers could 
be deposited, and the final structure was fully cross-linked. 
After the 3D printing process is complete, the sacrificial mate-
rial could be washed away to obtain embedded hollow channels 
within cell-laden hydrogels that could be seeded with human 
umbilical vein endothelial cells (HUVEC) to form a confluent 
endothelial layer on the channel walls. This approach facilitates 
the incorporation of user-defined and tunable channels, while 
improving the number of usable support materials in embedded 
printing techniques, as the developed approach does not require 
use of shear thinning and self-healing microgels.

Volumetric printing
Despite the improvements in the printable features with embed-
ded printing techniques, it is still challenging to fabricate living 
tissues with inherent tissue architecture at clinically relevant 
sizes in centimeter-scale rapidly. Recently, Kelly et al. devel-
oped a method called computed axial lithography, where a set 
of 2D images are projected onto a photocurable resin from 
multiple angles (Figure 1c), which eliminates layer-by-layer 
deposition and allows fabrication of centimeter-scale structures 
within minutes.64 This approach was utilized by Bernal et al. to 
fabricate cellular meniscus shaped constructs using chondropro-
genitor cells along with a methacrylated gelatin (GelMA)-based 

ink. Fabricated structures could be cultured up to 28 days in 
vitro and showed high cell viability and neotissue formation.54 
Later, in another study, Bernal et al. used a similar approach 
to bioprint hepatic organoids within a GelMA-based ink with 
complex perfusable architectures that showed liver-specific 
functionality, such as improved urea and albumin secretion.65 
These advanced bioprinting techniques demonstrate significant 
promise for volumetric bioprinting to generate large-scale tissue 
models in minutes by using patient-specific medical images that 
can be used for regenerative medicine applications as well as 
disease models and drug screening.

Organ‑on‑a‑chip platforms
Organ-on-a-chip platforms contain 3D cellular microfluidic 
structures that allow cellular micron-scale tissue models to act 
as model organs and closely mimic the mechanical and physi-
ological responses of the native tissues and organs. It is pos-
sible to fabricate multicellular structures and recapitulate the 
tissue–tissue interface using 3D bioprinting, which gives an 
opportunity to perform complex in vitro studies for functional 
tissues and organs (Figure 1d).55,66,67 These platforms are 
also a great tool to simulate external conditions, such as shear 
stress, and mechanical or electrical stimulus. These aspects 
render organ-on-a-chip models promising candidates for high-
throughput disease modeling and drug screening experiments. 
Three-dimensional bioprinting, especially extrusion-based 
techniques, is a convenient approach to fabricate organ-on-a-
chip models, as it can print multiple materials to form distinct 
tissues in a single chip. Although it is possible to fabricate 
organ on a chip for a single target tissue, the main strength of 
the organ-on-a-chip models is to incorporate multiple tissues 
or organs on a single chip to generate integrated functional 
living structures, where response of multiple organs can be 
examined during drug screening or disease progression of a 
target organ. For example, Skardal et al. developed an organ-
on-a-chip system, including liver, heart, and lung in a single 
microfluidic chip.68 It was shown that when lung specific tox-
icity was incorporated through addition of bleomycin, cardiac 
tissue was affected by the released inflammatory cytokines by 
the lung organoids within the integrated system.

Four‑dimensional printing
In the native environment, properties of tissues and organs are 
dynamic and change during new tissue formation or disease pro-
gression processes. To incorporate the dynamic nature, properties 
of the bioprinted structures, such as shape or cellular behavior, 
should evolve in time, which can be included as the fourth dimen-
sion into the printing process. Four-dimensional printing refers 
to the fabrication of preprogrammed 3D structures that show 
changes in shape or function in response to external stimuli, such 
as temperature, humidity, pH change, or enzymatic response.69,70 
Recently, Ding et al. showed that 4D printing can be used to print 
cell-only bioinks within a shape morphing bilayer hydrogel disc 
consisting of cell-supporting oxidized and methacrylated alginate 
(OMA) and a printed gradient hydrogel layer, including OMA and 
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GelMA (Figure 1e).56 In the bilayer hydrogel system, the hMSC-
only structures could be collected after 21 days of culture with pre-
programmed shape and they were differentiated into chondrogenic 
cells. This study shows the promising potential of 4D printing 
in fabricating scaffold-free systems with preprogrammed struc-
tural changes. Although the shape and structural change is mostly 
investigated with 4D bioprinting, stimuli responsive bioinks that 
contain bioactive cues can potentially be incorporated to regu-
late and instruct the cellular behavior within the printed structures 
dynamically during the culture.

In situ printing
One of the end goals of 3D bioprinting is to perform surgi-
cal procedures on the defect site by bioprinting directly on 
the damaged tissue and organ. Although ex situ bioprinting 
provides significant advantages for fundamental studies, the 
incorporation of in situ conditions provide better integration 
of the bioprinted implants on the defect site due to direct con-
nection with the natural microenvironment of the tissue and an 
enhanced maturation process in the body, which acts as a natu-
ral bioreactor for the bioprinted implants, compared to in vitro 
culture condition or bioreactors.71,72 During in situ printing, 
either an automated robotic arm or handheld device is used. 
In the robotic arm approach, the defect size is imaged using 
various scanning approaches, such as CT, MRI, or structured-
light scanning, which is later used to directly print on with 
an automated system (Figure 1f). In the handheld system, the 
bioink is deposited at a controlled rate but the location of the 
deposition is controlled by a surgeon. In situ printing was suc-
cessfully applied to various types of tissues, such as bone,73,74 
cartilage,75–77 muscle,78–80 skin,57,81,82 brain83 and dental pulp.84

Concluding remarks
With the immense potential of 3D bioprinting to fabricate 
functional tissue mimetics, the design of bioinks and devel-
opment of novel printing technologies became an important 
research direction in the emerging 3D bioprinting field. In 
this issue, we present five articles focusing on 3D bioprinting 
for medical applications. Walters-Shumka et al.85 provided 
recent advances in personalized 3D bioprinted tissue models 
for cardiac, cancer, skin, and neural tissue applications high-
lighting the use of 3D bioprinting and patient-derived cells 
as a promising new avenue for disease modeling, drug dis-
covery, and regenerative medicine. Skardal et al.86 focused 
on 3D bioprinting of in vitro tumor organoid and organ-on-
a-chip models. They provided bioprinting and biomaterial 
technologies to fabricate organoids and organ-on-a-chip 
platforms, and described the uses of these model systems 
for different types of tumors, immune-oncology studies, and 
personalized medicine. Jang et al.87 discussed volumetric 
bioprinting strategies to create large-scale tissues and organs, 
and provided a critical evaluation of advantages and limita-
tions of this technology. Gharacheh and Guvendiren88 dis-
cussed current bioprinting technologies and ink formulations 
to create vasculature within 3D living constructs and current 

efforts to utilize these technologies for fabrication of vascu-
larized bone tissues. Finally, Gottardi89 and his colleagues 
provided a comprehensive review on the use of 3D and 4D 
bioprinting to address specific challenges in otolaryngology, 
mainly focusing on ear, nose, and throat.
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