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Abstract

There is a critical need for biomaterials that support robust neovascularization for a wide-range of
clinical applications. Here we report how cells alter tissue-level mechanical properties during
capillary morphogenesis using a model of endothelial-stromal cell co-culture within poly(ethylene
glycol) (PEG) based hydrogels. After a week of culture, we observed substantial stiffening in
hydrogels with very soft initial properties. Endothelial cells or stromal cells alone, however, failed
to induce hydrogel stiffening. This stiffening tightly correlated with degree of vessel formation but
not with hydrogel compaction or cellular proliferation. Despite a lack of fibrillar architecture
within the PEG hydrogels, cell-generated contractile forces were essential for hydrogel stiffening.
Upregulation of alpha smooth muscle actin and collagen-1 was also correlated with enhanced
vessel formation and hydrogel stiffening. Blocking cell-mediated hydrogel degradation abolished
stiffening, demonstrating that matrix metalloproteinase (MMP)-mediated remodeling is required
for stiffening to occur. These results highlight the dynamic reciprocity between cells and their
mechanical microenvironment during capillary morphogenesis and provide important insights for
the rational design of materials for vasculogenic applications.
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INTRODUCTION

Biomaterials that support capillary formation are critical for wide ranging regenerative
medicine applications [1, 2]. To date, most studies of 3D capillary morphogenesis have used
biologically-derived extracellular matrix (ECM) hydrogels such as fibrin, collagen and
Matrigel [3]. Synthetic, proteolytically degradable poly(ethylene glycol) (PEG) hydrogel
ECMs also have attracted interest because of their biocompatibility and versatile macromer
chemistry [4]. However, the extent of capillary morphogenesis is significantly restricted in
PEG hydrogels compared with biologically-derived ECMs [5-7]. To overcome this
limitation, a range of strategies have emerged to modulate initial hydrogel properties [8, 9]
and to incorporate proangiogenic biological cues into PEG hydrogels to enhance their
angiogenic potential [7, 10-12]. Despite this interest, relatively few studies have investigated
how cellular remodeling of these minimalist PEG matrices accompanies microvascular
morphogenesis [8].

Biophysical and biochemical cues in the ECM guide cellular remodeling, which in turn,
alters the mechanical and biochemical microenvironment [13]. This dynamic and reciprocal
relationship between cells and their ECM occurs throughout capillary morphogenesis. While
many biochemical cues have been established [14], the relationship between microvascular
cells and their mechanical microenvironment also plays a critical role. In fibrillar ECMs,
mechanical tension helps guide endothelial migration and sprouting [15, 16] and fiber
recruitment plays an important role in this process both in 2D [17] and 3D [18]. Stiffening of
initially soft fibrillar hydrogels occurs both locally and globally as capillary morphogenesis
proceeds [18, 19]. However, whether soft or stiff fibrillar ECMs best support vessel
formation depends on the model system used [20].

In PEG hydrogels, the pericellular microenvironment has an amorphous nano-scale
architecture that is distinct from fibrillar ECMs [21] which alters how force transmission
occurs. In contrast to conflicting reports regarding stiffness effects in fibrillar ECMs, in PEG
hydrogels capillary morphogenesis is inversely related to initial modulus [6, 8, 12, 22].
Though differences in matrix degradability [23] and diffusion [6] likely contribute to these
effects, whether cell-mediated mechanical cues contribute to enhanced capillary
morphogenesis in these soft amorphous matrices, which lack the fibrous architecture needed
to support long-range force propagation, remains poorly understood. Moreover, whether
cell-mediated matrix stiffening occurs in amorphous PEG hydrogels and associates with
capillary morphogenesis is unknown.

To address these questions, we generated PEG hydrogels with a range of initial moduli and
measured how the extent of capillary morphogenesis and bulk stiffening correlated. Using
this model, we then interrogated the relative contributions of cell generated traction, ECM
deposition, and cell-mediated remodeling on stiffening behavior to better understand the
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mechanisms underpinning cell-mediated changes to hydrogel mechanics and enhanced
capillary morphogenesis in soft amorphous hydrogels.

MATERIALS AND METHODS

Cell culture

All reagents were obtained from Thermo Fisher Scientific (Waltham, MA) unless specified.
Endothelial and stromal cell sources in this study were chosen to provide continuity with our
prior work [5, 19]. Human umbilical vein endothelial cells (ECs) were harvested from fresh
umbilical cords (obtained from the University of Michigan’s Mott’s Children’s Hospital via
an IRB-exempt process, without any identifying information provided to the researchers)
and cultured in fully supplemented Vasculife VEGF Endothelial Medium (Lifeline Cell
Technology LLC, Frederick, MD) as previously described [24]. ECs were used between
passages 2-4. Normal human dermal fibroblasts (DFs, Lonza, Walkersville, MD) were
cultured in Dulbecco’s modified Eagle medium (DMEM, Life Technologies, Grand Island,
NY) supplemented with 10% fetal bovine serum (FBS, Life Technologies) and 1% penicillin
streptomycin (Life Technologies) and were used up to passage 15. Both cell types were
cultured at 37 °C and 5% CO», with thrice weekly medium exchanges. Cells were harvested
below 80% confluence using 0.05% trypsin-EDTA (Life Technologies).

PEG-VS hydrogel formation.

Hydrogels were formed from 4-arm poly(ethylene glycol) vinyl sulfone (PEG-VS; 20 kDa,
Jenkem USA, Allen TX) and a combination of a thiol containing adhesive peptide and a
protease-sensitive crosslinking peptide adapted from published protocols [6, 25]. Hydrogels
were functionalized with CGRGDS peptide (“RGD”, Genscript, Piscataway, NJ) and
crosslinked with Ac-GCRDVPMSIMRGGDRCG-NH2 (“VPMS”, Genscript, cleavage site
indicated by !), which contains an N-terminal acetylation and a C-terminal amidation. These
peptides were chosen to provide continuity with our previous work [5]. All reagents were
prepared in batches of single-use aliquots. Peptides, dissolved in 25 mM acetic acid, and
PEG-VS, dissolved in ultrapure water, were 0.22 um filtered, lyophilized, and stored
desiccated at —20 °C. Precise thiol content of each batch of peptide aliquots was determined
using Ellman’s reagent. Immediately before use, all reagents were dissolved in HEPES (100
mM, pH 8.4) to achieve final desired concentrations. RGD was reacted with the PEG-VS for
30 min to achieve a constant final concentration of 400 uM for all gel formulations. After
RGD conjugation, VPMS was added to the PEG-VS solution, gently mixed, and 50 pl
samples were dispensed into sterile 1 mL syringes with the needle end cut off. Hydrogels
polymerized for 1 h at 37 °C in a sealed 50 mL conical tube. Polymerized hydrogels were
punched into phosphate buffered saline (PBS). An optimal thiol:vinyl sulfone ratio (typically
0.8-0.9), achieved by varying crosslinker concentration to yield the maximum hydrogel
shear modulus for acellular hydrogels, was determined for each batch and used for
subsequent vasculogenesis assays.

Vasculogenesis assays and drug inhibitor studies

A 3D co-culture model of vasculogenesis, in which endothelial and stromal cells distributed
in a hydrogel matrix self-assemble into a vascular network, was used as previously described
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[5]. Briefly, hydrogels were formed as above except that a cell pellet was resuspended just
before adding the crosslinking peptide to achieve a final cell seeding density of 2x106
cells/mL of each cell type (1x10° ECs and/or 1x10° DFs per 50 pl gel). Hydrogels were
formed with 27, 32, and 40 mg/mL PEG-VS corresponding to 2.7%, 3.2%, and 4% (w/v
PEG-VS). For quantification of gel compaction, a solution of Fluoresbrite Polychromatic
Red microspheres (2.1 + 0.018 um diameter, 2.6% solids, Polysciences Inc, Warrington, PA)
was additionally incorporated into hydrogels by substituting a 5% volume of HEPES for
microsphere solution. Samples of the resulting suspension were dispensed and polymerized
as above. Each hydrogel was cultured in 2 mL Vasculife VEGF medium in a 12-well plate
for 7 d. For most conditions, medium was exchanged on days 1, 3, and 5. Blebbistatin
(Calbiochem) and GM6001 (Calbiochem) were delivered in a 500x dilution of DMSO
vehicle. Blebbistatin was delivered at a final concentration of 30 uM for all conditions and
GM6001 was delivered to achieve the indicated final concentrations. 24-hour exposure to
blebbistatin was achieved by spiking it into the culture media on day 6 of culture. Daily
exposures to blebbistatin and GM6001 were achieved by exchanging culture media and
inhibitors daily to maintain vehicle concentrations and inhibitor activities. All inhibitor
conditions were compared to their appropriate vehicle controls. Experiments with 24-hour
exposure to blebbistatin were performed with both 27 mg/mL and 32 mg/mL PEG
hydrogels. Experiments in which blebbistatin and GM6001 were included throughout
culture were performed with 32 mg/mL PEG hydrogels.

Mechanical characterization of PEG-VS hydrogels

Hydrogel shear moduli were obtained for all conditions on day 1 after allowing for hydrogel
swelling and on day 7. Hydrogels were mounted on an AR-G2 rheometer (TA Instruments,
New Castle, DE) between an 8-mm measurement head and a Peltier stage, each covered
with P800 sandpaper. Shear storage modulus (G’) was determined at 0.05 N normal force,
5% strain amplitude, and 1 rad/sec frequency and averaged over a 1-minute time sweep.

Fluorescent image quantification methods—On day 7, co-cultures were fixed with
Z-fix (Anatech, Battle Creek, MI). All PEG-VS hydrogels were cut longitudinally down the
cylinder midline prior to staining, yielding two halves. For quantification of vessel and
nuclei density and cell spreading, samples were stained with rhodamine-conjugated lectin
from Ulex europaeus (UEA, Vector Laboratories, Burlingame, CA, specific for endothelial
cells, 1:200), 4°, 6-diamidino-2-phenylindol (DAPI, 1 ug/mL, Sigma), and AlexaFluor 488
phalloidin (1:200). PEG-hydrogels were imaged on the cut side to ensure images were
representative of cellular behavior within the hydrogels. Images were acquired using an
Olympus 1X81 microscope equipped with a disk scanning unit (DSU, Olympus America,
Center Valley, PA) and Metamorph Premier software (Molecular Devices, Sunnyvale, CA).
For all analyses, confocal z-stacks were acquired using the DSU. Z-series were collapsed
into maximum intensity projections prior to analyses. Quantifications of vessel and nuclei
densities were performed on 300 um stacks (30 um/slice) imaged at 4x (2.16 x 1.65 mm).
Total vessel length per region of interest (ROI) was quantified from UEA images using the
Angiogenesis Tube Formation module in Metamorph and reported as vessel length per
volume of ROI. Total nuclei per ROI were quantified from DAPI images using a custom
ImageJ script as previously described [5], and reported as counts per volume. A custom
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ImageJ script (script and example included in supplement) was used to determine the
fraction of UEA-negative nuclei. Briefly, binary DAPI projections were masked with their
associated binary UEA projections and the fraction of DAPI stained area excluded from
UEA-stained regions was calculated. Cell body circularity and projected cell area per
volume of ROI were quantified from 30 pum thick stacks (3 um/slice) of phalloidin images
acquired at 10x (0.86 x 0.65 mm) and processed with a custom ImageJ script (included in
supplement). Microbead density, as a measure of gel compaction, was calculated from 10
um thick stacks (1 pm/slice) imaged at 20x (0.44 x 0.34 mm). Bead densities on day 0 were
acquired before gel swelling. For each independent experiment, a value for each metric was
determined by averaging multiple ROIs (4 for vessel and nuclei density, 6 for cell coverage
and circularity, and 12 for bead densities). Only the final value of each parameter from each
independent experiment (N=3-7) was subsequently analyzed in our statistical analysis.

Immunofluorescent staining and imaging

Following tissue construct fixation and bisection, hydrogels were permeabilized with 0.5%
v/v TritonX-100 in tris-buffered saline (TBS) for 30 minutes then blocked overnight at 4°C
in TBS with 2% w/v bovine serum albumin (BSA, Sigma-Aldrich) and 0.1% v/v Tween 20.
Primary antibodies for alpha smooth muscle actin (Abcam, mouse IgGoy, isotype, 1:200
dilution), collagen-1 (Santa Cruz Biotech, mouse 1gG; isotype, 1:200 dilution), fibronectin
(Santa Cruz Biotech, mouse 1gG,y isotype, 1:200 dilution), collagen-1V (Invitrogen, mouse
1gG1 isotype, 1:500 dilution), or laminin beta-1 (Invitrogen, rabbit 1gG, 1:500 dilution) were
incubated with samples overnight at 4°C. Samples were then washed several times and
incubated overnight at 4°C with appropriate secondary antibodies (Invitrogen, either
AlexaFluor 488 goat-anti-mouse IgGp+ | or goat-anti-rabbit 19GH+, 1:200 dilutions).
Samples were again washed then stained with DAPI and either UEA or AlexaFluor 568
phalloidin as indicated and stored in TBS. Representative images were acquired at 10x and
20x magnification using the DSU and presented as maximum intensity projections of 30 pm
thick stacks (3 pm/slice).

Gene expression analysis

Hydrogels (2-3 per experimental replicate, pooled) were rinsed in PBS, cut into 4 pieces per
gel, and incubated under constant gentle rotation in Collagenase IV (200 U/mL) at 37 °C for
30-40 min until gels were dissociated. The suspension was centrifuged at 500 x g for 3 min.
The resulting cell pellet was lysed and RNA purified using an RNeasy Mini Kit (Qiagen,
Venlo, Netherlands). RNA was reverse transcribed to cDNA using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). PCR
amplifications were performed on a 7500 Fast Real-Time PCR System (Applied
Biosystems) using Tagman Gene Expression reagents (20 ng cDNA per PCR reaction). The
primer probe sets for the following genes were utilized (Tagman Assay ID indicated):
GAPDH (Glyceraldehyde 3-phosphate dehydrogenase, Hs04420566_g1); TGFB1
(transforming growth factor 1, Hs00998133); PDGFRB (platelet derived growth factor
receptor-p, Hs01019589_m1); PDGFB (platelet derived growth factor-p, Hs00966522_m1);
ANTXR2 (capillary morphogenesis gene 2 protein, Hs00292467_m1); KDR (vascular
endothelial growth factor receptor 2, Hs00911700_m1); ACTA2 (a-smooth muscle actin,
Hs00426835_g1); COL1A1 (Collagen I, alpha 1 chain, Hs00164004_m1); LAMB1
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(Laminin, Beta 1 chain, Hs01055960_m1); FN1 (Fibronectin 1, Hs01549976_m1); COL4Al
(Collagen 1V, alpha 1 chain, Hs00266237_m1); MMP2 (matrix metalloproteinase 2,
Hs01548724 m1); MMP9 (matrix metalloproteinase 9, Hs00957562_m1); MMP14
(membrane type 1 matrix metalloproteinase, Hs01037009_g1). The AAC; method was used
to determine relative gene expression with GAPDH as the internal control.

Statistical analysis was performed using GraphPAD Prism (La Jolla, CA). Unless noted, data
are represented as mean + standard deviation of at least 3 independent experiments. Data
were analyzed using one- or two-way ANOVA with Tukey post-hoc testing with matching
when possible and pre-specified comparisons between conditions on a given day and
between days for a given condition. Correlations were determined by linear regression and
RZ and p value for the correlation coefficient reported. Statistics for gene expression data
was performed in the C; domain. A value of a < 0.05 was considered significant.

1) Vessel density and hydrogel stiffening both depend on initial PEG composition and are
tightly correlated

We first confirmed that initial PEG composition affects cellular morphogenetic processes
including vessel formation, changes in cell density, and cell spreading consistent with
previous work with EC-DF co-cultures [5]. We then characterized the expression of pro-
angiogenic genes and the evolution of tissue-level physical properties including stiffening
and compaction depending on PEG composition. Lower PEG concentration at gel
polymerization supported increased vessel density at 7 d (Figure 1A and 1D), with a 2-fold
higher vessel density in 27 mg/mL gels compared with 40 mg/mL (p < 0.001). The baseline
shear moduli of hydrogels formed from 27, 32, and 40 mg/mL PEG were 59 + 27 pa, 114

+ 27 pa, and 209 * 50 pa, respectively (Figure 1B), confirming that changes in PEG
composition led to differences in bulk shear storage moduli on day 1 (after swelling). These
PEG densities were empirically chosen to interrogate the softest formulation which would
consistently gel (27 mg/mL), the softest formulation which did not exhibit any stiffening
behavior (40 mg/mL), and an intermediate formulation (32 mg/mL). Despite significant
differences in vessel formation, we did not observe composition dependent differences in
gene expression for a panel of angiogenesis-associated genes (Figure S1 A-E). After 7 d, 27
mg/mL hydrogels stiffened 2.7-fold (p < 0.01) and 32 mg/mL hydrogels stiffened 1.5-fold
(NS), while the shear moduli of 40 mg/mL gels remained unchanged. Cell density did not
vary with PEG composition at 1 d or 7 d, though there was a modest ~1.4-fold increase in
total cell density for all gel compositions over the 7 d culture (Figure 1C, Figure S2, Two-
way ANOVA: time p < 0.001, PEG p > 0.99, interaction p = 0.60). Cell density after 1 d was
~1.4x108 cell/mL (compared with 4x10° cell/mL at seeding), reflecting swelling of the gels
after casting. There was a strong inverse correlation of the shear storage modulus at 1 d with
vessel density at 7 d (Figure S3A, £Z2=0.762, p < 0.0001), but no correlation with cell
density (Figure S3B, 7Z=0.002, p =0.956). We noted a positive correlation between the
degree of stiffening observed in each experiment and the ultimate vessel density at 7 d
(Figure S3C, £2=0.480, p = 0.0087).
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We also assessed spreading of all cells using both individual cell circularity and projected
area covered by all cells in phalloidin stained samples. No differences in circularity or
spreading were noted 1 d after seeding (Figure S4). After 7 d, average circularity decreased
in all gels (Figure S4A, p < 0.0001) and area coverage increased (Figure S4B, p < 0.005),
but this effect was most pronounced in 27 mg/mL gels (p = 0.033 relative to 40 mg/mL).

In contrast to co-culture experiments, ECs cultured in the absence of DFs did not undergo
capillary morphogenesis (Figure 2A). The shear moduli of EC or DF monocultures in 27
mg/mL hydrogels were statistically unchanged after 7 d, similar to controls (Figure 2B). EC
mono-culture cell densities significantly decreased 2.7-fold (Figure 2C, p < 0.01) and cell
bodies remained rounded (Fig 2D), whereas DF mono-culture cell densities significantly
increased 1.6-fold (Figure 2C, p < 0.01) and cell bodies appeared well spread (Figure 2E).

In addition to stiffening accompanying capillary morphogenesis, we observed that soft
hydrogel constructs changed shape macroscopically, suggesting possible gel compaction
(Figure S5). To investigate whether compaction could account for the apparent changes in
modulus and vessel density, we entrapped 2 um beads within the hydrogel network as
fiduciary markers, allowing us to infer changes in hydrogel density from changes in bead
density specifically in the centers of the gels were capillary density was measured.
Incorporation of beads did not substantially alter initial hydrogel mechanical properties nor
stiffening behavior (Figure S6A). As expected, after overnight swelling we observed a
decrease in bead density to 34 + 6 % of reference gels (Figure S6B), where density was
quantified immediately after gelation. This result corresponded closely with the observed
changes in cell density after gel swelling and confirmed the validity of the technique.
Despite the suggestion of hydrogel compaction from macroscopic images for 27 mg/mL
hydrogels, no significant differences in bead density (measured locally inside of the gels)
were observed as a function of gel composition during the 7 d culture (Figure S6B), though
a weak inverse correlation was noted between initial gel modulus and change in bead density
from 1 d to 7 d (Figure S6C, /2= 0.3935, p = 0.016).

2) Active cellular contraction significantly contributes to hydrogel stiffening

To investigate the contribution of cell-generated forces to hydrogel stiffening, we blocked
cell-mediated contractility with the myosin I1 inhibitor, blebbistatin. Only 27 and 32 mg/mL
hydrogels were assessed because 40 mg/mL hydrogels did not stiffen. Gels were incubated
with 30 UM blebbistatin for the final 24 h of a 7 d culture period to inhibit traction forces
[26] and minimize confounding effects from changes in vessel density, nuclei density, and
cell spreading that occur with long-term blebbistatin treatment [27, 28]. This treatment
caused a significant decrease in measured modulus of 36 + 6% and 30 + 11% for 27 and 32
mg/mL hydrogels, respectively (p < 0.030, Figure 3A). Interestingly, the 32 mg/mL
hydrogels relaxed back to their initial shear moduli whereas the 27 mg/mL hydrogels did not
(Figures 1B, 3A), suggesting our softest gels may incur some degree of permanent
remodeling. 24-hour treatment with blebbistatin did not cause any changes in vessel density
(Figure 3B), nuclei density (Figure 3C), or cell-spread coverage (Figure 3D), but did cause a
modest increase in circularity in 27 mg/mL hydrogels (p = 0.015, Figure 3E), suggesting
some retraction of cellular protrusions occurred without significantly altering average cell
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size. 24-hour blebbistatin treatment did not affect gel density as assessed by microbead
density (Figure 3F). In contrast, supplementing blebbistatin daily over the entire 7d culture
period resulted in the dissolution of 27 mg/mL gels and significant softening for 32 mg/mL
gels (p = 0.0015, Figure S7A), as well as significantly reduced vessel density and cell
density (p < 0.017, Figure S7B-D).

To investigate if initial matrix stiffness alters cell phenotypes associated with increased
cellular contractility [29], we measured ACTA2 (a-smooth muscle actin, aSMA) gene
expression. The expression of aSMA was significantly upregulated in all constructs during
culture, but the increase was most significant for the 27 mg/mL gels (p = 0.017 relative to 40
mg/mL, Figure 4A). Immunofluorescent staining showed that a SMA was expressed
exclusively in UEA negative fibroblasts, which were often present in the perivascular space
(Figure 4B) and appeared in all gel formulations (Figure S8). The pooled RNA contained
transcripts from both cell types but a SMA is only expressed in fibroblasts. Therefore, the
measured increase in aSMA expression could either represent an increase in aSMA per
fibroblast or a higher proportion of fibroblasts contributing to the RNA pool. To differentiate
these possibilities, we estimated the proportion of fibroblasts in our samples by quantifying
the number of nuclei excluded from UEA stained regions. There was not an increased
proportion of fibroblasts in soft hydrogel formulations (Figure 4C), demonstrating that soft
hydrogels supported higher levels of a SMA expression in fibroblasts.

3) Enhanced deposition of collagen | and downregulation of MMP expression associates
with hydrogel stiffening in ultra-soft hydrogels

The observation that blebbistatin inhibition of cell-mediated contractility did not result in a
return to initial mechanical properties in 27 mg/mL gels suggested deposition of new matrix
may contribute to stiffening. To assess this possibility, we quantified mRNA levels of
collagen I alpha 1 chain (COL1AL1), fibronectin (FN1), laminin beta 1 chain (LAMB1), and
collagen 1V alpha 1 chain (COL4AL1) in pooled RNA collected from both cell populations in
the gels. No differences in expression level were detected between hydrogels on day 1
(Figure 5). However, after 7 d of culture, we observed a 1.8-fold increase in collagen |
expression in 27 mg/mL hydrogels compared with 40 mg/mL hydrogels (p = 0.0007, Figure
5). We also observed fibronectin expression in all gels was increased from 1 d to 7 d (Two-
way ANOVA: time p = 0.0002, PEG p = 0.11, interaction p = 0.0094) but was most strongly
upregulated in 40 mg/mL at day 7 (p < 0.0009). Expression of transcripts for the basement
membrane component laminin beta 1 chain was unchanged during culture for the 27 mg/mL
gels but was modestly upregulated 1.3-fold in 40 mg/mL gels (p < 0.0021). Collagen IV
alpha 1 was upregulated after 7 d but did not depend on PEG composition.

We further analyzed the deposition of proteins encoded by these transcripts using
immunostaining. Collagen | and fibronectin were deposited around both UEA negative
fibroblasts and UEA positive vessels (Figure 6, Figure S9A). Compared with 27 mg/mL
gels, we noted a qualitative decrease in Collagen | deposition in 40 mg/mL hydrogels,
consistent with the expression analysis. Fibronectin deposition was observed not only
around vessel like structures but also surrounding rounded cells which did not spread. In
contrast to deposition of collagen | and fibronectin, the basement membrane proteins
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laminin (beta 1 chain) and collagen 1V (which reacts with both alpha 1 and alpha 2 chains)
were tightly associated with UEA+ vessel-like structures and were less prominently
expressed in UEA negative fibroblasts (Figure S9B, C). To assess the spatial distribution of
ECM protein deposition relative to the encapsulated cells, we co-stained phalloidin with
collagen I or fibronectin. In 27 mg/mL gels we observed very little ECM protein deposition
in the hydrogel bulk distant from cells, with nearly all ECM deposited within ~30 pm of
cells (Figure S10). We also noted areas of extensive ECM deposition devoid of actin but
adjacent to nearby cells, suggesting active cellular remodeling in these regions followed by
migration (Figure S10, arrowheads). Fibronectin expression surrounding poorly spread cells
never extended more than a few microns from the nuclei.

Concurrent with our observation of enhanced matrix deposition in ultra-soft hydrogel
formulations, we also observed downregulation of MT1-MMP and MMP2 in 27 mg/mL
hydrogels compared to 40 mg/mL hydrogels on day 7 (Figure 7A, B, p < 0.014). However,
there was no significant change in MMP9 expression over time regardless of formulation
(Figure 7C).

4) Inhibition of matrix metalloproteinase (MMP)-mediated proteolysis reduces hydrogel
stiffening and correlates with decreased cell spreading but not changes in cell number

We have previously shown that inhibition of MMPs with the broad-spectrum MMP inhibitor
GM6001 severely restricts capillary morphogenesis in VPMS crosslinked hydrogels [5].
Given that our results to this point suggested stiffening behavior was due to cell contractility
and pericellular matrix remodeling, we reasoned that blocking cell-mediated hydrogel
degradation, needed for cell spreading and endothelial tube assembly, would also abolish gel
stiffening. Closely mirroring the decrease in vessel density with GM6001 which we
previously reported [5], we observed a robust and dose-dependent loss of gel stiffening with
GM6001 (Figure 8A) in comparatively soft 32 mg/mL hydrogels (30 + 8 Pa on day 1).
Notably, GM6001 did not significantly alter cell density in the gels, indicating changes in
stiffening were not due to reduced cell density over time (Figure 8B). We measured a
significant rise in circularity with increasing doses of GM6001 (ANOVA: p < 0.0001, Figure
8C) and a non-significant trend toward lower cell coverage (Figure 8D), both suggesting
reduced cell spreading with GM6001.

DISCUSSION

While the effects of stiffness on capillary morphogenesis have been studied extensively [20],
how cells, in turn, alter the mechanical properties of their surrounding ECM during this
process has received less attention [19]. A clear understanding of the dynamic and reciprocal
relationship between cells and their mechanical microenvironment is critical to engineer
synthetic materials for regenerative medicine applications because these mechanical changes
may in turn affect the differentiation and function of co-encapsulated functional cell types
[13]. Protease-susceptible PEG hydrogels are prototypical synthetic materials and have been
widely utilized for their ability to support and control populations of single cells in 3D [30,
31]. However, the impact of their amorphous structure, which is distinct from native fibrillar
ECMs, on complex multicellular morphogenetic processes remains less understood.
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Consistent with several previous reports in other synthetic hydrogels, including protein-
synthetic hybrid systems [32, 33] and polysaccharide-synthetic systems [22, 34], we
observed enhanced vessel formation with reduced PEG crosslinking density [6, 8, 12, 23,
35]. Interestingly, this enhanced vessel formation in softer gel formulations was not
correlated with differential expression of pro-angiogenic genes. However, the more
surprising observation was that ultra-soft amorphous gels significantly stiffened over time as
capillary morphogenesis occurred. We then used a combination of inhibitor studies and
molecular expression analyses to provide evidence that both cell-mediated contractility and
ECM deposition, but not hydrogel compaction, contribute to this stiffening. We then
demonstrated that inhibition of cell-mediated degradation inhibited cellular spreading and
severely attenuated gel stiffening.

We recently reported that fibrin matrices stiffen on both the microscale and the macroscale
as capillary morphogenesis occurs [19], but it was not clear if this phenomenon required a
fibrillar matrix to transduce cell-generated forces and thereby alter the mechanical
microenvironment. The strain stiffening properties of fibrous materials such as fibrin and
collagen allow cell-mediated tension to transmit mechanical forces over long distances,
perhaps serving as a cue to guide network organization [15, 16, 36]. However, the nanoscale,
amorphous architecture of PEG hydrogels is distinctly different from fibrin or collagen [21].
Such synthetic hydrogels generally display linear elastic deformation [36], which limits the
distance mechanical forces can propagate relative to strain-stiffening fibrous materials.

To our knowledge, stiffening behavior in a purely synthetic matrix material during capillary
morphogenesis has not been previously reported. Cell-mediated changes to hydrogel
mechanics have, however, been more extensively studied in the context of fibrosis and
wound healing, and engineering of load bearing tissues such as cartilage and bone [37].
Fibroblast-mediated stiffening of fibrous materials is well documented in fibrin [19] and
collagen [38], is dependent on cellular contractility, and results in hydrogel compaction [39].
Dermal fibroblasts have also been shown to stiffen and compact PEG-fibrinogen composites
[40]. However, we did not observe a significant change in marker bead density over time
depending on gel formulation, suggesting that gel compaction was not necessarily associated
with stiffening in our system. These observations suggest the bulk of PEG gels are not
significantly reorganized, unlike collagen or fibrin which restructure into more compact
fibrous architectures [41]. Distinct from fibrillar ECM or PEG-fibrinogen composite
hydrogels, we also observed that stiffening depended on the co-culture of ECs with DFs. In
the absence of capillary morphogenesis, DFs failed to stiffen ultra-soft hydrogel
formulations. In contrast, others have reported that fibroblasts in unmodified alginate [42]
and endothelial colony forming cells in RGD modified hyaluronan crosslinked with MMP
degradable peptides [43] soften over time. These differences in the evolution of hydrogel
mechanics depending on cell culture system demonstrate a complex interplay between cell
types and ECM identity in dictating changes to hydrogel mechanics over time.

The cellular networks that formed throughout the bulk of the hydrogel may themselves be
mediating the stiffening effects via cell-mediated contractility. To test this hypothesis, we
included a saturating dose of blebbistatin, which inhibits the action of myosin 11 [44], in our
culture medium for the final 24 hours of culture. This treatment reversed about half of the
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observed stiffening in the 27 mg/mL and all the stiffening seen in the 32 mg/mL gels,
implicating cytoskeletal tension as a major contributor to the observed stiffening behavior.
We previously demonstrated that long term inhibition of cell-mediated contractility severely
attenuated endothelial sprouting in fibrin [27]. Likewise, we observed that exposure to
blebbistatin throughout the 7 d culture period not only reduced capillary morphogenesis, but
resulted in gel softening over time. Matrix stiffness itself may also directly impact the degree
of cellular contractility. Mabry et al. observed that valvular interstitial cells exhibited a more
contractile phenotype in soft materials and that this phenotype could be reversed by
changing matrix mechanics in situ [45]. Likewise, we observed an increase in the expression
of a-smooth muscle actin in fibroblasts within our soft hydrogel constructs during capillary
morphogenesis.

Since 24-hour exposure to blebbistatin did not fully reverse stiffening in the softest gels, the
contributions of matrix deposition to the observed stiffening behavior were also assessed.
We observed that collagen | alpha 1 chain was upregulated in pooled RNA samples from the
soft hydrogels. Collagen | alpha chain is one of the key secreted proteins from fibroblasts
that induce capillary morphogenesis in coculture with endothelial cells and its deposition
contributes to progressive stiffening of fibrin [46]. Deposition of ECM proteins by
chondrocytes in alginate has similarly been correlated with progressive hydrogel stiffening
[47]. We noted collagen | near both vessels and fibroblasts but not within the bulk of the
PEG hydrogels, suggesting deposition was highly localized. Fibronectin was also
upregulated in all gel formulations and was deposited in a clear pericellular distribution
around cells, similar to that of collagen I, as has been reported previously [8]. We also
observed decreased expression of MT1-MMP and MMP2 in ultra-soft hydrogels which
would shift ECM dynamics toward deposition over degradation.

Combined, the tight association of ECM proteins with invading cells, lack of change in the
bulk hydrogel density, and the dependence of stiffening on cell contractility suggested a
model in which networks of cells deposit an interconnected fibrillar architecture in soft
hydrogels. Such a network also provides a mechanism for long-range force transmission that
may help to facilitate network organization in the otherwise amorphous material. This
network could result in a composite with properties increasingly dominated by a relatively
stiff network of cells and their pericellular ECM rather than the adjacent soft amorphous
hydrogel material. Cell-mediated tension may contribute to hydrogel mechanics by
propagating through this newly deposited ECM and possibly through endothelial tubules
themselves, which has been suggested in fibrin hydrogels [28]. This suggests that co-culture
of ECs and DFs in PEG may be necessary to induce formation of a sufficiently
interconnected network through which traction forces can propagate.

In support of our hypothesis that cellular network formation is necessary to allow hydrogel
stiffening, we also observed a profound loss of stiffening behavior in co-cultures containing
the MMP inhibitor GM6001, which inhibits MMP-mediated proteolysis necessary for cell
spreading. Cell-mediated matrix degradation is required for an interconnected network of
cells to form and deposit ECM. MMPs are required for capillary morphogenesis in natural
ECMs [48, 49] and MMP-degradable PEG hydrogels [5, 6], but our findings here show they
are also required for stiffening in a synthetic hydrogel. This effect may be MMP-specific
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because inhibition of plasmin-mediated degradation in PEG-fibrinogen hydrogels was
necessary to permit stiffening [40]. Moreover, our results suggest that cellular growth and
deposition of new ECM outpaces global proteolytic hydrogel degradation in this model
tissue.

Reciprocal crosstalk between ECM stiffness and cell-mediated remodeling to adjust the
cellular microenvironment has been suggested in the progression of tumors [13] and may
also partially regulate the process of neovascularization. Here we demonstrate a correlation
between gel stiffening and capillary morphogenesis, suggesting that localized cellular
remodeling around networks of fibroblasts and ECs is necessary for both processes to occur.
Therefore, these data suggest that the initial mechanical properties of the cellular
microenvironment may not directly dictate capillary morphogenesis per se, but instead
create a permissive environment that can be readily remodeled by the cells themselves. This
hypothesis is supported by observations by Sokic ef a/. that capillary morphogenesis is
significantly enhanced in PEG hydrogels with similar initial mechanical properties but with
MMP degradability controlled by crosslinking peptide sequence [23]. Counterintuitively,
this suggests that enhancing MMP degradability may also result in enhanced hydrogel
stiffening.

In summary, this study highlights the critical importance of cell-mediated remodeling on the
evolution of tissue-level mechanical properties during the complex multicellular process of
capillary morphogenesis in 3D. ECM mechanics affect the differentiation and function of
many target cell types in engineered tissues beyond ECs and fibroblasts, such as osteoblasts,
neurons, hepatocytes, and renal epithelium [50, 51]. Thus, dynamic changes in matrix
properties are a particularly important consideration in the design of functional vascularized
tissues formed from multiple cell types to ensure the mechanical environment is permissive
both for the morphogenesis of vascular structures and for tissue function. Characterizing
cell-mediated changes to hydrogel mechanics provides an essential framework for
understanding, and ultimately controlling, the evolution of tissue mechanics when applied
for regenerative medicine applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Lower concentration of PEGVS at the time of crosslinking results in higher vessel

density at 7 d and induces gel stiffening without altering cell density.

A) Hydrogel constructs were formed with a range of concentrations of PEGVS and cultured
for 7 d. Vessel density in the bulk of the constructs was estimated as described in the
methods. B) The shear storage modulus (G’) of constructs was determined after overnight
culture (Day 1) and at 7 d. C) Cell density in the constructs after 1 d and 7 d was quantified
from DAPI stained images. Two-way ANOVA: time p < 0.001, PEG p > 0.99, interaction p
= 0.60. D) Representative images of maximum intensity projections of confocal sections (z
height = 300 pm) for ECs stained with UEA at 7 d from constructs with a range of PEGVS
compositions. #: p < 0.05, relative to 40 mg/mL PEGVS (same day); *: p < 0.05, relative to
32 mg/mL PEGVS (same day); &: p< 0.05 relative to day 1 (same PEGVS composition),

N=4-7.
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Figure 2: Co-culture of ECs with DFs is necessary for capillary morphogenesis and hydrogel

stiffening.

A) ECs cultured in the absence of DFs in 27 mg/mL PEGVS did not develop capillary
networks. B) The shear storage modulus (G”) of 27 mg/mL constructs which were acellular
or contained mono-cultures of either DFs or ECs did not show any significant differences
between conditions on a given day or between days for a given condition. C) Mono-cultures
of ECs in 27 mg/mL hydrogels demonstrated a significant decrease in nuclei density over a 7
d culture period and cell bodies remained rounded as visualized with UEA for cell bodies
and DAPI for nuclei (D). Mono-cultures of DFs in 27 mg/mL hydrogels demonstrated a
significant increase in nuclei density over a 7 d culture period (C) and cell bodies appeared
well spread as visualized with phalloidin staining for cell bodies and DAPI for nuclei (E). *:
p<0.05, relative to Day 1 (same cellular condition). #: p < 0.05, relative to DF mono (same

day); . Y-axes were scaled to match Fig. 1
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Figure 3: Cell contractility partly contributes to construct stiffening.
Hydrogel constructs with either 27 or 32 mg/mL PEGVS were cultured for 6 d and then

were incubated with 30 uM blebbistatin or vehicle during the final 24 h of culture. The shear
storage modulus (G?) at 7 d was measured in each condition (A). Average stiffness at 1 d is
shown in red on each graph for reference. 24 h treatment with blebbistatin did not affect
vessel density (B), the cell density (C), or cell area covered (D). Blebbistatin induced a slight
increase in cell circularity in 27 mg/mL PEGVS constructs (E). Blebbistatin did not alter the
density of microbeads (F). *: p < 0.05, relative to vehicle control, N=3.
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Figure 4: Smooth muscle actin is upregulated by fibroblasts in soft hydrogels.
A) Expression of a smooth muscle actin (aSMA, gene: ACTA2) was measured from RNA

collected from constructs after 1 d or 7 d using real time RT-PCR. Expression levels were
normalized to GAPDH in each sample and then to expression in 27 mg/mL PEGVS at 1 d
(AAC; method). *: p< 0.05, relative to 40 mg/mL PEGVS, N=3. B) Only fibroblasts display
significant a-smooth muscle actin protein expression. Representative image in an
intermediate stiffness construct showing immunofluorescent staining for (aSMA),
counterstained with UEA to highlight endothelium, and DAPI. Note the tight association of
aSMA+ fibroblasts with UEA+ microvessels (solid arrowheads) but lack of a SMA staining
in UEA+ microvessels themselves (open arrowhead). Scale bar = 100 um. C) The proportion
of UEA(-) nuclei (representing fibroblasts) in stiff constructs after 7 d was quantified as
described in the supplemental methods.
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Figure 5: Collagen | alpha 1 chain expression is upregulated in soft hydrogels.
RNA was collected from constructs after 1 d and 7 d, purified, and expression determined

using real time RT-PCR. Expression of collagen | a1 chain (COL1AL, A), fibronectin (FN1,
B), laminin B1 chain (LAMBL1, C), and collagen 1V a1 chain (COL4A1, D) was measured.
Expression levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
in each sample and then to expression in 27 mg/mL PEGVS at 1 d (AAC; method). *: p<
0.05, relative to 40 mg/mL PEGVS same day, N=3.
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Figure 6: Collagen | deposition around vessels is more robust in soft hydrogels.
27 mg/mL (A) or 40 mg/mL (B) PEGVS constructs were fixed at 7d and stained for collagen

I and counterstained with UEA and DAPI. There was a clear increase in collagen |
deposition in 27 mg/mL constructs compared with 40 mg/mL.
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Figure 7: MMP expression is downregulated in ultra-soft hydrogel formulations.
RNA was collected from constructs after 1 d and 7 d, purified, and expression determined

using real time RT-PCR. Expression of matrix type-1 MMP (MT1-MMP, A), MMP2 (B) and
MMP9 (C) was measured. Expression levels were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) in each sample and then to expression in 27 mg/mL
PEGVS at 1 d (AAC; method). *: p< 0.05, relative to 27 mg/mL (same day); &: p< 0.05
relative to day 1 (same composition). N=3.
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Figure 8. Inhibition of MMP-mediated matrix degradation abolishes gel stiffening and blocks
cell spreading.

32 mg/mL PEGVS constructs were incubated with the broad-spectrum MMP inhibitor
GM6001 for 7 d. The shear storage modulus (G?) at 7 d was measured in each condition (A,
*: p<0.05, relative to vehicle 7 d). There was a modest trend toward lower cell density with
increasing GM6001 concentration but did not reach statistical significance (B, ANOVA: p=
0.0734). Average cell circularity, a measure of cell spreading, increased with GM6001
concentration (C, #: p< 0.01, relative to 10 uM GM6001; &: p < 0.05, relative to 1 uM
GM6001, lower values of circularity reflect greater irregularly shaped spreading). Projected
cell area covered also decreased with GM6001 concentration but did not reach statistical
significance (D, ANOVA: p=0.1417). N=3.
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