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ABSTRACT Reductionist in vitro model systems which mimic specific extracellular matrix functions in a highly controlled
manner, termed artificial extracellular matrices (aECM), have increasingly been used to elucidate the role of cell-ECM interac-
tions in regulating cell fate. To better understand the interplay of biophysical and biochemical effectors in controlling three-
dimensional cell migration, a poly(ethylene glycol)-based aECM platform was used in this study to explore the influence of matrix
cross-linking density, represented here by stiffness, on cell migration in vitro and in vivo. In vitro, the migration behavior of single
preosteoblastic cells within hydrogels of varying stiffness and susceptibilities to degradation by matrix metalloproteases was as-
sessed by time-lapse microscopy. Migration behavior was seen to be strongly dependent on matrix stiffness, with two regimes
identified: a nonproteolytic migration mode dominating at relatively low matrix stiffness and proteolytic migration at higher stiff-
ness. Subsequent in vivo experiments revealed a similar stiffness dependence of matrix remodeling, albeit less sensitive to the
matrix metalloprotease sensitivity. Therefore, our aECM model system is well suited to unveil the role of biophysical and

biochemical determinants of physiologically relevant cell migration phenomena.

INTRODUCTION

Control of three-dimensional cell migration within and into
biomaterial scaffolds plays a pivotal role in tissue engi-
neering. Biomaterial implants, designed to attract endoge-
nous stem/progenitor cells to the site of a tissue defect to
induce regeneration, need to facilitate the repopulation
and remodeling of an implant by host cells, a phenomenon
that is controlled by large-scale cell migration (1). The lack
of sufficient cell migration is arguably one of the most
significant limitations in creating large tissue-engineered
constructs; indeed impaired endothelial cell invasion can
lead to lack of vascularization and, ultimately, to necrosis
(2). Conversely, in biomaterials that are designed as carriers
for cell delivery, encapsulated cells need to be able to leave
the delivery system via extensive three-dimensional cell
migration (3). As a result of these critical biological require-
ments, the engineering of biomaterials having optimized
three-dimensional cell migration characteristics has gained
increased attention in the biomaterials field.

The optimization of cell migration behavior within
biomaterials necessitates a thorough understanding of
three-dimensional cell migration mechanisms (4,5). Exten-
sive research on cell migration through extracellular
matrices, as it occurs in diverse tissues under physiological
and pathological situations, suggests that cells can move in
three dimensions using either proteolytic (mesenchymal) or
nonproteolytic (amoeboid) strategies. In contrast to migra-
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tion in two dimensions, cells in three dimensions must over-
come the biophysical resistance of their surrounding milieu.
In proteolytic migration, cells secrete active proteases which
break down macromolecules of the extracellular matrix
(ECM) and thus create macroscopic cavities which allow
their movement. Importantly, matrix degradation is local-
ized to the vicinity of the cell, which is possible because
some proteases, such as membrane-type (MT) matrix metal-
loproteases (MMPs), are linked to the cell membrane.

Alternatively, a number of inflammatory cell types such
as lymphocytes and dendritic cells, or tumor cells, are
known to utilize strategies that allow them to overcome
the biophysical matrix resistance by essentially squeezing
through the ECM, or deforming it, independently of prote-
olysis (amoeboid migration). It has also been shown that
the same cell type can take advantage of both mechanisms,
depending on the specific ECM context (6).

Various approaches to engineering synthetic biomaterials
which can support both of these types of cellular migration
behaviors have been reported (1). The main focus has been
on rendering materials conducive to migration through in-
terconnected, preexisting pores (7). More recently, biomate-
rials have been developed as artificial extracellular matrices
(aECM) that are sensitive to the action of cell-secreted
proteases. For example, peptidic substrates for MMPs or
plasmin placed in the backbone of cross-linked hydrophilic
polymer chains have served as cleavage sites for the degra-
dation of the resulting copolymer hydrogels. This simple
design strategy, used in conjunction with the incorporation
of integrin-binding peptide or protein components which
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enable cell adhesion, yields synthetic ECM analogs in
which cells are able to migrate by proteolytic mechanisms.

Although aECMs are increasingly used in tissue engi-
neering and three-dimensional cell culture to complement
naturally derived matrices such as collagen or Matrigel
(BD Biosciences, Franklin Lakes, NJ) (8,9), little is known
about the interplay of the various biochemical and biophys-
ical aECM characteristics in controlling three-dimensional
cell migration behavior (4). For example, an open key ques-
tion is whether certain aECM aspects favor proteolytically
or nonproteolytically mediated cell migration modes. In
this work, we have addressed this question using our previ-
ously developed aECM model system formed from poly
(ethylene glycol)(PEG)-based macromers via the transgluta-
minase (TG) factor XIII (10,11).

In contrast to existing three-dimensional cell culture
matrices fabricated from naturally derived ECM components,
these molecularly engineered TG-PEG gels are devoid of
a microstructure and are therefore essentially nonporous.
Indeed, these synthetic gels are made of a molecular mesh-
work consisting of flexible cross-linked polymers with
amesh size of approximately tens of nanometers (10). Similar
to existing aECM models (e.g., (12—19)), the biochemical and
biophysical properties of our TG-PEG hydrogel networks can
be extensively specified, for example by incorporating
protease-sensitive peptide domains and cell-adhesive ligands,
or by tuning matrix stiffness via precursor polymer architec-
ture or concentration. By exploring the modularity of this
system, we systematically probed how three-dimensional
single cell migration depends on gel stiffness, adjusted inde-
pendently from matrix degradability.

Surprisingly, we find that in matrices with low stiffness,
single cells can overcome the resistance of the matrix by
engaging in a degradation-independent three-dimensional
migration mode, suggesting the use of preexisting or de
novo-formed macroscopic gel defects. This finding may
also highlight that apart from porosity or protease sensi-
tivity, the engineering of gel defects in seemingly homoge-
neous polymer gels could be a powerful means to increase
cell permissiveness in relatively dense gels.

MATERIALS AND METHODS
Materials and reagents
PEG-peptide conjugates

Production and characterization of different eight-arm PEG precursors con-
taining pending factor XIlIla substrate peptides having either a glutamine
acceptor substrate (n-PEG-Gln) or a lysine donor substrate containing
a MMP-sensitive linker (n-PEG-MMPj,,isiv-Lys) or a MMP-insensitive
linker (n-PEG-MMP;,sensisive-Lys) was performed as described elsewhere
(10,11). More information can be found in the Supporting Material.

PEG hydrogel preparation

PEG hydrogels were formed as described elsewhere (10,11). More informa-
tion can be found in the Supporting Material.
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PEG hydrogel characterization
Rheometry on swollen gels

Storage and loss moduli (G' and G”) of swollen gels (n = 4 per condition)
were obtained by small strain oscillatory shear rheometry (20).

Equilibrium swelling measurements

Swollen hydrogels were weighted just before rheometry, and the swelling
ratio Q determined as the swollen gel mass divided by the gel’s dry mass
(calculated from the reaction conditions).

Detection of sol fractions by HPLC

The potential presence of defects in the network architecture due to
uncross-linked PEG precursors was investigated by reverse phase high-
performance liquid chromatography (RP-HPLC). First, a dilution series
of unreacted PEG precursors was run on an RP-HPLC instrument using
a Waters (Milford, MA) C,;g symmetry column to establish a standard curve
of ultraviolet intensities (recorded at 220 nm) as a function of PEG concen-
tration. Then, gels (50 uL volume formed at 1.5% w/v) were prepared
(n = 4) and each was incubated in 200 uL water for 24 h. The supernatant
was then collected, run on the HPLC instrument and ultraviolet intensities
were compared to the standard curve to determine the corresponding
amount of unreacted polymer remaining in solution.

Cell culture

Mouse preosteoblastic cells MC3T3-E1 were purchased from American
Type Culture Collection (ATCC, Manassas, VA) and grown under
MC3T3-El culture medium (a-minimal essential medium, with 10% fetal
bovine serum, 100 U/mL penicillin G, and 100 mg/mL streptomycin
(GIBCO BRL, Life Technologies, Grand Island, NY) under standard cell
culture conditions (37°C in humidified atmosphere and 5% CO,).

Cell encapsulation

Cells suspended in cell culture medium were added right after the FXIIIa
enzyme to yield single dispersed cells at a final seeding density of
6 x 10* cells/mL of hydrogel. Subsequently the forming matrices were
slowly rotated (10 min at RT) until the onset of gelation to prevent sedimen-
tation of cells, then incubated at 37°C and 5% CO, for an additional 30 min
and finally immersed in cell culture medium.

Cell migration assay

Cell migration experiments were conducted at 37°C and 5% CO, and high
relative humidity. Hydrogel disks containing dispersed cells were equili-
brated for 2 h in cell culture medium and then glued to the bottom of
24-well cell culture dishes by applying 10 uL of 5% hydrogel to the edge
of the disks. After gelation was allowed to take place for 30 min, the samples
were equilibrated for 1 hin 1 mL of pure cell culture medium or medium that
contained 50 uM of the broad-range MMP inhibitor GM6001 (Chemicon,
Billerica, MA). Three random (x-y-z) positions, carefully selected to be
completely inside the matrix, were selected using an inverse wide-field
microscope (DM IRBE; Leica, Wetzlar, Germany) equipped with a motor-
ized stage and focus, and a black and white camera (ORKA ER; Hamamatsu,
Hamamatsu City, Japan). Cell spreading and migration was followed for up
to 36 h by software-controlled image acquisition (using the software Open-
lab; http://www.open-lab.com/index_en.html) every 15 min.

Statistical analysis of migration parameters

Projections of real three-dimensional tracks were followed manually by
using a “Manual Tracking” plugin in Image] software. The resulting x
and y coordinates were used in a correlated random walk model, as
described by Raeber et al. (17) and as detailed in the Supporting Material.
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Staining and confocal microscopy

MC3T3-E1 cells were stained for f-actin and nuclei. Samples were fixed and
permeabilized in 4% paraformaldehyde containing 0.2% Triton X-100 in
phosphate-buffered saline (PBS) for 20 min at 4°C. Samples were incubated
for 10 minin 0.1 M glycine followed by a wash step in PBS. For f-actin stain-
ing, the gels were incubated with 0.4 U/mL rhodamine-labeled phalloidin
(R-415; Molecular Probes, Eugene, OR) in PBS with 1% bovine serum
albumin for 1 h at 4°C. After washing the samples three times for 5 min
in PBS, cell nuclei were costained with 1 ng/uL. DAPI (4',6-diamidino-2-
phenylindole) (D-1306; Molecular Probes) in PBS for 10 min at4°C. Z-series
of ~30 equidistant x-y scans at 0.272-um intervals (63 x) were acquired and
processed in Imaris software (Bitplane, Ziirich, Switzerland).

For time-lapse confocal imaging, cells were stained with PKH-26 (Sigma-
Aldrich, St. Louis, MO) according to the manufacturer’s instructions. Fluo-
rescently labeled cells were encapsulated in hydrogels containing covalently
linked TG-Lys-FITC (21-24). The resulting hydrogel disks were equili-
brated for 2 h in cell culture medium and then glued to the bottom of 24-
well cell culture dishes by applying 10 uL of 5% hydrogel to the edge of
the disks. Z-series of ~100 equidistant x-y scans at 1.5-um intervals (20x)
were acquired for 8 h at 15-min intervals in resonant scanning mode with
a Leica TCS SP5 confocal microscope and processed with Imaris software.

Animal experiments

Animal experiments were authorized by the Veterinary Authority of the
Canton of Zurich (Zurich, Switzerland). Adult female Sprague-Dawley albino
rats (300-350 g) were used for bone regeneration experiments as previously
described (25). More information can be found in the Supporting Material.

RESULTS
Characterization of aECM properties

Cell behavior in three-dimensional microenvironments is
largely influenced by cross-link density, degradability,
porosity/topology, and cell-ECM adhesion, parameters
which can, at least to some extent, be fine-tuned in synthetic
matrices. We produced TG-PEG hydrogel matrices (10)
where swelling and viscoelastic properties were modulated
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by different precursor concentrations (1.5, 2, and 2.5% v/w),
and where sensitivity to degradation by MMPs was modu-
lated by the linker peptide (sensitive: Ac-FKGG | GPQG
IWGQ-ERCG-NH,, | indicates the cleavage site, or insen-
sitive: Ac-FKGG-GPQGIAGF-ERCG-NH,) (Fig. 1). The
viscoelastic properties of swollen gels were determined as
a function of frequency by small strain oscillatory shear rhe-
ometry (20) (Fig. S1 in the Supporting Material).

The storage moduli (G') at a frequency of 1 Hz ranged from
94 + 25Paat1.5%to482 = 77 Paat2.5% for MMP-sensitive
gels, and from 62 + 32 Pa (1.5%) to 347 *= 19 Pa (2.5%) for
MMP-insensitive gels (for simplicity we refer to the 1.5% gels
as soft, the 2.5% as stiff, and those formed at 2% as interme-
diate) (Fig. S2 A). TG-PEG hydrogels with a dry mass content
during gel formation of 1.5-2.5% thus exhibited relatively
similar elastic properties as biologically derived hydrogel
networks such as collagen or fibrin at concentrations of
2 mg/mL (17). The phase angle 6 (corresponding to the ratio
of storage and loss modulus) of 12 + 7° of soft gels is in the
range of collagen matrices, suggesting the presence of network
defects in the form of noncovalently cross-linked and therefore
elastically inactive network components.

To further characterize gel properties, we determined the
swelling ratio Q. As expected, Q decreased with increasing
precursor concentration (Fig. S2 B). Matrices containing
MMP-sensitive peptide building blocks showed a lower
swelling ratio than those with MMP-insensitive peptides.
Employing the Flory-Rehner model (26), Q values allowed
an estimation of the mesh size of both gel types of ~40 nm,
which is orders-of-magnitude below cellular features (not
shown). It should be noted, however, that the mesh size is
a crude, averaged approximation of the gel network micro-
structure, which does not provide any information on the
defect size distribution. We would expect that three-dimen-
sional cell migration would instead depend on the maximal
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FIGURE 1 Scheme of the modular design of
PEG-based aECMs. Stoichiometrically balanced
([Lys)/[GIn] = 1) 8-arm PEG macromers in a buffer
solution are enzymatically cross-linked via their
pending glutamine acceptor [Gln] and lysine-donor
[Lys] FXIIIa substrate sequences to form a hydro-
gel. By variation of the linker sequence and the
initial precursor concentration, aECMs with
different stiffness and MMP sensitivities in pres-
ence of constant RGD concentrations can be gener-
ated.
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defect size. Nevertheless, we hypothesized that three-
dimensional cell migration would only be possible by local
proteolytic matrix degradation, as reported for a similar
chemically cross-linked aECM system (17,27).

Finally, to approximate the degree of defects in the gels,
we evaluated the sol fraction of the networks by RP-HPLC
(Fig. S3). The unreacted control PEG precursor was seen to
have a retention time of ~11.7 min, and the smallest detect-
able amount using our method was established to be 7.5 ug
per 100 uL injection. Based on our detection limit of 7.5 ug,
we could evaluate whether up to 2.5% of PEG remained un-
reacted in solution. Inasmuch as we could not detect any
signal from our supernatant sample injections, we conclude
that no soluble PEG precursors (above our detection limit of
2.5%) were present after gelation, which is not surprising
because the probability that none of the octafunctional mac-
romer had reacted is very low.

Increasing cross-linking density impedes cell
spreading

To test the influence of matrix cross-link density on three-
dimensional cell spreading, we entrapped single murine
MC3T3-El preosteoblastic cells in degradable gels with
variable stiffness. Representative confocal images of cells
that were cultured for 24 h revealed different morphologies

A

Distance [um] Distance [um] Distance [um]
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in response to variable network stiffness (Fig. S4). Cells in
soft gels quickly adopted a spindle-shaped morphology.
With increasing stiffness the morphology became less elon-
gated and reticulate filopodia were formed. In the stiff gels,
the cells generally remained round with frayed filopodia.

Increasing cross-linking density impedes cell
migration

Time-lapse imaging revealed that matrix stiffness not only
influenced initial cell spreading but also three-dimensional
cell migration (Fig. 2). The onset of migration was observed
as early as 4 h after encapsulation in soft gels, whereas at
higher stiffness the cells started to migrate after ~6 h.
Notably, the overall mobility of cells entrapped in the stiff-
est gels was dramatically reduced compared to the interme-
diate and soft gels (Fig. 2 A and Movies S1, S3, and S5).
Based on time-lapse imaging, we analyzed cell displace-
ment data and created polar plots to confirm the directional
independence of cell movement (Fig. 2 B) (17).

MMP-dependent cell migration behavior

To verify that three-dimensional cell migration in TG-PEG
hydrogels is not only dependent on matrix cross-link density
but also on susceptibility to proteolytic degradation, we

Distance [um] Distance [um] Distance [um]

FIGURE 2 Time-lapse images and representative track plots of MC3T3-El cells in three-dimensional culture. (A and C Typical time-lapse images of cells
in three-dimensional culture (time interval # = 30 min). The track of three individual cells is indicated by the sequentially determined center of the cell. (A)
Efficient migration in soft MMP-sensitive hydrogels was observed that is reduced with increasing stiffness. (C) In soft MMP-insensitive hydrogels, cells also
migrated, whereas in intermediate or stiff gels, cells remained round. (B and D) The projection of 10 migrating cells was acquired and overlaid with a common
starting point. The tracks representing a 14.5 h period (58 x 15 min) do not show a preferred orientation.
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entrapped single cells in gels containing the peptide
Ac-FKGG-GPQGIAGF-ERCG-NH, (28) which is not an
MMP-cleavable substrate. As expected, over the course of
the first 24 h in culture, cells remained completely trapped
within stiff and intermediate MMP-insensitive gels (Fig. 2,
C and D and Movies S2, S4, and S6). Interestingly, cellular
activity in nondegradable gels remained intact, as was
evident from protruding filopodia and pseudopodia and
noticeable oscillations of cell bodies, presumably due to
a mechanical deformation of the matrix.

To our surprise, cells embedded in the soft MMP-insensi-
tive gels migrated to a similar degree as cells in the soft
degradable gels (Fig. 2, A and B). These data thus indicate
that three-dimensional cell migration behavior is dependent
on both biochemical and biophysical matrix properties:
stiffer matrices facilitated migration by proteolytic remodel-
ing, whereas soft matrices appeared to support an MMP-
insensitive migration mode.

MMP-independent cell migration behavior

To exclude that the differences in mechanical properties of
MMP-sensitive and -insensitive gels (Fig. S2 A) were
responsible for the MMP-independent migration in nonde-
gradable gels, we performed migration experiments in the
presence of the broad-range MMP-inhibitor GM 6001
(Fig. S5 and Fig. S6). Consistent with the previous data,
we observed complete inhibition of three-dimensional
migration in intermediate and stiff matrices but almost no
change in migration within soft gels. These results indicate
that the migratory machinery is not impaired by a synthetic
MMP inhibitor, but, instead, that cells are not able to
migrate above a certain matrix stiffness. This provides
further confirmation that the inability to block migration
in the MMP-insensitive hydrogel is due to the low stiffness
of the hydrogel rather than the proteolytic degradation of
negative control peptide.

Single cell migration parameters depend on
biochemical and biophysical matrix properties

To substantiate the above observations, we quantified the
three-dimensional migration rate and persistence time based
on time-lapse imaging series of at least 24 consecutive time-
frames by applying an unbiased random walk model (17).
The percentage of migrating cells was based on the persis-
tence length criterion of L.,; = 1.2 um. The histograms of
the speed of migrating cells showed a rather broad and posi-
tively skewed distribution, except for soft gels (Fig. S7). The
average speed in MMP-sensitive hydrogels decreased signif-
icantly with stiffness, from 1 um/min (soft) to 0.5 um/min
(intermediate) and 0.2 um/min (stiff) gels, respectively
(Fig. 3 A and Fig. S7 A). The average migration speed within
MMP-insensitive matrices remained as high as 0.5 um/min in
the soft gels and only decreased to 0.2 um/min for the stiffer
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FIGURE 3 Three-dimensional single cell migration as a function of gel
stiffness and MMP-sensitivity (degradable gels depicted in white, nonde-
gradable gels in gray). (A) Mean cell speed and (B) persistence time of
all cells of a group were analyzed from time-lapse images of at least 24
consecutive time points. Values are displayed as box plots ranging from
25th to 75th percentile including the whiskers from the 10th to the 90th
percentile. (A) The average cell speed and (B) the average persistence
time ((*) p < 0.05) decreased significantly with increasing stiffness of
the matrix ((*) p < 0.05).

gels. These values may be due to the inaccuracy of the manual
evaluation procedure as well as to the elasticity of the
substrate, rather than from an effective movement of the
cell body.

Persistence time showed a similar trend as cell speed
(Fig. 3 B and Fig. S7 B). However, the distribution for all
conditions was positively skewed. The highest persistence
times were observed in the soft MMP-sensitive hydrogels,
with average values of 30 min. This value is significantly
larger than within intermediate (20 min) or stiff gels
(5 min). The persistence time of cells in the soft MMP-sensi-
tive and MMP-insensitive hydrogels are not significantly
different, indicating that the predominant migration mode
could be independent of proteolytic matrix remodeling.

These data show that three-dimensional cell migration
can depend on biochemical and biophysical matrix pro-
perties (Fig. 4 and Fig. S8). Hydrogels which are loosely
cross-linked, resulting in relatively high swelling ratios Q
(Fig. 4 A) and low stiffness G' (Fig. 4 B), might permit
three-dimensional cell migration independent of the matrix’s
proteolytic sensitivity, for example via existing or newly
formed macroscopic gel defects, whereas migration in rela-
tively densely cross-linked gels strictly relies on proteolytic
degradation of the elastically active macromolecules in close
vicinity of the cell.
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FIGURE 4 (A) The high swelling ratio Q results in a large population of
migrating cells which, in MMP-sensitive gels (white triangles), is due to
mostly proteolytic matrix remodeling and in MMP-insensitive gels (gray
diamonds) due to physically controlled cell migration. With decreasing
swelling ratios, the migrating population decreases. (B) In soft matrices,
almost all the cells migrate in MMP-sensitive and MMP-insensitive gels.
By increasing the stiffness, migration ceases and only cells in MMP-sensi-
tive substrates can migrate.

Cell-mediated proteolytic remodeling leaves
behind macroscopic tunnels of digested matrix

We next tried to assess, by live cell confocal microscopy,
whether migration in PEG hydrogels is made possible by
the formation of macroscopic channels, either generated by
proteolytic digestion or by a physical mechanism (Fig. 5).
For this purpose, single cells were fluorescently labeled
with the membrane dye PKH26 and then encapsulated in
FITC-labeled MMP-sensitive matrices formed at 1.5%
precursor content, either in the absence (Fig. 5 A and
Movie S7) or presence (Fig. 5 B and Movie S8) of the
MMP inhibitor GM6001 to completely block proteolytic
migration. Z-stacks of migrating cells were collected for
a period of 8 h with a time-interval of 15 min. Three-dimen-
sional-reconstruction of images was performed using either
a maximum intensity projection method to highlight local-
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ized matrix compression around cells (Fig. 5, A and B, upper
panels), or a minimum intensity projection method to high-
light macroscopic matrix defects, i.e., putative cell tracks
(Fig. 5, A and B, lower panels).

Asexpected, zones of bright green color in close vicinity of
the cells showing regions of higher FITC-concentration were
seen, suggesting that migrating cells are exerting forces to
locally deform their surrounding matrix. In contrast, in
MMP-sensitive matrices in the absence of GM6001,
a minimum intensity projection analysis of image stacks re-
vealed a clearly visible network of interconnected macro-
scopic cavities, possibly harboring the encapsulated single
cells initially, as well as micrometer-sized tracks generated
by migrating cells (Fig. 5 A). These cavities and tracks appear
to be permanent and were also seen in fixed samples at higher
resolution (Fig. 5, C and D). The smaller cell tracks are
presumably caused by MMP-mediated digestion of the hy-
drogel network, as is evident from an analysis of cells
migrating in the presence of the MMP inhibitor (Fig. 5 B).

Although extensive migration under these conditions was
observed and the larger cavities were still visible, smaller
tracks caused by migrating cells had mostly disappeared.
We assume that in the latter case cells migrate through de
novo-created matrix defects most likely generated by a phys-
ical (e.g., rupture of the matrix) rather than a biochemical
mechanism. Because the matrix is highly swellable and no
material would be removed in that case, such defects could
not be visualized by our method, because tracks would
disappear after cell displacement.

Taken together, although we cannot fully exclude the exis-
tence of preexisting macroscopic defects (or pores) below the
resolution by this microscopic evaluation, we believe that
these defects are not preexisting but rather formed by cells
that squeeze through the hydrogel network and induce the
propagation of defects to generate cracks sufficient for cell
migration.

Formation of three-dimensional cellular networks
in vitro is dependent on matrix composition

Long-term cultures of single cells entrapped in matrices
with different stiffness and MMP-sensitivity showed that
matrix properties could influence the formation of three-
dimensional cellular morphogenetic structures in vitro
(Fig. 6). In line with the above migration results, highly in-
terconnected cellular networks that permeate all gel areas
were formed after three weeks in culture in soft MMP-
degradable hydrogels.

With increasing stiffness, the density of these cellular
networks decreased, as cells were increasingly hindered
from proliferating and penetrating the matrix. Remarkably,
cells in soft, nondegradable gels and cells in intermediate,
degradable gels formed similar morphogenetic structures,
indicating that although cells efficiently penetrate the gel
while migrating, this might be restricted to preferentially
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used gel areas. The network formation in nondegradable
gels of higher cross-link density, or in gels incubated with
the MMP inhibitor GM6001 (Fig. S9), was almost absent,
in line with the above three-dimensional migration data.

In vivo remodeling and tissue regeneration is
dependent on matrix composition

We next tested how the reported in vitro behaviors would
translate to a more complex in vivo cell migration context.
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FIGURE 5 Visualization of cell-
induced matrix deformation and macro-
scopic cavities. (A and B) Migrating
PKH26-labeled cells were encapsulated
in FITC-conjugated, soft (1.5%)
matrices in the absence (A) or presence
(B) of GM6001 and followed by four-
dimensional ~ time-lapse  confocal
microscopy for 8 h. In both cases,
three-dimensional reconstruction of z
stacks over time in maximum intensity
projection mode (cells in red, matrix in
green) revealed an increase in matrix
intensity (green), indicating localized
matrix deformation around migrating
cells. Three-dimensional reconstruc-
tion of stack from the same time points
performed in minimum intensity
projection mode (matrix in green) re-
vealed the presence of a network of in-
terconnected macroscopic cavities and
2.0°/o small cracks indicated the cell
migrating paths. (C and D) High-reso-
lution z section of encapsulated cells
within soft and intermediate degradable
gels after one day in culture (fixed
samples).
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We chose a previously established rat bone regeneration
model (25). 8-mm calvarial defects were allowed to heal
in the presence of MMP-sensitive or -insensitive gel
implants with different stiffness which also contained 1
ug of BMP-2. These conditions had previously been
shown to induce bone healing within ~5 weeks (25). We
reasoned that this experimental model could be explored
to assess in vivo invasion of endogenous cells at early
time-points (i.e., 1-3 weeks) preceding de novo bone
formation.
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Degradable

Nondegradable

FIGURE 6 Matrix stiffness and MMP-sensitivity influence the formation
of cellular networks. Starting from single cells, dense and evenly distributed
cellular networks are formed in soft MMP-sensitive gels within three
weeks. With increasing stiffness the cell distribution becomes less homog-
enous and less dense. The formation of cellular networks in MMP-insensi-
tive soft hydrogels is largely reduced, and in intermediate or stiff hydrogels
is almost absent.

Gels were explanted after only two weeks and assessed by
histological analysis and uCT. Similarly to the previously
characterized in vitro behavior, the in vivo recruitment of
a cellular invasion front was largely dependent on the hydro-
gel properties (Fig. 7 A). Matrix stiffness appeared to be an
important determinant of cell invasion in vivo. Soft gels
were completely penetrated by endogenous cells and only
minor quantities of detectable gel remained. With increasing
stiffness, the distribution of cells within the matrices became
less regular and preferential paths of multicellular assem-
blies separated by intact gel mass were often seen. At the
highest stiffness, cells did not invade the hydrogel and the
formation of new tissue was entirely restricted to the cell-
matrix interface.

The overall remodeling kinetics of the implants was as-
sessed by histomorphometric determination of remaining
gel mass (Fig. 7 B). The slow remodeling of the MMP-
insensitive compared to the MMP-sensitive hydrogels indi-
cated that MMPs significantly contribute to the remodeling
process. However, the degradation by protease-independent
mechanisms and/or by proteases other than MMPs cannot
be excluded.

DISCUSSION

The understanding and optimization of three-dimensional
cell migration within and into biomaterials scaffolds is crit-
ically important for the field of tissue engineering. Here we
have utilized TG-PEG gels as a model system to shed light
on the role of matrix stiffness and proteolytic remodeling on
three-dimensional cell migration in vitro and in vivo.
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FIGURE 7 In vivo matrix remodeling is controlled by gel properties. (A)
Critical-sized calvarial defects in rats were treated with soft, intermediate,
and stiff MMP-sensitive and -insensitive hydrogels containing 1 ug BMP-2.
Within two weeks, endogenous cells invade, degrade, and remodel provisional
MMP-sensitive matrices in a stiffness-dependent manner. Cell invasion is
homogenous in soft gels and becomes less regular in more dense gels.
MMP-insensitive gels are less efficiently invaded by cells (n = 5). (B) The stiff-
ness and MMP-dependent degradation rate of the aECM was confirmed by his-
tomorphometrical quantification of the gel leftovers (mean + SD, n =5).

Structural components of the native ECM such as fibrillar
collagen provide an interconnected microporous network
intercalated with other matrix components such as glycos-
aminoglycans. Cell migration within this complex milieu
is the net result of proteolysis-dependent and -independent
mechanisms (5), a distinction that often cannot be made
easily. Indeed, interpretations of cell migration data from
in vivo ECMs, or in vitro models that are derived from
natural ECM components, can be confounded by the diffi-
culty to engineer ECM characteristics and/or to parse the
various cell-ECM interactions that influence three-dimen-
sional cell migration in these systems. For example, Sabeh
et al. (29) showed that cancer cells migrate within noncova-
lently cross-linked collagen gels independently of proteases,
while in covalently cross-linked gels, MT1-MMP was
demonstrated to be indispensable.
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In contrast, engineering approaches now allow us to build
aECMs with very good control over the materials microstruc-
ture, in some cases to form scaffolds that are essentially
amorphous and pore-free. Indeed, by using synthetic and
natural protease inhibitors, some of us had previously shown
that three-dimensional migration in dense chemically cross-
linked PEG hydrogels is strictly dependent on proteolysis
(17,27). Here, using enzymatically cross-linked PEG-based
matrices, we expected a similar protease-dependency, across
the entire stiffness range tested. We calculated molecular
mesh sizes from swelling ratios of all gel conditions to be
approximately tens of nanometers, and thus far below the
threshold that a cell could breach to penetrate the surrounding
physical matrix barrier.

Indeed, cells encapsulated within relatively stiff gels,
formed at 2 or 2.5% solid content, were unable to migrate
in the absence of proteolytic activity, as was shown by
blocking proteolysis or assessing cell migration in stable
gels. However, just a slight decrease in cross-linking
density, induced by changing the solid content to 1.5%, re-
sulted in matrices through which cells were able to effi-
ciently migrate. Although the activity of proteases other
than MMPs cannot be fully excluded, our data strongly
suggest protease-independent migration mechanisms under
these conditions.

In addition to the restriction of migration in the absence
of a microscopic porosity, the viscoelastic matrix properties
might also directly impact the migratory behavior of cells in
three dimensions (4,30-32). Studies have demonstrated that
certain cell types can adopt an amoeboid mode of migration
that is independent of matrix remodeling and is instead char-
acterized by localized ECM deformation and cell shape
changes (33). Such a mechanism might be strongly depen-
dent on the biophysical properties of the microenvironment
and could possibly explain our data. However, we think that
this is rather unlikely.

First, fibroblastlike preosteoblastic cells would be ex-
pected to migrate by a mesenchymal-type mechanism (34).

Second, ameboid migration has thus far only been observed
in physically cross-linked matrices that allow material
displacement by cellular forces, while the PEG-based gels
used here are cross-linked by much stronger covalent bonds.

Alternatively, one could think of a mechanism in which
cells exploit existing, macroscopic gel defects or even exert
sufficiently large forces to produce local propagating cracks
within the hydrogels; unfortunately this is a hypothesis that
is not easily testable. Interestingly, it is well documented
that single-component hydrogels, and in particular those
formed from synthetic polymers such as PEG, are mechan-
ically very fragile—a problem that can be overcome by
choosing more sophisticated multicomponent design strate-
gies (35). Such cracks might be accessible for migrating
cells and could result in a migration speed that exceeds
that of cells that rely exclusively on proteolytic migration
in higher density hydrogels.
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The hydrogel matrices used in vitro under well-defined
culture conditions were subjected to a considerably more
complex in vivo situation to assess the migratory events
during early bone regeneration. Similarly to the in vitro situ-
ation, more densely cross-linked matrices led to marginal
migration to the inside of the gel and, consequently, bone
formation limited on the outside. Although differences were
significant, the sensitivity of the implanted materials to
MMPs seemed to play a less important role during in vivo re-
modeling compared to the in vitro migration model.

Under in vivo conditions, many more factors influencing
the gel performance come into play. For example, the amount
and range of proteases could be considerably different
between cell culture conditions and in a healing environment
due to the interaction of the implant with a higher number of
cells specialized in rapid remodeling in the in vivo condition
(e.g., inflammatory cell types). Nevertheless, the good corre-
lation between in vivo and in vitro behaviors suggests that our
in vitro migration model can be successfully applied to
predict the response of modulated material characteristics
in specific tissue regeneration applications.

Indeed, a good control over in vivo cell fates via engi-
neered ECMs would be an extremely useful capability
(36). Our results suggest that through variation of network
stiffness or proteolytic susceptibility and specificity, re-
cruited cells could be restricted to the tissue-material inter-
face or directed to migrate into the material. In comparison
to healing that relies on surface erosion, the generation of
new tissue from the inside out of an implant might be
considerably faster. In agreement with this notion, we gener-
ally found that the most efficient bone formation in long-
term experiments occurs with gel compositions that allowed
efficient cell migration. It can also be noted that soft gels
which led to very fast gel degradation failed to support
complete healing, presumably because the implant stability
did not support bone tissue formation (unpublished data).
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