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Abstract

Hydrogels with particulates, including proteins, drugs, nanoparticles, and cells, enable the development of new and innova-
tive biomaterials. Precise control of the spatial distribution of these particulates is crucial to produce advanced biomateri-
als. Thus, there is a high demand for manufacturing methods for particle-laden hydrogels. In this context, 3D printing of
hydrogels is emerging as a promising method to create numerous innovative biomaterials. Among the 3D printing methods,
inkjet printing, so-called drop-on-demand (DOD) printing, stands out for its ability to construct biomaterials with superior
spatial resolutions. However, its printing processes are still designed by trial and error due to a limited understanding of
the ink behavior during the printing processes. This review discusses the current understanding of transport processes and
hydrogel behaviors during inkjet printing for particulate-laden hydrogels. Specifically, we review the transport processes of
water and particulates within hydrogel during ink formulation, jetting, and curing. Additionally, we examine current inkjet
printing applications in fabricating engineered tissues, drug delivery devices, and advanced bioelectronics components.
Finally, the challenges and opportunities for next-generation inkjet printing are also discussed.
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Introduction

Recent advances in polymer sciences have led to the devel-
opment of novel hydrogels with customizable properties,
paving the way for various emerging applications. These
applications include tissue engineering [1], drug delivery
[2], stretchable and wearable electronics [3], and energy
storage and conversion [4]. Incorporating particulates,
such as proteins, drugs, nanoparticles, and cells, into
hydrogels has facilitated the creation of innovative bio-
materials with enhanced mechanical, biological, electrical,
and chemical properties.

To scale up these laboratory-level materials to practi-
cal products, there is a pressing need for manufacturing
methods capable of fabricating three-dimensional (3D)
hydrogel-based products with tailored functional proper-
ties. Consequently, many techniques have been developed
to create hydrogel-based soft biomaterials. One innova-
tive method is electro-addressing, which utilizes electric
fields to manipulate and position cells and particles within
hydrogels to align them in desired orientations [5, 6].
However, electro-addressing also faces challenges, such
as the requirement for conductive hydrogel formulations
and the potential effects of electric fields on cell viabil-
ity and function. Among these techniques, 3D printing
has rapidly emerged, as it can directly produce hydrogel
products with complex geometries through layer-by-layer
deposition [7]. Moreover, the printing of particulate-laden
hydrogels has gained popularity due to the growing inter-
est in drug delivery devices with tailored release profiles,
personalized implants and tissue models, and specific
surgical tools for unique cases [8—10]. Efforts in material
science, multiscale simulations, manufacturing methods,
and design engineering have collectively enabled these
promising scientific ends.

The three main categories of 3D printing are extrusion-
based, laser-assisted, and jetting-based printing [11, 12].
While extrusion-based printing offers affordability and ver-
satility with thermoplastic materials, it typically yields lower
resolution with a range of 100 to 1000 pm [13] and requires
additional finishing for surface smoothness. Laser-assisted
printing is capable of producing parts with good mechanical
properties at high precision with surface features between
10 and 100 pm [13]. However, the process is slower, more
expensive, and involves the generation of heat, which can be
detrimental to sensitive materials or biological components,
with recent work showing a temporary alteration of cell phe-
notype [14, 15]. Inkjet printing, on the other hand, provides
high accuracy with feature sizes between 20 to 100 pm and
is suitable for printing multiple materials and colors simul-
taneously [13]. However, it is limited to materials that can
be jetted and cured [16].
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Despite these advancements, most current manufactur-
ing methods of hydrogels struggle to produce advanced
hydrogels with spatially varying compositions and proper-
ties [17]. The development of techniques capable of creating
hydrogels with such spatial variations holds the promise of
next-generation "digital hydrogels." Among all the methods,
inkjet printing, also known as drop-on-demand (DOD) print-
ing, shows great potential for addressing these manufactur-
ing challenges [18]. DOD printing can construct 3D parts
by additively depositing drops of multiple polymer inks at
desired locations with appropriate timing between adjacent
drops. Thus, DOD printing enables the construction of 3D
hydrogel configurations with precisely controlled proper-
ties and compositions. This superior spatial controllability
of DOD printing complements widely used extrusion-based
printing methods. As seen in Fig. 1, the controllable cell
patterns were demonstrated by direct inkjet printing [19].
Depending on ink and nozzle properties, back pressure may
be required to prevent ink from falling uncontrolled out of
the nozzle. Precise pressure control is required to ensure
droplet formation can continue at the nozzle tip; a mecha-
nism for this purpose is shown in Fig. 1A. If the droplet does
not form at all or forms too large, printing resolution may
be impacted, and the process could entirely fail due to no
liquid being ejected.

Collectively, 3D printing of hydrogel has emerged as a
transformative technology that offers unprecedented oppor-
tunities to design and fabricate complex structures tailored
to individual needs. Among the various printing techniques,
inkjet printing stands out due to its potential to achieve pre-
cise particle distribution within hydrogels. This precision is
pivotal in the creation of particulate-laden hydrogels, which
have significant applications in implants, drug-delivery
devices, and biological tissues. The ability to control the
spatial distribution of particles, be it cells, biomolecules, or
drugs opens the door to fabricating biological tissues that
mimic native structures and functions. Furthermore, this
technology holds the promise of revolutionizing drug deliv-
ery by enabling devices with customized release profiles,
ensuring optimal therapeutic outcomes. This review aims to
explore the advancements and challenges of inkjet printing
of hydrogels, with a focus on its applications in biological
tissues, drug delivery systems, and bioelectronics.

Inkjet printing of hydrogel-based
biomaterials

Hydrogels

Hydrogels are highly hydrophilic networks of polymer

chains utilized in many biomedical applications, includ-
ing biosensors [20], cell encapsulation [21], and drug
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Fig. 1 A Schematic of the direct inkjet printing setup. B Demonstration of various cell patterns that were directly printed into culture medium:
(i-iii) Fluorescent images of red-, green-, and blue-labeled cell patterns; (iv) printed zigzag pattern using a heterotypic coculture model of
NIH3T3 and HEK293A cells. C “Te Eifel Tower” by Georges Seurat was patterned with cells labeled with 3 colored dyes by direct inkjet print-

ing. Adapted from [19] under a Creative Commons license

delivery [22]. Their ability to absorb a large amount of
water, effective mass transfer, similarity to natural tis-
sues, and the ability to form various shapes, make them
ideal materials to pattern cells in three-dimensional (3D)
configurations using 3D printing.

Both natural and synthetic hydrogels are broadly
employed. The common natural polymers exploited for the
fabrication of hydrogels are biodegradable materials such
as fibrin, collagen, hyaluronic acid (HA), and alginate that
can mimic natural tissue constructs. On the other hand,
synthetic hydrogels such as poly(ethylene glycol) (PEG),
poly(acrylamide) (PAAM) and poly(vinyl alcohol) (PVA)
possess controllable chemical and mechanical features.
However, synthetic hydrogels must be modified for biocom-
patible by associating with other molecules upon polym-
erization. Natural hydrogels are viscoelastic materials more
suitable for engineering soft tissue, whereas using synthe-
sized derivatives to create synthetic hydrogels can achieve
structures with more customizable mechanical properties.

Due to their superior softness, responsiveness, and bio-
compatibility, hydrogels are being intensively investigated
for use in stretchable devices and machines, including sen-
sors, actuators, electronics, and water harvesters. Their opti-
mized swelling/shrinkage properties make them suitable as
sensors for converting external stimuli into electromechani-
cal signals. Studies are attempting to enhance the electrical
conductivity of hydrogels, achieving various hydrogel elec-
tronics, as will be discussed later.

Overall, hydrogels are highly biocompatible systems
capable of encapsulating cells and biomolecules uniformly.
They possess good porosity for oxygen, nutrient, and metab-
olite diffusion, and can be processed under mild cell-friendly
conditions, making them versatile biomaterials for tissue
engineering, drug discovery, and biological research.

Ink formulation

In the biomedical area, the "ink" is often a bio-ink or a
biomaterial ink. Bioinks contain living cells and bioma-
terials resembling the extracellular matrix environment,
supporting cell adhesion, proliferation, and differentiation
post-printing. Biomaterial inks refer to a broader category
of printing materials that may or may not contain living
cells. These inks are used to create structures for biomedi-
cal applications, including scaffolds for tissue engineering,
drug delivery systems, and medical devices. The viscosity,
surface tension, and other rheological properties of the ink
are crucial for successful printing [23-25]. The ink should
have an optimal viscosity allowing smooth flow through the
printer nozzle without clogging yet be thick enough to main-
tain structure post-printing [23, 26]. The addition of rheo-
logical modifiers, crosslinking agents, and cell suspensions
can alter these properties [25, 27]. For example, a study has
shown that increasing cell concentration in a bioink may
reduce printing precision and increase nozzle clogging,
as shown in Fig. 2A. In addition, shear-thinning behavior
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Fig.2 A Representative images of deposited droplets on well plates; the increased probability of nozzle clogging occurs at higher concentra-
tions. Adapted from [23] with permission from the Royal Society of Chemistry. B Viscosity variation as a function of shear rate for different alg-
inate solutions. Shear thinning is demonstrated by the rapid decline in viscosity as the shear rate is increased, with higher concentration alginate
having the greatest reduction in shear viscosity. Adapted from [24] with permission from Wiley—VCH. C Effects of varying the total PEGDMA
1000 percentage on hydrogel elasticity. A decrease in the total polymer percentage resulted in a decreased elastic modulus. D An increase in the
percent wt. of high molecular weight PEGDMA into the PEGDMA 1000 hydrogels resulted in a decreased elastic modulus. The composition of
each hydrogel includes the given percentage of higher molecular weight (Mw) polymer with the remainder of the hydrogel composed of PEG-

DMA 1000. Reprinted with permission from [30].
Copyright 2017 American Chemical Society

in inks is advantageous as it aids in easy flow under shear
stress (during printing) and regains viscosity once the stress
is removed, aiding structure retention [26, 28]. Sodium algi-
nate is a polymer exhibiting strong shear-thinning behavior,
as seen in Fig. 2B. Achieving an optimal balance is essential
for successful printing, as it affects the droplet formation,
size, and overall resolution of the printed structure. Because
of the layer-by-layer process, each droplet/layer must pro-
vide the structural integrity for holding the subsequently
printed drop/layer. Thus, the gelation mechanism is essen-
tial to transform a liquid ink into a solid (gelled) material.
This is highly related to the degree of gelation/cross-linking
achieved, which will be highlighted in the below sections.
In addition to the printing-related considerations, match-
ing hydrogel properties with the target tissue is also critical.
A hydrogel's structural and mechanical properties must align
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with desired functionalities [24], considering that tissue has
a wide range of mechanical properties, from soft tissues such
as fat, skin, and muscle, to hard tissues such as cartilage and
bone [29]. As shown in Fig. 2C and D, a study has devel-
oped a hydrogel-based platform with tunable mechanical
properties [30].

In bioinks containing cells, the biological properties of
the hydrogel, such as biocompatibility, biodegradability,
and biomimicry are essential to ensure cell viability, prolif-
eration, and differentiation [31-33]. Incorporating bioactive
molecules, such as growth factors, cytokines, or other sign-
aling agents [34], requires a thorough examination of inter-
actions or reactions between hydrogel and biomolecules.
Factors like biodegradation, swelling, chemical binding,
and physical entrapment can significantly impact the prop-
erties of the ink [25, 33]. These, consequently, influence the
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printability as well as the performance and functionality of
hydrogel-based systems.

Jetting

Inkjet printing is a non-contact digital printing technology
that expels droplets of ink onto a substrate in a controlled
manner. Two primary methods for droplet formulation
include thermal inkjet and piezoelectric inkjet [16, 35]. In
a thermal inkjet, a resistive heater located near the nozzle
rapidly heats a small volume of ink upon the application of
an electric pulse, causing it to vaporize and expand, form-
ing a droplet at the nozzle tip. A piezoelectric inkjet printer
consists of a piezoelectric piston that changes the position
(displacement) when an electric pulse is applied, compress-
ing the printing nozzle and forcing a droplet of ink out. The
ejected droplets travel a short distance in the air and land
on the substrate (e.g., paper, glass slide, etc.). The preci-
sion of the printer determines the exact placement of each
droplet. The design of the printhead nozzle impacts the jet-
ting behavior. Nozzle diameter, shape, and surface proper-
ties must be tailored to the specific properties of the hydro-
gel ink. Smaller nozzles allow for finer resolution but may
increase the risk of clogging, especially with inks containing
cells or larger particles. The printing parameters, such as the
droplet ejection frequency and the velocity, need to be finely
tuned to ensure consistent droplet formation and to prevent
issues like satellite droplet formation or nozzle drying [16].

The jetting behavior of ink is determined by its elasticity,
viscosity, and surface tension [36]. The Ohnesorge number,
a dimensionless parameter, is commonly used to predict the
jetting ability of Newtonian fluids, defined as follows (Eq. 1:
Definition of Ohnesorge Number).

u

/ool ey

Here, u represents the dynamic viscosity of the print-
ing fluid, p is its density, and o is the fluid surface tension.
L denotes the characteristic length, usually the diameter of
a droplet formed during the jetting process. This number
encapsulates the interplay between inertial, viscous, and
surface tension forces of the fluid [37]. To allow success-
ful jetting, the Ohnesorge number of the fluid in the jetting
environment must fall between 0.1 and 1.0. While material
properties such as density and surface tension are relatively
fixed for a given material, the viscosity of non-Newtonian
materials may change depending on external factors. Hydro-
gels mostly exhibit non-Newtonian behavior such as a shear-
rate-dependent viscosity and viscoelasticity. These proper-
ties directly influence the jetting process, affecting droplet
formation, stability, and overall printing precision. The intri-
cate relationship between the Ohnesorge number and the

Oh=

rheological characteristics of hydrogels necessitates careful
formulation adjustments to optimize printing performance
[37]. In the case of inkjet printing particle suspensions, the
continuum assumption breaks down as the diameter of the
liquid thread decreases and becomes comparable to the
size of the particles. Therefore, particles may be trapped
within the liquid thread, leading to the formation of “satel-
lite drops”, where smaller fluid droplets are deposited on
the substrate outside of the desired position [38]. Addition-
ally, the use of particle suspensions can introduce a settling
issue in which the particles may begin to agglomerate and
lead to an altered flow of the ink through the nozzle. Direct
imaging of the jetting process has improved the inkjet print-
ing of particulate-laden hydrogels greatly as it allows for an
improved understanding of droplet behavior during flight
and adjustments to printing parameters to be made accord-
ingly [39].

Jetting complex hydrogels, especially those containing
living cells or multiple components, presents additional
challenges [36]. Ensuring cell viability and uniform distri-
bution within the printed structure is critical [35]. The shear
forces experienced during jetting can impact cell health. The
simplified illustrations of the shear stress before and during
jetting are shown in Fig. 3A. It is noted that the real shear
stress has a dramatic variation around the nozzle orifice
mainly during the jetting impulse and the following dwell
time. After that, the backflow fluid will push the fluid flow-
ing down along the wall, increasing the wall shear stress
simultaneously. The impulse strength and nozzle diameter
have important effects on shear stress [40]. If these consid-
erations are not taken, cell viability may be impacted owing
to increased shear stress as seen in Fig. 3B. The printing
parameters, such as printing pressure, diameter of the noz-
zle, and viscosity of the ink will determine the shear stress
exerted on the bioink and the embedded cells [41]. Addition-
ally, the presence of cells or other bioactive agents can affect
the rheological properties of the ink, requiring a dynamic
approach to ink formulation and printing parameter adjust-
ment. One approach is utilizing reactive inkjet printing [42],
where a precursor and cross-linker are printed simultane-
ously and form a hydrogel before deposition, as shown in
Fig. 3C. The in-air coalescence of the precursor and cross-
linker enabled single-step printing with zero influence on the
printability and deposited pattern.

Curing

Curing solidifies the printed material, transforming it from
a liquid or gel state into a stable, solid form. It ensures that
the printed structure maintains its shape and mechanical
properties. In biomedical applications, curing is essential to
ensure that the final product is biocompatible and safe for
its intended use.

@ Springer



9 Page 6 of 20

Med-X (2024) 2:9

Static Flow

a 100 horrenst o
*

\? 80 4 PRI .
< 60
>
= 40
<
S 20

0 -

0 10 15 20

5
Shear stress (kPa)
%k %k %k

Monomer —— —~ 100 || |'ﬁl
=3
Viable cell O é 80
> 60
Stressed cell @D .:: 40
Dead cell ‘. .§’ 20
0
<5 5-10 >10
Shear stress (kPa)
C Micro-reactive inkjet printing

W Precursor S
Cross-linker i
m  Coalesce a
~ 8'. After coalesce L
»
E 6l S b upm
= L2 S [
g1 oZpo W -
S 4L gm I ] -
3 i - - MRIJP?
- | | |
[ ] = ]
|
I = | -
0 L L I L
0 5 10 15 20 25

Viscosity (cP)

Precurso@ @Cross—linker
alginate @@/ calcium
&

Alginatﬁydmgel

Fig.3 A Schematics for the distribution of velocity (u) and shear stress (t) of the cell-laden hydrogels within a nozzle. B Effect of shear stress
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Copyright 2020 American Chemical Society

Some commonly used curing methods include UV cur-
ing [43], thermal curing [44], and chemical curing [45]. In
biomedical applications, material sensitivity is one of the
challenges in curing steps. Biomaterials, especially those
containing living cells or sensitive proteins, can be affected
by the curing process. It's crucial to choose a method that
doesn't harm these components. Achieving uniform curing
throughout the structure can also be challenging, espe-
cially for thicker or more complex geometries.

@ Springer

To optimize the curing step during inkjet printing, tun-
ing various parameters is essential. This includes adjusting
the curing time and intensity, ensuring it's neither too short
to leave the material uncured nor too long to degrade it. In
thermal curing, the temperature must be precisely controlled
to avoid thermal degradation while effectively curing the
material [46]. For chemical curing, the concentration of the
curing agent is critical, as an imbalance can lead to inad-
equate curing or alter the material's properties [47]. Different



Med-X (2024) 2:9

Page70f20 9

biomaterials have unique responses to curing processes.
Understanding the specific requirements of each material is
key. In bioprinting, for instance, maintaining cell viability
during and after the curing process is crucial. The curing
conditions must be optimized to ensure that the cells remain
alive and functional, without compromising the material's
integrity. Sometimes, additional post-curing treatments like
washing, drying, or the addition of bioreactors are required
to achieve the desired material properties and functions
[48]. After curing, assessing the mechanical, chemical, and
biological properties of the material can provide valuable
feedback for further optimization.

The curing process must be seamlessly integrated with
the printing process, especially in continuous printing
operations. Implementing real-time monitoring and control
systems can be beneficial in adjusting curing parameters
on-the-fly to achieve optimal results [36]. Otherwise, the
water-matrix, drop-drop, or layer-layer interactions should
be further studied to ensure product integrity since a com-
plex fluid-matrix interaction occurs during curing. These
interactions become even more complicated when particu-
lates are added to the hydrogels. However, the fundamental
mechanism is poorly understood. DOD printing processes
of hydrogel-based inks have primarily been developed
through time-consuming and labor-intensive trial-and-error
experiments.

Previously, dehydration of a DOD-printed polymer drop
and the interaction mechanism between the polymer matrix
and interstitial water during dehydration have been proposed
to predict the desired microstructure of printed hydrogels by
a dimensionless parameter #, defined as below [49] (Eq. 2:
Definition of water transport parameter).

h,, Water evaporation

n @

" D,,,/L. Interstitial water transport

where L_ is the characteristic length of the drop (the diam-
eter of the drop or pitch distance between drops), D,,,, is the
consolidation constant of the polymer, and h_m is the aver-
age mass transfer coefficient at the drop-air interface. This
dimensionless parameter represents the significance of water
evaporation concerning to interstitial water transport. As
E or L. increases or the D, decreases, the parameter will
increase, which suggests rapid evaporation or slow inter-
stitial water transport. The drop will be subjected to highly
localized shrinkage. On the contrary, as h_m or L. decreases
or the D_,, increases, the parameter implies that the inter-
stitial water transport occurs rapidly so that the drop will
experience less of a deformation gradient and spatially uni-
form matrix microstructure. Moreover, multi-drop dehydra-
tion that considers drop-drop interaction during curing based
on the above theoretical model was further studied. Both
experiments and simulations were performed to establish the

mechanism of the water-matrix interaction during the curing
of hydrogel drops [50], as shown in Fig. 4A, B.

Additionally, when the particulates are added, the trans-
port processes of water and particulates within hydrogel dur-
ing curing are also studied [51]. In this study, a dimension-
less similarity parameter was introduced, determined by the
particle size, hydrogel’s water evaporation coefficient, and
mechanical properties, defined below (Eq. 3: Definition of
particle transport parameter.

h h

m m

Deon / 4% D, /d,  Interstitial particle transport
L L,

3)

This is by assuming interstitial particle transport is pro-
portional to the interstitial water transport. The parameter
represents the significance of the water evaporation with
respect to interstitial particle transport. Thus, it can be used
as a quantitative indicator of particle movement during the
curing and a predictor of the resulting intra-drop distribution
of particulates after curing. The results confirmed a scaling
law capable of guiding ink formulation and curing protocol
as demonstrated in Fig. 4C, D.

Furthermore, curing soft biomaterials for inkjet printing,
particularly when fabricating complex 3D structures, pre-
sents significant challenges due to the inherent mechanical
instability and fluid dynamics of such materials. One new
approach deposits ink directly into a support bath as opposed
to a traditional printing platform. This helps prevent con-
structs from settling and collapsing [52].

In summary, the optimization of the curing step in inkjet
printing of biomaterials is a complex and multifaceted pro-
cess. It involves a careful balance of curing parameters,
material compatibility, environmental conditions, post-
curing treatments, and integration with the overall printing
operation [53]. This optimization is crucial for achieving the
desired material properties and ensuring the success of the
final printed product, particularly in sensitive applications
like the 3D printing of hydrogel.

Water evaporation

rlp=

Emerging biomedical advances
Inkjet printing of hydrogel in tissue engineering

Tissue engineering has long been at the forefront of regen-
erative medicine, aiming to restore, maintain, or enhance
tissue and organ functions. This is a multidisciplinary field
that seeks to develop biomimetic structures, replicating the
intricate architecture and function of native tissues [54].
Hydrogels, with their high water content, biocompatibil-
ity, and tunable mechanical properties, have emerged as
a choice material for such scaffolds due to their structural

@ Springer
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Reprinted from [50] with permission from Elsevier; B Computational dilatation results showing the effect of curing temperature on adjacent
dropwise gelation of printed drops. Reprinted from [50] with permission from Elsevier; C Correlation between experimental particle distribution
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similarity to the native ECM and their ability to support
cell growth and differentiation [53]. Recent advancements
in hydrogel inks have significantly enhanced the capabilities
of inkjet printing in tissue engineering. Innovations in ink
formulations, such as the incorporation of natural polymers
or synthetic hydrogels, have improved printability and bio-
compatibility [33, 55]. The development of inks with self-
healing properties or temperature-responsive behavior has
also opened new avenues for creating more complex and
functional tissue constructs [56].

The true potential of hydrogels in tissue engineering is
being realized through the integration of advanced manu-
facturing techniques, notably inkjet printing. When applying
inkjet printing of hydrogels in tissue engineering, allows for
the precise patterning of cells, growth factors, and other bio-
active agents, creating 3D constructs that closely mimic the
spatial heterogeneity of natural tissues [57]. This precision
is particularly crucial in engineering complex tissues, where
cellular arrangement, matrix composition, and mechani-
cal properties need to be meticulously orchestrated. The

@ Springer

integration of inkjet printing and hydrogels in tissue engi-
neering has opened new avenues for research and innovation.
From creating vascularized tissues [58] to multi-material
constructs with gradient properties [59], the possibilities
are broad and promising. Furthermore, with the continuous
evolution of both hydrogel formulations and printing tech-
niques, there is an ever-growing potential to address some
of the most pressing challenges in regenerative medicine.
Inkjet printing technology has shown significant promise
in the fabrication of organoids and spheroids, which are the
most basic tissue models in tissue engineering. The ability
of inkjet printing to precisely deposit cells and biomateri-
als layer by layer allows for the creation of complex, three-
dimensional structures that closely mimic the architecture of
natural organs [60]. This precision is crucial for developing
organoids and spheroids with specific cellular compositions
and spatial arrangements, which are essential for replicating
the function of native tissues. The integration of various cell
types within hydrogel matrices using inkjet printing has led
to the development of more physiologically relevant tissue



Med-X (2024) 2:9

Page9of20 9

models, advancing the field of organ transplantation and
regenerative medicine. Furthermore, the droplet-based print-
ing applied to microarrays can be used for high-throughput
spheroid and tissue formation/culture, which can ultimately
improve assay throughput and reproducibility for high-
throughput, predictive screening of compounds [16, 61, 62].

Vascularization is another critical aspect of tissue engi-
neering, as it ensures the supply of nutrients and oxygen
to engineered tissues. Inkjet printing has been instrumen-
tal in creating intricate vascular networks within hydrogel
constructs [63]. By accurately depositing vascular cells and
endothelial growth factors within hydrogels, inkjet printing
facilitates the formation of capillary-like structures [64].
This capability is vital for engineering larger tissue con-
structs, as it addresses the challenge of nutrient diffusion,
which is a major limitation in tissue engineering [65]. The
development of vascularized tissue constructs through inkjet
printing holds great potential for creating fully functional
organ replacements.

Inkjet printing of hydrogels has also found significant
applications in disease modeling, particularly in cancer
research and tumor modeling. As shown in Fig. 5A, a study
demonstrated a printed human-glioblastoma-on-a-chip that
reconstituted the glioblastoma tumor consisting of patient-
derived tumor cells, vascular endothelial cells, and decel-
lularized extracellular matrix from brain tissue in a com-
partmentalized cancer—stroma concentric-ring structure that
sustains a radial oxygen gradient while also recapitulating
the structural, biochemical and biophysical properties of the
native tumors [66]. The technology allows for the fabrication
of three-dimensional tumor models that replicate the com-
plex microenvironment of cancerous tissues with cell—cell,
cell-matrix, and cell-fluid interactions relevant to the tumor
microenvironment (TME) in vivo [63]. By precisely control-
ling the spatial distribution of cancer cells and surrounding
stroma within hydrogels, inkjet printing enables the creation
of more accurate and reproducible tumor models compared
to traditional two-dimensional cultures [63]. Additionally, a
study has developed a new method to rapidly create tumor
models with tumor-stroma interface at extremely high cell
density, so-called tumoroid, by inkjet printing of multi-line
bioinks [67]. The mechanism of the method is that cellular
contractile force can significantly remodel the cell-laden
polymer matrix to form densely packed tissue-like con-
structs, as illustrated in Fig. 5B. Moreover, a new concept
of digital cell printing is demonstrated to create more com-
plex structures beyond the current 3D printing of hydrogel
techniques. This advancement is pivotal for creating a more
reliable therapeutic screening platform for preclinical drug
evaluation, drug delivery, tumor cell metabolism, signaling
pathways, role of integrins and fibronectin.

Apart from cancer modeling, inkjet printing of hydro-
gels has been used to create multi-layer models of lung cells

to aid in the understanding of diseases such as pulmonary
fibrosis as well as how lung tissue reacts to inhaled fine par-
ticulates. This technique has been demonstrated both in an
organ-on-a-chip context as well as in a simple multi-layer
contained print using a combination of collagen-based inks
as well as inks based on cell culture media [68, 69]. In this
work, researchers were able to print up to three layers of
varying lung tissue types to create their models, which were
found to have significantly increased gene expression as
compared to the more traditional 2D cell models. The abil-
ity to directly print lung disease models that exhibit similar
behavior to real tissue paves the way for an improved under-
standing of these diseases and how they may be treated. In
addition to the study of diseased tissue, further work was
conducted to better understand the behavior of lung tissue
in the presence of inhaled debris such as dust. These printed
lung tissues were found to exhibit similar behavior to natu-
ral alveolar tissue when exposed to these materials, further
demonstrating their ability to mimic natural lung tissue [70].
As inkjet printing cannot be used with high-viscosity
materials owing to limitations on jetting ability, it has limited
use in the creation of large-scale 3D structures. However, it
has been combined in recent years with more traditional
forms of 3D printing, primarily melt electrowriting. This
technique combines heat-based extrusion with the presence
of an electric field to promote adhesion to a printing sur-
face. This method has been used to print a scaffold structure
onto which an inkjet-printed bioink is deposited and used
to seed the scaffold structure with cells [71]. This method
has seen increasing use, particularly for the creation of bone
and cartilage-related models [72—-74]. While this has been
its predominant use, the technique has also been utilized to
create heart models. One study found that it was possible to
print mature cardiac cells onto a prepared printed scaffold
which, after culturing, contracted in a comparable way and
speed to that of normal tissue [75]. This method allows both
printing methods to contribute their unique strengths, with
the high throughput of extrusion-based printing which lacks
precision coupled with the high precision and controllability
of inkjet which cannot make significant 3D structures.
Overall, by precisely controlling the deposition of hydro-
gels laden with therapeutic agents, growth factors, or cells,
inkjet printing facilitates the development of customized
therapies tailored to individual patient needs. For instance,
engineered tissues can be designed to promote wound heal-
ing by delivering bioactive compounds that stimulate tis-
sue regeneration or serve as disease models for testing drug
responses. Furthermore, the ability to integrate multiple
cell types into defined patterns within hydrogels allows for
the creation of more physiologically relevant tissue models,
enhancing the understanding of disease mechanisms and
enabling more effective drug screening platforms. The layer-
by-layer precision of inkjet printing enables the creation of
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tissue constructs with embedded cells and bioactive mole-
cules, offering targeted and localized tissue repair and regen-
eration. These living constructs can be leveraged to heal
chronic wounds, replace damaged cartilage, or even restore
organ function, providing a more natural and effective solu-
tion than traditional treatments. As such, inkjet printing of
hydrogels not only holds promise for advancing regenerative
medicine by providing solutions for tissue replacement and
repair but may also play a pivotal role in the development of
personalized medicine, where treatments are optimized for
individual patient profiles, thereby improving therapeutic
outcomes and reducing healthcare costs.

The future of inkjet printing in tissue engineering is
geared toward enhancing the complexity and functionality of
printed constructs. Ongoing research is focused on improv-
ing the resolution of printing, developing more advanced
hydrogel inks, and integrating multiple cell types to cre-
ate more sophisticated tissue models [16]. The potential to
print entire organs for transplantation remains a long-term
goal. Additionally, the integration of sensors and monitor-
ing systems within printed tissues could provide real-time
insights into tissue function and response to treatments.
As the biomaterial inks become more complex, however,
an increased difficulty in printing may arise. Studies have
shown that the aggregation of cells and other ink additives
can become sufficient to clog the nozzle during long prints
resulting in decreased print quality or the inability to print
entirely [76]. Although this phenomenon can be mitigated to
some degree using inkjet circulation or by ink additives such
as polyvinylpyrrolidone, the pursuit of enhanced ink addi-
tives and capabilities must be carefully balanced to ensure
that printability remains sufficient to allow a high level of
architecture control [77].

Inkjet printing of hydrogel in drug delivery

Drug delivery systems have always been at the nexus of
pharmaceutical research, aiming to optimize therapeutic
outcomes by ensuring precise dosage, targeted delivery, and
controlled release of active pharmaceutical ingredients [78].
In this context, hydrogels, with their unique physicochemi-
cal properties, biocompatibility, and ability to encapsulate
and release bioactive molecules in a controlled manner, have
emerged as a promising material for developing advanced
drug delivery platforms [79]. Their biocompatibility, tun-
able physicochemical properties, and capacity to respond to
external stimuli make them particularly suited for delivering
a wide range of therapeutics, from small molecules to large
biologics.

3D printing has emerged as a transformative technology
for drug delivery applications due to reasons such as per-
sonalized medicine, on-demand production, complex dos-
age forms, and reduction in costs. Among all the printing

methods, inkjet printing, a digital manufacturing technique
renowned for its precision, versatility, and scalability, offers
the potential to create customized drug delivery devices with
unparalleled precision in drug loading and spatial distribu-
tion. It could not only customize and tailor drug dosages
according to the specific needs of a patient [80, 81] but also
allow drug delivery systems with specific release profiles
[82, 83], such as delayed or sustained release, as shown in
Fig. 6A. This is of importance in scenarios where a gradi-
ent of drug concentration (as demonstrated in Fig. 6B) or
co-delivery of multiple therapeutics in defined ratios can
enhance therapeutic outcomes [81].

Inkjet printing of hydrogels has emerged as a revolu-
tionary approach in the development of controlled and
sustained-release drug-delivery systems [79, 82, 83]. This
technology enables the precise deposition of therapeutic
agents within hydrogel matrices, allowing for the fine-tuning
of drug release profiles. The versatility of inkjet printing in
manipulating the composition, structure, and geometry of
hydrogels results in customizable release kinetics, which can
be tailored to meet specific therapeutic needs. For instance,
the gradual degradation of hydrogel structures can be engi-
neered to achieve a sustained release of drugs over extended
periods, reducing the frequency of drug administration and
improving patient compliance [2]. This approach is par-
ticularly beneficial for chronic conditions where long-term
medication is required.

The precision of inkjet printing in hydrogel fabrication
offers significant advantages in targeted drug delivery. By
controlling the spatial distribution of drugs within hydrogels,
inkjet printing facilitates the localized delivery of thera-
peutics to specific sites within the body [84], minimizing
systemic side effects. This targeted approach is particularly
valuable in cancer therapy, where it is crucial to deliver high
concentrations of chemotherapeutic agents directly to tumor
sites while sparing healthy tissues. Additionally, the incor-
poration of targeting ligands or antibodies into hydrogel for-
mulations can further enhance the specificity of drug deliv-
ery, ensuring that therapeutics are preferentially released at
the desired target sites.

Moreover, inkjet-printed hydrogels are designed to
release drugs in response to specific physiological stim-
uli, such as pH changes, temperature fluctuations, or the
presence of certain biomolecules [85, 86]. The incorpora-
tion of responsive materials into hydrogel matrices ena-
bles the creation of smart drug delivery systems that can
autonomously regulate drug release based on the body's
needs. For example, pH-sensitive hydrogels can be used
to release drugs in response to the acidic environment of
tumors or inflamed tissues [87]. Magnetic hydrogels show-
ing magneto-responsiveness can facilitate drug release
in response to a magnetic field, which has been used in
hyperthermia treatment [88]. These responsive systems
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hold great promise for improving the efficacy and safety
of treatments, particularly in the management of diseases
with dynamic and complex pathologies.

The future of inkjet-printed hydrogel drug delivery sys-
tems lies in further enhancing their precision, responsive-
ness, and biocompatibility. Advances in ink formulations,
printing technologies, and material science are expected to
enable the fabrication of more complex and multifunctional
hydrogel systems. The integration of biosensors within
these systems could provide real-time monitoring of drug
release and tissue responses [89], paving the way for person-
alized and adaptive drug delivery strategies. Additionally,
the exploration of novel stimuli-responsive materials and
targeting strategies will expand the capabilities of inkjet-
printed hydrogels in addressing a wide range of therapeutic
challenges.

@ Springer

Inkjet printing of hydrogels for bioelectronics

In the rapidly evolving landscape of bioelectronics, the
integration of hydrogels with electronic components has
emerged as a groundbreaking approach, bridging the gap
between rigid electronics and soft biological tissues [90].
Hydrogels, with their high water content and biocompat-
ibility, mimic the physiological environment, making them
ideal candidates for bioelectronic interfaces [91]. The emer-
gence of 3D printing has further revolutionized this domain
in fabricating hydrogel-based bioelectronic devices. Due to
their superior softness, responsiveness, and biocompatibil-
ity, hydrogels are being intensively investigated for versatile
functions in stretchable devices and machines, including,
actuators, electronics, and water harvesters. A field named
hydrogel machines has rapidly evolved [92], exploiting
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hydrogels as key components for devices and machines,
as displayed in Fig. 7. On top of that, the true potential of
hydrogel-based bioelectronics has been unlocked with the
advent of inkjet printing technology.

Inkjet printing has emerged as a prevalent technique for
free-form, high spatial resolution, and multiple materials
deposition in printed electronics [93]. When applying hydro-
gels in the realm of bioelectronics, allows for the deposition
of minute droplets to create complex patterns and structures,
enabling the fabrication of devices with high spatial resolu-
tion. This is particularly crucial for bioelectronic applica-
tions where the precise placement of sensors, electrodes,
or bioactive compounds can significantly enhance device
performance. From wearable devices that monitor physi-
ological parameters to implantable devices that modulate
neural activity, the combination of inkjet printing and hydro-
gels is paving the way for a new generation of bioelectronic
devices [94]. These devices are not only more adaptable and
user-friendly but also offer the potential for individualized
treatments tailored to a patient's specific needs.

Inkjet printing allows for the precise patterning of con-
ductive hydrogels that can be used to create flexible and
stretchable electronic circuits, which are integral to the new
generation of medical devices. These bioelectronic devices,
ranging from biosensors to implantable electrodes, benefit
from the inherent biocompatibility and soft mechanics of
hydrogels, ensuring minimal invasiveness and enhanced
integration with biological tissues. Inkjet-printed hydrogel
bioelectronics can be tailored for real-time monitoring of

C Micro- and nanocomposite hydrogels

physiological signals with high sensitivity and specificity,
offering new avenues for patient monitoring and diagnostics.
Furthermore, the versatility of inkjet printing enables the
incorporation of various functional materials into hydrogels,
allowing for the fabrication of devices that can sense, stimu-
late, or even treat tissues through electrical signals. Inkjet
printing of hydrogels for bioelectronics represents a trans-
formative approach in the medical device industry, promis-
ing to enhance the efficacy and comfort of future healthcare
solutions.

Additionally, hydrogel sensors and actuators have been
extensively reviewed [95]. The working principle of hydro-
gel-based soft actuators is that the hydrogel has the swell/
shrink capability depending on the water content, which
allows various actuations and motions. This water content
is responsive and sensitive to multiple external stimuli, such
as heat, electricity, magnetism, strain, pH, and chemical
reactions, making them ideal for wearable or implantable
sensors. A study demonstrated the use of inkjet printing to
create a hydrogel-based glucose sensor [96]. The sensor was
able to detect glucose levels in real-time and was biocompat-
ible for implantation. Another study highlighted the creation
of a neural interface using hydrogel that could both record
neural signals and stimulate neurons [97]. Similarly, their
optimized swelling/shrinkage properties can be used as sen-
sors to convert external stimuli into electromechanical sig-
nals [98]. In addition, more and more studies have attempted
to enhance the electrical conductivity of hydrogels, which
have been used to achieve various hydrogel electronics [99].

E Conducting polymer hydrogels

Patterned electroé

Fig. 7 Hydrogel electronics based on (A) the addition of ionic salts in the hydrogels to achieve ionically conductive hydrogels and one of its
examples (B) touch pad. C The incorporation of electrically conductive micro or nanocomposites to endow electronic conductivity and one of its
examples (D) skin patches enabled by incorporating wavy titanium wires in PAAmalginate hydrogel. E The introduction of conducting polymers
into the polymer networks of hydrogel to enhance electronic conductivity and one of the examples (F) patterned PEDOT:PSS hydrogel elec-

trode. Modified from [92] with permission from Elsevier
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The field of hydrogel machines will ultimately replace or
complement or replace many conventional devices based on
rigid materials by integrating hydrogels that can potentially
minimize physical and physiological mismatches with bio-
logical organs and tissues.

Soft robotics are made with soft and compliant materials
and are often inspired by biological structures to achieve
desired flexibility and adaptability to dynamic environments
[100]. Hydrogel materials allow the mobility of soft robots
in dynamic environments because they can passively deform
and adapt to the surrounding shape. Additionally, soft robots
possess high impact resistance because they distribute stress
over a large area. Advances in hydrogels and inkjet printing
technologies have enabled the design of soft robots with
sophisticated capabilities, such as grasping a fragile object
[101] or moving on various shapes of substrates [102].

Soft robots serve as a promising approach in the biomedi-
cal area [103]. For example, in minimally invasive surgery
and endoscopy, robots operate inside a live body and physi-
cally contact a patient. Recently, Hu et al. have developed a
soft small-scale robot that can roll into an ex-vivo chicken
tissue [104]. Moreover, soft robotics can be used in human
body rehabilitation (e.g., knee, foot, hand, etc.) and assis-
tance. A powerful example is provided by the I-support arm
designed to help older people with shower tasks [105], such
as bathing.

In the last few years, a growing interest in additive manu-
facturing (AM) technologies has been broadly utilized in
soft robotics. Because of several intrinsic attributes of AM,
such as the possibility to fabricate objects with very complex
geometries and the ability to use multiple materials in a sin-
gle printing process. Besides, the expansion of the materials
also accelerates the growing need for AM of soft materials.

In direct inkjet printing, inkjet printheads jet the liquid
resins onto the substrate before solidifying. One of the
advantages of inkjet printing is the simultaneous deposition
of multi-materials. Therefore, a printed part can have selec-
tive mechanical properties, opacities, and colors [106]. For
example, a robot can be constructed with inkjet materials
with different mechanical stiffness (i.e., elastic modulus),
enabling a programmable mechanical response [107] to tem-
perature, electrical stimuli, or oscillating magnetic fields.
Umedachi et al. have designed a soft worm with variable
friction feet [108], enabling worm-like locomotion through
repeated tendon actuation. However, other soft robotic appli-
cations require even softer and more stretchable materials
than commercially available inkjet materials. In addition,
the physics of droplet deposition and formation needs more
in-depth studies, including processing conditions, ink formu-
lation, and water-matrix interaction, which ultimately affect
the qualities of printed products.

Compared to traditional fabrication methods, inkjet print-
ing offers more freedom to design complex geometries and
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enables the production of components that combine multiple
materials. Using this principle makes it possible to create
mechanical devices combining soft deformable parts with
more rigid elements, suitable for fabricating hybrid soft-
rigid robotic systems, benefiting both from soft-compliant
elements and structural reinforcements.

Conclusion and discussion

Inkjet printing of hydrogels has emerged as a pivotal tech-
nology in the realm of biomedical engineering, offering
unparalleled precision and versatility in fabricating complex
tissue constructs. This review has explored the multifaceted
applications of this technology, particularly in the devel-
opment of tissue engineering, vascularization strategies,
disease models, drug delivery systems, and bioelectronics.
The critical aspects of ink selection, jetting behavior, and
the optimization of printing parameters are also reviewed.
This includes considerations like viscosity, surface tension,
and curing mechanisms, which are essential for achieving
desired structural and functional properties in the printed
constructs.

The ability of inkjet printing to precisely deposit cells and
biomaterials has been instrumental in tissue engineering,
including creating organoids, spheroids, vascular networks,
and tumor models [18, 109]. These 3D structures mimic
the microenvironment of human tissues, providing a more
accurate platform for studying disease progression and drug
response. The application of inkjet printing in creating dis-
ease models, particularly for cancer research, has opened
new avenues for understanding tumor biology and testing
therapeutics. The technology allows for the fabrication of
tumor models with controlled microenvironments, enabling
the study of cancer cell behavior and drug efficacy in a more
physiologically relevant context.

Inkjet printing has also been utilized in developing novel
drug delivery systems, including controlled and sustained
release systems, targeted drug delivery, and responsive drug
delivery systems [110]. The precision of inkjet printing
allows for the fabrication of delivery systems with specific
geometries and compositions, enabling more effective and
targeted therapeutic interventions.

Compared to traditional tissue engineering methods, 3D
printing offers unique benefits, including the ability to con-
trol the microenvironment of cells with high resolution. This
control is essential for directing cell behavior, differentia-
tion, and maturation into functional tissues. Unlike scaffold-
based or self-assembly approaches, 3D printing can create
predefined structures with vascular networks, enabling the
engineering of thicker, more complex tissues with their
nutrient supply systems. To maintain these advantages, the
field must focus on developing inks that support cell growth
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and differentiation while remaining printable. Additionally,
integrating sensors within printed constructs to monitor
tissue development and health in real-time could further
enhance the capabilities of printed tissues.

Challenges and opportunities

Despite the potential advantage, designing the DOD printing
process for hydrogel materials remains heuristic due to the
intricate properties of hydrogels and the complex require-
ments of 3D printing. Challenges primarily arise from con-
trolling viscosity and rheology. Hydrogels often exhibit
complex rheological behaviors, requiring precise adjust-
ments to ensure smooth ejection through the nozzles while
maintaining the structural integrity of the printed material.
Another significant challenge is maintaining the viability
and functionality of cells when printing hydrogels that con-
tain living cells. Additionally, the mechanical properties of
hydrogels, such as strength and elasticity, also pose chal-
lenges as they must be tailored to match the specific require-
ments of the intended application, a task complicated by the
inherently soft and porous nature of hydrogels.

The process of curing or crosslinking the hydrogel after
printing requires careful control. However, there is a limited
mechanistic understanding of the behavior of polymer drops
after deposition, as most DOD printing studies have focused
on finding reliable jetting conditions for a given polymer
ink [111, 112]. The complex fluid-matrix interaction during
curing, which determines the functional properties of the
printed hydrogel products, is poorly understood. Although
the evaporation of sessile drops and colloidal drops (i.e.,
liquid drops where insoluble particles are suspended) has
been studied extensively [113], the evaporation of liquid or
colloidal drops is not directly relevant to the dehydration of
polymer drops due to the porous polymer matrix and subse-
quent fluid-matrix interactions. Furthermore, the interaction
becomes more complicated when particulates, such as metal
particles, biological cells, and drug compounds, are added
to the hydrogel, limiting DOD printing of hydrogels to trial-
and-error approaches.

Previous studies have investigated single-drop and multi-
drop dehydration that considers water-matrix and drop-drop
interactions during the curing process [49, 50]. An extensive
study proposed a scaling law for the prediction of the parti-
cle transport within the hydrogel during curing to enable the
controllable particle distribution within printed hydrogels
[51]. However, this study purely assumes that particle trans-
port resembles interstitial water flow. Studies under practical
conditions are still needed to give us a better understanding
of particle transport within the hydrogel. For example, pore
size and distribution of the polymer matrix play a crucial
role in determining how particles move. Polymer-particle

interactions, including hydrophobicity and hydrophilicity,
can also influence particle transport. Swelling and shrinking
of the porous polymer matrix also changes the pore structure
dynamically. Therefore, particle transport within hydrogels
is a research gap that needs to be addressed. It is possible
that a machine learning model could be trained on simula-
tions of printed hydrogels and then used to better predict
and design future DOD printing experiments. The use of
machine learning in inkjet printing is not a novel idea and
has already been demonstrated with some success in work
aiming to predict the cell content of a given printed droplet
[114]. Though additional work is needed to fully determine
the feasibility of this idea, it has the potential to yield sig-
nificant improvements in the inkjet printing of hydrogels.

Moreover, integrating 3D printing of hydrogel with
another rapidly advancing technology, artificial intelligence
(Al), offers opportunities to revolutionize the field of tis-
sue engineering and regenerative medicine [115]. Al can
optimize 3D printing parameters for individual patients,
predicting the best tissue constructs for repair or disease
modeling. Al may also be able to predict the behavior of
various materials under different conditions, aiding in the
selection of the most suitable biomaterials and bioink formu-
lations for specific applications. Al's flexibility allows it to
be integrated with other technologies, such as microfluidics
for creating complex tissue models with precise control over
the microenvironment, or augmented reality for visualizing
the 3D printing process in real-time. This integration not
only promises to advance the field of regenerative medicine
but also opens new possibilities for drug testing, disease
modeling, and personalized medicine.

Overall, inkjet printing of particulate-laden hydrogels
holds significant promise in advancing biomedical applica-
tions [116]. Its ability to fabricate complex, multi-cellular
structures with high precision makes it a valuable tool in
tissue engineering, disease modeling, and drug delivery.
Challenges include the need for precise control of viscosity
and rheology to ensure smooth ejection and structural integ-
rity, and the maintenance of cell viability during and after
printing. Achieving high resolution and accuracy in printed
structures, while tailoring the mechanical properties of
hydrogels to match application-specific requirements [117].
Moreover, the curing and crosslinking process must be care-
fully managed to balance structural stability with cell health
and achieve the desired particulate pattern post-printing and
curing. Addressing these challenges requires a multidiscipli-
nary approach, combining insights and advancements from
material science, biology, engineering, and technology. The
design, synthesis, and testing of inkjet printing for bioap-
plications is not a simple task. Coupling the complexity of
jetting liquids with the necessary considerations to print cul-
tured cell solutions presents an involved process that cannot
be taken for granted. These difficulties may restrict future
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work in inkjet printing of hydrogel solutions to some degree
owing to issues with ink formulation or physical limits on
viscosity or other material properties. Despite these chal-
lenges, as the technology continues to evolve, inkjet printing
of particulate-laden hydrogels is expected to play an increas-
ingly vital role in a wide range of biomedical applications,
including personalized medicine and advanced therapeutic
strategies.
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