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(57) ABSTRACT 

A cross-linkable monomer comprises a fumaric acid func
tional group having a first end and a second end, a first spacer 
group affixed to said first end and comprising at least repeat
ing unit, a first terminal group affixed to said first spacer 
group, a second spacer group affixed to said second end and 
comprising at least one ethylene glycol repeating unit, and a 
second terminal group affixed to said second spacer group. A 
hydrogel formed by cross-linking the present monomer and a 
method for making the monomer. A method for forming a 
hydrogel, comprises the steps of a) synthesizing a copolymer 
of poly(propylene fumarate) (PPF) and poly( ethylene glycol 
(PEG) so as to produce P(PF -co-EG), b) synthesizing a PEG
tethered fumarate (PEGF), c) coupling agmatine sulfate to the 
PEGF to produce PEGF modified with agmatine (Agm
PEGF), and d) cross-linking the P(PF-co-EG) from step a) 
withAgm-PEGF from step c). 

17 Claims, 7 Drawing Sheets 
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SYNTHESIS AND CHARACTERIZATION OF 
BIODEGRADABLE CATIONIC 

POLY(PROPYLENE 
FUMARATE-CO-ETHYLENE GLYCOL) 
COPOLYMER HYDROGELS MODIFIED 

WITH AGMATINE FOR ENHANCED CELL 
ADHESION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims benefit of U.S. provisional appli
cations No. 60/331,668, filed on Nov. 20, 2001, and entitled 
"Crosslinkable Compounds With Guanidino Groups" and 
No. 60/375,270, filed on Apr. 24, 2002, and entitled "Synthe
sis and Characterization ofBiodegradable Cationic Poly(pro
pylene fumarate-co-ethylene glycol) Copolymer Hydrogels 
Modified with Agmatine for Enhanced Cell Adhesion," each 
of which is incorporated herein in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Research leading to the present invention was supported in 
part by the federal government under Grant No. R01-
DE13031 awarded by the National Institutes of Health. The 
United States government may have certain rights in the 
invention. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to the formation of a 
hydrogel having desirable swelling and cell adhesion proper
ties, and more specifically to the provision of a degradable, in 
situ cross-linkable cell carrier. 

BACKGROUND OF THE INVENTION 

Current medical technology includes a variety of devices 
that can be implanted in the body. One family of implantable 
devices are constructed of polymeric materials having desir
able physical properties, including the ability to polymerize 
in situ, the ability to absorb water, biodegradability etc. 
Depending on the application, it may further be desirable to 
provide an implantable device with surface properties that 
enhance cell adhesion. To date, however, an implantable 
material having properties that are optimal for certain appli
cations has not been known. 

2 
In addition, various hydrogels have been investigated for 

their applications as cell carriers to regenerate tissues. Bio
degradability and biocompatiblility important parameters in 
the design of hydrogel materials for tissue engineering appli-

5 cations. However, the cationic hydrogels of previous investi
gations have been non-degradable. 

Poly(propylene fumarate-co-ethylene glycol) (P(PF -co
EG)) has been proposed as an injectable biodegradable poly
ester. The fumarate double bond enables the copolymer cross-

10 linking. The minimal temperature increase exhibited by 
P(PF-co-EG) during cross-linking in the presence of water 
makes P(PF-co-EG) suitable for use as a cell carrier. It has 
been shown that a hydrogel consisting of P(PF -co-EG) and 
N-vinylpyrrolidone exhibits bulk degradation. When the 

15 P(PF -co-EG) hydrogel was subcutaneously implanted in rats, 
it elicited a minimal inflammation response. (11-13) 

However, when the hydrophilicity of a P(PF-co-EG) 
hydrogel was increased by increasing the molar ratio of the 
ethylene glycol repeating unit to the propylene fumarate 

20 repeating unit of the P(PF-co-EG) copolymers, cell adhesion 
to the surface of the hydrogels decreased. (15) Furthermore, 
hydrogel modifiers such as cationic monomers have been 
limited by their possible toxicity. Therefore, there remains a 
need for a hydrogel having the desired physical traits, includ-

25 ing hydrophilicity and enhanced cell adhesion. 

SUMMARY OF THE INVENTION 

The present invention provides a polymerizable monomer 
30 and a hydrogel made from that monomer. The hydrogel com

position has the desired traits of in situ polymerizability, 
biodegradability, and hydrophilicity, as well as enhanced cell 
adhesion. The present hydro gels are suitable as in situ cross
linkable cell carriers for various applications in which cell-

35 adhesion is desirable, such as embolization. 
According to one preferred embodiment, cell adhesion to 

P(PF-co-EG) hydrogels is improved by modifying the P(PF
co-EG) hydro gels with agmatine. Since cells may grow on the 
surface as well as the inside of the hydrogel, the present 

40 invention includes a technique for bulk modification ofP(PF
co-EG) hydrogels. It has been discovered that a hydrogel 
supporting cell adhesion can be prepared by cross-linking 
P(PF-co-EG) copolymer and a degradable macromer modi
fied with agmatine. By way of example, an agmatine-modi-

45 fied poly(ethylene glycol)-tethered macromer was synthe
sized for the preparation of P(PF-co-EG) hydrogels with 
positive charges. Positive charges from the incorporated 
agmatine had a generally positive effect on P(PF-co-EG) 
hydrogel swelling. 

Positively charged biodegradable hydrogels were synthe-
sized by cross-linking of agmatine-modified poly( ethylene 
glycol)-tethered fumarate (Agm-PEGF) and poly(propylene 
fumarate-co-ethylene glycol) (P(PF-co-EG)) in order to 
allow investigation of the effect of the guanidino groups of the 

Polymeric materials carrying cationic groups have been 50 

investigated for possible applications as cell carriers, blood 
compatible coating, anti-microbial materials, and as drug 
delivery systems. It has been reported that cationic modifica
tions of polymeric materials tend to enhance cell adhesion 
because phospholipids and proteoglycans that are present on 
cell surfaces are negatively charged. 

55 agmatine on hydrogel swelling behavior and smooth muscle 
cell adhesion to the hydrogels. It was found that the weight 
swelling ratio of the present hydrogels increased moderately 
and the cell adhesion increased significantly as the initial 
Agm-PEGF of the composition increased. 

Mori et a!. have demonstrated that surface modification of 
medical devices with cationic polymers could immobilize 
negatively charged heparin, thus reducing the surface throm
bogenecity due to a gradual release ofheparin.(2) Augusta et 60 

a!. have reported that sucrose methacrylate hydrogels modi
fied with quaternary ammonium salts exhibited a bactericidal 
effect on gram positive and gram negative bacteria. (3) Appli
cations of polycations such as poly(spermine), poly(L
lysine), and poly(2-dimethylaminoethyl methacrylate) for 65 

local gene delivery have been summarized in recent reviews. 
(4,5) 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred embodi
ments, reference is made to the accompanying Figures, 
wherein: 

FIG. 1 is a chemical diagram of one embodiment of a 
monomer in accordance with the present invention; 
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FIG. 2 is a plot showing the variation of BPB (bromophe
nol blue) adsorption onto P(PF -co-EG) hydro gels versus ini
tialAgm-PEGF content; 

FIG. 3 is a plot showingthevariationoftheweight swelling 
ratio ofP(PF-co-EG) hydrogels with the pH of the swelling 5 

buffer as a function of the initial Agm-PEGF content; 
FIG. 4 is a plot showing the variation over time of the 

remaining mass ofP(PF-co-EG) hydrogels at various pH; 
FIG. 5 is a plot offour DSC thermograms ofP(PF-co-EG) 

hydrogels with initial Agm-PEGF contents ofO mg/ g (A), 1 00 1 o 
mg/g (B), and 200 mg/g (C) swollen in sodium phosphate 
buffer of pH 7.0 and heated from -60 to 50° C. at so C./min, 
and an exotherm of the buffer alone (D); 

FIGS. 6A-B are plots illustrating the kinetics of the water 
sorption into P(PF -co-EG) hydro gels with initial Agm-PEGF 15 

contents of 0 mg/g (0), 100 mg/g (ll) and 200 mg/g (D), 
where FIG. 6A is a linear plot for the overall timecourse and 
FIG. 6B is a double logarithmic plot for the early phase; and 

FIG. 7 illustrates the variation of vascular smooth muscle 
cell adhesion on P(PF-co-EG) hydrogels with the initial 20 

Agm-PEGF content. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

4 
cated from Agm-PEGF and P(PF -co-EG) copolymer. A mol
ecule embodying a preferred composition for the present 
monomer is shown schematically in FIG. 1. 

The present invention further comprises a method for mak
ing the preferred monomer and for forming hydrogels by 
cross-linking the monomer. One embodiment of the present 
method comprises a) synthesizing a copolymer of poly(pro
pylene fumarate) (PPF) and poly( ethylene glycol (PEG) so as 
to produce P(PF -co-EG), b) synthesizing a PEG-tethered 
fumarate (PEGF), c) coupling agmatine sulfate to the PEGF 
to produce PEGF modified with agmatine (Agm-PEGF); and 
d) cross-linking the P(PF-co-EG) from step a) with Agm
PEGF from step c). The cross-linking can be carried be car
ried out in vivo if desired. 

Hydrogels made according to the present invention prefer
ably comprise fumarate-based polyesters modified with 
agmatine. In certain embodiments, the fumarate-based poly
esteris P(PF-co-EG) and theAgm-PEGF content of the com
position is preferably an amount sufficient to allow at least 
70% cell adhesion when an initial seeding density of7 .Ox1 03 

cells/cm2 is used. In other embodiments, the fumarate-based 
polyester is P(PF-co-EG) and theAgm-PEGF content of the 
composition is preferably at least 0.1 mg/g of P(PF-co-EG) 
and more preferably at least 0.7 mg/g of P(PF -co-EG). The 

The present invention includes a composition and a method 
for forming a hydrogel having desirable properties of in situ 
polymerizability, biodegradability, and hydrophilicity, and 
cell adhesion. 

25 present monomers and hydrogels can be used as carriers for 
cells, drugs, or genes. 

A cationic macromer based on fumarate and PEG is pre
ferred because P(PF -co-EG) hydro gels have been reported to 
be biocompatible in vivo. Other suitable macromers include 

According to one embodiment of the present invention, a 
cross-linkable monomer is provided which includes a 
fumaric acid functional group having a first end and a second 
end, first and second spacer groups affixed to the first and 
second ends, respectively, a first terminal group affixed to the 
first spacer group, and a second terminal group affixed to said 
second spacer group. 

30 poly(propylene fumarate-co-ethylene glycol), poly(propy
lene fumarate-co-propylene glycol), oligo(propylene fuma
rate-co-ethylene glycol), oligo(propylene fumarate-co-pro
pylene glycol), oligo(poly( ethylene glycol) fumarate), oligo 
(poly(propylene glycol) fumarate). The macromer is 

35 degradable at the ester bond and cross-linkable at the carbon
carbon double bond. Furthermore, the two hydroxyl groups at 
both terminals are useful for further modifications with bio
logical molecules such as peptides. Likewise, other modifiers 

The first and second spacer groups each preferably com
prise at least one ethylene glycol unit and preferably several 
ethylene glycol units. The spacer length is determined by the 
number of repeating units present in the spacer group and is 40 

preferably selected in such as way as to i) facilitate the inter
action of the terminal group with cell receptors for enhancing 
adhesion and modulating cell function and/or ii) facilitate 
water swelling, and/or iii) facilitate the release of bioactive 
molecules that are entrapped in the hydrogel. While ethylene 45 

glycol is a preferred repeating unit, other suitable moieties 
can be used, including but not limited to propylene glycol or 
any other dial. The first and second spacer groups can be the 
same or different lengths and each preferably comprises at 
least three ethylene glycol units. 

that can be incorporated into the hydrogel for the purpose of 
increasing cell adhesion include agmatine-modified poly 
(ethylene glycol) acrylate, agmatine-modified poly( ethylene 
glycol) methacrylate and the like. 

The effect of the guanidino groups of agmatine on the 
swelling behavior of the cross-linked hydrogels and cell 
adhesion to the hydrogels was confirmed by measuring the 
swelling ratio of the hydro gels swollen at various pH and the 
water uptake in the course of swelling and quantifYing the 
number of adhered smooth muscle cells on the hydrogels. We 
further compared the results of modified hydrogels with vari-

50 ous initialAgm-PEGF contents with those of the unmodified 
hydrogel. Similarly, the first and second terminal groups can be the 

same or different, and are each selected from the group con
sisting of protein fragments, whole proteins, carbohydrates, 
plasmid DNA, amino acids, amino acid derivatives, and pep
tide sequences. A terminal group that has been found to be 55 

particularly suitable for enhancing cell adhesion is agmatine. 
In one embodiment, one terminal group is selected to be 
agmatine and the other terminal group is selected to have a 
positive charge so as to enhance water swelling. In another 
embodiment, at least one of said first and second terminal 60 

groups comprises a bioactive molecule. 
In one preferred embodiment of the invention, a novel in 

situ cross-linkable, degradable macromer is modified with 
agmatine (Agm-PEGF) and the resulting composition used to 
fabricate degradable positively-charged hydrogels. For 65 

example, when P(PF -co-EG) is used as the macromer, hydro
gels having desirable cell adhesion properties can be fabri-

The water solubility and chain mobility of the macromer 
may be altered by varying the PEG chain length. GPC analy
sis of the resulting product obtained by the transesterification 
of diethylfumarate with PEG300 indicates that the product is 
PEG300-tethered fumarate (PEGF). The GPC chromatogram 
shows that the major component of the resulting product is 
PEG-tethered fumarate (FIG. 3A). Although the molecular 
weights of the succinylated PEGF andNHS are 1500 and 115, 
respectively, the number average molecular weight of the 
succinimidyl ester, 1900, was higher than expected. This 
result is consistent with a previous study which reported that 
the molecular weight of the succinimidyl ester ofPEG-teth
eredPPF (Mn of5,900)was 7,600, 1.3-foldhigherthan that of 
the PEG-tethered PPF. 

According to one preferred embodiment, one technique for 
fabricating a hydrogel having the desired properties com-
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prises synthesizing a copolymer of poly(propylene fumarate) 
(PPF) and poly( ethylene glycol (PEG), P(PF -co-EG), synthe
sizing a PEG-tethered fumarate (PEGF), coupling agmatine 
sulfate to the PEGF to produce PEGF modified with agmatine 
(Agm-PEGF), and synthesizing a hydrogel by cross-linking 5 

P(PF-co-EG) withAgm-PEGF. Preferred techniques for car
rying out each of the foregoing steps are set out in detail 
below. 

6 
portion ofP(PF -co-EG) block copolymer. Another reason for 
the low Agm-PEGF content may be related to the reproduc
ibility of the BPB staining method. Acid Orange 7 was used 
for quantification of positive charge contents in cationically 
modified surface and poly(acrylamide-dimethylaminoethyl 
methacrylate) hydrogels by analyzing the extracted dye. 
Staining conditions, such as pH and time, may affect the 
results. Absorbance of the adsorbed BPB was measured 

In quantitative tests on hydrogels produced according to 
the present techniques, it was found that the weight swelling 
ratio of these hydro gels at pH 7.0 increased from 279±4 to 
306± 7% as the initialAgm-PEGF content increased from 0 to 
200 mg/g of P(PF-co-EG), respectively. The diffusional 

10 directly, but the adsorption of BPB to the hydrogels may 
affect the spectroscopic characteristics ofBPB. Further opti
mization is required for a quantitative analysis by this 
method. 

We observed an increase in a swelling ratio with the initial 
Agm-PEGF content. Many studies of pH sensitive ionic 
hydro gels reported that incorporation of carboxyl groups or 
amine groups into hydrogels enhances the swelling ratio, 
depending on the content of the ionic groups and the pH and 

exponents, n, during the initial phase of water uptake were 15 

independent of the initial Agm -PEGF content and were deter
mined to be 0.66±0.08, 0.71±0.07, and 0.60±0.05 for respec
tive initial Agm-PEGF contents of 0, 100, and 200 mg/g. The 
heat of fusion of water present in the hydro gels increased 
from 214±11 to 254±4 Jig as the initial Agm-PEGF content 
increased from 0 to 200 mg/g. The number of adherent 
smooth muscle cells increased dose-dependently from 15±6 

20 ionic strength of the buffers in which the hydrogels were 
swollen. In these previous reports, hydro gels were prepared at 
a molar ratio of ionic monomer to nonionic counterpart of at 
least 1 to 37.5, and the pKa of carboxyl and tertiary amino 
group were 5.5-5.9 and 7.7, respectively. The guanidino 
group content of agmatine-modified P(PF -co-EG) hydro gels 
was low as described above. For hydro gels fabricated with an 
initial Agm-PEGF content of 200 mg/g, the final molar ratio 
oftheAgm-PEGF to P(PF-co-EG) copolymer was 1 to 260. 

to 75± 7% of the initial seeding density as the initial Agm
PEGF content increased from 0 to 200 mg/g. These results 25 

suggest that the incorporation of the guanidino groups of 
agmatine into P(PF-co-EG) hydrogels increases hydrogel 
free water content and the total water content of the hydro gels 
and also enhances cell adhesion to the hydrogels. 

30 Our results suggest that this molar ratio is sufficient to 
increase the hydrogel swelling. 

The incorporation ofAgm-PEGF into P(PF -co-EG) hydro
gels was shown qualitatively by staining the hydrogels with 
BPB. BPB has one sulfonyl group and is negatively charged 
at pH 6.8, the range at which the BPB staining was performed. 
Hydro gels without staining showed no absorbance at 590 nm. 35 

Experimental results suggest that the Agm -PEGF is incorpo
rated into the hydrogel dose-dependently. Only a slight 
amount oftheAgm-PEGF was detected. This result suggests 
that cross-linking is not sufficient for the incorporation of the 

40 
feed Agm-PEGF into hydrogels, or that Agm-PEGF or the 

The pH does not affect the swelling ratio of the hydrogels 
significantly within pH range of 5-9 because the pKa value of 
the guanidino group is 12.5. However, the swelling charac
teristics of degraded hydrogels may vary with the pH because 
of the dependence of the degradation rate on the pH. Iio eta!. 
demonstrated that hydrogels made of poly(allylbiguanid-co
allylamine) and poly(vinyl alcohol) exhibited a shrinkage 
above pH 10 at the ionic strength of 0.1M, which resulted 
from the deprotonation of the biguanido groups. The initial 
content of the allyl biguanido groups was reported to be 18% 
in hydrogel preparation. It is expected that the swelling ratio 

guanidino groups degrade during cross-linking. Since the 
NMR spectrum indicates that all ester bonds of Agm-PEGF 
were not hydrolyzed after the Agm-PEGF was dried from 
ddH20 by rotovaporation at 7 5° C., it may not be possible that 
Agm-PEGF degraded during cross-linking. Shin et a!. dem
onstrated the enhanced adhesion of marrow stromal osteo
blasts to hydrogels modified withArg-Gly-Asp (RGD) pep
tides fabricated through radical cross-linking by redox 

45 of agmatine-modified P(PF-co-EG) hydrogels will decrease 
of pH values in the vicinity of the pKa value of the guanidino 

50 
initiators of ascorbic acid and ammonium persulfate. The 
amount of the incorporated RGD peptide was not quantified. 
However, the peptide maintained its function after the cross
linking reaction. These results suggest that the cross-linking 
does not affect the chemical structure of guanidino group. 55 

Therefore, the reason for the insufficient incorporation may 
be due to the low cross-linking reactivity ofAgm-PEGF. Most 
ionic hydrogels reported previously are vinyl-based hydro
gels. The double bond of fumarate is thought to be less reac
tive than that of vinyl group because of the electroinductive 60 

effect of the carbonyl groups. In addition, P(PF-co-EG) is a 

group. 

Similarly, incorporation of up to 200 mg/g of initial Agm
PEGF did not significantly affect water diffusion into the 
hydrogel. Bajpai reported that the incorporation of small 
amount of maleic acid into poly(acrylamide) hydrogel 
resulted in the transition of the swelling mechanism from 
Fickian to non-Fickian diffusion, and that this transition was 
enhanced dose-dependently by the feed molar content of 
maleic acid. The diffusional exponent for P(PF-co-EG) 
hydro gels was about 0.66 and independent of the initialAgm
PEGF content, indicating that the water diffusion into the 
hydrogels appeared to follow non-Fickian diffusion. It is 
reported that ion-osmotic swelling pressure and chain relax
ation caused by electrostatic repulsion between adjacent ion-
ized groups are responsible for non-Fickian diffusion. Since 
even the urnnodified hydrogel did not appear to follow Fick-

block copolymer, and the cross-linkable fumarate unit exists 
in the hydrophobic portion of the copolymer. The cross-link
able fumarate of Agm-PEGF exists between PEG chains. 
Therefore, it is possible that the Agm-PEGF macromer's 
fumarate double bond may be sterically hindered the PPF 

65 ian diffusion, factors other than positive charges, such as a 
strong interaction of water with the copolymer PEG chain, 
may affect water transport. 
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In the DSC study described below, the guanidino groups 
affected the heat of fusion of the water existing in the hydro
gels. Since the heat affusion of pH 7.0 buffer alone was 335 
Jig, it is suggested that a portion of the diffusing water is not 
at a free state but instead bound to the PEG chain of the 
copolymer. The guanidino groups inhibit water from binding 
to the PEG chain in a dose-dependent manner. We also 
observed a decrease in the enthalpy of crystallization of the 
PEG with an increase in the initialAgm-PEGF content of the 
hydrogels. This result suggests that the guanidino groups 
inhibit the interaction of PEG chains. 

8 
Methods. Copolymer synthesis. Poly(propylene fumarate) 

(PPF) was synthesized as described in Shung, A. K.; Timmer, 
M. D.; Jo, S.; Engel, P. S.; Mikos, A. G. J. Biomater. Sci. 
Polym. Edn., which is incorporated herein in its entirety (18). 
Briefly, diethylfumarate was vigorously mixed with a 3-fold 
molar excess of propylene glycol at 160° C. in the presence of 
hydroquinone and zinc chloride. The reaction was performed 
under a nitrogen blanket. Transesterification of the interme-

10 diate fumaric diester was performed at 150° C. under a 
vacuum of 0.1 mmHg under vigorous stirring. Poly( ethylene 
glycol) of nominal molecular weight 600 was added to the 
reaction vessel under the same conditions to form the copoly-

The incorporation of guanidino groups into P(PF -co-EG) 
hydrogel significantly enhanced smooth muscle cell adhesion 15 

mer. The resulting copolymer was precipitated from methyl
ene chloride with 2-propanol. The copolymer was recovered 
with a separation furmel and dried under reduced pressure. 
The molecular weight of the purified copolymer was deter
mined by gel permeation chromatography (GPC) using poly-

in a dose dependent manner. This result suggests that the 
Agm-PEGF content is sufficient for cell adhesion. Smooth 
muscle cells were examined in this study because of the 
potential application of the modified hydrogel as an embolic 

20 styrene standards for a universal calibration curve as previ
ously described. (9) biomaterial. Fibronectin and vitronectin have been reported 

to enhance cell adhesion and spreading. Their isoelectric 
points are 5.6-6.1 and4.8-5.0, respectively, and they are nega
tively charged at physiological conditions. These proteins are 
thought to be adsorbed on the surface of the agmatine-modi
fied hydro gels, and may play an important role in cell adhe
sion to the surface. 

Poly(ethylene glycol)-tethered fumarate synthesis. One 
hundred grams of diethylfumarate (0.6 mol) were vigorously 
mixed with 350 g of poly(ethylene glycol) of nominal 

25 molecular weight 300 (PEG300) (1.2 mol) at 160° C. in the 
presence of0.4 g ofhydroquinone and 1.5 g of zinc chloride. 
The reaction was performed under nitrogen gas flow for 5 
hours. The resulting mixture was washed with a 5-fold vol-Agmatine is naturally synthesized from arginine by argin

ine decarboxylase and is metabolized via hydrolysis by 30 ume of 2-propanol/n-hexane (2:3). PEG-tethered fumarate 
(PEGF) was separated from the solvents with a separation 
funnel and dried under reduced pressure. The molecular 
weight of the PEGF was determined by GPC. 

agmatinase to putrecine and urea. Agmatine has been 
detected in various human tissues such as the brain, lung, 
stomach, and spleen, and is present at concentrations less than 
100 ng/ml in human serum. Agmatine also exhibits diverse 
biological effects through imidazolin binding sites and 
a2-adrenergic receptors at much higher concentrations. The 
function of agmatine at a physiological concentration is not 
fully understood. However, it has been reported that agmatine 
exerted no cytotoxic effects at a concentration of 1 mM, while 
the lethal dose in a rat experimental model was 1-10 mg/kg. 
(6) Agmatine has two functional groups: a guanidino group 
and a primary amino group. The pKa value of the guanidino 
group is 12.5, allowing for protonation, and thus possession 

Coupling of agmatine sulfate to poly(ethylene glycol)-
35 tethered fumarate. One hundred grams of the PEGF (0.1 mol) 

were dried by azeotropic distillation with 800 ml of toluene. 
Thirty three grams of succinic anhydride (0.3 mol) and 27 ml 
of anhydrous pyridine (0.3 mol) were dissolved into 700 ml of 

40 
anhydrous methylene chloride, and then added to the dried 
PEGF. The reaction mixture was refluxed at 60° C. for 24 
hours. The solvent was removed by rotovaporation and the 
residue was washed twice with diethyl ether. After dissolution 
into 220 ml of anhydrous methylene chloride/diethyl ether 

of a positive charge over a wide pH range. Moreover, the 45 

primary amino group has nucleophilicity and is useful for 

(3:5), the residue was kept at -15° C. for 1 hour to precipitate 
the unreacted succinic anhydride. After the removal of unre
acted succinic anhydride by filtration, the succinylated PEGF 
was obtained by evaporating the solvent. 

coupling reactions. 

Experimental Section 

Materials. Diethyl fumarate, propylene glycol, poly( ethyl
ene glycol) (PEG), succinic anhydride, anhydrous pyridine, 
anhydrous methylene chloride, N-hydroxysuccinimide, and 
dicyclohexylcarbodiimide were purchased from Aldrich 
(Milwaukee, Wis.). Hydroquinone was purchased fromAcros 
(Pittsburgh, Pa.). Zinc chloride, methylene chloride, 2-pro
panol, n-hexane, toluene, and diethyl ether were purchased 
from Fisher Scientific (Pittsburgh, Pa.). Agmatine sulfate, 
bromophenol blue, and ascorbic acid were purchased from 
Sigma (St. Louis, Mo.). A human aortic smooth muscle cell 
line (CRL-1999) was purchased from American Type Culture 
Collection (Manassas, Va.). Dulbecco's modified Eagle 
medium (DMEM), and phosphate buffered saline (PBS) were 
purchased from Gibco/Life technologies (Gaithersburg, 
Md.). Fetal bovine serum (FBS) was purchased from Gemini 
Bioproducts (Calabasas, Calif.). 

50 
Thirty grams of the succinylated PEGF (0.03 mol) and 9.6 

g ofN-hydroxysuccinimide (NHS) (0.08 mol) were dissolved 
into 500 ml of anhydrous methylene chloride. Seventeen 
grams of dicyclohexylcarbodiimide (DCC) (0.08 mol) were 
dissolved into 100 ml of anhydrous methylene chloride. The 

55 reaction was performed for 24 hours at room temperature 
under vigorous mixing. After the removal of precipitated 
dicyclohexyl urea by filtration, the crude product was 
obtained by rotovaporation. The succinylated PEGF activated 
with NHS (NHS-PEGF) was obtained after washing with 

60 ether. The product was further dried to remove any remaining 
ether. 

Five grams ofNHS-PEGF (5 mmol) were dissolved in 25 
ml ofN,N-dimethylformamide (DMF). After 2.2 g of agma-

65 tine sulfate (10 mmol) were dissolved in 50 ml of 0.1 N 
sodium bicarbonate buffer (pH 8.3), the former solution was 
added drop-wise to the latter solution in an ice bath and stirred 
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at room temperature for another 29 hours. The reaction mix
ture was diluted with 75 ml of deionized distilled water 
(ddH20) and the solution was transferred into a cellulose 
ester dialysis membrane (SpectroPro® MWCO 500, Spec
trum Laboratories, Rancho Dominguez, Calif.) and dialyzed 
by using ddH20 for 3 days at room temperature with periodic 
water changes. After dialysis, ddH20 was removed by 
rotovaporation at 75° C. PEGF modified with agmatine 
( Agm-PEGF) was obtained after drying under a reduced pres- 10 
sure. PEGF, succinylated PEGF, NHS-PEGF, and Agm
PEGF were characterized by a 1H-NMR spectrometer 
(Bruker AC 400 MHz Wide Bore NMR spectrometer). 

Hydrogel synthesis. Cross-linking was performed by a 
radical reaction using a redox initiator. In a typical experi- 15 

ment, 1 g of P(PF-co-EG) of number average molecular 
weight of 5300, various Agm-PEGF contents and 100 f.LL of! 
M ammonium persulfate were dissolved in 2 mL of ddH20. 
PEGF was added to the solution to adjust the total macromer 20 

content ofAgm-PEGF and PEGF to 200mg. Then 100 f.LL of 

10 
this experiment: sodium acetate buffer of pH 5.0, sodium 
phosphate buffers of pH 6.0 and pH 7.0, Tris-HCl buffers of 
pH 8.0 and pH 9.0. Sodium chloride was used to adjust the 
ionic strength to 0.1M. The swelling ratio was calculated 
using the following equation: 

Swelling ratio (%)~(wet weight)/(dry weight)x100 

Hydrogel degradation. Degradation of hydrogels was 
determined by the gravimetric method. Swollen 8.5 mm 
diameter hydro gels as described above. The hydro gels were 
then placed in 2 ml ofbufferofpH of5.0, 7.0 or 9.0 at 37° C. 
on a rotating shaker. The buffers were changed for all samples 
every 12 hours until the third day and every day thereafter to 
keep the pH relatively constant. The hydro gels were removed 
at 3 and 7 days, rinsed with deionized distilled water, and 
air-dried for 48 hours. The dry weight was measured and 
normalized with the initial dry weight. 

Differential scanning calorimetry. Differential scanning 
calorimetry (DSC) analysis was performed with a TA Instru
ments Model 2920 modulated differential scanning calorim
etry with a mechanical cooling accessory (Newcastle, Del.), 
as is known in the art. A dry hydrogel film ( 4 mm in diameter) 

1 M ascorbic acid was added to the solution. A film was 
fabricated by pouring the resulting solution between two 
glass plates separated by a 1 mm gap. Cross-linking was 
performed overnight at 37° C. The films were immersed in 
ddH20 overnight with periodic medium changes to remove 
the unreacted polymer and macromer. The swollen films were 
cut into disks of different diameters as described below for 
further analysis. 

25 was swollen in sodium phosphate buffer of pH 7 .0. The swol
len film (8 to 10 mg) was placed in an aluminum pan, sealed 
hermetically, and then cooled in liquid nitrogen for 1 minute. 
The pan was heated at so C./min from -60° C. to 50° C. The 

Characterization of Hydrogels 

Agmatine content measurement by bromophenol blue 
staining. A bromophenol blue (BPB) solution was made by 
dissolving 5 mg ofBPB into 45 ml of10mMTris-HCibuffer 
(pH 6.8). Hydrogels of 4 mm in diameter were swollen in 
ddH20. The hydrogels were stained in 2 ml of the BPB 
solution for 25 hours at 37° C. Excess BPB was removed by 

30 
enthalpy of PEG crystallization was determined from the 
exothermic peak area. Since endotherms from -20° C. to 15° 
C. result from the melting of water PEG crystals, the heat of 
fusion (llHf) of water was determined by subtracting the 
enthalpy of PEG crystallization from the integrated endother-

35 mic peak area. 

Water diffusion into hydrogels. Water swollen hydrogels 
(5.5 mm diameter) were dried as described above. A dried 
hydrogel was placed into sodium phosphate buffer of pH 7.0 

40 
and ionic strength of 0.1M at 25° C. The water uptake was 
followed by measuring the weight gain as a function of time 
at 0.5, 1, 2, 3, 4, 5 10, 20, 30, 60, 180 min after immersion. 
Water uptake at equilibrium was measured more than 24 

a rinse with 10 mM Tris-HCI buffer (pH 6.8) at room tem
perature. The stained hydrogel was placed into a 96 well 
polystyrene microplate. The absorbance of BPB was mea
sured at 590 and 700 nm by PowerWaveX340 microplate 
scanning spectrophotometer (BIO-TEK®Instruments 
Winooski, Vt.) with KCjunior™ analytical software. Since 45 

BPB has a strong absorbance at 590 nm and no absorbance at 
700 nm, a background was corrected by subtracting the absor
bance at 700 nm from the absorbance at 590 nm. Hydrogels 
treated with 10 mM Tris-HCl (pH 6.8) without BPB were 
used as controls. For a quantitative analysis, a calibration 
curve was obtained by measuring the absorbance of standard 
BPB solutions, prepared by dissolving various amounts of 
BPB into 10 mM Tris-HCI buffer (pH 6.8). Twenty eight 
microliters of these BPB solution were placed onto a 96-well 55 
microplate to give a volume with the same thickness as swol
len hydrogels, approximately 1 mm, in a well. Agm-PEGF 
content in the hydrogels was calculated from the absorbance 
data, the dry weights ofhydrogels, and the molecular weights 
ofBPB andAgm-PEGF (691.95 and 1068, respectively). 

hours after immersion. The following equation was used to 
characterize the diffusion process of P(PF -co-EG) hydrogel 
films. 

(1) 

50 
In this equation, M, and M= correspond to the water uptake at 
time t and at equilibrium, respectively. The constant k is 
related to the structure of hydro gels and n is a diffusional 
exponent determined from the slope of the linear regression 

60 

Swelling ratio measurement. Water swollen hydrogels ( 4 
mm in diameter) were air-dried for 48 hours, and then the 
hydrogel dry weight was measured. The weight of the swollen 
hydrogels was measured after swelling the dry films in buff- 65 

ers of various pH of which ionic strength was 0.1M at 25° C. 
for more than 24 hours. The following buffers were used for 

ofln(M/M=) vs. ln(t). 
Smooth muscle cell attachment. Smooth muscle cells were 

culturedinDMEM in the presence of10% FBS at 37° C. in a 
humidified 5% C02 atmosphere. Ascorbic acid was added to 
the medium at a concentration of 50 flg/mL. Cells of passage 
3 were used in the adhesion study. 

Hydrogel disks of 20 mm in diameter were sterilized with 
dehydrated ethanol in a 12 well microplate for more than 12 
hours. Each disk was immersed in 2 ml of PBS in a 12 well 
tissue culture dish overnight to remove the ethanol. After 
rinsing the disk twice with 2 ml of PBS, a stainless steel ring 
(2.2 mm outside diameter, 1.6 mm inside diameter, 1.6 mm 
height) was placed on the top of the disk to prevent the disk 
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from floating. Smooth muscle cells were suspended in 
DMEM in the presence of 10% FBS. One mililiter of the cell 
suspension was placed onto each disk and kept at 3 7° C. for 20 

12 

h under static conditions. The initial seeding density was 
7.0x103 cells/cm2 .After 20 h, the medium was removed, and 5 

the disk was rinsed twice with 2 mL of serum-free DMEM. 

succinate attached to agmatine at 2.5 ppm and 2.6 ppm, while 
the methylene proton peak of agmatine attached to the suc
cinimidyl ester appears at 3.1-3.2 ppm. The coupling yield of 
agmatine to NHS-PEGF was determined to be about 100% by 
NMR. Peaks at 1.6-1.8 ppm and 2.9-3.0 ppm indicated unre
acted agmatine. 

Adhered cells were lifted from the disk with 0.05% trypsin in 
DMEM, and the lifted cells were suspended in 0.1 mL of 
DMEM containing 10% FBS. The number of adhered cells 10 
was counted with a Multisizer™3 Coulter Counter (Beck
man). 

Hydrogel Staining with BPB. 
Hydrogels with and without agmatine were stained by 

bromophenol blue (BPB). The variation of BPB adsorption 
onto P(PF-co-EG) hydrogels varied with the initial Agm
PEGF content as shown in FIG. 2. The hydro gels were treated 
with Tris-HCl buffer in the presence (e) and absence (0) of 
BPB for 25 hours at 37° C. The absorbance of the adsorbed 

Statistics. Statistical analysis was performed with Stu
dent's unpaired t-test with a 95% confidence interval 
(P<0.05). Three repetitions were performed for all experi- 15 BPB was measured at 590 nm (A590) and corrected for back

ground absorbance by subtracting the absorbance at 700 m 
(A700). Error bars correspond to means±SD for n=3. The 
absorbance of the adsorbed BPB increased with the amount 
of Agm-PEGF. Hydrogels without staining did not have 

ments. The data are reported as means±standard deviation 
(SD). 

Results 
Molecular weights of PEG 300, PEG-tethered fumarate 

(PEGF), succinylated PEGF, and the succinimidyl ester of 
succinylated PEGF produced using the techniques described 
above are given in Table 1. All data were obtained by GPC. 

20 absorbance at 590 nm, even though they incorporated agma
tine. The amount of agmatine incorporated in hydro gels was 
determined to be less than 0.4% by using a calibration curve 
for the range of initial Agm-PEGF contents examined, as set 
out in Table 2. 

TABLE2 

Agm-PEGF content ofP(PF-co-EG) hydrogel determined by BPB staining method. 

IntialAgm-PEGF content (mgigl 0 40 80 120 
0.25 

160 
0.50 

200 
0.77 ActnalAgm-PEGF content" (mgigl 0.00 0.04 0.13 

a determined by BPB staining method 
bweight ratio of Agm-PEGF to P(PF-co-EG) 

Number average molecular weight (Mn) and weight average 35 

molecular weight (Mw) were based on polystyrene standards 
in chloroform. 

Swelling Behavior. 

FIG. 3 illustrates the effect of pH on the weight swelling 
ratio of P(PF-co-EG) hydrogels as a function of the initial 
Agm-PEGF content. Error bars correspond to means±SD for 

TABLE 1 n=3. The swelling ratio slightly increased with the initial 
-----------------------

40 Agm-PEGF content at every pH. However, the swelling ratio 
did not vary significantly with the pH. 

PEG 300 
PEG-Tethered Fumarate 
Succinylated PEGF 
Succinimidyl Ester ofPEGF 

600 
1300 
1500 
1900 

600 
1700 
2000 
2400 

Quantitative analysis of the NMR spectrum showed that 
98% of the two carboxyl groups of the fumarate were esteri
fied with PEG300. GPC measurements showed that the num
ber average molecular weights (Mn) of PEGF and PEG300 
were 1300 and 600, respectively. 

An 1 H-NMR spectrum of PEGF after succiny lation, and in 
particular proton peaks at 4.2 ppm and 2.6 ppm, indicated the 
methylene group ofPEGF attached to succinic anhydride and 
the methylene group of succinate, respectively. The calcu
lated conversion yield of the esterification was 90%. The 
number average molecular weight of succinylated PEGF was 
determined to be 1500 by GPC. The NMR spectrum indicates 
that the reaction product contains free succinic anhydride and 
residual pyridine, which were identified at 2.8 ppm and 7.3-
8.6 ppm, respectively. The number average molecular weight 
of the succinimidyl ester of the succinylated PEGF deter
mined by GPC was 1900. 

NMR spectra of the succinylated PEGF, the Agm-PEGF, 
and agmatine in D2 0 indicated methylene proton peaks of the 

FIG. 4 shows the effect of pH on the degradation of the 
hydrogels with the initial Agm-PEGF contents ofO and 200 

45 
mg/g and specifically the variation of the remaining mass of 
P(PF-co-EG) hydrogels at various pH versus the incubation 
time. The hydrogels with initial Agm-PEGF contents of 0 
mg/g (O,ll,D) and200mg/g (e,T,•) were placed in buffers 
at pH 5.0 (O,e), 7.0 (ll,T), and 9.0 (D,.). Error bars cor-

50 respond to means±SD for n=3. The normalized remaining 
mass decreased with time, and a decrease in the remaining 
mass was larger at pH 9.0 than at pH 5.0 and 7.0. 

FIG. 5 shows DSC thermograms of P(PF-co-EG) hydro
gels withinitialAgm-PEGF contents ofOmg/g (A), 100 mg/g 

55 (B), and 200 mg/g (C) swollen in sodium phosphate buffer of 
pH 7.0 and heated from -60 to 50° C. at so C./min. The 
thermogram of the buffer alone is also shown (D). The exo
therm corresponds to crystallization of PEG. The endotherm 
corresponds to melting of water and PEG crystals. The exo-

60 thermic peak resulting from cold crystallization of PEG was 
observed on the thermogram of the hydrogel. 

The enthalpy of crystallization decreased with the initial 
Agm-PEGF content, as shown by the results in Table 3. The 
heat of fusion of water was significantly higher for hydro gels 

65 with an initial Agm-PEGF content of 200 mg/g compared to 
hydrogels withoutAgm-PEGF. The heat of fusion of pH 7.0 
buffer alone was 335 Jig. 
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TABLE3 

Variation of heat affusion of water, enthalpy of crystallization, and diffusional exponent 
of water (from equation 1) ofP(PF-co-EG) hydrogels with the initialAgm-PEGF content 

means + SD for n = 3 . 

InitialAgm-PEGF Heat affusion of Enthalpy of crystallization of Diffusional 
content" (mg/g) water (Jig) PEG (Jig) exponent 

0 214 ± 11 56± 3 0.66 ± 0.08 
100 240 ±4 30 ± 10 0.71 ± 0.07 
200 254 ±4 4±8 0.60 ± 0.05 

aweigh! ratio of Agm-PEGF to P(PF-co-EG) 

15 2. Mori, Y.; Nagaoka, S.; Kikuchi, T.; Tanzawa, H. J. Biomed. FIG. 6 shows the kinetics of water sorption into P(PF-co
EG) hydrogels with initial Agm-PEGF contents of 0 mg/g 
(0), 100 mg/g (ll) and 200 mg/g (D). Linear plot for the 
overall timecourse (FIG. 6A) and double logarithmic plot for 
the early phase (FIG. 6B) are shown. The timecourse gravim
etry was performed in triplicate, and a typical example is 20 

shown for each case. The water diffusion was biphasic (FIG. 
6A). In order to analyze the diffusion process in the early 
phase (0-4 min), where the ratio ofM/M= was lower than 0.6, 
ln(M/M=) was plotted against ln(t) (FIG. 6B). The slope of 
the linear regression gave the diffusional exponent, n. The 
diffusional exponents were not significantly different among 
hydrogels with various initial Agm-PEGF contents (Table 3, 
above). They were higher than 0.5, independent of the Agm
PEGF content. 

Mater. Res. 1982, 16, 209-218. 
3. Augusta, S.; Gruber, H. F.; Streichsbier, F. J. Appl. Polym. 

Sci. 1994,53, 1149-1163. 
4. Lemieux, P.; Vinogradov, S. V.; Gebhart, C. L.; Guerin, N.; 

Paradis, G.; Nguyen, H. K.; Ochietti, B.; Suzdaltseva, Y. 
G.; Bartakova, E. V.; Bronich, T. K.; St-Pierre, Y.;Alakhov, 
V. Y.; Kabanov, A. V. J. Drug. Target. 2000, 8, 91-105. 

5. Godbey, W. T.; Wu, K. K.; Mikos, A. G. J. Control. Release. 
1999, 60, 149-160. 

25 6. Raasch, W.; Schafer, U.; Chun, J.; Dominiak, P. Br. J. 

Smooth Muscle Cell Adhesion. 
30 

FIG. 7 shows the variation of vascular smooth muscle cell 
adhesion on P(PF-co-EG) hydrogels with the initial Agm
PEGF content. The assay was performed in DMEM in the 
presence of 10% fetal bovine serum. The data were normal-

35 
ized with the initial seeding density. Error bars correspond to 
means±SD for n=3. The number of cells adhered to the hydro
gels increased dose-dependently as the initial Agm-PEGF 
content increased up to 200 mg/g. The number of cells that 
adhered when the initial Agm-PEGF content was 200 mg/g 

40 
was five times greater than the number that adhered in the 
absence oftheAgm-PEGF. 

As set out herein, a hydrogel having improved cell adhe
sion properties can be fabricated by crosslinking a copolymer 
of poly(propylene fumarate) and polyethylene glycol with 45 
agmatine. Hydrogels fabricated in this manner are particu
larly useful for regenerative medicine, drug delivery, and cell 
culture. 

While preferred embodiments have been disclosed herein, 
it will be understood that the methods and compositions dis- 50 
cussed herein can be varied without departing from the scope 
of the present invention. For example, hydrogels can be fab
ricated by crosslinking oligo(poly( ethylene glycol) fumarate) 
with agmatine. It will further be understood that the sequen
tial recitation of steps in the claims is not intended to be a 55 
requirement that the steps be provided sequentially, or that 
any particular step be completed before commencement of 
another step. 

All references cited herein are incorporated herein in their 
entireties, except that to the extent that definitions provided 60 

therein diverge from definitions provided in the present dis
closure they are not adopted. 
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a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl
ene glycol units; and 

a second terminal group affixed to said second spacer 
group, 

wherein said first and second terminal groups are selected 
from the group consisting of proteins, peptide 
sequences, and agmatine. 
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What is claimed is: 
1. A cross-linkable monomer consisting of: 
a single fumaric acid moiety having a first end and a second 

end; 
a first spacer group affixed to said first end, wherein said 25 

first spacer group consists of one or more ethylene gly
col units; 

a first terminal group affixed to said first spacer group; 
a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl- 30 

ene glycol units; and 
a second terminal group affixed to said second spacer 

group, 

a single fumaric acid moiety having a first end and a second 
end; 

a first spacer group affixed to said first end, wherein said 
first spacer group consists of one or more ethylene gly
col units; 

a first terminal group affixed to said first spacer group; 
a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl
ene glycol units; and 

a second terminal group affixed to said second spacer 
group, 

wherein said first and second terminal groups are selected 
from the group consisting of proteins, peptide 
sequences, and agmatine. 

11. The hydro gel of claim 10 wherein said unsaturated 
macromer comprises poly(propylene fumarate-co-ethylene 
glycol) and said cross-linkable monomer comprises PEG-
tethered fumarate (PEGF) modified with agmatine. 

12. The hydro gel of claim 10 wherein said unsaturated 
macromer comprises poly(propylene fumarate-co-ethylene 
glycol), poly(propylene fumarate-co-propylene glycol), oli
go(propylene fumarate-co-ethylene glycol), oligo(propylene 
fumarate-co-propylene glycol), oligo(poly( ethylene glycol) wherein said first and second terminal groups are selected 

from the group consisting of proteins, peptide 
sequences, and agmatine. 

35 fumarate), oligo(poly(propylene glycol) fumarate), or com
binations thereof. 

2. The cross-linkable monomer according to claim 1 
wherein said first and second spacer groups are the same 
length. 

40 
3. The cross-linkable monomer according to claim 1 

wherein said first spacer group and second spacer group are 
different lengths. 

4. The cross-linkable monomer according to claim 1 
wherein said first and second spacer groups each comprises at 

45 
least three ethylene glycol units. 

5. The cross-linkable monomer according to claim 1 
wherein at least one of said first terminal group and said 
second terminal group is positively charged. 

6. The cross-linkable monomer of claim 1 wherein said 50 
first terminal group comprises agmatine and said second ter
minal group is positively charged. 

7. The cross-linkable monomer according to claim 1 
wherein said first terminal group comprises agmatine and 
said second terminal group comprises peptide sequences, 55 
proteins, or combinations thereof. 

8. The cross-linkable monomer according to claim 1 
wherein said first terminal group and said second terminal 
group comprise agmatine. 

9. A hydrogel formed by cross-linking a cross-linkable 60 
monomer, said cross-linkable monomer consisting of: 

a single fumaric acid moiety having a first end and a second 
end; 

a first spacer group affixed to said first end, wherein said 
first spacer group consists of one or more ethylene gly- 65 

col units; 
a first terminal group affixed to said first spacer group; 

13. A cross-linkable monomer consisting of: 
a single fumaric acid moiety having a first end and a second 

end; 
a first spacer group affixed to said first end, wherein said 

first spacer group consists of one or more ethylene gly
col units; 

a first terminal group affixed to said first spacer group; 
a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl
ene glycol units; and 

a second terminal group affixed to said second spacer 
group, wherein said first and second terminal groups 
each comprise a guanidino group. 

14. The cross-linkable monomer of claim 13 wherein said 
first and second terminal groups each comprise agmatine. 

15. The cross-linkable monomer of claim 13 wherein said 
first terminal group and said second terminal group each 
comprises an amino group. 

16. A cross-linkable monomer consisting of: 
a single fumaric acid moiety having a first end and a second 

end; 
a first spacer group affixed to said first end, wherein said 

first spacer group consists of one or more ethylene gly
col units; 

a first terminal group affixed to said first spacer group; 
a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl
ene glycol units; and 

a second terminal group affixed to said second spacer 
group, 
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wherein said first terminal group comprises agmatine and 
said second terminal group comprises acrylate or methacry
late. 

17. A hydrogel formed by crosslinking a cross-linkable 
monomer, said cross-linkable monomer consisting of: 

a single fumaric acid moiety having a first end and a second 
end; 

a first spacer group affixed to said first end, wherein said 
first spacer group consists of one or more ethylene gly
col units; 

18 
a first terminal group affixed to said first spacer group; 
a second spacer group affixed to said second end, wherein 

said second spacer group consists of one or more ethyl
ene glycol units; and 

a second terminal group affixed to said second spacer 
group, 

wherein said first terminal group is agmatine and said 
second terminal group is acrylate or methacrylate. 

* * * * * 
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