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Cell Migration on Planar and Three-Dimensional Matrices:
A Hydrogel-Based Perspective
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The migration of cells is a complex process that is dependent on the properties of the surrounding environment.
In vivo, the extracellular environment is complex with a wide range of physical features, topographies, and protein
compositions. There have been a number of approaches to design substrates that can recapitulate the complex
architecture in vivo. Two-dimensional (2D) substrates have been widely used to study the effect of material properties
on cell migration. However, such substrates do not capture the intricate structure of the extracellular environment.
Recent advances in hydrogel assembly and patterning techniques have enabled the design of new three-dimensional
(3D) scaffolds and microenvironments. Investigations conducted on these matrices provide growing evidence that
several established migratory trends obtained from studies on 2D substrates could be significantly different when
conducted in a 3D environment. Since cell migration is closely linked to a wide range of physiological functions, there
is a critical need to examine migratory trends on 3D matrices. In this review, our goal is to highlight recent
experimental studies on cell migration within engineered 3D hydrogel environments and how they differ from planar
substrates. We provide a detailed examination of the changes in cellular characteristics such as morphology, speed,
directionality, and protein expression in 3D hydrogel environments. This growing field of research will have a

significant impact on tissue engineering, regenerative medicine, and in the design of biomaterials.

Introduction

C ELLS MIGRATE IN RESPONSE to changes in their physical
and chemical microenvironment.' Cell migration plays
an important role in modulating several physiological pro-
cesses such as tissue development, wound healing, inflam-
mation, and disease progression.”™* During embryogenesis,
the concentration of morphogens directs cellular migration,
which subsequently governs cellular differentiation.>~7 The
failure of cells to migrate to appropriate locations can result in
altered physiological functions and diseases.” During wound
repair, cells secrete platelet-derived growth factor (PDGF)
resulting in the recruitment of fibroblasts.® Cells that mediate
the immune response migrate to the infected tissues to remove
invading pathogens and debris.”'® Cancer cell metastasis
occurs due to an altered phenotype caused by changes in the
surrounding extracellular matrix (ECM) that guides cells to
other tissues.''™"°

One of the critical steps that initiate cell migration is the
differential localization and concentrations of proteins. This
step is known as polarization. This phenomenon occurs upon
exposure to a variety of external signals present in the cellular
environment. Such cues can be me:chani<:211,16’17 electrical,18
optical,'® or chemical?®?? in nature. Cell polarization is fol-
lowed by the creation of actin-rich protrusions (e.g., filopodia

and lamellipodia)."*> The actin cytoskeleton combined with
proteins and transmembrane integrins leads to the formation of
focal adhesions (FAs). FAs in conjunction with GTPases (Rho,
Rac, and Cdc42) and myosin proteins enable migration.>**

There have been significant advances in understanding
the processes that guide cell migration on two-dimensional
(2D) substrates.>*23-2° Despite these major strides, there is
growing recognition that 2D substrates cannot capture the
complex facets of an in vivo environment.**~° This limitation
constrains our ability to extrapolate biological phenomena
observed on planar materials to cellular processes in vivo. The
chemical microenvironment through which cells move in vivo
is a complex combination of ECM proteins, proteoglycans,
polysaccharides, growth factors, and signaling molecules.?”
The physical properties of the extracellular environment are
dictated by the interactions between these various compo-
nents. The physical environment that cells experience can be
flat or exhibit topographical features. In addition, the cellular
environment can be fibrillar, porous, soft, rigid, or visco-
elastic. Thus, the migration of cells on 2D substrates and
within three-dimensional (3D) matrices is bound to differ
underscoring the need to engineer new materials that are
suitable to investigate migration in 3D.***

In this review, we have focused on highlighting the con-
trasts between migration on 2D surfaces and in 3D hydrogel
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TABLE 1. A SUMMARY OF MIGRATORY BEHAVIOR OF CANCER CELLS CULTURED WITHIN HYDROGELS

Substrate Cell type

Results

Cell-derived HT1080 fibrosarcoma

Morphologies were a mlxture of ameboid and mesenchymal.
Lobopodia were absent.*®

Migration speed goes down from 5 um/h SZD) to 2 pm/h (3D). The
difference was statistically significant.®

Cell speed in 3D matrices was extremely low (500 nm/h).*

Well-defined FAs observed only on 2D. In 3D focal adhesions
were <0.3 pm and lasted Is. In 2D, FAs were ~ 15 um and

lasted >15 min.”®

Cell speed increased approximately twofold in 3D.”

Cells exhibit invadopodia with a high density of paxillin, ARP 2/3
complex, WASP, and cortactm proteins. Some cells also exhibited

ameboid morphology.*®

matrix
Collagen U20S human
(2D and 3D) osteosarcoma
Collagen MCFT7 breast
(2D and 3D) adenocarcinoma
Collagen HT1080 fibrosarcoma
(2D and 3D)
PEG Transformed breast
epithelial
Matrigel™ MDA-MB-231 breast
cancer
Matrigel MDA-MB-231 breast
cancer
Matrigel MDA-MB-231 breast
cancer
Collagen lattices Mesenchymal
melanoma
Degradable PEG HT1080

Fewer FAs observed on 3D compared with 2D. In 3D, FAs were
observed in regions that were in contact with Matrigel.

Uropods with F-actin and myosin Ila. Cell propulsion was due to
uropods and not due to lamellipodia or bleb formation.

Actin-rich filopods mediate migration through extension/retraction
cycles that mimic caterpillar-like motion.>”

Cells were smaller and exhibited elongated morphology within 3D gels.”!

2D, two-dimensional; 3D, three-dimensional; ARP, actin related protein; FA, focal adhesion; PEG, polyethylene glycol; WASP,

Wiskott—Aldrich syndrome protein.

matrices. Hydrogel properties can be tuned to recapitulate
the structure of the microenvironment found in vivo. Within
hydrogels, we have aimed to highlight how changing the
landscape from flat to a 3D microenvironment can result in
changes in cell morphology, speed, persistence, and protein
expression. Although there are trends that are consistently ex-
hibited both on 2D surfaces and in 3D matrices, changes in the
chemical structure, cell density, and ECM composition of the
microenvironment can alter migratory patterns.** Throughout
this review, we call attention to these distinctions, describe the
support in the literature, and summarize the main conclusions.
In this article, we have focused our attention on normal cells.
Since fibroblasts have been widely used to investigate migra-
tion, we have frequently cited reports that elucidate the effects
of matrix dimensionality using these cells. There are numerous
differences in cellular locomotion between normal and can-
cerous cells. Describing them in depth is beyond the scope of
this review. Instead, we have summarized trends observed with
cancerous cells in Table 1.

Hydrogels

Hydrogels are widely used for monitoring cellular loco-
motion since their mechanical and chemical properties can be
tuned to match the characteristics of different tissues.*>~° In
addition, they are biocompatible and can be functionalized
with cell-adhesive ligands.’' Hydrogels can be assembled
from a single ECM protein, their mixtures such as Ma-
trigel™,48-52-57 or from synthetic materials such as polyeth-
ylene glycol (PEG) and other polymers.>®°

Cell morphology

The morphology of cells is often dictated by the protru-
sions they exhibit. Depending on the actin structure within
these protrusions, microvilli, filopodia, lamellipodia, or lo-
bopodia can be exhibited by cells."** Due to differences in the

number of lamellipodia and FA distribution, morphology can
change between 2D and 3D environments. On 2D substrates,
cells such as fibroblasts exhibit a well-spread morphology
with multiple lamellipodia and FAs (Fig. 1).>**° In con-
trast, fibroblast morphology in vivo and in 3D can be stellate
with fewer lamellipodia and FAs (Fig. 2A) or exhibit blunt
lobopodia (Fig. 2B).?3%:61-62

When human foreskin fibroblasts (HFFs) were cultured
within 3D environments that comprised stiff ECM components

— Actin filament
¢ Focal adhesion

FIG. 1. Schematic of a cell adherent on a planar two-
dimensional (2D) substrate. Cells exhibit a well-spread mor-
phology, lamellipodia, and focal adhesions (FAs). FAs are
primarily located in the leading and trailing edges of the cell.
Color images available online at www.liebertpub.com/teb
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FIG. 2. Cell morphologies in a three-dimensional (3D)
environment. The network of striated fibers represents vari-
ous components of the extracellular matrix (ECM) (proteins,
proteoglycans) through which cells migrate. (A) Schematic of
a cell exhibiting a stellate morphology with few lamellipodia.
(B) Schematic of a cell exhibiting blunt protrusions known as
lobopodia. Color images available online at www.liebertpub
.com/teb

(e.g., tissue explants or cell-derived matrices with stiffness
ranging from 0.6 to 6.4kPa), they formed cylindrical pro-
trusions known as lobopodia.38 In addition, such cells formed
only lateral blebs. When these cells were cultured within a
soft, deformable collagen gel (~0.015kPa), they formed
several branched protrusions with small lamellipodia. In
contrast, when HFFs were cultured in a 2D substrate that
comprised cell-derived matrix components, ruffled lamelli-
podia were observed.*®

Fibroblasts encapsulated within a relaxed collagen ma-
trix exhibited microtubule-dependent spreading and a
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dendritic morphology in contrast to the lamellipodia ob-
served on 2D collagen-coated substrates.®? However, when
the 3D collagen matrices were precontracted to enable tight
packing of the protein fibrils, fibroblasts began to exhibit
more flat and spread morphologies with distinct lamellipodia
similar to what was observed on 2D collagen-coated cover-
slips. When bovine aortic endothelial cells (BAECs) were
cultured within (3D) and upon collagen gels (2D), similar
trends were observed.”* BAECs formed flat lamellar struc-
tures and branched pseudopodia on 2D and within 3D ma-
trices, respectively.

Another method to introduce a 3D environment has been to
sandwich cells between hydrogels. Cells are first cultured on the
surface of a hydrogel (2D), followed by placing a second gel
above, thereby forming a sandwich (Fig. 3A, B).* Using this
approach, changes in NIH 3T3 fibroblasts were investigated
when they were adherent on a planar substrate or sandwiched
between two polyacrylamide gels. The polyacrylamide gels
were coated with either collagen or fibronectin. In 3D matrices,
stellate morphologies were visible only on collagen-coated and
not on fibronectin-coated sandwiches. The authors state that the
stellate morphology observed in sandwiched fibroblasts is
representative of a cell shape found in vivo. This transformation
in cell shape was attributed to differences in binding to ECM
receptors. Another interesting finding was the dramatic change
in the aspect ratio of cells soon after the sandwich was formed.
The authors reported a 10-fold increase in the aspect ratio of
sandwiched NIH 3T3 fibroblasts (3D) that lasted more than
24 h. These changes were observed for cells sandwiched be-
tween polyacrylamide gels coated with either collagen or fi-
bronectin.

These reports suggest that despite different approaches
utilized to design 3D matrices or the types of cells used in
such investigations, distinct changes in cell shape are found.
The reduction in the number of lamellipodia occurs in a 3D
microenvironment and is representative of cells in vivo.

Speed and directed migration

The speed at which cells move and their directed migration
toward a specific location within a scaffold is critical to the
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FIG. 3. (A) Cells cultured within a hydrogel sandwich. (B)
The morphology and localization of FAs change for sand-
wiched cells. Color images available online at www.liebertpub
.com/teb
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success of engineered tissues and implants. To study these
effects, human fibroblasts were cultured in four different
matrices that comprised collagen, fibrin, cell-derived matrix,
or basement membrane extract.** Cell speed, persistence, and
directed migration were monitored on 2D substrates and
within 3D environments. In comparison to their 2D counter-
parts, cell speed was higher in 3D scaffolds that comprised
collagen or cell-derived matrix (p <0.01). Cell speed on a 2D
substrate that comprised basement membrane extracts was
approximately 10-fold higher than the corresponding 3D
equivalent. The authors attributed the lack of fibroblast mo-
tility within 3D basement membrane extracts to the fact that
in vivo, these cells are found in the connective stroma. Cell
speeds were statistically insignificant between planar and 3D
matrices composed of fibrin. In this same study, cells ex-
hibited directed migration only on substrates that comprised
basement membrane extracts. In another study, NIH 3T3 fi-
broblasts exhibited an ~ 54% reduction in cell speed within
fibronectin-coated polyacrylamide sandwiches (3D) in com-
parison to flat 2D substrates.”> The reduction in speed was
attributed to a combination of substrate rigidity that the cells
experienced within the sandwiched structure as well as the
anchoring of cell receptors. The increase in cell speed on
collagen- or cell-derived matrices in contrast to polyacryl-
amide hydrogels can be attributed to the proteolytic breakdown
of ECM proteins.

Human macrophages derived from blood monocytes
(MDMs) exhibited different modes of migration and speeds
that would appear to depend on the chemical structure of their
3D environment.®> MDMs exhibited ameboid or mesenchy-
mal migration within the fibrillar collagen and Matrigel ma-
trices, respectively. In addition, the speed of MDMs was
~ 3.5-fold greater when they exhibited an ameboid migratory
behavior. These trends suggest that even within 3D environ-
ments, the ECM environment can affect the cell speed.

Directed migration was observed using growth-arrested
human dermal fibroblasts (HDFs) that were cultured at a low
cell seeding density within a 3D type I collagen environ-
ment.*> When presented with a microenvironment that ex-
hibited a mechanical gradient, these cells preferentially
accumulated on the stiff regions of the substrate over a 6-day
period. Despite differences in morphology, these findings
suggest that cells exhibit durotactic migration, a phenomenon
that has been widely observed on traditional 2D sub-
strates.'®® This study suggests that durotaxis occurs on 2D
surfaces and in 3D environments.

These trends indicate that it is difficult to obtain a clear
correlation between increased cell speeds and 3D environ-
ments. Future studies that can clearly identify the ability of
cells to degrade natural and synthetic biomaterials could
provide more definitive reasons.

FAs and protein composition

Cell adhesion differs when cultured within a 3D structure in
comparison to conventional flat substrates. This observation
can be related to differences in the FA size, their colocalization
with ECM proteins, their distribution, and their lifetime.®”~"°
Although studies on 2D substrates vastly outnumber those
conducted within 3D matrices, there is a growing body of ev-
idence that the chemical composition of the substrate, the
cell type, the density of cell seeding, as well as proteins that
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were selectively activated in certain investigations can affect
adhesion.®770:71

Smooth muscle cells exhibited a greater number of FAs
on 2D planar substrates in contrast to cells within a collagen
matrix.®® The authors also reported that cells cultured in the
3D environment had fewer actin stress fibers and relied on the
scaffold for contact guidance.®® In a separate study, NIH 3T3
fibroblasts cultured between polyacrylamide sheets exhibited
fewer prominent stress fibers than cells on flat substrates.>”
This difference was further validated by changes in the lo-
calization of the Arp2/3 (actin-related protein) unit that is
responsible for nucleating actin filaments. This protein
complex was concentrated at the tips of lamellipodia (2D) and
scattered along the projections for sandwiched cells. In ad-
dition, FAs in cells within the 3D matrix were observed to
have a lifetime of only ~ 30 min.

When HFFs were cultured within a cell-derived matrix,
FAs were found to be large, elongated, and they colocalized
with fibronectin fibers.>* Upon culturing the same cells in a
collagen matrix, FAs varied as a function of initial cell
seeding density.”” At a higher cell density, FAs were more
prominent and were attributed to the remodeling of the col-
lagen matrix due to contractile forces exerted by HFFs. In
addition, at a high seeding density, the morphologies of HFFs
were dependent on the composition of the culture medium.
They were stellate upon the addition of PDGF and bipolar in
the presence of lysophosphatic acid. Similar trends were ob-
served within synthetic hydrogels as well.”?

In a study on fibroblast migration on planar and within a 3D
environment, a significant finding was the difference in the
localization of the a5 and activated B1 integrins.”* In 3D
migration, these adhesion molecules spanned the entire length
of cells, whereas they were localized to discrete locations in
the periphery of cells in 2D substrates. Neural precursor cell
expressed developmentally downregulated 9 (NEDD?9),
which is a scaffolding protein used for stabilizing FAs, was
shown to influence mouse embryonic fibroblast (MEF) mi-
gration.”” In NEDD9-deficient MEFs, migration speeds were
higher on 2D collagen gels than in 3D environments.

In 3D environments, cells often have to cleave bonds and
protein networks to infiltrate and move within the matrix
(Fig. 4).75’76 Cells secrete matrix metalloproteinases (MMPs)
and tissue inhibitor of metalloproteinases (TIMPs) when
remodeling a matrix. When mRNA levels from human mi-
crovascular endothelial cells seeded on 2D and inside 3D
collagen gels were measured, nearly identical expressions of
MMP-1, -2, -13, membrane type-1 MMP (MT1-MMP), and
TIMP-1 and TIMP-2 were observed.”” Active forms of
proMMP2 and proMT1-MMP were increased and TIMP-2
was decreased in the 3D compared with the 2D substrate.
Within 3D hydrogel matrices, the density of the network can
elicit differential MMP secretion.”® Fibroblasts cultured
within a dense PEG gel were found to secrete MMPs in
comparison to those cultured within a microporous matrix.
These differences could be related to physical resistance by
the dense network and the microarchitecture of the polymers.

Taken together, it is clear that protein expression differs
as a function of the dimensionality of the environment. With
respect to FAs, differing trends have been reported. Fraley
et al. reported that in a 3D collagen gel, fibroblasts did not
exhibit discrete FA complexes. Instead, proteins such as
zyxin, paxillin, and vinculin were distributed throughout the
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FIG. 4. (A) Cells in a 3D matrix secrete matrix metallo-

proteinases (MMPs) that target specific peptide sequences
on proteins. (B) The secreted MMPs cleave protein mole-
cules. (C) The cell breaks its adhesion to old protein mol-
ecules and creates links with new proteins to move forward.
Color images available online at www.liebertpub.com/teb
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cell body.”® In contrast, using a truncated promoter, another
study reported the presence of well-defined FA complexes
in cells located up to 350 um from the underlying glass
substrate.”” Based on the differences reported in FAs upon
changing dimensionality, it would be circumspect to state
that well-defined adhesion complexes can be observed in
3D. However, issues such as background fluorescence, ex-
perimental protocols (e.g., live cell imaging vs. fixed sam-
ples), as well as the presence of thicker cellular protrusions
in 3D substrates can alter observations. These differences
underscore the need for more advanced imaging techniques
and unified experimental procedures. In the future, studies
that can quantify the temporal dynamics of FA complexes as
well as unveil the reasons for their short lifetimes in 3D
matrices would fill a significant gap in our current under-
standing on tying together FA protein expression, MMP and
TIMP secretions, and cytoskeletal organization.

3D Patterned Hydrogels

Lithographic patterning can lead to domains of very
specific dimensions and precisely positioned biomolecules.
Together, these features can exert significant control over
cellular adhesion and subsequently motility.* In this sec-
tion, we focus on matrices created by lithography that also
provide a classical 3D microenvironment. Previous studies
have shown that cellular migratory features on patterned
environments are similar to what is observed in 3D ECM
environments.®' " These substrates can be assembled with
soft gels that contain a photolabile moiety that degrades upon
irradiation.®>*® Although the substrate used in many studies is
usually a hydrogel, such matrices differ from conventional
gel-encapsulated cells. For this reason, we have described
these investigations in a separate section. In addition, to the
best of our knowledge, there are no studies that demonstrate
the presence of FAs and proteins related to cell migration
within these environments. For this reason, we did not include
discussions on this topic.

Cells from dorsal root ganglia adhered and extended
neurites into the patterned channels within an agarose gel
that was modified with the arginine—glycine—aspartic acid
(RGD) peptide sequence.®® Similar trends were observed
with HDFs cultured within a proteolytically degradable PEG
gel patterned with RGD. The patterns were generated using
two-photon laser scanning lithography.?” In addition, the
encapsulated fibroblasts extended sprouts into the hydrogel
up to day 10 in culture. When dendritic cells were encap-
sulated in a patterned, interconnected collagen gel, their
migration speed was dependent on pore diameters.*® The
authors incorporated pores ranging from 25 to 75um in
diameter by introducing porous scaffolds within the gel.
Cell speed was governed by pore density, wherein smaller
pores resulted in lower cell speed. These trends prevailed in
the presence of a chemokine gradient.®*® Based on the find-
ings thus far, it has been demonstrated that patterned 3D
environments induce lower cell velocities and migration is
affected by pore sizes. Since lithographical modification of
gels is relatively recent, there are fewer investigations to
date that reveal differences between planar and patterned
matrices. With the advent of more sophisticated patterning
methods leading to controlled architectures, additional dif-
ferences can be unearthed.



72

Discussion and Conclusions

Migration is a complex physiological process that in-
volves a series of intricate, spatiotemporal signaling path-
ways. To obtain a comprehensive view of how migration
occurs in vivo, investigations must be conducted on mate-
rials that can emulate the extracellular microenvironment.
The design of hydrogels that can provide a 3D environment
to cells may lead to deeper insights into cell locomotion.
Reports in the literature have already identified distinct
differences in migratory behavior on planar and in 3D ma-
trices. An observation that has been consistently reported is
the difference in cell morphology. Changes in morphology
appear to be independent of the methodologies used in as-
sembling a 3D environment as well as its chemical com-
position. In general, cell speed in 3D environments is lower
than on planar substrates and appears to be dependent on
whether the matrix is composed of naturally occurring or
synthetic materials. There are diverging trends that have
been reported, specifically with FAs. The identification of
FAs within 3D matrices appears to be dependent on imaging
capabilities and experimental protocols. With the advent of
more sophisticated imaging and analytical capabilities, it is
likely that a unifying theme in adhesion complexes between
2D and 3D will emerge.

The majority of investigations conducted so far in identi-
fying changes in migration on 2D and within 3D environ-
ments have focused upon normal and cancerous cells. While
acknowledging the new insights and research directions these
studies have provided the scientific community, it would be
very beneficial to investigate changes in stem cell behavior.
Such studies would be of critical significance to the bur-
geoning fields of developmental biology and regenerative
medicine. Studies on the migratory behavior in 3D exhibited
by cell sheets would enhance our understanding of wound
healing. In addition, by harnessing the potential of current
genomics and proteomics advances, future investigations into
the spatiotemporal signaling events activated during migration
in 3D could provide comprehensive information on the up-
and downregulation of pathways resulting from a changing
landscape.
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