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1. Introduction

Microgels have been developed as bioma-
terials for many applications, especially 
in medical engineering and drug delivery, 
due to their miniaturized size, versatile 
compositions, flexible structures, and high 
biodegradability.[1–7] Homogenous micro-
gels have constant composition and gel 
density throughout the microgels; spatially 
inhomogeneous microgels have varying 
density of the gel materials; heterogeneous 
microgels have varied composition of  
gel materials.[3,4,8] While the homogenous 
microgels have been used as 3D scaffold 
models for cell growth, inhomogeneous 
and heterogeneous microgels can more 
accurately mimic the physiological environ-
ment in vivo.[3,9–11] By exploiting microflu-
idic platforms, microgels can be produced 
with controlled size, shape, structures, and 
compositions.[12–17] In particular, microgels 
with inhomogeneous compositions and 
heterogeneous structures can be realized 

by microfluidic approaches by controlling the flow. The size of 
microgels usually ranges from 1 µm to several hundred µm;[2–4,8] 
nanogels (from several tens of nm) are sometimes called micro-
gels in the literature.[18–24] In this review, we discuss micro-
gels with different morphologies, materials, and applications 
including those with homogeneous and inhomogeneous com-
positions as well as heterogeneous structures. We also provided 
an overview of the fabrication systems, characterization methods, 
and their biological applications such as liquid–liquid phase sep-
aration (LLPS), micromechanics, biosensing, and 3D cell culture.

Homogeneous microgels with structures of spheres,[3] 
tear drops,[14,25] hole shells,[26] rods,[1,11,27–29] and raspberry-like 
shapes,[30] have been fabricated using microfluidics (Figure 1). For 
more versatile functions, inhomogeneous microgels with core–
shell,[3,8,14,31–33] compartmentalized,[34] and Janus[8,35–37] structures 
have been developed (Figure  1). As a result of the geometry, the 
surface to volume ratio of microgels is higher than that of bulk 
gels.[3] The interface interaction between the gel and the sur-
rounding medium, the gel/oil, gel/sol, gel/water, gel/gel, and even 
gel/cell interface, can make a difference to the morphology of the 
microgels (Figure 1).[2,4,8,28,38] These interfaces could be sites where 
chemical reactions take place at the microscale, or be barriers in 
the contexts of molecule or particle migration. Both the interfaces 
and the microgel bodies can act as microreactors for the high-
throughput drug discovery and test.[39–43]

The emerging applications of hydrogel materials at different length scales, 
in areas ranging from sustainability to health, have driven the progress in 
the design and manufacturing of microgels. Microgels can provide miniatur-
ized, monodisperse, and regulatable compartments, which can be spatially 
separated or interconnected. These microscopic materials provide novel 
opportunities for generating biomimetic cell culture environments and are 
thus key to the advances of modern biomedical research. The evolution of the 
physical and chemical properties has, furthermore, highlighted the potentials 
of microgels in the context of materials science and bioengineering. This 
review describes the recent research progress in the fabrication, characteri-
zation, and applications of microgels generated from biomolecular building 
blocks. A key enabling technology allowing the tailoring of the properties of 
microgels is their synthesis through microfluidic technologies, and this paper 
highlights recent advances in these areas and their impact on expanding the 
physicochemical parameter space accessible using microgels. This review 
finally discusses the emerging roles that microgels play in liquid–liquid phase 
separation, micromechanics, biosensors, and regenerative medicine.
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open access article under the terms of the Creative Commons Attribution 
License, which permits use, distribution and reproduction in any medium, 
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Figure 1.  Microgels with different morphologies or structures, such as spheres,[3] tear-drop,[57] hole–shell,[8] core–shell,[3,8,33] Janus,[8,36,37] compart-
mentalized,[34] rod,[4] and raspberry-like shapes.[30] Scale bars = 200 µm (tear-drop), 500 µm (microrod), 0.3 µm (submicron, raspberry-like), 400 µm 
(compartmentalized), and 100 µm (all other). The microgel/environment interfaces can include gel/oil,[1,3] gel/sol,[8] gel/water,[3,4] gel/gel,[33] and gel/
tissue interfaces.[34,341] The internal structures of the building blocks can be random coils,[3] alpha helices,[3] beta sheets,[339] etc. Reproduced under the 
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Microgels with a range of shapes can be applied to different 
functional applications. Spherical microgels (isometric) are 
the most common form of microgels, as a result of interfacial 
tension.[2,3] In 3D cell culture, such isometric microgels allow 
the uniform exchange or diffusion of nutrients and metabolic 
wastes.[2,3] In contrast, the distance from the geometric center 
to the surface can vary in anisometric microgels such as micro-
rods, resulting in different diffusion of substances along the 
radial and axial directions.[11,28,44] The hole–shell microgels 
have both convex and concave surfaces, and this combined 
curvature can be applied to lock-and-key structures as intelli-
gent joints.[8,45–47] Tear-drop microgels and spherical microgels 
have demonstrated different release profiles of molecules.[48] 
Core–shell or hollow microgels can have different materials or 
payloads at specific microgel positions.[8,49] For example, con-
trollable degradability or stiffness of microgels can be achieved 
by adopting different materials at the core and near shell.[8,49] 
Heterotypic cells can be encapsulated at the core and shell to 
fulfill biomimetic functions of the microgels.[50,51] Janus and 
multicompartmentalized microgels, in addition, are promising 
platforms to generate and nurture multicellular segmented 
tissues.[34,52]

Microgels can be assembled from a series of elementary 
building blocks, including nonbiological macromolecules, 
colloids, and biomolecules.[2,3,53,54] In this review, we focus on 
microgels assembled from biomolecules; by using naturally 
occurring or in some cases biomimetic building blocks, unique 
advantages in terms of biocompatibility and ability to interface 
with biological systems can be generated. Microgels can be 
formed from cross-linked biomolecules or from supramolec-
ular assemblies of such biomolecules, including protein nanofi-
brils.[55,56,57] By assembling microgels with building blocks 
at different scales, controlled release of drug molecules and 
desired mechanical properties can be achieved.[58] The assembly 
can be modulated by the flow patterns in the microfluidic 
devices and cross-linking methods. For example, microgels 
with a core–shell structure have been prepared by coflowing 
gelatin and other aqueous solutions in a microfluidic channel 
through both physical and chemical gelation regimes.[3,8] Using 
this production method, microgels can be produced with spe-
cific morphology and drug release rate, making them both rel-
evant systems for drug release and in vivo implants.

Here, we discuss recent multifaceted research progress in 
microgels in the fields of novel biomedical technologies rooted 
in materials and engineering science, such as LLPS (Figure 2), 
micromechanics (Figure  3), biosensors (Figure  4), and regen-
erative medicine (Figure  5). Representative morphologies and 
compositions of the microgels are introduced (Figure  1). The 
fabrication of the microgels is discussed; in particular, we will 
focus on hydrogel materials (Table 1), categories of microfluidic 

or nonmicrofluidic methods (Figure 6), surfactants, and demul-
sification (Tables 2 and 3). Some key characterization methods 
for microgels are discussed (Figure 7 and Table 4). Finally, we 
share our outlook of the use of microgels in emerging fields. 
This review is expected to cast light on the development of 
hydrogels at the microscale and sets out to assist and inspire 
researchers interested in microgels for biomedical and bioengi-
neering purposes.

2. Anisometric Microgels for All-Aqueous LLPS

Microgels can be formed from LLPS systems and can revers-
ibly switch from gel states to liquid states.[4,53] Recent work 
shows that anisometric protein microrod gels can be applied 
to the engineering of a highly monodisperse aqueous LLPS 
system (Figure  2a).[4] Through the thermo-induced gel–sol 
transition (reversing cross-linking) of gelatin, the water/water 
interfacial tension becomes the dominant energetic contribu-
tion as elasticity diminishes.[4] In addition, the fusion of protein 
phases has been observed during the gel–sol transition of rod 
microgels.[4] This fusion phenomenon complements previous 
studies[59–62] on the coalescence of liquid droplets. Isometric 
microgels can also function as precursors of all-aqueous LLPS 
systems, though these microgels do not display the rod-to-
sphere shape change.[4] It is worth mentioning that all-aqueous 
LLPS systems and aqueous two-phase systems can overlap to 
some extent.[63,64]

Hole–shell microgels and buckled core–shell microgels, 
can also function as precursors and indicators of all-aqueous 
LLPS systems that are biphasic or multiphasic (Figure 2b,c).[8] 
Similar to rod microgels, the morphological evolution of hole–
shell microgels and the fusion of the hole–shell microgels in 
crowders can characterize LLPS.[8] Furthermore, multiphase all-
aqueous LLPS systems can be achieved by reversing the cross-
linking of buckled core–shell microgels in crowders.[8] Buckled 
core–shell microgels transform into spherical core–shell 
droplets, indicating the liquid nature of the all-aqueous LLPS 
systems.[8] More intriguingly, the fusion of such spherical core–
shell droplets is clearly demonstrated by the shell–shell fusion 
followed by the core–core fusion of two condensates,[8] which 
can be promising models of multiphase or vesicle-like conden-
sates from other materials.

LLPS of biomolecules can have implications on functional 
and aberrant biology, as well as on the processing and designing 
of multifunctional and smart biomaterials.[59,60,65–69] Most of 
the existing LLPS studies have focused on the sol–gel transi-
tion (liquid-to-solid) transition of the condensates, as the gel 
or aggregation outcomes are thought to be related to the onset 
and development of protein aggregation diseases.[55,59,60,67] 
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Figure 2.  Anisometric microgels as precursors and indicators of all-aqueous liquid–liquid phase-separated systems. a–c) Engineered anisometric 
gelatin microgels function as precursors of all-aqueous liquid–liquid phase-separated systems, through the thermo-induced gel–sol transition of gelatin 
in a macromolecular crowding. Rod (a), hole–shell (b), and buckled core–shell (c) microgels are demonstrated here. Scale bars = 500 µm (a), 50 µm 
(b(i),c(i)), and 100 µm (b(ii),c(ii)). Reproduced under the terms of the Creative Commons CC BY license.[4] Copyright 2021, The Authors, published by 
WILEY-VCH; Reproduced under the terms of the Creative Commons CC BY license.[8] Copyright 2021, The Authors, published by WILEY-VCH. d) Tem-
perature-induced phase transition from co-assembled nanosheets to liquid droplets. Scale bars = 50 µm. Reproduced with permission.[60] Copyright 
2020, WILEY-VCH. e) Potential examples of other nonspherical or anisometric microgels as precursors and indicators of all-aqueous liquid–liquid 
phase-separated systems. The microgel morphologies can be cubes,[46] triangular prisms,[74] star cross-sectioned,[127] tear drops,[25] raspberry-like,[72] 
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However, the gel–sol transition, that is, the reversing of the 
cross-linking, has not been well studied in detail because of the 
following challenges. A practical challenge is the lack of a scal-
able approach to rapidly producing monodisperse liquid–liquid 
systems. A conceptual challenge is that liquid (proteinaceous) 
materials have not been widely applied as a class of functional 
materials yet.[4,70] Liquid materials have advantages in terms 
of processibility due to their liquid nature relative to solid or 
semisolid materials, and are expected to open up new possibili-
ties for biomedical research in liquids.[4,70] The abovementioned 
anisometric microgels are examples of generating all-aqueous 
LLPS systems with size-controllable and heterogeneity-tunable 
condensates.[4,8] Gel–sol transition of nonprotein materials has 
also been recently demonstrated; nanosheets of porphyrin/
ionic-liquid co-assembly have been found to be the outcomes 

and the precursors of LLPS (Figure  2d).[60] The nanosheet-to-
sphere morphological change and the fusion of the solute-
rich phases can highlight the liquid nature of the dispersed 
condensates.[60] We envision that other nonspherical or aniso-
metric nano/microgels from diverse materials with multiple 
fabrication methods, can act as precursors and indicators of all-
aqueous LLPS systems (Figure 2e).[25,28,46,71–75]

Two different types of heterogeneity have so far been 
observed in spontaneously formed condensates. Multiphase 
condensates contain multiple phases or regions with different 
contents. These subcompartments have been observed in 
cells in stress granules, paraspeckles, nuclear speckles, and 
nuclei.[76–79] To better understand this behavior, in vitro model 
systems have been made with proteins and optionally nucleic 
acids.[80,81] Multiphase condensates are now understood to have 
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Figure 3.  Microfluidic testing of the micromechanics of soft microgels. a) A glass-capillary device that has one tapering channel for the mechanical 
testing of soft microgels. Scale bar = 20 µm. Reproduced with permission.[86] Copyright 2010, Royal Society of Chemistry. b) A PDMS-based device 
with parallel tapering channels for mechanical testing of multiple soft solid microgels. Reproduced under the terms of the Creative Commons CC 
BY license.[87] Copyright 2022, The Authors, published by Springer Nature. c) A microgel trapped in one of the channels (b) deforms with increasing 
flow rate of the continuous aqueous phase. Scale bar = 200 µm. Reproduced under the terms of the Creative Commons CC BY license.[87] Copyright 
2022, The Authors, published by Springer Nature. d) A core–shell microgel trapped in one of the channels (b) buckles with fluctuating flow rate of 
the continuous oil phase.[8] Scale bar = 100 µm. Reproduced under the terms of the Creative Commons CC BY license.[8] Copyright 2021, The Authors, 
published by WILEY-VCH.

etc. Reproduced with permission.[46] Copyright 2008, National Academy of Sciences; Reproduced with permission.[74] Copyright 2016, WILEY-VCH; 
Reproduced with permission.[127] Copyright 2015, Springer Nature; Reproduced with permission.[25] Copyright 2015, Elsevier; Reproduced under the 
terms of Creative Commons CC BY license.[72] Copyright 2018, The Authors, published by Springer Nature. f) Coalescence of hollow vesicle-like droplets 
from RNA-protein complexes. Scale bars = 10 µm. Reproduced with permission.[82] Copyright 2020, National Academy of Sciences. g) Multiphase LLPS 
resulting in “hollow” condensates. Scale bar = 20 µm. Reproduced with permission.[84] Copyright 2021, Royal Society of Chemistry.
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undergone a secondary phase separation, creating distinct 
regions inside of the condensate.[80,81] Two immiscible liquids 
make up the condensate, and which phase is on outside or 
inside of the condensate depends on the relative surface tension 
values.[80,81] Additionally, the conditions leading to the demixing 
have been studied, particularly the role of nucleic acids, which 
are abundant in organelles in cells.[69,80,81] Studying multiphase 
condensates using microgels could offer further insight into 
this secondary phase separation. Size and surface tension can 
be readily controlled in microgels as well as phase transitions. 
This could be of interest to study the kinetics of a secondary 
phase transition. Additionally, a microgel system could be used 
to find what parameters influence the surface tension and thus 
the “order” of different phases, which in cells would influence 
the recruiting of molecules into the condensate and thus its 
function.

The second type of heterogeneity that has been observed 
is the formation of a polymer-poor phase inside of the 
condensates.[82,83] Vesicle-like droplets have been systemati-
cally studied to probe the phase behaviors of RNA-protein com-
plexes (Figure  2f).[82] This phenomenon is being increasingly 

investigated, making microgel models very valuable. Poly(N-
isopropylacrylamide) (PNIPAM) microgels with xanthan 
polymer (a depletant) might be a suitable model system to 
study this behavior, as they have been observed to form core–
shell-like structures through LLPS (Figure  2g).[84] At room 
temperature (RT), the dispersed phases are liquid; at elevated 
temperature, the dispersed particles gelate and aggregate, 
and form microgels with solid shells.[84] LLPS systems are 
achieved when cooling downing again to RT, indicated by the 
coalescence of multiple inner droplets.[84] In different mate-
rial systems, LLPS is achieved by decreasing to or increasing 
from RT.[4,8,84] Light-sheet microscopy can facilitate the study of 
LLPS with the colloid-polymer system subjected to shear, and it 
is possible to track the deformation of the liquid droplets as a 
function of shear rate.[85]

3. Micromechanics of Soft Microgels

A key characteristic of microgels influencing their applica-
tions in biomedical areas is their mechanical deformability and 
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Figure 4.  Microgels as miniaturized biosensors. a) Colorimetric detection of glucose through bienzyme-mediated free-radical polymerization. Repro-
duced with permission.[98] Copyright 2015, Royal Society of Chemistry. b) Sensing of choline with microgel/enzyme films. Reproduced under the terms 
of the Creative Commons CC BY license.[101] Copyright 2018, The Authors, published by MDPI. c) Antibody recognition with microgel photonic crystals. 
Reproduced with permission.[99] Copyright 2021, Elsevier. d) Sensing of organophosphorus pesticides with microgel approaches. Reproduced with 
permission.[100] Copyright 2017, American Chemical Society. e) Sensing of triglyceride with microgel-based optical devices. Reproduced with permis-
sion.[102] Copyright 2015, Royal Society of Chemistry.
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elastic modulus. To probe the micromechanical properties of 
microgels, both glass-capillary microfluidics and polydimethyl-
siloxane (PDMS)-based microfluidics are used (Figure  3).[86,87] 
Determining the elastic properties of these soft and deform-
able materials is key, but probing them at the microscale has 
been challenging.[86] Though methods such as atomic force 
microscopy (AFM) and micropipette aspiration have been 
employed to monitor the mechanical response of materials at 
small scales, it is challenging to position the materials such 
as microgels under optical microscopes.[86,88,89] Besides, AFM 
and micropipette aspiration approaches are localized methods 
to probe the elasticity of soft materials or particles, not illus-
trating the deformation of an entire particle.[8,87] It would be 
advantageous to develop micromechanical methods to quan-
tify the mechanical properties from the whole microgel.[87] 
Such methods of micromechanical measurement can save the 

amount of samples, and can complement bulk methods such 
as rheology.[87]

A glass-capillary approach, termed capillary micromechanics, 
has been investigated to characterize the mechanical properties 
of microgels. Both the compressive and the shear moduli can be 
extracted from the stress–strain relationships (Figure  3a).[86,90] 
These results agree well with bulk studies. In brief, a single 
microgel is trapped in the tapering tip of a glass capillary 
coated with bovine serum albumin, and the deformation of 
the microgel under varying liquid pressure can be analyzed 
and reflect the elastic properties of the microgel.[86] However, 
only a single microgel can be explored each time, which can 
limit the efficiency and accuracy of the methods. Using this 
glass-capillary approach, the particle deforms in a capillary.[86] 
By contrast, using a micropipette aspiration method, a particle 
deforms between a capillary tip and a beam surface.[88]

Small 2022, 2200180

Figure 5.  Applications of microgels in cell culture. a) Cell encapsulation in alginate microgels. Confocal images of alginate-collagen microgels (top 
right: green, collagen; red, alginate) and alginate-fibrin microgels (bottom right: green, fibrin; red, alginate). Scale bars = 20 µm. Reproduced with 
permission.[2] Copyright 2017, Springer Nature. b) Biomimetic hepatic-lobule-like structures without (top) and with (bottom) compartments. Scale 
bar = 200 µm. Adapted with permission.[34] Copyright 2021, WILEY-VCH. c) 3D printing ((i),(ii)) of microgel inks (with blue dye) in a spiral pattern into a 
shear-thinning support hydrogel (transparent). 3T3 fibroblasts encapsulated in microgels before (iii) or after 3D printing ((iv),(v)). Scale bars = 200 µm. 
Reproduced under the terms of the Creative Commons CC BY license.[5] Copyright 2018, The Authors, published by WILEY-VCH. d) Human mesen-
chymal stem cells on the surfaces of microgels. Scale bars = 100 µm. Adapted with permission.[122] Copyright 2017, WILEY-VCH.
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Table 1.  Materials commonly used for microgel/microfluidic studies.

Material Cell lineage Microfluidic technique Gelation method Applications, key findings or advances Ref.

Alginate Hepatocytes and  
fibroblasts

Core–shell spheroids based 
on microdroplet making 

techniques

Ca2+ release from  
EDTA-Ca

3D core–shell scaffold is made.
High-level liver-specific functions have been achieved 

with the coculture of hepatocytes and fibroblasts.
It is potential for in vitro liver model for high-

throughput drug screening assays.

[51]

Murine marrow stromal cells 
(mMSCs), human MSCs, and 
K-562 chronic myelogenous 

leukemia cells

Spheroids based on micro-
droplet making techniques

Ca2+ release from calcium 
nanoparticles

Alginate, alginate-collagen, alginate-fibrin microgels 
have been made with cells encapsulated.

Increased osteogenesis is found in harder microgels 
than softer microgels in vivo.

The donor cells have been protected from immune 
clearance in the microgels injected into mice.

[2]

None PDMS-based chips Fusion of alginate droplets 
and Ca2+ droplets

No extra chelators are used in the approach.
Alginate droplets and Ca2+ droplets fuse through a 

picoinjection strategy on chip.
Spherical and nonspherical microgels can be pro-

duced under various picoinjection conditions.

[233]

Collagen Breast cancer cells, endo-
thelial cells, and human 

umbilical vein endothelial 
cells (HUVECs)

Cell culture on chip pH induced gelation of 
collagen

A 3D circular microvessel of about 100 µm in 
diameter has been formed with extracellular in a 

microfluidic device.
Endothelial layers have reduced the cancer exit events 

over the culture period.
Single-cell behavior can be easily analyzed in the 

micro channels in 3D.

[97]

HEK 293 embryonic kidney 
cells; NIH 3T3 murine 

fibroblasts; MC 3T3 murine 
osteoblast precursors’ cell 

line; MCF10A epithelial cells.

Collagen microgels from 
aqueous two-phase  

systems

pH induced gelation of 
collagen

Aqueous two-phase systems (PEG and dextran) have 
been used to template collagen microgels.

Collagen droplet contraction rates depend on cell 
density and the presence of growth factors.

The diffusion of growth factors in collagen microgels 
is faster than that in the conventional collagen assay.

[234]

Agarose Endothelial cells, and 
HepG2 cells

Cell culture on hydrogel-
based device

Cooling to gelate agarose, 
pH induced gelation of 

collagen

A natural leaf has been used as mold to make 
agarose-based microfluidic devices, and collagen has 

been filled in the channels of the devices.
The addition of collagen in the microfluidic channels 
have slowed down the perfusion of small molecules.

Vascularized cancer tissues have been made and 
studied dynamically with increased spreading of 

endothelial cells.

[235]

Adenoid cystic carcinoma 
cells

Droplet making and trap-
ping on-chip

Cooling to gelate agarose Two-layer PDMS devices have been fabricated for 
microgel trapping.

Carcinoma cells have been encapsulated in the micro-
gels for tissue engineering studies.

[206]

Gelatin methacry-
late (GelMA)

HUVECs and fibroblasts Cell culture on and in 
GelMA-based micro 

environments

Photo-cross-linking of 
hydrogel with UV and 

photo-initiator

Cell adhesion to 2D GelMA surfaces has shown that 
variation of stiffness of GelMA hydrogels is associ-

ated with cell morphology and confluency.
Cell growth in 3D GelMA micro patterns has shown 
that the increasing of hydrogel stiffness leads to the 

increase of cell confluency.
Perfusable microvasculature and endothelial  
linings have been created in the microfluidic  

channels.

[184]

Bone marrow-derived mesen-
chymal stem cells (BMSCs)

Microgel generation with 
capillary microfluidic 

devices

Photo-cross-linking of 
hydrogel with UV and 

photo-initiator

Cells and growth factors are encapsulated in the 
GelMA microgels.

Significant osteogenesis has been displayed by 
relevant protein and mineral in the 3D in vitro culture 

of BMSCs.
The cells with growth factor in the microgels have 

increased performance of in vivo bone  
formation.

[189]



www.advancedsciencenews.com www.small-journal.com

2200180  (9 of 26) © 2022 The Authors. Small published by Wiley-VCH GmbH

A PDMS-based approach has been reported to carry out 
the mechanical testing of multiple solid microgels in par-
allel, increasing the efficiency of testing (Figure  3b,c).[87] It is 
also possible to average the elastic moduli of the microgels to 
achieve higher accuracy. This PDMS-based microfluidic device, 
coated with polyethylene glycol (PEG), has multiple tapering 
channels in parallel and two bypass-flow channels. It is feasible 
to achieve 100% trapping efficiency in practice.[87] The analysis 
of the stress–strain relationships of the PDMS-based approach 
is similar to that of the glass-capillary approach.[86,87] Notably, 
the interfacial tension between the microgels and the aqueous 
continuous phase can be ignored,[87] and the situation would be 
different using an oil continuous phase.

In another study, the abovementioned PDMS-based device 
has been used to permanently buckle core–shell microgels 
(Figure  3b,d).[8,87] For this application, the continuous phase 
is oil.[8] The trapped core–shell microgels underwent several 
cycles of increase and decrease of the pressure of the oil con-
tinuous phase; water is squeezed out from the cores and then 
migrated to the space between the oil and the shell.[8] The flat 
surfaces of the PDMS walls also contribute to the buckling to 
relocate the excessive materials. Such buckling is similar to the 
buckling of a tennis ball with a smooth invagination.[8,91] The 
characterization of the elastic moduli of core–shell microgels 
from the stress–strain relationships might be complicated, 
in view of the buckling during the squashing (Figure  3d).[8,90] 
However, this device (Figure  3b) could offer a new route to 
deform especially buckle microgels, which could complement 
other factors such as osmotic pressure or interfacial tension.[8]

The mechanical property of microgels is usually inherited 
from that of bulk materials. The mechanical performance of 
relatively “big” microgels (for example, diameter > 20 µm) can 
be explored using microfluidic channels (Figure  3a–d).[8,86,87] 
The mechanical property of “big” microgels may be different 

from “small” microgels because of size effect. For “small” 
microgels (for example, diameter ≈ 300 nm) that do not easily 
match the size of microfluidic channels, AFM with fine tips 
can be a promising tool to probe their mechanics in liquid 
environment.[22]

The mechanical property especially the elasticity of mate-
rials can have varying implications on functional roles of the 
microgels. For example, silicone, skin, soy protein, whey pro-
tein, synthetic polymers, amyloid fibrils, and silk have demon-
strated increasing and somewhat overlapping stiffness, and the 
stiffness-strength maps of a range of materials can guide the 
selection of materials for specific engineering purposes.[92,93] 
Designing microgels for industries would benefit from the 
consideration of the mechanical properties of materials. For 
example, the degradable microbeads in shampoo or liquid soap 
are expected to demonstrate corresponding stiffness for better 
user experience. In terms of biological relevance, the stiffness 
of tissues or organs also varies significantly.[94] For example, 
brain and lung are soft organs, while muscle tissues have inter-
mediate stiffness.[94] Cartilages and bones have high stiffness, 
as they are exposed to high mechanical loading in vivo.[94] The 
optimization of the mechanical property of the microgels or 
hydrogels for tissue engineering would contribute to the gener-
ation of more biomimetic cellular structures. One of the major 
components of vascular vessel walls is collagen, and collagen 
microgels or channels have been developed as injectable or on-
chip angiogenic 3D constructs.[95–97]

4. Microgels as Biosensors

Microgels offer a biomimetic environment within which 
enzymes and other active components can be localized. As 
such, microgels have emerged as promising materials for the 
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Material Cell lineage Microfluidic technique Gelation method Applications, key findings or advances Ref.

Gelatin None Microgel generation with 
PDMS-based microfluidic 

devices

Physical and/or enzymatic 
cross-linking

Protein microgels with varying radial density have 
been fabricated through versatile cross-linking and 

controlled microfluidic mixing.
Protein microgels can act as the precursors of all-

aqueous LLPS (two-phase).
Core–shell microgels can be the outcomes and the 

precursors of all-aqueous LLPS (multiphase).

[3,4,8]

Amyloid proteins None Microgel generation with 
PDMS-based microfluidic 

devices

Self-assembly of nanofibrils Amyloidogenic protein Ure2 has been used as a self-
assembling material for microgel formation.

Microfluidics enables the formation of monodisperse 
droplets with controlled amount of protein trapping.
Multiphase microgels with lysozymes demonstrate a 
high-throughput platform for controlling aggregation 

and structuring of fibrillar proteins.

[53,216]

DNA hydrogel None Microgel generation with 
PDMS-based microfluidic 

devices

Chemically cross-linked or 
physically entangled DNA

A DNA microgel platform (cell-free) for protein 
production that plans for a phenotype-genotype con-

nection has been developed with DNA microgels.
Fluorescent cell sorting of the microgels can be used 
to enrich gene concentration, in the context of gene 

isolation and protein display.
DNA microgels can be applied to biosensing, drug 

delivery, and gene therapy.

[228,229]

Table 1. Continued.
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sensing of biomolecules (Figure 4).[98–104] Microgels can be used 
for the sensing of glucose, RNA/DNA, enzymes, antibodies 
and even physical cues. The advantage of using microgels over 
conventional sensors is that they maintain a hydrated and non-
denaturing environment to protect the bioactive components 
required for detection.[98–102] Most of the current microgel 

biosensors are used in vitro, with the aim of applying them for 
in vivo measurements in the future.[105,106] In terms of medical 
diagnostics and personalized medicine, microgels are also a 
promising and sensitive tool. For example, a droplet-trapping 
assay can be used with hydrogel microspheres for the highly 
sensitive detection of vascular endothelial growth factor.[107] 
Hydrogels with tunable porosity improved mass transport, and 
this method demonstrated higher efficiency compared with 
ELISA, Luminex assays, and previous studies.[107] Furthermore, 
it has been reported that microarray analysis can be combined 
with nucleic acid sequence-based amplification with self-
reporting molecular beacon probes that fluoresce upon hybridi-
zation for real-time microbial molecular diagnostics.[108]

4.1. Glucose Sensing

For glucose sensing by a colorimetric method (Figure  4a), 
glucose oxidase and horseradish peroxidase are loaded in core–
shell microgels.[98] A glucose dose-response curve could guide 
the application of the microgels in glucose testing, and the 
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Table 2.  Commonly used oils and surfactants for microdroplets or 
microgels.

Oil Surfactant Ref.

Mineral oil Span 80/Tween 80/ABIL/Triton X-100 [5,282]

Fluorinert FC-40 PEG-PFPE surfactant [3,4,8,27]

HFE-7500 PEG-PFPE surfactant [2,287]

Silicon(e) oil DC547/Span 80 [295,296]

Oleic acid Span 80 or none [293,297]

Hydrocarbon and silicone 
oil

Lipid [183,298]

N-octane None [292]

Figure 6.  Microgel fabrication methods. The methods can include a) 2D microfluidic chips,[3,8] 3D microfluidic chips,[237] Reproduced under the terms 
of the Creative Commons CC BY license.[3] Copyright 2020, The Authors, published by WILEY-VCH; Reproduced under the terms of the Creative Com-
mons CC BY license.[8] Copyright 2021, The Authors, published by WILEY-VCH; Reproduced with permission.[237] Copyright 2012, American Institute 
of Physics. b) capillary microfluidics,[267] Reproduced with permission.[267] Copyright 2007, WILEY-VCH. c) electrospray,[241] Reproduced with permis-
sion.[241] Copyright 2015, American Chemical Society. d) photo-cross-linking. Reproduced with permission.[340] Copyright 2018, WILEY-VCH. e) Vortex 
and/or sonication. Reproduced with permission.[122] Copyright 2017, WILEY-VCH. f) LLPS in vitro,[59] Reproduced with permission.[59] Copyright 2020, 
Springer Nature. g) molds,[248] Reproduced with permission.[248] Copyright 2012, American Chemical Society. and h) step emulsification.[252] Reproduced 
with permission.[252] Copyright 2018, Royal Society of Chemistry.
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Table 3.  Several demulsification examples.

Demulsification approach Oil Surfactant Microgel material Ref.

Perfluoro demulsifiers and centrifugal force Fluorinert FC-40 PEG-PFPE surfactant Alginate and gelatin [2,3]

HCl and centrifugal force Fluorinert FC-40 PEG-PFPE surfactant Lysozyme fibrils [220]

Pluronic F-127 and centrifugal force Mineral oil Span 80 Hydrogels modified by matrix metalloprotease-
sensitive peptides

[127]

Antistatic gun Hydrofluoroether (HFE) PEG-PFPE surfactant Only qPCR mix liquid, no hydrogels [299]

Repetitive replacement of the continuous phase Hydrocarbon and silicone oil Lipid Matrigel and collagen [183,298]

Figure 7.  Several characterization methods commonly used for the understanding of microgels. a) 3D reconstruction of confocal imaging of buckled 
core–shell microcapsules. Scale bar = 100 µm. Reproduced under the terms of the Creative Commons CC BY license.[8] Copyright 2021, The Authors, 
published by WILEY-VCH. b) Optical microscopy imaging with crossed polarizers to understand silk micrococoon structures. Scale bars =  10 µm. 
Reproduced under the terms of the Creative Commons CC BY license.[1] Copyright 2017, The Authors, published by Springer Nature. c) SEM imaging of 
gelatin microgels. Scale bars = 40 µm (left), 10 µm (middle), and 2 µm (right). Reproduced under the terms of the Creative Commons CC BY license.[3] 
Copyright 2020, The Authors, published by WILEY-VCH. d) TEM imaging of silk nanofibrils without (left) and with silver nanoparticles (middle) and the 
size distribution of the silver nanoparticles (right). Scale bars = 200 nm. Reproduced with permission.[301] Copyright 2020, American Chemical Society. 
e) Trapping of microgels in a PDMS-based chip. Scale bar = 50 µm. Reproduced with permission.[120] Copyright 2015, National Academy of Sciences. 
f) Trapping of microgels in a glass capillary. Scale bar = 25 µm. Reproduced with permission.[311] Copyright 2016, Royal Society of Chemistry. g) AFM 
imaging of lysozyme monomers, seeds, fibrils, and microgel. Scale bar = 200 nm. Reproduced with permission.[220] Copyright 2015, American Chemical 
Society. h) Time-lapsed imaging for FRAP analysis. Scale bars = 1 µm. Reproduced with permission.[59] Copyright 2020, Springer Nature.
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method is selective for glucose among several saccharides.[98] 
Thermosensitive and electroactive microgel particles are also 
fabricated for glucose testing, and the sensors work satisfacto-
rily at a temperature close to the human body temperature.[109] 
The microgels functionalized with amino-ferrocene and glu-
cose oxidase are stable for 3 months after their synthesis.[109]

4.2. DNA and/or RNA Sensing

Microgel probes for the fluorescence detection of nucleic acids 
have been applied to detect genetic materials of viral pathogens 
such as HIV and HCV and SARS.[110–112] Microgel-based devices 
could alter their optical properties in the presence of single-
stranded DNA, as negatively charged DNA can result in the 
cross-linking and collapse of the positively charged microgels 
in the device.[113] Microgels can also contribute to the separa-
tion of RNA from DNA-RNA mixtures.[114] These miniaturized 
microgel platforms have a high potential to detect low abun-
dant nucleic acids without amplification techniques.[110,113]

4.3. Enzymes in Microgel Sensors

Temperature- and pH-sensitive microgels are complexed with 
the enzymes to detect the compound which the enzymes 
can bind to with high specificity.[98,101,109,115–117] For example, 
microgels with choline oxidase can be used to detect choline 
(Figure 4b).[101] Microgels are also able to measure the amount 
of a specific enzyme. The concentration of proteinase K can 
be quantified using the fluorescent intensity, which can also 
be used as an indication of the enzyme degradation rate.[115] 
A similar setup is used for sensing tyrosinase.[116] In cases 

where low concentrations need to be detected, microgels can 
aid conventional immunodiagnostic assay by amplifying the 
signal.[118]

4.4. Sensing of Other Chemical Cues

The sensing of antibody proteins can be achieved by 
microgel photonic crystals (Figure 4c).[99] Tracing target anti-
body proteins is therefore possible without the use of label 
techniques, showing potential for medical diagnostics.[99] 
Organophosphorus compounds could be detected by 
microgels/butyrylcholinesterase biosensors (Figure  4d).[100] 
Such amperometric biosensors demonstrated long-term 
stability.[100] Triglyceride sensors show responsiveness to the 
concentrations of a triglyceride, and the sensors are fabri-
cated by coating microgels onto gold layers (Figure  4e).[102] 
Similarly, estradiol-17β biosensors are used to detect 
estradiol-17β in aqueous solutions and milk samples by 
monitoring the reflectance peak shifts.[119]

4.5. Sensing of Physical Cues

Microgels could also function as sensors of temperature and 
stress.[4,8,87,120] For example, due to elevated temperature, the 
microgels described in Section 2 which undergo a gel–sol tran-
sition can demonstrate shape changes in aqueous surroundings 
(Figure 2a–c).[4,8] The deformation of cantilevers can determine 
the force generated during amyloid growth (Figure  7e).[120] 
Wearable devices and electronic skins made from microgels 
have been developed, which are responsive to pressure changes 
to enable the monitoring of cardiovascular risk factors.[121]
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Table 4.  Several characterization skills for the understanding of materials or microgels.

Characterization skill Purpose More details Ref.

Optical microscopy Morphology, crystal structure, degradation, molecule 
location and drug release, conformation

Static or time-lapsed, crossed polarizers, 2D or 
3D, confocal imaging

[1,3,4,8,52]

Electron microscopy (SEM or TEM) Morphology, porosity, fibrillar structure TEM, SEM, or cryo-SEM, EDS mapping [3,300,301]

Transmission X-Ray Microscopy Morphology, microgel arrangement, thermorespon-
sive behavior

Tomographic imaging of microgel-covered drop-
lets, 3D reconstruction

[302,303,315]

X-Ray scattering (SAXS or WAXS) and 
neutron scattering (SANS)

Crystallinity, network formation, size information Static or time-resolved [304,305,309]

Microfluidic chip Mechanical testing, trapping, deformation (buckling) Multiple microgels [8,87,120,316]

Glass capillary Mechanical testing, trapping Single microgel for mechanical testing, multiple 
microgels for trapping

[86,217,311]

Spectroscopy (CD, fluorescence, FITR, IR) Conformation changes, kinetics, secondary struc-
tures, hydrogen bonding

Microgels, bulk materials, static or time-lapsed [1,59,220,262]

AFM Morphology, mechanical testing Nanofibrils, microgels [22–24,89,216,220,317]

FRAP Solid or gel phase determination, diffusion 
coefficient

Mobility of molecules or particles in gels or in liq-
uids, LLPS characterization, phase determination

[59,318,319]

Cell culture Biocompatibility of materials In vivo or in vitro, cell encapsulation, cell 
adherence

[2,16,28,320]

SRFM Imaging of “small” microgels (nanometer or 
submicron)

Visualization of cross-linker positions; capturing 
microgel geometries under dilute or densely 

packed conditions.

[18–21]
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5. Cell-Culture Scaffolds

An important area of application of microgels is in developing 
next generation biomimetic and 3D cell culture environments and 
scaffolds both in vitro or in vivo (Figure 5 and Table 1).[2,5,122–127]  
Hydrogels are particularly suitable as substrates for 3D cell 
culture because they resemble in terms of their mechanical 
properties the native extracellular matrix (ECM) and have tun-
able biochemical and biophysical properties.[128–130] Unlike 
monolayer-based cell culture, hydrogels create an environment 
where cells can attach, grow, proliferate, migrate, and commu-
nicate with the ECM in 3D,[131] thus bridging the gap between 
2D and physiological scenarios. Hydrogels have allowed cell 
biology research to utilize the third dimension. Meanwhile, 
increasing efforts are being made to use microgels, rather 
than the macroscaled hydrogels, because microgels have some 
unique advantages for this purpose. First, the scale-down size 
gives rise to a higher surface-to-volume ratio and shorter dif-
fusion lengths,[132] facilitating the efficient delivery of nutrients 
and oxygen to the cells. Second, due to the discrete nature of 
microgels, multifunctional composite microgels can be gener-
ated by facilely mixing different microgel populations carrying 
distinct functions[133,134] or by microfluidic programming.[135] 
Third, the micron-level size and the collective shear-thinning 
behavior of granular microgels enable injection through nee-
dles and tubings, which is particularly favorable in cell delivery, 
tissue engineering, and bio-ink technology.[2,5,126,127,129,136] 
Last, high-throughput fabrication of cell-laden microgels and 
in situ cell growth monitoring and characterization can be 
achieved.[137,138]

In the context of microgel-based 3D cell culture, one way is 
to place cells as near the microgel geometrical center as pos-
sible to prevent anisometric stimulations and cell escaping 
during long-term cell culture. However, off-center cell posi-
tions are constantly observed using traditional homogeneous 
microgels.[139,140] 3D microfluidic chips or glass capillaries are 
promising tools to locate cells in the center of the microgels. A 
one-step 2D method has been reported to generate core–shell 
microgels with an aqueous core and a photo-cross-linkable 
gelatin methacryloyl (GelMA) shell and recently a more com-
plex microgel morphology of multi-aqueous cores.[141,142] Cell-
secreted proteinases during matrix remodeling also contribute 
to cell egressing.[140] A stepwise encapsulation approach is 
employed to enclose the cell-laden biodegradable microgel in 
a nondegradable microgel.[143] In this way, cells are preserved 
inside for long-term cell culture, and biophysical cues such as 
matrix stiffness can be easily tuned. By providing a protective 
layer for cells encapsulated, inhomogeneous microgels have 
paved a new way of cell assembly. A water/water/oil double 
emulsion pipeline for generating core–shell microgels has been 
reported;[51] in this work, HepG2 cells are encapsulated in the 
aqueous core while NIH-3T3 cells in the alginate shell, thereby 
homotypic and heterotypic cell interactions could be established 
spatially at the same time, which is challenging to achieve using 
conventional 2D cell culture techniques. Double emulsion tech-
nique can also assist in microgel fabrication process in terms of 
bypassing the use of carrier oil in droplet microfluidic settings. 
Inhomogeneous microgels comprising GelMA hydrogels are 
coated with an ultrathin oil layer as the middle phase;[144] the oil 

phase dewets immediately upon the gelation of GelMA, giving 
rise to an all-aqueous environment for microgel fabrication. 
In a recent study, a precursor cartridge and microfluidic emul-
sification are combined for the generation of nonstructured 
(noncompartmentalized) and structured (compartmentalized) 
collagen microgels (Figure  5b);[34] homogeneous and inho-
mogeneous mini liver models have been correspondingly 
developed, and demonstrate remarkable differences in 
protein synthesis, drug metabolism, and transplant  
performance.[34]

6. Other Promising Applications

6.1. Gene Delivery

Molecular medicine is undergoing a transformation with the 
advent of new modalities including iRNAs and enzymes such 
as CRISPR.[145,146] These modalities allow the targeting of pre-
viously undruggable systems; however, a central challenge is 
the delivery of these species to the target tissues. Great pro-
gress has been demonstrated with lipid nanoparticles, but 
challenges remain, in particular with delivery into tissues out-
side of the liver, and long term sustained release of actives. 
Polymers in the forms of hydrogels can function as the car-
riers of nucleic acids to cells or tissues for gene therapies, in 
addition to other nonviral vectors such as nanoparticles or 
lipids.[147–149] Through the new nonviral protocols, a variety of 
nucleic acids can be delivered to targeted sites for the precau-
tion and treatment of diseases.[147,148] A layer-by-layer microgel 
system has been developed for 3D cell culture and local-
ized gene delivery by postloading nonviral vectors.[150] The 
surfaces of microgels could be modified to influence the DNA 
adsorption–desorption outcomes;[151] for example, microgels 
with polycationic brushes could increase the DNA adsorption, 
and the DNA can be desorbed by tuning pH.[151] Degradable 
and small microgels with a cationic pH-temperature sensitive 
core and a hydrophilic shell are developed for gene delivery, 
and have demonstrated effective release of nucleic acids into 
cancer cells.[152] The release of siRNA has been exploited from 
microencapsulated nanogels (small microgels) for the treat-
ment of inflammatory bowel diseases;[153] the gene carriers are 
designed to be protected in acidic stomach environment and 
then enzymatically degraded in intestinal regions, and thus 
have potential for oral medicine.[153] Microgels with antisense 
oligonucleotides have been injected in vivo, showing sus-
tained gene delivery for the treatment of Duchenne muscular  
dystrophy.[154]

6.2. Additive Manufacturing

Microgel-laden bio-inks have been used in 3D printing (addi-
tive manufacturing).[129,155] A cell-friendly all-aqueous material 
system consisting of PEG and GelMA is used as 3D porous 
cell-culture scaffolds.[155] Jammed-microgel 3D printing has also 
been reported,[5,156] and rheology characterizations on viscosity, 
shearing-yielding, and shear-thinning are conducted; these 
microgels could be printed either on the surfaces or within 
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the hydrogels.[5] Freeform reversible embedding of suspended 
hydrogels is also used for the printing of cell-laden oxidized 
methacrylated alginate microgels, and femur, skull, and ear 
models are separately fabricated.[129]

6.3. Cosmetics

Microgels have also been used in cosmetics. For example, 
oligo(ethylene glycol)-based microgel dispersions are used to 
form transparent films, which encapsulate different types of 
UVA and UVB-absorbing molecules.[157] Interestingly, microgels 
have the ability to release compounds at different rates based 
on the compound hydrophobicity. The transitional phase inver-
sion behavior of fumed silica–perfume oil–water emulsions is 
reported, which shows an example for perfume research and 
applications and opens up the possibility of perfume encapsula-
tion in microgels for long-term storage or controlled release.[158]

6.4. Robots

Microgels could also function as the building blocks of robots 
composed of both soft and rigid microstructures.[159,160] Soft-
robotics is a relatively new research field, focusing on designing 
robots that can easily interact with humans and delicate mate-
rials or objects. Microgels are specifically suitable for these 
robots since they can have a range of physical parameters. A 
micro robot based on tunable structures is developed and con-
trolled by magnetic fields.[159] L-shaped hydrogels, spherical 
hydrogels, triangle hydrogels, and hexagonal hydrogels have 
demonstrated the potential of being assembled in multiple 
layers in versatile geometrical manners.[159] This can be used 
to measure or respond to bioactive molecules and other envi-
ronmental stimuli on tissue growth or cellular processes.[159] 
Deformable core–shell microcapsules could also be used for the 
joints of soft robots based on their responsiveness to interfacial 
tension, osmosis, and mechanical pressure.[8]

6.5. Food

Microgels are increasingly used in the food industry.[56,161] 
Long-term stable submicron particles from food-grade whey 
protein are developed, and microgels in oil or aqueous phase 
could be used for the delivery of oil-soluble or water-soluble 
nutrients.[162] Emulsions stabilized by small particles, known 
as Pickering emulsions, are especially desirable for the food 
industry,[163] since they could serve as an alternative to conven-
tional surfactants which can cause adverse effects such as irrita-
tion and hemolysis.[163]

7. Diversity in Materials for Microgels

Hydrogels and their composites have micro- or macro-scopic 
spatial network structures, and aqueous solutions fill in the 
spaces in between for scaffolding, barriers, cell encapsulation, 
and drug delivery carriers.[164] Applications include the in vivo 

or in vitro repair of bones, cartilages, nerve systems, vascular 
vessels, skins, livers, kidneys, hearts, or their substitutes with 
natural hydrogels such as polysaccharides and polypeptides, 
as well as synthetic hydrogels such as poly(acrylic acid) and 
its derivatives.[165,166,189] Physically  cross-linked gels are usually 
not stable in the long term, as the cross-linking requires static 
electricity, hydrogen bonds, or spatial entanglement, which 
when removed causes the gel to lose shape. Oppositely, chemi-
cally  cross-linked gels are structurally more permanent, and 
thus more suitable for biological and physiochemical applica-
tions in vivo or in vitro.[167] Gels, particularly microgels, could 
also be morphologically versatile including columns, porous 
sponges, fibers, membranes, and spheroids or beads.[168] 
Hydrogels, either naturally derived or synthetic, could be sen-
sitive to external stimuli, and biosensors and bioswitches have 
been tested for signal control and controlled release.[169–171]

Microgel particles can be synthesized using emulsion poly
merization, anionic copolymerization, cross-linking of adjacent 
polymer chains, and inverse micro-emulsion polymerization.[172] 
This reduces batch differences of the microgels, which makes 
the microgel scaffolds for tissue growth suitable for medical 
purposes. Those standards for the microgels may be defined by 
the biomaterials used, the sizes and the purposes of the applica-
tion, and mass production in the future may also highlight the 
improvement in the quality control and global product tracking. 
In the rest of this section, we will discuss some materials from 
which microgels can be made (Table  1) in combination with 
microfluidic techniques.

Alginate acid is a natural product with linear structure con-
sisting of homopolymeric blocks for tissue engineering.[2,173] 
Alginate sodium is water-swellable and could be cross-linked 
covalently or ionically to form hydrogels or sponge scaffolds, 
which are mainly used for controlled drug release and the bio-
compatible micro carriers for genes, proteins, or cells.[2,16,51,174] 
Alginate sodium has been used for tissue/organ engineering, 
specifically for the regeneration of skins, cartilages, livers, 
bones, and vascular vessels.[175] However, the poor mechanical 
strength may hinder its application in rapid prototyping, and 
may also lead to the lack of mechanical support for cells. Modi-
fications can be considered in mechanical performances and 
specific biological functions such as intercellular communica-
tions and signal transduction. A large number of literature has 
investigated the gelation (chelation) of alginate at small scales, 
and divalent cations have been frequently used.[2,25,176] The 
divalent cations can be from the aqueous solution injected (on 
chip), from the oil injected (on chip), or from the bath that col-
lects the microgels (off chip).[2,25,176]

Collagen and collagen-derived hydrogels (such as gelatin) 
are also ideal for ECM materials with proper porosity, biode-
gradable rate, permeability, and surface physiochemical proper-
ties.[3,161,177–180] Collagen hydrogels have triple helical structures, 
and could sustain and reinforce the tissue-engineered products 
with regulatable ECM circumstances.[174,179] The biomedical 
applications of collagen have indicated its potential in more 
complicated construction of biological structures as a result 
of its functions such as guiding and chemotaxis.[181] Adjusting 
the pH is a common method to gelate the collagen. Collagen 
at lower pH is in liquid form with flowability;[97] at elevated pH 
(e.g., neutral pH), collagen hydrogels would emerge.[97,182] In a 
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study, neutralized collagen microgel is further stabilized cova-
lently by 4S-StarPEG, mimicking the physical and enzymatic 
cross-linking of collagen in vivo.[182] With flexible matrix, the 
system can foster possibilities for the optimization of stem cell 
microenvironment and the modeling of hind-limb ischemia 
model.[182] In another study, collagen microgels have been 
stacked to achieve macroscopic tubular structures in the con-
text of the engineering of intestinal tissues.[183] The study dem-
onstrates the construction of tubular tissues from intestinal 
organoids and protein scaffolds without additional chemical 
synthesis.[183]

GelMA is produced through the reaction of gelatin with 
methacrylic anhydride.[184–186] Owing to the functionality 
of methacryloyl groups, GelMA could undergo immediate 
UV-induced cross-linking.[185,187] There are thus potentials to 
adjust the physicochemical properties of GelMA.[187] Mean-
while, the Arg-Gly-Asp motifs and matrix metalloproteinase 
sites of GelMA could support relevant cellular behaviors.[188] 
For example, it has been reported that bone marrow-derived 
mesenchymal stem cells could be encapsulated into GelMA 
microgels to form the injectable osteogenic tissue constructs, 
which shows enhanced osteogenesis in animal studies, associ-
ated with a significant increase in mineralization.[189] Bio-inks 
from GelMA microgels can be further printed or assembled 
into larger-scale structures.[190–192] Combined use of gelatin and 
GelMA is promising for the development of microgel-based 
materials to form constructs with voids, as gelatin can be sacri-
ficed while GelMA are more thermostable.[193]

Fibrins are fibrous proteins that are formed by the poly
merization of thrombin and fibrinogen; the fibrin-based mate-
rials have shown the prospects in developing new cell/tissue 
culture systems for uniform cell distribution and rapid tissue 
grafts with less inflammatory reaction in vivo.[2,194–197] New tech-
nologies such as biomedical imaging, micro extrusion, inkjet 
printing, and magnetically induced cell assembly would also 
optimize the formation of the fibrin-based structures.[165,198–203] 
Multiple cross-linking regimes can be explored to improve the 
stability of fibrin microgels and their production efficiency. 
There are relatively few historical studies in the area of fibrin 
microgels. However, fibrin fibers demonstrate the largest exten-
sibility of all protein fibers, which could open up new possibili-
ties of the development of flexible constructs that can tolerate 
large deformation.[204] In one study, PNIPAM microgels are 
mixed with fibrin hydrogels to explore strain-dependent viscoe-
lasticity, and a small amount of local stretch of fibrin can cause 
significant stiffening of the material system.[205]

Agarose can be cross-linked with decreasing temperature, 
with the phase-transition temperatures depending on different 
derivates.[206,207] It has been widely used in electrophoresis, pro-
tein purification and immunodiffusion, bacterial culture, and 
3D culture of human and animal cells.[208–210] As a result of the 
biocompatibility, potential to be modified, reversible thermo-
induced gelation, and tunable mechanical properties, agarose 
is a promising material for the development of microgels.[211] 
In addition, its bio-inert nature avoids undesired absorptivity to 
proteins or cells, while its porous structure ensures molecule 
transport.[212,213] The bio-inert property can be coupled with 
microgel-based technologies. For example, agarose microgel 
culture could amplify single cells into an isogenic colony; this 

provides ample RNA for deep sequencing of the colony and 
reduces error due to noisy single cell gene expression pro-
files.[214] Furthermore, it has been reported that agarose micro-
gels with xenogeneic hamster islets could serve as bio-artificial 
pancreas in streptozotocin-induced diabetic mice.[215]

Amyloidogenic proteins, such as lysozyme and silk, 
have also been reported in the contexts of microgels or 
microfluidics.[53,216–219] Nanofibrils from amyloid proteins are 
initially thought to be related to the onset and development of 
diseases, and recent studies have demonstrated that these pro-
teins or nanofibrils could be applied to the rational design of 
biomaterials, such as active catalytic scaffolds, bacterial coat-
ings, and advanced “plastic” bags or microparticles.[56,92,220–223] 
In one study, the loading capacity and the release kinetics of 
silk microgels have been explored;[1] release profiles of anti-
body domains can be modulated by microgel morphologies 
under varying microfluidic conditions.[1] As an example of 
nature-inspired materials, amyloid materials can be assembled 
at different length scales, and usually beta sheets can be com-
bined into more complicated hierarchical structures.[55,56,224,225] 
Recently, studies have shown that LLPS droplets can be the 
early stage of the formation of amyloid materials, proposing 
an elucidation of the emergence and growth of amyloid 
materials.[59,226,227]

DNA microgel is a promising form of microgels, which 
could be further applied to artificial cells in the field of syn-
thetic biology.[228] Cell-free platforms have been developed 
for gene expression, for example, protein expression and dis-
play; the microgels from chemically or physically networked 
matrices that demonstrate different physical and genetic char-
acteristics.[228] Functionalized DNA can be applied to respon-
sive hydrogels or microgels for a range of biomedical appli-
cations, such as biosensing, drug delivery, and regenerative 
medicine.[229–232]

8. Fabrication Methods of Microgels

This section will describe the different fabrication methods of 
producing microgels. Tremendous progress has been made 
in making microgels using engineering approaches or con-
cepts.[1,2,14] Microfluidic chips, glass capillaries, and some of the 
other methods used for microgel synthesis will be discussed 
(Figure 6).

8.1. Microfluidic Chips

A wide range of microgels are synthesized using droplet micro-
fluidic platforms through the manipulation of gel-precursor 
solutions. Droplet microfluidics provides temporal, spatial, 
and chemical control of the microgel fabrication process 
through the ability to control local temperatures, surface ten-
sion, pH, mixing of contents, and exposure to external fields 
like electromagnetic radiation or voltage.[233–235,237,253,254] While 
microfluidic methods enable precise control of reagent con-
centrations, it is critical to identify stable operating conditions 
for reproducible microdroplet production.[65,255] The most com-
monly used microfluidic devices for heterogeneous microgels 
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are fabricated using conventional photo- and soft-lithography 
methods, although concentric glass capillary devices are also 
used.[216,256,257]

Microdroplet generation approaches include variations of 
2D or 3D channel geometries and/or manipulation of shear 
stress to control fluid flow rates (Figure  6a).[3,8,224,236,237,238] A 
variety of substrate materials have been used for fabrication of 
microfluidic devices, most common of which are PDMS, poly-
methyl methacrylate, poly-vinyl alcohol, and polytetrafluoro-
ethylene (Teflon).[258,259] T-junction, co-axial, and flow-focusing 
channel geometries are the most commonly used designs, all of 
which can be operated to enable fluid segmentation by dripping 
or jetting.[237,260] Furthermore, the physicochemical properties 
of the reagents dictate if the channels need to be patterned in 
2D or 3D. In few cases, partially  3D channels have also been 
used.[261]

Emulsion-based microgel fabrication involves breaking 
the aqueous gel precursor solutions into discrete volumes by 
a (immiscible) solution in the dispersed phase;[3,262] thus gen-
erated microparticles undergo gelation to establish solid net-
works.[263] Gelation of microparticles can be controlled to occur 
internally, using gelation agents within the droplet, or exter-
nally. Externally, they can be made during on-chip mixing of 
precursor solutions and gelation agent, in an on-chip reservoir, 
in a downstream processing solution containing gelation agent, 
or in double emulsions.[14,258] The choice of material is dictated 
by biocompatibility, gelation time of precursor solutions, rate 
of recovery of microparticles, chip-resistance, and pregelation 
clogging.[14]

PDMS-based chips have been widely used, as it is feasible to 
generate many identical devices from the same master.[27,264] 
There have been studies on PDMS microfluidic devices com-
prising two individual flow focusing channels for the synthesis of 
various polymeric-shaped alginate microgels (rods, fibers, spheres, 
etc.).[265] A PDMS-glass hybrid device with a T-channel combined 
with a downstream Y-channel is used to synthesize Janus algi-
nate hydrogel particles with magnetic anisotropy.[266] A three-layer 
T-junction (polymethyl methacrylate) microfluidic assembly has 
been used to fabricate tail-shaped alginate microparticles to inves-
tigate controlled drug release.[57] Additionally, the viscosity of the 
alginate solution affects both the length and diameter of the micro-
particle, with lower viscosity resulting in reduced dimensions.[57]

8.2. Capillary Microfluidics

Capillary microfluidic devices consist of circular glass cap-
illaries placed with bigger capillaries in a co-axial manner 
(Figure  6b). This is achieved by matching the outer diameter 
of the inner circular capillary to the inner dimensions of the 
outer square capillary. Capillary microfluidics has been used to 
generate thermosensitive PNIPAM microgels embedded with 
a variety of internal morphologies containing embedded parti-
cles, voids, or core–shell structures.[239,267] These device designs 
can be modified by combining multiple microcapillary devices 
in series in a multistaged emulsion set up to produce microgels 
and microshells with multiphase cores.[268] In capillary fluid 
devices, the size of the microgels can be controlled using rela-
tive flow rates and orifice sizes.

In one study, a circular glass capillary is heated and pulled 
using a pipette puller to create the required tapered geom-
etry with a fine orifice.[269] The dispersed phase consisted of 
aqueous NIPAM monomer, a cross-linking monomer N,N′-
methylenebisacrylamide[338] and an ammonium persulfate initi-
ator, while kerosene with/without dissolved reaction accelerator 
N,N,N′,N′-tetramethylethylenediamine (TEMED) is used as 
the continuous phase. This study enables diffusion of TEMED 
from the oil phase into the aqueous phase to trigger a redox 
cross-linking reaction resulting in polymerization of PNIPAM 
microgels. Additionally, microgels with spherical voids formed 
by selectively dissolving previously embedded polystyrene parti-
cles of varying sizes.[269]

The glass-capillary method can also be used for the genera-
tion of monodisperse microgels embedded with fluorescently 
labeled polystyrene particles, quantum dots, or magnetic parti-
cles.[267] The particles are suspended in the aqueous monomer 
mixture. As these particles are physically trapped in the micro-
gels, their addition has no adverse effect on gelation or ther-
mosensitive behavior of the microgels. The same device setup 
has also been used to produce PNIPAM microcapsules with a 
core–shell structure by using inner and outer fluids which are 
immiscible with the middle fluid.[267]

8.3. Other Fabrication Methods

Electrospray is another method used to fabricate microparticles 
with tunable sizes and variable compositions, especially for the 
generation of monodisperse, all-aqueous microparticles from 
a broad range of viscous solutions (Figure 6c).[240,241,270] An all-
aqueous electrospray approach has been developed to generate 
monodisperse single and double emulsion droplets, resulting 
in the synthesis of microsphere particles and core–shell struc-
tures.[241] The technique demonstrates the use of water/water 
core–shell dextran-in-PEG droplets as templates for the for-
mation of porous collagen microspheres, calcium-alginate 
particles, and collagen-shelled capsules.[240,241,270] Therefore, it 
is a versatile and robust platform for use of different gelation 
schemes, for instance photopolymerization, thermal gelation, 
and chemical cross-linking.[241]

Microgels can also be fabricated from micro molds or wells, 
or by the photo-cross-linking of microgels under a patterned 
mask (Figure 6d).[242–244] For example, cubic or triangular-prism 
shaped microgels are fabricated under a mask with predesigned 
patterns in UV light. The non-cross-linked material is flushed 
away after microgel formation.[271] By changing the shape of the 
wells or mask, microgels with different shapes can be made 
and parts of these microgels can be coated.[243] Spiral micro-
gels can be generated in this way using the thermoresponsive 
behavior of the material.[243]

A rapid and simple method to produce microparticles is 
by exposing microgel precursor solutions to shear or rota-
tional stress in a continuous phase containing surfactants. 
For example, alginate microparticles internally gelled and 
emulsified in oil have been generated by centrifugal forces 
using an impeller and rotational speed.[272] The size range 
of the microgel is controlled by the intensity of the shear 
force applied.[122] While this method is easily scalable, it does 
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result in heterogeneous distribution of particle sizes, in the 
case of the alginate microparticles ranging between 200  and 
1000  µm.[272] In another study, PEG microgels are formed by 
exposing a mixture of the aqueous solution and a continuous 
phase to shear stress by either vortexing (low shear) or soni-
cation (high shear) (Figure  6e).[122] These microgels are later 
co-assembled with cells to form 3D cell-laden microporous  
scaffolds.[122]

Another method for microgel production is LLPS (Figure 6f). 
First, polymers are dissolved, forming a homogeneous solution. 
Then, the saturation concentration is decreased, for example, 
by adding salt, changing pH, or changing the temperature.[59,66] 
Some of the biopolymers will then not be able to stay dissolved 
in solution and will form another phase, a solute-rich phase, 
which will be the engineered microgels.[59,273] LLPS can occur 
for synthetic copolymers and extracellular proteins, including 
ones used in natural structural materials.[274,275] Using LLPS 
in various continuous phases is a promising method of gen-
erating microgels, though the monodispersity of microgels is 
challenging to achieve.[21,59,245–247,273–275]

8.4. Surface Functionalization

The surfaces of microgels can be modified at various fabrica-
tion stages to achieve specific functions. The amino acids on the 
microgel surfaces could be used to glue microgels for the for-
mation of larger constructs of complex shapes.[127] For example, 
the surfaces of microgels with K and Q peptides are connected 
in the presence of activated Factor XIII via a noncanonical 
amide linkage.[127] Through the sol–gel transition (polyconden-
sation reaction), silica hydrogel layers with cells are coated on 
the surfaces of preformed GelMA microgels.[276] Such coating 
method could protect the biological structures against oxida-
tive stress in vitro and in vivo.[276] Amphiphilic Janus microgels 
with hydrophilic and hydrophobic components are generated 
using polyethylene and polypropylene materials, resulting in a 
hydrogel–organogel hybrid.[277] The combination of hydrophilic 
and hydrophobic parts can selectively allow the water or oil 
uptake of the microgels, and the directional arrangement of the 
microgels at water–oil interfaces.[277]

8.5. Tailoring Functionality and Targeted Release

One avenue to include functionality into microgels is to modify 
the scaffold macromolecules. For example, Arg-Gly-Asp motifs 
can promote cell attachment or immobilization, and are incor-
porated into microgels for following cell-culture studies that 
require the adhesion of cells to microgel materials such as PEG 
or alginate.[29,143,278] Transglutaminase has been loaded with or 
uptaken by gelatin to form enzymatically cross-linked micro-
gels which are more thermostable than physically cross-linked 
microgels.[3,279] A fundamentally different approach to include 
functional components is through using microgels as carriers 
to load cargoes such as nanoparticles, proteins, small mole-
cules, nucleic acids, and cells.[3,153,154] These payloads can later 
be released at some time point to achieve certain functions, for 
example, for gene delivery (Section 6.1).[153,154]

8.6. Scalable Manufacturing Challenges and Opportunities

A key challenge for the industrial application of microgels 
is achieving efficient mass production with high levels of 
reproducibility. This is an active area and several innovative 
approaches have emerged in the recent years. For example, a 
particle replication in nonwetting technique is developed to 
produce uniform-sized microgels (Figure  6g), which holds 
potential for drug carriers or drug particles.[248–250] The use of 
fluoropolymer molds can guide the formation of nonspherical 
and shape-specific microgels.[248,280] A parallel microfluidic chip 
(step emulsification) has been developed to address the growing 
demand of microdroplets;[251] there are multiple parallel inlets 
for dispersed phase and one inlet for the continuous phase, and 
droplets form during the Rayleigh–Plateau-type instability.[251] 
The step emulsification is further studied with the buoyancy of 
droplets (Figure 6h), which avoids the droplet accumulation in 
the channels and preserves the droplet monodispersity.[252] The 
development of the scale-up of droplet generation would even-
tually benefit the pharmaceutical, healthcare, and environment 
protection industries.

9. Surfactants and Demulsification of the 
Microdroplets
Various oil/surfactant systems have been used for the forma-
tion of microgels or microdroplets (Table 2).[3–5,8,27,281,282] In this 
section, we will discuss the factors to consider when choosing 
an oil, surfactant, or demulsifier. When choosing an oil which 
will be used at elevated temperatures, the stability of different 
oils should be compared.[281] In practice, fluorocarbon oil can 
be more clear under microscopes; however, the hydrocarbon oil 
systems are more economically and environmentally friendly. 
Using a fluorocarbon surfactant will result in a lower surface 
tension than hydrocarbon surfactants, and fluorocarbon sur-
factants can be used at lower concentrations. Fluorocarbon 
surfactants are also stable in extreme environments, and usu-
ally compatible with other surfactants.[281] As the most elec-
tronegative element, fluorine has made the bond energy of 
CF bond higher than the CH bond; also the polarity of CF 
bond is lower than the CH bond, which contributes to both 
an increased hydrophobicity and lipophobicity of fluorocarbon 
chains.[281,283]

When choosing a surfactant, it is important to consider 
the critical micelle concentration, the electrostatic interaction 
between biomolecules and surfactants, the optical properties, 
wetting properties, the thermal resistance, price, and feasi-
bility for micelles or the reversed micelles.[283,284] The size and 
scale of the droplets, the hydrophilicity of the encapsulated 
molecules, the ionic concentration and the pH of the aqueous 
phase can also trigger the instability of emulsions. In one study, 
decreasing microgel size has been observed with increasing 
concentration of surfactant;[285] and nanogels could be obtained 
when higher amount of surfactant is used.[285] In another study, 
combined oils and combined surfactants are used for water/
oil emulsion, and the volume fraction of oils and the fraction 
of surfactants are deterministic factors of the contact angle, 
offering possibilities of the controlled packing of droplets as 
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synthetic tissues.[286] Biocompatible fluorosurfactants that can 
inhibit the uncontrolled adsorption of proteins at the inter-
faces have been developed.[281,287] In cases where cargoes are 
expected to be fully encapsulated, the surfactant layer should 
be stable enough.[287] The type, ratio, concentration, and com-
position of surfactants should thus be systematically recorded 
for microfluidics and emulsions. Surfactants usually contain a 
hydrophilic and lipophilic region, and can modify the interfa-
cial properties at low concentrations.[283] The applications and 
characteristics of these amphiphilic compounds vary based 
on not only the organic chains but also the polar groups, 
and thus the surfactants could be nonionic, anionic, cationic,  
and zwitterionic.[288]

The adsorption and orientation of the surfactants contribute to 
the stabilization of the emulsions and should thus be considered 
for the applications of surfactants.[289] Water-in-oil or oil-in-water 
droplets can be obtained with suitable surfactants. Surfactants 
are similar in structure to the lipids making up cellular mem-
branes and have been used in applications like micelles, 
lipid-like bilayers, gelation, temperature-controlled phase trans-
formation, concentration induced stress, and photocuring.[290,291] 
Surfactants can be nonessential in the situations where micro-
droplets can be gelated in the outlet tubing,[292] or where protein 
nanofibrils at all-aqueous interfaces are used.[240,270]

Demulsifiers are able to irreversibly separate the aqueous 
phase (hydrogels) from the oil phase (Table 3).[2,3] Table 3 shows 
the common methods of the demulsification of microgels, in 
order to finally rinse the microgels in an aqueous solution; 
such methods usually involve physical forces and chemical rea-
gents. Owing to the potential impacts of surfactants and demul-
sifiers on the biomolecules as well as the cost, other methods 
free from surfactants and demulsifiers, such as the formation 
of all-aqueous emulsion and the rapid exchange of continuous 
phase, have been developed.[240,241,270,293–299]

10. Characterization Approaches of the Microgels

Multiple techniques and tools have been adopted or applied to 
characterize the microgels, including the morphology, content, 
conformation, degradability, mechanical properties, sol–gel 
transition, biocompatibility, the kinetics of protein aggregation, 
and drug release (Figure 7 and Table 4).

Optical microscopy is one of the most common methods 
used to characterize microgels. For example, bright-field 
images showed the gelatin microgels in oil or PBS, and pseudo 
bright-field images showed the hole–shell microgels and 
buckled microcapsules (Figure 7a).[8] As a complement, fluores-
cent images could indicate the distribution of the fluorophores 
in the microgels. The release of the fluorophores can be used 
to indicate the digestion of the microgels. Protein fibril and the 
conformation of protein inside them can be directly visualized 
with confocal microscopy and cross-polarization microscopy 
(Figure 7b).[1]

Electron microscopy has also been used for the observation 
and analysis of the microgels. With a scanning electron micro-
scope (SEM), the information of the surface, and the internal 
nanoporous structures are easily accessible. Proper sample 
treatment methods are crucial for obtaining reliable results 

as microgel samples can shrink slightly during sample treat-
ment (Figure  7c).[59] In addition, energy disperse spectroscopy 
has also been applied to couple the chemical components with 
morphological information, which is useful to quantitively 
determine the inhomogeneity of the microgels.[300] Transmis-
sion electron microscopy (TEM) is also a powerful approach 
to determine the morphology of the microgels, particularly to 
determine fibril structures that compose the microgels, and 
information about nanoparticles can also be gathered through 
TEM (Figure 7d).[301]

Transmission X-ray microscopy is used for the characteriza-
tion of the microgels, for example, for the z-stack imaging and 
3D reconstruction.[302] The thermosensitive radial profiles of 
microgels in aqueous environments can be obtained in a scan-
ning soft X-ray transmission microscopy, and the deswelling of 
the microgels can be analyzed digitally.[303] Small-angle X-ray 
scattering (SAXS) can be used to determine the shape and the 
structural transition of biological molecules,[304,305] and the 
structural evolution during microgel-to-particle collapse indi-
cate there is a hollow structure in between. As a complement 
of SAXS, small angle neutron scattering (SANS) can also func-
tion as a simple way to employ contrast variation for unique 
information in microgel studies.[306–308] Wide-angle X-ray scat-
tering (WAXS) is used for the illustration of the formation of 
Zn-based metal–organic framework ZIF-8 networks.[309]

Microfluidic chips are also used as characterization tools. 
For example, a microgel-trapping microfluidic chip are used 
to quantify the force generated during the polymerization of 
the amyloid fibrils (Figure  7e).[120] Additionally, microfluidic 
chips are used to quantify the elastic modulus of microgels in 
tapering microfluidic channels;[310] this concept has also been 
used to trigger and locate shearing-induced gelation of protein 
at an even smaller scale.[59]

Glass capillaries have been used for the storage of drop-
lets, since this can prevent the evaporation of droplets and 
allow the long-term preservation and observation of the drop-
lets (Figure  7f).[217,311] Tapered glass microcapillaries are used 
to determine both the compressive and the shear moduli of 
microgels in one experiment.[86] The principles of squeezed 
microgels entrancing into smaller capillaries are also explored, 
which has implications for situations such as occlusion of 
blood vessels by thrombi and needle-assisted hydrogel injection 
in tissue engineering.[312]

With UV spectroscopy and Fourier transform infrared spec-
troscopy (FTIR), the structural changes of the silk protein 
during the formation of microcapsules with varying shapes 
and the release properties of antibodies are also analyzed.[1] The 
enzymatic activity of protein fibrils within the microgel drop-
lets can also be monitored with fluorescent substrates, which 
show the potential of slow release or targeted delivery of small 
molecules or other bioactive molecules in a high-throughput 
fashion.[216]

Secondary structures of protein aggregates are also of 
interest for the formation of microgels. Circular dichroism 
(CD) is used to determine the content of the final β-sheet in 
microgels.[53] CD analyses make it possible to study the degree 
of aggregation of the lysozyme protein, and no significant dif-
ference in β-sheet content is found between fibrillar lysozyme 
in bulk and microgels.[220]
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The morphology of protein fibrils is characterized by AFM 
and TEM,[216] showing the dense mesh-like networks in micro-
droplets, individual amyloid fibrils, and small aggregates in a 
solution of protein. Lysozyme monomers, seeds, fibrils, and 
microgels are also analyzed by AFM on mica slides, which laid 
the foundation of seed-dependent protein fibrillization in com-
bination with fluorescent confocal microscopy (Figure 7g).[220]

FTIR analysis can explain the transformation of mono-
meric lysozyme into nanofibrillar structures, both in bulk and 
in microgels, which contribute to the understanding of the 
difference of β-sheet contents from lysozyme fibers, micro-
gels, and monomers.[220] FTIR measurements also determine 
the change in protein structure of bulk samples under shear 
stress, showing a change of content of parallel β-sheet, α-helix, 
antiparallel β-sheet, and random coils.[59]

It has been interesting to study the sol–gel transition of 
materials at the microscale, and fluorescence recovery after pho-
tobleaching (FRAP) is one of the most promising approaches to 
explore the sol or gel behaviors, utilizing the diffusion of a sub-
stance. The mobility of lysozyme can be studied in starch micro-
gels at different salt and pH concentrations with FRAP.[313] Dif-
fusion of fluorescently tagged linear macromolecules by FRAP 
at the microscale is carried out in addition to rheology.[314] The 
sol–gel transition of protein condensates undergoing various 
shear stress is also explored by FRAP (Figure 7h).[59]

For “small” microgels in the scale of nanometer or submi-
cron, super-resolution fluorescence microscopy (SRFM) and 
AFM have been advantageous in the characterization.[18–24] 
SRFM can be an effective imaging method in combination 
with precise labeling protocols, when other imaging methods 
require harsh sample preparation or produce poor contrast 
of small microgels.[18–21] The mechanical properties (complex 
modulus) of “small” microgels can be measured at high resolu-
tion as a result of the fine size of the AFM tips, and the meas-
urement can be conducted in aqueous environment.[22–24] For 
example, deformation, stiffness, and apparent elastic modulus 
of microgels have been explored for temperature-dependent 
nanomechanics with AFM.[23]

11. Summary and Outlook

This review summarizes the common structures of homoge-
neous, inhomogeneous, and heterogeneous microgels, the 
diversity of natural materials for microgels, the fabrication 
and formulation of the microgels, the characterization of the 
microgels, and the applications of the microgels including 
LLPS, micromechanics, biosensing, and regenerative medicine. 
Microgel models are potent in these application areas, which 
are closely related to functional and smart materials, devices, 
or structures. The development of hydrogels that are inho-
mogeneous or heterogeneous at the molecular, nano-, micro-, 
meso-, and/or macro-scale has been the significant focus of the 
research.[14] Microgels are useful carriers connecting a broad 
range of length scales, particularly for healthcare and medi-
cine. To broaden the application scenarios of these microgels 
and to better contribute to healthcare fields, it is worthwhile 
conducting more research in the following areas such as the 
scale-up of the production of the microgels, the improvement 

of the biocompatibility and biomimicry of the microgels, and 
consideration of green chemistry and energy consumption 
throughout the production in labs or industries.

11.1. Green Chemistry and Sustainable Manufacturing

In consideration of current environmental challenges, it is 
necessary to adopt technologies that are in line with green 
chemistry as far as possible. The production of microgels is 
usually involved with chemical reagents, manufacturing plat-
forms, and/or industrial routines. The disposal of microgels 
should also be considered. Thus, the sustainability footprint of 
microgels should reflect the utilization of a range of principles 
for the benefit of the environment and our planet. The use of 
natural materials and synthetic polymers should be balanced, 
considering the overall environmental burdens.[321] When 
making protein microgels, plant-based materials and animal-
based materials should also be well assessed.[92] The energy 
consumption in the manufacturing and the recyclability of the 
microfluidic chips, compounded by the use of chips in parallel, 
could promote the rational design of fabrication methods of the 
microgels.[137,322] Microgels that are easily degradable and gen-
erated from biocompatible and biodegradable building blocks 
are critical components in future renewable materials systems 
and are environmentally friendly, as they emit no or few micro-
plastic wastes into the ocean or soil.

11.2. Training the Microgels

Applying microgels to biological scenarios under dynamic con-
ditions is another trend of bioengineering and biomedicine, 
which is similar to the training of muscles in a gym. External 
environmental stimuli, such as mechanical pressure, magnetic 
field, and chemical cues, could trigger the internal changes 
of the microgels, and thus could influence the cells or mole-
cules trapped in the microgels;[8,87,323,324] advanced microgel 
models can thus be trained dynamically to achieve certain time-
dependent research purposes. For example, artificial tissues 
under mechanical stress can be simulated in vitro.[325–327] It is 
possible to study the ageing of proteins under different physico-
chemical factors.[59] The aggregation, fusion, and degradation 
of microgels could also inspire the emergence of on-demand 
training approaches. Relevant auxiliary platforms, such as bio-
reactors or mixers, microfluidic trapping, and precise force 
generators, should be developed along with the progress of 
microgels for biological applications.

11.3. Antiviral Microgels and Vaccine Development

Microgels have enormous potential to function as bioreactors, 
biosensors, and adsorption sites, as a result of their miniatur-
ized, hydrated, and porous compartments at the microscale. 
The current Covid-19  pandemic emphasizes the need of anti-
viral therapies and preventions against SARS-Cov-2  and 
other viruses. Microgels can play roles in drug delivery or 
release, controllable degradability, and stimuli-responsive 
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behaviors;[3,4,8,328–330] it can therefore be forecast that micro-
gels could be applied to the carriers of the antiviral drugs or 
sensors.[321,331–333] Such drug-laden microgels could release 
the payloads at controlled rates, either in a fast or in a gradual 
fashion.[332] Studies have been conducted to test the potential 
application of hydrogels in antiviral water filtration system. 
Inspired by that, microgels could serve as a new class of 
sterilizing materials in the future.[321,334,335] Other significant 
studies on viruses, such as antigen–antibody interactions, gene 
delivery, vaccine development, sensing, lipid nano particle 
efficiency, and virus mutations, could also be explored with 
microgel models.[150,336,337]
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