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Research into amyloids was initially motivated by pathogenic amyloids in-
volved in disease states such as Alzheimer’s; however, new research implicates small
oliogmeric species and not the mature fibers. This lack of toxicity has allowed for
the development of amyloid-based biomaterials for use as nanowires, biosensors,
and tissue regeneration. The directed self-assembly of peptides into amyloid-like
fibers for use as biomaterials requires the ability to control both the nucleation lo-
cation and growth direction of the fiber. We have used Atomic Force Microscopy
to repeatedly stretch Silk-Elastin-Like Peptide Polymer (SELP) in the normal di-
rection using continuous pulling in a force acquisition mode which has the ability
to create nanodots of SELP at a specified location which are capable of nucleating
SELP nanofibers. This work, if generalized to other amyloidogenic systems, may
aid in the mechanistic understanding of the assembly process of both pathogenic

and functional amyloids.
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Chapter 1: Background

1.1  Amyloid

Amyloid, originally referring to starch, now refers to the self-assembly of ex-
tended fiber structures accessible to most proteins which has parallel or anti-parallel
[-sheets or strands stabilized by hydrogen bonds, referred to as cross-£ structure [1].
Pauling and Cory showed via X-ray diffraction data of silk fibroin and [-keratin in
1950s and proposed a repeating GXGXG sequence that would give rise to the ob-
served cross-f3 structures [2, 3].

This cross-£ structure is a thermodynamically favorable state along with amor-
phous aggregates, having a lower free energy than partially or natively folded pro-
teins due to being stabilized by intermolecular interactions driven by hydrophobic
forces between portions of the protein exposed in their partially folded state [4].
Even though these amorphous aggregates and amyloid fibers represent the lowest
energy state, the presence of molecular crowding within the cell along with chaper-
ones stabilize the native state the protein or direct the folding process to prevent
aggregation [4] and the ordered structure of amyloid fibers typically only occurs
under certain enviromental conditions for a given protein.

Research into amyloids was initially motivated by pathogenic amyloids formed



by proteins associated with diseases such as Alzheimers or Parkinsons; however,
recent research suggests that fibers themselves are non-cytotoxic, but it is instead
small oligomeric and pre-fibrillar species which induce toxicity [5,6]. The evidence
that amyloid fibers are benign is supported by the presence of so-called “functional
amyloids” such as Pmell7 fibers which are thought to aid in melanin synthesis [7,§]
or control release of hormones from deposits in the pituitary gland [9]. The lack
of toxicity has allowed for the development of amyloid-based biomaterials, such as

drug delivery using SELP-47K films [10].

1.2 Silk-Elastin-Peptide Polymer

Our work focuses on a model amyloid peptide Silk-Elastin-Like Peptide Poly-
mer (SELP) consisting of repeating silk-like (GAGAGS) and elastin-like (GVGVP)
blocks that provides both the mechanical stability of silk and aqueous solubility of
elastin [11]. SELP is produced using DNA recombinant technology and consists of
silk-like blocks (Gly-Ala-Gly-Ala-Gly-Ser) which mimic the repeat unit of Bombyx
mori(silkworm) silk and elastin-like blocks composed of (Gly-Val-Gly-Val-Pro) from
mammalian elastin [11]. SELPs are referred to herein by number of silk-like blocks
followed by the number of elastin like blocks. SELPs consisting of both 8 silk-like
blocks, 15 elastin-like blocks, and 1 lysine modified elastin-like block (Gly-Lys-Gly-
Val-Pro) (815K) or 4 silk-like blocks, 7 elastin-like blocks, and 1 lysine modified
elastin-like block (47K) were used. The polymer chain consists of a head, six SELP

units (815K) or 13 SELP units (47K), and a tail, giving a molecular weight of 65,374



Da and 69,814 Da for 815K and 47K respectively [11].

The complete amino acid sequence of 815K is MDPVVLQRRDWENPGVTQL
NRLAAHPPFASDPM[GAGS(GAGAGS),(GVGVP),GKGVP(GVGVP),,(GAGAGS),
GAGA];MDPGRYQDLRSHHHHHH.

The complete amino acid sequence of 47K is MDPVVLQRRDWENPGVTQL
NRLAAHPPFASDPMGAGSGAGAGS[(GVGVP),GKGVP(GVGVP);(GAGAGAGS),]5
(GVGVP),GKGVP(GVGVP),(GAGAGS),GAGAMDPGRYQDLRSHHHHHH.

SELPs can form biocompatible fiber mats and at higher concentrations that
have been shown to support adhesion of human fibroblasts with no cytoxicity [12]
as well as undergo a sol-gel transition at 37°C which has been studied for use with
drug delivery applications [11,13].

This work, however, focuses on understanding the fundamental assembly pro-
cess of SELPs at significantly lower concentrations than those used to create fiber
mats or other hydrogel materials where we have the ability to monitor the assembly
process in situ on a mica surface using Atomic Force Microscopy (AFM) in an effort
to observe the heterogeneous oligomeric amyloid precursor states of SELP and their
potential evolution into fibers.

Although we have not done X-ray diffraction of SELPs to confirm the pattern
of cross- structure, treatment of SELP-47K films with methanol showed an increase
in anti-parallel S-sheets by FT-IR and Raman spectroscopy consistent with a Silk I
to Silk II transition [14] which implies that the silk-like GAGAGS regions of the fibers
are likely forming these [-sheets. While SELP-47K may be classified as amyloid-
like, we will refer to SELP nanofibers as amyloid throughout the text for clarity

3



but with the knowledge that the formed fiber structures without detailed structural

information may not be true amyloid fibers.

1.3 Amyloid Nucleation

Growth of amyloid fibers in a nucleation-dependent polymerization model di-
vided into three phases: a lag phase containing momomers and other non-nucleating
species; a growth phase in which self-assembly occurs rapidly; and a plateau phase
in which self-assembly slows down as available material is depleted [15]. In classical
nucleation theory, the nucleus is a thermodynamically unfavorable state of some
critical size which must be formed before additional growth can occur making nu-
cleation the rate-limiting event under this type of aggregation. The lag phase can
be long, as in Tau which is on the order of days [16] to months [17] depending on
environmental conditions, or as in the case SELP, essentially no lag phase when
assembled on a mica surface [18].

Whereas most amyloid nucleation is induced by environmental changes such
as salt, pH, or temperature, it can also be induced mechanically as we have shown
in our previous work and it is that mechanically induced nucleation which is the

focus of this current work.

1.4 Mechanically Induced Amyloid Fibers

One can look to nature to amyloid fibers being mechanically induced such as

the dragline and capture silks produced by spiders or the cocoons of silk worms.



While silk solutions can be wet—spun into macroscopic structures, we are interested
in both creating fiber patterns on a smaller scale and understanding the nucleation
and grow behavior of the resultant fibers. By using SELP on mica surfaces, the
lag phase is essentially eliminated and we can observe the nucleation process in situ
with AFM by inducing fiber growth with the AFM tip.

Manipulation of protein surfaces by AFM tips was observed as early as 1992
by Lea et al. [19] when imaging IgM deposited on mica during which they saw
alignment of strands of IgM attributed to be oriented parallel to the angle of the tip
relative to the scanning direction as well as increased surface coverage of the protein
after repeated scanning. They also attempted patterning of fibrinogen absorbed
onto mica and saw either sweeping of the protein to the edges of scanning area at
high (>30 nN) forces, but were able to align strands of fibrinogen and observe an
increase in height over scanned areas to form a ‘U’ in a 10 gm area when scanning
at 30 nlN, and observed no change to the surface at 4 nN of tapping force.

The literature on mechanically induced nucleation and growth of nanofibers,
however, is largely limited to macroscopic techniques such as agitation in an eppen-
dorf shaker [20], shear-flow [21,22] and sonication [23,24].

One recent example of mechanically induced nucleation and growth at the
nanoscale is Zhong et al. [25] who created micropatterns of silk fibroin (SF) protein
on mica by both tapping and contact mode scanning with the tip inducing the
absorption of the SF onto the mica over a timescale of hours. They attributed the
deposition to a sol-gel transition of the SF caused by either tip oscillations in tapping

mode or shear force in contact mode.



Yang et al. [26] showed that an ionic-complementary peptide EAK16-11, se-
quence AEAEAKAKAEAEAKAK and EFK16-I1, sequence FEFEFKFKFEFEFKFK
which self-assembled on both mica and highly-ordered pyrolytic graphite (HOPG)
when scanned with an AFM tip in tapping mode. Here the authors argue that AFM
tip is fragmenting the peptide and that those fragments act as “seeds” by providing
additional “active ends” for new nanofiber growth. They also showed preferential
detachment of the peptide in 10 mM HCI] which was used to create hydrophobic
strips of HOPG on peptide covered surface.

Mechanically induced nucleation and growth were also shown by Zhang et
al. [27] using GAV-9 peptide, sequence NH,—VGGAVVAGV—-CONH, [28]. GAV-9
epitaxially assembles on both mica and HOPG, forming flat tapes on HOPG and
in an upright orientation for form fibrils on mica [28] that can further assemble
into multilayer structures based upon the salt concentration [29]. By pushing on a
GAV-9 fiber new growth could be directed along mica lattice and defects could be
repaired by removing the defect with scanning and allowing the fiber to self-heal in
low concentration monomer solution [27].

Previously in our lab we have shown that SELP self-assembles on mica sur-
faces with little or no lag phase [18]. Following this, Chang et al. showed that this
self-assembly can be accelerated by the mechanical stimulus provided by the AFM
during tapping mode imaging and that increasing the peak tapping force by increas-
ing the free amplitude resulted in increased nucleation of fibers on the SELP-815K
coated mica surface [30]. Interestingly, pre—formed fibers on the mica surface showed

no clear preference in their orientation whereas 80% of fibers created as a result of
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mechanical stimulus were oriented between 60 and 90°with respect to the scanning
direction.

Next, Johnson et al. showed that increasing line density and decreasing scan-
ning speed resulted in greater fiber coverage and succeeding in creating micropat-
terns of SELP fibers with directional control [31]. They additionally observed that
if more nucleation sites were created within the first scan, subsequent scans would
result in less nucleation indicating a competition between nucleation and elongation
processes with the limited amount of SELP material absorbed onto the mica surface.

Most recently Varongchayakul et al. showed that nucleation results from lat-
eral stretching of either individual or networks of SELP molecules [32] and that
nucleation occurred more readily for exponential force profiles which were the result
of stretching a network of SELP molecules. Time-lapse Lateral Force Microscopy
(LFM) was used to increase the temporal resolution and allowed for the observation
of a step—wise height increase of SELP fibers after nucleation occurred during the
contact mode scanning. This lateral force technique can be used to pattern a single
nanofiber; however, the nucleation location of that fiber is random with respect to
the line being scanned. The growth direction of force induced SELP nanofibers was,
again, preferentially perpendicular to the scanning direction [30, 31] rather than
epitaxially oriented along the mica lattice, likely due to the much larger size of
SELP-47K or SELP-815K as compared to smaller fiber forming peptides making
alignment difficult [32].

Nucleation and growth mechanisms are important to understand in amyloid
systems both from a fundamental perspective of studying the important early stages
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of amyloidogenesis as well as being able to control the nucleation and growth of the
resultant fibers for use in novel amyloid biomaterials. Johnson et al. speculated
that the ability AFM tip to nucleate SELP in tapping mode was a result of the
molecule being stretched and compressed by the oscillatory motion of the AFM
tip [31]. Knowing that lateral force alone could nucleate fibers, we have decided
to explore the potential of using tapping-mode as well as mimicking tapping-mode
with force curves in order to better control the nucleation location of the SELP

nanofibers. This work aims to gain better control over that nucleation process using

SELP-47K and SELP-815K and a force-curve based approach.



Chapter 2: Creation of Nanodots with AFM

2.1 Introduction

There are several examples in the literature of patterning techniques for pro-
teins ranging from traditional Dip-Pen Nanolihography (DPN) [25] and aqueous
DPN approaches [33] to microcontact printing of protein via Ni(Il)-mediated his-
tidine interactions [34]. Zhong et al. showed that hydrophobic silk fibroin protein
can be micropatterned onto a mica surface via a tip-induced process [35].

By using a continuous pulling force curve method to induce nucleation, we
have reduced the location of fiber nucleation to 50-100 nm which is nearly an order
of magnitude improvement over the lateral force technique, but with the proba-
bilistic nature of SELP amyloid fiber nucleation induced via mechanical stretching
it appears that formation of a nucleus is more difficult under these conditions as
compared to the lateral stretching method. This technique differs from Dip—Pen
Nanolithography (DPN) or Polymer—Pen Lithography(PPL) approaches in that it
is the presence of molecular stretching that determines the creation of a nanodots
and is largely independent of the dwell time of the tip on the surface and the normal
(trigger) force (data not shown) whereas with DPN larger forces and longer dwell

times lead to larger surface features [36]. We cannot discount the possibility that
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longer dwells or higher forces deposit more material; however, the lack of measur-
able changes to the topography of patterned area imply that either no material is
deposited during these times or that the deposited material is highly diffusive on
the mica surface and as such is not possible to image.

This technique allows for the creation of both small oligomeric clusters of SELP
(henceforth referred to as nanodots) that sample configurations that both allow
and disallow the growth of fibers from these nanodots. A heterogenous population
of intermediate species is consistent with the early stages of other amyloidogenic
systems [7]. The nanodots that are in a fiber competent configuration appear to be
further sub-divided into those that spontaneously grow into fibers and those that

require being scanned by the AFM tip before nucleating into fibers.

2.2  Methods

2.2.1 Atomic Force Microscopy

AFM is a well-established technique to determine both topography and me-
chanical properties of surfaces. Our AFM, an Asylum MFP-3D (Oxford Instru-
ments), uses an 860 nm super-luminescent diode (SLD) which is focused onto a
cantilever beam. The light from the SLD is reflected, collimated, and reflected
again by an adjustable mirror and collected on the position-sensitive diode (PSD)
where vertical movement corresponds to deflection of the cantilever in the normal
direction and horizontal movement corresponds to lateral deflection (bending) of the

cantilever.
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In AC or tapping-mode, the cantilever is acoustically driven by a shake piezo
where the cantilever oscillates at a given amplitude which is maintained through
feedback on the Z-position. The larger the difference between the amplitude setpoint
and free amplitude, the larger the force exerted on the sample, therefore ideally the
smallest amplitude possible should be used to maintain image quality. Typically,
amplitudes of 70-80% of free amplitude (tuned to 400 mV) were used, which gives
an oscillation amplitude of 35-40 nm for typical lever sensitivity.

Since the feedback strives to maintain a constant amplitude, strong surface
interactions can affect the measured height and introduce artifacts. This is typically
observed for certain samples where nanodots appear to have heights ranging from 30
to 100 nm and is likely a result from the attractive forces on those sample surfaces
which pulls the AFM tip downwards, causing the feedback to compensate by moving
the Z-piezo upwards and so the attractive force is seen as an increase in height.
Avoiding this artifact is difficult as it is not always possible to return to the same
area with a different tip to image the nanodots, nor are some nanodots stable enough
to do so. The practical result of this is that nanodot heights are not taken as
an absolute measure of feature height, but relative height differences for nanodots
created under different conditions can be measured relative to fiber heights imaged
with the same tip.

Another way to mitigate the discrepancy in nanodot height, is to image the
nanodots in contact mode, where a constant deflection (normal force) of the can-
tilever is maintain as the tip is dragged along the surface. In cases where the
nanodots can be imaged in contact the height can simply be compared and in the

11



presence of the tapping artifact, the height should be significantly lower. However,
certain nanodots appear to be swept away by the tip even at the lowest contact
forces of 100 pN which makes this a difficult way to double-check the heights of the
nanodots.

Since morphology of the nanodots is difficult to assess with AFM due to strong
tip-sample interactions, some understanding of the differences between the nanodots
can be obtained using the force curves used to create them. The particular features
of the force curves will be discussed in Chapter 4 and the continuous force method
will be discussed in detail in the relevant section below.

Fiber widths are obtained by calculation of the full-width at half-maximum
(FWHM) from a Gaussian fit of a trace drawn across the fiber using the Igor Pro
software. This is done to de-convolute the tip broadening effect from the width of
the fiber and obtain an accurate measure of the fiber width. Fiber heights are easily
obtained from Gaussian fitting of the histograms of height at each point of trace

drawn along the fiber.

2.2.2 Substrate Preparation

Muscovite Mica, in pre-stamped 9.9 mm discs (Ted Pella, Inc.) were affixed
to glass microscope slides using a 5-minute epoxy and allowed to cure at room
temperature for at least four hours but typically overnight. Mica was freshly cleaved
with adhesive tape before use.

For all experiments with coated tips and for bare tip on bare mica controls, 80

12



L of MilliQQ water was dropped onto the mica substrate. For experiments involving
a SELP-coated mica, 40 uL of the appropriate SELP stock was deposited on the
surface and allowed to incubate at room temperature in a humid chamber (petri
dish with wet filter paper) for at least 30 minutes to overnight before washing three
times with 80 uL of MilliQQ water and leaving in 80 uL of MilliQQ water for at least
two hours after washing before imaging. Samples that were not allowed to rest after
washing appeared to have an unstable protein surface and were difficult to image
with any reasonable quality. For dried and re-hydradrated samples, the SELP-47K
surface was first imaged and force curves were taken and then the sample was allowed
to dry for eight hours after which it was re-hydrated with 80uL of MilliQQ water and
allowed to re-hydrate for at least four hours before imaging. Trying to re-hydrated
and image immediately resulted in unstable surfaces that were not able to be imaged

with any reasonable quality.

2.2.3 Tip Preparation

Silicon nitride tips on rectangular silicon nitride cantilevers (MLCT, Bruker)
were used for all experiments. The resonate frequency was typically 8-9 kHz in
water. The spring constant was calibrated using the thermal tuning method for all
cantilevers used. The spring constant was typically 20 pN/nm.

Initially, unused tips were scanned repeatedly on a SELP coated mica surface
to coat the tip after which it was engaged on bare mica and single force curves

were used to create nanodots at specific locations. This method provided a high
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yield of nanodots; however, after discovering that these tips could produce artifacts
(discussed below) this method was abandoned for a different coating procedure that
began by UV/Ozone cleaning the tips. The UV/Ozone cleaning removed the pos-
sibility for the creation of artifacts, but had the unfortunate side—effect of reducing
the ability to create nanodots.

Before use all tips were UV /Ozone cleaned for 15 minutes and either used
directly or were placed in petri dish and the end of the probe where the cantilever
of interest was located was covered in a 20 pL. droplet of SELP stock and allowed
to dry under vacuum for 1 hour before use. Tips coated in this way were usable for

up to week after preparation.

2.2.4 AFM Parameters

Images were typically collected with 1024 points and 512 scan lines at 1.78 Hz
scan rate unless otherwise noted. Tapping mode setpoints were typically ~75% of
free amplitude which corresponds to about a 4 nN peak tapping force according
the simulation software developed by Prof. Santiago Solares [37]. Contact mode
imaging was carried out at 90° scan angles so that lateral force microscopy (LFM)
data could be collected. Contact imaging was done to minimize the contact force
which was typically a 50 mV relative setpoint which corresponds to normal force of

approximately 100 pN.
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2.2.5 Continuous Force Mode Method

Using the inverse optical lever sensitivity or InvOLS, one can determine the
amplitude of the cantilever in nm, which for the setpoints used is approximately 25-
30 nm depending on the InvOLS value. We hypothesized that perhaps a combination
of the multiple taps at single point [38] along with the point density along a scan line
making each scan point significantly smaller than the typical tip radii of MLCT tips
of 50nm as determined by SEM (see Section 3.5) meant that tip could be picking up
a molecule of SELP and stretching and compressing it multiple times and that this
may be the underlying cause of mechanically induced nucleation in tapping mode.
We then set to mimic tapping mode by using force curves which had been typically
taken using a force distance (the distance that tip retracts) of 1000 nm which is
nearly three times the contour length of SELP-47K. By reducing the force distance
to values below the contour length (300, 250, 200, 150, and 100nm) we were able
to observe what we believe to be tethering of the SELP molecule between the mica
and tip surfaces. Although not always successful, this tethering behavior is always
present (with one possible exception, see Section 4.3) for force curves that result in
the creation of nanodots which are able to grow into amyloid fibers.

To get an estimate of the number of taps at a given scanning point we can
treat the contact radius of tip as if the tip were a spherical cap with radius of 50
nm and height of 1 nm which gives a contact radius of 10 nm meaning the diameter
is 20 nm or 20 points in a 2000 nm scan line at 1024 points per line. If we then

allow for multiple taps at each point and take into account the overlap each point
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is tapped 8 to 24 times, thus we choose 10 and 20 total curves as the limits of the
continuous pulling.

Trigger forces were 100 pN or 200 pN and dwell times varied from 1 to 10
seconds; however, these parameters had little effect on the force behavior and the
resulting nucleation and dwell times of 1 or 2 seconds were sufficient and typically
used. This is in contrast to certain nanodots made with SELP-815K in a non-
continuous mode where dwell time, but not force, sometimes showed increases in

height for increasing dwell times (data not shown).

2.3 Results

2.3.1 Verification of Tip Coating with AFM

Verification that AFM tip is coated with SELP can be done by simply scanning
bare mica and observing fiber growth as the only place that material for those fibers
could have come from is the coated tip, regardless of the deposition mechanism.
This can be seen in Figure 2.1 which demonstrates that fibers can be patterned
on a mica surface with a SELP-47 coated tip by disabling the slow—scan axis and
scanning a single line over a 1 um area in tapping mode at 0°. Tapping mode pro-
vides the mechanical stimulus to drive the fiber growth and the resultant fibers are
perpendicular to the scanning direction. Fibers oriented horizontally in the figure
were induced during the scanning and the vertically oriented fibers were mechani-
cally induced during the imaging which was performed at 90°. Additional fibers are

induced as the surface is repeatedly scanned with fibers likely growing from material
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deposited during previous scans. The heights of the fibers created are 3.0 + 0.2 nm
(N =5) with a FWHM of 28.8 £ 0.4 nm (N = 3) which is consistent with the heights
of 1.98 £ 0.01 and 3.4 £ 0.2 nm (N = 27) and FWHM’s of 29.5 &+ 0.4 nm and 38.5
+ 0.4 nm (N = 27) measured for SELP-47K fibers formed on a SELP-47K coated
mica surface and measured in water with tapping mode (data not shown). N refers
to the number of fibers measured in each case. The appearance of fibers on the mica
surface with no other material present along with consistency of heights and widths
of the formed fibers shows that the AFM tip is coated with 47K and that tapping
mode can induce fibers with directional control; however, the nucleation location is
still limited to appearing randomly within the scan line. Both single force curves as
well as continuous pulling at reduced distances are used in the following sections in

an attempt to gain better spatial control of the nucleation location.
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Figure 2.1: Fibers patterned by scanning 1 pym areas with the slow—scan
axis disabled in order to scan a single line in tapping mode at 0° and the
scanning the area in tapping mode at 90°. The white arrow indicates that
fiber growth was initiated by material deposition during the scanning and
then mechanically induced at 90° and the yellow arrow indicates fibers
that were mechanically induced during the scanning giving, those fibers
a growth direction perpendicular to fibers indicated by the white arrow.
Images taken at various time points to show the growth of the fibers at
a) 0 b) 3 ¢) 6, and d) 14 minutes. Scale bar in (a) is the same for all
images.

2.3.2 Artifacts versus Nanodots

One of the more difficult aspects of AFM is to ascertain whether a particular
surface feature is composed of the molecule of interest or is some type of artifact.
As can be seen in Figure 2.2 the force curve for an artifact shows no molecular
stretching in the extension region of the curve as well as typically having an adhesion
(pull-off force) in the 1 nN or greater range compared with the lower adhesion

and presence of molecular stretching in the retraction portion of the curve for a
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nanodot. The artifacts created in that figure are from an uncoated tip that was
not UV /Ozone cleaned and made those features on bare mica. After observing this
all tips used thereafter were UV /Ozone cleaned to prevent this behavior. With
the presence of lower adhesion or molecular stretching events in the curves, other
nanodots created with SELP-815K are likely composed of SELP based on their force
behavior. Stretching is also present in the force curves that allowed the creation of
the ‘NANQO’ pattern see in Figure 2.3 and the adhesion for those curves was below
1 nN. Therefore, careful inspection of the force curves associated with nanodot
creation could, in theory, be used to be able to distinguish between nanodots and
artifact. However, even with a reduced ability to pattern with UV /Ozone cleaned
tips that have been coated with SELP, it is better to avoid the possibility of artifacts

and thus we have chosen to UV/Ozone clean all tips after observing this behavior.
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Figure 2.2: a) Artifactual pattern created with a bare tip on bare mica
with 100 pN trigger force and 10 s dwell time at the sruface. b) Nanodots
created on a SELP-815K surface with a 200 pN trigger force and 10 s
dwell time at the surface. c¢)Representative force curves used to create
the nanodots or artifacts.

Figure 2.3: Nanodot pattern with 100 nm spacing between nanodots
created with SELP-815K using a non-UV /Ozone cleaned tip by taking
single force curves with a 100 pN trigger force, 1 s dwell time, and 1000
nm force distance. “Go There” Mode in the AFM software was used to
manually draw the pattern where the force curves would be taken.
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2.3.3 Factors that Control the Creation of Nanodots

Unlike DPN, dwell time and trigger force have little effect on the apparent
nanodot size. Since we are mimicking tapping mode in some sense the number of
taps in an area as well as retraction distance before re-approaching the surface should
be the critical factors as from tapping mode nucleation we know two things. One,
the tip will tap the surface at least one time, but will tap over the same area multiple
times even outside of a multiple tapping regime due to the size of tip contact area
with the surface. Two, we need to reduce the retraction distance so that we don’t
break the molecule and allow for subsequent curves to stretch the molecule since we

know that stretching is a requirement for the creation of a nucleation site [32].

2.3.4 SELP Fiber Growth from Nanodots

In most cases coated tips used on bare mica surfaces resulted in spontaneous
nucleation of fibers, without the need for additional mechanical stimulus via LEM.
It is difficult to assess whether the nanodots grow into fibers without the aid of the
mechanical stimulus provided by AC imaging as we need to apply that stimulus
in order to take the image and assess the resultant morphology. However, as can
be seen in Figure 2.4 the fibers growing from the nanodot appear to be oriented
randomly, which is typically not the case for fibers that are mechanically induced
as fibers that are mechanically induced grow predominately perpendicular to the

scanning direction [32].
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Figure 2.4: a) Nanodot pattern created with 100pN trigger, 2s dwell
time, and 20 curves at each point. b) Fiber growth from nanodots after
mechanical stimulus. c¢) Representative continuous mode force curves
used to create the nanodots that did not (white arrow) and did (blue
arrow) grow into fibers upon mechanical stimulus.

In certain cases such as Figure 2.5, nanodots can be laterally stretched to
induce fiber growth and the resultant fiber growth is mostly perpendicular to the
scanning direction; however, most nanodots either dissipate or appear to sponta-
neously grow from the deposited material. Some nanodots also appear to be swept
away from the scanning area by either tapping or contact mode scanning (data not

shown) and so it is not always possible to apply force directly to the nanodots.
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Figure 2.5: a) initial area b) after continuous force mode (10 curves,
1s dwell, 100pN trigger) at location where nanodot was formed c¢) nan-
odots immediately after LFM d) 1 hour later shows fiber growth from
nanodot.e-h) Lateral force microscopy (LFM) of nanodots. Height trace,
height retrace, lateral trace, and lateral retrace contact mode images over
nanodot. Red dashed-line in (e) shows location where slowscan axis was
disabled. Plots of traces before (i) and after (j) height increase in LEM.
Data in plots is located at red solid line in (e) and trace from next scan-
line down in the image. Scale bar is the same for all images. Lateral
signal is in mV as lateral force was not calibrated.

2.4  Discussion

Starting with the knowledge that only lateral force is necessary to nucleate

SELP fibers on mica and being aware that the mechanical force applied in tapping
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mode could also induce fiber growth, we sought to explore the ability of tapping
mode to gain control of the nucleation location of SELP fibers. Initially, starting
by disabling the slow scan axis in order to tap along a single line, we were able to
mechanically induce fibers along those lines that grow perpendicular to the scanning
direction consistent with our previous results. Single force curves were explored next
but tended to produce nanodots that did not act as nucleation sites, some of which
were hampered by artifacts.

By using a continuous force mode method, we have created nucleation sites for
SELP amyloid fibers at specified locations. However, there are some downsides to
this technique. One is the difficulty in reproducibility as factors such as how much
SELP is absorbed onto the tip for different coating techniques and /or variances in the
tip radii. Better understanding of the absorbed SELP layer as well as knowledge of
the tip could mitigate this issue; however, the local concentration and /or the number
of molecules that are required to be stretched to create a nucleation location may
be a very narrow range. This, in turn could lead to the low probability of creating a
nucleation location with this method due to simply not being enough material in 50
nm area as opposed to the material available over a 500 to 2000 nm scan line. Second
is the lack of directional control for the fibers that spontaneously grow from certain
nanodots, which indicates that, as previously noted [30], the scanning direction of
the tip may set the orientation of the fiber whereas fibers that are formed without
mechanical stimulus appear to be oriented randomly.

The reduced ability for the tips that were UV /Ozone cleaned may be due to
making the tip surface more hydrophilic as SELP is largely hydrophobic with the
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lysines providing the electrostatic attraction to the negatively charge tip surface
much in the same way SELP binds to the mica surface. Hydrophobic surfaces may
induce the SELP to form stable amorphous aggregates due to being able to bind
more of the protein to the surface, which would account for both the larger pull-force
and for the inability of these nanodots to nucleate into fibers as they are already
stabilized by the surface and so the activation barrier to form amyloid is much higher
for an oligomeric state that cannot associate as well with the surface to stabilize its
conformation. This overall reduction in binding may allow more of the SELP that
is dried to the surface to be removed as the tip equilibrates in the water droplet
reducing the amount available for patterning.

The following chapters discuss the surface characterization and the force curves
obtained from these experiments in an effort better understand the surface that
tip interacts with to see whether differences in the force behavior can account for
either the spontaneity of fiber growth from nanodots or low probability of creating

a nucleation site with this method.
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Chapter 3: Surface Thickness and Tip Characterization

3.1 Introduction

Better understanding of the nucleation and growth behavior of SELP fibers
must begin with characterization of both the substrate and the AFM tip. The first
question is how does the SELP organize on the mica surface and does it form a
monolayer of protein or more complex multilayer structure? We hypothesize that
lysine in the elastin-like repeats allows SELP to electrostatically bind to the mica
surface leaving the silk-like blocks free to self-assemble. This model is reasonable
due postive charge of lysine in water and the negatively charged mica surface as well
as previous results that show the inhibition of self-assembly with increasing salt for
SELP-415K [18]; however, we lack the fine structural data of SELP on the mica
surface to verify that model at this time.

Obtaining this surface structure with AFM is challenging as mobile portions
of SELP appear blurred when imaging in water, but if the sample is dried then
the protein is immobilized and can be imaged and a multi-layered surface structure
reminiscent of elastin-like peptide multilayers on HOPG [39] is observed. We look
at the results of this air imaging in the first section of this chapter. The second and

third sections assess with ellipsometry and AFM how the thickness of these layers
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are measured on both silicon, which does not appear to form multilayers, and mica,
which can only be assessed with AFM.

The last section discusses the use of Scanning Electron Microscopy (SEM) in an
attempt to measure changes in tip radii under various treatments as it is reasonable
to expect a increase in tip radii upon drying SELP onto the probe; however, the
change is small and no clear differences are found under the various conditions. The
goal was to correlate tip radius with the type of features patterned by a given tip,
not an effort to verify the coating procedure which can be readily assessed with

AFM imaging as previously discussed.

3.2 Observation of layered SELP structures on mica in air

3.2.1 Methods

40uLs of 0.5ug/mL SELP-815K in water was deposited onto mica and the
surface and allowed to dry under ambient conditions. The surface was imaged using
a silicon tip (NCLV) in air using dual-mode AC. In dual-mode, both the first and
second eigenmodes of the cantilever are driven in this mode which were 160 kHz
and 1000 kHz. We are primarily concerned with the height images in this case so
the dual-mode is merely used in attempt to obtain a high resolution image.

For SELP—47K, 40uL of 2ug/mlL SELP-47K in water was deposited onto
mica and allowed to dry under ambient conditions. The surface was imaged using
a silicon nitride tip (MLCT) in air using contact mode. Contact mode in air using

a soft cantilever such as this provides comparable (or better) image quality in our
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experience with our particular AFM without the additional complexities of dual-
mode AC imaging.

For each type of SELP, at least three different areas of a 5 um image showing
the multilayer structure was sampled using the Igor histogram function ignoring
areas outside of a masked area so that regions of interest could be sampled. The
resultant histograms were fit with a Gaussian function and layer thickness was de-
termined from the difference in the mean height of the sampled area for that layer.

Errors are reported as standard deviations.

3.2.2 Results

The multi-layer structure for both SELP-47K and 815K is shown in Figure 3.1.
The first layer is either not resolved or represents the mica surface. It is shown as
background in the histograms. The next layer appears blurred for 47K and shows
small fiber-like structures for 815K. The second layer is likely the diffuse protein
layer which appears blurred during normal imaging in fluid. It is upon this layer
that fibers and larger amorphous aggregates appear which can be considered their
own layer in some sense.

For 815K, the thickness of these layers was 0.7 + 0.7 and 1.2 4+ 0.7 nm for the
first and second layers respectively for a total thickness of 2.0 + 0.8 nm. Force 47K
the layer thicknesses were 2.7 + 1.1 and 3.5 + 1.3 nm for a total thickness of 6.2 +

1.2 nm.
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Figure 3.1: Imaging SELP coated mica surface surfaces in air reveals
a multilayer surface. a) SELP-815K b) SELP-47K. Representative his-
tograms for the ¢ and f) background (lowest) and d and g) first and e
and h) second layer for 815K and 47K respectively.

3.2.3 Discussion

Imaging of SELP surfaces in air revealed a multilayer structure that shows
short fibers on the SELP-815K surface that appear oriented epitaxially, although
this was not confirmed, followed by a less oriented layer in and on which fibers and
aggregates grow and it is likely that second layer than we observed as blurred during
imaging in liquid. It is not clear if the lack of the epitaxial layer for SELP-47K sur-
face is simply a result of the image quality for contact mode or due to differences in

its multilayer structure. The total layer thickness of 2 nm and 6 nm for SELP-815K
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and 47K respectively is just the sum of these two layers and it is this total thickness

that we will now compare to the layer thickness as determined by ellipsometry and

AFM.

3.3 Determination of SELP Layer Thickness with Ellipsometry

Before determining the layer thickness with AFM, we first wanted to be able
to validate the observed protein layer with an alternate technique. We choose ellip-
sometry because it is an established technique for determining the thickness of thin
films and we could prepare samples in similar manner as those for AFM providing
a basis of comparison between the two instruments. We did, however, have to pre-
pare SELP samples on silicon substrates due to the optical transparency of mica.
We mitigated this downside by also determining the layer thickness using AFM for

SELP coated silicon.

3.3.1 Methods

Silicon was diced into 1 cm squares, piranha cleaned with a 7:3 solution of
H,0, and H,SO, and then air dried. Once dried, silicon was UV/Ozone cleaned
for 5 minutes and then 40ul of SELP-815K at concentrations of 0.125ug/mL and
5ug/mL were deposited and samples were allowed to dry overnight under ambient
conditions. UV/Ozone cleaned silicon was used as control and to establish the
thickness of the oxide layer formed on the silicon during the cleaning processes

which can be seen in Figure 3.2.
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A He-Ne ellipsometer (632.8 nm) with an angle of incidence of 72° was used
and U-A data was fit with a multilayer model, simulated in Excel, to obtain layer
thickness. The scanning angle can vary slightly as the sample is moved through
the laser and adjustments are made in the simulated data by changing the angle of
incidence to obtain a “best—fit” line through the data points. For SiO,, the layers
were air, SiO,, and Silicon with complex refractive indices of 1 + 0i, 1.457 + 0i,
and 3.866 — 0.028i respectively obtained from literature values [40]. The complex
refractive index of SELP used was 1.530 + 0i which was determined using a prism

coupler by Teng et al. for SELP—47K films [14].

3.3.2 Results
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Figure 3.2: Determination of the silicon oxide layer thickness formed
during the cleaning process of silicon substrates. The spread in the data
is due to variations in the angle of incidence as the substrate is scanned
by the laser.
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Now that the thickness of the native oxide layer was determined to be 1.8nm,
we can add a third layer to the multilayer model with the refractive index of
SELP-47K and determined the thickness of the 815K layer on silicon as shown
in 3.3 to be between 1.5 to 2.5 nm for the 0.125 pg/mL SELP-815K and between

2.5 to 5 nm for 5 ug/mL SELP-815K on silicon.
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Figure 3.3: Determination of the SELP-815K layer thickness on silicon
substrates. The spread in the data is due to variations in the angle of
incidence as the substrate is scanned by the laser. The thickness of the
oxide layer was taken to be 1.8nm.

3.3.3 Discussion

Based on the observed thickness of the multilayer in air, we should expect
SELP-815K layer to be at least 2 to 3 nm as we are using a 10—fold increase in
concentration of SELP on the silicon surface. The ellipsometry results show that
SELP-815K layer ranges from 2.5 to 5 nm which agrees reasonably well with the
AFM air imaging of the SELP on a mica surface. Now the thickness of the absorbed
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protein layer on silicon and mica must be determined by AFM to corroborate these

results.

3.4 Determination of Layer Thickness with AFM

Since mica is transparent with a refractive index near 1.6 [41] it would re-
quire a complex setup to use ellipsometry to measure the layer thickness of SELP
on mica. Instead, we first measure the layer thickness of SELP-815K on silicon
substrates using AFM and compare to the ellipsometry data and then measure the

layer thickness on mica.

3.4.1 Methods

To determine the thickness of the protein layer on silicon, 5 scans at 300 to
400nN over a 250 nm by 250 nm area at 256 points and lines in contact mode to
remove the SELP from the scanned area. The thickness of the layer was determined
as the average depth of the engraving. Areas were sampled from the engraved
areas to create histograms and fit with a single Gaussian to determine the average
depth for each concentration of SELP-815K in same manner as determining the
multilayer surface in the air images above. An average was chosen to better compare
with ellipsometry data which relies on a model that assumes a uniform thin—film of
protein on the silicon substrate.

To determine the minimum force necessary to engrave mica a control experi-

ment was carried out using silicon tips (NSGO1, NT-MDT) with a nominal spring
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constant of 5 N/m. The actual spring constant was calculated via the thermal tun-
ing method. At approximate forces of 50, 250, 500, and 750nN a 250 nm by 250
nm area was imaged at 512 points and lines in contact mode to attempt to remove
mica layers. To determine the protein layer thickness on SELP-815K or 47K coated
mica, a 250 nm by 250 nm area at 512 points and lines in contact mode were scanned
at 200 nN normal force to remove the protein layer but not disturb the underlying
mica surface.

The depth of the engraving on mica was determined by taking the average
depth along 3 separate traces and then averaging the results. Each result was
offset by the average height of the non—engraved portion of the mica which was
determined to be 0.011 £ 0.019 nm for mica after first-order flattening. The RMS
surface roughness for that mica, tip, and imaging conditions was found to be 0.24
nm and is shown as a dashed red line in Figure 3.5. The depth of the engraving for

SELP was analyzed in a similar manner as for SELP coated silicon surfaces.

3.4.2 Results

Using AFM to remove the protein layer on silicon, as shown in Figure 3.4
show a layer thickness of 2.6 & 0.8 nm for the 0.125 pug/mL SELP-815K and a layer
thickness of 4.6 + 0.7 nm for the 5 ug/mL SELP-815K sample on silicon which

agree well with the values obtained from ellipsometry.
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Figure 3.4: Determination of the SELP-815K layer thickness on silicon
substrates. the engraving for a)0.125ug/mL and b)5ug/mL. The his-
tograms of the background height (non—engraved area) are shown in b
and e. The histograms for the engraving depths themselves are shown
in ¢ and f. The values determined for the layer thickness are found in
the text.

Mica, unlike silicon, could be engraved using forces attainable by the NSGO1
tips used therefore a control experiment show in Figure 3.5 with exact values shown
in Table 3.1 determined that the no significant depth was engraved into mica for

forces <250 nN. Therefore all layer determination for SELP-coated mica was done
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at a force level of 200 nN to allow for deflection drift which would increase the
applied normal force during engraving. The layer thicknesses for SELP-815K on
mica are shown in Table 3.2. In cases where a bimodal distribution was obtained
both layer thicknesses were reported. Initially, SELP layers were determined in air
by engraving progressively larger areas with decreasing forces of 1500, 1000, 500,
and 250 nN; however it was later determined through the control experiment just
described that contact forces above 250 nN can damage the mica surface, therefore
only layer thicknesses for the 250 nN force level are reported denoted in the table

as “air”.

36



Force (pN)

Figure 3.5: Determination of the minimum force needed to engrave a
bare mica substrate. a) The entire 3um by 3um scan area. b)Plot of the
depth of the engraving (black O0). Error bars are standard deviations.
The red dashed line shows the measured surface roughness for mica as
a reference. For exact values, please refer to Table 3.1. ¢) 50 nN, d)
250 nN, e) 500 nN, and f) 750 nN engraves are expanded areas from (a).
Scale bars in c-f are 100nm.
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Table 3.1: Depth of Mica Engraving at Varying Force Levels

Force (nN) Depth (nm)® Significant®

47 0.4 =£0.3 No

282 1.87 £ 0.07 Yes

219 2.5 £0.9 Yes

755 43+ 1.1 Yes

@ Average depth is corrected by mica reference height of 0.011 which is the average of three traces
using sections of the trace in the nonengraved areas to adjust for the zero of height. Reported
errors are standard deviations. ? Significance is set at p<0.05 as determined by Student’s t-test

comparing the average depth to the zero values of mica.

Table 3.2: AFM Layer Thickness on Mica in Water and Air

SELP Condition Concentration (ug/mL) Depth (nm)®

815K  air 5 51+0.9
0.125 1.4 +£0.7

water 5 22+ 04 and 1.3 £ 0.3

0.250 20+ 03 and 1.1 £ 0.3

0.125 21+ 04and 1.3 £0.5
ATK  water 40 1.9+ 04
4 1.0 £ 0.5
0.4 1.0 £ 0.5

@ Average depth is corrected by height of surrounding area. Errors are standard deviations.
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Figure 3.6:  Representative distributions of layer thickness for
SELP-815K and 47K in water at various concentrations. a) Background
distribution for 815K shows average height outside of the engraving is
0 nm. b) 0.125, ¢) 0.250, and d) 5 pg/mL SELP-815K shows 2, 1 nm
layers that are both present at all concentrations depending on the area
measured. e) SELP-47K background is also 0 nm. f) 0.4, g) 4, and
h) 40 pg/mL SELP-47K do not show two distinct layers although the
thicknesses are similar. The shades indicate different areas measured.
Only one of the histograms is shown for 47K as all areas measured show
a similar distribution.
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3.4.3 Discussion

The multilayer structure of SELP-815K on silicon does not show the multilayer
surface as it does on mica as can be seen in the air images. Removing individual
layers of SELP from the mica surface is difficult, but different concentrations of
SELP-47K and 815K do show a difference in layer thickness when both have the
protein layer removed at the 200 nN force level. Both silicon and mica in air,
when engraved show a layer thickness of about 4 nm for 5 pg/mL SELP-815K in
agreement with the ellipsometry data.

Interestingly, in water for 815K, the layer thickness shows a bimodal distribu-
tion of depths for the engravings which shift in the populations of Inm and 2 nm
depths to a layer of intermediate average depth as the concentration of the SELP
increases from 0.125 to 0.250 to 5 pg/mL. This could indicate the bottom-up as-
sembly of a bilayer of SELP with the elastin-like portions oriented towards the mica
as the positively charged lysine should associate with the negatively charged surface
and the silk-like portions holding the bilayer together where the bimodal distribu-
tions show areas where the bilayer is formed and those that are not. The slight
decrease in the average thickness for the highest concentration of 815K maybe be
due to rearrangement of SELP within the layer as it absorbs onto the mica. This
construct would also explain why a 20—fold increase in concentration causes no fur-
ther increase in layer thickness as the surface may be resistant to further addition of
SELP to form higher multilayer structures. SELP-47K shows similar layer depths

over a large range of concentrations as well and its surface structure may be similar
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to 815K although thickness and structure are by no means the same.

This interpretation of this multilayer structure must be reconciled with the
heights of fibers formed from 815K and 47K. 815K fibers show heights of 3.5 + 0.7,
6.6 £ 0.8, and 8.2 + 1.4 nm (n = 66 fibers) in water and 2.8 £ 0.4 and 4.6 + 0.5
nm (n = 5) in air. 47K fibers show heights of 2.6 £+ 0.6 and 5.2 + 0.8 nm (n =
39) in water and 1.5 £+ 0.4, 3.1 + 0.6, 4.6 + 0.8, and 6.9 + 0.6 nm (n = 13) in
air. These fibers likely push out from the the top—most layer as do the nanodots
with some variation in height owing itself to the structure starting directly on the
mica versus being entirely on top of the two layers to being located in the plane of
the silk units within the two layer structure. A schematic of the possible surface
structure is shown in Figure 3.7. Height differences in the fibers between water and
air could also be the result of dehydrating the structure, resulting is lower heights
or fixing the elastin portions of the protein which likely forms some of the diffuse
mobile layer in water and is invisible to imaging, which would be result in higher

observed heights.
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Figure 3.7: Schematic drawing of the proposed SELP structure on mica
in water showing how fibers may be situated in that structure. Mica is
shown in brown and the blue background represents the aqueous envi-
ronment. FElastin units are shown in yellow, silk units in red and the
lysine in the lysine-substituted elastin in purple which should be elec-
trostatically bound to the mica surface.

The layers could be thicker in air for 815K due to several reasons, one is that
frictional force is in higher in air and thus the 250 nN setpoint may have removed
some of the mica surface which could add an additional nanometer to the measured
depth if that is the case. No mica surface may have been removed, but mearly some
of the SELP layer which adhered tighter to the mica surface may have come off
under the additional force. The packing of SELP into a layer in air and water are
likely different and the packing in air could be influenced by the relative humidity
which was not controlled with our setup. The air images of SELP-815K show the

lowest resolvable layer as appearing to have some symmetry opening the possibility
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that the lower layer of SELP is epitaxially ordered and that the layer in or on which
the fibers and nanodots grow must be adhered to this layer. Perhaps the lattice
matching is only favored once the sample is dehydrated and this behavior or the
initial lattice-matched layer is just obscured in liquid due to more surface diffusion
and the more mobile protein coupled with its large size is not able to order with the
mica lattice until the sample is dried. If this is the case then the layers formed by

SELP in air may have differences in depth due to a different surface organization.

3.5 SEM of AFM tips

Characterization of the AFM tip is important in order to asses the tip surface
under various treatments in an effort to better understand how the SELP is absorb-
ing to tip surface; however, doing so poses several problems. Obviously, imaging
the tip surface with AFM is not feasible and non-conductivity of the silicon nitride
composition of the tips makes SEM difficult. If a large enough change in the tip
radius were to occur after the coating procedure, then that increase could be ob-
served with SEM. The caveat here is that the large tip radius variation as stated by
the manufacture of 20-60 nm as well as ellipsometry results of SELP absorbed onto
silicon forms a layer <5 nm thick then changes in the radii may not be observable.
To mitigate these issues we can attempt to correlate the measure tip radii with
adhesive or pull-off force to better understand the differences in tips that patterned

different features on various substrates.
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3.5.1 Methods

Silicon nitride (MLCT, Bruker) AFM tips were mounted to an aluminium
90° SEM sample mount with carbon tape. Images were obtained on a Hitachi SU-
70 SEM at a typical working distance of 5.8 nm and 10 keV accelerating voltage.
Tip radii were determined from SEM images using ImageJ software by drawing a
circle approximating the curvature of tip and circles were drawn five times on each
image to minimize errors in the method. From the area of the circle drawn, the

radius is easily obtained.

3.5.2 Results

Figure 3.8 shows the SEM images of silicon nitride AFM tips that produced dif-
ferences in patterning and force behavior for SELP—47K. As can be seen in Table 3.3
the average tip radius for all conditions was approximately 50 nm. This implies that
either the SEM determination is not sensitive enough given the non—conductivity
of silicon nitride which results in poor SEM contrast due to charging effects and
the expected thickness of SELP layer would only increase the radius by a few nm
which may not be detectable as the tips themselves vary from 30 to 70 nm in ra-
dius. Therefore, the SEM can give us the average tip radii and verify that it falls
within the manufacture specified range; however, minor differences arising due to

the various coating methods are not possible to detect with SEM.
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Figure 3.8: SEM images of SELP-47K—coated AFM tips used that cre-
ated a) no features, b) nanodots on mica, c) fibers on mica. SEM images
of the various tip preparation methods d) UV /Ozone cleaned uncoated,
e) coated and dried in a Veeco gel box, and f)coated and dried in a
polystyrene petri dish.
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Table 3.3: Tip radii from SEM for different tip preparation conditions

Tip Preparation®  Substrate = Drying Time (h)®  Features Radius (nm)/
10pL of SELP? mica 3 fibers 66.1 + 2.1
10pL of SELP? mica 3 fibers 34.2 £ 0.6
10pL of SELP? mica 12-16 no features 529 £ 1.0
10uL of SELP? mica 3 fibers 54.7 + 1.6
70uL of SELP¢ mica 12-16 no features 55.8 £ 1.9
20uL of SELP? mica 0.5 (vac) fibers/nanodots? 56.2 + 2.4
20uL of SELP? mica 1 (vac) fibers 43 + 3
Cleaned only* mica/SELP  — nanodots” 67 £6
Cleaned only® mica/SELP  — fibers’ 63.6 + 1.5
20 pL of SELP? mica/SELP 1 (vac) nanodots 40 £ 3

@ Cleaned refers to 15 min UV /Ozone cleaned and uncoated, all tips were cleaned in this manner. ° prepared
in a Veeco gel box °prepared in a piranha-cleaned glass beaker. ? prepared in a polystyrene petri dish
¢ samples were dried under ambient conditions unless specified by (vac) meaning that the sample was dried
under vacuum 7 All errors are standard deviations of five measurements as discussed in the text. 9 Scanning
produced fibers and force curves produced nanodots " nanodots only on 0.04 ug/mL SELP-47K fibers

only on 0.4 pg/mL SELP-47K

3.6 Discussion

The results of the tip characterization show that all of the tips, regardless
of treatment, appear to have a very similar tip radius. The large variation of tip

radii as per manufacturer specification relative to the expected film thickness based
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on ellipsometry data coupled with the poor resolution of SEM on non—conductive
silicon nitride tip surfaces is the most likely cause. This may have been averted
somewhat by imaging the same tip before and after the coating procedure; however,
tips imaged with SEM were sometimes not usable afterwards, possibly due to being
coated with carbon from the carbon tape during the imaging process.

The coated tips that were measured were also used for patterning before taking
a SEM image in an effort to correlate tip radius to patterned features so it is also
possible that material that had absorbed onto the tip came off during the patterning
process and may have even depleted the tip surface back to its original state as the

SELP was merely dried to the tip and not covalently attached.
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Chapter 4: Differentiation of Nanodots with Force Spectroscopy

4.1 Introduction

Because the morphology of nanodots is difficult to assess due to both potential
tip artifacts as well as the instability of the nanopatterns themselves, we must look
to the force curves used to generate the nanodots in order to differentiate between
those that are capable of nucleating fiber growth and those that are not.

Single-Molecule Force Spectroscopy (SMFS) or Dynamic Force Spectroscopy
(DFS) can be used to understand the energy landscape of self-assembly by looking
at the case of dimerization. However, with SELP that readily assembles in the
presence of a surface the ability to stretch a single-molecule is not trivial and would
likely require covalent attachment to achieve. This poses a problem as the stretching
of an unknown number of molecules can convolute the force spectra along with the
lack of detailed structural information with which to interpret the spectra, making
quantitative information difficult or impossible to obtain.

We can however look at the force curves qualitatively by comparing the pres-
ence of tethering behavior (described below) in relation to the both the ability of
those curves to form nanodots as well as whether those nanodots are capable of

forming fibers spontaneously, under mechanical stimulus, or not a all.
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In addition to qualitatively observing tethering behavior we can fit stretch-
ing that is observed with the Worm-Like-Chain (WLC) model to obtain contour
lengths for individual rupture events and compare the peak—to—peak distance to the
silk or elastin portions in order to obtain some mechanistic insight as to which por-
tions of the molecule are being stretched during the tethering behavior. To obtain
peak-to—peak histograms, curves were fit with the WLC model using Igor software
and then successive contour lengths binned ignoring any contour lengths over 100
nm as the molecule cannot physically be stretching further than 100 nm with a 100
nm force distance. Contours above that value are likely the result of a poor fit to
the WLC model as is excluded from the analysis. Histograms were fit with 1 or
2 Gaussian curves and reported values are the mean and standard deviation from
that fitting. In order to obtain sufficient distances all coated tips on bare mica and
all bare tips on SELP—-47K surfaces were pooled. Based on sequence, SELP—47K
should show lengths of 3.8, 12.2, and 7.6 nm for the silk-like blocks and 15.2 nm for
the elastin-like blocks calculated by assuming a contour of 0.38 nm per amino acid.

The methods for obtaining the results that follow were previously described
in Section 2.2. Briefly, we used a continuous force mode in an attempt to create
nano-sized deposits of protein with uncoated and SELP coated silicon nitride AFM
tips on both bare mica and SELP coated mica starting with a control experiment
in which bare tips were used on a bare mica surface. SELP—47K was used as 815K
tended to pattern fibers non—specifically on the mica surface making the images

difficult to interpret.
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4.2  Results

4.2.1 Bare Tips on Bare Mica Control

Bare tips used on freshly cleaved mica produced no stretching events and
did not result in the formation of features on the mica surface as shown in Fig-
ure 4.1a and addition of 1M NaCl caused the repulsive force in the approach por-
tion of the curve to disappear as can be seen in Figure 4.1d and e which indicates
that this repulsion is electrostatic in nature as a result of the negatively charged
mica [42] surface and the slightly negatively charged SiO, tip surface in water [43].
After washing the sample back into water to remove the salt solution, the repulsive
region remains absent likely due to salt absorbing on the mica and/or tip and neu-
tralizing the surface. The salt and possibly other debris can be seen in Figure 4.1c

showing that the salt is likely absorbing onto the mica surface.
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Figure 4.1: a) Bare mica surface imaged with a bare tip. b) Mica surface
in 1M NaCl c)After washing the sample back into water. Representative
continuous mode force curves for each condition with 100pN trigger and
2s dwell times at d) 1000nm and e) 100nm force distances.

4.2.2 Tethering Behavior

At 100nm retraction distances, a particular force curve is seen in nearly all
instances of nanodot creation at this force distance. We are calling this behavior
“tethering” as we are interpreting the repulsive force on approach as compression of
the molecule against the mica surface. This force behavior can be seen in Figure 4.2.
Although, observation of this behavior did not guarantee the creation of nanodot,
this force behavior could be seen for those sets of curves that did result in nanodot

formations with few exceptions. These exceptions could be due larger force distances
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in which tethering was not possible without tip or surface detachment of the SELP,
indicating the certain nanodots may be formed with a single force curve as is the
case for Figure 2.2b in which a single force curve generates an array of nanodots on

an SELP-815K coated surface.
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Figure 4.2: Force curves representative of tethering behavior. The curves
shown are sequential curves taken in continuous pulling mode and show
the repulsive approach portion in (a) which is repeated in curves (b) and
(c) as the molecule is still attached between the tip and surface for those
curves. Red curves are approach and blue are retraction.

52



4.2.3 Bare Tips on SELP-47K Substrates

Bare (UV/Ozone-cleaned and uncoated) tips used on SELP-47K surface are
also able to create nanodots which are able to result in localized nucleation. As can
be seen in Figure 2.5 a nanodot produced on this substrate was able to be laterally
stretched which resulted in the growth a nanofiber from the nucleation location
patterned via the continuous force mode method. The force curves used to create
this nanodot showed the tethering behavior in 38% of the force curves.

The peak—to—peak distances, as shown in Figure 4.3 for bare tips on SELP-47K
surfaces show two distances of 22 + 3 and 48 4+ 2 nm. Neither length corresponds
to an individual silk or elastin block and could be the result of several combinations

of these blocks.
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Figure 4.3: Peak—to—peak distance histograms for a) SELP coated tips on
bare mica surfaces and b) bare tips on SELP-47 substrates. ¢) Example
of the WLC fitting showing two peak-to-peak distances of 17.63 and
13.95 nm respectively going from 44.39 nm to 62.02 nm to 75.97 nm
contour lengths.

4.2.4 Coated Tips on Bare Mica Substrates

Nanodots created on a bare mica surface using a coated tip can be see in
Figure 2.4 in Chapter 2. Using a coated tip on bare mica to take 10 curves at
each of nine points at a 200 pN trigger, 100 nm retraction distance, and 5 second

dwell time, a single nanodot was created which can be seen to have a fiber growing
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from it perpendicular to the scanning direction as can be seen in Figure 4.4. The
orientation suggests that the fiber was mechanically induced through the tapping
mode scanning of the surface to verify the patterning of the nanodots.

The peak—to—peak distance shown in Figure 4.3 for coated tips on a bare mica
surface shows a distance of 15 £ 4 nm which corresponds to either 2 or 4 silk
blocks or 1 elastin block. This can be interpreted as either the silk blocks remaining
together and only the elastin portion of the curve being stretched or it could be
pulling multiples of silk blocks apart in the course of the stretching. Breaking and
reforming silk-like portions of SELP during continuous pulling may be allowing
the alignment of the silk blocks during the tethering which potentially creates a

nucleation site.

Figure 4.4: Using a SELP-coated tip on bare mica, a single nanodot
(indicated by the white arrow) was created resulting in the formation of
fiber growth perpendicular to the scanning direction.
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4.2.5 Coated Tips on Dried and Re-hydrated SELP-47K Substrates

Some SELP-47K substrates were dried and re-hydrated in an effort to mimic
dried nature of the SELP on the tip surface and force curves were taken using
both coated and uncoated tips. The force behavior for these samples also showed
tethering in 30% of the force curves taken at 100 nm force distance and all sets of

curves created nanodots which did not form into fibers.

Table 4.1: Tethering Force Behavior in Relation to the Types of Nanodots

Tip Concentration (ug/mL)* Nanodots Fibers Formed® Tethering Curves (%)

bare 0.4 pg/mL? Yes No 30%
bare  0.04 ug/mL Yes No 0%
bare  0.04 pg/mL Yes Yes 38%
coated mica No No 12%
coated mica Yes Yes 0%
coated mica No® — 60%
coated mica Yes Yes 83%

® Fibers formed indicates that fibers were formed from the nanodots themselves not that only fibers ap-
peared after patterning. ° Only fibers were observed after taking force curves. ©Formed a single fiber
with directional control as shown in Figure 4.4 ¢ Sample was air dried and Re-hydrated before taking

force curves. € Fiber formed after lateral stretching of the nanodot.
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4.3 Discussion

The creation of nanodots using the methods described lends itself to no small
amount of experimental variation. This is due in part to variation in tip radii and/or
coating of the tip with SELP. The local surface concentration of SELP likely plays a
large role as well; however, based on the layer thickness data, that surface is roughly
the same thickness over a broad range of concentrations although that in no way
is meant to imply that the structure of those surfaces and the orientation of the
SELP within them is the same. Further studies are needed to characterize the fine
structure of SELP at the mica surface in order to answer that question.

Table 4.1 shows the percentage of curves that showed the tethering behavior
described above along with whether a coated or uncoated tip was used and the
what type of nanodots were formed with that surface/tip combination. The single
nanofiber was part of set of curves in which 83% of the curves taken at 100 nm force
distance showed tethering. The nanodots formed in which tethering behavior was
not present did not grow into fibers during the time course of the experiment. It is
thought that the tethering force behavior’s repeated compression and extension of
the SELP molecules creates conditions under which the silk blocks of the SELP can
align in a similar manner to tapping mode and contact mode mechanical stimulus.
It may only require a single stretch to perform this alignment as certain sets of
force curves can produce nanodots even at 1000 nm retraction distances which is
three times the theoretical contour length of SELP-47K making tethering unlikely

as stretching at that distance will result in detachment either from the mica surface
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or from the AFM tip. Nanodots can also be created without tethering as is the
case for Figure 2.4 in which two of the six nanodots formed remain after initially
scanning the area and one of which spontaneously grows into nanofibers due to the
lack of directional control present. An alternative explanation for this behavior is
that the nanodot formed is merely encapsulated by the fiber growth which resulted
from the tapping mode stimulus during the imaging. The nanodot itself did not
grow into fibers, which means that all cases of nanodots forming fibers show at least
30% of curves with tethering making the presence of tethering necessary, but not
sufficient for the nanodot to act as a nucleation site.

The peak-to-peak distances show distances for bare tips on SELP-47K sur-
faces that do not directly correspond to the theoretical contour lengths of individual
silk or elastin blocks whereas coated tips on mica showed a distance of 15 nm which
is the distance of 2 or 4 silk blocks or 1 elastin block. In the first case the lack of cor-
relation could either a lack of data for a pattern to emerge or the result of a different
structure of nanodots formed in those cases which are less likely to nucleate into
fibers indicating that those nanodots are a thermodynamically stable amorphous
aggregate that cannot further rearrange into a fiber—competent confirmation as a
large amount mechanical stimulus may be necessary and would likely result in the
nanodot being swept away rather than growing into a fiber. In the case of the bare
tips on mica, fibers appear to nucleate spontaneously from nanodots or under the
mechanical force of tapping mode rather than necessitating lateral stretching. This
indicates that energy barrier for these nanodots to grow into fibers may be lower

than nanodots that are likely closer to stable amorphous aggregates which may be
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due to alignment of the silk blocks during the continuous force curve acquisition.
There appears to be, overall, two classes of nanodots: those that can be formed
with a single force curve and those that appear to require the repetitive pulling
present in the tethering behavior. Whether or not the nanodots grow spontaneously
into fibers without directional control or whether they require further mechanical
stimulus to align and grow with directional control may be linked to these two
distinct ways of creating the nanodots. At this time however, there are not enough
nanodots which have been created that are capable of nucleating fiber growth to

separate these two populations rigorously.
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Chapter 5: Conclusions and Future Directions

5.1 Directional Control of Fibers from Localized Nucleation

Previously, we have determined that SELP grows perpendicular to the scan-
ning direction and using that we have created both microscale patterns of aligned
fibers [31] and single nanofibers [32]. However, the nucleation location was found
randomly within the scan line with smaller scan areas decreasing the nucleation
probability. Using a continuous force mode, we are able to nucleate SELP fibers
within a 50 nm area; however, there is a low probability of success as well as poor
directional control as the nanodots created via this method appear to be hetero-
geneous in both their stability as well as whether mechanical force causes them to

grow into nanofibers if they are able to at all.

5.2 Future Directions of Mechanically Induced Self-assembly

The main issue with the continuous force method to create a nucleation site for
SELP fibers is the inability at this time to accurately predict the exact conditions
for creating a nanodot that neither lies dormant under mechanical stimulus nor

grows seemingly spontaneously into a fiber. Ideally, one should be able to create
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a nanodot that only under mechanical stimulus (tapping or lateral force) will grow
into a fiber as the stretching of the SELP during this mechanical stimulus is likely
responsible for the alignment of the S—strands in the silk-like regions thought to be
the main composition of the fibers.

It is likely a very small window of conditions that would even allow for the cre-
ation of such a nanodot; however, if they could be reliably created in such a manner
that window will likely be found using either SELP coated mica at a concentration
below that which forms fibers and then adding additional SELP to the formed nan-
odots to allow for fiber growth. The difficulty with this is that the created nanodots
are not always stable and it is therefore sometimes impractical to image the same
area of the mica surface over the course of several days or weeks. Even using high
force to create a reference mark on the mica surface, the nanodots themselves may
dissipate or diffuse during that time. Some can even be swept away in a single scan

in contact mode.

5.3 Outstanding Questions about SELP

There are several questions that still remain for SELP self-assembly on mica
which are mainly to do with the structural characterization of the SELP coated
mica surface. The surface in air showed a bilayer structure where the surface layer
appeared to have symmetry which could indicate its epitaxial alignment to the mica
which could tested by obtaining additional images of the surface under both water

and air at varying concentrations of protein to attempt to observe the bottom layer
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in sufficient detail to verify the symmetry. Dehydrating the surface rapidly with a
non-solvent for SELP, such as methanol may also change the layering of SELP. The
surface structure should be assessed using a complimentary technique such as IR
or Raman spectroscopy to determine the S—sheet content of the SELP under the
various conditions.

One possible route to a monolayer of SELP is to functionalize a gold surface
with an Nitrilotriacetic acid (NTA)—terminated alkanethiol and then treat the sur-
face with NiCl, so that the His—tag of the SELP would chelate the Ni*T along with
the NTA. The caveat here is the SELP could still likely self-associate and form a
bilayer mediated by the silk blocks as discussed in Section 3.4.3. If a monolayer
could be formed then the dimerization reaction could be further investigated using
SMF'S for both the monolayer and bilayer constructions to obtain more information
about the tip surface interactions with coated and uncoated tips on SELP and mica
coated surfaces that are convoluted by the presence of multiple molecules.

A better understanding of forces involved as well as the surface structure may
provide the missing pieces which would allow a more reliable creation of nanodots
which are able to grow into fibers so that effect of mechanical force can be studied
more easily as well as to provide the ability to study if directional control is possible

when nucleation sites are created in this manner.
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5.4 Role of Nanodots in Amyloidogenesis

The heterogeneity of the created nanodots mirrors that of other amyloidogenic
systems which are thought to contain a variety of pre-fibular aggregates with varying
degrees of stability and ability to form filaments. If the issues discussed in the
previous section could be resolved, then SELP could be used as model system to
understand other amyloids as the timescale of the self-assembly is much shorter
which can allow for the direct observation of fiber growth. If nanodots of another
protein, such as Tau, were to be created in this manner, then it may be possible
nucleate fibers in situ with an AFM tip, which, to our knowledge as never been
accomplished. The ability to reproducibly create nanodots of Tau could aid in the
development of drugs which either promote or inhibit the evolution of Tau oligomers
into fibers by being able to create a large population of oligomeric structures at the

surface to study their growth into fibers.

5.5 Implications for Peptide Based Self-assembly

As SELP is biocompatable, there is potential use for the creation of amy-
loid-based materials using SELP. SELP has already been shown to provide an an
optically transparent film [10] that can support human fibroblast cells [12]. The
ability to gain finer control of self-assembly may open up new applications for this
protein especially if an optimized continuous force mode technique could be scaled

to arrays of hundreds or thousands of tips as has been done for PPL [44].
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