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Abstract
Three-dimensional (3D) bioprinting technology is one of the most advanced 
techniques currently applied in tissue engineering and regenerative medicine and 
has developed rapidly in the past few years. Despite many breakthroughs, there are 
still several challenges of 3D bioprinting technology awaiting to be addressed, and 
one of them is the urgency of optimizing bioinks (natural or synthetic hydrogel), 
which are critical elements in 3D bioprinting, for specific properties. Different from 
traditional hydrogels, microgels, which are a new type of bioink, are micron-sized 
gels with excellent mechanical and biological properties, which make them great 
candidates for applications in 3D bioprinting. Different from the dense and limited 
pore size of traditional hydrogels, the pore structure of microgel is adjustable, enabling 
better cell loading before 3D bioprinting, and the printed pores are conducive to 
the exchange of metabolic substances and cell migration. The “bottom-up” modular 
microgel has stronger customizable characteristics, and it can freely adjust its 
mechanical properties, such as hardness, toughness, and rheological properties. In 
this review, we review the application of microgels in the field of biomedicine and 
discuss the future development of microgels in 3D bioprinting.
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1. Introduction
Tissue engineering and regenerative medicine address tissue loss issues arising from 
disease or injury, and three-dimensional (3D) bioprinting has manifested a huge potential 
in addressing this issue in recent years[1,2]. 3D bioprinting is a technique conducted by 
coding machines with the ideal goal of reproducibly manufacturing high-precision, 
biologically active customized tissue or organ structures[3,4]. So far, various 3D bioprinting 
strategies have been developed to achieve this goal, including stereolithography, inkjet 
bioprinting, laser-assisted bioprinting, extrusion-based bioprinting, and electrospinning-
based bioprinting[5-9]. Different 3D bioprinting strategies have their own advantages and 
disadvantages[10]. For example, the stereolithographic printing strategy is able to reduce 
shear forces applied on cells during high-resolution (1 μm) bioprinting, thus ensuring 
cell viability. However, using this strategy, light is difficult to uniformly pass through the 
material, leading to uneven crosslinking[6,11].Inkjet printing strategy is relatively low-cost, 
but it can only produce constructs with a lower cell density, and the printable bioinks that 
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can be used for this strategy have a limited range of viscosity 
(3.5–12 mPa·s)[5,6,12]. Laser-assisted bioprinting strategy 
allows for the application of bioinks with a wider range of 
viscosity (1–300 mPa·s) and can print products with high 
resolution and high cell viability. However, this technology 
is relatively immature and costly[7,13-15]. Electrospinning 
strategy allows for continuous or discontinuous 3D 
bioprinting, but fails to print products evenly owing to 
the charged jet stream[8,16-18]. Compared to the above 3D 
bioprinting strategies, extrusion-based printing strategy 
has several advantages: (i) it can print using bioinks with 
a wider range of viscosity (30 mPa·s to >6 × 107 mPa·s); 
(ii) it can produce constructs with higher cell density (>108 
cells/mL to cell spheroids); (iii) it can continuously extrude 
bioinks (making it easier to build products with good 
integrity); and (iv) it has a relatively simple instrument 
system that is easy to operate. However, extrusion-based 
printing is limited by its slow printing speed and extrusion 
that causes a reduced cell viability[9,10,19-21].

Bioink is one of the most important factors in achieving 
successful 3D bioprinting, as it almost determines the 
effectiveness of 3D bioprinting in constructing engineered 
tissues and organs[22,23]. For 3D bioprinting, bioink needs to 
possess both mechanical and biological properties. These 
ensure that the bioink can print stable, intact 3D structures 
while ensuring that the printed structures can support 
cell adhesion and proliferation[24]. Gel-based bioinks 
are the most widely used materials in 3D bioprinting. 
Currently, there are various gel-based bioinks used in 
3D bioprinting, including alginate, fibrinogen, gelatin, 
collagen, chitosan, hyaluronic acid, methacrylated gelatin 
(GelMA), polyethylene glycol (PEG) and decellularized 
extracellular matrix (dECM)[10,23,25,26]. Both natural and 
synthetic single-component gels have certain limitations. 
Traditional hydrogels are crosslinked to form a continuous 
volume (bulk hydrogel), with external dimensions equal to 
or greater than millimeter scale, and internal pores at the 
nanometer scale. As a result, the limitations of traditional 
hydrogels as bioinks mainly lie in their inferior printing 
resolution and cell culture activity compared to microgel. 
The size of microgel is in the micrometer range, which is 
conducive for injection or printing and enable printing of 
smaller constructs. Moreover, the internal pores or gaps 
within microgel are also in the micrometer range, which 
is favorable for cell growth and biological behavior such as 
proliferation, differentiation, and migration. Additionally, 
the unique rheological properties of microgel can protect 
encapsulated cells from shear forces during the printing 
process[10,22,27,28]. On the other hand, the heterogeneity of 
microgels enables it to realize multi-layered and multi-
component 3D structures in a single print. Microgels can 
also act as rigid hydrogel networks and form reciprocal 

networks with single-component hydrogels to enhance the 
various properties of single-component hydrogels.

In order to address the shortcomings of gels as bioinks, 
many efforts have been made to improve gels by adding 
nanoparticles or using multi-component gels as bioinks. 
While this has resulted in improved properties in the 
printed products, these bioinks are still not widely used 
in 3D bioprinting due to their complex design and poor 
generalizability[25,29-31].

In order to address the challenges of traditional 
hydrogels as bioink in 3D bioprinting, many researchers 
have turned their attention to a new emerging bioink 
called microgel. Microgels are water-based microgels 
with diameters in the micrometer range that are 
assembled in a manner similar to hydrogels through 
processes such as dense packing or jamming. Because the 
physical interactions between particles are weaker than 
the covalent bond interactions within particles, microgel 
can still yield to flow when external forces overcome 
interparticle friction during printing, while the physical 
interactions between particles are restored after printing, 
allowing the printed structure to maintain integrity. 
Thanks to the covalent bond interactions within the 
particles, microgels remain intact throughout the process 
and protect encapsulated cells from damage caused by 
high shear stresses, further improving the stability of 
3D bioprinting[32,33]. Microgels have been reported to 
be compatible with a variety of material formulations, 
including hyaluronic acid, agarose, PEG, chitosan, 
and gelatin. Additionally, their mechanical properties 
and stretchability can be improved through secondary 
crosslinking strategies[33].

Due to their unique dynamic structure, excellent 
biocompatibility, and adjustable mechanical properties, 
microgels are emerging as a new star player in the field of 
3D bioprinting and have a huge potential in the biomedical 
field. In this review, we briefly introduce the characteristics 
and preparation strategies of microgel. Then, we focus 
on the use of microgels to construct 3D objects in the 
biomedical field. Finally, we summarize the challenges 
faced and discuss how to further utilize these microgels for 
3D bioprinting.

2. Strategies for preparing microgels
Hydrogels possess high water content and characteristics 
similar to extracellular matrix, which are the attributes 
leading to their widespread use in the field of 3D 
bioprinting. Hydrogels form polymer networks through 
physical or chemical crosslinking, with internal pore sizes 
at the nanoscale level. This limits their biocompatibility 
as a bioink and hinders cell adhesion, migration, and 
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proliferation[34-36]. In an alternative strategy, hydrogels can 
be fabricated into microspheres of various micron sizes, 
known as microgels. Generally, the strategies for preparing 
microgels are classified into batch emulsion, microfluidic 
technique, photolithography, electrostatic spraying, and 
mechanical crushing (Table 1).

2.1. Batch emulsion
The batch emulsion method utilizes an immiscible oil and 
water gel precursor solution to produce microgel. The 
basic process involves the mixing of a water gel solution 
(containing an initiator) with oil in a container, and the 
mixture is mechanically stirred to homogenize the solution 
and ultimately produce microgel encapsulated by the oil 
phase. The degree of mixing, duration, and intensity 
of mechanical force all influence the particle size and 
dispersion of the microgels. Following the production of 
the microgels, crosslinking is typically performed through 
the use of photopolymerization, after which the oil phase 
is removed through steps such as washing, centrifugation, 
and filtration to obtain usable microgels. Overall, this 
microgel production method is simple and efficient, with a 
high production rate. However, some of its drawbacks are 
the microgels produced having a particle size coefficient 
of variation >10%[37] and the poor dispersion, which can 
be improved by continuous filtration of a highly disperse 
microgel suspension through a filter, as proposed by 
Truong et al., to obtain more monodisperse suspensions[38].

2.2. Microfluidic technique
Microfluidic technique involves guiding the flow of oil 
and water phases at a cross junction to achieve controlled 
formation of microgels. Shear force and hydrophobic 
interactions induce the formation of water droplets 
within the oil phase[27]. By changing the geometric shape 
of the intersection and the relative velocities between the 
two phases, the diameter of microgels (5–500 μm) can be 
controlled[39]. By maintaining stable relative velocities, 
highly monodisperse microgel suspensions with 
excellent dispersity indices (1%–2%) can be obtained[40]. 
One limitation of the microfluidic technique is the low 
production rate. To address this issue, Kamperman et al. 
developed an air microfluidic strategy in which two 
microscale liquid flows are sprayed together and collide, 

ultimately forming microgels with a production rate that 
is 10–100 times faster than the traditional microfluidic 
strategies[41]. In addition to air-based microfluidic 
strategies, the use of multi-array high-throughput 
microfluidic chips is also an effective approach to improve 
the production rate of microgels[42]. For example, Chung 
et al. developed a multi-layer integrated microfluidic 
droplet generator that can produce a large quantity of 
highly uniform microgels[43]. This strategy allows for 
precise control of the number of cells in each microgel, 
even down to the single-cell level, by controlling process 
parameters such as the particle size and density of cells 
in the precursor solution. Additionally, high-throughput 
generation of cell-laden microgels can be achieved 
through parallelized channels[44,45]. Furthermore, 
high-throughput centrifugal microfluidic technique is 
another emerging method for mass-producing hydrogel 
microspheres[46,47]. The centrifugal microfluidic device 
can be easily assembled onto a conventional centrifuge, 
demonstrating high scalability and suitability for large-
scale production of hydrogel microspheres[48].

2.3. Photolithography
Photolithography techniques can be broadly categorized 
into three types: imprint lithography, photolithography, 
and flow lithography. In the imprint lithography 
strategy, a hydrogel precursor is loaded into a mold with 
the desired microgel characteristics, and crosslinked, 
followed by solidification[49]. In the photolithography 
process, the precursor solution of hydrogel is selectively 
solidified by templated photomasks, ultimately resulting 
in the formation of microgel[50]. In the case of flow 
photolithography, the precursor solution of the flowing 
hydrogel is periodically solidified by a light mask, ultimately 
resulting in the formation of microgel[51]. The advantage of 
the photolithography method lies in its ability to precisely 
control the geometric shape and monodispersity of the 
microgel, but it is limited by the mold and has low yield. 
Currently, several methods have been developed to increase 
the yield of microgel produced through photolithography 
techniques, such as accelerating the curing rate of the 
hydrogel precursor, enhancing the intensity of the light 
source, or increasing the concentration of initiators[52,53].

Table 1. Comparison of different strategies used to manufacture hydrogel particles

Preparation strategies for HMPs Particle geometry Minimum size range Particle size coefficient of variation Productivity

Batch emulsion Spherical 1–10 μm[161] >10%[37] High

Microfluidic technique Spherical 5–10 μm[162,163] <2%[40] Moderate

Photolithography Controllable geometry <1 μm[164] <3%[165] Low

Electrostatic spraying Spherical 1–10 μm[166] >50%[167] Moderate

Mechanical crushing Irregular shape >20 μm[56] >5%[57] High
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2.4. Electrospray
The basic principle of the electrospray method is to establish 
an electric field between the metal needle and the receiving 
device, which enables the droplets to overcome the surface 
tension and be sprayed into the receiving device. After 
crosslinking, microgels are formed. The particle size of the 
microgels depends on the applied voltage, needle diameter, 
and flow rate[54]. This method can produce microgels 
with extremely small diameter (as small as 1 μm), but 
the dispersion of hydrogel microparticle suspensions is 
poor[55]. The electrospray method is less commonly used in 
the production of microgels.

2.5. Mechanical fragmentation
Mechanical fragmentation is a method of breaking down 
already formed hydrogel into microgel through physical 
means, such as using a fine wire mesh for forced mechanical 
fragmentation of the hydrogel[56], or using a rotary stirrer 
to break down crosslinked hydrogel into hydrogel–
microgel[57]. Mechanical fragmentation has an extremely 
high yield of microgel, but it is unable to accurately control 
the shape and size of microgel[27]. In 3D bioprinting, the 
batch emulsification and mechanical fragmentation 
methods are widely used due to their simplicity and fast 
production speed.

3. Strategies for assembling microgels
To prepare for 3D bioprinting, it is necessary to process 
the obtained microgel into printable microgel. The self-
assembly of these microgels can be facilitated through 
interparticle interactions, and the assembly strategies can 
be categorized based on the strength of these interactions. 
This classification system allows for a more efficient and 
targeted approach to the self-assembly process, thereby 
improving the overall success of the 3D bioprinting 
process. The advantages and disadvantages of the microgel 
assembly strategy are summarized in Table 2.

3.1. Gravity
Gravity packing is the most commonly used method 
to “jam” the microgel as a bioink (Figure 1A)[28]. In the 
“jammed” state, the particles within the microgel move 
as a cohesive whole, resulting in the material behaving 
as a solid at the macroscopic level until sufficient force 
is applied to cause movement[27,58,59]. The mechanism 
behind this occurrence is that as the concentration 
of microgel increases, the interparticle friction also 
increases, leading to deformation of the microgel under 
external force. It is typically observed that a transition 
from hydrogel particle blockage occurs when the 
volume fraction of the microgel reaches approximately 
0.58[32]. The jamming of microgel is mainly influenced 
by frictional forces, and the van der Waals forces 

between adjacent microgels are negligible. As a result, 
jammed microgels exhibit viscous fluid-like behavior 
under shear stress and recover to a viscoelastic solid 
upon release of external load. When the particle volume 
fraction of microgel is between 0.58 and 0.74, jammed 
microgel display excellent shear thinning and self-
healing properties[60]. The flow and recovery properties 
of this responsive pressure approach fulfill the design 
requirements for 3D bioprinting ink, allowing for the 
theoretical possibility of printing microgels with any 
constituent composition based on this strategy[61].

Through the process of gravity packing, Highley et al. 
prepared a microgel (NorHA) using norbornene-modified 
hyaluronic acid, PEGDA, and agarose[61]. The NorHA 
microgel was prepared using a microfluidic device and 
had a diameter of approximately 100 μm. It exhibited good 
rheological properties upon jamming, with its viscosity 
decreasing with increasing shear rate and shear yield 
increasing with strain. It also displayed the ability to flow 
during extrusion and rapidly stabilize upon sedimentation 
(Figure 1B–D). NorHA microgel can be printed layer 
by layer through the use of an extruder, resulting in 
structures with short-term stability. Through post-printing 
photopolymerization, the compressive modulus of the 
printed structures is further enhanced, allowing for long-
term stability. In addition to layer-by-layer printing, these 
microgels can also be used as bioinks for 3D-printing 
solid structures. One of the most important evaluation 
criteria for bioinks used in 3D bioprinting is the viability of 
encapsulated cells, and NorHA microgels have been shown 
to maintain cell viability at around 70% after encapsulation 
prior to printing[61].

3.2. Chemical effect
The assembly of microgels can be induced through 
chemical interactions, including enzyme catalysis, 
photopolymerization, click chemistry, and amine coupling 
reactions (Figure 2A), which typically involve the 
irreversible formation of covalent bonds[62].

Enzyme catalysis refers to a chemical reaction that 
is catalyzed by an enzyme[63]. Currently, the enzymes 
reported to be used in microgel assembly are primarily 
transglutaminases. Song et al. developed a microgel 
mediated by transglutaminase, which is composed of a 
discrete phase (enzyme-crosslinked gelatin microgel) 
and a crosslinkable continuous gelatin precursor solution 
containing transglutaminase. This microgel has good 
injectability and cell loading activity[64]. The enzyme-
mediated microgel assembly process is typically carried 
out under mild conditions (neutral pH and moderate 
temperature), allowing for the incorporation of live cells 
into dynamically formed microgel assemblies[28].
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The initiation of free radical polymerization by light 
involves the decomposition of initiators under light 
exposure, generating free radicals that trigger continuous 
polymerization reactions[65]. Sheikhi et al. prepared GelMA 
hydrogel–microgel using microfluidic technology, and 
these microgel formed a network connection through low 
temperature-induced physical crosslinking. Subsequently, 
photogenerated free radical polymerization was used 
to fabricate a highly mechanically elastic 3D GelMA 
scaffold[65]. In summary, photogenerated free radical 
polymerization requires mild reaction conditions (usually 
at room temperature) and relatively short reaction times.

Click chemistry is a highly selective and efficient 
chemical reaction that involves the formation of carbon-
heteroatom bonds (C-X-C) to link molecules together. 

This type of reaction can be utilized to assemble various 
microgel[59,66]. Xin et al. prepared PEG microgel via a 
non-chemical metathesis method using thiol-ene click 
chemistry[67]. These PEG microgels have highly adjustable 
physical and chemical properties, while also maintaining 
long-term stability of the printed structure[67].The assembly 
process of click chemistry-based microgel is fast and mild, 
resulting in a final product with good cell compatibility. 
However, the assembly strategy often involves complex 
functional group modification and synthesis steps.

Microgels containing peptides or proteins can be 
assembled through a cyanylation reaction, in which the 
hydrogen atoms on the amino group are replaced by 
cyanyl groups[68].Generally, this type of reaction does 
not require additional modification processes and has a 

Table 2. Advantages and limitations of microgel assembly strategy

Assembly strategy Advantages Limitations

Gravity • Mild reaction conditions
• Simple and feasible
• A wide range of applications

• Weak binding, usually requires secondary crosslinking
• Difficult to achieve high-precision 3D printing

Enzyme catalysis • Mild reaction conditions
• Excellent cytocompatibility

• Unstable enzyme activity
• The involvement of enzymes may trigger side reactions

Photopolymerization • Mild reaction conditions
• Short reaction time

• Possible damage to cells caused by the released active free radicals
• Microgels are susceptible to incomplete crosslinking within

Click chemistry • Mild reaction conditions
• Efficient and fast

• Complex chemical modification process

Amine coupling reactions • No additional modification process
• Faster assembly

• Crosslinking agents may react with proteins and thus damage 
cells

Host–guest interaction • Good biocompatibility
• Rapid self-assembly
• Non-toxic crosslinker

• Complex functional group modifications required
• Weak and unstable binding force, especially in aqueous solutions

Electrostatic interaction • Fast assembly process
• Non-toxic crosslinker
• Good biocompatibility

• Electrostatic interactions are easily disrupted, especially in elec-
trolyte solutions

Hydrogen bonding • Good biocompatibility
• Adjustable bond strength
• Non-toxic crosslinker

• Complex and costly method to enhance hydrogen bond strength

Biotin and streptavidin conju-
gation

• Good biocompatibility
• Rapid self-assembly
• Stable interaction

• Irreversible interaction

Cell–cell junction • Good biocompatibility
• Non-toxic crosslinker
• Allows construction of 3D tissues with 

uniform cell density

• Assembly process is relatively slow and depends on the cell’s own 
ability

Fluid forces • Precise one- or two-dimensional 
structures

• Fast assembly

• Assembled product is not stable
• Difficult to build 3D structure products

Surface tension • Good biocompatibility
• Fast assembly
• Compatible with most microgels

• Unable to precisely control product size
• Requires secondary crosslinking to stabilize assembly
• Difficult to build 3D structure products

Magnetic forces and acoustic 
forces

• Fast assembly
• Compatible with most microgels

• Potential cytotoxicity of magnetic nanoparticles
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relatively fast reaction rate, and the resulting microgel 
have good biocompatibility. For example, Li et al. used 
N-hydroxycarbamyl-amine coupling to assemble water-
based micromicrogel containing human bone marrow 
mesenchymal stem cells (MSCs). In this crosslinking 
process, the microgel also had the potential to rapidly 
bond with tissue models, which could be useful in the 
implementation of in situ printing[68].

3.3. Physical effect
Through physical interactions between microgels, typically 
non-covalent interactions, the assembly of water-based 
microgels can be achieved (Figure 2B). Common physical 
interactions include host–guest interactions, electrostatic 
interactions, hydrogen bonding, and biotin-streptavidin 
conjugation[69]. Microgels formed through physical 

action have typically been found to possess self-healing, 
shear thinning, and injectability, but tend to have lower 
mechanical strength compared to those assembled through 
chemical action.

The self-assembly of microgel through host–guest 
interactions refers to the formation of specific polymers 
through the self-assembly of monomer molecules based 
on the recognition characteristics between the host and 
guest[70]. For example, by using cyclodextrin as the host and 
adamantyl as the guest in the self-assembly of microgels, 
different microgels can be selectively assembled by altering 
the size and shape of the host and guest components. 
Overall, the assembly of microgels through the interaction 
between main and secondary objects occurs at a fast rate, 
resulting in microgels with strong biological compatibility. 

Figure 1. Gravity-assembled microgels. (A) Microgels have unique features, including injectability, heterogeneity, and porosity, which allow for 
passage through the structure. Interlinking between particles further stabilizes the structure. [from ref.[28] licensed under Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0)]. (B) Jammed microgel ink fabrication, rheological properties, and extrusion. (a) The process of 
microfluidic preparation of microgels. (b) Representative fluorescent images of suspended microgels (left) fabricated from 2 wt% NorHA that are jammed 
through vacuum filtration into a solid (right) that can be extruded from a syringe. (C) Rheological characterization of jammed NorHA microgel inks 
showing (i) decreased viscosity with continuously increasing shear rates (0–50 s−1), (ii) shear-yielding with increase in strain (0.037%–1000%, 1 Hz), and 
(iii) shear-thinning and self-healing through low (unshaded, 1% strain, 1 Hz) and high (shaded, 500% strain, 1 Hz) strain cycles. [(from ref.[61] licensed 
under Creative Commons Attribution 4.0 license)].
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However, these microgels often require complex functional 
group modifications and have weak and unstable  
binding abilities.

Electrostatic forces can serve as a driving force in the 
assembly process of microgels, allowing for the convenient, 
rapid, and mild condition-based assembly of microgels 

through electrostatic interactions. For example, Xu et al. 
used photo-crosslinked GelMA and chitosan low polymer-
methacrylate (ChitoMA) as negatively and positively 
charged building blocks, respectively, to assemble 
microgels that can spontaneously form interconnected 
pores with good cell compatibility[71,72]. The assembly 
of microgels through electrostatic interactions is rapid 

Figure 2. Strategies for assembling microgel. (A) Chemical reaction. (B) Physical reaction. (C) Cell–cell interaction. (D) External driving force. [(from  
ref.[28] licensed under Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)].
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and easy, but due to the lack of strong charges between 
the assembled microgels, this interaction is weakened in 
electrolyte solutions.

The assembly of microgels can also be achieved through 
the interaction of multiple hydrogen bonds, although 
the effect of individual hydrogen bonds is relatively 
weak. However, the microgels formed by the action of a 
large number of hydrogen bonds have high mechanical 
strength. For example, the number of hydrogen bonds in 
the microgels that are made by mixing chitosan methyl 
acrylate and polyvinyl alcohol (PVA) after repeated 
freezing and thawing increase, thereby greatly enhancing 
its mechanical strength[36,73].

The biomolecule-chain melanin affinity interaction 
is one of the strongest non-covalent interactions. The 
microgels assembled through this interaction are extremely 
stable, but at the same time, this binding interaction is 
irreversible. Hu et al. used microfluidic technology to 
prepare biomolecule-functionalized alginate microgel. By 
incubating the biomolecule-functionalized microgel with 
soluble chain melanin affinity protein for a short period of 
time (about 5 min), microgels can be assembled[74].

3.4. Cell–cell junction
Self-assembly of hydrogel–microgel can be achieved 
through intercellular interactions such as cell–cell or cell–
matrix adhesion. In other words, cells are cultured on 
the surface of hydrogel–microgel, and the binding forces 
between cells drive the assembly of the hydrogel–microgel 
(Figure 2C). For example, Matsunaga et al. cultivated 
cells on the surface of single dispersed collagen hydrogel–
microgel, and then stacked the cell-coated hydrogel–
microgel in a mold to trigger intercellular interactions and 
assemble it into a hydrogel[75]. This assembly method can 
reconstruct 3D tissue with uniform cell density[75]. The 
self-driven forces of cells spontaneously drive the assembly 
of microgel in this manner, without the involvement of 
external factors, resulting in excellent biocompatibility of 
the assembled microgel. However, several challenges are 
faced in this assembly process, including the requirement 
for microgels with a certain degree of cell adhesion 
ability on their surface, and the need for microgels that 
are conducive to cell proliferation and migration, with 
sufficient cell growth speed to maintain efficiency in the 
assembly process.

3.5. External driving force
Common external driving forces for the assembly of 
microgel include fluid forces, surface tension, magnetic 
forces, and acoustic forces (Figure 2D). The rapid assembly 
of microgel can be achieved through the use of external 
driving forces, but the resulting structures tend to be 

unstable and prone to structural instability or even collapse 
upon removal of the external forces[28,76].

Fluidic forces are commonly used to assemble polymer 
precursors into microgel through the application of 
external forces on a one- or two-dimensional microfluidic 
channel device, ultimately resulting in the formation of 
the microgel at the outlet of the device[77]. This assembly 
method has the advantage of precise control over the 
assembly process, allowing for the design of specific shapes 
for the microgel. Surface tension is utilized in the assembly 
of microgel, with microgel solutions in an oil or gas phase 
being closely stacked due to the surface tension at the 
liquid–liquid or liquid–gas interface, and completed upon 
the removal of the oil or liquid phase. This method is quick 
and simple, but the assembled microgels are not stable and 
the size of the assembled microgels cannot be accurately 
controlled[78-80].

Under the influence of an external magnetic field, 
microgels containing magnetic nanomicrogels are capable 
of assembly, and the assembly of the microgels can be 
controlled through the design of devices with different 
shapes and the adjustment of the intensity of the external 
magnetic field. Currently, there is also a method for 
assembling 3D-shaped microgels (including multilayer 
cylindrical and spherical structures). This method is fast in 
assembling microgels and is able to prepare complex and 
precise 3D-structured microgels; however, the cytotoxicity 
of the magnetic nanomicrogels limits their use in tissue 
engineering[81,82]. Microgels can also be assembled through 
an external acoustic field, in a way similar to the driving 
force of a magnetic field. When the suspended microgels 
are subjected to an external sound wave, they can be 
assembled into single- or multi-layer structures. However, 
microgel structures assembled solely through the action of 
sound waves are typically unstable and require secondary 
crosslinking for stable structure[83].

4. Characteristics of microgels
4.1. Biological properties of microgels
Bioink is defined as a cellular formulation, potentially 
containing bioactive components and biomaterials, 
that is suitable for processing through automated 
biomanufacturing techniques[84]. In terms of function, 
an ideal bioink must be able to be printed through 
bioprinting technology, maintain cellular viability, and 
trigger the desired cellular response[85,86]. The biological 
characteristics and biocompatibility of microgels are 
crucial for the realization of 3D bioprinting[10]. Microgels 
must be able to maintain the health and vitality of cells 
during the process of bioprinting, and protect cells during 
the process of bioprinting. For ordinary hydrogels, the 
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latter presents a challenge, as the shear forces generated 
during printing can damage the vitality of cells. However, 
microgels can effectively address this issue, as cells are able 
to be encapsulated within hydrogel–microgel or retained 
within the interstitial spaces between hydrogels and 
microgels[87,88].

In comparison to hydrogels with nanometer-sized 
internal pores, cells tend to disseminate more quickly 
and extensively within microgel. The interstitial space 
between microgels typically forms a 3D, interconnected 
porous network through which cells can freely migrate and 
exchange biological information[88]. The size of the internal 
pore structure of microgel is correlated with the diameter 
size of the hydrogel–microgel, with micrometer-sized 
microgel generating micrometer-sized pores. Given that 
most cells are at the micrometer scale, microgels possess 
excellent biocompatibility. Seymour et al. demonstrated 
a strategy for controlling the size of the interstitial space 
in microgel by mixing gelatin microgel with GelMA 
in 3D bioprinting to control the total porosity of the 
microgel (Figure 3A and B)[89]. The average particle size 
of the gelatin and GelMA hydrogels obtained through 
bulk emulsification method were 18.0 ± 3.97 µm and 
50.55 ± 14.31 µm, respectively. The GelMA hydrogel 
displayed a more uniform spherical shape (aspect ratio 

of 1.16 ± 0.12), while the gelatin population exhibited a 
higher rate of elongated hydrogel formation (aspect ratio 
of 1.35 ± 0.26). The products of hydrogel printing were 
immediately crosslinked by ultraviolet light, followed by 
the removal of the gelatin. The average porosity of the 
printed products could be adjusted through the ratio of 
gelatin to GelMA hydrogel, with average porosities ranging 
from approximately 0.28 ± 0.04 to 0.41 ± 0.02 to 0.57 ± 
0.06 when the GelMA:gelatin hydrogel ratio was 80:20 to 
60:40 to 40:60, respectively (Figure 3C). Human umbilical 
vein endothelial cells (HUVECs) exhibited good cellular 
viability (greater than 95%) in all proportions of microgel, 
with the highest level of cellular infiltration and migration 
observed in the 40:60 microgel[89].

Microgels have been shown to not only enhance 
cellular viability, but also promote biological changes in 
cells. MSCs encapsulated in a chitosan-derived microgel 
demonstrated improved differentiation potential 
toward chondrogenesis, with notable upregulation of 
chondrogenic genes such as SOX9, Aggrecan, and Col2A1 
compared to cells in a conventional hydrogel. Additionally, 
levels of glycosaminoglycan (GAG) expression were 
significantly increased[68]. Tissue regeneration can be 
promoted in PEG microgel. In a skin wound healing 
model, microgel exhibited stronger re-epithelialization 

Figure 3. Design of microporous GelMA microgel inks with sacrificial gelatin microgels. (A) Schematic illustration depicting the process for producing 
3D-printed constructs with tunable void fraction. (B) False-colored image of a representative sample of rhodamine B-stained gelatin and GelMA microgels 
before washing, after washing, after jamming, and after 3D printing. (C) Particle diameter of GelMA and gelatin at each stage. Reprinted with permission 
from Seymour, A. J., Shin, S., Heilshorn, S. C., Adv. Healthcare Mater. Copyright © 1999-2023 John Wiley & Sons[89].
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ability than ordinary hydrogels. On the fifth day of using 
the microgel, hair follicles and sebaceous glands appeared 
in the wound, almost achieving tissue regeneration[63]. 
Hyaluronic acid-based microgels have demonstrated the 
ability to facilitate the migration of neural stem cells toward 
wounds and the formation of blood vessels, exhibiting good 
tissue remodeling capabilities. This suggests a potentially 
significant application in the context of irregular spinal 
injuries[90]. The modified heparin chitosan microgel 
were found to effectively repair bone defects in type II 
diabetes rat models while also improving the immune 
microenvironment[91]. It has been consistently found in 
these studies that the unique pore size of micromicrogel 
plays a crucial role in improving cellular responses.

The most notable biological characteristic of microgels 
is their microscale pore network, which closely mimics 
the microenvironment for cell survival. Compared to 
traditional hydrogels, microgels are more conducive 
to cellular behaviors such as growth, proliferation, 
differentiation, and migration. According to extensive 
research comparisons, the principle behind this may be 
that the interconnected micropores and void spaces not 
only facilitate the transport of nutrients, thereby increasing 
cell vitality, but also promote cell infiltration and vascular 
formation without having to wait for hydrogel degradation. 
In addition to the above, microgels also exhibit excellent 
encapsulation properties, as they can modify the microscale 
features such as particle size and shape of microgels 
to adjust the release profile of growth factors or drugs. 
Meanwhile, microgel heterogeneity allows multiple release 
profiles and degradation behaviors of growth factors or 
drugs to be incorporated into a single printing process, 
which is advantageous for many tissue repair strategies to 
match the multi-level biological signaling[63,92,93].

4.2. Mechanical properties of microgels
As a bioink, microgel possesses excellent shear viscoelastic 
capabilities, allowing it to be extruded through a printing 
head while protecting encapsulated cells from damage 
due to high shear forces. The elegance of using microgel 
for 3D printing lies in the smooth transition between 
the fluid and the solid states[94,95]. This transformation is 
highly related to the structural characteristics of microgel, 
which differ from hydrogels in that they are composed of 
micrometer-sized hydrogel–microgel within their interior. 
The interaction between these micromicrogels results in 
the microgel exhibiting solid-like behavior but becoming 
liquid-like under the influence of external stress. Therefore, 
the porosity and hardness of the micromicrogel largely 
determine the mechanical properties of the microgel[60]. 
When the accumulation fraction of microgel reaches 0.58, 
the microgel exhibits as solid state. As the accumulation 

fraction increases, the friction between microgels 
increases, causing the microgels to become more “solid” 
in a blocked state. Theoretically, when the accumulation 
fraction reaches 0.64, single dispersed microgel can reach 
the maximum blocked state under random configuration. 
When the accumulation fraction reaches 0.74, perfect 
accumulation can be achieved. In the state of particle 
accumulation, the microgel exhibits shear thinning and 
self-healing characteristics. Studies have reported that 
tyramine-modified hyaluronic acid microgel (particle 
diameters of 40, 100, and 500 µm) have similar yield stress 
(139 Pa). In repeated cycles at low (1%) and high (500%) 
strain, all bioinks transition from solid (G′ > G″) to liquid-
like (G″ > G′) under high shear stress. In low shear mode, 
all bioinks exhibit excellent shear recovery performance, 
with the initial storage modulus reaching 100%. There is 
a significant negative correlation between elastic modulus 
and pore diameter, with E = 9.9 ± 3.6, 7.5 ± 2.4, and 5.7 ± 
2.2 kPa when the pore diameter is 40, 100, and 500 µm, 
respectively. This microgel exhibits excellent printability, 
enabling the 3D bioprinting of cells with the ability to 
strengthen the printed structure through post-print 
crosslinking (Figure 4B and C)[96]. Microgels are not limited 
to spherical microgels, as hydrogels with high aspect ratios 
(hydrogels) can also form microgels. Kessel et al. reported 
a “microchain” microgel based on hyaluronic acid-methyl 
acrylate (HA-MA), with a microchain diameter of 40–
100 µm and a microgel porosity ranging from 7.4 ± 0.9% 
to 2.0 ± 0.8%[97]. The yield stress of the microgel changes 
with the degree of crosslinking and the diameter of the 
microchain, with higher crosslinking resulting in lower 
yield stress and larger microchain diameters resulting in 
higher yield stress. Shear recovery was found to be the best 
in microgel with moderate crosslinking, at approximately 
82%, while the highest crosslinked microgel had a shear 
recovery of around 70% and the lowest crosslinked microgel 
had a shear recovery of around 20%. This microgel exhibits 
good cell loading ability, enabling the loading of cells prior 
to microgel assembly or post-assembly (Figure 4E)[97].

The mechanical strength of microgel is also a critical 
factor in achieving 3D bioprinting. After 21 days of printing, 
the elastic moduli of tyramine-modified hyaluronic acid 
microgel with pore sizes of 40 µm, 100 µm, and 500 µm were 
103.6 ± 18.5, 83.9 ± 19.7, and 78.1 ± 19.2 kPa, respectively, 
while the elastic modulus of the control group was 58.3 ± 
30.2 kPa. After 63 days, the elastic moduli of microgel with 
pore sizes of 40 µm, 100 µm, and 500 µm were 145.3  ± 
22.3, 201.6 ± 8.9, and 152.6 ± 47.2 kPa, respectively, 
while the elastic modulus of the control group decreased 
to 33.7 ± 17.2 kPa (Figure 4C)[96]. Yang et al. reported on 
a PAAm/PAMPS microgel based on a resilient particle 
double network (P-DN) hydrogel, which possesses two 
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networks: a solid but brittle microgel network and a soft 
hydrogel network. As a result, this P-DN microgel exhibits 
exceptional stretchability. The viscosity, yield stress, and 
strength of this microgel increase with increasing particle 
concentration, and its fracture toughness is capable of 
reaching 3000 J m−2[98]. Seymour et al. reported a strategy 
involving the mixing of two microgels (GelMA: gelatin) 
and the removal of the gelatin microgel after crosslinking, 
which resulted in a final microgel with controllable pore 
size by manipulating the mixing ratio and diameter of the 
two microgels[89]. According to the experimental results, 
these microgels showed a decrease in storage modulus as 
the pore ratio increased, with the highest (pure GelMA 
microgel) and lowest ratio (40:60) storage moduli being 
4.5 ± 1.0 kPa and 177 ± 26 Pa, respectively[89]. It can be seen 

that the mechanical properties of microgels are sufficient to 
meet the needs of most 3D bioprinting, while also having 
strong customizability.

The flow of hydrogel–microgel during the process of 
3D bioprinting differs significantly from the liquid flow of 
ordinary hydrogels. In order to achieve an ideal printing 
effect, there are still many challenges to be addressed. 
To address this issue, Xin et al. utilized thiol-epoxy PEG 
microgel as biological ink and studied ways to improve 
printing performance[67]. They first constructed microgels in 
three different sizes (single disperse 100 μm, single disperse 
150 μm, and multiple disperse 200 μm) for testing and 
found that single disperse microgel could be easily printed 
by nozzles with diameters of 200–400 μm, while multiple 

Figure 4. 3D Bioprinting of macroporous materials based on entangled hydrogel microstrands. (A) Sizing of the bulk tyramine-modified hyaluronic 
acid (HA-TYR) hydrogels using grids with aperture diameter of 40, 100, and 500 µm. (B, C) 3D printing schematic of HA-TYR bioinks. The cell-laden 
microgels can be printed through a 0.61-mm nozzle and stabilized by secondary crosslinking [(from ref.[96] licensed under Creative Commons Attribution 
4.0 license)]. (D) The bulk hydrogel forms a microchain structure after mechanical crushing, and has moldability, stability in aqueous solutions, porosity, 
printability. (E) A bioink can be created by embedding cells in bulk hydrogel before sizing that results in a spatial deposition of cells inside the gel phase. 
Alternatively, cells can be mixed in between the already prepared entangled microstrands, so cells occupy the space outside the gel phase [(from ref.[97] 
licensed under Creative Commons Attribution 4.0 license)]. 
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disperse microgels required larger nozzles (410–610 μm) 
to print smoothly. For a monodisperse microgel, smaller 
nozzle sizes (200 μm) are able to produce 3D structures 
with higher finesse than larger nozzle sizes (250  μm). In 
order to study the effect of the stiffness of water-based 
microgel on the printing process, three microgels (PEG5, 
PEG10, and PEG20) were constructed, with Young’s moduli 
of 30–40  kPa, 20 kPa, and 10 kPa, respectively. When 
subjected to the same pressure (15 μN) during the printing 
process, the PEG20 microgel showed greater deformability. 
The stacking of cylindrical prints was performed without 
secondary crosslinking, with stack heights of 20 mm, 
10 mm, and 5 mm for the three respective microgels. After 
the cells were packaged and printed for three days, the 
viability of cells within the microgel was approximately 
90%, 90%, and 40%, respectively. The increased stiffness of 
hydrogel microspheres improved mechanical strength, but 
may also potentially affect cellular activity[33,59,99].

5. Current progress of developing 
microgels as bioinks in extrusion-based 
3D bioprinting
Over the past decade, various 3D bioprinting strategies 
with distinct characteristics have been developed. 
Currently, the mainstream strategies include inkjet 
bioprinting, stereolithography, laser-assisted bioprinting, 
electrospinning-based bioprinting, and extrusion-based 
bioprinting[10]. Extrusion-based 3D bioprinting is one 
of the most common printing methods, mainly due to 
several advantages of extrusion-based bioprinting over 
other methods, including (i) the ability to use a variety of 
bioinks to create tissue structures; (ii) the manufactured 
structure having physiologically relevant cell density; 
(iii) the relatively low cell damage during the bioprinting 
process; (iv) the ability to create scalable structures with 
anatomically precise geometries; and (v) being relatively 
low-cost. Its main drawbacks are as follows: (i) it can 
damage cells during the extrusion process; and (ii) the 
resolution of the printed product is relatively low and 
the feature size is limited. The application of microgels 
is expected to address these issues, and therefore, in this 
section, we mainly focus on the research progress of 
microgels in this type of printing strategy[100,101].

Direct bioink writing refers to the direct extrusion of 
bioinks with rheological properties to form a predetermined 
shape and configuration at a designated location. During 
the extrusion process, the bioink behaves like a fluid and 
then transforms into a solid state upon extrusion[102]. The 
advantages of direct bioink writing lie in its simplicity 
and high repeatability. However, when using traditional 
hydrogels as bioinks, dense gels and/or other components 

may hinder cell diffusion and migration, and high pressure 
or shear forces may cause cell damage and/or death[103-105]. 
Microgels used as bioinks for direct writing can effectively 
overcome these limitations. The performance of microgels 
prepared by different preparation and assembly strategies 
also varies in direct bioink writing.

5.1. Improvement of the geometric structure of 
microgels
Generally, mechanical fragmentation method involves 
the physical fragmentation of pre-formed hydrogels to 
produce microgel. For example, crosslinked hydrogels 
can be mechanically forced through a fine steel mesh to 
form smaller microgel, with the size of the microgel being 
controlled by altering the aperture shape and size of the steel 
mesh. The main advantages of mechanical fragmentation 
methods are their speed and simplicity, with the simple 
process being able to rapidly generate a large amount of 
micromicrogel. However, the disadvantage is that the 
shape and size of the generated microgel are difficult to 
accurately control, which justifies the limited number of 
reports concerning its performance in 3D bioprinting in 
the past decades[27].

Flégeau et al. reported a microgel suitable for 3D 
bioprinting made from tyramine-modified hyaluronic acid, 
which was obtained through mechanical fragmentation 
and enzymatically crosslinked through the addition of 
horseradish peroxidase and hydrogen peroxide[96]. The gel 
was then screened through metal grids with pore sizes of 
40, 100, and 500 µm, resulting in a microgel with tyramine 
residues that could undergo secondary crosslinking to 
stabilize the scaffold (Figure 4A and B). The product of the 
secondary crosslinking was found to fully degrade after 
soaking in hyaluronic acidase for 20 days and demonstrated 
excellent stability with no swelling in phosphate-buffered 
saline (PBS) for 21 consecutive days. After sieving, all the 
microgels displayed shear-thinning behavior, with the 
yield stress of approximately 139 Pa for microgels of all 
sizes, which were capable of being printed, but the use of 40 
μm-sized microgel resulted in higher-resolution products 
(Figure 4C). Cells also displayed good viability in microgels 
produced through mechanical fragmentation, with cell 
viability at 75.7 ± 8.2%, 73.1 ± 9.4%, and 70.2 ± 9.0% on 
day 1 for 40, 100, and 500 µm-sized microgel products, 
respectively, and maintained high viability at 94.5 ± 4.7%, 
93.4 ± 1.3%, and 94.1 ± 4.6% on day 21, respectively. The 
research of Flégeau et al. demonstrates that microgels 
produced through mechanical fragmentation possess 
good cell compatibility and printing characteristics, and 
the preparation method is simple and quick[96].

Kessel et al. utilized HA-MA as the raw material and 
constructed a class of entangled microfiber-based large-
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pore microgel through mechanical fracture (Figure 4D). 
First, the HA-MA hydrogel is mechanically fractured 
through a sieve with a pore size of 40–100 µm. This 
process deconstructs the hydrogel into microchains, 
which randomly intertwine with each other to form a high 
aspect ratio microgel. This type of microgel is more stable 
than particle-like microgel, and can maintain its shape in 
aqueous media for 7 days without undergoing secondary 
crosslinking. Through shear recovery testing, it was found 
that microgels of various sizes have printability. This 
strategy was tested by printing a 3D model of a human ear 
for half of its size. The printed product had a stable structure, 
and no flowing liquid was observed. Using microgel with a 
size of 40 μm, cell compatibility was tested, and the results 
showed that the cell viability before printing, on the 1st 
day, 7th day, and 21st day were 95.3 ± 0.5%, 90.1 ± 0.6%, 
92.3 ± 1.1%, and 92.6 ± 2%, respectively[97].

The use of irregular microgels in bioink formulations can 
provide several advantages, such as enhanced printability, 
cell viability, and biofunctionality. Moreover, the complex 
geometries and tunable mechanical properties of irregular 
microgels can better mimic the native extracellular matrix 
(ECM) in various tissues, which could ultimately promote 
tissue regeneration and repair.

5.2. Improvement of microgel crosslinking methods
Despite the ease of achieving shear-thinning and cell-
encapsulating properties using microgels in direct bioink 
writing, there still exist some issues in the printing 
process that need to be addressed. For example, due to 
the microparticulate nature of microgel and their weak 
intermolecular interactions, microgel bioink is unable 

to undergo continuous stretching, resulting in relatively 
thicker and rougher strands upon extrusion[99]. Reducing 
the size of the microgel and increasing its mechanical 
modulus can improve its printability and shape fidelity, 
but this is detrimental to the encapsulation of cells and 
the maintenance of their viability after encapsulation[67,106]. 
Additionally, the weak physical interactions between 
microgel often require a second crosslinking after extrusion 
in order to enhance the mechanical stability of the printed 
3D structure, which can potentially further compromise 
the viability of cells[26,57,95]. To address this challenge, 
dynamic hydrogel systems based on external stimuli such 
as hydrolysis, locally produced enzymes, and light have 
been developed to regulate degradation[107,108]. The main 
types of bioinks include dynamic covalent bioinks and 
supramolecular bioinks[109,110].

One promising solution for enhancing the intermolecular 
interactions of microgel while still maintaining their 
shear-thinning properties is the establishment of dynamic 
covalent bonds between microgel[111,112].When subjected to 
external force, dynamic covalent bonds are significantly 
disrupted, giving the microgel-based bioink good shear 
thinning properties. Upon reduction of external force, the 
dynamic covalent bonds quickly recover, conferring the 
microgel-based bioink excellent self-healing properties 
and mechanical strength. Feng et al. prepared a dynamic 
crosslinked microgel, which was synthesized from the 
crosslinking of transparent hyaluronic acid (HAMA-PBA) 
modified with methacrylate and phenyl boronic acid and 
GelMA through a microfluidic device, and assembled 
into DC-MA bioink (Figure 5A)[113]. The DC-MA bioink 
was obtained by adding HA-DA in the microgel, forming 

Figure 5. Dynamic crosslinked assembly of microgels as bioinks. (A) Preparation of DC-MA bioink including microfluidic generation of microgels and 
assembling microgels via dynamic crosslinker. (B) Properties of DC-MA bioink include (I) printability, (II) tissue adhesion, (III) microporosity, and 
(IV) self-healing. (C) Adhesion of DC-MA to tissues and organs such as pig skin, rabbit bone, mouse lung, mouse liver, mouse heart, and mouse kidney. 
(D) Maximum tensile stress of pig skins bonded by DC-MA. (E) Self-healing of DC-MA rods. Reprinted with permission from Feng Q, Li D, Li Q, et al., 
2022, Assembling microgels via dynamic cross-linking reaction improves printability, microporosity, tissue-adhesion, and self-healing of microgel bioink 
for extrusion bioprinting. ACS Appl Mater Interfaces, 14:15653–15666. Copyright 2022 American Chemical Society[113].



International Journal of Bioprinting Application and prospects of 3D printable microgels

98Volume 9 Issue 5 (2023) https://doi.org/10.18063/ijb.753

dynamic phenyl boronate bonds between the microgel, 
which improved the printing properties and shape fidelity 
of the DC-MA bioink without sacrificing the encapsulated 
cell viability, and did not require secondary crosslinking to 
stabilize the printed 3D structure (Figure 5B). According to 
the experimental data analysis, the storage modulus of the 
microgel bioplastic ink (325 Pa) is significantly lower than 
that of the DC-MA bioplastic ink (1926 Pa). The viscosity 
of the DC-MA bioplastic ink (56,210 Pa·s) at zero shear rate 
is higher than that of the microgel bioplastic ink (22,650 
Pa·s). Additionally, the DC-MA bioplastic ink exhibits 
stronger adhesion properties, with a maximum viscosity 
of 83,000 Pa·s compared to the microgel bioplastic ink’s 
maximum viscosity of only 19,000 Pa·s. As a result, this 
class of microgel readily adheres to tissue and possesses a 
formidable ability for self-healing (Figure 5C–E)[113].

The extracellular matrix (ECM) is a complex mixture 
of proteins, polysaccharides, and their combination, which 
interact through noncovalent interactions to provide 
temporal and spatial control of the cellular environment 
and response. Supramolecular bioink utilizes the self-
assembly of microgels through the reproduction of such 
noncovalent interactions. Additionally, supramolecular 
bioink often has self-healing, shear thinning, stress 
relaxation, strain hardening, and stimulus response 
properties[109,114-116].

5.3. Improvement of microgel printing methods
One strategy for 3D bioprinting involves extruding 
liquid biomaterials in coagulation baths or support baths, 
which function as coagulation baths to rapidly gel the 
biomaterials[117]. Coagulation baths typically consist of 
a liquid that triggers physical or chemical crosslinking 
of bioink[118,119]. For example, the use of bioink based on 
alginate for 3D printing involves depositing the bioink in 
a calcium chloride solution to promote ionic crosslinking 
of the alginate-containing bioink upon extrusion, resulting 
in a stable structure. This approach has the advantage 
of separating the rheological properties of the bioink 
from its printability, expanding the design freedom of 
the bioink[120]. However, this strategy has several major 
drawbacks: (i) coagulation baths can quickly spread within 
the needles of the print port and block the ink outlet; and 
(ii) issues related to the adhesion of continuous layers, the 
buoyancy of deposited fibers, and turbulence generated 
during the printing process often restrict the overall 
reproducibility and precision of the printed structure[117,121]. 
Co-axial wet-spinning can be considered an evolution of 
the coagulation bath, in which the bioink and crosslinking 
solution are co-extruded from a single deposition nozzle 
under laminar flow conditions, ensuring a high degree of 
reproducibility in the deposition process[101]. However, this 
technique almost inevitably requires the use of calcium 

alginate hydrogels or other complex substitute materials, 
thus presenting certain limitations[117].

To overcome these issues, a new strategy method has 
recently been proposed, utilizing high-volume-fraction soft 
microgel or colloids (such as microgel) as the coagulation 
baths or support baths. Due to the rheological properties 
of the microgel, they will fluidize at the injection point and 
then rapidly solidify[122]. Compaan et al. prepared microgel 
of Gellan hydrogel through mechanical breaking method, 
which resulted in irregular microgel and aggregates with 
an average diameter of 50 ± 34 µm[123]. Similarly, 5% and 
10% agarose were transformed into microgel through 
transglutaminase crosslinking, resulting in particle 
diameters of 260 ± 200 µm and 125 ± 100 µm, respectively. 
These were used as Gellan hydrogel–agarose and agarose–
agarose matrices for 3D bioprinting as solidification baths 
(support baths), with 2% alginate PBS solution used as 
the extruded ink. The specific printing pattern is shown 
in Figure 6A. Prior to printing, the support baths were 
crosslinked and had a total polymer concentration range of 
3.5%–13% w/v. A lower concentration of polymer network 
is beneficial for material exchange while still maintaining 
mechanical strength, as data from this study showed 
that the effective stiffness of the composite materials of 
agarose (3%)–gellan (0.5%), agarose (3%)–agarose (5%), 
and agarose (3%)–agarose (10%) were 14.9, 14.4, and 
36.3 kPa, respectively. The microgel support bath exhibits 
solid behavior when stationary, but becomes liquid at the 
injection site during printing and subsequently solidifies 
to form channels. In addition to creating channels, this 
strategy allows for the printing of 3D solid objects, as 
shown in Figure 6B, which can rapidly transform any 3D 
shape from a computer model into a solid hydrogel object, 
making complex printing more straightforward[123].

Bhattacharjee et al. utilized this microgel-based 3D 
printing method to construct a variety of interesting and 
elegant 3D patterns, demonstrating the vast potential of the 
microgel support bath strategy in 3D bioprinting[124]. They 
first prepared a microgel medium through crosslinked PVA 
hydrogel and fluorescent colloids, and utilized an injection 
head with an inner diameter of 50 µm for writing to create 
several complex multi-scale structures (Figure 7A)[124]. The 
metabolic needs of cells require dense vascular systems, 
which pose a significant challenge for 3D bioprinting[125]. 
Perhaps, this strategy can be utilized to address this 
challenge. Dumont et al. constructed a complex tubular 
structure (Figure 7B) with a stable structure that can adjust 
the thickness of the tube wall (~200 μm) by increasing the 
writing rate[90]. This microgel-based support bath printing 
strategy eliminates the influence of surface tension, gravity, 
and particle diffusion, allowing for the writing of materials 
with unlimited width[126-128].
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6. Applications of microgels in the field of 
biomedicine
The continuous development of bioinks has made it possible 
for 3D bioprinting to transform from concept validation to 
clinical application. The concept of on-demand bioprinting of 
tissues (such as blood vessels, nerves, and bone/cartilage) to 
complete organs has become an ideal solution to addressing 
the shortage of donor organs for regenerative medicine[10]. 
Natural tissues are composed of various cells, extracellular 
matrix, growth factors, and bioactive substances. These 

diverse components coordinately contribute to the formation 
of functional tissues or organs[6,129]. The cellular populations 
of these tissues or organs are closely connected through a 
unique extracellular matrix, facilitating the exchange of 
material information such as growth factors, hormones, and 
other bioactive molecules within the microenvironment in 
which the cells reside[130,131].

6.1. Bone and cartilage tissue
Various diseases (such as osteoarthritis and rheumatoid 
arthritis) and trauma can result in damage to cartilage, 

Figure 6. Support bath for 3D printing. (A) Printing schematic showing local behavior of the (a) static and (b) disrupted matrix bath material during 
printing as well as (c) stabilization of the deposited sacrificial fluid by a solid-like composite hydrogel matrix after printing. After (d) crosslinking, it shows 
(e) macrostructural and microstructural features of final construct. (B) Embedded surface printing for solid object sculpting: (a) schematic of sacrificial 
material printing including slit to facilitate part harvesting, (b) complete exterior contour of the dumbbell construct defined by a printed sacrificial material 
shell, (c) cured hydrogel composite block with embedded object contour, (d) removal of the external composite hydrogel matrix material to recover a solid 
sculpted hydrogel object; and schematics and photos of other structures fabricated by solid object sculpting: (e) sculpted brain model based on medical 
imaging data and (f) sculpted lattice block with internal channels[123]. Reprinted with permission Compaan AM, Song K, Chai W, et al., 2020, Cross-
linkable microgel composite matrix bath for embedded bioprinting of perfusable tissue constructs and sculpting of solid objects. ACS Appl Mater Interfaces, 
12:7855–7868. Copyright 2020 American Chemical Society[123].
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which has a slow rate of regeneration with almost no self-
healing ability. Current conventional medications can only 
alleviate the progression of damage, but cannot cure it. The 
use of microgel as a bioink for 3D bioprinting of cartilage 
tissue offers a new strategy for the treatment of cartilage 
damage[132-134]. Jeon et al. designed a light-crosslinked 
methacrylate oxide algal acid salt (OMA) microgel for 
printing cartilage and bone tissue, with MSCs able to be 

loaded onto the OMA microgel. After being frozen and 
stored for one month, the loaded MSCs retained good 
biological abilities for cell proliferation and differentiation 
(osteogenic and chondrogenic differentiation). In 
addition, the OMA microgel can be printed into various 
bone tissue shapes (such as femur and skull) in a gelatin 
support bath[135]. It has been observed that ordinary 
hydrogels restrict cellular volume expansion, rendering the 

Figure 7. Writing in the granular gel medium. (A) Writing solid shells and capsules. (a) Thin-shell model octopus made from multiple connected hydrogel 
parts. (b) Octopus model aggregates without structural changes. (c) Octopus model maintains integrity after aggregation. (d) A model jellyfish incorporates 
flexible high aspect ratio tentacles attached to a closed-shell body. (e) Freely floating in water, the jellyfish model exhibits robustness and flexibility. 
(f) Model Russian dolls demonstrate the ability to encapsulate with nested thin shells. (B) Hierarchically branched tubular networks. (a, b) A continuous 
network of hollow vessels with features spanning several orders of magnitude in diameter and aspect ratio. (c) A high-resolution photo of truncated vessels 
around a junction shows hollow tubes with thin walls and features about 100 μm in diameter. (d) Junctions exhibit stable concave and convex curvatures. 
(e) Products extracted from granular gels are able to preserve stable structures [from ref.[124] licensed under Attribution-NonCommercial 4.0 International 
(CC BY-NC 4.0)].
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cells unable to effectively carry out biological functions. 
In order to promote cartilage regeneration, Zhu et al. 
developed a microgel composed of hyaluronic acid, PEG, 
and gelatin that is capable of mixing with cartilage cells 
and maintaining cellular phenotype, promoting cellular 
volume expansion and matrix deposition[136]. By injecting 
the microgel directly into the site of cartilage defects and 
reinforcing it through photopolymerization, a scaffold is 
formed to support cartilage regeneration. This microgel 
has shown promising results in animal experiments, as 
demonstrated through immunohistochemical staining 
that revealed an increased presence of Aggrecan and 
COL2 within the interstices of the microgel and a matrix 
more closely resembling native cartilage[136]. Flégeau et al. 
prepared an enzyme-crosslinked hyaluronic acid microgel 
through mechanical crushing, which can be used as a bioink 
for 3D printing to repair cartilage tissue[96]. Its advantage is 
that the pore size can be adjusted (from 9% to 21%), and 
the microgel containing human ear cartilage cells can form 
a stable 3D structure after printing and the printed product 
can develop stably in vitro. GAG, type II collagen, and type 
I collagen are uniformly and strongly deposited in the 
gaps between the microgel scaffolds, and the mechanical 
strength of the printed product can reach approximately 
200 kPa after 63 days of in vitro cultivation[96]. Chai 
et  al. prepared a SilMA/GelMA microgel by mixing low 
concentrations of GelMA with a certain concentration of 
methyl methacrylate silk protein (SilMA). The strength of 
the SilMA/GelMA microgel was greater than that of pure 
GelMA hydrogel, and it had good biocompatibility, which 
ensured higher cell survival rates. It also demonstrated 
good performance in repairing bone defects. In animal 
experiments, the average bone volume/total volume (BV/
TV) at 2 weeks was 6.98% in the rat calvarial defect model 
repair, which was significantly higher than the average BV/
TV (4.56%) in the control group[137].

6.2. Vascularized tissues and structures
The vascular system is crucial for the regeneration of most 
damaged tissues, as it facilitates the exchange of nutrients, 
waste, and gases necessary for cell proliferation. Endothelial 
cells arranged within the vasculature promote healthy 
blood flow and the exchange of nutrients with surrounding 
tissues; therefore, the formation of these structures during 
vascularization is crucial for guiding tissue growth[138-140]. 
Parthiban et al. studied the use of a microgel composed 
of methylacrylate-functionalized ECM proteins of bone 
cells for 3D-printing vascularized tissues[141]. This microgel 
is primarily composed of frozen demineralized and 
decellularized bone matrix, which maintains the biological 
advantages associated with the composition of natural 
ECM and has strong capacity for cell loading and vascular 
formation. In in vitro experiments for vascular generation, 

the bone matrix microgel group showed significantly 
better rates, numbers, and lengths of vascular formation 
compared to the GelMA group. The bone matrix microgel 
group formed a stable vascular network on the first 
day, while the GelMA group only formed a relatively 
stable vascular network on the third day. The number of 
formations in the bone matrix microgel group was 2.6 
times that of the GelMA group, and the length was 6.1 
times that of the GelMA group[141].

6.3. Neuronal tissues
The construction of neuronal tissue is made difficult and 
complex by the presence of various types of cells, electrical 
conduction, growth factors, and cell orientation[142,143]. 
The incorporation of ECM-based polymers into ink in 
combination with cells provides tissue specificity. Kajtez 
et al. developed self-healing, annealing particle-ECM 
(SHAPE) microgel as a biological ink[144]. SHAPE microgels 
are composed of a viscous polymer (ECM) solution 
(continuous phase, approximately 30% volume fraction) 
and soft water gel (alginate) microgel (discontinuous phase, 
approximately 70% volume fraction). These microgels 
provide not only physical support for high-fidelity 
embedded printing, but also a microenvironment for 
cellular interaction that supports healthy cellular growth, 
maturation, and activity[144]. Hsu et al. used mechanical 
disruption to construct a transparent hyaluronic acid 
microgel loaded with human induced pluripotent stem 
cell (hiPSC)-derived cortical neurons[145]. The printed 
product of this microgel was able to support the formation 
of well-organized neural and astrocytic cell clusters and 
high levels of axonal extension both within and outside the 
scaffold. In comparison, the length of axons in the control 
group was three times shorter than that in the microgel. 
Furthermore, this microgel scaffold supported long-term 
culture of neural stem cells, with the cells proliferating and 
differentiating into large and densely packed clusters of 
cells after 3 months of cultivation, with the majority being 
neural cells surrounded by extensively growing axons 
both within and outside the microgel scaffold, which were 
well-organized and projecting[145]. Microgels have been 
demonstrated to simulate ECM structure to promote 
neural regeneration. Yang et al. further validated this 
conclusion through their study in which they repaired a 
10-mm long gap in the sciatic nerve using hyaluronic acid 
microgel[146].

6.4. Organoids
In addition to being used for printing tissue organs, 
microgel as a biological ink can also be used to simulate 
tissue microenvironments, establish organoid models, 
and reconstruct and simulate in vitro 3D environments, 
providing new approaches for modeling and disease 
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development. Molley et al. directly inscribed the 
vascular system channels and tumor cell aggregates in 
a microgel matrix containing cells, creating a tumor 
microenvironment model[147]. More importantly, this 
microgel 3D printing approach is almost applicable to all 
types of cell integration[147].

7. Summary and outlooks
The past decades have seen the rapid progression of 3D 
bioprinting from concept validation to in vivo printing 
of corresponding structures. However, strategies for 
3D bioprinting are still in the exploratory stages of 
development, with many different strategies being tested, 
evaluated, refined, and integrated. The full clinical 
translation of bioprinted tissues and organs is highly 
challenging and may take a significant amount of time 
before 3D bioprinting can be fully utilized for organ 
transplantation or reconstruction of damaged tissues 
such as blood vessels, nerves, and cartilage. There are still 
many challenges to be addressed in achieving full clinical 
translation of 3D bioprinting, but in recent years, microgel 
have shown great potential as a bioink for 3D bioprinting.

Microgels are a class of novel biomaterials that 
possess numerous advantageous characteristics. As a 
bioink, microgel is typically formed by assembling water-
based microgel into a 3D printable medium material 
through various assembly methods[66,148]. The most 
common method of assembly is achieved through the 
accumulation of microgel–microgel, which in theory, 
accumulate randomly to form a microgel with a degree 
of accumulation known as the accumulation fraction. 
Microgels with an accumulation fraction greater than 0.58 
exhibit a “jamming” state due to the interactions between 
the microgel–microgel, which grants them unique physical 
characteristics such as self-assembly, shear thinning, and 
self-healing. Therefore, microgel in a “jamming” state 
are highly performing bioinks with micron-level pores 
for cell loading and maintenance of cell viability, as well 
as with good shear thinning properties for printing. The 
“jamming” microgel is essentially a dynamic scaffold, in 
which the interstitial space between accumulated microgel 
often forms a 3D, interconnected porous network. Cells 
can freely migrate through this network and engage in 
biological information transfer, which is one of the major 
advantages over traditional hydrogels. The pore size of 
traditional hydrogels is in the nanometer range, which is 
not suitable for cell growth and communication.

In addition to the assembly method of gravity-induced 
accumulation that causes “jamming” of microgel, microgel 
can also be assembled through other means, such as the 
assembly of microgel through the interaction of two 

microgels with opposite charges. The additional interacting 
forces enhance the mechanical properties and self-healing 
ability of the microgel. In addition to charge interaction, 
common mechanisms of interparticle interaction include 
covalent interaction, adhesive and additive, coordination 
interaction, and interpenetrating network and other 
supramolecular interactions. Feng et al. utilized dynamic 
crosslinking to replace the simple accumulation of 
microparticle microgel, thereby enhancing the porosity, 
adhesiveness, and self-healing properties of the resulting 
microparticle gel[28]. Microgels can be assembled through 
various forms of interparticle interaction forces, and the 
assembly strategies used can be employed individually 
or in combination, making the design of microgel more 
diversified and more adaptable to diverse 3D bioprinting 
applications.

Porosity is one of the important characteristics of 
microgel, and multiple studies have found that its porosity 
not only affects the mechanical properties of microgel, 
but also affects cell infiltration and migration. Therefore, 
the optimal porosity of microgel is a focus of concern 
for many researchers[149]. Seymour et al. demonstrated 
a simple and easy-to-use method for controlling pore 
size in hydrogels[89]. By crosslinking a mixture of gelatin 
and GelMA micromicrogel, the pore size of the resulting 
GelMA hydrogel can be controlled by removing the 
gelatin micromicrogel. Hydrogels with different pore sizes 
exhibit different properties[89]. The use of a combination 
of various types of microgel–microgel to control pore size 
is a widely utilized strategy, but it has proven difficult to 
develop a comprehensive theoretical system for guiding 
the creation of microgel with controllable pore size. In 
response to this challenge, mathematicians and engineers 
have studied specific algorithms to calculate and analyze 
the pore space between stacked microgel, continuously 
optimizing the algorithms through comparison and 
analysis of simulated and actual results. While progress 
has been made, this research offers a new approach for 
future control of pore size in microgel[150-152]. In addition to 
studying the preparation of controllable pore size microgel, 
the preparation of inhomogeneous pore size asymmetrical 
microgel is also a research direction that deserves our 
attention. For example, microgel with inhomogeneous 
and shape-variable pore sizes can be produced through 
mechanical breaking methods. Using this method, bioinks 
in special shapes such as “microchains” can be produced, 
which possess characteristics such as high porosity, large 
pore size, and high strength, and hold great potential in 
bone repair[97].

In addition to the conventional use of microgels as 
bioinks, the 3D bioprinting strategy of using microgels as 
support baths can also produce products with complex 3D 



International Journal of Bioprinting Application and prospects of 3D printable microgels

103Volume 9 Issue 5 (2023) https://doi.org/10.18063/ijb.753

structures. Simply put, microgels, which are formed from 
hydrogel–microgel with certain rigidity, are materials that 
can smoothly transition from solid state to liquid state, and 
vice versa. Therefore, under the impact of printing injection 
ports, the microgel liquefies and quickly solidifies after 
the external force is removed, forming the desired shape. 
This microgel printing method eliminates the influence of 
surface tension, gravity, and particle diffusion, enhancing the 
design freedom of the printed structure. Bhattacharjee et al.  
utilized microgel support baths to print a range of shapes 
with high aspect ratios, demonstrating the precision and 
versatility of this method[124]. This type of microgel-based 
printing strategy is versatile and can be extended to various 
fields in biomedicine. Compaan et al. utilized this strategy 
to print the fundamental structure of a vascular system, 
namely well-connected branching channels formed by fork 
printing paths[123]. Jeon et al. employed this strategy to print 
high-resolution complex 3D structures for the purpose 
of repairing bone defects or cartilage injuries[153]. Taken 
together, microgel support baths enable precise and high-
resolution printing, providing a new strategy for printing 
complex organ structures such as vascular and neural tissues.

One aspect of 3D bioprinting that has rapidly developed 
in recent years is the research on new bioinks. Microgels, as 
bioinks, are able to replicate specific ECMs while maintaining 
high cell viability and activity, and induce organ-specific 
cell behavior. As a new type of bioink, microgel not only 
have the advantages of common hydrogels, but also make 
up for their deficiencies, making them more suitable for 
cell survival and ensuring the performance of biological 
functions. In addition to maintaining cell viability, microgel 
can enhance mechanical properties by adjusting the 
particle size and assembly mode, thus meeting the stability 
requirements of various organ structures. The complexity 
of organ structure is also a difficulty in 3D bioprinting. 
By using a microgel support bath, higher degrees of 
freedom can be achieved for precise printing, providing 
an effective solution for printing precise tissue structures. 
Although the research prospects of microgel as a new 
type of biological ink are very attractive, many challenges 
still need to be overcome in order to achieve clinical 
translation. To achieve ideal 3D bioprinting, it is necessary 
to recreate the complex structure and biological function 
of tissues and organs. For example, vascular networks, 
nervous tissue, and cartilage tissue all have complex 
structures and functions[125,154,155]. At present, vascularized 
tissues or independent microvascular network structures 
can be printed through the use of microgel support baths. 
There are two difficulties in printing neural tissue: (i) 
the printing medium must have good cell viability and 
sufficient pores for nerve cells to extend and communicate; 
and (ii) it is necessary to print fine structures that can 

simulate the in vivo structure of neural tissue. Microgels 
have the characteristics to solve the above difficulties, 
so they have great potential in 3D bioprinting of neural 
tissue. The regeneration of cartilage tissue is also a focus 
of 3D bioprinting, as cartilage has limited regenerative 
capabilities and can be broadly categorized into transparent 
cartilage, fibrous cartilage, and elastic cartilage, which have 
structural and physiological differences. Osteoarthritis 
and rheumatoid arthritis are the most common diseases 
that lead to damage in joint cartilage, and the number 
of patients suffering from these conditions is increasing 
annually[156,157]. Normal joint cartilage is an inhomogeneous 
layered tissue, and this layering is crucial for maintaining 
the structure and function of cartilage[158-160]. Thus, the 
particle heterogeneity of hydrogels and higher printing 
precision can ideally replicate this layered structure for 3D 
bioprinting. In summary, the recent progress of hydrogels 
for 3D bioprinting has been impressive, and it can be 
anticipated that this field will continue to grow and evolve 
in the coming years, providing solutions for reconstructing 
intricate and complex organs and replicating specificity of 
functional tissues.

The use of microgels in 3D bioprinting is still in 
the initial stages of exploration, with many different 
approaches being tested, evaluated, refined, integrated, or 
abandoned. In this review, we focus on the use of microgels 
in extrusion-based 3D printing, a technology that we 
believe offers unique advantages in terms of simplicity, 
versatility, and performance. The future trend of extrusion-
based 3D printing is to print multi-layered, high-precision, 
biologically functional tissue structures, and to achieve 
this goal, extrusion-based 3D printing in the form of 
coagulation and support baths has been proposed in earlier 
studies, and even further coaxial extrusion systems have 
been proposed. Despite the limitations related to materials, 
microgels are perfectly adapted to the support bath system. 
Therefore, in the future, the extrusion-based 3D printing 
approach should probably focus on the support bath system 
of microgels. Second, the development of heterogeneity of 
microgels is the focus of future development. Based on the 
complexity of the structure and function of cells, tissues 
and organs, the interconnection of multiple cells, growth 
factors and cellular microenvironment should be the focus 
of 3D bioprinting in future. The availability of a diverse 
array of microgels enables 3D bioprinting involving 
multiple cells or growth factors from the bottom up. In 
addition, microgels with micron-sized pores are more 
suitable for simulating cellular microenvironment.
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