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Abstract
Many synthetic and natural peptides are known to self-assemble to form various nanostructures such
as nanofibers, hollow tubes, or ring-like structures. Some of the synthetic peptide molecules are
specifically designed to produce well-defined nanostructures by controlling intermolecular
interactions. Many environmental conditions such as salt concentration, pH, temperature, and surface
characteristics influence intermolecular interactions, hence the process of the self-assembly. Here
we studied self-assembly of a genetically engineered protein polymer composed of silk-like and
elastin-like repeats on a mica surface. Silk-elastinlike protein polymers (SELPs) consist of tandem
repeats of Gly-Ala-Gly-Ala-Gly-Ser from Bombyx mori (silkworm) and Gly-Val-Gly-Val-Pro from
mammalian elastin. At a very low polymer concentration of 1 μg/ml, SELPs self-assembled into
nanofibrous structures on a mica surface. Examination using atomic force microscopy (AFM) and
dynamic light scattering techniques showed that SELPs self-assembled into nanofibers in the
presence of the mica surface but not in the bulk state. Ionic strength had a significant influence on
nanofiber growth, indicating the importance of electrostatic interactions between the polymer and
the mica surface. At low ionic strength, the kinetics of nanofiber growth indicates that the mica
surface effectively removed a lag phase by providing nucleating sites, facilitating nanofiber self-
assembly of SELPs. Further examination of self-assembly on various surfaces such as silicon,
positively charged surface, and hydrophobic surface revealed that negatively charged hydrophilic
surface provides optimal surface to facilitate self-assembly of SELPs.
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Introduction
Many synthetic peptides are known to self-assemble to form various nanostructures such as
nanofibers, hollow tubes, and ring-like structures.1 These synthetic peptide molecules are
specifically designed to produce well-defined nanostructures by controlling intermolecular
interactions.2,3 It is also well known that naturally occurring proteins such as amyloid beta,
alpha-synuclein, or prion protein form self-assembled nanofibrillar structures.4–7 Self-
assembly of peptide molecules into fibrillar structures under certain physiological conditions
seems to be a general property of peptides in nature.8 Several self-assembled nanofibrous
structures which mimic natural extracellular matrix have been applied to biomedical
applications such as tissue engineering with varying degrees of success.9,10

The appearance of nanofibrils in general occurs during the transition of amorphous structure
or protofibril structure into beta-sheet aggregates.11 The major driving forces for self-
assembled structures are intermolecular interactions such as hydrogen bonding, hydrophobic
interactions and electrostatic interactions.12 Self-assembled nanofibrous structures are usually
formed in the bulk state but in certain cases the fibrillization is observed on surfaces.13 Fiber
growth on surfaces has physiological relevance since some amyloidogenic fibers grow on the
walls of blood vessels and basement membranes.14–17 The presence of surfaces and interfaces
has been reported to affect nanofiber growth kinetics.18,19 Moreover, the final self-assembled
morphologies are sensitive to the physicochemical properties of the substrate surface such as
its hydrophobicity and surface charge.17,20,21

Here we studied self-assembly of a genetically engineered protein polymer composed of silk-
like and elastin-like repeats on a mica surface. Silk-elastinlike protein polymers (SELPs)
consist of tandem repeats of Gly-Ala-Gly-Ala-Gly-Ser from Bombyx mori (silkworm) and Gly-
Val-Gly-Val-Pro from mammalian elastin.22 Using DNA recombinant techniques the sequence
and length of SELPs can be controlled to modulate elasticity, gelation, biodegradation,
interaction with cellular receptors, and sensitivity to environmental stimuli such as pH,
temperature and ionic strength.23,24 The precise control over linear polymer structure provided
by recombinant techniques promises the design and development of biomimetic SELPs with
specific biorecognition function, tunable mechanical properties and biodegradability. Previous
work described the self-assembly into nanoscale “whiskers” of an engineered protein polymer
composed of repeats from silk and the cell adhesion domain of human fibronectin.25 Soluble
fractions of spider dragline silk and exon 30 of human tropoelastin were also observed to form
amyloid-like nanofibers but the effects of the substrates on the nanofiber self-assembly of these
peptides were not probed in detail yet.26,27 In this paper we reports the role of the substrates
on the self-assembly of silk-elastin peptide polymers. The effects of concentrations of SELP,
ionic strengths, and physical properties of the substrates on nanofiber morphology and growth
kinetics were investigated.

Material and Methods
Protein polymer

The silk-elastinlike protein polymer studied in this work, SELP-415K, was synthesized by
recombinant DNA techniques and characterized as described previously.28 The repeating
monomer of SELP-415K is composed of four silk-like units (GAGAGS), fifteen elastin-like
units (GVGVP) and one lysine (K) modified elastin-like unit (GKGVP, single amino acid
abbreviations are used). The complete amino acid sequence of the polymer with molecular
weight of 71.5 kDa, including head and tail sequences is as follows:

MDPVVLQRRDWENPGVTQLVRLAAHPPFASDPMGAGSGAGS
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[(GVGVP)4GKGVP(GVGVP)11(GAGAGS)4]7(GVGVP)4GKGVP
(GVGVP)11(GAGAGS)2

GAGAMDPGRYQDLRSHHHHHH.

The series of silk-like (GAGAGS) and elastin-like (GVGVP) repeats are shown in bold. The
isoelectric point of SELP-415K calculated based upon the amino acid composition is 10.4.
(Protein Calculator v3.3; http://www.scripps.edu/~cdputnam/protcalc.html)

Sample preparation
Frozen SELP-415K stock solution of 1 mg/ml was thawed at 4°C and diluted with 1mM
phosphate buffer (pH 7.2) with 5 mM NaCl to prepare various polymer concentrations (0.2
μg/ml, 1μg/ml, 5 μg/ml, and 10 μg/ml). 1 μg/ml SELP solutions with different ionic strengths
were prepared by diluting the SELP-415K stock solution using the same phosphate buffer with
various NaCl concentrations (5 mM, 10 mM, 50 mM and 100 mM). To prepare the samples
for AFM imaging, 30 μl of SELP solutions were dropped on four different substrates; freshly
cleaved 8×8 mm2 mica surfaces (Ted Pella, Inc., Redding, C A), positively modified mica
substrate, silicon substrate (University Wafer, South Boston, MA), and highly ordered
pyrolytic graphite (HOPG) (SPI supplies Inc., West Chester, PA). To prepare positively
charged surface mica substrate was immersed in toluene with 0.1% 3-aminopropyl
triethoxysilane (APTES, Gelest, Inc. Morrisville, PA) for 30 min. After the modification,
APTES coated mica substrates were rinsed with toluene and dried with nitrogen gas. After
adding SELP solution on the substrates, the samples were incubated in a humidity chamber at
room temperature for 12 hours. To study nanofiber growth kinetics, the samples were incubated
for 5, 15, 30, 60, 180, 360, and 540 minutes. SELP deposited substrates were then gently rinsed
with 40 μL of phosphate buffer three times. After rinsing, the samples were kept at 4°C in a
humidity chamber before the measurements. For pH experiments, concentrated HCl solution
was added to 1 mM phosphate buffer (5 mM NaCl) until pH reaches 4. The solution of pH 9
was prepared by adding concentrated NaOH solution to the same buffer. The pH’s of the final
solutions were checked using pH paper strips.

AFM imaging
AFM imaging was performed in aqueous state at room temperature using a Molecular Force
Probe-3D instrument (MFP-3D, Asylum Research Inc., Santa Barbara, CA). The morphology
of SELP on the mica surface was imaged in tapping mode at 0.5–1 Hz scan rate. Bio-lever
(Asylum Research Inc., Santa Babara, CA) with 6 pN/nm spring constant was used for imaging.
A target amplitude of ~350 mV and set point of ~320 mV were used to minimize disturbance
to the SELP morphologies in the aqueous state.

Dynamic light scattering
Dynamic light scattering (DLS) experiments were performed using a Zetasizer ZS 90 (Malvern
NANO series, Worcestershire, UK) with a 633 nm wavelength He-Ne laser at a fixed detector
angle of 90 degrees. 10 mg/ml SELP-415K stock solution was diluted in 1 mM phosphate
buffer (pH 7.2) with 5 mM NaCl to obtain a final SELP concentration of 10 μg/ml. The sample
was transferred to a disposable microcuvette (Malvern Instruments, Worcestershire, UK) and
total count rate was measured at 5, 15, 30, 60, 180, 360, and 720 minutes. The values reported
are the average from 3 measurements at each time point.
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Results and Discussion
Self-assembly of SELPs to nanofibers on the mica substrates

AFM imaging revealed that the SELP-415K polymer self-assembled into a nanofibrillar
morphology in a concentration dependent manner (Figure 1). At 0.2 μg/ml (Figure 1a), sphere-
like aggregates were observed with little or no nanofiber formation. Above 1 μg/ml polymer
concentration (Figures 1b–d), nanofiber morphology was clearly evident. The height of the
nanofibers was 3.90±0.6 nm (n=60), 3.64±1 nm (n=56), and 3.98±1 nm (n=45) at 1 μg/ml, 5
μg/ml, and 10μg/ml, respectively. The height was very similar to the height of the amyloid
fibers measured using AFM.21,29 The widths of the nanofibers were 23.4±2.6 nm (n=64), 23.1
±3.1 (n=56), and 24.5±3.4 nm (n=45) at 1 μg/ml, 5 μg/ml, and 10 μg/ml respectively. These
results indicated that the height and width of nanofibers were not dependent on SELP
concentrations once the nanofibers were formed whereas the morphologies of the SELP on
mica surface drastically changed from sphere-like aggregates to nanofibers as the concentration
increased. The height can be very accurately measured using AFM but the width can be
different from its actual width due to the tip broadening effect.30 The width reported here is
also very similar to the width of amyloid fiber measured using AFM29 but it is more than three
times the width of amyloid beta fibers measured using electron microscopy.31,32 The high
resolution image of SELP (Figure 1d, inset) did not show any modular or helical pattern which
was observed in high resolution images of nanofibers formed from amyloid beta or alpha-
synuclein.31,33 The growth direction of the SELP nanofiber was random, indicating that the
crystallographic plane of the mica surface did not affect the direction of the fiber growth.21,
34,35 The density of the nanofibers on the mica surface increased with increase in SELP
concentration. This is probably due to the greater availability of polymer for participating in
the self-assembling process at the higher concentrations. The length of the nanofiber defined
as the distance between junction points in the network-like structure was 266.1±92.8 nm
(n=181) for 1 μg/ml SELP-415K. Overall, the morphology of the SELP nanofibers on the mica
surface appeared to be a network composed of many short fibers rather than long ones. This
observation implies that the mica surface plays a significant role in nanofiber assembly,
providing nucleating sites for fiber growth. In addition the junction points in the network-like
morphology seemed to be formed by physical blocking of growing nanofibers upon contact
with adjacent fibers. This implies that the growing nanofibers stop growing when they meet
each other rather than continued to grow on top of each other.

Surface facilitated self-assembly
To further investigate the role of the mica surface in SELP-415K nanofiber assembly, 1 μg/ml
polymer solution was incubated in the bulk state over 12 hours, and then deposited on a mica
surface. The morphology of the nanofibers produced during the bulk incubation was analyzed
by AFM. Some sphere-like aggregates but no nanofibrillar morphologies were present (Figure
2a) in sharp contrast to the nanofibrillar morphology observed after incubation of the polymer
solution on the mica surface. These results highlight the importance of the mica surface for
polymer self-assembly into nanofibers. To further probe whether SELP-415K can self-
assemble in the bulk state, the light scattering intensity of the solution was measured at various
time points. During the bulk incubation, the scattered intensity measured by DLS (Figure 2b)
did not show any increase, which indicates that there was no significant change in the size of
the particles during bulk incubation. The polymer concentration used in the DLS experiment
was 10 μg/ml which showed a dense network of nanofibers on the mica surface (Figure 1d).
These observations that no nanofibers were seen in the bulk incubated samples in the AFM
image and that there were no changes in particle size in the DLS experiments, strongly indicate
that in the range of concentrations tested SELP-415K self-assembled into nanofiber only in
the presence of the mica surface.
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The effect of ionic strength on SELP self-assembly
SELP-415K samples (1 μg/ml) in phosphate buffer with varying NaCl concentrations from 5
mM to 100 mM were incubated on mica surfaces for 12 hours. AFM images (Figure 3) show
a morphological transition from fibrillar structure to sphere-like aggregates as ionic strength
increased. At 5 mM NaCl concentration nanofiber network-like morphology was observed
(Figure 3a) but at 10 mM salt concentration only isolated nanofibers with shorter length were
observed (Figure 3b). At 50 mM NaCl concentration the length of the nanofibers became
shorter and particles with sphere-like morphology, rather than fibrillar morphology started to
appear (Figure 3c). At 100 mM salt concentration few nanofibrillar morphologies were
observed and most of the adsorbed particles were sphere-like aggregates with sizes varying
from 60 to 120 nm (Figure 3d). The width and height of the nanofibers were not dependent on
salt concentration but length and shape dramatically changed as the ionic strength was
increased. In addition, the density of SELP structures adsorbed on the surface decreased
significantly with increasing salt concentration, which suggests that high ionic strength reduced
overall adsorption of SELPs on the mica surface.

These results show that ionic strength significantly affects the self-assembly of SELP-415K
into nanofibers on a mica surface. Mica is known to have a negative surface charge density of
−0.0025C/m2.36 Based only upon the amino acid sequence of SELP-415K (without considering
the influence that the adjacent amino acids might have on pKa of individual residues in elastin-
based polymer chains as reported by Urry and coworkers37), the isoelectric point of SELP
polymer is calculated to be 10.4. At pH 7.4, the polymer has a net positive charge of 7.6. This
suggests that there are electrostatically attractive interactions between the negatively charged
mica surface and positively charged SELP-415K which could aid the surface facilitated
nanofiber growth on mica surfaces at neutral pH. The formation of sphere-like aggregates of
SELPs as ionic strength is increased is consistent with our observations in bulk solutions of
other SELP analogs.28,38,39 Previously it was noticed that the transition temperature of
glutamic acid-containing SELPs from soluble state to aggregated state decreased as ionic
strength increased due to the shielding effect of counter-ions on charged side chains.38,39 We
evaluated the influence of increased ionic strength on the degree of swelling of SELP-415K
hydrogels and observed that as ionic strength increased their degree of swelling decreased.28

These previous observations clearly show that electrostatic interactions between SELP
polymers play a significant role in phase separation behavior as well as swelling behavior of
a hydrogel. At the nanoscale, we observe that higher ionic strength resulted in lower adsorbed
density on the mica surface and increased aggregated morphology (Figure 3a–d), implying that
increased ionic strength weakened the attractive interactions between the SELP polymer and
the mica surface as well as reduced the repulsive interactions between the SELP polymers,

The kinetics of nanofiber growth
To study the effect of ionic strength on the growth rate of the nanofibers in a quantitative
manner, the length of the nanofibers was measured at several time points under two different
ionic strengths. Figure 4 shows that fiber length increased as incubation time increased and the
rate of increase in length was much faster at 5 mM NaCl concentration compared to 50 mM.
At lower ionic strength, the length of the nanofiber reached 60% of its maximum length in 5
minutes, whereas at higher ionic strength, nanofibers started to grow after 30 minutes, reaching
a similar length after 9 hours. Nanofibrillar structure growth is typically characterized by three
distinct phases; a lag phase, a burst phase, and a saturation (plateau) phase.40–42 The growth
kinetics of SELP-415K nanofibers measured in 5 mM NaCl shows a burst phase in as early as
5 minutes during incubation without an apparent lag phase. The absence of a lag phase suggests
that the mica surface plays a significant role in providing nucleating sites for nanofiber growth.
In contrast, the growth kinetics at 50 mM NaCl concentration shows a lag phase during which
the fiber had very limited growth for 30 minutes followed by a burst phase. These observations
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suggest that attractive electrostatic interaction between the polymer and the mica surface is a
key factor in surface facilitated nanofiber growth.

The slower growth rate at higher ionic strength can also be caused by aggregation of SELP
before it adsorbs to the surface. As observed previously, increased salt concentration can cause
aggregation of elastin-based polymers presumably by the change of water of hydrophobic
hydration surrounding apolar amino acid residues in SELP.28,38,39,43 Since elastin-like units
(GVGVP) are the predominant component of SELP-415K, increasing salt concentration may
have resulted in aggregation of the polymer as seen in Figure 3d. In addition, higher ionic
strength screens the repulsive interactions between SELP polymers, further facilitating
aggregation of the SELP. As SELP polymers aggregate, it is less likely that SELP would form
well-defined nanofiber structure in the bulk state. However, in the presence of the mica, the
negative charges on the substrate provide a charge neutralizing surface, electrostatically
attracting positively charged SELP polymers. It is also possible that charge interactions may
orient the repetitive sequences of SELP in a favorable position for self-assembly. At 50 mM
salt concentration, SELP was still able to adsorb on the mica surface and grow into nanofibers
although the adsorbed density was decreased significantly. This observation suggests that
aggregation which may have occurred at higher salt concentration is not irreversible and SELP
can still self-assemble into well-defined nanostructures in the presence of the mica substrate.
The weakened electrostatic interaction between SELP and the mica surface as well as the
increased hydrophobic interactions between SELP polymers at 50 mM NaCl concentration
correlate with the observed lag phase and slow growth kinetics.

The effects of the surface properties on surface facilitated self-assembly
The three different substrates were further tested to examine surface induced SELP self-
assembly. They are silicon wafer, highly ordered pyrolytic graphite (HOPG), and 3-
aminopropyl triethoxysilane (APTES) modified mica. 10 μg/ml of SELP solution was used in
the experiments for clear demonstration of the fibrillation of SELP-415K. A silicon substrate
is known to be negatively charged and hydrophilic due to the oxide layer formed at the surface.
HOPG provides atomically flat, chemically inert, and hydrophobic surface. When SELP was
incubated on silicon substrate for 12 hours at room temperature, many short nanofibers were
clearly observed whereas nanofibers were barely observed on HOPG surface.(figure 5) The
nanofibers formed on silicon substrates were less than 200 nm, shorter than the ones formed
previously on mica surface but the width and height were the same. This suggests that the
nanofiber growth kinetics were slower on the silicon surface than on the mica surface. To
further investigate the effect of the surface properties on the self-assembly, SELP was incubated
on the APTES modified mica. APTES modified mica is positively charged at low pH but
becomes negatively charged at high pH.44 At pH 4, no nanofibers were observed on both
APTES modified mica (figure 6a) and bare mica surface (figure 6c). At pH 9, long nanofibrillar
morphology was not noticed on APTES modified surface (figure 6b) whereas nanofibrillar
network was observed on bare mica surface (figure 6d). The images obtained from three
different substrates clearly show the importance of the surface properties in the surface
facilitated nanofiber assembly. First, silicon surface has negatively charged and hydrophilic,
which is very similar to mica surface. As expected, the nanofibers were readily formed on
silicon substrate although the growth kinetics seemed to be slower on silicon than on the mica
surface. The nanofibers were not formed on hydrophobic HOPG surface, indicating that
hydrophobic interaction between the surface and SELP is not playing a major role in surface
facilitated self-assembly. No nanofibers were observed on positively charged surface (APTES
modified mica at pH 4) but as the surface charged becomes negative (APTES modified mica
at pH 9), a lot of short fragments of nanofiber were observed. The growth of nanofiber on
APTES modified mica was rather limited compared to the bare mica and silicon but it clearly
suggests the critical role of the negative surface charge in nucleating nanofiber growth. It is
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speculated that more delicate interaction (such as degree of negative potential or hydrophilicity
of the substrate) between SELP and the surface may influence on the growth rate of the
nanofiber on the surface. No extensive nanofiber formation was observed on mica surface at
pH 4. The surface potential of the mica is still negative at pH 4 but SELP undergoes drastic
increase of the positive charges when pH decreased from 9 to 4 due to the protonation of the
histidine tags.45 We suspect that strong electrostatic interaction between histidine tag and the
mica surface may have prevented nanofiber formation on the mica surface at pH 4. At pH 9,
SELP formed a nanofiber network structure on the mica surface which resembles the structure
formed at pH 7.4. In summary, the surface facilitated SELP nanofiber tends to form on the
negatively charged hydrophilic surface rather than hydrophobic or positively charged surface.
Negatively charged surface will play a role in attracting positively charged SELP’s to the
surface. Hydrophilic surface seems to aid the conformational change of SELP, accelerating the
self-assembling process to form nanofibers.

Conclusion
In this study we demonstrated that for SELP-415K, polymer concentration, surface
characteristics, and environmental conditions such as ionic strength play important roles in
nanofiber formation on a mica surface. Examination using AFM and dynamic light scattering
techniques showed that SELP-415K formed nanofibers only on the mica surface but not in the
bulk state. Ionic strength had a significant influence on nanofiber growth, implying the
importance of electrostatic interactions between the polymer and the mica surface. The fiber
growth kinetic data indicated that the mica surface aided the formation of nucleating sites for
fiber growth, removing a lag phase during the fiber growing process. The investigation of
nanofiber formation on the substrates with various surface properties showed that the surfaces
with a negative potential and hydrophilic property facilitated surface induced nanofiber self-
assembly of SELP.
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Abbreviations
SELP silk-elastinlike protein polymer

G(Gly) glycine

A(Ala) alanine

S(Ser) serine

V(Val) valine

P(Pro) proline

L leucine

M methionine

D aspartic acid

Q glutamine

R arginine
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W tryptophan

E glutamic acid

N asparagines

H histidine

P phenylalanine

K lysine

Y tyrosine

AFM atomic force microscopy

DLS dynamic light scattering

PBS phosphate buffered saline
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Figure 1.
The morphology of SELP-415K at various polymer concentrations. The protein concentrations
were (a) 0.2 μg/ml, (b) 1 μg/ml, (c) 5μg/ml, and (d) 10 μg/ml in 1 mM phosphate buffer (pH
7.2) with 5 mM NaCl. All samples were incubated on mica surface for 12 hours at room
temperature. The images were taken in aqueous state in tapping mode AFM. The inset in (d)
shows higher magnification (the scale bar is 20 nm).
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Figure 2.
(a) AFM image of bulk incubated SELP-415K. 1 μg/ml SELP-415K with 5 mM NaCl in
phosphate buffer was incubated in the bulk state for 12 hours at room temperature; (b) The
scattered intensity was measured using dynamic light scattering. Polymer concentration was
10 μg/ml at 5 mM NaCl. The time points were 5, 15, 30, 60, 180, 360, and 720 minutes.
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Figure 3.
AFM images of SELP-415K (1 μg/ml) at NaCl concentrations of: (a) 5mM, (b) 10 mM, (c) 50
mM, and (d) 100 mM. All samples were incubated on the mica surface for 12 hours at room
temperature.
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Figure 4.
SELP-415K nanofiber growth kinetics measured in 5 mM (circles) and 50 mM (triangles) NaCl
concentrations. Growth kinetics was assessed by measurement at various incubation time
points (5, 15, 30, 60, 180, 360, and 540 minutes) using 1 μg/ml polymer solution incubated on
the mica surface at room temperature for 12 hours for each salt concentration.
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Figure 5.
The effect of the surface characteristics on the fibrillation of SELP-415K. (a) silicon substrate,
(b) HOPG surface. The images were obtained using the surfaces incubated with 10 μg/ml
polymer solution for 12 hours at room temperature.
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