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ABSTRACT: Self-assembled peptide fibrils have been used extensively to
template the organization of metal nanoparticles in a one-dimensional /
(1D) array. It has been observed that the formation of the 1D arrays with
a width of a single or few nanoparticles (viz. 20 nm diameter) is only
possible if the templating fibers have comparable diameters (viz. <20
nm). Accordingly, until today, all the peptide-based templates enabling
such 1D arrays have very low persistence lengths, a property that depends
strongly on the diameter of the template, owing to the inherent flexibility peptide
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of only a few nanometer-wide fibers. Here, we demonstrate the formation

of high persistence length 1D arrays templated by a short self-assembling peptide fibril with an asymmetrically distributed
charged surface. The asymmetric nature of the peptide fibril allows charge-dependent deposition of the nanoparticles only to
the part of the fiber with complementary charges, and the rest of the fibril surface remains free of nanoparticles. Consequently,
fibers with a much higher diameter, which will have a higher persistence length, are able to template single or few
nanoparticle-wide 1D arrays. Detailed microscopy, molecular dynamics simulations, and crystal structure analysis provide
molecular-level insights into fiber asymmetry and its interactions with diverse nanostructures such as gold and magnetic
nanoparticles. This study will afford an alternative paradigm for high persistence length 1D array fabrication comparable to
DNA nanotechnology and lithography but with tremendous cost-effectiveness.
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T he assembly of metal nanoparticles in one- or quasi-
one-dimensional (1D) architecture is one of the most
extensively studied aspects of nanotechnology owing
to their advantageous collective properties. 1D organization
forms the basis of many advanced applications ranging from
the plasmonic waveguides to surface enhanced Raman
spectroscopy to optical metamaterials to enhanced magnetic
effects.”™” In a pioneering study, Maier and co-workers
demonstrated plasmonic waveguides below the diffraction
limit along the linear chain of nanoscale silver rods.® These
emerging applications inspire the development of diverse
fabrication strategies. The top-down lithography represents a
primary technique to produce nanoparticle arrays in which the
length of the nanoparticle chain can be easily extended up to
um to mm scale.””"* However, the fabrication of 1D chains
with a width equal to the diameter of single or few
nanoparticles with sizes well below 100 nm still possesses
significant challenges.'”™"® Templated assembly of nano-
particles is emerging as an advanced technique to afford
coupled plasmonic nanoparticles at very high yields. The most
advanced method employs bottom-up assembly of DNA to
generate linear chain-like nanoparticle arrays with unparalleled
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nanoscale precisior1.14_18 However, organization of DNA into
high persistence length architecture is still challenging, and the
recent advances in DNA origami allow formation of DNA
nanostructures mostly around 1 um long persistence length.'”
Furthermore, DNA templated assembly requires extensive
postsynthesis functionalization of metal nanoparticles, making
the process cost-intensive.

Self-assembling peptides represent another widely inves-
tigated bottom-up technology'*~>’ and have the potential to
produce high aspect ratio 1D assembly in a cost-effective
472 Peptide nanofibers with diverse sequences and
lengths have been explored to template metal nanoparticles in
1D architecture. In a recent study, it has been demonstrated
that the co-incubation of gold salt with fibrils prepared from

2
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bacterial derived peptide leads to the dense coverage of the
fibers with gold nanoparticles (AuNPs).”” In another study,
homogeneous coverage of AuNPs templated by cysteine
modified coil—coiled peptide fibrils was achieved.”® Very few
reports have also described the formation of single nano-
particle-wide 1D arrays templated by peptide nanofibers.””~>*
However, in later fabrication methods, the diameters of
nanofiber and nanoparticle need to have comparable sizes,
for example, to template 1D chains with 20 nm particles, one
will need nanofibers with diameters of 20 nm or less. Thus, the
templating of 1D arrays by peptide fibrils either lead to the
complete coverage of the nanofibers and the number of
nanoparticles wrapping the fibers increases with fibers
diameters””****73% or to the formation of a 1D chain with
one or few nanoparticles wide only when the nanofiber
diameter is equal to or less than the nanoparticle
sizes.”"??7**%7 Consequently, in the latter fabrication strategy,
the peptide-based templates have a very low persistence length,
a property that strongly depends on fiber diameter.”® Here, we
demonstrated the fabrication of single or few nanoparticle-wide
ID chains with several micrometers of persistence length
templated by a short self-assembling peptide. The detail
analysis also revealed that only a small fraction of the nanofiber
surface is available toward nanoparticle attachment. Thus,
fibers with a much larger diameter, which are expected to have
higher persistence length, were able to template single or few
nanoparticle-wide 1D chains. We performed an extensive
analysis of the crystal structure of peptide nanofiber and
implemented detailed all-atom molecular dynamics simulations
to provide a molecular-level understanding of the assembly
mechanism and established the electrostatic nature of the
interactions between the nanoparticles and nanofibers. The
nonspecific interactions allow us to align nanoparticles with
diverse capping agents without any postsynthetic functional-
ization and to incorporate different types of nanoparticles such
as gold and magnetic.

RESULTS AND DISCUSSION

Self-Assembly of Asymmetric Peptide Nanofibers.
Recently, we demonstrated the self-assembly of a short seven-
residue sequence, termed as SHR-FF to nanofibers.’”"’
Microcrystal X-ray diffraction of SHR-FF revealed the cross-
P arrangement of the peptide in the nanofiber, confirming its
amyloid-like characteristics.”” As reported before, contrary to
the extended conformation of the peptides in amyloid fibers
composed of coded amino acids, SHR-FF adopted a looplike
structure in which the C-terminal carboxyl group and N-
terminal amine formed intramolecular H-bonding (Figure 1a).
This pseudocyclic conformation of SHR-FF can be attributed
to the presence of the 2-aminoisobutyric acid (Aib), a natural
noncoded amino acid, that prefers non-f-sheet dihedral angles.
An interesting feature of SHR-FF conformation, as observed in
the crystal structure, is that although the peptide contains two
polar serine residues, only the side chain of the residue located
at the N-terminus (Ser1) was protruding outward of the cyclic-
like conformation (Figure la). This phenomenon along with
the outward exposure of only hydrophobic phenylalanine
(Phe) and Aib side chains along the periphery resulted in the
asymmetric display of electrostatically charged surfaces in the
SHR-FF monomer. Most importantly, the asymmetry in the
SHR-FF conformation at the monomer level was amplified in
the higher-order packing and the fiber displayed a charged
interface only in the quarter of the periphery along the long
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Figure 1. SHR-FF peptide assembly. (a) Sequence and crystal
structure of SHR-FF. The polar segments are depicted in red,
whereas the Aib residues are displayed as blue. (b) Higher order
packing of SHR-FF reveals an asymmetric surface along the long
axis of the fiber. Only one of the four interfaces along the long axis
is polar in nature. (c) Three hydrophobic interfaces surround the
periphery of the SHR-FF nanofibers.

axis due to Serl and the free terminals (Figure 1b). The rest of
the surfaces displayed hydrophobic interfaces, as evident in
Figure lc. This analysis confirms that most of the fiber
circumference is hydrophobic in nature with a small stretch of
charged domain running along the fiber length. The extreme
ends of the fibers also harbor polar surfaces owing to the
presence of the Ser4 side chain and amide bonds (Figure S1).

Fabrication of Linear 1D Arrays Templated by Self-
Assembled Peptide Fibers. The atomic-level understanding
of the SHR-FF organization in the nanofibers inspired us to
harness the asymmetry in surface charges to align nanoparticles
through electrostatic interaction. We envisioned that the
asymmetric nature of SHR-FF nanofibers has the potential to
template the formation of single or few nanoparticle-wide 1D
chains despite the fibers with diameters of more than 100 nm
and afford a high persistence length nanoparticle array owing
to its high crystallinity and rigidity. To test this hypothesis, a
KAuCl, solution (S mM) was added to the SHR-FF (S mg
mL™") nanofiber prepared in 100 mM HEPES buffer (pH 7.4)
due to the later ability to reduce gold salt. As shown in Figure
2a, this method led to the in situ synthesis of AuNPs with
varying sizes and diameters. Most importantly, as predicted,
the AuNPs are aligned in linear chain-like arrangements and
cover only a small fraction of fiber surface.

In addition, under the experimental conditions, the majority
of synthesized AuNPs are attached to fibers confirming the
strong interactions between them (Figure 2a, Figure S2). As
mentioned before, the bottom-up fabrication of long, straight,
and linear nanoparticle arrays are highly limited owing to the
very low persistence length of the peptides or DNA templates.
A simple visualization of Figure 2 and Figure S2 indicates that
the straight chain-like arrangement of the plasmonic arrays has
a high persistence length. To validate this, we analyzed the
transmission electron microscope images of 100 nanofibers
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Figure 2. Linear 1D nanoparticle arrays with high persistence lengths. (a) In situ synthesis of AuNPs leads to the asymmetric linear 1D chain
formation. The nanoparticles form a nearly continuous array and maintain excellent linearity. Zoomed in image of nanoparticles decorated
fibril (right). (b) Distribution of persistence lengths of 1D nanoparticle arrays measured from TEM images by analyzing 100 AuNPs
decorated nanofibers from three different experiments. (c) Decoration of preformed AuNPs (lipoic acid stabilized) in SHR-FF fiber
template. (d) Decoration of preformed AuNPs (citrate stabilized) in SHR-FF fiber template. The representative zoomed image depicts the

formation of a 1D chain with a single nanoparticle width.

decorated with AuNPs from three different experiments, and as
shown in Figure 2b, the arrays indeed have the persistence
lengths of several micrometers (average value is 2.7 ym) and
can extend to more than 10 ym (Figure 2b). This feature of
SHR-FF fibers can be attributed to the crystalline nature of the
assembly and the presence of the Aib residue which is known
to introduce conformational rigidity into the peptide back-
bone. It is important to mention that the persistence lengths
presented in Figure 2b are the minimal lengths, as the end of
many fibers were not visible in the images and the actual
average persistence length may have a higher value. To
understand the nature of the interactions between the
nanofibers and AuNPs, the { potential of the AuNPs in
HEPES buffer was measured and it revealed —45 mV potential
(Figure S3). This indicates a positive charge in the fibers,
although the surface has negative (carboxy terminal), positive
(amine terminal) and polar nonionized Serl side chains

(Figure la). The reduction of KAuCl, in the presence of
nonassembled SHR-FF afforded AuNPs but without the higher
order organization (Figure S4).

Although convenient, in situ synthesis of nanoparticles has a
low versatility in terms of control over sizes, surface
compositions, and functionalities. Thus, the asymmetric
deposition of preformed nanoparticles with different functional
groups will be preferable. To probe the versatile nature of
SHR-FF template, we admixed commercially available citrate
and lipoic acid stabilized AuNPs with diameters of 20 nm with
SHR-FF fibers. In all samples, preferential asymmetric
attachment of AuNPs was observed (Figure 2c,d and Figure
SS), and the fibers as well as the metallic array maintained
excellent linearity during the fabrication process. Noticeably, in
addition to the multichain asymmetric assembly, a substantial
population revealed the formation of linear and straight 1D
chains with single nanoparticle width (Figure 2d). In a notable
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study, Stupp and co-workers demonstrated that the supra-
molecular assembly of asymmetric peptide amphiphiles leads
to the formation of nanoribbons with asymmetric faces, as
evidenced by the preferential but sparse attachment of AuNPs
on only one face."' In other studies, crystalline peptide and
amino acid-based microstructures have been shown to possess
facet-dependent asymmetric surfaces, amenable to asymmetric
decoration of AuNPs as clusters.*”** Evidently, the bottom-up
formation of asymmetric self-assembled peptide nanostructures
with the capability to template 1D chain-like organization of
metal nanoparticles was not well explored. Most importantly,
the presence of an asymmetric interface in the SHR-FF fiber
allows the formation of a single or few nanoparticle-wide linear
array with high persistence length even when the size of the
AuNPs is only around 20 nm. We also measured the UV—vis
spectra of 1D arrays prepared from preformed AuNPs to
understand the nature of plasmonic coupling. The spectra
revealed a high level of scattering from underlying peptide
fibers, and this may have masked the signal arising from
plasmonic arrays (Figure S6).

Insights about the Peptide Fiber and the Nano-
particle Interactions by All-atomistic MD Simulations.
To better understand the experimentally observed coupling of
charged NPs with SHR-FF fibers, we studied the systems with
all-atomistic MD simulations. Figure 3a shows a small, isolated
crystallite formed by SHR-FF with an AuNP hovering above it
in an aqueous solution. During the simulations, the neutral but
highly polar 6912 peptides forming the crystal were partly
stabilized from solvation by fixing the positions of heavy atoms.
The AuNP (7 nm in diameter) coated with negatively charged
citrate ligands (a surface density of 1.69 ligands/nm* AuNP
net charge of —780 e) was placed above the crystallite. Sodium
counterions (to balance the negative AuNP charge) and 0.1 M
phosphate buffer at pH 7.4 were added to the aqueous
solution. The dynamics of the negatively charged AuNP was
largely driven by an electric field exerted by the non-
centrosymmetric peptide crystal. The electric field is generated
by electric dipole moments of peptides arranged in a parallel
manner in the crystal, originating from the almost parallel
orientations of the serine side groups in each monomer. Figure
3a,ii—iv reveals the electric field obtained for selected cross
sections through the crystal by VMD. The potential at the top
(bottom) left crystal corner has a highly positive (negative)
value, thus attracting the negatively charged AuNP. In S ns
simulations, the AuNP and the negative regions of the crystal
became covered by adsorbed positive counterions. The partly
screened electric field of the crystallite eventually attracted the
AuNP toward one of its top corners with the most positive
potential (indicated by the darkest shade of blue in Figure
3a,ii—iv), where the AuNP pivoted ~7.4 A above the surface
(Figure 3a). Its average binding energy to the crystal
normalized with respect to the number of peptides was —2.2
kcal/mol. When we placed the AuNP on the opposite side of
the peptide crystal, there was a significant repulsion, where the
AuNP diffused away from the peptide crystal (Figure S7). The
attraction of the charged AuNP and the peptide crystal is
merely the interaction of a monopole to a dipole, in which the
monopole is attracted to the end of the dipole with opposite
charge. These results support the experimental observations,
showing that the AuNPs coalesce along the crystal edges and
only a fraction of the SHR-FF fibril surface is amenable to
charge complementary interactions.
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Figure 3. AuNP positions with respect to SHR-FF crystal and
volumetric slices of electric field exerted by the SHR-FF crystal.
Dark blue values represent regions with a strongly positive electric
field, and dark red regions represent regions with a strongly
negative electric field. (a) (i) SHR-FF crystal with a citrate ligands-
covered AuNP stabilized above it after 26 ns (insight image shows
details of peptide crystal and AuNP); approximate direction of
electric field exerted by the crystal; (ii) electric field slices along
the a axis; (iii) electric field slices along the b axis; and (iv) electric
field slices along the c axis. Scale bar in (a) represents 10 nm for
(i=iv). (b) (i) 41 ns trajectory of center of mass of AuNPs along
crystals extended by PBC and electric field exerted by crystals; (ii)
electric field slices along the a axis; (iii) electric field slices along
the b axis; and (iv) electric field slices along the c axis. Scale bar
represents 10 nm (for i—iv). (c) Schematic diagram showing the
organization of SHR-FF with respect to the charge distribution in
the nanofibers. Only one layer of SHR-FF molecules is displayed
for clarity.

Next, we simulated the same crystal with periodic boundary
conditions applied to model an infinite crystal surface. Since
the electric field above the surface became uniform (Figures
3b), the interaction energy between the AuNP and the crystal
only depends on their mutual separation. Therefore, once the
AuNP got close to the crystal surface, it randomly hovered
within 4—17 A above it (Figure 3b,i). Its average binding
energy to the crystal normalized with respect to the number of
peptides was —5.9 kcal/mol. As shown in Figure 3b,i, AuNP
was attracted only to one side of the infinite crystal. As evident
from the simulations, the dipole in the peptide crystal
originates from the overall organization of SHR-FF molecules.
All the residues including serine and amide backbones
contribute to different extents to generate the observed dipole
(Figure 3¢).

Versatility of Peptide Fibrils to Template 1D Array of
Diverse Types of Nanoparticles. The extensive MD
simulations confirm that nanoparticles can only access a
narrow zone of the SHR-FF fibril surface through charge
complementary interaction. As this process is nonspecific in
nature, it can be inferred that SHR-FF asymmetric template
can be employed beyond AuNPs. To explore this, we selected
super paramagnetic nan(;particles (SNPs) owing to their
multifaceted applications.”** Following a similar protocol,
bare preformed SNPs with negative surface charge were mixed
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Figure 4. Versatility of SHR-FF fibrillar template. (a) 1D chain-like assembly of SNPs. (b) Comparison of cumulative magnetic properties of
1D chains and disperse nanoparticles in the absence or presence of magnetic field, respectively. (c) Schematic illustration of mechanism of

magnetic effect in the presence and absence of an external magnet.

with SHR-FF nanofibers. The TEM images revealed the
formation of a 1D nanochain reminiscent of AuNP chains,
validating the template’s versatility (Figure 4a). It is known
that in the presence of an external magnetic field, a temporary
magnetic moment is generated in SNPs, and when arranged in
1D architecture, such a magnetic moment is aligned in the
direction of the long axis of the fibers, thus affording a very
high net magnetic moment.”> To demonstrate this effect, we
placed the 1D SNPs in a static magnetic field. As expected, the
SNPs array underwent further assembly and pulled toward the
external magnet, whereas in the absence of an external field,
they remain well dispersed in the solution (Figure 4b). It can
be surmised that the net high magnetic moment of the
individual 1D SNPs arrays favored the lateral association of
fibers in which the individual magnetic nanoparticle aligned in
offset geometry (Figure 4c), whereas in the absence of an
external magnet, the individual SNPs magnetic moments as
well as the 1D array have random orientation and do not reveal
any higher order aggregation (Figure 4c). We have also placed
the isolated SNPs under the same static magnetic field, and as
shown in Figure 4b, the SNPs remained completely dispersed,
further confirming the very high net magnetic moments of the
1D SNPs arrays. Literature reports suggest that the net
magnetic moments and the persistence length of the 1D array
are correlated.” Accordingly, excellent aggregation propensity
of the 1D SNPs under weak magnetic field can be attributed to
the high persistence length of the SHR-FF fiber templated 1D
SNPs. This study indicates that the SHR-FF templated
magnetic chain can be advantageous for magnetic separation
in low magnetic fields.

18311

CONCLUSION

In conclusion, we have developed a self-assembling peptide
template that allows the formation of linear 1D nanoparticle
chains with high persistence length. The linearity of the 1D
chains was attributed to the crystallinity of the nanofibers and
asymmetric display of the polar surface along the long axis of
fibers. This asymmetric nature further facilitated the assembly
of single nanoparticle-wide 1D chains in which the fibrillar
template has a much larger total surface area than the
nanoparticle sizes. The rigid linear chain-like organization of
nanoparticles demonstrated in this study will be highly
beneficial for the construction of ordered 2D arrays.”*°
Moreover, detailed MD simulations confirm the role of the
nonspecific electrostatic nature of interactions which allows 1D
chain-like assembly of nanostructures with diverse features
such as magnetic and gold nanoparticles. It can be envisioned
that the control over the diameter and length of the SHR-FF
fiber can be harnessed to afford highly homogeneous single
nanoparticle-wide 1D chains with high persistence lengths
comparable to lithography and DNA nanotechnology-based
approaches but with tremendous cost-effectiveness. Finally, the
incorporation of Aib in fB-sheet-based peptide design has the
potential to afford fibrillar assembly with an asymmetric
surface.

METHODS

Self-Assembly of SHR-FF. SHR-FF was purchased from Peptron,
Inc. (South Korea). The lyophilized peptide powder was dissolved in
100 mM HEPES buffer at pH 7.4 at a concentration of 5 mg mL™
and stored in a sealed plastic vial. The sample was incubated at room
temperature for a duration of 5—7 days to allow the formation of
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fibrils. The resulting fibrils have been used to study the interaction
with metal nanoparticles.

Interactions of SHR-FF Fibril Templates with AuNPs. KAuCl,
was dissolved in an ultrapure solution in the appropriate
concentration. The KAuCl, solution was then added to the preformed
SHR-FF fibril (5 mg mL™") prepared in 100 mM HEPES buffer at pH
7.4 as discussed above. The volume of the added KAuCl, solution was
maintained at 3% with respect to the initial volume of the original
SHR-FF solution. The solution was agitated at 200 rpm for 2 h
followed by 400 rpm for 2 h in an orbital shaker. The completion of
the process was indicated by a change in solution color from golden
yellow to purple. The AuNP decorated SHR-FF was stored at 4 °C for
further analysis. The { potential measurement was performed by
preparing the AuNPs in 100 mM HEPES buffer (pH = 7.4) in the
absence of SHR-FF fibers (Zetasizer Nano ZS, Malvern Instruments).

To study the interactions of SHR-FF fibers with preformed AuNPs,
the preformed SHR-FF fibril solution was centrifuged at 2000 rpm for
10 min. The supernatant was removed. The pellet containing SHR-FF
fibril was resuspended in the appropriate volume of preformed AuNPs
(Au concentration 1 mg mL™") in water to reach a final concentration
of ~5 mg mL™" of SHR-FF. Preformed AuNPs with a diameter of 20
nm were purchased from nanoComposix, USA. The commercially
procured preformed AuNPs contain citrate and lipoic acid as
stabilizing agents.

UV—vis spectra of only preformed AuNPs (Au concentration 1 mg
mL™") and solution containing the 1D arrays as prepared above were
measured in a 96-well plate containing 200 uL of respective solutions.
The spectra were collected in a BMG Labtech microplate reader.

Interactions of SHR-FF Fibril Templates with Magnetic
Nanoparticles. SHR-FF was prepared in a buffer solution as
described above. The sample was centrifuged at 2000 rpm for 10 min.
The supernatant was removed, and the pellet containing SHR-FF
fibril was resuspended in ultrapure water. To this, 20 uL
(buffer:magnetic nanoparticle solution = S5:1 (v/v)) of magnetic
nanoparticle solution (25 mg mL™', diphosphate functionalized,
Chemicell GmbH, Germany) was added. The sample was agitated in
an orbital shaker at 200 rpm for 4 h. The deposited nanoparticle
arrays were washed twice with ultrapure water following the above
centrifugation protocol to remove the secondary aggregates of the
nanoparticles from 1D array. The final solution was stored at 4 °C for
further analysis.

Transmission Electron Microscopy. The SHR-FF fibers with or
without the nanoparticles were analyzed by transmission electron
microscopy. Before sample preparation, SHR-FF fibers decorated with
magnetic nanoparticles were washed twice with ultrapure water
following the centrifuge method discussed above, whereas AuNPs
containing samples were imaged without any postprocessing. Seven
UL of the solution was placed on a 400 mesh copper grids. After 1
min, excess fluids were blotted. Samples were viewed using a JEOL
1200EX electron microscope operating at 80 kV.

Molecular Dynamics Simulations. MD simulations were
performed with NAMD2.12 software. The natural amino acids of
the peptide and the solvent were described with the CHARMM36
protein force field.*”~* The Aib amino acid was described with the
generalized CHARMM force field,**° and the parameters were
determined via the CGenFF ParamChem web interface.” In all the
simulations, the particle-mesh Ewald method®*** was used for
evaluation of long-range Coulomb interactions. The time step was
set to 1.0 fs, and long-range interactions were evaluated every 1 (van
der Waals) and 2 (Coulombic) time steps. The simulations for
completely solvated crystals were performed in the NPT ensemble,
and the broad crystal was performed at NAPT ensemble. The area for
the NAPT ensemble was taken from unit cell parameters of the
crystal. The simulations had temperature T = 310 K, constant
pressure of p = 1 atm, and a Langevin constant of ¥4, = 1.00 ps L All
simulations were performed with a 7 nm AuNP particle and had
citrate ligands randomly distributed with surface density 1.69 ligands/
nm? Systems were simulated in 0.1 M phosphate buffer solution of
pH 7.4 determined by the ratio of H,PO,~ and HPO,* ions to screen
image peptide crystals.

The systems were first minimized for 5000 steps. Then, they were
heated to the desired temperature, at S steps/K for 2000 steps, where
they were equilibrated. In the first simulation, production runs were
taken even when the AuNP was attracted to the free counterions in
the solution more strongly than the crystal. In all other simulations,
we waited for enough for counterions to be attracted to the AuNP and
then forced the AuNP to the crystal surface before taking the
production runs.
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