
TIBTEC 1628 No. of Pages 16
Review
Single-Cell Microgels: Technology,
Challenges, and Applications
Tom Kamperman,1,@ Marcel Karperien,1,@ Séverine Le Gac,2,@ and Jeroen Leijten1,*,@
Highlights
Several recent technological break-
throughs have facilitated and improved
the manufacturing of single-cell-laden
microgels. In particular, microfluidic
technologies have enabled the high-
yield and long-term encapsulation of
individual cells in microgels.

Encapsulating individual cells into
micrometer-sized hydrogels (i.e.,
microgels) provides user-defined 3D
culture conditions that can be lever-
aged to advance single-cell analysis
platforms, cell-based tissue engineer-
ing, and regenerative medicine
Single-cell-laden microgels effectively act as the engineered counterpart of the
smallest living building block of life: a cell within its pericellular matrix. Recent
breakthroughs have enabled the encapsulation of single cells in sub-100-mm
microgels to provide physiologically relevant microniches with minimal mass
transport limitations and favorable pharmacokinetic properties. Single-cell-
laden microgels offer additional unprecedented advantages, including facile
manipulation, culture, and analysis of individual cell within 3D microenviron-
ments. Therefore, single-cell microgel technology is expected to be instrumen-
tal in many life science applications, including pharmacological screenings,
regenerative medicine, and fundamental biological research. In this review, we
discuss the latest trends, technical challenges, and breakthroughs, and present
our vision of the future of single-cell microgel technology and its applications.
applications.

Early adopters are currently develop-
ing and implementing various high-
throughput micromanufacturing tech-
niques that will empower the clinical
and industrial translation of single-
cell-laden microgels as versatile high-
resolution 3D cellular microniches for
numerous biotechnological
applications.
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Size Matters: Advantages of Hydrogel Miniaturization
The field of biotechnology is rapidly evolving towards single-cell applications. In recent years,
myriad tools have been developed for in-depth single-cell experimentation. These tools have
almost exclusively relied on nonphysiological 2D substrates and, more recently, on droplet
microfluidics-based formats, which is acknowledged as a promising platform for single-cell
experimentation [1,2]. The introduction of hydrogels (see Glossary) into these platforms has
the potential to provide individual cells with a more physiologically relevant 3D microenviron-
ment (Box 1). To make hydrogel-based technologies readily compatible with high-resolution
single-cell experimentation as well as in vivo applications, there is an ongoing trend of
miniaturizing hydrogel constructs down to the micrometer scale, to yield microgels. Encap-
sulation of single cells in microgels effectively creates high-resolution 3D microniches that
provide exquisite control over the culture and analysis of cells in vitro, as well as the fate of cell-
based therapies in vivo.

The first hydrogel-based 3D cell constructs relied on the encapsulation of multiple cells in a bulk
biomaterial [3]. Although such relatively large (typically >1 mm) constructs are comparatively
easy to manufacture and handle, they often result in biased experimental readouts and poor
therapeutic effects. For example, due to mass transport limitations, the encapsulated cells
experience different levels of nutrients and waste products, and even hypoxic conditions,
depending on the position of the cells within the construct. Hypoxia-induced cell death can
have a significant role in hydrogel constructs as small as a few hundred micrometers [4].
Furthermore, millimeter-sized hydrogel constructs are associated with significantly higher levels
of fibrotic capsule formation when implanted in vivo compared with their micrometer-sized
counterparts [5]. For instance, by implanting agarose microgels with diameters ranging from 90
to 925 mm in mice and rats, Kawakami and coworkers found that the microgel size correlated
with the amount of tissue overgrowth, and that microgels smaller than 100 mmcaused the least
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Glossary
Air-induced spraying: a droplet
production method based on the
atomization of liquid using a coaxial
air flow.
Antibiogram: the summarized result
of testing pathogenic sensitivity
towards particular antimicrobials.
Bio-orthogonal: with no
interference or interaction with native
biological and biochemical
processes.
Chelator: a binding agent that can
sequester metal ions.
Cytokines: secreted small proteins
that chemically facilitate the
communication between cells.
Dripping: the droplet-forming
process where liquid pinches of
directly from the nozzle.
Droplet microfluidics: fluidic
platforms with characteristic length
scales of 1–1000 mm that are used
to produce, guide, manipulate, and
contain emulsified (i.e., droplets)
liquids.
Electrospraying: a droplet
production method where
electrostatic forces are used to
disrupt a liquid surface at a nozzle to
form a continuous stream of charged
droplets.
Extracellular: outside of a cell.
Fibrotic capsule: a layer of fibrous
tissue that is formed around
implanted materials as a result of
inflammation against the foreign
material.
Flow cytometry: laser- or
impedance-based method to analyze
particles (e.g., cells) in a focused fluid
stream.
Hydrogel: a water-swollen
crosslinked polymer network.
Inertial focusing: the migration of
particles across streamlines to
deterministic equilibrium positions
within a confined flow.
Infarction: the death of tissue due
to inadequate blood supply.
Inkjet: a droplet production method
that relies on a sudden push of the
liquid interface contained by a
nozzle, resulting in the ejection of an
elongated jet that subsequently
contracts into a droplet.
Interpenetrating: interlaced and/or
entangled, but, in this context, not
covalently bound.
Jet: a droplet formation process
where liquid exits the nozzle as a
continuous stream and pinches of

Box 1. Shifting from 2D Substrates to 3D Microenvironments

Since the inception of in vitro experimentation, cells have been cultured on 2D substrates. However, the native
microenvironment of almost all cells is 3D. Consequently, 2D substrates do not fully recapitulate the in vivo situation
because they impose nonphysiological stimuli, such as unnatural and anisotropic chemical and physical signals, on cells
(Figure I). Anisotropic stimulation of cells can cause phenotypical cellular changes, which may result in false-positive and
false-negative cellular responses. To emulate the native cellular microenvironment and restore natural cellular functions
and behavior, more advanced 3D cell experimentation platforms are required, which is notably achieved by encapsu-
lating cells in hydrogels. Hydrogels structurally resemble the native extracellular matrix and can be biochemically and
biophysically modified to further mimic the in vivo microenvironment. An overview of the most important differences
between 2D and 3D culture systems with respect to biochemical and biophysical stimuli was provided by Baker and
Chen [86].

2D: anisotropic 3D: isotropic
Cell

Hydrogel

Culture medium
Biophysical s�mulus

Biochemical s�mulus

Figure I. 2D versus 3D Cell Culture. 2D substrates present anisotropic biochemical and biophysical stimuli to cells.
By sharp contrast, 3D environments, such as single-cell-ladenmicrogels, stimulate cells in an isotropicmanner. The size
and intensity of the arrows correspond to the strength of the stimuli, with larger and darker arrows indicating stronger
stimuli.
amount of fibrosis [6]. In addition, an increased construct size is not favorable for high-
throughput analysis (e.g., due to visualization limitations resulting from both light scattering
and penetration depth) [7]. Although these limitations can be addressed via physical sectioning
(i.e., microtomy), sample processing is costly, not standardized, and labor intensive, which
greatly reduces the analytical throughput. All these limitations have driven the miniaturization of
cell-laden hydrogel constructs, which has led to the encapsulation of individual cells in
microgels.

Due to their significantly reduced size, microgels offer higher surface:volume ratios, reduced
diffusion (limitations), and direct compatibility with many standard microscopy techniques
compared with conventional larger hydrogels. Reducing the size of a hydrogel to the microm-
eter scale has, for example, been demonstrated to improve insulin release kinetics from
multicell-laden [8] as well as single-cell-laden microgels [9]. Furthermore, for in vivo applica-
tions, themicrogel size can be used to control the in vivo biodistribution, and thereby to regulate
the location of encapsulated compounds. For example, intravenously injected single-stem-cell-
ladenmicrogels of�30 mmwere recently found to accumulate in the lung capillary beds ofmice
[10]. By contrast, intravenously injected microgels that are larger than �50 mm typically get
physically trapped and, thus, accumulate in blood vessels of downstream tissues, with the
inherent risk of tissue infarction. Altogether, the microgel size has a dominant effect on several
pharmacokinetic properties that determine the physiological responses following implanta-
tion, as summarized in Figure 1.

Miniaturizing single-cell-laden microgels is also advantageous for tissue-engineering applica-
tions. For example, the size of the microgel is correlated to the maximum cell concentration of
the construct. In fact, the maximum packing density of spheres dictates that single-cell-laden
microgels smaller than 50 mm are required to reach cell densities of �106 [382_TD$DIFF] cells per cm3 [11],
which is the physiologically required minimum for engineering many tissues [12–14]. Further-
more, downsizing single-cell-laden microgels provides an opportunity to optimize engineered
2 Trends in Biotechnology, Month Year, Vol. xx, No. yy
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several diameters from the nozzle as
a result of capillary instability.
Jet cutting: a droplet production
method based on the physical
cutting of a liquid jet using rotating
wires.
Microgel: a hydrogel with a size
ranging from 1 mm to 1000 mm.
Modular bioink: biological ink that
contains small modules to enable the
one-step fabrication of bottom-up (i.
e., modular) biomaterials.
Monodisperse: uniform in size,
typically characterized by a
coefficient of variation (CV: standard
deviation/average) of less than 10%.
Pericellular: the extracellular domain
that is in direct proximity (micrometer
range) of the cell.
Pharmacokinetic: the absorption,
distribution, metabolism, and
excretion of drugs.
Polydisperse: variable in size,
typically characterized by a CV
greater than 10%.
Rolling circle amplification: a
unidirectional nucleic acid replication
technique that can rapidly synthesize
multiple copies of circular molecules
of DNA or RNA.
Stress relaxation: decreasing stress
response to a constant strain.
Surfactants: compounds that lower
the surface tension between two
phases.
Trophic mediators: stimulating
factors that promote cell survival and
functioning.
Vibrating jet: a droplet production
method where a uniform oscillation is
imposed on a jetted liquid to induce
controlled breakup of the jet into
monodisperse droplets by
dominating the random Rayleigh
plateau breakup.
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Figure 1. Influence of the Microgel
Size on Pharmacokinetics and Phy-
siological Responses. Reducing the
single-cell microgel diameter (Dgel) corre-
lates to an increasing surface:volume
ratio (6/Dgel) and a decreasing solute dif-
fusion time [(Dgel � Dcell)

2/2D, with cell
diameter Dcell = 15 mm and diffusion
coefficient D = 10 mm2/s]. Furthermore,
the size of the (single-cell) microgel deter-
mines its in vivo fate and physiological
effect. Microgels larger than 5 mm are
characterized by significantly increased
retention times, because their rapid clear-
ance from the injection site is prevented
[89,90]. Increasing the microgel size to
above 50 mm may cause tissue infarc-
tions due to vessel embolization, tissue
fibrosis (i.e., above 100 mm), and even-
tually hypoxia-induced death of cells
encapsulated in microgels larger than a
few hundred micrometers.
tissue constructs by exclusively presenting bioactive moieties (e.g., growth factors) in the direct
vicinity of cells [11]. Leaving the bulk of the extracellular matrix void of exogenous growth
factors would allow for a significant reduction in the required growth factor payload in
engineered tissues, thereby potentially obviating the adverse effects associated with supra-
physiological growth factor administration, which include inflammation, vascular leakage,
edema, aberrant angiogenesis, and even cancer [15,16].

Composition of the Single-Cell Microgel
The single-cell-laden microgel customarily comprises a hydrogel matrix resembling the peri-
cellularmatrix, which encapsulates a cell and, if desired, is complemented with soluble factors
(e.g., cytokines). The hydrogel matrix is a water-swollen polymer network that acts as the
direct physical microenvironment for the encapsulated cell. By engineering this microenviron-
ment to provide well-balanced biochemical (i.e., bioactive solutes and polymer functionaliza-
tion) and biophysical stimuli (i.e., mesh size, stiffness, stress relaxation, degradation, and
polymer type), the single-cell-laden microgel can survive and function on its own. Indeed,
the single-cell-laden microgel effectively acts as the engineered counterpart of the smallest
living building block of life: a cell within its pericellular matrix (Figure 2).

Traditionally, alginate and agarose have been extensively used for (single) cell microencapsu-
lation. However, these materials lack any (mammalian) cell-specific biological cues or respon-
siveness. In recent years, the microencapsulation field has started to explore responsive
materials to engineer more physiologically relevant cellular microniches. For example, Huck
and coworkers pioneered the encapsulation of individual stem cells within collagen, hyaluronic
acid, and fibrin microgels [17,18]. Furthermore, Gidrol and coworkers demonstrated that
individual epithelial cells encapsulated in Matrigel microgels could develop into clonal multicel-
lular acinar 3D structures [19]. Importantly, all these natural polymers intrinsically contain
binding sites, such as the arginine–glycine–aspartate (RGD) sequence that interacts with cell
adhesionmolecules (CAMs). Additionally, natural polymers can be remodeled and degraded by
encapsulated cells through enzymatic cleavage. Others have succeeded in endowing synthetic
polymer microgels with cell-adhesive and cleavable moieties, acting as the engineered coun-
terpart of natural microniches. For example, Lutolf and coworkers incorporated biologically
Trends in Biotechnology, Month Year, Vol. xx, No. yy 3
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Figure 2. Schematic Overview of the Canonical Composition of Single-Cell-Laden Microgels. The key
components include the cell, soluble factors such as cytokines, and the hydrogel matrix, which can be engineered by
tuning several parameters, including the mesh size, stiffness, stress relaxation, degradation, polymer type, and functional
moieties. All components are categorized by their nature (i.e., biological, biochemical, or biophysical).
active peptide sequences in single-cell-laden bioinert polyethylene glycol (PEG) hydrogel
networks to tune cell adhesion (i.e., using RGD peptides) and enzymatic degradation (i.e.,
using GPQGIWGQ peptides) [20]. The importance of bioactive components in promoting
cellular function was underlined in a recent study by Leijten and coworkers, where the lineage
commitment of individually encapsulated mesenchymal stem cells was steered from an
adipogenic to an osteogenic fate by enriching bioinert dextran microgels with bioactive
hyaluronic acid polymer groups [21]. Microgel stiffness has also been demonstrated to exert
a profound effect on the differentiation of individual encapsulated stem cells in cell-adhesive
and enzymatically degradable microgels [22], which corroborates previous work in bulk hydro-
gels [23]. Additional functionality comes from tuning the microgel mesh size. For example,
single cells have been encapsulated in semipermeable PEG-diacrylate microgels with a
molecular weight cut-off of �100 kDa [11]. This approach has the potential to create immu-
noprotective microenvironments for individual cells, because it pericellularly blocks the pene-
tration of immunoglobulins (�150 kDa), while still allowing the permeation of nutrients, growth
factors, and waste products (<100 kDa).

Although a cornucopia of functional and responsive material modifications has been developed
for (bulk) hydrogels [24], material modifications other than cell-adhesive and enzymatically
degradable moieties have remained scarce for single-cell-laden microgels. However, consid-
ering the large repertoire of bulk hydrogel modifications, we anticipate that the evolution of
overly simplistic single-cell-laden microgels into ‘smart’ constructs will become a dominant
theme in single-cell microgel research. Biochemically and biophysically dynamic single-cell
microenvironments are of specific interest for the engineering of (stem) cell microniches,
because they could emulate the naturally dynamic native cellular microenvironment [25–27].
Specifically, we foresee the formulation of single-cell-laden microgels with bio-orthogonal
4 Trends in Biotechnology, Month Year, Vol. xx, No. yy



TIBTEC 1628 No. of Pages 16
moieties. Bio-orthogonal strategies would enable the multistep biochemical modification of
engineered cellular microniches, which unlocks the single-cell-laden microgel as a versatile
multipurpose platform for engineering cellular microenvironments. Furthermore, cytocompat-
ible on-demand inducible and reversible crosslinking (or even pulsatile) strategies could endow
microgels with controlled dynamic biophysical properties, such as in situ softening [28],
stiffening [29], or stress relaxation [30], which can accurately control (stem) cell behavior.

Besides mimicking the extracellular matrix, hydrogels can also be endowed with functional
moieties to emulate cell–cell interactions. For example, Burdick and coworkers demonstrated
that stem cell behavior can be influenced by endowing a hydrogel with cadherin peptides that
mimicked cell–cell adhesion, thereby improving the early chondrogenesis of mesenchymal
stem cells [31]. We foresee that further modifying the single-cell microgel to mimic cell–cell
interactions will be key to eventually emulating the cellular microenvironment of many native
tissues.

Fabrication Strategies to Generate Single-Cell Microgels
The production of single-cell-laden microgels typically involves two critical steps: (i) the
dispersion of the cell-laden hydrogel precursor solution into discrete droplets; and (ii) the
gelation of the droplets through in situ crosslinking. Hydrogel precursor droplets can be formed
via patterning or molding on and/or in solid substrates, emulsification in an (immiscible) liquid, or
atomization in a gas [32,33]. Emulsification and atomization are continuous processes with
inherently high throughputs, albeit with limited shape control; complex morphologies are
difficult to produce, because a spherical morphology is energetically favored due to the surface
tension. In response, semicontinuous stop flow lithography (SFL) approaches based on rapid in
situ photocrosslinking with alternating ‘stop-motion’ flow have been developed to create
microgels with almost any morphology [34]. However, there is as of yet no clear indication
that nonspherical single-cell-ladenmicrogels have advantages for biomedical applications (Box
2). Therefore, emulsification and atomization are currently considered as the most potent
technologies for (large volume) clinical and industrial applications.

Opportunely, emulsified hydrogel precursor droplet can be stabilized with surfactants, so that
a range of relatively slow (seconds to minutes) gelation mechanisms can be used including
photocrosslinking [11], thermal gelation [35], enzymatic crosslinking [36], and Michael-type
addition [37] reactions. However, despite the use of surfactants, cell-laden emulsions are prone
to rapid destabilization due to the adsorption of biomolecules and cells onto the water–oil
interface of the droplets, which limits the time needed for most in situ crosslinkingmechanisms.
Various strategies have been developed to stabilize the water–oil interface of (single-)cell-laden
hydrogel precursor droplets, thereby preventing their de-emulsification and consequently
extending the window of time for in situ crosslinking. For example, PEGylated surfactants
can prevent the adsorption of biomolecules [38]. Furthermore, a dual photoinitiator strategy
that presents crosslinking initiators in both the water and oil phases can rapidly crosslink the
surface of the hydrogel precursor droplet from both the inside and the outside [11]. However,
Box 2. The Advantages of a Spherical Microgel Morphology

A spherical microgel morphology is ideal for several applications: spherical particles (i) conformally embed suspended
cells, thereby providing isotropic 3D biochemical and biophysical stimuli; (ii) result in less clogging compared with
irregularly shaped microparticles, which, for example, enables injection of higher microgel concentrations using thinner
needles [87]; (iii) cause less intense inflammatory responses upon in vivo implantation [88]; and (iv) intrinsically form
predictable and well-controlled interconnected networks upon stacking, which promotes solute diffusion and tissue
ingrowth (e.g., vascularization) [85].

Trends in Biotechnology, Month Year, Vol. xx, No. yy 5
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oils and surfactants affect cell behavior on the long term. Therefore, almost any cell-based
application requires de-emulsification and extensive washing steps once the cells have been
stably embedded in the hydrogel matrix. Various de-emulsification strategies for (single-) cell-
laden microgels have recently been developed, including on-chip electrocoalescence [39], off-
chip de-emulsification on hydrophobic paper [40], and spontaneous de-emulsification using
ultrathin double emulsions [41].

In contrast to emulsification, atomization does not require the use of an immiscible liquid (e.g.,
oil) and surfactants. However, the lack of droplet stabilization limits this approach to the use of
extremely rapid (milliseconds) crosslinking mechanisms. In practice, therefore, atomization is
almost exclusively combined with ionic crosslinking strategies, such as alginate with divalent
cations. Yet, hydrogels that rely on slower (seconds to minutes) crosslinking mechanisms can
still be utilized by leveraging alginate as a sacrificial structural template in the form of an alginate
shell or interpenetrating alginate network [42,43].

Hydrogel crosslinking can be categorized based on the molecular interactions between the
polymers, which are of a chemical or physical nature. Chemical interactions are formed by
(chemically) reacting moieties yielding a permanent covalent bond. Traditionally, hydrogels
are formed via the radical polymerization of monomers [44]. Radical-based crosslinking is
often associated with cytotoxicity, unless radicals are efficiently consumed through enzy-
matic crosslinking, which is used, for example, in peroxidase-mediated crosslinking of
phenolic moieties [45]. Expediently, radical-based single-cell encapsulation has also been
achieved in a cytocompatible manner by adding a radical-forming photoinitiator to the
immiscible oil phase rather than to the cell-laden hydrogel precursor phase. This strategy
enabled microgel crosslinking in an outside-in manner, thereby minimizing the exposure of
the encapsulated cell to cytotoxic radicals [11]. Physical bonds are reversible (i.e., non-
covalent) and are, among others, based on entanglements, electrostatic (i.e., ionic or
hydrogen bonds), van der Waals, or hydrophobic interactions, or a combination thereof.
In particular, ionic crosslinking of alginate using divalent ions has been widely used for the
generation of single-cell-laden microgels [46–51]. Crosby and coworkers leveraged the
reversible nature of physical interactions for the controlled release and facile analysis of
single-cell components by dissolving barium-crosslinked alginate microgels using sulfate
as a barium chelator [52]. Reversible physical crosslinking can also endow hydrogels with
self-healing properties that are, for example, key to provide a hydrogel with stress relaxation
properties, which have recently been proven essential to trigger physiological cell
responses in cell-laden bulk constructs [30]. Furthermore, reversible bonds enable the
formulation of smart (i.e., stimulus-responsive) hydrogels, which are key to emulate the
dynamic nature of the native pericellular matrix [53]. Indeed, several strategies based on
both dynamic physical and chemical interactions have recently been proposed for the
spatiotemporal functionalization of bulk hydrogels [25,54]. We anticipate that these smart
materials will also soon be explored for 3D single-cell experimentation with spatiotemporal
control over the cellular microenvironment (see also the ‘Composition of the Single-Cell
Microgel’ section).

Balancing Throughput and Size
An important selection criterion for the fabrication method of cell-laden microgels is to a
compromise between throughput and size. Here, we provide a quantitative technological
comparison of the most used continuous droplet manufacturing techniques for cell-laden
microgel fabrication: droplet microfluidics, vibrating jet, inkjet, jet cutting, electrospray-
ing, and air-induced spraying (Figure 3).
6 Trends in Biotechnology, Month Year, Vol. xx, No. yy
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Figure 3. Quantitative Landscape of Microdroplet Production Rate versus Size Range. A comprehensive
overview of the typical per-nozzle throughput (i.e., flow rate) as a function of the droplet size (i.e., diameter) of themost used
continuous droplet manufacturing techniques for cell-laden microgel fabrication is presented. The indicated production
regimes are based on data points obtained from the following references: droplet microfluidics [60,91–98], vibrating jet
[43], jet cutting [99,100], inkjet [101–103], air-induced spraying [100,104–107], and electrospraying [100,108–110]. If
possible, multiple distinct data points were obtained from the mentioned studies. Furthermore, the mechanism of droplet
formation (emulsification or atomization) and the monodisperse or polydisperse character of each fabrication method are
indicated.
Spray-based encapsulation technologies (i.e., electro- and air-induced spraying) are ideal for
both low- and high-throughput manufacturing of cell-sized microgels, but they typically
produce polydisperse particles due to random liquid jet breakup. Notably, monodisperse
microgels are preferred for most applications because they have superior defined pharmaco-
kinetic properties in terms of both biodistribution and drug release (e.g., lower burst release)
compared with polydisperse microgels [55]. Jet cutting produces monodisperse particles, but
is not compatible with themanufacturing of sub-100-mmmicrogels, which is themost favorable
size range for single-cell applications (see the ‘Size Matters: Advantages of Hydrogel Miniaturi-
zation’ section and Figure 1). By contrast, droplet microfluidics, vibrating jet, and inkjet
technologies are perfectly suited for the production of monodispere single-cell-laden microgels
smaller than 100 mm. Importantly, conventional chip-based microfluidic generation of droplets
with diameters between 10 and 100 mm yields a typical limited per-nozzle throughput of 1–
10 ml/min (for the dispersed phase), because monodisperse emulsification is restricted to the
dripping regimen [56]. A recent study transcended this limit by more than tenfold by using
bubble-triggered breakup of cell-laden hydrogel precursor solution jets within a microfluidic
chip [57]. However, the presence of air bubbles within microfluidic chips is also associated with
significant flow instabilities [58]. Alternative rapid jet-based microfabrication methods that do
not rely on microfluidic chips have also been explored, including inkjet [46] and vibrating jet
technologies [43]. Altogether, we anticipate that rapid monodisperse jet-based microgel
fabrication technologies will drive the clinical and industrial translation of single-cell microgel
technologies, while slower but equally accurate (chip-based) microfluidic approaches will
continue to support lab-scale applications.

How to Obtain Pure Single-Cell Microgel Populations
Cell encapsulation in droplets is typically a stochastic process that follows Poisson statistics,
which intrinsically limits the maximum single-cell encapsulation yield to 37% (Figure 4A) [59].
Trends in Biotechnology, Month Year, Vol. xx, No. yy 7
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Figure 4. Technological Advances to Realize Pure and Long-Term Single-Cell Microgel Cultures. (A) Random cell encapsulation [21] is described by
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result in off-center cell encapsulation, which causes cell escape upon culture [21]. Cell escape can be prevented by (G) applying a nondegradable hydrogel coating [20],
and by positioning the cells in the center of the microdroplets before crosslinking using (H) off-chip mixing of the emulsion [22] or (I) delayed on-chip crosslinking of the
cell-laden prepolymer droplets continuously flowing within a microfluidic channel [21]. Images adapted, with permission, from [10,11,20–22,64].
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Although high-yield deterministic single-cell encapsulation in aqueous droplets has been
achieved using inertial focusing [60], the forces involved in this process are too weak to
obtain longitudinal cell ordering in comparatively viscous fluids, such as hydrogel precursor
solutions. Opportunely, several innovative strategies have recently been developed to over-
come the limitations of random (i.e., Poisson-distributed) cell encapsulation. For example,
some studies have demonstrated that postproduction sorting of single-cell-laden microgels
using flow cytometry yields near-pure cell-laden microgel populations (Figure 4B) [10,11]. We
anticipate that alternative active sorting methods that have already been successfully applied in
combination with droplet microfluidics, such as dielectrophoresis [61], acoustophoresis [62],
and deterministic lateral displacement [63], will soon be integrated with microgel technology for
the postproduction sorting of single-cell-laden microgels. Alternatively, deterministic single-cell
encapsulation has been demonstrated using exclusive crosslinking of cell-ladenmicrodroplets.
For example, Sakai and coworkers exploited cellular membrane anchoring of a peroxidase to
mediate the enzymatic crosslinking of phenol-functionalized alginate droplets (Figure 4C) [64].
The groups of Weitz and Mooney similarly achieved selective ionic crosslinking of alginate
microgels (Figure 4D) and selective enzymatic crosslinking of glutamine and lysine-function-
alized PEG by transglutaminase using calcium carbonate nanoparticle cell coatings (Figure 4E)
to exclusively crosslink cell-laden microdroplets [10,22].

To encapsulate single cells in microgels, cell aggregation must be prevented. Gravity-induced
sedimentation of cells is a key contributor to cell aggregation. Cell sedimentation can be
prevented by matching the microgel precursor solution and cellular densities by supplementing
the prepolymer with a density gradient medium, such as iodixanol, also known as OptiPrep
[2,20]. However, the use of iodixanol should be avoided when using photocrosslinking-based
strategies, because this combination results in the production of the cytotoxic compound
iodine. Alternatively, photoinert colloidal silica particles, such as Percoll, can be considered [11].
Cell aggregation may also be induced by the DNA released from lysed cells, which can be
effectively prevented by the use of DNA restriction enzymes, such as DNase 1 [2].

How to Prevent Cell Escape
Microgel technology has the potential to provide single cells with biochemical and biophysical
stimuli in a 3D isotropic manner. However, traditional microencapsulation strategies have failed
to provide this feature due to off-center cell encapsulation. Moreover, off-center encapsulation
is associated with the rapid egression of cells from the microgels (Figure 4F) [10,21]. Cell
egression from microgels can be controlled by adapting the molecular weight of the polymer
[10], supplementing low concentrations of the hydrogel precursor (i.e., monomers) to the
medium [19], or adding an extra layer of permanent (i.e., nondegradable) hydrogel (Figure 4G)
[20,65]. Given that cell escape from microgels correlates with off-center cell encapsulation, it
could also be prevented by encapsulating cells in the center of microgels. Cell centering in
microgels can be achieved in an off-chip and an on-chip manner. Off-chip cell centering has
been achieved by placing the crosslinking hydrogel droplets on an orbital shaker (Figure 4H)
[22]. On-chip cell centering has been demonstrated using a microfluidic delay line that enabled
the delayed in situ crosslinking of flowing droplets, which effectively repositioned the cells
towards the centers of the droplets before gelation was initiated (Figure 4I) [21]. Cell centering
prevents cell egression, which enables the long-term 3D culture (�28 days) of single-cell-laden
microgels smaller than 50 mm [21].

Applications of Single-Cell Microgel Technology
Single-cell microgel technology is of particular interest for several life science applications.
Cellular microniches with a user-defined composition show great promise, for example, to
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Figure 5. Examples of Single-Cell Microgel Technology. (A) Single-cell 3D microgel platforms have been used to control the fate of stem cells by tuning the
biochemical [21] and biophysical [22] properties of the microgels. (B) Microfluidic mixers have been used to generate compositional microgel libraries, where fluorescent
labeling enabled the flow cytometry-based identification of specific biochemical and biophysical compositions post production [66]. (C) Specific cellular compounds,
such as RNA, can be captured, amplified, and quantified in situ by endowing single-cell microgels with affinity molecules, thereby yielding so-called ‘affinity’microbeads
[76]. (D) The detectable in vivo retention time of intravenously injected stem cells is significantly increased by encapsulating the cells in microgels [10]. (E) A modular
bioink was developed by incorporating single-cell microgels in an injectable hydrogel precursor solution [11]. Injection molding resulted in a modular tissue construct
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study cell–material interactions in a physiologically relevant 3D microenvironment. The
biochemical and biophysical composition of a microgel are instrumental in controlling cellular
survival, behavior, and function. For example, they can be tuned to steer stem cell lineage
commitment (Figure 5A) [18,21,22], as mentioned previously. Integrating single-cell microgel
technology with advanced microfluidic platforms has enabled the efficient screening of multiple
microniche compositions. For instance, Lutolf and coworkers developed a dedicated micro-
fluidic device to mix and emulsify up to five different materials to produce a small library of (cell-
free) microgels (Figure 5B) [66]. After fluorescent encoding of the distinct materials, the different
microniches were successfully identified and selected in a high-throughput manner using flow
cytometry. In a different approach, an array of approximately 1500 multicell-laden microgels
10 Trends in Biotechnology, Month Year, Vol. xx, No. yy



TIBTEC 1628 No. of Pages 16
was created in a microfluidic device, each microgel being anchored in a 2-nL microwell. This
elegant platform allowed for the tracking and time-lapse imaging of the cells in the individual
microgels, as well as their in situ stimulation by perfusing chemicals in the main channel above
the microwell array [67]. This platform was recently applied to establish an antibiogram by
exposing monoclonal bacteria colonies (i.e., originating from single-cell microgels) to a gradient
of antibiotics [68]. Subsequently, bacteria could be selectively retrieved from the platform by the
on-demand melting of specific microgels for off-chip genetic analysis. Furthermore, this
screening platform was utilized to optimize the transient transfection of single cells using a
library of cationic lipoplexes [69].

Droplet microfluidics has been acknowledged as a powerful tool for the massive upscaling of
single-cell ‘omics analysis, as demonstrated by several droplet-based approaches, including
‘Drop-seq’ [70], ‘inDrop’ [71], and CytoSeq’ [72]. However, the complexity of the analytical
workflow is limited when using droplet microfluidics because this technology is not readily
compatible with solution exchange, which is essential in various ‘omics approaches. Further-
more, the long-term study of adherent cells is precluded in an all-liquid environment. These
limitations can be avoided by the use of 3D hydrogel matrices instead of aqueous solutions. For
example, Mathies and coworkers captured the genetic material from single cells by co-
encapsulating cells with primer-conjugated microbeads in agarose microgels [73]. By com-
bining various emulsification, in situ gelation, and de-emulsification steps, they achieved the
successive encapsulation, lysis, gene amplification, and sequencing of individual cells. Using
this method, genetically altered cells could be accurately identified within a heterogeneous
cancer cell population. However, the co-encapsulation of cells and affinity beads is governed by
double Poisson statistics, which considerably limits the screening efficiency because the
number of microgels that contain both a single cell and a microbead is maximally 13.5%.
To increase the efficiency of the assay, Yang and coworkers directly immobilized cell-specific
genetic capture sequences and primers on the agarose polymer, thereby enabling Poisson-
distributed single-cell encapsulation in affinity microgels (i.e., maximally 37% single-cell yield).
After cell lysis, polymerase chain reactions (PCR) were performed in the liquid state (i.e.,
ungelled agarose), which further improved the single-cell genome analysis technology by
increasing the PCR efficiency from 40% to 95%. [74]. Subsequent gelation of the agarose
ensured physical entrapment of the amplified DNA, which enabled the flow cytometry-based
detection of rare pathogenic Escherichia coliwithin a population of nonpathogenic bacteria with
high accuracy (1 in 100 000). This strategy was next extended to single-cell reverse transcrip-
tion PCR, which enabled the quantification of the transcription levels of a cancer biomarker (i.e.,
EpCAM) in various cancer cell lines [75]. In an alternative approach to analyze single-cell gene
expression while omitting the preamplification bias, Huck and coworkers implemented RNA
rolling circle amplificationwithin primer-conjugated microgels (Figure 5C) [76]. This strategy
enabled facile RNA quantification by counting the number of fluorescently labeled rolling circle
amplification products (I.e., ‘RNA colonies’) in the microgel. More recently, single-cell-laden
microgels were combined with next-generation sequencing for single-cell whole-genome
analysis [52]. Following similar affinity bead strategies, single-cell microdroplet and microgel
technologies were used to isolate and/or detect specific compounds secreted by individual
cells, including antibodies [2], lipids [77], cytokines [78], and proteases [79]. Altogether, the
integration of such ‘omics analysis strategies with single-cell microgels is driving the in-depth
high-throughput probing of cell behavior in biomimetic controllable 3D microenvironments.

Other key fields in which single-cell microgel technology is likely to have a positive role in the
near future are tissue engineering and regenerative medicine. Applications of special interest
include (stem) cell injections, immunoprotection, and biofabrication. Although stem cells have
Trends in Biotechnology, Month Year, Vol. xx, No. yy 11
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gradient screening (e.g., via microgel anchoring), high-throughput analysis (e.g., using primer-based barcoding), cellular
compound capturing (e.g., using DNA affinity beads), bottom-up tissue engineering (e.g., using single-cell building blocks),
immunoprotection (e.g., for cell transplantation), and cell injection (e.g., for stem cell therapies).
significant potential as anti-inflammatory and trophic mediators [80], their therapeutic effect
upon injection is hampered by fast cell clearance from the injection site and poor long-term cell
survival [81,82]. Cell-laden microcarriers are characterized by improved retention after intra-
myocardial injection compared with bare cell suspensions [83]. Based on similar observations
regarding the retention time (Figure 5D), and even a therapeutic advantage of single-cell-laden
microgels over nonencapsulated cells and multicell-laden microgels [10], we postulate that
single-cell microgel technology could further improve stem cell injection therapies by prolong-
ing retention time, as well as improving cell survival by providing a protective microenvironment.
Furthermore, the semipermeable nature of hydrogels could be used to provide cells with an
immunoprotective microcoating [11]. Lastly, single-cell-laden microgels are of interest as
building blocks for modular or bottom-up tissue-engineering strategies (Figure 5E). For exam-
ple, microgels could be mixed with a distinct injectable hydrogel to form amodular bioink for
12 Trends in Biotechnology, Month Year, Vol. xx, No. yy
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Outstanding Questions
How can the cellular microenvironment
be emulated in single-cell microgels in
terms of spatiotemporal dynamics,
interactive responsiveness, and cell–
cell contact?

Can cell egression from microgels be
tuned and timed to control the in vivo
delivery of cells?

For which applications are single-cell-
laden microgels more potent than
larger multicell-laden hydrogel
constructs?

How can the production of industrial or
clinical quantities of single-cell-laden
microgels be reached while maintain-
ing high cell survival and functionality?
the facile fabrication of multiscale modular biomaterials with cell-specific microenvironments
within a host-specific macroenvironment [11], which conceptually mimics the pericellular and
extracellular matrices of native tissues[384_TD$DIFF]. One of the key benefits of microgel-based tissue
constructs is their inherent capacity to form interconnected networks. The resulting porous
scaffold not only facilitates diffusion of nutrients and waste products [84], but also the formation
of cellular networks, which can significantly accelerate wound healing compared with nonpo-
rous tissue constructs [85].

Concluding Remarks
Single-cell microgel technology enables the encapsulation of an individual cell in a hydrogel
that is only a few micrometers larger than the cell itself. Their small size provides
single-cell-laden microgels with several pharmacological and physiological advantages.
Recent discoveries have enabled the long-term culture of living single-cell-laden microgels.
Future research is expected to focus on biochemically and biophysically smart modifica-
tions of these microgels, which would aid the improved mimicry of the native pericellular
matrix and more control over (stem) cell behavior within in vitro and in vivo single-cell
applications (see Outstanding Questions). Furthermore, we anticipate that microgels will be
endowed with moieties to mimic cell–cell interactions, which may eventually enable in vitro
experimentation of single cells within a controlled microenvironment that emulates all
biological, biochemical, and biophysical cues of the native cellular microenvironment. It
is also expected that confining a cell within a cell-sized microniche will open new avenues
for single-cell ‘omics, because this approach facilitates the detection of low-abundant
markers by limiting the dilution factor of the cellular contents. A major hurdle to translate
single-cell microgel technologies towards clinical and industrial applications, is their limited
production throughput. Rapid jet-based microencapsulation strategies are anticipated to
drive the clinical and industrial translation of single-cell microgel technologies. As summa-
rized in Figure 6 (Key Figure), single-cell microgel technology offers several advanced tools
for culture and high-throughput analysis of single cells within biomimetic 3D microenviron-
ments, as well as improved tissue engineering and cell-based therapies.
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