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Microgels have become a popular and powerful structural unit in the bioprinting field due to their
advanced properties, ranging from the tiny size and well-connected hydrogel (nutrient) network to
special rheological properties. Different microgels can be fabricated by a variety of fabrication methods
including bulk crushing, auxiliary dripping, multiphase emulsion, and lithography technology. Traditionally,
microgels can encapsulate specific cells and are used for in vitro disease models and in vivo organ regen-
eration. Furthermore, microgels can serve as a drug carrier to realize controlled release of drug mole-
cules. Apart from being used as an independent application unit, recently, these microgels are widely
applied as a specific bioink component in 3D bioprinting for in situ tissue repair or building special 3D
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structures. In this review, we introduce different methods used to generate microgels and the microgel-
based bioink for bioprinting. Besides, the further tendency of microgel development in future is intro-
duced and predicted to provide guidance for related researchers in exploring more effective ways to fabri-
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1. Introduction

In recent years, 3D bioprinting technology'® has been devel-
oped within the field of biomedicine. In order to realize
specific biomedical applications, a series of bioprinting
methods have been proposed” '° and various biomaterials*™*
have been selected as a bioink component. 3D bioprinting can
be categorized into three distinct groups according to the
American Society for Testing and Materials (ASTM) standards,
namely, jetting-based," extrusion-based,'® and vat polymeriz-
ation-based'” bioprinting. The promising printability and bio-
compatibility of hydrogels make them one of the most signifi-
cant biomaterials in bioprinting."**' Among all of the bio-
printed hydrogel structures, microgels have emerged as one of
the most important structures utilized in the biofabrication
field. Microgels® refer to hydrogel structures (hydrogel micro-
particles (HMPs)) at the micron scale, which can form multi-
functional structural units suited to different application scen-
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cate microgels and more potential bioprinting application cases as multifunctional bioink components.

arios based on various hydrogel prepolymers and related bio-
logical components. As mentioned above, currently, jetting-
based and vat polymerization-based bioprinting has been
applied for the fabrication of microgels. Compared with large-
size bulk hydrogels, microgels have their own special excellent
properties to meet different requirements in the biomedical
field. Some of the excellent key properties of microgels are as
follows:

Tiny size: Microgels have a small overall size, and their size
can be adjusted by the preparation process parameters.
Besides, compared with the same volume of bulk hydrogels,
microgels have a larger specific surface area, which greatly pro-
motes the exchange of substances between the internal and
external environment of the hydrogel and provides better
living conditions for the cells loaded inside. The tiny size
enables the microgel to be injected or implanted into a narrow
part of the patient’s body to repair damaged tissue.*

Well-connected hydrogel network: The hydrogel network can
be used as a semi-closed system to achieve the controlled
release of functional molecules (such as drugs or growth
factors). After crosslinking the hydrogel prepolymer, hydrogels
with different material types and concentrations will have
different internal pore distributions. Therefore, specific mole-
cular controlled release systems can be established according
to the different requirements of drug delivery. In addition,
hydrogel networks also play an important role in providing a
reliable 3D culture microenvironment for encapsulated cells.**

Recently, apart from the application as an independent
unit, such as cell encapsulation and a drug carrier, microgels
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have gradually become a kind of bioink component for bio-
printing. Aggregated microgel systems can show special rheo-
logical properties. On the one hand, the system is composed
of solid particles, which allows it to exhibit elastomer charac-
teristics that can maintain its original shape or undergo revers-
ible elastic deformation when less stress is applied to the
system. On the other hand, when a large stress is applied to
the system, the aggregated microgel system tends to exhibit
certain fluid characteristics and has good fluidity. This non-
Newtonian fluid is known as Bingham plastic fluid,**"*” and
its special rheological properties allow it to be used as a bioink
component in specific bioprinting and biomedical appli-
cations. Besides the basic printability, compared to traditional
bioink which is prepared with hydrogel prepolymer, microgel-
based bioink has irreplaceable properties in lots of bioprinting
cases, such as extrusion in a changeable environment, depo-
sition on rigorous receivers (injury with blood), simplifying the
printing process and biofunction enhancement (Fig. 1).

In this review, we discuss the developing status of microgels
in the bioprinting field, including the fabrication methods
and application approaches. Firstly, we introduce and compare
different methods applied to generate microgels, including
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bulk crushing, auxiliary dripping, multiphase emulsion and
lithography technology. Then, we discuss current bioprinting
application approaches of microgels, including sacrificed
space occupying and secondary assembly. Finally, the further
development tendency of microgels in future is introduced
and predicted. This review aims at summarizing the current
development of microgels and providing guidance for related
researchers in exploring more effective ways to fabricate micro-
gels and more potential bioprinting application cases.

2. Fabrication methods of microgels

To realize the accurate and controllable generation of micro-
gels for the biomedical field, researchers have invented a
series of fabrication methods. In terms of bioprinting with
microgels, there is no special requirement that needs to be
considered to fabricate microgels as long as the microgel size
can match the printing nozzle (especially extrusion printing
nozzle) and the fabrication method can maintain high cell via-
bility when cell-laden microgels are applied. Thus, traditional
methods for generating microgels can be applied in bioprint-
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Fig. 1 Advantages of microgel-based bioink compared to traditional prepolymer bioink in 3D bioprinting.
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ing with microgels. This review highly generalizes various fab-
rication methods and re-classify them into four main classes,
namely, bulk crushing, auxiliary dripping, multiphase emul-
sion and adapted lithography (Fig. 2).

2.1 Bulk crushing

Roughly, microgels can be fabricated by the method of bulk
crushing, that is, making hydrogel bulk into irregular frag-
ments with micro-scale sizes. A bulk hydrogel is formed in a
certain container. By adding compressive or shear force, the
bulk hydrogel would be broken up and turned into microgels
(Fig. 3a). Bulk crushing is one of the easiest microgel fabrica-
tion methods in that it could be manually operated. However,
the size uniformity is always not promising and the surface
morphology is always uneven, so that this method is usually
applied in the situation where the microgel morphology can
be ignored.

Stirring method: A. Ellis et al.*® reported the method of bulk
crushing to generate agarose microgels (Fig. 3b). The bulk
agarose was placed in distilled water and blended initially
using a standard food blender. Then, a silver high speed rotor-
stator mixer with a fine emulsor screen was used to further
reduce the microgel size by shearing. The overall diameter of
the microgels was about 100 pm for the higher bulk agarose
concentrations, with smaller sizes found for the bulk gels with
lower concentrations. Yang et al.>® applied a similar method to
fabricate agarose microgels. The cooled bulk agarose was
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directly placed into the food mixer, followed by being stirred to
obtain broken agarose microgels.

Extrusion method: In the work of Sinclair et al.,*® an easy-
operated strategy was proposed to generate injectable zwitter-
ionic polycarboxybetaine microgels. Bulk polycarboxybetaine
zwitterionic hydrogels were extruded through progressively
finer micronic steel meshes with a stainless-steel piston and
cylinder apparatus (Fig. 3d). To ensure the size uniformity, the
initially generated microgels were screened by the final mesh
size several times. Shao et al.*' proposed a similar method to
form gelatin microgels (Fig. 3c). The gelatin precursor was
gelated at low temperature in the syringe, followed by being
crushed into microgels continuously and pushed out through
the syringe nozzle. Their sizes were relatively uniform but their
shapes were irregular.

2.2 Auxiliary dripping

In nature, continuous water dropping phenomenon can be
often found, which is always caused by gravity. Briefly, water
tends to accumulate on some surfaces (eaves, leaves, etc.) or
outlets (tubes, faucets, etc.). Due to the effect of gravity, the
surface tension cannot maintain the initial state when the
volume reaches some value, resulting in dropping and forming
a droplet. This phenomenon can be applied to form microgels
if the hydrogel precursor is applied. However, the size cannot
reach the micrometer level with the gravity alone. Therefore,
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Fig. 2 Schematic diagrams and descriptions of different microgel fabrication methods.
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Fig. 3 Bulk crushing method for microgel fabrication. (a) Schematic of the bulk crushing method. (b) Agarose microgels generated by using a food

blender and silver high speed rotor-stator mixer with a fine emulsor screen.

Reproduced from ref. 28 with permission from Elsevier, copyright 2009.

(c) The schematic of the fabrication of injectable zwitterionic polycarboxybetaine microgels. Reproduced from ref. 31 with permission from
Springer, copyright 2020. (d) The schematic of the fabrication of gelatin microgels. Reproduced from ref. 30 with permission from Wiley-Blackwell,

copyright 2018.

researchers have been trying to add various auxiliary forces to
the hydrogel to realize the fabrication of microgels (Fig. 4a).

Piezoelectric-assisted method: Traditional 2D printing
technology provides technical support for the development of
3D printing. In the early stages of 3D printing, researchers
directly modified traditional piezoelectric-assisted 2D printers
to print 3D structures, and microdroplets were the printing
units in these processes. According to the principle of piezo-
electric effect, the electrical pulse signal is transmitted to the
piezoelectric nozzle, and the electrical energy is converted into
mechanical energy and pulses the bioink inside the nozzle,
resulting in microdroplets. Teo et al.>* created fine microgels
in a single step by in-air collision of the precursor and cross-
linked droplets using the piezoelectric-assisted method
(Fig. 4b). The sodium alginate precursor and calcium cross-
linked droplets were generated from two piezoelectric print-
heads. Zhang et al.*® applied a piezoelectric inkjet printer to
fabricate arrayed PEGDA microgels onto glass slides at highly
defined positions (Fig. 4c). By dripping the hydrogel precursor
and initiator, respectively, in two steps, the microgels could
form on the substrate.

Laser-assisted method: Laser-assisted printing is another
common 3D printing method. Through laser assistance, the
laser focused on the absorber sheet pushes the hydrogel pre-
cursor droplet to the collector to achieve printing, which has
high resolution and high cost. Due to the high pulse repetition
rate of the applied laser, the generating speed of microdroplets
can be very fast. Thus, researchers have published related work
on microgel fabrication by this method. Gruene et al.** intro-

This journal is © The Royal Society of Chemistry 2024

duced the laser-assisted method for the cell-laden microgel
fabrication (Fig. 4d). Microdroplets with 10 to 7000 picolitres
volume could be fabricated by adjusting the viscosity and
thickness of the applied hydrogel layer in combination with
the laser pulse energy. In another work of Gruene et al.,*
microgels were fabricated and located as arrays to visualize
cell-cell and cell-environment interactions using a fibrin-
based layer-by-layer approach with the laser-assisted method,
which provided a proof of concept for imaging interactions
between ASCs and ECFCs (Fig. 4e).

Electric-field-assisted method: The combination of special
hydrodynamic principles with traditional 3D printing techno-
logy has also become a trend in 3D printing processes in
recent years. Among them, the principle of electrohydrody-
namics (EHD) occupies an important position in the manufac-
ture of 3D structures at the micro/nano scale.
Electrohydrodynamics is the study of the rapid flow or atomi-
zation behavior of fluids in an electric field.***” This disci-
pline is not only an important sub-discipline of electromagnet-
ism and fluid dynamics, but also an important cost-effective
technology in engineering. The target liquid flows out through
a small nozzle connected with the electrode and is exposed to
a high-voltage electric field, which will be induction charged
or contact charged at the nozzle end, and gradually elongated
into a thin jet or atomized into tiny droplets under the com-
bined action of electric field force, gravity and surface tension.
By adjusting process parameters such as applied voltage, fluid
flow, ambient temperature, nozzle model, etc., the size and
shape of the jet or droplet can be adjusted. In the work of Xie

Biomater. Sci, 2024,12,1950-1964 | 1953
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Fig. 4 Auxiliary dripping method for microgel fabrication. (a) Schematic of the auxiliary dripping method. (b) Microscopy images of fabricated algi-
nate microgels on glass substrates. Reproduced from ref. 32 with permission from American Chemical Society, copyright 2020. (c) The PEGDA
microgel array on the glass slide and the variation of spot diameter with the microgel quantity. Reproduced from ref. 33 with permission from the
Royal Society of Chemistry, copyright 2008. (d) The laser-assisted method setup for cell-laden microgels and the dripping hydrogel precursor at
different layer heights. Reproduced from ref. 34 with permission from BioMed Central, copyright 2011. (e) The schematic illustration of the gene-
ration of cell arrays based on fibrinogen-hyaluronic acid by the laser-assisted method and the fluorescence images illustrating the variation of cell-
cell ratios (scale bars = 800 mm). Reproduced from ref. 35 with permission from Mary Ann Liebert, copyright 2011. (f) The electric-field-assisted
method setup for cell-laden GelMA microgels and the morphology of the GelMA microgels. Reproduced from ref. 38 with permission from Wiley,
copyright 2019. (g) The electric-field-assisted method setup for GelMA heterogeneous microgels and the morphology of the GelMA heterogeneous

microgels. Reproduced from ref. 39 with permission from the Royal Society of Chemistry, copyright 2020.

et al.,’® an electric-field-assisted method was proposed to fabri-
cate gelatin methacryloyl (GelMA) microgels (Fig. 4f). GelMA
microdroplets were generated with an electric-field-assisted
module and received with silicon oil, followed by photocros-
slinking by 405 nm blue light into microgels. The microgel
size could be controlled by voltage, nozzle size, and gas
pressure. In another work of Xie et al.,* based on a similar
electric-field-assisted module, a “microfiber-laden minispher-
oid” was successfully fabricated, which were two widely used
microstructures in the biomedical field (Fig. 4g). Using the co-
axial nozzle, the famous fluidic phenomenon, namely, the
“rope coiling effect” would occur when two bioink phases were
extruded from the inner nozzle and outer nozzle, respectively.
As a result, the inner bioink would form a fiber-shape fluid
inside the outer droplet and form heterogeneous microgels.

1954 | Biomater. Sci, 2024, 12,1950-1964

2.3 Multiphase emulsion

Emulsion is the action of a liquid to uniformly disperse in a
very small droplet state inside another medium that is immis-
cible to each other. It is a kind of interface phenomenon.
When a liquid is added to another immiscible medium, it
tends to maintain the integrated state by the surface tension.
Once some disturbance is added into this two-phase system,
the liquid would be dispersed into smaller droplets. Based on
this phenomenon, researchers have been trying to establish a
different multiphase system to generate hydrogel precursor
microdroplets, which could be further crosslinked into micro-
gels (Fig. 5a).

Liquid-liquid emulsion: The liquid-liquid system is a
common multiphase system applied in microgel fabrication.

This journal is © The Royal Society of Chemistry 2024
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Similar to the emulsion of water inside the oil, the water phase
and oil phase would form one stable interface between each
other. Smaller water droplets can be generated by simply stir-
ring. However, due to the increase of surface attaching area,
this multiphase system is always not stable, which tends to
recover to the initial layered state. Thus, in the actual emulsion
process, a surfactant is always applied to make it easier to
maintain the emulsion state. C. L. Franco et al.*® applied the
liquid-liquid emulsion phenomenon to fabricate PEGDA
microgels (Fig. 5b). The hydrogel precursor was added to
mineral oil and stirred in a vortex generator, forming lots of
microdroplets in this system. Then, the system was exposed to
light to crosslink the microdroplets. The cells were further
seeded on the PEGDA microgels. However, simply stirring
emulsion can always lead to uneven microgel sizes. To fabri-
cate more uniform microgels, researchers also designed
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various microfluidic chips to restrict the flow state of the mul-
tiphase fluids, which can generate microgels with nearly the
same size. For example, in the work of Schindler et al,*" a
high-throughput microfluidic device was built to generate cell-
laden agarose microgels. Human pluripotent stem cells
(hPSCs) were added to the agarose precursor (Fig. 5c).
Monodisperse water-in-oil emulsion microdroplets were
formed in the established microfluidic devices from two
streams of aqueous and oil phases by break-off flow and cross-
linked into cell-laden microgels.

Gas-liquid emulsion: Besides liquid-liquid emulsion, liquid
can also be dispersed into small droplets in high-speed gas
flow, which is commonly called atomization. Thus, microgels
can also be fabricated by the gas-liquid emulsion method. For
example, in the work of Pal et al.,** a versatile air-assisted co-
axial device (ACAD) was established to fabricate microgels
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Fig. 5 Multiphase emulsion method for microgel fabrication. (a) Schematic of the multiphase emulsion method. (b) The diagram of the vortex-
induced emulsion encapsulation method and the cell attaching on the PEGDA microgels. Reproduced from ref. 40 with permission from Elsevier BV,
copyright 2011. (c) The established microfluidic chips and the generated cell-laden agarose microgels. Reproduced from ref. 41 with permission
from Cell Press, copyright 2021. (d) The air-assisted co-axial device setup and the schematic of microgel fabrication from alginate, GelMA and algi-
nate-GelMA using the proposed device. Reproduced from ref. 42 with permission from IOP Publishing, copyright 2023. (e) The air—-liquid emulsion
devices applied in the experimental setup, the schematic representation of the two experimental setups, namely, with and without vertical liquid
screen (CaCly) and the effect of misalignment of inner capillary axes on alginate microdroplet formation and interaction mechanism. Reproduced

from ref. 43 with permission from Elsevier, copyright 2017.
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(Fig. 5d). The system setup had a co-axial nozzle for the hydro-
gel precursor and air flow. To demonstrate the feasibility of
the method, microgels composed of various biomaterials and
their combination were generated, including alginate, GelMA,
and alginate-GelMA microgels. Besides, Marra et al.*® pro-
posed the gas-liquid emulsion method to generate alginate
microgels and analyzed the flow behavior during the emulsion
process by computational fluid dynamics (Fig. 5e). The results
demonstrated that the proposed gas-liquid emulsion method
represented a feasible solution for high-throughput fabrication
of alginate microgels.

2.4 Adapted lithography

The lithography method was developed from the early lithogra-
phy transfer method, and the depiction on the transcribed
paper and then fell on the plate to become a reverse grain, and
then printed on the paper surface as a normal pattern. This
method has been widely applied in the field of publication
printing such as newspapers, posters, etc. In this method, the
printing plate is simple to manufacture and low cost. The
color binding is accurate and the printing content can be
obtained with a large yield. Essentially, lithography technology
is a kind of method to operate small microdroplets, so that
this method can be potentially applied in the fabrication of
microgels and researchers have proposed different adapted
lithography technologies for it (Fig. 6a).

In-mold casting: The printing plate used in lithography has
grooves with a specific topology to print the on-demand pat-
terns. It easily comes to mind that microgels can be fabricated
by directly casting the hydrogel precursor into a printing plate
or a mold consisting of duplicate microscale grooves. Zhang
et al.** successfully fabricated bilayer-ribbon-shaped poly(N-
isopropylacrylamide) (PNIPAM) microgels, which could be
deformed in water using nonwetting molds as templates
(Fig. 6b). A press with a quartz window was applied to the
molding of microgels. The hydrogel precursor was first added
on the replicated PFPE film, which was then covered by a flat
PFPE film. Then, the hydrogel precursor was photocrosslinked
into microgels and demolded from the mold. Andreas et al.*®
also explored the in-mold casting method to fabricate PEG
microgels (Fig. 6¢). The molds are prepared by placing a PDMS
layer with a 12 mm punched hole onto a second full PDMS
bottom layer. The hydrogel precursor was poured into the cav-
ities of the mold. Excess precursor was cleaned with a poly-
ethylene terephthalate (PET) film to prevent formation
between the cavities. After crosslinking, the microgels could be
collected from the mold.

Discrepant wettability coating: Besides special sunk molds,
substrates with different wettability arrangement can also
realize the on-demand distribution of the hydrogel precursor.
When the hydrogel precursor is irregularly coated on the
treated substrate with microscale hydrophilic areas, it tends to
accumulate at these areas and form microdroplets, followed by
being crosslinked into microgels. Li et al*® proposed the
method of discrepant wettability coating for rapid hetero-
geneous microgel preparation (Fig. 6d). Researchers manufac-

1956 | Biomater. Sci,, 2024, 12, 1950-1964
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tured the special hydrophobic/hydrophilic contact line at the
PDMS-glass interface, the micropatterns on which led to
wetting of the hydrogel precursor to hydrophilic spaces and
repulsion of the hydrogel precursor to hydrophobic spaces. By
coating a hydrogel precursor on the discrepant wettability
surface, the microdroplet array self-assembled rapidly and was
transformed into a microgel array by crosslinking. Ngoc et al.*’
also reported a rapid method for preparing a microgel array
with surfaces patterned with differential wettability (Fig. 6e).
PEG hydrogel precursor was spotted onto the hydrophilic
spaces of the patterned gold-coated substrates and sandwiched
by the DTT-treated silanized glass coverslip. By irradiation of
UV light, the microdroplets were then crosslinked into
microgels.

Selected irradiation space: For photocrosslinkable hydrogels,
the approach of selected light irradiation space can directly
realize the microgel formation. The hydrogel precursor would
be photocrosslinked into microgels at the irradiation points,
while the one at the lucifugal points would remain in the
liquid state. Gulfam et al.*® proposed the fabrication method
of PEG microgel building blocks by the selected irradiation
space technique (Fig. 6f). Photomask thin films with square
and hexagonal shapes were designed by AutoCAD, respectively.
The hydrogel precursor was added on a glass slide and
another glass slide was placed on top to form a uniformly dis-
tributed layer of hydrogel precursor. The photomask thin film
was covered on the upper glass slide and irradiated with UV
light. The microgels then formed in the transparent spaces of
the mask. Moreover, with the development of projection-based
3D bioprinting (PBP),*> the selected irradiation space
method can also be realized by this technique without the
complex mask manufacturing process. That is, the image
signal is projected out after digital processing, and the basic
principle of PBP technology is that the digital light source in
the form of surface light is projected layer by layer on the
surface of the liquid hydrogel precursor, which is cured layer
by layer. The electric mask can be easily generated and modi-
fied by the upper computer. Liu et al.>* applied a PBP printer
to fabricate microgels with different 3D shapes (Fig. 6g). This
method successfully made use of the advantages of PBP
technology, namely, high flexibility and good controllability
and provided an ideal way for the mass fabrication of custo-
mized microgels.

3. Bioprinting application approaches
of microgels

Based on various fabrication methods, microgels with
different functions and properties have been established.
Researchers have also designed a series of application
approaches for microgels. Apart from the independent appli-
cation units such as cell encapsulation®*™” and drug
carriers,”®® in recent years, researchers have been exploring
the potential applications of microgels in the bioprinting field.

This journal is © The Royal Society of Chemistry 2024
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Microgels are regarded as a kind of bioink component to
realize specific functions that traditional bioink cannot realize.
Extrusion in a changeable environment: Traditional bioink
always has thermo-sensitivity, so that the printing environment
needs to be strictly set up to guarantee the bioink to be in an
appropriate rheological state.”””! In comparison, microgels in
the microgel-based bioink have been pre-crosslinked by some
methods and have a relatively stable structure. Therefore, the
microgel-based bioink can excellently resist the outer environ-
ment variation and meet different bioprinting conditions.
Deposition on a rigorous receiver: In some cases, bioink
needs to be deposited on receivers with rigorous conditions.

This journal is © The Royal Society of Chemistry 2024

For example, as an emerging technology, in situ bioprinting
has attracted attention in the bioprinting field, that is, deposit-
ing bioink directly on organ defects with blood and body
temperature to improve regeneration effect. Once traditional
bioink is deposited on the organ defect with a specific 3D
structure, it would be destroyed by the high temperature and
blood. However, microgel-based bioink could maintain the 3D
structure due to the stability of pre-crosslinked microgels.
Simplifying the printing process: Microgels can simplify the
printing process in some complex structure bioprinting cases.
The porous structure is an important structure in the 3D bio-
printing field because it can provide enough nutrient channels
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for the encapsulated cells. For traditional bioink, the porous
structure is usually realized by designing a specific printing
routine such as grid scaffolds,”” which increases the printing
duration and complexity. By using microgels fabricated from
sacrificial materials, a pore network can be easily built by post
treatment. For example, by adding gelatin microgels into tra-
ditional bioink, which has thermo-sensitivity, the pore
network can be simply established by heating the crosslinked
structure. Besides, complex 3D structures with a suspended
part always need an accompanying supporting structure in the
printing process, which would extremely increase the printing
duration and complexity. Microgels have been applied for
solving this problem by establishing a suspension bath.
Sacrificial microgels were accumulated in some container and
the printing nozzle was inserted in this suspension bath. By
the supporting effect, the bioink can be directly deposited in
the suspension bath regardless of the structure complexity.
After printing and crosslinking, the suspension bath can be
easily removed by some post treatment methods.

Biofunction enhancement: Bioprinting structures are always
applied in some biomedical applications such as tissue regen-
eration and organ models. In order to make the encapsulated
cells have specific biological functions, in the bioprinting
process with traditional bioink, the printed structures always
require specific induction culturing,”® which increases the
application duration. As a function unit, cell-laden microgels
can be mass produced and pre-inducted as a kind of pro-
duction, during which the encapsulated cells are transferred to
a differentiated state and have specific biological functions.
Thus, structures printed by microgel-based bioink would be
directly applied in a series of biomedical applications without
waiting for the post induction.

3D bioprinting based on microgel-based bioink mainly
uses the extrusion bioprinting method. This method involves
extruding bioink from a syringe and a nozzle assembled on 3D
bioprinter to form complex 3D structures. However, in extru-
sion bioprinting, the number of choices for bioink is limited
because most soft biomaterials cannot support subsequent
layers of printing without crosslinking to build complex 3D
structures. However, the accumulation system established by
microgels has Bingham fluid features. The system is composed
of solid particles on the one hand, allowing it to exhibit elasto-
meric features, which can retain its original shape or undergo
reversible elastic deformation when less strain is applied to
the system. In contrast, when a large strain is applied to the
system, aggregated microgel systems tend to exhibit some fluid
characteristics and have good fluidity. In this way, the micro-
gel-based bioink can perfectly match the demands of bioprint-
ing, and traditional bioprinters (mainly extrusion bioprinters)
can perfectly match the requirements for bioprinting
methods. Due to the differences between microgel-based and
traditional liquid bioinks, there are some special printing
factors that need to be considered during microgel bioprint-
ing. These factors are closely related to the flow initiation
process of 3D printing and may affect printing quality and cell
compatibility:
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Microgel deformation: When microgel-based bioink is
loaded into a printing syringe, due to the considerable size of
accumulated microgels, the syringe wall and nozzle provide re-
sistance and restrict the flow of bioink. Depending on the size
of the nozzle opening, microgels would possibly be packed
closer to remove aqueous solution from the gap. This results
in further deformation, compression, or sometimes rupture
before it can flow.

External shear stress: The physical and chemical properties
of microgel-based bioink, such as microgel size and mechani-
cal modulus, can affect the dissipation process between micro-
gels. In order to initiate the flow of microgel-based bioink, the
external shear stress must exceed the wall resistance and the
yield stress of microgel-based bioink.

This review highly generalizes various application
approaches focused on bioprinting applications and re-classi-
fies them into two main classes, namely, sacrificed space occu-
pying and secondary assembly (Fig. 7).

3.1 Sacrificed space occupying

Microgels can play a sacrificed space-occupying role in specific
applications. By combining sacrificial biomaterials and the
above microgel fabrication methods, microgels with special
sensitivity to environmental conditions followed by solid-
liquid transformation can be fabricated. This allows the micro-
gels to maintain a solid state to occupy some space and
provide mechanical support initially, and “disappear” after
they have completed their mission in specific physical or
chemical conditions (Fig. 8a).

Suspension bath: 3D bioprinting always needs to balance the
printability and biocompatibility of the bioink. However, there
is often a conflict between the two aspects. For one thing, the
encapsulated cells tend to grow in a relatively soft microenvi-
ronment (low bioink concentration) to realize survival, prolifer-
ation and differentiation. For another, the higher bioink con-
centration can guarantee the printability due to the higher vis-
cosity. Therefore, it has become a challenge for researchers to
simultaneously settle the two questions in a bioprinting
process. Suspension baths have become one of the most
popular solutions to solve this problem. Sacrificial microgels are
fabricated and accumulated in the big holder (printing bath).
Firstly, the microgels maintained the solid state and the bioink
was directly extruded from the printing nozzle. The extruded
filament can be easily supported by the suspension bath and
realize the 3D structure deposition. Then, the bioink is cross-
linked by a specific method, which finishes the 3D structure for-
mation. Finally, the suspension bath composed of sacrificial
microgels is treated by specific physical or chemical methods,
resulting in easy removal from the printed structure. Spencer
et al”* used gelatin microgels, which could maintain solid state
at low temperature and become liquid at high temperature, as
the main component of the suspension bath (Fig. 8b). The
engineered GelMA/PEDOT:PSS bioink was extruded in the
gelatin microgel bath. Complex 3D structures were successfully
printed by this method. Hinton et al.”® reported the bioprinting
method of complex 3D structures with soft protein and polysac-

This journal is © The Royal Society of Chemistry 2024
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charide hydrogels (Fig. 8c). The support bath also consisted of
accumulated gelatin microgels. The bioink was directly printed
in the suspension bath. After crosslinking, the gelatin microgels
could be simply removed by heating.

Porous structure: Bioprinting of porous large-scale structures
is of great significance in that the pores inside the large-scale
structure can provide enough nutrition and air for the encap-
sulated cell growth. Because of the diffusion gradient, the con-
centration of nutrition or growth factor molecules from
outside would gradually decrease when they diffuse into the
large-scale hydrogel network. Thanks to their controllable size,
sacrificial microgels have been verified to be a feasible tool to
form multi-scale pores inside the hydrogel structures. By
simply mixing the sacrificial microgels inside the bioink, they
can firstly occupy some space in the deposited bioink. After
the bioink is crosslinked, the sacrificial microgels can be
treated by specific methods to transform into liquid state, so
that amounts of pores can be generated inside the printed
structures. In the work of Jiang et al.,”® mesenchymal stem cell
(MSC)-laden porous hydrogel scaffolds were successfully
printed by adding sacrificial microgels (Fig. 8d). Sacrificial
poly (ethylene glycol)-norbornene-dopamine (PEGNB-Dopa)
microgels were generated by microfluidic technology. The
crosslinked cell-laden PEGNB-Dopa microgels were sub-
sequently added to another hydrogel precursor. After the print-
ing and crosslinking process, the PEGNB-Dopa microgels were
rapidly degraded, resulting in lots of uniform pores inside the
bulk hydrogel. Furthermore, Xie et al.”” applied the thermo-
sensitive property of gelatin and added gelatin microgels with
uniform sizes into GelMA precursor to establish centimeter-
scale tumor tissue with angiogenesis (Fig. 8e). The thermo-
crosslinked sacrificial gelatin microspheres encapsulating
human umbilical vein endothelial cells (HUVECs) were mixed
with GelMA precursor mixed with human breast cancer cells

This journal is © The Royal Society of Chemistry 2024

(MDA-MB-231s). After printing, the structure was cultured in a
37 °C environment and pores were formed inside the cross-
linked GelMA hydrogel and released the encapsulated
HUVECs.

3.2 Secondary assembly

In recent years, microgels have gradually evolved into a novel
bioink component type due to their tiny size, on-demand func-
tions and promising rheological properties. The accumulation
system established by microgels possesses Bingham fluid fea-
tures (Fig. 9a). On the one hand, the system is composed of
solid particles, which allows it to exhibit elastomer character-
istics, which can maintain its original shape or undergo revers-
ible elastic deformation when less stress is applied to the
system. On the other hand, when a large stress is applied to
the system, the aggregated microgel system tends to exhibit
certain fluid characteristics and has good fluidity. Thus, the
microgel-based bioink can perfectly match the requirements
of bioprinting.

So far, the number of reports on the secondary assembly of
microgels has been increasing in 3D bioprinting and bio-
medical application fields. In the latest review of Feng et al,”®
the assembly of microgels was detailedly summarized and dis-
cussed. The review summarized the fabrication methods avail-
able for microgel assembly, its advanced properties and the
potential applications in the biomedical field. Moreover, Daly
et al”® also reviewed the new potential application direction of
microgels and predicted the huge development of microgel sec-
ondary assembly in future. Ouyang et al.*® also summarized the
recent progress and trends of microgel secondary assembly. The
microgels were named building blocks in this report. The report
provided new classifications of different living building blocks
and highlighted state-of-the-art research and trends, inspiring
other researchers working in the biomedical field.
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As a new bioink system, the printability and theoretical
research of microgel-based bioink has been gradually carried
out. In the work of Xin et al,®" detailed research by experi-
mental and computational methods on the microgel assembly
was reported (Fig. 9b). The external resistance from the print-
ing apparatus and internal physicochemical properties of
microgels were revealed. These results could be applied to
improve the printability of microgel-based bioink and facilitate
their wider applications in the biomedical field. Moreover,
Song et al.®* computationally analyzed the printing process of
the gelatin microgel-based bioink in extrusion bioprinting in
terms of the filament cross-sectional morphology and influ-
ence of the yield-stress fluid property on the structural print-
ability, which provided more theoretical references to the
related researchers (Fig. 9c).

Besides the basic theory research on the microgel assembly,
some research has reported the initial exploration of bio-

1960 | Biomater. Sci, 2024, 12, 1950-1964

medical applications for the microgel-based bioink. Song
et al.®® reported an injectable gelatin microgel-based bioink
for scaffold printing, which was composed of solid gelation
microgel and crosslinkable gelatin solution phase loaded cells
(Fig. 9d). This microgel-based bioink was verified to be feasible
for direct bioprinting in air and crosslinked to maintain the
printed 3D morphology at room temperature. Fang et al.®* pro-
posed a cell-laden microgel-based biphasic bioink consisting
of microgels in close-packed condition and a hydrogel precur-
sor (Fig. 9e). This bioink system was tested to be useful for the
printing of a series of hydrogels into complicated 3D struc-
tures with high shape fidelity. Jeon et al® combined the
microgel secondary assembly method with the suspension
bath; that is, cell-laden microgels were directly assembled into
well-defined 3D shapes via freeform reversible embedding of
suspended hydrogels, which would potentially provide a sig-
nificant tool for the establishment of on-demand biomimetic

This journal is © The Royal Society of Chemistry 2024
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3D tissue in vitro (Fig. 9f). Besides the in vitro research, fectly match the requirements of various in situ bioprinting
recently, Xie et al.®®
bioink into organ defect in situ repair, namely, in situ bioprint- applied in clinical organ damage repair.
ing (Fig. 9¢). For in situ bioprinting,®”°> the printing con-
ditions could be extremely harsh, such as volatile environment

temperature, depositing damage surface with body tempera- 4 Conclusion and outlook
ture and blood, etc. GeIMA microgels were wet by GelMA pre-

innovatively introduced microgel-based situations, indicating that this bioink would be potentially

cursor to build the novel bioink system. Taking advantage of
microgel-based bioink in terms of rheological and biocompati-
ble features, the robustness of this bioink system could per-

This journal is © The Royal Society of Chemistry 2024

Through the introduction of the excellent characteristics,
preparation methods and application approaches of microgels
specifically for the bioprinting field, in this review, it can be
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found that the application status of microgels has attracted
more and more attention from researchers in related fields.
However, there are still a large number of parts that need to be
improved in the preparation scheme of microgels, and the
structure and spatial distribution design of microgels them-
selves need to be further improved, and their application fields
should be further explored. From our perspective, in the
future, the development direction of microgels will mainly
focus on the following aspects:

Stable mass production of microgels: The current production
and preparation scheme of microgels is still unstable, and the
yield is not high. Due to the small size of microgels, in order to
meet the needs of large batches in practical applications, it is
necessary to improve the production efficiency of microgels.
Therefore, in the next few years, researchers should develop new
and reliable fabrication devices, which can realize the mass pro-
duction of microgels for clinical treatment or basic research.

Preparation of complex heterogeneous microgels: Biological
tissues are often composed of a variety of microstructures,
such as glomerular units, embryos, tumors, etc. is composed
of vascular networks with microfiber structures and main
tissues with spheroid structures. However, the commonly used
microfluidic method and inkjet method are not easy to achieve
the preparation of heterogeneous microgels with different
topological morphologies. In order to better simulate the
complex interactions between cells in vivo, more reliable solu-
tions need to be explored in the future to prepare various
complex heterogeneous microgels to study the complex inter-
actions between tissues and cells in vivo.

Secondary printing of new microgel-based bioinks: As men-
tioned above, a very small number of studies have reported the
use of cured microgels as bioink components for specific 3D
bioprinting scenarios. These studies have opened up comple-
tely new application directions for microgels. However, in
recent years, it has been reported that the “secondary printing”
of microgels is still stuck in the basic microgel deposition, and
has not further developed microgel-based bioink. At the same
time, researchers have not yet obtained reliable bioinks for
these two application scenarios, which are currently hot
research topics in the field of bioprinting—in vitro printing of
large vascularized tissues and in situ printing/repair of defec-
tive organs. Combining the unique rheological advantages of
microgels, microgel-based bioinks are expected to become
more reliable bioprinting bioinks breaking through the limit-
ations and challenges in 3D bioprinting.

Printing method development: As mentioned in this review,
microgel-based bioink has been applied in many research
studies. However, this excellent bioink is mainly utilized in the
extrusion bioprinting process. Photocuring type bioprinting
has become a popular printing method due to its high
efficiency and accuracy; that is, structures are printed layer by
layer with light irradiation and continuously changing electri-
cal masks. However, bioink with low mechanical module,
which is regarded as an appropriate microenvironment for cell
growth, is always hard to be printed in this excellent printing
process in that the crosslinked part cannot maintain the orig-
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inal shape and would cause obvious error to the further layer
printing. Microgel-based bioink has the potential to solve this
contradiction in the photocuring printing process in that the
gathered microgel system simultaneously has certain fluidic
and solid profiles. In future, microgels can be fabricated into
smaller sizes and the components of microgel-based bioink
can be optimized to meet the requirements of photocuring
bioprinting and open a brand-new page of bioprinting.

Author contributions

Conceptualization: Yong He, Mingjun Xie; Investigation:
Mingjun Xie, Sheng Yan; writing - original draft: Mingjun Xie;
writing - review & editing: Yong He, Sheng Yan, Sufan Wu, Ji
Wang.

Conflicts of interest

All authors declare no financial/commercial conflicts of interest.

Acknowledgements

This study was sponsored by the National Natural Science
Foundation of China (No. 52235007, Yong He), the Science
Fund for Creative Research Groups of the National Natural
Science Foundation of China (No. T2121004, Yong He), the
National Natural Science Foundation of China (No. 52305300,
Mingjun Xie), the Fellowship of China Postdoctoral Science
Foundation (2022M722826, Mingjun Xie), the National Natural
Science Foundation of China (82203602, Ji Wang), Zhejiang
Provincial Natural Science Foundation of China under Grant
(No. LQ22H160020, Ji Wang).

References

1 M. Mobaraki, M. Ghaffari, A. Yazdanpanah, Y. Luo and
D. K. Mills, Bioprinting, 2020, 18, €00080.

2 N. A. Sears, D. R. Seshadri, P. S. Dhavalikar and E. Cosgriff-
Hernandez, Tissue Eng., Part B, 2016, 22, 298-310.

3 Y. J. Seol, H. W. Kang, S. J. Lee, A. Atala and J. J. Yoo,
Eur. J. Cardiothorac. Surg., 2014, 46, 342-348.

4 Y. He, Bio-Des. Manuf., 2021, 4, 912-913.

5 Z. Jin, C. He, J. Fu, Q. Han and Y. He, Bio-Des. Manuf.,
2022, 5, 580-606.

6 Y. Sun, K. Yu, Q. Gao and Y. He, Bio-Des. Manuf., 2022, 5,
633-639.

7 A. M. Compaan, K. Christensen and Y. Huang, ACS
Biomater. Sci. Eng., 2017, 3, 1519-1526.

8 C. Murphy, K. Kolan, W. Li, J. Semon, D. Day and M. Leu,
Int. J. Bioprint., 2017, 3, 005.

9 J. Adhikari, A. Roy, A. Das, M. Ghosh, S. Thomas, A. Sinha,
J. Kim and P. Saha, Macromol. Biosci., 2021, 21, 2000179.

10 S.Ji and M. Guvendiren, APL Bioeng., 2021, 5, 011508.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01733h

Published on 08 sijenja 2024. Downloaded on 4.12.2025. 18:12:52.

Biomaterials Science

11

12
13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

C. C. Chang, E. D. Boland, S. K. Williams and J. B. Hoying,
J. Biomed. Mater. Res., Part B, 2011, 98B, 160-170.

E. Axpe and M. L. Oyen, Int. J. Mol. Sci., 2016, 17, 1976.

P. M. Crapo, T. W. Gilbert and S. F. Badylak, Biomaterials,
2011, 32, 3233-3243.

R. Whenish, S. Ramakrishna, A. K. Jaiswal
G. Manivasagam, Bio-Des. Manuf., 2022, 5, 412-423.
W. L. Ng, X. Huang, V. Shkolnikov, R. Suntornnond and
W. Y. Yeong, Bio-Des. Manuf., 2023, 6, 676-690.

R. Chand, B. S. Muhire and S. Vijayavenkataraman,
Int. J. Bioprint., 2022, 8, 45-60.

W. L. Ng, J. M. Lee, M. M. Zhou, Y. W. Chen, K. X. A. Lee,
W. Y. Yeong and Y. F. Shen, Biofabrication, 2020, 12,
022001.

E. M. Ahmed, J. Adv. Res., 2015, 6, 105-121.

and

R. S. Ashton, A. Banerjee, S. Punyani, D. V. Schaffer and
R. S. Kane, Biomaterials, 2007, 28, 5518-5525.
T. Billiet, M. Vandenhaute, J. Schelfhout, S. Van

Vlierberghe and P. Dubruel, Biomaterials, 2012, 33, 6020-
6041.

J. Saroia, W. Yanen, Q. Wei, K. Zhang, T. Lu and B. Zhang,
Bio-Des. Manuf., 2018, 1, 265-279.

M. J. Kratochvil, A. J. Seymour, T. L. Li, S. P. Pasca,
C. J. Kuo and S. C. Heilshorn, Nat. Rev. Mater., 2019, 4,
606-622.

R. Ghaffarzadegan, S. Khoee and S. Rezazadeh, Daru,
J. Pharm. Sci., 2020, 28, 237-252.

Y. Wang, Y. Zhang, B. Wang, Y. Cao, Q. Yu and T. Yin,
J. Nanopart. Res., 2013, 15, 1-12.

R. W. Ansley and T. N. Smith, AICKE J., 1967, 13, 1193-
1196.

C. R. Beverly and R. I. Tanner, J. Non-Newtonian Fluid
Mech., 1992, 42, 85-115.

L. Yang and K. Du, J. Therm. Anal. Calorim., 2019, 1-22.

A. Ellis and J. C. Jacquier, J. Food Eng., 2009, 90, 141-145.
B. Yang, T. Liu, G. Gao, X. Zhang and B. Wu,
Micromachines, 2022, 13, 469.

A. Sinclair, M. B. O’Kelly, T. Bai, H. C. Hung, P. Jain and
S. Jiang, Adv. Mater., 2018, 30, €1803087.

L. Shao, Q. Gao, C. Xie, J. Fu, M. Xiang, Z. Liu, L. Xiang
and Y. He, Bio-Des. Manuf., 2020, 3, 30-39.

M. Y. Teo, S. Kee, N. RaviChandran, L. Stuart, K. C. Aw and
J. Stringer, ACS Appl. Mater. Interfaces, 2020, 12, 1832-1839.
R. Zhang, A. Liberski, F. Khan, J. J. Diaz-Mochon and
M. Bradley, Chem. Commun., 2008, 1317-1319, DOL
10.1039/B717932D.

M. Gruene, C. Unger, L. Koch, A. Deiwick and B. Chichkov,
Biomed. Eng. Online, 2011, 10, 19.

M. Gruene, M. Pflaum, C. Hess, S. Diamantouros, S. Schlie,
A. Deiwick, L. Koch, M. Wilhelmi, S. Jockenhoevel,
A. Haverich and B. Chichkov, Tissue Eng., Part C, 2011, 17,
973-982.

A. Bandopadhyay and U. Ghosh, J. Indian Inst. Sci., 2018,
98, 201-225.

S. C. Coelho, B. N. Estevinho and F. Rocha, Food Chem.,
2020, 127850.

This journal is © The Royal Society of Chemistry 2024

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

View Article Online

Review

M. Xie, Q. Gao, H. Zhao, ]J. Nie, Z. Fu, H. Wang, L. Chen,
L. Shao, J. Fu, Z. Chen and Y. He, Small, 2019, 15, 1804216.
M. Xie, Q. Gao, ]J. Qiu, J. Fu, Z. Chen and Y. He, Biomater.
Sci., 2020, 8, 109-117.

C. L. Franco, ]. Price and ]J. L. West, Acta Biomater., 2011, 7,
3267-3276.

M. Schindler, D. Siriwardena, T. N. Kohler,
A. L. Ellermann, E. Slatery, C. Munger, F. Hollfelder and
T. E. Boroviak, Stem Cell Rep., 2021, 16, 1347-1362.

V. Pal, Y. P. Singh, D. Gupta, M. A. Alioglu, M. Nagamine,
M. H. Kim and I. T. Ozbolat, Biofabrication, 2023, 15,
035001.

F. Marra, A. De Vivo and F. Sarghini, J. Food Eng., 2017,
213, 89-98.

H. Zhang, L. Koens, E. Lauga, A. Mourran and M. Moller,
Small, 2019, 15, 1903379.

J. D. K. Andreas, ]J. Kohler, D. B. Gehlen, T. Haraszti,
S. Cichosz, J. C. Rose, M. Moller and L. De Laporte, Chem.
Commun., 2018, 54, 6943-6946.

Y. Li, P. Chen, Y. Wang, S. Yan, X. Feng, W. Du,
S. A. Koehler, U. Demirci and B. F. Liu, Adv. Mater., 2016,
28, 3543-3548.

T. L. Ngoc Nhi, S. Zorn, S. K. Schmitt, P. Gopalan and
W. L. Murphy, Acta Biomater., 2016, 34, 93-103.

M. Gulfam, J. M. Lee and B. G. Chung, Biotechnol. Prog.,
2011, 27, 466-472.

K. Yu, X. Zhang, Y. Sun, Q. Gao, J. Fu, X. Cai and Y. He,
Bioact. Mater., 2022, 11, 254-267.

S. Yuan, Y. Kang, N. Jing, S. Miao, F. Jianzhong,
W. Huiming and H. Yong, Biofabrication, 2020, 13, 035032.
K. S. Lim, R. Levato, P. F. Costa, M. D. Castilho,
C. R. Alcala-Orozco, K. M. A. van Dorenmalen,
F. P. W. Melchels, D. Gawlitta, G. J. Hooper, J. Malda and
T. B. F. Woodfield, Biofabrication, 2018, 10, 034101.

S. H. Kim, Y. K. Yeon, J. M. Lee, J. R. Chao, Y. J. Lee,
Y. B. Seo, M. T. Sultan, O. ]. Lee, J. S. Lee, S.-i. Yoon,
I.-S. Hong, G. Khang, S. J. Lee, J. J. Yoo and C. H. Park, Nat.
Commun., 2018, 9, 1620.

X. Liu, J. Tao, J. Liu, X. Xu, J. Zhang, Y. Huang, Y. Chen,
J. Zhang, D. Y. B. Deng, M. Gou and Y. Wei, ACS Appl.
Mater. Interfaces, 2019, 11, 12209-12215.

J. C. Marin-Paya, B. Diaz-Benito, L. A. Martins, S. C. Trujillo,
L. Cordédn, S. Lanceros-Méndez, G. Gallego Ferrer, A. Sempere
and J. L. Gomez Ribelles, Materials, 2021, 14, 7121.

Q. Hu, X. Liu, H. Liu, L. Yang, X. Yuan, Y. Chen, W. Wu,
J. Luo, J. Long, M. Huang and M. Gou, Mater. Des., 2021,
210, 110079.

M. Xie, Q. Gao, ]J. Fu, Z. Chen and Y. He, Bio-Des. Manuf.,
2020, 3, 175-188.

L. Nan, Z. Yang, H. Lyu, K. Y. Y. Lau and H. C. Shum, Adv.
Biosyst., 2019, 3, €1900076.

K. Beaumont, R. Webster, I. Gardner and K. Dack, Curr.
Drug Metab., 2003, 4, 461-485.

D. J. Kempf, H. L. Sham, K. C. Marsh, C. A. Flentge,
D. Betebenner, B. E. Green, E. McDonald, S. Vasavanonda,
A. Saldivar, N. E. Wideburg, W. M. Kati, L. Ruiz, C. Zhao,

Biomater. Sci, 2024,12,1950-1964 | 1963


https://doi.org/10.1039/B717932D
https://doi.org/10.1039/d3bm01733h

Published on 08 sijenja 2024. Downloaded on 4.12.2025. 18:12:52.

Review

60

61

62

63

64

65
66

67

68

69

70

71

72

73

74

75

76

L. Fino, J. Patterson, A. Molla, J. J. Plattner and
D. W. Norbeck, J. Med. Chem., 1998, 41, 602-617.

K. A. Whitehead, R. Langer and D. G. Anderson, Nat. Rev.
Drug Discovery, 2009, 8, 129-138.

T. M. Allen and P. R. Cullis, Adv. Drug Delivery Rev., 2013,
65, 36-48.

J. L. Lau and M. K. Dunn, Bioorg. Med. Chem., 2018, 26,
2700-2707.

M. Baker, H. M. Reynolds, B. Lumicisi and C. J. Bryson,
Self/Nonself, 2010, 1, 314-322.

J. MccCafferty, A. D. Griffiths, G. Winter and D. J. Chiswell,
Nature, 1990, 348, 552-554.

A. P. Chapman, Adv. Drug Delivery Rev., 2002, 54, 531-545.
D. Sivakumaran, D. Maitland and T. Hoare,
Biomacromolecules, 2011, 12, 4112-4120.

R. Chen, J. Shi, C. Liu, J. Li and S. Cao, Adv. Compos.
Hybrid Mater., 2022, 5, 2223-2234.

S. Sagbas and N. Sahiner, Carbohydr. Polym., 2018, 200,
128-136.

J. C. Mejias and K. Roy, J. Controlled Release, 2019, 316,
393-403.

R. Rodriguez-Rodriguez, H. Espinosa-Andrews,
C. Velasquillo-Martinez and Z. Y. Garcia-Carvajal,
Int. J. Polym. Mater. Polym. Biomater., 2020, 69, 1-20.

Z. Yang, S. Chaieb and Y. Hemar, Polym. Rev., 2021, 1-49.
L. Shao, Q. Gao, C. Xie, J. Fu, M. Xiang and Y. He,
Biofabrication, 2020, 12, 035014.

X. Zhao, S. Liu, L. Yildirimer, H. Zhao, R. Ding, H. Wang,
W. Cui and D. Weitz, Adv. Funct. Mater., 2016, 26, 2809-2819.
A. R. Spencer, E. Shirzaei Sani, J. R. Soucy, C. C. Corbet,
A. Primbetova, R. A. Koppes and N. Annabi, ACS Appl.
Mater. Interfaces, 2019, 11, 30518-30533.

T. J. Hinton, Q. Jallerat, R. N. Palchesko, J. H. Park,
M. S. Grodzicki, H. J. Shue, M. H. Ramadan, A. R. Hudson
and A. W. Feinberg, Sci. Adv., 2015, 1, €1500758.

Z. Jiang, F.-Y. Lin, K. Jiang, H. Nguyen, C.-Y. Chang and
C.-C. Lin, Biomater. Adv., 2022, 134, 112712.

1964 | Biomater. Sci, 2024,12,1950-1964

77

78

79

80

81

82

83

84

85

86

87

88

89
90

91

92

View Article Online

Biomaterials Science

M. Xie, Y. Sun, J. Wang, Z. Fu, L. Pan, Z. Chen, ]J. Fu and
Y. He, Int. J. Bioprint., 2022, 1.

Q. Feng, D. Li, Q. Li, X. Cao and H. Dong, Bioact. Mater.,
2022, 9,105-119.

A. C. Daly, L. Riley, T. Segura and J. A. Burdick, Nat. Rev.
Mater., 2019, 5, 20-43.

L. Ouyang, J. P. K. Armstrong, M. Salmeron-Sanchez
and M. M. Stevens, Adv. Funct. Mater., 2020, 30,
19090009.

S. Xin, K. A. Deo, J. Dai, N. K. R. Pandian, D. Chimene,
R. M. Moebius, A. Jain, A. Han, A. K. Gaharwar and
D. L. Alge, Sci. Adv., 2021, 7, eabk3087.

K. Song, D. Zhang, J. Yin and Y. Huang, Addit. Manuf.,
2021, 41, 101963.

K. Song, A. M. Compaan, W. Chai and Y. Huang, ACS Appl.
Mater. Interfaces, 2020, 12, 22453-22466.

Y. Fang, Y. Guo, M. Ji, B. Li, Y. Guo, ]J. Zhu, T. Zhang and
Z. Xiong, Adv. Funct. Mater., 2022, 32, 2109810.

O. Jeon, Y. B. Lee, T. J. Hinton, A. W. Feinberg and
E. Alsberg, Mater. Today Chem., 2019, 12, 61-70.

M. Xie, Y. Shi, C. Zhang, M. Ge, J. Zhang, Z. Chen, J. Fu,
Z. Xie and Y. He, Nat. Commun., 2022, 13, 3597.

M. Albanna, K. W. Binder, S. V. Murphy, ]J. Kim,
S. A. Qasem, W. Zhao, J. Tan, I. B. El-Amin, D. D. Dice and
J. Marco, Sci. Rep., 2019, 9, 1-15.

N. Ashammakhi, S. Ahadian, I. Pountos, S. K. Hu,
N. Tellisi, P. Bandaru, S. Ostrovidov, M. R. Dokmeci and
A. Khademhosseini, Biomed. Microdevices, 2019, 21, 42.

J. B. Hoying, J. 3D Print. Med., 2020, 4, 181-184.

S. Rauf, H. H. Susapto, K. Kahin, S. Alshehri,
S. Abdelrahman, J. H. Lam, S. Asad, S. Jadhav,
D. Sundaramurthi and X. Gao, J. Mater. Chem. B, 2021, 9,
1069-1081.

S. Singh, D. Choudhury, F. Yu, V. Mironov and
M. W. Naing, Acta Biomater., 2020, 101, 14-25.

H. Wang, Q. Lian, D. Li, C. Li, T. Zhao and ]. Liang, Rapid
Prototyp. J., 2021, 27, 321-332.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3bm01733h

	Button 1: 


