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ABSTRACT: Silver nanoparticles have been of great
interest as plasmonic substrates for sensing and imaging,
catalysts, or antimicrobial systems. Their physical proper-
ties are strongly dependent on parameters that remain
challenging to control such as size, chemical composition,
and spatial distribution. We report here on supramolecular
assemblies of a novel peptide amphiphile containing
aldehyde functionality in order to reduce silver ions and
subsequently nucleate silver metal nanoparticles in water.
This system spontaneously generates monodisperse silver
particles at fairly regular distances along the length of the
filamentous organic assemblies. The metal—organic hybrid
structures exhibited antimicrobial activity and significantly
less toxicity toward eukaryotic cells. Metallized organic
nanofibers of the type described here offer the possibility
to create hydrogels, which integrate the useful functions of
silver nanoparticles with controllable metallic content.

ilver nanoparticles (AgNPs) have been of great interest as

plasmonic substrates for sensing and imaging," and also as
catalysts” or antimicrobial systems.” The properties of AgNPs
depend on their size, shape, and composition as well as on their
spatial arrangement.4 Therefore, preparing stable AgNPs with
defined dimensions and controlled spatial architectures is an
important goal that remains a significant challenge. A number
of scaffolds have been recently used for the assembly or growth
of AgNPs. Thus, for example, non-natural aldehyde-modified
nucleobases have been incorporated into DNA strands to
promote the nucleation of AgNPs along the DNA chain;’
peptide-based nanofibers have been used to grow silver
nanoparticles through reduction with NaBH, of coordinated
Ag* ions;6 and nanotubes modified with nucleobases or
peptides on their surface have been also employed to produce
one-dimensional arrangements of AgNPs.Zb’7 However, the
coverage of the organic structures is usually incomplete, the NP
size distribution is typically broad, and the spatial arrangement
of the NPs is irregular. Therefore, the development of efficient
methods for the synthesis of hybrid structures that control
these parameters is of great interest. We report here a one-pot
method for the site-specific nucleation and growth of AgNPs
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using supramolecular nanofibers formed by peptide-amphi-
philes (PAs).

PAs that form long supramolecular nanofibers were
developed over the past decade and require the presence of
amino acid sequences with propensity to form p-sheets in
addition to hydrophobic fatty acid segments at one terminus.”
These molecules self-assemble in aqueous solution to form
high-aspect-ratio nanostructures, such as fibers and ribbons, in
which the alkyl tails are isolated from the aqueous environment
by hydrophobic collapse. Their great structural diversity and
biodegradability makes them effective in the design of bioactive
scaffolds,” drug delivery systems,'® and targeted therapies."'
PAs have also been used as scaffolds to direct the synthesis and
assembly of nanoparticles."”

In this work our goal has been to design PA nanofibers with
functional groups that would induce formation of AgNPs over
the PA fibers. AgNPs are usually synthesized by the chemical
reduction of Ag" salts in the presence of stabilizing additives
like polymers or surfactants. However, the use of peptides have
recently attracted attention for their biocompatibility and
because they allow the formation of AgNPs in water.” We
chose to use aldehyde moieties to control nucleation since this
functional group is known to reduce two silver ions to form Ag,
clusters, while simultaneously oxidizing to carboxylic acid
groups (via the Tollens’ reaction) without the need for an
external reducing agent or additives to control the nucleation.'*
We designed PA-1, which is modified at the N-terminus with
an aldehyde that would be exposed on the surface of the self-
assembled nanofibers.

PA-1 was synthesized following standard Fmoc solid-phase
procedures (Scheme 1, also see Supporting Information). The
aldehyde moiety was obtained by oxidation of the 1,2-diol
group with sodium periodate in aqueous solution. We also
synthesized a control PA that lacks the aldehyde functional
group (PA-2).

We first studied the capacity of PA-1 and PA-2 to self-
assemble into supramolecular nanofibers using transmission
electron microscopy (TEM). As expected based on their
peptide sequences, both PAs formed high-aspect-ratio nano-
fibers in aqueous solution (Figure S4). The PA fibers (0.5 mM
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Scheme 1. Synthesis of PA-1
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PA monomer) were then treated with Tollens’ solution (final
concentrations: 1 mM AgNO; 12 mM NaOH, 43 mM
NH,OH), which immediately turned the PA-1 solution yellow.
The formation of AgNPs was monitored by UV—vis spectros-
copy following their characteristic plasmon absorption band
between 400 and 450 nm. Moreover, this band was only
observed when PA-1 was treated with Tollens’ solution, almost
reaching an equilibrium absorbance value 6 h after the addition
of the reagent (Figure 1a; Figures S1, S2, and S3).

In order to analyze the resulting PA-1—AgNPs structures, we
deposited on a carbon coated copper grid the solutions after
the addition of Tollens’ reagent and without purification, and
then dried them for TEM analysis. Initial experiments with high
silver concentrations showed large aggregates, which were not
present when the amount of silver was reduced to the
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Figure 1. (a) UV—vis spectra of a 0.5 mM PA-1 solution after the
addition of Tollens’ reagent (final concentrations: 1 mM AgNO;, 1.2
mM NaOH, 4.3 mM NH,OH). Inset: Absorbance of PA-1 at 415 nm
after addition of Tollens” solution versus time. (b) Representative
TEM image of PA-1—AgNPs (0.5 mM PA-1, 1 mM silver) and size
distribution of the AgNPs.
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stoichiometric concentration with respect to the aldehyde. In
this case, the TEM images revealed discrete AgNPs that were
2.96 + 0.85 nm in diameter and were spatially ordered along
the long axes of PA fibers (Figure 1b). We envisioned that the
negatively charged surface of the peptide nanofiber, resulting
from the glutamic acid residues at the N-terminus of the
peptide sequence, may attract and coordinate silver ions onto
the nanofiber surface, which are then reduced by the aldehydes
yielding AgNPs with homogeneous size. The spatial distribu-
tion of these AgNPs remained almost constant after 1 week in
water. After the addition of 5 equiv of silver to these aged
solutions, the TEM images revealed a change in the diameter of
the AgNPs to 4.56 = 2.11 nm (Figures SS and S6). These
results suggest that the growth and spatial distribution of the
AgNPs are controlled by the PA nanofiber. We therefore
propose that the initial silver clusters fuse into larger
nanoparticles aided by rearrangement of PA molecules within
the supramolecular structure. The observed monodispersity
should then be controlled by competing interactions of various
types. For example, cohesive forces and electrostatic repulsion
among PA molecules, as well as the interactions of carboxylate
groups in Glu residues grouped at the N-terminus with the
AgNP surface (Figure 2). There is evidence from previous work
using electron paramagnetic resonance that sufﬁaent local
dynamics would allow such rearrangements.'> The ordered
distribution of AgNPs on the nanofibers, however, is likely to
arise as the system minimizes electrostatic repulsion among
neighboring AgNPs—PA aggregates. Similar electrostatic effects
have been suggested for the arrangement of AuNPs over
positively charged supramolecular nanotubes.'® Furthermore,
the metallized nanofibers were stable upon dilution, as fibers
with AgNPs on their surface could be observed by TEM
following a 10-fold (Figure S8) or a 500-fold (Figure S11)
dilution. Under these conditions the plasmon absorption band
can be observed by UV—vis spectroscopy (Figure S10). When
PA-1 is diluted to the same concentration (1 yM) before the
addition of Tollens’ reagent, one does not observe fibers or
AgNPs by TEM or UV—vis, demonstrating that the nanofiber is
critical for the formation of the AgNPs, and at the same time it
is interesting that the AgNPs have a stabilizing effect on the PA
supramolecular structure. Circular dichroism experiments
confirmed that the secondary structure of the PA-1 assemblies
remains intact after treatment of nanofibers with Tollens’
solution (Figure S12).

DOI: 10.1021/jacs.6b01570
J. Am. Chem. Soc. 2016, 138, 5507—-5510


http://dx.doi.org/10.1021/jacs.6b01570

Journal of the American Chemical Society

Communication

b)

a)

E;

Figure 2. Formation of AgNPs over a PA nanofiber: (a) PA-1
nanofiber displaying on its surface aldehyde functions; (b) formation
of Ag, clusters over the PA-1 nanofiber after the addition of Tollens’
reagent; (c,d) fusion of silver clusters into larger nanoparticles,
stabilized by the Glu residues.

There is currently great interest in strategies to create
materials or coatings with antimicrobial properties, particularlg
in the context of bacterial resistance to standard antibiotics."
Since this type of bioactivity is well-known for AgNPs, which
have been used as coatin§s for medical devices to prevent
implant-related infections,'® we investigated the antibacterial
properties of the metallized PA nanofibers. We first investigated
how bacteria respond to our system in solution. Lurie Broth
(LB) medium inoculated with E. coli was treated with
metallized nanofibers or PA nanofibers, and bacterial growth
was recorded by measuring the optical density of the cultures.
Treatment of bacteria with metallized nanofibers inhibited their
growth, while treatment with PA nanofibers did not (Figure 3
left; Figures S13 and S17). The fractional area under the
growth curve for each concentration of metallized nanofibers
was fitted using a modified Gompertz function'” to obtain the
minimum inhibitory concentration (MIC) and noninhibitory
concentration (NIC) values of 1.48 and 0.56 uM, respectively
(Figure S14). Control experiments with bacteria treated with
AgNO; in solution confirmed that metallized nanofibers have a
comparable bacteriostatic effect to AgNO; (MIC = 1.22 uM
and NIC = 0.52 uM, Figures S15 and S16). The toxicity of
metallized nanofibers toward C2C12 cells (mouse myoblast cell
line) was also tested, and we found that these nanostructures
are more than 30 times less toxic to eukaryotic cells than to
bacteria, and more importantly, that metallized nanofibers are
less toxic to eukaryotic cells than AgNO; alone (Figure S18).

Since PA nanofibers are able to form hydrogels beyond a
given concentration, the metallized fibers have potential to
form antimicrobial materials. We therefore investigated if the
metallized nanofibers could form gels by pipetting them (13
mM PA-1 and 26 mM silver solution, see Supporting
Information) into a 40 mM CaCl, solution. Since the
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Figure 3. (left) Bacterial growth inhibition profile for E. coli up to 16 h
in the presence of metallized nanofibers. Silver concentrations from
left to right: 0, 100, 250, 500, 750 nM; 1, 1.5, and 2 uM. (right) (a)
Photograph of a string-shaped metallized nanofiber gel extruded from
a pipet (13 mM PA-1, 26 mM silver). (b,c) Photographs of an E. coli
layer grown over an LB-agar plate, 16 h after being treated with
metallized nanofiber gels. A transparent region (indicated by the
arrows) around the gels delineates an inhibition zone in an otherwise
opaque bacterial layer.

metallized nanofibers gelled immediately after contact with
the CaCl, solution (Figure 3a; Figure S19), we tested if the
resulting gels retained antimicrobial properties. A confluent
layer of bacteria (E. coli) adsorbed over an LB-agar plate was
incubated with pieces of metallized nanofiber gels at 37 °C for
16 h and tested using the agar diffusion method.” After the
incubation period, the area surrounding the gel was examined
and found to inhibit bacterial growth. We observed that this
inhibition of bacterial growth occurred around the gels in all
samples tested (Figure 3b,c).

We have shown here that aldehyde functionalized PA
molecules form supramolecular nanofibers capable of nucleat-
ing uniformly sized and spatially ordered AgNPs in water. We
further demonstrated that these metallized nanofibers have
bacteriostatic effects against E. coli to the same degree as
AgNO; in solution and low toxicity toward eukaryotic cells.
Moreover, the bacteriostatic properties are retained in hydro-
gels of metallized nanofibers. Therefore, these metallized
nanofibers offer the possibility to create hydrogels and surface
films that could be useful for applications in medicine.
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