
10654 Chem. Commun., 2012, 48, 10654–10656 This journal is c The Royal Society of Chemistry 2012

Cite this: Chem. Commun., 2012, 48, 10654–10656

Directed patterning of the self-assembled silk-elastin-like nanofibers

using a nanomechanical stimulusw
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We investigate the effects of the frequency and density of a nano-

mechanical stimulus on nucleation and growth of silk-elastin-like

protein polymer (SELP) nanofibers. Repetitive tappings are crucial

to create nucleation areas and a potential molecular level mechanism

was proposed. Using this technique mechanically guided nanofiber

patterns were successfully created.

Peptide–peptide interactions are essential in the formation of

hierarchical biological structures.1 The major driving forces

for self-assembled structures are molecular interactions such as

hydrogen bonding, hydrophobic interactions, and electrostatic

interactions.2 Synthetic peptides can be specifically designed

to produce well-defined nanostructures by controlling these

intermolecular interactions.3–5 The self-assembly of naturally

occurring polypeptides into nanofibrillar structures under

certain physiological conditions appears to be a common

property of peptides in nature.6,7 Recently, assembly dynamics

of proteins on charged surfaces and mechanical manipulation

of individual peptide nanofilaments have been reported.8,9

Silk-elastin-like protein polymers (SELPs) are genetically

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 elastin. At body

temperature, the SELP forms a self-assembled hydrogel network

which is useful for drug delivery and tissue engineering applica-

tions.5 Recently a two-step self-assembly process of SELPs in

aqueous solution and the importance of the ratio of silk-to-elastin

blocks in the self-assembly were reported.10

We discovered that the SELP self-assembles into nanofibrous

structures on a hydrophilic negatively charged surface.11 We also

observed that the growth of SELP nanofibers was accelerated

and directionally controlled using a nanomechanical stimulus.12

However, molecular level mechanisms for this mechanically

guided self-assembly were not elucidated yet. In this report, we

investigate the nucleation area formation by nanomechanical

stimulation which can provide fundamental insights on the

role of nanomechanical force during transitions from an

amorphous state to an ordered state.

The silk-elastin-like protein polymer (SELP-815K) was

genetically synthesized using recombinant DNA techniques

and characterized as described previously.13 The frozen 1.2%

(wt/wt) solution of SELP-815K in phosphate buffered saline

(PBS) was diluted to 5 mg ml�1 by mixing with deionized (DI)

water. 40 mL of the SELP solution was dispensed on the freshly

cleaved mica disk (Ted Pella, Inc., Redding, CA). The samples

were incubated for 30 minutes at room temperature. After

incubation, the sample was washed with DI water three times

(Fig. S1, ESIw) and immediately imaged in DI water using

Atomic Force Microscopy (AFM) (MFP-3D, Asylum Research

Inc., Santa Barbara, CA). Fig. 1 shows the AFM images of the

same area in two consecutive scans. The first scanned image of

SELP on mica showed long continuous nanofibers (Fig. S2,

ESIw) which were formed during the incubation period

(Fig. 1A). In addition, many small heightened areas marked

by white arrows were observed throughout the scanned area.

We overlaid the first scanned image on the second scanned

image of the same area where the heightened area in the first

image is shown in grey (Fig. 1B). The comparison of the first

and second scanned images clearly showed that new nanofibers

grew from the heightened areas in the first scanned image. In

the second scanned image (Fig. 1B) newly formed heightened

areas indicated with black arrows were observed. They were not

present in the first scanned image, indicating that they were

formed during the second scan.

Since small heightened areas are strongly correlated with

new nanofiber growth, we define those areas as ‘‘nucleation

areas’’. The average height of the nucleation areas was 2.2� 0.4 nm

and the averaged area of individual nucleation area was 868 �
251 nm2 (n = 60). The maximum length of the nucleation

areas in the horizontal direction (parallel to the scan direction)

and vertical direction (perpendicular to the scan direction) was
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51 � 11 nm and 28 � 6 nm, respectively. The aspect ratio

(horizontal/vertical length) of the nucleation area was 1.8,

indicating that the nucleation area has an elongated shape in

the horizontal direction which is the scanning direction.

The effect of tapping frequency on nanofiber self-assembly

was investigated at three scan speeds (5, 10 and 15 mm s�1). At

one specific scan speed, the same area was repeatedly scanned

three times. Fig. 2A shows that the nanofiber coverage increased

as the number of scans increased. Interestingly, a significant

increase in fiber coverage was noticed between the first and

second scans at 5 mm s�1. A comparison of the total nucleation

area, the sum of all the nucleation areas, demonstrated that the

greatest increase occurred in the first scanned image at 5 mm s�1,

consistent with the dramatic increase in nanofiber coverage

between the first and the second scanned images (Fig 2B).

There was only a marginal increase in the total nucleation area

in the second and third scanned images at 5 mm s�1, indicating

that the increase in fiber coverage between these scans was

mostly due to elongation of existing nanofibers. The total

nucleation areas of subsequent scans at 10 and 15 mm s�1 also

remained low, indicating that lower tapping frequency is less

favourable for the formation of nucleation areas, hence nano-

fiber self-assembly.

We also examined the effect of tapping density on nuclea-

tion area and nanofiber coverage by changing the number of

scan lines. The number of scan lines in the 2 mm � 2 mm area

was varied from 64 to 1024. As the number of scan lines

increased, the change in nanofiber coverage between the first

and second scanned images increased proportionally (Fig. 2C).

The total nucleation area formed in the first scan also showed the

similar trend, indicating that more nucleation areas were formed

as the number of scan lines increased (Fig. 2D) However, the

total nucleation area in the second scan did not show any clear

dependency on the number of scan lines. Interestingly, the AFM

image with 1024 scan lines showed the least total nucleation area in

the second scan. This is presumably because SELP-815K is mainly

used for nanofiber elongation from nucleation areas created in the

first scan, limiting creation of new nucleation areas.

We further studied how consecutive mechanical stimulus

affects nucleation area and nanofiber coverage at two different

setpoint/free amplitude ratios (Fig. 3). Ratios of 280 mV/400 mV

and 320 mV/400 mV were used and the peak forces at each

ratio were 6.32 and 5.36 nN respectively.14 The change in

nanofiber coverage at 280 mV/400 mV was greater than that at

Fig. 1 The identification of SELP-815K nucleation areas during AFM

imaging in DI water. (A) The first scanned image with nucleation areas

marked with white arrows. (B) The second scanned image of the same

area overlaid by the first image to show new nanofiber growth from the

nucleation areas identified in the first image. New nucleation areas

formed during the second scan are marked with black arrows. The

setpoint/free amplitude was 380 mV/400 mV, and tapping force was

2.8 nN. The scan speed and the number of scan lines were 3.34 mm s�1

and 256, respectively. The scale bar is 500 nm.

Fig. 2 The effect of the frequency and density of tapping on nucleation

and nanofiber coverage. (A) SELP-815K nanofiber coverage (% of

surface) in the three consecutively scanned areas at various scan speeds

(5, 10, and 15 mm s�1, n= 3). (B) The total nucleation area (mm2) for the

first, second, and third scans at various scan speeds (5, 10, and 15 mm s�1,

n = 3). (C) Percent change of SELP-815K nanofiber coverage between

the first and second AFM scans at various line densities (64, 128, 256,

512, and 1024 lines per scan, n= 3). (D) The total nucleation area (mm2)

in the first and the second AFM images at various line densities (n = 3).

Fig. 3 (A and B) The effect of five consecutive scans on total

nucleation area and nanofiber coverage. (A) Percent change of nano-

fiber coverage between the first and second AFM scans at two

setpoint/free amplitude ratios (280/400 mV and 320/400 mV). The

x axis label is the difference in nanofiber coverage between the scans

(n = 5). (B) The total nucleation area (mm2) measured at each scan at

two setpoint/free amplitude ratios (n = 5). (C and D) Directed

patterning of SELP-815K nanofibers using a nanomechanical stimulus.

(C) Four 2 mm� 2 mm squares were patterned with the SELP nanofibers

by alternating the scanning direction of the tip as indicated by the white

arrows. (D) Mechanically guided SELP nanofibers created the ‘‘UMD’’

logo with a 1 mm line width.
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320 mV/400 mV during the first few consecutive scans but it

became similar after four consecutive scans (Fig. 3A). The

total nucleation areas created at 280 mV/400 mV were larger

than those at 320 mV/400 mV during the first few scans,

consistent with differences in nanofiber coverage (Fig. 3B).

The total nucleation area formed at 280 mV/400 mV tended to

decrease in the five consecutive scans whereas the total nuclea-

tion area formed at 320 mV/400 mV seemed to fluctuate

without showing a decreasing tendency. This observation

indicates that repeated tapping is one of the key parameters

to induce more nucleation area although higher tapping force

induced faster and more nanofiber growth in the beginning.

We attempted to create patterns composed of SELP-815K

nanofibers using the nanomechanical stimulus. When the

2 mm � 2 mm area was tapped by the AFM tip, a square

pattern of nanofibers was generated (Fig. 3C). The white

arrows indicate the scanning direction of AFM during stimu-

lation. Newly grown nanofibers were mostly perpendicular to

the scanning direction as previously noted. Four square

patterns that are composed of SELP nanofibers were success-

fully created by alternating scan angles by 901, showing that

self-assembly of nanofibers can be locally stimulated with

directional control. Mechanically guided nanofiber patterning

was further applied to create a more complicated pattern.

Fig. 3D shows that the ‘‘UMD’’ logo was successfully patterned

on the mica through the nanomechanical stimulus.

In this study, we examined the effects of tapping frequency,

density of the mechanical stimulus, and consecutive taps on

the nucleation process of SELP-815K nanofibers to obtain

fundamental insights on nanomechanically enhanced self-

assembly. The fact that most nanofibers grew from the nuclea-

tion area shows that the formation of the nucleation area is the

rate-limiting step in SELP nanofiber self-assembly. Further-

more, nucleation areas had an elongated shape in the scanning

direction, which suggests that shearing force during the scanning

has a significant impact on the formation of the nucleation area.

We speculate that the scanning directional force caused mole-

cular alignments in the elongated nucleation areas which would

direct the SELP nanofiber growth.

The slow scan speed induced more nucleation areas, resulting

in more nanofiber growth. At 5 mm s�1, the tapping density in a

single line scan is increased three times compared to 15 mm s�1.

The significantly increased nucleation area at slower scan speed

strongly indicates that a higher tapping frequency is crucial to

induce nucleation area formation. The number of scan lines

also had a substantial impact on nucleation formation. The

nucleation area formed during the first scan was largely propor-

tional to the number of scan lines but this tendency seemed to

be reversed in the second scan. The similar trend was also

observed in multiple consecutive scans. This implies a few key

aspects of the surface facilitated self-assembly process. The

quantity of the SELP is limited by the amount of adsorbed

SELP during incubation. If more nucleation areas are created

during the first scan, there will be less SELP available to create

nucleation areas in the next scan. In addition, the formation of

the nucleation area in the second scan must compete with

nanofiber elongation which is expected to have lower activation

energy than nucleation formation. This can further decrease the

amount of nucleation area in the second scan. Hence, the self-

limiting nature of the material supply and competition between

nucleation and elongation are likely to be responsible for the

reverse trend in nucleation area formation in the second scan

experiment. Furthermore, the increase of total nucleation area

in the multiple scanning emphasized the importance of the

repetitive tapping in the formation of the nucleation.

When the SELP is adsorbed on mica, it would be expected

to be in kinetically trapped states, unable to initiate a nuclea-

tion process. The tapping force apparently helps the SELP to

overcome the activation energy in a rugged energy landscape

so that the SELP can reach a lower energy state.15 As the

AFM tip approaches the SELP adsorbed on mica, the SELP is

compressed under the force. At the current tapping force level,

it is also possible that the SELP molecule may be picked up by

the AFM tip, stretched and collapsed into a new conformational

state during the oscillatory motion of the tip (Fig. S3, ESIw).16

We speculate that this iterative reorganization process may be

crucial in nucleation area formation under AFM tapping force.

The trial and error model of iterative annealing mechanisms

was developed for chaperonin-facilitated protein folding.17 We

show here that arbitrary patterns composed of aligned SELP

nanofibers can be created using a nanomechanical stimulus.

Improved control over nuclei location and nanofiber orienta-

tion would make this approach very unique and powerful to

prepare nanofiber patterned functional devices.
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