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Polymer hydrogels have been extensively investigated as materi-
als useful for drug delivery, tissue repair, and tissue engineering.1-3

With increasing frequency, polymer hydrogels are being designed
for in situ gelation from a liquid precursor, allowing minimally
invasive administration via syringe and needle.4-9 Although
solidification of such materials can be triggered by a variety of
chemical and physical mechanisms,10 from the biological perspec-
tive it is particularly attractive to utilize protein cross-linking
enzymes, such as transglutaminase (TGase). TGase catalyzes an
acyl-transfer reaction between theγ-carboxamide group of protein-
bound glutaminyl residues and theε-amino group of Lys residues,
resulting in the formation ofε-(γ-glutamyl)lysine isopeptide side-
chain bridges.11 Although several biological fluids are known to
undergo rapid TGase-catalyzed hydrogel formation,12,13 previous
attempts to use TGase to catalyze gelation of peptide modified
synthetic polymers have resulted in slowly gelling systems.14-16

In this paper, we describe the rational design of short peptide
substrates of TGase, their conjugation with a biocompatible
polymer, and gelation of the polymer-peptide conjugates within the
few minutes desired for many medical applications. Furthermore,
we report for the first time the incorporation ofL-3,4-dihydroxy-
lphenylalanine (DOPA), an adhesive amino acid found in marine
mussel proteins,17 into synthetic polymer hydrogels by TGase
enzyme.

The Lys and Gln substrate peptides investigated in this study
(Table 1) were designed to possess basic features of known
biomacromolecular and synthetic peptide substrates of TGase. The
Gln substrate peptides contained 2-5 contiguous Gln residues,
based on evidence that peptides become better TGase substrates
with increasing length of Gln repeats,18,19 and that proteins
containing two or more adjacent Gln residues are known to be good
substrates.20,21 A Leu residue was placed adjacent to the Gln near
the C-terminus in several peptides, because this has been shown to
result in a significant increase in Gln specificity.22 Regarding the
Lys substrate peptides, it has been shown that the composition and
sequence of the amino acids adjacent to lysine residues in peptide
and protein substrates can have an effect on the amine specific-
ity.23,24 For example, previous model peptide studies showed a
significant increase in specificity when the residue adjacent to the
Lys on the N-terminal side was changed from Gly to a more
hydrophobic residue (Leu).25 Hence, several of the peptides
investigated in this study contained hydrophobic residues (Leu or
Phe) in this position. The effect of DOPA incorporation, either
immediately adjacent to or separated from Lys by a Leu/Phe, was
also investigated. Finally, in all peptides a Gly residue was added
on the C-terminal side to act as a spacer between the peptide and
the polymer in the peptide-PEG conjugates, so that the peptide in
the conjugate may be more accessible to enzyme.

The peptides were assayed as TGase substrates by monitoring
the rate of the cross-linking reaction with a known dansyl labeled
substrate. The use of fluorescently labeled compounds and RP-

HPLC analysis with the aid of LC-ESI/MS allowed for identification
of products and comparison of the kinetic constants of the candidate
peptides (see Supporting Information). The specificity (kcat/Km,app)
values determined under identical experimental conditions reflect
the relative specificity of the enzyme toward the substrates; peptides
with higher specificities are better substrates for TGase enzyme,
and therefore the enzyme-catalyzed cross-linking reaction of that
peptide will proceed more rapidly.

Under the conditions of our experiments, the specificities of the
Lys peptides varied by several orders of magnitude, whereas the
specificities of the Gln peptides varied only modestly (Table 1).
The acetylated dipeptide Ac-KG-NH2 had a specificity of 10.6
(min-1 mM-1) for TGase. Addition of a hydrophobic residue (F or
L) to the N-terminus of the dipeptide resulted in an approximately
5-fold increase in specificity, and acetylation of the N-terminus of
the F/LKG-NH2 tripeptide further increased the specificity ca. 10-
fold.

Incorporation of a DOPA residue directly preceding the Lys
residue of the peptide KG-NH2 caused the side-chain primary amine
of the Lys to entirely lose its ability to serve as an acyl acceptor.
However, addition of an N-terminal DOPA residue to the tripeptides
Ac-F/LKG-NH2 resulted in ca. 2.4-fold increases in specificity.
Remarkably, the specificities of tetrapeptides DOPA-F/LKG-NH2

were enhanced ca. 100-fold as compared to the dipeptide Ac-KG-
NH2. To our knowledge, this is the first successful demonstration
of DOPA incorporation into TGase substrates.

More subtle differences were noted in the specificities of the
Gln-containing peptides, with all three designed Gln peptides
exhibiting good substrate properties. It is interesting to note that
the specificities of short peptides Ac-GQQQLG-NH2 and DOPA-
GQQQLG-NH2 compared favorably to the specificity of NH2-
GQLKHLEQQEG-NH2, a peptide derived from the repeat motif
found in the keratinocyte protein involucrin, which is known to be
an excellent substrate for TGase.20

On the basis of their high specificities, DOPA-FKG and Ac-
GQQQLG were selected and separately coupled to PEG to form
PEG-peptide conjugates1 and2 shown in Scheme 1 (for details of

Table 1. Peptide Sequences and Their Substrate Specificity
toward Tissue TGase

peptide sequence kcat/Km,app
a

Ac-KG-NH2 10.6
FKG-NH2 61.6
LKG-NH2 48.4
DOPA-KG-NH2

Ac-FKG-NH2 560
Ac-LKG-NH2 482
DOPA-FKG-NH2 1324
DOPA-LKG-NH2 1179
Ac-GQQQLG-NH2 34.1
DOPA-GQQQLG-NH2 47.9
NH2-GQLKHLEQQEG-NH2 47.3

a min-1 mM-1. For details, see Supporting Information.
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the synthesis, see Supporting Information). The PEG-peptide
conjugates were analyzed and purified by RP-HPLC, and their
structures were confirmed by MALDI TOF-MS analysis.

In the presence of TGase, an aqueous fluid containing equimolar
amounts of PEG-peptide conjugates1 and 2 formed a hydrogel
within minutes under physiologic conditions. Rheological studies
indicated that the hydrogel formed in less than 2 min, as indicated
by the crossover of the storage (G′) and loss (G′′) moduli in the
gelation experiment (Figure 1).26 The elastic nature of the cross-
linked gel was demonstrated by constant values ofG′ obtained over
several decades of frequency in an oscillatory frequency sweep
experiment, and the resulting hydrogel was found to be highly
elastic, as indicated by constant values ofG′ at up to 100% strain
during a strain sweep experiment (see Supporting Information).
Formulations in which1 was replaced with PEG end-functionalized
with single Lys residues (Lys-PEG-Lys) did not form gels under
identical conditions (data not shown), demonstrating the low
reactivity of a single Lys residue, and emphasizing the importance
of identifying Lys and Gln peptides with high TGase reactivity.

The conjugated peptides clearly retained their TGase substrate
characteristics after coupling to PEG, as evidenced by the rapid
gelation time observed. This finding is consistent with the results
of several other studies, in which TGase peptides were shown to
retain activity after conjugation to PEG.14-16,27In the present case,
if we assume that only one Gln residue in each of the four Ac-
GQQQLG peptides in2 is reactive (LC-MS showed this to be the
case), theoretical calculations show that a fractional peptide
conversion of only 0.33 is necessary for network formation to
occur.15 Thus, the multifunctionality of the PEG-peptide conjugates
facilitates rapid gel network formation.

The gelation time demonstrated here approaches that desired for
tissue engineering and surgical adhesive applications, and the

presence of DOPA suggests that these new hydrogel materials may
prove useful in applications where adhesion to tissues is paramount.
Although the enzyme concentration necessary for rapid hydrogel
formation was considerably higher than that for TG-induced cross-
linking of free peptide, this may be explained in part by the effect
of gel network formation on the mobility of TGase enzyme. During
incipient network formation resulting from partial cross-linking of
the PEG-peptide conjugates, the solution viscosity rapidly increases
while the mobility of the enzyme rapidly decreases. Higher enzyme
concentration is therefore necessary to ensure sufficient enzyme is
available to the cross-linking sites during the later stages of gelation,
when enzyme mobility is increasingly restricted.
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Figure 1. Oscillatory rheology of a solution containing1, 2, and TGase.
The arrow indicates the time at which the gel point was reached.

Scheme 1. Structures of PEG-Peptide Conjugates 1 and 2
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