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Abstract: Multivalent peptide nanofibers have attracted
intense attention as promising platforms, but the fabrication
of those nanofibers is mainly dependent on the spontaneous
assembly of b-sheet peptides. Herein we report an alternative
approach to the creation of nanofibers: the polyoxometalate-
driven self-assembly of short peptides. The resultant nanofibers
with concentrated positive charges are excellent multivalent
ligands for binding with bacterial cells and thus lead to a salient
improvement in bioactivity.

Multivalent electrostatic interactions between cationic
proteins (or polypeptides) and oppositely charged biomacro-
molecules play a fundamental role in creating unique nano-
structures and regulating distinct biological events.[1–5] These
natural systems have inspired the development of many
multivalent nanostructures with positively charged surfaces as
artificial platforms for recognition, catalysis, gene delivery,
and antibacterial therapy.[6–9] In this regard, multivalent
peptide nanofibers are particularly attractive because these
1D scaffolds offer a high aspect ratio and surface area for the
formation of a high-density array of positively charged
groups, thus leading to tight binding with negatively charged
entities.[9, 10] For example, peptide fibrils with concentrated
lysine residues can act as nanobridges between virions and
cells to enhance retroviral gene transfer.[11] Moreover, some
multivalent nanofibrils have shown the propensity to selec-
tively kill bacteria but spare tissue cells.[12] Despite the
significant application potential, the construction of those
nanofibers is limited to the spontaneous assembly of b-sheet
peptides.[13, 14]

We are interested in developing multivalent peptide
nanofibers with synthetic versatility beyond the reported
strategy. It has been established that ionic self-assembly (ISA)
between cationic peptides and polyanions is a convenient and
effective way to produce fibril-like nanostructures.[15, 16] More-
over, polyplexes with multivalent sites have recently been
prepared by controlling the charge ratio between cationic
peptides and RNA.[17] Therefore, we envisioned that it would
be possible to produce multivalent nanofibers on the basis of

electrostatic interactions between cationic peptides and
suitable polyanions.

Polyoxometalates (POMs) are a kind of unique poly-
anions with a rigid framework, monodispersed size, water
solubility, versatile properties, and biofunctionality.[18–21] The
polyanionic feature of POMs allows them to form complexes
with many proteins or peptides containing cationic residues
through ionic bonds, thus resulting in potential biological
applications.[22–25] Herein, we demonstrate that POM clusters
have the ability to drive the self-assembly of short peptides
into well-separated nanofibers with highly concentrated
positive charges on the surface. More interestingly, these
self-assembled multivalent nanofibers exhibit both enhanced
antimicrobial efficacy and biological stability.

The short peptide L1 (Figure 1a), which consists of an
alternating sequence of hydrophilic (lysine) and hydrophobic
(azobenzene) residues, was synthesized by a standard 9-
fluorenylmethoxycarbonyl (Fmoc) solid-phase method. Sev-
eral analogous peptides, L2–L7 (Figure 1 a), were also pre-
pared for comparison purposes. The purity of these peptides
was confirmed by HPLC (see Figure S1 in the Supporting
Information) and matrix-assisted laser desorption/ionization

Figure 1. a) Structure of cationic peptides L1–L7. b) Ionic self-assembly
of peptide L1 and polyanionic H4SiW12O40 (HSiW).
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time-of-flight mass spectrometry (MALDI-TOF-MS; see
Figure S2). Peptide L1 alone adopts a random-coil confor-
mation in aqueous solution (100 mm, pH� 6.0), as observed
from circular dichroism (CD) spectra, which showed with
a strong negative band at 199 nm and a very weak positive
band at 207 nm (Figure 2). However, a bisignate positive band
at 197 nm together with a negative Cotton effect at 214 nm
were observed in CD spectra (Figure 2) upon the addition of
H4SiW12O40 (HSiW, Figure 1b) to an aqueous solution of L1,
thus demonstrating the commencement of a conformation
transition from a random-coil to a b-sheet state.[13] The
intensity of the negative signal at 214 nm increased gradually
until a maximal b-sheet content was reached with a molar
ratio of L1 to HSiW (ML1/HSiW) near 2:1. A further increase in
the stoichiometry of HSiW led to precipitation of the material
and thereby the disappearance of the CD signal.

When a solution of L1 was cast onto a copper grid and
then negatively stained with uranyl acetate, irregular spher-
ical structures (Figure 3 a) with a size of 20–40 nm were
observed by transmission electron microscopy (TEM). In
great contrast, well-separated one-dimensional (1D) nano-
fibers were observed after the mixing of L1 with HSiW in
water even at ML1/HSiW ratios below 8:1 (see Figure S3) or
peptide concentrations above 10 mm (see Figure S4). As
a representative example, the TEM image of L1/HSiW with
a ML1/HSiW ratio of 3:1 is shown in Figure 3b. Uniform
nanofibers with a diameter of (13� 1) nm and lengths reach-
ing several micrometers can be observed. The strong elec-
tronic contrast of the nanofibers is thought to originate from
the electron-dense HSiW clusters and the densely packed
azobenzene units, since no contrasting agent was used during
the preparation of the TEM specimens of the nanofibers. This
hypothesis was validated by UV/Vis and energy-dispersive X-
ray (EDX) spectra. The UV/Vis absorption band of azoben-
zene units in the L1/HSiW solution showed a hypsochromic
shift as compared with that of individual L1 (see Figure S5),
thus indicating that the azobenzene units of the ionically self-
assembled samples form a densely packed state as a result of
the hydrophobic and/or p–p interactions. EDX spectra of the

nanofibers showed the presence of elemental tungsten
derived from the HSiW clusters (see Figure S6).

Isothermal titration calorimetry (ITC; see Figure S7)
proved that the ionic self-assembly process between L1 and
HSiW has a large exothermicity (DH = (¢99.12�
0.54) kJ mol¢1) and is associated with a high binding constant
(Ka = (6.12� 0.22) × 107m¢1), thus implying that the main
driving force is strong electrostatic attraction. FT-IR (see
Figure S8 b) and 183W NMR spectra (see Figure S9) showed
that the HSiW cluster remained stable during the ISA
process. Similar nanofibers were also observed when L1 was
mixed with other polyanionic clusters, such as Na3AlMo6-
(OH)6O18 or Na6V10O28 clusters (see Figure S10). High-
resolution TEM (Figure 3c) revealed that the HSiW nano-
clusters (black dots) formed a double-layer arrangement
within the nanofibers with a layer distance of (5� 1) nm.
Cryogenic TEM (cryo-TEM; Figure 3 d) and thioflavin T
(ThT) titration (see Figure S11) provided further evidence
that long nanofibers with extended b-sheet structures existed
in aqueous solution, and that their formation was not caused
by the drying effect during the solvent-evaporation process.
Zeta-potential measurement revealed that the resultant
aqueous nanofibers had a net potential of + 43 mV (see
Figure S12), thus implying that the surface of the nanofibers
was covered by highly concentrated positive segments.

Considering the molecular length (lffi2.0 nm) of b-sheet
L1 between the hydrophilic amine at the e-position of lysine
and the azobenzene unit, the 1 nm diameter of HSiW, the
13 nm width of the nanofibers, the 5 nm distance of the
double-layer HSiW, and the positive zeta potential, we
propose that the nanofibers possess a core–shell structure.
Peptides are electrostatically connected by HSiW to form
a primary sandwich fragment, and two laterally contiguous
sandwich fragments stack further to form a fibrillar core
(Figure 1b). Meanwhile, the excess peptide molecules (ML1/

HSiW is 3:1) adsorb to the surface of the fibrillar core with
protonated lysine groups toward the outside, thus acting as

Figure 2. CD spectra of peptide L1 and the L1/HSiW composites with
different molar ratios in aqueous solution (the concentration of L1 in
all the CD samples was fixed at 100 mm).

Figure 3. Morphological studies of the individual peptide L1 and the
L1/HSiW (3:1) composite: a) TEM image of L1; b) TEM image of L1/
HSiW; c) high-resolution TEM image of L1/HSiW for the area in (b)
defined by the white rectangle; d) cryo-TEM image of L1/HSiW.
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a shell to stabilize the fibrillar core in water. It is clear that the
electrostatic attraction between L1 and HSiW initiates the
conformational evolution of L1 from the random-coil to the
b-sheet state. The directional hydrogen bonding of the b-sheet
peptide backbones together with the strongly hydrophobic
interaction and/or p–p stacking of planar azobenzene side
groups then provide additional energetic contributions for the
formation of 1D extended nanostructures.

The aqueous nanofibers are photosensitive because of the
conformational transition of azobenzene side groups upon
UV irradiation (see Figure S13). This trans-to-cis conforma-
tional transition forced the long nanofibers to break up into
short nanostructures and subsequently form aggregates
within 1 day (see Figure S14). This phenomenon suggests
that the nonplanar cis azobenzene units with an increased
steric effect not only block the extending 1D stacking of
peptides but also cause the disassociation of the shell peptides
from the surface of the core. The broken fibrillar core with its
hydrophobic surface exposed to water is unstable and has
a strong propensity to coagulate into insoluble aggregates.

To further shed light on the effect of hydrophobic residues
on the self-assembled nanostructures, we designed two
analogous peptides, L2 and L3. Peptides L2 and L3 were
synthesized by replacing all the azobenzene side segments of
L1 with phenylalanine and valine residues, respectively
(Figure 1a). As compared to L1, this molecular design of L2
and L3 should offer reduced hydrophobic and/or p–p

interactions. TEM measurements showed irregular nano-
spheres after HSiW was mixed with L2 or L3 (see Figure S15).
These spherical nanostructures are unstable and turn into
precipitates (see Figure S15). This situation led us to conclude
that peptides with less hydrophobic residues are unfavorable
for both the 1D molecular stacking and the stability of the
resultant nanostructures. With this hypothesis in mind, we
further synthesized additional peptides with shorter hydro-
phobic sequences (L4 and L5) and longer hydrophobic
sequences (L6 and L7) to compare their ionic self-assembly
behavior. As expected, unstable spheres were observed after
the mixing of HSiW with L4 or L5 (see Figure S15). Peptide
L6 with four phenylalanine residues also formed unstable
nanospheres upon the addition of HSiW (see Figure S15).
However, peptide L7 with four azobenzene side groups again
formed stable 1D nanofibers after mixing with HSiW. Our
results indicate that strong hydrophobic and/or p–p inter-
actions between the peptides not only facilitate the formation
of 1D nanostructures but also improve their stability in water.

These stable L1/HSiW nanofibers with positively charged
surfaces are multivalent candidates for binding with bacterial
cells. The antimicrobial activity of the L1/HSiW nanofibers
was explored with the ubiquitous and clinically relevant
bacterium Escherichia coli. Profiling against E. coli in a broth
dilution assay in the presence of L1/HSiW nanofibers was
monitored by measuring the incubation-time-dependent
optical density (OD600). For comparison purposes, E. coli
samples treated with individual L1 and HSiW were used as
references. The data are expressed as the mean and standard
deviation of at least three replicates. The standard deviation is
shown by the error bars. The inhibitory ability of L1 or HSiW
alone was poor (Figure 4). However, the L1/HSiW nanofibers

exhibited significantly enhanced antibacterial efficacy. Cor-
respondingly, the reduced turbidity of the E. coli sample
incubated with the nanofibers revealed a reduction in cell
viability (see Figure S16). The dose-dependent growth inhib-
ition of E. coli suggests that the minimal inhibitory concen-
tration (MIC) of the peptide nanofibers is 60 mm (see
Figure S17).

To gain more insight into the mechanism by which
nanofibers exert their activity, we performed a dead assay
for cell viability. In this assay, E. coli cells were mixed with the
L1/HSiW nanofibers and incubated for 14 h under growth
conditions. Then, the dye propidium iodide (PI) was added. PI
molecules, which display red fluorescence, can only penetrate
the plasma membrane of dead cells whose membranes have
been compromised.[26] Laser scanning confocal microscopy
showed that the E. coli cells that were not incubated with the
nanofibers were fluorescence-silent (see Figure S18a). In
great contrast, red-fluorescing samples were observed after
the treatment of E. coli cells with L1/HSiW nanofibers (see
Figure S18b). This result strongly suggests that E. coli cells
undergo cell death through a mechanism that involves cell-
membrane disruption upon contact with the nanofibers.[27]

Besides E. coli cells, the multivalent nanofibers also displayed
effective inhibition against yeast cells (see Figure S19).

It has been proposed that the activity of antibacterial
peptides follows three consecutive steps: 1) the electrostatic
binding of cationic peptides to the cell membrane; 2) accu-
mulation of the peptides on the surface of the cell membrane;
and 3) the insertion of concentrated peptides into the cell
membrane to induce cell lysis.[28, 29] Some recent reports
demonstrated that the antibacterial efficacy could be
improved significantly when cationic peptides self-assembled
into large aggregates, since the concentration of lysine groups
can dramatically enhance the binding affinity through multi-
ple simultaneous interactions with bacterial membranes.[8, 30,31]

However, we herein propose an alternative possibility that
the large peptide aggregates not only strengthen the binding
avidity, but also avoid the slow accumulation process of
individual peptides (the accumulation of peptide molecules
on the surface of bacteria—the second step stated above—is

Figure 4. Optical density of E. coli with incubation time in the presence
of the individual peptide L1, individual HSiW, and L1/HSiW nanofibers
(the concentrations of L1 and HSiW in all the samples were kept at 60
and 26.7 mm, respectively).
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a slow thermodynamic process). These two factors may work
together to contribute to the enhanced antibacterial efficacy.

Another important feature of the nanofibers is their
resistance to enzyme degradation in human sera. Whereas the
individual peptide L1 showed rapid degradation (t1/2� 3 h;
see Figure S20), L1/HSiW nanofibers showed excellent sta-
bility: partial degradation (< 20%) was observed after 6 h of
incubation, and their half-life was estimated to be approx-
imately 15 h. This result strongly demonstrated that ionic self-
assembly was a prerequisite for stabilizing the cationic
peptide L1. The improved resistance of the nanofibers to
enzymatic degradation could prolong their life span in the
circulation and facilitate their delivery to target tissue in the
future.

In conclusion, we have demonstrated that multiple
electrostatic interactions between polyoxometalates and
short peptides could be utilized to generate multivalent
nanofibers. Hydrophobic and/or p–p interactions between the
peptides were strong enough to enable the formation of stable
1D nanostructures. Because of the supramolecular nature of
the ensemble, POMs thus enabled the enhancement of the
antimicrobial efficacy and biological stability of short pep-
tides in situ. Although the present study has focused on
antibacterial activity, it is also expected that the extraordinary
properties of POMs could be used to create hierarchical
assemblies of value for the fields of biological chemistry and
materials science.
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