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ABSTRACT: The integration of a tripeptide derivative,
which is a versatile self-assembly motif, with a ruthenium-
(I)tris(bipyridine) complex affords the first supramolec-
ular metallo-hydrogelator that not only self assembles in
water to form a hydrogel but also exhibits gel—sol
transition upon oxidation of the metal center. Surprisingly,
the incorporation of the metal complex in the hydrogelator
results in the nanofibers, formed by the self-assembly of
the hydrogelator in water, to have the width of a single
molecule of the hydrogelator. These results illustrate that
metal complexes, besides being able to impart rich optical,
electronic, redox, or magnetic properties to supramolecular
hydrogels, also offer a unique geometrical control to
prearrange the self-assembly motif prior to self-assembling.
The use of metal complexes to modulate the dimension-
ality of intermolecular interactions may also help elucidate
the interactions of the molecular nanofibers with other
molecules, thus facilitating the development of supra-
molecular hydrogel materials for a wide range of
applications.

his communication reports the incorporation of a metal

complex in a hydrogelator for the development a redox
responsive, fluorescent supramolecular hydrogel consisting of
nanofibers resulting from one-dimensional (1D) intermolecular
interactions. As the result of molecular self-assembly" driven by
multiple noncovalent interactions in water, supramolecular
hydrogels™ formed by small molecules® have received
considerable attentions recently because they promise soft
materials with various imsportant applications in biomedicines,
such as drug delivery,”® cell culture,” and sensors.® These
supramolecular hydrogelators are usually organic molecules,”
and a large portion of them are peptides or peptide derivatives.”
Unlike the case of hydrogels, it is relatively common to utilize
metal complexes as organogelators in the development of
organgels10 due to their rich optical, electronic, redox, or
magnetic properties usually associated with metal centers and
the stability of metal complexes in common organic solvents.
For example, metal complex-based organogelators have
exhibited a wide range of interesting properties, such as anion
binding,11 fluorescence,'* color switch,"? catalysis,14 and
responses to ultrasound,'® redox perturbation,'® or temper-
ature.'” Encouraged by these successful developments of
organogelators made of metal complexes, we chose to develop
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hydrogelators containing metal complexes and refer to this type
of hydrogelator as metallo-hydrogelators, which is a type of
rarely explored building blocks of supramolecular hydrogels'®
despite the aforementioned properties of metal complexes.

In this work, we chose the ruthenium(II)tris(bipyridine)
[Ru(bipy);]** derivative as the metal complex for making
metallo-hydrogelators because of its octahedral geometry and
rich functions (e.g, as photocatalysts, as building blocks for
conducting polymers, as DNA probes, or as fluorophores for
electrochemoluminescence).' Although [Ru(bipy);]** has
served as the components for organogelators,” it has yet to
be integrated with peptides to form supramolecular hydrogels.
Thus, we designed and synthesized a ruthenium(II)tris-
(bipyridine) complex (3) that bears a molecular motif (1)
known to promote self-assembly in water.® While the ligand (2)
itself fails to form a supramolecular hydrogel, the complex (3)
acts as a metallo-hydrogelator that forms nanofibers at an
exceptionally low critical concentration (0.00625% (w/v)) and
supramolecular hydrogels over a wide pH range (pH 1-10).
Being excited at 470 nm, the hydrogels of 3 exhibit an intense
fluorescence with a maximum at 630 nm. Upon oxidation of the
ruthenium from Ru(II) to Ru(Ill), the nanofibers of 3 break
down to turn the hydrogel into a solution, accompanied by a
significant decrease of the circular dichroism (CD) signal. Most
intriguingly, high-resolution transmission electron microscopy
(HRTEM) indicates that the self-assembly of 3 results in the
nanofibers of 3 to have the width of a single molecule of 3. This
result suggests that the geometry associated with [Ru(bipy);]**
favors one-dimensional (1D) intermolecular interactions of 3,
thus limiting the width of the supramolecular nanofibers of 3.
This subtle, yet previously unknown observation related to
metal complexes, may lead to a facile approach for designing a
new type of supramolecular nanofibers based on the geometries
(e.g., octahedral, square planar, etc.) of metal complexes, which
usually are unattainable by simple organic molecules alone. In
addition, being more biocompatible than common polypyridyl
ruthenium complex,21 3 also promises applications in molecular
imaging.22

Scheme 1 shows the chemical structures of the molecular
motif (1) known to self assemble in water,’ the ligand (2)
consisting of a bipyridine and 1, and the metallo-hydrogelator
(3). After being obtained through solid-phase synthesis
according to the reported proceclure,6 1 reacts with 4,4'-
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Scheme 1. Molecular Structures and CPK Models of the Self-
Assembly Motif, the Ligand, and the Metallo-Hydrogelator
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dicarboxyl-2,2'-bipyridine™ to afford the ligand (2) in 56%
yield (Scheme S1 in Supporting Information [SI]). However, 2
is unable to form a supramolecular hydrogel upon changing pH
or temperature. The aggregation of 2 only results in some
precipitates, suggesting strong intermolecular interactions
among the molecules of 2. The organic functional groups
(ie., carboxylates or amides) appear to prevent 2 from reacting
directly with a known polypyridyl ruthenium complex,
[Ru(bipy)2]Cl,,** for making 3. Thus, we used Ru(II)-
(bipy),(4,4'-dicarboxyl-2,2'-bipyridine)dichloride to react with
1 to form 3 in moderate yield (Scheme S2 in SI). 3 is able to
form hydrogels over a wide range of pH at various
concentrations. For example, at pH = 1, it forms a soft gel at
a concentration of 0.1% (w/v) and a firm gel at a concentration
of 0.4% (w/v) (Figure S1 in SI). At pH = 7, it forms a soft gel
at a concentration of 0.2% (w/v) and a firm gel at a
concentration of 0.8% (w/v) (Figure 1A, Figure S2 in SI).
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Figure 1. (A) Optical images of hydrogel formed by 3 (0.8% w/v) in
water at pH = 7 under normal light, UV (long wavelength) light, and
polarized light. (B) Emission (excited at 470 nm) spectrum of the
hydrogel in (A).

These results agree with that of the protonation of the carboxyl
groups on 3, where low pH decreases the solubility of 3 and
thus favors the formation of hydrogels. Being consistent with
the well-known photochemical properties of [Ru(bipy);]**, the
hydrogel of 3 exhibits strong fluorescence upon the irradiation
of UV light (Figure 1A). According to its absorbance (Figure
S8 in SI) and fluorescent spectrum (Figure 1B), the hydrogel of
3, being excited at 470 nm, fluoresces with the emission
maximum at 630 nm. Being placed between a pair of crossed
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polarizers, the hydrogel of 3 also shows birefringence (Figure
1A). Because the hydrogel of 1 lacks this interesting property,
the anisotropy of the hydrogel of 3 likely relates to the
incorporation of [Ru(bipy);]** in 3.

Hydrogelator 3 preserves the redox property of a polypyridyl
ruthenium complex. Using Ce(SO,), to oxidize the hydrogel of
3, we obtain a yellow emulsion during the process, and it
eventually turns into a transparent solution (Figure 2A) that is

during
the oxidation
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Figure 2. (A) Optical images of oxidation-induced gel—sol transition
and the TEM images corresponding to the samples at different states
of transition. The hydrogel (reduced state) is formed by 0.8% (w/v) 3

in water at pH = 1. Scale bar is 10 nm. (B) CD spectrum of the
hydrogel (reduced state) and the solution (oxidized state).

not fluorescent (Figure SS in SI). Figure 2A shows the HRTEM
images of the samples at different stages of oxidation carried
out at acidic conditions (pH 1). At the reduced state (Ru(Il)),
the hydrogel of 3 consists of long and relatively flexible
nanofibers that have the diameter of about 3 nm and entangle
with each other to form a network. When the hydrogel
becomes a yellow emulsion during oxidation, TEM reveals that
the network of the nanofibers breaks apart and only scattered
short nanofibers (about 3 nm in diameter and less than 30 nm
in length) exist. When the emulsion becomes transparent at the
final stage of oxidation, TEM of the solution gives hardly any
features, suggesting that the nanofibers of 3 dissociate
completely upon oxidation. According to Figure 2B, the CD
spectra also agree with the dissociation of the nanofibers of 3
caused by oxidation. Particularly, the significant decrease of the
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CD signals of the far UV region (185—260 nm), due to gel—sol
transition, indicate that the secondary structures resulting from
the peptide motif of 3 in the gel phase largely dissociate in the
solution phase, resulting from the oxidation of 3. Little change
of the CD signals originates from naphthalene in the near-UV
region (260—350 nm), and the slight increase of the CD signals
originating from metal-to-ligand charge transfer (MLCT)
(>450 nm) imply that the chiral center on the peptides
induces these CD signals (ICD),* which are less sensitive to
the loss of the secondary structures. These results indicate that
the redox change of the metal center of 3 induced the transition
of the self-assembled structure of 3 in water.

HRTEM images of the hydrogel of 3 (Figure 3A) reveal an
unexpected result that the diameters of the nanofibers of 3 (3.1
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Figure 3. (A) High-resolution TEM (HRTEM) image (scale bar is 5
nm) of the nanofibers in hydrogel of 3 (0.4% (w/v), pH = 1). (B)
According to the TEM, a tentative molecular arrangement in the
nanofibers of 3. (C) Illustrations of plausible intramolecular hydrogen
bonds (green dashed line) and intermolecular 7—7 stacking.

+ 0.1 nm) are narrower than those of the hydrogel of 1 (5.8 +
0.1 nm, Figure S7 in SI) even though 1 has a much smaller
molecular size (Figure S12 in SI) than 3 does. To understand
the superstructure of the nanofibers formed by self-assembly of
3, we evaluated the conformations and the molecular
dimension of 3. According to the minimized conformation
calculated by molecular mechanics (MM), 3 has a dimension of
37.3 A X 24.2 A X 15.6 A (Scheme 1), which suggests that the
nanofibers in the hydrogel of 3 have the width of a single
molecule of 3. Figure 3B shows a plausible model of the
nanofibers of 3, in which the intermolecular aromatic—aromatic
interactions from the overlapping of phenyl and/or naphthyl
groups between 3 result in the supramolecular chains (Figure
3C). These 1D intermolecular interactions favor the formation
of nanofibers at the exceptional low concentration of 3
(0.00625% (w/v), Figure S3 in SI) before 3 reaches the
minimum gelation concentration (0.1% (w/v)) at pH = 1
(Figure S1 in SI). TEM images (Figure S4 in SI) also indicate
that 3 self assembles to form nanofibers at the minimum
concentration of 0.1% (w/v) and pH of 7. There is little
difference among the nanofibers formed by 3 in water even
when they are formed under different conditions (Figure S4 in
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SI). This observation agrees with the 1D model (Figure 3B). In
addition to the octahedral geometry that may disfavor the
packing of the molecular nanofibers to form bundles, the charge
repulsion between the ruthenium complexes also likely
contributes to the separation of the molecular nanofibers.
Except for two pairs of intramolecular hydrogen bonds formed
by amide groups and hydroxyl groups of 3, the remaining
amide groups and hydroxyl groups would be available for
forming hydrogen bonds with water molecules (Figure 3C).
These interactions allow the supramolecular chains, even at a
relatively low molecular density, to hold a considerable amount
of water, which results in a hydrogel at a rather low minimal
gelation concentration of 3. Moreover, this kind of 1D
intermolecular interaction resulting from the motif of 1 also
contributes to a similar trend where there are slightly lower
storage moduli of the hydrogel of 3 than those of the hydrogel
of 1 at the same concentration and at pH = 7 (Figure S9 in SI).

In conclusion, this work, as the first example of ruthenium
complex-based supramolecular hydrogelators, illustrates a
useful approach that incorporates functional metal complexes
into peptide-based hydrogelators for the development of a
multifunctional self-assembly system and materials. Although
the molecular model of the nanofibers of 3 is tentative, the
single-molecule width of the nanofibers should be beneficial for
studying the interaction of the supramolecular nanofibers with
other molecules/targets. Interestingly, 3, consisting of the
tripeptide motifs, exhibits little affinity to nucleic acids (Figure
S10 in SI) thus becoming cell compatible at a relatively high
concentration (Figure S11 in SI). This feature, which agrees
well with the origin of the cytotoxicity of polypyridyl ruthenium
complex,”" may allow 3 to serve as a multipurpose hydrogelator
and find application in live-cell imaging (Figure 4). In fact,

DAPI

hrlIht field h|d ro‘elator 3 onrla‘

Figure 4. Fluorescent image of a HeLa cell incubated with 3 (200 uM,
24 h). From left to right: phase-contrast image, live cell stain DAPI
(blue), luminescence emission of 3 (red), and overlay image.

TEM reveals that the molecules of 3 are able to form nanofibers
(Figure S6 in SI) at 200 4M in cell culture medium, suggesting
that the nanofibers of 3 also enter the cells. Moreover, we
envision that, with future advances of fluorescent imaging
techniques, the long fluorescence lifetime of [Ru(bipy);]**
derivative®® may allow the use of nanofibers of 3 of single-
molecule width to elucidate the interaction between these
supramolecular nanofibers with proteins in live cells.
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