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We present here the biological performance in supporting tissue regeneration of hybrid hydrogels consisting of
genetically engineered protein polymers that carry specific features of the natural extracellular matrix, cross-
linked with reactive poly(ethylene glycol) (PEG). Specifically, the protein polymers contain the cell adhesion
motif RGD, which mediates integrin receptor binding, and degradation sites for plasmin and matrix-
metalloproteinases, both being proteases implicated in natural matrix remodeling. Biochemical assays as well as
in vitro cell culture experiments confirmed the ability of these protein-PEG hydrogels to promote specific cellular
adhesion and to exhibit degradability by the target enzymes. Cell culture experiments demonstrated that proteolytic
sensitivity and suitable mechanical properties were critical for three-dimensional cell migration inside these synthetic
matrixes. In vivg protein-PEG matrixes were tested as a carrier of bone morphogenetic protein (rhBMP-2) to
heal critical-sized defects in a rat calvarial defect model. The results underscore the importance of fine-tuning
material properties of provisional therapeutic matrixes to induce cellular responses conducive to tissue repair. In
particular, a lack of rhBMP or insufficient degradability of the protein-PEG matrix prevented healing of bone
defects or remodeling and replacement of the artificial matrix. This work confirms the feasibility of attaining
desired biological responses in vivo by engineering material properties through the design of single components
at the molecular level. The combination of polymer science and recombinant DNA technology emerges as a
powerful tool for the development of novel biomaterials.

Introduction flexible control over material properties, so that these materials
can be tailored individually toward specific medical ne&tid3
In one approach to tissue repair, a provisional extracellular |n addition, the risks associated with human- or animal-derived
matrix is delivered in situ to serve as a temporary scaffold that products render nonautologous matrix materials nonideal for
must either contain suitable cell types for tissue repair or recruit ¢jinical use in generdf15Therefore, the goal of this and earlier
cells from the surrounding tissue to the site of injlify.  spydies was to find synthetic analogues of natural extracellular
Remodeling and eventual resorption of the matrix should matrix materials that would be amenable to better control of

preferably occur in spatial and temporal synchrony with cellular material and biological properties without resorting to natural
infiltration and tissue formatiof.Natural matrixes such as proteins!213

collagen and fibrin meet these requirements as they are resorbed
by cell-mediated mechanisms, i.e. pericellular proteolytic
degradatiort—8 Natural materials thus represent the most
common and most useful matrixes for therapeutic tissue
regeneration to dafeHowever, the wide range of clinical

applications for such biomaterials requires better and more

Specifically, our aim was to confer two key features of natural
matrixes to synthetic or biosynthetic materials: (i) the display
of adhesion sites for cell attachm&nt’ and (ii) proteolytic
degradability and matrix remodelif§,? both properties that
are essential to enable three-dimensional (3D) cell migration
within the matrix?? So far, material sensitivity to specific cellular
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Table 1. Hydrogel Compositions and Properties?

hydrogel compositions hydrogel properties
protein polymer dry mass, % (w/v)% r= SH/VSe G' (Pa) RGD/plasmin/MMP (mM)9

degradable dimer 5.5%; r=ropt=1 69 + 21 141+0.11

(MW 11812 Da)? 7.5%; r=rop=1 294 + 59 2.00 +0.10

(SH =5)¢ 9.5%; r=rop=1 577 £ 51 243 +0.12
degradable tetramer 5.5%; r=rope=1.1 119 4+ 23 2.18 4+ 0.06

(MW 20310 Da) 7.5%; r=rop=1.1 455 + 60 2.98 + 0.068

(SH=09) 9.5%; r=ropp=1.1 925 + 93 3.63 £ 0.06
nondegradable dimer 5.5%; r=ropp = 1.2 345 £+ 30 2.37 £0.03

(MW 11548 Da) 7.5%; r = ropt = 1.2 659 + 21 2.96 + 0.07

(SH=05) 9.5%; r=ropp = 1.2 1187 + 89 3.44 +£0.24

9.5%; r=1 633 £+ 29 2.42 +0.05

nondegradable tetramer 9.5%; r=1 2253 + 204 4.70 + 0.14

(MW 19783 Da)

(SH=09)

a Protein polymers were cross-linked with PEG-di-VS, MW 6000 (Da). » Average of molecular weights (MW) of protein polymers measured by TOF-
Maldi and electrospray mass spectroscopy.3? ¢Number of thiols present in the protein polymers. @ Total solid percent in hydrogels before swelling.
¢ Stoichiometric molar ratio (r) of protein thiols (SH) and vinyl sulfone groups (VS) of PEG6000, o Stoichiometric molar ratio yielding optimal macroscopic
hydrogel properties (maximal values of elastic shear modulus G' and minimal values of mass swelling Q) determined by Rizzi and Hubbell.32 Elastic
shear moduli (G') of swollen hydrogel disks (PBS, 10 mM, pH 7.4) measured as previously described32(Average of n = 3 4+ SD). 9 Concentration of
cell-binding sites (RGD) and protease degradation substrates (for plasmin and MMP) calculated in swollen hydrogels (PBS, 10 mM, pH 7.4) and from the
amount of protein polymer employed to form the different gels (Average of n = 3 + SD).

vessels by providing vascular endothelial growth factor provisional matrix and carrier of bone morphogenetic protein
(VEGF)26:28 Based on these examples, our intention was to (rhBMP-2) for successful bone regeneration in a critical-sized
develop (bio)synthetic matrixes capable of being remodeled anddefect of the rat calvarium.

transformed into target tissue in spatial and temporal synchrony
with cellular ingrowth. As a result, exogenous biological signals
that can be incorporated within the matrixes are retained and

) . s
pr?’ieenltf)zdrti((j:ldﬁ:rgrrtlgfeﬁ;?gepsrzs?efrzzzuﬁeﬁgbe;gﬁglf()onftg);l.ge of Functionalization of Pol_y'(eth'ylene glycol) with Terminal Vinyl

. Sulfone Groups. The modification of PEG (Fluka, Switzerlani¥,
two-co_mponent hyt?”d hydrogels based on poly(ethylene g'YCC_") 6000) to PEG-divinyl sulfone (PEG-di-VS) was previously descrilzed.
and biomolecules 'ntroldulced by WeSt and, Hubbell to mimic Briefly, after drying PEG by azeotropic distillation with toluene, the
key features of ECM within synthetic materi&fsThe present  fnctionalization reaction was performed % d atroom temperature
approach differs substantially from earlier PEG-based ma- ang under argon in dichloromethane by adding excess sodium hydride
trixeg’325-27:29°31 in that, here and elsewhet&?? we used (Aldrich, USA) and excess divinyl sulfone in molar ratios with PEG
genetic engineering to produce the material components thatof 1:10 and 1:100, respectively. After the mixture was filtered, the
confer the desired biological functions, namely enzymatic product was precipitated twice in ice-cold diethyl ether and recovered
degradability and cell adhesion. In contrast to chemical peptide by filiration. The precipitate was extensively washed with diethyl ether
synthesis, the high fidelity of this production method in terms and dried in vacuo. A total of 95%: 2% end group conversion was
of molecular size control and amino acid sequence potentially calculated based on NMR analysis.
allows the versatile synthesis of larger and highly specialized Protein Polymer Expression.As previously describe#,the genes
proteins, which could also bear complex secondary structuresencoding the monomers of two biofunctional polypeptides (protein
such aso-helixes orf-sheets, for a wide range of applica- polymers) differing in their sensitivity to proteases were created de
tions33-42 As shown previously? the polypeptides chosen for novo by recursive PCR using overlapping single-stranded DNA
this study can be cross-linked to form elastic hydrogels via fragments as templatésThese monomers were subsequently multi-
Michael-type conjugate addition, a mild and highly self-selective merized using nqnpallndromlc restriction sites (BSFDS 1) as I|nker_s.
chemical reaction of cysteine thiols to vinyl sulfone moieties The multimers of interest (Table 1) were then cloned into the expression
of end-functionalized PEG. This reaction also has the desired Vector PET 14b (Novagen), each containing a thrombin-cleavable
advantage of permitting the transformation of the bioactive PoYhistidine-tag (His-tag) at its N-terminus for fiaffinity purifica-
synthetic matrix from the liquid to the solid state in the presence 1°N: The protein polymers were expressed in batch cultures of
of living tissue®*#Moreover, the material's structural properties = >cherichia coland purified using Ni -affinity chromatography. Intra-
can be optimized by varying gelation conditions such as and intermolecular disulfide bonds-§—S—) were reduced with tris-

trati d stoichi i f fi (2-carboxyethyl)phosphine hydrochloride (TCHEI, Pierce, USA) and
precursor concentration and stoichiomelry of reacting groups. dialyzed in degassed double deionized water @)Hunder argon,

In .t_he Prese_m study, we . Inlvestlgate the hypothesis that followed by lyophilization. Mass spectroscopy and amino acid analysis
specific biological characteristics can be conferred to the (iota amino acid content and N-terminal sequencing) confirmed protein
matrixes through the design of recombinant protein polymers, jgentity, while Ellman’s test for the detection of free thiols was used
as It was preV|0l_JS|y shown n similar PEG-based hy_drogels to prove complete reduction of protein thiols (Table 1).
containing chemically synthesized peptides’**3'We first Hydrogel Formation. Hydrogels were prepared via Michael-type
present a systematic overview of the material's biological conjugate addition of the protein polymer thiols (Table 1) to vinyl
functions in vitro ranging from enzymatic degradation charac- sulfones of end-functionalized PEG (PEG-di-V8, 6000). Protein
teristics to cell adhesion behavior and three-dimensional cell polymers and PEG-di-VS were resuspended separately in 0.45 M
migration. We then document the in vivo performance of our triethanolamine buffer (TEA buffer, Aldrich, USA) at pH 7.7 at desired
biomaterials in a model system, where hydrogels served as aconcentrations. For example, to make D of stoichiometricaIIyCDV

Materials and Methods
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balanced { = SH/VS = 1) hydrogels at 9.5% w/v, 2.01 mg of
degradable dimeric protein polymer was dissolved inuB80of TEA

and mixed with 2QuL of a 0.128 mgiL PEG-di-VS solution. After
mixing, the solution was pipetted onto a sterile hydrophobic glass
microscope slide (coated with SigmaCote; Sigma) with 1 mm thick
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PEG matrixes were monitored, as described previotidty; each 3D
migration assay by casting identical hydrogel disks without HFF-fibrin
clusters.

In the protease inhibition studies, either bovine lung aprotinin (an
inhibitor of serine-proteases including plasmin; Calbiochem, USA) or

spacers at both ends. A second hydrophobic glass microscope slideGM6001 (a broad MMP inhibitor; Chemicon, Germany), or the

was positioned and clamped with binder clips over the lower slide so
that the drop of precursor solution spread to form a disk between the
two hydrophobic surfaces. The cross-linking reaction (i.e. gelation) was
allowed to proceed fol h at 37°C in a humidified atmosphere. The

hydrogels were then stored in buffers of choice for further investigation.
For the production of all hydrogels described here, the PEG-di-VS
precursor solution was kept at a constant concentration (0.128.0ng/

combination of both, were added to the cell culture medium 1 day after
starting cell culture with the protein-PEG gels containing HFF-fibrin
clusters (day 1). During inhibition studies, the inhibitor concentrations
(aprotinin: 50ug/mL and GM6001: 2xM) were maintained constant
by exchanging the cell culture medium ey& d atoriginal inhibitor
concentrations. On day 6, protease inhibition was terminated by
continuing the culture in complete medium without inhibitors. Cell

whereas the concentration of different protein components was adjustedmigration from HFF-fibrin clusters into the synthetic protein-PEG

according to the measurddl, (Table 1) and the desired stoichiometry.
Hydrogels prepared at different overall concentrations of 9.5%, 7.5%,
and 5.5% (w/v) were formed by diluting concentrated stock solutions
(9.5%, w/v) to minimize weighing error. Mass percent and stoichio-
metric ratior of the precursors are stated individually in each case and
in Table 1.

Biochemical Degradation of Hydrogels.A total of 40 to 50 mg
hydrogels (after swelling) obtained from 24 of precursor solution
at 9.5% wi/v ( = 1 for the gels made with both dimer proteins and the
tetramer nondegradable, and at 1.1 for gels made with the tetramer
degradable; Table 1) were incubated at°87in suitable buffers (for
plasmin degradation: 20 mM Tris, 150 mM NaCl, pH 7.6; for MMP
degradation: 50 mM tricine, 50 mM NaCl, 10 mM Ca@hd 0.05%
brj-35, pH 7.5) with 0.075 U/mL human plasmin (Roche) or 5 nM
MMP-1 (kindly provided by Dr. H. Nagase, Imperial College of
Science, Technology and Medicine, London). Proteolytic degradation
of hydrogels was monitored by measuring the volume change (overall
swelling) due to degradation.

In Vitro Cell Experiments. Human foreskin fibroblasts (HFFs;
neonatal normal human dermal fibroblast, Clonetics) were cultured
under standard cell culture conditions in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS)
and 1% antibiotic-antimycotic (Gibco-BRL/Life Technologies AG,
Switzerland). Cultures were kept at 3€ and 5% CQ. HFFs used in
experiments were from passages between 5 and 12.

Cell Adhesion to Hydrogel Surfaces.Characterization of cell
adhesion on hydrogel surfaces was performed in serum-free medium.
Cells were cultured at a density of 5000 cells?dor 4 h onsynthetic
hydrogels prepared from protein polymer dimers and PEG-di-VS (9.5%
w/v, r = 1) and, for comparison, on 0.2% w/v fibrin gels. In competitive
inhibition studies, serum-free cell culture medium was supplemented
with the soluble oligopeptide cyclic-RGDFV (Calbiochem) at concen-
trations 0, 7, and 3aM. After 4 h of culture the cells were fixed with
4% formalin, permeabilized with 0.1% Triton X-100, and washed with
PBS. Cytoskeletal F-actin fibers and nuclei were stained with rhodamine-
labeled phalloidin and DAPI (Molecular Probes Inc.), respectively (for

details, see staining section). Images were recorded using a Zeiss

Axiovert-135 inverted phase contrast microscope (Zeiss, Oberkochen
Germany).

Three-Dimensional Cell Migration. Cell migration in degradable
and nondegradable matrixes was investigated using a 3D cell invasion
assay previously described elsewh&rgriefly, HFF-fibrin clusters (ca.
1-2 uL in volume) consisting of 0.2% wi/v fibrin and containing 35 000
cellsuL were immersed just prior to cross-linking inside 2& of

matrixes was imaged using inverted phase microscopy (Zeiss Axiovert
135, Zeiss, Switzerland) and quantified in the clusters’ center plane
using the Leica QWin image analysis software package @—6).

Staining and Confocal Microscopy.Cells within, and on the surface
of, hydrogels were fixed with 4% formalin solution (Sigmayj fioh or
15 min, respectively, permeabilized with 0.2% Triton X-100 for 15
min, and washed repeatedly with PBS. Cell nuclei were stained with 1
ug/mL 4 6-diamidino-2-phenylinodole (DAPI; Molecular Probes) for
20 or 10 min, respectively. Cytoskeletal F-actin fibers were stained
for 3 h or 30min, respectively, with 0.4 units/mL rhodamine-labeled
phalloidin (Molecular Probes Inc.) in PBS containing 1% serum
albumin. After staining, the samples were washed with PBS. Confocal
laser scanning microscopy (CLSM) was performed on cells migrating
from cell-fibrin clusters into synthetic matrixes using Leica’s TCS SP2
system (Leica Microsystems, Bensheim, Germany).

In Vivo Experiments: Bone Healing of Critical-Sized Defects
in the Rat Calvarium. Surgery for the creation of defects in the
calvarium of adult female Spragu®awley albino rats and histological
processing of explants was performed as described else@/iéré.
Briefly, a calvarial defect with a diameter of 8 mm was created in the
parietal bone with a dental handpiece. Preformed hydrogel disks (with
corresponding diameter and 1 mm in thickness) were placed into the
defect after careful removal of the calvarial disk while avoiding dural
perforation, and after rinsing the surgical site with saline to remove
bone debris. After five weeks, rats were sacrificed, explanted sculls
were radiographed, and cross-sections of the defects were prepared for
histology by staining with toluidine blue O and Goldner Trichrome
(Sigma, Buchs, Switzerland). Micro-computed tomography and three-
dimensional image analysis were performed as described by Lutolf et
al.?” using auCT 40 imaging system (Scanco Medical, Bassersdorf,
Switzerland), and included the measurement of the following parameters
characterizing bone formation in the defect regioBone volume
defined as total volume of bone formeldone connectity density
expressing the density of bone connections within the bone volume;
and bone coerage calculated from a projection of the cranium in
superior-inferior direction to create a high-resolution radiograph-like
images.
Critical-sized defects were filled with matrixes of degradable and
nondegradable protein polymer dimers (9.5% w/v; 1), both gelled
with PEG-di-VS and with a content of Bg of rhBMP-2 per gel.
rhBMP-2, prepared as described elsewHéreas physically entrapped
in the matrixes by mixing the growth factor with the PEG-di-VS
precursor solution prior to gelation. After gelation (1 h at 37),
individual disk-shaped hydrogels were stored in PBS 4 4Controls
consisted of matrixes without rhBMP-2 & 5—7).

precursor solution to prepare protein-PEG hydrogel disks as described

above. Gelation of hydrogel disks containing one or two clusters each
occurred in a humidified atmosphere at 37 in 1 h. The disks were
then transferred into individual wells of a 12-well cell culture plate
containing 2 mL of complete cell culture medium per well. Aliquots
from identical fibrinogen and thrombin stock solutions were used to
make all HFF-fibrin clusters, and large batches of the different

Results and Discussion

A. Mimicking the Natural Extracellular Matrix. Degrada-
tion of Hydrogels Depends on the Proteolytic Degradability of
the Protein Polymer Backbon&Ve previously reported the

precursors for synthetic hydrogels were processed to guaranteebiochemical properties of protein polymers in soluble form,

reproducibility. Macroscopic material characteristics of cell-free protein-

utilized herein for cross-linking with PEG-di-V%.We dem-CDV
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Chart 1. (A) Proteolytically Degradable and Nondegradable Recombinant Protein Polymer Constructs,? and (B) Schematic of Hydrogel
Formation and Cross-Linking Reaction?

A

Degradable construct:

MGSSHHHHHHSSGLVPR]{GSHMEEGGC (HGGLRGDFS SANNR |DNTYEEGGC GGEEGPOGTIAGORGVIDSC) n HGGEEG
(n=2and4) Fibrinogen fragment Collagen fragment

Non-degradable construct:

MGSSHHHHHHSSGLVPR{GSHMEEGGC (HGGLRGDFS SANNGDNTYEEGGCGGEEGDQGIAGFPGSIDSC )n HGGEEG
(n=2and4)

B

2 TR

/
0
s\ R ~_o o1 2
R2\ R1 + /\ﬁ/\/ ~pEG— \/\ﬁ/\ . o0=s=0
N o o g
o

End-functionalized
Recombinant Protein Polymer linear PEG with divinyl
sulfone (PEG-di-VS)

2 0ne letter amino acid code: alanine (A), arginine (R), asparagine (N), aspartic acid (D), cysteine (C), glutamic acid (E), glutamine (Q), glycine (G),
histidine (H), isoleucine (1), leucine (L), lysine (K), methionine (M), phenylalanine (F), proline (P), serine (S), threonine (T), tryptophan (W), tyrosine (Y),
valine (V). (V) Designed cleavage site for plasmin. () Designed cleavage site for matrix metalloproteinase (MMP). (vertical tautomer) Thrombin-cleavable
site for removal of His-tag used for recombinant protein purification throughout nickel-affinity chromatography. (R) Additional potential plasmin degradation
positions found experimentally C-terminally to the indicated arginine (described by Rizzi and Hubbell32). Substituted amino acids to rend both designed
cleavage sites (plasmin and MMP) nondegradable are italic and bold. Thiol residues of cysteine amino acids (C) represent designed cross-linking sites
for hydrogel formation. Adapted from Rizzi and Hubbell.32

Recombinant Protein-co-PEG
network (Hydrogel)

onstrated the successful biosynthesis of engineered proteinincubation with protease (Figure 1A). However, slow swelling
polymers containing specific MMP- and plasmin-degradable of presumed nondegradable matrixes was measurable in re-
sites as confirmed by N-terminal sequencing of degradation sponse to plasmin, in agreement with the finding that unexpected
products after incubation with MMP-1 and plasmin (Chart 1). sites in the protein polymers were susceptible to slow degrada-
Protease degradation sites were rendered inactive by amino acidion by plasmin, namely the RGD cell-adhesion site present in
substitution. However, unexpected plasmin degradation sites ata|| constructs. As illustrated in Figure 1B, the degradation rate
C-terminal al‘ginine residues (Chart l) were also identified in of nondegradab|e matrixes during p|asmin exposure was Sig_
both degradable and presumed nondegradable protein constructsficantly slower compared to that of degradable matrixes.

In particular, the RGD cell-adhesion site was found to be pyrthermore, the swelling rate of nondegradable hydrogels
cleavable by plasmin C-terminally to the arginine residue under (anded to slow during plasmin incubation. This was probably

ex_ﬁ)_erjmentgl conglitionz. on of PEG hvdrogels by AU€ [0 10ss of enzyme activity after long incubation periods
0 investigate degradation of our protein-PEG hydrogels by (presumably caused by autoproteolysis of enzyme). Ultimately,

EL(;tIeOLlJ};ﬁiI:ééV?) encﬁtlg%e:t t:|e f\(l) (I)rll;rrlne”-;:rhangreor;;tr;ogt:;grew- nondegradable hydrogels remained intact for several weeks (data
y y i y y ) not shown).

The degradation characteristics of hydrogels (Figure 1) cor- )
related directly with the properties of each hydrogel’s protein ~UPOn exposure to proteases, the observed volume increase
polymer constituent in soluble forf.For instance, hydrogels of the degradable hydrogels (Figure 1) indicates a predominance
formed from degradable protein constructs and incubated with Of bulk over surface degradation of the netw&tk?This implies
MMP-1 or plasmin started to swell due to bulk enzymatic that proteases reached homogeneous distribution within the
degradation until collapsin®, (Figure 1A,B). In contrast, no  hydrogels in the course of network degradation. According to
degradation was observed using this method in the case ofLutolf et al., in the case of the MMP-1 degradation studies
hydrogels formed from nondegradable protein constructs that (Figure 1A), the concentrations of the protease (5 nM) and of
were exposed to MMP-1. Nondegradable gels remained unaf-the corresponding GPQR&GQ-substrate (2.43 mM and 3.63
fected by MMP-1 as manifest in constant gel volumes during mM for the degradable dimer and tetramer, respectively) v&%(?/
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Figure 1. Proteolytic degradation of hydrogels. Swelling defined as
the ratio Vi/ Vo, where V4is the total volume at time ¢t during proteolytic
degradation and V\, is the initial volume of gel prior protease
incubation, was utilized to monitor hydrogel response to incubation
in MMP-1 (A) and plasmin (B). Gel networks formed by cross-linkers
containing designed protease substrates (B for dimer and O for
tetramer protein construct, in A and B) showed a rapid increase of
swelling upon gel dissolution, indicating bulk degradation of networks.
By contrast, hydrogels formed with the nondegradable protein
constructs either remained stable while incubated in MMP-1 (a for
dimer and A for tetramer in A) or slightly swelled over the investigated
period in plasmin (a and A in B) but did not fall apart over weeks
(data not shown). Average of n = 4 per point; bars correspond to
standard deviation.

within a range to result in a zero-order rate of hydrolysis, i.e.
with the enzyme being fully saturated with substfate

Taken together, these findings show conclusively that the
sensitivity of hybrid-hydrogels to specific proteolytic degrada-
tion can be controlled through the rational design of chemically
and genetically engineered biological components.

Hydrogels Promote Cell Adhesiomhe fibrin-derived RGD
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Figure 2. Cells cultured for 4 h in serum-free medium on 0.2% fibrin
gels (A); and on protein-PEG matrixes in the presence of 0 uM (B),
7 uM (C), and 35 uM (D) soluble cyclic-RGDFV peptide and
subsequently stained for nuclei (with DAPI, blue) and actin filaments
(Rodamine-labeled Phalloidin, red). Scale bars correspond to 50 zm.

2A,B). The specificity of cell binding to the RGD-site present
in these synthetic matrixes was tested by addition of soluble
cyclic-RGDFV peptide to the cell culture medium. Competitive
inhibition with the cyclic-RGDFV peptide was used here as a
negative control for RGD-based cell adhesion in lieu of a
nonadhesive protein construct such as one in which the RGD
sites could have been mutated or otherwise rendered inactive.
Consistent with many examples in the literatété%56 soluble

cell adhesion ligand cyclic-RGD competitively inhibited cell
spreading on our synthetic hydrogels in a concentration de-
pendent manner (Figure 28). This finding indicates that the
RGD site present in our matrixes is specifically active in
promoting cell adhesion and spreading.

B. Matrix Components and Physical Characteristics
Influence Cell Migration. Specific features of natural matrixes,
including sensitivity to enzymatic degradation and the ability
to promote cellular adhesion, were successfully conferred to
synthetic polymer networks. Cell adhesion represents, among
other factors, a prerequisite for cell movement on two-
dimensional (2D) surfacé$:38In contrast, cells migrating across

site incorporated in our protein constructs, which was intended 3D matrixes additionally have to deal with the physical

to produce the cell-binding properties of our protein polymers
(Chart 1), was also used by Halstenberg et al. to effect cell
adhesion to a similar recombinant protein polyr#ekn increase

obstruction posed by the matrix itsé#>°In nature, to overcome
this impediment, the cells generally remodel their immediate
environment proteolyticalh?22and/or pursue preexisting holes

in cell adhesion to coated tissue-culture polystyrene (TCPS) wasby adapting their cellular morpholog¥:£°In our work, using
observed when increasing the concentration of adsorbed proteirmaterials that lack preexisting cell-sized pores, we focus on the

polymers on the surface. Cell adhesion was inhibited by
increasing the medium concentration of a soluble competing
integrin ligand, namely the cyclic RGD-peptide, cyclic-RGDFV.
Moreover, the protein polymer containing the mutated RGD
site, namely RGG, did not support cell adhesion, indicating the
specificity of cellular interactiofrvia integrin receptorswith

the RGD site that was present in the protein polyméis

importance of cell-mediated proteolysis and on the influence
of mechanical properties on cell migration within protein-PEG
matrixes.

Cell Migration into Proteolytically Degradable Matrixefs
illustrated in Figure 3A, we observed radial invasion of cells
from HFF-fibrin clusters into proteolytically degradable protein-
PEG matrixes that were made from degradable protein dimer

agreement with these findings, Figure 2 illustrates cell adhesionand PEG-di-VS at = rop= 1 and 9.5% (w/v) (Table 1). In

to 0.2% fibrin gels (Figure 2A) versus cell adhesion to the general, cells migrating within 3D matrixes assumed a spindle-
investigated synthetic matrixes (Figure 2B). Generally, HFFs like shape in contrast to the spread cells observed on surfaces
adhered and spread similarly on fibrin gels and synthetic (Figure 2A,B). Furthermore, HFFs migrating out of cell-fibrin
matrixes, both afte4 h of culture in serum-free medium (Figure  clusters into protein-PEG matrixes maintained intercellgﬁr\/
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Figure 3. Three-dimensional fibroblast migration in different protein-PEG matrixes. Fibroblast outgrowth in three dimensions from hFF-fibrin
clusters into degradable (A) and nondegradable (B) cell-adhesive protein-PEG matrixes (9.5% w/v, r=1; Table 1) formed with the dimer protein
constructs (illustration of hFF migration at day 2, 4, 6 in culture; B and a in C, respectively). In general, (C) cell invasion distance increased
approximately linearly with time and was dramatically reduced or absent in matrixes formed with nondegradable protein constructs (n = 5—6,
error bars correspond to SD). Noteworthy, proteolytically degradable and nondegradable protein-PEG matrixes displaying similar structural
properties and density of cell-binding sites (RGD) showed significantly different cellular invasions, indicating that matrix sensitivity to proteolysis
was the main factor influencing the outgrowth of cells. Bar corresponds to 500 um (B).

contact as visualized by confocal laser microscopy of cells protein-PEG hydrogels formed from degradable and nondegrad-
double-stained for nuclei and actin filament (Figure 5H). A able protein dimers (9.5% w/v,= 1, Table 1). As previously
similar type of cell migration, namely cohort cell migratiéh, reportec®? both hydrogel systems displayed similar network
was previously reported by Halstenberg etalutolf et al. 30 properties (Table 1). These matrixes exhibited distinct degrada-
and Pratt et at! using identical cell invasion assays. HFF tion profiles upon protease exposure (Figure 1), and the rate of
migration started on day 2 1 after HFF-fibrin clusters were  cell migration corresponded to these differences as illustrated
embedded in synthetic matrixes (Figure 3A). Thereafter, the in Figure 3: cells hardly migrated at all in networks consisting
migration distance away from the clusters was approximately of the nondegradable protein dimer, and the number and density
linear with culture time (Figure 3C). A similar time-dependence of radial cell outgrowths were very small compared to those in
of cell outgrowth was previously observed only for synthetic degradable matrixes.
matrixes that were entirely enzymatically degrad&Blén Cell Migration into Proteolytically Degradable Protein-PEG
matrixes that degraded by cell-associated enzymatic activity andMatrixes Depends on MMP Actty. To verify that proteolytic
bulk hydrolysis simultaneously, cell migration ceased within a degradation is necessary and accounts for the differences in HFF
few days due to rapid loosening of matrix caused by bulk migration, protease inhibition studies were performed. Interest-
hydrolysis?* In contrast, the matrixes presented here, which were ingly, these investigations revealed that HFF migration in the
designed to be degradable only by proteolysis, remained intactdegradable protein-PEG networks (formed with dimer degrad-
and stable, maintaining their mechanical integrity up to one able, 9.5% w/vy = 1; Table 1), containing both plasmin and
month in cell culture. The long-term stability of hydrogels in MMP sensitive sites, depended primarily on MMP activity
cell culture as well as the sustained cellular outgrowth over time (Figure 4). Addition of a broad-spectrum MMP inhibitor
are evidence for cell-associated proteolysis localized exclusively (GM6001, 254M) completely stopped cell invasion of 9.5%
at the cell peripherd° rather than bulk degradation caused by (w/v) degradable matrixes (Figure 4). After discontinuing MMP
passive hydrolysis or diffusion of proteases. inhibition on day 6, cells started to invade the surrounding
Matrix Sensitiity to Proteolytic Degradation Affects Cell matrixes (Figure 4C,D; day 12) and outgrowth continued just
Invasion of 3D StructuredMatrix sensitivity to proteases and like in un-inhibited cultures without prior protease inhibition.
the resulting effect on cell migration were investigated for However, with protease inhibition, a lower density of outgrovx@BV
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Figure 4. Inhibition of fibroblast migration into protein-PEG matrixes prepared with dimer degradable protein construct and PEG6000-di-VS
(9.5% wlv, r = rop; Table 1). Cell outgrowth from hFF-fibrin clusters into degradable protein-PEG matrixes in the absence of any inhibitor (A at
day 6; B in E). In the presence of 50 ug/mL aprotinin (B, at inhibition end: day 6; 4 in E) cell migration was normally retarded by 1 to 2 d, but
its rate remained approximately similar to noninhibited conditions. In contrast, migration was totally inhibited either in the presence of 25 uM
GM6001 alone or in combination with 50 ug/mL aprotinin (C and D upper, respectively, at inhibition end = day 6; a or @ in E, respectively). After
stopping both inhibition conditions with GM6001 alone and in combination with aprotinin at day 6, HFFs started to migrate from hFF-fibrin
clusters into matrixes (C and D lower, respectively, 6 days after inhibition end = day 12) in a similar manner as observed in noninhibited
samples (A). However, the density of outgrowths was lower than in noninhibited samples. (E) Three-dimensional HFF outgrowth from cell-fibrin
clusters into degradable protein-PEG matrixes at different inhibition conditions. The inhibition period lasted from day 1 to day 6, indicating that
at present conditions the cell-driven MMP degradation system played a key role for cell migration into proteolytically degradable protein-PEG
matrixes. (In E: average of n = 4—6 per point; error bars correspond to SD).

resulted, in all probability because of reduced cell viability after probably due to the cells’ compromised ability to penetrate and
6 d of cell confinement due to protease inhibition. In contrast, migrate out of the fibrin clusters in which they reside at first.
the effect of aprotinin, a serine-protease inhibitor (&#mL), As a consequence of inhibition by aprotinin, the cells probably
was less dramatic (Figure 4B,E). Most notably, the presence ofhad to switch to alternative strategies to overcome the fibrin
aprotinin in the cell culture medium merely tended to delay the barrier, such as fibrinolysis by MMP5%%¢ and/or mechanical
start of cell outgrowth from HFF-fibrin clusters by 1 to 2 days rearrangement of the fibrin matrfX.

(Figure 4E) and reduced the density of cellular outgrowths  These protease inhibition studies raised the question whether
(Figure 4B). Subsequently, however, outgrowth continued with plasmin- or MMP-mediated matrix degradation was the domi-
a similar rate as observed in the absence of any proteasenant mode of cell penetration into protein-PEG matrixes. Studies
inhibition (Figure 4E). A recently published study by our group conducted by Hiraoka et.& and Hortary et af® have revealed
reports that single cell (HFF) migration within exclusively the presence of an alternative proteolytic mechanism besides
plasmin-sensitive PEG gels was mostly suppressed, suggestinghe plasmin(ogen) system involving membrane-anchored MMPs
that the plasmin(ogen) system in HFF was lacking of one or for cell invasion within fibrin matrixes. Moreover, Lung et al.
more component®.In our study, cells reside first within a fibrin ~ reported functional overlap between the two classes of matrix-
matrix. Fibrinogen typically contains traces of plasmino- degrading proteases in vivo during wound healing in fibrin-
gen?16283which can be activated by cells to form plasmin by rich provisional matrixe§. These findings underscore the
which the fibrin matrix is rapidly degraded5264Hence, we importance that the MMPs system could have in the proteolytic
believe that HFFs can emerge from their original fibrin matrix remodeling of our protein-PEG matrixes. Alternatively, fibrin
and move on into the synthetic hydrogel surrounding them via can provide the missing component(s) of the plasmin(ogen)
cell-activated plasmin. The delay in the onset of cell migration system (e.g. plasminogehf263 and enable HFF migration
under conditions of serine protease inhibition by aprotinin was within plasmin-sensitive PEG matrixes as previously obsercvf)q/
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Influence of the matrix mechanical properties on density and migration rate of invading cells. CSLM images showing typical spindle-

like shaped fibroblasts migrating in a cohort manner from cell-fibrin clusters into degradable (A—C; H at higher magnification), or nondegradable
(D and F) protein-PEG matrixes on days 12 (for C) and 14 (for the rest). (G) HFF invasion rates were plotted against the mechanical properties
of the matrixes at different compositions: @ for 5.5%, a for 7.5%, B for 9.5% (w/v) matrixes at rop; and O for the 9.5% (w/v) gels at r =1 formed
with the nondegradable dimer (Table 1). Both migration distance and density of invading cells decreased with increasing elastic moduli from
weak (G' <300Pa; A) to harder (G’ >500Pa; B and C) degradable gels. In the nondegradable matrixes, migration distance and density of
invading cells were dramatically reduced (G' <300Pa; D) or even absent (G' >600Pa; E and F). Bar corresponds to 200 um in A—F and to 40
um in H. Blue corresponds to cell nuclei and red corresponds to actin filaments, stained with DAPI and rhodamine-labeled phalloidin, respectively.

by Halstenberg et &and Pratt et at' employing a similar

by Pratt et aP! In conclusion, HFF migration across degradable

migration assay as here. According to Halstenberg et al., HFF protein-PEG matrixes that contained both plasmin and MMP
migration in plasmin sensitive protein-PEG matrixes was almost sensitive sites was enabled primarily by MMP activity as

totally inhibited by addition of aprotinin, a plasmin inhibitor,
at a concentration of 50g/mL.24 In our hydrogel system, similar

confirmed by the negative control, namely inhibition with the
broad spectrum MMP inhibitor GM6001.

aprotinin concentrations were not so effective, probably because However, additional studies on the expressiagtivation

cells also relied on MMP degradation sites to invade the
synthetic matrixes. Accordingly, there was no difference in
cellular migration between MMP inhibition alone or in com-

bination with plasmin inhibition by aprotinin (Figure 4),

implying again that plasmin-mediated degradation did not play
a relevant role in our hydrogel system. Although degradable
protein-PEG matrixes were degraded by plasmin in our bio-
chemical experiments (Figure 1), significantly lower concentra-
tions of active plasmin in cell culture may explain its secondary
role in promoting proteolytically mediated cell migration as

profiles of the protease systems, plasmin(ogen) and MMPs, by
the HFFs and on cleavage kinetics of the corresponding
substrates designed within the protein polymers, may be helpful
to elucidate the role of the different proteolytic pathways in
this cell migration assay.

Physical Properties of Protein-PEG Matrixes May Affect 3D
Cell Migration. In general, within each matrix system, the rate
of cell invasion (Figure 5G), the density of cellular outgrowths,
and the interconnectivity of migrating cells, as recorded by
confocal scanning laser microscopy (Figure-5@ for the

shown in these inhibition studies. Consequently, substrates withdegradable and Figure 58 for the nondegradable hydrogels),

higher sensitivity to plasmin degradation and/or the addition of became less with increasing elastic modulus. However, as the
exogenous components of the plasmin(ogen) system are prebulk mechanical properties of the different matrixes were a
sumably required to observe cell migration driven by plasmin function of overall precursor concentration at fixed stoichio-
proteolysis in these protein-PEG matrixes, as previously reportedmetric ratior = rqp, in these protein-PEG hydrogels it was r&)bv
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Figure 6. Healing of critical-sized defects in rat calvaria after 5 week implantation. (A) Selection of representative histological sections after
treatment of rat calvarial defects at various conditions. Proteolytically degradable hydrogels containing 5 ug of rhBMP-2 were completely or
partially replaced by calcified bone, stained in green with Goldner Trichrome (Group |, selection from three different animals). In contrast,
nondegradable matrixes carrying rhBMP-2 remained almost intact after 5 week implantation (hydrogel marked with %) and newly formed bone
was, normally, found at matrix margin (Group Il, selection from three different animals). No bone formation was observed in rat calvarial defects
treated with control samples without rhBMP-2 (Groups Il and 1V). Proteolytic degradable matrixes were infiltrated and almost completely remodeled
by fibroblast-like cells (Group I, area marked with x), whereas nondegradable hydrogels stayed intact over the implantation period (Group V).
(B) Quantitative evaluation of bone formation in the rat calvarial defects (left panel) after the different treatment conditions, and the corresponding
radiographic (middle) and three-dimensional microcomputed tomography images (right panel). Histograms (left panel) illustrate results from
microcomputed tomography analysis displaying parameters characterizing bone formation in the defect region. These data confirmed the key
role of BMP-2 in inducing bone formation (histograms). No difference was observed in the amount of bone formed when defects were treated
with degradable (Group I) and nondegradable (Group IlI) matrixes in the presence of rhBMP-2. However, in Group | bone was prevalently
observed to have replaced the matrix, whereas in Group Il bone was confined at matrix surface (three-dimensional microcomputed tomography
images and histology sections in A). n = 7 for Group | and n = 5 for Group Il to IV; error bars represent SD.

possible to independently alter physicochemical characteristics5 to 10-fold higher than the greatest concentration reported by
and cell-adhesion site density (Table 1). Consequently, the Lutolf et al. (350u«M), we mainly attribute the differences in
influence of the latter on cell migration could not be investigated cell migration rates within individual hydrogel systems to their
separately. Indeed, cell invasion rate was previously reported physicochemical properties, rather than to the cell-binding site
to depend on cell ligand densi#3° The biphasic behavior of  density (Figure 5G). In contrast to cell migration on 2D
the migration rate as a function of cell adhesion-site density substrates, cell movement within densely cross-linked, 3D
reported by Lutolf et al. presumably suggests a less pronouncednetworks is mostly influenced by the physical obstruction of
influence at higher cell adhesion-site concentrations possibly cells by the matri®® In agreement to previously reported data
due to saturation of the corresponding cell-surface recéptor. on synthetic, cell-invadable hydrogéfsas the cross-link density
As the density of cell-binding sites in our protein-PEG matrixes in the matrix increased, here reflected indirectly by increasing
ranged between 1.41 and 3.63 mM (Table 1), i.e. approximately elastic modulus, the cell migration rate slowed (Figure 5). V&BV
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decreasing cross-link density and, thus, decreas$hgcell puted tomography images (Figure 6B) of the defects treated
migration speed increased. with nondegradable hydrogels carrying rhBMP-2 clearly reveal

These studies conclusively indicated that mechanical proper-that bone formation was mostly confined to an area at and just

ties of each group of hydrogels may influence cell mobility Outside the tissuematrix interface (Group II). This finding
within 3D matrixes. implies that bone formation was probably induced by the slow

release of precipitated rhBMP-2 in the periphery of the implant,
rather than by cellular infiltration and bone formation within
the implant itself. This observation also suggests that in situ
solubilization of rhBMP-2 precipitated within the matrixes, and

Although we strongly believe that cell-associated matrix
degradation was the relevant mechanism enabling cell migration
as opposed to alternative modes of 3D cell migration proposed
by Wolf et al.89 we cannot exclude that, at very low mechanical . : .
properties, migration through matrix defects may have occurred subseqL_Jent release may Ilkely occur.also in protein-PEG gels,
in our system. For example, at lo@, cell invasion (Figure as pre_vlously observeq n f'br_'n mat.r!xé‘é,. )
5D) of nondegradable matrixes seemed to take place along Slmlllar successes in healing crltlcal-s%ed defects of rat
preexisting defects rather than through pathways created by cell-gfl"?‘”a have been reported by Lutolf efai’and Pratt et al.
associated proteolytic remodeling of the matrix. Alternatively, - USing synthetic matrixes formed by PEG macromers cross-
other cleavable sites present in all constructs or proteases notinked with small peptides displaying different degrees of
tested here could be partially responsible for cell migration in S€nsitivity to proteolytic degradation. Both their and our
nondegradable matrixes at low cross-linking densities. Lutolf Pioactive hydrogels performed quite similarly in vivo to naturally
et al® also considered these migration alternatives in their defived wound-healing matrixes such as collaffemderscoring

purely synthetic, cell-adhesive, and enzymatically degradablethe pote_ntlial ﬁlng importﬁnc}e that more versatile synthetic
materials upon observing nonnegligible cell invasion despite biomaterials will have in the future.
protease inhibition.

C. Proteolytically Sensitive Matrixes Support Bone Heal- Conclusions
ing. To investigate the role of cell-associated matrix degradation
in vivo, hydrogels containing rhBMP-2 were implanted into Biological functions were successfully conferred to artificial
critical-sized defects in rat calvaria to promote bone regeneration ECM analogues as demonstrated in vitro and in vivo. In
and closure of the defects. Previous studies performed by ourparticular, synthetic protein-PEG hydrogels exhibited properties
groups demonstrated that bone formation induced by rhBMP-2 of natural provisional matrixes that are essential during tissue
released from similarly cross-linked PEG-matrixes or collagen repair, i.e. the ability of promoting cellular adhesion and of being
sponges was the sarfiesuggesting that BMP-2 activity was  proteolytically remodeled. Using the same recombinant DNA
not affected during incorporation into synthetic hydrogéf%. technology, any known functional protein domain can be
Due to its low solubility at physiological pFf and the presence  incorporated in protein-PEG hydrogels, tailoring the resulting
of PEG, rhBMP-2 precipitated and was physically entrapped matrix toward any intended medical application. This approach
within the network of the PEG-based hydrog€ldn these is particularly attractive for the design of artificial proteins
synthetic matrixes rhBMP-2 was shown to be released mainly carrying combinations of more complex domains, such as
upon matrix dissolutiod’ However, observations in fibrin  structural building blocks (e.g. elastin or collagen-like), cell-
matrixes also suggested the possibility that precipitated rhBMP-2 receptor binding sites (e.g. fibronectin analogues or growth
may slowly solubilize in situ and diffuse out of the matri¥8s.  factors), and a wide range of other functional elements occurring
Consistent with previous findings, BMP-2 precipitated at in natural proteins.
physiological pH, when added to the PEG precursor soldfion. Our results emphasize the importance of specific bi-directional
Due to the strong preference in chemical reactivity of the vinyl biological communication between a provisional therapeutic
sulfone groups of PEG toward free thiols (which should be device and the regenerating tissue. In particular, lack of
absent in BMP-2¥ relative to primary amines as on lysine side communication in either direction, absence of specific stimuli,
chain at physiological pH we expect the majority of hBMP-2  e.g. lack of rhBMP-2, or the inability to respond to a given
to remain noncovalently entrapped in the protein-PEG hydrogels signal, e.g. sensitivity to proteolytic degradation, led either to
during cross-linking” In agreement with our biological char- the failure to form bone or to an impairment of matrix
acterization of protein-PEG hydrogels in vitro, cellular infiltra- remodeling. Due to their versatility and specific adaptability to
tion in vivo depended strongly on the degradation properties of a wide range of medical applications, protein-PEG materials
the matrixes (Figure 6). Proteolytically degradable hydrogels emerge as a powerful alternative to naturally derived matrixes
were infiltrated by cells and were partially or completely as materials for regenerative tissue engineering.
resorbed after 5 weeks (Figure 6A, Group | and Ill), whereas
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