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Engineering considerations in the design of tissue
specific bioink for 3D bioprinting applications¥
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Over eight million surgical procedures are conducted annually in the United Stats to address organ failure
or tissue losses. In response to this pressing need, recent medical advancements have significantly
improved patient outcomes, primarily through innovative reconstructive surgeries utilizing tissue grafting
techniques. Despite tremendous efforts, repairing damaged tissues remains a major clinical challenge for
bioengineers and clinicians. 3D bioprinting is an additive manufacturing technique that holds significant
promise for creating intricately detailed constructs of tissues, thereby bridging the gap between engin-
eered and actual tissue constructs. In contrast to non-biological printing, 3D bioprinting introduces
added intricacies, including considerations for material selection, cell types, growth, and differentiation
factors. However, technical challenges arise, particularly concerning the delicate nature of living cells in
bioink for tissue construction and limited knowledge about the cell fate processes in such a complex bio-
mechanical environment. A bioink must have appropriate viscoelastic and rheological properties to mimic
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the native tissue microenvironment and attain desired biomechanical properties. Hence, the properties of
bioink play a vital role in the success of 3D bioprinted substitutes. This review comprehensively delves into
the scientific aspects of tissue-centric or tissue-specific bioinks and sheds light on the current challenges
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1. Introduction

3D bioprinting is cutting-edge technology in tissue engineer-
ing and regenerative medicine that enables the construction of
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of the translation of bioinks and bioprinting.

3D tissue structures with specific shapes and patterns.' This
technology can create skin, muscle, cartilage, bone, nerve
tissues, etc. The market size for 3D bioprinting was $2.13
billion in 2022. It is expected to grow to $8.3 billion by 2030,
with a compound annual growth rate (CAGR) of 18.51%.> The
bioprinting industry witnesses a yearly increase in the number
of companies, including newcomers like Bico (CELLINK) and
Poietis, as well as established players like GE Healthcare, ven-
turing into the field. The market demand is driven by the
increasing need for tissue and organ transplantation due to
the rise in chronic diseases, which can damage tissues and
organs, reduce quality of life, and resist treatment.®> While
organ transplantation can effectively address organ dysfunc-
tion, the availability of suitable donor organs is a considerable
constraint. For example, a new name is added to the organ
transplant waiting list every 15 minutes in the United States.”
However, only one-third of patients on this list receive
matched organs from donors. The stagnant supply of organs,
meeting only 10% of global demand, highlights the urgent
need for alternatives. In response, 3D bioprinting is advancing
rapidly due to the demand for personalized treatments and
alternatives to animal testing. While innovations currently
position bioprinted tissues for medical research and drug
development applications, their clinical adoption still faces
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issues due to bioprinter incapabilities, bioink concerns, and
ethical and legal barriers.’

Among all the challenges, addressing bioink concerns,
such as mechanical properties and biocompatibility, is crucial
for fabricating functional 3D constructs that mimic actual
tissues. Bioink is a blend of biomaterials, biomolecules, and
living cells used as the input for a bioprinter to create solid
structures that closely match the specific geometry of targeted
tissues or organs.® Hydrogels, commonly used as bioinks in
3D bioprinting, replicate the extracellular matrix (ECM) to
support cells and create tissue-like structures.®’ For example,
a blend of alginate, gelatin, and hyaluronic acid is used to
create cartilage-specific bioinks that replicate the cartilage
ECM and promote chondrocyte differentiation and growth,
producing accurate and detailed cartilage replicas.® Similarly,
bone-specific bioinks are also being produced by amalgamat-
ing collagen, hydroxyapatite, and glycosaminoglycans.’ These
specialized bioinks are designed to mimic the composition of
bone tissue, providing a biomimetic environment that sup-
ports the growth and maturation of bone cells. These bioinks,
combining collagen for support, hydroxyapatite for mineraliz-
ation, and glycosaminoglycans for cell signalling, create a
specialized microenvironment that enhances osteoblast
activity and enables the precise printing of complex bone
structures.

Despite their benefits, biomaterials used in bioinks for 3D-
printed tissue constructs intended for implantation can
provoke immune responses by activating the immune cells.
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For example, hyaluronic acid activates cells through CD44, and
when used in hydrogel form, it can induce foreign body reac-
tions within four to eight weeks after transplantation.’® In
certain cases, polyethylene glycol (PEG) triggers a significant
immune reaction, resulting in the production of anti-PEG IgM
and IgG antibodies, as well as the formation of memory T
cells." Likewise, polyglycolic acid (PGA) can trigger inflamma-
tory responses from xenogeneic sources.'” As a result, these
materials should be approached with caution when used as
bioink for bioprinting tissue intended for transplantation.
Tissue-centric or tissue-specific bioinks solve this issue of
immune reactions by allowing the incorporation of decellular-
ized extracellular matrix (dECM) from specific tissues in the
bioink for 3D bioprinting applications."”> dECM is created by
removing the cells from the ECM of the tissue or organ while
preserving the native composition and architecture of the
ECM.'" dECMs can promote cell proliferation and differen-
tiation while preserving the distinct biochemical and mechani-
cal characteristics of original tissues. dECMs from diverse
tissues, such as the heart, liver, and lung, are being utilized by
researchers to formulate bioinks that can be used to print
functional tissue structures.'> These bioinks could create
complex tissue designs with high accuracy and fidelity by facil-
itating cell proliferation and differentiation. Kim et al'®
created a liver-derived dECM bioink to enhance the biomimi-
cry of 3D liver tissue models. The incorporation of dECM into
the bioink offers a liver-specific microenvironment for hepato-
cytes that enhance the function of 3D liver tissue models, with
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a 4.3-times increase in albumin secretion, a 2.5-times increase
in urea secretion, and a 2.0-times increase in cytochrome
enzyme activity compared to the tissue models without dECM.
It also showed 1.8 times better drug responsiveness than the
tissue model without dECM, highlighting its potential for
developing functional in vitro liver models for drug toxicity
testing. Similarly, Chae et al'” employed 3D cell-printing
technology to create biomimetic tendon and ligament tissue
constructs using stem cells and tissue-specific bioinks. The
tissue-specific bioinks enabled prolonged cell culture with
high cell viability and enhanced tendon formation, leading to
better alignment of cells and structure with the progress of
time. Apart from tissue specific cues, the ideal bioink should
offer excellent printability, mechanical stability, insolubility in
cell culture media, appropriate biodegradability, non-toxicity,
non-immunogenicity, and support for cellular adhesion.'®
Therefore, it is crucial to simultaneously consider multiple
factors for the successful transition of bioinks and bioprinting
from research to clinical use. For example, Jia et al.'® devel-
oped a set of 30 alginate solutions to study the effects of fun-
damental material properties, density, and viscosity of alginate
solutions on their printability. This investigation aimed to
identify an appropriate range of alginate material properties
for bioprinting applications. However, the high expense of
bioinks and the time-intensive nature of printing trials have
stimulated increasing interest in computational simulations
within this area. In response to these challenges, the existing
literature highlights various strategies to overcome current
limitations in 3D bioprinting for tissue engineering, demon-
strating continued efforts to advance the field. However, the
reliance on generic bioinks hinders the clinical application of
this technology. These generic bioinks lack tissue-specific
cues, provide inadequate cell support, suffer from poor vascu-
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larization, and have mismatched mechanical properties, all
affecting the quality of the printed tissue.>°

Therefore, this review fills this gap of underexplored chal-
lenges in the existing literature by providing recent strategies
used to create robust bioinks suitable for 3D bioprinting of
bone, skin, cartilage, and liver tissues. It provides an overview
of additive manufacturing techniques and the different con-
siderations for developing bioinks tailored to specific
methods, along with polymer-based bioinks, essential for
understanding 3D bioprinting. The article covers tissue-
specific bioinks for mimicking target tissues, computational
methods, machine learning for predicting bioink properties,
and discusses the challenges in advancing 3D bioprinting for
healthcare applications. It also provides a future outlook on
these developments.®®'*'>1928 gig. 1 shows the entire biofab-
rication process, from MRI scanning to bioink formulation to
3D bioprinting.*® This process forms the core framework for
all applications discussed in this review and highlights its
importance in bioprinting.*°

2. Additive manufacturing techniques
for bioprinting

Additive manufacturing (AM) offers extensive customization
for printing structural components for medical applications
based on patient-specific data. AM has shown its potential for
a number of activities like medical device prototyping, surgical
planning, tissue or organ printing, and so on.*’ The auto-
mated production of versatile 3D human tissues and organs
could simplify organ transplantation and provide the solution
for pre-clinical drug and biological testing.* Various methods
have been devised to create 3D models from metals, ceramics,
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polymers, etc. The strategies and capabilities of AM vary
depending on the materials employed, cross-linking mecha-
nisms, and material deposition processes. Every procedure
upholds a specific scope of control over model design,
mechanical properties, and biodegradation.*® 3D bioprinting,
a subtype of AM, uses biological materials such as cells, bio-
materials, and growth factors to create functional 3D living
tissues and organ constructs.*® Commonly used 3D bioprint-
ing methods include extrusion-based printing, vat photo-
polymerization, and jetting-based techniques. Jetting-based
bioprinting can be categorized into various types: laser-based
printing, inkjet printing, microvalve bioprinting, and electro-
hydrodynamic printing. The desired bioinks and the specific
properties of each printing method are discussed in sub-
sequent sections.

2.1 Extrusion-based bioprinting

Extrusion-based bioprinting is increasingly popular because it
is accessible, cost-effective, and does not use potentially
harmful energy sources like lasers, making it an affordable
method for printing a variety of bioinks with high cell viabi-
lity.>® A key advantage of this bioprinting technique is the flexi-
bility of bioinks, which can incorporate various hydrogels,
such as collagen and ECM proteins, allowing the replication of
actual tissues. Additionally, enhancing these biomaterials with

Dr Prasoon Kumar received a
PhD in Mechanical Engineering
jointly from the Indian Institute
of Technology, Bombay, India,
and Monash University,
Melbourne, Australia. He was a
National Post-doctoral Fellow in
the division of Materials
Engineering, Indian Institute of
Science, Bangalore. He worked
as Assistant Professor at the
Department of Medical Devices
Prasoon Kumar in the National Institute of
Pharmaceutical Education and
Research (NIPER), Ahmedabad. Currently, he is working as an
Assistant Professor Grade 1 at the National Institute of Technology
(NIT) Rourkela, India. His current research interests include the
biodesign of materials and devices for healthcare applications,
additive manufacturing, and lab-on-chip devices.

96 | Biomater. Sci, 2025, 13, 93-129

View Article Online

Biomaterials Science

growth factors or peptides can boost cell adhesion, prolifer-
ation, and differentiation, facilitating the creation of custom-
designed tissues.® For fabricating tissue constructs, it involves
a dispensing head and an automated three-axis robotic
system.>” The syringe with a nozzle filled with bioink is de-
posited on a stage either by a dispensing head that moves
along three axes or by moving the stage while the head
remains fixed.*® Inside the syringe, cells experience different
velocity gradients based on their positions from the center to
the edge. The highest velocity gradient and maximum shear
stress occur near the nozzle wall, where cells close to the wall
move more slowly than those in the center, resulting in more
significant cell deformation.*® Shear stress, a mechanical force
that deforms a material along a plane parallel to the stress
direction, is regarded as the primary cause of cell damage or
death in extrusion-based bioprinting. Theoretically, cell
damage increases exponentially with the rising shear stresses,
starting at zero in the absence of stress and reaching up to
100% under high-stress conditions.>® However, different cell
types vary in their sensitivity and response to shear stress,
leading to variations in cell viability. Despite having cell viabi-
lity issues, the versatility of the bioink used is one of the
primary advantages of this bioprinting technique. Zhao et al.*°
utilized extrusion-based 3D printing technology to create chito-
san ducts for soft tissue engineering applications. The prepa-
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Fig. 1 The diagram shows the overall process of 3D bioprinting, highlighting the key phases: (a) schematic shows the complex processing of data,
reproduced from Ripley et al.?° with permission from John Wiley and Sons, copyright (2016); (b) bioink preparation for 3D bioprinting and its appli-
cations, reproduced from Jose et al.*° with permission from Elsevier, copyright (2024).

ration process can be refined using various acidic solutions,
such as formic acid, acetic acid, glycolic acid, and lactic acid,
to manufacture chitosan ducts. The optimal solvent for chito-
san was 30 wt% glycolic acid solution.’” The Young’s
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modulus, tensile strength, and fracture strain values for
chitosan ducts were 12.38 + 1.19 MPa, 10.98 + 0.61 MPa, and
146.03 + 15.05%, respectively, similar to the soft tissue pro-
perties. These characteristics make chitosan ducts suitable for
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soft-tissue restoration.*' However, like other biological struc-
tures, chitosan ducts need an appropriate microenvironment
to support cell adhesion, proliferation, and differentiation.
Cell-laden micro-scaffold-based bioinks can tackle these chal-
lenges by offering a more physiologically relevant microenvi-
ronment for cells to further support tissue regeneration.

Tan et al.*” utilized a micropipette extrusion-based 3D bio-
printing method to fabricate living multicellular tissues using
cell-laden micro-scaffold-based bioinks. The bioink consists of
poly(lactic-co-glycolic acid) (PLGA) porous microspheres with a
thin encapsulation of agarose-collagen (AC) hydrogel.
L929 mouse fibroblasts were cultured to assess the biocompat-
ibility of the printed construct. The bioprinted construct
demonstrated excellent biocompatibility, with more than 90%
cell viability maintained over the 2 days, 7 days, and 14 days of
cell culture. Furthermore, compared to the AC hydrogel, the
mechanical strength of the construct was significantly
improved, exceeding it by more than 100 times. However,
single-component bioinks typically lack essential traits like
cell-specific bioactivity and optimal rheological properties.
This limitation results in a narrow bio-fabrication window,
restricting the applicability of extrusion bioprinting in tissue
engineering and regenerative medicine. Selecting specific
additional polymers, micro-, or nanoparticles for existing
single-component bioinks enables the design of multicompo-
nent bioinks. Xin et al.** investigated the hydrogel microparti-
cle dissipation process during printing, analyzing both exter-
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nal resistance from the apparatus and the internal physico-
chemical properties of the hydrogel microparticles through
experimental and computational methods. These offer a
broader bio-fabrication window, enabling enhanced function-
ality and mechanical stability to mimic targeted physiological
tissues.** Overall, 3D extrusion bioprinting is poised to make
significant advancements with novel bioinks and improved
printing techniques, paving the way for promising medical
applications.

2.2 Vat photopolymerization-based bioprinting

Vat photopolymerization (VP) has been widely used in tissue
engineering and regenerative medicine due to its superior
spatiotemporal control over bioresin.*> This capability enables
the fabrication of intricate 3D hierarchical structures that
closely resemble human tissues and organs.*® VP bioprinting
technology uses the curing properties of photocurable
materials by directing a light beam onto the precursor solu-
tion, allowing for on-demand material curing. This method
enables the creation of various 3D structures by controlling
where and how long the light beam is projected.”” Among
them, stereolithography (SLA), digital light projection (DLP),
and volumetric bioprinting technology are commonly used VP
techniques. SLA technology uses photosensitive liquid resin as
bioink, which solidifies upon exposure to ultraviolet light.*® A
computer-controlled laser traces each layer, solidifying the
resin, and the process is repeated layer-by-layer to create 3D
constructs. DLP uses a UV lamp or laser with a digital mirror
device to cure resin layer-by-layer, forming 3D constructs.
Unlike SLA, which uses a moving laser, DLP employs a
dynamic mask for light exposure.*® Both methods demonstrate
the versatility of VP techniques, allowing for the accurate cre-
ation of complex shapes in various applications. For instance,
Guillaume et al’>® developed photo-cross-linkable poly(tri-
methylene carbonate) (PTMC) resins containing 20% and 40%
hydroxyapatite (HA) nanoparticles and employed SLA techno-
logy to fabricate scaffolds with precise macro-architecture. The
results indicated that rabbits implanted with PTMA-MA
scaffolds containing 40% nano-HAP showed the most signifi-
cant degree of vascularization at the lesion site, effectively pro-
moting the formation of new bone tissue. Likewise, Ma et al.>*
employed the DLP technique of VP to fabricate a gelatin meth-
acrylate/methacrylated hyaluronic acid hydrogel liver model,
matching the stiffness of actual liver tissue. The hepatic model
provided a 3D environment for hiPSC-derived hepatic cells co-
cultured with supporting cells (human umbilical vein endo-
thelial cells) in a hepatic lobule-like structure. It enabled
in vitro maturation and helped maintain the functional integ-
rity of hiPSC-derived hepatic cells within a biomimetic setting.
Although extensive studies have reported on VP-based bio-
printing of human tissues such as the liver, skin, and bone,
achieving the complete fabrication of transplantable tissues
remains elusive. Human organs have complex structures com-
posed of various cell types and materials. Therefore, utilizing
multiple materials is essential to replicate human tissue in VP
bioprinting accurately.”® However, the vat storage of bioresin
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in VP poses more challenges for multimaterial printing than
extrusion and inkjet bioprinting. The bioresin used in VP-
based bioprinting must have low viscosity, as higher viscosity
can cause the sedimentation of encapsulated cells.
Furthermore, bioresins for VP need to be transparent to enable
light penetration and initiate photopolymerization.*” However,
there is a limited availability of highly transparent biomater-
ials suitable for bioresins.”® Therefore, more research is
needed to address these challenges and create universal biore-
sin toolboxes that effectively manage viscosity while allowing
for cell encapsulation.

2.3 Jetting-based bioprinting

2.3.1 Laser-assisted bioprinting. Laser-assisted bioprinting
(LAB) technology is promising for fabricating artificial
tissues.””> Its high resolution and precision enable the cre-
ation of a suitable ECM microenvironment. LAB is a direct-
write method that employs the laser-induced forward transfer
(LIFT) principle. A laser pulse is concentrated on a thin film of
bioink, which absorbs the laser energy and generates a bubble.
The expansion of this bubble generates a high-speed jet of
liquid bioink. Upon hitting the substrate, this jet gives rise to
tiny liquid droplets. Then, the laser is moved to another spot
on the surface of the bioink, and the process is repeated to
create a pattern or a structure of interest. LAB bioprinting pro-
vides multiple advantages, such as enabling high cellular den-
sities of approximately 1 x 10° cells per mL with fine printing
resolution (~40 pm).>® It also accommodates a wider range of
viscosities (1-300 mPa s) compared to other drop-on-demand
bioprinting techniques.?” It maintains cell survival rates above
90%. This high cell density printing, with this nozzle-free
printing method, removes nozzle clogging problems. High via-
bility suggests limited damage caused by the printing process,
but it does not mean zero cell damage or death.>® Although
LIFT experiences lower shear stress compared to nozzle-based
systems, it still impacts cell integrity. Increased laser fluence
raises shear stress, reducing cell viability by damaging mem-
branes and possibly altering stem cell differentiation. This pre-
sents a significant challenge for LAB. Additionally, during the
initial cell transfer, the laser heats the bioink by interacting
with the absorbing matrix, potentially causing thermal
damage to cells.>® The high laser fluence and focused spot size
can deactivate enzymes and denature proteins within the cells.
Exposure to a high-energy density short-wavelength laser, such
as the UV laser, may also be one of the causes of cell damage
since UV light can destroy living cells by damaging DNA
double strands.®® Optimizing the LAB process requires investi-
gating the causes of cell injury, such as physical stress from
acceleration and deceleration, laser exposure, rapid tempera-
ture shifts causing thermal damage, chemical changes in the
bioink, and nutrient shortages. Despite this, its sub-micron
resolution makes it particularly useful for printing small-scale
tissues and organs, such as blood vessels and neural
tissues.®"** Sorkio et al.®* explored the feasibility of using LAB
with human stem cells to fabricate layered 3D-printed tissues
that mimic the structure of native corneal tissues. The 3D
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corneal structures showed robust mechanical properties
without the need for additional bioink crosslinking following
LAB. 3D stromal bioprinted structures were implanted into
porcine corneal organ cultures to evaluate their functionality
and integration with the host tissue.

The 3D bioprinted stromal structures adhered to the host
tissue, indicating successful tissue integration potential. This
highlights the potential of LAB 3D bioprinting for creating
functional tissue constructs that integrate with native tissues
and contribute to their regeneration.®* Similarly, Keriquel
et al.** demonstrated the utilization of LAB technology for on-
site bone regeneration by precisely printing specific biological
components (nHA collagen material) and mesenchymal
stromal cells (MSCs) within a defect in the calvaria (upper part
of the skull) of mice (Fig. 2a). Different cell geometries, with
distinctive cellular repartitions (such as disc and ring), were
also tested to show their impact on bone regeneration. The
results showed that one month after printing, the nHA-col-
lagen and nHA-collagen + MSC cells printed in a ring shape
showed only marginal tissue reconstruction, mainly at the per-
iphery of the defect. In contrast, the nHA-collagen + MSC cells
printed in a disk shape showed significant new bone for-
mation, well distributed throughout the defect. Hence, LAB
proves effective at printing mammalian cells with minimal
impact on their viability and functionality, presenting a prom-
ising avenue for in situ bioprinting of the tissues. However, a
key challenge is developing functional blood vessels to
improve the integration and effectiveness of synthetic bone
grafts. Kédanet al.®®> employed LAB to directly print endothelial
cells within a mouse calvaria bone defect. The defect was pre-
filled with collagen-containing vascular endothelial growth
factor (VEGF) and mesenchymal stem cells (MSCs). This
approach aims to establish pre-vascularization with a well-
defined architecture and promoting in vivo bone regeneration.
The influence of different cellular arrangements (disc, crossed,
and random) on bone regeneration (br) and vascular organiz-
ation (vr) was examined in vivo. After two months, vr and br
showed statistically significant improvements in the ‘disc’
pattern (vr: +203.6%, br: +294.1%) and ‘crossed circle’ pattern
(vr: +355%, br: +602.1%) compared to the ‘random seeding’
conditions.

In addition to its use in calvaria bone defect repair, LAB
technology is gaining attention in treating pancreatic ductal
adenocarcinoma (PDAC). Hakobyan et al.®® used LAB to create
3D pancreatic cell spheroid arrays and monitored their pheno-
typic changes over time through image analysis and phenoty-
pic characterization for PDAC. The results showed that the 3D
model of spheroids containing various combinations of acinar
and ductal exocrine pancreas cells was suitable for studying
the early stages of PDAC development. As LAB enables precise
control over cell placement, shape, and production speed, this
high-throughput spheroid array model holds significant
promise as a substitute for standard 2D cultures or more intri-
cate and time-consuming 3D methods.®”~%°

Despite having various advantages like precision and
resolution enabling the creation of intricate structures, LAB
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Fig. 2 Schematic of laser-assisted bioprinting (LAB) and electrohydrodynamic printing: (a) a standard LAB setup consists of a pulsed laser beam, a
focusing system, and a ribbon that generates microdroplets, reproduced from Keriquel et al.>* with permission from Elsevier, copyright (2017), and
(b) electrohydrodynamic printing using a coaxial nozzle for creating microscale constructs with embedded cells, reproduced from Liang et al.>* with

permission from Elsevier, copyright (2018).

also faces several technical challenges. A support bath or
environment is often needed to print complex 3D structures to
maintain their shape and prevent deformations because the
viscosities accommodated in the LAB are often too low to con-
struct a stable structure without support.®* Scaling from the
laboratory benchtop to factory production poses another chal-
lenge. The current printing speeds of LAB technology need to
be faster to efficiently produce large-scale bioproducts.®*”°
Regarding commercial availability, laser-based bioprinters are
relatively expensive and require significant expertise. Thus,
more investigations and advancements are required to tackle
these technological obstacles to increase the use of LAB in
both academic and industrial settings.

2.2.2 Inkjet bioprinting. Inkjet-based bioprinting provides
an effective solution for tissue engineering and regenerative
medicine by facilitating the precise placement of sub-nanoliter
droplets at specified locations without contact, using a drop-
on-demand (DOD) approach.”* This leads to improved accu-
racy and higher ink utilization efficiency. Inkjet printing can
work with a range of biological materials and enables struc-
tures to be created with varying cell densities by modifying the
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density or size of the droplets.”> Nayak et al.”® utilized direct
inkjet writing (DIW) to print polymer-ceramic composites for
bone tissue regeneration and to evaluate their behaviour
under thermomechanical loading. The rheological properties
of the colloidal gels were assessed to establish shear-thinning
capabilities, which enabled extrusion through a custom-built
DIW printer. The polymer-ceramic composite gels exhibited
effective shear-thinning during extrusion, with a significant
increase in cellular viability observed when B-TCP particles
were incorporated into the polymer matrix compared to pure
PLA. Kang et al.”* demonstrated the use of automated high-
resolution inkjet printing to place alveolar cells, creating a
3-layered alveolar barrier model with an impressive thickness
of approximately 10 pm. The study demonstrated that this 3D
structured model more accurately replicated lung tissue struc-
ture, morphology, and functions compared to a traditional 2D
cell culture model and when evaluated against an unstructured
3D model made of a homogeneous mixture of alveolar cells
and collagen. The findings indicated that this thin, multi-
layered model accurately simulated tissue-level responses to
influenza infection. Although inkjet-based bioprinting enables
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accurate drop-on-demand cell deposition in 3D tissue con-
structs and fosters important cell-cell and cell-matrix inter-
actions, it faces challenges such as insufficient cell homogen-
eity and low cell viability.

Shear stress in inkjet bioprinting primarily develops during
two key phases, which include the ejection of cell-laden dro-
plets from the nozzle and their landing on the substrate.
Extended exposure to mechanical shear stress can affect the
phenotype and viability of biological cells, potentially leading
to cell lysis.”® Inkjet bioprinting exposes cells to significantly
higher shear stress levels, reaching up to 500 Pa, but only for
about 100 ps.”®> The response to shear stress is strongly influ-
enced by the type of cell, the shear stress’s magnitude, and the
exposure time. Increasing the concentration of cells in the
DOD inkjet bioprinting system causes the droplets to jet out at
a slower impact velocity. This slower droplet speed helps
protect the cells by reducing splashing, improving the overall
quality of the printed material. Additionally, it is essential to
limit the printing time for each layer to prevent the droplets
from evaporating too much, which helps maintain cell viabi-
lity.”® For example, Ng et al.”” used a thermal inkjet system to
dispense sub-nanoliter cell-laden droplets, identifying two
critical factors, droplet impact velocity and droplet volume,
which significantly affected the viability and proliferation of
printed cells. The results demonstrated that under the optimal
conditions, with a concentration of 4 million cells per mL and
a printing time of less than 2 minutes, the cells showed
elongation by day 1 and proliferated efficiently, covering
almost 90% of the surface area by day 7. Therefore, it is crucial
to optimize the magnitude of shear stress and the exposure
time to enhance the benefits of inkjet bioprinting.

2.2.3 Microvalve bioprinting. Microvalve bioprinting is
drop-on-demand (DOD) printing, similar to inkjet and laser-
based bioprinting.”® This system offers several advantages over
other methods, including high cell viability (over 86%), con-
sistent cell distribution, and high-speed printing.”® A typical
microvalve printhead comprises a pneumatic pressure source,
plunger, and solenoid coil. The coil acts as a magnetically acti-
vated pump, where adjusting the electric current alters the
magnetic field, moving the plunger to regulate the nozzle
opening for dispensing. In this entire process, the wall shear
stress in the nozzle increased during the microvalve opening
phase, reaching its highest point just before the valve closed.”®
Following that point, the wall shear stress inside the nozzle
abruptly decreased and remained very low due to the ligament
retraction effect until the dispensing process was completed. It
may adversely affect cell viability until the dispensing process
is complete.*® However, microvalve bioprinting, as an auto-
mated robotic platform, is increasingly recognized as a vital
tool for tissue engineering and regenerative medicine.®" Lee
et al.®> employed microvalve-assisted coaxial 3D bioprinting to
fabricate functional skeletal muscle tissue. The artificial
muscle fascicle (AMF) consists of a core filled with
C2C12 myoblast aggregates, mimicking muscle fibers, and a
photo-cross-linkable hydrogel shell that acts as connective
tissue. A multi-printed artificial muscle tissue (AMT) was
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implanted into an immunocompromised rat’s anterior tibia
muscle defects. The AMT fabricated via microvalve-assisted
coaxial 3D bioprinting responded to electrical stimulation and
exhibited histological characteristics of regenerated muscle
tissue, marking a significant advancement in mimicking
native skeletal muscle. The Biofactory, a commercial micro-
valve bioprinter from regenHu Ltd (Switzerland), has also
proved to be effective for lung tissue engineering.®* It was used
to bioprint a human air-blood tissue barrier composed of
endothelial cells, epithelial cells, and a basement membrane.
These lung models are beneficial for drug testing and regulat-
ory toxicology research.

Still, the resolution is an issue in microvalve bioprinting
that needs attention because microvalves offer lower resolution
(~150 pm) compared to inkjet printing (~20 pm).**
Additionally, the impingement shear stress is comparable to
the nozzle wall shear stress. It may even exceed it in some
instances. Therefore, minimizing impingement shear stress is
essential in microvalve bioprinting to reduce process-induced
cell death. Nasehi et al.®® showed that the distance between
the nozzle and the platform influenced the amplitude of
impingement shear stress. Consequently, this important factor
should be addressed by adjusting the nozzle-to-platform dis-
tance to optimize cell viability in the case of microvalve bio-
printing. Overall, this technique is better suited for co-printing
larger volumes of biomaterials, such as cells, genes, hydrogels
like collagen and alginate, and growth factors, which require a
larger nozzle size.

2.2.4 Electrohydrodynamic bioprinting. Electrohydrodynamic
(EHD) printing is a promising method integrating layer-by-layer
AM with electrohydrodynamics to fabricate precise micro/nano-
scale 3D structures.”” In EHD bioprinting, a high voltage is
applied between the nozzle and the collecting substrate to facili-
tate the electrical ejection of material flow. The conductive bioink
is placed in the needle. The ink is drawn toward the substrate as
the electric field is applied, forming the desired structure. The
electric field can be adjusted to control the size and shape of the
printed structures, as well as the orientation and alignment of
the cells within the structure.®® Applied voltage mainly influences
droplet shape, which indirectly affects cell viability. As long as
the voltage remains below a specific limit, it has no significant
impact on cell viability.

EHD bioprinting typically involves minimizing the nozzle-
to-collector distance to a few millimeters. This modification
ensures a singular material flow, facilitating stable and con-
trolled deposition of minute fibers.”” EHD offers several
advantages over other bioprinting techniques, including its
ability to print various biomaterials (hydrogels, biopolymers,
and living cells), creating functional tissues and organs that
closely mimic the actual tissues. It also offers a precision of
approximately 50 nm high-resolution and creates hetero-
geneous, gradient structures.®® These structures are achieved
by controlling the electric field and the flow rate of the bioink,
which can be used to create structures with varied cell den-
sities, stiffness, and porosity.®* These heterogeneous and gra-
dient structures are essential for creating tissues with complex
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functions, such as muscles and organs, which require
different cell types and environments to function correctly.”

It simplifies transferring micro/nano-architectures from
photomasks to biologically relevant materials, demonstrating
flexibility in producing tiny 3D architectures.”® Similarly, in
contrast to light-based micro/nanoscale 3D printing tech-
niques like projection micro-stereolithography and two-photon
polymerization, EHD bioprinting is a cost-effective method.’*

Cell printing is extensively utilized in biomedical fields
because it creates living tissue constructs with precise control
over the cell arrangements. However, producing cell-laden 3D
structures with high cell viability and high resolution is still
difficult. EDH bioprinting is increasingly recognized as a
method to address the challenge of achieving high resolution
and cell viability in 3D constructs.”® Liang et al.** developed a
coaxial nozzle-assisted EHD cell printing strategy to fabricate
3D cell-laden constructs (Fig. 2b). The results demonstrated
that the proposed strategy could print 3D hydrogel structures
with uniform filament dimensions (around 80 pm) and con-
sistent cell distribution, with more than 90% cell viability.
Still, the fabrication of complex, heterogeneous 3D living con-
structs with multiple cell types and diverse hydrogel compo-
sitions remains challenging. Altun et al.® used the EHD strat-
egy to fabricate a bacterial cellulose/polycaprolactone (BC/PCL)
composite scaffold for tissue engineering applications. The
BC/PCL composite scaffold fibers were spaced approximately
100 pm apart, and the depth of the fibers was 4.7 + 1.03 pm.
The BC/PCL composite scaffold demonstrated over 155% cell
viability compared to the PCL scaffold, indicating its strong
potential for tissue engineering applications with improved
bioactivity. Despite their advantages, most scaffolds in the lit-
erature feature a single pore size or porosity. However, native
biological tissues, like cartilage and skin, have a layered archi-
tecture with zone-specific pore sizes and mechanical pro-
perties. As a result, functionally graded materials are becom-
ing increasingly popular for addressing these challenges by
incorporating zones with different pore sizes and mechanical
properties. Vijayavenkataraman et al.°® used the EHD tech-
nique to develop PCL-based functionally graded scaffolds
(FGS) with various gradient patterns, such as radial, sectional,
diagonal, concentric, and axial directions for interfacial tissue
engineering, and in vitro cancer metastasis. The FGS patterns
were tested for mechanical properties under tensile loading
and compared with simulated results. The computational ana-
lysis aligns with experimental observations in all cases.
Mechanical testing confirmed that all the FGS had a mean
yield stress from 6 MPa to 8 MPa, whereas the mean yield
strain was between 3% and 9%. He et al.”” explored the poten-
tial of utilizing solution-based EHD 3D printing to produce
microscale scaffolds made of PCL, including multi-walled
carbon nanotubes (MWCNTSs) (Fig. 3a). The solution-based
strategy aimed to overcome the challenges of uniformly incor-
porating functional or bioactive nanomaterials into printed
microfibers in viscous melted polymers. When the printing
process used 8 wt% PEO and 5 wt% PCL concentrations, 3D
fibrous structures with fibers measuring 10 pm in diameter,
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like the size of living cells, were developed (Fig. 3b and c). The
results revealed that although MWCNTs have a detrimental
effect on cell attachment, the developed PEO-PCL-MWCNT
scaffolds promoted cell alignment (Fig. 3d). Cells adhered and
aligned along the microfibers of the PEO-PCL-MWCNT
scaffolds (Fig. 3e). Similarly, Choe et al.’® employed electrohy-
drodynamic jetting (EHD]) to fabricate a PCL/cellulose compo-
site scaffold consisting of coil-shaped struts and controllable
macro/micropores. This coil-shaped framework demonstrated
substantial cell migration of 79 + 1.7%, whereas the control
(PCL coil-shaped scaffold) showed a lower cell movement of 51
+ 2.4%. The uniform distribution of cellulose within coil-
shaped PCL/cellulose composite scaffolds directly contributes
to their high cell proliferation rates, indicating their potential
application in hard tissue regeneration.

Apart from several advantages of EDH, specific challenges
hinder the broader implementation of EHD bioprinting, and
addressing these challenges is crucial to unlocking its full
potential. The key issues include the limited height of 3D
micro/nanofibrous structures, reaching approximately 5 mm
due to variations in electrical force during stacking.’®
Strategies such as dynamic voltage adjustments and using
paper substrates have been explored to overcome these chal-
lenges. While EHD bioprinting offers high resolution, precisely
depositing tiny fibers for intricate microstructures and
efficiently fabricating large tissue scaffolds with EHD bioprint-
ing are significant challenges. These issues have been
addressed using electrostatic forces to control filament paths,
achieving printing speeds of up to 0.5 m s~ " horizontally and
0.4 m s~" vertically."® This electrostatic deflection technique
shows great promise for ultrafast printing. It significantly
enhances the scalability of EHD bioprinting, especially for
large and complex tissue scaffolds.'®" Despite these advance-
ments, several challenges persist, such as biomaterial scarcity,
particularly for high-resolution EHD bioprinting.'> This
emphasizes the need for innovative, material-independent
solutions to broaden the application of EHD in biomedical
engineering.

Overall, the detailed overview of 3D bioprinting methods
covers every aspect, from materials to capabilities and appli-
cations in tissue engineering. The most widely used 3D bio-
printing technologies adapted for fabricating tissue constructs
and their resolution, materials, and possible applications are
summarized in Table 1.

3. Considerations for developing
bioinks for 3D bioprinting

Bioinks play a fundamental role in 3D bioprinting, serving as
the foundation for the process and ensuring the desired print-
ability and structural stability of the printed structure.'® This
stability is crucial for the success of the bioprinting process, as
it directly impacts the capability to create intricate tissue struc-
tures with exceptional resolution and reproducibility.'?®
Wettability, rheological properties, crosslinking methods, and
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Fig. 3 Solution-based electrohydrodynamic 3D printing: (a) schematic representing the electrohydrodynamic method used for preparing micro-
scale PEO-PCL-MWCNT composite scaffolds; (b) profiles of 3D composite scaffolds with varying MWCNT content; (c) SEM images; (d) fluorescent
microscopy images showing cellular structures on PEO-PCL-MWCNT and PEO—-PCL scaffolds; (e) SEM images depicting cell morphology on PEO—
PCL-MWCNT scaffolds following a five-day cell culture period, reproduced from Jiankang et al.%” with permission from IOP Publishing, Ltd, copy-

right (2017).

Table 1 Various printing techniques and their properties

Printing technique Resolution Material Application
Extrusion based 150-600 pm (ref. 103) Hydrogels, thermoplastics Cartilage,'** adipose,'®® a cellular scaffold,"*®

cell-free scaffold'®”
Laser based 20-100 pm (ref. 108 and 109)  Hydrogels, ceramics, etc. Bone,” vascular,''” adipose,'"" organoid,"'* cornea,® skin®®
Electrohydrodynamic 50 nm (ref. 113 and 114) PCL, chitosan, GelMA Bone,'"® blood vessel,""® tendon/ligament,

corneal stroma,'"” cartilage,'*® cardiac patch'"’
Inkjet bioprinting <50-75 pm (ref. 120) Hydrogel-based materials such as alginate,  Skin (dermo-epidermal skin constructs),"*!

calcium chloride and, acrylated PEG, etc. DNA microarray,”* pharmaceutical development”*
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immunogenicity are interconnected factors significantly
impacting bioprinting success. Wettability affects bioink
adhesion to the print bed; a smaller contact angle improves
stability during layer deposition, which is essential for vertical
fidelity and preventing displacement.’®**2” Rheological pro-
perties, such as viscosity and shear-thinning behaviour, influ-
ence the flow of bioink during printing, balancing the stabiliz-
ation of encapsulated cells with ease of extrusion to ensure
cell viability and high-resolution prints."*®* Crosslinking
methods like thermal, ionic, enzymatic, and photo-cross-
linking create stable structures, with the choice affecting both
mechanical strength and cytocompatibility. Lastly, minimizing
immunogenicity is crucial for long-term success, as materials
should reduce immune responses to avoid inflammation and
promote biodegradability and biocompatibility for cell growth
and function."* In extrusion-based bioprinting, the choice of
bioink and its properties is vital for achieving structural stabi-
lity and maintaining shape fidelity during printing. While, in
inkjet bioprinting, where cells are suspended in low-viscosity
fluids, the impact of bioink properties on stability may be less
pronounced due to inherent characteristics of the fluid.
Therefore, by optimizing bioink formulations tailored to the
specific bioprinting method, it is possible to enhance the
stability of the printed constructs, leading to improved cell via-
bility, tissue regeneration, and functional outcomes. Besides
the properties of the bioink, for translation purposes, bioinks
must be sterile, free from endotoxins, and not induce pyro-
genicity."*° So, it is vital to consider these bioink aspects and
the challenges that must be addressed for successful commer-
cialization and clinical adoption.**!

3.1 Designing bioink for extrusion-based 3D bioprinting

Choosing a suitable bioink material for extrusion bioprinting
requires establishing a thorough performance index to assess
its suitability."*® Bioinks must satisfy different performance
requirements in extrusion bioprinting at each stage—before,
during, and after extrusion.'® In the pre-extrusion stage, key
characteristics of bioinks include viscosity, cell distribution,
and biocompatibility, while during extrusion, shear-thinning
is crucial as it helps reduce shear stress."*” Shear-thinning
relies on the reversible breaking of crosslinked bonds within
hydrogel materials, primarily formed by non-covalent inter-
actions. When subjected to high shear forces, these non-
covalent bonds break, causing a reduction in the bioink’s vis-
cosity.”*® Once the shear forces are removed, the bonds re-
form through molecular non-covalent forces, increasing vis-
cosity and preserving the bioink’s shape stability."** The
minimal force needed for the bioink to begin flowing is known
as yield stress, and too much of it can harm cells and 3D print-
ing apparatus.'® Static viscosity and yield stress provide an
initial basis for evaluating a material’s suitability for bioink
preparation in extrusion-based printing. A material is not suit-
able for extrusion bioprinting if its viscosity barely changes
with shear force or the yield stress is too high.**

In the second stage, known as the shear-thinning phase fol-
lowing extrusion, the viscosity of the bioink decreases with
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increasing shear rate. This enables continuous extrusion, the
creation of uniform filaments, and enhances cell survival
during the process."*® But there is a threshold below which vis-
cosity reduction causes the bioink to extrude as a droplet
instead of a homogeneous filament. The third stage is the
post-print recovery stage. In this stage, the post-print curing
capability of the bioink is assessed by examining the relation-
ship between viscosity and time, which is linked to the stabi-
lity of size and cell dispersity.">” For example, slow viscosity
recovery may result in the sedimentation of cells."*®
Additionally, temperature is also critical in extrusion-based
bioprinting in managing bioink rheology and crosslinking.
Biomaterials like gelatin and collagen, which are temperature-
sensitive, shift from liquid to gel at around 37 °C, allowing for
smooth extrusion and proper solidification."*® Hence, cross-
linking methods such as ionic, thermal, or photochemical
require precise temperature control to ensure optimal print-
ability and adequate bonding after extrusion. Among various
cross-linking materials, thermally crosslinked hydrogels are
becoming increasingly popular because they enable flexible
crosslinking through adjustments to the temperature and dur-
ation.”® For instance, Moncal et al.'** designed a novel ther-
mally-controlled extrusion unit for the bioprinting of collagen/
Pluronic composite bioinks. The rat bone marrow-derived
stem cells (rBMSCs) were incorporated into the composite
bioink, and their viability and proliferation were assessed over
a week via in vitro cell culture. The formulated bioink showed
promising performance for bioprinted cells. The cells could
attach, spread, and increase within the collagen fibers. Due to
its capability to regulate the alignment of collagen fibers, this
composite bioink holds potential promise for future appli-
cations in cartilage,'*' skin,'** or corneal'®’ tissue engineer-
ing. Additional research is necessary to create extrudable bio-
material bioinks that possess suitable mechanical properties
and bioactivity, specifically adapted to the requirements of
different organs and tissue elasticity.

3.2 Designing bioink for jetting-based 3D bioprinting

Surface tension, inertia, and viscosity are the main forces influ-
encing the jetting phenomena in bioprinting."** The relative
importance of these forces in basic jetting phenomena can be
evaluated using Reynolds and Weber dimensionless numbers."*®
Droplet dispensing is effective only at a specific ratio of these
forces. The Reynolds number (Re) indicates the ratio of inertial
forces to viscous forces, as shown below in eqn (1).

_pvd
_ﬂ

Re (1)
where p and n are the fluid density and viscosity, respectively,
V is its characteristic velocity, and d is the characteristic length
scale, typically the diameter of the jet, nozzle, or droplet. The
Weber number (We) in eqn (2) represents the ratio of inertial
forces to surface tension.™*>
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where y is the surface tension. For droplets, the Weber number
also reflects the ratio of the droplet’s kinetic energy to its
surface energy. For a droplet to be dispensed effectively, its
kinetic energy must exceed the surface energy to keep the
droplet intact. Practical dispensing occurs when We > 4.'°
When the droplet’s inertia or kinetic energy is excessively
high, it can result in undesirable splashing upon hitting the
surface. Splashing occurs when We'*Re'* > 50 for simple
Newtonian fluids on flat smooth surfaces.

The Ohnesorge number (Oh) effectively summarizes the
physical properties of the bioink and the characteristic length
scale as follows in eqn (3).

147

VWe

Re

Oh =

(3)

These properties are sometimes represented as the inverse
of the Ohnesorge number (Z = Oh™") or as the Laplace
number (La = Oh™?). The value of the Ohnesorge number is
independent of the driving conditions, ie., fluid velocity."*?
When the Ohnesorge number exceeds 1 (Oh > 1), viscous
forces dominate and obstruct the separation of droplets from
the nozzle."*® When the Ohnesorge number is too low (Oh <
0.1), the viscous forces are unable to stabilize the breaking
jet, causing it to break apart into several unwanted satellite
droplets.'®® Satellite droplets have much less momentum
than a single large droplet, making them more prone to
being altered by air currents between the droplet and the
medium. This results in uncertainty in their placement.'>"
Hence, designing an effective bioink for jetting-based bio-
printing necessitates thoroughly understanding the above-
mentioned physical factors. Optimizing these parameters is
crucial for improving the performance of jetting-based
technologies and thereby advancing the field of tissue
engineering.

3.3 Designing bioink for VAT photopolymerization-based 3D
bioprinting

In VP, several important factors impact the quality and per-
formance of the printed constructs, with viscosity playing a
crucial role.”®” It affects multiple elements of the printing
process and the final product, including the polymerization
rate, oxygen inhibition, cure depth, green strength, and the
forces applied to the construct during the peeling process.
Most importantly, viscosity affects the resin’s printability by
controlling the recoating process between layers. As mentioned
earlier, each printed layer requires a new resin coating before
photopolymerization can continue. When the resin flows more
slowly, this step takes longer, increasing the time between
layers and extending the print duration.'>® Resins with high
viscosity can cause bubbles or result in an incomplete recoat-
ing. Therefore, high-viscosity polymers should be avoided, and
low-viscosity resins are preferred to improve the efficiency of
the recoating process.'> Viscosities appropriate for VP typi-
cally vary from 1 Pa s to 10 Pa s, depending on the molecular
weight."® The resin’s viscosity affects the cure rate by influen-
cing monomer mobility. Generally, lower viscosity enhances
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monomer mobility, allowing reactive functionalities to interact
more quickly and speeding up cure rates.'>® Accelerating the
conversion from liquid resin to solid construction leads to
reduced overall construction times. Higher viscosity increases
cross-linking near the surface, improving the green strength of
the construct."®” However, it also raises capillary forces during
layer separation, negatively impacting low-modulus hydrogels
used in tissue engineering. Therefore, it is crucial to under-
stand how viscosity influences the printing process when
developing new bioresins for VP.

3.4 Sterilization techniques

Sterilization eradicates all types of microbial life, including
bacteria, yeast, and viruses.'*® According to guidelines like ISO
11737, medical equipment must be sterilized to guarantee that
no pathogens are present on it."*® Thus, while using 3D bio-
printed constructs in clinical settings, it’s essential to consider
practical measures that lower the risk of implantation-related
infections. The commonly used sterilization methods include
chemical and physical methods.’>® Irradiation, autoclaving,
steam treatment, plasma, and syringe filtration are examples
of physical sterilizing techniques, whereas using peracetic acid
(PAA), ethanol, and ethylene oxide (EtO) are the chemical
methods.'®® For example, microorganisms are made inactive
in EtO through the alkylation of nucleic acid groups, including
hydroxyl, carboxyl, phenolic, and amino groups. As a result,
the microbes suffer damage or die, which stops their ability to
replicate and metabolize. Rizwan et al.'®' studied the impact
of different sterilizing techniques like autoclaving, EtO treat-
ment, and gamma (y) irradiation on GelMA-based bioinks. The
findings suggested that sterilization using EtO reduced the via-
bility of the encapsulated cells. Both autoclaved GelMA
samples and samples treated with EtO showed a notable
decrease in compressive modulus. y irradiation compromised
the printability of GelMA, likely due to its detrimental effect
on the sol-gel transition. Overall, autoclaving showed no cyto-
toxic effects and did not affect printability, indicating its suit-
ability for GelMA-based bioinks. Similarly, Hodder et al.'®*
examined the impact of different sterilization methods on algi-
nate/methyl cellulose (alg/MC) bioinks containing bovine
primary chondrocytes for 3D bioprinting. The investigation
suggested exposing the bioink to y irradiation at a dose of 25
kGy notably decreased the stability and viscosity of alginate/
methyl cellulose (alg/MC) after bioprinting compared to other
sterilization methods. This indicates that y irradiation might
not be appropriate for 3D bioprinting using alg/MC bioinks.
To date, bioinks that contain cells cannot be sterilized without
causing any damage to the cells. Therefore, new sterilization
methods are needed to prevent cytotoxic effects, material
deterioration, discoloration, and embrittlement. These
methods should preserve the mechanical properties of
materials used in bioink and be less damaging to cells and
other biological factors. This challenge introduces a new
research area with the potential for significant advancements
in translational research. Hence, future studies in 3D bioprint-
ing should explore the impact of sterilization on rheology,

Biomater. Sci, 2025, 13, 93-129 | 105


https://doi.org/10.1039/d4bm01192a

Published on 23 October 2024. Downloaded on 2/8/2026 2:19:27 PM.

Review

View Article Online

Biomaterials Science

»Sterile

»Controlled quality and specification

» Anatomically accurate structure

»Conductive to vascular ingrowth
and innervation

"Predictable biological responses

-------
L
o

5 Cllmcal trlals

e
.
Xy s®
N .
..............

Pre clinical anlmal
.,  models

.
ay 1
o .
..................

I
|
I
I
|
I
|
I
|
I
I
|
I
|
I
|
|
I
|
I
I
|
I
|
:
: »Support cell extrusion
: »Support cell proliferation,
: differentiation
|
I
I
|
I
I
|
I
|
I
|
|
I
I
I
I
|
I
|
I
|
|
|
|
I
I

2¢

|

p— '
-
=
—

*Extrudable on different
print platform
»Cytocompatible

Fig. 4 Navigating the bioinks’ translational path to the clinic: standardizing properties through performance criteria, reproduced from Gu et al.

with permission from Wiley-VCH GmbH, copyright (2021).

printability, and the mechanical and biological properties of
the printed constructs.

For successful clinical application of bioprinted structures,
it is crucial to maintain their structural integrity, ensure
sufficient mechanical strength, and guarantee long-term viabi-
lity. This necessitates developing bioinks with specific pro-
perties and investigating sterilization methods that minimize
damage to the bioprinted materials. Hence, there is a need to
standardize the properties of bioink using specific criteria and
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tools for measuring performance at different stages of develop-
ment, as shown in Fig. 4.'%

4. Synthetic and natural polymer-
based bioinks

Polymers are commonly used as bioink materials in 3D bio-
printing because their diverse and attractive features comp-
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lement the 3D printing process. Natural polymers, such as
alginate, collagen, gelatin, and hyaluronic acid (HA), have
gained popularity due to inherent biocompatibility and simi-
larity to human tissue ECM.'®* Collagen is a significant com-
ponent of the ECM and has been used in bioinks to regenerate
cartilage and skin.'®® HA is a major component of synovial
fluid and is widely used in bioinks for cartilage and bone
regeneration.'®® Gelatin, derived from collagen, has been used
as a bioink for cell encapsulation and the regeneration of
various tissues, including bone, cartilage, and skin.'®” In
recent developments of natural polymer bioinks, the inte-
gration of growth factors and cell signaling molecules has
become a notable trend for promoting tissue regeneration.'®®
Simultaneously, the application of 3D printing techniques is
utilized to construct hierarchical structures and gradients
within the printed tissues.

Similarly, synthetic polymers such as polycaprolactone
(PCL) and polyethylene glycol (PEG) are commonly used as
bioinks due to their well-demonstrated biocompatibility and
tunable mechanical properties.'®® PCL has excellent mechani-
cal properties and can be processed into various structures,
making it an ideal material for bone tissue engineering.'”’
Due to the high water solubility, biocompatibility, and ease of
modification of PEG, it can also be widely used as a bioink.'”*
It can also be modified to include specific functional groups to
enhance cell adhesion and proliferation.'”*”® The polymeric
bioinks should align with the 3D printing process and create a

Cross-linkers "

Polymer
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biocompatible environment that closely mimics actual tissue.
Ideally, these bioinks should degrade in a controlled manner
without producing any harmful by-products.’”* Both synthetic
and natural polymers have advantages and disadvantages, and
the choice of polymer depends on the specific application and
desired properties of the printed tissue or organ. However,
most polymeric bioinks initiate gelation after extrusion, typi-
cally requiring high polymer fraction solutions (>5 wt%) for
sufficient printing viscosity.”> These dense matrices can
impede in vivo matrix remodelling and vascularization,
making them not suitable for tissue engineering. Moreover,
high polymer fractions in cell-encapsulating bioinks can
restrict cell activities, limiting their use in cell-laden struc-
tures. Rutz et al.’”® introduced a single bioink method to gene-
rate extrudable, gel-phase bioinks from various synthetic and
natural materials (Fig. 5a). While gels typically behave as
solids and do not flow, careful control of chemical cross-
linking enables gel bioinks to be extruded through fine
nozzles (200 pm) while maintaining their integrity (Fig. 5b).
Bioinks were printed layer-by-layer to create well-defined, self-
supporting structures where each layer remained stable
without collapsing (Fig. 5c). PEGX-fibrinogen and PEGX-
gelatin were successfully co-printed, demonstrating the ability
to spatially organize multiple ECM types within a single 3D
construct (Fig. 5d). Cell viability in PEGX-gelatin and PEGX-
fibrinogen bioinks was qualitatively assessed using the live/
dead assay, confirming the method’s ability to support human

Robust gel

Fig. 5 Schematic representing the formulation of bioink to form high-strength scaffolds; (a) Polymer, cells and cross-linkers are mixed to form
robust gel through cross-linking ;(b) extrusion through a 200 pm tip; (c) 15 x 15 mm? printed, 4 layers; (d) PEGX-gelatin (red) and PEGX-fibrinogen
(blue) co-printed cylinder, 15 mm diameter; (e) cell viability using a live/dead assay at one-day post-printing using 3 w/v¥% fibrinogen at a 0.2 PEG
ratio, scale bars 200 pm; (f) PEGX-PEG and PEGX-gelatin co-printed structure seeded with HDFs (green, Calcein AM). Cells preferentially adhere to
PEGX-gelatin, reproduced from Rutz et al.*’® with permission from Wiley-VCH, copyright (2015).
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dermal fibroblast (HDF) and human umbilical vein endo-
thelial cell (HUVEC) viability after the printing process
(Fig. 5e). PEGX-PEG and PEGX-gelatin were co-printed into a
single construct, where HDFs selectively adhered to the gelatin
struts, showing the ability to direct cell adhesion to specific
areas of the scaffold (Fig. 5f)."”%'””

Polymeric bioinks derived from supramolecular assemblies
are increasingly used in biomedical applications, especially for
injectable systems delivering therapeutics and cells.'”®
Heterogeneity impacts drug release profiles and cellular inter-
actions, emphasizing the importance of biochemical and bio-
physical signal scales, while controlling microstructural evol-
ution in bioinks enhances methods for introducing structural
heterogeneity. Rodell et al.'’® modified hyaluronic acid (HA)
with p-cyclodextrin (B-CD) or adamantane (Ad) to create CD-
HA and Ad-HA, which formed supramolecular assemblies
through host-guest interactions. These mechanisms resulted
in pore diameters spanning three orders of magnitude and
void fractions of up to 93.3 + 2.4%. The findings enhance the
understanding of polymer assembly and microstructure in
supramolecular hydrogels, facilitating the development of
structurally complex systems. However, network relaxations
after printing prevent covalent cross-linking from producing
highly durable structures. Employing dual cross-linking can
mitigate this issue, resulting in improved stability and dura-
bility of the printed constructs. Ouyang et al.'®® used a dual
crosslinking strategy to stabilize printed HA filaments with
supramolecular bonds immediately after extrusion. This initial
stabilization ensured short-term stability, further strengthened
by covalent crosslinking. The printed structures stayed stable
for up to a month during incubation. On the other hand, HA-
based hydrogel inks that used only single crosslinking, either
supramolecular interactions or covalent cross-linking, lost
their filament structure or became unstable after just a few
layers. The dual-crosslinking approach eliminates the need for
additional support materials like gelatin or alginate. Likewise,
Hong et al."®" developed a tough hydrogel composed of PEG
and sodium alginate, suitable for cell encapsulation. The
product hydrogel of covalently cross-linked PEG and ionically
cross-linked alginate possesses a high fracture toughness of
1500 J m~> (more than the articular cartilage’s toughness
value'®?). High cell viability, ranging from 86.0 + 3.8% to 75.5
+ 11.6%, was observed consistently throughout the 7 day
culture period. The resulting hydrogel promotes the long-term
viability of cell culture by facilitating nutrient diffusion and
waste transport.

Ying et al.'®® developed a bioink by combining poly(ethyl-
ene oxide) (PEO) and gelatin methacryloyl (GelMA) in an
aqueous two-phase emulsion, resulting in bioprinted struc-
tures with well-connected pores. The stiffness of the GelMA-
PEO hydrogel increased from 0.9 + 0.3 to 1.4 + 0.1 kPa as the
PEO concentration increased from 0.5% to 1.6%. With a con-
stant PEO concentration, increasing the GelMA-to-PEO ratio
from 1:1 to 4:1 raised the Young’s modulus from 2.3 + 0.4 to
9.8 + 1.6 kPa. Live/dead assays with different mammalian cells
(HepG2, HUVECs, NIH/3T3 fibroblasts) showed that the emul-
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sion bioink and resulting porous hydrogels enhanced cell
growth and spreading compared to the non-porous hydrogels.
Raphael et al.’®* described a new methodology for 3D bioprint-
ing of cell-laden constructs with high geometrical definition,
mechanical stability, and cell viability. The idea revolves
around using a new commercial self-assembling peptide-based
hydrogel. This hydrogel forms a nanofibrous bioink through
the self-assembly of synthetic peptides when subjected to ionic
strengths like those found in the human body. Optimizing the
printing parameters enables the system to print both soft and
stiff bioinks without compromising the viability of encapsu-
lated cells. This 3D printing method allowed for stacking indi-
vidual droplets of soft matter bioink to develop larger struc-
tures. It was also used to print branched alginate microvascula-
ture.'®® Similar to peptide-based hydrogels, Pluronic also has
good printing properties due to shear thinning behaviour and
good shear recovery, which are crucial for accurate 3D extru-
sion printing.'®® Though Pluronic has demonstrated promis-
ing in vivo outcomes as a material for cartilage tissue engineer-
ing, in vitro studies have demonstrated that long-term cell via-
bility is low in the presence of more than 5% Pluronic.'®’
Unfortunately, significant concentrations of Pluronic are
needed to display gelation and the necessary rheological
behaviour for extrusion printing. Therefore, the “nanostructur-
ing” method was employed by Miiller et al.'®® with the aim of
enhancing the long-term survival of encapsulated cells while
maintaining superior printing qualities. Diacrylate Pluronic
F127 (PF127-DA) was mixed with regular Pluronic F127 for 3D
bioprinting of bovine chondrocytes. After printing, photocros-
slinking stabilized PF127-DA, and washing out PF127 created a
nanostructured network. This nanostructuring improved the
long-term viability of bioprinted chondrocytes to 86%, com-
pared to 62% for pure acrylated Pluronic hydrogel.

Overall, the studies mentioned above highlight the benefits
of composite bioinks formed by blending natural and syn-
thetic polymers or different synthetic polymers. This approach
leverages their complementary properties to overcome individ-
ual advantages and disadvantages.'®® Still, there is a need to
include tissue-specific cues to replicate the native ECM and
biomimetic environment to support cell adhesion, prolifer-
ation, and differentiation.

5. Tissue-specific bioinks

More recently, the quest for a suitable bioink to create a con-
ducive microenvironment for cellular activities has been
emphasized. This is because conventional bioinks struggle to
replicate or inherit the intrinsic cues present in a native
ECM."° Therefore, bioinks must be designed to mimic the
specific properties of the target tissue, such as biocompatibil-
ity, mechanical strength, and appropriate degradation rates to
replicate or inherit the intrinsic cues present in a native ECM.
For example, bioinks created for skin tissue printing must
imitate the unique traits of skin, such as stretchability and
flexibility. Conversely, bioinks used for bone tissue printing
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must replicate the ability of the bone to endure mechanical
stress. The ongoing progress in biomaterials science is antici-
pated to further refine the development of tissue-specific
bioinks for 3D bioprinting.

5.1 Bioinks for skin tissue engineering

Skin, the largest organ of the human body, has a multidimen-
sional architecture with three distinct layers: the epidermis,
dermis, and hypodermis.'®® The epidermis acts as a barrier
against pathogens and UV radiation. The dermis provides
structural support, contains nerve endings for sensation, and
maintains the vascular network for thermoregulation. The
hypodermis is crucial for temperature regulation, serving as an
insulating layer. The adipose tissue within it traps heat and
helps maintain the core temperature of the body by minimiz-
ing heat loss to the environment. The interaction of these
layers and their microstructures ensures the essential function
of skin tissue.'® The protective function of the skin is crucial
for preventing injuries and maintaining integrity. However,
skin injuries or burns and damage significantly impact global
healthcare spending, accounting for over half of annual expen-
ditures."® This emphasizes the importance of understanding
and addressing the function of skin and vulnerabilities to
prevent and treat skin-related health problems effectively. Skin
tissue engineering offers a promising solution for treating skin
injuries and disorders, using grafts from the patient or
donors."®* However, traditional methods like skin grafts and
flaps have limitations such as donor site morbidity and avail-
ability issues. The limitations of traditional methods in creat-
ing precise microarchitecture and replicating native skin can
be overcome by 3D bioprinting."®> However, one of the main
challenges in bioprinting skin substitutes is accurately depos-
iting layers to replicate the complex structure of skin tissue."*®
Thus, achieving success in this field necessitates selecting an
appropriate bioink with biomaterials, cell sources, and the
growth factors that support cell proliferation, differentiation,
and tissue regeneration."®” The bioprinted skin grafts must
replicate the composition and properties of native skin layers
to encourage de novo tissue formation with functional charac-
teristics.'”® Recently, dECM has paved the way for innovative
therapeutic products in skin tissue engineering and advanced
biomimetic in vitro systems for skin modeling. It offers signifi-
cant potential and has shown promising results for wound
healing and in vitro skin modeling. dECM derived from the
porcine dermis can be used to create a printable bioink con-
taining human dermal fibroblasts. Jang et al.*®® created a skin-
like structure using a bioink containing skin-derived dECM,
keratinocytes, and fibroblasts with 3D bioprinting technology
for surgeries involving skin transplantation and extensive
burns.

The 3D-printed skin showed rapid re-epithelialization and
superior tissue regeneration in histological and immunohisto-
chemical analyses of the animal experiment.

Likewise, Lee et al.”°® developed a soft tissue-specific bioink
using decellularized porcine skin powder (PSP) (Fig. 6a). The
study showed that higher PSP concentrations increased the vis-
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cosity, making the bioink suitable for 3D printing (Fig. 6b).
Cell viability was approximately 75%, and there was notable
preservation of elastin, suggesting that PSP-inks could be a
viable option for skin dermis bioink in 3D bioprinting
(Fig. 6¢).

Ramakrishnan et al.>** developed a multicomponent bioink
system comprising gelatin, alginate, dECM, and fibrinogen for
3D printing skin tissues with dermal and epidermal histology.
This bioink exhibited excellent shape fidelity, shear-thinning
properties, and muscular mechanical strength. Histological
studies revealed collagen-I and CK14 markers, indicating
maintained cellular phenotype and functionality. The cells
expressed skin-specific genes and secreted proteins, with regu-
lated ECM deposition supporting effective tissue regeneration,
making it suitable for wound healing applications. Despite
these advantages, some challenges still need to be addressed
that are quite complex, such as fabricating skin constructs
with features like hair follicles, sweat glands, and sebaceous
glands.?®* Achieving the accurate colour and texture to imitate
natural skin can be challenging.?®® Despite challenges, skin-
specific bioinks hold immense potential in skin tissue engin-
eering, offering a promising path for advanced skin substitutes
in wound healing, cosmetics, and disease modeling.>**

5.2 Bioinks for bone tissue engineering

The available methods for restoring bone defects, like allo-
grafts and autografts, face several challenges.?*® These include
limited donor tissue supply, the risk of complications, trans-
plant rejection, and biocontamination.?®” Bone tissue engin-
eering has gained traction as a promising approach involving
replacing bone tissue with a 3D scaffold containing cells.”?%>*°
3D scaffolds are designed to mimic bone ECM and can also
contain bioactive factors to stimulate bone regeneration.*'°
Numerous fabrication methods for bionic 3D scaffolds have
been developed, such as phase separation,®' electro-
spinning,>"* and salt leaching, etc.>'* These methods create
porous matrices with controlled surface morphology and
adjustable processing variables. However, they may occasion-
ally result in less controlled structures. In contrast, 3D bio-
printing uses bioink to create scaffolds with complex geome-
tries, evenly distributing cells and releasing signaling factors
in an orderly manner.”** Establishing a complex 3D structure
with a personalized and enriched ECM composition in bone
tissue regeneration is a fundamental initial step.”’® This
requires cytocompatible and osteoinductive bioink for success-
fully regenerating functional bone tissue.*'® Synthetic self-
assembling peptides, with a nanofibrous structure resembling
the native ECM, are an excellent component of bioinks.
Amorphous magnesium phosphates (AMPs) are synthetic self-
assembling peptides that demonstrate enhanced resorption
efficacy while maintaining elevated biocompatibility, osteoin-
ductive properties, and mitigated inflammatory response.*"’”
Dubey et al.>'® developed a bioink made of ECM hydrogel and
AMP encapsulated with dental pulp stem cells (DPSCs) for 3D
bioprinting of craniomaxillofacial bone tissue (Fig. 7a and b).
The ECM/AMP bioink showed improved osteogenic differen-
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Fig. 6 Skin decellularized bioink for soft tissue engineering. (a) Schematic of the manufacturing process of porcine skin powder (PSP)-based inks,
which involves decellularized porcine skin tissue for bioprinting; (b) mechanical properties of PSP-inks: logarithmic plots of storage modulus G' and
loss modulus G"” against frequency (0.1-10 Hz at 24 °C); (c) cellular metabolic activity and viability assessment of printed cells in PSP inks using fluor-

escence imaging of live/dead staining. Scale bars represent 200 um, reproduced from Lee et a

tiation compared to the ECM bioink without requiring chemi-
cal inducers (Fig. 7c). This bioink enables the fabrication of
3D constructs with good shape fidelity and osteogenic poten-
tial, suggesting that AMP can trigger osteogenic differentiation
in encapsulated DPSCs. Compared to the ECM group, the
ECM/AMP formulation had 1.7 times higher bone volume at 4
weeks and 1.4 times higher at 8 weeks. Bone density in ECM/
AMP increased significantly from 4 to 8 weeks (Fig. 7d). This
demonstrates that AMP in the bioink significantly enhanced
bone formation, supporting its potential for in situ bioprint-
ing. Similarly, the concept of nanoengineered ionic covalent
entanglement (NICE) for 3D bone bioprinting can also be used
to further enhance the osteogenic differentiation of the stem
cells without the need for any osteogenic medium. The NICE
bioinks provide precise control over printability, mechanical
properties, and degradation, allowing customized 3D biofabri-
cation of resilient, cellularized structures. Chimene D et al.?*°
developed a NICE bioink to address the issues of developing a
bioink compatible with cells and featuring excellent printabil-
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1295 with permission from MDPI, copyright (2020).

ity to repair craniomaxillofacial bone defects. The study
showed that the osteoinductive bioink stimulated the pro-
duction of osteo-related mineralized ECM by encapsulating
hMSCs without the need for growth factors. These NICE
bioinks offer a precise method to reconstruct bone structures
from CT scans of actual patients. They serve as a customizable
and user-friendly alternative to autografts, providing surgeons
with more options for bone surgery. Although these recon-
structed structures using NICE bioink provide anatomical
resemblance, additional bone-specific cues are needed to
imitate the complex environment of native bone tissue more
effectively. Lee et al.”>*® developed a process to generate bio-
active alginate-based bioink with dECM obtained from porcine
bone. The bone derived dECM was modified through the
methacrylate (Ma) reaction, referred to as Ma-dECM, to avoid
the issue of low printability of the dECM. Ma-dECM was incor-
porated into alginate to create a composite bioink. The print-
ability and cell viability were then assessed using human
adipose-derived stem cells. The developed alginate-based cell-
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Fig. 7 Development of a bone-specific bioink for 3D constructs with high shape fidelity and osteogenic potential: (a) 3D bioprinting of ECM/AMP
cell-laden bioink; (b) SEM images of AMP powder, ECM bioink, and AMP modified bioink; (c) Calcein AM (green) and PI (red) staining assay for live
and dead cell analysis showing the elongated morphology in AMP modified constructs; (d) image showing the defect after wound cleaning, implan-

tation and suture performed in rats, reproduced from Dubey et al.?'8

laden structures significantly affected the ability of human
adipose-derived stem cells to differentiate into bone-forming
cells when incorporated into the bioink. The composite bioink
showed high in situ cell viability of more than 90%, suggesting
that the polysaccharide-based biomaterial composite bioink
had potential for bone tissue engineering applications. Kim
et al®®' proposed a novel bioink comprising bioceramic
(B-TCP), fibrillated collagen and cells to create a 3D porous
cell-laden composite structure. The composite structures
demonstrated good mechanical stability and substantial cell
viability (~90%) in both preosteoblasts (MC3T3-E1) and

This journal is © The Royal Society of Chemistry 2025
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human adipose stem cells (hASCs). Furthermore, compared to
the pure collagen bioink (control), the composite structure
showed a considerable increase in osteogenic activity.
Moreover, the hASC-loaded composite structure exhibited elev-
ated levels of osteogenic gene expression even without an
osteogenic medium, indicating that 8-TCP enhanced the osteo-
genic differentiation of hASCs.

Overall, reconstructing defective bone tissue is complex,
but bioprinting offers significant benefits for creating bio-
mimetic implants. Significant progress has been made in
selecting bioink components and formulating hydrogel-based
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bioinks containing cells and dECM. These bioinks promise to
improve scaffold compatibility and mechanical properties,
which are essential for successfully fabricating tissue-
engineered constructs. However, bionic scaffolds do not yet
possess the same level of intelligence as actual tissues.

Therefore, improving bioink formulations for bone tissue
engineering requires the carefully selection and combination
of materials replicating the native ECM, optimizing mechani-
cal properties, and ensuring high cell viability and prolifer-
ation. The key strategies include incorporating a decellularized
bone matrix and using hydrogels with tunable properties to
enhance interactions between printed tissues, cells, and their
microenvironment. Ongoing research and development on
optimization in these areas is essential for advancing 3D bio-
printing in bone tissue engineering applications.

5.3 Bioinks for cartilage tissue engineering

Articular cartilage is smooth white tissue with the primary role
of offering a seamless, lubricated surface for movement and
enabling the transfer of loads with minimal friction.>** It con-
sists of a compact ECM with a limited number of highly
specialized cells known as chondrocytes. The ECM mainly con-
sists of water, collagen, and proteoglycans, with smaller
amounts of non-collagenous proteins and glycoproteins. These
components collectively retain water, which is crucial for pre-
serving the distinctive mechanical properties of ECM. Articular
cartilage lacks blood vessels, nerves, or lymphatic channels,
which makes it different from other tissues. Due to this, carti-
lage tissue exhibits a limited capacity for self-repair to the
damage caused by congenital conditions, trauma, cancer, or
age-related diseases.””® Traditional cartilage repair methods
(e.g., grafts, microfracture, and autologous chondrocyte
implantation) have limitations like donor-site issues and
tissue integration. Despite various advancements in repairing
cartilage defects, the restricted spatial complexity of tissue-
engineered implants, particularly in terms of cell types,
materials, and active factors, has hindered the overall success
of engineered cartilage.

The utilization of bioprinting technology in cartilage tissue
engineering holds the potential to tackle cartilage defects and
regeneration methods.”** Selecting a bioink with a suitable
composition and mechanical properties is essential for devel-
oping adequate cartilage substitutes. Antich et al.>*> developed
a composite bioink with HA and alginate, co-printed with poly-
lactic acid (PLA), using 3D bioprinting. The hydrogel in bioink
forms cross-linked gels in the presence of calcium as a cross-
linker, creating a hybrid construct for AC regeneration. The
HA-based bioink and 3D hybrid construct exhibited com-
pression and shear modulus values like those in healthy
human articular cartilage. Live/dead staining showed over 85%
cell viability before and after printing, demonstrating effective
cell preservation due to the shear-thinning properties of
bioink. Genomic stability of chondrocytes, assessed by G
banding, revealed no karyotype changes, confirming a typical
diploid karyotype and stable chromosomal integrity post-bio-
printing. However, using chemical cross-linkers can result in
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adverse effects like cell toxicity, structural alterations in poly-
mers, and increased costs, emphasizing the importance of
crosslinker-free alternatives.”*® Singh et al.>*” created a bioink
without crosslinkers, which is ideal for extrusion and pro-
motes cartilage repair. This ink combines B. mori and P. ricini
silk, initiating self-gelling. Gelatin is then added to form a
viscoelastic ink suitable for bioprinting. Porcine chondrocytes
were encapsulated in this bioink and evaluated for printability,
fidelity, biological function, and compatibility in vitro and
in vivo. Optimal concentrations for cell-laden bioprinting were
5%-9% gelatin and 1%-2% silk fibroin. The bioink had the
lowest viscosity between 25 and 35 °C, exhibiting gel-like pro-
perties at 4-25 °C and 35-45 °C and more liquid-like behaviour
at 25-35 °C. Calcein-AM staining confirmed chondrocyte viabi-
lity with a spherical morphology. In vivo testing by implanting
the construct fabricated from that bioink under mouse skin
showed cellular distribution within the construct, supporting
its use in cartilage tissue engineering.

Rathan et al.**® developed a hybrid construct for treating
focal articular cartilage defects using a 3D-printed PCL
network and cartilage-ECM (cECM)-functionalized bioink and
evaluated its mechanical properties and biocompatibility. The
biofabricated constructs demonstrated mechanical properties
that closely mimicked the native articular cartilage. The
bioinks are 3D printable, support MSC viability post-printing,
and promote robust chondrogenesis in vitro. Enhanced chon-
drogenesis in cECM-functionalized bioinks is linked to a
pathway resembling natural cartilage development, as seen
through increased RUNX2 expression and calcium deposition
in vitro. However, single-layer scaffolds cannot replicate the
depth-dependent zonal structure of native cartilage, which is
crucial for articular cartilage regeneration. Kang et al.**° devel-
oped a trilayer scaffold using poly(ethylene glycol)-diacrylate-co-
6-aminocaproic acid copolymers (bioink) to support the con-
tinuous differentiation of donor cells into cartilage tissue and
to stimulate bone formation by recruiting endogenous cells.
The trilayer scaffold consists of a biomineralized bottom layer
mimicking the calcium phosphate (CaP)-rich bone microenvi-
ronment, a cryogel middle layer with anisotropic pore architec-
ture, and a hydrogel top layer. When the trilayer scaffold was
implanted in vivo, these scaffolds promoted osteochondral
tissue development with a cartilage surface rich in lubricin.

Despite these accomplishments, enhancing the mechanical
properties of engineered cartilage constructs is crucial because
joints experience tension, shear, and compression loads
during daily activities.”*® So, the artificial cartilage replace-
ments must be strong enough for appropriate joint reconstruc-
tion and capable enough to restore their properties after being
exposed to changing external factors such as pH, temperature,
shear stress, etc. Therefore, the research communities are
more attracted to self-healing hydrogels for the formulation of
bioinks to restore damaged cartilage tissues.>*" Overall, the
cartilage-specific bioinks for fabricating the cartilage tissue
equivalents are currently in the initial stages of preclinical
trials. For example, over the past five years, only a few clinical
trials evaluating cartilage tissue equivalents have been regis-
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tered on ClinicalTrials.gov.>** Therefore, more development is
needed in bioinks designed explicitly for cartilage tissue engin-
eering, which will likely increase the preclinical and clinical
trials on cartilage-specific bioinks.

5.4 Bioinks for liver tissue engineering

The liver is pivotal in facilitating over 500 distinct biochemical
processes like metabolic activities, bile synthesis, detoxifica-
tion, coagulation, immunological functions, thermogenesis,
the regulation of water and electrolyte levels, and so on.>** The
liver houses several types of resident cells, including hepato-
cytes, hepatic stellate cells, liver sinusoid endothelial cells,
Kupffer cells, and biliary epithelial cells. Liver conditions like
acute liver failure (ALF),*** chronic liver condition (CLD),>**
fibrosis, viral hepatitis,?*® and cancer are causing higher mor-
tality. Hence, the global burden of liver disease is rising,
leading to around 2 million deaths annually and resulting in
substantial economic costs and decreased quality of life.>*”
Essential surgeries like hepatectomy and liver transplants are
crucial. For patients with severe liver dysfunction, transplan-
tation is the only effective treatment.

However, due to limited donors, immune rejection, and
surgical complications, liver transplants face challenges in
clinical practice.>®® Liver tissue engineering holds promise in
addressing the aforementioned challenges, and 3D bioprinting
is an innovative approach to improve these procedures.>**
Bioinks for liver tissue engineering are formulated using
readily available biomaterials like gelatin, collagen, alginate,
etc.**® However, these bioinks cannot replicate the ideal bio-
logical environment for liver tissue regeneration because they
lack liver-specific biochemical components. When liver-
derived material serves as a bioink, achieving uniform printing
often involves enhancing it with poly(ethylene glycol) diacry-
late (PEGDA) and UV cross-linking. However, UV light or rad-
icals from the photoinitiator can unexpectedly affect cell
behaviour, potentially causing toxicity in the bioink. Lee
et al.”*' developed a liver-dECM bioink for 3D cell printing
and compared its performance with widely available commer-
cial collagen bioink for different biomedical applications
(Fig. 8a and b). The liver dECM bioink effectively preserved the
essential ECM components of the liver. It demonstrated excel-
lent printability, with minimal cell death observed during
printing, indicating its non-toxic nature. The study evaluated
stem cell differentiation and HepG2 cell function in the liver
dECM bioink. The results showed that the liver dECM bioink
promoted stem cell differentiation and improved HepG2 cell
function compared to a commercial collagen bioink. However,
the pepsin digestion process, employed to solubilize decellu-
larized tissue for these conventional dECM bioink prep-
arations, degrades the native structure and mechanical
strength of the tissue.>*> Furthermore, various researchers
have reported that the process of digestion may denature
specific biochemical constituents of dECM, such as growth
factors and proteins.>*® As a result, the main obstacles to the
application of conventional dECM bioink in 3D bioprinting
are its weak mechanical properties, inconsistent physical pro-
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perties, slow crosslinking speed, and reduced biochemical
components. Therefore, improving the 3D printability and
mechanical properties of conventional dECM bioink is gaining
tremendous attention. In this regard, Kim et al.>** created a
dECM bioink with improved 3D printability and mechanical
properties using dECM micro-particles (approximately
13.4 pm) prepared from decellularized porcine liver via freeze-
milling. These dECM microparticles were incorporated into a
gelatin mixture to develop a novel bioink named dECM
powder-based bioink (dECM pBioink) (Fig. 9a). The conven-
tional dECM bioink and the dECM pBioink both exhibited a
micro-fibril network, with the conventional dECM bioink
showing a more compact fibril structure than the dECM
pBioink (Fig. 9b). The results demonstrated significant
improvement in its printability and mechanical properties. In
contrast to conventional dECM bioink, it exhibited a
maximum increase in elastic modulus by 9.17 times. Micro-
patterns containing viable cells were successfully fabricated
with 93% cell viability (Fig. 9c and d). Moreover, the dECM
pBioink exhibited better performance in layer stacking for 3D
printing than the conventional bioink, which had difficulty in
maintaining its shape. These advancements have led to the
creation of clinically relevant liver scaffold constructs that are
decellularized and recellularized with intact vascular linings,
showing promising applications in regenerative medicine.
However, despite these advancements, the immunogenicity of
decellularized liver scaffolds made from dECM bioink is a
concern due to potential antigenic molecules remaining even
after cellular removal, which can trigger immune responses
upon implantation, leading to scaffold rejection and failure of
engineered liver tissue. To address this concern, it is essential
to repopulate the parenchymal area within decellularized
scaffolds with functional hepatocytes. This approach aims to
create a biocompatible environment that integrates well with
host tissue, reducing the risk of immune rejection. While
primary hepatocytes have consistently maintained their pro-
perties, their function has initially demonstrated capabilities
such as temporarily stabilizing serum ammonia levels.
However, further research is needed to optimize the function-
ality of repopulated hepatocytes within decellularized scaffolds
for achieving long-term, stable liver-specific functions.

Overall, the bioinks derived from decellularized tissues for
skin, bone, cartilage, and liver tissue engineering create a bio-
mimetic microenvironment closely resembling the native ECM
of the target tissue. By incorporating tissue-specific biochemi-
cal cues and preserving the native ECM composition and struc-
ture, dECM bioinks support cell adhesion, proliferation, and
differentiation. This leads to the formation of complex and
heterogeneous tissue constructs that mimic the cellular organ-
ization and microenvironment of native tissues. However, con-
trolling compositional changes during decellularization is
challenging, leading to batch-to-batch variations due to the
differences in tissue composition.>**> Due to variations in the
amounts of ECM proteins and cues present in each bioink for-
mulation, these differences influence cell behaviour in bio-
printing applications.**> To address this concern, one poten-
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Fig. 8 Diagram depicting (a) the formulation of liver dECM bioink and (b) the utilization of liver dECM bioink in 3D cell printing for liver tissue engin-
eering, reproduced from Lee et al.?** with permission from American Chemical Society, copyright (2017).

tial solution is to decellularize tissues in larger quantities and
then blend them for use in dECM-based bioink formulations.
Further investigation is required to overcome these challenges
because dECM-based bioinks exhibit considerable potential as
viable options for in situ bioprinting in various applications,
owing to their superior biochemical properties.>*® Table 2 pre-
sents several kinds of bioinks that are currently employed in
the construction of different tissue constructs.

6. Computational methods for
predicting bioink properties

The thrust for high-performance bioink in 3D bioprinting
opens up new possibilities for designing functional tissue con-
structs replicating the complex geometries and properties of

N4 | Biomater. Sci,, 2025, 13, 93-129

native tissues.?®®

Extensive research offers experimental
support for the notion that different geometric characteristics
and tunable material attributes of bioinks can greatly influ-
ence cell viability and appropriate development of the target
tissue architecture. For example, in the case of drop-on-
demand 3D bioprinting, loss of cell viability is impacted by
shear stress.”®® Cell viability is a crucial parameter of cell
behaviour that can be influenced by the injection process and
droplet impact during DoD printing. During the impact
process, cell damage is mainly caused by von Mises stress and
surface area strain.>®’

Shear stress is a critical factor to consider for cell survival
during the injection process.>*® Furthermore, shear stress has
a significant impact on cell biology. For example, moderate
shear stress has been shown to promote stem cell differen-
tiation,?®® whereas excessive shear stress can damage the cell
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Kim et a with permission from IOP Publishing, Ltd, copyright (2020).

membrane, leading to cell rupture.”’® Hence, optimizing shear
stress is essential for improving cell viability and ensuring that
cellular behaviours, such as proliferation and differentiation,
occur correctly. However, to mitigate the issue of shear stress
to some extent, microgels are emerging as a star player as a
new bioink in 3D bioprinting.””*

Microgels are water-based particles with micrometer-scale
diameters organized similarly to hydrogels, often through
dense packing or jamming.>”> The unique rheological charac-
teristics of a microgel can safeguard encapsulated cells from
shear forces during the printing process.””®> Due to their dis-
tinctive dynamic structure, excellent biocompatibility, and
adjustable mechanical properties, microgels hold substantial
potential in tissue engineering.”’* However, sometimes cells
areencapsulated in an asymmetrical position within the micro-
gel, resulting in partial encapsulation and possible cell escape
during gelation and subsequent culturing.””> Furthermore,
incomplete encapsulation or off-center cells in a microgel
expose cells unevenly to biochemical and biomechanical
stimuli, which can negate the intended functions of the micro-
gel, such as immunoprotection.””® Therefore, there is a need
to overcome these challenges of shear stress during irregular
cell distributions and limited cell density for the successful
implementation of this 3D bioprinting in regenerative medi-

This journal is © The Royal Society of Chemistry 2025

cine and for effectively addressing organ shortages.’®
Computational simulation has emerged as a valuable resource
in this optimization process, effectively reducing the need for
extensive experimental trials and the associated costs.”””
Numerous research studies have utilized simulation and mod-
eling in conjunction with experimental methods to improve
and predict the mechanical, biological, and rheological behav-
iour of bioinks.””®?”® One example was the coaxial printing of
sodium alginate along with the crosslinking agent calcium
chloride by Sun et al.>®*° to fabricate vascular scaffolds. Finite
element simulation helped analyze bioink flow behaviour and
the extrusion process, thereby optimizing the printing para-
meters to control cross-linking to obtain the desired cellular
distribution and proliferation within the vascular scaffold.
Additionally, by predicting how the crosslinking process
affects the mechanical environment within the bio-printed
scaffold, finite element modelling simulation enables the
optimization of printing parameters, leading to improved cell
viability and differentiation. Likewise, using computational
fluid dynamics (CFD), a powerful tool that simulates material
behaviour via parametric modifications to rheological para-
meters, can reduce the requirement for thorough testing and
iterations. Gohl et al.*®' utilized a CFD simulation tool (IPS
IBOFlow) to investigate the effect of different printing para-
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Table 2 Various types of bioink are used for the construction of bio-printed tissue constructs

Bioink

Printing technique

Tissue

Reference

Cryo bioink
Magnetic iron oxide nanoparticles

Extrusion based
Hybrid nano-printing system

Vasculature
Vasculature networks

El Assal et al.>*”
Yildirim O et al.**®

AgNPs in hydrogels

Au NPs with thiol-modified hyaluronic acid
and gelatin (AuNP-sECMs)

Poly(vinyl alcohol) (PVA)

ECM/AMP hydrogel containing 2%
octapeptide FEFEFKFK
Graphene-polyurethane composite
Matrigel with alginate

Extrusion-based printing
Extrusion-based printing

Microvalve bioprinting
Conventional bio-printer

enabled
Ru/SPS with dECM
extrusion-based printing
dECM-based bioink Bio-architect 3D bioprinter
GelMA with liver dECM.
Silk-dECM construct + TGF-f encapsulated
system
Hyaluronic acid methacrylate (HAMA)

system
Hyaluronic acid (hyaluronan, HA) Extruder and microvalve-based
print
fibrinogen with PEG or a PEG-gelatin Thermal inkjet printing
mixture technology
Fibrinogen Laser-based 3D bioprinters

Fibrin and alginate
Gelatin-alginate composite
Collagen

Inkjet bioprinter
Extrusion-based bioprinter
Laser-based 3D bioprinters

meters on a bioprinting process. IPS IBOFlow imitates the
final structure of printed material and the deposition of
bioink by utilizing a unique surface tension model and a visco-
elastic rheology model. The ability of the simulation tool to
replicate 3D bioprinting using ink with diverse viscoelastic
properties indicated its potential applicability across various
viscoelastic solutions and hydrogels. Choe et al.***> developed a
3D solid mechanics model to investigate the effect of shear
stress on the hydrogel scaffold. First, the simulation examined
the distribution of stress and deformation of composite
scaffolds made from materials used for osteochondral tissue
regeneration. Assessments were conducted on four PCL/poly-
ethylene glycol diacrylate (PEGDA) and four PCL/GelMA inter-
face scaffolds (PCL alone, 1 PCL:1 PEGDA, 2 PCL:1 PEGDA,
and 3 PCL:1 PEGDA). Second, the simulation examined the
distribution of stress and the deformation of several different
biphasic interface scaffolds. Shear stresses were applied to
these bioink scaffolds with varying moduli (high and low). The
scaffolds made up of only PCL demonstrated the uniform dis-
tribution of von Mises stress across the interface and exhibited
the lowest average von Mises stress values (PCL/PEGDA: 103.31
kPa; PCL/GelMA: 103.42 kPa) (Fig. 10a). Conversely, interface
scaffolds with mechanical interlocking designs experienced an
elevated von Mises stress at the interface, primarily due to
stress concentration within the hydrogel struts forming the
interface layer (Fig. 10b). von Mises stress values were highest
for PCL/GelMA and PCL/PEGDA interface scaffolds (139.19 kPa
and 137.78 kPa, respectively) out of all interface scaffolds with
1:1 interlocking patterns. The 1:1 PCL/GelMA and 1:1 PCL/
PEGDA scaffolds with mechanically interlocking interfaces
exhibited a notable increase in an average von Mises stress

16 | Biomater. Sci, 2025, 13, 93-129

Extrusion-based 3D printing

Pneumatic dispensing system
DLP bioprinting system and
DLP (digital light processing)
Extrusion-based bioprinting

Extrusion-based bioprinting

Hassan et al.?*°

Cyborg organs/cartilage
Skardal et al.>>®

Vascular

Meng et al.>*!

Artificial cartilage re-constructs
Dubey et al.***

Cranio-maxillofacial bone tissue

Huang et al.*>
Poldervaart et al.>>*

Neural tissue constructs
Human endothelial progenitor cells
(EPCs) laden constructs

Various tissues Kim et al.*>®
3D primary ovarian cell-laden Zheng et al.>*°
Liver tissue Mao et al.>*’
Cartilage tissue Zhang et al.*®

3D-printed islet organoid Wang et al.>*°

1 260

Cartilage tissue constructs Hauptstein et a

Micro-vasculature networks Cui et al.**

3D assembly of multi-cellular arrays Gruene et al."!
Cartilage tissue Nakamura et al.>®*
Cell-laden aortic valve conduits Duan et al.”®

3D skin tissue Koch et al.***

(PCL/PEGDA: 33%; PCL/GelMA: 35%) compared to their
respective PCL scaffolds. In all PCL/GelMA and PCL/PEGDA
scaffolds, the cartilage layer showed the highest displacement,
while the bone layer exhibited the lowest displacement
(Fig. 10c and d).

Cells subjected to mild shear stress (<5 kPa) showed excel-
lent cell viability (up to 96%), while cells subjected to higher
shear pressures (5-10 and >10 kPa) had decreased cellular
vitality (91% and 76%, respectively).”®* Similarly, CFD can also
predict the effect of the temperature of the CELLINK Bioink
(commercial bioink) on the velocity and shear stress to opti-
mize the cell viability of the bioprinted constructs. In most
bioinks, there are specific functionalities, and their properties
can vary significantly with changes in temperature. Therefore,
Goémez-Blancoet al.*®* used CFD analysis to investigate bioink
behaviour at different temperatures (15, 25, and 37 °C) and
three conical tip geometries (20, 22, and 25G) as inlet para-
meters. The study examined the effects of these variables on
shear stress, pressure, and velocity in CELLINK Bioink. The
simulation results showed that pressure, velocity, and shear
stress combinations were almost constant. Using this bioink at
37 °C is recommended to not only reduce shear stress but also
enhance the volumetric flow. Increased volumetric flow results
in higher bioprinting speeds, which in turn reduces the time
for which the cells are subjected to pressure. Moreover, the
shear stress predicted by simulations suggested that cell viabi-
lity remained adequate at all temperatures as long as the
values of shear stress were below 5 kPa. Consequently, compu-
tational modelling can effectively reduce the need for trial-
and-error in 3D printing while improving the results of tissue
engineering. So far, most of the studies reported in the litera-
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Fig. 10 Stress and displacement distribution in various hydrogel scaffolds: (a) von Mises stress contours for PCL/GelMA and PCL/PEGDA interface
scaffolds. Stress is uniform in PCL-only scaffolds. The greatest stress is at the ends of GelMA struts. (b) Comparing stresses in PCL/GelMA and PCL/
PEGDA interface scaffolds. Scaffolds with mechanical interlocking patterns show higher interface stresses than PCL-only scaffolds. 1 PCL:1 GelMA
and 1 PCL:1 PEGDA scaffolds have the highest von Mises and principal stresses among the four types. (c) Comparison of displacement contours:
PCL/GelMA vs. PCL/PEGDA interface scaffolds. GelMA scaffolds with mechanical interlocking exhibit higher interface displacement than PEGDA,
while PCL-only scaffolds show minimal displacement upon shear. (d) Comparing vertical displacement along the y-axis in the cartilage, interface,
and bone layers of PCL/GelMA scaffolds. Mechanical interlocking patterns increase displacement compared to PCL-only scaffolds. 1 PCL:1 GelMA
scaffolds show the highest displacements. PCL/GelMA scaffolds exhibit about ten times more displacement in cartilage and interface layers than
PCL/PEGDA scaffolds, reproduced from Choe et al.?% with permission from IOP Publishing Ltd, copyright (2022).

ture are focused on optimizing the properties of bioink, prob- grated with experimental data could mitigate processing errors
ably because 3D bioprinted constructs for tissue engineering or facilitate real-time error management.

depend on the behaviour of the bioink.***
few limitations that hinder accurate computational simulation.

For example, simulations often assume conditions such as 7. Machine learning to accelerate

using cell-free bioinks and no interaction between the printing  hjoink development

substrate and filaments in extrusion-based printing. These

assumptions can lead to discrepancies between the simulated Recent developments in bioprinting methods, biofabrication
model and the actual 3D-printed construct.>®® Despite being strategies, and innovations in materials and chemistries have
in the early stages, utilizing computational modelling inte- significantly improved the replication of physiologically rele-

However, there are a
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vant tissue structures.” This advancement facilitates incorpor-
ating multiple cell types and diverse material properties within
a single structure. For bioprinting to succeed, an ideal bioink
must enable efficient printing, preserve cell viability, and
create an environment that supports cell proliferation and
differentiation and mimics natural cellular behaviour after
printing.*®” The material requirements for pre- and post-print-
ing can be drastically different. Many bioinks demonstrate
excellent pre-printing properties but have insufficient post-
printing performance, mainly when providing the environ-
ment for effective cell and tissue development.”*® For example,
structures printed with sodium alginate, Pluronic F-127, or
gelatin demonstrate strong structural integrity and maintain
high shape fidelity, creating filaments.?®® However, sodium
alginate and Pluronic F-127 do not contain cell binding sites
for attachment unless they undergo further modification. On
the other hand, gelatin includes binding sites for cell attach-
ment; however, it turns into a liquid solution at 37 °C. This
requires a modification to transform it into a more stable, per-
manent form. In situations where post-printing crosslinking is
needed for lasting shape stability and mechanical strength,
highly crosslinked hydrogels can reduce oxygen and nutrient
diffusion, compromising the survival of encapsulated cells.
Traditional computational simulations are helpful in optimiz-
ing processes, reducing the need for extensive experiments,
and lowering costs. However, they often rely on oversimplified
assumptions, which may not fully represent the complexity of
biological materials.”*® Additionally, modelling theories have
limited utility because only a few can accurately predict
material properties, and those that do are generally applicable
only to single-component inks within a narrow concentration
range.>*

Analytical techniques such as machine learning, a subset
of artificial intelligence, and multiple regression can be used
to identify and predict the complex relationships among
ink formulations, ink properties, and printability.>** For
example, Lee et al’® identified a 3D-printable bioink
through machine learning. The first step was selecting suit-
able rheological characteristics of biomaterials and then
modifying them through ink composition design. Multiple
regression was utilized to confirm the machine learning
results and predict printability according to the composition
of collagen and fibrin in the bioink. Eqn (4) presents the pre-
diction algorithm that facilitated achieving a high storage
modulus (G') and low yield stress (zy) through multiple
regression, resulting in a printable ink with high shape
fidelity

NV=a+bC—cH—-dF+ (C—e)(C—e)f
+(C—e)(H—-gh— (H—g)(H—-g)
+(C—e)(F —j)k— (H—g)(F = j)l
+ (F=J)(F = j)m

(4)

where NV is the normalization value to obtain a high G’ and
low 7y, C is the concentration of collagen, H is the concen-
tration of HA, and F is the concentration of fibrin. The lower-
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case letters (a to m) are constants corresponding to the follow-
ing values: a = 0.4290567362, b = 0.0051813811, ¢
0.001484911, d 0.037698223, e = 6.210563158, f
0.0018163108, g = 1.1842105263, h = 0.0013134514, i
0.00722503, j = 4.3157894737, k = 0.0004778907, I
0.006967951, and m = 0.0018847494. Overall, the produced
bioink demonstrated high shape fidelity and good biocompat-
ibility, allowing for the application and cultivation of various
cells. Apart from this first study of using ML in bioprinting,
there are many studies in the literature that depend signifi-
cantly on the collection of large amounts of data to build a ML
model.*** To mitigate this issue of dependence on large data,
Bayesian optimization (BO), a modern ML technique, is
especially effective at adjusting the various printing process
variables that require modification.>®> BO can build a black-
box function model using fewer experimental data than other
optimization methods. In contrast, methods like derivative-
free local optimizers and genetic algorithms require a larger
number of samples, which makes BO advantageous.**® Amir
Hashemi et al**” used ML to develop a chitosan-gelatin-
agarose biomaterial ink. The optimized ink was evaluated for
its printability, rheological properties, degradability, hydrophi-
licity, and biological response. The results suggested that a
combination of 27% agarose, 53% chitosan, and 20% gelatin
(ACG) might be the most suitable biomaterial ink for 3D extru-
sion bioprinting in terms of both printability and cell viability.

ML provides a systematic approach for identifying
uncontrollable factors, improving the reliability of the bio-
printing process, and optimizing biomaterials, bioinks, and
process parameters. Various studies have shown the potential
to customize bioprinted constructs and control their cell
culture responses as expected.>’® However, the limited size
and quality of datasets for ML pose significant challenges. The
costly and labor-intensive nature of data collection means that
only a small dataset of adequate quality is currently available
for ML applications in bioprinting, particularly for material
optimization and cell performance analysis.>*® Although ML is
still in its infancy, integrating ML for biomaterial ink optimiz-
ation provides significant advantages, making multi-com-
ponent biomaterial ink potentially suitable for tissue engineer-
ing applications.**°

8. Challenges and future outlook

3D bioprinting enables the accurate placement of cells and
materials within constructs, making it well-suited for complex
tissue engineering applications.®® However, despite consider-
able advancements, several unresolved issues must be
addressed before 3D-printed tissues and organs can be effec-
tively used in clinical settings. Important considerations in 3D
bioprinting include minimizing cell damage, developing
optimal bioinks, ensuring the quality of 3D-printed constructs,
hybrid bioprinting, and navigating various regulatory aspects.
These factors highlight the necessity for further advancements
in the field, which are discussed in detail below.
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8.1. Printing-induced cell damage

The difficulty of accurately placing cells and constructing intri-
cate structures needs to be resolved before the use of 3D bio-
printed tissues in regenerative medicine.”®® To date, there is
no single technique used to address this issue. For instance,
extrusion-based 3D printing requires a small nozzle diameter
to achieve maximum cell resolution. However, it significantly
increases shear stress on the printed cells and reduces cell via-
bility.>** Although laser-based technology avoids the extrusion
process and focuses on the 2D patterning of cells, its high cost
and inability to construct complex 3D architectures have hin-
dered its wider adoption. Similarly, the applications of droplet
technologies to tissue creation are restricted to cartilage struc-
tures, fibro-cartilage interfaces, and bone tissues. High cell
survivability and sub-100 pm droplet widths are among the
benefits of inkjet bioprinters.>®> Nevertheless, they also have
drawbacks, such as clogging, restricted biopolymer compatibil-
ity, and very low cell density.

Although many studies have investigated DOD bioprinting,
most have concentrated on the droplet formation process
(printability) while giving minimal attention to the post-
impact viability of the printed cells.”® According to a study,
shear stress during printing is not as harmful as droplet
impact or substrate stiffness. There is still a need to fully
understand how the droplet formation process affects the via-
bility of cells after printing. The adverse effects of droplet
impact on the substrate surface can be lessened by lowering
the pressure in the printing chamber to 0.3 atm.>®” Under this
reduced atmospheric pressure, the released droplet spreads
gently on the substrate without causing any splashing.*®

8.2 Bioink development

Advancements in bioprinting are restricted by the limited
availability of suitable bioinks, which need to satisfy rigorous
standards for both printability and biocompatible cross-
linking methods.>** The interaction between cells and their
surrounding environment is vital for replicating cell-biomater-
ial dynamics. However, challenges such as inadequate tissue
formation and limited cell-biomaterial connections remain
significant concerns in bioprinted cell-encapsulated struc-
tures.’®® These polymeric materials do not adequately mimic
the intricate structure of natural ECMs, which is crucial for
directing tissue development and replicating important cell-to-
cell interactions.?°® This review emphasized the importance of
tissue specificity in preserving essential cellular functions and
phenotypes by utilizing cells and ECMs derived from specific
tissues and organs, providing detailed insights. While a dECM
is a promising biomaterial, incomplete removal of cellular
remnants can lead to potential pro-inflammatory responses.**®
One potential solution is to recreate the unique ECM niche by
arranging specific biomaterials in designated regions. This
approach focuses on developing a biomimetic microenvi-
ronment that better replicates the actual conditions required
for specific cell types.**” To measure its effectiveness, cytome-
try can be employed to analyze the physical and chemical
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characteristics of the suspended cells, providing insights into
their health within these bioinks. By evaluating cell viability
(live/dead assay using propidium iodide and Calcein-AM),*°®
apoptosis (by Annexin V and 7-AAD detection, prevalent in
case of apoptosis),** proliferation (Ki-67 and BrdU in actively
dividing cells)**° differentiation before and after printing.*'*
Cytometry can ensure that the cells within the bioink remain
healthy, leading to more successful and reliable bio-printed
tissues and organs. This technique enables researchers to opti-
mize bioink formulations and refine printing processes, mini-
mizing cell stress and death.*’®> Cytometry also enables the
development of tailored bioinks that meet the specific needs
of different cell types, which is essential for creating complex,
multicellular structures that closely mimic natural tissues. For
instance, a 3D-printed annular ring-like scaffold was printed
with a cellular mixture of human cardiac AC16 cardiomyocytes,
fibroblasts, and microvascular endothelial cells.*'* Moreover,
integrating cytometry into the bioprinting workflow enhances
the consistency and reproducibility of bio-printed products,
making it easier to scale up production and meet regulatory
standards.?® This is especially important for bioprinting to
advance toward clinical applications, where maintaining cell
health is critical for the functionality of bio-printed tissues.

8.3 3D bioprinted constructs

The absence of adequate vascularization in the designed struc-
tures is among the most pertinent concerns.*'? Cartilage, skin,
and bladder grafts have been successfully employed in clinical
practice because they can rely on the blood vessels of the host
to meet their oxygen and nutrient requirements. However, vas-
cularization takes a longer time for larger tissue grafts. The
delay in delivering sufficient nutrients to cells within the large
3D scaffolds poses challenges in tissue engineering, as it leads
to limitations in mass transport. This issue arises because of
the restricted diffusion of oxygen and nutrients from the
scaffold surface to deeper layers, which can result in cell death
after a few hundred microns.?'* Hence, the huge 3D printed
structures get damaged without a perfusable circulatory
system, which restricts the dimensions of these constructs that
are clinically relevant. Therefore, several techniques, such as
the creation of a vascular network by using the sacrificial tem-
plate approach, have been developed to combat these vascular-
ization concerns. For instance, Tocchio et al*'® proposed a
flexible sacrificial molding technique for the creation of a
robust vascular network in large, porous scaffolds. Highly resi-
lient thermoplastic sacrificial templates made of poly(vinyl
alcohol) were used to create these embedded fluidic systems.
One major benefit of this technology is that it only requires
filling the space surrounding the template and cross-linking
the matrix to generate the vascularized scaffold. Another dis-
tinctive feature is the ability to create a perfusable matrix with
regulated porosity and adjustable fluidic characteristics to
create a scaffold that closely mimics the biological environ-
ment. Due to this, it may be possible to produce large-scale
vascularized scaffolds, paving the way for a wide range of clini-
cal uses.
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Additionally, when trying to replicate a tissue or cellular
and extracellular components of an organ very precisely, the
resulting tissue construct often does not function exactly like
the native tissues. Therefore, innovative design approaches
may be necessary to prioritize both the function and fabrica-
tion efficiency of the construct. This could involve 3D-printed
constructs that efficiently support tissue function, even if they
do not precisely mimic the original size or shape of the tissue.
For example, constructs like sheets or patches could assist in
liver or pancreas function.>'® This method can significantly
enhance biomanufacturing efficiency and decrease production
expenses. However, it may require identifying suitable implan-
tation sites, promoting connection with existing blood vessels,
and ensuring sustained long-term integration and function.
Likewise, utilizing automated designs in personalized bioma-
nufacturing can regulate control mechanisms for predictable
outcomes. 3D imaging and modelling software enable precise
computational procedures, producing customized structures
that align with the anatomy of a patient. This method assigns
predefined hatching patterns, cell types, and materials to
specific areas of the bioprinted structure using a 3D model
derived from medical imaging (e.g., CT or MRI).>*” A compre-
hensive understanding of biomaterial design, the successful
integration of engineered tissue constructs with surrounding
host tissue, and the biological processes involved in tissue
healing and repair are crucial for meeting patient needs and
advancing the clinical application of bioprinted product tissue
engineering solutions.

8.4 Need for hybrid bioprinting

Despite various reports on bioprinted cell-encapsulated con-
structs, the primary concerns still need to improve tissue for-
mation and limited cell-biomaterial interactions.’>® Surface
topography significantly affects cellular behaviour. Microscale
features can impact cell shape and movement, while nanoscale
textures can influence the differentiation and proliferation of
stem cells.>’® When it comes to producing these nanoscale
structures, which are essential for controlling cellular differen-
tiation, the bioprinting method has its limitations. To over-
come these limitations, hybrid systems that combine bioprint-
ing and electrospinning can be employed to create complex
constructs with detailed nanoscale structures while accurately
depositing highly viable cells in designated areas.*'® For
example, Graham et al*°* presented a highly accurate cell
printing technique with a 1 nL droplet resolution. High-resolu-
tion 3D constructs, including a branching cell junction, a
slanted junction, and a bone-cartilage interface, were printed
with a resolution smaller than 200 pm. The printed constructs
were cultured for a period of 35 days, demonstrating more
than 90% cell viability. The study demonstrates that ovine
mesenchymal stem cells can differentiate into cartilage cells
and create cartilage-like structures rich in type II collagen,
suggesting their promise for cartilage regeneration. Still, more
improvement in scientific and technological platforms is
needed to use 3D bioprinting in a hybrid manner with other
printing techniques for fabricating bone, skin, liver, and carti-
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lage constructs.’*® These technologies serve as reference
points for assessing the current state of bioprinting with
tissue-specific bioinks. Manufacturing speed is crucial for
achieving large-scale tissue and organ fabrication. Combining
microvalve and extrusion-based bioprinting methods enables
precise drop-on-demand cell placement while continuously
extruding hydrogel filaments, allowing for the creation of
large, heterogeneous 3D cell-laden structures at high
throughput.”®

8.5 Regulatory challenges

Despite the evolution of diverse manufacturing methods, the
FDA currently evaluates conventionally manufactured products
and 3D-printed healthcare devices using the same guidelines.
However, some guidelines are specifically for 3D bioprinting,
like the “21st Century Cures Act”.”*! This act outlines regenera-
tive medicine treatments that could qualify for the “regenera-
tive medicine advanced therapy (RMAT)” designation. These
treatments include tissue-engineering products, human cells
and tissue products, combined therapies or products, gene
therapies, and cell therapies that permanently affect human
cells and tissues, often through genetic changes.**> Hence, to
shape the future of tissue-specific bioink in 3D bioprinting,
the FDA has provided extensive guidance to 3D printer manu-
facturers. Still, numerous regulatory challenges remain rele-
vant for functional 3D-bioprinted constructs, including bio-
active materials and living cells. For example, bioprinted con-
structs with living cells and bioactive materials pose unique
regulatory challenges due to their intricate mechanisms and
unknown long-term effects. Defining their potency is complex
due to the multiple active components. Even minor manufac-
turing changes can lead to significant and unpredictable
alterations in product characteristics. Hence, it is important to
outline how existing laws and regulations governing device
manufacturing will apply to emerging creators, like academic
institutions and medical facilities producing personalized 3D-
printed devices.*** Apart from this, no established standards
exist for 3D bioprinting technology, materials, or the overall
process. While there are some guidelines for additive manufac-
turing technologies (ISO/DIS 17296-1)*** and 3D printer manu-
facturers, there is a critical need for increased production
guidelines and standardization for tissue specific bioink in 3D
bioprinting.

Along with regulatory constraints, establishing standards
for bioprinting materials like standardized cell-expansion
basal media would streamline product development.*** This
standardization would also expedite clinical application and
enable manufacturers to refine the processes for specific con-
structs, reducing the resource needs for base materials and
technical processes. Logistics also become intricate when pro-
ducing custom tissues or organs for individual patients.
Patient-care facilities are unlikely to have 3D printing or the
capacity for producing medical-grade materials. The existing
cold storage, shipping methods, etc., were designed many
years ago and did not meet the precise requirements for trans-
porting living biological products.’*® A novel logistic system
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Fig. 11 Properties of an ideal bioink and the roadmap for bioprinting. The items in the lower stages are components that contribute to the stages
above them, and the complexity of assembly increases as the scale becomes larger. The right side shows typical bioprinting applications for each
stage and their levels of completion, reproduced from Compaan et al.>2® with permission from American Chemical Society, copyright (2017).

that guarantees the necessary communication, data collection,
stability, and documented compliance needs to be developed
for emerging bioinks.

Overall, the roadmap of 3D bioprinting illustrates its hier-
archical structure (Fig. 11).**® It starts with nanoscale mole-
cules and biomacromolecules, advances to microscale cell
manipulation, and progresses to the assembly of centimeter-
scale tissue pieces. Ultimately, these tissues can be combined
into decimeter-scale organs designed to replicate the essential
functions of natural organs for potential implantation.

9. Conclusion

Bioinks have attracted worldwide attention in tissue engineer-
ing because of their capability to create biomimetic, complex,
and functional tissue constructs. This review explores existing
and emerging bioinks and bioprinting methods. It covers up-
to-date developments in fabricating tissue constructs that
closely mimic native tissues, aiming to address the organ
shortage crisis through advancements in 3D bioprinting.
Polymeric materials are widely used as bioinks in 3D bioprint-
ing due to their diverse properties, effectively supporting the
printing process. However, these materials are insufficient for
fully replicating the native ECM and biomimetic environment
needed for optimal cell adhesion, proliferation, and differen-
tiation. To enhance the performance of 3D bioprinting, the
review emphasizes developing tissue-specific bioinks that

This journal is © The Royal Society of Chemistry 2025

incorporate cues for bone, skin, cartilage, and liver tissue
engineering. Furthermore, computational modeling can sub-
stantially reduce the time and cost of experimental trial-and-
error optimizing a bioink formulation. The properties of
bioink before, during, and after gelation are vital for its print-
ability, affecting shape fidelity, structural resolution, and cell
survival. By utilizing computational modeling, these properties
can be effectively optimized. Machine learning is also docu-
mented as a method to enhance the reliability of the bioprint-
ing process and to optimize biomaterials, bioinks, and process
parameters. This review also discussed the complex challenges
of utilizing 3D bioprinted tissues in regenerative medicine,
particularly the critical issue of nutrient and oxygen diffusion,
which can lead to cell death. It emphasizes the importance of
developing vascular networks to improve nutrient delivery and
the precision needed in placing cells within complex struc-
tures. Additionally, cytometry is recognized as an effective
method for monitoring cell health in bioinks, decreasing cell
mortality, and boosting the viability of bioprinted structures.
Moreover, it discusses the regulatory hurdles associated with
the multifaceted nature of bioprinted materials and the lack of
established standards in the field. Therefore, with the rise of
personalized medicine, it is necessary to develop bioinks that
incorporate bioactive factors specific to each patient.
Additionally, new regulatory frameworks may be necessary to
address the challenges of bioprinting and other advanced
medical products. ‘Process-based’ frameworks could be more
beneficial than traditional ‘product-based’ approaches, as they
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are better suited to handle product variability and customiza-
tion. Hence, further research is required to overcome the
current constraints of tissue-specific bioinks and develop per-
sonalized bioinks that can effectively support the growth,
differentiation, and function of cells tailored to individual
patients.
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