
Enabling Technologies for Cell-Based Clinical Translation

Concise Review: Tailoring Bioengineered Scaffolds for
Stem Cell Applications in Tissue Engineering and
Regenerative Medicine

STEFFEN COSSON,a,b ELLEN A. OTTE,a,b HADI HEZAVEH,a,b JUSTIN J. COOPER-WHITE
a,b,c

Key Words. Stem cell x Niche x Hydrogel x Scaffold x Tissue engineering x Bioengineering

ABSTRACT

The potential for the clinical application of stem cells in tissue regeneration is clearly significant. How-
ever, this potential has remained largely unrealized owing to the persistent challenges in reproduc-
ibly, with tight quality criteria, and expanding and controlling the fate of stem cells in vitro and in vivo.
Tissue engineering approaches that rely on reformatting traditional Food and Drug Administration-
approved biomedical polymers from fixation devices to porous scaffolds have been shown to lack the
complexity required for in vitro stemcell culturemodels or translation to invivoapplicationswithhigh
efficacy. This realization has spurred the development of advanced mimetic biomaterials and scaf-
folds to increasingly enhance our ability to control the cellular microenvironment and, consequently,
stemcell fate.New insights into thebiologyof stemcells areexpected toeventuate fromtheseadvances
in material science, in particular, from synthetic hydrogels that display physicochemical properties
reminiscent of the natural cell microenvironment and that can be engineered to display or encode
essential biological cues.Merging these advancedbiomaterialswith high-throughputmethods to sys-
tematically, and in an unbiased manner, probe the role of scaffold biophysical and biochemical ele-
ments on stem cell fatewill permit the identification of novel key stem cell behavioral effectors, allow
improved in vitro replication of requisite in vivo niche functions, and, ultimately, have a profound
impact on our understanding of stem cell biology andunlock their clinical potential in tissue engineer-
ing and regenerative medicine. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:156–164

INTRODUCTION

Stem cells are defined by their distinctive capa-
bility to self-renew and produce differentiated
progeny during development and throughout
the entire life of an organism. Owing to their
unique abilities, stem cells have rapidly been
identified as an unprecedented source of clini-
cally relevant differentiated cells for application
in tissue engineering and regenerative medicine
[1] and as in vitro (disease) models for drug dis-
covery and trials [2]. Despite extensive research
and our ever-growing knowledge in stem cell bi-
ology, the field is still confronted by a lack of re-
producible and reliable methods to control stem
cell behavior. Perhaps the greatest challenges
that the field is currently facing are (a) to main-
tain and expand adult stem cells in vitro because
of difficulties replicating interactions with the
microenvironment that are essential for stem
cell function and maintenance [3]; (b) to ratio-
nally control stem cell differentiation into de-
fined mature cell types in vitro and/or in vivo
that display physiological function [4]; and (c)
to engineer multicellular constructs that reca-
pitulate tissue-like (or organ-like) physiological
function.

In vivo, stem cells are known to reside in
highly specialized microenvironments—termed
“niches”—which govern and tightly regulate
their fate (Figure 1). A crucial function of the
niche is to maintain a constant pool of stem cells
and dynamically balance their self-renewal and
differentiation to ensure tissue and organ ho-
meostasis or regenerate damaged tissues on in-
jury. The loss of the niche induces the loss of
stem cells, which then impairs tissue and organ
maintenance and the regenerative capabilities.
In their niche, the stem cells are surrounded
by supportive cells, the extracellular matrix
(ECM) and interstitial fluids. They are thus ex-
posed to a multitude of extrinsic factors such
as cell-cell interactions, cell-ECM interactions,
physicochemical stimuli (i.e., temperature, par-
tial oxygen pressure), and soluble or ECM-
tethered stimuli (i.e., growth factors, cytokines).
Moreover, temporally and spatially regulated
presentation of these stimuli is known to in-
struct stem cell fate [5]. Stem cell biology is
clearly extremely complex, and stem cells dis-
play exquisite sensitivity to microenvironmental
signals. To further increase our understanding
of the mechanisms that regulate stem cell fate,
methods that allow systematic probing of stem
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cell responses to isolated effectors of a complex and multifac-
eted system are critical.

During the past decade, innovative developments in mate-
rials science, microfabrication, and associated technologies
have enabled in vitro culture systems that allow key properties
of the culture environment to be systematically modified. We
are now able to manipulate the stem cell microenvironment
with greater precision and, further, to monitor effector im-
pacts on stem cells with high resolution in both time and space
[6]. Stem cell biology is thus poised to greatly benefit from such
advances. Advances in biomaterial science, in particular, the
development of synthetic hydrogels, offer significant promise
in the field of tissue engineering. The increasing ability to en-
gineer and tailor hydrogel scaffolds provides exciting possi-
bilities to deconstruct the niche and tease out essential
elements toward the fabrication of artificial microenviron-
ments capable of controlling stem cell fate in amanner not pre-
viously possible [7].

In the present review,we provide a comprehensive synopsis
of recent developments in bioengineered hydrogel scaffolds
and discuss their emerging applications in probing and directing
stem cell biology and tissue regeneration. We emphasize how
biomaterials and their potential to emulate the various aspects
of the stem cell niche will affect our understanding of the com-
plex mechanisms that regulate stem cell behavior. With the in-
creasing capabilities to engineer advanced biomaterials, we also
highlight the recent development of high-throughput methods
to generate scaffold microarrays and their application to eluci-
date the complex interplay that governs stem cell fate. Finally,
we present a perspective on future developments in the field
and discuss how bioengineering approaches could significantly
affect stem cell applications in tissue engineering and regener-
ative medicine.

ADVANCED SYNTHETIC BIOMATERIALS TO EMULATE THE STEM
CELL MICROENVIRONMENT

During thepast decade, it hasbeen shown that three-dimensional
(3D) culture models offer a more physiologically relevant cell cul-
turemethod, and they have been proposed as intermediatemod-
els that can bridge the gap between conventional in vitro culture
and in vivo models [8]. Strikingly, 3D culture in naturally derived
hydrogels (high-water-content cross-linked proteaceous net-
works), such as Matrigel (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com) or collagen matrices, has been show
to drive cellular self-organization and complex morphogenetic
processes to result in sophisticated in vitro models (reviewed in
[9–11]). Thesemodels offer unprecedentedmeans to study tissue
morphogenesis and physiologically relevant in vitro models for
drug screening. However, current methods mostly rely on natu-
rally derived materials that fail to enable fine and controlled ma-
nipulation of matrix parameters and culture conditions. Thus,
synthetic materials, owing to their ability to be engineered to en-
gender the desired biophysical and biochemical properties, can
readily bedesigned tomodulatemicroenvironmental parameters
to guide self-assembly of complex tissues from stem cells. Addi-
tionally, for clinical translation of such products, all components
must be shown to be nontoxic, degradable in or elutable from the
body, and manufactured to the highest quality standards, ideally
under good manufacturing practice (GMP) conditions, providing
advantages for synthetic hydrogels compared with those biolog-
ically derived.

Synthetic hydrogels have been engineered to display physico-
chemicalpropertiesreminiscentofthenaturalcellmicroenvironment.
The ideal 3D culture model must meet several criteria [12]: (a)
simple and reproducible fabrication, (b) transparent to allow vi-
sualization and imaging, (c) present controlled structural
and mechanical properties, (d) potential for presentation of

Figure 1. Schematic representation of the stem cell niche and underlying regulatorymechanisms. A large variety of factors (left) present in the
stem cell niche are known to tightly regulate stem cell behavior and fate choice. In vivo stem cells reside in anatomically defined location, the
stem cell niche (center). The niche is a multifaceted entity (right).
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biochemical cues such as tethered adhesion ligands or bioactive
molecules (i.e., cytokines, growth factors), (e) cell responsivewith
regard to cell-mediated degradation or the capture of cell-
secreted biomolecules, and (f) allow for modularity and tailoring
of scaffold properties independently from each other and for
a wide range of physiologically relevant values.

Lessons from developmental biology have significantly con-
tributed to directed differentiation of pluripotent stem cells
[13]. Similarly, bridging the gap between tissue engineering
and developmental biology offers great promise [14]. We now
highlight recent biomaterial developments (Figure 2) and discuss
their application in stem cell biology [15–18] (Figure 3); in partic-
ular, how they present interesting methods to deconstruct the
complex regulatory mechanism of the niche.

Cross-Linking Chemistries

To produce a hydrogel network from synthetic polymer chains,
a method must be applied to create cross-links between func-
tional groups in the polymers (Figure 2A). If encapsulation is
required, this reaction must be performed in a solution
containing the desired cells. Various cross-linking schemes, such
asMichael-type addition [19] or “click” chemistry [20], have been
used to fabricate polymeric hydrogel networks.However, inmany
cases, chemical cross-linking requires harsh conditions or results
in the production of toxic side products, which are clearly not
ideal for (stem) cell encapsulation. Stem cells are very sensitive
to their microenvironment; thus, it is critical to devise mild
(cell-friendly) cross-linking chemistries that do not impair cell sur-
vival or alter cellular behavior.

Of the available cross-linking methods that meet these
requirements, light-triggered hydrogel cross-linking shows much
promise, because it enables manipulation and controlled in situ
gelation, a method that is also very appealing from a clinical per-
spective (reviewed in 21]). However, the method has raised con-
cerns regarding the toxicity of the photo-initiators and UV light
itself, andalsoaffects thegenetic integrity of cells underextended
UV exposure. A water-soluble and nontoxic photo-initiator re-
cently introduced by Fairbanks et al. [22], promises to overcome
some limitations (solubility and cytotoxicity) and concerns and
has been demonstrated to support encapsulated human mesen-
chymal stem cells (hMSCs) [23].

Enzymatic reactions have also been proposed as a cell-
friendlymethod to cross-link hydrogels, because they can be per-
formed under physiological conditions and often display a high
degree of specificity [12]. To this end, Ehrbar et al. [24] devised
a “fibrin-clotting analog” hydrogel cross-linking scheme. Compli-
mentary short peptide sequences acting as a substrate for the ac-
tivated coagulation factor XIII (FXIIIa) (and comprising a short
matrix metalloproteinase [MMP]-sensitive sequence) were con-
jugated to multiarm poly(ethylene glycol) (PEG) macromers and
biomolecules (e.g., the cell-adherent RGD peptide and recombi-
nant truncated vascular endothelial growth factor). This system
could be readily cross-linked in situ and in near physiological con-
ditions and was shown to promote angiogenesis in an embryonic
chick chorioallantoic membrane assay [24]. The same system has
shown utility in a flexible and versatile layer-by-layer deposition
and patterning method that generated artificial vascularized
bone-like structures [25].

Our group and others have used the enzymatic reaction of
horseradish peroxidase (HRP) to cross-link hydrogels [26, 27].

HRP is advantageous compared with the FXIIIa system owing to
its smaller size (better diffusive properties) and ease of produc-
tion. The HRP reaction is triggered by the addition of H2O2 and
covalently cross-links tyrosine residues, which requires careful ti-
tration of the HRP/H2O2 ratio to minimize cell toxicity and could
raise issueswith the specificity of the reaction [26]. HRPwas dem-
onstrated to enable the fabrication of hybrid gelatin/PEG hy-
drogels [27] or directly incorporate any tyrosine containing
biomolecules, such as fibronectin, into the gel without the need
forprefunctionalization, a substantial advantage for clinical trans-
lation [26]. These hydrogels were shown to support hMSC sur-
vival, proliferation, and differentiation in vitro and in vivo [15,
26] (Figure 3A).

Another advantage of enzyme-mediated cross-linking
schemes is that they are capable of initiating covalent integration
of the injected hydrogel into host tissue. Enzymes that have been
derived from nature are active at physiological conditions and
highly biocompatible. Theseenzyme-mediated reactions can thus
be used to cross-link the hydrogel to the local ECM in the host tis-
sue site, permitting rapid integration of the construct and imme-
diately improving its contribution to the structure andmechanical
properties of the damaged tissue site [15, 27]. Furthermore, ow-
ing to the ability tomechanicallymatch the injectedmaterial with
the mechanical properties of the host tissue, at the same time
permitting mechanical integration with the surrounding tissue,
this cross-linking method thus offers significant advantages com-
pared with many others.

Tailoring Biomechanical Properties

A significant body of evidence has now suggested that the me-
chanical properties of biomaterials, such as Young’s moduli [28]
and viscoelastic properties [29], can elicit significant effects on
stem cell behavior. ECM-derived hydrogels, such as fibrin, colla-
gen gels, or Matrigel offer no (or minimal) possibilities to alter
theirmechanical properties in a controlled fashion. Synthetic bio-
materials, such as PEGmacromers, are rapidly becoming the pre-
ferred candidates as primary structural units, because their
architecture andmolecular weight aremodular and can be tightly
controlled. By selecting the polymer network building compo-
nents, it is possible to generate hydrogels with distinct bulk me-
chanical properties or even transition from homogeneous to
phase-separated networks at the nanoscale [30] (Figure 2B).

Tailoring Degradability

The rate and mechanism by which synthetic hydrogels degrade
has seen significant evolution during the past decade, from un-
controlled (and potentially catalyzed) degradation through, for
example, hydrolysis of ester bonds throughout the hydrogels,
to highly specific degradation of cross-links via the incorporation
of MMP-sensitive cross-linkers (Figure 2C). When coupled with
photochemistry, such systems have been shown to enable pat-
terning and alteration of synthetic polymer networks in a very
controlled fashion. Using “click” chemistry, Singh et al. [31] syn-
thesized a peptide functionalized PEG hydrogel in whichmechan-
ical modulus and cell-adhesive properties were tuned to assess
their effect on tumor cell growth. Integration of an MMP-
sensitive cross-linker to complement a multiarm PEG macromer
conjugated with norbornene end-group moieties was used to
study tumor cell migration [32]. In that study, the architecture
of the polymer network was intentionally designed to yield pore

158 Bioengineered Scaffolds for Stem Cell Applications

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE

 by Janko M
rkovacki on June 23, 2015

http://stem
cellstm

.alpham
edpress.org/

D
ow

nloaded from
 

http://stemcellstm.alphamedpress.org/


sizes much smaller than the cell diameter, such that migration
would be limited to only proteolytic mechanisms. Similar chem-
istry was used by Anderson et al. to encapsulate hMSCs in cell-
responsive (MMP-mediated degradation) PEG-based hydrogels
[33]. A significant correlation between MMP-mediated degrada-
tion of the hydrogel with enhanced differentiation of hMSCs was
demonstrated. A similar photochemistry-based method was also
shown to enable site-specific degradation of hydrogels [34],
which offers a method to manipulate mechanical properties of
the matrix at any given point during 3D cell culture.

Tailoring Bioactivity

Biomolecular signaling is of the upmost importance in governing
many biological and cellular processes and plays a key role in
directing stem cell fate. In the context of the stem cell niche, bio-
molecular signaling comprises interactions of the stem cells with
the surrounding ECM as soluble or ECM-bound factors. The bind-
ing of proteins to the ECM is a mechanism to sequestrate soluble

proteins via electrostatic interactions, to present them to cells on
demand, and to protect them from (enzymatic) degradation and
increase their bioactivity [35].

Synthetic approaches, such as the use of manufactured pep-
tides, are often preferred to the direct bioconjugation of native
macromolecules, owing to concerns with production costs and
preservation of bioactivity (Figure 2D). The use of engineered
peptides as a component of engineered biomaterials is now
a standard technique to confer these materials with cell-
instructive and -responsive properties. Typical examples include
the presentation of cell-adhesive domains derived from collagen
(DGEA,RGD), laminin (IKVAV,RGD,YIGSR), and fibronectin (REDV,
RGDS), as well as growth factor-binding domains to enable spe-
cific tethering and the incorporation ofMMP-sensitive sequences
in the polymer network [19].

In many cases, providing the necessary cues to direct a given
biological process as a bulk condition is not sufficient. The tempo-
ral and spatial presentation of biomolecules such as morphogen
gradients is known toplayakey role inmorphogenesis. The recent

Figure 2. Schematic representation of synthetic hydrogel engineering to emulate the stem cell niche. (A): Cross-linking chemistries. Hydrogel
scaffolds are generated from prepolymer solutions, and various cross-linking schemes can be used, such as chemical, enzymatic, or photo-
reactions. (B): Tailoring biomechanical properties. Synthetic hydrogels can be tuned to generate hydrogel scaffolds with defined physicochemical
properties. Increasing the polymer concentration typically results in hydrogelswith increasedmechanical properties, including stiffness. Hydro-
gels formed frommacromers of varying architecture (i.e., linear, branched, or multiarm) display different mechanical properties. (C): Tailoring
degradability. Depending on the cross-linking reaction, hydrogel networks can display degradable or nondegradable behavior (via hydrolysis).
For example, the integration of anMMP-sensitive peptide sequence in the polymer network renders the hydrogel susceptible to cell-mediated
degradation via the action of cell-secretedMMP enzymes. Light-triggered reactions have been developed tomodify hydrogel scaffolds (photo-
patterning of bioactive molecules or local degradation of the polymer networks), enabling alteration of the hydrogel properties at any given
point during the course of the cell culture, permitting temporal cues to the stem cells. (D): Tailoring bioactivity. Bioactive compounds, such as
adhesion ligands or growth factors, can be covalently tethered to the hydrogel network by consuming reactive groups of the macromer (these
will thus not contribute to the network formation). This simple scheme can be readily used to bind single factors or any combination of factors.
The introduction of orthogonal chemistries can provide enhanced temporal control over functionalization and cross-linking. (E): 3D cell culture.
Hydrogels canbe cross-linked in the presence of cells, thus, presentingmore appropriate 3D culturemodels, in terms ofmimicking in vivomicro-
environments. Abbreviations: 3D, three-dimensional; MMP, matrix metalloproteinase.
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introduction of photo-patterning techniques offers an elegant
means to overcome this limitation and provide an exquisite
method to manipulate, in time and space, the presentation of
tethered biomolecular cues to encapsulated cells [20, 36]
(reviewed in [21, 37]).

More recently, the incorporation of ECM-binding peptides
has been proposed to recruit and retain in situ ECM proteins se-
creted by cells encapsulated within the scaffold. A collagen-
binding peptide sequence was integrated in alginate hydrogels
by Leeet al. [38]. Thehighaffinityof thepeptide sequencederived
from the collagen-binding domain of osteopontin was shown to
promote osteogenesis in vitro and in vivo. A similar approach by
Robert et al. [39] described a hyaluronic acid binding PEG-based
hydrogel thatwas shown to improve neocartilage formation from
encapsulated chondrocytes in vitro. Thesenovel approachesoffer
great promise for application in tissue engineering, because they
elegantly provide a simple and generic method for encapsulated
cells to remodel their microenvironment.

An extensive review of the multitude of bioconjugation
schemes and their use within hydrogel scaffolds is beyond the
scope of the present review. Additional detailed information is
given in [7, 40].

HIGH-THROUGHPUT METHODS TO DECONSTRUCT THE STEM CELL
NICHE AND ENHANCE DIFFERENTIATION OUTCOMES IN VITRO

Cellular and ECM microarray approaches offer high-throughput
and combinatorial methods to screen biomaterials and probe
their biological effect on stem cellmaintenance anddifferentiation
[41]. Robotic spotting of polymer precursor libraries on a glass

substrate followed by in situ UV polymerization is an efficient
and reproducible method to generate combinatorial and minia-
turized arrays of unique cell culture substrates [42]. This method
was applied to probe the maintenance and expansion of human
pluripotent stemcells (hPSCs) [43, 44]. The importanceof tackling
the issue of current state-of-the-art culture of hPSCs, which still
relies on less-than-optimal feeder cells or Matrigel, has been ex-
tensively discussed previously [45, 46].

A similar robotic microarray spotting technology (Figure 3B)
was developed to screen for 3D hydrogel microenvironments
[16]. In that report, deposition of nanoliter droplets containing
cells suspended in methacrylated gelatin and various ECM pro-
teins followed by in situ UV polymerization enabled the fabrica-
tion of a combinatorial microarray of cell-laden hydrogels.
These arrays were then cultured in various differentiationmedia,
which enabled the investigators to probe their approach todefine
optimal osteogenic culture conditions for encapsulated human
mesenchymal stem cells. This simple, rapid, and cost-effective
method has been demonstrated to enable high-throughput
screening for multiplexed 3D culture conditions and thus should
be readily applicable to other stem cells. However, it is important
to note that, depending on thematerial selection, rapid sedimen-
tation of cells through the hydrogel precursor solution to the
underlying solid interface can occur, in particular, if using low-
viscosity precursor solutions. Thus, the cellsmight not necessarily
be homogenously embedded in the hydrogel after cross-linking.

More recently, Ranga et al. [47] reported an automated
nanoliter liquid-dispensing technology that enabled them to si-
multaneously generatemore than 1,000 uniquehydrogelmicro-
environments. Their 3D niche microarray was shown to allow

Figure 3. Examples of applications of hydrogel to stem cell biology and translational medicine. (A): Injectable enzymatically (horseradish per-
oxidase) cross-linked hydrogel for in vitro and in vivo encapsulation ofmesenchymal stemcells (MSCs). Adapted from [15]. (B):High-throughput
generation of miniaturized and combinatorial cell-laden microgel arrays. This method was demonstrated to enable the screen of various bio-
materials in combination with selected soluble factors, to a total of 96 independent conditions in a single assay, for their MSC osteogenic-
inductivepotential. Adapted from [16]withpermission. (C): Syntheticmethacrylate-basedhydrogel encapsulatingMSC implants tobridge acute
spinal cord injury. Adapted from [17] with permission. (D): Enhanced stem cell (MSCs) intracoronary infusion in alginate shells for treatment of
acute myocardial infarct. Adapted from [18].
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probing individually or in complex combinations of the effect of
biomolecular, biochemical, and mechanical signals. To demon-
strate its relevance, the investigators used their method to draw
a comprehensive map of the complex interplay of the effect of
matrix elasticity, degradability, and selected soluble and tethered
biomolecules onmouse embryonic stemcell (mESC) self-renewal.
Their analysis underscored the prominent role of leukemia inhib-
itory factor in promoting mESC self-renewal; nonetheless, their
analysis also elucidated novel and interesting synergistic effects
of the other variables, highlighting the value of their system-
level approach.

MOVING TOWARD CLINICAL TRANSLATION

The Need for Vascularization

Although neovascularization is essential for the success of any
implanted cellularized construct, it is now becoming clear that
it could be particularly important for the survival of stem cells,
inparticularMSCs, after implantation [48].Withorwithout a scaf-
fold, the invasion of host endothelial cells and potentially also the
differentiation of the implanted stem cells into vascular pheno-
types has unfortunately been insufficient to encourageneovascu-
larization to support these exogenous cells [49]. In vitro, it has
been shown that patterned encapsulation ofMSCswith endothe-
lial cells in a fibrin hydrogel matrix indicated that bone marrow-
derived MSCs migrated toward endothelial cells and encouraged
vessel formation, acting as “supporting cells” for the endothelial
cells in forming the vasculature [50–53]. In addition, a recent in
vivo study that used stem cells (without a supporting scaffold)
has shown the complementary effect, in which MSC survival
was enhancedwhen injected in conjunctionwith endothelial cells
[54]. That studyusedendothelial progenitors isolated fromblood,
which has obvious harvesting advantages when considered as an
addition to MSC-based therapies. Taken together, these two
studies suggest that the translational success of stem cells encap-
sulated in hydrogel implants can be improvedwith the addition of
endothelial cells.

Tissue-engineered constructs targeted for in vivo applications
are typically restricted to a thickness of only a few hundreds of
microns, owing to the diffusion limitations of oxygen and
nutrients. To overcome this hurdle, and as an alternative to add-
ing endothelial cells and waiting for the formation of self-
organized vascular structures, Cabodi et al. recently devised
microfluidic biomaterials [55]. Microfabrication was applied to
various hydrogels to construct micron-size microchannels em-
bedded within the scaffold to mimic the function of the vascula-
ture in native tissues. Perfusion through the microchannel
facilitated encapsulated cell survival in large tissue-engineered
constructs, along with the ability to generate soluble factor gra-
dients [56]. This approach also enables the generation of micro-
vasculature systems of a defined size and shape to study critical
developmental and regeneration processes, such as angiogene-
sis, vasculogenesis, and thrombosis in vitro [57, 58]. Similar
approaches have been used to design vascularized tissue-
engineered solid polymeric scaffolds (reviewed in [58–61]). De-
spite interest in the application of complex engineered constructs
indeveloping in vitromodels for drugdiscovery or ex vivo artificial
tissue maturation, in its present form, the concept of a microflu-
idic scaffold has limited potential in clinical applications, princi-
pally owing to the difficulty in connecting the host and artificial

vasculature. However, future developments could certainly over-
come such constraints.

Engineering Tissue Level Complexity in 3D
Coculture Models

The ability to create tissue-like or even organ-like constructs con-
sisting of multiple cell types is important for both the application
of stem cells as an in vitro model (Figure 2E) and themost distant
goal of driving tissue and organ regeneration in vivo from stem
cell starting points. This can be realized through the combination
of stem cells with differentiated cells or by encouraging stem cell
differentiation down concurrent lineages. However, heterotypic
cell-cell interactions can have a large impact on stem cell differ-
entiation. This has been illustrated particularly well in the process
of bone formation through endochondral ossification, in which
signaling from chondrocytes drives the invasion and differentia-
tion of mesenchymal progenitors to osteoblasts. Among other
targets, the interactions between MSCs and chondrocytes in
3D matrices have been investigated [62–68]. Ideally, it would
be preferable to elicit a level of control over such interactions
to probe this complex interactome. Hydrogel systems provide
both the ability to generate large numbers of coculture microtis-
sues and precisely control the location of, and hence the interac-
tions between, different cell types. Tumarkin et al. applied
amicrofluidic system for generating cell-laden hydrogelmicrobe-
ads to establish coculture assays, thus creating a robust and con-
trolled method for identifying the support roles between
different cell types, in particular, blood progenitors [69]. Others
have used photo-patterning [70], layer-by-layer deposition [71],
and consecutive [72] seeding techniques to investigate coculture
in a low-throughput but still highly controlled manner. The appli-
cation of these techniques to stem cells will provide valuable
insights into the role of cell-cell interactions in the stemcell niche.
Moreover,with improvedcontrol overmicropatterning and seed-
ingmethods, this approach couldultimately allow for the creation
of prestructured tissue-engineered constructs that, after implan-
tation, could thereafter accelerate and enhance tissue formation
and maturation.

Natural Versus Synthetic Hydrogels for Stem
Cell Therapy

When wishing to use hydrogels in vitro to mimic niche or differ-
entiation conditions, the analysis of cells (via in situ visualization
or cell recovery) remains a primary concern. In contrast, themain
properties required for their use in vivo depend primarily on the
intended purpose of the hydrogel. Because of their limited me-
chanical property envelope (Young’s modulus ∼0.1–100 kPa),
hydrogels are better suited for the engineering of soft tissues,
such as neuronal tissue and cartilage, which have both been stud-
ied in animal models using adult stem cells in synthetic and nat-
urally derived scaffolds [17, 62, 73]. The current applications of
hydrogels in stem cell-based therapy in clinical trials has been
mostly limited to naturally derived systems, such as alginate
and fibrin, presumably because of reduced concerns over bio-
compatibility, higher costs of production of synthetic materials
owing to the requirement to meet manufacturing (GMP) stand-
ards, and their approval by regulatory agencies [74]. In terms
of synthetic hydrogels, as an example, in their recent publication,
Hejčl et al. compared different methacrylate-based gels loaded
withMSCs in a ratmodelof spinal cord injury [17]. They found that
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the inclusionof a synthetic peptidewas required toencourage cell
adhesion (RGD) to improve ingrowth of blood vessels and the
use of a solid porogen increased neuronal regeneration [17]
(Figure 3C). Regeneration of hard tissues, such as bone, has been
studied in vivo usingMSCs and hydrogels [73, 75], themechanical
properties of hydrogels are generally not suited for the immedi-
ate replacement of mechanically loaded bone function. The evo-
lution of in vitro culture models that use synthetic hydrogels in
terms of their ability to modulate various critical microenviron-
mental parameters (independently or in combination) will ulti-
mately lead to improved overall performance in vivo.

Aside from the use of stem cells to regenerate tissue in vitro
and in vivo, stem cells have also been proposed as implantable in
vivo production units for therapeutic biomolecules. However,
stem cells that have been genetically modified to produce a cer-
tain factor need to be protected in the body and localized to the
therapeutically relevant area. Encapsulating stem cells in hydro-
gelmicrobeads (Figure 3D) has enabled progress in the treatment
of ischemia [18, 76, 77], cancer [78], and traumatic brain injury
[79]. Again, most applications used naturally derived hydrogel
materials; however, it is apparent that once synthetic materials
begin showing signs of success in clinical trials and the body of
knowledge around their optimization continues to increase, they
will ultimately become adesirable option for this type of stemcell
therapy.

FUTURE PERSPECTIVES

The modularity and precision provided by synthetic scaffolds
allows control andmanipulationof their physicochemical andbio-
chemical properties. With the growing capability to control the
characteristics of in vitro models, it becomes impractical to
manually test all the possible combinations; therefore, high-
throughput and combinatorial methods to generate arrays of
3D cell-laden scaffolds is key to deconstruct the complexity of
the stem cell niche. Along these lines, microfluidic technologies
offer alluring experimental paradigms to manipulate stem cells
and their microenvironment. The enhanced capabilities to pro-
cess small amounts of liquid within these miniaturized devices
allows the control of stem cell culture conditions with unprece-
dented levels ofprecision. These capabilities have, during thepast
decade, spurred the development of innovative technologies to
address a wealth of biological phenomena [80]. Water-in-oil
droplet generators have been extensively used to fabricate cell-
laden hydrogels at very high frequencies [81, 82]. Thesemethods
naturally avail themselves to being applied to the parallel gener-
ationof cell-laden3Dscaffolds, providingpowerful tools to screen
biomaterials and assess their effect on stem cell fate. Such high-
throughput combinatorial methods to biologically assess and
validate modular polymeric hydrogel systems biologically have
the potential, in the near future, to profoundly affect stem cell
biology.

The ability to deconstruct the complex interplay of the inter-
actions of stem cells with their instructive microenvironment is
essential to expand our understanding of underlyingmechanisms
that control stem cell fate and therefore greatly contribute to ad-
vance the field toward clinical applications. The direct application
of the outcomes from such novel, investigative in vitro methods,
as described, has the potential to yield robust and reliable culture
methods for stem cell expansion and their directed differentia-
tion toward clinically relevant endpoints.

With continued development, tailored synthetic hydrogel
substrates and scaffolds that display the desired biological and
physicochemical properties have the potential to overcome the
current difficulties associated with the culture of stem cells in
vitro, enabling optimal maintenance and expansion of stem cells
in a context of affordable, GMP-compliant and xeno-free proce-
dures, providingaclearer path for their clinical use in regenerative
medicine applications. For example, the development of syn-
theticmicrocarriers presenting such tailored biomaterial surfaces
offers the possibility of large-scale production of stem cells or
their differentiated progeny at clinically relevant quantities
[82–84].

The differentiation outcomes have been shown to be greatly
enhanced by synthetic biomimetic biomaterial systems [15, 16]
and, ultimately, with additional advances, we believe that stem
cells, when incorporated into future generation biomimetic
hydrogel scaffolds, will be actively driven to maturation and
the development of true physiological function. Engineeringmul-
ticellular constructs, such as stem cell-derived organoids, using
synthetic hydrogels presents the opportunity to construct com-
positionally tailored in vitro tissue models in a high-throughput
manner to discover such optimal hydrogel systems. Furthermore,
it opens the door for drug screening and discovery applications,
inclusive of toxicological screening and the possibility for drug
stratification at a personalized level (when combined with
patient-derived induced pluripotent stem cells).

With the recent advent of mild cross-linking schemes and the
now relative ease of coupling bioactive signaling molecules into
synthetic hydrogels without the need for premodification, we
foresee that after the injection and in situ gelation of these stem
cell instructivebiomaterialswithinhost diseasedor injured tissue,
they will enable either directed, efficient differentiation of
injected stem cells into defined cell types or the recruitment of
host endogenous stem cells and, thereafter, their directed differ-
entiation as they colonize the hydrogel scaffold or, ideally, both.

CONCLUSION

In writing the present review, we aimed to provide a synopsis of
recent advances in biomaterials engineering, with a particular fo-
cus on hydrogel scaffolds. We have presented perspectives on
their potential applications in the development of in vitro stem
cell niche models and for in vivo tissue engineering and regener-
ative medicine. Engineered hydrogel scaffolds, with their highly
tailorable mechanical and biochemical properties, offer great
promise in addressing the current clinical challenges associated
with translating stem cell-based therapies.
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