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STRUCTURAL BIOLOGY

Amylum forms typical self-assembled amyloid fibrils

Sonika Chibh', Ashmeet Singhz, Gal Finkelstein-Zuta1'3, Gil Koren?, Raya Sorkin5'6, Roy Beck?,

Sigal Rencus-Lazar', Ehud Gazit'3*

Amyloid fibril formation is a central biochemical process in pathology and physiology. Over decades, substantial
advances were made in elucidating the mechanisms of amyloidogenesis, its links to disease, and the production
of functional supramolecular structures. While the term “amyloid” denotes starch-like features of these assemblies,
no evidence of amyloidogenic behavior of polysaccharides has been so far reported. Here, we investigate the po-
tential of amylum (starch) not only to self-assemble into hierarchical fibrillar structures but also to exhibit canoni-
cal amyloidogenic properties. Ordered amylum structures were formed through a sigmoidal growth process with
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characteristic amyloid features including typical nanofibril morphology, binding to indicative dyes, inherent lumi-
nescence, apple-green birefringence upon Congo red staining, and notable mechanical rigidity. These findings
shed light on polysaccharide self-assembly and expand the generic amyloid phenomenon.

INTRODUCTION

The amyloid fibril architecture constitutes the key supramolecular
organization of aggregated proteins (1, 2). While initially explored
due to its role in human disorders (3, 4), amyloid formation was
found to be ubiquitous as disease-unrelated proteins form these
remarkably thermodynamically stable nanostructures with typical
biological, physical, and chemical properties (5-7). Amyloid fibril
formation was also implicated in the physiology of a diverse group
of organisms where the formation of functional amyloids was dem-
onstrated (8-10). The unique physical properties of amyloid struc-
tures, including optics and mechanical characteristics, have been
extensively studied for technological applications (11-13).

Historically, in 1854, the term “amyloid” was derived from the
Latin word amylum and the Greek word amylon, which describes
starch stained with iodine (14). A few years later, in 1859, Friedrich
and Kekule identified amyloid as mainly composed of protein and a
small amount of glycosaminoglycan (GAG) (15, 16). For over a cen-
tury, carbohydrates have been known to be associated with the de-
position of amyloids (17). However, no direct evidence of amyloid
formation by carbohydrates has been reported until the mid-20th
century. A clinical study published in 1966 revealed that amyloid
material took up some stains, suggesting the presence of mucopoly-
saccharides (18). In 1990, another study showed in vivo association
between cardiac amyloid fibrils and GAGs (19). Further in 2008, a
study demonstrated that endogenous polysaccharides promoted fi-
brillar structures of amyloid-p(1-42) (20).

In 2011, another study showed that carbohydrates, in particular
GAG, have scaffold-like properties that accelerate in vitro amyloido-
genesis (21). Recently in 2021, a study showed that polysaccharides
such as glycogen, phytoglycogen, mannan, and cinnamoyl-modified
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glycogen were found to accelerate fibril formation (22). Furthermore,
studies have also shown that the brains of patients with Alzheimer’s
disease contain lipopolysaccharides within the amyloid deposits
(23, 24).

The role of polysaccharides in amyloid formation is very intrigu-
ing as these polymers are the most abundant biomolecules, making
up ~80% of the biomass on Earth (25). Yet, there has been no report
regarding their potential amyloid behavior. This lack of knowledge
is particularly remarkable, as it is well-known in the literature that
polysaccharides such as cellulose (26), chitin (27), and inulin (28)
have a strong propensity to self-assemble into well-defined struc-
tures with notable physiochemical properties. In addition, Congo
red (CR), an amyloid-specific dye, has shown birefringence upon
binding to carbohydrates, suggesting a possible amyloid-like struc-
tural orientation of these molecules in their aggregated state (29).
Despite this evidence on polysaccharide-based self-assembled
structures, no experimental observation of polysaccharide-based
amyloid fibrils has been reported so far.

In light of this, here, we aimed to explore the ability of starch to
self-assemble and form typical amyloid-like fibrils. For this pur-
pose, we investigated whether starch can produce fibrils with typi-
cal amyloid characteristics, including amyloid-specific dye binding
(30), inhibition of fibril growth by polyphenols (31), autofluores-
cence (32), apple-green birefringence (29), mechanical stiffness
(33), and piezoelectric properties (34). While the mechanism of
amyloid formation by starch is not yet fully understood, this study
provides a proof of concept for a deeper understanding of the role
of polysaccharides in amyloidogenesis. In addition, the important
mechanistic insights aligned with the pathology of age-related neu-
rodegenerative disorders, this work substantially extends the ge-
neric amyloid hypothesis to provide a fundamental understanding
of both the amyloid phenomenon and its implications in pathology,
physiology, and nanotechnology.

RESULTS

Self-assembly of starch into amyloid-like fibrils

We first examined whether starch could self-assemble into ordered
structures with amyloid-like characteristics. For this purpose, starch
powder was dissolved in phosphate-buffered saline (1x PBS, pH 7.4)
at different concentrations (0.0156, 0.03125, 0.0625, 0.125, 0.25, 0.5,
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and 1 mg/ml), which was then heated to 90°C for 5 hours, followed
by gradual cooling down to room temperature to allow for self-
assembly (Fig. 1A).

Various microscopy techniques were used to assess the presence
of organized structures and examine their morphology. Initially,
transmission electron microscopy (TEM) was used to examine
the impact of the starch concentration on the formation of self-
assembled structures (Fig. 1, B to H). Notably, it was observed that
the 0.01-, 0.025-, 0.05-, 0.1-, and 0.25-mg/ml solutions (Fig. 1, B to
E respectively) did not exhibit any notable ordered nanostructure;
however, at 0.5 and 1 mg/ml, we observed well-organized and
elongated amyloid-like fibrils (Fig. 1, G and H). We further inves-
tigated this morphology in detail since we observed amyloid-like
fibrils at the concentration of 0.5 mg/ml.

Once the fibers were formed at 0.5 mg/ml concentration of
starch, they were quite robust in nature. They persisted the fibrillar
structure even after prolong heating at 90°C. The TEM micrographs
for the postheated fibers strongly supported its thermodynamic sta-
bility that aligns with one of the characteristic feature of amyloid fi-
brils (fig. S1).

Further by analyzing the nanofibrils (Fig. 1I) in various TEM mi-
crographs, the mean diameter was calculated to be 15.371 + 3.451
nm, and the length was found to range in micrometers as shown
in Fig. 1]. In addition, when the self-assembled solution was im-
aged using atomic force microscopy (AFM), micrographs affirmed
the formation of elongated nanofibrils (Fig. 1K), consistent
with the TEM observations, with an average height of ~11.5 nm
(Fig. 1L).

In addition, small-angle x-ray scattering (SAXS) patterns of the
starch fibrils were recorded. SAXS data revealed distinct character-
istics of the fibrils when recorded in a q range of 0.004 to 0.16 A™"
(Fig. 1M). The fibrils displayed a pronounced peak in the lower g
range and were well-fitted in a long cylinder model via Porod ap-
proximation, indicating a diameter of ~14.66 nm, consistent with
the diameter deduced from TEM imaging (35, 36). To further char-
acterize the presence of functional groups, Fourier transform infra-
red (FTIR) spectroscopy was used showing varying stretching
vibrations of starch fibrils. The broad peak at 3452 cm™" corre-
sponding to O—H was attributed to the stretching vibration of
H,0. However, the peak at 1630 cm ™" was associated with the first
overtone of —OH bending or H,O deformation. Further, the band
at 1083 cm™" corresponded to the —C—O symmetric stretching vi-
bration (Fig. 1N) (37).

We further set out to investigate if self-assembled nanofibril
growth exhibited a sigmoidal curve, a characteristic of amyloid
fibrils (38). For this purpose, a turbidity assay at a wavelength of
350 nm was performed to determine the kinetics of fibril formation.
Starch nanofibril formation followed a sigmoidal growth pattern in
the same manner as amyloid fibrils (Fig. 10) (38). Using same kinet-
ics growth curve assay, the conversion rate of starch from monomers
to fibrils was calculated. It was observed that the conversion rate was
highest at 0.5-mg/ml starch concentration in comparison to 0.25-
and 1-mg/ml concentrations (table S1).

Another distinctive property associated with amyloid fibrils is
intrinsic fluorescence in the blue-green region, irrespective of the
presence of any aromatic moieties in the molecule, upon excita-
tion at wavelengths higher than 350 nm (32, 39). To gain insight
into the starch nanofibril fluorescence property, we initially re-
corded the fluorescence spectra of starch nanofibrils at an excitation
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wavelength ranging from 350 to 400 nm. The spectra indicated
a broad and characteristic emission peak in the range of 400 to
550 nm, showing increased intensity as the excitation wavelength
increased. This enhanced intensity was directly related to the blue-
green intrinsic fluorescence of the fibrils as shown in Fig. 1P. As an
additional confirmation of the autofluorescence property of starch
fibrils, the sample was excited under ultraviolet (UV) light (Apax
365 nm), demonstrating a distinct blue-green color when com-
pared to only PBS (Fig. 1Q).

Next, we sought to ascertain whether the starch fibrils showed an
ordered packing or arrangement, a characteristic amyloid fibrils
property. Amyloid fibrils are known to display a typical apple-green
birefringence upon binding to the CR dye in an ordered fashion un-
der polarized light (29). To assess the amyloidogenicity of the starch
nanofibrils, fibrils were stained with CR dye and visualized under a
cross-polarized microscope (Fig. 2, A to D) (29, 40). We observed
the emergence of apple-green birefringence when CR-stained fibrils
were imaged under cross-polarized light, similar to the birefrin-
gence observed for amyloid fibrils (Fig. 2, A and B). In a control
experiment, when native CR dye was examined, no birefringence
was detected (Fig. 2, C and D).

Next, we tested whether starch nanofibrils could bind to an-
other amyloid-specific dye, Thioflavin T (ThT). When bound to
amyloid fibrils, ThT emits a characteristic emission peak at 485 nm
upon excitation at 420 nm (41). Therefore, this fluorometric ap-
proach allowed us to determine the kinetics of amyloid formation
(42). The results of ThT fluorescence kinetics assay showed a sig-
moidal growth curve, where the lag phase was followed by the
elongation phase and subsequently a plateau (Fig. 2E). ThT-stained
fibrils were further analyzed using confocal microscopy. ThT-stained
fibrils showed green fluorescence, confirming their amyloidogenic
nature (Fig. 2F).

We further examined the effect of (—)-epigallocatechin gallate
(EGCQG), a polyphenol known to inhibit amyloid fibril formation
(31). First, the dose-dependent effect of EGCG was examined using
TEM (Fig. 2, G toI). At 0.25 mM EGCG, a few fibril-like aggregates
(Fig. 2H) were observed, whereas at 0.5 mM EGCG, starch did not
exhibit any detectable self-assembly (Fig. 2I).

Moreover, we assessed how EGCG affected starch amyloid for-
mation kinetics by measuring turbidity (Fig. 2J). The addition of
EGCG solution (0.5 mM) led to a notable inhibitory effect which
completely prevented the formation of starch nanofibril. Converse-
ly, when a twofold-diluted concentration of EGCG (0.25 mM) was
used, only a few fibrils were observed and the absorbance was re-
duced by ~50% compared to fibrils alone as shown in Fig. 2].

Second, the assay was conducted using a ThT-based fluorescent
dye to assess the effect of EGCG on starch assemblies (Fig. 2K). The
ThT assay also demonstrated complete inhibition of fibril formation
at an EGCG concentration of 0.5 mM. It was observed that EGCG
caused ~40% reduction in ThT intensity at an EGCG concentration
of 0.25 mM when compared to native fibrils (Fig. 2K). These results
suggested that at a lower EGCG concentration, starch fibrils were
notably reduced, whereas, at a higher concentration, complete inhi-
bition of intensity was observed.

Further, additional FTIR spectra were recorded to examine the
effect of EGCG on the functional groups of starch fibrils. The two
spectral graphs presented in Fig. 2 (L and M) displayed noticeable
differences mainly in the peak regions of C—O and —OH groups,
suggesting that EGCG has disrupted the fibril morphology. It is
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Fig. 1. Formation of amyloid like fibrils by starch self-assembly. (A) A schematic depiction illustrating the formation of starch fibrils. Fibrils were formed in PBS (pH 7.4)
after heating the starch solution to 90°C for 5 hours and gradually cooling it to room temperature. (B to H) TEM images of starch assemblies formed at different concentra-
tions. (B) 0.0156, (C) 0.03125. (D) 0.0625, (E) 0.125, (F) 0.25, (G) 0.5, and (H) 1 mg/ml. Scale bars, 1 pm. (I) TEM image of 10x diluted starch fibrils formed at a concentration
of 0.5 mg/ml. (J) Diameter distribution profile of the fibrils. (K) AFM tapping mode analysis of 10x diluted starch fibrils formed at a concentration of 0.5 mg/ml (L) showing
the formation of elongated fibrils with an average height of ~11.5 nm. (M) A SAXS profile of starch fibrils formed at a concentration of 0.5 mg/ml. (N) FTIR spectrum of
starch fibrils formed at a concentration of 0.5 mg/ml. (O) A turbidity assay at 350 nm illustrating starch fibrillation growth in a sigmoidal pattern. (P) Fluorescence spec-
troscopy analysis at an excitation wavelength range of 350 to 400 nm. (Q) Images recorded under UV light (Amax = 365 nm) of a glass vial containing starch fibrils compared
to PBS as a control.
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Fig. 2. Starch fibrils exhibit amyloid like characteristics. (A) CR-stained starch fibrils (left) under non-polarized light and (B) under cross-polarized light. (C) CR only as
a control under non-polarized light and (D) under cross-polarized light. (E) Starch fibrils subjected to a ThT binding assay. ThT was added to the starch solution at a con-
centration of 20 pM, and the fluorescence spectra were recorded at 420-nm excitation and 485-nm emission. (F) Confocal microscopy of the ThT-stained starch fibrils.
Inset: The fluorescence spectrum recorded from confocal microscopy. (G to I) TEM images of starch (G) in the absence of EGCG, (H) 0.5 mM, and (I) 0.25 mM EGCG.
(J) Turbidity assays of starch in the presence of 0.25 and 0.5 mM EGCG. Starch without EGCG served as a control. (K) ThT binding assays of starch in the presence of 0.25
and 0.5 mM EGCG. Starch without EGCG served as a control. (L) FTIR analysis of the starch fibrils. (M) Zoomed FTIR peaks.
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worth noting that the C—O and —OH bands were previously re-
ported to be sensitive to changes in the starch structure (37). The
peaks at a wave number of ~911 and 1081 cm™" were attributed to
the presence of the C—O group, but after the addition of EGCG,
the peaks in the 900 to 1600 cm™' region were altered, whereas
some new peaks also appeared. After EGCG was added to starch
in its self-assembled fibril state, a change in vibrations of func-
tional groups confirmed that the fibrils’ morphology had been
disturbed.

Detailed morphology of starch fibrils using MATLAB
FiberApp application

To provide a more detailed characterization of starch fibrils
morphology, an advanced analysis was conducted using a MAT-
LAB FiberApp application. The analysis involved the comprehen-
sive examination of height distribution profiles, length distribution
profiles, persistence length, scaling behavior, and orientation of fi-
brils using both AFM and TEM images (43). First, the AFM image
(Fig. 3A) was flattened (Fig. 3B) using polynomial functions, which
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Fig. 3. MATLAB analysis of starch fibrils. (A) AFM image of the starch fibril. (B) AFM image after uneven background illumination. (C) Active tracking of a fiber, repre-
sented in red color. (D) Simulated image of the contours generated using fiber/image generator. (E) Fibril height distribution profile showing an average height of 12.15 nm.
(F) TEM image of the starch fibrils. (G) An image generated using MATLAB software after uneven background illumination. (H) TEM colormap image showing the
tracking of fibrils. (I) Simulated image of the contours generated using fiber/image generator. (J) Fibril length distribution profile with an average contour length of
3198.80 nm. (K) MSED with internal contour length was used to calculate a persistence length of 1223.46 + 16 nm for the starch fibrils. (L) The persistence length of starch
fibrils was calculated as 1427.52 + 21 nm using BCF. (M) An orientation distribution of contour segments of fibrils shows random orientations. (N) An average natural log
of end-to-end distance along with the natural log of internal contour length profile and scaling exponent propagation for starch fibrils indicate a flexible nature.
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corrected the background of the image. As a result, the “Set Zero
Level” procedure was used to correct uneven illumination of the
AFM image (Fig. 3B) with high accuracy. This method facilitated
the calculation of the root mean square value of surface roughness
during the tracking of fibrils. After uneven illumination of the back-
ground, tracking of fibrils was performed using the A* pathfinding
algorithm provided in the software (Fig. 3C). Then, a simulated
image of the fibrils was created using a fiber/image generator
(Fig. 3D). After optimizing all image parameters, the height profile
of the starch fibrils was determined. On the basis of MATLAB anal-
ysis, the fibrils exhibited an average height of 12.26 nm (Fig. 3E).
The average height results obtained using MATLAB software were
in agreement with the results obtained from AFM line analysis.

Subsequently, further MATLAB analysis of fibrils was performed
using a TEM image (Fig. 3F). Following the protocol outlined above,
the background of the TEM image was corrected as Set Zero Level
(Fig. 3G). Then, tracking of fibrils was performed using the A* path-
finding algorithm provided in the software. Figure 3H presents the
TEM image with tracked fibrils in jet colormap. The simulated im-
age of the contours was generated using fiber/image generator pa-
rameters from the corresponding TEM image (Fig. 3I).

In addition to the extensive analysis of starch-based self-
assembled fibrils, we further calculated the persistence length of
the starch nanofibrils, another important characteristic feature of
amyloid fibrils to analyze their mechanical properties. For this
purpose, we first analyzed the length distribution profile along
with the contour length of the fibrils to estimate their persistence
length. As shown in Fig. 3], the estimated average contour length
of the fibrils was 3198.80 nm. Subsequently, we calculated the per-
sistence length of the fibrils using mean square end-to-end dis-
tance (MSED) and bond correlation function (BCF). Using either
approach, the persistence length of the fibrils was calculated to be
1223.46 + 16 nm (Fig. 3K) and 1427.54 + 21 nm (Fig. 3L), respec-
tively. In either case, the contour length exceeded the calculated
persistence length, indicating the flexible nature of the starch-
based self-assembled fibrils.

An orientation of fibers contributes to stiffness and strength
properties, which are crucial for mechanical performance (44). To
measure fibril alignment properties, the orientation distribution
was calculated. Fig. 3M illustrates a random orientation of fibrils
distributed in every direction. In addition, the two-dimensional
(2D) order orientation parameter was calculated using equation
Sop = (2 cos® O — 1) for fibrils, where 6 is defined as the angle be-
tween the nth segment and the local director in the chosen area. As
reported, a perfect orientation order is indicated when the value of
the 2D order parameter approaches 0.99 (45). On the basis of our
analysis, we calculated the starch fibrils’ 2D order orientation (S;p)
parameter to be 0.095, indicating that fibrils were randomly ori-
ented (45). In addition, the scaling exponent which is the average
MSED as a power law function of the internal contour length (1)
was estimated for the starch fibrils. The scaling exponent approach-
es 1 when the internal contour length is smaller than the persis-
tence length (1 < A). However, when the internal contour length is
higher than the persistence length (1 1), the scaling exponent is
0.75 in 2D, which reflects the flexible nature of fibrils (46). Hence,
the linear fit of the natural log of MSED versus the natural log of
contour length was calculated, resulting in a scaling exponent value
of 0.75 (Fig. 3N), confirming the flexible nature of the fibers.
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Mechanical stiffness studies of starch fibrils

To gain insights into the mechanical stiffness of starch fibrils,
AFM-based nanoindentation experiments were performed to as-
sess their potential as mechanical device materials (Fig. 4A). Peak-
Force QNM mode, which consists of Peak Force Tapping mode,
was used to conduct a quantitative nanomechanical analysis of the
fibrils based on individual force versus separation curves, allowing
to map the material properties (47). The results were presented in
different modes of imaging such as height image, 3D height image,
peak force, Derjaguin-Muller-Toporov (DMT) modulus, adhesion,
indentation, and deformation images (Fig. 4, B to H, respectively).
To measure the mechanical properties of the starch fibrils, the tip
was placed in the middle of a fiber surface, and force-distance
curves were recorded at that same position. Figure 41 shows a
force-distance curve for a fiber along with the corresponding can-
tilever deflection curve. The measured elasticity of the starch fibrils
showed Young’s modulus value of 6.729 GPa (Fig. 4]), in agreement
with the range of 3 to 20 GPa previously reported for typical amy-
loids (12). Each datapoint of the modulus image was represented
by a histogram showing the modulus values. The histogram shown
in Fig. 4] illustrates the distribution of stiffness values at each data
point recorded. Further, the average point stiffness values derived
from the curves were plotted as a function of the measurement
counts (Fig. 4K). The histogram indicated the stiffness values of
100 datasets recorded on fiber in the peak force image (Fig. 4L).

Characterization of a starch-based nanogenerator

Last, we aimed to further evaluate the piezoelectric properties of
starch fibrils (Fig. 5A). Since piezoelectricity is defined as the linear
conversion of mechanical energy into electrical energy, it can be
easily evaluated by measuring the voltage generated in response to
force application. Together with the voltage and force signals, the
piezoelectric assessment can be described by the linear graph of the
voltage generated correlated to the force applied, as a proof of con-
cept for the fabrication of a nanogenerator. The starch fibrils were
tested for their ability to generate electrical power by a custom-
designed setup upon applying mechanical force. As shown in Fig. 5
(B and C), the output voltage generated by the active layer of the
starch assemblies increased linearly when increasing the applied
force, indicating that piezoelectricity was the origin of the gener-
ated voltage. The assemblies could generate 100 mV voltage upon
application of 25 N force, confirming the piezoelectric nature of
the material.

DISCUSSION

In summary, we describe the concentration-dependent self-assembly
of starch into amyloid-like fibrils. Starch molecules consist of linear
or branched glucosyl units, each containing three hydroxyl groups
that readily form intermolecular and intramolecular hydrogen
bonds. These interactions cause starch to form amyloid-like fibrils
when it is gradually cooled to room temperature. It is well estab-
lished that hydrogen bonding could be notably important in the
stability of polysaccharide structures such cellulose (48), and we
assume that this is also the case in this unique supramolecular
arrangement of these building blocks. This work suggests/entails a
substantial extension to the generic amyloid hypothesis and pro-
vides mechanistic insights into this newly described phenomenon.
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(H) Deformation image. (I) A typical force-displacement curve based on the DMT model. (J) Histogram showing the distribution of measured Young’s modulus of starch fibrils.
The average Young's modulus was calculated as 6.729 GPa. (K) Fibril stiffness values were derived from 100 individual measurements obtained in a single experiment versus
measurement number (count). (L) Histogram of the stiffness distribution of starch fibrils. The average stiffness derived from all measurements was calculated as 9.6 N/m.
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Previous studies have identified the ability of various building
blocks to form amyloid-like fibrils. Yet, this study describes the
formation of starch fibrils that display a typical fibrillar morphol-
ogy, ThT fluorescence binding profile, birefringence, autofluores-
cence, and reduced fibril formation in the presence of EGCG. In
addition, the newly identified structures also exhibit mechanical
stiffness and piezoelectric properties, additional features that
were identified for proteinaceous and nonproteinaceous amyloids
(12, 34, 49, 50).

Amyloid deposits have been associated with various diseases (4)
for more than a century but in addition to their clinical relevance,
these supramolecular entities can also play an important role in
physiology and technology. Amyloid fibril formation has been phys-
iologically implicated in a diverse group of organisms ranging from
bacteria to humans for the formation of functional amyloids (9, 51),
and a large number of technological applications have also been de-
veloped based on the unique physical properties of amyloid struc-
tures, including optics (11, 52), electronics (53), mechanics (33, 54,
55), and internal medicine (56).

Polysaccharide-based fibrous materials are becoming more pop-
ular in biomedical research due to their mechanical strength, poros-
ity, surface area—to—volume ratio, and tunability. These fibrils could
entangle with each other to form dispersion with a certain viscosity
with a higher water-holding capacity. These can be used as a tissue
regenerative stimulator in patients with knee wounds where their
movement will not be restricted and the dressing will not fail. These
polysaccharide-based fibrils are particularly beneficial in preventing
degradation of drugs and avoiding drawbacks such as poor solubility
in water and a short half-life (57, 58). Therefore, these starch-based
fibrils could be more stable, reusable, and denature resistant than
nucleic acids and proteins. Therefore, the current work has many
far-reaching implications for numerous aspects of pathology, physi-
ology, and technology.

MATERIALS AND METHODS

Preparation of starch assemblies

A heat-cool method was used to prepare the starch assemblies.
Potato starch (Sigma-Aldrich) was dissolved in PBS (pH 7.4) at the
following concentrations: 0.0156, 0.03125, 0.0625, 0.125, 0.25, 0.5, and
1 mg/ml. To obtain self-assembled structures, solutions were heated
to 90°C for 5 hours and gradually cooled to room temperature. Fur-
ther the thermal stability of these preformed fibrils was analyzed using
TEM after prolong heating at 90°C.

Transmission electron microscopy

A 6-pl sample of starch solution of various concentrations was drop-
casted on a copper grid with a 400 mesh. The excess fluid was re-
moved with Whatman filter paper after 15 min. The grid was then
dried in a desiccator under vacuum. A JEOL 1200EX electron mi-
croscope was used to image samples at 80 kV.

Atomic force microscopy

A 10-pl sample of a starch solution at a concentration of 0.5 mg/ml
was cast onto a freshly prepared silicon wafer. The sample was
allowed to dry at room temperature. A PeakForce tapping mode
with ScanAsyst (Bruker’s Dimension ICON AFM) was used to
capture images.
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Confocal microscopy

ThT (20 uM) dye was used to stain fibrils prepared at a starch con-
centration of 0.5 mg/ml in PBS pH 7.4. A stained sample was drop-
casted on a glass slide and covered with a cover slip. A Carl Zeiss
Jena, inverted LSM 510 META confocal laser scanning microscope
was used to capture images at an excitation wavelength of 458 nm
and an emission range of 480 to 595 nm.

Small-angle x-ray scattering

The scattering pattern of starch fibrils at a concentration of 0.5 mg/
ml was measured in 1.5-mm quartz capillary. SAXS measurement
was performed in the q range of 0.004 to 0.16 A~' using an x-ray
scattering system, with a GeniX (Xenocs) low-divergence Cu Ko ra-
diation source (wavelength of 1.54 A) and a scatterless slits setup.
2D scattering data were collected at a sample-to-detector distance of
~230 mm on a Pilatus 300 K detector (Dectris) and radially inte-
grated using MATLAB (MathWorks)-based procedures (SAXSi).
To obtain background scattering data, the buffer solution alone was
measured. After subtracting the background from the sample, the
scattering correlation peak was fitted using a long cylinder model
with the Porod approximation.

Fluorescence spectroscopy

A 1-ml solution of starch fibrils was transferred into a quartz cuvette
of 1 cm path length, and the spectrum was recorded using Horiba,
Kyoto, Japan, FluoroMax-4 Spectrofluorometer at ambient tempera-
ture. Excitation and emission wavelengths ranged from 350 to 400 nm
and 400 to 600 nm, respectively.

Turbidity assay

Starch (0.5 mg/ml) in PBS was heated to 90°C for 5 hours and immedi-
ately transferred to a 96-well flat bottom transparent plate (Corning)
for turbidity measurement. The data were recorded at 350 nm using
CLARIOstar BMG LABTECH microplate reader.

Conversion rate of monomers to fibrils

Starch (0.25, 0.5, and 1 mg/ml) was heated to 90°C for 5 hours and
immediately transferred to a 96-well flat bottom transparent plate
(Corning) for turbidity measurement. The data were recorded at
350 nm using CLARIOstar BMG LABTECH microplate reader.

ThT fluorescence kinetics assay

Starch solution at a concentration of 0.5 mg/ml heated to 90°C
was mixed with 20 pM ThT and transferred to a 96-well black plate.
Starch fibrils growth was monitored at 420 and 485 nm excitation
and emission wavelengths, respectively. Data were collected using
CLARIOstar BMG LABTECH microplate reader.

CR birefringence

Eighty-percent aqueous ethanol was used to prepare a saturated CR
solution. A mixture of 5 pl of starch fibrils and 5 pl of CR dye solution
was incubated for 10 min and drop-casted onto a glass side followed
by room temperature drying. A Nikon DS Ril digital camera was used
to take digital images under a Nikon Eclipse T1T polarizing microscope.

Effect of EGCG on starch fibrils

A starch solution at a concentration of 0.5 mg/ml was dissolved in
PBS for 5 hours at 90°C. The solution was then mixed with EGCG at
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either 0.25 or 0.5 mM. TEM was used to analyze the morphology
of the assemblies. Furthermore, a turbidity assay was performed as
outlined above, in the presence or absence of EGCG.

In addition, the kinetics of ThT were examined after the ad-
dition of EGCG. Similarly, starch was dissolved in PBS at 90°C
for 5 hours at a concentration of 0.5 mg/ml. Inhibitor EGCG
was mixed with the solution at two different concentrations of
0.25 mM and 0.5 mM. At 420-nm excitation and 485-nm emission,
a CLARIOstar BMG LABTECH microplate reader was used to
determine the change in fluorescence with time after adding ThT
(20 pM).

FTIR spectroscopy

Starch solution at a concentration of 0.5 mg/ml in PBS was heated to
90°C for 5 hours. EGCG was added to the solution at a concentra-
tion of 0.5 mM. The sample was dropped onto the IR-card and al-
lowed to dry at room temperature for 100 pl. The IF spectra were
recorded using a Nicolet 6700 FTIR spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) from 4000 to 400 cm ™! at
room temperature.

Fibril tracking and analysis using the FiberApp software

The in-house MATLAB FiberApp application was used to analyze
the morphology of starch fibrils in detail. An uneven background
from microscopy images was illuminated using polynomial surface
flattening. As a result, the “remove surface processing” and “set zero
level” functions were used to correct the background of the images.
Using a set of coordinates, fibrils were tracked in the form of a con-
tour, and their position was estimated.

Each contourss initial position was calculated using the A* path-
finding algorithm. AFM and TEM images with a resolution of 5120 X
5120 pixels were used to extract data from traced fibrils. Using the
software, different characteristic features such as length distribution,
persistence length, orientation distribution, and scaling exponent
were determined. In-house software was used for data processing
and analysis.

Mechanical analysis

All AFM experiments were carried out using a Bruker’s Dimension
ICON AFM equipped with a closed loop scanner. Images of starch
fibrils were obtained in AFM tapping mode. To measure the me-
chanical properties of the starch fibrils, an indentation experiment
was performed, with the microscope employed in force curve mode,
and the deflection (force) of the cantilever plotted as a function of
sample height. The cantilevers used in these experiments (RTESPA-
300 probe) had a tip radius of 5 to 10 nm, k ~ 42 N/m, which allowed
to apply the relatively high loads required to indent the starch fibrils.
The measured point stiffness was mathematically derived from the
slope of the linear force-distance curve.

Piezoelectric nanogenerator fabrication

The nanogenerator was fabricated in a sandwiched configuration.
Flexible polyethylene terephthalate coated with a thin layer of indi-
um tin oxide (ITO) were used as the top and bottom electrodes, re-
spectively, allowing the measurement of an open circuit voltage. In
between the electrodes, a thin layer of ultrathin Kapton tape with a
circular vacancy (5 mm in diameter) was applied to avoid a short
circuit. The starch fibrils were deposited in the interior part of the
Kapton tape, atop the ITO-coated electrode.
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Electromechanical measurements

The piezoelectric effect was evaluated using a simple costume-
built setup designed to perform electromechanical measurements
of the voltage generated by a piezoelectric sample in response to
force application. Force was applied by drop weight impact test,
while the magnitude of the force was monitored by a (PCB Piezo-
tronics, 208C02). The output voltage signals of the sample and the
force signals were acquired using a digital oscilloscope (Keysight
EDUX1002A).
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