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Development of NIAD-4 derivatives for
fluorescence-based detection of protein
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Impairment of protein quality control is a critical factor in the development of neurodegenerative disorders
like Alzheimer's, Parkinson's and Huntington's disease, characterized by the accumulation of protein
aggregates. As such, detection and monitoring of protein aggregates remains a crucial area of study. In this

work, we synthesize a series of bithiophene derivatives based on a red emitting amyloid fluorophore NIAD-

4. By molecular engineering, widened Stokes shifts and spectral tuning can be achieved in these derivatives.
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Through molecular docking and aggregation assays, we demonstrate the specificity of these derivatives
towards protein fibrils over monomers and amorphous aggregates. Utilizing unbiased flow cytometry
together with a cell viability indicator, we show that derivative NIAD-CNOET facilitates the discrimination of

cells treated with and without preformed fibrils of a-synuclein, a model of the pathological hallmark of

rsc.li/sensors Parkinson's disease.

Introduction

Proteins play a crucial role in the function of a biological
system. The maintenance of protein quality is governed by
protein homeostasis (proteostasis), a complex network of
biological systems and pathways that ensure the preservation
of protein structure and function."” Disruptions in
proteostasis can arise from external stressors, such as
environmental and pharmacological perturbations, as well as
internal stressors like gene or protein mutations, abnormal
protein expression, and impairment of protein quality control
mechanisms.*® Prolonged exposure to such stressors can
overwhelm the proteostasis network, leading to the buildup
of misfolded proteins and aggregates. The formation of such
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protein aggregates is a hallmark of a multitude of diseases, in
particular neurodegenerative diseases such as Alzheimer's,
Huntington's and Parkinson's diseases.”®

Fluorescence-based techniques are commonly used for
monitoring protein conformational change and sensing the
formation of protein aggregates. A range of fluorophores have
been developed for these purposes. For example, fluorescent
molecular rotor thioflavin T (ThT) is the gold standard dye for
in vitro detection of amyloid fibrils. Its binding mechanism
and spectral properties upon interaction with protein
aggregates have been extensively studied.”' The cationic
benzothiazole group of ThT ensures excellent water solubility,
with fluorescence intensity enhancement observed only upon
binding to B-sheet-rich structures, a common characteristic of
amyloid aggregates. Despite the availability of several amyloid
dyes, few are suitable for cell-based studies. For example, ThT
bears a positive charge, leading it to accumulate in
mitochondria and G-quadruplex DNA structures, and thus
cannot specifically stain protein aggregates in a cellular
environment."> Other fluorescence-based dyes, such as
fluorescent molecular rotors and structures containing styryl
or cationic groups, as well as derivatized BODIPY
fluorophores, have been employed for staining protein
aggregates in vitro, in mouse models, or in brain sections.’*>?
Interestingly, several molecular rotors have also been reported
to target and stain amorphous aggregates in cells.**™°
However, fluorophores for specifically reporting amyloid
fibrils in complex cellular environments are still rare.
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A milestone dye, NIAD-4, with a classic electron donor-
acceptor structure was used for near-infrared (NIR) imaging
of amyloid deposits in brain. It exhibited a remarkable
binding affinity with a K; of 10 nM (in contrast to ThT, K; =
580 nM) and showed an approximate 400-fold increase in
fluorescence intensity upon binding to B-amyloid
aggregates.”” An example of cell staining based on fixed cells
with permeant cell membranes was demonstrated in a study
investigating the influence of protein aggregates on
cytoplasmic nuclear transport within the cell.?®

In this study, we proposed a series of NIAD-4 derivatives
and examine their performance in direct comparison to the
parent compound upon binding to protein aggregates in vitro
and in cells (Fig. 1A). Computational methods were used to
aid in fluorophore design and supporting study of dye-
protein aggregate interactions. Our efforts were focused on
attempts in improving sensitivity and functionality of NIAD-
4. Ethyl cyanoacetate was chosen due to ester functionality to
allow for different chemical structure and subsequent
interactions with protein aggregates. Two structures with an
additional vinyl bridge between the electron donor and
acceptor structures were also proposed. We found NIAD-
CNOET exhibited considerable specificity towards amyloid
protein fibrils like NIAD-4 and further demonstrated its
application in discriminating live cells with and without
exposure to preformed fibrils (PFFs) of a-synuclein (o-syn), a
model for Parkinson's disease and other synucleinopathies,
using high-throughput flow cytometry.
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Fig. 1 (A) Chemical structures of NIAD-4 and derivatives used in this

study. Comparison of (B) normalized absorbance and (C) emission
spectra of all dyes measured in DMSO. Excitation wavelength of 488
nm used for NIAD-4, NIAD-CNOET, and ASC-NIAD and 405 nm used
for ASV-NIAD. Dye concentration was 10 uM for all measurements.
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Experimental section

Chemical synthesis and characterization

Materials. Ethyl cyanoacetate, malononitrile,
N-bromosuccinimide, piperidine were obtained from Sigma
Aldrich. 2,2'-Bithiophene was obtained from Matrix Scientific.
Ammonium acetate, ammonium chloride, magnesium
sulfate, potassium carbonate, sodium acetate and sodium
hydroxide were obtained (Chem-supply). Glacial acetic acid
and phosphorus oxychloride were obtained from Ajax.
4-Hydroxyphenylboronic acid was obtained from boron
molecular. Pd(PPh);Cl, were obtained from AK Scientific.
Hexanes refer to the fraction of boiling point range 40-60 °C.
Flash chromatography was carried out on silica gel (Merck
Kieselgel 60 (230-400 mesh)) under pressure of nitrogen. For
biological experiments, materials were obtained from Sigma
Aldrich or Thermo Scientific.

Chemical synthesis. Details of the chemical synthesis
procedures and structure characterization are shown in the
(ESIY).

Synthesis characterization. "H (400 MHz or 500 MHz) &
3C NMR (101 MHz, 126 MHz) spectra were acquired on
Agilent MR400 or Agilent DD2 instrument. The chemical shift
data for each signal are given as J. High-resolution mass
spectra were acquired using a Thermo Scientific Q Exactive
Plus Orbitrap LC-MS/MS instrument.

X-ray diffraction experiments. Single crystals of NIAD-
CNOET for crystal structure determination were grown by
using DMF and diethylether as a co-solvent. X-ray diffraction
intensity data for NIAD-CNOET were collected with a Rigaku
Synergy diffractometer using either Cu-Ka radiation with the
temperature during data collection maintained at 100.0(1) K
using an Oxford Cryosystems cooling device. The structures
were solved by direct methods and difference Fourier
synthesis.>® Thermal ellipsoid plots were generated using the
program Mercury integrated within the WINGX suite of
programs.’®*' Data has been deposited at the CSD and
assigned the CCDC deposit code: 2234385.

Photophysical ~ characterization. Absorbance and
fluorescence spectra were obtained on a Cary 300 UV-vis
spectrometer and Cary Eclipse fluorimeter (Agilent
Technologies Inc., Santa Clara, CA, USA), respectively. Data

were plotted wusing Origin 2018 (OriginLab Corp.,
Northampton, MA, USA).
DFT calculations. Density functional theory (DFT)

calculations were carried out using B3LYP/6-31+g(d,p) with
Gaussian16, using the University of Melbourne HPC system,
Spartan, for all calculations. Visualization of structures were
done using Avogadro 1.20 and GaussView 5.0.>> No negative
frequencies for optimized structures were observed.
Molecular  docking experiments. The optimized
fluorophore ligand structures were obtained from the DFT
calculations previously completed at the B3LYP/6-31+g(d,p)
level. Receptor protein structures were obtained from the
RCSB protein database with the corresponding PDB ID shown
in individual figures. Ligand structures were further prepared

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by removal of nonpolar hydrogens. Receptor structures were
prepared by removal of solvent, non-native small molecules,
and metal ions, with nonpolar hydrogens removed followed
by addition of Kollman charges. The ligand was treated as
flexible while protein structure was rigid. The Lamarckian
genetic algorithm (LGA) approach, along with a blind
docking strategy, were used to obtain 500 docking poses
giving a population of bound poses and energy distributions
of binding sites. Gridboxes were set for each protein
respectively with 0.2 A spacing. Molecular docking was
performed using AutoDock 4.2.6 and visualized with USCF
Chimera software.

Monomeric and aggregated a-synuclein production

Transformation of BL21 (DE3) competent Escherichia coli
(E. coli) cells. BL21 E. coli (DE3) competent cells (Thermo
Scientific) were thawed on ice and subsequently incubated
with a pET 23a’ vector containing the wild type (WT) a-syn
sequence on ice with periodic agitation. Subsequently cells
were then exposed to heat shock for 45 s and then returned
to ice for 1 min. Cells were then added to 500 uM of Luria-
Bertani (LB), incubated for 1 h at 37 °C, 200 rpm. After
centrifugation, some of the supernatant was removed and the
remaining reaction was added to an agar plate containing the
selectable marker ampicillin (VWR). Agar plates were
incubated at 37 °C for 24 h and colonies were observed.

Expression and purification of protein. Single colonies
were introduced into liquid starter cultures containing LB
media and ampicillin (VWR). Liquid starter cultures were left
shaking overnight at 200 rpm, 37 °C. 10 ml of the liquid
starter culture was introduced into 4-10 1 L autoinduction
media (Formedium). These were left shaking at 200 rpm and
37 °C for 24 h. The autoinduction media was centrifuged at
10000 rpm, 4 °C for 20 min to retrieve bacterial cells.
Bacterial cell pellets were resuspended in lysis buffer for 30
min, with subsequent addition 1 mM EDTA. Lysed cells were
then subjected to probe sonication. After sonication, lysed
cells were then subjected to crude purification and
centrifugation steps. Further, the resulting supernatant was
put through anion exchange and size exclusion
chromatography (SEC) using the BioRad next generation
chromatography (NGC) fast protein liquid chromatography
(FPLC) system. a-syn protein was collected from FPLC
fraction collection tubes after anion exchange and SEC steps
were freeze-dried.

a-Synuclein pre-formed fibrils. Monomeric a-syn is
dissolved in 50 mM sodium phosphate buffer pH 7 to make
a stock solution of 140 pM (2 mg ml™). The protein is then
incubated with shaking in an Eppendorf thermomixer at
1000 rpm, 37 °C for 7 days. Eppendorfs containing fibrils are
then probe sonicated to produce PFFs.

Atomic force microscopy of a-syn pre-formed fibrils. Full-
length fibril samples were deposited on freshly cleaved mica
and air dried for 1 hour, followed by gentle rinsing with 100
pul CHROMASOLV™ water (Honeywell) and brief drying under

© 2025 The Author(s). Published by the Royal Society of Chemistry
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N,. A MultiMode 8 AFM, software v. 9.0, (Bruker) was
operated in intermittent contact mode or ScanAsyst™ mode
using TESPA-V2 probes (Bruker). Scans were collected at a
line rate of 0.75-1.95 Hz with amplitude setpoints between
250-400 mV and pixel densities of 128, 256 or 512. All
samples were scanned in air and images analyzed using
NanoScope Analysis v. 1.50 (Bruker). Images were first-order
plane fitted in XY to remove tilt.

Fluorescence spectroscopy. The following dyes: NIAD-4,
NIAD-CNEOT, ASV-NIAD and ASC-NIAD were used at a
concentration of 50 uM. To measure fluorescence in response
to monomeric a-syn and fibrillar a-syn, 90 uL of each dye
was mixed with 10 pL a-syn/sodium phosphate. Using a
fluorometric spectrophotometer, each mixture was measured
at the disclosed excitation and emission wavelengths for each
investigated dye.

Fluorescence aggregation kinetics. Fluorescence
aggregation kinetics data were acquired on a CLARIOstar
monochromator plate reader (BMG Labtech) in fluorescence
intensity mode. 23.4 uM (1 mg mL™") ovalbumin concentration
was used for all conditions. For fibrillous aggregates,
monomeric ovalbumin was first reduced and prepared by
incubation for 2 h at 37 °C in 10 mM ammonium acetate, 10
mM DTT, pH 6.8, before mixing and filtration with a 200 nm
cutoff filter.>* Incubation of ovalbumin at 60 °C in respective
buffers of 10 mM Ammonium Acetate, 10 mM DTT, pH 6.8 and
20 mM sodium phosphate, pH 7.4 gave fibrillous and
amorphous aggregates respectively. 10 uM dye concentration
was used for all conditions.

For the discontinuous kinetic assay, monomeric o-syn was
dissolved in 50 mM sodium phosphate at a concentration of
140 uM (2 mg mL™") in 1.5 mL Eppendorf tubes. The tubes
were incubated in an Eppendorf Thermomixer at 1000 rpm,
37 °C. 180 pL each dye was mixed with 20 puL of a-syn at the
stated time points. 50 uM final dye concentration was used
for all time points.

Cell culture

HeLa cells. HeLa cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM, Life Technologies, catalog
number: 11965118) supplemented with 10% fetal bovine
serum (Corning, Australia origin, catalog number: 35-076-CV)
at 37 °C in 5% CO, air with humidification.

SH-SY5Y cells. SH-SY5Y human  dopaminergic
neuroblastoma cells derived from the thrice-cloned sub-line
of the bone marrow biopsy derived line SK-N-SH (European
Collection of Authenticated Cell Cultures, UK) were
maintained and cultured at 37 °C and 5% CO, in Gibco™
DMEM, high glucose, GlutaMAX™ (Gibco). The medium was
supplemented with 10% (v/v) foetal bovine serum (Gibco)
and 1% (v/v) penicillin-streptomycin (Pen-Strep) (Gibco). The
sub-culturing of SH-SY5Y cells involved cells being washed in
Dulbecco’'s phosphate-buffered saline (Gibco). Subsequently,
SH-SY5Y cells were detached from the surface of culture
flasks using Trypsin-EDTA (0.25%) (Gibco) and inactivated
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using DMEM GlutaMAX™ (10% FBS, 1% Pen-Strep). Cells
were centrifuged at 1000 rpm for 5 min and the remaining
supernatant was removed. The cell pellet was resuspended in
DMEM GlutaMAX™ (10% FBS, 1% Pen-Strep) and
maintained at 37 °C and 5% CO.,.

Cell viability. 2 x 10° cells were plated onto 96-well plates
24 h prior to dye application. CLARIOstar monochromator
plate reader (BMG Labtech) in fluorescence intensity mode
with excitation at 560/15 nm and emission at 590/20 nm was
used to assess cell viability using Alamar blue assay (Thermo
Fisher Scientific, catalog number: DAL1025).

Cell staining and imaging. All dyes were dissolved in
DMSO as 5 mM. Stock solution of dyes were kept at —20 °C in
the dark. HeLa cells (1.5 x 10*) were plated on an ibidi uSlide
8 Well, ibiTreat (ibidi, catalog number: 80826-90) for fixed
cell. Plated cells were treated with freshly diluted dye (1 uM)
for 30 min at 37 °C and subsequently washed. Cells were
fixed on plate with 4% (w/v) paraformaldehyde (PFA) in PBS
for 15 min at room temperature.

After staining, cells fixed with 4% (w/v)
paraformaldehyde in PBS for 15 min at room temperature.
Images were acquired on a Zeiss LSM 880 microscope using a
63% objective lens. For image acquisition, the pixel frame size
was set at 512 x 512 and the pixel dwell time was 32.7 ps. For
cell uptake and retention experiments, NIAD-4, NIAD-CNOET
and ASC-NIAD (excitation: 488 nm; emission: 550-650 nm)
with 0.5% laser power and ASV-NIAD (excitation: 405 nmy;
emission 550-650 nm) with 1.0% laser power was used.

SH-SY5Y cells (0.5 x 10°) were plated on coverslips within
an Nunclon™ Delta Surface 24-well plate (ThermoFisher
Scientific, catalog number: 142475). Cells were stained with
the NIAD-CNEOT dye (1 pM) for 30 min at 37 °C, 5% CO,,
then washed with PBS. After staining, cells were fixed with
ice-cold methanol for 15 min at —20 °C. Images were acquired
on a Zeiss LSM 800 microscope using a 63x objective lens.
The pixel frame size was set at 1437 x 1437 (optimal presets)
and the pixel dwell time was 0.73 us (scan speed 28.43 s). To
assess intracellular aggregation after PFF treatment, NIAD-
CNEOT (excitation: 488 nm; emission: 550-650 nm) with
0.2% laser power was used.

Flow cytometry. SH-SY5Y cells were seeded in 12-well plates
at a density of 150 000 cells and maintained overnight at 37 °C
and 5% CO, in DMEM, high glucose, GlutaMAX™ (Gibco). The
medium was supplemented with 10% (v/v) FBS (Gibco) and 1%
(v/v) Pen-Strep (Gibco). The next day cells were treated with
monomeric or fibrillar a-syn (10% v/v) by adding the a-syn/
sodium phosphate mixture to the cell culture medium and
maintained at 37 °C and 5% CO, for 24 h. Cells were washed
in Gibco™ Dulbecco's phosphate-buffered saline (DPBS) and
then stained with 10 uM NIAD-4 or NIAD-CNEOT for 30 min at
37 °C and 5% CO,. Cells were washed in DPBS (Gibco) and
subsequently detached from the surface of culture flasks using
Trypsin-EDTA (0.25%) (Gibco) and inactivated using DMEM
GlutaMAX™ (10% FBS, 1% Pen-Strep). Cells were centrifuged
at 1000 rpm for 5 min and the remaining supernatant was
removed and the cell pellet was resuspended in DPBS. 1 uM

were
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SYTOX® Blue Dead Cell Stain/DMSO solution was incubated in
cell suspension for 10 min. Cell suspension samples were
analysed using CytoFLEX flow cytometer (Beckman). Analysis
of data was conducted using FlowJo™ software. The gating
and analysis strategies are shown in the ESIT (Fig. S24 & S25).
Statistical analysis on population of cells was done using 1-way
ANOVA and Tukey test.

Results and discussion

NIAD-4 and derivatives were synthesized according to
synthetic routes shown in Scheme S1 and S2 in the ESL} In
brief, the formation of the primary bithiophene core with
aldehyde 1 occurred through a Vilsmeier-Haack reaction.
Subsequent bromination with N-bromosuccinimide (NBS)
gave bifunctionalized 2 in good yield. To access NIAD-4 and
NIAD-CNOET, a palladium catalyzed Suzuki reaction was
carried out to first give intermediate 3 in good yield. Finally,
Knoevenagel condensation with respective coupling partners
and conditions gave NIAD-4 and NIAD-CNOET in fair yield
(Scheme S1t). Aldol condensation of bifunctionalized
bithiophene core 2 with acetone installed our extended vinyl
group, giving intermediate 4. Subsequent palladium catalyzed
Suzuki cross coupling with 4 was then carried out in good
yield, giving ASV-NIAD. Knoevenagel condensation with
malononitrile on ASV-NIAD then gave ASC-NIAD in fair yields
(Scheme S27t). Synthetic characterization was carried out on
molecules using "H, "*C NMR spectroscopy and HRMS. X-ray
diffraction crystallography further confirmed the structure of
the final product NIAD-CNOET (Fig. S1, Table S17).

The absorbances measured in different solvents showed
that apart from ASV-NIAD (408-424 nm), NIAD-4 and its
derivatives exhibit very similar absorbance characteristics,
with the absorbance maxima in the range of 455-496 nm
(Fig. 1B). When comparing the absorbance maxima for each
dye, we observed increasing red-shift of absorbance spectra
in the order of ASV-NIAD, NIAD-CNOET, NIAD-4 and ASC-
NIAD, which we attributed to the degree of conjugation as
well as the strength of electron acceptor groups in the
respective molecule structure, with the trend in agreement
with DFT calculations (Fig. S21). Furthermore, the emission
maxima of the four dyes in DMSO also followed the same
trend, with ASV-NIAD at the shortest wavelength 570 nm and
ASC-NIAD at the longest wavelength 698 nm (Fig. 1C).

We next investigated the solvent effects on the
photophysics of all dyes. Across different solvents, we
observed minimal shifts in absorbance maxima for all dyes
(Fig. S37), except when measured in aqueous phosphate
buffer (PBS). In this case, we attributed to water being a poor
solvent and subsequent dye self-aggregation effects. In
agreement with the absorption results, weak emission was
observed in PBS, attributing to fluorescence quenching
resulting from dye self-aggregation. Fluorescence intensity
measurements in various solvents other than aqueous
solvents revealed a positive correlation between solvent
polarity and shifts towards longer wavelengths. More specific,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depending on solvent polarity, emission spectra maxima for
ASV-NIAD ranged from 524-599 nm and NIAD-4 and NIAD-
CNOET exhibited similar spectral properties, with emission
spectra maxima of 575-640 nm and 560-625 nm respectively.
ASC-NIAD with the greatest conjugation and strong electron
acceptor had an emission spectra maximum ranging from
600-692 nm (Fig. S4t).

DFT calculations showed similar HOMO and LUMO
distributions (Fig. S21). In all cases, the HOMO was centered
around the electron donor hydroxyl moiety and electron rich
bithiophene, while the LUMO was more centered on the
electron acceptor dicyano, ethyl cyanoacetate and
methylacetone groups for the respective derivatives. Smaller
energy gaps were obtained from our -calculations for
structures containing the stronger electron acceptor dicyano
group as compared to ethyl cyanoacetate and methylacetone.
Furthermore, by comparing NIAD-4 with ASC-NIAD, we
observed that extension of conjugation by vinyl groups
further reduced HOMO-LUMO energy gap, which was also
observed in the spectra of ASC-NIAD with larger Stokes shift.
This provides an accessible method for modulating Stokes
shift of fluorophores. Notably, all dyes exhibited a large
Stokes shift, which can impart better sensitivity towards our
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We then conducted molecular docking experiments to
better understand the binding poses and affinity of our
fluorophores for binding sites on a series of protein
fibrillar aggregates. Due to the complex structure of
protein aggregates, as well as a multitude of possible
binding sites, we used a blind docking approach on
solved protein amyloid structures with structural data
acquired by X-ray diffraction crystallography, NMR or
electron microscopy experiments. The protein structures
chosen were based off amyloid beta (AB) 1-42 and 1-40
and o-syn oligomers and aggregates. This approach
enabled us to estimate dye performance and binding
through calculated binding free energies.

Some general observations could be made for our dyes
and the binding sites on all proteins with our in silico
molecular docking experiments. The results suggested that
extension of dye structure, as seen with ASC-NIAD, lowered
binding energies toward protein aggregates and thus could
improve binding performance. All dyes exhibited similar
binding profiles and performance with NIAD-4. Furthermore,
dyes were observed to have preferential binding to sites
perpendicular to the protein backbone of ordered protein
aggregates, suggesting that the planarity of the structures

biomolecules of interest, through minimizing spectral plays a crucial role in targeting these binding sites (Fig. 2,
overlap with other common fluorophores. S5-S167). The results highlight that molecular docking is a
B 7 O NIAD4
- v O NIAD-CNOET
= . 5 -8le A ASC-NIAD
o -84 2
& e ] VvV ASV-NIAD
b= U= o1
2g 28 . v Binding Site
5% 9 23 LA .
£8 . . B 0] & mA mF
I:CD = - oy - = - Y mB mG
3 .10_1.X H i mC mH
= e : S 3 =D 1
2 “ 4 E mJ
-1 -12 T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Docking Pose Population (%) Docking Pose Population (%)
Cc
NIAD4 A B C D E F G H 1 J
No. of Poses 21 304 8 18 108 - - - 39 2
Population (%) 4.2 60.8 1.6 36 216 - - - 7.8 0.4
Lowest Binding Energy -10.64 -9.71 -9.87 -9.88 -10.31 - - - -9.65 -8.65
Mean Binding Energy  -10.33 -948 -955 -9.77 -10.01 - - - -9.54 -8.65
SD 0.30 0.14 0.34 0.13 0.25 - - - 0.14 0.01
NIAD-CNOET A B Cc D E F G H I J
No. of Poses 4 360 6 3 86 6 1 30 - 1
Population (%) 0.8 720 1.2 0.6 17.2 1.2 0.2 6.0 - 0.2
Lowest Binding Energy -10.07 -9.90 -10.26 -9.23 -10.58 -7.91 -8.68 -9.99 - -8.09
Mean Binding Energy 991 941 -994 920 -994 -7.72 -868 -9.67 - -8.09
SD 0.16 0.20 0.34 0.05 0.50 0.13 - 0.25 - -
ASC-NIAD A B C D E F G H | J
No. of Poses 5 324 7 7 19 2 - 36 - -
Population (%) 1.0 64.8 14 14 23.8 04 7.2 - -
Lowest Binding Energy -10.86 -11.44 -11.47 -11.01 -11.50 -10.82 - -10.83 - -
Mean Binding Energy ~ -10.55 -10.35 -9.99 -10.33 -10.40 -10.61 - -1015 - -
SD 0.25 0.49 0.83 0.47 0.47 0.30 - 0.41 - -
ASV-NIAD A B C D E F G H I J
No. of Poses 37 219 69 16 106 - - 50 2 1
Population (%) 74 438 13.8 3.2 21.2 - - 10.0 0.4 0.2
Lowest Binding Energy -10.41 -9.08 -9.58 -9.68 -9.90 - - -966 -8.21 -7.48
Mean Binding Energy  -10.01 -886 -9.39 -955 -9.71 - - -956 -8.19 -7.48
sb 0.29 0.10 0.11 0.07 0.13 - - 0.13 0.03 -

Fig. 2 Representative image for molecular docking studies with selected protein aggregate structure of docked poses of aSyn from MSA patient
structure type 1 (PDB: 6XYO). (A) Structure of aSyn and docking sites of interest. (B and C) Summary of docking site populations, mean and lowest
binding energies. SD refers to the standard deviation. Full data are shown in Fig. S5-S16.}
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valuable tool for assisting in designing molecules for
targeting protein amyloid assemblies.

Following in silico experiments, we then moved on to test
the ability for our dye to monitor protein aggregation in vitro.
Ovalbumin was selected as the model protein system due to
its ability to form both amorphous and fibril type aggregates
under different conditions.**** We observed that ThT and all
NIAD series dyes responded to protein fibrils with greater
fluorescence intensity enhancements as compared to
amorphous aggregates (Fig. 3A-D, S18f). Apart from ASC-
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Fig. 3 Fluorescence kinetics of (A-D) ovalbumin and spectra of (E-H)
a-syn interactions for all dyes. (A and E) NIAD-4, (B and F), NIAD-
CNOET, (C and G), ASC-NIAD, (D and H), ASV-NIAD. For NIAD-4 and
NIAD-CNOET, the excitation and emission filters were 488/10 and
575/20 respectively. For ASC-NIAD, the excitation and emission filters
were 488/10 and 650/10. For ASV-NIAD, the excitation and emission
filters were 405/10 and 650/20 respectively. 10 uM dye and 1 mg mL™
ovalbumin concentration was used for all conditions. n = 4 biological
replicates. Note: for panels A-D, dye only (A) and dye only (F) refer to
the corresponding aggregation buffer conditions without ovalbumin.
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NIAD, all dyes gave minimal fluorescence intensity
enhancement for amorphous aggregates. Interestingly, we
also found that NIAD-CNOET had a different response to the
onset of amorphous aggregate formation as compared to
NIAD-4, with a minor enhancement of fluorescence intensity
at earlier time points (0-500 min) before the eventual
decrease in fluorescence intensity, suggesting that the ethyl
cyano-acetate group could be useful in modulating dye
interaction with protein aggregates and could be used as a
functional group for monitoring earlier stage aggregates.
Further experiments were conducted on preformed protein
fibrils (PFF) of a-syn, confirmed by AFM images (Fig. S177),
which is relevant to neurodegenerative disease such as
Parkinson's. We observed that NIAD-4 and NIAD-CNOET gave
good discrimination between the monomeric protein and
amyloid forms, with incubation with PFF giving rise to an
enhancement in PL intensity of dyes with the emission peak
exhibiting a small blue shift (Fig. 3E and F). This suggests
the amyloid aggregates, like the o-syn PFF, provide a more
hydrophobic environment for these two dyes to bind,
compared to its monomeric form. The discontinuous
fluorescence kinetics of NIAD-4 and NIAD-CNOET show very
similar time-dependent responses to ThT, suggesting they are
binding to similar aggregate conformations (Fig. S197). This
also indicates that these dyes do not detect early aggregate
conformations. Unfortunately ASC-NIAD and ASV-NIAD had
less capability to differentiate between PFF to monomeric
forms of o-syn (Fig. 3G and H), possibly due to their poor
solubility in the buffer solution.

Following in vitro characterization of our dyes, we began
our cell experiments by checking the compatibility of the
dyes with cells. Cell viability, above 85% for a range of dye
incubation concentrations, was observed for following 1 h
treatment. After 24 and 48 h dye incubation, the dyes did not
have a large effect on cell viability, with only ASV-NIAD at 5
and 10 uM incubations showing a lower viability of 79 and
78% respectively (Fig. S20 and S21t). Taken together, these
results showed that the NIAD series of dyes have excellent
cell compatibility. We then moved on to confocal microscopy
experiments. We observed good cellular uptake and retention
of all dyes into the cell cytoplasm, with weaker staining in
the nucleus for all dyes (Fig. S22t). The acquisition of z-stack
images further confirmed dye wuptake, retention and
localization in cells (Fig. S237).

Upon confirmation of dye uptake and ability to image in
cells, we performed flow cytometry experiments and focused
our efforts on the two dyes, NIAD-4 and NIAD-CNOET, due to
their performance in vitro. Flow cytometry allows us to examine
a large number of cells in an unbiased manner, compared to
using microscopy-based methods. As a proof-of-concept test,
we exposed live cells to a-syn PFF for 24 h and then stained
with either NIAD-4 or NIAD-CNOET before subjecting to flow
cytometry. Further, we used a nucleic acid stain SYTOX® Blue
Dead Cell Stain to separate live and dead cell populations for
analysis. We confirmed no crosstalk between SYTOX signal in
the NIAD-4 and NIAD-CNOET channels and vice versa (Fig.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Flow cytometry experiments of cells treated with and without
preformed fibrils (PFF) of a-syn protein. (A) Gating strategy of flow
cytometry experiment showing PFF treated cells stained with NIAD-
CNOET with SYTOX as the counter stain. (B) The high population under
different conditions. n = 3 technical replicates, * p < 0.05. Statistical
analysis was done using 1-way ANOVA and Tukey post hoc test.

S24D and Ef). In our gating, we first gated for single cells (Fig.
S24A and Bf), before another gate for cells with higher side
scatter profiles (Fig. S24Cf) to differentiate the internal
complexity, such as granularity. Subsequent gating enabled
further analysis of the cell populations with their respective
treatment conditions (Fig. 4A and S257). Using the High gate
population, NIAD-CNOET was able to distinguish between cells
treated with and without o-syn PFF with a statistically
significant change in the means (Fig. 4B), demonstrating the
ability of NIAD-CNOET to bind to amyloid assemblies in a
cellular environment.

Conclusions

In summary, we have designed and synthesized a series of
bithiophene based dyes on NIAD-4. Comparing photophysical
properties, we see all dyes have large Stokes shift and have
weak emission in aqueous media, giving rise to good
sensitivity toward protein aggregates. We demonstrated the
vinyl group as an accessible method for modulating Stokes
shift. Molecular docking showed preferential binding toward
sites perpendicular to the protein backbone of ordered
protein condensates, with in wvitro experiments further
supporting our molecular docking observations. All dyes had
good cell viability and compatibility. Due to the large Stokes
shift and wide emission wavelength range, flow cytometry
experiments with a cell viability stain were carried out. We
found that NIAD-CNOET had good ability to discriminate
cells treated with PFF of o-syn, based on gating strategy. This
highlights the use of NIAD-CNOET for other flow cytometry-
based studies of protein aggregates in cells.

Data availability

The data supporting this article have been included as part
of the ESIj Crystallographic data for NIAD-CNOET has been
deposited at the CCDC under 2234385.
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