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Abstract
Engineered microscale hydrogels have emerged as promising therapeutic approaches for the treatment of various dis-
eases. These microgels find wide application in the biomedical field because of the ease of injectability, controlled
release of therapeutics, flexible means of synthesis, associated tunability, and can be engineered as stimuli-responsive.
While bulk hydrogels of several length-scale dimensions have been used for over two decades in drug delivery appli-
cations, their use as microscale carriers of drug and cell-based therapies is relatively new. Herein, we critically summa-
rize the fundamentals of hydrogels based on their equilibrium and dynamics of their molecular structure, as well as
solute diffusion as it relates to drug delivery. In addition, examples of common microgel synthesis techniques are
provided. The ability to tune microscale hydrogels to obtain controlled release of therapeutics is discussed, along with
microgel considerations for cell encapsulation as it relates to the development of cell-based therapies. We conclude with
an outlook on the use of microgels for cell sequencing, and the convergence of the use of microscale hydrogels for drug
delivery, cell therapy, and cell sequencing based systems.
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1 Introduction

Hydrogels are three-dimensional, hydrophilic networks, pro-
duced from crosslinked homopolymers, copolymers, or
macromers (Peppas 1986; Slaughter et al. 2009). These hy-
drophilic polymer networks have a large affinity for water, but
are insoluble due to the presence of either chemical or physical
crosslinks which provide structure and physical integrity
throughout the network (Peppas et al. 2000, 2006). Both syn-
thetic and natural polymers have been used to synthesize

hydrogels. They include polyacrylates (such as, poly(2-
hydroxyethyl methacrylate)), poly(ethylene glycol), poly(vi-
nyl alcohol), gelatin, alginate, chitosan, fibrin, collagen, in
addition to many others (Suri and Schmidt 2009; Nikkhah
et al. 2012; Morelli et al. 2016; Neves et al. 2017; Wang
et al. 2018). Examples of common synthetic polymers are
shown in Fig. 1. Hydrogels made from these materials are
attractive for many biomedical applications due to their
biocompatibility and water content that simulates natural
tissues.
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2 Hydrogel fundamentals

2.1 Network structure and characterization

Networks and the associated hydrogels can be neutral, cationic,
anionic, or ampholytic as dictated by the pendant groups incor-
porated into the polymer backbone. Ionic gels (whether cation-
ic, anionic, or amphoteric) in aqueous solvents are generally
charged (to a certain extent) due to the protonation or depro-
tonation of charged pendant groups at the pH of the solvent.
The extent to which charged pendant groups are either proton-
ated or deprotonated can be controlled by adjusting the pH of
the solvent. Hydrogels which deprotonate in the absorbed sol-
vent are anionic, while hydrogels that protonate are cationic.

In anionic hydrogels, the quantity of deprotonated,
negatively-charged pendant groups exceeds uncharged pen-
dant groups when the pH of the solvent is greater than the
pKa of the polyacid (commonly carboxylic acids). In contrast,
cationic hydrogels have positively-charged, protonated pen-
dant groups that are present at higher concentrations compared
to neutral pendant groups when the pH is below the pKa of the
conjugate polyacid (commonly protonated amines). As a re-
sult of varying pendant group incorporation into the hydrogel
backbone, these networks can demonstrate environmentally
responsive swelling behaviors. Factors which can affect hy-
drogel swelling in aqueous solutions include pH (Fig. 2a) and
ionic strength (Fig. 2b); their influence is indicated by the
general dependence shown in the Fig. 2.

Several quantitative parameters can be used to describe the
network structure of hydrogels. The most important parame-
ters used for hydrogel characterization include the polymer
volume fraction in the swollen state (υ2, s), the number average

molecular weight between crosslinks (Mc ), and the molecular
distance between two consecutive crosslinks, otherwise
known as mesh size (ξ). These related parameters can be pre-
dicted theoretically and determined experimentally. However,
the two most prominent methods used to obtain these param-
eters which describe the hydrogel network structure are de-
rived from equilibrium swelling theory and rubber elasticity
theory (Lowman et al. 2004).

2.2 Equilibrium swelling theory

The Flory–Rehner theory (Flory and Rehner 1943), used for
the analysis of neutral hydrogels, describes swelling by indi-
cating that crosslinked polymer gels immersed in a fluidic
environment will reach equilibrium as a subject of two oppos-
ing forces: (i) the thermodynamic force via mixing and (ii) the
retractive force of the polymer chains.

Analytically, this is expressed in terms of the Gibbs free
energy, shown in Eq. 1. Here,ΔGelastic represents the contribu-
tion to the Gibbs free energy due to elastic, retractive forces
inside the hydrogel, and ΔGmixing is the Gibbs free energy
change due to the compatibility of the polymer and the solvent.

ΔGtotal ¼ ΔGelastic þ ΔGmixing ð1Þ

Differentiation of Eq. 1 with respect to the moles of sol-
vent, while maintaining constant pressure and temperature,
results in Eq. 2. Here, μ1 and μ1, o are the chemical potential
of the solvent in the hydrogel and pure solvent, respectively.
At equilibrium, the difference between the two chemical po-
tentials (solvent outside and inside of the hydrogel) must be

Fig. 1 Representative chemical structures of synthetic polymers used for biomedical applications
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equal to zero, and therefore, differences in chemical potential
due to elastic forces and mixing must balance.

μ1−μ1;o ¼ Δμelastic þ Δμmixing ð2Þ

The theory of rubber elasticity can be used to determine the
change in chemical potential due to elastic forces, and more-
over, lead to an expression (Eq. 3) to obtain the average mo-

lecular weight between crosslinks,Mc, if the neutral hydrogel

is prepared in the absence of solvent. In equation 3,Mn is the
molecular weight of the polymer chains prepared under iden-
tical conditions but in the absence of the crosslinking agent, �υ
is the specific volume of the polymer, V1 is the molar volume
of the swelling agent (water), and υ2, s represents the polymer
volume fraction in the swollen state. It must be noted that this
equation was developed for crosslinked systems with
tetrafunctional crosslinks.
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This theory was further modified by Peppas and Merrill
(Peppas and Merrill 1977) for hydrogels prepared in the pres-
ence of water (Equation 4). This adaption modifies the change
in chemical potential due to elastic forces to take into account
the volume fraction density of the chains during crosslinking.
In Equation 4, υ2, r denotes the polymer volume fraction in the
relaxed state (the state of the polymer immediately after
crosslinking), while υ2, s represents the polymer volume frac-
tion in the swollen state in water.
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The presence of ionic moieties within hydrogels adds com-
plexity to the swelling analysis by incorporating a term to

account for the total change in Gibbs free energy due to the
ionic properties of the network, ΔGionic. This modification is
shown in Equation 5.

ΔGtotal ¼ ΔGelastic þ ΔGmixing þ ΔGionic ð5Þ

Again, upon differentiating Equation 5 with respect to the
moles of solvent molecules, while maintaining constant pres-
sure and temperature, Equation 6 can be obtained. Here, while
the expression is similar to that of Equation 2, the term Δμionic
represents the change in chemical potential due to the ionic
nature of the hydrogel.

μ1−μ1;o ¼ Δμelastic þ Δμmixing þ Δμionic ð6Þ

Amore complex equation was derived by Brannon-Peppas
and Peppas (Brannon-Peppas and Peppas 1990) for the swell-
ing behavior of ionic hydrogels. For anionic (Equation 7) and
cationic (Equation 8) hydrogels, two separate expressions
were obtained. Use of these expressions for analysis of the
average molecular weight between crosslinks now requires
information and numerical values of the ionic strength (I)
and the equivalent dissociation constants (Ka and Kb for acids
and bases, respectively).
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Fig. 2 Swelling behavior of ionizable hydrogels in aqueous solutions. a
Cationic hydrogels remain in a swollen state at low pH and transition into
a collapsed state at high pH, while anionic hydrogels are collapsed at low

pH and swell at high pH. b Swelling of hydrogels decreases with
increasing ionic strength. Figure adapted from (Culver and Peppas 2017)
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For solute (drug, peptide, protein, therapeutic agent) trans-
port, the primary mechanism of transport or release is diffu-
sion through the molecular space between polymer chains,
often referred to as Bmolecular pores^ or mesh. Depending
on the size of the pores, hydrogels can be classified either as
nonporous, microporous, or macroporous. In addition, the
type and structure of crosslinking throughout the hydrogel
can greatly affect its properties (such as porosity) through
factors such as entanglements, hydrogen bonding, ionic bond-
ing, crystallites, and covalent bonding.

The porosity of hydrogels can be defined by the structural
parameter (ξ), the mesh size. The mesh size, or correlation
length, determines the average linear distance between
crosslinks as shown in Equation 9. In this expression, the
unperturbed end-to-end distance between neighboring

crosslinks is �ro2ð Þ1=2 (a known value) and the extension ratio
(α) can be determined using Equation 10 from the polymer
volume fraction in the swollen state (υ2, s). However, mesh
size can be predicted without the unperturbed distance using
Equation 11 if the values of certain parameters are available or
can be determined: the bond length of the polymer backbone
(l), the characteristic ratio (Cn), the average molecular weight

between crosslinks (Mc ), the polymer volume fraction in the
swollen state (υ2, s), and the molecular weight of repeating
units (Mr).

ξ ¼ α �ro2
� �1=2 ð9Þ

α ¼ υ1=32;s ð10Þ

ξ ¼ υ−1=3
2;s

2CnMc

Mr

 !1=2

l ð11Þ

The ability to tailor the molecular structure of networks and
the thermodynamic/swelling behavior of hydrogels using sev-
eral key parameters enables tuning of their diffusive, respon-
sive, and mechanical properties (Peppas et al. 2006). These
parameters are the polymer volume fraction in the swollen
state (υ2, s), the average molecular weight between crosslinks

(Mc ), and the mesh size (ξ).

2.3 Solute diffusion from hydrogels

Understanding solute transport is likely the single most impor-
tant design parameter for hydrogels used as drug carriers.
Since solute transport within hydrogels is primarily based on
diffusion, Fick’s law of diffusion can be used to describe this
phenomenon shown in Equations 12 and 13. Here, ci repre-
sents the concentration, ji indicates the mass flux of solute i,

and Di, p is the diffusion coefficient of solute i in the polymer
matrix, p.

ji ¼ −Di;p
dci
dx

ð12Þ

∂ci
∂t

¼ Di;p
∂2ci
∂x2

ð13Þ

It is important to note that several assumptions have been
incorporated into the equations above. First, these equations
describe solute release from a carrier of a thin, planar geome-
try; although equivalent equations for solute release from
carries with a variety of other geometries have been derived
(Crank 1975).

In addition, in the form of Fick’s law shown above, the
diffusion coefficient is assumed to be independent of concen-
tration. Thus, to improve the predictive power of Fickian dif-
fusion, a concentration-dependent diffusion coefficient is used
and can be written as Equation 14. In Equation 14, Di, p(ci) is
the concentration-dependent diffusion coefficient, and its
form is dependent upon characteristics of the polymer matrix
(Peppas and Narasimhan 2014).

∂ci
∂t

¼ ∂
∂z

Di;p cið Þ ∂ci
∂x

� �
ð14Þ

In typical solute eluting systems, diffusion commonly dic-
tates distribution of solutes throughout hydrogels and delivery
to its surrounding environment. Drug release from these
swelling-controlled systems (where solute release is mediated
by the inward flux of solvent molecules and subsequent swell-
ing of the polymer matrix) can be predicted via a power law
relation derived by Korsmeyer and Peppas (Korsmeyer et al.
1983), shown in Equation 15. Here,Mt andM∞ are the cumu-
lative amounts of drug released at time t and equilibrium,
respectively, k is a constant dictated by the structural and geo-
metric information about the matrix, and n is indicative of the
drug release mechanism. Release by Fickian diffusion using
Equation 15 is approximated with n = 0.5.

Mt

M∞
¼ ktn ð15Þ

3 Methods of synthesizing microscale
hydrogels

Polymeric microgels have emerged as a popular alternatives to
bulk hydrogels because of their ease of injectability, size con-
trol, immunoisolation, and enhanced nutrient transport.
Microscale hydrogels can be tuned to release encapsulated
drugs and proteins at controlled rates based on diffusion
through the hydrogel network, hydrolytic degradation of
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polymer network, or stimuli-responsive swelling of the net-
work. In contrast to bulk hydrogels, the microscale diameter
of microgels also maximizes transport of oxygen and nutrients
into and out of hydrogels, which is specifically beneficial to
encapsulated cells. For applications in drug delivery and cell
encapsulation, approaches for the synthesis of controlled hy-
drogel architectures at the microscale level have been devel-
oped. Figure 3 summarizes some of the most prevalent tech-
niques used to synthesize polymeric microscale hydrogels for
biomedical applications. Methods like microfluidics allow for
the production of microdroplet carriers that are well-suited for
drug delivery applications (Foster et al. 2017). In contrast,
lithography offers improved control over the three-
dimensional nanoscale structure of the hydrogel which has
been exploited for drug delivery applications (Gratton et al.
2007; Caldorera-Moore et al. 2011) and microscale patterning
of cell-laden hydrogels for tissue engineering applications
(Suri and Schmidt 2009; Mironi-Harpaz et al. 2015). In each
case, the hydrogel precursor is chosen to produce the desired
network properties and can be a monomer solution or
uncrosslinked polymer combined with a crosslinking agent.
Cells or therapeutic agents can then be included in the pre-
polymer solution, allowing for simultaneous encapsulation, or
in the case of drug delivery applications, the drug can be
loaded into the carrier post-synthesis through complexation
with functional groups such as carboxylate anions.

3.1 Microfluidics

Droplet-producing microfluidic devices are emerging as the
method of choice for microgel fabrication because they are
easily customizable for the design requirements of the
microgel application. These devices work by sectioning off
pre-gel materials in an oil emulsion phase and typically
achieved using a T-junction (Tan and Takeuchi 2007) or
flow-focusing design (Headen et al. 2014, 2018a; Chen et al.
2016b; Foster et al. 2017; Lienemann et al. 2017; Zhang et al.
2018). By adjusting the flow rate ratios of input fluids,
microgels of varying sizes and dispersity can be produced at
a rapid rate with the fastest production of monodisperse
microgels occurring during the jetting phase (Headen et al.
2014; Zhang et al. 2018). Microgel production rate has been
reported between 250 and 1200 Hz depending on particle
diameter (Griffin et al. 2015). Through adopting a device de-
sign with parallel flow focusers, this rate has been increased
by up to 6-fold (Headen et al. 2018a), thereby reducing the
time cells interact with pre-gel components and increasing
throughput capacity. Headen et al. demonstrated that parallel
microfluidic devices can increase microgel production rate by
600% with minimal impact on the size or polydispersity com-
pared to single nozzle microfluidic devices.

Successful microfluidic-directed gelation of PEG-based
macromers specifically, PEG-maleimide (Headen et al.

Fig. 3 Schematic of microscale hydrogel synthesis techniques. A pre-
polymer solution containing the desired components of the hydrogel
network is combined with cells or therapeutic agents for simultaneous

encapsulation. Microstructures are formed using techniques such as
microfluidics, emulsification, photolithography, or micromolding, and
the network is crosslinked to form microgels
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2014, 2018a, 2018b; Foster et al. 2017), PEG-vinylsulfone
(Allazetta et al. 2013; Lienemann et al. 2017), PEG-acrylates
(Choi et al. 2016), alginate (Tan and Takeuchi 2007; Hirama
et al. 2012; Kim et al. 2014; Chen et al. 2016a; Mao et al.
2017; Zhang et al. 2018), and methacrylated gelatin (Rossow
et al. 2012; Lee and Cha 2018) have been established to date.
These biomaterial systems vary in crosslinking chemistry, pH
requirements, and number of precursor solutions required be-
fore gelation, all of which drive design requirements of the
microfluidic device for the microgel on-chip gelation process.

Combination of a macromer and a crosslinking agent, for
example in the case of PEG-maleimide, requires fast on-chip
combination to avoid premature crosslinking (Foster et al.
2017), or a diffusive design when the crosslinking agent is
small enough to allow diffusion through macromer on-chip
(Headen et al. 2014, 2018a, 2018b). Due to the slower speed
of gelation for PEG-vinylsulfone, fast on-chip gelation does
not impose a significant limitation. The ion-based require-
ments for crosslinking of alginate have synergized well with
microfluidic device fabrication of alginate microgels.

One approach is to use calcium- ethylenediaminetracetic
acid or calcium carbonate as the source for calcium ions, made
available for crosslinking alginate by co-flowing acid-laden
oil (Tan and Takeuchi 2007; Chen et al. 2016a; Zhang et al.
2018). Alternative methods involve off-chip pairing of
microgels with an agarose slab containing calcium chloride.
After the alginate pre-gel is sectioned into droplets within a
decane and surfactant continuous phase by a flow focusing
microfluidic device, the pre-microgel droplets are collected
over a macro-scale agarose gel containing solubilized calcium
chloride. Innate osmotic pressure differences between the aga-
rose slab and alginate droplet drive diffusion of calcium ions
into alginate microgels without the use of acids (Hirama et al.
2012). PEG-acrylate and methacrylated gelatin chemistries
requiring ultraviolet light and a photo initiator have shown
to be compatible with microfluidic microgel droplets (Choi
et al. 2016; Lee and Cha 2018). Optically transparent
microfluidic devices allow for the brief penetration of UV
facilitating gelation as the droplet proceeds to be collected at
the output.

3.2 Emulsification

Emulsification has been extensively studied for the prepara-
tion of hydrogel carriers due to the advantage of synthesizing
hydrogels from nanometer to micrometer length scales with-
out the specialized equipment requirements of other methods.
Depending on the solubility of the desired monomers, a pre-
polymer solution is chosen to form either an oil-in-water or a
water-in-oil emulsion with the continuous phase upon sonica-
tion or mechanical stirring, although other systems such as
water-in-water emulsions (Aydın and Kızılel 2017) have been
explored. Surfactants are commonly used to improve the

emulsion stability, and nonionic, cationic, anionic, zwitterion-
ic, or a combination of surfactants can be chosen to tune the
desired microdroplet size. The polymer network is then
formed by either polymerization of the monomer and
crosslinking agent (Yan and Gemeinhart 2005; Tokuyama
and Kato 2008; González-Sánchez et al. 2011; Aydın and
Kızılel 2017; Wang et al. 2018), or by physical or chemical
crosslinking of the polymer (Wang et al. 2013; Morelli et al.
2016; Piacentini et al. 2017).

A wide range of homopolymer and copolymer systems
have been explored with emulsion techniques including poly-
acrylamide (González-Sánchez et al. 2011), poly(acrylic acid)
(Yan and Gemeinhart 2005), poly(ethylene glycol) (Aydın and
Kızılel 2017; Wang et al. 2018), chitosan (Wang et al. 2013;
Morelli et al. 2016), and poly(vinyl alcohol) (Morelli et al.
2016; Piacentini et al. 2017). For drug delivery applications,
emulsion polymerization is frequently used to produce nano-
particle carriers (Sahana et al. 2008; You and Auguste 2008),
which offer improved surface area-to-volume ratios; however,
microparticle systems have also been studied (Yan and
Gemeinhart 2005). With emulsification approaches for cell
encapsulation, microparticles can be prepared by the physical
or chemical crosslinking of the polymer solution to avoid
cytotoxicity of many monomers and surfactants. This ap-
proach has successfully been used for the encapsulation of
human mesenchymal stem cells in chitosan and collagen
microbeads (Wang et al. 2013).

The major limitations of emulsification are the lack of con-
trol over particle morphology, size, and polydispersity. One
strategy to produce monodisperse carriers is membrane emul-
sification, which forces the pre-polymer solution through a
microporous membrane into an immiscible continuous phase.
Membrane emulsification has been successfully used for the
entrapment of lipase in poly(vinyl alcohol) (PVA) micro-
spheres (Piacentini et al. 2017), as well as pH dependent re-
lease from chitosan and PVA microparticles (Morelli et al.
2016).

3.3 Photolithography

The use of photolithography in biomedical applications for the
synthesis of microgels has grown in interest due to improved
control over the size and shape of the hydrogel, in addition to
greater uniformity. Photolithographic preparation of micro-
structures begins with coating the pre-polymer solution con-
taining a light reactive initiator onto the surface of a wafer,
which can be functionalized with reactive groups to anchor the
resulting hydrogel to the surface. The pre-polymer solution is
then selectively exposed to light in a desired pattern, resulting
in polymerization of only the exposed regions, and then the
unreacted solution is removed.

Photolithographic techniques for cell encapsulation and
drug delivery have successfully used poly(ethylene glycol)
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acrylates (Revzin et al. 2001; Hoffmann and West 2010), chi-
tosan (Li et al. 2015), gelatin methacrylate (Nikkhah et al.
2012), fibrinogen (Mironi-Harpaz et al. 2015), and interpen-
etrating networks of collagen and hyaluronic acid (Suri and
Schmidt 2009) for the creation of patterned microstructures.
Compared to other synthesis methods, photolithography of-
fers the advantage of precisely controlling particle size and
shape through selective initiation without the need for the
additional continuous phase required by emulsification or
microfluidics for the creation of pre-patterned mold.
Additionally, the ability to sequentially coat multiple layers
of pre-polymer solution has been exploited to prepare multi-
layer microparticles of poly(N-vinyl-2-pyrrolidone) and PEG
triacrylate that selectively incorporate PEG-biotin into a single
layer (Li et al. 2016).

The major challenges of photolithographic microstructure
synthesis come from the reliance on photo-masks for selective
exposure, which are limited to two-dimensional patterns and
suffer from diffraction limitations on the resolution of the
resulting structures. One alternative is two photon photoli-
thography, which can be performed by the absorption of two
photons of the same wavelength (Hoffmann and West 2010),
or with a combination of photoinitiator and photoinhibitor that
each absorb different wavelengths (Scott et al. 2009). Because
of the need to absorb two photons simultaneously, two photon
photolithography offers the advantage of smaller initiation
volumes, which allow for nanoscale structures in addition to
three-dimensional patterns (Kawata et al. 2001; Deforest et al.
2009). For cell encapsulation, there is an additional challenge
of obtaining successful crosslinking of patterned structures in
the dilute pre-polymer solutions necessary for cell compatibil-
ity. In order to address this issue, microscopic laser photoli-
thography was successfully used to pattern cell-compatible
hydrogels with fibrinogen and Pluronic F127 to exploit
temperature-dependent phase transitions as a way to minimize
diffusion during crosslinking (Mironi-Harpaz et al. 2015).

3.4 Micromolding

Micromolding uses a patterned master template that contains a
negative of the desired microstructure. The pre-polymer solu-
tion is then either filled into the mold, or pressed between the
mold and a solid substrate prior to initiation, and removed
once polymerization has completed, leaving structured
hydrogels with the shape of the pattern’s indentation. For bio-
medical applications, micromolding has been successfully
employed for the creation of patterned microgels of natural
polymers including hyaluronic acid (Khademhosseini et al.
2006), collagen (McGuigan et al. 2008), and chitosan
(Fukuda et al. 2006; Jung and Yi 2015), as well as synthetic
polymers including poly(ethylene-glycol) (Subramani and
Birch 2009; Heath et al. 2015; Jung and Yi 2015) and
poly(dimethyl siloxane) (PDMS) (Fu et al. 2010). Moreover,

the Singh group previously reported a microarray of compos-
ite bioadhesive microgels, specifically, maleimide functional-
ized polyethylene glycol with an interpenetrating network of
gelatin ionically cross-linked with silicate nanoparticles,
engineered by integrating microfabrication with Michael-
type addition chemistry and ionic gelation (Patel et al.
2014). These composite bioadhesive hydrogels represent a
platform that could be used to study the independent effect
of stiffness and adhesive ligand density on cell survival and
function, as was demonstrated with select cancer cells.

Micromolding can be used to synthesize hydrogels with a
variety of two-dimensional shapes, including clovers or
crosses (McGuigan et al. 2008), as well three-dimensional
structures, such as micropillars (Fu et al. 2010), but it is diffi-
cult to prepare patterns with a high aspect ratio or spherical
structures. Recent techniques have improved the ability to
generate complex microstructures. Chitosan-poly(ethylene
glycol) microspheres with a core-shell structure were prepared
by exploiting surface tension induced droplet formation in
PDMS molds (Jung and Yi 2015). Additionally, microparti-
cles, rather than pre-polymer solution, can be used in order to
create microstructures from multiple materials (Park et al.
2007).

The ability of micromolding to simultaneously pattern mul-
tiple three-dimensional structures without the need for spin
coating multiple pre-polymer layers or limiting exposure area
is a significant advantage over photolithography. Despite this
advantage, the need for a mold presents several challenges for
micromolding approaches. For micromolding methacrylated
hyperbranched polyglycerol microparticles, as many as 50%
of the particles prepared using a rigid SU-8 photoresist mold
were found to break apart or remain attached to the mold after
the synthesis, and although switching to a flexible PDMS
mold improved yield, the difficulty completely filling the
mold with the pre-polymer solution led to greater defects than
photolithography (Oudshoorn et al. 2007). Additionally, the
use of PDMS for the patterned template has been found to
increase protein adsorption and cell adhesion on PEG micro-
structures due to residual PDMS left behind on the surface
(Heath et al. 2015).

4 Microscale hydrogels for drug delivery

Microscale hydrogels are excellent candidates for use as drug
delivery carriers, especially for obtaining controlled release of
therapeutic agents. The polymer carriers are primarily used for
several reasons: to protect therapeutic molecules from unde-
sired degradation, increase the efficacy of delivery, and de-
crease potential side effects. To obtain controlled release, the
carriers help maintain the concentration of drug within the
therapeutic window over an extended time, which allows for
a prolonged time period between administrations (Liechty
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et al. 2010; Vermonden et al. 2012). Controlled release sys-
tems are preferred compared to traditional drug delivery plat-
forms because there is no sharp increase in drug concentration
shortly following administration, preventing a potentially tox-
ic response. In addition, the need for less frequent administra-
tion could potentially increase patient compliance.

Physical and chemical parameters of the microgels can be
altered to tune their delivery properties. The structure and
density of the crosslinking agent used in the formulation will
affect the network mesh size, and thus the rate of the diffusion
of water-soluble therapeutic drug out of the microgel (Kim
and Bae 1992; Peppas et al. 2000). The diameter of the
hydrogels will also affect controlled release, as a larger diam-
eter will lead to longer release if the microgels are completely
loaded with the molecule of interest. Different tissues of inter-
est can also be targeted by altering the diameter of the
microgels. For instance, microgels 1–5 μm in diameter would
be best suited to passively target antigen-presenting cells
(Wattendorf et al. 2008), while those 10–20 μm in diameter
would be better suited to target capillary beds, especially in
tumors (Salem et al. 2005).

Precision particle formation is commonly used to produce
uniform particles made of various materials. This technique,
which utilizes special solvent extraction and evaporation
methods, has been adapted to synthesize microparticles for
controlled release drug delivery platforms (Xia and Pack
2015). Precision particle formation can control the particle
diameter to within one micron (Berkland et al. 2003). This
work demonstrated that properties of both the drugs and the
particles impact the distribution of the drug molecules within
the particles, as well as the degradation and drug release rates.
Furthermore, Berkland and colleagues were able to alter the
particle size and shell thickness to obtain particles with zero-
order, pulsatile, or tandem drug release (Berkland et al. 2003).

Moreover, the kinetics of drug release from hydrogel
microcarriers can be tailored by adjusting properties of the
carrier, such as monomers utilized, crosslinking density, use
of a coating (to create a core-shell structure), as well as several
other parameters. An example of this is the recently developed
hydrogel microparticle drug delivery system comprised of
poly(lactic-co-glycolic) acid (synthesized via a water-in-oil
emulsion) for the release of platelet derived growth factor-
AA (Pinezich et al. 2018). This specific growth factor has
been studied as a signaling molecule to initiate a response in
oligodendrocyte precursor cells, which can lead to prolifera-
tion or differentiation of central nervous system tissue after
injury or disease. When oligodendrocyte precursor cells were
exposed to drug loaded microgels, it was found that a burst
release, followed by withdrawal of the growth factor, stimu-
lated survival, proliferation, and differentiation of the cells
in vitro. This type of system could allow the development of
improved strategies for regeneration of neural tissues, which
are intrinsically limited.

Understanding the conditions that affect hydrogel proper-
ties can also be used to cultivate targeted delivery strategies.
For example, anionic pH-responsive materials are commonly
used in oral drug delivery platforms due to their ability to
protect the therapeutic molecule in the harsh gastric conditions
of the stomach and then release it in the small intestine for
absorption into the bloodstream (Torres-Lugo et al. 2002; Carr
and Peppas 2009; Durán-Lobato et al. 2014; Koetting et al.
2016; Steichen et al. 2016; Sharpe et al. 2018). Other respon-
sive hydrogel systems have been used in additional drug de-
livery platforms, such as an enzyme-responsive microgel sys-
tem studied for pulmonary drug delivery (Secret et al. 2014).
An inverse emulsion polymerization method was used to syn-
thesize poly(ethylene glycol) diacrylate microparticles con-
taining specific peptides that degrade in the presence of me-
talloproteinases that are overexpressed in certain pulmonary
diseases such as lung cancer, tuberculosis, and chronic ob-
structive pulmonary disease (COPD) (Chang et al. 1996;
Demedts et al. 2006; Leinonen et al. 2006; Ullah and Aatif
2009). Hydrogels are especially useful for pulmonary drug
delivery because their size can be precisely engineered for
bronchial delivery, but their swelling behavior prevents the
microgels from uptake and clearance by macrophages in the
alveoli.

5 Applications of microscale hydrogels for cell
therapy

Microscale hydrogels are appealing for cell encapsulation and
therapy because they are highly permeable to water and easily
customizable for the cell type and application. For example,
incorporation of short, cell-recognizable polypeptide se-
quences enhances bioactivity of the microgel, as well as al-
lows for countless permutations of possible microgel qualities.
Many PEG-based hydrogels have been developed to promote
enzymatic degradation through the incorporation of protease-
degradable peptides (Raeber et al. 2005; Lee et al. 2005;
Phelps et al. 2012; Gould et al. 2012; Schultz and Anseth
2013). These functionalized PEG hydrogels have been used
to regulate cellular responses (Cayrol et al. 2015; Lee et al.
2015), and have been engineered for the development of tissue
engineering constructs (Lutolf and Hubbell 2005; Sridhar
et al. 2015; Schultz et al. 2015), tumor organoids (Tian et al.
2015), and synthetic ex vivo immune tissues (Purwada et al.
2018). The diverse spectrum of cell types used for such appli-
cations each require preferred culturing conditions that can be
supplied through a personalized microgel with major applica-
tions in cell therapy and in vitro tissue and disease models. In
order to develop a microgel strategy for these uses, special
considerations and validations must be implemented.

Many pre-gel chemicals, as well as the oil phase in
microfluidic approaches, can threaten cell viability during
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the formation and preparation of microgels. In fact, for an
acid-laden oil double emulsion set-up, Zhang et al. showed
that viability was best at high oil flow rates because cell con-
tact with the oil was therefore shorter (Zhang et al. 2018). Oil
cytotoxicity concerns were further addressed by introducing
perfluorooctanol on-chip to destabilize oil coating on
microgels and allow for fast oil removal upon collection of
microgels downstream (Zhang et al. 2018). Along similar
lines, a double emulsion approach minimizes the required
amount of oil phase, thereby increasing viability over a single
emulsion device format of aqueous gel droplets in oil (Choi
et al. 2016). Microgels fabricated using the double-emulsion
approach offer the added ease of spontaneous Bdewetting^ of
oil in Dulbecco’s Modified Eagle Medium (DMEM) culture
media, providing for easy oil removal immediately following
gelation.

Confirmation of microgel encapsulated cell viability and
biological activity is critical in the validation of any microgel
platform for cell therapy or in vitro models. Survival from the
microgel fabrication process and extended culture is easily
confirmed using live/dead fluorescent stains adopted by many
microgel groups (Steinhilber et al. 2013; Headen et al. 2014;
Chen et al. 2016a; Choi et al. 2016; Zhang et al. 2018).
Following proof of cell survival in microgels, biological ac-
tivity and proliferation of cells should be assessed. This sec-
ond step is arguably more important because it determines the
biological relevance of the biomaterial and microgel parame-
ters. For example, in encapsulating pancreatic islet cells for
targeted cell delivery, insulin secretion should remain
undisrupted by the surrounding microgel (Headen et al. 2014).

By adopting non-cytotoxic crosslinking chemistries, cell
viability is easily sustained through microgel fabrication and
beyond. One main driver for this approach is the development
of modular, high-throughput three-dimensional cell culture
models. Siltanen and colleagues demonstrated the efficacy
of heparin-PEG microgels dosed with the growth factors
Nodal and FGF-2 in directing the differentiation of mouse
embryonic stem cells toward an endoderm lineage (Siltanen
et al. 2016). This approach showed differentiation potential
similar to hanging droplet cultures but at a far higher through-
put by fabricating hydrogel droplets in a microfluidic device.
Other cell microgel culture models include a bilayered algi-
nate model of the liver by encapsulating hepatocytes
surrounded by fibroblasts in the outer alginate layer (Chen
et al. 2016b). Three-dimensional cancer models are also in-
creasingly desired as platforms for drug discovery and dose
finding. In a tumor model of prostate cancer, hyaluronic acid
microgel models drove overexpression of two multi-drug re-
sistant genes greater than two-dimensional culture (Xu et al.
2011). Additionally, there are models devoted to development
of a mesenchymal stem cell niche (Lienemann et al. 2017),
some with applications for immunoprotected cell therapy
(Headen et al. 2018a). While there have been several microgel

approaches proposed for cell therapeutic delivery, many sim-
ply propose this application, and stop short of validating utility
using in vivo studies.

Microgel delivery of cells has been a promising solution to
immune rejection of donor cells (Headen et al. 2014) which
causes cell death and limits the therapeutic window of cell
therapy. Immunoisolation of cells using microgels is achieved
in two ways: most commonly, by physical isolation from im-
mune cells by the biomaterial (Headen et al. 2014; Mao et al.
2017; Bochenek et al. 2018), but also by inducing localized
immune suppression through apoptosis of adaptive immune
cells (Headen et al. 2018b). The latter approach utilized T cell
sensitivity to Fas ligand (Fas-L) following activation. By pre-
senting biotin-streptavidin conjugated Fas-L to microgel sur-
faces, immune response to co-delivered unmodified donor
islet cells was diminished through depletion of effector T cells
while regulatory T cells remain (Fig. 4a). This approach is
notable because it demonstrates the use of microgels as drivers
of immune tolerance for cell therapy when the physical encap-
sulation of cells in microgels is not required.

Since the inception of microgel technology, it has been
proposed as possible platform for cell-based insulin delivery
for a long-term solution to insulin-resistant diabetes (Lim and
Sun 1980). In line with disappointing clinical trials for islet
encapsulated alginate microgels, recent work in the hydrogel-
mediated cell delivery field may suggest that gels larger than
the microscale are a better conduit than microgels for promot-
ing immune tolerance to encapsulated cell therapy.
Comparison of the fibrotic response to alginate gels in mouse
peritoneum showed that hydrogel spheres up to 1.9 mm in
diameter demonstrated markedly less cellular deposition of
macrophages and myofibroblasts compared to microscale gels
(Veiseh et al. 2015). Size-dependent foreign body response
was conserved in several of the other biomaterials compared
(Veiseh et al. 2015). This size theory was later confirmed in
non-human primates, when delivery of allogeneic pancreatic
islet cells survived 4 months of implantation in modified algi-
nate spheres 1.5 mm in size and further exhibited minimal
signs of a foreign-body response (Bochenek et al. 2018)
(Fig. 4b). This study highlighted the importance of hydrogel
placement, alginate chemistry, and gel size on the foreign
body response, and provided strong evidence for the validity
of cell encapsulation in hydrogel beads as an effective method
of immunoisolation for long-term cell therapy.

Alternatively, it should be considered that encapsulated
cells for cell therapy may not require long-term survival or
microgel maintenance in every application. In an ischemic
model, arginine-glycine-aspartic acid (RGD)-modified algi-
nate microgels were used to deliver human outgrowth endo-
thelial cells and blood vessel sprouting growth factors VEGF
and HGF in mice (Kim et al. 2014). In this study, long-term
cell viability and microgel biocompatibility was not con-
firmed, but rather the appearance of new blood vessel in a
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mouse hindlimb ischemia model proved its success as a cell
therapy approach. This application provides an alternate look
at cell therapy in microgels and widens their application to more
than just the long-term, cell-based production of bioproducts.

Additionally, microgel approaches to tissue engineering and
cell therapy have looked at how microgel-formed macropores
mitigate immune response to biomaterial implantation. The lat-
ter was achieved by engineering a microgel system with dual

crosslinking mechanisms whereby initial microgel formation
occurs on chip, and secondary microgel crosslinking establishes
connections between microgels (Griffin et al. 2015). Cells can
be incorporated during secondary crosslinking to form a cell-
laden hydrogel with macropores. This two-pronged approached
was also evaluated for use in a wound healing model without
the addition of cells and found that the presence of these pores
increased immune cell penetration into the material rather than

Fig. 4 a Fabrication process of immune modulating microgels with
biotin-streptavidin surface modification to present Fas ligand. These
microgels drive effector T cell apoptosis while maintaining immune-
tolerant regulatory T cells in a cell therapy implantation site to sustain
insulin delivery from donor islet cells. Reprinted by permission from
Springer Nature: Springer, Nature Materials (Headen et al. 2018b),
Copyright (2018). b Explanted and implanted allogeneic pancreatic islet
cells in modified alginate spheres. 1) Explanted modified alginate Z1-
Y15 beads with encapsulated islet cells after 1 month and 4 months in a

non-human primate. Cells were stained with dithizone (red) to demon-
strate sustained insulin production 2) Gels showed minimal clumping in
experimental implantation site, the bursa omentalis in the abdomen. 3)
Explanted gels nested within the greater omentum remained visibly clear
and loosely lodged in connective tissue, demonstrating minimal immune
response to donor cells and modified alginate gels. Figure adapted and
reprinted by permission from Springer Nature: Springer, Nature
Biomedical Engineering (Bochenek et al. 2018), Copyright (2018)
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accumulating at the surface and initiating the foreign body re-
sponse. Evidence of reduced immune response was maintained
out to 5 days post-implantation. This approach provides the
framework for an additional microgel application where im-
planted cells or infiltrating cells from the wound healing process
inhabit the negative space surrounding microgels rather than
from within microgels. Additionally, this promising achieve-
ment successfully bridges advances in microgel technology
with macro-scale biomaterials applications and expands the
microgel application realm from drug delivery and cell therapy
to tissue engineering and regenerative medicine.

6 Future outlook

Independent of the progress of biomedical microgel research,
the scientific community has entered into Bthe genomic era^
(Guttmacher and Collins 2003) as the cost of sequencing ge-
nomes, transcriptomes, proteomes, and the ever expanding oth-
er Bomes^ has diminished as the technologies have improved.
Many of the recent advances in the sequencing field involve
scaling size down to the single-cell sampling level. This ap-
proach is necessary because sequencing in bulk samples pro-
duces information on the population level, losing key informa-
tion about biological subsets within the sample (Trapnell 2015).
By partitioning single cells into separate wells or droplets, indi-
vidualized sequencing can be performed producing ‘omic’ data
on a cell by cell level. In this way, outlier populations are not
buried by the population average and sample heterogeneity is
brought to light. Single-cell sequencing, similar to microgel
fabrication, has benefited from microfluidic water-in-oil emul-
sions to separate cells into individual droplets that serve as per-
sonalized cell bioreactors for nucleic acid barcoding and other
pre-sequencing steps. This approach has successfully allowed
for high-throughput single-cell sequencing of DNA (Lan et al.
2017; Demaree et al. 2018), mRNA (Klein et al. 2015;Macosko
et al. 2015; Zilionis et al. 2017), chromatin states (CHIP-seq)
(Wu et al. 2009; Rotem et al. 2015; Murphy et al. 2018), im-
mune repertoires (Vollmers et al. 2013), and multiplexed
mRNA and protein expression (Stoeckius et al. 2017).

Simultaneously, microgels and microbeads are permeating
the sequencing sphere. Many sequencing schemes are based
off of the technique Dropseq (Macosko et al. 2015), combining
single cells with oligonucleotide barcodes extending from a
hydrogel bead. These beads work by collecting nucleic acids
and serve as an easy method for transcript barcoding. Each bead
contains oligonucleotide barcode sequences that are unique to
the bead, and incorporation of this barcode into the collected
material tags it by each source cell. Bead pairing on a chip is
used in Dropseq and InDrops single cell mRNA sequencing
(Klein et al. 2015; Macosko et al. 2015; Zilionis et al. 2017),
CITE-seq mRNA sequencing paired with epitope expression
(Stoeckius et al. 2017), single cell ChIP-seq (Rotem et al.

2015) and LIFE-ChIP-seq (Murphy et al. 2018) chromatinmap-
ping, DroNc-seq intranuclear RNA sequencing (Murphy et al.
2018), and SiC-seq single cell genome sequencing(Lan et al.
2017). In addition to microgels, immobile hydrogels are
synergizing with digital microfluidic devices as microscale bio-
reactors (Fiddes et al. 2012). Luk et al. proposed combining
digital microfluidics with agarose gels as microscale liquid han-
dling system for multiplexing enzyme digestion of protein sam-
ples for proteomic studies (Luk et al. 2012). In this work, solid
agarose discs were chemically modified and conjugated to the
enzymes of interest, thereby fixing them in space, simplifying
the task of sample and enzyme after digestion.

These examples demonstrate the early stages of the conver-
gence of microgels and sequencing technology development.
The authors envision this marriage to continue to develop as the
symbiotic utility of these fields is further explored. For exam-
ple, oiligonucleotide barcoded beads could be combined with
cell-laden microgels on-chip to track cell-fate and population
heterogeneity following challenge with time, growth factors,
environmental stimuli, and drug exposure. Such a model would
provide clues to developmental biology, infectious disease, can-
cer research and the heterogeneity of cell therapy.
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