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The study of interactions between particles organized in a
linear configuration is interesting from a quantum mechanical
perspective, and the anisotropic properties of linear assem-
blies is of potential interest for the development of solid-state
devices.[1–3] This anisotropy may be manifested as a difference
in the magnetization and coercivity obtained in a magnetic-
nanoparticle array when a field is applied along the chain or
orthogonal to it.[4,5] Nonlinear electrical characteristics[3] or
dichroism in the optical spectra with longitudinal and trans-
verse polarizations of light[6, 7] in metal nanoparticle arrays are
other examples of such anisotropy, and the construction of
such arrays would offer opportunities in multiple applications.
Engineering matter at submicron length scales has been an
area largely dominated by top-down methodologies. Control
of interparticle spacing in metal-nanoparticle arrays by using
techniques such as electron beam lithography has been found
to have a dramatic impact on the optical response of the
nanoparticle assembly,[8–10] and has implications in fields such
as plasmonics[11] and energy transport.[12, 13] The use of
templates such as carbon nanotubes[14] and linear pores[15] to
construct one-dimensional nanostructures has been demon-
strated previously. In addition, polymers have recently begun
to play an increasingly active role as elements that can
reproducibly direct the arrangement of nanoparticles into
functional geometries.[16,17] Self assembling systems offer
convenient yet powerful bottom–up strategies for the creation

of nanostructures that can be deployed in the realization of
functional nanoscale devices.[18,19]

The utilization of biomolecules such as DNA,[3,20–24] and
protein-based materials[25–27] or viruses[28,29] to dictate the
organization of nanoparticles has been shown to be an
effective and robust paradigm. The use of peptide-based
structures[30, 31] in nanotechnology confers numerous advan-
tages such as the specification of assembled nanostructure by
changes in the primary sequence of the peptide, as well as the
adoption of various hierarchical morphologies in solu-
tion.[32–35] This approach consequently permits the engineer-
ing of chemical functionality at precise positions in the
nanoarchitecture of the assembled morphology. This func-
tionality can be highly selective toward the binding of
different inorganic materials[36] and may be engineered for
biological recognition.[37] Herein, we demonstrate the con-
struction of one-dimensional gold nanoparticle arrays with
precise axial separations using self-assembling polypeptide
fibrils. We elucidate the self-assembly of an alanine-rich
polypeptide (designated 17H6) into fibrils that present
regularly spaced charged patches along the fibril length.
These positively charged patches are then utilized for the
electrostatic binding of oppositely charged inorganic nano-
particles, thus resulting in linear nanoparticle arrays. The
nanoparticles are immobilized on the fibril template at a well-
defined and periodic spacing that is commensurate with the
charged patch separation predicted from the self-assembly
model described for the template polypeptide.

Electrostatically directed nanoparticle assembly[22,38]

offers advantages such as simplicity of design and high
yields. In addition, the modular nature of electrostatic
nanoparticle organization allows the possibility of assembling
different types of nanoparticles onto the fibril simply by
manipulating the ligand that covers the particle surface so
that it bears the appropriate charge. Organization of nano-
particles using polypeptide templates represents a robust yet
flexible bottom–up nanofabrication method. Precedents of
peptide-templated[30, 37,39–43] nanoparticle assembly have estab-
lished the feasibility of designing interactions between
inorganic nanoparticles and peptide-based nanostructures;
herein we demonstrate a fine degree of control over the
relative placement of individual nanoparticles. Importantly,
the molecular system described here can potentially be
employed for controlling axial inter-nanoparticle spacing
from an exclusively bottom–up perspective through system-
atic changes in the polypeptide primary sequence (see below).

The recombinant polypeptide 17H6 [MGH10SSGHIHM
(AAAQEAAAAQAAAQAEAAQAAQ)6AGGYGGMG]
was expressed from an E. coli expression host and purified by
metal chelate affinity chromatography, as described previ-
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ously.[44, 45] The assembled nanostructure of 17H6 is strongly
dependent on its microenvironment, and can be controlled by
changes in the initial solution conditions, in which the
assembly is conducted, particularly pH and temperature. At
neutral pH, the polypeptide adopts a helical, non-aggregated
structure. At acidic pH and ambient temperatures, aggregates
of controlled size, with individual molecules that maintain a
helical structure, are observed.[45] However, in an acidic
environment (pH 2.3) and at elevated temperatures, the
polypeptide assembles into stable, micrometer-long fibrils of
monodisperse width. Circular dichroic spectroscopy (CD)
studies indicated that the temperature-induced conversion of
the secondary structure of the polypeptide to b sheet occurred
at pH 2.3 and 80 8C, which suggests that the fibrils arose from
b-sheet assembly.[45] The fibril formation was found to be
irreversible as the temperature was lowered, and fibrils
subsequently remained stable throughout further processing
and characterization.[45] 17H6 fibrils were imaged by trans-
mission electron microscopy (TEM) for characterization of
their physical dimensions. Figure 1a shows a bright field (BF)

TEM image of the fibrils stained with uranyl acetate. Fibrils
were observed that spanned microns in length and possessed a
monodisperse width. A frequency distribution chart for the
fibril widths shows a narrow fibril width distribution centered
at (7.6� 0.4) nm (Figure 1a, inset). Instances of lateral
aggregation or branching of fibrils were not observed.

The b-sheet conformation suggested by the CD data[45]

was corroborated by wide-angle X-ray scattering (WAXS;
Figure S1 in the Supporting Information). The WAXS
spectrum shows a broad peak with maximum at 2q = 10.48,
which corresponds to a d-spacing of 4.56 � and is consistent
with the reported repeat spacing between adjacent sheets in
the b-sheet conformation for peptides.[46] Similarly, in the
FTIR spectrum (Figure 1 b), peaks at 1624, 1528, and
3279 cm�1 correspond to amide I, amide II, and amide A
(N–H stretching) signatures, thus confirming the b-sheet
conformation.[47] Importantly, the peak at 1690 cm�1 points to
an antiparallel b-sheet arrangement[48] of the sheets within the
17H6 fibrils. Evidence of a small amount of a-helical content
is also observed at 1545 and 1659 cm�1 and is attributed to the
a-helical conformation of monomer 17H6 molecules that
have not been incorporated into the fibrils.

Atomic force microscopy (AFM) was conducted on
samples of the peptide fibrils to determine their height
profiles. Figure 2 a shows an AFM height image of 17H6

fibrils. As with TEM, well-defined fibril morphology was
observed in AFM. A height histogram generated from
sectional analysis on the micrograph shown in Figure 2 a is
given in Figure 2b. Discrete vertical steps of (1.4� 0.1), (2.7�
0.1), and (4.0� 0.1) nm in the height are clearly observed. A
less frequent occurrence of larger heights was also observed
but, notably, the measured heights are significantly lower than
the fibril width measured in TEM. This observation is strongly
indicative of a rectangular fibril cross-section as opposed to a
cylindrical one, which would yield a height equal to its width
(additional AFM height data is shown in the Supporting
Information).

The data from the characterization methods described
above were combined to build a structural model for the 17H6
fibril. The secondary structure of the polypeptide was
established as b-sheet by CD and FTIR spectroscopy, and
the b-sheet repeat spacing was quantified as 4.56 � from the
WAXS data. Widths observed in TEM (7.6 nm) are in good
agreement with the length of the 22-residue alanine-rich
repeat segment AAAQEAAAAQAAAQAEAAQAAQ
(7.7 nm) in the b-sheet conformation (3.5 � per residue).
This result suggests that the repeating alanine-rich segment
folds over to form antiparallel b-hairpin substructures, which
form the width of the fibril, as shown in Figure 3. The
antiparallel configuration of the b sheets is corroborated by
the presence of a peak at 1690 cm�1 in the FTIR spectrum.
Hydrophobic interactions and hydrogen bonding are the
primary driving forces that cause such assembly in 17H6;
hairpin substructures have also been reported for other
alanine-rich sequences.[48–50] Hydrophobic interactions pro-
mote the exclusion of water and other hydrophilic species by
collapse of the hydrophobic alanine residues. Hydrogen
bonding within the b sheets stabilizes this structure, which
incorporates more 17H6 monomer units in a similar manner
and leads to fibril axial fibril growth. When viewed under
crossed polarizers in optical microscopy, 17H6 fibrils were
found to exhibit a green colored birefringence upon binding
to congo red (see Figure S3 in the Supporting Information).
These fibrils were also found to bind thioflavin T. The

Figure 1. a) TEM image of 17H6 peptide fibrils stained with uranyl
acetate. The fibril width distribution chart is shown as inset; b) FTIR
spectrum of 17H6 fibrils.

Figure 2. a) AFM height image of 17H6 fibrils. b) Frequency distribu-
tion chart of fibril heights obtained from sectional analysis on AFM
image in (a).
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combination of these results suggests the presence of a cross-b
structural motif,[46] wherein b strands are perpendicular to the
fibril growth axis and planes defined by b sheets lie parallel to
the fibril growth axis. Two substructures stack vertically to
form a bilayer. A rectangular cross-section with a height much
smaller than the width thus results as a consequence of this
vertical stacking, which is most likely driven by hydrophobic
interactions. AFM sectional analyses yield an average height
of 1.4 nm for these bilayers; this value corresponds well with
the expected height of a bilayer when the side-chain lengths of
residues of the alanine-rich sequence are considered. Two or
more bilayer substructures may stack laterally to cause fibril
vertical growth (observed as multiples of 1.4 nm), although
single- and double-layer fibrils occur most frequently. Vertical
stacking has been observed previously in other experimental
examples of self assembly of alanine-rich sequences.[48] The
axial assembly of two hairpins in a head-to-tail manner
maximizes hydrophobic contact, and places histidine seg-
ments together. Such assembly is supported by an analysis of
the average interparticle spacing measured in 17H6-tem-
plated nanoparticle arrays (see below). Exclusion of the
histidine segments from the interior of the fibril would not
result in the observed quantization of the interparticle spacing
along the fibril length and is thus ruled out. Electrostatic
repulsion between histidine segments contributes marginally
to the opposition of such assembly, but hydrogen bonding and
hydrophobic interactions dominate, and bury the C termini of
polypeptide molecules together. The histidine-rich segment is
thus arranged regularly along the fibril length with a spatial
periodicity of 5.47 nm (12 � 4.56 �). These regularly repeat-
ing, positively charged histidine patches represent the most
promising feature of this nanoarchitecture, as they can be
utilized for the controlled placement of oppositely charged
inorganic nanoparticles.

Nanogold was chosen as a model particle system for the
construction of 17H6 templated one-dimensional arrays as

the citrate-reduction methodology to produce negatively
charged nanoparticles is well-established.[51] The simultane-
ous addition of a reducing agent (sodium citrate) and a
stabilizing ligand (sodium 3-mercaptopropionate, MPA-Na)
allowed the production of 2–3 nm Au nanoparticles.[38, 52]

These nanoparticles bear a negative charge in solution,
owing to the dissociation of MPA-Na. 17H6 fibrils were
mixed together with an excess of gold nanoparticles and
stirred overnight. The gold nanoparticles became immobi-
lized on the 17H6 fibrils, thus neutralizing the charge on the
positively charged histidine patches, and the fibril–particle
assemblies precipitated from the solution. Figure 4a shows a

BF TEM image of gold nanoparticle arrays on 17H6 fibrils.
The gold nanoparticles bind to 17H6 fibrils with a high
fidelity, and successful templating is observed over hundreds
of nanometers in length. The fibrils themselves are not stained
and are hence invisible because of their lower electron
density. A statistical analysis of inter-nanoparticle spacing on
this image yields an average interparticle spacing of (5.5�
1.2) nm, which is in good agreement with the spacing between
histidine segments proposed in the model in Figure 3. The
large standard deviations associated with the measurement of
inter-nanoparticle spacing arise from convolutions that arise
from particle size polydispersity and the measurement�s
sensitivity to imaging artifacts such as focus and astigmatism.
Figure 4b,c show high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
of 17H6-Au nanoparticle arrays. In HAADF-STEM mode,
bright areas on the micrograph correspond to regions of high
atomic number, and in our case highlight the gold nano-
particles with a high degree of clarity. The interparticle
spacing in Figure 4c was measured to be (5.2� 1.0) nm.

Figure 3. Structural model for 17H6 fibril showing antiparallel b-sheet
arrangement of alanine-rich repeat segment (marked in gray) and
spatially repeating positively charged histidine patches (marked in
black).

Figure 4. a) BF TEM image of 17H6 templated 1D gold nanoparticle
arrays; b) HAADF-STEM image showing the high fidelity of the 2 nm
gold nanoparticles to the 17H6 fibrils; c) HAADF-STEM image show-
ing controlled axial nanoparticle positioning with (5.2�1) nm interpar-
ticle spacing; d) mechanism for electrostatic assembly of negatively
charged gold nanoparticles on positively charged histidine patches in
17H6 fibrils.
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Debye theory suggests that the observation of this
interparticle spacing implies templating and not merely
electrostatically controlled repulsion of particles during
assembly.[53] A fibril that possesses an entirely hydrophilic
surface that is positively charged would have an interparticle
spacing closer to the Debye length of the solutions, as defined
by their ionic strengths or close-packed assembly along the
mediating nanostructure, as observed in other electrostatic
assembly systems.[22] However, the measured average inter-
particle spacing far exceeds the Debye length (K�1 = 0.51 nm)
of the solutions used for the nanoparticle deposition. Notably,
the addition of stoichiometrically higher quantities of gold
nanoparticles does not lead to a decrease in interparticle
spacing. When all the available histidine patches in a fixed
volume of 17H6 fibril solution are satisfied by gold nano-
particles, no further assembly is observed after the addition of
a further excess of gold nanoparticles, as all the oppositely
charged sites are satisfied and therefore inaccessible. Addi-
tionally, variations in the ionic strength of the solutions used
during assembly measurably affect the assembly kinetics, as
charge-screening results in slower assembly kinetics at higher
ionic strengths. This effect illustrates the electrostatically
directed binding of the nanoparticles, which not only confirms
the validity of the patched-histidine model of 17H6 self-
assembly but also suggests the potential of these strategies in
bottom–up assembly as shown in Figure 4d. Negatively
charged nanoparticles bind to the positively charged histidine
patches by electrostatic interactions in solution and become
immobilized, thus resulting in one-dimensional nanoparticle
arrays. A nanoparticle bound to a histidine patch prevents
another from binding to the same patch by electrostatic
repulsion.

Modularity is a key advantage of the electrostatic
assembly approach as it introduces the flexibility afforded
by the host of particle nanoengineering[54] techniques that are
presently available, such as ligand exchange. Moreover, this
system offers a convenient, bottom–up method of placing
nanoparticles at predefined separations in a one-dimensional
configuration. These hybrids can then be utilized for the study
of fundamental interactions between nanoparticles. Most
importantly, the inter-nanoparticle spacing may potentially be
tuned by systematic changes in the primary sequence, such as
by simply increasing the number of alanine-rich segments in
the polypeptide. If it assumed that a similar hierarchical
assembly pathway is followed by longer polypeptides with an
identical alanine-segment composition, changing the number
of alanine-rich repeat segments would control inter-histidine
separation and, consequently, the templated inter-nanoparti-
cle spacing. Control over inter-nanoparticle spacing at such
length scales is at the limit of state-of-the-art lithographic
capability but is potentially accessible using this polypeptide
architecture. Particle immobilization through these methods
is not limited to electrostatic interactions; specific affinities
towards inorganic materials may be engineered by alteration
of the histidine-bearing N terminus to incorporate different
types of binding groups and functional epitopes.

In conclusion, we have demonstrated the ability of an
alanine-rich polypeptide to template nanoparticle assembly
by the assembly of the polypeptide into b-sheet fibrils.

Electron microscopy, X-ray scattering, FTIR, and atomic
force microscopy indicate the assembly of the polypeptide
into a unique molecular architecture with spatially repeating
positively charged patches. These positively charged patches
permit the immobilization of negatively charged gold nano-
particles through complementary electrostatic interactions by
a solution-phase assembly process. This system can be utilized
for the construction of one-dimensional arrays of different
nanoparticle types and offers a potential method for modu-
lating inter-nanoparticle spacing by polypeptide sequence
programming. It is expected that these nanoparticle arrays
would be useful for studying quantum mechanical behavior in
nanoparticle interactions. These one-dimensional nanoparti-
cle arrays would also be promising candidates as materials for
the construction of nanoscale optoelectronic devices.
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