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Abstract: Microgels are hydrogel particles with diameters in the micrometer scale that can be
fabricated in different shapes and sizes. Microgels are increasingly used for biomedical applications
and for biofabrication due to their interesting features, such as injectability, modularity, porosity and
tunability in respect to size, shape and mechanical properties. Fabrication methods of microgels are
divided into two categories, following a top-down or bottom-up approach. Each approach has its own
advantages and disadvantages and requires certain sets of materials and equipments. In this review,
we discuss fabrication methods of both top-down and bottom-up approaches and point to their
advantages as well as their limitations, with more focus on the bottom-up approaches. In addition,
the use of microgels for a variety of biomedical applications will be discussed, including microgels for
the delivery of therapeutic agents and microgels as cell carriers for the fabrication of 3D bioprinted
cell-laden constructs. Microgels made from well-defined synthetic materials with a focus on rationally
designed ultrashort peptides are also discussed, because they have been demonstrated to serve as an
attractive alternative to much less defined naturally derived materials. Here, we will emphasize the
potential and properties of ultrashort self-assembling peptides related to microgels.
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1. Introduction
Hydrogels are a class of biomaterials that hold a high water content potentially
reaching up to over 99.5% weight per volume of liquid. The water is entrapped in pores
within a three-dimensional network that forms when free polymer fibers condense, crosslink and interact with each other [1]. These polymer strands can be derived from many
sources including natural and synthetic materials. Harvested from seaweed, alginate is
an example of a naturally occurring polymer that has been used as a base material for
hydrogel fabrication. Alginate consists of two polymers, which are D-mannuronic acid
and L-guluronic acid [1,2]. When these two polymers are cross-linked, they form a 3D
mesh in the presence of a cross-linking agent such as calcium chloride. Many other
natural-based materials are also being used to form hydrogels, including proteins and
polysaccharides such as collagen, gelatin, heparin, chitosan and agarose [3]. On the
other hand, synthetic polymers are also widely used to form hydrogels. For instance,
this is the case of polyethylene glycol—or PEG, in short—a synthetic polymer that is
chemically stable, versatile, biocompatible and flexible [4]. Other synthetic polymers that
have been used as materials for hydrogel formation include polylactic-co-glycolic acid
(PLGA), polyvinyl alcohol (PVA) and polyethylene oxide (PEO) [5].
Another class of synthetic compounds that assemble to polymeric fibers and have
been used for hydrogel formation comprises rationally designed self-assembling peptides.
They consist of naturally occurring amino acids. These synthetic peptides are rationally
designed, containing a characteristic sequence motif that allows for the control of the
physico-chemical features of the peptide compound by change at the single amino acid

Micromachines 2021, 12, 45. https://doi.org/10.3390/mi12010045

https://www.mdpi.com/journal/micromachines

Micromachines 2021, 12, 45

2 of 19

level [6]. These peptides are all amphiphilic compounds, i.e., one domain, and generally the
major domain, of the peptide is hydrophobic, while the remaining part, often just a single
amino acid, is hydrophilic. This design allows the peptides to rapidly self-assemble into
nanofibers when dissolved in an aqueous solution where the hydrophobic part is shielded
within the nanofiber and the hydrophilic part forms the outer layer of the nanofiber that
interacts with the ambient water molecules [6]. The ultimate control of the composition of
the peptides, and hence their behavior, makes these peptides amenable to applications in
drug release, tissue engineering, 3D cell culture and many others.
Whether they are synthesized or naturally derived, all mentioned materials can
be used to form hydrogels without further modifications on their chemical structures.
In addition, however, they can be chemically or biochemically modified to expand their
native physico-chemical properties and exploit more advantageous features. One important
example of the chemically modified natural material that has been used to form the
hydrogel is gelatin methacryloyl (GelMA). The naturally existing gelatin undergoes a
chemical modification by methacrylic anhydride to produce GelMA [7]. To form the
hydrogel using GelMA, ultra-violet (UV) light is used in the presence of a photoinitiator
to form a biocompatible hydrogel with tunable mechanical properties. GelMA has been
prepared under highly controlled and consistent production methods, which strongly
reduced batch-to-batch variations [8]. Such advances allow for further integration of
GelMA in biomedical applications, as will be shown later in this paper.
A higher complexity and functionality can be achieved by forming hybrid hydrogels.
Hybrid hydrogels are made by combining multiple chemically distinguished materials
that can include natural and synthetic materials in addition to bioactive molecules such
as proteins and peptides [9]. By selecting the materials that form the hybrid hydrogels
and their relative quantities, bioactive hydrogels can be made to treat various defects.
One particular example, which will be discussed in more detail in this paper, is a collagenbased hydrogel loaded with nanosilicate to treat bone defects [10].
The most important requirement for biomedical applications when using hydrogels
made from various materials, such as the ones mentioned above, is the claim that these
hydrogels are able to mimic the native extracellular matrix (ECM). ECM-like hydrogels
need to have a high water content within the fibrous scaffolds and need to prove that they
are suitable as 3D scaffolds and support cellular growth [11]. In addition to these properties,
hydrogels are very important in the field of tissue engineering because they allow for the
incorporation of bioactive molecules. Such bioactive molecules play significant roles in
cell proliferation and cell signaling, which ultimately permits the fabrication of complex
bioengineered tissues [12]. For example, it is crucial to consider a proper vascularization
when fabricating complex bioactive constructs. Only with optimal vascularization will
sufficient quantities of required oxygen and nutrients be delivered to living cells within
these constructs.
Hydrogel particles with diameters in the micrometer scale are defined as microgels.
Microgels have been shown to be useful to support and improve vascular morphogenesis. Co-entrapping endothelial cells and mesenchymal stem cells in a microgel-based
system demonstrated improved vasculogenic/angiogenic potential after injection of the
cell-laden microgels into mice. The injected cells within the microgels assembled into vascularized microtissues with an enhanced cell survival. These kinds of cell-laden microgels
could offer interesting opportunities in a clinical setting, for example when delivered into
injured tissue [13].
Microgels can be similarly used as hydrogels, i.e., as vehicles for controlled delivery
of therapeutic cells and therapeutic chemicals [14]. Therapeutic cells are defined as cells
that are capable of treating a disease or a defect either directly, by expressing therapeutic
proteins, or indirectly, by activating other cells, such as T lymphocytes, to harness their
therapeutic activities [15,16]. In addition, depending on their intended use, the mechanical properties of hydrogels can be easily tuned to match the desirable application [17].
The ability to alter hydrogels’ mechanical properties while supplying them with the ap-
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propriate biological cues makes them the ideal medium for controlled drug release and
controlled cells’ growth and behavior [18]. However, considering the size of the cells and
the very small amount of the needed biological cues, such as growth and differentiation
factors, bulk hydrogels tend to lack a precise control of the microenvironment surrounding
incorporated cells. The diffusion of nutrients and the removal of waste is also hindered
within bulk hydrogels due to their large diffusion path [19]. To overcome these challenges,
microgels are offering more elegant solutions for many applications, especially in the
biomedical field [20]. Since microgels are defined as hydrogel particles in the micrometerscale, which can be precisely fabricated with predetermined sizes and shapes, they are
promising tools for cell encapsulation, drug delivery, bioprinting and many other biomedical applications. Microgels, unlike bulk hydrogels, are predefined in terms of their size,
shape and mechanical properties. Microgels exhibit a different behavior compared to
bulk hydrogels in terms of injectability, modularity and porosity [3]. The injectability is a
significant property of microgels which allows them to be administered to patients under
a minimum invasive delivery. The modularity of the microgels implies that microgels
of different sizes with different encapsulated bioactive molecules or living cells can be
organized together to form functional biological constructs. The porosity which is observed
when microgels are packed together introduces an interstitial void between the individual
particles that aids cell migration in pertinent applications [3].
Microgels can be fabricated in numerous shapes and sizes applying many different
fabrication methods. Each fabrication method has its own advantages as well as its own
limitations in terms of controlling the size, shape, stiffness and monodispersity of the fabricated microgels. A fabrication method is said to be of high monodispersity if the fabricated
hydrogels have a uniform size and shape with minimum variation [21]. Monodispersity is
very important, in particular for drug delivery applications where the diffusivity of the
drugs out of the microgels can be tuned to match desirable diffusion rates [22]. Microgels
can also be used as cell-laden materials for many biomedical applications, including 3D
models for cancer studies and drug discovery [23,24].
In this review, multiple microgel fabrication methods will be presented and discussed
in sufficient detail, with the purpose of helping the reader to choose the most relevant and
applicable fabrication method for the intended application. The fabrication methods are
divided into two classes: top-down and bottom-up methods. Moreover, recent biomedical
applications of microgels will be covered along with the materials used to form the used
microgels for each application. In particular, we will highlight the use of self-assembling
peptides as a biomaterial for microgel fabrication which differs substantially from their
application in the form of nanoparticles [25].
2. Fabrication of Microgels by Top-Down and Bottom-Up Approaches
Different microgel fabrication methods have been developed and optimized over the
past two decades as interest in microgels increased. These methods can be divided into four
categories according to their underlying physical principles, which are micromolding methods, emulsion-based methods, shearing methods and extrusion methods [26]. Each of these
fabrication approaches have their own required materials and equipment. For example,
and as the name suggests, micromolding methods require the use of predesigned molds.
These molds necessitate further materials and equipment in addition to prior knowledge
of mold design and fabrication. Emulsion methods, on the other hand, do not require the
use of molds, but entail the use of immiscible liquids, mostly oil and water, with a mixing
equipment to form water-in-oil droplets. The materials and equipment needed will be
clearly highlighted for each fabrication method that will be discussed below. One should
make sure to have those materials and equipment available when selecting a particular
fabrication method. The availability of the materials and equipment should not be the
sole reason for selecting the appropriate microgel fabrication method. It is very important
to know and consider the desired properties of the fabricated microgels, such as shape
and size, when choosing the proper method to fabricate the microgels. Furthermore, of all
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the things to consider when choosing the fabrication method, the compatibility of the
fabrication method with the gelation mechanism of the hydrogel and the final intended
application should have the highest priority [3]. In the following, we consider the fabrication methods themselves, instead of the underlying physical principles, and we place them
either as top-down or bottom-up approaches.
In the top-down approach, rationally designed masks or molds are used to produce
microgels with highly controlled geometries [27,28]. Lithography is usually used in one of
three forms: imprint lithography, photolithography or flow lithography. The general term
“lithography” is defined as the use of a pattern that reflects the intended size and shape
of the fabricated product. Lithography comprises the use of a mold, which is a material
that has to be developed or cured in several steps. The mold is usually fabricated by the
use of a mask juxtaposed on top of a material that can be cured or etched in order to take
the shape of the mask. Masks are generally made out of silicon due to its durability and
thermal stability [29].
To make microgels using imprint lithography, a patterned mold with negative features
of the microgels should be used. The mold will hold and shape the hydrogel precursor that
is poured into the well and then cured with different curing agents, such as heat, UV light or
chemicals depending on the hydrogel material. After that, the cured microgels are extracted
out of the mold and collected. This method was first implemented to fabricate microgels by
the developers of the Particle Replication in Non-wetting Templates (PRINT) method [28].
In this method, the molds that holds the hydrogel precursor and give the shape to the microgels are made of photocurable perfluoropolyether (PFPE). Using these molds, microgels can
be made with highly controlled size and shape with resolution in the nanometer-scale.
Moreover, microgels are fabricated using PRINT without the need for the harsh processing steps that are usually required when traditional molds are used [28]. Using PRINT
and DNA, therapeutic proteins and other bioactive materials can be safely encapsulated,
making this method attractive for various biomedical applications [28]. This method also
allows for the fabrication of microgels with non-spherical shapes. Shapes such as rods and
disks are increasingly being considered for some applications, especially for drug release,
as their diffusion, cell intake and surface adhesion properties are different from those of
the spherical particles [30].
Photolithography is another lithography method that can be used to fabricate microgels, and it is defined as using light, which passes through a photomask to pattern
a photosensitive polymer [31]. Instead of using a physical mold to give the microgels
their size and shape, light is used as the template in photolithography. For materials
where gelation can be triggered using UV light, microgels can be fabricated using photolithography with the light source being UV light [27]. Photomasks made of treated
polydimethylsiloxane (PDMS) were used to fabricate cell-laden microgels [32].
Photolithography can be used in continuous production modes called flow lithography and stop-flow lithography [27]. Photomasks are also used in flow lithography,
where they are usually combined with magnifying lenses to adjust the size of the fabricated
microgels and minimize the material used in the photomask. Therefore, when comparing
the other two lithography methods, a higher throughput is possible when using flow
lithography [33]. This method was used to fabricate poly (ethylene glycol) (PEG) microgels [34]. The microgels were fabricated in a highly reproducible manner with a width,
thickness and length of 90 µm, 30 µm and 180 to 270 µm, respectively. These microgels
enabled single-fluorescence detection of DNA oligomers when combined with the appropriate probes [34]. Stop-flow lithography requires the use of a microfluidic device that is
highly sensitive to changes in flowrates and pressure, so that the fluids inside the microfluidic device can shift from the flowing to the stationary state instantaneously [35]. Stop-flow
lithography has been used to fabricate complex-shaped microgels. In one example, soft
and temperature-responsive microgels were fabricated in a snowflake shape with a height
of about 88 µm [35]. Many recent improvements in flow lithography aim to increase the
throughput and the complexity of the fabricated microgels, and stop-flow lithography is
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one of these improvements. In one study, a multichannel microfluidic device was combined
with a powerful LED UV source to achieve a two order of magnitude increase in the fabrication rate of this stop-flow lithography when compared to traditional flow lithography [36].
Four-dimensional (4D) microgels can also be fabricated using stop-flow lithography. In one
study, 4D PEG microgels of non-spherical shapes were fabricated with incorporated time
dimension using flow lithography [37]. By using precursor fluids of different densities
and then allowing the denser fluids to settle by gravity, the 4D microgels were created
by exposing the precursor fluids to patterned UV light with a throughput of about 3600
particles per hour [37].
In general, lithography methods enable the fabrication of microgels with highly
controlled sizes and shapes. The microgels can then be used for cell encapsulation without
the need to use other materials such as surfactants and oils, which are required for the
emulsion-based fabrication methods [38,39]. On the other hand, lithography methods have
several disadvantages, including the need to physically remove the fabricated microgels
out of the molds once the fabrication is completed. The physical removal of the molds can
lead to deformation of the fabricated microgels if not done properly. Depending on the
material used to form the microgels, the surface of the molds must be properly treated
to allow for the release of the formed microgels [32]. For example, agarose microgels
which are sugar-based require a different mold surface treatment than protein-based
microgels such as those made of gelatin [32]. Therefore, this surface treatment requirement
prevents the usefulness of the method. Imprint lithography and photolithography are both
fabrication methods that only allow for the batch production of microgels, making them
less desirable when a high throughput is required. In addition, fabricating the molds
and masks can be time-consuming and usually requires curing agents and the use of
cleanrooms, as for mask fabrication. Another disadvantage of lithographic fabrication
methods is the need to use UV light. Because of that, only UV-curable materials can be
used to fabricate microgels using photolithographic methods. Moreover, the treatment
with UV light can be detrimental for the fabrication of cell-laden microgels, as it has been
reported that cells can be damaged by UV light [40,41]. To overcome this problem, some
groups worked on improving the crosslinking techniques by using visible light [40–42].
So far, the flow-lithography technique with the use of visible light curing seems the most
promising approach among the top-down ones.
Mechanical fragmentation is another example of a top-down method. In this method,
a bulk hydrogel that is already preformed gets broken down into microgels through applied
mechanical forces. One way to do this is by simply using a blender to break down a solid
block of gelatin hydrogel into microgels [43]. The size of the microgels that are fabricated
using a customer-grade blender operating at “pulse speed” depends on the duration of the
blending. Microgels with average diameter of 55 µm were obtained when the blending
duration was 120 s. The size of the microgels varies inversely with the time of blending [43].
Another way to mechanically produce microgels from a bulk hydrogel is by forcing the
bulk hydrogel through a mesh with pores in the micrometer-scale. In a cylinder apparatus,
a piston was used to extrude the bulk hydrogel through micronic mesh, resulting in the
fabrication of microgels with diameters of 15 to 30 µm [44]. The major advantage of
using this method is the simplicity and the speed by which the microgels are obtained.
This method is mostly applicable where the monodispersity of the fabricated microgels
is not of importance. Microgels fabricated using this method were used as injectable cell
culture scaffolds [44].
Conversely, in the bottom-up approach, microgels are fabricated with a high control
of the individual building blocks in a scalable manner, in order to then be assembled
into complex constructs for various biomedical applications [45]. These methods include
emulsion-based methods, electrohydrodynamic spraying and microfluidic-based methods.
One of the simplest methods to fabricate microgels that does not require specialized
equipment is the batch-emulsion method [3]. In this method, a hydrogel precursor is
combined using a mechanical mixing method with an immiscible oil in the presence of
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a stabilizing surfactant in the same beaker. Droplets of the hydrogel precursor can be
formed by homogenizing the two fluids, resulting in a water-in-oil emulsion. For example,
gelatin microgels were generated in a beaker by adding gelatin solution to soy oil and
stirring the solution for two minutes. The oil was then removed by centrifuging the
emulsion for three minutes, followed by washing the microgels with phosphate buffered
saline (PBS) [46]. The size of the fabricated microgels can be controlled by adjusting the
time and the mixing speed [3]. This method is probably the most used method across the
literature because it is fast, cost-effective, straightforward and does not require sophisticated
equipment to be carried out. Batch emulsion can be used to encapsulate bioactive molecules
as well as cells [46–48]. Although the batch emulsion method is fast and simple, it has as
major trade-off: the non-monodispersity of the fabricated microgels. Another unavoidable
limitation of this method is the intensive washing steps required to remove the oil used
during the fabrication.
Electrohydrodynamic spraying is an extrusion-based approach that is less popular
than the other bottom-up methods. In this method, a voltage is applied at the tip of a
syringe that is loaded with a hydrogel precursor, and droplets of the hydrogel precursor
form when the surface tension is overcome by the applied voltage [49]. Alginate microgels
have been fabricated using this method where the generated droplets fall into a solution of
calcium chloride to induce gelation [50,51]. Furthermore, polyethylene glycol (PEG) has
been used to fabricate microgels using this method, with particles with diameters between
70 and 300 µm [52]. One of the advantages of this method is that it can be used for cell
encapsulation [53]. However, low monodispersity is reported [52].
Microgels can also be made using microfluidic emulsion, which is also referred to as
droplet microfluidics. In this method, a flow-focusing device, usually a chip, is used to
combine two immiscible fluids, with one being the hydrogel precursor and the other being
oil, to form droplets of the hydrogel precursor in oil, as illustrated in Figure 1 [54]. The size
and the exit frequency of these droplets are controlled mainly by the geometry of the
intersection where the droplets form and the relative flowrates of the two fluids. When the
flowrates are set to appropriate levels, droplets can be produced with a diameter as small
as 5 µm and as big as 500 µm, with a very low variation in the particle size of the same
batch [55–57]. The ability to control the size and shape of the droplets, and hence
7 ofof
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microgels, makes microfluidics the method of choice for many applications. On the other
hand, microfluidic emulsion has to overcome a few intrinsic limitations and challenges.

Figure 1. Microfluidic emulsion set up. The two immiscible fluids (water and oil) are pumped out
of the
syringes intoemulsion
the microfluidic
chip.
relative flowrates
of the
as wellout
as the
Figure
1. Microfluidic
set up. The
twoThe
immiscible
fluids (water
andtwo
oil) fluids,
are pumped
of the
syringes
the microfluidic
Thethe
relative
of the
two fluids,
as chip.
well as
thedroplets
geometry
ofinto
the microfluidic
chip,chip.
dictate
size offlowrates
the droplets
generated
in the
The
geometry
of the
microfluidic
chip, dictate
thecollected
size of the
droplets
the chip.
transform
into
microgels, which
are then
and
washedgenerated
to removeinexcess
oil. The droplets transform into microgels, which are then collected and washed to remove excess oil.

One of the disadvantages of using traditional microfluidics to synthesize microgels is
One
of for
the deep
disadvantages
using
traditional
microfluidics
synthesize
the
need
cleaning ofofthe
microfluidic
device
prior theto
beginning
of microgels
the microgel
is the need for deep cleaning of the microfluidic device prior the beginning of the microgel
fabrication. In addition, intensive washing is usually performed to remove the oil excess
from the collected microgels. To overcome these obstacles, several oil-less microfluidics
methods were developed [58,59]. One of these solutions is to use a centrifugal microfluidic
device to make alginate microgels, as depicted in Figure 2A [59]. In this method, the hy-
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fabrication. In addition, intensive washing is usually performed to remove the oil excess
from the collected microgels. To overcome these obstacles, several oil-less microfluidics
methods were developed [58,59]. One of these solutions is to use a centrifugal microfluidic
device to make alginate microgels, as depicted in Figure 2A [59]. In this method, the hydrogel precursor is forced out of a capillary by centrifugal force. Droplets form and drop into
the CaCl2 solution, under which they assemble into a hydrogel. The microgels can then be
collected from the bottom of the tube. The size of the droplets generated depends on the
magnitude of the applied centrifugal force and the size of the capillary head. Although
this method eliminates the need for oil and the associated washing steps to remove the
8 of 20
excess oil, it requires a manual reloading of the hydrogel precursor, in addition to being a
low throughput fabrication method.

Figure 2.
2. (A)
(A) The centrifugal
centrifugal microfluidic
microfluidic device
device consisting
consisting of
of a microtube,
microtube, a Theta capillary holding the alginate solution,
Figure
a
capillary
holder
and
calcium
chloride
solution.
When
centrifugal
force
is applied,
droplets
of alginate
the alginate
solution
fall
a capillary holder and calcium chloride solution. When centrifugal force
is applied,
droplets
of the
solution
fall into
2 solution, where gelation takes place. (B) The in-air microfluidic working principle is shown here as two jets
into
the
CaCl
the CaCl2 solution, where gelation takes place. (B) The in-air microfluidic working principle is shown here as two jets of
of two
reactive
liquids
meet
to form
droplets
which
are then
transformed
to microgels.
Upon
the contact
oftwo
the jets,
two
two
reactive
liquids
thatthat
meet
to form
droplets
which
are then
transformed
to microgels.
Upon
the contact
of the
jets, gelation begins, and the droplet transforms into a microgel particle. Panel (A) has been reproduced with a permission
gelation begins, and the droplet transforms into a microgel particle. Panel (A) has been reproduced with a permission from
from Wiley [59] and Science Advances for Panel (B) [58].
Wiley [59] and Science Advances for Panel (B) [58].
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the latter is a surfactant. Homogenization was then carried out on ice and the homogenized solution was obtained using a homogenizer for 5 min. Excess oil was then removed
via centrifugation after several washing steps with acetone rather than water [63]. Since
the microgels were fabricated using the batch emulsion method, they consequently had
low monodispersity and therefore resulted in variations of the BMP-2 release profile. Mi-
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fabricated using a batch emulsion, and then loaded with human BMP-2 to treat large
bone defects (Figure 3) [62]. The heparin microgels were able to maintain the bioactivity
of BMP-2, enhance BMP-2 retention and improve bone formation in large bone defects,
9 of 20on collagen
clearly showing advantages over the standard clinical method, which relies
sponge scaffolds for the localization of the BMP-2 delivery [62].

Figure 3. Fabrication of heparin microgels and their loading with human bone morphogenetic protein-2. Heparin methacryFigure 3. Fabrication of heparin microgels and their loading with human bone morphogenetic
lamide was used
to fabricate
the microgels
in a water-in-oil
emulsion.
refers
to the freeemulsion.
radical initiators
protein-2.
Heparin
methacrylamide
was used to
fabricateAPS/TEMED
the microgels in
a water-in-oil
3
−
4
ammonium persulfate
(APS) refers
and tetramethylethane-1,2-diamine
(TEMED), respectively.
HNSO
and SO − are the sulfate
APS/TEMED
to the free radical initiators ammonium
persulfate (APS)
and tetrameth3−
4−
groups on heparin
that bind to BMP-2.
The figure
has been reproduced
with
from groups
Scienceon
Advances
ylethane-1,2-diamine
(TEMED),
respectively.
HNSO and
SOpermission
are the sulfate
heparin [62].
that bind to BMP-2. The figure has been reproduced with permission from Science Advances [62].

Regarding the fabrication method, the heparin methacrylamide solution was prepared
by
dissolving
heparin
methacrylamide
in PBS.
after gelation,
the solution was
Furthermore, microgels
are suited
to deliver drugs
to Promptly
the pulmonary
system, unlike
added
in a drop-by-drop
fashion
to aThis
solution
corntooil
20 where the
bulk hydrogels,
which
could block the
airways.
risk isofdue
theand
factpolysorbate
that bulk hysurfactant.
wasairways.
then carried
out
on ice and
the homogenized
drogels are latter
largerisina size
and canHomogenization
physically clog the
In one
example,
microgels
solution
was obtained
using
a homogenizer
min. Excess oil was then
removed via
were produced
by using
polyethylene
glycol
(PEG) that for
was5peptide-functionalized.
The
centrifugation
after
several
washing
steps
with
acetone
rather
than
water
[63].
microgels were fabricated using a batch emulsion where the PEG solution was homoge- Since the
microgels
fabricated
theatbatch
emulsion
method,
they
nized with silicone
oilwere
by vortexing
forusing
10 min
the highest
speed
setting.
Theconsequently
microgels had low
monodispersity
and
therefore
resulted
in
variations
of
the
BMP-2
release
profile. Microwere then cross-linked by placing the emulsion under UV light for 30 min [65]. The desirgels
with
high
monodispersity
will
undoubtedly
result
in
a
more
uniform
and
able size of the fabricated microgels, that are intended for pulmonary drug delivery, is 5 predictable
drug release
profile.
µm for bronchial
delivery
and as low as 0.5 µm if deeper penetration is needed [66,67].
BMP-2
was
combined
with osteogenic
bone
marrowsuch
mesenchymal
Microgels were also used toalso
deliver
other important
bioactive
materials
as insulin stem cells
(hMSCs)
and
encapsulated
in
microgels
made
of
polyvinyl
alcohol
(PVA)
and fabricated
and the vascular endothelial growth factor (VEGF). They showed effectivity and reliabilusing
a
chip-based
microfluidic
device
[64].
The
size
of
the
fabricated
microgels
was
ity in the treatment of diabetes and myocardial infarctions, respectively [68–71].
controlled
by
adjusting
the
flowrates
of
the
incoming
solutions
to
obtain
microgels
of
sizes
In addition to being used as delivering vehicles for bioactive materials, microgels
between 100 µm and 200 µm. The encapsulated cells maintained their viability, while the
have also been used to deliver therapeutic cells in various medical treatments due to their
BMP-2 improved the osteogenic differentiation of the encapsulated hMSCs.
ability to physically isolate the delivered cells from immune cells [72,73]. For example,
Furthermore, microgels are suited to deliver drugs to the pulmonary system, unchitosan-collagen microgels were used to encapsulate and deliver mesenchymal stromal
like bulk hydrogels, which could block the airways. This risk is due to the fact that bulk
cells (MSC) to promote bone regeneration in defected bones [74]. The microgels were prohydrogels are larger in size and can physically clog the airways. In one example, microduced using a water-in-oil emulsion, as seen in Figure 4.
gels were produced by using polyethylene glycol (PEG) that was peptide-functionalized.
The microgels were fabricated using a batch emulsion where the PEG solution was homog-
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enized with silicone oil by vortexing for 10 min at the highest speed setting. The microgels
were then cross-linked by placing the emulsion under UV light for 30 min [65]. The desirable size of the fabricated microgels, that are intended for pulmonary drug delivery,
is 5 µm for bronchial delivery and as low as 0.5 µm if deeper penetration is needed [66,67].
Microgels were also used to deliver other important bioactive materials such as insulin and
the vascular endothelial growth factor (VEGF). They showed effectivity and reliability in
the treatment of diabetes and myocardial infarctions, respectively [68–71].
In addition to being used as delivering vehicles for bioactive materials, microgels
have also been used to deliver therapeutic cells in various medical treatments due to their
ability to physically isolate the delivered cells from immune cells [72,73]. For example,
chitosan-collagen microgels were used to encapsulate and deliver mesenchymal stromal
10 of 20
cells (MSC) to promote bone regeneration in defected bones [74]. The microgels were
produced using a water-in-oil emulsion, as seen in Figure 4.

Fabrication of
of mesenchymal
mesenchymal stromal
stromal cells (MSC)
(MSC) cell-laden
cell-laden chitosan-collagen
chitosan-collagen microgels. Emulsification was used
Figure 4. Fabrication
microgels
were
able
to to
maintain
cellcell
viability
for for
up
to generate
generate the
the microgels
microgelswith
withaaparticle
particlediameter
diameterofofabout
about100
100µm.
µm.The
The
microgels
were
able
maintain
viability
up
to days.
21 days.
figure
been
reproduced
permission
from
Elsevier
to 21
TheThe
figure
hashas
been
reproduced
withwith
permission
from
Elsevier
[74].[74].

Microgels have
containing
bioactive
molecules.
One
exMicrogels
have been
beenused
usedtotodeliver
deliverliposomes
liposomes
containing
bioactive
molecules.
One
ample ofof
importance
example
importanceisisthe
theencapsulation
encapsulationofofkartogenin,
kartogenin,which
whichisis aa small
small molecule
molecule that
has chondrogenic effect on mesenchymal stem cells [75]. An effective delivery method of
has
kartogenin was
was developed
developed by
by integrating
integrating kartogenin-containing
kartogenin-containing liposomes
liposomes into
into microgels
microgels
kartogenin
made of
of gelatin
ofof
phospholipid
bilaymade
gelatin methacryloyl
methacryloyl(GelMA)
(GelMA)[76].
[76].Liposome
Liposomevesicles
vesiclesmade
made
phospholipid
biers [77][77]
were
usedused
herehere
to overcome
the low
of kartogenin
in water.
GelMA
layers
were
to overcome
thesolubility
low solubility
of kartogenin
in The
water.
The
microgels
were fabricated
using microfluidic
methodsmethods
to generate
GelMA-in-oil
droplets,
GelMA
microgels
were fabricated
using microfluidic
to generate
GelMA-in-oil
which
were
then
crosslinked
using
UV
light
[76].
The
effectiveness
of
this
method
droplets, which were then crosslinked using UV light [76]. The effectiveness of was
this
tested inwas
vitrotested
and showed
significant
promotion
of mesenchymal
stem
cells to differentimethod
in vitroa and
showed
a significant
promotion of
mesenchymal
stem
ate totochondrocytes
In addition, the
showed
a reduction
of osteophyte
and
cells
differentiate [76].
to chondrocytes
[76].microgels
In addition,
the microgels
showed
a reduction
prevented
the
degeneration
of
the
articular
cartilage
[76].
of osteophyte and prevented the degeneration of the articular cartilage [76].
A very
very recent
recent development
development in
in cell
cell therapy
therapy allowed
allowed for
for the
A
the long-term
long-term functioning
functioning of
of
therapeutic
cells
encapsulated
in
alginate
microgels
without
the
need
for
immunosupprestherapeutic cells encapsulated in alginate microgels without the need for immunosupsion [78].[78].
ThisThis
waswas
achieved
by trapping
thethe
encapsulated
cells
inside
thethe
microgels
in
pression
achieved
by trapping
encapsulated
cells
inside
microgels
an
engineered
porous
device,
as
depicted
in
Figure
5.
By
controlling
the
size
of
the
pores,
in an engineered porous device, as depicted in Figure 5. By controlling the size of the
immune cells were kept away from the encapsulated cells, allowing them to continue
pores, immune cells were kept away from the encapsulated cells, allowing them to consecreting their therapeutic proteins. This method was proven effective when a normal level
tinue secreting their therapeutic proteins. This method was proven effective when a norof blood sugar was achieved and maintained for more than 75 days after pancreatic islets
mal level of blood sugar was achieved and maintained for more than 75 days after panwere encapsulated and introduced in diabetic mice [78].
creatic islets were encapsulated and introduced in diabetic mice [78].
Because this method relies on the diffusion of oxygen and nutrients from nearby
blood vessels, only a few layers of cell-laden microgels can be packed before the diffusion
limit is reached. One innovative solution to this problem is to use oxygen-generating microgels which have emerged as a new method that can be used to engineer more complex
scaffolds while maintaining a sufficient oxygen level for the encapsulated cells. In one
study, polycaprolactone and pluronic F-127, which are clinical-grade polymers, were used
to form oxygen-generating microgels [79]. Calcium peroxide was incorporated with the
two polymers as the oxygen source. The microgels were fabricated using electrohydrodynamic spraying, 12 kV was used as the voltage, and the generated droplets were collected
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Figure 5. Design and working principle of a biocompatible device housing therapeutic cells. The cells are embedded in
Figure 5. Design and working principle of a biocompatible device housing therapeutic cells. The
alginate microgels allowing for the intake of nutrients and oxygen, removal of waste and secretion of therapeutic proteins
cells are embedded in alginate microgels allowing for the intake of nutrients and oxygen, removal
while keeping the host’s immune cells from entering the device. The figure has been reproduced with permission from
of waste and secretion of therapeutic proteins while keeping the host’s immune cells from entering
Springer Nature [78].
the device. The figure has been reproduced with permission from Springer Nature [78].

Because this method relies on the diffusion of oxygen and nutrients from nearby
4. Microgels in Biofabrication
blood vessels, only a few layers of cell-laden microgels can be packed before the diffusion
Biofabrication
defined as
theinnovative
rational and
organized
combination
limit isisreached.
One
solution
to this
problem isoftobiomaterials,
use oxygen-generating
bioactive molecules
and
living
cells
to
produce
biologically
functioning
[80]. Biomicrogels which have emerged as a new method that can be products
used to engineer
more complex
fabrication can
have two
forms,
which are
bioprinting
and level
bioassembly
[81]. First, bi-cells. In one
scaffolds
while
maintaining
a sufficient
oxygen
for the encapsulated
oprinting is study,
defined
as the spatial organization
bioinks
consisting
of live cells,
bio- were used
polycaprolactone
and pluronic of
F-127,
which
are clinical-grade
polymers,
materials and
bioactive
molecules
to
build
3D
biofunctional
constructs
[82].
On
the
other
to form oxygen-generating microgels [79]. Calcium peroxide was incorporated with the two
hand, bioassembly
is defined
as the automated
of individual
blocks
polymers
as the oxygen
source. Theorganization
microgels were
fabricated building
using electrohydrodynamic
resulting in aspraying,
biofunctional
assembled
[80]. Microgels
can be
12 kVconstructs
was used when
as the rationally
voltage, and
the generated
droplets were
collected in a
bioprinted alone
or insolution
combination
with
hydrogels
to build
complex
3D biofuncmethanol
placed
in abulk
plate.
The microgels
were
then collected
and washed to
tional structures.
The
combination
of microgels
bulk hydrogels
is a modular
apremove
the
methanol. The
microgelswith
increased
the cell survival
of chondrocytes
when
proach that allows
for the in
incorporation
of various
biomaterials
to enable the
incorporated
a GelMA scaffold.
Therefore,
this technology
canfabrication
be used to ensure the
of multifunctional
tissues.
In one example
of bioprinting
withfor
a dicontinuous
supplement
of a sufficient
level ofmicrogels,
oxygen to microgels
cells allowing
the fabrication
of
biofunctional
complex
constructs.
ameter less than 40 µm containing encapsulated single cells were first fabricated by microfluidics technology using PEG [83]. The microgels were then bioprinted in combination
4. Microgels
in Biofabrication
with injectable
bulk hydrogel
to make 3D biostructures [83]. The concentration of the midefined
as the rational
organized
combination
of biomaterials,
crogels within theBiofabrication
bulk hydrogeliswas
considered
in orderand
to match
the cell
concentration
bioactive
molecules
of different tissues
in the
body. and living cells to produce biologically functioning products [80].
Biofabrication
can have
two
forms,
which microgels
are bioprinting
and
In addition,
when combined
with
bulk
hydrogels,
can also
bebioassembly
compacted [81]. First,
bioprinting
is
defined
as
the
spatial
organization
of
bioinks
consisting
of live cells, bioand printed alone to create 3D structures, as seen in Figure 6 [84]. In this case, the shown
materials
and bioactive
to build
biofunctional
constructs
[82]. On the other
printed structures
maintained
their molecules
shape by the
use of3D
di-thiol
linkers and
photoinitiahand, bioassembly
defined
as the or
automated
of individual
building blocks
tors. Furthermore,
bioinks madeisof
compressed
jammed organization
microgels showed
shear-thinresulting
in a biofunctional
constructs
whenforce
rationally
assembled
[80]. Microgels
can be
ning behavior
where they
flow as a liquid
when external
is applied,
and behaved
as
bioprinted
alone
or
in
combination
with
bulk
hydrogels
to
build
complex
3D
biofunctional
solid when the force is lifted [85]. It is important to consider the osmotic pressure of the
structures.
The combination
of low
microgels
with
bulk hydrogels
is a modular
approach that
microgels that
encapsulate
living cells, as
osmotic
pressure
will preserve
the morallows
for
the
incorporation
of
various
biomaterials
to
enable
the
fabrication
phology of the encapsulated cells and maintain their viability while allowing nutrients toof multifunctional
tissues. Incells
one example
bioprinting
microgels,
microgels
a diameter
less than
diffuse to the
encapsulated
[86]. Lowofosmotic
pressure
can be
obtainedwith
by using
a
40
µm
containing
encapsulated
single
cells
were
first
fabricated
by
microfluidics
technology
low concentration of the hydrogel-based material when fabricating the microgels. Thereusing PEG [83].
The microgels
were then
bioprinted
in combination
with injectable bulk
fore, cell-encapsulating
microgels
can be bioprinted
into
stable constructs
using layer-byhydrogel
to
make
3D
biostructures
[83].
The
concentration
of
the
microgels
within the bulk
layer or gel-in-gel bioprinting methods while maintaining high cell viability [85].
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One of the main challenges of assembling large biofunctional constructs, as mentioned in the introduction of this paper, is the vascularization challenge, as the diffusion
in avascular tissues is limited to about 200 µm [88]. Many methods have been developed
to induce the formation of blood vessels to treat vascular disorders or maintain cell viability within tissue-engineered scaffolds [89]. Microgels are increasingly considered11asofa19
viable solution to tackle the vascularization challenge when used to encapsulate endothelial cells which are known to have neovascularization activity [90]. In one study, type I
collagen
was
combined
withinultra-long
DNA the
andcell
used
to encapsulate
human umbilical
hydrogel
was
considered
order to match
concentration
of different
tissues in
vein
endothelial
cells
(HUVECs)
with
the
addition
of
VEGF
[91].
Ultra-long
singlethe body.
stranded
DNA
that
is
negatively
charged
was
used
to
enable
a
faster
gelation
of
the
collaIn addition, when combined with bulk hydrogels, microgels can also be compacted
gen,
is positively
charged.
The microgels
withinthe
encapsulated
and the
andwhich
printed
alone to create
3D structures,
as seen
Figure
6 [84]. In cells
this case,
theVEGF
shown
were
fabricated
using
microfluidic
which
collagen
biochemical
printed
structures
maintained
theiremulsion,
shape by the
use preserved
of di-thiol the
linkers
and photoinitiators.
and
biodegradable
properties.
tested in
the microgels
strong angioFurthermore,
bioinks
made ofWhen
compressed
orvivo,
jammed
microgels showed
showed shear-thinning
genic
activity,
which
significantly
improves
liver
regeneration
and
skin
repair
[91]. as solid
behavior where they flow as a liquid when external force is applied, and behaved
Another
unique
usage
of
microgels
in
bioprinting
is
to
print
with
cell-only
bioinks
when the force is lifted [85]. It is important to consider the osmotic pressure of the microgels
within
a supportingliving
bath made
of microgels
[92].
The shear-thinning
property
of jammedof
that encapsulate
cells, as
low osmotic
pressure
will preserve
the morphology
microgels,
as mentioned
before,
allows their
for the
bioprinting
cells by inserting
moving
the encapsulated
cells and
maintain
viability
whileofallowing
nutrientsato
diffuse
needle
injects the cells as
it moves
within the
volumecan
of microgels,
creating
a stable
to thethat
encapsulated
[86].
Low osmotic
pressure
be obtained
by using
a low
3D
structure of the
printed
cells. hMSCs
and other
cellfabricating
types were
printed
within
a bath
concentration
of the
hydrogel-based
material
when
the
microgels.
Therefore,
ofcell-encapsulating
alginate microgelsmicrogels
with higher
observed
whenconstructs
smaller microgels
were used
canresolution,
be bioprinted
into stable
using layer-by-layer
or gel-in-gel bioprinting methods while maintaining high cell viability [85].
[92].

Figure 6. Setup of 3D bioprinting of PEG microgels. The extrusion of the microgels requires low applied force, allowing for
Figure 6. Setup of 3D bioprinting of PEG microgels. The extrusion of the microgels requires low applied force, allowing
cell incorporation while maintaining cell viability. Crosslinking the microgels via thiol-ene reaction allows for long-term
for cell incorporation while maintaining cell viability. Crosslinking the microgels via thiol-ene reaction allows for longstability.
TheThe
figure
has been
reproduced
withwith
permission
fromfrom
the Royal
Society
of Chemistry
[84].[84].
term
stability.
figure
has been
reproduced
permission
the Royal
Society
of Chemistry

Very recently, microgels of various shapes, including squares and triangles, were as5. Microgels from Ultrashort Self-Assembling Peptides
sembled into constructs by using characteristically shaped hollow microcages [87]. In addimajorhollow,
advancement
in the field
of microgels
is the which
ability permits
to rationally
design
tionOne
of being
the microcages
are rigid
and stackable,
the scalability
and
synthesize
the
building
blocks
of
the
material
that
is
used
to
generate
the
microgels.
and manual assembly of complex structures very easily. The microcages were loaded
with GelMA microgels, which were then loaded with biological cues, including cues from
vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF).
Human umbilical vein endothelial cells (HUVECs) and human mesenchymal stem cells
(HMSCs) showed instructed migration following the gradient of the cues when co-cultured
and seeded on the top layer of the microcage. Moreover, the cells were able to proliferate at
a higher rate in scaffolds loaded with microgels compared to scaffolds with bulk hydrogels.
One of the main challenges of assembling large biofunctional constructs, as mentioned
in the introduction of this paper, is the vascularization challenge, as the diffusion in
avascular tissues is limited to about 200 µm [88]. Many methods have been developed to
induce the formation of blood vessels to treat vascular disorders or maintain cell viability
within tissue-engineered scaffolds [89]. Microgels are increasingly considered as a viable
solution to tackle the vascularization challenge when used to encapsulate endothelial
cells which are known to have neovascularization activity [90]. In one study, type I
collagen was combined with ultra-long DNA and used to encapsulate human umbilical
vein endothelial cells (HUVECs) with the addition of VEGF [91]. Ultra-long single-stranded
DNA that is negatively charged was used to enable a faster gelation of the collagen,
which is positively charged. The microgels with the encapsulated cells and the VEGF were
fabricated using microfluidic emulsion, which preserved the collagen biochemical and
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biodegradable properties. When tested in vivo, the microgels showed strong angiogenic
activity, which significantly improves liver regeneration and skin repair [91].
Another unique usage of microgels in bioprinting is to print with cell-only bioinks
within a supporting bath made of microgels [92]. The shear-thinning property of jammed
microgels, as mentioned before, allows for the bioprinting of cells by inserting a moving
needle that injects the cells as it moves within the volume of microgels, creating a stable 3D
structure of the printed cells. hMSCs and other cell types were printed within a bath of
alginate microgels with higher resolution, observed when smaller microgels were used [92].
5. Microgels from Ultrashort Self-Assembling Peptides
One major advancement in the field of microgels is the ability to rationally design and
synthesize the building blocks of the material that is used to generate the microgels. Traditional materials, which include naturally-derived materials such as chitosan [93] gelatin [94]
and sodium alginate [95], are prone to possible contamination of chemical or biological
agents that could lead to immunogenicity [96]. In addition, the harvest and purification of
those materials can include the use of toxic reagents which could possibly harm the cells,
making these materials unattractive. To eliminate these obstacles, self-assembling peptides
that are rationally designed and synthetic, made of natural amino acids, can be used as a
better alternative with additional benefits, such as precisely controlled biodegradability
rates and tunable antimicrobial activity [97].
Ultrashort self-assembling peptides are a class of rationally designed peptide compounds with sizes ranging from 3 to 7 amino acids [6,98]. The peptides are amphiphilic,
which means that they contain domains of both hydrophobic and hydrophilic amino acids.
The amino acids are arranged in such way that the peptide sequence contains a majority
of aliphatic nonpolar amino acids as the hydrophobic part, whereas the hydrophilic domain comprises polar amino acids, often at the C-terminus and just containing the single
charged amino acid lysine [99]. This arrangement gives the peptide a hydrophobic tail
that decreases in hydrophobicity as it gets closer to the C terminus, where it connects to a
hydrophilic head. Because of this design, the peptides self-assemble into nanofibers when
dissolved in water to form hydrogels. The properties of the formed hydrogels, such as
gelation time and strength, can be controlled by the choice of the amino acids of the peptide,
as well as the length of the peptide [6,98]. The amino acids used to make these peptides are
natural amino acids such as leucine, valine, alanine and glycine [6].
The self-assembling peptides form nanofibers that are hydrophobic in the core and
hydrophilic in the outer shell [6,100]. Due to the hydrophilicity, the nanofibers attract
water and form a network resulting in a hydrogel that has a water content as high as 99.9%
(w/v) [101]. The hydrogels made from the peptides are biocompatible, thermally stable and
mechanically stiff [98]. In addition, the well-defined chemistry of the hydrogels makes them
suited to be used as scaffolds that allow pluripotent stem cells to maintain pluripotency
and then be used in bioprinting or as organoid cultures [102–104]. Cell viability was
also shown with primary human corneal cells, as well as epithelial cells, when seeded
onto the peptide hydrogel [105]. Together with the excellent properties reported for bulk
peptide hydrogels from ultrasort self-assembling peptides, peptide microgels have also
demonstrated additional excellent properties.
Microgels have been generated from solutions containing self-assembling peptides,
using water-in-oil emulsion in the presence of salt to enhance gelation and showing great
control over the size of the microgels, as well as maintaining cell viability when using them
for cell encapsulation [106,107]. Recently, the already described class of self-assembling
ultrashort peptides were used to synthesize microgels. The microgels were produced using
the traditional oil-based microfluidic chip. The fabricated microgels ranged in diameter
between 300 and 350 µm (Figure 7A), and were used as cell-laden materials carrying
human umbilical endothelial cells (HUVECs), which were combined in a bulk hydrogel
with human dermal neonatal fibroblast [106]. Combining microgels and their cell content
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utilizes a robotic arm [108]. A possible biomedical application for this method is the promotion of muscle repair in injured skeletal muscles, which was performed with muscle
myoblast cells [111]. The bioprinted 3D structures have proven biocompatible and maintained cell viability post bioprinting. Both microgels and nanoparticles made from ultrashort self-assembling peptides can be used in bioprinting applications, as mentioned
13 ofbe19
fore [109,110]. The flexibility of combining different forms of gels made from ultrashort
self-assembling peptides, i.e., bulk peptide hydrogels and peptide microgels as well as
peptide nanoparticles, renders this class of self-assembling peptides a very attractive platwithin
the bulk
in the formation
of aand
vascular
network only
days after
form system
forhydrogel
a varietyresulted
of biomedical
applications
for applications
in 20
regenerative
culturing,
as
shown
in
Figure
7B
[108].
and personalized medicine.

Figure 7. (A) SEM image of a single microgel (left) showing the round spherical shape and the
network
fibers
the self-assembling
of the
ultrashort
peptides.
Thethe
figures
Figure 7.of
(A)
SEM(right)
imageresulting
of a singlefrom
microgel
(left) showing the
round
spherical
shape and
have
been
adopted
from
[108].
(B)
Vascularization
of
3D
bulk
hydrogel
with
embedded
endothelial
network of fibers (right) resulting from the self-assembling of the ultrashort peptides. The figures
have been microgels.
adopted from
[108]. (B)Alexa
Vascularization
3Dused
bulk for
hydrogel
with embedded
endothecell-laden
Anti-CD31
Fluor (red)of
was
the detection
of endothelial
cells.
0
lial
cell-laden
microgels.
Anti-CD31
Alexa
Fluor
(red)
was
used
for
the
detection
of
endothelial
4 ,6-diamidino-2-phenylindole (DAPI) (blue) was used for the detection of nuclei. The right image is
4′,6-diamidino-2-phenylindole
for the detection
nuclei. The
right
acells.
zoom-in
of the left image, and both(DAPI)
images(blue)
showwas
thatused
the vascular
networkoforiginated
from
the
image is a zoom-in of the left image, and both images show that the vascular network originated
embedded microgels and spread to the rest of the bulk hydrogel.
from the embedded microgels and spread to the rest of the bulk hydrogel.

Besides microgels, submicron peptide hydrogel particles, which are referred to as
Hydrogels
made
self-assembling
peptides
are fabricated
also used in
cancer
treatment
[112].
nanoparticles
made
of of
self-assembling
peptides,
were
with
a diameter
of about
In
a
very
recent
study,
a
self-assembling
peptide
consisting
of
the
hydrophilic
peptidein73 nm, using a flow-focusing microfluidic platform together with solutions of self-assembling
ternalizingpeptides
RGD peptide
(iRGD)
and the hydrophobic
anticancer
drug camptothecin
ultrashort
[109]. The
nanoparticles
were produced
by self-assembling
peptides
(CPT)
was used in
to water
form aas
chemoimmunotherapeutic
hydrogel
(Figure
8) [113].
The in
result
that
aggregated
a result of the pressure exerted
on the
peptide
solution
the
is an amphipathic
molecule
that (v/v)
self-assembles
into nanotubes
whichthe
immediately
form a
presence
of two streams
of 50%
ethanol solution.
In addition,
optimal flowrate
hydrogel
when subjected
Due nanoparticles
to the chargedmade
surface
of the
ratio
was found
to be 1:10,to
asphysiological
for peptide toconditions.
ethanol. These
of hydrogels are biocompatible and biodegradable, which will allow them to be used in delivering
therapeutic agents without any toxicity for the body. The nanoparticles made of hydrogels
are also mechanically stable and can withstand bioprinting conditions [109].
Self-assembling peptides have also been used in 3D bioprinting [110]. Stable 3D
scaffolds were fabricated using ultrashort self-assembling peptides in a vacuum system
that utilizes a robotic arm [108]. A possible biomedical application for this method is
the promotion of muscle repair in injured skeletal muscles, which was performed with
muscle myoblast cells [111]. The bioprinted 3D structures have proven biocompatible and
maintained cell viability post bioprinting. Both microgels and nanoparticles made from
ultrashort self-assembling peptides can be used in bioprinting applications, as mentioned
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before [109,110]. The flexibility of combining different forms of gels made from ultrashort
self-assembling peptides, i.e., bulk peptide hydrogels and peptide microgels as well as
peptide nanoparticles, renders this class of self-assembling peptides a very attractive
platform system for a variety of biomedical applications and for applications in regenerative
and personalized medicine.
Hydrogels made of self-assembling peptides are also used in cancer treatment [112].
In a very recent study, a self-assembling peptide consisting of the hydrophilic peptideinternalizing RGD peptide (iRGD) and the hydrophobic anticancer drug camptothecin (CPT)
of 20
was used to form a chemoimmunotherapeutic hydrogel (Figure 8) [113]. The 15
result
is
an amphipathic molecule that self-assembles into nanotubes which immediately form a
hydrogel when subjected to physiological conditions. Due to the charged surface of the nanotubes, ititisispossible
to to
load
thethe
nanotubes
with
therapeutic
chemicals
using
the electrostatic
nanotubes,
possible
load
nanotubes
with
therapeutic
chemicals
using
the elecinteractions.
In this In
case,
thecase,
negatively
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In this review, we discussed in detail the fabrication methods of microgels including
In this review, we discussed in detail the fabrication methods of microgels includboth top-down and bottom-up approaches. Each of the fabrication methods has its own
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based materials. We expect more bottom-up approaches to be developed, as they offer
more control on the building blocks of the fabricated microgels.
Applications that involve microgels are expected to expand as the fabrication methods become more cost-effective. We also foresee an increase in the quality of the fabricated
microgels in terms of monodispersity, which in turn will attract more applications, espe-
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as well as new hydrogel-based materials. We expect more bottom-up approaches to be
developed, as they offer more control on the building blocks of the fabricated microgels.
Applications that involve microgels are expected to expand as the fabrication methods become more cost-effective. We also foresee an increase in the quality of the fabricated microgels in terms of monodispersity, which in turn will attract more applications, especially in the field of controlled drug release. The involvement of microgels
in diverse biomedical applications should also increase as bioprinting technologies advance. With highly precise fully automated robotic 3D bioprinters, more complex tissueengineered constructs are expected to increase in availability and complexity to hopefully
reach the level of being able to fabricate fully 3D bioprinted functional organs. Such complexity will be obtained when microgels of different diameters are combined to form a
complex biofunctional scaffolds. Cell-laden microgels can be combined with nanoparticles
containing signaling molecules—for example growth factors, besides others. By adjusting
the degradability of the fabricated microgels, multiple drugs can be released with different
releasing profiles to treat diseases and defects better than what current clinical methods
can do. Microgels will be increasingly used in the transition to personalized medicine.
In particular, with advances in protein chemistry and synthetic biology, microgels offer the
optimal method in the drug discovery field. Furthermore, cell-laden microgels encapsulating different types of cells can be arranged in layers to resemble the cellular layer order
seen in native tissues.
Lastly, the commercial-scale production of microgels for biomedical applications with
high control of size, shape and mechanical properties remains a challenge. For pharmaceutical applications, such as drug delivery, commercial-scale production must increase the
production or the throughput rate while maintaining the accuracy of the lab-scale version
of the fabrication method. We expect more synthetic materials to be used to form microgels,
to be developed with chemical properties that mimic the native polymers found in the
ECM while eliminating the source and batch variations which are usually associated with
naturally derived materials.
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