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Environmentally responsive hydrogels formed by peptide
self-assembly lead to materials with defined structure and
utility for a wide range of biomedical applications.[1] The
formation of structurally defined materials through the
complexation of metal ions by peptides has been of particular
interest. In nature, interactions of metals with histidine,
methionine, cysteine, aspartic acid, and glutamic acid residues
are utilized to induce conformational changes in proteins to
drive diverse biological reactions and to form supramolecular
structures.[2] Peptides have been developed to take advantage
of these naturally occurring ligands to enhance structural
stability and promote self-assembly on binding to a variety of
metal cations.[3] Additionally, non-natural metal-ligating res-
idues have been synthesized to serve as triggers for higher-
order assembly.[4]

Zinc is an essential cofactor in transcription factors and
enzymes involved in cell replication, protein synthesis, and
extracellular remodeling.[5, 6] In wound repair, zinc promotes
matrix metalloproteinase debridement and keratinocyte
migration at the site of damaged tissue.[6,7] Topical admin-
istration of zinc results in the enhanced healing of both acute
and chronic wounds.[8] In addition, zinc can inhibit the growth
of several bacterial species, and thus can help to prevent
infection in wound beds.[9] Therefore, the development of
biomaterials incorporating zinc would be beneficial as wound
dressings that help augment the healing process and lower the
risk of infection.

Herein, we report the design of a metal-responsive
peptide-based hydrogelation system, in which material for-
mation is triggered by zinc binding (Figure 1 a). In aqueous
solution and in the absence of metal ions, the peptide is
unfolded and soluble. The addition of Zn2+ ions results in
chelation of the metal to a non-natural ligand on the peptide,
which in turn triggers peptide folding and subsequent self-
assembly into a b-sheet-rich fibrillar hydrogel. The peptide,
designated ZnBHP (zinc-binding hairpin peptide, Figure 1b),

is a 20-residue b-hairpin peptide[10] composed of two amphi-
philic b strands that have alternating hydrophilic lysine and
hydrophobic valine and isoleucine residues. The strands are
connected by a type II’ b turn (-VDPPT-), which contains four
residues. To confer metal responsiveness to the peptide, a
negatively charged unnatural metal-binding amino acid,
3-amidoethoxyaminodiacetoxy-2-aminopropionic acid (1,
Figure 1c) was placed at the C terminus at position 20.[4] In
the apo state (no zinc), this residue is designed to inhibit
peptide folding by significantly raising the energy barrier that
must be overcome to initiate folding. For peptide folding to
occur in the absence of metal, the negatively charged side
chain (2�) of residue 1 would need to be desolvated and
incorporated within the hydrophobic environment of the
folded state, an energetically costly proposition. However, 1 is
a strong chelator of divalent metal ions that form electro-
neutral multivalent complexes. As will be shown, when
residue 1 binds Zn2+ ions, its side chain becomes neutral,
the energy barrier en route to the folded state is decreased,
and b-hairpin formation is enabled. Once folded, ZnBHP is
designed to fold and self-assemble into a b-sheet-rich network
of fibrils, in which each fibril is composed of a bilayer of
folded hairpins that is hydrogen-bonded along the fibril long
axis (Figure 1). A control peptide with a valine at position 20
was also prepared to investigate the ability of residue 1 to
prevent folding of ZnBHP in its apo state (Figure 1b).

Circular dichroism (CD) spectroscopy was used to follow
the folding and subsequent self-assembly of ZnBHP and the
control peptide at pH 7.4 (50 mm bis-tris propane (BTP),
50 mm NaCl) and 30 8C. Figure 2a shows CD spectra of
0.5 wt % ZnBHP and the control peptide under apo con-
ditions. As expected, under these conditions ZnBHP adopts a
random-coil conformation, which is caused by the net

Figure 1. a) Proposed mechanism of metal-triggered folding and self-
assembly of ZnBHP. b) Primary sequences of ZnBHP and the control
peptide. c) Structure of the non-natural amino acid 1 (3-amidoethox-
yaminodiacetoxy-2-aminopropionic acid).
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negative charge of 1. The control peptide is capable of folding
and shows a spectrum characteristic of a b-sheet structure
with a minimum at 216 nm. This result demonstrates that the
metal-free residue 1 is capable of keeping the peptide in its
unfolded state. When ZnCl2 is added to the peptide solution,
the evolution of the b-sheet structure commences (Fig-
ure 2b). As more Zn2+ ions are added, the signal intensity
at 216 nm increases until a maximal b-sheet signal is reached
at a stoichiometry of 1 equivalent of Zn2+ ions. Further
addition of Zn2+ ions does not influence the observed CD
signal. This observation supports the existence of a 1:1 metal/
peptide stoichiometry, as was intended by the peptide design.
FTIR spectroscopy also showed b-sheet evolution as a
consequence of zinc binding (see the Supporting Informa-
tion). Zinc chelation and the 1:1 binding stoichiometry of
ZnBHP was confirmed by ESI mass spectrometry (m/z : calcd
for [M + 2H + Zn]2+: 1276.4, found: 1276.7; see the Support-
ing Information). Taken together, this data is consistent with
zinc-triggered folding and self-assembly of ZnBHP.

A representative selection of other metal ions (2 +

charge) was also investigated by using CD spectroscopy to
probe the selectivity of metal binding. Figure 2c shows CD
spectra of ZnBHP with 1 equivalent of Ca2+ ions, Cu2+ ions,
and Hg2+ ions. All metals were introduced as their chloride
salts. The samples containing Ca2+ ions and Cu2+ ions showed
spectra that were consistent with a random coil conformation.
The addition of Hg2+ ions led to precipitation of the peptide
and attenuation of the CD signal. Of the four metals, Zn2+

ions were the only metal ions capable of initiating folding,
self-assembly, and ultimate gelation of ZnBHP; the basis of
this selectivity is not entirely apparent. Chelation studies of

amino polycarboxylate ligands, such as N-methoxyethyl-
iminodiacetic acid, show a clear preference of the chelating
ligands for Zn2+ ions over either Ca2+ or Hg2+ ions.[11]

However, residue 1 with up to at least 5 possible ligating
atoms should accommodate the known four- and five-
coordinate binding geometries of Cu2+ ions.[12] Therefore,
additional factors that include Lewis acidity and ionic radius
may be contributing to selectivity.

Material properties of the resulting ZnBHP–Zn2+ hydro-
gel were characterized using oscillatory sheer rheology.
Figure 3a shows a dynamic time sweep experiment that
monitors the evolution of the storage modulus (G’) after
hydrogelation has been triggered in the presence of 1 equiv-

alent of Zn2+ ions. A G’ of (157� 43) Pa was realized after
2 hours at 30 8C. For these gels, G’ is one order of magnitude
larger than the loss modulus (G“), thus being indicative of a
moderately rigid viscoelastic material. Frequency and strain
sweep experiments were also performed (see the Supporting
Information). In the frequency sweep, G’ and G’’ show a
gradual slope upwards with increasing frequency. This
behavior is observed for soft cross-linked elastomers as
opposed to viscoelastic liquids and is consistent with the
moderately rigid character of the peptide gel.[13] The strain
sweep data show that ZnBHP–Zn2+ hydrogels have a yielding
strain of approximately 80 %. The control peptide has a G’ of
(86� 9) Pa (see the Supporting Information), which is slightly
less than the metal-binding peptide in the presence of zinc. A
representative bulk ZnBHP–Zn2+ hydrogel is shown in
Figure 3b; the gel is optically clear and self-supporting,
whereas the apo sample remains a freely flowing liquid.

The local morphology of the ZnBHP hydrogel network
was examined using TEM (Figure 4). The gel is composed of
fibrils with widths of approximately 3 nm, a distance that is
consistent with the length of a folded ZnBHP hairpin in the
self-assembled state (Figure 1). The fibrils are entangled, thus
forming physical cross-links that presumably contribute to the
mechanical properties of the hydrogel. Higher-order self-
assembly is also observed in the form of fibrillar lamination,
where fibrils can be seen to stack next to each other or gently
twisting around each other.

Figure 2. CD spectra of peptides in pH 7.4 buffer (50 mm BTP) with
50 mm NaCl at 30 8C: a) 0.5 wt% apo ZnBHP (~) and control peptide
(&). b) 0.5 wt% ZnBHP in the presence of 0 equiv (~), 0.25 equiv (*),
0.5 equiv (&), 1.0 equiv (^), and 2.0 equiv (~) of ZnCl2. c) 0.5 wt%
ZnBHP apo (~) and with 1.0 equiv of Zn2+ ions (^), Ca2+ ions (*),
Cu2+ ions(&), and Hg2+ ions(~).

Figure 3. a) Oscillatory rheological dynamic time sweep of 0.5 wt %
ZnBHP in pH 7.4 buffer (50 mm BTP) with 50 mm NaCl at 30 8C.
G’ (&) and G’’ (&) are the storage modulus and loss modulus,
respectively. b) Image of 0.5 wt% ZnBHP bulk samples in pH 7.4
buffer (50 mm BTP) with 50 mm NaCl at 30 8C in the presence and
absence of 1.0 equivalent of ZnCl2.
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In summary, we describe a selective, zinc-induced for-
mation of a peptide hydrogel by triggered amphiphilic
b-hairpin folding and subsequent self-assembly. Peptide
folding is possible through the chelation of a divalent zinc
ion to the negatively charged unnatural amino acid 1. This
binding lowers the activation energy of folding and ultimately
permits gelation by self-assembly of folded ZnBHP. CD and
FTIR spectroscopy, as well as mass spectrometry, confirm that
the peptide binds Zn2+ ions with a 1:1 metal/peptide
stoichiometry. Rheology and TEM demonstrate that
ZnBHP forms a moderately rigid, fibrillar hydrogel in the
presence of Zn2+ ions. Interestingly, the amount of zinc
present in the hydrogel network is controlled by the amount
of self-assembling peptide used to form the hydrogel. Thus, a
precise and controllable concentration of Zn2+ ions is
deliverable to a wound bed to promote healing and decrease
the potential for bacterial infection. Further investigations as
to the potential application of this gel are underway.
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Figure 4. TEM image of 0.5 wt% ZnBHP in pH 7.4 buffer (50 mm BTP,
50 mm NaCl) with 1.0 equivalent of ZnCl2.
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