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Abstract

The development of biocompatible nanomaterials has become a new frontier in the detection,
treatment and prevention of human amyloid diseases. Here we demonstrated the use of graphene
quantum dots (GQDs) as a potent inhibitor against the in vivo aggregation and toxicity of human
islet amyloid polypeptide (IAPP), a hallmark of type 2 diabetes. GQDs initiated contact with IAPP
through electrostatic and hydrophobic interactions as well as hydrogen bonding, which
subsequently drove the peptide fibrillization off-pathway to eliminate the toxic intermediates. Such
interactions, probed in vitro by a thioflavin T kinetic assay, fluorescence quenching, circular
dichroism spectroscopy, a cell viability assay and in silico by discrete molecular dynamics
simulations, translated to a significant recovery of embryonic zebrafish from the damage elicited
by IAPP in vivo, as indicated by improved hatching as well as alleviated reactive oxygen species
production, abnormality and mortality of the organism. This study points to the potential of using

zero-dimensional nanomaterials for in vivo mitigation of a range of amyloidosis.



Nanoscale

Introduction

Protein aggregation into cross-beta amyloid fibrils represents a general phenomenon characteristic
to more than 50 human diseases, including neurodegenerative disorders such as Alzheimer’s and
Parkinson’s diseases, metabolic disorders such as type 2 diabetes (T2D), as well as cardiac
arrhythmias.l'> 2 The sigmoidal fibrillization kinetics of amyloid proteins, from disordered
monomers to toxic oligomers (i.e. nucleation), and from oligomers and protofibrils to amyloid
fibrils (i.e. elongation and saturation), are consequential to aberrant environmental triggers such as
cellular pH, concentrations of physiological metals and chaperones, and the presence of lipid

membranes.[]

Human islet amyloid polypeptide (IAPP) is a 37-residue peptide co-synthesized, co-stored, and co-
secreted with insulin in pancreatic beta islets.*] Aside from its functional role in glycemic control,
IAPP is one of the most amyloidogenic peptides known, and its aggregation pathway is triggered
by compromised protection of insulin, zinc and C-peptide, insufficient processing of prolAPP (the
precursor of IAPP), accumulation of intermediately processed peptides, as well as conversion from
disordered monomers to alpha helices and then beta sheets initiated by contact with cell
membranes.3-1% Common strategies against IAPP aggregation and toxicity often involve small
molecules (e.g. biomimetics, curcumin, resveratrol and epigallocatechin gallate),!!!-13] chaperone
proteins (e.g. serum albumin and casein)!'4 and nanoparticles (e.g. graphene, gold nanoparticles,
dendrimers, star polymers, and carbon nanotubes),[!>-201 utilizing their capacities in establishing
hydrogen bonding, hydrophobic interaction and n-stacking with the amyloid peptide to disrupt the

latter’s amyloid aggregation.

Graphene quantum dots (GQDs) are single- or few-layered graphene sheets of 10 nm or less in

Page 4 of 34



Page 5 of 34

Nanoscale

size, and are often referred to as zero-dimensional nanomaterials due to their extremely small
dimensions.[?!] Compared with other carbon-based nanomaterials such as carbon nanotubes,
fullerenes and graphene, GQDs possess size-dependent auto-fluorescence originating from
quantum confinement and the edge effects.[>!] As a result of their physical, chemical and biological
properties, GQDs have found a range of applications in drug delivery, biosensing, bioimaging,
stem cell technology and photothermal therapy.[?2-24l Within the field of amyloidosis, GQDs have
been recently employed for the detection of monomeric amyloid-beta, and their efficacies for dose-
dependent aggregation inhibition of hen-egg white lysozyme, amyloid beta and alpha synuclein
have been explored.[*3-27] Inspired by their molecular-like size, minimal toxicity, aromatic structure
and amphiphilic properties, here we first demonstrated the use of GQDs as inhibitors against the
aggregation and toxicity of IAPP in an embryonic zebrafish model, which has recently been
validated as a high-throughput in vivo model for investigating amyloid-induced toxicity.[20- 28-30]
Specifically, GQDs were synthesized using the top-down approach via electrochemical oxidation
of a graphite electrode. The size, morphology and surface charge of the nanostructures were
characterized with transmission electron microscopy (TEM) and a Zetasizer. Thioflavin T (ThT)
kinetics, fluorescence quenching and pancreatic B-cell viability assays, as well as circular
dichroism (CD) spectroscopy and discrete molecular dynamics (DMD) simulations were
performed to probe the binding between IAPP and GQDs. Additionally, embryonic hatching,
malformation, mortality and reactive oxygen species (ROS) production were examined,
demonstrating the potency of GQDs in mitigating the aggregation and toxicity of IAPP in vivo.
Exploiting the capacity of GQDs as a biocompatible nano-inhibitor may prove beneficial to the

treatment and prevention of a range of amyloid diseases.
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Methods and Materials
Materials
37-residue human islet amyloid polypeptide (IAPP)

(KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY; disulfide bridge: 2-7; MW: 3,906;
purity>95%) was purchased from AnaSpec, Inc. as lyophilized powder. All chemicals used were

acquired from Sigma-Aldrich, if not specified otherwise.

Dynamic light scattering and zeta potentials

The hydrodynamic diameters and zeta potentials of GQDs in Milli-Q water and Holtfreter’s buffer
were determined using a Zetasizer Nano-ZS (Malvern Instruments, UK). The measurement was
conducted in triplicate using disposable folder capillary cells and analyzed by Zetasizer Software

7.02. Samples were sonicated prior to measurements.

Synthesis of GODs

GQDs were synthesized following the protocol described in reference 31. Briefly, the GQDs were
prepared by a three-electrode system consisting of a graphite working electrode, a platinum foil
counter electrode and an Ag/AgCl reference electrode. Ethanol (70 mL), water (16 mL), and NaOH
(0.06 g) were mixed to obtain the electrolyte. A potentiostatic voltage of 5 V was applied to the
working electrode for 3 h under nitrogen ambient. Excess NaOH precipitates and other impurities
were removed by centrifugation. The homogeneous GQD suspension was dialyzed for several days
to fully remove the Na ions and kept at room temperature in dark. The concentration of GQDs was
obtained by measuring weight loss of the graphite electrode and the final suspension volume. The
size distribution of GQDs was measured by Image] software using a total of 200 individual

particles observed in TEM images.
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X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) data were obtained with an ESCALab220i-XL electron

spectrometer (VG Scientific, West Sussex, UK) using 300 W Al Ka radiation.

Transmission electron microscopy and energy-dispersive X-ray spectroscopy

High-resolution TEM imaging and energy-dispersive X-ray spectroscopy (EDX) elemental
analysis were performed on a Tecnai G2 F20 Transmission Electron Microscope (FEI, Eindhoven,
The Netherlands) operated at 200 kV. Briefly, 400 mesh copper grids (Formvar film, ProSciTech)
were glow discharged and IAPP (25 uM), GQDs (500 pg/mL) or GQDs pre-incubated with IAPP,
which were dissolved/suspended in Milli-Q water for 24 h, were placed onto the grids. Negative
staining by 1 % uranyl acetate was performed before imaging. Images were recorded using an
UltraScan 1000 P 2k CCD camera (Gatan, California, USA) and Gatand Digital Micrograph 3.9.5

software.

Statistical analysis of IAPP fibrils

Fibrils tracking and their statistical analysis were performed by open-access software FiberApp, to
measure the morphology and related parameters (contour and persistence length) of IAPP fibrils in
the presence and absence of GQDs. Details of the software and methods employed to acquire the
values of contour and persistence length (approximately 100 fibrils per sample condition analyzed)

were described in previous publications.[3% 33

Atomic force microscopy
A droplet of 20 uL. of GQD suspension was deposited on freshly cleaved mica, incubated for 2

min, rinsed with Milli-Q water and dried with air. Atomic force microscopy (AFM) imaging was
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performed using a Cypher AFM (Asylum Research) and an AC240TS cantilever (Asylum

Research; radius: 7 nm) operating in the tapping mode in air, at a scan rate of 2 Hz.

Fluorescence spectra of GQODs

The excitation and emission spectra from GQD suspension were acquired by a Xe-lamp (Oriel
Instrument, 300W) as the tuneable excitation source. A monochromator (Newport, Oriel
Cornerstone 130) was used to alter the excitation wavelength. QE65 Pro (Ocean Optics) with
spectral correction was used as the detector. For emission spectra scanning, calibration of the
spectral irradiance of excitation light was made using a PTI QuantaMaster fluorometer as the

reference system.

GOD fluorescence quenching by IAPP

GQDs at 500 pg/mL were pre-incubated with IAPP at progressively increasing concentrations (10,
20, 30,40 and 50 uM) in a black/clear bottom Costar 96 well plate. The total volume of each sample
was kept constant. The fluorescence intensity of GQDs was read after 10 min of incubation using
a Clariostar (BMG LABTECH, Germany) microplate reader. The excitation was fixed at 355 nm,
while the emission was scanned from 400 to 600 nm. The fluorescence intensities of Milli-Q water

and TAPP were used as control. The experiment was done in triplicate to ensure reproducibility.

Thioflavin T (ThT) assay of IAPP w/o GQDs

A thioflavin T (ThT) kinetic assay was used to measure IAPP fibrillization in the presence of GQDs.

IAPP was weighed on a microbalance and dissolved in Milli-Q water. In a black/clear bottom
Costar 96 well plate, 25 uM aqueous solution of IAPP, ThT fluorescent dye (50 pM) with and
without GQDs (250, 375 and 500 pg/mL) were incubated for 13 h at 28.5 °C. ThT fluorescence

was recorded with excitation at 440 nm and emission at 485 nm, at a 1 h interval (PerkinElmer,
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EnSpire 2300). ThT and GQDs alone were measured as controls. ThT fluorescence was normalized
based on the fluorescence of IAPP alone and background fluorescence was deducted. The

experiment was done in triplicate to ensure reproducibility.

Circular dichroism (CD) spectroscopy

Changes in the secondary structure of IAPP, induced by different concentrations of GQDs, were
probed by circular dichroism (CD) spectroscopy. IAPP was incubated with 500, 750 and 1000
ng/mL of GQDs before CD spectra scanning. IAPP dissolved in water and incubated for 0 h and
12 h and GQDs solution alone at 750 ug/mL were used as controls. CD spectra were recorded by
Aviv Biomedical Model 410 from 190 to 280 nm, with a step size of 1 nm, a reading time of 4 sec
per step, and 3 readings per step at room temperature. [APP concentration in all samples was
adjusted at 50 pM for good signal intensities. The data were analyzed via Dichroweb, and

Contin/reference set 4 was used to estimate the percentage secondary structure.34

Discrete molecular dynamics (DMD) simulations

The GQD used in the simulations possessed a diameter of ~3.0 nm. The initial [APP coordinate
was taken from the NMR structure solved in detergent micelles at neutral pH (model 1, PDBID:
21.86).11 In order to investigate the GQD effect on IAPP aggregation, both IAPP monomer and
dimer were simulated in the absence or presence of the GQD. For each system, 20 independent
simulations were performed, each of which lasted 400 ns at 300 K starting with different initial
configurations (i.e., coordinates and velocities). The IAPP peptides and the GQD were initially
randomly placed in the simulation box with different orientations and a minimum inter-molecular
distance of 1.5 nm. All simulations were performed with all-atom DMD,!3% 361 a molecular
dynamics algorithm with enhanced conformational sampling efficiency, widely used for studying
protein folding,37) amyloid aggregation,*® and protein-nanoparticle interactions.!'®! The detailed

9
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description of the DMD algorithm can be found in previous studies.!'®: 371 The forcefield used in
the simulations was based on the Medusa forcefield,**! which included van der Waals (VDW),

solvation, hydrogen bond and electrostatic interactions.

DMD analysis methods

Secondary structure analyses were performed using the dictionary secondary structure of protein
(DSSP) method.[*%! The two-dimensional (2D) potential of mean force (PMF) was computed as -
kpTInP(Rg, Np.ponas), where P(Rg, Np.ponas) denotes the probability of a conformation having a
given value of radius of gyration, Rg, and the total number of backbone hydrogen bonds (N},_ponds)-
A backbone hydrogen bond was considered to be formed when the distance between the backbone
N and O atoms was within 3.5 A and the NH--O angle was greater than 150°. Two residues in
contact had more than one inter-atomic contact, with a cutoff distance of 0.55 nm between any two

heavy atoms.

In vitro viability assay

GQDs dissolved in water/ethanol solution were first distilled to remove ethanol and replaced with
Milli-Q water with pH adjusted to 7.4. A black/clear bottom Costar 96 well plate was coated with
poly-L-lysine for 30 min at 37 °C and then washed 3% in DPBS to enhance cell adhesion. Pancreatic
BTC-6 (purchased from ATCC) beta cells were cultured in complete Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 15% fetal bovine serum (FBS) prior to experiment. Cells
were seeded at a density of ~50,000 per well in 200 pL media and incubated for 48 h at 37 °C and
5% CO; to reach ~80% confluency. The medium was then refreshed and samples were added into
the wells to make up the final tested concentrations (GQDs: 200, 300 and 400 pg/mL; IAPP: 20
uM). After 24 h of treatment, the medium was aspirated and wells were washed 3% in DPBS and
then 100 pL pre-diluted (1 in 10 dilution) alamarBlue dye in medium was added to each well under

10
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dark. The plate was returned to incubator for 2 h before endpoint fluorescence was read on a
Flexstation 3 plate reader (Molecular Devices), with excitation at 544 nm and emission at 590 nm.
Percentage cell viability was calculated as relative fluorescence intensity to untreated cells after
deduction of background fluorescence. Experiments were performed in triplicate. Statistical

analysis was conducted by student’s t-test.

In vivo toxicity assay using zebrafish embryos by microinjection

Wild-type zebrafish circulatory breeding system (Haisheng, Shanghai, China) was maintained at
28.5 °C based on a 14 h:10 h light/dark cycle. Embryos were generated by mating of female and
male adult fish (1:1 ratio), of which two genders were separated manually the night before and the
spawning was triggered by removing the divider in the following morning. Embryos were collected
0.5 h afterwards, washed with 0.5 ppm methylene blue solution, and then transferred to Holtfreter's
medium in a Petri-dish. Healthy and fertilized embryos were selected for further microinjection
under a stereomicroscope (Olympus-SZ61, Olympus Ltd., Japan). GQDs dissolved in
water/ethanol solution were first distilled to remove ethanol and replaced with Milli-Q water with
pH adjusted to 7. Microinjection was performed with a fixed injection pressure using a pneumatic
microinjection system (PV830 Pneumatic Picopump, WPI). 1 nL of each sample (GQDs at 100,
150 or 200 pg/mL and IAPP at 10, 15 or 20 uM, as well as GQDs pre-incubated with IAPP) diluted
in Holtfreter's medium was microinjected into the yolk of the embryos at 1 h post fertilization (hpf).
Embryos were examined under a bright-field optical microscope (Olympus-SZ61, Olympus Ltd.,
Japan) and physically damaged embryos (caused by microinjection) were removed. Embryos were
placed on U-bottom transparent 96 well plates (Costar-3599, Corning, US) with one single embryo
in each well containing 200 pL of Holtfreter's medium. The treated and control embryos were

incubated at 28.5 °C and the development of embryos was observed over time by the same optical

11
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microscope and bright-field images were taken by a built-in camera. The toxicities of IAPP and
GQDs induced on embryos were quantified by the hatching and malformation rates (mainly tail
deformation and yolk sac edema) at 72 hpf, and mortality rate at 120 hpf. All experiments were
performed in triplicate to ensure reproducibility. Statistical analysis was conducted by student’s t-
test. All experiments related to zebrafish were carried out in accordance with the Animal Ethics
Committee at Tongji University, with the protocol approved by the Animal Center of Tongji

University (Protocol #TJLAC-018-020).

In vivo reactive oxygen species (ROS) generation by IAPP w/o GQDs

An ROS assay was performed with the 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA)
dye (Purchased from Aladdin, China). Upon cleavage of the acetate groups by esterases and
oxidation, the non-fluorescent H,DCFDA was converted to the highly fluorescent 2°,7°-
dichlorofluorescein (DCF). Briefly, 1 nL of buffer, containing 10 uM of IAPP with and without
GQDs (100, 150 and 200 pg/mL), and 10 uM of DCF dye were microinjected inside the yolk of
zebrafish embryos (1 hpf). The embryos were incubated in 200 pL of buffer in a black/clear bottom
Costar 96 well plate for 24 h at 28.5 °C and fluorescence was recorded by a microplate reader
(Varioskan™ LUX, Thermo Fisher Scientific, US). The fluorescence intensity of DCF at 530 nm,
excited at 485 nm, was used to determine the level of ROS generation. DCF fluorescence was
normalized based on the control and background fluorescence was deducted. 0.3% H,0, was used
as positive control and Holtfreter’s buffer as negative control. Statistical analysis was conducted

by student’s t-test.

In vivo fluorescence imaging of ThT-labelled IAPP w/o GQDs
Embryos or larvae at different developmental stages (0.5, 4, 24, 48 and 72 hpf) were washed,
anaesthetized in a 0.01% tricaine solution, and embedded in 1% low-melt agarose for positioning.

12
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Fluorescence images of the samples were taken using a FITC filter set (Ex: 488 nm, Em: 540 nm)
under a fluorescence microscope (Olympus-SZ2-ILA, Olympus Ltd., Japan). The exposure time
was fixed at 150 ms for all samples and the brightness and contrast of images were kept constant.
ThT dye was microinjected together with IAPP (2:1 molar ratio) with and without GQDs (150

pg/mL). Images of embryos injected with ThT alone were used as control.

Results and Discussion

X-ray photoelectron spectroscopy (XPS) was used to measure the surface composition of as-
prepared GQDs. The high-resolution spectrum exhibited a C 1s peak at 285 eV and an O 1s peak
at 532 eV (Figure Sla, Electronic Supplementary Information) and the C 1s peak confirmed the
enrichment of hydroxyl, carbonyl and carboxylic acid groups on the surface of GQDs (Figure
S1b).*11 TEM images of as-synthesized GQDs revealed spherical and monodispersed
nanostructures (Figure S2a) with an average diameter of 3.6 £ 0.3 nm (n = 200) (Figure S2b). The
GQDs were further characterized with atomic force microscopy (AFM) and energy-dispersive X-
ray spectroscopy (EDX), showing relatively uniform sizes and good purities of the nanomaterial
(Figure S2c&d). Blue fluorescence was observed based on scanning the emission spectra of GQDs,
with the maximum fluorescence intensity obtained at an excitation wavelength of 355 nm (Figure
S2e). The zeta potential and hydrodynamic size of GQDs in Milli-Q water were measured to
determine their surface charge and suspendibility. A net negative charge of -20.6 mV and a
hydrodynamic diameter of 18.3 nm were obtained for GQDs in aqueous solution (Table 1). In
comparison, IAPP carried a net charge of +36.8 mV at neutral pH, according to our previous

publication.[33]

13
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For all experiments involving the interactions between IAPP and GQDs, the weight ratios between
the two species were fixed at 1:5, 1:3.75 and 1:2.5, to accommodate the varying instrument
resolution used for this study. TEM imaging was utilized for direct visualization of the mesoscopic
properties of IAPP fibrillization in the presence and absence of GQDs. For IAPP control, straight
and long fibrils were clearly visible after 24 h of incubation, as shown in Figure 1. Statistical
analysis by FiberAppl3? revealed an average contour length of 2,355 + 503 nm and a persistence
length of 2,471 + 310 nm for the IAPP fibrils. To elicit maximal inhibition, GQDs were added
during the initial stage of IAPP nucleation when oligomers and protofibrils were actively
forming.[*?1 Here, fresh IAPP monomers were pre-incubated with GQDs, and considerably shorter
and softer fibrils than those in the control were visible under TEM after 24 h. An average contour
length of 359 + 141 nm and a persistence length of 447 + 175 nm for IAPP were obtained, based
on FiberApp analysis (Figure 1d). IAPP was bundled in clusters and adsorbed by GQDs (Figure
1b&c). No such phenomenon occurred when IAPP was pre-incubated with large graphene oxide

sheets (GO), wherein only the physical adsorption of IAPP on the GO surfaces was observed.!*!]

To further evaluate the association between GQDs and IAPP, the fluorescence intensities of GQDs
pre-incubated with IAPP at progressively increasing concentrations were quantified. At fixed
excitation (355 nm) and GQD concentration (500 pg/mL), the peak emission fluorescence intensity
of GQDs at 450 nm decreased linearly (R?=0.9646) with increasing IAPP concentrations (Figure
2a; IAPP control in Figure S3), similarly to the observation made for the detection of monomeric
amyloid beta by GQDs.[*!] This phenomenon can be explained by the intercalation of GQDs into
IAPP protofibrils and fibrils during aggregation (Figure 1b&c), and therefore a perturbed local
environment of the nanostructure for fluorescence emission, via hydrogen bonding, electrostatic

and hydrophobic interactions between the GQDs and the amyloidogenic region of the cationic

14
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IAPP.

A ThT fluorescence assay was performed to examine how GQDs interfered with the kinetics of
IAPP aggregation. ThT is a fluorescence dye which has high affinity for the B sheets of amyloid
proteins, including IAPP. As IAPP fibrillated in an aqueous environment, ThT bound to IAPP and
its fluorescence intensity excited at 440 nm exhibited a sigmoidal curve to indicate the processes
of nucleation, elongation and saturation. Upon addition of GQDs of different concentrations, IAPP
fibrillization was drastically suppressed, evidently from a prolonged elongation phase coupled with
much reduced ThT fluorescence in the nucleation phase up to the saturation phase (Figure 2b;
controls of IAPP, ThT dye and GQDs see Figures S4&S5), with a downward linear relationship
between ThT fluorescence intensity and GQD concentration (R* = 0.9946) observed in the
saturation phase. In accordance with the ThT assay, CD spectroscopy and analysis revealed a high
proportion of a B-sheet content in IAPP after 12 h. IAPP pre-incubated with GQDs significantly
reduced the B-sheet content, shifting that to a a-helix- and random coil-rich conformation (Figure

3a&3b). The B-sheet composition of IAPP decreased with increasing GQD concentration.

To investigate the inhibition effect of GQDs on IAPP aggregation at the molecular level, all-atom
DMD simulations!*3] were performed. Specifically, the structure and dynamics of IAPP monomer
and dimer were characterized in the absence or presence of GQDs (structure configurations of
GQD and IAPP see Figure S6). DMD simulations have been widely used to study protein folding
and aggregation3® 4471 due to their high computational efficiency and predictive power. An
isolated IAPP monomer mainly adopted random coil and helical conformations (Figure 4a-b and
Figure S7), where residues 8-15 assumed helices (Figure 4b and Figure S7) as previously observed
by solution NMR*8] and 2D IR, A transient B-hairpin-like structure was also observed around
residues 16-20 and 24-28, in agreement with previous computational studies.[>% 311 In the presence

15
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of a GQD, the IAPP monomer was absorbed onto the nanosheet surface, and the nano-bio
interaction rendered the ordered helical and B-sheet structures of IAPP into random coils (Figure
S7). As illustrated by snapshots and binding dynamics of a typical simulation trajectory (Figure
4c), the peptide first partially bound to the GQD surface with the N-terminal helix remained intact.
Due to thermodynamic fluctuations, the helix underwent transient partial-unfolding (e.g., during
the first 100 ns of the particular trajectory), and became completely unfolded and fully absorbed
onto the GQD surface with the Ca atoms of all residues located within 6 A to the nanosheet after
100 ns. As exemplified by an equilibrium structure of the GQD-IAPP monomer complex in Figure
4d, the hydrophilic and hydrophobic residues of IAPP were partitioned onto oxidated and non-
oxidated regions of the GQD, respectively. The positively charged residues (e.g. Argll) in IAPP
formed salt-bridges with the carboxyl acids, and polar residues made extensive hydrogen bond
interactions with the epoxide, carbonyl and hydroxyl groups of the GQD.[*?] Hence, the strong
binding between IAPP and GQD was driven by a combination of hydrophobic interactions,
aromatic stacking (e.g. Phel5, Phe23 and Tyr37), hydrogen bonds and electrostatics, subsequently

reducing ordered protein secondary structures.

To investigate the effect of GQDs on IAPP self-association, an IAPP dimer in the absence or
presence of a GQD was simulated. Compared to IAPP monomer, the B-sheet content of an IAPP
dimer in the absence of the GQD was doubled from ~2.5% to ~5.1% (Figure 5a). Similar to the
case of an IAPP monomer, binding with GQD effectively induced unfolding of the ordered helix
and B-sheet structures in the IAPP dimer. We also computed the residue-wise contact frequency
maps for both intra- and inter-peptides (lower and upper diagonals in Figure 5c). The intra-chain
contact pattern along the diagonal in the N-termini of the IAPP dimer in the absence of GQD

denotes formation of helices (Figure 5a), and the intra-chain contact pattern perpendicular to the

16
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diagonal between residues 16-20 and 24-28 reflects formation of a B-hairpin like structure (Figure
5¢). Inter-peptide interactions were mainly located around residues 8-18 and 22-28, indicating that
these regions were hot-spots for IAPP self-association, consistent with previous experimentall>3]
and computational studies.l**! In the presence of the GQD, both intra- and inter-chain interactions
were significantly reduced (Figure 5c), since IAPP peptides preferred to interact with the GQD
instead of with themselves (intra-chain) and each other (inter-chain). As shown by coarse-grained
simulations,!33! strong interactions between proteins and nanoparticles inhibited amyloid

aggregation.

To probe the conformational properties of IAPP dimer in the absence and presence of the GQD,
we computed the potential of mean force (PMF, the effect free energy landscape) as a function of
the total number of hydrogen bonds formed among peptide backbones and the radius of gyration
(Rg) of the IAPP dimer (Figure 5d). In the absence of the GQD, the PMF of the IAPP dimer featured
a single basin with the number of backbone hydrogen bonds featured at 15~25 and Rg at 1.3~1.8
nm. Typical snapshots near the free energy surface basin indicate that the IAPP dimer in the
absence of the GQD contained significant helical and B-sheet structures. Previous experimental
studies suggested that helical intermediates might be important for IAPP aggregation,% 331 while
ion mobility mass spectrometry (IMS-MS) combined with molecular simulations showed that an
ordered B-hairpin structure was a possible amyloidogenic precursor of IAPP aggregation.[>] Our
observation of the co-existence of both helix and B-hairpin conformations in the IAPP dimer was
consistent with these seemingly contradicting experiments, and revealed that both types of
conformations were present in the IAPP aggregation intermediates. With GQD, the free energy
basin of the IAPP dimer became narrower possessing a significantly smaller number of backbone

hydrogen bonds at ~5-10, corresponding to IAPP mainly adopting unstructured conformation on

17
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the GQD surface (Figure 5d). Taken together, the DMD simulations revealed that strong
interactions between the amphiphilic GQD and IAPP rendered unstructured coils and impeded the

self-association of IAPP, in agreement with our biophysical characterizations.

To enable amyloidosis inhibition of GQDs, a viability assay was performed using a BTC 6
pancreatic beta cell line (Figure 6). GQDs at concentrations up to 400 pg/mL elicited a low rate of
cell death (>80% cell viability), while at 200 pug/mL, a minimal rate of cell death (~90% cell
viability). In comparison, IAPP induced significant cytotoxicity (~50% cell death), and TAPP pre-
incubated with GQDs elicited much lower toxicity (<30%) in comparison, indicating the capability

of GQDs in mitigating IAPP toxicity in vitro.

Research on amyloidosis mitigation has so far been conducted mostly in vitro or ex vivo in the
literature.[!] In this study, the efficacy of GQDs in rescuing the toxicity of IAPP was assessed using
an embryonic zebrafish model. The zebrafish model is commonly employed as a facile, high-
throughput in vivo model in the fields of nanotoxicology and pharmaceutical sciences,?® 3738 and
has recently been validated for amyloidosis research.?%- 3% 601 However, the conventional method
of testing the toxicity of materials by direct exposure to zebrafish embryos in buffer imposes
limitations for the study of amyloidosis with nanomaterial inhibitors. For example, the protective
chorionic membranes of fresh zebrafish embryos can hinder the penetration of large proportion of
external nanomaterials, which may render an overestimate of toxic concentrations. In addition,
consumption of large quantities of expensive amyloid proteins is required in direct exposure. Here,
we employed a microinjection method to circumvent the above drawbacks. Upon microinjection
into the yolk, GQDs or IAPP directly interacted with the yolk and diffused into the cells of embryos

to render, if any, toxic effects on the development of embryos into larvae.

18

Page 18 of 34



Page 19 of 34

Nanoscale

The hatching rate of zebrafish embryos is a major indicator of toxicity. Normally, zebrafish
embryos can hatch into larvae by 72 h post fertilization (hpf). The embryos that are hatched later
than 72 hpf are considered delayed. Here the development of embryos was observed under a bright-
field microscope (Figure S8). The toxic effect of IAPP caused significantly delayed hatching of the
embryos even at 10 uM of IAPP at 72 hpf (Figure S9). In addition, low concentrations of GQDs
(<150 pg/mL) elicited a minor effect on zebrafish hatching (hatching rate > 80%). Next, IAPP (10
uM) was pre-incubated with GQDs at 200, 150 and 100 pg/mL (weight ratios same as with in vitro
experiments), respectively, and it was observed that the hatching rate more than doubled for those
pre-incubated with GQDs. Specifically, GQDs at 150 pg/mL resulted in the highest improvement
in hatching rate when pre-incubated with IAPP (Figure 7b). Concordantly, the malformation rate
of larvae induced by IAPP preincubated with GQDs at 72 hpf was significantly lower in
comparison with IAPP alone. Malformation was observed during different stages of embryonic
development and images were taken under a bright-field microscope to record the morphology and
health status of embryos and larvae. Most embryos failed to hatch upon IAPP microinjection. For
those that did develop into larvae, the most common abnormalities were tail deformity and swollen
yolk sac (yolk sac edema) caused by the toxicity originated from IAPP fibrillization. Interestingly,
GQDs significantly reduced deformity in larvae caused by IAPP (Figure 7a-b). To further
characterize the toxicity profiles of IAPP and GQDs, the mortality rate of zebrafish larvae at 120
hpf was determined and the result was consistent with that of hatching and malformation, wherein
IAPP toxicity was greatly alleviated by the addition of GQDs (Figure 7b). An ROS assay was
performed to measure oxidative stress occurring inside zebrafish embryos. H,DCFDA dye, which
can be converted to highly fluorescent DCF upon oxidation, was mixed with I[APP monomers

immediately before microinjection into the chorionic fluids of embryos. Consistent with the in vivo
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toxicity assay, a significant reduction of DCF fluorescence was observed, indicating a considerable

decrease of ROS production when IAPP was pre-incubated with GQDs (Figure 7c¢).

Fluorescence imaging was performed to visualize IAPP fibrillization inside zebrafish embryos and
in early developing larvae. ThT was employed as a B-sheet content indicator, and was injected
together with IAPP, GQDs or IAPP pre-incubated with GQDs, into the yolk of embryos. After
binding onto IAPP during the fibrillization process, ThT fluorescence was observed in the GFP
channel at 0.5, 4, 24, 48 and 72 hpf, respectively. The fluorescence of ThT resulting from binding
to IAPP fibrils was clearly visible inside the embryos from 24 hpf. Minimal fluorescence was
observed when ThT was injected alone or together with GQDs. In addition, when TAPP was pre-
incubated with GQDs, ThT fluorescence was not observed under the same settings mainly due to
the inhibitory effect of IAPP fibrillization by GQDs, indicating that considerably less fibrils and
other B sheet-rich structures were present due to the effective mitigation of IAPP aggregation by

the nanostructures (Figure S10).

Conclusion

As-prepared GQDs, as well as GQDs doped with nitrogen and fluorinel?>-27- 421 for biological and
sensing purposes, have recently found applications in the field of amyloidosis, demonstrating
various degrees of efficacy in inhibiting the aggregation and toxicity of functional and pathogenic
proteins.[13-26:27] For these applications, electrostatic and hydrophobic interactions with the GQDs
have been mainly attributed to the prevention or retardation of protein structural conversions from
functional monomeric states to toxic intermediates and B-sheet rich amyloid fibrils. In the present

study, strong binding between IAPP and the amphiphilic GQDs - governed by the combination of
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hydrophobic interactions, aromatic stacking, hydrogen bonds and salt-bridges - converted co-
existing helix and B-hairpin conformations in the peptides to random coils, impeding their self-
assembly as manifested by a reduced number of H-bonds between the peptide backbones,
thermodynamic shrinkages of their Rg values, and loss of conformational flexibility with narrower
PMF basins. It is interesting to note that strong association between GQDs and IAPP induced both
quenching of the nanostructure autofluorescence and reduction of the B-sheet content in the peptide
in a dose-dependent manner, while inhibited IAPP toxicity in zebrafish embryos which also
contained zebrafish hatching enzyme 1 (ZHE1), glycoprotein subunits, and different forms of
metabolites during embryonic development.[®!- ©21 This GQD-IAPP association in the embryonic
environment may be attributed to their high affinity at psychological pH, which prohibited IAPP
toxicity in vivo and rescued zebrafish from impaired hatching, malformation, mortality, as well as
ROS production elicited by IAPP from the embryonic to the larval stage. This robust inhibiting
potential of GQDs against peptide aggregation and toxicity, coupled with their known
biocompatibility and small sizes, points to their potential as a nanomedicine for the in vivo

mitigation of a range of amyloidosis.

Electronic Supplementary Information (ESI): Figures S1-S10 on XPS, TEM, AFM, EDX and
auto-fluorescence characterizations of GQDs, fluorescence controls, ThT controls, raw CD spectra,
GQD and TAPP configurations, monomeric IAPP secondary structure w/o a GQD, examples of

microinjection, zebrafish development and IAPP-impaired hatching, as well as fluorescence

imaging of ThT-labeled IAPP w/o GQDs.
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Figures and Captions
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Figure 1. (a-c) TEM images of IAPP and IAPP pre-incubated with GQDs for 24 h and (d) their
respective contour length and persistence length. IAPP concentration: 25 uM. GQD concentration:

500 pg/mL.
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Figure 2. (a) Quenching of GQD fluorescence at increasing IAPP concentrations. GQD
concentration: 500 ug/mL. Excitation wavelength: 355 nm. Right panel: A linear (R = 0.9646)
reduction of GQD fluorescence with increased IAPP concentration at emission wavelength of 450
nm. (b) ThT kinetic assay of IAPP fibrillization in the presence and absence of GQDs. IAPP
concentration: 25 uM. Right panel: A linear (R? = 0.9946) reduction of ThT fluorescence in the

saturation phase (points selected at 13 h) with increased GQD concentration is evident.
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Figure 3. (a) Secondary structure (a-helix, B-sheet and random coil) compositions of IAPP (50

uM) at 0 and 12 h and GQDs (500, 750 and 1000 pg/mL) pre-incubated IAPP at 12 h. (b) CD

spectra of IAPP at 0 and 12 h as well as GQDs pre-incubated with IAPP at 12 h.
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Figure 4. Effects of GQDs on the structure and dynamics of IAPP monomer. (a) Secondary
structure contents of IAPP monomer in the absence and presence of a GQD. (b) A representative
IAPP monomer solution structure in DMD simulations. (¢) Time evolution of each residue’s
distance to the GQD (Ca atom was used in calculation) and secondary structure from a typical
DMD simulation trajectory. Snapshots of an IAPP-GQD complex at 3, 50, and 100 ns are shown
for the given simulation trajectory. (d) A typical GQD-IAPP monomer binding structure, randomly
selected from equilibrated DMD simulations, in side (upper) and top (lower) views. The hydrogen
bonds between the IAPP monomer and the GQD are shown as orange dots, while the hydrophobic

and polar/charged residues are colored in grey and green, respectively.
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Figure 5. Effects of GQDs on the structure and dynamics of an IAPP dimer. Average secondary
structure contents (a) as well as secondary structure propensities per residue (b) were computed for
the TAPP dimer in the absence and presence of GQD. (c) The intra- and inter-chain contact
frequency maps of the IAPP dimer. The changes of IAPP contact frequencies upon binding of GQD
are presented. (d) The potential mean force (PMF) of the IAPP dimer (top left) or IAPP dimer+
GQD (bottom left) is shown on the left as a function of the total number of hydrogen bonds (Num.
Hbond) and radius of gyration (Rg, nm). Three snapshots of the IAPP dimer (top right) or IAPP

dimer+GQD (bottom right) near the corresponding free energy basins (the coordinates labelled in
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the PMF on the left are given in the parentheses on the right).
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Figure 6. BTC 6 pancreatic beta cell viability determined by alamarBlue after treatment of GQDs
(200, 300 and 400 pg/mL) and IAPP alone (20 uM) as well as GQDs pre-incubated IAPP. (ns: P

>0.05, *: P <0.05 and **: P <0.01)
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Figure 7. (a) Bright-field imaging of abnormality upon IAPP microinjection into the yolk of
embryos and mitigation of toxicity by pre-incubating IAPP with GQDs. (b) Percentage hatching,
malformation and mortality of zebrafish embryos upon microinjection of GQDs (100, 150 and 200
pg/mL) and IAPP (10 uM) alone as well as IAPP pre-incubated with GQDs. Holtfreter’s buffer
solution was used as control. (¢c) ROS generation characterized by DCF fluorescence. (ns: P >0.05,

*: P <0.05 and **: P <0.01). Scale bar: 500 pm.
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Table 1. Zeta potentials and hydrodynamic sizes of GQDs in Milli-Q water and H buffer.

Nanomaterials /eta potential (mV)  Hydrodynamic size (nm) PDI
GQDs in Milli-Q water -20.6 + 0.4 18.3+22 0.3+0.0
GQDs in H buffer -10.4: 0.4 23.3 3.1 0.2:0.0

Table of Content Figure

Injected with
I1APP

Injected with
IAPP + GQD

Graphene quantum dots are biocompatible zero-dimensional nanostructures, which displayed a

potency in rescuing zebrafish embryos from the toxicity of human islet amyloid polypeptide.
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