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Soluble concentration gradients play a critical role in controlling tissue formation during

embryonic development. The importance of soluble signaling in biology has motivated engineers
to design systems that allow precise and quantitative manipulation of gradient formation in vitro.
Engineering techniques have increasingly moved to the third dimension in order to provide more
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physiologically relevant models to study the biological role of gradient formation and to guide
strategies for controlling new tissue formation for therapeutic applications. This review provides
an overview of efforts to design biomimetic strategies for soluble gradient formation, with a focus
on microfluidic techniques and biomaterials approaches for moving gradient generation to the
third dimension.
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Introduction

Soluble concentration gradients, such as growth factor gradients, play a crucial role during
tissue development. Positional information is provided by soluble signals termed
“morphogens,” which elicit distinct cell responses dependent on local concentration.[1~7]
Morphogen gradient generation is a highly complex and tightly regulated process that is
influenced by a variety of cellular and extracellular factors.[:2:8.] The unique ability of
morphogen gradients to spatially and temporally guide tissue formation has been
demonstrated during embryonic development in numerous organisms.[2-61 For example,
sonic hedgehog (Shh) concentration gradients help to determine ventral neuronal progenitor
identity in the chick dorsal neural tube,[1%1 Wingless/Int-3 (Wnt-3) gradients regulate
melanogenesis in the quail neural tube,[*1] and bone morphogenetic protein (BMP) gradients
encourage pre-cardiac gene expression in ascidian ventral trunk cells.l2] Thus, natural
morphogen gradients represent an elegant mechanism to spatially and temporally control
tissue formation.

Our current understanding of the mechanistic details of morphogen concentration gradients
is primarily based on the theory of restricted extracellular diffusion. In this model,
concentration gradients form due to morphogen transport from the source cells that secrete
them to the target cells they act upon. Morphogen transport is spatially guided along specific
routes in developing tissues by a variety of factors, including cell organization, the presence
of cell surface receptors, and morphogen-binding moieties in the extracellular matrix
(ECM).[1-6.8.91 Experiments in chick limb bud and zebrafish models demonstrate the
importance of restricted extracellular diffusion in vivo. For example, ECM-associated
heparan sulfate proteoglycans (HSPG) modulate Shh signaling range in the chick limb
bud.[23] Additionally, retinoic acid was shown to be degraded by Cyp26 immediately upon
entering the cell cytoplasm in zebrafish, suggesting that long-range retinoic acid signaling is
possible only by extracellular means rather than intracellular transport.[24] Fundamental
developmental biology studies such as these have been instrumental in advancing our
understanding of the mechanisms that guide soluble gradient formation.

The critical importance of soluble signaling in biology has motivated numerous studies
aimed at modeling gradient generation in vitro.[15.16] Many previous studies have applied
soluble signaling gradients to cells in two-dimensional (2D) culture, and have been reviewed
elsewhere.[17:18] Increasingly, engineers have designed synthetic biomaterials to mimic
three-dimensional (3D) biological matrices!'9-22] in order to optimize study of cell—cell
interactions, mechanical stimuli, and soluble signaling dynamics that are not present in
2D.[20] Synthetic materials provide researchers precise control over parameters such as pore
size, crystallinity, molecular weight, copolymer composition and charge, and enable greater
mimicry of the in vivo environment.[23-28] |n this review we present emerging approaches to
control soluble concentration gradients in biomaterials. The particular focus is on
biomimetic approaches, which are designed based on principles gleaned from natural tissue
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development. We specifically focus on approaches that use microfluidics, localized
controlled release, and ECM affinity as mechanisms for gradient generation.

Microfluidic Systems for Gradient Generation

Microfluidic systems are ideal tools for developing specifically tuned soluble gradients and
characterizing interactions between soluble signals, biomaterials, and cells. In a majority of
microfluidic studies, the timing of biomolecule delivery, gradient slope, geometry, and
signaling distance may be tuned by adjusting input and output flow rates as well as channel
geometry.[29-39] The dimensions of micro-fluidic environments enable one to observe
molecule distributions and cell responses via fluorescence and bright field
microscopy.[30:31.3%-41] |mportantly, microfluidic systems may provide particular
advantages in the context of biomimicry. The low ratio of cell volume to extracellular fluid
or matrix volume in these environments more closely mimics in vivo environments when
compared to standard cell culture environments.[42] In addition, the ability to spatially
localize morphogen sources and sinks, and the ability to define the region in between, can
lead to a direct mimic of the restricted extracellular diffusion mechanism often observed
during natural tissue development.

Convective Flow Platforms

Convective flow platforms continuously maintain soluble signal concentrations in source
and sink flow channels. This is advantageous because soluble signaling gradients can be
maintained for indefinite periods of time.[15.16:31,41,43.44] However, flow platforms can
remove cell-secreted factors®1 and flow-induced shear may influence cell behavior in
unintended ways.[4546] In order to address these challenges, convective flow devices can be
designed to incorporate a flow barrier (Figure 1) so that biomolecule delivery into the cell
culture chamber occurs through diffusion. Examples of barriers include capillary
channels[41] and thin polymer films.[31:43.44] |n view of the importance of diffusion in
natural soluble signaling, these systems may provide a biomimetic mechanism for
introducing soluble signals to cells.

Though convective flow platforms have mostly focused on presenting soluble signaling
molecules to cells cultured in 2D monolayers,[17:18] they have recently been adapted to form
soluble gradients in 3D environments. For example, capillary channels were adapted to
present a vascular endothelial growth factor (VEGF) gradient to human dermal
microvascular endothelial cells (HMDVEC) cultured in a 3D collagen and fibronectin
matrix.[47] Results demonstrated that tubulogenesis was more prevalent toward higher
concentrations of VEGF. Similar barrier motifs have been demonstrated in other convective
flow platforms that generate gradients across 3D hydrogels.[48-50] |n future studies, these
systems may be promising tools for modeling dynamic changes in morphogen signaling
levels via perturbations in source flow rates.

Pnuematic Valve Systems

Pneumatic valve systems can be used to trigger gradient formation at user-defined times.[5]
As an example, Liu et al. seeded populations of mouse embryonic fibroblasts and human
hepatocellular carcinoma cells in separate cell culture chambers that were connected by a
migration channel. The channel could be opened or closed using a pneumatic valve. When
the valve was opened, cell-secreted chemotactic factors from the carcinoma population
diffused toward the fibroblast chamber and increased fibroblast motility toward the
carcinoma chamber.[3%] A separate study by Lii et al. adapted a similar valve system to
control diffusion of soluble molecules between neighboring 3D hydrogel matrices.
Embryonic stem cells (ESC) in matrigel were localized to a cell culture chamber, and cell
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tracker dye was encapsulated in a poly(ethylene glycol diacrylate) (PEGDA) hydrogel
located in a neighboring chamber. Molecule transfer between the gels was controlled by a
pneumatic valve. Upon opening the valve, the cell tracker dye diffused from the PEGDA
into the matrigel to stain the ESCs.[38] This precise timing of gradient formation provides a
means to create more complex experimental systems and better recreate the signaling
dynamics in physiological systems.

Gradients without Pumps or Tubes

Alternative microfluidics platforms have recently been developed to enable gradient
generation without the need for extensive flow networks and complex pumping
instrumentation. In addition, they are amenable to multiplexing and automation, making
them easily accessible methods of gradient generation.[52:53] Huang et al.[40] recently used
micropipettes to position juxtaposed matrigel and collagen matrices inside a microfluidic
chamber and established sharp boundaries between the matrices using arrays of micron-scale
hexagonal posts. Hydrophobic surface chemistry and controlled spacing between the posts
prevented the hydrogel precursor solutions from relocating before curing. In addition, the
discontinuous barrier defined by the post arrays allowed the neighboring matrigel and
collagen matrices to have well-defined points of contact. As a demonstration of molecular
transport between the matrices, a population of collagen-encapsulated breast cancer cells
secreted chemotactic factors that induced macrophages in the neighboring matrigel to invade
the collagen matrix. This strategy may be applicable to numerous hydrogel species and cell
co-culture combinations.

Abhyankar et al.[2%] developed a gradient generation platform in which the concentration
difference between a fluid source and sink results in molecular transport through 3D
hydrogel matrices (Figure 2). Controlled gradients of epidermal growth factor (EGF) and
short chemoattractant peptides increased neutrophil migration and invasion of rat mammary
adenocarcinoma cells into collagen hydrogels, respectively. Gradients in this system can be
temporally controlled by repeated replenishment of the source and sink solutions. A recent
study generated fetal bovine serum gradients in poly(methyl methacrylate) scaffolds in a
similar gradient generation system,[>#] suggesting that these systems are amenable to
generating gradients inside a variety of materials. In addition, these systems are appropriate
for mimicking paracrine movement driven by diffusion.

Passive pumping, or surface-energy driven fluid flow, has been recently developed as a
tubeless flow mechanism to transport fluid through microfluidic systems at high flow
rates.[5255] Recently, Khademhosseini and co-workers[®¢] generated graded distributions of
Arg-Gly-Asp-Ser (RGDS) cell adhesion peptide in PEGDA hydrogels by injecting RGDS-
PEG molecules into microchannels and allowing evaporation-driven back-flow to imbalance
RGDS distribution (Figure 3). Although the study did not strictly aim to generate soluble
molecule gradients inside 3D hydrogels, this process could in principle be adjusted to
distribute non-cross-linkable molecules inside hydrogel precursor solutions before future
curing steps. Notably, this study used passive pumping as a tubeless alternative to a previous
gradient generation system that required the use of fluid injection pumps.[32]

Microfluidics platforms have evolved over time to offer multiple mechanisms for control
over soluble signal gradients in cell culture environments. Progress in 3D cell culture within
microfluidic systems may result in increasingly complex biomimetic microenvironments,
which could lead to a more complete understanding of gradient signaling in biology.
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Localized Controlled Release within Biomaterials

While microfluidics platforms are excellent tools for studying the role of soluble signal
gradients, these systems are generally designed for in vitro experiments rather than in vivo
use or eventual clinical application. An alternative approach to generate gradients for
therapeutic strategies involves designing biomaterials that contain biomolecules within
localized “depots.” Gradient characteristics can then be controlled through a combination of
spatial organization and material properties. These localized release approaches provide a
direct mimic of natural morphogen signaling, in which morphogen release from a localized
cell source typically occurs. The aim of this section is not to review all biomaterials-based
methods for drug delivery, which have been reviewed in detail elsewhere.[57-59 Instead, we
focus on approaches in which blended biomaterials are designed to control gradient
formation through controlled localization of signaling sources within a material.

Release Depots in Multicomponent Materials

As a demonstration of a biomaterials design that provides strict control over gradient
formation, Peret et al. encapsulated protein-loaded poly(lactide-go-glycolide) (PLG) micro-
spheres in a PEGDA hydrogel depot via photopolymerization. The depot was submerged in
blank PEGDA precursor solution and photopolymerized again, resulting in a continuous
gradient-generating hydrogel (Figure 4).15%] Protein gradient magnitude, slope, persistence
length, and persistence time could be strictly controlled in this material through a variety of
parameters, including protein hydrodynamic radius, microsphere concentration, and
hydrogel mesh size. This approach provides an adaptable biomaterials strategy for
controlling several aspects of gradient profile generation through simple design, and in
principle could be used to incorporate combinations of soluble molecules via mixtures of
pre-loaded microspheres.

Due to the complexity of the signaling environment during tissue formation, strategies for
controlling release for multiple growth factors as well as spatial organization of release are
desired. Chen et al.[61] accomplished both of these goals by embedding PLG microspheres
in a PLG scaffold, resulting in a scaffold with discrete, spatially located gradients, and
distinct release profiles of two growth factors. Specifically, platelet derived growth factor
(PDGF)-carrying microspheres were embedded in a VEGF-loaded PLG scaffold, which was
delivered to ischemic rat hind limbs. Blood vessel maturation was significantly enhanced in
the presence of VEGF and PDGF relative to VEGF alone.[81] In a second study designed to
form stable, localized gradients, VEGF and anti-VEGF antibodies were released from
distinct regions with in a PLG scaffold to spatially localize VEGF activity. In vivo
implantation increased angiogenesis in mouse ischemic hindlimb models while restricting
VEGF activity to muscle in close proximity to the scaffold.[82] Thus, these studies offer a
method for controlling coordinated gradients of multiple signaling molecules.

Graded Distributions of Signal Carriers

An alternative strategy for forming stable, spatially distinct concentration gradients of
multiple biomolecules within 3D biomaterials was demonstrated by Dodla et al. Both step
and continuous gradients were generated by inserting agarose hydrogels containing nerve
growth factor (NGF)-containing lipid microtubules and immobilized laminin-1 (LN-1) into
polysulfone guidance channels.[83] Axonal regeneration for both gradients was similar to
nerve tissue grafts, which demonstrates improved functional outcome when compared nerve
guidance channels containing either no molecular gradients or a single gradient of NGF or
LLN-1.[83] |n a separate example of this general approach, Wang et al.[64] used a piston-
driven gradient generator to suspend a continuous gradient of BMP-2-loaded microspheres
and insulin-like growth factor-1 (IGF-1)-loaded microspheres in silk fibroin scaffolds. When
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these scaffolds were seeded with human mesenchymal stem cells (hMSC), markers of
osteogenic and chondrogenic differentiation such as calcium deposition and
glycosaminoglycan deposition, respectively, increased with increasing BMP-2
concentration. IGF-I enhanced osteogenic and chondrogenic differentiation levels
throughout the hydrogel when BMP-2 and IGF-1 were presented as opposing gradients.
Taken together, these strategies may be useful for recreating the complexities of graded
tissue structure such as the discontinuous transition from bone to cartilage in joints.

Immobilized Protein Gradients Inspired by Protein-ECM Affinity and

Patterning

The ECM plays a crucial role in gradient formation by directly interacting with soluble
proteins through affinity interactions. These affinity interactions are often spatially
organized, and can influence how proteins function and interact with cells.[55] For example,
in the drosophila testis stem cell niche the leukemia inhibitory factor (LIF) homolog
Unpaired (Upd) is secreted by “hub” cells, and Upd-ECM interactions limit its diffusion
away from the source such that only stem cells directly adjacent to the hub are able to self-
renew in response to Upd signaling.[®8] This principal is also demonstrated in the developing
Drosophila embryo, where glypicans act as a spatially patterned path for transport of
Wingless, a morphogen that specifies the formation of ventral structures.[6:11.67] The
glypicans in the ECM bind and stabilize Wingless while spatially defining a transport route
through developing tissue.[®] These examples demonstrate the critical role of spatial and
affinity-based interactions between morphogens and ECM in natural tissue development and
maintenance, and engineering strategies to design biomaterials based on these ideas have
begun to emerge.

There have been several examples of strategies for incorporating affinity ligands to
sequester soluble molecules in 3D materials.[65:68-78] These affinity-based materials have
been used for a variety of biological studies, including sustained growth factor
delivery[68.71.75.77.79] and modulation of cell function.[68:69.73.74.79] while studies to date
have focused on immobilizing affinity ligands throughout biomaterials, patterning methods
discussed below may also be compatible with linking chemistries described for affinity-
based materials.[68.69.75]

The nerve guidance channel created by Dodla et al., mentioned previously, contained a
continuous gradient of immobilized LN-1, which was initially generated via diffusion of
photocrosslinkable LN-1 molecules into the hydrogels. Afterward, the entire material was
UV-irradiated to immobilize the LN-1.[83] Luhmann et al.[80] used a piston-driven gradient
generator to apply a linear gradient of 1g6-like domain into a fibrin precursor solution. The
Ig6-like domain was covalently bound to the fibrin matrix via a Factor-XIlla mimicking
peptide sequence before the entire hydrogel was stabilized by thrombin. The distribution of
labeled Ig6-like domain was measured using fluorescence microscopy, and the immobilized
gradient maintained a steep slope after 24 h. The examples described above provide
strategies that are based on simple diffusion and therefore may be useful for generating
gradients using a broad range of bound proteins.

While patterning gradients of immobilized molecules distributions in 3D hydrogels using
diffusion is a significant achievement, the complexity of patterns generated using these
systems are limited. A possible solution for generating more complex patterns of
immobilized molecules in 3D materials has been demonstrated in synthetic hydrogels using
several strategies.[81-87] The concept of 3D photo-patterning in PEG hydrogels was first
introduced by West and co-workers.[81:83] Hahn et al.,[81] introduced acrylated bioactive
groups into PEGDA hydrogels using two-photon microscopy to create complex patterns
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post-gelation, and subsequent work by Lee et al.[83] demonstrated that cell migration could
be guided using this platform. Using a different chemistry for incorporation of
photopatterning into PEG hydrogels, DeForest et al.[85] demonstrated that orthogonal
“click” chemistry could be used to form complex patterns using two-photon microscopy and
that this strategy could be used for 3D cell patterning. In a following study, DeForest et
al.187] demonstrated that complex immobilized gradients could be formed with control over
gradient magnitude and slope using the “click” hydrogels. These examples demonstrate how
synthetic strategies can be used to create materials with complex, spatially patterns of
immobilized ligands, and would be applicable to virtually any biomolecule provided that
acrylate or thiol groups could be incorporated.

Challenges and Future Prospects

Triggered Appearance of Soluble Gradients—The studies described in the previous
sections generally focus on strategies in which release profiles or gradient generation are
pre-determined based on initial materials properties. However, tissue formation during both
development!1-6.8.9.88] and wound healing[89-911 requires coordination of cell migration,
differentiation, and ECM production that is precisely controlled through the timing of
distinct growth factor signaling profiles. In view of the importance of both dose and timing
during natural tissue development, there is widespread interest in controlling when soluble
signaling occurs for tissue engineering strategies. This concept may be extended to control
when soluble signal gradients appear in engineered tissues, as well as coordinate the
appearance of multiple soluble signal gradients. External stimulation of drug release from
materials has been studied for decades, and polymers have been designed to be responsive to
pH,[92-94] glucose, (9] temperature, [94:96-100] magnetism,[191-1031 yltrasound[1%4] and
electric fields,[105-107] and might be applied to biomolecule delivery for some tissue
engineering applications as well. As an advanced example of controlling the timing of
soluble signal release, layers of drug-carrying alginate hydrogels were inserted into a
chemically stable poly(L-lactic acid) (PLLA) casing along with poly(anhydride) discs.[108]
The degradation timing of the polyanhydride layers resulted in a lag time between drug
release from alginate hydrogels.[108] pulsatile release of parathyroid hormone (PTH) and
bovine serum albumin (BSA) over time as well as sequential release of drugs encapsulated
in separate alginate layers were demonstrated using this technique (Figure 5).[108]

An alternative to pre-defined release profiles would involve triggering soluble signal release
at desired times or in response to specific biological cues. As a proof-of-principle for using a
specific biochemical trigger to induce morphogen release, King et al. formed calmodulin-
based microspheres that collapse and release their cargo in the presence of the drug
trifluoperazine (TFP). TFP caused VEGF-loaded microspheres to collapse to less than 50%
of their initial volume, resulting in rapid release of VEGF.[19%] The same concept was also
recently used for triggered release of BMP-2.[110] One can envision using these
“bioresponsive” microspheres and others!111] as localized release depots within
biomaterials.

Strategies have also been developed for cell-triggered proteolytic release of soluble
biomolecules. For example, covalently bound signal molecules can be released by proteases
secreted by cells by incorporating enzymatically degradable peptide tethers.[112.113]
Sustained release of protein was also demonstrated for a PEG hydrogel, in which a human
neutrophil elastase (HNE)-degradable peptide designed to be susceptible to inflammation
was used to cross-link the polymer.[114.115] Since the mechanism for protein release using
HNE-degradable PEG hydrogels involved surface, rather than bulk, erosion, release was
independent of protein size, and thus could be tuned solely by choice of materials properties,
with factors such as peptide concentration or substitutions in the amino acid sequence of the
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cross-linking peptide being used to tailor release rate.[114.115] This general approach may be
amenable to a variety of applications, since there are other available small peptides that are

susceptible to proteases.[116] Together, the above strategies may enable soluble gradients to
appear at specified times, mimicking those demonstrated during natural tissue formation.

Enhanced Throughput

One of the primary challenges of mimicking natural morphogen gradients is their
complexity. For example, the effects of morphogen gradients on tissue formation can be
influenced by persistence time, signaling distance, slope, and morphogen potency.[8%1 This
complexity creates a highly complex set of interdependent parameters that need to be
optimized, often with little knowledge of ranges that are important physiologically. Further,
the design of new materials with degradable matrices!84.113.117-122] and incorporated cells
will lead to even more complex sets of conditions that will affect gradient shape, dynamics,
and bioactivity. Standard diffusion models may not be appropriate for predicting release
rates within these complex materials, let alone their influence on tissue formation. Thus,
multiplex testing strategies that can investigate a large number of parameters simultaneously
may be important to design gradient systems for in vitro and in vivo use. Early studies
indicate that 3D hydrogel arrays formed with both synthetic and natural biomaterials can
screen for the effects of adhesion peptides, soluble growth factor concentration, and matrix
degradability.[123-126] These strategies and others!38.127-1291 may also be applicable to
testing combinations of entrapped or tethered soluble signals or loaded microspheres, which
could lead to enhanced throughput analysis of soluble gradients.[123-126]

Conclusion

Techniques for generating controlled bimolecular gradients within 3D synthetic
environments are just beginning to emerge. To truly exert fine control of soluble molecule
concentration gradients in complex tissue engineering systems, consideration should be
given not only to spatially controlling the distribution of soluble molecule in a 3D
environment, but temporally controlling them as well. Studies in microfluidic systems,
controlled release mechanisms and 3D patterning of immobilized molecules are unique
toolsets. These technologies may lead toward understanding the origins and temporal
progression of morphogen gradients in nature, as well as controlling gradients for tissue
engineering applications.
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Figure 1.
Small molecule gradient generation across a biomaterial using perpendicular capillary
extensions from source and sink flow paths.[47]
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Figure 2.

(a) Schematic of polydimethylsiloxane (PDMS) microchannels with defined source and sink
regions. (b) Desired concentration profile and calculation of time intervals for replenishing
source and sinks.[29]
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Figure 3.

Schematic of passive pumping-aided gradient generation in microfluidic chambers. (A) The
microfluidic channel was fashioned in PDMS. (B) The channel was pre-filled with
photocrosslinkable hydrogel precursor solution. (C) After the molecule of interest was
inserted into the inlet port, it transported down the length of the channel via passive
pumping. (D) Evaporation at the inlet port induced a backflow in the system that encouraged
concentration gradient formation. (E) Photocrosslinking of the precursor fixes the
concentration gradient in place, creating the (F) completed patterned hydrogel. Reproduced
with permission from ref.[56] Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure4.

Generation of controllable protein gradients via localized, sustained release from a
microsphere depot. (A) Schematic of the microsphere depot combined with a PEGDA
hydrogel. (B) Photographs of the completed multicomponent hydrogel. (C) Fluorescence
images of BSA gradient generation (pseudocolored to indicate fluorescence intensity
distribution). Left: 10 mg - mL~1 BSA-loaded microspheres. Middle: 30 mg - mL™1 BSA-
loaded microspheres. Right: 60 mg - mL~1 BSA-loaded microspheres. (D) Concentration
gradients in hydrogels containing 60 mg - mL™1 (), 30 mg - mL~1 (M), and 10 mg - mL™1
BSA (A). (E) Concentration gradients in hydrogels containing lysozyme (4p), ovalbumin
(M), and BSA (A). Lysozyme has the lowest hydrodynamic radius of the three proteins
while BSA has the highest. (F) BSA Concentration gradients in hydrogels composed of 5%
(@), 10% (M), and 15% PEGDA (A). These results demonstrate multiple mechanisms for
tailoring gradient characteristics by controlling material properties. Figure portions C—-F
reproduced with permission from ref.[6% Copyright Wiley-VCH Verlag GmbH & Co.
KGaA.
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Figure5.
Schematic of pulsed drug release system. (A) The PLLA sealant filling prevents lateral and

non-sequential diffusion of drug from the construct. The drug-carrying alginate layers
release molecules, and the degradation times of the polyanhydride isolation layers determine
lag times between drug release pulses. (B) Pulsed sequential release of PTH and BSA.
Reproduced with permission from ref.l198] Reprinted from Biomaterials, 28, X. Liu et al.,
Pulsatile release of parathyroid hormone from an implantable delivery system, pages 4124—
4131. Copyright 2007, with permission from Elsevier.
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