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a b s t r a c t

Although much has been learned about the fibrillization kinetics, structure and toxicity of amyloid pro-
teins, the properties of amyloid fibrils beyond the saturation phase are often perceived as chemically and
biologically inert, despite evidence suggesting otherwise. To fill this knowledge gap, we examined the
physical and biological characteristics of human islet amyloid polypeptide (IAPP) fibrils that were aged
up to two months. Not only did aging decrease the toxicity of IAPP fibrils, but the fibrils also sequestered
fresh IAPP and suppressed their toxicity in an embryonic zebrafish model. The mechanical properties of
IAPP fibrils in different aging stages were probed by atomic force microscopy and sonication, which dis-
played comparable stiffness but age-dependent fragmentation, followed by self-assembly of such frag-
ments into the largest lamellar amyloid structures reported to date. The dynamic structural and
toxicity profiles of amyloid fibrils and plaques suggest that they play active, long-term roles in cell degen-
eration and may be a therapeutic target for amyloid diseases.

� 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Protein misfolding and aggregation, regardless of their
sequence and culprit origin, is a ubiquitous phenomenon in neu-
rodegenerative disorders and type 2 diabetes mellitus (T2DM),
characterized by the kinetic processes of nucleation, elongation
and saturation towards a cross-b architecture for nearly all amy-
loid proteins [1–4]. It has now been established that the oligomeric
species formed on or off pathway to amyloid fibrils elicit toxicity
[5–7], while the amyloid hypothesis [8] has become much less
influential of late, despite reports of active physiological behaviors
of amyloid fibrils [9,10].

Experiments with transgenic mice revealed that injection of
exogenous beta-amyloid (Ab) aggregates from various sources pro-
duced different distributions and quantities of plaques [11–13].
Similarly, Ab40 fibrils seeded by amyloids extracted from the brain
Elsevier B.V. and Science China Pr
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tissues of patients developed miscellaneous polymorphs, manifest-
ing significantly different clinical histories [14]. From the ‘‘seeding”
experiments, i.e., adding b sheet-rich amyloid fragments to induce
re-growth of ‘‘seeds” into long fibrils, it has been demonstrated
that mesoscopic features such as fibril width and twisting period-
icity can pass on from seeds to freshly-grown fibrils [15,16]. How-
ever, it remains largely unknown as how the physical properties of
amyloids may evolve beyond the saturation phase—usually less
than 48 h as in a thioflavin T (ThT) or Congo red kinetic assay—
and how such changing physical properties may translate to bio-
logical effects.

Human islet amyloid polypeptide (IAPP) is a 37-residue peptide
co-synthesized and co-stored with insulin in pancreatic b-cells
[17]. IAPP in the monomeric form is responsible for glycemic con-
trol in cooperation with insulin. Aberrant environmental condi-
tions, such as deficiencies in insulin or metals (e.g., zinc),
association of IAPP with cell membranes, or disruption to zinc-
coordinated IAPP and C-peptide complexation, may trigger
changes in IAPP conformation and subsequent aggregation
[4,18–21], leading to the onset of oxidative and inflammatory
stress, b-cell death and T2DM, a metabolic disease and a global
ess. All rights reserved.
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epidemic. Similarly to what is known for other amyloid proteins
such as Ab and alpha-synuclein, IAPP oligomers have been impli-
cated as the most toxic [22], while IAPP fibrils have been found
to perturb membrane fluidity through lipid extraction [4,23,24].
To fill a knowledge gap in amyloidosis, here we examined in detail
the structural and toxicity profiles of IAPP amyloid fibrils beyond
the conventional saturation phase. Our findings revealed the evolv-
ing physical and biological properties of amyloid fibrils and pla-
ques aged up to 2 months—some of which unexpected—that
warrant consideration for the development of therapeutic strate-
gies against amyloid diseases.

2. Materials and methods

2.1. Materials

IAPP (37-residue sequence: KCNTATCATQRLANFLVHSSNN
FGAILSSTNVGSNTY; disulfide bridge: 2–7; MW: 3906; >95% pure
by high-performance liquid chromatography (HPLC)) was obtained
as lyophilized powder from AnaSpec. The IAPP peptide was recon-
stituted overnight in 100% hexafluoro-2-isopropanol (HFIP) to dis-
solve all preformed aggregates (HPLC and mass spectroscopy
characterizations of IAPP refer to Figs. S1 and S2 online). Then
the solution was freeze-dried and a stock solution was prepared
in water at a concentration of 200 mmol/L (IAPP readily fibrillates
at mmol/L concentrations in vitro) and was allowed to fibrillate at
room temperature for 2 h, 1 day, 1 week or 2 months to acquire
amyloids of different ages. It should be pointed out that amyloid
proteins may aggregate orders of magnitude slower in vivo than
in test tubes, due to the presence of chaperones, metal ions and cell
membranes [4]. The selected time points of 2 h, 1 day, 1 week, and
2 months in the present study intend to represent the rich
heterogeneity of amyloid protein aggregates, their coexistence
and evolution. This design does not eliminate monomeric and oli-
gomeric/protofibrillar species that may coexist with fibrillar IAPP,
but rather reports on the changing physical and biological proper-
ties of IAPP over time. The amyloid solutions were premixed before
use to homogenize fibril suspensions. All solutions were prepared
in 2 mL glass tubes using ultrapure Milli-Q water (18.2 MO cm;
Millipore Corporation, USA).

2.2. Transmission electron microscopy

Sonicated and un-sonicated IAPP amyloid fibrils of different ages
were examined using transmission electron microscopy (TEM). For
this a 5 mL of amyloid-containing solution was pipetted onto glow
discharged (15 s) copper grids (400 mesh; ProSciTech), followed
by 1 min of adsorption. Excess samples were then drawn off using
filter paper and the grids were washed by Milli-Q water with the
excess drawn off. The grids were stained for 30 s with a drop of
1% uranyl acetate, then the excess stain was drawn off and the grid
was air dried. Imaging was performed by a Tecnai G2 F20 transmis-
sion electron microscope (FEI, Eindhoven, The Netherlands) oper-
ated at a voltage of 200 kV. Images were recorded using a Gatan
UltraScan 1000 (2 k � 2 k) CCD camera (Gatan, California, USA)
and Gatan Microscopy Suite control software.

2.3. Fourier transform infrared spectroscopy

FTIR spectra were obtained using a Shimadzu IRTracer-100
spectrophotometer. For this 5 mL of 25 mmol/L IAPP were placed
on a sample holder, air dried and the spectra were acquired
between 1000 and 4,000 cm�1 at 20 �C with resolution of 4 cm�1.
The spectrum of a blank was acquired and subtracted from the
sample spectra.
2.4. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of IAPP amyloids (25 lmol/L) of
different ages were obtained for the wavelength range of 190–
260 nm with a 1 nm step size at room temperature. The CD spectra
were taken using a Chirascan Plus qCD instrument (Applied
Photophysics). The measurement was performed in triplicate and
average spectra of 3 measurements were analyzed.

2.5. Atomic force microscopy

A droplet of 20 lL of IAPP amyloid sample solution (25 lmol/L)
was deposited and incubated for 2 min on freshly cleaved mica,
rinsed with Milli-Q water, and dried with air. Nanomechanical
characterization (QNM-AFM) of IAPP amyloids was performed
using a Cypher AFM (Asylum Research) operating in the AM-FM
viscoelastic mapping mode in air at a scan rate of 1 Hz. AFM can-
tilevers (Olympus) were calibrated on the calibration samples prior
to measurements. Selected areas with individual fibrils were ana-
lyzed for their nanomechanical characterizations.

2.6. Ultrasonication of amyloid fibrils

Aged amyloid fibrils were sonicated using a Vibra-CellTM Ultra-
sonic VCX 750 sonicator equipped with a 3 mm microtip. Sonica-
tion was performed in 1.5 mL tubes (Eppendorf EG, Germany)
cooled in ice bath with a sample volume of 0.5 mL each. Sonication
of 1, 2 and 4 min at 20% of the maximum output power of the son-
icator was applied.

2.7. Blue-native PAGE and gel analysis

IAPP amyloid fibrils (100 mmol/L) were incubated with human
serum albumin (HSA, 100 mmol/L) for 4 h in Milli-Q water and then
15 mL were transferred to 4%�15% gel (Mini-Protean TGX) and
blue-native polyacrylamide gel electrophoresis (PAGE) was per-
formed using Tris/Glycine buffer at pH 8.3. For protein binding
capacity a densitometry of protein bands was performed using
the standard methods of ImageJ [25]. The experiment was per-
formed and analyzed in duplicate.

2.8. Thioflavin T assay

IAPP fibrillization in the presence of mature amyloids or seeds
from sonicated fibrils was analyzed by a thioflavin T (ThT) assay.
For this 25 mmol/L ThT dye, 25 lmol/L of IAPP monomers and
2.5 lmol/L of IAPP fibrils/seeds were mixed and ThT fluorescence
(read from bottom) were recorded every 10 min over 24 h at
25 �C, using an EnSpire Multimode Plate Reader (PerkinElmer;
excitation/emission: 440 nm/485 nm) and a 96-well plate (Costar
black/clear bottom). The ThT kinetic assay was performed in tripli-
cate and average spectra of 3 measurements were analyzed and
presented.

2.9. Viability in vitro

Pancreatic bTC6 cells (ATCC) were seeded in complete media
(DMEM, 15% fetal bovine serum or FBS) at a density of 5 � 105

cells/well in a 96-well black/clear bottom plate (Costar), pre-
coated with poly-D-lysine to promote cell adhesion. Prior to the
experiment, media was refreshed. Fresh IAPP and IAPP amyloids
(final concentration: 25 lmol/L) were added to wells containing
complete media with 1 lmol/L propidium iodide (PI, AnaSpec;
excitation/emission: 535 nm/617 nm) and read on an Operetta
High-Content Imaging system (PerkinElmer) with a built-in live
cell chamber (37 �C, 5% CO2) every hour for 24 h. The percentage
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of PI-positive cells, as indicative of cell death, was calculated as the
number of stained nuclei relative to the total cell count determined
by the built-in bright-field mapping function of Harmony High-
Content Imaging and Analysis software (PerkinElmer), presented
as the average of 5 reads/well. The measurement was performed
in triplicate and average results were presented.

2.10. Reactive oxygen species (ROS) assay

ROS detection was performed using a DCFH-DA cellular ROS
detection kit (OxiSelect Intracellular ROS Assay Kit, Cell Biolabs).
Pancreatic bTC6 beta cells were stained with DCFH-DA for 60 min
and subsequently treated with fresh (0 h), 2 h pre-incubated IAPP,
1 day old, 1 week old and 2 months old IAPP amyloids (50 mmol/L
final concentration) for 4 h. ROS levels were then measured indi-
rectly by the oxidation of non-fluorescent DCFH-DA to fluorescent
DCF using a Multimode Plate Reader (EnSpire, PerkinElmer) at
480 nm of excitation and 530 nm of emission wavelength. The
assay was performed with 96-well plates (Corning) for 4 � 105

cells/well at 37 �C. One-way ANOVA (Dunnett’s multiple compar-
isons test) was used for statistical analysis.

2.11. Embryonic zebrafish toxicity assay

The AB wild-type zebrafish (Danio rerio) was housed in a fish
breeding circulatory system (Haisheng, Shanghai, China) operated
at (28 ± 0.5) �C on a 14 h:10 h light/dark cycle. Embryos were col-
lected by adult spawning triggered upon first light in the morning.
Injection mixtures were prepared by mixing fresh IAPP (12 mmol/L
final concentration) with different aged IAPP fibrils (12 or
1.2 mmol/L final concentration for 1:1 or 10:1 by volume ratio).
The mixtures were prepared immediately before microinjections
into zebrafish embryos. A 15 mmol/L of ThT dye was included in
the IAPP injection mixtures to enable imaging of fibrillated IAPP
within the embryos. Microinjections were performed with a pneu-
matic microinjection system (PV830 Pneumatic Picopump, WPI)
and the injection volume was set at 5 nL, under an injection pres-
sure of 20 psi. Holtfreter’s buffer [26] was used to prepare all the
solutions for microinjections. Embryos were incubated at
(28 ± 0.5) �C in Holtfreter’s buffer in a 96-well microplate and
imaged at 0, 6 and 12 h to study interactions of IAPP species with
the embryos. The development and hatching of the embryos were
then monitored for 3 days. Imaging was performed under the
green fluorescence channel (GFP) of a fluorescence microscope
(EVOS FL Auto, Life Technologies). A 5 nL of 15 mmol/L ThT in Holt-
freter’s buffer was injected in control embryos. The toxicity of IAPP
against zebrafish embryos was presented as percentage of embryos
died during the 3 days of development. The assay was performed
in triplicate, with 3 groups (n = 20) of embryos per sample
condition.

2.12. IAPP statistical analysis

IAPPfibril analysiswas conductedwith software FiberApp [27] to
determine the contour length of IAPP fibrils. The FiberApp open
source code was developed based on statistical polymer physics
and enables structural analysis at the single molecular level of
high-resolution imagingof fiber-like, filamentous, andmacromolec-
ular objects. The contour length corresponds to the end-to-end
length of a polymer along its contour. The thickness of the fibrils
was analyzed by ImageJ (National Institutes of Health).

2.13. Computational method

The initial atomic coordinates of IAPP protofibrils were set up
according to the solid-state NMR study by the Tycko group [28].
In this model, IAPP peptides formed an in-registered parallel b-
strand-turn-b-strand structure. The b-strand regions were located
at the N-terminus (residues Lys1-Val17) and C-terminus (Ser28-
Tyr37), linked by a turn spanning residues His18-Leu27 [28]. The
protofibril unit at the fibril cross-section was composited by two
IAPP peptides (Fig. S3a online). Each protofibril was built by paral-
lel stacking of adjacent peptides with a separation of �4.8 Å and a
left-handed rotation of �1.8� along the fibril axis (z-direction in
Fig. S3a online). Two 10 nm protofibril fragments of 20 � 2 pep-
tides were used to study their lateral association leading to a fibril
fragment of 20 � 4 peptides at the atomic level. The association
configurations of two protofibrils were systematically sampled by
adjusting their inter-protofibril displacements along the x- and
y-directions as shown in Fig. S3a (online). The strands were kept
parallel to each other in the cross-section plane since relative rota-
tions of the two protofibril fragments would decrease their contact
surface area. Relative shifting from 0 to 3.99 nm with a step of
0.33 nm in the x direction and from 3.5 to 6.0 nm with a step of
0.1 nm in the y direction (Fig. S3a online) resulted in 382 total
inter-protofibril arrangements. For each conformation, 20 indepen-
dent Monte Carlo-based annealing simulations were performed to
sample the side-chain packing along the inter-protofibril interface.
The Monte Carlo-based annealing simulations were performed
using MedusaDork [29,30] with the backbone fixed and sidechain
of interface residues routable to sample the lowest energy state
according to Metropolis criterion. The simulation temperature
was gradually reduced from 10 kcal/mol kB till the acceptance rate
was below a pre-defined threshold [31]. With averaged total
energy of each complex from 20 independent simulations, the cor-
responding binding energy was estimated as the energy difference
between the two-protofibril complexes and the two separated
protofibrils. The Medusa all-atom implicit solvent force field was
used in the energy calculation [32,33].
3. Results and discission

3.1. IAPP aggregation and structural properties

Upon incubation in water, freshly formed amyloids (up to a
week) appeared as thin long fibrils (Fig. 1b and c). However, amy-
loids become more interconnected upon aging, as indicated by the
formation of plaques (Fig. 1d). Circular dichroism (CD) spec-
troscopy (Fig. 1e) and Fourier transform infrared spectroscopy
(FTIR) (Fig. 1f) revealed that IAPP amyloids underwent structural
transformations over time, leading to increased b-sheets and turns.
Moreover, both long fibrils and small aggregates were detected by
TEM (Fig. 1a–c) for IAPP aged from several hours up to one week.
While oligomers are often considered as on-pathway aggregation
intermediates and gradually disappear during fibril formation
[34], literature also suggests that the formation of oligomers may
occur parallel to the pathway of protein amyloid aggregation,
yielding stable and toxic aggregates of various morphologies and
sizes [35–38]. In the present study, we noticed the occurrence of
oligomeric aggregates of (58 ± 38) nm, which coexisted with
mature amyloids in solution up to one week.
3.2. IAPP amyloid-physical properties

3.2.1. Nanomechanical properties, probed by AFM
We applied quantitative nanoscale mechanical atomic force

microscopy (QNM-AFM) to identify the effect of amyloid aging
on the structural features and their associated nanomechanical
properties of IAPP fibrils (Fig. 2). Surprisingly, the variations of
measured elastic modulus (Young’s modulus, E) for different aged
amyloids were minor within the experimental error. Namely, the



Fig. 1. (Color online) Evolving morphological and structural properties of IAPP over time. Negative-stain TEM of IAPP after 2 h (a), 1 day (b), 1 week (c), and 2 months (d) of
fibrillization. (e) CD analysis of IAPP monomers, 1-day, 1-week and 2-month old IAPP amyloids. (f) FTIR amide I spectra showing increased b-sheets (�1,622 cm�1) and b-
turns (�1,664 cm�1) with aging of IAPP amyloids. The amide I (1,600–1,700 cm�1) band is due to C@O stretching vibrations of the peptide bonds, which are modulated by the
secondary structure (unordered, b-sheets, etc.).
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Young’s moduli for 1-day, 1-week and 2-month old fibrils were
(3.3 ± 0.3) GPa (Fig. 2c), (3.5 ± 0.4) GPa (Fig. 2f) and (3.5 ± 0.3)
GPa (Fig. 2i), respectively, comparable to that of Ab and Tau fibrils
[39].
3.2.2. Physicochemical and self-assembly properties, probed by
sonication

Sonication has been used for examining fibril formation [40,41],
obtaining ‘‘seeds” from amyloids [42–44], and restoring memory in



Fig. 2. Evolving mechanical properties of IAPP over time. Quantitative nanoscale mechanical AFM of 1-day (a)–(c), 1-week (d)–(f) and 2-month (g)–(i) old IAPP amyloid fibrils.
AFM height images (a), (d), (g) and Young’s modulus images (b), (e), (h) of 1-day, 1-week and 2-month old IAPP amyloids, respectively. Dashed white lines represent areas
taken for the analysis. Young’s modulus profiles of 1-day (c), 1-week (f) and 2-month (i) old IAPP fibrils (15 fibrils analyzed for each type).
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an Alzheimer’s disease mouse model by clearing amyloids via the
lysosomes of energized microglia [45]. Here we applied sonication
to probe the physical properties of fresh and aged amyloids (Fig. 3).
We used a probe-sonicator operated at 20% of its maximum output
power and applied that to a fixed volume of 0.5 mL for all samples.
To determine the sonication power applied to a sample, the term
specific energy (Espec) is used [46,47]. Espec (kJ/m3) is a function
of the delivered acoustic power P (W) (the energy consumed for
breaking amyloids but also led to thermal loss), time t (s) and sam-
ple volume V (m3) with the following relation: Espec = P � t/V. Thus,
with a constant sample volume and a constant device output
power, Espec is proportional to sonication time only.

Despite the minor variations of elasticity among fibrils of differ-
ent ages (Fig. 2), sonication revealed substantial differences in the
capacity of fragmentation and re-assembly amongst the IAPP fibril
species. Specifically, ultrasound was able to break the 1-day and 1-
week old fibrils into relatively long fragments ((310.8 ± 217.3) nm
and (193.4 ± 127.7) nm, respectively) (Fig. 3a and b), while cutting
2-month old IAPP amyloids into much smaller pieces (Fig. 3d–f). By
increasing the duration of sonication we observed decreases in
contour length for fragmented 2-month old amyloids, from
(75.0 ± 33.5) nm after 1 min of sonication down to (23.2 ± 6.2)
nm for 2 min of sonication and (14.8 ± 3.9) nm for 4 min of sonica-
tion (Fig. 4h). In comparison, the contour length of untreated IAPP
amyloids can be up to 20 mm [48].

An empirical relationship was established between the ratio of
fragment length to width ((6 ± 2) nm by TEM) (L/W ratio) and post-
sonication fibril formation in solution (Fig. 3h). At high L/W ratios
(>32) the sonicated fragments did not display the tendency of re-
alignment but assumed disordered associations (Fig. 3a). At L/W
ratios between 32 (Fig. 3b) and 12 (Fig. 3d) amyloid fragments
exhibited an ability of re-aligning sideways into long fibrils, likely
through hydrophobic interaction, p-stacking and H-bonding
(Fig. 3c). At lower L/W ratios (<12) short amyloid fragments re-
assembled into giant ‘‘stripe”-like 2D topologies surpassing 1 mm
in width at times (Figs. 3e, f and S4 (online)). These, to our knowl-
edge, are the largest lamellar structures observed for any amyloid
proteins [49]. Furthermore, at L/W ratio = 4 the formed ‘‘stripe”-



Fig. 3. (Color online) Evolving physical and physicochemical properties of IAPP probed by sonication-induced reassembly. (a) Sonication of 1-day old amyloids was able to
break the fibrils into relatively long fragments (>300 nm). (b) Sonication cut 1-week old amyloids into smaller fragments (<200 nm), which re-aligned into ‘‘fibrils” after
incubation for 18 h. (c) Model structure of two long protofibrils (�37 nm in length with highly twisted lateral surfaces) associated through local lateral interactions, where
steric hindrance prevented a maximum lateral alignment of two fibrils. (d)–(f) Depending on sonication energy applied (1, 2 or 4 min), the 2-month aged amyloids broke into
very short fragments of different lengths, which were able to re-align into fibrils (e) or form sheet-like structures (f). (g) Model structure of a 2D sheet formed by four short
protofibrils (�10 nm in length with a nearly flat lateral surface) with small twists associated laterally. (h) Contour length of sonicated IAPP amyloids. The upper panel
represents length to width ratios and assembly behaviors of amyloid fragments after sonication.
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like sheets possessed directionality (Fig. 3e), while at L/W
ratio = 2.5 amyloid fragments were seen to assemble into large
2D sheets (Fig. 3f), likely due to the low energy cost of aligning
shorter fragments of large quantities.

3.2.3. Self-assembly of IAPP protofibrils, atomistic molecular dynamics
simulations

Computer simulations were applied to probe the lateral associ-
ation of sonicated fragments at the atomic level. Amyloid fibrils
have twisted morphologies bundled by multiple protofibrils. Based
on solid-state NMR or X-ray microcrystallography studies,
U-shaped structural models of protofibrils have been proposed
(Fig. S3a online) [28,50], where parallel stacking of the backbones
along the fibril axis with a small twist angle forms an elongated
protofibril. Our recent high-resolution AFM analysis of IAPP fibrils
[48] showed structural polymorphism with most fibrils featuring a
�50 nm crossover periodicity and a small fraction possessing a
�22 nm periodicity. With �0.5 nm between adjacent peptides
along the fibril axis, a protofibril with a 50 nm crossover periodic-
ity features a twist angle of �1.8� between adjacent peptides (i.e., a
180� rotation for �100 peptides). Therefore, a short 10 nm
protofibril after sonication should have a twist of �36� with lateral
surfaces exposed on one side available for association. The binding
energies of two 10 nm IAPP fibril fragments with different inter-
protofibril arrangements were estimated (Fig. S3 online). Using
the Medusa force field, the binding energies were computed by a
Monte Carlo-based sampling of the side chain orientations of all
the interface residues [32]. The computational modeling revealed
three possible binding modes with lower binding energies
(Fig. S3b, c online)—corresponding to x and y shifts of 1.32 and
4.3 nm for conformation 1, 0.99 and 4.5 nm for conformation 2,
and 0.66 and 4.7 nm for conformation 3, respectively. All these
binding modes featured close packing of hydrophobic residues
exposed on the lateral surfaces of the protofibrils. As a result, short
fibril fragments with small twists further self-assembled into 2D
sheets as depicted in Fig. 3g, in agreement with the experimental
results (e.g., Fig. 3e and f). However, since longer fibrils possessed
lateral surfaces not exposed on one side but twisted periodically
(Fig. 3c), steric hindrance prevented a maximum lateral alignment
of two fibrils, which would otherwise form a large multi-bundled
fibril, but rather assumed a non-parallel alignment by burying
the lateral hydrophobic surfaces locally.

3.2.4. IAPP aggregation kinetics, through seeding
While the diverse responses of fresh and aged amyloids to ultra-

sound were indicative of their evolving physical structures, the age
of amyloids may impact their toxicity and offer important clues to
amyloidosis. Accordingly, we examined the effects of the 2-h, 1-
day, 1-week and 2-month old amyloids on the fibrillization kinet-
ics of freshly prepared IAPP (25 mmol/L), at 10:1 (Fig. 4a) and 1:1
(Fig. 4b) of IAPP to seed molar ratios. In both cases, we observed
significantly accelerated IAPP fibrillization in the presence of 2-
month old amyloids, but only minor effects of the 2-h, 1-day or
1-week old amyloids, likely due to the specific conformational
structure of the more aged amyloids which favored secondary
nucleation. The lag time of control IAPP was 3 h and the saturation



Fig. 4. Kinetics of IAPP fibrillization with seeding and evolving IAPP toxicity in vitro. ThT kinetic assay on IAPP fibrillization (25 mmol/L) in the presence of different amyloid
species at 10:1 (a) and 1:1 (b) molar ratios. The lag time of IAPP fibrillization decreased from 3 h for the control to 0.5 h and 1.5 h in the presence of 25 mmol/L (1:1 ratio) and
2.5 mmol/L (10:1 ratio) 2-month old amyloids, whereas no such promotion effect was seen in the presence of 1-day and 1-week old IAPP amyloids. (c) Toxicities of pancreatic
bTC6 cells treated with 1-day, 1-week and 2-month old IAPP amyloids, displaying reduced cell death with time. Dashed red line: viability of control untreated cells. (d) DCFH-
DA-fluorescence assay of pancreatic bTC6 cells treated with IAPP indicates decreased ROS generation with aging of the fibrils. The 2 h pre-incubated IAPP initiated a higher
ROS response than fresh IAPP, due to pre-formed toxic oligomeric species. (e) Quantified band densitometry analysis of blue-native PAGE of 1-day, 1-week and 2-month old
IAPP amyloids (100 mmol/L) pre-incubated for 4 h with human serum albumin (HSA; 100 mmol/L) revealed an increased protein binding with aging of the fibrils (original blue-
native PAGE gel in Fig. S6 online). *denote statistically significant differences between sample mean to a control mean (ANOVA; *P � 0.05; **P � 0.01).
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phase was reached within 6 h, whereas 2-month old amyloids
shortened IAPP fibrillization lag times down to 1.5 or 0.5 h, at
the 10:1 or 1:1 ratio, respectively.
3.3. IAPP amyloid – toxicological properties

3.3.1. IAPP amyloid toxicity in vitro
The 1-day old IAPP amyloids elicited the greatest toxicity

among the analyzed mature amyloids (Fig. 4c). Cell death (pancre-
atic bTC6 beta cells) was determined to be 27.0% ± 8.3%, 7.7% ± 0.4%
and 4.9% ± 0.9%, upon treatment with 1-day, 1-week and 2-month
old IAPP amyloids, respectively. Similarly, ROS production by dif-
ferent IAPP species decreased with the age of amyloids, whereas
fresh and 2-h pre-incubated IAPP (i.e., toxic oligomers) induced
most oxidative stress to the cells (Fig. 4d). It has been demon-
strated in the literature that fully-matured IAPP, Ab and
a-synuclein fibrils are not the main toxic species and severity of
neurodegenerative diseases, such as Alzheimer’s [51,52] and
Parkinson’s diseases [53], often correlates poorly with the extent
of amyloid deposition [51], whereas soluble nonfibrillar oligomeric
species [54–56] were found to be the major cause for neurodegen-
eration and toxicity [6,57–64]. On the other hand, our prior statis-
tical analysis [48] revealed that the presence of monomers and
oligomers coexisting with the fibrils was minimal by 24 h and
decreased further over time, dictated by the aggregation energy
landscape of amyloid proteins [65] where the amyloid state is
energetically more stable than the oligomeric or monomeric states.
Accordingly, the reducing cytotoxicity elicited by IAPP of growing
age in the current study may be mainly attributable to the declin-
ing population of soluble IAPP species with time. Notably, there are
only six residue differences between human and rodent IAPP [66];
however, these changes, particularly in the amyloidogenic region
between residues 20–29, are sufficient to render rodent IAPP
non-amyloidogenic [67,68] and non-toxic [9].
In addition, the protein binding capacity of IAPP amyloids was
elevated with age. Specifically, blue-native PAGE protein band
densitometry (Fig. 4e) revealed increased HSA binding to IAPP
amyloids, from 7% for 1-day up to 10% and 19% for 1-week and
2-month old fibrils, respectively, indicating increased hydropho-
bicity and surface roughness over time through continued self-
assembly. It is noteworthy that protein corona formation may be
an important aspect with regard to the conformation and fate of
amyloid proteins in vivo, impacting both fibril formation and the
biological identity of mature amyloid fibrils [10,17,69]. For
instance, we have recently reported formation of a rapid and lar-
gely heterogeneous coating of proteins on the surface of IAPP amy-
loid fibrils in a complex biological environment [69]. The current
finding further illustrates the evolving physicochemical properties
of amyloid fibrils, which, in their native environments, would
translate to biological and pathological implications.
3.3.2. Toxicity modulation, upon cross seeding of fresh and aged IAPP
in vivo

We have recently established and validated an embryonic zeb-
rafish model for examining the aggregation and toxicity of amyloid
proteins [70]. The major advantages of this model include the high
fecundity and transparency of zebrafish embryos as well as an
ultra-small sample volume of nano-liters. To examine the toxicity
characteristics of fresh and IAPP in cross-talk, we mixed fresh and
different aged IAPP (2-h old oligomers, 1-day, 1-week and 2-month
old amyloids) and injected them inside zebrafish embryos 3 h post
fertilization (hpf). At this age, zebrafish embryos each displayed
approximately 2000 cells on top of the yolk, and the embryos were
protected by chorionic membranes. Injecting IAPP peptides, oligo-
mers and amyloids into the perivitelline space of embryos confined
their interactions with embryonic cells and any subsequent toxic-
ity was observed in the context of developmental abnormalities or
lethal toxicity to zebrafish embryos. First, IAPP ranging from 2 to
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50 mmol/L in concentration were injected into zebrafish embryos to
determine the LC50 value of the peptide. 12 mmol/L of IAPP elicited
�50% toxicity and was therefore selected as the dose for further
experiments. Fresh and aged IAPP fibrils were mixed at 1:1
(12 mmol/L each) and 10:1 (12 and 1.2 mmol/L) molar ratios and
were subsequently injected inside zebrafish embryos. The 2 h-old
IAPP oligomers induced toxicity of �50% and �20% at 12 and
1.2 mmol/L, respectively (Fig. 5a and b). Fluorescence imaging with
ThT revealed that oligomers directly interacted with the lipid
membranes of zebrafish embryonic cells and the embryos were
dead by 6 h (Fig. S5a online), whereas mature fibrils did not affect
the embryo development up to 12 h (Fig. S5b online). Upon expo-
sure of further aged IAPP, the toxicity was decreased in the order of
1 day > 1 week > 2 months for the fibrils at both concentrations of
12 and 1.2 mmol/L, due to the adsorption and sequestration of toxic
oligomers into mature fibrils. Upon mixing fresh IAPP with 2 h-old
oligomers at the 1:1 and 10:1 ratios the toxicity was elevated to
�75%, reflecting the combined toxicity of 2 h-old oligomers and
oligomers generated from fresh IAPP (Fig. 5a and b). However,
when fresh IAPP was mixed with 1-day, 1-week and 2-month old
IAPP, their toxicity was slightly enhanced at the 10:1 ratio but sup-
pressed at the 1:1 ratio. This enhanced toxicity at the 10:1 ratio
was likely due to the amyloid-assisted IAPP seeding in generating
more toxic species, while the decreased toxicity at the 1:1 ratio
can be attributed to the much accelerated IAPP fibrillization (i.e.,
Fig. 5. IAPP toxicity through in vivo seeding. The toxicological impact of cross talk betwe
(f) Brightfield and fluorescence imaging of zebrafish embryo development with injecte
amyloids at 1:1 molar ratio after 0, 6 and 12 h. *denote statistically significant differenc
shortened toxic oligomeric phase) that subsequently led to
decreased toxicity [71]. It was further explained by ThT assay
where enhanced fibrillization and shortened lag phase of fresh
IAPP were observed in the presence of aged IAPP amyloids
(Fig. 4a and b). ThT imaging in vivo also corroborated that fresh
IAPP was sequestered away from embryonic cells (Fig. 5f) by
mature fibrils and no ThT fluorescence was observed in the embry-
onic cells. This is in contrast to the cases of fresh IAPP (Fig. 5d) and
oligomers (Fig. 5e), where ThT fluorescence was observed from the
cells due to IAPP fibrillization on embryonic membranes.

4. Conclusion

The uncovered structural and toxicity attributes of IAPP amy-
loids bring forth the notion that amyloid fibrils and plaques evolve
both physically and biologically, despite their much reduced and
stable energy states [65] compared with native proteins. In addi-
tion to IAPP, the current findings may be generally applicable to
other classes of amyloid proteins such as Ab, alpha synuclein and
prions, due to their shared characteristics in molecular self-
assembly, aggregation, mesoscopic structure and cross-seeding
[37,43,72]. Together, this study fills a knowledge gap concerning
amyloidosis and points to a dynamic relationship between amyloi-
dosis and aging. The accelerated aggregation, coupled with reduc-
tion of IAPP toxicity through seeding and sequestration by aged
en fresh (12 mmol/L) and different aged IAPP at 10:1 (a) and 1:1 (b) molar ratios. (c)–
d (d) fresh IAPP, or premixed with (e) 2 h-old oligomeric IAPP or (f) 2-month old
es between sample mean to a control mean (ANOVA; P � 0.05).
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amyloids, alludes to a conspiring role of amyloid fibrils and con-
founds the perception that the oligomer hypothesis and amyloid
hypothesis are mutually exclusive. This, together with the robust
capacity of amyloid fibrils and plaques in storing metal ions such
as zinc and copper [73–77] that are central to the physiological cel-
lular function and native stabilization of amyloid proteins, high-
lights long-term biological implications of amyloid proteins,
amyloid fibrils and plaques. Furthermore, amyloid proteins in the
intra- (e.g., tau and alpha synuclein) or extra-cellular space (e.g.,
IAPP and Ab) can not only self-assemble but also interact with pro-
teins, cellular membranes and other organelles to compromise
their function, through hydrophobic and electrostatic interactions,
hydrogen bonding, as well as ROS production [1–4]. Exploiting
such interactions may advance our understanding of cell degener-
ation and aid in the design of effective mitigation strategies against
amyloid diseases, a field eagerly awaits breakthroughs despite dec-
ades of research and investments [78].
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