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Abstract

Hydrogels have been broadly studied for applications in clinically motivated fields such as tissue
regeneration, drug delivery, and wound healing, as well as in a wide variety of consumer and
industry uses. While the control of mechanical properties and network structures are important in
all of these applications, for regenerative medicine applications in particular, matching the
chemical, topographical and mechanical properties for the target use/tissue is critical. There have
been multiple alternatives developed for fabricating materials with microstructures with goals of
controlling the spatial location, phenotypic evolution, and signaling of cells. The commonly
employed polymers such as poly(ethylene glycol) (PEG), polypeptides, and polysaccharides (as
well as others) can be processed by various methods in order to control material heterogeneity and
microscale structures. We review here the more commonly used polymers, chemistries, and
methods for generating microstructures in biomaterials, highlighting the range of possible
morphologies that can be produced, and the limitations of each method. With a focus in liquid-
liquid phase separation, methods and chemistries well suited for stabilizing the interface and
arresting the phase separation are covered. As the microstructures can affect cell behavior,
examples of such effects are reviewed as well.
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1. Introduction

Hydrogels are formed by hydrophilic polymer networks in aqueous media and show good
permeability to chemical and biological molecules, which has enabled their widespread use
as a tool for tissue regeneration, drug delivery, and fundamental studies of cell behavior [1].
Engineering other hydrogel properties such as biocompatibility and biodegradability provide
further handles to control cell growth and spreading and development of tissue-like
structures [2]. The main function of hydrogels in tissue regeneration applications is to
temporarily replace the extracellular matrix (ECM), a complex organization of
macromolecules that provides the structural support to cells and the proper chemical
environment for their function. Thus, it is desirable for the hydrogels to match the chemical,
topographical, and mechanical properties of the ECM for the cells to attach, spread, and
grow properly on the material [3].

Homogeneous hydrogels can be made of a single material [4] or can be a hybrid of two or
more materials [5]. Poly(ethylene glycol) (PEG) is one of the most widely used hydrogel
materials due to its biocompatibility and immuno-protective properties [4-7]. The ease with
which it can be terminally functionalized enables the production materials with attractive
properties such as the self-healing that is observed when PEGs functionalized with aldehyde
groups are reacted with amino-functional molecules [8]. Polypeptides are also used
commonly in hydrogels. Collagen like polypeptides (CLPs), based on the natural collagen
amino acid motifs, Gly-Pro-X and Gly-X-Hyp, adopt a poly(proline) Il helix and then
further associate into triple helical structures [9-11]. The CLPs have yielded materials in
which cells can be easily encapsulated with high viability, proliferation, and desired
morphology [12,13], characteristics that can be enhanced in hydrogels made with other
polymers such as PEG when crosslinked with CLPs [14]. In addition, combining CLPs with
other polypeptides imparts new functions to the CLPs, as it has been shown with self-healing
upon crosslinking with silk-like polypeptides. [15]. Elastin-like polypeptides (ELPS),
inspired by the mammalian elastomeric protein, are used due to their useful mechanical
properties and their characteristic inverse transition temperature[16-18]; this thermal
transition has been exploited in developing injectable materials that gel at physiological
temperature [19,20] with drug release properties tuned by the transition temperature [21,22]
and in-situ chemical crosslinking[23,24]. Resilin-like polypeptides (RLPs), more recently
developed, are based on the protein responsible for the elastic response in arthropods’
ligaments and organs [25]. Their highly resilient properties have made them suitable as
materials for hydrogels with applications in the regeneration of mechanically active tissues
such as cardiovascular and vocal folds [26-29]. Two sequences, GGRSPDSYGAPGGGN
derived from the Drosophila melanogasterand AQTPSSQY GAP derived from Anopheles
gambiae, are commonly used for such purposes [30-32]. Polysaccharides such as the
anionic functional hyaluronic acid (HA), the cationic functional chitosan, and the hydroxyl
functional dextran are macromolecules used in hydrogels due to their capability of
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interacting with structural proteins and growth factors, biodegradability [33-38],
biocompatibility [39-42], and the versatility with which their surface can be modified due to
their functionalities [43—-46]. Among all the variety of methods to crosslink these materials
so they behave as homogeneous hydrogels, Michael-type addition and photocrosslinking
reactions have emerged as leading approaches [47,48].

Heterogeneous hydrogels comprising these polymers (and others) offer a reliable solution
for capturing at least some of the complexity of the composition and properties of the ECM
[49]. The microstructures addressed in this document comprise mainly those in which a
polymeric material is encapsulated and dispersed inside a matrix of another polymeric
material. Hydrogel micromechanical properties and molecules diffusivity have shown to be
dependent on the microstructure [50,51], and cell behavior such as differentiation of stem
cells [52,53] or migration and morphology of fibroblasts are correlated to those properties
[54,55]. Furthermore, when growth factors and bioactive peptides are added to the
hydrogels, biological responses such as spreading and vasculogenesis of endothelial cells on
PEG hydrogels are accelerated, for example. [56]. Thus, control over the hydrogel
microstructure and chemical composition continues to offer substantial opportunities in the
development of model platforms and clinically focused materials.

A variety of different methods have been used to produce microstructured hydrogels. The
addition of particles and fibers into a polymer matrix is a two-step technique that allows the
production of organic and inorganic microstructures with extensive compositional variety,
including microgels [57,58], graphene oxide platelets [59], or silver nanowires among others
[60]. Photopatterning allows the generation of almost any desired 2-D pattern, but
appropriate design and fabrication of the corresponding photomask are required [61]. With
laser lithography, a myriad of 3-D patterns can be obtained, but such patterning is restricted
to micron-size areas or the use of multiple lasers [62]. Microfluidics approaches have been
used to generate microgels with different shapes that can be deposited one-by-one directly in
a hydrogel precursor, and specialized microfluidic devices must be manufactured for each
system [63]. Liquid-liquid phase separation (LLPS) is a one-step procedure where the
microstructure (mainly limited to spherical and percolated structures) can be tuned by
modifying physico-chemical parameters as temperature, concentration, or molecular weight
[64]. While many of the main applications of this technique are largely focused on extraction
and purification of material such as DNA [65,66], proteins [67-69], and metals [70], the
opportunities are significant for producing microstructured hydrogel materials with
biomedical applications such as drug delivery and tissue regeneration [71-73] or even to
form synthetic membraneless organelles for modeling intracellular processes [74].
Limitations of LLPS include a loss of temporal control over the microstructure due to rapid
phase separation [73,75], and biocompatible approaches to overcome this issue have been
based mainly on interface stabilization by copolymers [76] and Pickering particles [77].
Besides interfacial stabilizers, there are a wide variety of chemical reactions used in
hydrogel crosslinking that can arrest the phase separation, with the already mentioned
Michael-type addition and photocrosslinking reactions as particularly useful options due to
their fast reaction kinetics [78,79].
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Some relevant reviews have been published covering methods for creating microstructured
materials such as solvent casting, freeze-drying, electrospinning, gas foaming, and 3-D
printing [80,81], and a report about the basics and applications of liquid-liquid phase
separation for biomaterials has been reported [73]. However, they are focused mainly in the
generation and control of porosities. In this contribution, we aim to cover methods for
generating microstructures in which, as defined above, a polymeric material is dispersed in a
continuous matrix of another polymeric material (both generally hydrogels), with a focus on
LLPS and the implications on stabilizing the phase separation for controlling the target
microstructure.

2. Common methods for generating microstructured materials.

2.1. Addition of particles

A common method for producing microstructured hydrogels, generally with an aim of
increasing the mechanical strength of the hydrogel, involves the dispersion of micron-size
particles in a polymer solution for further crosslinking, with the microparticles entrapped in
the resulting hydrogel. The hydrogel polymer and the particles generally share chemical
properties but differ in their mechanical rigidity. Examples of these systems include chitosan
hydrogels with starch microparticles that improve both mechanical properties and swelling
behavior [82] and HA-based injectable hydrogels mixed with decellularized extracellular
matrix particles that help to tune the gelation kinetics and mechanical properties of the
hydrogel [83]. An additional common goal of dispersing particles in hydrogels is to create
new surfaces driven by the encapsulation of particles, or indirectly by using them as
sacrificial templates for generating microstructures that improve cell survival, spreading,
proliferation, and neovascularization. Such improvements have been observed in HA
hydrogels with dextran microspheres [84], PEG hydrogels with encapsulated gelatin [85]
and alginate microgels [86], among others.

The inclusion of particles in hydrogel matrices can also serve to impart new properties, such
as self-healing, while maintaining biocompatibility, as has been achieved by the reversible
aldimine reaction between amine-functionalized bioglass particles and aldehyde-
functionalized polypeptides [87]. Shape memory triggered by near-infrared light has been
enabled by the reversible physical crosslinking of polydopamine particles dispersed in
poly(vinyl alcohol) based on hydrogen-bond formation [88]. Both of these reversibly-
addressable, microstructured materials may find application as artificial skin materials.

2.2. Photopatterning

Unlike the addition of particles, that usually have a predetermined shape, photopatterning
methods (employing photomasks and photocrosslinkable polymers) allow the creation of a
wide variety of structures that will conform to the overall shape of the hydrogel (Fig. 1) [89].
A recent advance in this technology has been the expansion beyond UV-crosslinkable
systems to UV-cleavable ones for generating hydrogels. In the latter case, the self-assembly
of and hydrogel formation by macromolecules, such as collagen, is sterically hindered by the
light-sensitive group; after UV irradiation cleaves the photolabile group, gelation by self-
assembly is enabled [90]. A disadvantage of this technique is the dependence in the
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photomask which can only project a 2D pattern; more complicated patterns could be
achieved by using different sets of photomasks applied consecutively [89].

The technique alone can be used to generate chemically bulk-crosslinked microstructured
hydrogels by short-term irradiation of the entire hydrogel precursor solution to yield a low
crosslink-density network, followed by complete radiation under the photomask to achieve
highly crosslinked microstructures [91]. Furthermore, photopatterning is commonly used in
combination with other techniques like electrospinning or 3D printing to create multilayered
scaffolds and interpenetrating networks with internal microstructures, features desired for
the growth of multicellular systems [92-94].

Because the design and manufacture of the photomask can be a limiting factor for this
technique, the use of optical microscopes has been proposed for generating microstructures,
similar to laser lithography (see below). UV light is focused on specific locations inside a
hydrogel precursor, then the structure is immersed in a solution of a chemically distinct
precursor and the entire sample volume exposed to light, yielding a chemically heterogenous
microstructured hydrogel in which different kinds of cells can be encapsulated in distinct
locations [95]. A different approach uses an electrochemical reaction triggered by visible
light that releases ions capable of crosslinking ionic polymers, which provides flexibility in
the encapsulation of UV-sensitive cells [96].

The use of photopatterning has been focused not only on the crosslinking of polymers, but
also on the patterned functionalization of hydrogels. The directed UV radiation has been
used to generate functional groups on the polymer backbone that are able to react
immediately with other molecules, to graft bioactive domains or a myriad of polypeptides on
specific sites, and to attach polymeric patches directly on the cell surface [97-100].

2.3. Laser lithography

The use of laser lithography methods provides significant flexibility in the production of
microstructured materials, as depending on the wavelength and intensity of the laser light,
photopolymerization of hydrogel precursors or photoablation of hydrogels can be
performed. UV laser photopatterning is used for creating microstructures by ablation of
hydrogels [101]. These approaches, however, are useful only for patterning the surface of the
material or for eroding microchannels, because the laser ablates everything in its path and
only 2D patterns with a projection in a third dimension are thus possible [102-104].
Turbidity in the samples will scatter the light, resulting in difficulties in maintaining the
fidelity of a pattern owing to light scattering [105].

Two-photon radiation has thus been developed as an alternative to exerting high-fidelity
spatial control in microstructured materials. A pulsed laser with wavelengths in the range of
visible or infrared radiation is used to irradiate the sample in distinct locations; because the
two-photon effect (which yields a photon in the UV-range) occurs only in a defined and
small volume of the sample, patterning via photopolymerization can be achieved with no
effect on the other regions of the sample [106]. Reactions commonly used for this purpose
involve azobenzene isomerization, tyrosine oxidation, thiol-ene chemistry and azo-Michael
addition, among others [107-110]. Furthermore, fixation of bioactive domains via these
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approaches has been employed to control cell growth in distinct spatial locations [111].
While these methods offer desirable precision in the fabrication of microstructures of
essentially any pattern, because the two-photon effect occurs only in a small volume, the
creation of large patterns or microstructured hydrogels of substantial volume is both time-
and energy-consuming. For example, the fabrication of fully polymerized, micron-scale bulk
shape (e.g., Figure 2) can require multiple hours for completion [112-115], although the
complete polymerization of the bulk shape suffers only punctual shrinkage so the resolution
is improved in comparison to structures in which only the shell is polymerized (Fig. 2a and
2b). Thus, these methods to date have been limited to the production of microstructures of
some tens of square microns with thicknesses no bigger to one micron in order to have
elaboration times in the range of some minutes, making them useful for fundamental studies
although not yet for manufacturing.

2.4. Microfluidics

In microfluidics approaches, which have been employed to generate a wide variety of shaped
microparticles with myriad compositions, non-miscible liquids are injected through
interconnected micron-size channels; the incompatibility drives the formation of a liquid
microstructure inside the dispersing phase. Subsequent polymerization by external sources,
such as light, or due to the interactions between the liquids, such as ionic polymers in the
presence of multivalent ions, yields the formation of microgels [116]. This is one of the
methods for generating pre-shaped microhydrogels that can be dispersed later in hydrogel
precursors to form a microstructured hydrogel in which all phases are hydrogel in
composition.

Depending on variables such as the relative position of microchannels, the rate of injection,
number of liquids used, and their viscosity, different kinds of shapes can be achieved. In
addition, encapsulation of cells can be achieved by incorporating them in the desired
precursor solution (usually the one that will adopt a microstructure) prior to their injection
into the microfluidic channel [117,118]. More complicated microfluidic devices can be used
to obtain structures such as core-shell spheres, hollow tubes, osteon-like microfibers (Fig.
3a), and Janus particles (particles with two defined and unique surfaces) with applications in
drug delivery and scaffolds for multilayered cell systems [119-122].

One of the biggest limitations of microfluidics is the volume that can be processed over
time. In the systems already described, the flow rates range from an average of 30 mL h~1
for fibers, 10 mL h™1 for solid spheres, and up to 300 uL h~1 for multicomponent spherical
shapes [119-123]. Based on this flow rates, the more complicated the shape and the more
components it has (Fig. 3b), the lower the flow rate must be in order to have more control.
Scaled processes for spherical particles have achieved flows of 120 mL h=1 and higher with
the implementation of parallelized complex multichannel devices (Fig. 3c) [124,125].
However, the addition of multiple channels for multicomponent structures will make the
complete process more sensitive to another parameter: the viscosity. The differences in each
component’s viscosities affect the changes in volume when the precursors come out from
their respective channels, so the addition of multiple channels will potentially result in the
loss of control in the final shape and composition [126].

Acta Biomater. Author manuscript; available in PMC 2020 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garcia and Kiick Page 7

3. Liquid-liquid phase separation (LLPS)

Liquid-liquid phase separation (LLPS) is a process with great implications in biological
systems. In addition to its longstanding application in biotechnology and the purification of
biological macromolecules, in recent decades, it has been proposed as the main director for
the formation of membraneless organelles such as nucleoli, centrosomes, and stress granules
[127,128], and it has been used for generating synthetic membraneless organelles [129].
Recent studies attribute to LLPS the formation of amyloid structures responsible for
Alzheimer’s disease [128,130]. Specific internal cell processes have been proven to be
driven by LLPS as well, including the formation of chromatin subcompartments [131] and
the localized hyperphosphorylation of the C-terminal domain in RNA polymerase 11 [132].
These phenomena have inspired the construction of multiphase dynamic polymerization
networks with opportunities in the amplification of peptide-like oligomers [133]. In this
issue we explore the use of LLPS as a one-pot method for generating microstructured
hydrogels.

In contrast to the previous methods where prefabrication of microparticles and/or the use of
special equipment may be required, LLPS relies on the thermodynamic properties of
polymer solutions to guide the generation of microstructure. Given the role of both enthalpic
and entropic contributions, multiple variables can be tuned to alter phase separation process,
including the concentration and molecular weight of the polymers, as well as the
hydrophobic and charge interactions between the solution components [134].

Polymer solutions can exhibit lower or upper critical solution temperatures (LCST or
UCST), depending on if they phase separate with increasing or decreasing temperature,
respectively. In polypeptides, for example, the transition temperature depends on the
interactions between their variety of ionic, polar, aromatic, and non-polar moieties and water
molecules.

This results in UCST-like transitions in more polar sequences like RLPs and LCST-like
transitions in less polar sequences such as ELPs [135,136]. The latter has been used in
conjugates with CLPs taking advantage of its ability to form triple helical structures, as a
result of which spherical vesicles with potential applications in drug delivery are formed
(Fig. 4a) [137,138]. Other macromolecules that have shown to affect in the ELP transition
temperature upon conjugation are hyaluronic acid [139] and fibronectin [140].

The increase of molecular weight of one or more of the components in the system is a
common strategy for inducing the phase separation, and indeed, even low concentrations of
PEG of high molecular weight works efficiently for segregation of proteins and other
polymers such as poly(vinyl alcohol) [141-144]. This PEG-induced phase separation has
been used to make heterogeneous RLP hydrogels [145] with microscale mechanical
properties that vary with the composition of the phase (Fig 4b) [146]. Such behavior has not
yet been reported for ELPs, which may result from the fact that (in contrast with the ELP
inverse transition temperature) solutions of RLPs, in addition to LCST-like behavior, also
exhibit an upper critical solution temperature (UCST) which is dependent on specific amino
acid interactions [136]. Detailed studies on amino acid sequences have shown that the first
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nine amino acids from the sequence are responsible for the UCST behavior whereas the six
remaining amino acids are more similar to ELP sequences and would be responsible for
LCST-like transitions; the LCST behavior (although not UCST behavior) has been observed
in modified RLP sequences synthesized in our group [136,147]. In addition to inducing
LLPS in solutions of polypeptides and polysaccharides via the addition of PEG to generate
microstructured hydrogels (Fig. 5a—d) [145,146,148-151], other systems including gelatin/
chitosan and bacterial cellulose/poly(lactic acid) have been explored recently to obtain
microstructured materials [152,153].

The interactions between ionic groups play a key role in the phase separation and are
strongly affected by the pH and the ionic strength of the solution [154]. Indeed, when
sufficiently charged, proteins undergo repulsive interactions that preclude phase separation,
even in the presence of PEG,; this effect has been demonstrated for PEG solutions with
lysozyme, papain, cytochrome ¢ and 1gG antibodies [68,155]. The type of ion also has an
important effect. Based on the Hofmeister series, it has been shown that chaotropes like Br~
and CI~ increase the USCT-like transition temperature of lysozyme and the LCST-like
transition temperature of modified RLPs [147,156].

The use of LLPS to yield microstructured materials can provide two distinct types of
structures depending on the mechanism of phase separation. Spherical domains are more
commonly obtained, via nucleation and growth mechanisms, while bicontinuous structures
are possible via spinodal decomposition (Fig. 6a) [64]. In the latter, fluctuations in the
composition can disrupt the interconnected domains to also yield spherical domains via a
percolation-to-cluster transition [157-159]. Combinations of both kinds of microstructures
have been obtained by controlling the molecular weight and sequence in RLP-ELP block
copolypeptides [160]. Furthermore, the diameters of the domains can be controlled as they
grow over time before the system reaches equilibrium, where two separate homogeneous
phases will be generated [146]. The continuous structures obtained in both cases (for
spherical domains, the continuous phase is the matrix in which they are dispersed) allow
cells to create their own structures by their proliferation and migration in the hydrogel
continuous phase [81]. When LLPS is used for preparing emulsions that will yield
microstructured hydrogel materials, the solutions must be crosslinked sufficiently rapidly to
capture the desired phase/microstructure. In the following sections, we review some
mechanisms that impact the kinetics of phase separation, some methods for stabilizing the
emulsions without the use of conventional surfactants, and selected chemistries that can be
used to prepare microstructured hydrogels from aqueous two-phase solutions.

3.1. Emulsion stabilization

Coalescence is the result of two droplets combining to form a larger droplet. Arresting the
coalescence can stabilize emulsions and also can be used to yield non-spherical droplet
structures [161]. The mechanism is driven mainly by two factors: the draining of the
dispersing phase between the domains and the interface rupture necessary for the domains to
merge. Gelation is a simple strategy to impart a yield stress to the dispersing phase, which
will make it more difficult to drain and will thus slow down coalescence [162,163] and can
be achieved easily in hydrogels as long as the crosslinking kinetics are fast enough. Addition
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of whey protein microgels and bacterial cellulose is another solution recently published to
impart yield stress to the dispersing phase and overcome the emulsion coalescence
[164,165]. The second factor is frequently manipulated by increasing the rigidity or
elasticity of the interface to reduce the merging of droplets [166,167]. Polymers such as
cellulose esters and poly(N-isopropylacrylamide) have been used for this purpose, the latter
being triggerable by temperature changes due to its characteristic LCST phase transition
[168,169].

The other main mechanism responsible for the instability of emulsions is Ostwald ripening,
in which small particles dissolve and form larger particles over time by a molecular diffusion
mechanism. Thus, the more compatible the dispersed phase is with the continuous phase, the
more favored this mechanism will be [170]. These considerations are relevant to the choice
of stabilizers against coalescences; if the stabilizers are too compatible with the dispersed
phase, they will enhance Ostwald ripening even if delaying coalescence, so an emulsifier
with low affinity for the dispersed phase is needed [171,172]. Given the competing effects of
stabilizing phase separation against coalescence and Ostwald ripening, a combination of
stabilizers can be used to stabilize the emulsion. For example, in the case of polymeric
emulsifiers, it has been shown that using both Pluronic PE9400 and Levenol C201, in N,N
dimethyl decamine, and D-limonene solutions is necessary to efficiently stabilize the
emulsion [173]. Reducing temperature, if suitable for a given set of solutions and use
conditions, is also a facile means to slow down Ostwald ripening via the corresponding
reduction in molecular diffusion [174].

Among the most common emulsion stabilizers, low molecular weight surfactants have been
broadly used for emulsion stabilization [175-177]. However, they are highly toxic for cells,
limiting their use in systems with biological applications [178,179]. More cell-friendly
options, such as Pickering stabilizers and block copolymers [180,181] have thus been
employed. A phenomenon described more than a century ago, Pickering stabilization is
based on solid and semi-solid colloidal particles that migrate to the interface of two
immiscible liquids to reduce the excess interfacial energy. As the number of particles in the
interface increases, they begin to cluster creating an elastic barrier that prevents the
coalescence of the domains [182]. One of the most common types of Pickering stabilizers is
silica nanoparticles owing to their ease of synthesis and control of particle size by means of
the Stéber process and their ease of surface modification (Fig. 6b) [49,183-185]. However,
due to their inherent negative surface charge, unmodified particles remain preferentially in
the hydrophilic phase, so surface modifications with molecules such as chitosan, betaine,
and polyethylene oxide copolymers, among others, have been performed to alter the
hydropathy of the nanoparticles and permit their localization at the interface [186-188].
Janus particles have also been employed for Pickering emulsions because one half can be
formed by a material with affinity to one phase and the other half with affinity to the other
phase, allowing them to migrate exactly to the interface. Alginate/shellac, gliadin/chitosan,
and gelatin/sodium polyacrylate are some examples of the systems recently used in the
production of Janus nanoparticles for use as Pickering stabilizers [189-191]. Other types of
materials such as self-assembled proteins, starch nanoparticles, and carbon quantum dots
have been also used for the emulsion stabilization process [192-194]. In addition to the
hydrophilic character of the particle surface, size is another factor important in their
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performance as stabilizers. It has been shown that polydisperse systems are more effective in
stabilization, although smaller particles are more effective when the size distribution is
monodisperse [195,196].

Owing to the benefit of amphipathy for stabilizers to migrate to and assemble at the phase
interface, block copolymers are commonly used due to the versatility of having both
hydrophilic and hydrophobic polymer chains conjugated in the same molecule. The
capability of these materials to form semisolid structures and crystals impart both yield
stress to the phases involved and stability against mechanical stress in the interface, so the
coalescence is delayed and there is inherent steric repulsion of the polymer-covered domains
[197,198]. Hydrophobic polymers such as poly(caprolactone), poly(lactide), and
poly(hydroxypropyl methacrylate) and hydrophilic polymers like poly(glycerol) and
poly(ethylene oxide) are the most commonly used combination for producing the copolymer
emulsifiers [198-200]. Triblock copolymers involving two different hydrophobic polymers
and one hydrophilic have also been used to take advantage of the crystallization of the
lipophilic moieties, which reinforces both the steric and elastic effects in the stabilization
process [76]. Amphiphilic polypeptides have been used as well for emulsion stabilization.
For instance, phase-separated hydrophobic ELPs have been stabilized with amphiphilic
block ELPs where the hydrophilic portion surrounds the hydrophobic domains and
minimizes further coalescence with other domains [201]. In addition, these systems have
also been explored with ELPs and amphiphilic block ELPs that employ photo-crosslinkable
non-natural amino acids to impart stability to the particles upon crosslinking [202]. When it
comes to comparing the effectiveness as stabilizers of both copolymers and Pickering
particles, the latter has shown to be more efficient [203].

3.2. Chemistries for arresting phase separation

In addition to the stabilization of emulsions, crosslinking is necessary in most cases to
generate mechanically robust, microstructured hydrogels [72,204]. Multiple chemistries
have been employed for this purpose, including Michael-type addition reactions between a
nucleophile and an electron-poor unsaturated compound; thiols are the most commonly used
nucleophiles whereas the unsaturated group could be acrylate, maleimide, and vinyl sulfone
depending on the desired reactivity that can range from the tens of minutes for acrylic
compounds to a couple of minutes and even few seconds for both maleimide and vinyl
sulfone [145,205]. Due to the increase in nucleophilicity of the thiol group when it is
deprotonated, pH is a factor influencing the time of reaction so it can be reduced to just
some minutes in acrylates when the crosslinking is conducted under basic conditions
[78,206]. Higher concentrations and matched stoichiometric ratios of reactive groups can be
employed to increase the rate at which the reactions are completed [47,207]. Amines are
also employed in these reactions, but owing to their lower reactivity versus that of the thiol
groups, the times of reaction usually range in the tens of minutes for both acrylate and vinyl
sulfone groups [208,209]. When the emulsion to be crosslinked is highly unstable, the rapid
Michael-type addition reactions should be employed to arrest such phase separation to
produce hydrogels. This principle has been used to create microstructured hydrogels based
on LLPS of cysteine-functional RLPs/vinyl sulfone functional PEG [145,210] and
norbornene-functional RLPs/thiol-functional PEG with applications in cardiovascular tissue
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regeneration[211]. Porous materials with applications in chromatography resins and
superhydrophobic sponges have also been prepared using Michael-type addition for
arresting the phase separation between porogenic solvents with thiol-acrylates and
poly(ethyleneimine)-acrylate systems respectively [212,213].

Tris-(hydroxymethyl phosphine) (THP) and tris-(hydroxymethyl phosphino) propionic acid
(THPP), crosslinkers susceptible to nucleophilic substitution, have been employed in
generating PEG-RLP microstructured hydrogels. The most common nucleophiles use in this
case are amines with gelation times that begin in some minutes and reach complete
conversion close to one hour [146,214,215]. Since the phosphines are used simply as a
crosslinker, their increase in concentration improves the reaction times with the disadvantage
that crosslinking density and mechanical properties are consequently altered, and may
disrupt desired microstructures and mechanical properties [216]. While the reaction times
are not as fast as the thiol-Michael addition, this reaction can be used in emulsions whose
phase separation happens in some minutes, the same time frame of crosslinking [217,218].

Acrylates are the most widely employed reactive groups used in the photo-crosslinking of
hydrogels by formation of free radicals with UV light in the presence of a photoinitiator,
with crosslinking times lower than one minute and completed reactions in the timeframe of
ten minutes [48,219,220]. This chemistry has shown to be stable at temperatures below 4°C
where there is no reaction even upon UV radiation [221]. Thiol-ene reactions, in which a
thiol radical reacts with electron-rich unsaturated compounds are also widely employed,
offering selective and rapid reaction rates. Allyl-functionalized materials react over similar
times compared to acrylates [222,223], and norbornene-functionalized materials react much
more rapidly due to their strained ring structure, with complete gelation occurring in a
matter of 45 seconds [79,211]. Since these reactions are triggered only in under UV
radiation, they can be used to arrest emulsion phase separation quickly and on demand,
something not possible in the previous chemistries in which the reaction happens
immediately upon mixing. In addition, ceasing exposure to UV light permits the cessation of
the reaction at any time, so the crosslinking density and mechanical properties can be
spatiotemporally controlled.

Schiff base formation between aldehydes and amine or hydrazide functional groups is a
reversible reaction that undergoes completion over tens of seconds and finds applications in
self-healing materials [224-226] and could be employed to form responsive microstructured
hydrogels. Enzyme-based reactions may be preferred for polypeptide-based materials for
long-term cell studies; transglutaminase for crosslinking lysine and glutamine residues and
tyrosinase for crosslinking tyramine functional materials are some examples of reactions
with reaction times that range between 1 to 10 minutes [227,228]. Epoxy-functionalized
crosslinkers have also been explored for the crosslinking of hydroxyl-functional biomaterials
such as HA. For the reaction to be successful, 50°C and 5 hours are required, conditions that
might be not favorable for arresting successfully emulsion phase separation, unless it is in
systems with LCST-like behavior and low instability [229].

Although the examples of biomaterials prepared with the different chemistries shown above
have resulted in cytocompatible outcomes [145,214,219,224], special precautions should be
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taken when working with photo-triggered reactions. For each specific case, the intensity of
UV light, exposure time and photoinitiator concentration must be balanced to avoid any
negative effect on cells such as cytotoxicity and genotoxicity [230-232].

4. Impact of microstructure on cell behavior

In the last pair of decades, it has been documented that cells differentiate and proliferate
differently depending on the mechanical environment of the substrate. Neurites develop
denser branching when the substrate matches the mechanical properties of human gray
matter (0.2 kPa), for example [233]. It has been observed that human mesenchymal stem
cells (hMSCs) differentiate down an osteogenic lineage in hydrogels with elastic modulus in
the range of 20—40 kPa [234,235] a myogenic lineage in the rage of 8-17 kPa [235], and a
neuron-like phenotype in the range of 0.1-1 kPa [235], whereas pluripotent stem cells
(PSCs), also depending on the scaffold elastic modulus, could prefer mesodermal
differentiation (1.5 — 6 MPa), endodermal differentiation (0.1 — 1 MPa), or ectodermal
differentiation (<0.1 MPa) [52,236]. Bovine vascular smooth cells migrate and accumulate
from soft (2.5 kPa) to stiff (11 kPa) regions in hydrogels with a Young’s modulus gradient
[237], similar behavior as the one observed in NIH 3T3 cells in materials with a sharp soft
(14 kPa) to stiff (30kPa) change in modulus[55]. Cells such as fibroblasts and hMSCs have
been shown to change morphology from spheres to elongated structures as the mechanical
properties of the scaffold are increased from some hundreds of Pa to thousands of Pa
[54,227]. Recent cell studies have also demonstrated how the shape, mechanical properties,
and size of the microstructures, among other features, affect the differentiation, migration,
and morphology of cells [104,238,239].

Materials comprising a polymer encapsulated and dispersed inside hydrogel matrix, have
shown an improvement in the guided growth and differentiation of cells [240]. A local
increase of mechanical properties in the encapsulated material is likely to provide a
mechanically desirable environment for guided adhesion and migration of cells around the
microstructure [72,241], so they adhere more easily than in materials with lower modulus.
Such behavior has been observed in starPEG-heparin hydrogels with collagen
microstructures, where human umbilical cord vein endothelial cells (HUVECS) have been
shown to grow aligned to the fibrillar collagen. Although, the bulk mechanical properties are
significantly reduced when the collagen microstructures are present, the localized
micromechanical properties are three to four times higher in the regions where the collagen
fibrils are located [241]. Similar results have been observed in RLP-PEG hydrogels
microstructured by LLPS where hMSCs show elongated morphologies and are localized
only around the RLP-rich domains [72]. In addition, when smooth muscle cells (SMCs) are
seeded in a devitalized ECM from fibroblasts (which is inherently microstructured in aligned
patterns), they elongate and migrate following the alignment of the microstructure in the
scaffold [242]. Such results suggest that, as long as the microstructures match the target
morphology and mechanical properties required for specific cells and tissues, the cell growth
can be guided by means of the hydrogel microstructure.
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5. Conclusions

This review highlights the materials and methods commonly used in the fabrication of
microstructured materials for biomedical applications with a specific emphasis on liquid-
liquid phase separation. Owing to their similarity with macromolecules comprising the
ECM, polypeptides and polysaccharides have been used in combination with PEG, which
has been widely employed because of its biocompatibility and the ability of inducing the
phase separation of other molecules. LLPS offers a fast and reliable one-pot method for
producing spherical and bicontinuous microstructures in hydrogels upon gelation of
precursor emulsions. Both critical temperature and concentration are the basic
thermodynamic parameters required to yield an emulsion, and the selection of the correct
crosslinking chemistry permits temporal control over the desired microstructure. The
generation of more complex microstructures can be achieved via alternative methods such as
photopatterning and laser lithography, although the need for these structures must be
balanced with experimental limitations including photomask manufacture and time-
consuming fabrication. The versatility of emulsion formation makes LLPS a fast and
scalable method for fabricating microstructured materials. The impact on cell growth,
migration and differentiation due to the size, geometry and mechanical properties of
microstructures in hydrogel and non-hydrogel materials has been explored. The results show
that the control over the microstructure features are relevant for guiding the cell behavior in
tissue regeneration.
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Statement of Significance

Heterogeneous hydrogels with enhanced matrix complexity have been studied for a
variety of biomimetic materials. A range of materials based on poly(ethylene glycol),
polypeptides, proteins, and/or polysaccharides, have been employed in the studies of
materials that by virtue of their microstructure, can control the behaviors of cells.
Methods including microfluidics, photolithography, gelation in the presence of porogens,
and liquid-liquid phase separation, are presented as possible strategies for producing
materials, and their relative advantages and disadvantages are discussed. We also describe
in more detail the various processes involved in LLPS, and how they can be manipulated
to alter the kinetics of phase separation and to yield different microstructured materials.
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Fig. 1.
(a) Schematic representation of the fabrication process for four- state thermally responsive

grippers. Patterning required four photomasks that were used in sequential order to different
ethylene glycol methacrylate solutions. (b) Representative images of grippers. The images
show the grippers on a glass slide at different temperatures. (c) Optical images and
schematic representations of four- state shape changes of grippers during heating and
cooling. Scale bars = 2 mm. Reproduced with permission of ref [89]. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 2.
Structures obtained by laser lithography. (a) A bull completely polymerized with two-photon

radiation. (b) the bull polymerized only on the surface with two-photon radiation and the
bulk with UV. It is noticeable the deformation due to shrinkage. (c) Aphrodite of Milos
polymerized with two-photon radiation completely (left) and only the shell followed by UV
radiation (right) with noticeable deformation. (d) A panda face made with pH-responsive
bovine serum albumin (BSA). The face expression changes upon pH variations. Scale bar =
20 pm. Reproduced with permission of ref [112]. Copyright 2003 SPIE. Reprinted by
permission from [113]. Copyright 2004 Springer-Verlag. Reprinted with permission from
[114]. Copyright 2017 American Chemical Society.
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Fig. 3.
(a) Microfluidic device for fabricating of osteon-like fibers. (b) A microfluidic device for

fabricating multicomponent particles. (c) Complex multichannel microfluidic device for
improving the yield in fabricating spheres (left), Janus particles (center), and core-shell
particles (right). Reprinted from [121], Copyright 2017, with permission from Elsevier.
Reproduced with permission ref [116]. Copyright 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reproduced with permission ref [125]. Copyright 2012 Royal Society of
Chemistry.
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Proposed structure of
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Fig. 4.
(a) CLP-ELP conjugates self-assemble into hollow spheres. The particles are used as drug

delivery systems. (b) Microstructured hydrogels by LLPS of RLP and PEG. Upon formation
of an emulsion, the materials are crosslinked, and the microstructure is arrested. Scale bar =
50 um. Reproduced with permission of refs [137] and [146]. Copyright 2017 American
Chemical Society.
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Fig. 5.
(a) and (b) Transmitted light (left) and fluorescence (right) images of dextran-tyramine/PEG

hydrogels. Fluorescein-labeled BSA is partitioned into the dextran-rich phase (a), and
PEGylated fluorescein-labeled BSA is partitioned into the PEG-rich domains. Scale bars =5
um. (c) and (d) Scaffolds synthesized from a system 5% PEG 10 kDa with 10%
methacrylated dextran 40 kDa (c) and 25% methacrylated dextran 40 kDa (d). We can
observe the formation of continuous structures and a combination of continuous inside
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spherical domains respectively. Reprinted from [149], Copyright 2015, with permission of
Elsevier and [151], Copyright 2005, with permission of Elsevier.
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Fig. 6.
(a) Schematic of a porous hydrogel with bicontinuous structure prepared by phase separation

of a triblock copolymer and a homopolymer. (b) Silica particles used as Pickering
stabilizers. The bicontinuous structure is arrested by UV polymerization. Scale bar = 500
um. Reprinted from [64], Copyright 2016, with permission from Elsevier. Reprinted with
permission from [49]. Copyright 2018 American Chemical Society.
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