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We report a short synthetic route for the preparation of a peptidic
Au()-metalloamphiphile which, in buffered environments of physio-
logical ionic strength, self-assembles into luminescent micellar
nanostructures of 14 nm in diameter.

Molecular self-assembly is a powerful bottom-up approach for
the preparation of tailor-made nanomaterials, and offers distinct
advantages due to reduced synthetic efforts and its reversibility
which ensures error correction." Particularly in water, controlling
supramolecular interactions has become an attractive feature to
prepare nanosized architectures, for example rods, tubes, vesicles
or micelles.” The preparation of supramolecular (bio)organic-
inorganic hybrid materials promises to combine the best of two
worlds, the predictable self-assembly encoded in the (bio)organic
block and the functional properties embedded in the inorganic
moiety.®> We hereby report the preparation of peptidic Au(i)-
metalloamphiphiles. On the one hand, we were motivated to
use amphiphilic peptides because they are known to be reliable
supramolecular synthons for the controlled self-assembly in
water.”*"$* On the other hand, water soluble molecular Au(i)-
complexes have received a renewed focus in catalysis, lumines-
cence, and medicinal chemistry.”

The self-assembly of luminescent transition metal complexes
into nanostructured materials is an effective strategy for the
manipulation of their photophysical properties, such as emission
wavelength, excited-state lifetime and photochemical stability.**°
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These parameters are crucial for developments as imaging labels
in biomedical applications.” Molecular Au(i)-complexes are excep-
tionally appealing due to their ability to form aurophilic interac-
tions, some of the strongest metallophilic interactions known.®
Surprisingly however, the vast majority of luminescent molecular
Au(r)-complexes with short interatomic metal- - -metal distances
reported is either in the solid state or in solution based on intra-
molecular aurophilic interactions in polynuclear complexes.® *°
Rare exceptions are the report on metallophilic interactions
in organogels by the Aida group'® and very recent work on
hydrogels by the Rodriguez and Lima labs."" Both have shown that
in the gel state short Au---Au distances in the supramolecular
fibres lead to luminescent properties with large Stokes shifts and
long-lived emissions, which were assigned to electronic transitions
from triplet-excited states.'®"

We aimed to establish a widely applicable synthetic route for
equipping amphiphilic peptides with molecular Au(r)-complexes
under mild reaction conditions and designed a simple strategy
(Scheme 1) using the well-known oligophenylalanine supra-
molecular synthon as reported by Gazit, Ulijn, Xu and Adams.?"?
First we prepared the propargyl amine functionalised Au(i)-
trisulfonated-triphenylphosphane complex [H,NCH,C = CAu'-
(TPPTS)] 4 following a procedure reported by Laguna and
coworkers.'® These types of Au(i)-complexes are known to be
highly stable and soluble in water®> and were prepared in three
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Scheme 1 Synthesis of the Fmoc-protected, dipeptidic Au(l)-metallo-
amphiphile 1: (i) DMF, rt; 29% yield after purification with size-exclusion
chromatography.
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steps starting from hydrogen tetrachloroaurate(m) with a
88% yield (see ESIt). Complex 4 was then reacted with the
N-hydroxysuccinimide activated fluorenylmethyloxycarbonyl
diphenylalanine (Fmoc-Phe-Phe-NHS) 7 to yield the peptidic
Au(1)-metalloamphiphile Fmoc-Phe-Phe-HNCH,C = CAu(TPPTS)
1 with an acceptable overall yield of 26% over four steps
(Scheme 1). The final reaction was performed under neutral
conditions which avoided acidic degradation of the Au()-
complex or the deprotection of the Fmoc-protecting group in
a basic environment. All intermediate compounds were fully
characterised by high-resolution mass spectrometry, 'H and
*'P NMR spectroscopy.

The novel Fmoc-Phe-Phe-Au(i)-metalloamphiphile 1 is highly
soluble in aqueous buffers. For comparison, we prepared another
new 1,3,5-triaza-7-phosphaadamantane (TPA) functionalised peptidic
Au(i)}-complex, Ac-Phe-Phe-HNCH,C=CAU'(TPA) 12, via ligand
exchange of ClIAu'(TPA) with Ac-Phe-Phe-HNCH,C = CH under basic
conditions (see ESIf)."*'* However this complex was not water
soluble under neutral conditions and in millimolar concentrations,
most likely due to the lower hydrophilicity of the phosphane, since
the TPA ligand is only protonated in acidic water below pH 4.5."> We
therefore focussed on investigating the luminescent properties of 1
(66.7 M) in conventional phosphate buffer (10 mM, pH 7.4), under
physiological ionic strength and at room temperature (Fig. 1A, blue
curve): excitation at e = 340 nm leads to a broad, unstructured
luminescence emission band peaking at A, = 520 nm. This is
indicative of the formation of nanostructures incorporating
short Au---Au distances: such a large Stokes shift is typically
observed for Au(i)-alkynyl-phosphane complexes with short intera-
tomic metal- - -metal distances, reported for mononuclear Au(i)-
complexes in the crystalline state or for polynuclear complexes in
solution, which emit from long-lived triplet states.’"%/11:16
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Fig. 1 (A) Emission spectra (lexc = 340 nm) of compound 1 (66.7 uM) in
10 mM phosphate buffer (pH 7.4) at 293 K at different ionic strengths: 0.1 M
NaCl (blue)-1.0 M NaCl (red) and after addition of acetonitrile to the buffer
(black);% (B) relative emission intensity at 2 = 520 nm as a function of the
ionic strength; (C) images of the luminescent Au()-metalloamphihile 1 in
10 mM phosphate buffer (pH 7.4) (lexe = 245 nm) with 0.1 M NaCl (left) and
1.0 M NaCl (right).
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We obtained further evidence for the presence of nano-
structures in buffered water by monitoring the luminescence
after the disassembly of the aggregates. The addition of CH;CN
is known to disrupt self-assembly in water, because it diminishes
the hydrophobic shielding of weak intermolecular interactions.'”
At the same monomer concentration of 66.7 uM, switching from
the phosphate buffer to a 2 : 1 CH;CN : buffer mixture leads to the
disappearance of the emission at .., = 520 nm, and appearance
of a band at e, < 400 nm. The latter emission originates from
the Fmoc unit in the molecularly dissolved amphiphile 1
(see also Fig. S4, ESIt): in Fmoc-protected oligopeptides one
generally observes quenching of the organic fluorophore
(Zem < 400 nm) and sometimes the presence of a weak excimer
band (Lem = 400-450 nm) in the self-assembled state.'® Hence
both features, the disappearance of the lower energy band at
Jem = 520 nm and the simultaneous appearance of the higher
energy band (lemy < 400 nm) after disassembly, support the
presence of nanostructures in buffer driven by intermolecular
interactions and close contacts between the Fmoc groups as
well as the Au(i) moieties.

In the self-assembled state, the emission intensity of the band
at Aem = 520 nm is weak as one would expect for luminescent
Au(1)-complexes in water.”"'* Furthermore, we suspected that the
highly charged trisulfonated phosphane ligands on the hydro-
philic head group of the metalloamphiphile 1 would hamper the
self-assembly due to repulsive electrostatic interactions, and
thereby weaken the luminescence. We have referred to systems
like these as experiencing frustrated growth,>*'”'* whereby
attractive supramolecular interactions within the hydrophobic
block of an amphiphilic peptide are balanced out by repulsive
interactions in the hydrophilic periphery. By increasing the ionic
strength from 0.1 M NaCl to 1 M NaCl, we observed that the
intensity of the emission band at ., = 520 nm increases by a
factor of three (Fig. 1A and B). The addition of NaCl simulta-
neously screens the repulsive Coulombic interactions and
increases the hydrophobic effect originating from the apolar
and aromatic moieties in the Fmoc-diphenylalanine block of
amphiphile 1 and, consequently, stabilises the self-assembly of
the highly charged monomer into nanostructures in water.'”**%4
The increase in the emission can then also be observed by naked
eye after excitation with a 8 W standard laboratory fluorescent
lamp (Fig. 1C). We also determined the luminescence quantum
yield @ = 0.01 (10 mM phosphate buffer, pH 7.4, 1 M NaCl,
293 K). Interestingly, between 0.1 M and 1 M NaCl the emission
wavelength and the excited state lifetimes are not affected, thus
indicating that rather the aggregation equilibrium but not the
morphology of the aggregates or the nature of the excited state
are influenced by the abovementioned Coulombic shielding
(vide infra).

The long excited state lifetimes indicate that the emission at
Jem = 520 nm is originated from a triplet state (Fig. S3, ESIf).
Indeed, the exponential fits of the time-resolved luminescence
decay curves yield coincident values of 1.5 ps £ 0.1 ps for both
the low and high ionic strength buffers. As recently highlighted,
it is often difficult to unambiguously attribute the emission of
Au(n)-alkynyl-phosphane complexes to excited states with a

This journal is © The Royal Society of Chemistry 2015
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defined character: the broad and structureless emission at
Aem = 520 nm can be attributed to excited states that are
approximately described as a *[c(Au-P) — w*(C=C)] metal-to-
ligand charge-transfer excitation, or as a metal-perturbed intra-
ligand excitation IL [ — ©*(C= C)], while Au(y)- - -Au(i) interactions
can contribute to the broad emission band as well.5*%2°
Altogether the spectroscopic investigations reveal that the
aqueous self-assembly of the peptidic Au(r)-metalloamphiphile
1 into nanostructures leads to luminescent properties with large
Stokes shifts and long-lived emissions, that can be assigned to
triplet-excited states.

Finally, we investigated the morphology of the self-assembled
nanostructures of metalloamphiphile 1 using cryogenic transmis-
sion electron microscopy (cryo-TEM). We were able to identify
10-17 nm sized spherical objects that are most probably micellar
structures (Fig. S5, ESIT). Micelles are known to have a swollen
hydrophobic core, which unfortunately reduces contrast in cryo-
TEM images and makes their morphological characterisation
difficult. We therefore switched to conventional TEM, using
uranyl acetate as staining agent. The presence of spherical
structures is clearly observed after depositing 2 mg ml™*
solutions of 1 on carbon film coated copper grids (Fig. 2), with
an averaged size of 14 nm + 3.5 nm (Fig. S10B, ESI{). Assuming
a length of 3.5 nm for the Au(i)-metalloamphiphile 1, these
structures are assigned to be micelles with a weakly packed
peptide-based hydrophobic core that is swollen when dispersed
in aqueous buffers, thus conforming cryo-TEM investigations.
After comparing TEM images obtained from solutions of 1 in
buffer and 0.1 M NacCl, with those after adding 1 M NacCl, we
noticed that there is no apparent change in the diameter of the
micelles (Fig. S6-S10, ESIt). These results corroborate NaCl
titrations in luminescence spectroscopy: the increased ionic
strength does not lead to more densely packed micelles, since a
reduced Au(i)- - -Au(1) distance in supramolecular structures is
known to lead to a red shift in the luminescence emission
band.**®/ The spectroscopic and microscopic investigations there-
fore strongly suggest that by increasing the ionic strength from
0.1 NaCl to 1 M NaCl in phosphate buffer, the formation of self-
assembled micelles in solution becomes more thermodynamically
favourable, without affecting the order in and size of the prepared
nanostructures (vide supra). Intriguingly, when the ionic strength is
kept at a minimum (10 mM phosphate buffer, 0 M NaCl) we

L AN TR AR TR

Fig. 2 TEM image of the Au()-metalloamphiphile 1, deposited on carbon
coated grids from a 2 mg ml~t solution in 10 mM Tris buffer, pH 7.5 and 1 M
NaCl (negative staining was performed with 2% w/v uranyl acetate).
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observed in cryo-TEM images that the metalloamphiphile 1
self-assembles in large sheet-like aggregates®® (Fig. S11, ESIY).
It is known that at very low ionic strength (I < 0.02 M)
clustering of counter ions can reduce the effective charge of
assemblies in solution® which in our system is the likely cause
for the formation of densely packed 2D sheets. The presence of
a closely packed secondary order is furthermore supported by
photoluminescence spectroscopy: excitation at Aexe = 340 nm
leads to a shift of the emission at 0.1 M NaCl from Zep, = 520 nm
to 550 nm at 0 M NaCl (Fig. S12, ESI{). This red shift in the
luminescence emission band suggests a reduced intermolecular
Au(1)- - -Au(r) distance®® from the curved micellar structure to a
planar sheet-like morphology.

We like to point out that unlike the large variety of peptide
amphiphiles reported in literature, metalloamphiphile 1 does
not form rod-like materials. In intermediate to high ionic
strength the triple charges in the phosphane ligand as head
group, compared with the small, albeit very hydrophobic Fmoc-
Phe-Phe-based peptide chain of the amphiphile, result in a
high packing parameter’® which drives the materials into
highly soluble micellar structures with sizes of 14 nm. Such
small micelles are very rarely observed for peptidic supra-
molecular materials in water.>*¢*'2 This is therefore a unique
example where a new water soluble Au(r)-metalloamphiphile
self-assembles in buffered water of physiological ionic strength
to form luminescent and well-defined spherical nanoparticles.

In conclusion, we present a facile synthetic route for the
preparation of a new peptidic Au(r)-metalloamphiphile, using a
nucleophilic water soluble Au(i)-complex H,NCH,C = CAu'(TPPTS),
and a NHS activated peptide Fmoc-Phe-Phe-NHS. In buffered
aqueous environments of medium to high ionic strength
(0.1-1 M NaCl), Fmoc-Phe-Phe-HNCH,C= CAu'(TPPTS) self-
assembles into luminescent micellar nanostructures with an aver-
age diameter of 14 nm. In low ionic strength we have observed the
formation of densely packed sheet-like morphologies. We assign the
luminescent properties to electronic transitions from triplet-excited
states due to the large Stokes and excited state life times of 1.5 ps,
which are likely to be enhanced due to short Au()- - -Au(r) distances
in the self-assembled nanostructures. The facile synthetic strategy is
fully compatible with peptide protecting group chemistry and allows
for the construction of more complex peptidic nanomaterials in
water, using our recently reported supramolecular synthons. By
adjusting the hydrophilicity and charged character of tailor-made
phosphane ligands bound to the metal complex, we aim to position
functional Au(r)-complexes into anisotropic nanostructures and
exploit applications in bioimaging, catalysis and therapeutics.
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+ The luminescence emission spectra were recorded using a 405 nm
filter to filter out the fluorescence from the Fmoc moieties that is
generally observed in self-assembled Fmoc-dipeptides.'®
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