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Abstract

Cell encapsulation within hydrogel droplets is transforming what is feasible in multiple fields
of biomedical science such as tissue engineering and regenerative medicine, in vitro modeling,
and cell-based therapies. Recent advances have allowed researchers to miniaturize material
encapsulation complexes down to single-cell scales, where each complex, termed a single-cell
microgel, contains only one cell surrounded by a hydrogel matrix while remaining <100 pm in
size. With this achievement, studies requiring single-cell resolution are now possible, similar
to those done using liquid droplet encapsulation. Of particular note, applications involving
long-term in vitro cultures, modular bioinks, high-throughput screenings, and formation of 3D
cellular microenvironments can be tuned independently to suit the needs of individual cells and
experimental goals. In this progress report, an overview of established materials and techniques
used to fabricate single-cell microgels, as well as insight into potential alternatives is provided.
This focused review is concluded by discussing applications that have already benefited from
single-cell microgel technologies, as well as prospective applications on the cusp of achieving
important new capabilities.
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1. Introduction

Single-cell techniques have altered the research landscape in the past decade due in

large part to advances in instrumentation,[2-5] sample and reagent handling,[6-8] increased
computational capabilities,[8] and improved understanding and development of microfluidic-
based technologies.l”-%1 With these innovations, scientists are now capable of isolating,
handling, and assaying individual cells to acquire a deeper understanding of biological
heterogeneity across a vast swathe of inquiries.[4l While these discoveries have dramatically
transformed efforts in understanding cellular heterogeneity, they have also opened exciting
possibilities for single-cell applications in more translational fields like diagnostics and
regenerative medicine.

Of these advances, droplet microfluidics has been instrumental in facilitating the growth
of single-cell analysis by providing a predictable method for the compartmentalization
(i.e., encapsulation) of individual cells into monodisperse, pico-liter-to-nanoliter droplets.
[10-14] perhaps more than any other area, single-cell-omics technologies (e.g., genomics,
transcriptomics, proteomics, metabolomics) have benefited from advances in single-cell
encapsulation using droplet microfluidics.[5] With these improved technologies and
techniques, new insights into the underlying heterogeneity of diseased cells and cell states
have lead to developments of novel diagnostic and therapeutic approaches for cancer and
microbial infections, with many other areas under study. For example, Azizi et al. generated
an immune cell atlas by profiling >45,000 individual cells from primary breast carcinomas
and matched, healthy immune cells from breast tissue. Increased diversity in T cell and
myeloid lineages was observed in tumors compared to healthy tissue. Additionally, M1
and M2 genetic signatures of tumor-infiltrating macrophages were observed in concert,
indicating continuous rather than binary phenotypic states.[16] Another example of this
technology revealed intratumor variations in expression in IFN-y signaling pathway genes
and other co-regulatory genes, such as MHCI|I, for patients with lung adenocarcinoma.
This work demonstrated how understanding intratumor gene expression variations can
inform appropriate multi-antigen combinatorial therapies for patient-optimized treatments.
[17] Analyses with single-cell resolution as demonstrated in these representative works

is critical for progressing toward optimized treatment regimens and predicting treatment
outcomes for diverse medical applications, including cancer immunotherapies.

Beyond the elucidation of cellular intra- and interpopulation phenotypic heterogeneity,[18:19]
single-cell techniques have entered early development for use in therapeutic applications
such as cell injection therapies. Additionally, much effort has been aimed at the precise
recreation of in vivo cellular microenvironments for in vitro experimental modeling.[20-22]
In each of these applications, replication of 3D microenvironmental cues is crucial for
eliciting or studying desired cellular behaviors.[23.24] With this in mind, researchers have
sought to develop methods that improve upon conventional 2D culturing methods. Of the
different solutions proposed, one of particular interest and relevance is the use of hydrogels,
defined as 3D crosslinked polymer networks possessing high water content.[23] Using a
hydrogel as a cellular encapsulant provides optimal material-to-cell volume ratios and
minimal diffusion constraints, with benefits even at the scale of single-cell microgels.[2%]
Researchers are able to tailor the hydrogel composition to achieve optimal mechanical
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(e.g., stiffness[26] and stress relaxation[27:28]) and biochemical (e.g., attachment sites(2])
characteristics to suit the target application as well as provide additional protection from
external factors (Figure 1).[30-32]

In this progress report, we highlight previously demonstrated hydrogel materials for
single-cell encapsulation and their target applications, selected fabrication techniques,

and applications of cell-laden microgels. While many of the mentioned works involve
encapsulation of multiple cells within a hydrogel (i.e., multi-cell microgels), we have
inferred how single-cell microgels can benefit potential applications, as well as described
possible madifications to current fabrication techniques that are more conducive to single-
cell encapsulation. Throughout, we will discuss both the promise and limitations of single-
cell microgels as a potentially impactful technology for future diagnostic and therapeutic
applications.

2. Materials

A diverse set of natural, synthetic, and composite (i.e., natural and synthetic hybrid)
materials has been used to encapsulate cells.[33] However, only a small selection of those
materials have been adapted for use within the single-cell paradigm. Choice of hydrogel
material and subsequent functionalization is heavily dependent on the intended application.
With diverse use cases in cell therapies and tissue engineering, fundamental research, and
advanced diagnostics, single-cell microgel material selection requires careful consideration
of design criteria including encapsulated cell type, desired cell behavior, time scale of use,
external environment, and intended function. These criteria must be matched to critical
properties such as chemical and physical biocompatibility, ease of fabrication, and capacity
for functionalization.

Here, we provide an overview of the relatively small subset of hydrogel materials that have
been used in single-cell encapsulation studies to date (Table 1). The reader is encouraged

to survey a more inclusive review of hydrogels used for multi-cell encapsulations, while
considering the feasibility for those materials to be applied toward single-cell applications.
[33] Additionally, many of the more advanced material modifications used in multi-cell
systems to customize the cellular microenvironment (e.g., immunoprotective coatings)

have yet to be applied to single-cell microgels.[34] We anticipate continued translation of
materials and functionalization techniques from multi-cell studies into the rapidly expanding
field of single-cell encapsulation and will highlight a few of the more exciting possibilities
in this progress report.

2.1. Natural Polymers

Natural polymers have seen frequent use in single-cell microgel investigations due to
their typical biocompatibility and cell-friendly gelation conditions.[3%] The main subtypes
of natural polymers used for hydrogels are protein- and polysaccharide-based. However,
protein-based gels such as Matrigel[3¢] and collagen[37] are constrained in their use at the
single-cell scale due to a general lack of mechanical stability and fabrication limitations.
Polysaccharide-based gels such as alginate[38] and agarosel3%] have therefore dominated
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single-cell microgel research with more limited demonstrations involving dextran[2®] and
hyaluronic acid.[40]

2.1.1. Alginate—Alginate has emerged as one of the most popular hydrogel materials for
single-cell encapsulation due to its favorable biocompatibility, relatively simple mechanism
of polymerization,[1] and established laboratory and clinical use.[?] Alginates are a family
of natural anionic polysaccharides traditionally derived from brown seaweed, although
recent efforts have investigated alginate production via bacterial biosynthesis.[4344] The
structure of alginate consists of chains of (1,4)-linked g-D-mannuronate (M) and a-L-
guluronate (G) residues organized into blocks of consecutive M, G, or alternating MG
residues.[43] The linear chains can be ionically or covalently crosslinked to form a hydrogel
whose properties are influenced by the relative composition of the residue blocks.[4°]
Alginate of high purity is considered biologically inert, rendering it an attractive material
for cell encapsulation for both in vivo and in vitro applications.[4] The reader is directed to
multiple well-written references for a more detailed look at the chemical structure, material
properties, and applicability of alginate for 3D cell culture.[41:42.45]

One key reason for the early adoption of alginate for single-cell hydrogel encapsulation is
its suitability for micro-scale gelation methods. A significant majority of studies involving
encapsulation of single cells in alginate microgels employ microfluidic devices to carefully
control the introduction of divalent cations into cell-containing droplets of precursor
solution. One technique developed by Mao et al. features solid CaCO3 nanoparticles (NPs)
either suspended in the alginate precursor solution or pre-adsorbed to the cell surfaces
prior to encapsulation (Figure 2A).14647] The oil phase is made acidic, usually by the
presence of acetic acid, such that the pH of the alginate precursor solution drops upon
contact with the oil due to diffusion of H* ions. Lowered pH stimulates dissolution of

the CaCOj particles and mediates gelation via Ca2* ion crosslinking. Pre-adsorption of
CaCO3 NPs onto the surfaces of cells offers the added benefit that only cell-containing
droplets become crosslinked. This selective crosslinking significantly improves single-

cell encapsulation efficiency without additional downstream processing (e.g., fluorescence-
activated cell/droplet sorting [FACS/FADS]) by reducing production of cell-free microgels.
[46] However, the use of CaCO5 as an ion source may lead to structural inhomogeneity

due to limited diffusivity of Ca2* and the rapid kinetics of alginate polymerization.[48]
Alternatively, a Ca-EDTA chelate can be included in the alginate precursor solution as

a controllable source of divalent cations.[48-50] Contact with an acidified oil phase then
similarly triggers release of Ca2*, in this case by dissociating the Ca-EDTA complex.
Compared to CaCO3-based methods, Ca-EDTA can be more uniformly dispersed throughout
the alginate precursor solution which improves microgel structural homogeneity, although
automatic sorting functionality is lost.[48]

Perhaps the greatest drawback of the above methods is the required exposure of cells to
unfavorable pH levels (e.g., pH 4.6) at time scales that are detrimental to cell viability and
metabolic activity.[51] Encapsulated cell viability quickly declines as gelation time increases,
falling to ~80% after 2 min and reaching ~0% after 30 min due to prolonged exposure to
acidic conditions.[4648] To address this limitation, Hati et al. introduced competitive ligand
exchange crosslinking (CLEX) as a method for controlling the rate of Ca?* release, and
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therefore alginate gelation rate, while maintaining a near physiological pH range (6.0-8.0).
[38] An additional chelate (e.g., Zn-EDDA) is introduced through either the continuous phase
or a secondary aqueous inlet stream that ultimately mixes with the primary chelate (e.g.,
Ca-EDTA), as illustrated in Figure 2B. In this specific example, the secondary inorganic
cation (Zn2*) has a greater affinity for EDTA than Ca2*, allowing for controlled Ca%*
release dependent on the chelator equilibrium binding constants and solution pH. While
requiring optimization of a greater number of experimental parameters, such as the choice
of chelates and chelate concentrations, the enhanced control over gelation kinetics, ranging
from seconds to minutes, provides a wider range of possible hydrogel architectures and
mechanical properties.[>2] As a result, the user can achieve improved consistency and
versatility in the customization of the single-cell microenvironment, while maintaining high
cell viability and minimizing pH-related side effects to cellular metabolic activity. Delayed
crosslinking using CLEX may also allow cells to move to the centers of uncrosslinked
droplets, which has been identified to reduce incidences of cell egress from microgels.[2°]

The above methods use an ionic crosslinking agent (e.g., Ca2*) to form junctions

with adjacent guluronate blocks. Such ionically crosslinked gels exhibit the tendency to
disintegrate in physiological fluids due to exchange of non-linking Na* ions with Ca2*.[42]
As single-cell alginate microgels move closer to use in long-term in vivo applications,
strategies such as the addition of trivalent cations (e.g., AI3* and Ti3*) or covalent
crosslinking of alginate with poly(ethylene glycol) (PEG) diamines can be adapted from
established multi-cell approaches.[3353] Transfer of these techniques for improving gel
stability to single-cell methods should be trivial. Mao et al. demonstrated that coating
alginate with poly-D-lysine (PDL) to form alginate-PDL-alginate (APA) gels increased

in vivo residence time by approximately fivefold compared to untreated gels.[47] While
dissolution of a cell’s microgel capsule may be undesirable for certain long-term in vivo
applications due to the loss of immunoprotection, this phenomenon can be leveraged in
situations where recovery of the cell or other encapsulated materials is required following
culture. Controlled disintegration of alginate microgels is possible by exposure to chelating
compounds, such as EDTA or phosphate. For example, Zimny et al. used a chelating buffer
containing EDTA to easily decrosslink alginate microgels and recover DNA for single-cell
genomic analysis following cell lysis.[54]

The most common functionalization of single-cell alginate microgels has been the covalent
incorporation of arginylglycylaspartic acid (RGD) adhesion peptides.[46-50] Cellular
adhesion to surrounding matrix has been shown to influence cell differentiation, ]
proliferation,[5¢] and migration.[>”] RGD binding sites enable cell attachment via integrins
and can be used to elicit a therapeutic phenotype or investigate effects of cellular adhesion
with single-cell resolution. Despite the ability of RGD peptides to guide cell adhesion,
control over additional material parameters including alginate mechanical properties, soluble
factor content, and immunoprotective coatings will likely be necessary for successful
implementation of single-cell alginate microgel therapies in clinical use. Considering
alginate’s foothold in both multi-cell and single-cell hydrogel encapsulation research, the
material is a promising option for both clinical translation of single-cell microgel therapies
and first time experimentalists alike.
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2.1.2. Agarose—Agarose is a widely popular, natural polysaccharide used in biological
research and has received extensive interest for single-cell encapsulation. Extracted from
red algae, linear agarose consists of alternating S-D-galactopyranose and 3,6-anhydro-a-L-
galactopyranose monomers. Gelation of agarose is temperature mediated, where a structural
transition from random coils to double helices occurs below the gelation temperature. The
double helices are physically crosslinked by hydrogen bonding between polar groups on
the polymer backbone and adjacent water molecules.[58] Molecular weight, concentration,
and temperature of gelation are known to strongly influence agarose gel structure and
mechanical properties. Specifically, reduced pore size and increased gel stiffness can be
achieved by increasing the concentration and/or molecular weight of the agarose or by
performing gelation at a lower temperature.[59-611 Similar to alginate, unmodified agarose is
not biochemically recognized by mammalian cells and is therefore considered biologically
inert.[33]

Agarose is well suited for single-cell encapsulation due to the simplicity and controllability
of its thermal gelation mechanism. Most workflows incorporate agarose with low gelation
temperatures (<37 °C) to keep the agarose in a liquid state under physiologically relevant
temperatures prior to encapsulation.[39.62-70] Gelation then occurs during a brief period

of cooling, eliminating the need for potentially cytotoxic crosslinking reagents. Microgels
remain crosslinked if raised back to 37 °C due to thermal hysteresis in the gelation behavior
of agarose, where the melting point is significantly higher than gelation point.[8%] Caution
must be taken to minimize exposure of cells to harmful temperatures when fabricating
agarose microgels. Many agarose formulations require maintaining the liquid solution
above 37 °C, introducing concerns with cell viability[’1] or aberrant gene expression.[72]
Some strategies attempt to control the temperature of the liquid cell-agarose mixture

with feedback-controlled contact heatersl’% or heated air streams,[64 while others wait

to combine the cell suspension with hot agarose until immediately before cell encapsulation.
[65.66.73] Once crosslinked, agarose is highly stable below its melting point, having been
shown to retain gel integrity up to 90 days in vitrol”#] and over 100 days in vivo.[”®!
However, melting can be desirable for select applications, such as in emulsion polymerase
chain reaction (ePCR) where gel melting during thermal cycling benefits reagent mixing.
(62,641 | situations when heating of microgels to recover contents must be avoided, agarose
can be dissolved via enzymatic degradation.[58.70]

For microfluidic applications, additional attention must be given to the relatively high
viscosity of liquid agarose solutions, >1 Pa s,[7®] since this property can impede throughput
or prevent single-cell microgel fabrication due to back pressure limitations. One strategy
employed to overcome this limitation is sequential droplet splitting,[’”] in which a large
agarose droplet is divided Atimes downstream of initial generation to increase effective
throughput by a factor of 2/Vand produce daughter droplets containing single cells (Figure
3).165] To maximize the fraction of microgels containing a single cell, cells must be well
mixed and suspended at an optimal density in the precursor solution and subsequent parent
droplets.

While single-cell agarose microgels have potential use as in vivo therapeutic cell carriers
and in vitro cell culture substrates, they have been most frequently applied in single-
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cell gene expression assays. Using agarose as the encapsulant allows for facile reagent
exchange for ePCRI62-64] and stable compartmentalization of individual cells for extended
incubation and subsequent single-cell RNA sequencing (scRNA-seq).[65:66.73] Similar to
alginate, agarose microgels require the incorporation of cell-recognizable extracellular
matrix (ECM) molecules (e.g., RGD,["®! fibronectin,[87] and fibrinogen[®7]) to facilitate
direct, cell-material interactions. While, this is not required in many cases due to the

brief experimental lifetime of cell-laden microgels, integration of an extended culture
period between encapsulation and downstream assays is becoming more common.[65:70]
Further tuning of agarose mechanical properties as well as biochemical functionalization
will increase the relevance and impact of encapsulation-culture-analysis type studies. Given
its established use and compatibility with single-cell encapsulation techniques, agarose is
likely to sustain its popularity in single-cell microgel research, particularly for assays in
fundamental research and diagnostic applications.

2.1.3. Dextran—Dextran is a natural polymer that has received limited but growing
interest for single-cell encapsulation. Dextran is a branched polysaccharide synthesized

in bacteria consisting of a-1,6 linked glucopyranoside monomers with a-1,2-, a-1,3-,
and/or a-1,4-linked side chains.[” Similar to alginate, dextran can be ionically or
covalently crosslinked. While the crosslinking mechanism is not fully understood, dextran
has been observed to form a hydrogel in the presence of K* ions.[8% However, the K*
concentration required for gelation is >1 M, which is orders of magnitude larger than
concentrations normally observed in physiological fluids (e.g., 3-5 mM for extracellular
fluid).[82] As a result, the use of covalent crosslinking strategies for most microgel
encapsulation applications involving cells is required. Covalent crosslinking of dextran has
been performed using a variety of conjugated linking groups, including methacrylate, 82831
glycidyl methacrylate,[84 hydroxyethyl methacrylate, 8] and tyramine.[25:32] Depending on
the chosen crosslinking chemistry, dextran hydrogels can be synthesized with biostable

or biodegradable properties.[85] This versatility has afforded dextran relevance for both
long-term cell culture and in vivo cell injection therapies, although most existing studies
have been limited to multi-cell encapsulation.

The limited adoption of dextran as a single-cell microgel material likely stems in part

from the requirement for more specialized gelation strategies compared to other, more
popular natural polymers such as alginate and agarose. Much of the work demonstrating
encapsulation of single cells in dextran-based microgels has been performed by vanLoo et
al.[25:32] |n these studies, dextran functionalized with tyramine (Dex-TA) was enzymatically
crosslinked by horseradish peroxidase enzyme in the presence of hydrogen peroxide
(H205) with no negative effects on cell viability. Gelation was physically controlled by
diffusion of H,O, into Dex-TA precursor droplets in a specialized microfluidic device.
Tuning of the H,0, concentration gradient controlled the microgel structure, where lower
concentrations resulted in hollow core—shell microgels and increased H,O, concentrations
produced fully crosslinked microgel structures.[321 While the above platform was developed
for long-term in vitro culture (=28 days), the in vivo biocompatibility of dextran suggests
potential adaptation of Dex-TA hollow core—shell microgels as protective capsules for
therapeutically injected single cells.[33] Similar to the other polysaccha-rides, dextran
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requires functionalization to enable cell-matrix interactions. Despite limited usage to date,
dextran presents another versatile option for single-cell microgel applications.

2.1.4. Hyaluronic Acid—Hyaluronic acid (HA) is a versatile glycosaminoglycan that
has been sparsely explored as a single-cell microgel material. Naturally found in all
vertebrates as a component of tissue ECM and synovial joint fluid, the structure of HA
consists of repeated disaccharide units of alternating D-glucuronic acid and A-aceytl D-
glucosamine residues. At physiological pH, the carboxylic acid on the D-glucuronic acid
residue is deprotonated and HA behaves as an anionic sodium salt (sodium hyaluronate).[86]
The conservation of HA’s structure across species makes it highly bio- and cytocompatible.
[871 HA self-aggregation is weak, requiring additional linking groups to form a mechanically
stable hydrogel structure. The carboxyl and hydroxyl groups found on the HA backbone

are most frequently targeted as sites for chemical functionalization, with a wide variety of
crosslinking chemistries and biofunctional moieties already demonstrated. Popular examples
of linking groups include PEG-thioll40:88] and acrylate[®9] moieties conjugated to the HA
carboxyl by carbodiimide chemistry, each of which allow for cytocompatible gelation
conditions.[87]

Similar to dextran, required chemical modifications for specialized gelation mechanisms
likely make HA less desirable as a single-cell microgel material compared to alginate

and agarose. The potential scope of use for HA microgels for in vivo therapies consists

of scenarios in which rapid degradation is desirable.[3386] Additionally, HA has been
shown to promote angiogenesis,[°9] which can benefit such in vivo therapies. One of

the few examples of HA-based microgels to date was performed by Ma et al., who
encapsulated individual mesenchymal stem cells (MSCs) for in vitro culture in thiolated
HA (HASH) microgels crosslinked by PEG di-vinyl-sulfone (PEGDVS).[40] HASH was
specifically chosen due to its mild gelation conditions and excellent control over the
microgel elasticity. The microgels were additionally functionalized with fibrinogen to
promote cellular adhesion to the surrounding matrix. A cell suspension in HASH precursor
solution with fibrinogen was mixed with PEG-DVS solution in a microfluidic device
immediately before encapsulation. Another study performed by vanLoo et al. demonstrated
that the tyramine-linked enzymatic crosslinking chemistry used in Dex-TA microgels could
also be used to fabricate tyramine-conjugated hyaluronic acid microgels, although cells were
not encapsulated.[32] While the requirement for specialized cross-linking functionalization
and rapid in vivo degradation rate limits its scope of application, we believe HA microgels
have the greatest potential for impact in the area of in vitro, 3D culture of single cells.

Its readily functionalizable and highly cytocompatible chemical structure offers fine control
over the cellular microenvironment, which can be used to probe cellular behavior with
single-cell resolution.

2.1.5. Matrigel—Matrigel is a commercialized extract of ECM proteins which has been
extensively used for culturing a wide variety of cell types in 2D and 3D environments.
Interest in Matrigel as a single-cell microgel material has thus far been limited. Matrigel

is derived from murine Engleberth—-Holm—Swarm tumor tissue and contains ECM proteins
and growth factors commonly found in the basement membrane.[3] When cultured on or
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within Matrigel, a variety of cell types including epithelial, endothelial, and stem cells

have been observed to differentiate into complex structures. This enables the investigation
of certain cellular behaviors which had been impossible to elicit when culturing on single-
component materials, such as the formation of acinar structures by epithelial cells and
capillary networks by endothelial cells.[®1] This emergent behavior is thought to be a result
of complex signaling interactions between cells and the surrounding matrix. However, the
composition of Matrigel is not well defined and therefore can lead to undesirable variability
in experimental results. While the primary components are known to be laminin, collagen
IV, and entactin, there have been hundreds of other proteins identified within Matrigel. In
particular, a diverse array of growth factors have been detected, which further complicates
the interpretation of experimental results.[2] This compositional variability, and inherent
complexity with its tumor tissue source, has largely hindered the use of Matrigel for in vivo
therapeutic applications and likewise limited its use for some basic science research.

Both the lack of compositional definition and batch-to-batch variability have limited the
appeal of Matrigel for single-cell microgel research. However, microgel droplet techniques
offer unprecedented throughput and experimental control to previously established Matrigel-
based culture assays. Matrigel remains a liquid at 4 °C and spontaneously polymerizes

at 37 °C, making it highly compatible with microfluidic encapsulation techniques.[®1]

To the extent of our knowledge, the only demonstration using Matrigel as a single-cell
microgel material was performed by Dolega et al.[3¢] Human prostatic epithelial cells

were individually encapsulated and then observed as they proliferated and self-organized
to characterize acinar development, a 3D cell culture assay requiring the complex mixture
of basement membrane proteins found in Matrigel (Figure 4). Matrigel-based single-cell
microgels may be the ideal candidate in studies that probe the development of complex, 3D
cellular structures. Although prior use has been limited, Matrigel is a material which may
further diversify the realm of possibility for single-cell microgel investigations.

2.1.6. Collagen—cCollagens are a group of ECM proteins which have been frequently
adapted for cell culture and also sparsely explored as single-cell microgel materials. The
most abundant type of collagen, collagen I, takes the structure of a triple helix and functions
as the main structural component of ECM in many tissues.[%3] Collagen’s role as an ECM
protein confers multiple benefits for single-cell culture, including the natural incorporation
of cell adhesive domains and capacity for enzymatic degradation as part of matrix
remodeling processes.[93] Collagen | is most frequently extracted from natural sources

such as rat tail via an acidic degradation mechanism and undergoes a well-characterized
self-aggregation process in vitro when the pH is adjusted to neutral or basic conditions.

[94] The characteristics of the resulting hydrogel scaffold can vary widely depending on
collagen source, concentration, reaction pH, reaction temperature, and ionic strength of
reaction media.[9] High sensitivity to each of these reaction parameters can introduce
undesirable variability in the cellular microenvironment, demanding careful attention from
researchers to ensure consistency among experiments. Self-aggregated collagen also suffers
from low mechanical strength and durability, which may preclude its use for certain in vivo
applications. Alternatively, a variety of crosslinking strategies have been implemented to
improve the consistency of hydrogel fabrication and customize mechanical properties, such
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as the use of PEGI%I or riboflavin[37] crosslinkers. Gelatin, a denatured form of collagen
I, has been mixed in prescribed ratios with nondenatured collagen to improve control over
hydrogel mechanical characteristics (Figure 5).

Subdued interest in the use of collagen for single-cell microgels is likely a result of
limitations in consistency and durability. However, collagen’s cell-binding domains and
biodegradability are attractive for tissue engineering or biological research applications
where scaffold degradation is necessary. To the best of our knowledge, the only use of
collagen for the synthesis of single-cell microgels was performed by Ma et al. In this study,
collagen was mixed with gelatin at varied ratios to overcome the mechanical instability
observed in pure collagen microgels.l371 To avoid premature gelation of the precursor
solutions, collagen was kept at 4 °C while the gelatin was heated to between 30 and 60

°C. Mixing of the collagen and gelatin precursors was then performed on a microfluidic
device immediately prior to cell encapsulation. Crosslinking was achieved using riboflavin,
which initiated gelation via radical formation when exposed to blue light. Cell viability
was observed to be highly dependent on duration of crosslinking, with an increase from

8 to 16 min of crosslinking causing a reduction from 90% to 20% in cell viability at 24

h. Improved control and durability of collagen formulations will enable expanded use of
collagen microgels, particularly when complex mechanical and biochemical ECM cues are
required to elicit a desired therapeutic response.

2.2. Synthetic Polymers

Synthetic polymers address some of the shortcomings of natural polymers, including
batch-to-batch variations and in vitro/vivo longevity. However, due to less biocompatible
crosslinking/gelation conditions, synthetic polymers have experienced a slower adoption
for cell encapsulation, and even slower for single-cell encapsulation. Below we discuss
the use of PEG, a widely used synthetic polymer in biomedical applications, as a single-
cell encapsulant. Additional synthetic polymers with potential applications in single-cell
microgels are mentioned at the conclusion of this section.

2.2.1. Poly(ethylene glycol)—PEG is a versatile polymer with applications spanning
industrial, commercial, and medical uses. PEG is especially suitable for cell encapsulation
because it is biocompatible, water soluble, and bioinert. It can be chemically modified

to include bioactive molecules for facilitating cellular recognition and biodegradation.

PEG is a polyether consisting of repeated ethylene glycol units.[33] Depending on the
functionalization of PEG molecules, the resulting microgels can be crosslinked via
photopolymerizationl97! or Michael-type addition (MTA) reaction.[?8] These cytocompatible
crosslinking methods are possible due to the solubility of PEG in water, which is rare for
many synthetic polymers. As a result, PEG has been the synthetic polymer of choice for
microgel encapsulation of cells.

PEG can be easily modified to allow for cell-friendly on- or off-chip photopolymerization
of cell-laden microgels. Similar to many natural polymer-based microgels, fabrication of
single-cell PEG microgels can employ microfluidic devices for producing monodisperse
microgel droplets. PEG is commonly functionalized with acrylates to form PEG diacrylate
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(PEGDA),[® a photopolymerizable PEG derivative. Cells suspended within PEGDA pre-
polymer solution containing photoinitiator can be flowed into a microfluidic droplet
generator along with a cytocompatible immiscible oil solution to form monodisperse fluid
droplets and crosslinked via ultraviolet (UV)-mediated radical generation.[190] Typically,

a near-UV wavelength of 365 nm is used for photopolymerization of PEG microgels,
which is close to the maximum excitation wavelength of a commonly used photoinitiator,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). The water solubility of LAP is
greater than other photoinitiators such as Irgacure 2959, making LAP more suitable for
biological applications. Additionally, exposing cells to wavelengths near 254 nm, which

is close to the maximum excitation wavelength of Irgacure 2959, has been shown to

have deleterious effects on proliferation rates, viability, and protein characteristics, while
no changes were noted following exposure to 365 nm wavelengths.[192] As such, LAP

is a preferred photoinitiator for photopolymerizable single-cell microgels. While standard
initiation protocols with 365 nm wavelengths have been shown to have insignificant effects
on encapsulated cell viability, irradiation times beyond 30 s for PEGDA crosslinking

can result in cell death.%7] Alternatively, PEG can be functionalized to PEG norbornene
(PEGNB), which has been shown to mitigate deleterious effects of extended UV

radiation on the encapsulated cells during photopolymerization.[97:102] Unlike PEGDA
polymerization, polymerization of PEGNB is unhindered by the presence of oxygen and
can make use of the polymerization-induced reactive oxygen species (ROS).[103] These ROS
commonly accumulate during the photopolymerization of PEGDA and negatively affect
cell survival by inducing apoptosis.[194] The thiol-ene linkages are formed by step-growth
polymerization during PEGNB photopolymerization, while PEGDA is formed via chain-
growth polymerization, giving rise to slightly different mechanical properties specifically
in response to tangential stresses.[103] Step-growth thiol-ene reactions have been shown to
require fewer radicals compared to chain-growth acrylate reactions,[193] along with shorter
radical and polymerization times.[106] Overall, PEGNB maintains many of the attributes as
PEGDA, while improving on polymerization kinetics and homogeneous polymer network
formation.[197] Photopolymerization of PEG molecules permits spatial and temporal control
over microgel polymerization. Although, concentration of the photoinitiator must be
optimized as it can negatively impact cell viability for both PEGDA and PEGNB systems
when used beyond 0.1% weight by volume.[97]

Another cytocompatible method for crosslinking PEG is by MTA reactions, which
involve the addition of a carbanion to an acceptor under basic conditions.[208] More
specifically, PEG crosslinked via thiol-MTA proceeds between thiolate anions and
electron deficient carbon—carbon double bonds.[19] MTA does not rely on cytotoxic

free radicals and UV light during the polymerization process, lessening the prevalence

of cell death.[1101 PEG hydrogels crosslinked in this way have been demonstrated for
multiple PEG functionalizations including acrylates,[111] vinyl-sulfone,[112] and maleimides.
[110] Similar to photopolymerization, MTA permits microfluidic-based approaches for
producing monodisperse cell-laden microgels. Headen et al. demonstrated how multi-cell
4-arm PEG maleimide (PEG-4MAL) microgels could be produced using a microfluidic
flow focusing droplet generator. First, cell-laden PEG-4MAL macromer droplets were
formed within light mineral oil and surfactant. Immediately following droplet formation,
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a second oil phase containing an emulsion of dithiothreitol (DTT) was introduced and
surrounded the liquid droplet. The DTT rapidly diffused into the droplet, crosslinking

the PEG-4MAL.[98] Nucleophilic buffering agents are required for crosslinking via MTA,
[113] where unfortunately some buffers (e.g., triethanolamine) can be cytotoxic to cells at
high concentrations.[114] As such, cell exposure to nucleophilic buffering agents should be
minimized to mitigate potential harm to the encapsulated cells. While MTAs can be applied
to different PEG derivatives, reaction kinetics cannot be treated equally due to PEG-4MAL
exhibiting faster reaction kinetics and tighter network structures compared to 4-arm PEG-
acrylate (PEG-4A) and 4-arm PEG-vinylsulfone (PEG-4VS). Additionally, PEG-4MAL was
found to require two orders of magnitude less nucleophilic buffering agent compared to
PEG-4A and PEG-4VS, permitting more cytocompatible crosslinking conditions. Phelps et
al. achieved crosslinking of PEG-4MAL at lower polymer weight percentages, resulting in a
wider range of hydrogel stiffness compared to MTA crosslinked PEG-4A and PEG-4VS and
photopolymerized PEG-DA.[110]

PEG hydrogels require additional functionalization to allow for cell-specific bioactivity, for
example, adhesion, migration, and biodegradation.[!1%] Similar to natural polysaccharide-
based microgels such as alginate and agarose, RGD adhesion peptides are commonly used to
facilitate cell adhesion and migration. In a study focused on S-cell secretion of insulin, many
other laminin-derived peptides, such as IKLLI, IKVAV, LRE, PDSGR, RGD, and YIGSR,
and the collagen type | sequence, DGEA, were also shown to improve cell viability and
preserve cell phenotype.[116] Additionally, controlled degradation of an otherwise stable and
inert synthetic polymer like PEG requires further chemical modification. The mechanism

of PEGDA degradation remains unclear, with multiple hypotheses existing in the literature.
[117-119] Regardless of the means, the time course of degradation can range from a few
weeks to many months, depending on crosslinking density and the surrounding environment.
[119] Kar et al. synthesized disulfide-modified PEGDA (dPEGDA), which degrades in the
presence of encapsulated cells.[120] Cell secreted molecules, such as glutathione (GSH),
break down surrounding disulfide bonds in the polymer.[121] Rate of dPEGDA degradation
can be tuned by modulating fraction of disulfide moieties, as well as pH, cell type, and local
concentration.[120] When considering single-cell microgels, cell number plays a negligible
role unless microgels are packed tightly together. Alternatively, matrix-metalloproteinase
(MMP)-sensitive sequences can be conjugated to PEG-based hydrogels to allow for cell-
mediated degradation of the hydrogel encapsulant. In particular, MMP-sensitive sequences
have been introduced into transglutaminase-PEG (TG-PEG) microgels containing single
cells.[122] Secretion of MMPs allows for degradation of the surrounding TG-PEG matrix,
permitting proliferation, spreading, and migration of encapsulated cells similar to that
observed in vivo.[123] Biodegradation is particularly useful for cell transplantation and tissue
engineering applications, since the cell-laden microgels can be considered autonomous,
requiring no post-encapsulation intervention to initiate hydrogel degradation.

2.2.2. Other—Synthetic polymers other than PEG often require the use of harmful
solvents which has limited their use as a cell encapsulant. That being said, a

few notable PEG alternatives are available such as polyacrylate derivatives like
poly(hydroxyethyl methacrylate-co-methyl methacrylate) (HEMA-MMA)!124] and poly((2-
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hydroxyethyl)methacrylate- co-(3-aminopropyl)methacrylamide) (P(HEMA-co-APM)).[125]
P(HEMA-co-APM), when coupled with RGD-mimicking poly(amidoamine) (PAA)
moieties, improves biocompatibility and allows for biodegradation, while maintaining
mechanical integrity of the unmodified polymer. NIH3T3 murine embryonic fibroblasts have
been encapsulated in P(HEMA-co-APM)/PAA, with no significant effect on cell viability
compared to a gelatin methacrylate encapsulated group.[225] Unfortunately, polyacrylate

derivatives exhibit low permeability, which has limited further adoption of these polymers.
[33]

As opposed to a single-material approach, synthetic polymers have been increasingly used in
conjunction with natural polymers to leverage inherent benefits of the two polymer classes.
Briefly, natural polymers allow for better cytocompatibility and cell-matrix interactions
which are critical for directed cell behavior, while synthetic polymers exhibit long-term
mechanical/chemical stability and enable greater control when tuning whole microgel
mechanical properties. Many multi-cell encapsulation studies have used PEG in concert with
natural polymers like alginate,[126] agarose,[127] hyaluronic acid,[128] or elastin and gelatin.
[129] Given the advantages imparted by these material combinations, we believe applications
such as long-term in vitro culturing models and cell therapies could benefit from these
multi-polymer approaches.

3. Generation of Single-Cell Microgels

3.1

Conventional emulsification techniques (e.g., extrusion-based methods) have commonly
been adapted over the past 50 years to fit the material and processing requirements

for generating cell-laden microgels.[!32] This is particularly true for producing multi-

cell microgels; however, translation to single-cell microgel production has not been as
straightforward. In these applications, primary motivation has been to obtain microgel
characteristics that can ensure sufficient nutrient and oxygen transport to maintain high

cell viability while also managing host immune response.[133] These characteristics include
microgel size,[234] monodispersity,[135] surface smoothness and charge,[136.137] mechanical
and chemical properties,[33] and mass transport properties.[31] As a result, new methods
capable of generating cell-laden microgels of pL to nL volumes with high monodispersity
are being developed (e.g., microfluidic droplet devices). While not obvious, monodispersity
plays a key role in producing single-cell microgels of defined diffusion and degradation
kinetics while also influencing the biodistribution in certain applications,[138.139] hence an
emphasis on fabrication methods capable of producing microgels with good monodispersity.
Below, we discuss conventional techniques that have been utilized for producing cell-

laden microgels as well as more recent techniques that have been developed to address
shortcomings of the original methods.

Extrusion-Based Single-Cell Microgel Fabrication

Extrusion-based techniques involve dispensing a hydrogel precursor solution containing

cells through a narrow orifice (e.g., needle) into a crosslinking environment. Passive (lack
of external force) and active (presence of external force) methods have been demonstrated
using extrusion-based methodologies with varying successes and limitations. Gravitational
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extrusion via dripping is the simplest passive extrusion-based technique and relies on
competition between the gravitational force on the growing droplet and surface tension

of the liquid. Once the droplet reaches a critical size, it is released from the nozzle into a
suitable reservoir for microgel crosslinking. However, this passive process results in large
microgels (>1 mm diameter),[®8] which limits mass transport through the hydrogel matrix
to the cell-laden core. Due to the absence of a controllable external force that is capable of
manipulating droplet pinch-off, researchers can only vary the hydrogel precursor parameters
(e.g., surface tension, viscosity, and density) and the diameter of the nozzle orifice.[240] It is
possible to further decrease the overall size of cell-laden microgels by increasing the flow
rate of the extruded fluid. This transitions droplet formation from dripping to jet-breaking
regimes. By further increasing the flow rate, the spray regime can be achieved.[141] The
transition from dripping to jet-breaking is characterized by the minimum average velocity
within the orifice (i.e., minimum jet velocity), Umin, jt*4?1

umin,j = 2« 'pldj @

where y is the surface tension of the liquid, p is its density, and djis the liquid jet

radius, which can be approximated to the internal diameter of the nozzle orifice. To prevent
collisions between droplets, which can result in droplet coalescence, it is important to

limit the velocity of the jet to less than the terminal drop falling velocity.[241] While the
jet-breaking or spray regimes allow for production of smaller microgels at higher throughput
compared to the dripping regime, the minimum achievable microgel size is still too large in
this conventional approach for many single-cell microgel applications.[141]

The integration of tunable secondary forces (e.g., shear and electrostatic) have further
decreased the minimal achievable microgel size for extrusion-based techniques. Using a
vibrating nozzle, Mazzitelli et al. encapsulated neonatal porcine islets within alginate,
achieving microgel sizes below 500 pum with good monodispersity and minimal impact

on porcine islet viability, morphology, and functional properties.[143] A nozzle with an
internal diameter of 300 mm was used in this study, which dictated an approximate, lower
limit on the microgel size. It would be possible to incorporate a smaller nozzle size to
produce single-cell microgels with dimensions theoretically more appropriate for optimal
mass transport (e.g., <100 um). Furthermore, early work by Lindblad and Schneider showed
that matching the wavelength of the nozzle vibration to between 7 and 14 times the fluid

jet diameter produced droplets with high monodispersity, where the droplet diameter, dj
can be roughly approximated with gy ~ 1.644;, where 4@ is the inner diameter of the nozzle.
[142] This was demonstrated for droplets ranging in diameter from 50 to 700 pm. In the
absence of physically changing the nozzle size, the integration of a periodic signal permits
controllable droplet size down to levels suitable for single-cell microgels.

Potentially the most promising technique for large-scale microgel production is
electrohydrodynamic spraying (i.e., electrospray), which creates a stream of individual
droplets from the nozzle. More generally, electrohydrodynamic droplet generation relies
on the disruption of the fluid interface with an applied, high electric potential on the
extrusion nozzle to reorient ions to the fluid surface, which leads to a repulsion of like
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charges and reduction in surface tension.[33] This overcomes the surface tension and causes
a deformation in the liquid stream and subsequent release of charged droplets with high
monodispersity.[144] Different droplet-forming modes are achieved by varying the electrical
potential which controls the magnitude of electric stresses at the fluid surface.[14%] When a
critical electrostatic potential is reached, electrospraying occurs. The electrospray technique
has been demonstrated to produce droplets ranging from ~2 mm down to tens of nm

with high monodispersity.[33] Droplet size can be tuned by modulating the electrical
potential, inner diameter of the extrusion nozzle, flow rate of the extruding fluid, and

the electric (dielectric constant) and rheological (surface tension) characteristics of the
extruding fluid.[146.147] Since an increase in electric potential results in the formation of
smaller droplets, near a critical electrostatic potential surface tension becomes negligible.
The critical electrostatic potential, U,, can be approximated by

deyo

U,~
C EO

@

where yy is the surface tension of the fluid with zero applied electric potential, and e is the
air dielectric constant.[146]

To the best of our knowledge, only one demonstration of single-cell microparticles using the
electrospray technique has been reported. Using a design of experiment (DOE) methodology
to optimize encapsulation efficiency, microparticle yield, and microparticle size, Esfahani

et al. successfully encapsulated NIH3T3 cells within poly(lactic-co-glycolic acid) (PLGA)
while only maintaining cell viability at 76%.[1481 While this shows the feasibility of

using the electrospray technique for generating single-cell microparticle, improvements in
cell viability are necessary. This may be challenging given the high shear forces present
during droplet formation. Qayyum et al. investigated how electric potential, flow rate,

nozzle inner diameter, cell type, and cell density affected microgel size, monodispersity,

and cell viability of multi-cell PEG-based microgels. In particular, increases in electrical
potential negatively affected cell viability, while flow rate and nozzle inner diameter had no
statistically significant impact.[2471 While this demonstration produced multi-cell microgels,
the relationships between experimental parameters and resulting cell-laden microgels can be
translated to the fabrication of single-cell microgels. Cell viability values of >95% have been
reported in multi-cell microgels fabricated using electrospray methodologies, which serve as
a benchmark for future investigations into the production of single-cell microgels using this
technique.[149]

Extrusion-based methods remain a viable option for the production of single-cell microgels,
but innate processing limitations may hamper their adaptability. In particular, the excess
charge generated on the droplet surface can cause encapsulated cells to migrate toward

the droplet interface. While this is advantageous for multi-cell microgels (e.g., improved
mass transport), there is a potential for off-centering of encapsulated cells, which has been
associated with accelerated cellular egress from microgels.[2%] Second, cell-laden droplets
generated using extrusion-based methods typically fall into a reservoir or surface for
crosslinking. This rapid collision and subsequent deceleration may result in non-spherical
microgels,[150] off-centered cell positioning within the microgel, and damaging stresses
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to the encapsulated cell.[51] One possibility for addressing the non-spherical microgel
morphology is to make the droplet curing surface superhydrophobic, which more strongly
forces the liquid hydrogel precursor/cell suspension into a spherical orientation.[52] Lastly,
extrusion-based techniques can expose cells to high levels of shear, which can be detrimental
to cell viability and proliferation.[153.154] While these limitations are inherent to extrusion-
based techniques, the negative impact on cell viability and biochemical processes can be
minimized by careful consideration and optimization of processing parameters (e.g., flow
rate, nozzle diameter).

3.2. Leveraging Microfluidics for Optimizing Monodispersity and Capture Efficiency

Microfluidic-based technologies present a unique platform for manipulating fluid flows
and cell behaviors with high precision by integrating device features and force gradients
that are of comparable scale to that of cells.[155] The field of microfluidics is vast, but

one subset in particular, droplet microfluidics, has seen much growth over the past decades.
[156] Droplet microfluidics has improved the consistency of single-cell encapsulation due
to its capability to create highly predictable, tunable, and monodisperse populations of
microgels with uniform mechanical and chemical properties.[*>7] Similar to other sections,
below we highlight the techniques we believe to be most promising for single-cell microgel
production. We encourage readers to refer to other reviews regarding microfluidic-based
droplet generation and single-cell encapsulation for more extensive detail [155.157-161]

3.2.1. Microfluidic-Based Droplet Generation—Droplet microfluidics, although a
subcategory of microfluidics, is fairly extensive in its own right. This is due in part to the
numerous applications that have benefited from the development of droplet microfluidic
platforms, including single-cell -omics,[15] particle synthesis,[162:163] and cell culture.[4¢]
The controlled generation and manipulation of liquid droplets suspended in a fluid medium
is fundamental to droplet microfluidics. Similar to conventional methods, microfluidic-based
droplet generation can also be classified into two major categories, passive and active.
Passive droplet generation is primarily controlled by the flow rates and physical properties
of the two immiscible fluids and the device channel geometry.[164] Active methods integrate
a controllable external force, such as electrical or acoustic fields, that initiates droplet
formation, typically by introducing a pressure gradient.[15%] While these two methods

vary with respect to the mechanism that initiates droplet generation, the physics behind
droplet formation are shared. For brevity, we will refer to the internal, droplet-forming

fluid as the dispersed phase (e.g., hydrogel precursor containing cells) and the surrounding
fluid as the continuous phase (e.g., fluorinated oil and accompanying surfactant). For the
continuous phase, choice of oil and surfactant combination is critical for preserving cell
viability and phenotype. Fluorinated oils (e.g., Novec HFE-7500) and fluorosurfactants
(e.g., 008-FluoroSurfactant) are a preferred combination for the generation of cell-laden
droplets. Fluorinated oils offer high solubility and diffusion of oxygen, thereby reducing
the likelihood of exposing cells to hypoxic conditions.[16%] Retrieval of newly fabricated
single-cell microgels from the continuous phase remains a critical step for maintaining
long-term cell viability. Typically, manual washing steps via centrifugation are slow and can
expose cells to extended periods of stress, while on-chip isolation methods provide a faster
and facile way of retrieving single-cell microgels from the continuous phase.[161]
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There are many dimensionless parameters that physically describe microfluidic-based
droplet generation (e.g., Reynolds number, Weber number, and Bond number), but for
simplicity we focus primarily on the capillary number (Ca). The capillary number is the ratio
of viscous force to interfacial tension, Ca =uUy, where (L is the fluid dynamic viscosity, U
is the fluid velocity, and y is the interfacial tension between the two fluids. Cadictates the
droplet generation regime, where increasing the Cawill result in a transition from squeezing

to dripping, and increasing the Ca further will cause a transition to the jetting regime (Figure
6A)_[166,167]

In addition to Ca, the geometry of a microfluidic device critically influences droplet
formation. Three common device geometries are the T-junction,[268] flow focusing,[171]
and co-flowing[172] configurations (Figure 6B). While the designs look quite different,
they implement similar physical processes. An interface is formed between the two
immiscible fluid streams, where a small volume of dispersed phase collapses into a droplet,
effectively separating from the main dispersed stream and becoming surrounded solely by
the continuous phase.[155] For the fabrication of single-cell microgels, device channel walls
are made hydrophobic through various surface treatment methods.[173.1741 Hydrophobicity
of channel walls facilitates preferential wetting of the oil continuous phase, ensuring that
the aqueous cell and hydrogel precursor droplets do not contact or adhere to the walls

of the device. Many microfluidic-based droplet generators are fabricated using standard
soft lithography methods with poly(dimethylsiloxane) (PDMS),[175] but devices constructed
of coaxial assemblies of glass capillary tubes are also viable options.[176-179] The device
landscape for microfluidic-based droplet generators is vast and operating parameters can
vary greatly depending on the application, making it a very versatile technology worth
adopting for those looking to fabricate highly monodisperse and uniform single-cell
microgels.

3.2.2. Integration of Upstream Focusing for Controlled Single-Cell
Encapsulation—Droplet-based microfluidics improves upon the size, monodispersity,
and shape limitations commonly found in more macro-scale techniques (e.g., extrusion,
bulk emulsion). However, continual improvements are needed for encapsulating single
cells within their own microgels with high efficiency (i.e., very little empty or multi-cell-
laden microgels) and at high throughput (>10 kHz) to minimize the processing time with
living cells. Typically, cells suspended within the dispersed phase are randomly spaced
within the fluid stream causing the arrival time at the droplet orifice to be random as
well. This is not an issue for multi-cell microgels as cell loading can be approximated

by a Gaussian distribution.[*55] When single-cell encapsulation is desired and multi-cell
encapsulation needs to be minimized, cell loading tends to follow the Poisson distribution
AX = K) = Ake (K).1180] kis the number of cells within the droplet and A is the
average number of cells per droplet, which can be calculated: 1 = C,.V4, where C.is the

cellular concentration in the hydrogel precursor solution and V7 is the average droplet

volume. From the Poisson probability distribution equation, we can see that setting the
average number of cells per droplet to one, A = 1, results in an equal quantity of vacant
and single-cell-laden droplets (*37%) and >26% multi-cell-laden droplets. Reducing A
will effectively reduce the probability of multi-cell droplets, while the percent of cell-free
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droplets will increase as a result. For example, if A = 0.05, *95% of droplets will be empty,
and <5% of droplets will contain a single cell. Another way to envision cell loading is by
looking at the acceptable percentage of multi-cell droplets (Figure 7C). By establishing the
acceptable limit of droplets containing more than one cell, it is possible to calculate A and
the required cell concentration. While this process seems straightforward to implement,
Poisson loading of cells in droplets assumes cells are randomly suspended within the
dispersed phase. In practice, cell settling within the infusion vessel can occur resulting

in inconsistent distribution throughout the encapsulation run. These inconsistencies in the
cell suspension prevent researchers from achieving predictable encapsulation efficiencies for
a given, predetermined cell concentration. To combat this, density matching reagents such
as OptiPrep[9181] or continual agitation of the cell suspension[182] can be implemented.

It should be noted that continual agitation can damage or cause physiological changes

to the cells and also has to be carefully managed to avoid affecting downstream fluid
behavior. Maintaining a homogeneous suspension of cells prior to encapsulation is necessary
for calculating appropriate cell concentrations to achieve desired single-cell encapsulation
efficiencies using Poisson loading. By maintaining a consistent cell suspension and targeting
a low value for A, it is possible to minimize the number of multi-cell droplets at the expense
of low encapsulation efficiency which demands longer experimental time, more reagents,
and additional downstream processing to isolate single-cell droplets.

Integrating a method to predictably order and space cells prior to encapsulation should
increase encapsulation efficiency and throughput, while also reducing the number of cell-
free and multi-cell-laden droplets. The concept of inertial ordering of cells upstream

of encapsulation has been demonstrated by Edd et al. (Figure 7A).[183] Polystyrene
microparticles and cells were inertially ordered within a rectangular microchannel such
that lateral and longitudinal spacing was stable for contiguous particles/cells. Inertial
ordering is driven by the presence of two competing forces, termed the shear- and wall-
induced lift forces, and the hydrodynamic repulsion effect, as shown in Figure 7B.[155]
The shear-induced lift force, which acts down the shear rate gradient toward channel

walls, is driven by the shape of the fluid velocity near the particle.l*84] The wall-induced
lift force, which is directed toward the channel center, depends on the proximity of the
nearby wall and the resulting disruption on the axisymmetry of the wake vorticity that is
generated on the particle’s surface.[185.186] These two forces act to stabilize the transverse
particle focusing, while also providing feedback to the ever increasing longitudinal
particle-particle spacing, which is driven by reflected viscous disturbance flows from
rotating, neighboring particles.[187] Using this technique, Edd et al. demonstrated single-cell
encapsulation efficiency at *60% while keeping multi-cell encapsulation events at <5%,
with many of the multi-cell events occurring in part due to pre-existing cell aggregation.
[183] Following their experimental data trends, it is theoretically possible to achieve ~97%
single-cell encapsulation efficiency, with negligible multi-cell encapsulation events. This
implementation would require cells to occupy more than one position in the stream relative
to the channel cross section, but it is possible to reduce these terminal transverse positions
to a single entity via secondary flows. Secondary flows can be generated within a spiral
microchannel due to the presence of centrifugal force that shifts the maximum fluid velocity
point toward the concave channel wall.[188.189] These counter-rotating secondary flows,
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termed Dean vortices, displace cells to a single stream near the convex wall due to an
imbalance between the net Dean force and net inertial lift force (i.e., shear- and wall-induced
lift forces), shown in Figure 7E.[18%] Kemna et al. integrated a spiral microchannel upstream
of a flow-focusing droplet generator to pre-align cells to a single transverse location in the
stream with deterministic longitudinal ordering (Figure 7D,E).[290] More recently, Li et al.
saw a 300% increase in cell utilization (i.e., single-cell and barcoding-bead coencapsulation)
when pairing spiral and serpentine microchannels to independently focus cells.[192]

Leveraging inherent fluid behavior at finite Reynolds numbers (R, ratio of inertial to
viscous forces in a fluid) enables predictable encapsulation of single cells within droplets
at rates similar to many high-throughput droplet generators (10s of kHz). Reis defined by
Re = pD, Un/\, where Uy, is the maximum flow velocity, 5, is the hydraulic diameter of
the channel (O, = 2WLH/ (W, + H;), W, is the width, A, is the height of the channel,

and p and p are the density and viscosity of the fluid, respectively.[187] Typical values for
Rein inertial devices are 1 < Re < 400. The examples described above utilized cells that
were suspended within a fluid of similar viscosity to water (*1 mPa s). Most hydrogel
precursor solutions are more viscous than water,[?11 which when flowed at similar rates and
channel dimensions results in reduced values of Re (i.e., reduction in inertial forces relative
to viscous forces). When fluid inertial forces are not present, cells cannot be predictably
ordered and aligned within a microchannel without applied external fields. One potential
solution is to independently flow a low viscosity cell suspension (dispersed phase one)

and a hydrogel precursor solution (dispersed phase two) and allow for the two dispersed
solutions to mix immediately before droplet formation. While this alternative approach
seems straightforward to implement, additional factors would need to be considered such as
appropriate mixing of the two dispersed phases for uniform hydrogel structure and suitable
Re given a reduction in the individual flow rates of the two dispersed phases.

3.2.3. Downstream Purification and Processing—Another approach to achieving
a more purified population of single-cell microgels is to first encapsulate cells with low
efficiency (i.e., low average number of cells per droplet, A < 1) and then sort the resulting
microgels downstream to select those containing single cells.[192.193] Microfluidics-based
sorting approaches leverage inherent differences in the physical, mechanical, optical,
and/or electromagnetic characteristics of particles passing through a microfluidic device.
[155,194] Active sorting methods, which function via externally applied forces, have used
acoustic fields,[195-199 electric fields,[200.201] magnetic fields,[292.203] and optical traps/
forces.[204.205] passive sorting methods have also emerged as viable options for isolating
cells, particles, and droplets.[189.206.207] These approaches have the advantage of typically
being higher throughput and easily parallelizable but lack the ability for real-time tuning.
[193] Some of the more common passive sorting methods include the previously described
straight channel inertiall298] and spiral-induced secondary flow focusing[2%6] approaches in
addition to deterministic lateral displacement.[2091 While many of these technologies have
been developed for single-phase applications, it is conceivable that they can be adapted
for purifying single-cell microgels as well. Already, dielectrophoresis-based microfluidic
sorting of fluorescently activated droplets has been used with binary populations of
enzymatically activated Escherichia coliencapsulated within liquid droplets at rates ~2
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kHz, with <0.01% and ~0.1% false positive and negative error rates, respectively.[210] More
recently, Caen et al. used similar techniques to sort droplets of varying fluorescence intensity
at 200 Hz.[211] Using a gapped divider rather than the standard hard divider for the outlet
channel bifurcation, Sciambi and Abate were able to purify an input sample with a starting
purity of 6.4% target droplets to 99.3% target droplets at 30 kHz.[212] These examples

all used a fluorescent reporter to optically distinguish cell-laden droplets from cell-free
droplets, with the cell population being stained prior to encapsulation.

As an alternative to fluorescence, some sorting methods use label-free approaches, which
may be advantageous for therapeutic applications requiring unstained or unmodified cells.
Using surface acoustic waves,[2131 Nam et al. could separate cell-laden microgels based on
the number of cells each contained.[224] Density differences between cell-free and cell-laden
microgels allowed for sorting selectivity, such that higher density microgels in flow had an
increased acoustic contrast factor compared to less dense microgels. Microgels of higher
acoustic contrast migrated to standing wave pressure nodes present within the fluid channel
at a faster rate than those with lower contrast.[215] This initial study demonstrated that

cell loading quantity was distinguishable within an acoustic field, albeit requiring low
throughput (~40 Hz).[24] That said, other microfluidic bulk-acoustic methods have been
capable of separating cells of varying size, density, and stiffness at rates >50 MHz,[198.216]
so with further development it should be possible to sort cell-free and single-cell microgels
at rates exceeding optics-based approaches. Recently, Li et al. demonstrated size-dependent
sorting of cell microgels from cell-free microgels in a straight microchannel.[207] Using
their specific channel geometry, the authors reported a maximum throughput of ~1.5 kHz.
They noted that further optimization of the sample concentration and Re along with channel
parallelization could further increase the throughput. Due to the low complexity of the
system, creating a parallel network of these straight channel devices would be simple to
develop, with throughput scaling linearly with the number of channels.

Methods initially developed for the separation and purification of cells within single-phase
flows can potentially be adapted for the purification of single-cell microgels with high
specificity (>90%). Many of the techniques described above provide sufficient performance
for many single-cell microgel applications, but additional application-specific optimization
could result in better single-cell microgel purity and throughput. It should be noted,
trade-offs among throughput, purification, and cell recovery are commonly observed with
many sorting methods.[217-219] As such, researchers must prior-itize their chosen metrics.
Passive methods tend to be easier to implement, whereas active methods allow for greater
control and tuning in real time. To make an informed decision on which microfluidic-based
purification approach is appropriate for a specific application, the reader is referred to one

of the many review articles discussing these microfluidic-based techniques in more detail.
[161,193,220-222]

4. Applications for Single-Cell Microgels

4.1.

In Vivo Therapeutics

Cell-based therapies and research strategies involving hydrogel encapsulation have been
investigated for the past 40 years, with many applications focusing on diabetes, regenerative
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medicine, and cancer treatment.[33] Due to their established history, different applications
of cell-based therapies vary in maturity. For example, treatment of type | diabetes using
microencapsulated islets of insulin-secreting Langerhans cells was initially introduced in
1980.1223] As a result, some of these novel therapies have already reached phase |1 clinical
trials, with phase 111 trials expected in the near future.[33.224.225] While the majority of
research in cell-based therapies has focused on multi-cell microgels, for reasons described
below, single-cell approaches are also being explored. To that end, we have focused this
review on potential applications that can benefit from single-cell microgels. For additional
information on the larger field, the reader is referred to other review articles focusing on
applications that use multi-cell microgels.[22:33.226,227]

4.1.1. Tuning Microgel Composition for Improved Protection and Usability
of Cellular Cargo—The characteristics of an encapsulating hydrogel are central to its
capability to protect its cargo against external factors such as host immune response and
mechanical stresses, while also permitting appropriate mass transport for maintaining cell
viability. Commonly, researchers tune the hydrogel pore size for controlling permeability,
while the appropriate hydrogel stiffness and functionalization can aid in the protection and
phenotypic maintenance of the encapsulated cell. These alterations are conceptually simple
to implement by modulating the composition percentages of monomer/crosslinker and the
polymerization method and conditions.[228] The ability to control these characteristics at
cell-relevant scales illustrates the adaptability of hydrogels for encapsulating cells for in vivo
therapies.

The precise control of the hydrogel pore size has been shown to be a crucial method of
immunological protection of implanted cells (Figure 8).[21:33] Typical hydrogel pore size

is 0.4 pm, which prevents direct contact between the encapsulated cell and host immune
cells. This physical separation prevents direct transplant allorecognition and as a result,
investigation into using both allogeneic and xenogeneic sources for transplantation therapies
has grown. [33:229-231]

While hydrogel-mediated separation of allogeneic cells from host immune cells can mitigate
the immune system’s direct recognition pathway, the problem of indirect recognition

still persists.[230] Typically, indirect recognition by the immune system is associated

with xenogenic implantation, which is an area of interest due to the shortage of human
organs for transplantation. When xenogenic cells are implanted in host animals, they

are rejected, even if the animal is immunosuppressed.[229.232] The primary host immune
response that is responsible for xenorecognition involves the innate immune system (e.g.,
natural antibodies, complement, and natural killer cells).[233] The molecules responsible
for this pathway (e.g., antibodies 150 kDa, complement components ~10-550 kDa,

and cytokines ~8-80 kDa) are of similar size to nutrients, growth factors, and cellular
byproducts.[234] As such a balance must be struck to allow for sufficient mass transport of
critical components, while alleviating deleterious molecules.[21] The complex 3D structure
of the hydrogel can slow the permeation of complement components enough to hamper
cytolytic capabilities.[235] Schneider et al. utilized alginate-based micro-encapsulation of
pancreatic islets to extend xenogeneic islet grafts from 4-8 days for nonencapsulated islets
to >7 months for encapsulated islets. Encapsulated cells that were retrieved 10 and 36
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weeks post-transplantation exhibited >85% viability with minor cellular reactions along the
alginate surface, suggesting the root cause for a reduction in glucose clearance rate was pore
nutrient and oxygen supply rather than complement-dependent responses.[23¢] While this
study used multi-cell microgels, it demonstrated the importance of cell encapsulation within
a selectively permeable substrate for improved in vivo longevity and therapeutic efficacy,
which should also be applicable in cases of single-cell microgel transplantation.

The size of a single-cell microgel has been shown to positively correlate with the level

of fibrosis around it as well as influence in vivo retention and therapeutic effect.[21]

Initial studies using standard microcapsules on the order of ~1 mm in diameter resulted

in a more intense fibrotic response post-implantation compared to microcapsules <350 pm.
[237] Additionally, Sakai et al. showed that microcapsules <100 pm in diameter resulted

in a 15% decrease in fibrotic overgrowth compared to microcapsules of 387 pm when
implanted in the peritoneal cavity.[238] A reduction in overall microgel size benefits the
encapsulated system twofold. First, host immune response is decreased; second, better mass
transport results from having a thinner hydrogel coating surrounding the cell, permitting
freer movement of essential nutrients, therapeutic factors, and waste. While it appears

that making microgels as small as possible is beneficial, studies looking at microcapsule
retention as a function of size suggests the optimal range is likely application specific.
[138,139] Microcapsules of 10 pm in diameter were retained within inflamed, mice joints,
while smaller microcapsules escaped.[13%] Albeit these two studies used polyester-based
microcapsules, the key takeaway of microparticle size affecting retention and biodistribution
still applies to hydrogel-based microparticles. While other characteristics, such as surface
charge and mechanical properties, also contribute to the retention and biodistribution of
microparticles, control over microgel size is made easier with recent developments in
fabrication processes. The final size of the microgels should be tailored to the implantation
method, terminal location, and projected longevity.

Growth factors[239] and tissue-specific decellularized ECMI[240] have been incorporated

into microgel matrices to improve viability and direct differentiation and/or protein
synthesis of the encapsulated cells.[241] In vitro cultured MSCs, in particular, provide

a unique opportunity for cell-based orthopedic therapies due to their ease of

isolation, immunomodulatory and immunosuppressive nature, and trophism.[2421 MSCs

can be differentiated through stimulation with specific growth factors and mechanical
environments, including the stiffness of the encapsulating material (e.qg., stiff microgel
matrix for osteo-genesis or soft for adipogenesis).[243] As shown in Figure 9, MSCs
encapsulated in stiffer hydrogel matrices expressed greater levels of alkaline phosphatase
(ALP), a common marker used for assessing osteogenesis. The elevated ALP expression
observed in the stiffer microgel for these two studies appears agnostic to the hydrogel
material, as Mao et al. demonstrated using alginate (Figure 9A), while Lienemann et al. used
TG-PEG (Figure 9B).[46.123] Encapsulating stem cells within a 3D hydrogel matrix provides
additional advantages beyond a growth scaffold for directed differentiation and phenotypic
maintenance.

Integrating targeting molecules into cell-based therapies can provide additional specificity
through directed delivery, compared to solely relying on microgel size for appropriate
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biodistribution and retention. Qi et al. demonstrated enzyme-mediated adhesion of hydrogel
cell microcarriers to diseased sites in damaged livers. Leveraging inherent up regulation

of transglutaminase (TGase) in necrosing hepatocytes, microcarriers were functionalized
with Q- and K-residues which bound to Q- and K-containing proteins present on the liver
surface in mice. Functionalized microcarriers resulted in a 100-fold improvement in targeted
adhesion compared to free-cell injection, increasing mouse survival rate from 0% to 33%.
[244] Using this methodology, it is possible to improve treatment efficacy by directing single-
cell microgels to affected sites following systemic distribution from the site of injection.

Controlled degradation of the encapsulating hydrogel matrix is preferred for some
applications, such as tissue regeneration, as it allows implanted cells and host tissue to
properly integrate at the damaged site at a predictable rate as the hydrogel degrades.[24°]
Some hydrogel materials can be degraded enzymatically or hydrolytically in vivo. Others are
not readily recognized or metabolized by the host, requiring further modifications to provide
these characteristics. Degradation rates can be tuned by modulating the molecular weight

or composition of the base hydrogel material,[246] chemical modifications such as amide
linkages[*18! or oxidation,[24] and crosslinking density/mechanism. In vivo temperature and
pH have been shown to alter degradation rates, suggesting careful consideration should be
made when tailoring the degradation kinetics in vitro.[248] This is even more important in
applications where the encapsulated cell is exposed to dynamic in vivo environments.

4.1.2. Outlook of Single-Cell Microgels for In Vivo Therapies—Cell-laden
microgels provide a unique opportunity for cell-based therapies in regenerative and
personalized medicine by reducing or completely eliminating the need for high dosages

of systemic therapeutics, which can cause adverse side effects in otherwise healthy tissues.
[249] Traditionally, cell-based therapies rely on the encapsulation of many cells rather than
single cells. The use of multi-cell microgels instead of single-cell microgels stems from

the former’s ability to regulate cell viability and differentiation through paracrine signaling.
Commonly, stem cells are encapsulated in the same microgel with other cell types, such as
endothelial cells, to enhance vascularization and recapitulate the cellular microenvironment
to promote cell-to-cell interactions.[259] Additionally, the number of cells required for
therapeutic effect for many conditions typically exceeds 106 cells per kg, which limits

the use of single-cell microgels due to their effective lower packing density. Findings to
date suggest that single-cell microgels provide little-to-no benefit over multi-cell microgels
for most in vivo therapies. While using only single-cell microgels is impractical and/or
sub-optimal for most cell-based therapies, their integration alongside multi-cell microgel-
dominated therapies may improve treatment outcomes, and subsequently, the likelihood for
clinical adoption.

One application where more compact, single-cell microgels have a unique opportunity

for further development is in the area of responsive, circulating cell-based therapeutics.
Leveraging cells as the drug releasing agent, therapeutics can be released as needed in cell-
mediated quantities as opposed to more conventional, passive drug delivery options in which
release is largely unmodulated. As discussed previously, hydrogel encapsulation of the
therapeutic cells provides protection from the host immune system, potentially permitting
longer circulation times, along with preserving phenotypic integrity and viability prior to
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administration. Due to their smaller size, single-cell microgels would be preferred over
multi-cell as this allows for better circulation potential throughout the vasculature with less
chance for entrapment.

While not a direct in vivo application, single-cell microgels have an excellent outlook

for use in bioinks. Bioprinting using custom microgels allows for modularity in bottom-
up tissue engineering strategies by independently controlling the cellular micro- and
macro-environments, prior to and after in vivo implantation.[31] Initially, researchers
incorporated porogens!?>1] or cell-laden microgelsi?52] into injectables to facilitate directed
cell behavior while decoupling inherent properties of the bulk biomaterial, such as porosity
and mechanical stiffness. By encapsulating individual cells into their own respective
microgels, researchers can tailor the immediate pericellular properties to suit specific
requirements for optimal viability and maintaining or directing phenotypic expression
(e.g., stiff matrix for osteogenesis, relatively softer for chondrogenesis).[253] Various cell
types can be encapsulated independently, providing more control over microenvironmental
conditions that influence cell characteristics. These cell type specific microgels can then

be cast or printed into a bulk macrogel format that is better suited to the host-specific
macroenvironment while replicating the multifunctionality observed in native tissues.[2131]
Additionally, this approach permits tailoring of in vivo therapeutics with single-cell
resolution, which may allow for the integration of novel in vivo sensors. One proposed
approach is to sparsely incorporate genetically engineered single-cell microgels into the
bulk macrogel to serve as real-time sensors for critical microenvironmental conditions, for
example, oxygen sensingl?>4] for real-time subcutaneous monitoring of oxygen content.[255]
Ultimately, single-cell microgels can serve as cell type-specific bioinks for diverse tissue
printing applications, capitalizing on the stabilization that encapsulation provides to the
living cells.

4.2. Enhanced In Vitro Cell Culture

Since the first demonstration of in vitro cell culturing in 1910, researchers have

been continuously improving laboratory-based techniques in an attempt to recapitulate
cell-specific microenvironments for improved cell viability and directed cell behavior

and state.[256] Using conventional cell culturing methods, cells are grown in a sterile
tissue-culture grade flask with liquid media specific to the cell type and desired

outcome (e.g., proliferation, secretion, differentiation).[257] Culture flasks are placed in
an incubator capable of controlling factors such as temperature and ambient gasses,
which are some of the numerous parameters critical for cell fate.[256] Depending on the
study, researchers can introduce chemical cues and nutrients for directing the cell in

bulk culture down a desired pathway. More recently, investigations into modifying the
surrounding microenvironment and focal adhesion arrangements have resulted in greater
control over cellular differentiation. Earlier efforts looked at recreating and tuning the 2D
microenvironment; however, this is often insufficient for recapitulating in vivo conditions.
[258-260] Scaffoldless, 3D cell culturing methods (e.g., pellet culture, microwells, and
hanging drop) can provide a more accurate representation of the cellular microenvironment,
thus permitting more accurate studies into gene and protein expression that control
morphogenesis, proliferation, and cell fate.[260] As when used in vivo, encapsulation
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in a hydrogel offers protection from local mechanical stresses and a means to direct
cellular behavior in a 3D microenvironment by tuning hydrogel mechanical properties and
incorporating chemical functionalization. Non-negligible shear stresses are present during
routine suspension culture,[3% which can affect cell viability, subcellular organization, and
genomic stability.[262] As a result, hydrogel encapsulation along with these modifications
can improve viability, differentiation, and overall organization of the assembled structure.

Hydrogels can be modified to incorporate various growth factors and cell recognition

sites for directing cell differentiation, maintaining cellular morphology and phenotype, and
replicating critical cellular adhesion similar to in vivo situations. As previously mentioned,
the mechanical properties of the hydrogel can facilitate stem cell differentiation.[40:46.123,253]
Coupling this phenomenon with the integration of growth factors into the hydrogel network
further replicates in vivo conditions. Incorporating growth factors into the hydrogel matrix
improves spatial and temporal control of delivery by tuning diffusion-limited gradients
observed in vivo.[23.262] Additionally, enhanced bioactivity of growth factors is frequently
observed when encapsulated or attached to hydrogel matrices.[260]1 Cell proliferation,
cytoskeletal reorganization, and other responses necessary for cell survival are strongly
dependent on cell-ECM interaction.[56:263] Some hydrogels do not possess cellular binding
sites (e.g., alginate and agarose). Many approaches have been developed to append cellular
adhesion sites, such as conjugation of peptide motifs and interpenetrating polymer networks
(IPN).[2601 RGD peptides are one of the most widely and most implemented means to

use peptide motifs as a conjugate to polymer chains that can promote proliferation and
differentiation and maintain high cell viability.[264.265] |PNs have two or more polymer
networks that are at least partially interlaced on a molecular scale but not covalently bonded
to each other and cannot be separated without breaking chemical bonds.[266] Researchers
can include a material readily recognized by cells, such as collagen, in an IPN along with
an inert hydrogel that can form a more favorable cellular microenvironment overall. The
desired application and cell type should be considered when deciding which factors and
adhesion methods to use.

As with in vivo tissue regeneration, in vitro cell culture can benefit from controlled
degradation of the encapsulating hydrogel matrix. Typically, hydrogels degrade via
hydrolytic or enzymatic mechanisms.[267] Cell-mediated degradation (e.g., protease
sensitivity[123] or disulfide breakdown by GSH secretion[12%]) is particularly useful for
applications requiring dynamic cell-ECM interaction. This type of degradation can be

used to release cell-specific soluble factors, mimicking gradient-dependent responses and
the dynamic nature of normal ECM.I371 Controlled hydrogel degradation can enable many
cellular processes, such as proliferation and migration, by replicating the responsiveness of
native ECM.[123.268] Additionally, some applications require the removal/degradation of the
hydrogel to perform downstream assays.

Cells in culture can experience relatively static or prescribed dynamic environments when
encapsulated within a hydrogel. The ability to control the surrounding environment allows
researchers to preserve the desired cellular phenotype during various handling steps, which
is specifically advantageous when the terminal goal is in vivo implantation. As we have
discussed, many factors contribute to cell state, phenotype, gene/protein expression, etc.
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[261] If control over the cellular microenvironment is no longer available during various
handling steps, it is difficult to predict the outcome of these subtle fluctuations, which can
render studies inaccurate or treatments ineffective. Hydrogel encapsulation of cells allows
for a more stable and predictable microenvironment, especially compared to conventional
suspension culturing methods.

Lastly, single-cell encapsulation within a hydrogel permits continual or intermittent
perfusion of reagents while maintaining isolation of individual cells for studies looking

at population heterogeneity. Liquid droplet compartmentalization allows for the isolation
of individual cells, but lacks ease of reagent transfer. In one study, mouse embryonic stem
cells were individually encapsulated within agarose microgels and continuously imaged
for a 68 h period. Microgels were continuously perfused with two different growth

media to assess effects on pluripotency with single-cell resolution (Figure 10A).[7% |n

a separate study, differentiation toward osteogenic and adipogenic lineages of individual
MSCs was analyzed following encapsulation within fibrinogen thiolated-HA-PEG (FBNG-
HASH-PEG) microgels of varying stiffness. Isolation via hydrogel encapsulation enabled
examination of heterogeneity in differentiation response while preventing confounding
effects of physical cell-to-cell interactions.[40]

Diagnostics and Screening

Single-cell microgels enable the compartmentalization of individual cells, which can be
used to screen and analyze various therapeutics at the single-cell level. Analysis with
single-cell resolution allows researchers to investigate cellular heterogeneity, data which
are largely obscured in multi-cell methods. This knowledge is becoming more crucial for
a broad swathe of biological fields, including antibiotic and cancer treatment screenings.
[269,270] While many of the advantages of microgels also exist for the more common liquid
droplet cell encapsulation approaches, microgels are unique in their characteristics related
to physical protection, controllable mass transport, and replication of ECM. For this reason,
we believe microgels provide researchers additional capabilities for future diagnostic and
screening applications. In the following sections, we discuss recent works focusing on
advanced diagnostics and screening, along with potential future work that can benefit from
single-cell microgels, if not already implemented.

4.3.1. High-Throughput Screening—Screening applications have dramatically
benefited from advances in next generation sequencing, molecular bar-coding, and the
miniaturization and automation of lab-on-a-chip systems. Miniaturized systems typically
operate using much smaller volumes compared to conventional bench top techniques,
which benefits the system twofold: first, reagent requirements per assay/experiment are
dramatically reduced, and second, reactions occur much more rapidly, allowing for high-
throughput screens.[271] Droplet microfluidics, in particular, has emerged as an integral
tool for rapidly isolating individual cells for downstream, single-cell screening assays.
One such application is the screening of monoclonal antibodies, which are the fastest
growing class of new drugs with demonstrated treatments for infectious diseases,[272]
cancer,[273] and inflammation.[274.275] High-throughput antibody screening using droplet
microfluidics was recently demonstrated for identifying ~450-900 IgG sequences capable of
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recognizing soluble and membrane bound antigens.[276] While the throughput for this study
is modest compared to what is possible with droplet microfluidics, the demonstration of a
full and adaptable antibody screening pipeline, which includes encapsulation, sorting, and
sequencing of the antigen-binding antibodies, is a step in the right direction for exhibiting
the power and feasibility of droplet microfluidics-based approaches.

4.3.2. Single-Cell -Omics—Single-cell sequencing has been a paradigm shift for the
development of novel diagnostic and therapeutics in cancer, neurological pathologies,

and reproductive and genetic diseases, while also vastly improving our understanding of
complex immunological processes and relationships.[277] Single-cell sequencing improves
on traditional techniques that miss inherent heterogeneity within a cell population,[278]
which has been integral for understanding many biological processes such as tumor
formation[279.280] and metastasis.[281] Initial adoption of single-cell techniques was slow
due to cost and throughput limitations, but more recent advances in instrumentation

and cell handling have addressed many of these concerns. As a result, there have been

many efforts aimed at understanding gene/protein expression in heterogeneous biological
systems throughout the body to elucidate myriad diseases. One such large-scale endeavor is
the Human Cell Atlas project, founded in 2016, which aims to generate comprehensive
reference maps for all human cells as a basis for understanding human health and
diagnosing, monitoring, and treating disease.[282] This large undertaking is spread among
>1700 researchers across >70 countries, each with their own assigned target organ or
system. Single-cell -omics techniques, done at scale, will play a crucial role in establishing
the reference map by accounting for inherent heterogeneities within cell populations, not
just patient-to-patient variation. Given these large collaborative efforts and technological
advances, understanding the underlying mechanisms of human disease may be obtainable
in the foreseeable future. New data are added continuously, with whole new categories
made possible as single-cell technologies add capabilities beyond genomics, transcriptomics,
and proteomic characterizations. Below we highlight these three main subcategories but do
not discuss other subfields such as metabolomics and epigenomics. We refer the reader to
one of the many readily available review articles focusing on the various -omics approaches.
[283-286] \We conclude this section by providing perspectives on how hydrogel encapsulation
may be able to benefit single-cell analyses.

Single-Cell Genomics: Single-cell genomic studies look at individual cell diversity at

the DNA level. As evidenced by the dramatic, global consequences from the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), understanding genomic variations in
infectious microbes is of utmost importance to inform approaches for targeted interventions,
treatments, and prevention of disease.[287] Specifically, phylogenetic classification can be
used to evaluate clinical and epidemiological outcomes, as well as designing treatments and
eventually vaccines.[288] This genetic traceability applies to non-microbial-derived ailments
as well. In particular, cancer research has used single-cell sequencing to map tumor lineage
progression by quantifying genomic copy number, as well as mutated variations (Figure
10C).[289] Clinicians can use this phylogenetic information for diagnoses and targeted
therapies from standard tumor biopsies.[290]
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Understanding tumor heterogeneity is key to the future of precision medicine, with single-
cell sequencing being a crucial technology for deciphering this complex ecosystem.[291]
Tumor size has been shown to correlate with the degree of cellular heterogeneity.[292]
Heterogeneity is also considered a main driver of drug resistance, where cells of differing
genomes within the same tumor possess different resistance mechanisms, thus making it
much more difficult for effective treatment.[293.294] Analysis of cell heterogeneity within
solid tumors is particularly useful for characterizing various cancers but typically requires
invasive procedures, which limits its scope in areas of regular treatment monitoring and
early stage detection. To address this limitation, researchers began looking at circulating
tumor cells (CTCs) when sampling of metastasizing cells from the affected tissues is not
feasible. One complication with CTCs is their relatively low abundance within the blood
stream, with typical clinical concentrations of ~10 CTCs per mL or less.[29] Wang et al.
demonstrated how CTC tissue of origin could be identified by looking at single nucleotide
variants co-occuring within the CTC and primary origin tissue exomes.[2%] The ability to
trace CTC tissue of origin is important for diagnosis and treatment. Given this ability, CTCs
may enable a noninvasive method to monitor therapeutic treatments and early detection of
undiagnosed cancers.[290.297.298] \while single-cell genomic sequencing provides valuable
insight into genetic heterogeneity amongst cell populations, which aids in the development
of novel diagnostics and targeted therapeutics, it does not reflect the gene expression
differences that influence the broad range of physical, biochemical, and developmental
characteristics possible among cells of similar genomes.[29]

Single-Cell Transcriptomics: Transcriptomics bridges the gap between the cell’s genetic
code and the resulting functional molecules that control it.[29] This next level of single-
cell analysis gives researchers the ability to determine gene expression, which aids in
identifying critical signaling pathways that control cellular responses. In short, single-cell
transcriptomics allows for identification of all cell types in a heterogeneous sample and
has been used to map the cellular composition of tissues, tumors, and even full organisms.
[300,301] Gene expression profiling can be applied in the drug discovery pipeline to interpret
small molecule function[302] and illuminate complex underlying biological mechanisms.
[303,304] Miyamoto et al. analyzed signaling pathways of 77 prostate CTCs, from 13
patients, when an androgen receptor (AR) inhibitor was administered and compared these
data to an untreated group. They observed an increase in noncanonical Whnt signaling,
where expression of Wnt5a has shown to reduce the effects of AR inhibitors in prostate
cancer cells, while Wnt5a suppression has been shown to restore AR sensitivity.[297] More
recently, Shin et al. screened drug candidates in a high-throughput, low cost manner by
quantifying cell transcriptomic responses with Drop-Seq and transient transfection with
short barcode oligonucleotides.[394] Single-cell transcriptomics performed on ~37,000 cells
revealed novel mucosal ciliated cell states and CD4+ T cell states when looking at healthy
and asthmatic lungs.[39%] Already, single-cell transcriptomic data from the Human Cell
Atlas project is being utilized to identify transmission pathways, degree of susceptibility,
and efficient treatment routes for many diseases including the novel SARS-CoV-2.[306.307]
CRISPR interference and sScRNA-seq was used to identify 664 c¢/s enhancer-gene pairs
from the characterization of >250,000 individual cells. Gasperini et al. described this
framework as a method for large-scale mapping of enhancer-gene regulatory interactions.
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[308] Analyzing the transcriptome of diseased cells with single-cell resolution will be critical
for the development and optimization of novel therapeutics and early stage diagnostics.

Single-Cell Proteomics: The next stage of cellular analysis looks at the entire set of
proteins that are produced by the cell, i.e., its proteome, which can remove the need

to infer protein production from transcriptomic data. Single-cell proteomics is still in its
infancy, which up until the last few years seemed to be a distant dream.[30%] To make
single-cell proteomics a mainstream reality, highly sensitive methods for sample collection,
clean-up, and detection are required.[310] Even with these sizeable obstacles, scientists are
still optimistic about implementing single-cell proteomics to directly analyze full protein
profiles. Unlike transcriptomic studies, no amplification of cellular protein is needed due
to its natural, high abundance, even in a single cell. Using mass spectrometry and carrier
proteins barcoded with tandem-mass-tags, Specht et al. quantified over 2700 proteins in
>1000 individual monocytes and macrophages in ten days of instrument time.[3111 While
single-cell proteomics is not yet broadly accessible, the future looks bright for this novel
technology, given the rate of technological advances over the past decade.

4.3.3. Future Directions in Single-Cell Microgel Diagnostics—Many single-cell
diagnostic applications rely on the cell being suspended in fluid, where the fluid can
consist of growth/differentiation media, lysis buffer, etc. Traditional single-cell aqueous-in-
oil droplets are severely limited for applications that involve static droplet incubation or
culturing prior to assaying of encapsulated cells. The limitations stem from difficulties in
controlled aqueous reagent transfer to the formed droplet, which typically requires advanced
droplet merging[312 techniques or picoinjections.[313] Liquid droplets are also susceptible
to coalescence during long-term experiments that expose the droplet to temperature
fluctuations and shear. Single-cell microgels are a stable construct which mitigates any
potential for coalescence, as well as controllable aqueous reagent transfer through the
permeable hydrogel matrix.

As the field of single-cell diagnostics transitions from genomics to transcriptomics to
proteomics and beyond, maintaining cellular phenotype and gene/protein expression during
an incubation period becomes increasingly more important when characterizing cell states
and molecular signatures. In vivo, cells are not typically suspended in fluid, with the
exception for blood-borne cell types. Thus, suspending cells within a fluid and restricting
critical cellular adhesion may have acute effects on gene and protein expression which

can introduce unwanted aberrations during quantification. By encapsulating cells within the
appropriate hydrogel matrix, we can better replicate in vivo conditions and observe less
perturbed gene/protein expression.

Current sample capture efficiencies for single-cell RNA-seq protocols yield roughly 10-20%
of molecules within the cell.[31 While this issue does not considerably impact mammalian
cells that contain ~#360,000 mMRNA molecules, non-mammalian cells such as yeast typically
possess 20,000-60,000 mMRNA molecules. As a result, non-mammalian cells may require
additional culturing to expand cell numbers and achieve similar levels of genetic material

for analysis.[6%] Hydrogel encapsulation of individual cells permits the isolated culturing of
single-cells such that little to no cell-to-cell influence is observed, preserving heterogeneity
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of the encapsulated cells. The presence of a physical gel around each cell also removes
the possibility of multiple droplets fusing such that more than one cell are contained in an
isolated unit.

It is possible to characterize malignancy potential and tumor progression by modulating
ECM stiffness and analyzing transcriptomic or proteomic data. Studies show that hydrogel
matrix stiffness plays a role in inducing a malignant phenotype.[314:315] Encapsulating
individual cancer cells within microgels of differing stiffness and performing transcriptomic
or proteomic analyses will give insight into cancer progression pathways. This insight can
then be leveraged to inform the field of designer hydrogels for enhanced therapeutic delivery
and efficacy.

Similar to fluid-based Drop-Seq methods, hydrogel encapsulation of individual cells
compartmentalizes the cell and its byproducts to allow for sequencing with single-cell
resolution. The hydrogel material can be functionalized to bind targeted cellular byproducts,
which in turn can expedite downstream analysis by essentially filtering these molecules
from the overall sample. Lin and Anseth demonstrated affinity binding for controlling the
availability of hydrogel-encapsulated proteins in thiol-acrylate photopolymerized PEG.[316]
This provides support for the feasibility of designing hydrogels to preferentially select for
target molecules, which can be applied to many drug screening applications for observing
levels of cell distress in real time.

Lastly, hydrogel encapsulation can preserve the integrity of lysed or excreted cellular
components for single-cell analyses. Specifically, Zimny et al. employed single-cell

hydrogel encapsulation protocols to expose and preserve long lympho-blast DNA fragments
(33 Mbp) to facilitate optical mapping of single-cell genomes.[>4] DNA was physically
entrapped within the hydrogel encapsulant since the nucleic acid radius of gyration far
exceeded hydrogel pore size. The capture and preservation approach also reduced DNA
fragmentation, which minimized the additional computations needed for alignment to the
reference genome and permitted more experimental testing conditions in the same amount of
time.

5. Conclusion

Single-cell microgels have experienced an increase in interest in recent years due to positive
developments in micro/nanofabrication, computational abilities, analysis instrumentation,
and mechanistic understanding of complex biochemical pathways. In the simplest case,
these micron-sized constructs are composed of an individual cell surrounded by hydrogel
matrix. The hydrogel can be tailored for specific applications by adjusting microgel
thickness, pore size, stiffness, and chemical functionalization. This versatility has opened
many doors in the fields of diagnostics and regenerative medicine. While single-cell
microgels have their limitations, they still show great promise for use in single-cell analysis
and procedures where highly specific cell manipulation/isolation is critical. As technologies
continue to develop in the creation and handling of single-cell microgels, we believe their
impact in a broad range of applied fields will continue to grow.
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A) Influence of microgel size on physiological response and pharmacokinetics.[21] Cell
diameter, Dge); =12 pm, and diffusion coefficient D= 10 pm2 s~1, were used. B)
Components of single-cell microgels, with tunable characteristics to suit application needs.

Figure (A) was reproduced with permission.[22] Copyright 2018, Elsevier.
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Figure 2.
A) Schematic of cell encapsulation using conventional (upper panel) and cell surface coating

(lower panel) methods for crosslinking alginate microgels. B) Fraction of alginate microgels
containing MSCs and OP9 cells via using conventional (Direct) encapsulation, conventional
encapsulation followed by FACS, and cell surface pre-coating. £ is theoretical yield for
conventional encapsulation. C) Confocal image of encapsulated MSC (green, alginate; red,
actin; blue, nucleus), scale bar denotes 10 pm.[4¢] D) Schematic of CLEX (competitive
ligand exchange crosslinking). E) Image of microfluidic device used to fabricate cell-

laden microgels using CLEX process, where numbers correspond to solutions in (F). F)
Fluorescently labeled cell-free alginate microgels using CLEX (left) and release of Ca2*
from CaEDTA with acidic carrier fluid (right). CLEX microgels are more uniformly stained
as a result of the gradual release of Ca2*, compared to non-uniform distribution as a result
of rapid gelation. Alg., fluorescent alginate; HOAc, acetic acid; Surf., surfactant.[38] Images
(A\), (C), and figure (B) are reproduced with permission.[46] Copyright 2016, Springer
Nature. Images (D—F) are reproduced with permission.[38] Copyright 2016, Royal Society of
Chemistry.
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Figure 3.
A) Generation of agarose-based microgels. From left to right, images of initial droplet

generation event for cell encapsulation, droplet mixer, first droplet splitter, and third droplet
splitter. B) Normalized droplet diameter as a result of A/splitting events. Images in (A) are
reproduced with permission.[3] Copyright 2019, Royal Society of Chemistry.
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Figure 4.
A,B) Phase contrast images of acinus growth within a Matrigel microgel over time starting

from a single cell (Day 1). White dashed lines indicate microgel periphery, for clarity. C)
Fluorescent staining of actin (red) and nuclei (blue) for visualizing early lumen formation.
[36] Reproduced with permission.[3¢] Copyright 2015, Elsevier.
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Cell spreading aggregate formation

Figure 5.

A) Bright field images of 3T3 fibroblasts spreading and invasion in collagen-gelatin

m6.8 kPa
m5.1kPa
m4.6 kPa

microgels over time. B) Fibroblast spreading over aggregated collagen-gelatin microgels,
6 days in culture. C) Time to cell spreading and microgel aggregation for collagen-gelatin
microgels of varying stiffnesses. Reproduced with permission.[37] Copyright 2013, Royal

Society of Chemistry.
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Figure 6.
A) Common droplet formation regimes: squeezing, dripping, and jetting. From left to right,

increasing the capillary number, Ca, causes a transition from squeezing to dripping to
jetting. Increasing Catypically results in smaller droplet formation, and higher throughput.
Channel geometry shown is the flow focusing orientation, but other device geometries
follow similar trends for droplet generating regimes. B) Microfluidic-based droplet generator
geometries commonly used for producing monodisperse droplets. Images of droplet
generation regimes (A) are reproduced with permission.[*57] Copyright 2016, Royal Society
of Chemistry. Image of T-junction geometry (B) was reproduced with permission.[168]
Copyright 2010, American Chemical Society. Image of flow focusing geometry (B) was
reproduced with permission.[1691 Copyright 2019, Royal Society of Chemistry. Image of
co-flowing geometry (B) was reproduced with permission.[179 Copyright 2016, Springer
Nature.
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Figure 7.
A) (Top) Stochastic (i.e., Poisson) encapsulation of polystyrene microbeads. (Bottom)

Inertially ordered encapsulation with similar A value, 0.98.[183] B) (Top) Inertial ordering of
polystyrene microbeads, upstream of droplet formation for ordered encapsulation shown in
(A).[183] (Bottom) Schematic of inertial ordering forces within a microchannel, where Ay is
the wall-induced lift force, Fs is the shear-induced lift force, Fp is the repulsive force, and
Ygq is the equilibrium focusing position. C) Theoretical cell loading density for different
probabilities of multi-cell droplet loading events, assuming Poisson distribution. D) Images
of cell ordering progression in curved microchannel and subsequent encapsulation.[19] E)
Schematic of microfluidic cell encapsulation device with (1) curved microchannel section
for focusing cells upstream of (2) droplet formation.[190] (Inset) Schematic of forces present
within a curved microchannel, where Fp is the Dean force and A is the net lift force.

(A,B) Reproduced with permission.[183] Copyright 2008, Royal Society of Chemistry. C,D)
Reproduced with permission.[1%9] Copyright 2012, Royal Society of Chemistry. Scale bars
denote 100 pm for (A) and (B), and 50 um for (D).
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Figure 8.
A) Confocal image of an encapsulated chondrocyte, with cell membrane stained red

and nucleus blue. The PEGDA encapsulant (black) prevents fluorescently labeled dextran
(green) from reaching cellular cargo; scale bar denotes 10 pm.[311 B) (Left) Off-center cell
positioning within a Dex-TA microgel, which leads to early cell egress. (Right) Centered cell
positioning within a Dex-TA microgel for prolonged protection from host immune response
and long-term in vitro cell culture.[25] C) (Left) Image of PEGDA single-cell (green)
microgels integrated into a fibrin macrogel preventing permeation of fluorescently labeled
70 kDa dextran (red) while permitting permeation of BSA (middle and right); scale bar
denotes 25 um.[31 Confocal images in (A) and (C) plots are reproduced with permission.[31]
Copyright 2016, Wiley-VCH. Off-center and centered cell positions in microgel images are
reproduced with permission.[23] Copyright 2017, Wiley-VCH.
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Figure 9.
A) Confocal images of MSCs encapsulated within alginate microgels of 0.41 (top) and

1.00 kPa (bottom) stiffness. Blue, nuclei; green, alginate; red, actin; scale bar, 10 um. ALP
expression for cells in the corresponding groups.[46] B) MSCs encapsulated within 5 and
7.5% w/v TG-PEG hydrogels. ALP expression of MSCs in the corresponding groups after
culturing 7 days in differentiation medium.[23] Images of single-cell microgels and box plot
of ALP expression are reproduced with permission.[46] Copyright 2016, Springer Nature.
Images of single-cell microgels and ALP expression percentage plot are reproduced with
permission.[123] Copyright 2017, Royal Society of Chemistry.
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A) (Top) Bright field images of agarose microgels, with the perimeter traced with red

dashed line for clarity, lodged into a microfluidic trapping device. Time-lapse bright field
and fluorescence confocal microscopy (GFP expression marking pluripotency) of pluripotent
mouse embryonic stem cells continuously perfused with 2i media (middle) and N2B27
media (bottom).[70] B) Workflow of agarose-based droplet microfluidic emulsion PCR.[8] C)
Schematic of droplet microfluidics-based Single-Cell Copy Number Variation.[8] Images in
(A\) are reproduced with permission.[4€] Copyright 2018, Springer Nature. Schematics from
(B) and (C) are reproduced with permission.[8] Copyright 2019, Wiley-VCH.
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