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he generation of defect-free one-

dimensional (1-D) nanostructures'?

on inorganic solid substrates with
controlled spatial organization® % is a con-
tinuing challenge and calls for new con-
cepts. Since most nanodevices are com-
posed of one or a few 1-D nanostructures,
it is important to ensure that imperfect
structures or defects are not present in
those structures. To the best of our knowl-
edge, little progress has been made on the
real-time monitoring and correction of de-
fects in individual 1-D nanostructures dur-
ing their formation. On the other hand,
great effort has been directed toward the
development of novel methods for spatial
organization of 1-D nanomaterials on
surfaces,®> 8 but very few procedures exist
that can site-specifically fabricate individual,
properly oriented 1-D nanomaterials with
high spatial resolution. Herein, we address
these concerns through manipulation of in-
dividual peptide nanofilaments during pep-
tide self-assembly on a substrate, with
monitoring of its progress and repair of de-
fects in situ and with control of the growth
process in a serial manner from the nano-
meter to the micrometer scale.

Our strategy was inspired by nature. In

a biological system, molecular assembly
starts or terminates in response to chemi-
cal or biological stimuli at the right place
and the right time. If any errors are present
during the assembly, nature has developed
mechanisms to recognize and correct errors
by introducing error proof-reading and self-
repair processes, usually with the participa-
tion of enzymes. In principle, if one can in-
troduce suitable physical stimuli (e.g.,
mechanical force) in situ into a self-assembly
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ABSTRACT We have succeeded in the production of defect-free and spatially organized individual one-

dimensional peptide nanofilaments by real-time control of the self-assembly process on a solid substrate. Using

a unique mechanical manipulation method based on atomic force microscopy, we are able to introduce mechanical

stimuli to generate active ends at designated positions on an existing peptide nanofilament previously formed.

By doing so, defects in the filament were removed, and self-repairing occurred when the active ends extended

along the direction of the supporting lattice, resulting in the closure of the broken filament. Furthermore, new

active ends of the nanofilaments can be specifically generated to guide the self-assembly of new filaments at

designated positions with selected orientations. The mechanism of defect repair and guided epitaxial growth is

also discussed.
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process at the molecular level, similar mech-

anisms as those found in enzymatic ma-
chinery can be achieved. Recent develop-
ments in atomic force microscope (AFM)-
based mechanical manipulation®'* have
provided the potential for such physical
stimuli. For example, through the applica-
tion of a mechanical force from a tapping
AFM tip, it has been reported that peptide-
assembled nanostructures are broken into
fragments, which in turn serve as nucleation
seeds for further assembly.™

We applied this strategy to the self-
assembly of peptides to generate 1-D nano-
biomaterials. The 1-D nanomaterials self-
assembled from peptides and proteins are
characterized by biocompatibility, chemical
flexibility, and biological recognition
abilities,'*~2° which makes them well-suited
for many potential applications, such as for
nanofluidic device,?' fabrication of metallic
nanowires,?*?* scaffolds of tissue,#?> drug
delivery,®® and biosensers.?”? The self-
assembly of peptides is assumed to include
two steps: nucleation seed formation and
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Figure 1. Schematic drawing indicating repair of a broken nanofila-
ment (A) and the formation of “active ends” by AFM mechanical
manipulation and subsequent extension of a new nanofilament (B).
(A) After removing a defective part of a nanofilament by AFM raster
scanning once in the selected region with sufficient load, a nanogap
with two active ends was created on a nanofilament, which was sub-
sequently repaired. In this case, by increasing the peptide concentra-
tion in the bulk solution, the active ends extended until a final
closure of the nanogap. (B) After the AFM tip scanned a single line
with sufficient load at the direction indicated with the black arrow, a
new active end was created beside an existing nanofilament, which
further served as a new nucleation seed for extension of a long ori-
ented nanofilament.

a-synuclein, amyloid B protein, and prion pro-
tein.>® In previous studies, we determined the
self-assembly behavior of peptides at
water—solid interfaces® and observed the dif-
fusion and self-assembly in ambient water
nanofilms on mica.>* Here, by using a unique
mechanical manipulation carried out with an
AFM recently developed in our laboratory,® we
have successfully created “active ends” at des-
ignated positions on a peptide nanofilament
previously formed on the substrate. The cre-
ated “active ends” are analogous to nuclear
seeds for either the repair of broken nanofila-
ments on the surface (Figure 1A) or growing
extra nanofilaments at the selected positions
with new growth orientations along the un-
derlying lattice (Figure 1B).

RESULTS AND DISCUSSION

Defect Repair. AFM study enabled us to moni-
tor the peptide self-assembly process. This cru-
cial procedure allowed us to find errors in the
self-assembly process and to effect in situ re-
pair of the defective parts of the 1-D nano-

1-D nanofilament growth. After nucleation seeds have
formed, and if their ends are active, peptide monomers
can add to the seeds to extend the peptide nanofila-
ments. In particular, the orientations of the growing 1-D
peptide nanofilaments on solid substrates can be pre-
cisely controlled by the underlying lattice of the sub-
strate through an “epitaxial” process.?®~33

In our studies, we used the GAV-9 peptide,3*3> NH,-
VGGAVVAGV-CONH,, a conserved consensus of three
neurodegenerative disease related proteins:
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structures in real-time. The GAV-9 molecule is able to
self-assemble into uniform 1-D nanofilaments in three
preferred orientations along the mica lattice when the
monomer concentration is higher than critical mono-
mer concentration (1.6 mM).3* However, defects that
represent inhomogeneous parts of a nanofilament can
also appear (Figure 2A). By employing an AFM mechan-
ical manipulation method, the defective part could be
excised immediately and repaired in situ. For example,
raster scanning with the AFM tip once with a load in the
selected region removed the
defective parts, resulting in a
large gap ~700 nm in size
and exposing two ends (Fig-
ure 2B). In our experiment,
AFM manipulation was
usually carried out with a ver-
tical load greater than a
threshold force of ~4 nN. A
vertical load less than 4 nN
would not be sufficient to
generate gaps on the nano-
filaments. During AFM op-
eration, the monomer con-
centration was less than 1.0
mM. At such a concentration,
the self-assembly process

280 nmI

Figure 2. Tapping-mode AFM images of a GAV-9 nanofilament indicating the repair pro-
cess of the filament after removal of a defect by AFM mechanical manipulation. (A) Origi-
nal GAV-9 filaments in a solution with a low monomer concentration. A defective part ap-
pears in the middle region. The arrow points to featured filaments that serve as a mark
to indicate that the repair happened in a same area. (B) Gap of 700 nm appeared after
AFM removed the defective part. (C—F) When the monomer concentration increased, the
GAV-9 molecules filled the gaps until continuous filaments were formed. The scale bar
in panel D is 1000 nm and applies to all images.
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was stopped; for example,
no new nucleation seeds
formed and the nanofila-
ment did not extend. When
the monomer concentration
was increased to 1.0—1.6
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mM, the peptide self-assembly was restored
and the two exposed active ends could extend
along its original direction until the two ends
merged (see Figure 2B—F, showing a typical
“repairing” process). Interestingly, the extend-
ing rates of the two newly generated active
ends may be very different.3**’ In the case of
Figure 2, the upper active end extended about
50, 40, and 20 nm, respectively, from Figure
2B to 2C, Cto D, and D to E, while in the same
time periods, the bottom one extended about
370, 20, and 0 nm, respectively. It should be
emphasized that from AFM studies the config-
uration of the freshly formed nanofilaments
shows no detectable difference than that of
the nanofilaments formed previously. We
infer that the molecular arrangement in ac-
tive ends is similar to that on nanofilament (i.e.,
antiparallel B sheet with an upright orienta-
tion).3

The manipulation to generate the active
ends is quite subtle. We found that the repair
of the peptide nanofilament may not always
result in closure of mechanically broken gaps.
We speculated that one or both of the active
ends were slightly moved during the AFM op-
eration, which led to the mismatch after their
extension. This kind of mismatch can be
avoided by utilizing a special AFM manipula-
tion protocol, in which the AFM tip first cut the
nanofilament on the two sides of a defect
with two independent cutting operations, fol-
lowed by raster scanning at the isolated defect
with sufficient load to remove it. By following
this protocol, we repaired in total 21 gaps that
were generated on uniform nanofilaments by
AFM mechanical manipulation, a successful
rate of 100% from the data we currently have.

As discussed previously,** the self-assembly
of GAV-9 peptide on mica surface is driven by

the hydrophobic interaction and hydrogen bond be-

A
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Figure 3. Series of tapping-mode AFM images of GAV-9 nanofilaments
indicating the position-guided epitaxial growth of individual peptide
nanofilaments. (A) Original GAV-9 nanofilaments. The position of a
nanofilament was manipulated by the AFM tip by pushing it toward
the direction indicated with the white arrow. (B) Active end was cre-
ated by AFM manipulation as evidenced by the presence of a new
short nanofilament at the side of the original one. (C) Extending of
the new nanofilament. (D—F) By repeating the AFM manipulation
three times at selected positions on the original nanofilament, three
more active ends were generated and they extended to long filaments.
(G) Histogram showing that the success rate of position-guided epitax-
ial growth of peptide nanofilaments can be ~90%. The insets in panel
G indicate the correct (1) and two unexpected (2 and 3) growth behav-
iors of new nanofilaments generated by the AFM mechanical
manipulation.

the finely controlled mechanical manipulation would
also be used to induce the formation of active ends on

tween the peptide molecules as well as the electrostatic

interaction between negatively charged mica sub-
strate (because of the detachment of the potassium
ions from the surface) and positively charged peptide

an existing nanofilament at designated positions and
guide the filament extension at a selected orientation
along the underlying mica lattice. Figure 3 illustrates a

N-terminus. The hydrophobic interaction and hydrogen
bond are the origin of the self-assembly of the peptide
into nanofilaments, while the electrostatic interaction
guides the nanofilaments to extend to some preferred
orientations on the mica surface. In this paper, AFM me-
chanical manipulation provides controlled mechanical
energy to break the above-mentioned weak interac-
tions in the peptide self-assembling system and site-
specifically generates active ends for defect repair of
the nanofilaments.

Guided Epitaxial Growth. Since the active ends could be
moved during the AFM operation, we expected that
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good example of the dynamic process of AFM mechan-
ical manipulation guided epitaxial growth of individual
nanofilaments. After pushing on a nanofilament at a
single scanning line along the direction and position in-
dicated with the white arrow in Figure 3A, a branch
with an active end appeared at one side of the nanofil-
ament (Figure 3B), which served as the nucleation seed
and extended gradually into a new nanofilament (Fig-
ure 3C). Here the orientation of the new nanofilament
followed the AFM pushing direction, which had an
angle of 60° (or 120°) with respect to the original
nanofilament and coincided with the mica lattice. If
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ments with almost the same separation were fabri-
cated after three “pushing” operations by the AFM tip.
The success rate can be ~90% (1 in Figure 3G). Two
kinds of unexpected results were found in a series of re-
peated experiments. In one case, newly formed nanofil-
aments were extending with an angle of 60° relative
to the AFM pushing direction (2 in Figure 3G). In the
other case, newly formed nanofilaments elongated bi-
directionally (3 in Figure 3G). Nanofilament growth in
other directions in these experiments was not found.
Nevertheless, since AFM mechanical manipulation has
high spatial resolution, and the extension of a new
nanofilament is along the direction of the mica lattice,
this method allows us to precisely control the position

) T and orientation of a new nanofilament by employin
Figure 4. Tapping-mode AFM images indicating the exten- y empioying

sion of a nanofilament guided by the AFM tip with a direc- AFM mechanical manipulation generated active ends,

tion not matching the orientation of the underlying mica lat-  monitoring and controlling the nanofilament growth
tice. (A) Original nanofilament was manipulated by the AFM P

tip along the direction indicated by the arrow. (B) New fila- process? in Sm.l‘ .
ment was created by the AFM mechanical manipulation. The We investigated how the active ends were formed

filament induced by the AFM operation is oriented at 90°to  under AFM mechanical manipulation. Since the mono-

the original nanofilament. (C) Finally, the new nanofilament Lo . .
extended in the same direction as the lattice. (D) Contact- mer conceljwtrat.loln Is Ies.s than the critical a.ggregatlon
mode AFM image of mica substrate. Image D was taken in concentration, it is not likely that these active ends are

pure.\évaterl, W_hic¢ Wali SUbseqLI:e"f“)LfeP'aC?g with Gﬁ’TV'9 from the nucleation seeds that are randomly deposited
pepide slution or the grouth of the pepide anofle 1 he micasufacefrom the GAV-9 solutions. We also
tice orientations. eliminated the possibility that the contact site of the
AFM tip with the mica surface serves as a nucleation
seed because control experiments conducted on the
bare mica did not generate any active ends. We specu-
lated that the AFM mechanical manipulation provides
sufficient mechanical energy to break the electrostatic
interaction between the substrate and the peptide, re-
sulting in removal and rearrangement of some peptide
molecules at planned positions and formation of active
ends that are capable of extending to form a new
nanofilament. This hypothesis was supported by experi-
mental results shown in Figure 5, which indicates that
a small part of the nanofilament was moved and
pointed in the AFM pushing direction, serving as a
new active end. Most of the active ends should point
in the pushing direction since >90% of newly formed
nanofilaments are oriented in this direction.

the pushing direction did not match with the mica lat-
tice (e.g., perpendicular to the original peptide nanofil-
ament), an active end first appeared along the AFM tip
pushing direction (Figure 4A). However, the newly
formed nanofilament is in a mesostable state, and its
elongation finally pointed toward the mica lattice direc-
tion, which is in the minimal energy state® (Figure
4B,C). We also found that pushing at a single AFM scan-
ning line on a nanofilament was sufficient for generat-
ing a new nucleation seed at the side of the nanofila-
ment. Raster scanning of a part of the nanofilament
with a large load may result in multiple active ends at
the sides of the nanofilament and subsequently may
generate multiple nanofilaments from the expected site
in an uncontrollable manner, a phenomenon similar to
the one reported by Yang et al.’* During AFM

pushing, the vertical load applied by the AFM _ 1 ,
tip is estimated to be ~10 nN according to O atye
Hooke's law, which is much larger than the ' k
force that is used normally in tapping-mode
imaging in liquids. Interestingly, the peptide
concentration during this process is lower

than the critical aggregation concentration, . . . . .

. L Figure 5. Tapping-mode AFM images revealing the detailed process
typically 1.3 mM, which indicates that nanofil- ¢ AFM-guided epitaxial growth of peptide nanofilaments. (A) Origi-
aments can extend even at less than critical nal nanofilament was pushed by the AFM tip once along the direction
concentrations once the active ends have indicated by the white arrow. (B) Original nanofilament was broken
by the AFM mechanical manipulation, and in the meantime, a small
been created. part of the nanofilament was moved and pointed in the AFM pushing

The generation of new nanofilaments by direction, serving as a new active end (indicated with a white arrow)
using AFM mechanical manipulation is very fqr napoﬁlament extension. (C) Active end extended anr}g the lattice

K - direction and a new nanofilament formed. At the same time, the gap
convenient and repeatable. As shown in Fig- on the original nanofilament was closed. The scale bar in panel Cis 200
ure 3D—F, three additional parallel nanofila- nm and applies to all images.
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Figure 6. Tapping-mode AFM images showing the word “NANO”

composed of individual GAV-9 nanofilaments.

Pattern Generation. By combining the AFM mechani-
cal manipulation methods mentioned above, patterns
of peptide nanofilaments can be generated. For ex-
ample, a pattern with the word “NANO” was formed
on the solid substrate (Figure 6). We emphasize that our
method is based on the local manipulation of the self-
assembly of the peptide, which enables us to control in
real-time the growth of individual nanofilaments. Our
method is distinguished from the strategy that synthe-
sizes nanowire superstructures through the change of
synthesis condition in bulk®® and provides more opera-
tional freedom in nanofabrication that would result in
more complicated patterns. With the development in
the automation of the AFM manipulation process and
the application of arrayed AFM tips,* the efficiency of
our current manipulation method would be dramati-
cally increased.

METHODS

GAV-9, NH,-VGGAVVAGV-CONH,, was synthesized with Boc
solid-phase methodology and then was purified as described
previously.>* Before use, the powder of the GAV-9 peptide was
dissolved into 10 mM PBS buffer (10 mM phosphate, 10 mM
NadCl, pH 7.0). Muscovite mica (KAl,(SizAlO;0)(OH),, Sichuan Meif-
eng Co., China) was used as the inorganic substrate, which was
freshly cleaved by adhesive tape prior to each experiment. GAV-9
nanofilaments were formed on the substrate as previously re-
ported.3*

All in situ AFM operations were performed on a commercial
AFM (Nanoscope llla, Veeco/Digital Instruments) equipped with
a J-scanner in a liquid cell. Silicon nitride cantilevers with a typi-
cal spring constant of 0.22 N/m (NPS, Veeco/Digital Instruments)
were used. All AFM images were obtained with tapping-mode
in liquid. During AFM imaging, to protect the sample, the force
was applied as small as possible by adjusting the amplitude set
point. To control the peptide self-assembly, the AFM manipula-
tion procedure was conducted as shown in Figure 1. First, the
AFM tip was located at positions of interest on a preformed
nanofilament. Then the AFM tip was brought into contact with
the substrate by setting a negative “lift height” in a “lift mode”,
which provides a quantitative mechanical force to manipulate
the GAV-9 nanofilament at the desired locations. The vertical
load can be roughly calculated from the cantilever’s spring con-
stant and the setting lift height that the tip had moved.*' The
nanofilaments can be either removed in part by the force or
pushed to form an active end at the side for a new nanofila-
ment. In this process, the GAV-9 monomer concentration was
controlled either by addition of PBS buffer or GAV-9 solution of
higher concentration (3.2 mM).
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CONCLUSIONS

In summary, we have presented an ap-
proach to produce spatially organized indi-
vidual one-dimensional peptide nanofila-
ments by delicately manipulating the
peptide self-assembly process on solid sub-
strates. When a defective site of a nanofila-
ment is removed by AFM mechanical ma-
nipulation, active ends are generated and
the peptide nanofilament repairs itself by filling in
the gap with new GAV-9 molecules. An active end
can also be generated on an existing nanofilament
and pushed to the side of the nanofilament by AFM
nanomanipulation. Subsequently, nanofilament ex-
tension at designated positions and selected orien-
tations can also be achieved. Compared to previous
publications,' our method offers more precise con-
trol on the position, direction, and shape of the
newly formed peptide nanostructures and has the
ability for defect repair. Importantly, this method
may be extended to other monomers for fabricat-
ing individual 1-D nanostructures at selected loca-
tions and orientations on solid substrates if the
monomer has a similar templating process in self-
assembly on the substrate.
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