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In two-dimensional self-assembled monolayers (2D SAMs) on
flat metal surfaces, the stability and the structure of the adsorbates
depend on the interactions among neighboring molecules; for
example, in alkanethiolated 2D SAMs, the adsorbates interact
primarily through the intermolecular van der Waals forces and form
well-packed and almost defect-free monolayers.1 On the other hand,
in monolayer-protected nanoparticles (3D SAMs), the interchain
distance increases as one moves outward from the core and the
adsorbate monolayer becomes progressively less dense, defect-
prone, and irregular.2 Recently, peptide-protected gold nanoparticles
(GNPs) have received significant attention due to their potential
relevance in biomedical applications. Demonstrations of nuclear
targeting,3 molecular recognition,4 and protein-like properties5 are
truly promising. However, the secondary structure of the peptide
is known to be highly dependent on the interactions with the
surrounding environment,6 and the effect of the curvature between
crystallographic faces of GNPs (which are polyhedral species)7 on
the secondary structure of adsorbate peptides is still an unexplored
but potentially a critical issue. In this paper, we report the structural
investigation of a 16 amino acid containing peptide in both 2D
and 3D SAMs (having increasing core diameters: 5, 10, and 20
nm, and thereby decreasing the curvature between crystallographic
faces) on gold surfaces. We have found that the degree of surface
curvature has a profound effect on the secondary structure of the
peptide, and a 3D SAM (on nanoparticles) does not always resemble
the 2D SAM.

The Leu-rich peptideAc10L (Ac-KTAL 10NPC-NH2) is a syn-
thetic model for theR-helical conformation observed in natural
proteins8 and possesses a thiol-functionalized Cys residue at the
C-terminal (Figure 1). A preliminary account of the design,
synthesis, and characterization of the peptide and preparation of
both 2D and 3D SAMs are provided in the Supporting Information.
We have employed9 Fourier transform infrared (FT-IR) spectros-
copy to probe the structure of the peptide since this technique has
been one of the primary tools in understanding the secondary
structure of peptides in both 2D and 3D SAMs.10

The amide I band, which is well-known for its sensitivity to the
peptide secondary structure, appears at 1659 cm-1 for the free
peptide in KBr (Figure 2a) and indicates that the peptide is
R-helical.11 On a flat gold surface (2D SAM), the peptide remains
helical as Fourier transform reflection absorption infrared spec-
troscopy (FT-RAIRS) shows the amide I band at 1674 cm-1

(Figure 2e). The band shifts by∼15 cm-1 compared to that in
KBr, which is not related to any structural change of theR-helix
on the flat gold surface but rather due to the so-called optical
effects.10b-d,12More specifically, this blue shift of the amide I band
depends on the orientation of the helix axis relative to the gold
surface; the more vertical the arrangement, the higher is the shift.
Similar types of observation and interpretation were reported
previously for several helical peptides in 2D SAMs on gold
surfaces.10b-d

Interestingly, the IR spectrum (KBr) of the peptide on 5 nm
GNPs (Figure 2b) significantly differs from those of the free and
2D states. The amide I region is composed of two additional
bands: an intense band at 1627 cm-1 and a weak band at 1692
cm-1, which we assign to the presence of aâ-sheet conformation
of the peptide.13,14 For 10 and 20 nm GNPs (Figure 2c and d,
respectively), a new absorption band appears at 1675 cm-1, which
is close to the amide I for the peptide on the flat gold surface and
assigned to theR-helices present on the flat crystallographic faces
of the GNPs (shifted due to the optical effects). The band is absent
in 5 nm GNPs, and the relative intensity of the band is greater in
20 nm GNPs compared to that in 10 nm, which may be correlated
to a larger amount of faces in larger GNPs.7c,d In addition, by
comparing the spectra of the peptide on GNPs to that of the free
state, we can conclude that the absorption at 1659 cm-1 (Figure

Figure 1. Molecular structure of the peptideAc10L.

Figure 2. FT-IR spectra (KBr) ofAc10L: free state (a); on 5, 10, and 20
nm Au-NPCs (b, c, and d, respectively); and FT-RAIRS on flat gold surface
(e). The light blue and pink shades show regions where absorptions due to
R- andâ-sheet conformations occur, respectively.
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2b-d) is due to the partially folded/intact helical conformation at
the edges and corners of GNPs where optical effects are absent.

For 5 nm GNPs, an analogous situation is demonstrated in the
amide A region (Figure 2b). Two amide A bands are observed,
which implies the occurrence of two types of hydrogen-bonded
N-H groups: a low-energy region (at 3266 cm-1) due to the NH
groups involved inâ-sheet-like H-bonds (CdO‚‚‚H-N)2d,14,15and
a high-energy region (at 3307 cm-1) corresponding to the NH
groups analogous to the native helix (intramolecular hydrogen
bonds). From the deconvoluted spectrum, it can be shown that the
peptide (on 5 nm GNPs) almost exclusively (∼78%) adoptsâ-sheet
conformation (Table 1). In 10 nm GNPs, the relative content of
the â-sheet is reduced (∼48%) and if the size is further increased
(20 nm) it completely disappears (Figure 2b-d).The decrease in
theâ-sheet and increase in theR-helical contents with the increase
in the GNP size can be rationalized as follows. At the edges and
corners of GNPs, the Au-S bond density has been reported to be
higher compared to that in the faces because of greater unsaturation
of the gold atoms.7a,b,16So the peptides bound through the Au-S
bond at the edges and corners (of 5 and 10 nm GNPs) are close
enough to form an intermolecular H-bond containingâ-sheet
conformation. At the periphery, where interchain distance is larger
because of the surface curvature, the peptides are unable to form
the intermolecular H-bonds and adopt their native structure (helix).
With the increase of the size of the GNPs, the curvature of the
faces and the degree of unsaturation of the gold atoms at the edges
and corners reduce, which results in the decrease of the Au-S bond
density and the increase in the intermolecular distance. In 20 nm
GNPs, the curvature of the faces is probably negligible, and the
Au-S bond density is comparable to that in the faces, and the
peptides areR-helical even at the edges and corners.

Our IR investigations indicate that the peptide remains helical
on the flat gold surface but changes primarily to theâ-sheet
conformation on 5 nm GNPs and gradually transforms into the
native helical structure as the surface curvature is reduced by
increasing the size of the GNPs. This is in sharp contrast to that
observed for structurally rigid unnatural amino acid Aib-containing
peptides,10a in which the native secondary structure (helix) is
retained even on smaller GNPs (1.1-2.3 nm). So we speculate that
peptide rigidity is also very important to govern the Au-S bond
density at the edges and corners of GNPs. For the natural amino
acid containing peptide backbones, which are not as rigid as Aib-
containing ones, the higher reactivity of the Au atoms (at edges
and corners)7b dominates and forms denser Au-S bonds, whereas
for structurally rigid peptides, bulkiness of the molecule controls
the Au-S density.

Since the reactivity of a peptide is related to the secondary
structure,17 any conformational change could seriously alter the

overall activity of the peptide-protected nanoparticles, and this work
may provide a somewhat cautionary note in selecting a particular
peptide sequence for nanoparticle-based applications just by
considering the native structure. In addition, the size of the
nanoparticle should also be taken into consideration.
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Table 1. R-Helical and â-Sheet Contents of Ac10L in Free, 2D,
and Different 3D SAMS from the Amide A Band

R-helical
content (%)

â-sheet
content (%)

free state 100 0
3D SAMs

5 nm GNPs 22 78
10 nm GNPs 52 48
20 nm GNPs 100 0

2D SAM 100 0
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