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ABSTRACT: One-dimensional nanostructures are ideal
building blocks for functional nanoscale assembly. Peptide-
based nanofibers have great potential in building smart hierarchical
structures due to their tunable structures at the single
residue level and their ability to reconfigure themselves in
response to environmental stimuli. We observed that pre-
adsorbed silk-elastin-based protein polymers self-assemble
into nanofibers through conformational changes on a mica
substrate. Furthermore, we demonstrate that the rate of self-
assembly was significantly enhanced by applying a nano-
mechanical stimulus using atomic force microscopy. The
orientation of the newly grown nanofibers was mostly
perpendicular to the scanning direction, implying that the
new fiber assembly was locally activated with directional
control. Our method provides a novel way to prepare nano-
fiber patterned substrates using a bottom-up approach.

Self—assembly is one of the most important mechanisms that
nature exploits to build complex structures. Numerous
research groups are focusing on controlling the self- assembly
process to develop nanostructures of periodic patterns.” Spon-
taneous organization often occurs in a hierarchical manner in a
wide range of length scales, creating higher-order structures built
from pre-assembled structures in a stepwise fashion.® During this
process, the preformed substrate often provides crucial cues in
facilitating subsequent assembly steps.*> These cues consist of
local geometric constraints and mostly non-covalent interactions
such as hydrogen-bonding, hydrophobic, or electrostatic inter-
actions. The formation of one-dimensional peptide-based self—
assembled nanostructures on the substrate has been reported.®

However, controlling the location and direction of the nano-
structures on the substrate to create well-defined one-dimensional
nanoscale patterns remains challenging. Here we report on the
application of nanomechanical forces in a local manner to initiate
the self-assembly of protein polymer-based nanofibers at a specific
location with control of their growth direction, without using any
local geometric constraints such as preformed surface patterns.
This method may provide a simple way to prepare well-ordered
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nanofiber substrates, which can serve as building templates for
functional nanoscale devices.

Self-assembling peptides have received 51gn1ﬁcant attention in
nanotechnology for bottom-up fabrication” and biomimetic
structure.”” Silk-elastin-like protein polymers (SELPs) are geneti-
cally engineered block copolymers made of silk-like blocks
(Gly-Ala-Gly-Ala-Gly-Ser) from Bombyx mori (silkworm) and
elastin-like blocks (Gly-Val-Gly-Val-Pro) from mammalian elas-
tin. The repeating unit of SELP-815K contains 8 silk (S) units,
15 elastin (E) units, and 1 lysine (K)-modified elastin unit. The
molecular weight is 65374 Da, and its complete amino acid
sequence is MDPVVLQRRDWENPGVTQLNRLAAHPPFAS-
DPM[GAGS(GAGAGS),(GVGVP),GKGVP(GVGVP), -
(GAGAGS)sGAGA],MDPGRYQDLRSHHHHHH."

The structure of SELPs can be controlled at the single amino
acid residue level, allowing for a strategic introduction of various
functional motifs for hierarchical self-assembly, stimuli sensitiv-
ity, and biorecognition. At body temperature, SELPs form a
hydrogel, which is advantageous in injectable biomaterials for
drug delivery'' and tissue engineering applications.'*

In our previous studies, we observed that SELPs self-assemble
into nanofibers on specific substrates.'® To further investigate the
mechanisms of surface-facilitated self-assembly, S ug/mL of
SELP-815K (Protein Polymer Technologies, Inc., San Dlego,
CA) in distilled water was dropped on a freshly cleaved 8 X 8 mm’
mica surface (Ted Pella, Inc., Redding, CA). The samples were
incubated for 30 min in a humidity chamber at room temperature
and then washed with distilled water three times. Atomic
force microscopy (AFM) images were obtained with a Molecular
Force Probe-3D instrument (MFP-3D, Asylum Research Inc,,
Santa Barbara, CA) at a scanning speed of S um/s in tapping
mode. An MLCT probe (Veeco, Santa Barbara, CA) with a
spring constant ranging from 0.03 to 0.06 N/m was used.

The AFM images of the same area at different time intervals
illustrate that SELP-815K formed nuclei at various locations and
slowly self-assembled to form a nanofibrous structure (Figure 1).
This is quite surprising since the sample was washed thoroughly
with water after incubation, which means that there should be no
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Figure 1. AFM images (2 um X 2 um) of SELP-815K nanofibers
obtained in tapping mode AFM at different time intervals. The scale bar
corresponds to 1 um. The set point/free amplitude was 380 mV/400 mV,
for which the calculated maximum tapping pressure was 110 MPa.

Figure 2. AFM images of SELP-815K nanofibers obtained in tapping
mode. The set point/free amplitude was 760 mV/800 mV, for which the
calculated maximum tapping pressure was 213 MPa. (a) First scanned
image, (b) second scanned image of the same area, and (c) zoomed-out
image that includes the second scanned area. The scale bars correspond
to 1 um, and the red lines in images (b) and (c) represent the preformed
nanofibers in image (a).

supply of polymers from the bulk phase for further growth. This
observation strongly suggests that nuclei formation and nanofi-
ber self-assembly occurred through conformational changes of
the pre-adsorbed SELP-815K on the mica surface.

After 30 min of incubation and washing, nanofibers were
usually sparsely formed throughout the mica surface, but the area
imaged at 0 min (Figure 1) was chosen so that there were a few
potential nucleation sites without many nanofibers. The image
taken after 7 min shows that nucleation sites were formed on the
mica and grew into nanofibrous structures at random locations.
One of the new nucleation sites is identified with an arrow in this
image. New nanofibers grew from this site, as shown inside the
circled area in the 14 min image. Not only were new nanofibers
formed from the new nucleation sites, but the existing fibers also
kept growing, as indicated by the arrows in the 14, 21, and 28 min
images. In the 28 min image, the circle shows the junction formed
by physical blocking of one end of the growing nanofiber. This
type of junction is observed in many different locations, indicat-
ing the important role of the surface on the self-assembly process.

In other areas with some preformed nanofibers, we observed a
dramatic effect of the AFM tapping mode imaging on the
nanofiber assembly. Figure 2a is the first scanned image using
AFM which shows some nanofibers formed during incubation.
When the same area was scanned again after 6 min, the density of
nanofibers significantly increased (Figure 2b). The red lines in

(a) (b)

1.00 No hanical I 75 T T
‘E With nanomechanical stimulus —8— 21347 MPa
--@--110.5¢6.5MPa

me
_ 601 A 188:23MPa
= -3~ No tapping stimulus
§ 241
T 0.504
& 5
w é 304
154
e e

60-90° 0 5 0 15 20 25
Time (min.)

0-30° 30-60
Orientation Distribution

Figure 3. (a) Histogram of nanofiber orientation distribution with and
without nanomechanical stimulus by AFM. (b) Percent increase of
nanofiber coverage measured under various tapping pressures as a
function of time (n = S). The coverages under a specific pressure were
obtained by imaging the same area repeatedly at different time points.
The coverages with no tapping stimulus were obtained from the first
scanned images at specific time points.

Figure 2b represent the nanofibers imaged in the first scan. The
drastic effect of the AFM scan on nanofiber growth is clearly
visible in the zoomed-out image in Figure 2¢, where sharp
contrast in nanofiber density was clearly observed between the
area scanned once (outside the square) and the area scanned
twice (inside the square). This remarkable difference clearly
indicates the strong effect of the AFM tapping force on the self-
assembly of nanofibers. Furthermore, the newly grown nanofi-
bers, as a result of AFM scanning, seemed to have a strong
preference in their growth direction. We used the Orientation]
plug-in in Image] software'* to analyze the orientation of each
nanofiber with respect to the AFM scanning direction
(horizontal in the AFM images) (Figure 3a). The orientation
of the nanofibers formed during incubation (without any me-
chanical stimulus) was evenly distributed between 0° and 90°,
indicating that the crystal plane of the mica had no effect on their
growth direction."® In sharp contrast, 80% of the newly grown
fibers after nanomechanical stimulus by AFM showed preferred
orientation between 60° and 90°. This suggests preferential
growth perpendicular to the AFM scanning direction and con-
firms the effect of tapping-mode imaging on self-assembly.

To investigate the novel effect of nanomechanical stimulus on
self-assembly further, the ratio of the amplitude set point and the
free amplitude in tapping-mode AFM was varied. In this mode of
imaging, the AFM tip intermittently contacts the surface, exert-
ing a momentary impact.'®'” By varying the set point amplitude
and the free amplitude, the tapping-force level was adjusted
systematically. To quantify the tapping force exerted on the
surface, the tapping-mode imaging process was simulated using a
2-eigenmode cantilever model. The calculated force level was
normalized by the nominal radius of the AFM tip to obtain an
approximate pressure in each condition. The coverage of nano-
fibers under calculated tapping pressures varying from 18.8 to
213 MPa was then measured at five different time points
(Figure 3). Overall, coverage increased as a function of time
under the range of pressures tested. The rate of percent coverage
change was increased from ~0.2%/min at 18.8 MPa to ~2%/
min at 213 MPa. This observation clearly highlights the effect of
local nanomechanical pressure on enhancing the self-assembly of
SELP-815K nanofibers.

The coverage of nanofibers increased because both the
nucleation and elongation rates increased in the presence of
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the tapping pressure. Since both processes involve the conforma-
tional rearrangement of SELP-815K on the mica surface, the
tapping pressures must have lowered the activation energy
involved, thereby accelerating the rate of nanofiber self-assembly.
The effect of mechanical forces on nucleation rate has been
reported. In amyloid fibers, mechanical agitation broke the
existing nanofibers into smaller pieces, creating new nucleation
sites for grovvth.18 In our case, new nucleation sites were created
through nanomechanical force rather than from existing nano-
fibers, implying that the location of nucleation can be controlled.
Moreover, the growth direction of the nanofibers demonstrated a
strong correlation with the AFM scanning direction, suggesting
that a new nanofiber with a desired direction may be self-
assembled with the guidance of the directional tapping pressure.

The self-assembly of the nanofiber without a supply from the
bulk phase indicates that concentration of the pre-adsorbed SELP-
815K on the mica surface is likely in a supersaturated state. This
two-dimensional, densely packed state is formed due to strong
Coulombic interactions between the negatively charged mica
surface and the positively charged SELP (pI = 10.12) in distilled
water, possibly through the fly-casting mechanism.'” Once SELPs
form a densely packed two-dimensional layer, they hardly self-
assemble into nanofibers without mechanical stimulus. The local
pressure exerted by the AFM tip during imaging dramatically
enhances the rate of rearrangement of the SELP polymers to self-
assemble into nanofibers. This rearrangement can be further
enhanced by water expulsion from the SELP polymers under
tapping pressure, assisting self-assembly.*® This molecular-level
mechanism can result in increases of both nucleation rate and
elongation rate, as observed in our system.

In conclusion, we demonstrated that the local tapping pres-
sure exerted by an AFM tip can initiate and promote the self-
assembly of SELP nanofibers on a mica surface in a force-
dependent manner. The growth direction of the nanofiber was
largely perpendicular to the scanning direction, indicating that
this novel method could be applied to create one-dimensional
nanostructure patterned surfaces using nanomechanical stimuli.
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