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ABSTRACT: By incorporating polysaccharigg@eptide interactions into poly(ethylene glycol) hydrogels, we
created a unique polymer matrix exhibiting characteristics imparted by both covalent and physical cross-links.
Dynamic mechanical testing revealed that the properties of this system were sensitive to temperature changes
and thermally reversible. At lower temperatures and higher frequencies, the elastic response was dominated by
physical cross-links created by associations between heparin and heparin binding peptides; the matrices were
stabilized by covalent cross-links at higher temperatures. Furthermore, the strength of the physical cross-links
depended on the relative affinity between heparin and heparin binding peptides. This system could serve as a
model to investigate how the presence of both physical and covalent cross-links influences the viscoelastic behavior
of biomimetic polymeric materials.

Introduction proteins. Enzymatic digestion of glycosaminoglycans within

Both the directed assembly and the nanometer scale Oflu_ng_,_ mesenteric _artery, and_ pericardiL_Jm has  resulted in_
biological polymers have fueled an interest in designing significant changes to mechanical properties such as the elastic

macromolecular materials with controlled architecture and modu!us.and stiffnes@;l'“SFurthermore, th? incorporation Of.
environmental response. We have shown previously that pure|ydecor|n into collagen fibers has resulted in increased tensile
. . X
physical interactions between heparin binding peptides and stren_gthl. _Trrll_erefore, tnel presence of polyis,accha_ndes and
heparin can induce the assembly of environmentally responsiveP'0teins within extracellular matrices not only provides bio-
synthetic systemsHere, we investigate whether the combina- chemical signals to surrounding cells but also interacts with other
tion of physical and covalent bonds leads to dynamic mechanical bIO|OgICB_.| polymers Inaway t_hat co_ntnbutes to the overall bulk
properties that differ from those of purely physical networks or Mechanical properties of various tissues. _
purely covalent networks. We speculate that these physical Our system, illustrated by the schematic in Figure 1, consists
interactions play a larger role in extracellular matrix mechanics ©f dynamic physical interactions and stabilizing covalent bonds.
than previously considerédprotein affinity to polysaccharides, Multiarm PEG functmnah;ed with V|_n)_/l sulfone moieties were
not just hydration due to fixed charge density within the covalgntly coupled to pept!des containing pql_ysacchande bmglmg
polysaccharide, is a dominant contributor to the storage modulus.domains (PBD). The addition of heparin facilitated the formation
Most biomimetic three-dimensional systems are based on of weak gel-hke_structure_s N a manner S|m_|lar fo that of a
modifications of gel-forming polymers. Some form covalent complete_ly I{)hysma_l matrix prtla_wl(()usly de_zcrlb’eWh%r:j adn h
networks, such as functionalized poly(ethylene glycol) (PEG), enzymatically sensitive cross-linker peptide was added, the
while others form physical gels, such as alginate and pbly( physmgl matrix was stab'lhzed by the fprmatlon O.f covalgnt
isopropylacrylamide}.Recent work with many of these systems  Cr0ss-links. We show herein that the physical properties provided
has incorporated biological or synthetic polymers that mimic by the h_eparm/PBD peptlde Interactions were t_anvwonmentally
biology to create stimuli-responsive systehis? In general, responsive and dominant under certain conditions.
these systems consist primarily of covalent networks engineered
to degrade enzymatically or to recognize biological polymers _ _
or physical gels that exhibit thermo- or pH-reversible behavior.  Materials. Eight-arm poly(ethylene glycol) (PEG) (average MW
Many systems manipulate biopolymers to tailor mechanical 20 000 g/mol; polydispersity 1.04) made by ethyoxylation of a
properties, degradation rates, and other biological functions, but€xaglycerine core was purchased from Nektar Therapeutics
only limited examples of biomimetic materials have mechanical (Huntsville, AL). For PEG modification reactions, methanesulfonyl

. . chloride, triethylamine, toluene, dichloromethag®&mercapto-
characteristics of both covalent networks and physical géfs. ethanol, sodium hydroxide, tungstic acid, and thionyl chloride were

An increasing body of literature is focusing on how interac- purchased from Sigma-Aldrich (St. Louis, MO), and anhydrous
tions between biological molecules affect mechanical properties diethyl ether was obtained from EM Science (Gibbstown, NJ).
of tissues and how mechanical forces influence cellular Regarding peptide synthesis, the amino acids, rink amide resin,
behavior!3-18 Within biological systems, the extracellular HBTU, diisopropylethylamine, piperidine, and trifluoroacetic acid
environment consists of a complex variety of proteins and (TFA)were purchased from Advanced ChemTech (Louisville, KY).
polysaccharides that can physically or covalently associate with Pyridine, dimethylformamide, and dichloromethane were obtained

one another. For example, many types of extracellular matrices fom Mallinckrodt (Phillipsburg, NJ), Burdick and Jackson (Muskeg-
A : on, Ml), and Alfa Aesar (Ward Hill, MA), respectively. Ethanedi-

are rich in sy!fated glycosamlnoglycarls, suqh.e.ls heparan .SUIfatethiol azld diethyl ether W(ere purchased)frompEM Sc?/ence and the
or chondroitin sulfate, that have high affinities for various triisopropylsilane and acetonitrile were from Sigma-Aldrich. For

all conjugation reactions, rheological measurements, and hemolysis

* Corresponding author: e-mail alyssa.panitch@asu.edu. assays, heparin from porcine intestinal mucosa (average MW 18 000
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Figure 1. A schematic of a three-dimensional hydrogel incorporating

covalent and physical cross-links. The peptides involved include dansyl-

GKAFAKLAARLYRKAGC (dG) and GCRGDSGPQGIAGQGC (co-
valent cross-linker).

Table 1. Synthesized Peptides

designation amino acid sequence
PBD KAFAKLAARLYRKAGC
dG dansyl-GKAFAKLAARLYRKAGC
W WKAFAKLAARLYRKAGC

cross-linker or X GCRGDSGPQGIAGQGC

g/mol) was obtained from Sigma-Aldrich, and Dulbecco’s phosphate-
buffered saline, pH 7.4 (PBS), was purchased from Invitrogen, Inc.
(Carlsbad, CA). All of the water used throughout the study was
treated through a Milli-Q Synthesis water purification system
(Millipore, Billerica, MA; 18.2 MQ-cm resistivity).

Synthesis and Characterization of Multiarm PEG Vinyl
Sulfone. Terminal hydroxyl groups on the PEG polymers were
functionalized with a vinyl sulfone moiety following the protocol
described by Morpurgo et &.Following synthesis, the multiarm
PEG vinyl sulfone (PEGVS) was characterized usthgNMR
spectra recorded in deuterated chloroform (Sigma-Aldrich) using
a Gemini 300 MHz spectrometer (Varian, Inc., Palo Alto, CA).
The degree of functionalization of the multiarm PEGVS was
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Table 2. Compositions of Solutions and Gefs

designation PEGVS heparin (H) cross-linker (X) peptide
PEGVS-dG [ O o dG
PEGVS-W (] O (@] w
PEGVS-dG-H (] (] (@] dG
PEGVS-W-H (] (] (@] w
PEGVS-dG-X-H [ [ [ ] dG
PEGVS-W-X-H (] (] ([ ] w
PEGVS-dG-X (] O [ ] dG
PEGVS-W-X [ ] (@) [ ] w
PEGVS-X (] O [ ] o
PEGVS-H (] (] (@] (@]

a2 The closed and open circles indicate the prese@afd absence))
of a particular chemical species. For the column “peptide”, the designation
of the heparin binding peptide used in the composition is given in lieu of
a closed circle.

greater than 95% purity as determined by reverse phase HPLC (data
not shown).

Conjugation of Peptides to PEGVS Peptides were coupled to
PEGVS through a Michael-type addition reaction involving the thiol
of the cysteine residue within the peptide and the vinyl group on
the PEGVS. To conjugate, on average, two heparin binding peptides
to each PEG molecule, a 2-fold molar excess of peptide was
combined with 1 equiv of PEG vinyl sulfone. To create a 10%
(w/v) solution containing either 2:1 dG:PEGVS (composition
PEGVS-dG) or 2:1 W:PEGVS (composition PEGVS-W), the
PEGVS-peptide mixtures were solubilized in a 150 mM sodium
phosphate buffer, pH 7.4, containing 5 mM EDTA. The solutions
were incubated, protected from light, at room temperature for 2 h.
Following the 2 h incubation, the conjugated PEG solutions were
kept in an ice bath protected from light. The degree of peptide
conjugation was observed by monitoring the disappearance of free
thiols as indicated by an Ellman’s assdy.

Heparin Affinity Liquid Chromatography. Affinity chroma-
tography was performed on ankAA Explorer FPLC equipped
with a HiPrep 16/40 Heparin FF column (Amersham Biosciences).
Buffer A consisted of 50 mM sodium phosphate, pH 7.4, and buffer
B contained 50 mM sodium phosphateda? M sodium chloride,

determined by comparing the average of the integrated areas ofpH 7.4. Both buffers were degassed and filtered using auth?2

the peaks representing the three hydrogens of the vinyl gréup (
6.0-6.1,0 6.3—6.4, andd 6.8—6.9 ppm) with the integrated areas
of the main PEG peak and associated sidebath@s3X-3.9 ppm).
The PEGVS was stored under argon-20 °C.

Synthesis and Purification of PeptidesStandard Fmoc solid-

filter (Nalge Nunc International, Rochester, NY). For all heparin
affinity chromatography, the FPLC was run at 5 mL/min at room
temperature. Before loading each peptide, the heparin column was
equilibrated with buffer A. Purified peptides were solubilized in
buffer A and loaded onto the heparin column by injecting 0.5 mL

phase chemistry was used for all peptide synthesis. The peptidesof a 1 mg/mL solution. Once each peptide was loaded onto the

listed in Table 1 were synthesized at a 0.7 mmol scale with rink

column, a gradient of ©100% buffer B in buffer A was carried

amide resin using an Apex 396 peptide synthesizer (Advanced out over 20 column volumes. The sodium chloride concentration
ChemTech). Fmoc-protected amino acids were coupled to the required to elute each peptide was determined as the gradient value

growing peptides through two successive additicis ® M excess
amino acid 6 M excess diisopropylethylamine, and 2.94 M excess
HBTU. Fluorescent labeling of the dG peptide was performed by
addirg a 3 Mexcess of N-terminal dansyl glycine (Sigma-Aldrich)

at the time when the absorbance at 280 nm reached a maximum.
Dynamic Mechanical Properties.The viscoelastic mechanical

properties of the PEGe-peptide/heparin/cross-linker materials were

measured with an AR1000 rheometer (TA Instruments, New Castle,

as described above for other amino acids. The peptides were cleavedE) using an acrylic cone and plate geometry with a 20 mm

from the resin using a cleavage cocktail consisting of 92.5% (v/v)
TFA, 2.5% (v/v) Milli-Q water, 2.5% (v/v) triisopropylsilane, and
2.5% (v/v) ethanedithiol. Then, the peptides were precipitated in
and washed three times with cold, anhydrous diethyl ether,
centrifuged at 5008) and dried in vacuo after decanting the ether.

Peptide purification was performed using reverse phase chro-

matography with an KTA Explorer FPLC (Amersham Bio-

diameter, 5Q:m truncation and ‘69 cone angle. The temperature
of the rheometer surface was controlled with a built-in Peltier
system. All described compositions contained a final volume of
100uL with a polymeric content (as determined by the amount of
PEGVSe¢o-peptide and heparin within the material) of 10% (w/v)
and were formed on the rheometer surface maintained &C20
Table 2 shows a list of the designations and general makeup of

sciences, Piscataway, NJ) equipped with a C18 column (Graceeach composition; a more detailed description of each composition

Vydac, Hesperia, CA; 22 mm internal diameter, 250 mm length,
10—15um particle size). After loading a peptide onto the column,
a gradient consisting of 2860% buffer B (acetonitrile with 0.1%
TFA) in buffer A (Milli-Q water with 0.1% TFA) was run to elute

can be found in the Supporting Information. Briefly, compositions
PEGVS-dG-H and PEGVS-W-H were created by combining
PEGVS-dG or PEGVSW, respectively, and heparin in a 9:1 molar
ratio of peptide to heparin. Then, a 1.5 molar excess of difunctional

the peptide. The collected peptides were lyophilized, and the masscross-linker peptide, relative to PEGVS, was added to in order to

of each peptide was confirmed with MALDI-TOF mass spectrom-
etry on a Voyager-DE STR spectrometer (Applied Biosystems,
Foster City, CA) using an-cyano-4-hydroxycinnamic acid matrix

(Sigma-Aldrich). All of the synthesized peptides were purified to

introduce stabilizing covalent bonds within the materials. Materials
containing PEGVS-dG, heparin (H), and cross-linker (X) were
designated as composition PEGVS-dG-X-H; materials containing
PEGVS-W, heparin, and cross-linker were designated as com&?iii
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tion PEGVS-W-X-H. In all compositions, 150 mM sodium
phosphate, pH 7.4, with 5 mM EDTA was used as the buffer, and

three mixtures of all compositions were formed and characterized.

Controls consisted of PEGVS-dG and PEGVS-W materials formed
with cross-linker peptide but without heparin (compositions PEGVS-
dG-X and PEGVS-W-X, respectively) as well as PEGVS materials
lacking heparin binding peptides but containing either cross-linker
peptide or heparin (compositions PEGVS-X and PEGVS-H,
respectively).

As soon as all of the material components had been added and

mixed, the rheometer geometry was lowered until it wasu&50

above the plate, and the outer diameter of the geometry was covered

in mineral oil to prevent evaporation. Initially, one material

composition of each type was subjected to a preliminary stress
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Figure 2. Relative heparin affinities of three peptides derived from

PBD

sweep to ensure that the viscoelastic response remained in the lineagntithrombin 111

range. The stress sweep was performed by applying D00 Pa
stresses at 10 rad/s at 2Q. All rheological data were collected
using the following steps. Immediately after lowering the geometry,
a time sweep was conducted by applying a 0.5 Pa oscillatory stres
for 2 h at 5, 10, 15, 20, 25, 30, 35, and /s at 20°C. Next,

S

were two reasons for selecting dG and W as the peptides for
use in the creation of physical cross-links in various gel
compositions.

three frequency sweeps were performed by applying a 0.5 Pa Previous work has shown that peptides with similar primary

oscillatory stress throughout a 6:40 rad/s frequency range at 20,

structures bind to heparin with very different affinitied' As

4, and 37°C. The frequency sweeps were followed by temperature spown in Figure 2, data describing relative heparin affinities of

sweeps during which viscoelastic properties were measured by

applying a 0.5 Pa oscillatory stress at 10 rad/s from 4 t6G&and
from 45 to 4°C. At each target temperature within the-455 °C

range, the temperature was allowed to equilibrate for 15 s before

PBD, W, and dG further demonstrated that small changes in
the molecular structure of a peptide, including the addition of
various fluorescent labels, can greatly affect peptide properties.

a measurement was recorded. For all rheological studies, t-testsRegarding the relative increase in heparin binding for the W

and ANOVA were performedo( = 0.05) to determine statistical
significance.

Results and Discussion
PEGVS Synthesis!H NMR characterization of the PEGVS

and dG peptides compared with PBD, one hypothesis remains
that the hydrophobic core of the fluorophore was shielded from
water by the pendent groups of the more hydrophilic functional
groups of lysine and arginine amino acids prevalent within the
cationic peptides. This shielding may have led to changes in

showed distinct peaks centered around 6.07, 6.35, and 6.81 ppmpeptide secondary structure resulting in favorable thermody-

indicating the presence of vinyl protons (data not shown). The
degree of functionalization was calculated by comparing the

namic properties influencing solubility and affinity for anionic
heparin. Some preliminary experiments using circular dichroism

ratio of the average integral of these three peaks with the main 0 Study these heparin binding peptides have suggested that W
PEG peak around 3.6 ppm. This analysis showed that, on@SSumes a more-helical structure relative to PBD in water

average, 5.0 of the 8 arms were modified with a vinyl sulfone
residue. Although the degree of substitution was only 62.5%,
the 5-arm functional PEGVS polymer provided a unique

and in the presence of heparin (data not shown).

Dynamic Mechanical Properties. Figure 3 displays the
storage modulusi’, and the loss modulu&”, as a function

backbone on which to couple several types of peptides. Theof curing time for gels of composition PEGVS-dG-X-H,

degree of functionalization was confirmed by conjugating
various ratios of cysteine to the PEGVS and evaluating the

PEGVS-W-X-H, PEGVS-dG-X, and PEGVS-X. Although
measured at 40 rad/s, the relative moduli magnitudes between

presence of free thiols using Ellman’s assay as well as by usinggel compositions as well as associated trends remained similar

various ratios of dithiothreitol to form 5% (w/v) gels (data not
shown).

Heparin Affinity Liquid Chromatography. Heparin-binding
peptides were synthesized with different N-terminal domains

even when the stress was applied at 5 rad/s (data not shown).
Compositions PEGVS-dG-H and PEGVS-W-H showed fre-
guency-dependent, but extremely weak, gel-like behavior with
trends similar to physical matrices previously described (data

in an attempt to understand how the presence of two different not shown): Composition PEGVS-H did not result in the
fluorescent labels (dansyl and tryptophan) affected the peptidesformation of a gel but rather remained as a solution throughout

ability to bind to a heparin column relative to an unmodified
peptide derived from the heparin binding domain from anti-
thrombin 11121 Figure 2 shows the relative heparin binding
ability of PBD, W, and dG. As indicated by the concentration
of sodium chloride required for elution from a heparin column,
the addition of a hydrophobic moiety to the N-terminus of PBD
resulted in a dramatic increase in heparin affinity. For example,
in contrast to the 740 mM NaCl needed to elute dG, PBD eluted
at a concentration of 380 mM NaCl or nearly half of that of
dG. Although not as strong as the dG affinity to heparin, W
required about 20% more sodium chloride (460 mM) before
eluting compared with the elution profile of PBD. In addition
to increasing heparin affinity, the N-terminal dansyl glycine and
tryptophan residues increased solubility of the peptide in
physiologically relevant buffers (data not shown). These im-
proved solubilities and superior heparin binding characteristics

the duration of the rheological experiments (data not shown).
When examining Figure 3a, the time to gelatity, of gels of
composition PEGVS-dG-X (30.& 4.5 min) was significantly
longer p < 0.05) than thetyy of the heparin-containing
composition PEGVS-dG-X-H (7.& 0.6 min). BothG' andG"

of the gels containing dG and heparin were significantly higher
than the moduli of similar gels without heparin; after 23 of
composition PEGVS-dG-X-H (2768- 320 Pa) was over 10
times larger than the 26& 60 Pa magnitude o&' recorded

for composition PEGVS-dG-X. As the association of dG and
heparin is rapid, the mechanical properties of the compositions
were likely affected by the formation of larger macromolecular
chains coordinated by physical bonds. The resulting long chain
intermolecular interactions stabilized the materials, which were
further stabilized by chemical cross-links introduced by the
cross-linker. Consequently, the influence of the heparin-rel&tsq/
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(A) 10000

linking two distinct PEGVS molecules together or from inef-
ficient covalent cross-linking. Consequently, gels of composition
PEGVS-X would have experienced a decrease in the magnitude
of G'. It is likely that the elastic response of all of the
compositions were affected by inefficient cross-linking as well
as polydispersities introduced by PEGVS and heparin. Regard-
less, the magnitude of the moduli for composition PEGVS-dG-
X-H demonstrated that physical interactions can greatly affect
the transient and equilibrated mechanical response of hydrogels.

Although an in-depth analysis regarding the initial kinetics
of the PEGVS-dG-X-H gels remains better suited for future
Time (min) work, it appeared that strong affinities between heparin and dG

A influenced the initial shape and rise of b@dhandG" relative
to the time-dependent viscoelastic profile of PEGVS-dG-X. The
profiles of G'(t) andG'"'(t) for PEGVS-dG-X gels appeared to
follow trends observed for soft, self-assembled materials, such
as collagen, in thaG'"(t) displayed a sigmoidal-like rise and
s 1 (- te =27.2438min | G'(t) rose rapidly after an initial delay (Figure @):This
P observation p.arall.eled typical segel V|s§oelast|c behavior, anq

- future analysis will attempt to determine whether the gelation
kinetics of this material as well as other compositions examined
N herein follow known power law kinetics seen with other
0 10 20 30 40 50 100 110 120 materials?? In contrast to the results of PEGVS-dG-X, b@h-

Time (min) (t) andG'(t) for PEGVS-dG-X-H gels initially rose very rapidly
Fi 3. A plot showing the vi lasti ies of vari | and seemingly at similar rates. This behavior appeared limited
gure o. plot snowing the viscoelastiC propertes or various geils, L . . . . ..
measured at 40 rad/s, as a function of time<( 3; +SD). Panel A to gels containing peptides with high heparin affinity because
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depictsG' andG" for gels of composition PEGVS-dG-X-H¥andO, the time-dependent viscoelastic profile of PEGVS-W-X-H at
Ejespet(?t(ia\{ely)dgfj,df PEGlVS;dG-XV( a_?_d VbégS\blgcw/t;!yg-‘Par&% B 20 °C was more analogous to that of PEGVS-dG-X than
epIctsG’ an or gels of composition -W-X- an , _ X
respectively) and PEGVS-X and <, respectively). The timege EEhG V.S dC]-E- gEgVéEV\}e)r(Tj ﬂeratugtes lowelr thlan 2T, btlheth t
represents the gelation time at which the increasing magnitueisf ehavior o might more closely resembie that
equal to that ofG". of PEGVS-dG-X-H because, as seen below, the novel composi-
tions described herein were extremely sensitive to temperature.
physical coordination resulted in decreasgd and larger In previous studies, we have shown that the coordination of
moduli. physical bonds between PEGVS-dG and heparin occurred

When comparing the mechanical response of gels of com- essentially immediately upon mixing and were too fast to be
position PEGVS-dG-X-H with the data reported in Figure 3b, measured using rheolodyTherefore_, the rapid gnd steep rises
we observed that thige of composition PEGVS-dG-X-H was ~ Of G andG” of PEGVS-dG-X-H likely were influenced by
significantly lower than that for similar gels of composition the rapid association between heparin and heparin binding
PEGVS-W-X-H (27.2+ 3.8 min) in which dG was replaced peptides as well as by effects due to mixing. Overall, viscoelastic
with W. In addition, the magnitude o' for composition parameters of PEGVS-dG-X-H and PEGVS-W-X-H would
PEGVS-W-X-H (1060+ 140 Pa) was significantly lower than largely depend.on. factors such as temperature, frequency,
that for gels of composition PEGVS-dG-X-H but statistically concentrations, ionic strength, and pH. However, care must be
higher than that for gels of composition PEGVS-dG-X. This taken when analyzing the transient viscoelastic response of
result indicated that interactions between heparin and heparinPEGVS-dG-X-H and PEGVS-W-X-H since the kinetic mech-
binding peptides influenced the mechanical properties of the @nisms of gel assembly involved many complex parameters
gel-like material in a manner dependent on the relative affinity including polydispersities of the PEGVS and heparin, viscous
of various peptides for heparin. While the net cationic charge effects due to the presence of heparin, and reaction and diffusion
of the two peptides remained the same, W had a lower affinity events between both heparin and PEGVS-dG and PEGVS-dG
for heparin relative to dG. Therefore, although still present, the and covalent cross-linker.
contribution from heparifrpeptide interactions to the mechan- After curing, gels of composition PEGVS-dG-X-H, PEGVS-
ical response of the composition was not as prominent for gels W-X-H, PEGVS-dG-X, and PEGVS-X were subjected to a
containing the lower affinity peptide. frequency sweep at 28C. As seen in Figure 4a, the elastic

Relative to gels of composition PEGVS-dG-X-H, ttyg of response of gels of composition PEGVS-dG-X (on average 260
PEG gels of composition PEGVS-X (62 1.1 min), which + 100 Pa) was indicative of a covalent gel network and
represented a formulation containing the theoretical maximum remained frequency independent throughout the tested frequency
number of covalent cross-links between PEGVS molecules, wasrange. When heparin was added, the magnitud@’ pés seen
not significantly different. After 2 hG' of PEGVS-X gels (1860  for composition PEGVS-dG-X-H, became dependent on the
+ 120 Pa) was statistically lower than that recorded for PEGVS- frequency of the applied stress. At 0.1 rad@swas 480+ 160
dG-X-H. It is important to note that the lower modulus resulting Pa and rose in a linear fashion (on a4dgg plot) to 2810+
from composition PEGVS-X might be due, at least in part, to 320 Pa at 40 rad/s. Throughout the frequency sweep, the
an effective covalent cross-link density lower than that theoreti- magnitudes of5' for gels of composition PEGVS-dG-X were
cally calculated. This lower cross-link density could have not statistically different from each other. However, a compari-
resulted either from cross-linker peptide covalently binding two son of G' at each frequency reveals that the magnitud&'of
vinyl sulfone residues on the same PEGVS molecule rather thanfor gels of composition PEGVS-dG-X-H was significanQ%/DV
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Figure 4. A plot of the viscoelastic properties of various gels as a function of frequemey 8; £SD). G' and G" for gels of composition
PEGVS-dG-X-H @ andO, respectively) and PEGVS-dG-¥(and v, respectively) are compared when measured &C(panel A) and at 4C
(panel B).G' andG" for gels of composition PEGVS-dG-X-H¥andO, respectively) and PEGVS-W-X-HK andO, respectively) are compared
when measured at 2C (panel C) and at 4C (panel D).G' and G" for gels of composition PEGVS-dG-X-H®& and O, respectively) and
PEGVS-X @ and<, respectively) are compared when measured &tiCQpanel E) and at 4C (panel F).

higher @ < 0.05) than that for composition PEGVS-dG-X for dependent physical associations formed between heparin and
all frequencies above 0.1 rad/s. In addition, the viscoelastic heparin binding peptides.

response of composition PEGVS-dG-X-H indicated that the  Figure 4c,d further demonstrate how both physical and
materials remained gel-like throughout the entire tested fre- covalent bonds contributed to the overall dynamic mechanical
quency range unlike purely physically associated matrices properties of the described system. When dG was replaced with
described in previous workThus, the presence of covalent the weaker heparin binding W peptide in composition PEGVS-
bonds between molecules of PEGVS-dG was able to stabilize W-X-H, the storage modulus at 2C still exhibited a frequency-

the gels of composition PEGVS-dG-X-H without eliminating dependent response by increasing in magnitude from=610
the frequency-dependent characteristics of the mechanicall30 Pa at 0.1 rad/s to 111D 150 Pa at 40 rad/s (Figure 4c).
response due to physical interactions resulting from transient At low frequencies, the elastic modulus of both composition
ionic and hydrogen bonds. The effect of physical bonds on PEGVS-dG-X-H and composition PEGVS-W-X-H were sta-
dynamic mechanical properties within the system were magni- tistically similar. In theory, both of these compositions had the
fied at 4°C (Figure 4b). Althougis' of PEGVS-dG-X remained  same covalent cross-link density and only differed in the
independent of frequency and similar in magnitude to values individual peptide affinity for heparin. We have shown previ-
measured at 20C, G' of PEGVS-dG-X-H at 4°C was ously that the dynamic mechanical properties of physical
statistically higher than that measured at 20 at each networks based upon interactions between heparin and dG bound
frequency. For exampleG' of PEGVS-dG-X-H at 4°C to PEGVS resulted in a frequency-dependent profile indicative
increased from 1728 270 Pa at 0.1 rad/s to 513D 350 Pa of a high molecular weight polymer méltAt low frequencies,

at 40 rad/s. Thus, the viscoelastic nature of this system wasthat system was influenced primarily by a viscous response.
significantly influenced by the frequency- and temperature- For the system described herein, the viscoelastic propertifaﬁ;
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gels consisting of either PEGVS-dG-X-H or PEGVS-W-X-H 10000
appeared to exhibit similar characteristics. When the frequency
of the applied stress was too low to capture the transient binding
between heparin and heparin binding peptides, the resulting
mechanical properties were dominated by the elastic behavior
influenced by the presence of covalent bonds. Af@0once

the frequency of the applied stress reached 1.259 rad/&;'the
of composition PEGVS-dG-X-H became significantly larger
than that of composition PEGVS-W-XH (p < 0.05). By e
applying a stress at increased frequencies, the transient physical 0 5 10 15 20 25 30 35 40 45

bonds could have more heavily influenced the viscoelastic Temperature (°C)

response and allowe@' of composition PEGVS-dG-X-H 0 Figyre 5. A plot of the viscoelastic properties of various gels as a
reflect the presence of not only covalent interactions within the function of temperaturen(= 3; £SD). All of the temperature sweeps
network but also stronger physical associations relative to thosewere measured using an angular frequency of 10 r@i/andG" are

in composition PEGVS-W-X-H. When the temperature dropped g&oc";"\r)sfc_’ég?f cgCgrr]‘(‘jpg‘s't;ggpi%ﬁ\zlsﬁGéﬁa'ﬁggeggﬁ’(egﬂ‘fg)’

to 4°C, G' of PEGVS-dG-X-H was significantly larger than  regpectively).

that of composition PEGVS-W-X-H at all frequencies (Figure

4d) ThIS trend COI’I'elated We” Wlth the relative heparin afflnltles In previous Work, we have Shown that the V|Scoe|astlc

of the dG and W peptides and suggested that although the elastigehavior of physical matrices consisting of associations between
response of both compositions appeared to increase at a similaheparin and heparin binding peptides depends on several
rate as a function of angular frequency, the system remainedparameters including frequency of the applied stress and
sensitive to the kinetics of peptide/polysaccharide interactions temperaturé. In this work, we wanted to examine whether
even at low temperatures. physical matrices stabilized by covalent cross-links would

The data presented in Figure 4e,f are similar to that in Figure continue to respond to temperature variations. As seen in Figure
4a,b in that the frequency-dependent viscoelastic response oft; G of gels of composition PEGVS-dG-X was relatively
composition PEGVS-dG-X-H is compared with the frequency- independent of temperature. In fal,at 4°C (410+ 100 Pa)
independent elastic response of a gel with a different composi- Was not significantly different{(> 0.05) thanG' at 45°C (470
tion. In this case, Figure 4e,f displays the mechanical properties* 160 Pa). SimilarlyG’ of gels of composition PEGVS-X was
of composition PEGVS-X. At 20°C, G' of composition not influenced by temperature and averaged 24000 _Pa
PEGVS-X remained unaffected by frequency and has an averagdroughout the temperature sweep. The temperature indepen-
magnitude of 1860t 130 Pa throughout the tested frequency _dence of these d_ata ShOWed that gels without heparin be_haved
range (Figure 4e). For frequencies lower than or equal to 3.9g1 !N @ manner consistent with other purely covalently cross-linked

rad/s,G' of composition PEGVS-X was significantly largey ( networks. ) . . o
< 0.05) thanG' of composition PEGVS-dG-X-H. Between In contrast, the viscoelastic properties of gels of composition

3.981 and 19.98 rad/s, the elastic moduli of both compositions PEGYS-dG-X-H displayed remarkable temperature dependence
were similar at each frequency, aBtiof composition PEGVS- as well as little to no hysteresis when the temperature was cooled
it o , L from 45 °C down to 4°C (data not shown)G' at 4 °C (5000
dG-X-H was statistically higher tharG' of composition 4590 P ianificantly highen (< 0.05) thanG' at 45°C
PEGVS-X at frequencies equal to or above 19.98 rad/s. At 4 a) was significantly nig ep_( .05) tha ate .
°C (Figure 4f),G' of PEGVS-X had an average value of 1730 (4804 150 Pa). Since the interaction between anionic heparin
n 1109 Pa Wﬁich was not different than tha?t measured at 20 and cationic dG resulted primarily from physical electrostatic
°C. Since £he lower temperature effectively allowed the physical associations, the properties imparted by these interactions were

o g transient and dynamic. At low temperatures, the gel components
bonds of composition PEGVS-dG-X-H to play a more dominant likely experienced lower diffusion coefficients as well as lower
role in bulk viscoelastic properties, the magnitude Gf of

L - . kinetic rate constants, resulting in an increased time of contact
PEGVS-dG-X-H was significantly higher than that of composi- .tveen dG and heparin. When the energy of the system
tion PEGVS-X for all frequencies at or above 0.2 rad/s.

- increased, the number of physical bonds at any given time
Although composition PEGVS-dG-X served as a better control gecreased until the interaction between heparin and dG no longer

for evaluating how the presence of physical cross-links affected mage a significant contribution to the elastic properties of the
a covalently cross-linked network, composition PEGVS-X was gel. G’ of gels of composition PEGVS-dG-X-H and PEGVS-
used to compare gels containing both covalent and physical yG-x between 36 and 4%5C were not statistically different at
interactions with gels consisting purely of a strong, covalently each temperature, suggesting that aboveéGBovalent interac-
bound material. Care must be taken when comparing the tions contributed wholly to the elastic properties of the gels.
properties of composition PEGVS-dG-X-H with those of This temperature-dependent gel weakening exhibited the same
composition PEGVS-X due to differences in PEGVS and cross- trend seen for previously described physical matridéswever,
linker content that would influence not only equilibrium unlike the moduli of the completely physically associated
properties but also the rate of cross-linking during gel curing. materials,G' remained higher tha®" throughout the entire
Even while acknowledging the limitations of a direct compari- tested temperature range for all of the gel compositions reported
son, it was impressive that there existed a frequency range inherein.

which a combination of covalent and physical cross-links  Also interesting was the observation that the average mag-
resulted in a largeG’ compared with a similar gel consisting  nitude ofG' for heparin-containing gels (composition PEGVS-
only of covalent cross-links. Taken together, the observations dG-X-H) at 4°C was 2.1 times larger than that for the covalently
made from Figure 4 demonstrated that the presence of physicalcross-linked gels of composition PEGVS-X and remained higher
interactions significantly altered the mechanical properties of at each temperature through 18 (p < 0.05). At 45°C, the
three-dimensional gels. value ofG' for gels of composition PEGVS-dG-X-H was Iow&rDV

-
o
o
o

100

Modulus (Pa)

-
o
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than that of composition PEGVS-X by a factor of 5.3. Although strength. Consequently, this system could be useful as a model
weaker by 2 orders of magnitude at 3Z, the elastic properties  to better understand how physical and covalent cross-links
of these 10% gels at 4C were only about 2.5-fold lower than interact to influence the behavior of biopolymeric materials.
those published for 15% and 40% covalent PEG-based hydrogels
tested at 37°C.2324 By making this comparison, it is not Acknowledgment. This work was funded by the National
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superior results to those referenced; rather, from the perspective-oundation provided a graduate fellowship for B.L.S.
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