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ABSTRACT: Amyloid diseases are global epidemics with no V.
cure available. Herein, we report a first demonstration of in ’
vivo mitigation of amyloidogenesis using biomimetic nano- \
technology. Specifically, the amyloid fragments (b,) of f- Double protein -+ Amyloid protein
lactoglobulin, a whey protein, were deposited onto the coronae  .*,-
surfaces of carbon nanotubes (b,CNT), which subsequently WU

. . . \ Development
sequestered human islet amyloid polypeptide (IAPP) through \ —
functional-pathogenic double-protein coronae. Conforma- blg amyloid\\ 72 hpf

3

Zebrafish larva

tional changes at the b,—IAPP interface were studied by fragment (b,

Fourier transform infrared, circular dichroism, and X-ray
scattering spectroscopies. b,CNT eliminated the toxic IAPP Zebrafish embryo

species from zebrafish embryos, as evidenced by the assays of

embryonic development, cell morphology, hatching, and survival as well as suppression of oxidative stress. In addition to IAPP,
b,CNT also displayed high potency against the toxicity of amyloid-f, thereby demonstrating the broad applicability of this
biomimetic nanotechnology and the use of an embryonic zebrafish model for the high-throughput screening of a range of
amyloidogenesis and their inhibitors in vivo.
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myloid diseases are modern epidemics that impact more pitching protein-inhibitor interaction against protein—protein
than 6% of the global population and are characterized by interaction.””'° Hydrogen bonding and hydrophobic inter-
deposits of amyloid fibrils and plaques in the brain and pancreas action as well as the 7 stacking of cross-f amyloid proteins are
as well as other bodily organs.' The development of such not only responsible for the self-assembly but also postulated as
aberrant biological substances is consequential to the fibrilliza- a reason for the cross-talk between pathogenic--pathogenic or
tion of amyloid proteins such as amyloid-# (Af3), associated with functional--pathogenic amyloid proteins."' ~"* Such interactions
Alzheimer’s disease, and human islet amyloid polypeptide have recently been exploited for the development of theranostics
(IAPP), associated with type 2 diabetes (T2D), from the against amyloidogenesis,'’ the construction of three-dimen-
nucleation of monomers into oligomers and the elongation of sional nanoarchitectures,'* and cross-talk between pathogenic
oligomers into amyloid fibrils. Regardless of their physiological amyloid proteins in which parent seeds transferred the toxic and
and pathological origins, the oligomeric forms of amyloid structural polymorphs to daughter fibrils,"*°
proteins are believed to be the major toxic species.”” Such p-Lactoglobulin (bLg) is a functional whey protein that,
oligomers show a propensity of partitioning in lipid membranes under high temperature and low pH, self-assembles into amyloid
in a porin-like fashion to alter the fluidity and integrity of the fibrils of similar morphology to that of IAPP or Aﬂ-n This class
cell.*® Amyloid fibrils, in addition, can extract lipids from of functional amyloid has shown potential as versatile substrates
membranes through hydrophobic interactions.’ The fibrilliza- or scaffolds for tissue engineering, iron fortification, and water
tion of amyloid proteins, furthermore, has been found to puriﬁcation.18_20 To exploit the cross-talk and medicinal
stimulate the production of reactive oxygen species (ROS) to
trigger cell degeneration.1 Received: June 16, 2018
A common mitigation strategy against amyloidogenesis is to Revised:  August S, 2018
minimize the population of the toxic oligomeric species by Published: August 8, 2018
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Figure 1. Synthesis scheme of CNTs functionalized with bLg amyloid corona, their surface properties, and interaction with IAPP in fibrillization. (A)
TEM images of the synthesized materials and their associations with IAPP. Pristine multiwalled carbon nanotubes (CNTs) of 10—20 nm diameter
were sonicated with bLg amyloid fragments (b,). Sonication deposited an initial layer of ~10 nm on the CNTs (b,CNT) and stabilized their dispersion
in water. Further heating of this dispersion resulted in coalescence of surrounding b, on the CNT surfaces, resulting in a b, corona of ~30—50 nm on
the b,CNT surfaces. b,CNT further captured IAPP in the form of small protruding aggregates. Scale bars: 100 nm. (B) Graphical illustration of the
materials preparations. The structures of the coronae were studied with (C) CD spectroscopy and (D) FTIR amide-I band deconvolution, revealing
that a relatively larger proportion of #-sheet rich corona was imparted by b, on the CNT surfaces. After the sequestering of IAPP, the overall secondary
structure of the corona was shifted toward the « helix. (E) ThT kinetic assay revealed complete inhibition of IAPP (50 M) fibrillization by b,CNT (50
uM with respect of b,). CNTs and b, inhibited IAPP fibrillization, and no ThT fluorescence was observed in the controls of b,CNTs or b, alone. (F)
WAXS intensity profiles of dry samples of b,, b, plus IAPP (t=0h), and b, plus IAPP (¢=2h). (G) SAXS intensity profiles of the water dispersions of
b,, b, plus IAPP (t = 0 h), and b+ IAPP (¢t =2 h).

to suspend in water and a new biological identity to their carbon-
based nanomaterial substrates.”””*

In the present study, the biomimetic constructs of a b, corona
adsorbed on a CNT surface (b,CNT) displayed a high portion

potentials of functional bLg amyloid, we interfaced bLg amyloid
fragments (abbreviated as b,) with IAPP to capture the toxic
IAPP species for mitigating IAPP amyloidogenesis in vivo.
Multiwalled carbon nanotubes (CNTs) were employed as a

model hydrophobic substrate to host a b, layer, or a protein
“corona”,”" on the tube surfaces via hydrophobic interaction and
7 stacking. The nonspecific binding of CNTs and Af has been
previously examined in silico, in which the protein f-sheets
wrapped around the CNT surfaces to reduce the latter’s surface
energy in the aqueous phase.”” Such coronae afforded by

proteins and other natural amphiphiles provided both the ability
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of f-sheets, which subsequently inhibited toxic IAPP species at
the early stage of IAPP fibrillization. As a high-throughput model
system, zebrafish embryos were developed and comprehensively
characterized for screening the toxicities of amyloid proteins
IAPP and Ap as well as their mitigation by b,CNT. This study
first demonstrated the feasibility of in vivo mitigation of
amyloidogenesis with a facile biomimetic nanotechnology and
the use of a nanoliter sample volume for the induction of
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Figure 2. Toxicity of IAPP fibrillization in zebrafish embryos. IAPP peptide monomers were exposed to zebrafish embryos via three different routes,
and embryonic development was monitored in the bright-field and GFP channel of a fluorescence microscope until successful hatching on the fourth
day. Controls of embryos injected with equal amounts of ThT presented no fluorescence. (A) Exposure of a zebrafish embryo with chorionic
membrane to IAPP of 100 uM. (B) IAPP aggregated on the membranes without penetrating through the chorionic pores. To induce peptide—chorion
interaction, (C) IAPP concentration was decreased to 25 4M in the outer solution, and (D) ThT fluorescence indicated penetration of IAPP into the
perivitelline space. (E) In the case of unprotected embryos, (F) IAPP induced toxicity within the first 12 h of development. (G) Direct injection of
IAPP into the perivitelline space of embryos bypassed the chorionic barrier and resulted in direct interactions of the peptide with the lipid membranes
of cells, as indicated by (H) ThT fluorescence and the toxic arrest of embryonic development at 12 hpf.

amyloid protein toxicity, two major technical advancements for
the rapid screening of amyloidogenesis and their inhibitors
toward a cure for amyloid diseases."

Sonicated bLg amyloid fragments (b,) were adsorbed on the
CNT (~20 nm in diameter) surfaces to render a protein corona
of ~30 + S nm (Figure 1A). The elemental composition of
pristine CNTs was determined by X-ray photoelectron spec-
troscopy (XPS), which contained mostly carbon (97.2%) as well
as small traces of impurities of O (2.6 + 0.1%) and Si (0.2 +
0.0%). bLg amyloids were first synthesized by overnight heating
(80 °C, pH 2) of 2% aqueous solution of bLg monomers, and
the amyloid fibrils were then broken down to small fragments by
probe sonication (Figure S1). The CNTs were embedded inside
a thick coat of b, in a two-step process: first, a layer of ~10 + 3
nm of b, was deposited on the CNTs by sonication (b,CNT),
and subsequent heating (70 °C for 30 min at pH 4.3) grew the
initial layer to ca. 50 # 7 nm, resulting in b,CNT (Figure 1A,B).
The sizes of the CNTs before and after deposition of the b,
corona were measured directly from transmission electron
microscopy (TEM). Sonication exposed the hydrophobic cores
of the protein species, b, in this case, to facilitate their binding
with the hydrophobic CNTs,”> while heating induced free
proteins in the solution to coalesce on the already adsorbed
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protein layer, increasing the protein content on the CNT
surfaces from 67% to 76% for b,CNT (Figure S2A). Dynamic
light scattering (DLS) revealed that the hydrodynamic radius of
b,CNT was increased by ~9 nm from bCNT after heating
(Table S1). The protein secondary structure of the b, corona
was estimated by circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopies, revealing a f-sheet
content of 33—34% (Figure 1C,D), comparable to that of bLg
amyloid (~40%)"'** prior to sonication and deposition onto
CNTs. The thickening of b,CNT into b,CNT by heating did not
induce major effects on the secondary structure of the b, corona.

A thioflavin T (ThT) kinetic assay revealed that b,CNT
completely inhibited IAPP fibrillization at equimolar concen-
trations (for IAPP and b,) (Figure 1E). Changes in the b,CNT
surface charge indicated the adsorption and physical state of
IAPP on the CNTs. Specifically, the { potential for IAPP peptide
and mature fibrils was +15.8 and +65.3 mV, respectively. Upon
incubation with IAPP, the { potential of b,CNT changed from
—184 to —12.5 mV (Table S1), indicating association of
cationic IAPP with b,CNT. CD and FTIR spectra revealed that
IAPP assumed a f-sheet rich conformation upon fibrillization
(Figure S2B,C). When incubated with IAPP, large protruding
aggregates of IAPP were observed on the b,CNT surfaces by
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Figure 3. Amyloidogenic interactions and fibrillization kinetics of IAPP with zebrafish embryos. (A—D) IAPP—embryonic interactions were examined
by helium-ion microscopy (HIM). (A) When embryos were developed in IAPP of 25 M, IAPP trespassed through the pores of chorionic membranes.
(B) In the presence of IAPP of 100 1M, the peptide aggregated on the outer surfaces of the embryos. (C) In contrast, unobstructed clear pores can be
seen in control embryos. (D) The chorionic membrane of an embryo was cut open to assess IAPP interacting with the underlying embryonic cell. IAPP
toxicity is indicated by morphological changes in the embryonic cellular membrane. (E) ThT kinetic assay of IAPP fibrillization in the presence of
embryos, with and without chorionic membranes, i.e., the first and second routes of exposure. IAPP: 25 uM; ThT: S0 uM. The shape of ThT kinetic
curve (excitation/emission: 440 nm/485 nm) recorded on a plate-reader is comparable to that acquired via the GFP channel (excitation/emission:
488 nm/540 nm). The ThT fluorescence intensity in the GFP channel was normalized by multiplying by a factor of 5 for the comparison. (F)
fibrillization kinetics of IAPP with the third route of exposure (direct injection) was measured by microinjecting 5 nL of IAPP (50 M) and ThT (100

uM) inside embryos.

TEM (Figure 1A), rendering an elevated a-helix content
compared to that of b,CNT (Figure 1C,D). It has been shown
in the literature that protein or lipid interfaces can trigger
conformational changes or oligomerization in the adsorbed
protein.””** Sonication and heat-induced adsorption of b, on
the CNTs exposed their hydrophobic cores,””’ while IAPP
bound b,CNT via hydrogen bonding and hydrophobic
interaction, converting the protein from random coils to the
a-helical conformation (Figure S2B,C versus Figure 1C,D).
This is in contrast to our previous study,'’ in which spherical
gold nanoparticles (AuNPs, S nm) coated by b, intercalated
inside IAPP fibrils during fibrillization. This difference may be
attributed to the significantly different morphologies and aspect
ratios of CNTs (>25) and AuNPs (~1). It is conceivable that b,
on the tubular CNT substrate assumed more directional
orientations than on spherical AuNPs, thereby allowing surface
adsorption of disordered IAPP monomers but preventing that of
cross-f3 IAPP protofibrils from inhibiting IAPP fibrillization.

To assess how IAPP might affect the structure of b,, a wide-
angle X-ray scattering (WAXS) experiment was performed on
dry samples containing b, (without CNTs) after the immediate
addition of IAPP (b,-IAPP at t = 0) and 2 h of incubation (b,-
IAPP at t = 2). Samples containing b, displayed two peaks
characteristic of inter and intra S-sheet distances at g = 6.0 and
134 nm™" (dg e = 1.1 nm and dp y00q = 4.7 A, respectively)
(Figure 1F). No differences due to the presence of CNTs were
observed on the f-sheet secondary structure from the WAXS
analysis (Figure S3A). Thus, no major changes at the molecular
level were observed in b, after the addition of IAPP.
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Additionally, small-angle X-ray scattering (SAXS) experiment
was conducted on water dispersions containing b, after
immediate introduction of IAPP (b,-IAPP at t = 0) and 2 h of
incubation (b,-IAPP at t = 2). No differences due to the presence
of CNT's were observed on the -sheet secondary structure from
the SAXS analysis (Figure S3B). No significant changes in the
scattering profiles were observed between the genitor samples
and after adding IAPP at 0 h (Figure 1G). After 2 h of incubation
with IAPP, b, exhibited different SAXS intensity profiles
compared with the corresponding genitor systems. This
indicates that IAPP interacted with the bLg species (tubular /3
sheets) building up different colloidal particles but maintaining
the initial secondary structures.

The recent failure of the phase-3 trial of solanezumab at Eli
Lilly and the general lack of clinical success in the field of
amyloidogenesis may be partially attributed to a deficiency in
antiamyloidogenesis strategies and a lack of easily accessible,
economic in vivo models.”' Zebrafish (Danio rerio) share 70% of
their genome and 84% of their disease-related genes with
humans and are a preeminent vertebrate model for toxicology,
pharmacology, and genetics research.’” Zebrafish larvae display
neuropathological and behavioral phenotypes that are quantifi-
able and relate to those seen in humans and have been applied to
many studies of Huntington’s, Alzheimer’s, and Parkinson’s
diseases.”>** Here, we first developed zebrafish embryos as an in
vivo model for screening nanoscale inhibitors against amyloid
protein toxicity. The fibrillization and interaction of IAPP with
zebrafish embryos were tracked by tagging the IAPP protofibrils
and fibrils with the f-sheet affinitive ThT dye and visualized
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Figure 4. IAPP toxicity mitigation via functional-pathogenic double coronae on CNTs. (A) IAPP along with b,CNT were injected inside zebrafish
embryos and mitigation of IAPP toxicity was observed in terms of hatching survival of embryos on the third day post fertilization (72 hpf). b,CNT
protected the embryos from IAPP toxicity (triple asterisks indicate p < 0.005), while b,CNT were biocompatible with the embryos and induced no
toxicity. (B) ROS assay further confirmed the oxidative stress resulted from IAPP interaction with embryos and its mitigation by b,CNT. ROS

generation by IAPP was significantly higher than the control.

under the green fluorescence protein (GFP) channel of a
fluorescence microscope (Figure $4). To determine the optimal
method for assessing IAPP toxicity, zebrafish embryos were
exposed to IAPP monomers via three different routes, and their
efficacies were assessed.

First, embryos (3 h post-fertilization, hpf) were developed
with intact chorionic membranes in 100 uM of IAPP solution
(Figure 2A). When traced by ThT (100 M), IAPP was found to
aggregate on the surfaces of chorionic membranes and was
unable to penetrate through the chorionic pores. Therefore, no
toxicity was observed in the embryos (Figure 2B). However,
when embryos with chorionic membranes were developed in
IAPP solution of 25 uM (Figure 2C), the peptide penetrated
through the chorionic membranes to interact with the
underlying embryonic cells to induce toxicity (Figure 2D).
Compared to an IAPP of 100 uM, in which peptide—peptide
interaction was dominant to form aggregates, peptide—chorion
interaction was evident at IAPP of 25 M in concentration,
showing diffused ThT fluorescence in the perivitelline space at 3
hpf. Fibrillizing IAPP interacted with the underlying embryos at
6 hpf and toxic arrest of embryonic development was observed at
12 hpf (Figure 2D).

In the second route of exposure, embryos without chorionic
membranes were developed in IAPP solution of different
concentrations (Figure 2E). The ICg, value of IAPP was reduced
to 25 + 12.5 uM, as assessed by the percent hatching of the
embryos on the third day post-fertilization (dpf). Fibrillating
IAPP interacted with the cellular mass of the embryos
immediately after mixing (Figure 2F). At 12 hpf, the dividing
cells inside the embryos shrank to small globular masses, and the
embryos lost viability. Strong ThT fluorescence, indicating IAPP
amyloid aggregation, was associated with dead embryonic cells
resulting from their exposure to IAPP.

In the third route of exposure, different concentrations of
IAPP (S nL of 2 to 100 uM) were directly injected inside the
perivitelline space of embryos (Figure 2G). The ICs, value of
IAPP was found to be 5.6 + 1.7 uM, the lowest for the three
routes of exposure. ThT fluorescence indicated that IAPP
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aggregated on the lipid membranes of the embryonic cells
(Figure 2H, fluorescence image on the right) and toxic arrest of
embryonic development was observed at 12 hpf.

Helium ion microscopy (HIM) was used to further visualize
the interaction of IAPP with chorion and lipid membranes of
embryonic cells. HIM imaging of zebrafish chorions revealed a
porous morphology with an average pore size of ~200 nm
(Figure 3A), which led to the hypothesis that IAPP monomers
could penetrate through the pores to induce toxicity to the
underlying embryonic cells. In the first route of exposure, in
which IAPP was exposed to embryos with chorionic membranes,
IAPP of 100 yM in concentration formed large fibrillary
aggregates outside the membrane pores and was not able to
penetrate (Figure 3B). However, at an IAPP concentration of 25
uM, the chorionic pores were less visible due to trespassing
IAPP aggregates (Figure 3C). To visualize the interaction of
IAPP with the lipid membranes of underlying embryonic cells,
which is relevant to the second and third routes of IAPP
administration, embryos treated with the direct micro-injection
of IAPP were cut open to reveal the embryonic cells. IAPP
elicited toxicity to the embryonic cells, as evidenced in the form
of holes, swelling, and morphological irregularities in the
membranes (Figure 3D).

The IAPP fibrillization kinetics for the three routes of
exposure was recorded. In the first case, the chorionic
membranes significantly enhanced the fibrillization (50 uM
IAPP) and shortened the lag time. However, the saturation
phase remained the same as the control (Figure 3E). This is
understandable because polysaccharides are the major compo-
nent of zebrafish chorions and have been previously observed to
accelerate oligomerization of a-synuclein and AB.*>*° In the
second case of no chorion, exposure of the lipid membranes of
embryonic cells to IAPP resulted in faster fibrillization and a
higher saturation plateau, suggesting consumption of available
monomers or oligomeric seeds and early formation of mature
fibrils (Figure 3E).” In the third case of direct injection, IAPP
monomers (12.5 pM) and ThT (25 M) were microinjected
inside the perivitelline space of embryos to observe IAPP
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Figure 5. Af toxicity mitigation via functional-pathogenic double coronae on CNTs. Development of embryo was monitored (A) with and (B)
without chorionic membrane inside a solution of fibrillating A42. Similar to IAPP, A was not able to penetrate through the chorionic pores at a 100
UM concentration. However, the IC, value of Aff was 100 + 25 uM when embryos were directly exposed to Af solution. (C) b,CNTs were able to
sequester the toxicity of A in the embryo. (D, E) Phenotypically strange development was observed for the embryo when injected with sub-toxic

concentration (S5 uM) of AS.

fibrillization kinetics inside the chorionic fluids (Figure 3E). The
saturation phase was reached at ~6 h for all three cases. Overall,
the third route of exposure appeared to be the most efficient with
sample volume (S nL) and most facile in terms of execution (i.e.,
microinjection of samples directly into the perivitelline space of
embryos).

The interaction between mature IAPP fibrils and developing
zebrafish embryos was also studied by injecting the ThT-tagged
fibrils (100 uM of both IAPP and ThT, 24 h of maturation)
inside the perivitelline space of embryos at 3 hpf (Figure SSA).
No toxicity was observed based on the development and survival
of the embryos (Figure SSB). The development of the embryos
treated with IAPP fibrils was comparable to the control.
However, hatching was significantly delayed by 48 + S h
compared to the control, suggesting a possible interaction
between IAPP fibrils and the hatching enzyme, a zinc
metalloprotease.”® This is plausible because metals, especially
zing, interact strongly with IAPP to alter the latter’s fibrillization
and toxicity.””** In comparison, no fluorescence was observed
for control embryos microinjected with ThT (Figure SSB).

Peptide-based inhibitors have shown eflicacies in the
inhibition of IAPP aggregation both in vitro and with transgenic
animal models.* =’ bLg amyloids are functional and biocom-
patible and yet possess a similar morphology as IAPP fibrils;'*"®
hence, they may serve as an inhibitor against IAPP toxicity.
However, in vivo administration of full-length bLg amyloids is
unfeasible due to their large dimensions (micrometers in length)
compared to blood vasculature, and b, itself did not elicit a
notable inhibitory effect on IAPP fibrillization (Figure 1E).
Accordingly, b, was stabilized on CNT surfaces in this study,
simultaneously improving the biocompatibility of CNT's while
enabling inhibitory interaction with IAPP. The embryonic
zebrafish system was employed to translate the mitigation
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potential of b,CNT against IAPP toxicity in vivo. Direct
microinjection (route 3) was adopted because this mode of
exposure allowed the use of ultrasmall sample volumes without
the interference from chorionic membranes. b,CNT were
injected together with IAPP at equimolar concentrations of 10
UM (ie, higher than the ICy, value of 5.7 uM). b,CNT
eliminated IAPP toxicity and restored the hatching survival of
IAPP-treated embryos to 85%, while b,CNT themselves
displayed no toxicity to the embryos (Figure 4A).

The above toxicity study was augmented by a ROS assay
(Figure 4B). Specifically, IAPP monomers were mixed with
2/,7'-dichlorodihydrofluorescein diacetate (H,DCFDA) dye,
immediately before being microinjected into the perivitelline
space. ROS generation, resulting from membrane disruption of
embryonic cells, was observed for IAPP. However, consistent
with the hatching survival assay, no ROS species were detected
when IAPP was incubated with b,CNT.

To evaluate the mitigation potential of b,CNT, Af was
introduced to elicit toxicity in zebrafish embryos. Similar to
IAPP, fibrillating A (100 uM) was not able to penetrate
through the chorionic pores of embryos but aggregated on
chorionic membranes (Figure SA). However, when chorionic
membranes were removed and embryos were exposed, Af of
100 + 25 pM was toxic to the embryos. In comparison to IAPP,
the fibrillization of Af was slower, and the embryos survived the
3rd through the 6th somite stages at 12 hpf, after which the
embryo development was arrested at the 20th somite stage at 48
hpf, and ThT fluorescence was observed from the anterior of the
larvae (Figure SB). The ICs, value of Af3, when injected directly
inside the perivitelline space, was determined to be 7.4 + 0.84
UM. In comparison, Donnini et al. reported a cerebral
angiopathic effect of wild-type Af peptide in zebrafish embryos
at 2.5 uM, in which the IC,, value was determined to be 6.1 M,
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comparable to that determined by our current approach.*®
b,CNT were then injected together with A at equimolar
concentrations of 15 uM (i.e., higher than the MIC values), and
b,CNT rescued (p < 0.005) the embryos from Af toxicity
(Figure SC). Abnormal phenotypic development of embryos
was observed, when the embryos were microinjected with Af at
S uM that was just below the ICg, value (Figure SD,E), which
can explain well the Af-induced neurovascular degeneration and
cerebral senescence observed by Donnini et al.*® These
agreements with literature further validated our current
methodologies. It should be noted that the functional—
pathogenic double protein coronae on CNTs, as delineated
for the in-solution characterizations (Figure 1B), do not
encompass all possible protein—protein interactions under in
vivo conditions, in which the chorionic sac also contained
zebrafish hatching enzyme 1 (ZHE1), glycoprotein subunits,
and different forms of metabolites during embryonic develop-
ment.*”~>* However, because b, was rich in f-sheets and
therefore possessed a higher affinity for amyloid proteins,'”>>>*
the binding of b, with IAPP through H-bonding and
hydrophobic and electrostatic interactions as well as f-sheet
stacking should dominate the nonspecific interactions (“soft
corona”) between b, and the other proteins and enzymes. This
robust mitigation potential of b,CNT against amyloid proteins
was corroborated by additional ThT and viability assays (Figure
S6), in which the presence of human plasma proteins and fetal
bovine serum (FBS) did not compromise the potency of b,CNT
from inhibiting IAPP aggregation and toxicity. This latter aspect
also points to the promise of exploiting the b,CNT nano-
technology in biological fluids beyond the chorionic sac.

In summary, we have developed a facile, potent biomimetic
nanotechnology against amyloidogenesis in vivo. This nano-
technology consisted of CNTs coated with a cross-f$-sheet-rich,
functional corona of whey protein bLg amyloid fragments (b,),
which consequently acquired a pathogenic protein corona by
sequestering amyloid protein IAPP or AB. No IAPP fibrillization
inhibition was observed for b, alone (Figure 1E), justifying the
role of the CNT substrates in orienting the adsorbed amyloid
fragments and subsequently capturing the pathogenic protein
from on-pathway fibrillization. In contrast to b,CNT, bLg
monomer-coated CNTs (b,,CNT) (Figure S7A), possessing no
cross-f3-sheet component, displayed a much-lower efficiency in
inhibiting IAPP fibrillization (Figure S7B versus Figure 1E). In
addition, an embryonic zebrafish assay through direct micro-
injection, i.e., the third route of exposure, has been developed
into a high-throughput platform for screening amyloidogenesis
and its mitigation by b,CNT in vivo. Consistent with the ThT
assay, b,,CNT, being nontoxic itself (Figure S8A), was not able
to rescue zebrafish embryos from the toxicity elicited by IAPP, as
evidenced by both the hatching and the ROS assays (Figure
S8A,B versus Figure 4). This further vindicates the crucial role of
the cross-f# component in b, and the architecture of b,CNT in
effective amyloidogenesis mitigation. Other major advantages of
this assay include high fecundity and transparency of the
zebrafish organism as well as an ultra-small sample volume (S
nL). IAPP at high concentrations was dominated by peptide—
peptide interaction, and no toxicity was induced to zebrafish
embryos. Reducing the peptide concentration promoted
peptide—chorion interaction, and the peptide penetrated
through the chorionic pores to elicit toxicity to embryonic
cells through continued aggregation. This embryonic model
system is therefore suited for examining amyloidogenesis with
realistic dosage. b,CNT protected zebrafish embryos from the
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toxicities of both IAPP and Ap, as evidenced by hatchling-
survival and ROS-generation assays. Together, this study opens
the door to the rapid screening of the toxicities of a wide range of
amyloid proteins and facilitates the development of potent,
bioinspired nanotechnologies™ > against amyloidogenesis in
vivo.
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