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We present polymeric hydrogel biomaterials that are biomimetic both in their synthesis and degradation. The
design of oligopeptide building blocks with dual enzymatic responsiveness allows us to create polymer networks
that are formed and functionalized via enzymatic reactions and are degradable via other enzymatic reactions,
both occurring under physiological conditions. The activated transglutaminase enzyme factor Xllla was utilized
for site-specific coupling of prototypical cell adhesion ligands and for simultaneous cross-linking of hydrogel
networks from factor Xllla substrate-modified multiarm poly(ethylene glycol) macromers. Ligand incorporation

is nearly quantitative and thus controllable, and does not alter the network’s macroscopic properties over a
concentration range that elicits specific cell adhesion. Living mammalian cells can be encapsulated in the gels
without any noticeable decrease in viability. The degradation of gels can be engineered to occur, for example, via
cell-secreted matrix metalloproteinases, thus rendering these gels interesting for biomedical applications such as
drug delivery systems or smart implants for in situ tissue engineering.

Introduction The first challenge, the development of mild cross-linking
schemes to form aECMs in the presence of cells, has been
successfully pursued in the past few years. For example, gelation
mechanisms based on concepts from supramolecular chemistry
have been exploited to form nanofibrillar gelga the self-
assembly of low molecular weight building blocks such as
peptide8 or ureidopyrimidinoné® and moderate molecular
weight amphiphilic block copolymeistt On the other hand,
several mild chemical cross-linking schemes are now available

The protein- and sugar-rich hydrated milieu that harbors tissue
cells in our body not only keeps cells in the right place, but
also regulates many of their functiohdhat is, cells express
receptors that allow them to bind soluble and tethered signaling
cues from this extracellular matrix (ECM) environment. In turn,
these receptetligand interactions trigger complex cascades of
intracellular enzymatic reactions that regulate gene and protein
expression, defining the fate of a cell in a tissue. Simultaneously, . . !
cells send out signals to actively construct and degrade theirthat permit the encapsulation of .V|able céHsThe sepond
microenvironment by secreting ECM-forming and -degrading challenge, the well-controlled teth(_erl_ng of deswet_j protein S|gn¢ji|s
proteins? The rapid increase in the molecular understanding of to an aECM has proven more difficult. In par_tlcular, t_h_ere IS
this celECM crosstalk in recent years has opened the door Nardly any formulation that would allow the site-specific and
for the design of novel families of smart synthetic polymer Stable immobilization of cell regulatory proteins into a gel
hydrogels, termed artificial ECMs (aECMSs), recapitulating N€twork without compromising the protein’s bioactivity. One
several facets of natural ECM4. of the caveats of standard chemical bioconjugation schemes to

Among the main challenges in creating potent aECMs is a attach a synthetic polymer such as poly(ethylene glycol) (PEG)
suitable chemical strategy to enable (i) the cross-linking of the t0 @ protein is their limited selectivity’. Except for some
matrix in the presence of cells and biomolecules and (i) the aldehydes that show selectivity for N-termimemino groups
well-controlled and stable tethering of desired biomolecule Pecause of their lowerkg, electrophilic functional groups on
signals to the matrix. These two characteristics are advantageou®0lymer precursors, such as the most frequently used
in many biomedical applications, including delivery systems for hydroxysuccinimide ester of PEG carboxylic acids, react with
protein therapeutics or three-dimensional (3D) tissue engineeringé-amino groups of lysine side chains. The polymer thus attaches
matrixes for encapsulated cells, in which materials need to be randomly at multiple sites, resulting in poor control over protein

formed or brought in contact with sensitive biomolecules or immobilization and potentially compromising protein activity.
cells in tissued:s An alternative scheme is the PEGylation of thiol groups via

1,4-addition reaction on a conjugate unsaturated system, as
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enous cysteine residue for site-specific conjugation with func- MMP-Lys and TG-GIn were added to PEG-VS in a 1.2-fold molar
tional PEG'® This turned out to be somewhat successful, but excess over VS groups in 0.3 M triethanolamine (pH 8.0) at@Tor
there are several complications with this strategy, such as?2 h. The reaction solution was subsequently dialyzed (Slide-A-Lyzer
incorrect protein folding and side-reactions with other precursor 7K, MWCO: 7; or Snake Skin, MWCO 10K, PIERCE, Rockford, IL)
functional groups. against ultrapure water for 3 days at@. After dialysis, the Rroduct

Enzymatic reactions have become increasingly attractive (8-PEG-MMP-Lysand 8-PEG-GIn respectively) was lyophilized to
targets for the fabrication of advanced matetfaland can obtain a white powdefH NMR (D;0) was used to confirm peptice
overcome both of the above challenges in aECM engineering. PEG conjugatlonzla Michael-type addltlgn. Characteristic VS peaks
Most enzymes catalyze chemical reactions at low temperature,?:_'6'3spggqo(_|d;lH’_CH2)’|6'4Ippnt;' d, ;HECEZ)’ 2”2 gggp'\:],vl(gd’
neutral pH, and in buffered aqueous solutions, mild conditions Lys’ ;n d S_Pgé‘:"éelncogspit;i)\ll :Iysigg;zrec’tsf:’c uint Sup_portinéj
under which many conventional chemical reactions fail. En- Information)
zymes can also be exceptionally selective for their substrates, o . .
allowing for sophisticated, biologically inspired aECM designs X|||Aacu(\g§(l)orbz;fxgla :r{ejctllz(s)mti)fltn.of galggfléiﬁ’)osrﬂfneff f?/?(t-:%rna
without the complication of side-reac_tions_, and cellular toxicity. dAustria) was actfvate% with 1@E of thrombin (20 U/r?wLy’Sigma- '
g‘iien?béfcgp trgr?]\;:fa%rgeg(g:;oggnf;?lifgﬁasﬁ;ﬁ g:zdyunig_Aldrich, Switzerland) for 30 min at 37C. Small aliquots of activated

. . : . factor Xllla were stored at-80 °C for further use.

responsive materlal§. Two types of gatalytlc reactions have Formation of PEG—Based Hydrogels.Hydrogel networks were
mal.nly been epr0|ted:_ () synthetic hydrog_els have been formed by factor Xllla cross-linking ofi-PEG-GInwith n-PEG-MMP-
engineered to degrade in response to the action of proteolytch For example, to prepare 100 of stoichiometrically balanced
enzyme¥ 24 and (ii) molecular building blocks have been {S Gl _f iotyr\J,\/ P | 487 B-PEG-GI )é513
designed to form hydrogels via the mild catalytic action of cross- ([Lys/GIn = 1) 10% W gel, 4.87 mg 0B-PEG-Glnand 5.13 mg

S 2528\ >~ of 8-PEG-MMP-Lyswere needed. A spare volume of 46 of the
linking enzymes>"=*With these advances, enzyme-responsive 145/ reaction volume was used for the potential incorporation of the

materials begm to capt.ure the complex blploglcal functionality target biologically active component (e.§G-GIn-RGD) or cells. The
of ECM-derived, proteinaceous biomaterials such as collagen cross-linking reaction was performed in Tris buffered saline (TBS; 50
or fibrin. However, in order to truly rival the complexity found  mm, pH 7.6) containing 50 mM calcium chloride and 10 U/mL
in natural biomaterials, several hurdles need to be overcome.thrombin-activated factor Xllla (if not stated otherwise). For the
These include the use of enzymatic reactions to functionalize formation of hydrogel disks, drops of a yet liquid reaction mixture<{20
enzyme-responsive materials with the necessary biomolecular40.L) were sandwiched between sterile hydrophabic glass microscopy
signals to elicit a desired cellular respodseand/or the com- slides (obtained by treatment with SigmaCote, Sigma-Aldrich, Swit-
bination of multiple enzymatic reactions in the same enzyme- zerland) separated by spacers (ca. 1 mm thickness) and clamped with
responsive material, just as it occurs in some biopolymer gels binder clips. Prior to gelation, the drop of reaction mixture contacting
that are formednddegraded by different enzymatic reactions. only hydrophobic surfaces spread spontaneously to form a disc.
We present a scheme that aims to overcome these hurdlesAlthough gelation occurred within a few minutes at 3C in a
Our group has previously described approaches to enzymaticallyhumidiﬁed incubator, the cross-linking reaction was allowed to proceed

incorporate protein growth factors within fibrin matrices by

endowing them with substrate domains for the coagulation

transglutaminase factor XII#. On the other hand, we have

for abou 1 h to achieve complete cross-linking.

In Situ Rheometry. Gelation kinetics was studied by performing
small strain oscillatory shear experiments on a Bohlin CVO 120 high-

described approaches to chemically cross-link reactive PEGsresolution rheometer with plateplate geometry at 37C and under

with peptides designed to degrade in the presence of M¥IPs.

humidified atmosphere. After adding factor Xllla (concentration stated

Here, we describe a fusion of these approaches: factor Xllla isin €ach individual case), the reaction mixture (), containing

utilized to cross-link peptide-derivatized PEGs and simulta-
neously incorporate bioactive peptides, all within a context that 8-PEG-MMP-Lys
leads to enzymatically triggered degradation of the matrix. In

this fusion, no nonenzymatic chemical reactions are employed,
and thus the potential for nonspecific reactions on the bioactive

protein are minimized.

Experimental Section

PEG and PeptidesEight-arm PEG, mol wt 40 000, was purchased
from Nektar (Huntsville, AL). Divinyl sulfone was purchased from
Aldrich (Buchs, Switzerland). PEG vinylsulfone (PEG-VS) was
produced and characterized as described elsevifigre factor Xllla
substrate peptides Ac-FKGGGPQGIWGQ-ERCGNHamed TG-
MMP-Lys mol wt 1717.9 g/mol), H-NQEQVSPL-ERCGNHKTG-GIn,
mol wt 1358.5 g/mol), and the adhesion ligand H-NQEQVSPL-
RGDSPG-NH (TG-GIn-RGD mol wt 1539.6 g/mol) were obtained

precursors in stoichiometrically balanced amour@sPEG-GIn and
5% wiv), was quickly vortexed and poured onto the
center of the bottom plate. The upper plate (2 cm in diameter) was
immediately lowered to a measuring gap size of 0.1 mm, and the
dynamic oscillating measurement was started. The evolution of storage
(G') and loss G'") moduli and phase angie(°) at a constant frequency
of 0.5 Hz and a constant strain of 0.05 was recorded as a function of
time. The gel timetg), as a kinetic parameter for network formation,
was defined as the time of crossover@fand G'".21:30

Determination of Nonbound TG-GIn-RGD. Different amounts of
TG-GIn-RGDpeptide, as well as a negative control RGD peptide not
comprising a factor Xllla cross-linking site (Ac-GCGYR&D-
SPGNH2), were incorporated into hydrogel discs (80each) formed
from 5% or 10% w/v polymer solutionsn(= 4 per TG-GIn-RGD
concentration, Table 1). After network formation, the hydrogels were
swollen to equilibrium in 50@.L phosphate buffered saline (PBS; pH
7.4) for 3 days. Subsequently, the washing buffer was completely
removed, and the gels were stored in 1.5 mL PBS prior to rheological

from NeoMPS (Strasbourg, France) reactive cysteine, in a molecular and equilibrium swelling measurements (described below). The amount

environment that was optimized as described elsewtéraio types

of control building blocks were chosen: the peptide Ac-FKGG-

GDQGIAGF-ERCG-NH as an MMP-insensitive linkér and the

adhesion peptide Ac-GCGYREDSK5-NH, lacking a factor Xllla

substrate. Both peptides were obtained from NeoMPS.
PEG—Peptide Conjugate Design: Coupling offG-MMP-Lys or

TG-GIn to Eight-Arm PEG-VS via Michael-Type Addition. TG-

of released peptide in the washing buffer was analyzed by reversed
phase chromatography, using a Waters autopurification system equipped
with a ZQ MS detector. The samples were run at 1 mL/min on an
Atlantis dC18 column (4.6« 150 mm), eluting with 0.1% trifluoroacetic
acid in water/acetonitrile (82:18 v/v). The peptide was detected in the
positive ES mode. (For more Information on the analysis, see Figures
S2-S8, Supporting Information.)
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Table 1. Hydrogel Compositions Used in This Work and Determined Properties

material precursor conditions hydrogels characteristics after swelling (PBS, pH 7.4)

TG-GIn-RGD/ PEG-MMP-Lys TG-GIn-RGD
concentration PEG-MMP-Lys or PEG-GIn G in gels
(wiv)a (0)° (mm)° (wiv)d (Pa)® Q @My
5% 0 4.02 3.1% 1494 £+ 55 321+0.3 0
2.2 4.02 3.1% 1308 £ 33 32.8+0.7 48 + 1 [90.2%]9
43 4.02 3.0% 1292 + 34 33.9+0.6 74 + 3[72.2%)]
21.7 4.02 2.4% 813 + 42 419+1.2 264 + 23 [64.0%)]
43.5 4.02 1.7% 237 +£ 60 59.9 + 0.6 351 + 71 [60.8%)]
10% 0 8.03 4.2% 3726 + 213 23.8+0.3 0
1.1 8.03 4.0% ND 249 + 0.7 35 + 1 [100%]"
2.2 8.03 3.9% 3652 + 410 25.6 + 0.6 59 + 5 [86.3%)]
10.8 8.03 3.6% 3146 + 284 27.7+0.8 250 + 16 [80.3%)]
21.7 8.03 3.3% 2065 + 90 305+10 477 + 26 [84.2%)]

aTotal solid percent in hydrogels prior to swelling calculated from the amounts of 8-PEG-MMP-Lys and 8-PEG-GIn employed. ? Moles TG-GIn-RGD
as a percentage of the Lys substrates in 8-PEG-MMP-Lys. ¢ Concentration of Lys or GIn substrates from 8-PEG-MMP-Lys or 8-PEG-GIn precursors in
hydrogels before swelling. ¢ Total solid percent in swollen hydrogels calculated from the amount of 8-PEG-MMP-Lys and 8-PEG-GIn used to form the
materials. € Elastic shear moduli (G') of swollen hydrogel disks. f Concentration of effectively incorporated TG-GIn-RGD in swollen hydrogels. 9 Incorporation
efficiency calculated with the release data. " No TG-GIn-RGD could be detected in the release buffer (ND: not determined; average of n = 4 + sd).

Rheometry on Swollen Networks Storage and loss modul( and spare volume just after adding the FXIIl enzyme to obtain a final
G") of swollen gels containing various amounts of immobiliZe@- concentration of 10 U/mL gel. Hydrogels were polymerized afG7
GIn-RGDligand (Table 1) were obtained by small-strain oscillatory and 5% CQ for 30 min and subsequently immersed in cell culture
shear rheometry by using the above instrument as described else-medium.
where?-% Briefly, swollen preformed hydrogel disks of-1L.4 mm Quantification of Cell Viability. Gels (1.5% w/v, 50uM RGD)
thickness produced as described above were sandwiched between th@ere formed in the presence of cells as described above. After 1 day
two plates of the rheometer with compression up to a range betweenin culture, a live/dead assay consisting of calcein-AM and ethidium
75% and 85% of their original thickness to avoid slipping. Measure- homodimer (Molecular Probes, Eugene, OR) was performed. Cell
ments were then conducted in a constant strain (0.05) mode as a functiorzulture medium was supplemented withuld of calcein-AM and 1
of frequency (from 0.1 to 10 Hz) to obtain dynamic mechanical spectra ;M ethidium homodimer. After extensive washing with PBS, fluores-

(n = 4 per condition).
Equilibrium Swelling Measurements. Swollen hydrogels were
weighted just prior to rheology testing, and the swelling r&@ievas

cence images were taken, and the number of live and dead cells were
counted.

Staining and Confocal Microscopy.Fibroblasts were stained for

determined as the swollen gel mass divided by the gel's dry mass  actin and nuclei. Samples were fixed and permeabilized in 4%
(calculated from the reaction conditions). - paraformaldehyde containing 0.2% Triton X-100 in PBS for 20 min at
Degradation of Gels by MMP-1.The weight of gelsr{ = 5) was 4 °C. Samples were incubated for 10 min in 0.1 M glycine followed
measured during incubation (at 3€) with MMP-1 (40 nM). Active 1,y 5 wash step in PBS. For f-actin staining, the gels were incubated
MMP-1 was a generous gift from Dr. G. B. Fields, Florida Atlantic  potected from light with 0.4 U/mL rhodamine-labeled phalloidin (R415;

University, Boca Raton, FL. _ _ Molecular Probes, Eugene, OR) in PBS with 1% bovine serum albumin
Cell Culture. Neonatal normal human dermal fibroblasts (Clonetics, or 1 h at 4°C. After washing the samples three times for 5 min in

San Diego, CA) were grown under standard cell culture conditions in pgs  cell nuclei were co-stained with 1 pty/ 4',6-diamidino-2
fibroblast cell culture medium (Dulbecco’s modified Eagle’s medium, - hhenyiindole (DAPI) (D-1306; Molecular Probes, Eugene, OR) in PBS
with 10% fetal bovine serum and 1% antibictiantimycotic, GIBCO for 10 min at 4°C. Z-series of approximately 30 equidistanty scans
BRL, Life Technologies, Grand Island, NY) at 3T and 5% CQ. at 15um intervals were acquired and projected onto a single plane

Cell Adhesion on Hydrogel Surfacesinvestigation of cell adhesion  sing the Imaris software package (Bitplane, Zurich, Switzerland).
on swollen hydrogels (5% wi/v prior to swelling, Table 1) containing

different concentrations of immobilizetiG-GIn-RGDligands (0, 10,
50, and 100uM) was performed in medium containing 0.1% fetal
bovine serum. Cells were cultured at a density of 10 000 celfsfoem
4 h and subsequently fixed and double-stained for nuclei and f-actin - Ge| Precursor Design and Synthesis (Figure 1)Factor
as described below. Stained cells on the different gels were imagedxma, an activated transglutaminase cross-linking enzyme that
using an inverted fluorescence microscope (Zeiss, Axiovert 200) and plays a key role in fibrin clot formation upon tissue dam&be,
a 10x objective. Projected cell areas 85 cells per sample, three catalyzes acyl-transfer reactions between dhearboxamide
independent samples p&G-GIn-RGDconcentration), delineated by group of protein-bound glutaminyl (Gln, or Q in the single-
the stained cytoskeletal f-actin, were measured using Image J software b .

o ) X : letter nomenclature) residues and thamino group of lysyl
Statistical analysis of cell size data was carried out on SPSS 11 for (Lys, or K) residues, resulting in the formation @f(c-

Macintosh. Initially, Kolmorogov-Smirnoff and Levene tests were | Nvsine i ide side-chain bridd&simil h
carried out to check for normality of distribution and homogeneity of glutamyl)lysine isopeptide side-chain bridgesSimilar to the

variance. As both tests were significant and therefore not meeting model PION€ering work on tissue transglutaminase-catalyzed synthetic
expectations, nonparametric statistical tests had to be used. The-Mann PEG gel formation presented by the groups of Griffitand
Whitney test was used to compare cell sizes, and two-tailealues Messersmiti#® we use multiarm PEG macromers functionalized
below 0.05 were considered significant in different conditions with With two different transglutaminase peptide substrates in stoi-
correction of thep value for multiple testing according to the Bonferroni ~ Chiometrically equivalent amounts as precursors (Figure 1).
method. These peptidic factor Xllla substrates were designed here to
Cell Encapsulation within Hydrogels. Cells were added to the  contain free thiol groups from cysteine residues (Cys, C),
hydrogel precursor solution (1.5% w/v, 30M RGD) through the allowing their grafting to VS end-groups on multiarm PEG

Results and Discussion
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Figure 1. Factor Xllla-catalyzed PEG hydrogel formation. The transglutaminase enzyme factor Xllla was used to cross-link two multiarm PEG—
peptide conjugates, n-PEG-MMP-Lys and n-PEG-GIn (here, n = 8), in combination with a cell adhesion peptide, TG-GIn-RGD, to form
multifunctional synthetic hydrogels.

macromers via mild Michael-type additiéhH NMR analyses ® = /
were conducted on peptide-conjugated macromers, and we found 1000 i

the reaction to be complete as judged by the absence of oty

characteristic VS peaks after the addition of the peptides (Figure : l

S1, Supporting Information). The transglutaminase factor Xllla

substrates conjugated to the termini of PEG macromers were o o
designed as follows: As the glutamine acceptor substrate, we orfel o
chose the native sequence NQEQVSPL, derived from the s

N-terminus ofo-plasmin inhibitor (Pl1-g). Full-lengtho,PI O oy w0 10 w0 175 2000
and peptides comprising thePl;—g sequence are incorporated Time (5)

into fibrin networks during fibrinogen polymerizatigh31.32.36

90

-3
o

Phase angle (°)

@
S

As lysine donor peptide on the complementary PEG macromer,(B) b e .

we selected the peptide Ac-FKGG, a sequence that is based on mmasaas\feﬂf

recent work by Hu and Messersmith on optimized transglutami- o o

nase substrate peptides for rapid enzymatic formation of & g

hydrogels?” Finally, to render the networks susceptible to o0 o

degradation by proteolytic enzymes, we further designed the

lysine donor peptide to contain a substrate for matrix metallo- 10 10

proteases (MMPs), namely GPQ®GQ?° (with | indicating s e 0% -

the cleavage site; the sequence GDQGIAGF was chosen as the " 2 - o P . ; T

MMP-insensitive control linké¥), in order to target one ' Frequency (Hz) Frequency (Hz)

prototypical family of proteases important in cell migration and  Figure 2. Small-strain oscillatory shear rheometry to determine

tissue regeneration. gelation kinetics in situ (A) and the storage and loss moduli (G' and
Formation of Hydrogels via Factor Xllla Cross-Linking. G") of swollen gels (B). Cross-linking of precursors at 5% (w/v) solid

Polymer networks were created by factor Xllla-catalyzed &ontﬁnt _OCIC”’S ;""th'f“ a |f|ew ”I“”t’_tes I""t roomttemkpefratured (?)5'
stepwise copolymerization of eight-arm REG precursors be_a_ring anedc 1%2};?Wi?)egrreiSr;v:?;oenné;?rztli%rF:,O r}g;]peécqsn\al\ll)?r(Bs).orme :
complementary enzyme factor Xllla peptide substrates: Mixing

of the two stoichiometrically balanced PE@eptide conjugates

at 37°C and neutral pH in a Tris buffer that contains 50 mM Biomolecule Incorporation via Factor Xllla and Its
calcium chloride and 10 U/mL factor Xllla results in the Influence on Hydrogel Physicochemical Properties (Figures
formation of gel networks, as evidenced by real-time shear 3 and 4).In an effort to expand the functionality of existing
rheometric measurements that indicate the gelation process intransglutaminase-cross-linked synthetic hydrog&l& we ex-

situ (Figure 2A). Under these conditions and for 5% w/v plored the possibility of incorporating biomolecules as pendant
precursor concentration, gelation occurs within approximately motifs within the network (Figure 1). The adhesion peptide
5 min. When immersed in PBS, the obtained gels swell RGDSP derived from a cell attachment site of fibronéétimas
considerably and reach an equilibrium polymer concentration chosen as a prototypical adhesion ligand here. In order to render
of ca. 2-3%, depending on the precursor concentration. it conducive for factor Xllla-catalyzed cross-linking, we de-
Rheometry on gels swollen to equilibrium revealed mechanical signed it such that it comprised the aboxgPl;—g sequence
spectra that are typical for cross-linked polymer géfwith NQEQVSPL, allowing its coupling to the Lys-containing PEG-
aG' value (1493+ 55 Pa for 5% and 372& 212 Pa for 10% conjugated substrate during network formation. This yielded the
wi/v gels) that is independent of frequency aned2lorders of sequence H-NQEQVSPRGDSPGNH,, referred to as peptide
magnitude abov&" (Figure 2B). The dependence of the elastic TG-GIn-RGD Since biological effects of tethered biomolecules
modulus on precursor concentration indicates the presence ofare often concentration-dependent, the control of these charac-
molecular imperfections such as dangling chain ends at lower teristics in a given aECM system is critical. The efficiency of
precursor concentration or chain entanglements or intersectingcovalent factor Xllla-catalyzedlG-GIn-RGD incorporation
polymer loops at higher concentration. The physicochemical during gel cross-linking was evaluated here by reversed-phase
characteristics of hydrogels obtained from different precursor chromatography in conjunction with mass spectroscopy (Figure
compositions are summarized in Table 1. 3 and Figures S2S8, Supporting Information). Both 5 and 10%
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Figure 3. Factor Xllla-catalyzed biomolecule incorporation. Overall
efficiency of biomolecule incorporation into networks was assessed
by release studies using reversed-phase chromatography and mass
spectroscopy as described in the Supportive Information. Between
60.8% and 80.9% of the TG-GIn-RGD ligand (for 5% and 10% gels,
respectively) was incorporated at the highest peptide concentration
tested.
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Figure 4. Incorporation of millimolar amounts of exogenous TG-GIn-
RGD ligands in gels formed at low solid concentration can perturb
the network final cross-linking density and hence its physicochemical
characteristics as shown here for the elasticity and swelling for 5%
gels (A) and 10% gels (B), respectively.

w/v gels were formed with variable molar ratios 86-GlIn-

RGD over the Lys substrates of the PEG-MMP-Lys precursor
as indicated in Table 1, swollen to equilibrium, and their non-
incorporated (i.e., freely diffusive) G-GIn-RGDcontent was
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Figure 5. Incorporation of the integrin-binding RGD ligand in the form
of TG-GIn-RGD renders gel networks adhesive for primary fibroblasts.
Spreading is dependent on the ligand concentration as demonstrated
by fluorescent microscopy (A, Scale bar: 100 xm) with double staining
of cell nuclei (blue) and f-actin cytoskeletal elements (red), and
quantified by cell surface areas (B).

contrary, theTG-GIn-RGD peptide was readily incorporated
within the hydrogel network (Figure 3, Table 1). In general,
we detect increasing amounts of incorporated peptide with the
concentration of G-GIn-RGDin the reaction mixture. However,
at the same time, its incorporation efficiency was observed to
decrease. Since the concentrations of TG-Lys and TG-GIn
substrates belonging & PEG-MMP-Lysand8-PEG-GInwere
stoichiometrically balanced, the additionT&-GIn-RGDin the
reaction mixture shifted the stoichiometry substantially off-
balance. Consequently, the observed trend may be the result of
a more pronounced competition between the incorporation of
the biomolecules and the actual polymer cross-linking when the
concentration off G-GIn-RGDincreased. We reasoned that this
might also have a significant impact on the final physicochem-
ical gel properties, as attached pendant biomolecules and
dangling nonreacted PEG arms would diminish the number of
elastically active chains or the cross-link density of the gel
network.

Therefore, the influence of the quantity of incorporated cell-
binding sites TG-GIn-RGD on the equilibrium network proper-
ties was assessed by measuring elastic moduli and swelling of

measured as described. A negative control peptide lacking ahydrogels produced at variouBG-GIn-RGD concentrations
TG-GIn cross-linking site was investigated as well and found (Table 1). Our results, depicted in Figure 4, clearly showed that

to be released from the gel nearly complete £92%). On the

mechanical properties decrease and swelling increases with
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Figure 6. Gel degradation by proteolytic enzymes (A). Incorporation
of an MMP-sensitive peptide substrate makes gels susceptible to the
action of these enzymes, as shown in the swelling curves in response
to incubation with MMP-1 (B).
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increasingl G-GIn-RGDconcentration in the reaction mixture.
Although the actual limit was not determined in this study, these
changes in macroscopic properties were not considered to be
significant at least up to around a 5% molar ratioT@-GIn-
RGD over the Lys substrates. At a molar ratio slightly above
20%, the elasticity dropped by a factor of ca. 2 in both 5% and
10% hydrogels. The observed drop in macroscopic structural Figure 7. Gel degradation by cell-derived MMPs (A). Single,
properties with increasingG-GIn-RGDis not surprising in light dispersed cells are capable of locally degrading the surrounding MMP-
of the fact that the stoichiometry is off-balance to this extent, sensitive gel network via cell-secreted active MMPs (B, Scale bar:
creating large numbers of dangling chains bearing nonreactedloo um). Extensive spreading, proliferation, and migration of cells

; . . . lead to the formation of an interconnected cellular network after one
glutamine donor sites. This aspect has to be taken into week in culture within 1.5% gels. At 2% precursor content, network

ConSideratior_‘ for certain_applications requiring very high doses fomation is substantially reduced, while spindle-shaped cells can stil
of tethered biomolecule ligands. However, such high concentra- pe found. Notably, the absence of proteolytic matrix susceptibility

tions of bound cell adhesion ligands are not necessary to supporteduces the extent of cell spreading and 3D morphogenetic cellular
morphologically normal cell adhesion, as demonstrated in a organization at 2%, while it can still be observed in softer gels (1.5%).
following set of experiments.

TG-GIn-RGD-Modified Networks Support Controlled Cell 6B). Individual cleavage of elastically active chains throughout
Adhesion (Figure 5).The cellular response afG-GIn-RGD  the entire gel volume (i.e., bulk mechanism as opposed to
network modification was tested in a functional in vitro assay. Surface-mediated degradation) leads to an exponential increase
Factor Xllla-catalyzed incorporation of tie&5-GIn-RGDabove of the swollen gel mass over time up to 3 times the original
10 uM, corresponding to a ca. 0.5% molar ratio of TG-RGD/ value before complete gel breakdown occurs. Importantly, gels
Lys substrates, makes these novel gels adhesive for primarycontaining the MMP-insensitive sequence GDQGIAGF are
fibroblasts (Figure 5A,B). Importantly, because of the near- stable over prolonged periods of time (up to several weeks, i.e.,
quantitative biomolecule incorporation at low concentrations the longest periods tested) underscoring the specificity in
(Figure 3), the extent of spreading on the gel surfaces is tunableenzyme-responsiveness obtained by molecular design.
by the concentration of incorporated ligands (Figure 5A), as  Hydrogels are Degradable by Cell-Derived Proteases
quantified here by the projected cell spreading area (Figure 5B). (Figure 7). The biological performance of the novel gels was
At a concentration of ca. 100M (molar ratio of 4.3%), we assessed by the growth of individually dispersed cells in the
obtain spreading characteristics comparable to the standard tissuenatrix. Primary human fibroblasts known to secrete active
culture plastic surface. Fibroblast adhesion is ligand-specific, MMPs?® show a viability of higher than 95% when encapsulated
since the lack of covalently coupled RGD ligand does not permit three-dimensionally in these gels, suggestive of the physiological
significant spreading. character and specificity of the employed enzymatic cross-

Hydrogels are Degradable by Soluble Proteolytic Enzymes  linking reaction (see Figure S9 in the Supporting Information).
(Figure 6). To design these networks with susceptibility to Viability after 24 h is independent of proteolytic matrix
degradation by proteolytic enzym&GPQGIWGQ, a substrate  sensitivity. Within only 1 week in culture in loosely cross-linked
for MMPs, was placed next to the lysine donor peptide Ac- matrixes (i.e., formed ak2% polymer content) containing
FKGG as described above. Indeed, our otherwise stable aECMssubstrates for MMPs as well as cell adhesion ligands, extensive
are readily degraded when exposed to active MMP-1 (Figure migration and proliferation leads to the formation of a intercon-

g
Z
&
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Supporting Information Available. (1) NMR analysis of
gel precursors formed via Michael-type addition, (2) determi-
nation of nonbound G-GIn-RGDby reversed phase chroma-
tography, and (3) determination of cell viability upon 3D
encapsulation. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 8. Primary human fibroblasts respond to the presence of References and Notes

adhesion ligands in 3D cell cultures. Extensive cell migration and (1) Ramirez, F.; Rifkin, D. B. Cell signaling events: A view from the

proteolytic matrix degradation leads to the formation of interconnected matrix. Matrix Biol. 2003 22 (2), 101-7.

cellular networks as described (left), while in the absence of adhesion (2) Sternlicht, M. D.; Werb, Z. How matrix metalloproteinases regulate
ligands, cell migration and proliferation are impaired, and cells keep cell behavior. Annu. Re. Cell Dev. Biol. 2001, 17, 463-516.

a rounded morphology (right). (3) Lutolf, M. P.; Hubbell, J. A. Synthetic biomaterials as instructive

extracellular microenvironments for morphogenesis in tissue engi-
neering.Nat. Biotechnol2005 23 (1), 47-55.

nected cellular network (Figure 7A). Such interconnected (4) Alexander, C.; Shakesheff, K. M. Responsive polymers at the biology/

networks of fibroblasts have been described previously for 3D materials science interfacAdy. Mater. 2006 18 (24), 3321-8.
cultures of fibroblasts in floating collagen géfs3®They could (5) Langer, R.; Tirrell, D. A. Designing materials for biology and
have physiological function during the development of soft medicine.Nature 2004 428 (6982), 487-92.

; ; : ° (6) Estroff, L. A.; Hamilton, A. D. Water gelation by small organic
connective tissues, serving as an mtegrated sensory system to molecules Chem. Re. 2004 104 (3), 1201-18.

monitor and coordinate connective tissue remodeling in response (7) Zhang, S. Fabrication of novel biomaterials through molecular self-

to mechanical signals, similar to the mechanosensory function assemblyNat. Biotechnol2003 21 (10), 1171-8.

of the dendritic network of extensions utilized by osteocytes in  (8) Dankers, P. Y.; Harmsen, M. C.; Brouwer, L. A.; van Luyn, M. J.;

bone#° Not surprisingly, in the absence of incorporaf€é- Mei{;?rl' dE- fW' A modular a”d.S‘éfra”,\‘/lo'ec“'zaéo"’gpa“(’%cr‘iag’;iffc“ve
. scaffolds for tissue engineerinblat. Mater. y .

GIn-RGD cells are not able to prohfera}e and form sy;h (9) Hartgerink, J. D.. Beniash. E.. Stupp, S. I. Peptidenphiphile

supracellular morphogenetic structures (Figure 8). In addition, nanofibers: A versatile scaffold for the preparation of self-assembling

this process was not observed in gels formed in polymers materials.Proc. Natl. Acad. Sci. U.S./2002 99 (8), 5133-8.

exceeding 3%. Notably, in gels in which the protease substrate (10) Niece, K. L.; Hartgerink, J. D.; Donners, J. J.; Stupp, S. I. Self-

; K " ; assembly combining two bioactive peptid@mphiphile molecules
is replaced by an MMP-insensitive linker, the extent of 3D cell into nanofibers by electrostatic attractiah. Am. Chem. So@003

spreading and cellular network formation is markedly reduced 125 (24), 7146-7.
(Figure 7B, bottom). However, we find that this 3D morpho-  (11) Silva, G. A.; Czeisler, C.; Niece, K. L.; Beniash, E.; Harrington, D.
genetic response is sensitive to the polymer concentration during A.; Kessler, J. A; Stupp, S. |. Selective differentiation of neural
gel formation: In gels formed at 1.5% precursor, cells are able gg%g(%’gg) CigZzbé high-epitope density nanofibessience2004
to for_m Sp'ndl_e'Shaped eXtenS'an even within MMP"ns_enS't'Ve (12) Hennink, W. E.; vah Nostrum, C. F. Novel crosslinking methods to
matrixes. This small change in precursor concentration and, design hydrogelsAdy. Drug Delivery Rev. 2002 54 (1), 13-36.
consequently, matrix cross-linking density thus appears to lead (13) Veronese, F. M.; Harris, J. M. Introduction and overview of peptide
to a transition in 3D migration mechanisms from predominantly and protein pegylatioridy. Drug Delivery Rev. 2002 54 (4), 453~
proteolytic to non-proteolytic cell migration. This intriguing ;|5 . p.: Tirelli, N.; Cerritelli, S.: Cavalli, L.; Hubbell, J. A,
aspect will be further elucidated in follow-up experiments. Systematic modulation of Michael-type reactivity of thiols through
the use of charged amino acid&@oconjugate Chen2001 12 (6),
. 1051-6.
Conclusions (15) Zisch, A. H.; Lutolf, M. P.; Ehrbar, M.; Raeber, G. P.; Rizzi, S. C.;
. . o Davies, N.; Schmokel, H.; Bezuidenhout, D.; Djonov, V.; Zilla, P.;

In conclusion, we extend the functional range of existing Hubbell, J. A. Cell-demanded release of VEGF from synthetic,
enzyme-responsive materials for cell-based applications on two biointeractive cell-ingrowth matrices for vascularized tissue growth.
fronts. First, we introduce methods to enzymatically attach E?_SEBRJ-GO? 17 (13), 2260-2. erials. A se of smart
biomolecules to PEG-based hydrogels with high efficiency, as (16) bi Ajnr;éte'rial's 3 n&gg%ﬂ%’:;g&”ﬁ 85'2‘5‘1?;25 new class of smar
demons_trated he_re for_th_e model ligah@-GIn-RGD Se_‘cond: (17) West, J. L.; Hubbell, J. A. Polymeric biomaterials with degradation
we design material building blocks that are responsive to two sites for proteases involved in cell migratidhacromoleculed999
different enzymatic systems: one for matrix formation and 32(1), 241-4.

another one for its degradation. Compared to our previous aECM (18) Haistenberg, S.; Panitch, A.; Rizzi, S.; Hall, H.; Hubbell, J. A.
Biologically engineered proteigraft-poly(ethylene glycol) hydro-

d(_eSignS based_ on _the chemical c_r(_)ss-linking of r_eaCtive_PEGS gels: A cell adhesive and plasmin-degradable biosynthetic material
with peptides via Michael-type additiGAthe use of site-specific for tissue repairBiomacromolecule@002, 3 (4), 710-23.
enzymatic reactions is an important advance, as it will allow (19) Gobin, A. S.; West, J. L. Cell migration through defined, synthetic

researchers to immobilize desired biomolecules in a more o) Egt“(ﬂfa”Ma'gg§£§‘§biEr‘ éZ%O'ZZ%Sc(hn‘A?al'_%relli N Hubbel. 3. A
controlled fashion. In order to embrace ongoing challenges in Ce"_réspons’ive symh’etic hy’drog%’dy_ Mater.2003 15 (11), 338

creating next-generation biomaterials, for example, as smatrt, 892.
“living” implants for tissue engineering, the presented approach (21) Rizzi, S. C.; Hubbell, J. A. Recombinant prot@io-PEG networks

can be adapted to other material designs and will enable superior as Ce”-adhefive and ngteﬁlyticallxrl] degraldarllale hydrggel matrixes.
; Part I: Development and physicochemical characterisBasmac-
control of cell behavior. romolecules2005 6 (3), 1226-38.
TURT (22) Kim, S.; Chung, E. H.; Gilbert, M.; Healy, K. E. Synthetic MMP-13
ACknOWledgmem' The authors thank Dr. M. HZdﬂl] of the degradable ECMs based on pdlyisopropylacrylamideso-acrylic
Elegtron Microscopy Labf)ratory (EMZ) at the University of acid) semi-interpenetrating polymer networks. |. Degradation and cell
Zurich for confocal scanning laser microscopy. We also thank migration.J. Biomed. Mater. Res. 2005 75 (1), 73-88.



Formation/Degradation of Biomolecular Hydrogels

(23) Thornton, P. D.; McConnell, G.; Ulijn, R. V. Enzyme responsive
polymer hydrogel bead€Chem. Commun. (Cambridg@p05 47,
5913-5.

(24) Jun, H.-W.; Yuwono, Y.; Paramonov, S. E.; Hartgerink, J. D.
Enzyme-mediated degradation of pepti@enphiphile nanofiber
networks.Adv. Mater. 2005 17 (21), 2612-7.

(25) Sperinde, J. J.; Griffith, L. G. Synthesis and characterization of
enzymatically-cross-linked poly(ethylene glycol) hydrogéiscro-
moleculesl997 30 (18), 5255-64.

(26) Sanborn, T. J.; Messersmith, P. B.; Barron, A. E. In situ crosslinking
of a biomimetic peptidePEG hydrogel via thermally triggered
activation of factor Xlll.Biomaterials2002 23 (13), 2703-10.

(27) Hu, B. H.; Messersmith, P. B. Rational design of transglutaminase
substrate peptides for rapid enzymatic formation of hydrogelm.
Chem. Soc2003 125 (47), 14298-9.

(28) Hu, B. H.; Messersmith, P. B. Enzymatically cross-linked hydrogels
and their adhesive strength to biosurfac@ghod. Craniofacial Res.
2005 8 (3), 145-9.

(29) Schense, J. C.; Hubbell, J. A. Cross-linking exogenous bifunctional
peptides into fibrin gels with factor XlllaBioconjugate Chenl999
10 (1), 75-81.

(30) Lutolf, M. P.; Hubbell, J. A. Synthesis and physicochemical
characterization of end-linked poly(ethylene glycotypeptide hy-
drogels formed by Michael-type additioBiomacromolecule2003
4 (3), 713-722.

(31) Schense, J. C.; Bloch, J.; Aebischer, P.; Hubbell, J. A. Enzymatic
incorporation of bioactive peptides into fibrin matrices enhances
neurite extensionNat. Biotechnol200Q 18 (4), 415-9.

(32) Ichinose, A.; Tamaki, T.; Aoki, N. Factor XllI-mediated cross-linking
of NH2-terminal peptide of alpha 2-plasmin inhibitor to fibrlFEBS
Lett. 1983 153(2), 369-71.

Biomacromolecules, Vol. 8, No. 10, 2007 3007

(33) Lutolf, M. P.; Lauer-Fields, J. L.; Schmoekel, H. G.; Metters, A. T;
Weber, F. E.; Fields, G. B.; Hubbell, J. A. Synthetic matrix
metalloproteinase-sensitive hydrogels for the conduction of tissue
regeneration: Engineering cell-invasion characteristrsc. Natl.
Acad. Sci. U.S.A2003 100 (9), 5413-8.

(34) Weisel, J. W. Fibrinogen and fibrit\dv. Protein Chem2005 70,
247-99.

(35) Lorand, L.; Graham, R. M. Transglutaminases: crosslinking enzymes
with pleiotropic functions.Nat. Re. Mol. Cell Biol. 2003 4 (2),
140-56.

(36) Ehrbar, M.; Djonov, V. G.; Schnell, C.; Tschanz, S. A.; Martiny-
Baron, G.; Schenk, U.; Wood, J.; Burri, P. H.; Hubbell, J. A.; Zisch,
A. H. Cell-demanded liberation of VEGF(121) from fibrin implants
induces local and controlled blood vessel growdlrc. Res.2004
94 (8), 1124-1132.

(37) Ruoslahti, E. RGD and other recognition sequences for integrins.
Annu. Re. Cell Dev. Biol. 1996 12, 697—715.

(38) Tamariz, E.; Grinnell, F. Modulation of fibroblast morphology and
adhesion during collagen matrix remodelimdol. Biol. Cell 2002
13(11), 3915-29.

(39) Grinnell, F.; Ho, C. H.; Tamariz, E.; Lee, D. J.; Skuta, G. Dendritic
fibroblasts in three-dimensional collagen matrice®l. Biol. Cell
2003 14 (2), 384-95.

(40) Ralphs, J. R.; Waggett, A. D.; Benjamin, M. Actin stress fibres and
cell—cell adhesion molecules in tendons: Organisation in vivo and
response to mechanical loading of tendon cells in vittatrix Biol.

2002 21 (1), 67-74.

BMO070228F



