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Abstract: A combinatorial screening revealed the peptide
H-His-d-Leu-d-Asp-NH2 (1) as an additive for the generation
of monodisperse, water-soluble palladium nanoparticles with
average diameters of 3 nm and stabilities of over 9 months. The
tripeptide proved to be also applicable for the size-controlled
formation of other noble-metal nanoparticles (Pt and Au).
Studies with close analogues of peptide 1 revealed a specific
role of each of the three amino acids for the formation and
stabilization of the nanoparticles. These data combined with
microscopic and spectroscopic analyses provided insight into
the structure of the self-assembled peptidic monolayer around
the metal core. The results open interesting prospects for the
development of functionalized metal nanoparticles.

Biocompatible noble-metal nanoparticles (NPs) are increas-
ingly important for applications in, for example, imaging and
catalysis.[1–3] There is in particular a need for noble-metal NPs
with sizes below 5 nm since larger NPs have shown toxicity.[4]

A lot of research has focused on silver (Ag) and gold (Au)
NPs whereas the formation of water-soluble palladium (Pd)
and platinum (Pt) NPs has proven to be more challeng-
ing.[1–3, 5] The preparation of water-compatible metal NPs is
often carried out in organic solvents or biphasic solvent
mixtures, which is unfavorable for biological applications and
requires ligand exchange.[6, 7] In the NP formation process,
additives are necessary to control the nucleation, the growth,
and the stability of the metal NPs.[6, 7] Peptides are attractive
biocompatible additives for all three stages of the NP
formation since their high structural and functional modu-
larity allows for tuning of the coordinating and self-assembly
properties.[1, 8–11] Thiol moieties (e.g. cysteine) typically serve
as covalent anchors between the peptide ligand and the NP.[8]

Yet, thiols can be unfavorable for applications in catalysis and
biomedicine.[12] Also long peptides and proteins were used
that can involve tedious syntheses.[1, 13] Thus, alternative
sulfur-free, easily accessible short-chain peptidic ligands that
allow for the generation and stabilization of small metal NPs
in aqueous environment are needed. Since the rational design
of such thiol-free ligands is difficult, combinatorial

approaches are attractive to identify suitable peptides for
metal-NP formation.[10, 11, 14]

Recently, we introduced colorimetric on-bead screening
of combinatorial split-and-mix libraries for the identification
of peptides that control the formation of AgNPs.[11] Herein we
used this method for the development of size-controlled
PdNPs and present the tripeptide H-His-d-Leu-d-Asp-NH2

(1) for the formation of stable and monodisperse PdNPs with
an average diameter of approximately 3 nm in aqueous
solution. We also present insight into the structure of the
peptidic self-assembled monolayer (SAM) on the PdNP
surface and show the versatility of the tripeptide for the
preparation of other size-controlled noble metal NPs.

We started by preparing a one-bead-one-compound
library (A) bearing structurally diverse d- and l-amino acids
with functional groups, such as imidazole, hydroxy, amide, and
carboxylic acid, that are binders of metal ions (Figure 1 a).[15]

Cysteine was not included to bias the library towards non-
thiol containing peptide ligands. The amino acids were
connected by spacers with different degrees of rigidity. In
each position 15 different building blocks were used resulting
in a molecular diversity of maximally 153 = 3375 different
peptides. Unlike previous studies with AgNPs[11] the N-
terminal amino groups were uncapped, which was envisioned
to allow for the identification of new binding motives.

Upon incubating the library with an aqueous solution of
Na2PdCl4 followed by washing with water to remove excess

Figure 1. a) General structure of library A and combinatorial assay for
PdNPs (scale bar 50 mm).[15] b) TEM image of PdNPs generated in the
presence of 1 (scale bars 50 nm and 15 nm in expansion). c) AFM
tapping mode micrograph of PdNP@1 (scale bar 50 nm). d) Cross-
section along the broken red line of the AFM micrograph in (c).
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PdII and treatment with NaBH4 several colored beads were
observed (Figure 1a). The dark color is indicative of PdNPs
and suggests that the peptides on the colored beads complex
PdII and induce the formation of PdNPs upon chemical
reduction. Isolation and analysis of several of the colored
beads revealed His-d-Leu-d-Asp as a consensus sequence.[16]

Next we resynthesized H-His-d-Leu-d-Asp-NH2 (1) and
evaluated the ability of the peptide to generate and stabilize
PdNPs in solution. Systematic variation of parameters such as
the stoichiometry, the concentration, and the nature of the
reducing agent, showed that adding tetrabutylammonium
borohydride (TBABH4) to a mixture of peptide 1 and
Na2PdCl4 (10:1) in H2O:CH3CN (3:1) is optimal for the
generation of stable, monodisperse PdNPs.[16] Transmission
electron microscopy (TEM) revealed the formation of highly
monodisperse PdNPs with a mean diameter of 2.8� 0.8 nm
(Figure 1b). Noteworthy, this degree of monodispersity was
obtained by simple mixing of the reaction partners without
the need for further separation by, for example, size-exclusion
chromatography. Energy-dispersive X-ray spectroscopy
(EDX) verified the formation of PdNPs and atomic force
microscopy (AFM) provided an average size of the nano-
particles of around 4 nm (Figure 1c,d). This difference of
about 1 nm compared to the diameter observed by TEM
suggests that the peptide forms a layer around the Pd core of
the NP.[17] This finding was also supported by thermogravi-
metric analyses (TGA) of the particles, which revealed
a surface coverage of six peptides per nm2.[16] The generated
PdNPs proved to be stable for more than 9 months as judged
by repeated inspection by TEM. This is remarkable since
a similar level of stability without aggregation has previously
only been observed with thiol-containing ligands that form
covalent bonds to the metal core.[8, 18]

To understand the molecular basis for this unusual
stability of the PdNPs formed in the presence of peptide 1,
analogues 1a–k were prepared and evaluated for PdNP
formation under the same conditions (variations from peptide
1 are highlighted in bold):

H-His-D-Leu-D-Asp-NH2 (1)
Ac-His-D-Leu-D-Asp-NH2 (1 a)
H-D-Asp-D-Leu-His-NH2 (1b)
H-Ala-D-Leu-D-Asp-NH2 (1c)
H-Arg-D-Leu-D-Asp-NH2 (1d)
H-Lys-D-Leu-D-Asp-NH2 (1e)
H-His-D-Ala-D-Asp-NH2 (1 f)
H-His-D-Leu-D-Ala-NH2 (1g)
H-His-D-Leu-D-Ala-OH (1 h)
H-His-D-Leu-D-Asp-OH (1 i)
H-His-D-Leu-NH2 (1j)
H-His-D-Asp-NH2 (1k)

N-terminally acetylated peptide 1a, peptide 1b with
a reversed sequence of amino acids and peptide 1c with
alanine in place of histidine all failed to provide PdNPs and
only aggregation was observed. This suggests that bidentate
coordination by histidine via the N-terminal amino group and
the imidazole moiety to Pd is critical for PdNP formation.
1H NMR spectroscopic studies that monitored the complex

formed between peptide 1 and Na2PdCl4 corroborated this
hypothesis and revealed a 2:1 peptide–PdII complex.[16, 19]

Furthermore, the replacement of histidine with other biden-
tate amino acids at the N-terminus, arginine (1d) or lysine
(1e), resulted in the formation of polydisperse or unstable
PdNPs that aggregated within two days.[16] Also peptide 1 f
bearing alanine in place of leucine did not allow for the
formation of stable PdNPs, which demonstrates that a bulky
hydrophobic substituent is critical in the middle position.[20,21]

Peptide 1g, with alanine in place of aspartic acid at the C-
terminus provided monodisperse PdNPs with diameters of
2.5� 0.8 nm, however, they aggregated within a few hours.
This result showed the importance of a carboxylic acid moiety
at the C-terminal residue, which was further corroborated by
the formation of stable PdNPs in the presence of peptide 1h,
an analogue of 1g with a C-terminal CO2H-group. Determi-
nation of the Z-potential of the PdNPs showed a switch from
¢17.8 mV for PdNP@1 and PdNP@1h that contain CO2H-
group to + 16.2 mV for PdNP@1g in which the carboxylate is
absent. These findings suggest that the C-terminal amino acid
points to the outside and prevents NP aggregation by
electrostatic repulsion between the particles. Yet, peptide 1 i
with two carboxylic acid residues at the C-terminal amino
acid did not allow for PdNP formation, presumably due to the
disruption of the peptidic SAM by too much electrostatic
repulsion. Additional control experiments with histidine and
the dipeptides 1j and 1k that lack the Asp and Leu residues,
respectively, provided only unstable or larger, polydisperse
PdNPs and further confirmed the fundamental role of each
amino acid. Similar observations were made with PdNPs
generated in the presence of all possible diastereoisomers of
peptide 1 illustrating the importance of the absolute config-
uration of each residue within 1.[16]

These structure activity studies indicate that the integrity
of the peptidic SAM and the stability of the PdNPs rely on
a subtle balance between attractive and repulsive interactions.
Remarkably, this balance is achieved by a short tripeptide,
where each of the three amino acids fulfills a specific role:
a) histidine provides a bidendate coordination site to Pd,
b) leucine enables the formation of a hydrophobic shell
around the NP that likely prevents solvation and detachment
of the peptide from the NP, and c) aspartic acid provides as an
ionic amino acid for water solubility and prevents aggregation
of the NPs by electrostatic repulsion of the negatively charged
carboxylate moieties (Figure 2 a).

Circular dichroism (CD) spectra of peptide 1 and
PdNP@1 differ from each other (Figure 2b), which suggests

Figure 2. a) Proposed organization of peptide 1 in the SAM around the
NPs. b) Normalized CD spectra of peptide 1 (solid line) and
PdNP@1 (dotted line).
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that the conformation of peptide 1 changes upon formation of
a peptidic monolayer around the NPs. The structure activity
relationship studies combined with the spectroscopic and
microscopic data support an organization of the peptide
around the NP where the N-terminal His residue is bound to
the PdNP core and the C-terminal Asp residue points to the
outside and is exposed to the solvent (Figure 2a). We
therefore envisioned that the C-terminal Asp residue can be
functionalized and still allow for the formation of PdNPs of
the same size. Experiments with derivatives of 1 that bear
aminohexanoic acid (Ahx) or tyrosine moieties at the C-
terminus (H-His-d-Leu-d-Asp-Ahx-NH2 (2) and H-His-d-
Leu-d-Asp-Tyr-NH2 (3)) provided indeed highly monodis-
perse PdNPs with average diameters of around 2.5 nm.[16]

Furthermore, similarly monodisperse and stable PdNPs were
formed when 10 % of a C-terminally biotinylated analogue of
1 (H-His-d-Leu-d-Asp-spacer-biotin (4))[22] was used in
combination with 1. These findings open interesting prospects
for functionalizing PdNPs.

Finally we probed the generality of peptide 1 for the size-
controlled formation of noble metal NPs. Since the coordi-
nation geometry of PtII and AuIII complexes is similar to that
of PdII complexes, we hypothesized that these noble metals
should form similarly sized NPs.[23] NMR spectroscopic
studies with peptide 1 and PtII and AuIII salts, respectively,
supported this assumption and showed, as observed for PdII,
complexes with a 2:1 ratio of peptide:metal ion and signifi-
cant changes in the chemical shifts of the imidazole protons of
peptide 1 upon addition of the metal salts.[16] Reassuringly,
upon addition of the reducing agent TBABH4 to solutions of
1 and K2PtCl4 and HAuCl4, respectively, monodisperse PtNPs
and AuNPs with average diameters of 2.6� 0.8 nm and 3.0�
0.9 nm, respectively, were obtained (Figure 3).

In analogy to the PdNPs, these PtNPs and AuNPs were
stable for more than 9 months and have Z-potentials of
¢18.8 mV and ¢19.3 mV, respectively.[24] These findings
support a comparable role of peptide 1 for nucleating and
stabilizing all three different types of noble metal NPs.

In summary, we have introduced the peptide H-His-d-
Leu-d-Asp-NH2 as a thiol-free additive for the straightfor-
ward formation of highly monodisperse Pd, Pt, and Au
nanoparticles that are stable for months in aqueous solution.
Structure–activity relationship studies, in combination with
microscopic and spectroscopic analyses, revealed the impor-
tance of each residue within the peptide for the NP formation

and provided insight into the organization of the peptide
around the metal core. These findings open intriguing
prospects for the design of peptidic additives to develop
size-controlled and functionalized metal NPs.

Experimental Section
General procedure for PdNPs formation exemplified for peptide 1: A
stock solution of peptide 1 (20 mm in 500 mL of H2O:CH3CN 1:1) was
diluted with H2O (443 mL) followed by addition of an aqueous
solution of Na2PdCl4 (30 mm, 33 mL). The mixture was stirred for
10 min and a freshly prepared solution of NBu4BH4 in CH3CN
(50 mm, 24 mL) was added dropwise under vigorous stirring. An
immediate slightly brownish coloration of the previously colorless
solution and the evolution of gas was observed. The NPs were
characterized without further purification unless otherwise noted, see
Supporting Information for details.
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