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Tauopathies are a class of neurodegenerative diseases resulting in cognitive dysfunction, executive
dysfunction, and motor disturbance. The primary pathological feature of tauopathies is the presence of
neurofibrillary tangles in the brain composed of tau protein aggregates. Moreover, tau aggregates can
spread from neuron to neuron and lead to the propagation of tau pathology. Although numerous small
molecules are known to inhibit tau aggregation and block tau cell-to-cell transmission, it is still
challenging to use them for therapeutic applications due to poor specificity and low blood-brain barrier
(BBB) penetration. Graphene nanoparticles were previously demonstrated to penetrate the BBB and are
amenable to functionalization for targeted delivery. Moreover, these nanoscale biomimetic particles can
self-assemble or assemble with various biomolecules including proteins. In this paper, we show that
graphene quantum dots (GQDs), as graphene nanoparticles, block the seeding activity of tau fibrils by
inhibiting the fibrillization of monomeric tau and triggering the disaggregation of tau filaments. This
behavior is attributed to electrostatic and n—n stacking interactions of GQDs with tau. Overall, our
studies indicate that GQDs with biomimetic properties can efficiently inhibit and disassemble pathologi-
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Introduction

Pathogenic aggregation of tau proteins into neurofibrillary
tangles (NFTs) is a characteristic feature of tauopathies, which
are a group of neurodegenerative diseases, including Alzheimer’s
disease (AD)," frontotemporal dementias (FTDP-17),> Pick’s
disease,® and progressive supranuclear palsy.* The normal func-
tion of tau is to stabilize microtubules by binding with tubulin in
neurons. These microtubules provide a structural backbone for
axons and dendrites and serve as ‘railways’ for the transport of
proteins and organelles in axons and dendrites.” Pathogenic
fibrillization of tau reduces cytoskeletal stability, interferes with
synaptic transmission and axonal transport, and causes aberrant
communication between neurons.® These insoluble tau deposits
can arise due to gene mutations or aberrant post-translational
modifications such as hyperphosphorylation and acetylation.>”
In addition, tau aggregates can spread from neuron to neuron
and induce the misfolding of normal soluble tau, leading to the
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propagation of tau pathology in a prion-like manner.”'® Small
molecule library screening campaigns have identified several
compounds that either directly or indirectly inhibit tau
aggregation.'™'> These molecules include modulators of tau
post-translational modification,® microtubule stabilizers,”® tau
assembly inhibitors,"*'* and degradation promoters.'> However,
there are no disease-modifying drugs that target tau aggregation.
Moreover, many drug candidates suffer from limited penetration
of the blood-brain barrier (BBB) and off-target effects, reducing
central nervous system bioavailability and limiting their clinical
utility.">'® Furthermore, compounds targeting kinases upstream
of tau may disrupt other physiological processes resulting in
undesirable side effects such as an increased risk of diabetes and
arrhythmia.'” Therefore, developing novel strategies to overcome
current challenges is critical for the treatment of neurodegenera-
tive tauopathies.

Nanoparticles (NPs), as nanocarriers, have demonstrated the
ability to deliver drugs into the brain and are capable of con-
trolled release and targeted delivery.'®"'® Graphene quantum dots
(GQDs), as graphene-based NPs, are single or a-few layered
graphene with lateral dimensions typically less than 20 nm.>°
These nanosheets have garnered much attention in biomedicine,
including bioimaging, biosensor, and cancer phototherapy, due
to their unique optical, electrochemical, and physicochemical
properties, high biocompatibility, and low cytotoxicity.>*>*

This journal is © The Royal Society of Chemistry 2023
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Moreover, GQDs can be used as nanocarriers in drug delivery
systems upon conjugation with target ligands and chemo-
therapeutic agents via either covalent or noncovalent bonds
because of their surface functional groups and m-conjugated
planar structure.”® GQD-based drug delivery systems®®® were
previously demonstrated to penetrate the BBB and specifically
target brain tumor regions, suggesting great potential in neu-
roscience therapeutics. Most importantly, GQDs exhibit a wide
spectrum of biomimetic properties, including polarizability,
amphiphilic character, and participation in electrostatic inter-
actions, hydrophobic interactions, hydrogen bonding, and n-n
stacking.?**° Thus, GQDs can self-assemble®" or assemble with
various proteins, such as amyloid-B (AB) peptides,*** biofilm
amyloids,** and o-synuclein,”® demonstrating their potential to
protect against the neuronal damage associated with AD and
Parkinson’s disease. Furthermore, the properties of GQDs, such
as size,*® charge,*® functional groups,®” and chirality,*® can be
engineered precisely, affording opportunities to modulate their
assembly with proteins.®**°

Here, we report that biomimetic GQDs are able to block the
seeding activity of tau fibrils in an in vitro cellular tau biosensor
propagation model. To investigate the effect of GQDs on tau
propagation, we engineered GQDs with different sizes and
charges by post-separation technologies and functionalization
of GQDs with cysteine (Cys) and ethylenediamine (EDA) and
studied the interaction between tau and GQDs in vitro. By
monitoring the amount of tau aggregates, the secondary struc-
ture, and the morphology of tau, we found that negatively
charged GQDs with a larger size inhibited tau aggregation more
effectively. In addition, the presence of GQDs induced the
disaggregation of tau filaments in vitro. These findings were
potentially attributed to the fact that aromatic residues on the
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aggregation-prone region of tau can interact with GQDs via n-n
stacking interactions, as verified by the fluorescence quenching
assay. The positively charged microtubule-binding domain of
tau can interact with carboxyl groups on the edge of GQDs via
electrostatic interactions. Furthermore, a cellular propagation
assay employed to test the seeding activity of tau fibrils demon-
strated that GQDs blocked the aggregation of endogenous tau
induced by extracellular seeds. Overall, our findings suggest
that engineered biomimetic GQDs are a promising and effec-
tive platform to prevent the cellular transmission of tau by
inhibition and disassembly of tau aggregates.

Results and discussion

As-synthesized GQDs carrying carboxyl groups on the edges in
an average diameter of 8 nm were obtained by the previously
reported method (Fig. 1a-c, Fig. S1 and S2a, ESIT). The heights
of as-synthesized GQDs are between 0.5 and 2 nm, corres-
ponding to 1-3 graphene layers (Fig. S2b, ESIt).>> The zeta
potential of as-synthesized GQDs was —19.9 + 2.30 mV (Fig. 1d
and Fig. S4, ESIt). To obtain GQDs with different charges, we
reduced the negative charge by conjugating as-synthesized
GQDs with cysteine (Cys) and ethylenediamine (EDA) via car-
boxyl groups (Fig. 1a and Fig. S1 and S3, ESIY). In the Fourier
transform infrared (FTIR) spectra (Fig. 1c), due to the carboxyl
groups in the structure of Cys, the peak at 1706 cm ™" assigned
to C—0O stretching was more obvious in the spectrum of Cys-
GQDs than those of as-synthesized GQDs and EDA-GQDs.** The
FTIR spectra of Cys-GQDs and EDA-GQDs also appeared peaks
at 1250 and 1184 cm™ " attributed to C-N stretching.'® The zeta
potentials of Cys-GQDs and EDA-GQDs were —1.46 + 0.42 mV
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Fig. 1 (a) Molecular structure, (b) transmission electron microscope (TEM) image and size distribution of GQDs. The average diameter is 8.1 + 2.5 nm.
(Scale bar: 50 nm.) (c) Fourier transform infrared (FTIR) spectra and (d) zeta potentials of GQDs, Cys-GQDs, and EDA-GQDs.
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and 1.63 £+ 0.55 mV (Fig. 1d and Fig. S4, ESI{), due to the pKa
value of Cys and EDA, 1.71 and 10.7, respectively.

Following the synthesis, characterization, and functionaliza-
tion of GQDs, we investigated the charge effect of GQDs on the
aggregation of a recombinant ON4R isoform of tau. Tau used in
these studies includes a P301L mutation (taupse;r) which is
frequently observed in patients with FTDP-17 (Fig. S5, ESIT).*!
This missense mutation leads to a two-fold increase in aggrega-
tion rate compared with the full-length tau.*” Taupse;., contains
four microtubule-binding repeat domains (R1-R4) that harbor
two key aggregation-prone motifs: PHF6* (VQIINK, residues

(a)
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217-222) and PHF6 (VQIVYK, residues 248-253).” A large num-
ber of basic residues result in an overall positive charge in the
repeat domains at physiological pH (Fig. 2a). Firstly, the
aggregation of taupsoi;, was monitored by a ThT fluorescence
assay (Fig. 2b). ThT is a benzothiazole dye that exhibits
enhanced fluorescence upon binding to tau fibers with f-
sheet secondary structure.*® In the presence of heparin sulfate,
taupzoqr, Was induced to aggregate, resulting in a sigmoidal
curve from increased ThT fluorescence (Fig. 2c). Incubation of
taupszoi1, in the presence of heparin and 6.25 M GQDs or Cys-
GQDs resulted in 99% inhibition of endpoint ThT fluorescence
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Fig. 2 Taupso1L aggregation was inhibited by GQDs, Cys-GQDs, and EDA-GQDs. (a) Aggregation-prone taupzo1. Sequence. (b) Schematic representation
of the in vitro aggregation of recombinant tau (10 uM) in the presence and absence of inhibitors at a concentration of 6.25 uM. (c) and (d) In the presence
of GQDs or functionalized GQDs, thioflavin T (ThT) fluorescence of tau aggregation was reduced significantly. The inhibitory effect of EDA-GQDs is
weaker than GQDs and Cys-GQDs. (e) Circular dichroism (CD) spectra, (f) TEM images, and length distributions of tau protein incubated with/without

6.25 uM GQDs or functionalized GQDs for 4 days. (Scale bars: 500 nm)
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(Fig. 2c and d). However, EDA-GQDs with overall positive
charge exhibited 88.8% inhibitory activity, less effective than
the negatively charged GQDs and Cys-GQDs.

The mechanism of tau aggregation in the presence of
heparin is widely described as ligand-induced nucleation-
dependent polymerization (NDP).** The lag time (fo4) and the
apparent elongation rate constant (k,pp) of the aggregation
process were derived by fitting each kinetic data to a Gompertz
growth function (Table S1, ESI{).*>*® The lag time represents
the time of nucleation process (i.e., initial seed formation of
tau) and the apparent elongation rate constant represents the
rate of growth process (i.e., the elongation of tau fibrils). The
tau aggregation without GQDs as a control showed a tj,, of
1.84 £ 0.01 h and a k,pp, of 0.76 £ 0.008 h™". In the presence of
GQDs or Cys-GQDs, t1,; Was increased to nearly double that of
the control sample, while k,,, was reduced to 0.70 £ 0.039
and 0.38 + 0.021 h™", a decrease of 7.9% and 50% compared to
the control sample, respectively. These results suggest that
GQDs and Cys-GQDs impeded both seed formation and the
fibril elongation processes. In contrast, tau incubated with
EDA-GQDs led to a significant decrease in t,,, potentially
because the presence of EDA-GQDs increased the local concen-
tration of soluble monomeric tau, facilitating the formation of
aggregation-prone tau seeds. Despite a decreased tjag, kapp Was
slightly increased, possibly because a portion of the aggregation-
inducer polyanion heparin interacted with EDA-GQDs with
positive charge, reducing the formation of tau fibers by 88.8%
after 45 h incubation compared to the control sample.

We detected the effect of GQDs and functionalized GQDs on
the secondary structure transition of taupzoyy, using circular dichro-
ism (CD) spectroscopy (Fig. 2e). In the absence of heparin, soluble
tau monomers showed a negative peak at ~200 nm, indicative of a
random coil conformation. After heparin-induced fibrillization, a
growing CD signal at ~218 nm, typical of B-sheet conformation,
emerged.”” Upon incubation with GQDs, Cys-GQDs, or EDA-GQDs
for 4 days, the CD intensity of tau at 218 nm was reduced by 61%,
39%, and 18% compared to the control sample, respectively,
suggesting inhibition of transition to a B-rich tau assembly. The
secondary structure of tau had less -sheet content in the presence
of GQDs or Cys-GQDs than in the presence of EDA-GQDs, which is
consistent with the ThT assay results (Fig. 2c).
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The morphological features of taupso4y, fibrils were examined
using transmission electron microscopy (TEM) after incubation
for 4 days. To quantify the tau fibers in each sample, we
measured their length and density using Image]J (Fig. 2f and
Table S2, ESIT). The aggregation of tau in the control sample
resulted in the formation of filaments with an average length of
1623 + 1255 um and an average density of 4.53 + 2.08 fibers per
pum?. In the presence of GQDs or functionalized GQDs, heparin-
induced taup;oq;, assembled into shorter fibers with lower
density. When taup;o;;, monomers were incubated with GQDs,
Cys-GQDs, or EDA-GQDs, the average length of formed fibers
was decreased to 17%, 20%, and 35% of the control sample,
while the average density of fibers was decreased to 30%, 34%,
and 78%, compared to that of the control sample. Among
samples incubated with the three GQDs, tau incubated with
EDA-GQDs resulted in the formation of 3 to 4-fold more fibers
per unit area than tau with GQDs or Cys-GQDs. The collective
results indicate that GQDs and Cys-GQDs with negative charges
have a better inhibitory effect on the fibrillization of tau than
EDA-GQDs with positive charge.

To further investigate whether the degree of negative charge
on GQDs can influence their inhibitory efficiency, we monitored
the ThT fluorescence of taupsg;, incubated with GQDs or Cys-
GQDs at different concentrations. GQDs and Cys-GQDs inhibited
aggregation in a dose-dependent manner (Fig. 3a). We obtained
ICs, value for GQDs and Cys-GQDs by fitting the dose-response
results to a sigmoidal function (Fig. 3b). The ICs, of GQDs and
Cys-GQDs are 0.70 puM, and 0.89 puM.">"* These results suggest
that when the zeta potential of GQDs is between —20 mV and
—1.5 mV, the amount of negative charges on GQDs does not
affect the inhibitory efficiency significantly.

Before investigating the effect of GQDs on tau propagation
in the cellular assay, we determined the cytotoxicity of GQDs,
Cys-GQDs, and EDA-GQDs by employing the CCK-8 assay with
SH-SY5Y human neuroblastoma cells. GQDs and Cys-GQDs
exhibited no appreciable toxicity toward SH-SY5Y cells up to
5 uM, whereas 5 pM of EDA-GQDs reduced cell viability by
90.7% after 48 h incubation (Fig. S6, ESIT). It is likely that
positively charged EDA-GQDs interact with the negatively
charged cell membrane, resulting in higher cell uptake and
disruption of membrane integrity.*® Therefore, we only
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Fig. 3 (a) ThT fluorescence of tau aggregation was decreased with the increased concentration of GQDs and Cys-GQDs. (b) Dose-response results of
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Fig. 4 (a) Scheme of HEK293 cellular tau biosensor propagation assay. (b) GQDs and Cys-GQDs prevented the cellular seeding of taupzo;. monomers.
Soluble monomeric taupsoy (0.19 puM) in the presence of heparin was incubated with GQDs or Cys-GQDs for 4 days and then added to HEK293 cells
stably expressing tau-RD (P301L/V337M)-YFP. Representative images of cells were taken at 20 x magnification under fluorescein isothiocyanate (FITC)
channel (ex: 469 nm/em: 525 nm). The green puncta with high fluorescence represented the aggregation of tau in cells induced by exogenous tau fibers.
Scale bar: 200 um. Bar graphs show the number of intracellular fluorescent puncta relative to control infection wells without inhibitors.

considered the nontoxic GQDs and Cys-GQDs in the following
cellular assay.

One of the key characteristics of tau NFTs is cellular trans-
mission from one diseased neuron to adjacent healthy neurons,
inducing the propagation of tau pathology.”'® To examine
whether GQDs and Cys-GQDs can inhibit the cellular seeding
of recombinant tau, we employed HEK293 biosensor cells that
stably expressed a tau-yellow fluorescent protein fusion [tau-
RD(LM)-YFP] (Fig. 4a).*® After incubating preformed taupso;p.
fibrils with these cells for 48 h, the aggregation of endogenous
tau induced by extracellular seeds can be monitored by detec-
tion of focal puncta with green fluorescence. The quantitative
measurements of intracellular aggregates were provided by
automated image analysis of green puncta. Monomeric tau
has no capacity to seed the aggregation of endogenous tau
and the cells remain diffusely fluorescent with no focal puncta.
Pre-treatment of taupzo,;, monomers with 0.12 uM of GQDs or
Cys-GQDs in the presence of heparin decreased the intracellular
aggregates by 60% relative to the control treatment. As concen-
trations of GQDs and Cys-GQDs increased, the seeding activity
of taupsoq;, decreased. With 0.6 pM of GQDs or Cys-GQDs, the
seeding activity of taupsoq;, was almost completely abolished
(Fig. 4b). These results demonstrate that GQDs and Cys-GQDs

7382 | J Mater. Chem. B, 2023, 11, 7378-7388

prevent the fibrillization of tau monomers and thus block the
cellular seeding activity of recombinant tau.

The presence of NFTs in the brain, which are composed of
tau aggerates, is the primary feature of tauopathies. Promoting
the disaggregation of tau fibrils is thus considered a potential
strategy for therapeutic development.”” We investigated the
effect of GQDs on the disaggregation of mature tau fibrils using
the ThT fluorescence assay (Fig. 5a). After incubation with
GQDs, Cys-GQDs, or EDA-GQDs, the intensity of ThT fluores-
cence in the presence of tau fibrils decreased with time
(Fig. 5b), suggesting that tau fibrils could be dissociated into
tau monomers and oligomers. Based on endpoint ThT fluores-
cence after 30 h (Fig. 5¢), GQDs, Cys-GQDs, and EDA-GQDs
induced 56%, 81%, and 92% disassembly of tau fibrils. TEM
images of tau fibrils treated with GQDs and engineered GQDs
also revealed the disaggregation of tau filaments into fibril
fragments (Fig. S7, ESIt). To quantify the tau NFTs after the
disassembly by GQDs, we measured the area of tau NFTs in
each sample using Image] (Table S3, ESIt). In the presence of
GQDs, Cys-GQDs, or EDA-GQDs, tau NFTs were 33%, 89%, and
52% disassembled. This is potentially due to the negatively
charged fuzzy coat of taupsoqy, fibrils comprised of the unfolded
C-terminal and N-terminal domains (Fig. 2a) that surrounds

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Scheme of the in vitro disaggregation assay of tau fibers (5 uM) in the presence and absence of inhibitors (6.25 uM). (b) ThT fluorescence of tau
fibers and (c) the percentage of disaggregation of preformed tau fibers after incubation with GQDs, Cys-GQDs, or EDA-GQDs.

the fibrillar tau core.>® The negative charges on the outermost
layer of tau fibers could prevent GQDs from approaching,
whereas Cys-GQDs and EDA-GQDs with fewer charges could
pass through the fuzzy coat and reach the fibrillar tau core
more easily. In addition, negatively charged Cys-GQDs are more
likely to interact with the positively charged fibrillar core and
disaggregate the tau fibrils, compared to EDA-GQDs with
positive charge. In the ThT fluorescence assay, the presence
of EDA-GQDs could affect ThT binding with tau fibers due to
their positive charge, and thus ThT fluorescence of tau fibrils
treated by EDA-GQDs was reduced much more than the actual
fiber disassembly obtained from TEM images. Due to the
toxicity of some types of soluble tau dimer, trimer, and oligo-
mers on neurons,’' we tested the cytotoxicity of tau NFTs after
disaggregation by GQDs and engineered GQDs on SH-SY5Y
cells. The disaggregated fibrils did not exhibit cytotoxicity
toward SH-SY5Y cells after 48 h incubation (Fig. S8, ESIt).

To further investigate the effect of GQDs and Cys-GQDs on
tau propagation, we tested if they can block the cellular
transmission of mature tau fibrils in the tau biosensor seeding
assay. After 36 h treatment of GQDs or Cys-GQDs with pre-
formed tau fibrils, HEK293 cells expressing tau-RD(LM)-YFP
were incubated with the pre-treated tau fibrils. With the
increase in concentration from 0.12 pM to 0.5 pM, GQDs
reduced the aggregation of endogenous tau from 18% to
80%, while Cys-GQDs reduced the intracellular aggregates from
6% to 88% compared to the control sample without GQDs or
Cys-GQDs (Fig. 6). To confirm whether GQDs or Cys-GQDs
simply affect lipofectamine-mediated cellular uptake of tau
fibrils rather than the seeding capacity of the fibrils themselves,
we mixed tau fibrils with GQDs or Cys-GQDs without incuba-
tion and then incubated the mixture with cells for 48 h. GQDs
and Cys-GQDs did not reduce the aggregation of endogenous
tau without prior incubation, suggesting that GQDs and Cys-
GQDs did not interfere with lipofectamine-mediated cellular
uptake of tau fibrils (Fig. S9, ESIt) and the decrease of intra-
cellular aggregates was solely attributed to fibril disassembly
into seed incompetent monomers after 36 h incubation with
GQDs or Cys-GQDs, effectively blocking the seeding capacity of
mature tau fibrils.

Based on our experimental results, negatively charged GQDs
can inhibit the fibrillization of tau proteins more efficiently than
GQDs with positive charge. This suggests that the positively

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 GQDs and Cys-GQDs prevented the cellular seeding of mature tau
fibers. Preformed tau fibrils (0.19 pM) were treated with GQDs or Cys-
GQDs for 36 h, then added to cells, and incubated for an additional 48 h.
Representative images of cells were taken at 20x magnification under
FITC channel (ex: 469 nm/em: 525 nm). The green puncta with high
fluorescence represented the aggregation of tau in cells induced by
exogenous tau fibers. Scale bar: 200 pm. Tau infection (%) in the bar graph
shows the number of intracellular fluorescent puncta relative to control
infection wells lacking the inhibitors.

charged domains of tau, especially the aggregation-prone R2
and R3 domains, prefer to engage in more electrostatic interac-
tions with the carboxyl groups on the edge of GQDs rather than
form hydrogen bonds that are critical for the formation of tau
aggregates.

Moreover, based on ThT aggregation assay results (Fig. 2c),
there are other factors in addition to the negative charge of
GQDs that may result in the inhibition of tau aggregation. We
investigated the other potential interactions between tau and
GQDs using fluorescence spectroscopy. Generally, the tau exhi-
bits intrinsic fluorescence emission near 302 nm when excited
at 265 nm, resulting from tyrosine (Tyr) fluorophores in the tau
structure.’>>* When 10 uM of tau was mixed with GQDs or Cys-
GQDs in increasing concentrations, the fluorescence intensity
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Fig. 7 Fluorescence spectra of tau protein (10 pM) incubated with 6.25,
12.5, and 25 puM of (a) GQDs and (b) Cys-GQDs (Ex: 265 nm). The
fluorescence of tau was quenched significantly in the presence of GQDs
or Cys-GQDs.

of tau was significantly quenched (Fig. 7), suggesting that the
n-conjugated planar structure of GQDs binds with Tyr residues
in tau, probably via n-n stacking interactions.

Besides the effect of charge, we also found that the inhibi-
tory efficiency of GQDs increased significantly as the diameter
of GQDs increased from 6.5 nm to 13.5 nm based on ThT
fluorescence assay (Fig. S10, ESIt). The diameter of the full-
length tau monomer is 13 + 0.6 nm.>* As the diameter of GQDs
increases from 6.5 nm to 13.5 nm, single GQDs with a larger
diameter are able to interact with more tau monomers on the
edge via electrostatic interaction than the ones with a smaller
diameter. Also, when interacting with larger GQDs, the spacing
between two tau monomers increases, reducing the local
concentration of tau and enhancing inhibitory efficiency. In
addition, increasing the size of GQDs promotes more aromatic
residues in tau to bind to the surface of GQDs via n-n stacking,
thereby increasing the binding strength between tau and GQDs.

Overall, the potential mechanism of the interaction between
GQDs and tau protein can be summarized in Fig. 8. For the
aggregation of taupso;, (Fig. 8a), negatively charged GQDs with
carboxyl groups can interact with repeat domains of tau with
positive charge via electrostatic interactions. Meanwhile, GQDs
with m-conjugated planar structure can interact with amino

(a) The aggregation of tau

c
o .
e Inhibition T

Tau monomers
e (272-H330

Charge

3 +
TYR310 9

-1t stacking
cation-mt stacking

+ S

7l

Electrostatic interaction
(b) The disaggregation of tau fibers

Fiber core

'
o F/uzzy coat Fiber core
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_— N
; 2
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Tau filaments Y

Fig. 8 Schematics of the charge effect of GQDs on their interactions with
tau proteins. GQDs can interact with tau proteins via electrostatic inter-
actions and n—n stacking, thereby (a) preventing the tau aggregation, and
(b) inducing the disassembly of tau fibrils.
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acids containing aromatic rings in tau proteins via n-n stacking,
including histidine, phenylalanine, and tyrosine. The carbon-
conjugated plane of GQDs could also interact with positively
charged amino acids in tau via cation-n interactions. For the
disassembly of tau fibrils (Fig. 8b), GQDs with more negative
charges can be prevented from penetrating the negatively
charged fuzzy coat and accessing the fibrillar tau core, thereby
reducing their efficacy in disassembly, compared to Cys-GQDs
and EDA-GQDs with fewer charges. Negatively charged Cys-GQDs
have a higher potential to interact with positively charged fibrillar
cores compared to EDA-GQDs, which enhances their ability to
disaggregate the tau fibrils.

Experimental

Materials

Sulfuric acid (95-98%) and nitric acid (69-70%) were purchased
from VWR. Carbon nanofibers, N-hydroxysulfosuccinimide
sodium salt (Sulfo-NHS, >98%), EDA (>99%), sodium acetate
(>99%), ThT, heparin sodium salt, and pi-dithiothreitol (DTT,
97%) were purchased from Sigma-Aldrich. The dialysis
membrane tubing (MWCO: 1kD) was purchased from Spectrum.
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was pur-
chased from ThermoFisher Scientific. p-Cysteine was purchased
from AmBeed. DMEM medium, Opti-MEM medium, DMEM/F12
medium, fetal bovine serum (FBS), and penicillin/streptomycin
were obtained from Gibco. Cell Counting Kit-8 was purchased
from Enzo Life Sciences. Lipofectamine 2000 transfection reagent
was obtained from Invitrogen.

Synthesis and characterization of GQDs

GQDs were prepared using a modified Hummers’ method.>”
0.45 g of carbon fiber was added into 90 mL of concentrated
H,S0, (98%) and stirred for 1.5 h. After stirring, 30 mL of
concentrated HNO; (68%) was added into the above mixture
solution and sonicated for 1 h. Then, the mixture was reacted at
120 °C for 20 h. Next, the solution was neutralized by a sodium
hydroxide solution. The final product was further dialyzed for
3 days in a dialysis bag (retained molecular weight: 1000 Da) for
purification. The size and shape of GQDs were characterized by
TEM (JEOL 2011). 3 pL droplet of the GQD solution (5 uM) was
placed on the carbon-coated copper TEM grid (Purchased from
Electron Microscopy Sciences) and allowed to dry in the air. The
imaging was performed with a TEM instrument under an
accelerating voltage of 200 kV. The size distribution of the
GQDs was analyzed using Image] software. The chemical
composition was performed by ATR-FTIR using Bruker Tensor
27 FTIR Spectrometer (Bruker Optics Inc., USA) with a diamond
lens Attenuated Total Reflectance (ATR) module. 3 puL of 100 uM
GQDs was dried in the air and each spectrum was measured as
the accumulation of 64 scans at a spectral resolution of 2 cm ™
within the range 4000-700 cm™'. The fluorescence emission
property of GQDs was measured by a plate reader (Tecan infinite
200Pro). The fluorescence of GQD solution was detected at an
excitation wavelength of 365 nm and an emission wavelength
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from 400 nm to 700 nm. The zeta potential of GQDs (6.25 uM)
was calculated as the average of three test runs using Malvern
Zetasizer Nano ZS (Malvern Panalytical; Worcestershire, United
Kingdom). The absorption of GQDs was tested by CD spectro-
scopy (Jasco J-1700 Spectrometer). The GQD solution was
diluted to 2.5 pM followed by spectra scanning from 200 nm
to 400 nm with 0.1 nm intervals, 5 nm bandwidth, and a scan
speed of 50 nm min~".

Synthesis of Cys-GQDs and EDA-GQDs

The synthesis of Cys-GQDs and EDA-GQDs was carried out
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) coupling reaction.*®**> 1 mL of
EDC with a concentration of 100 mM was mixed with 25 mL
GQDs (12.5 pM). After 30 min stirring, 1 mL of NHS (500 mM)
was added into the mixture solution and stirred for 30 min. For
Cys-GQDs, 1 mL of p-cysteine (100 mM) was added into the
reaction and the mixture was reacted for 16 h. For EDA-GQDs,
0.78 mL of EDA was added into the solution and the mixture
was reacted for 48 h. The product was purified by a dialysis bag
with 1 K MWCO.

Taupzg1;, €xpression and purification

Human taupz;;, (ON4R) with an N-terminal Hise tag was purified
following the previous protocol with a slight modification.”®
Briefly, transformed BL21 (DE3) cells were grown in LB + Kana-
mycin media at 37 °C until ODgg, reached between 0.6-0.8 and
were then induced with 0.5 mM IPTG overnight at 16 °C. Cells
were then harvested, resuspended, and lysed by probe sonication
in the lysis buffer containing 20 mM Tris, 500 mM NacCl, 10 mM
imidazole, and 5 mM serine protease inhibitor PMSF, adjusted to
PH 8.0. The lysate was then boiled for 20 minutes in a water bath
and the debris was pelleted by centrifugation at 20 000 g for about
40 min at 4 °C. The supernatant obtained was then injected into a
5 mL IMAC Ni-Charged affinity column and eluted over a gradient
of 10-200 mM imidazole. Eluted tau-containing fractions were
further purified using GE HiPrep 16/60 Sephacryl S-200 high-
resolution size exclusion chromatography into a storage buffer
containing 20 mM Tris, 150 mM NacCl, and 1 mM DTT, adjusted
to pH 7.6. The purity of the protein was confirmed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis, and the concentration was estimated using bicinchoni-
nic acid (BCA) assay.

ThT aggregation assay

Recombinant taupseqr, (10 uM final concentration) and GQDs,
Cys-GQDs, or EDA-GQDs (final concentration: 6.25, 3.125, 1.25,
0.625, and 0.3125 puM) were mixed in an aggregation buffer
(100 mM sodium acetate, 10 uM ThT, 10 uM heparin and 2 mM
DTT, pH: 7.4). 200 pL of the same solution was added into two
wells of a 96-well plate for each sample. The plate was then
sealed with a clear sealing film and allowed to incubate at 37 °C
in a Tecan infinite 200Pro plate reader. An automated method
was used to carry out ThT fluorescence measurements after 30 s
shaking at an excitation wavelength of 450 nm and an emission
wavelength of 485 nm at an interval of every 5 min for 45 h.

This journal is © The Royal Society of Chemistry 2023
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Every experiment included control wells that lacked taupzgiy,
heparin, or GQDs. The aggregation curves were fitted to a
Gompertz growth function according to

y= Ae_e*’f(/*’i)
where y is defined as the normalized ThT fluorescence at time ¢,
t; is the inflection point corresponding to the time of maximum
growth rate, A is the maximum normalized ThT fluorescence
for a given sample, and k is the apparent elongation rate
constant (kypp), in units of h™'. The lag time of the aggregation

curve can be calculated by #,s = #; — l/k.

ICs, was obtained by fitting the dose-response results using
a four-parameter logistic regression model, shown in the fol-
lowing equation.

max — min

Hill factor
A (.
(1)

where y is defined as the endpoint normalized ThT fluores-
cence at concentration x, hill factor is the unitless slope factor,
and max and min correspond to the maximum and minimum
endpoint normalized ThT fluorescence in the range of mea-
sured concentration, respectively.

y = min

Circular dichroism spectrometry

CD spectra were measured by CD spectroscopy (Jasco J-1700
Spectrometer) at 20 °C. 10 uM of recombinant taupse;;, and 6.25 uM
of GQDs, Cys-GQDs, or EDA-GQDs were mixed in an aggregation
buffer (100 mM sodium acetate, 10 pM ThT, 10 pM heparin and
2 mM DTT, pH: 7.4) and incubated for 4 days at 37 °C. Then, the tau
mixture solution was diluted to 0.5 pM for measurement. Spectra
were scanned from 190 nm to 260 nm, at 0.1 nm intervals, 5 nm

bandwidth, and a scan speed of 50 nm min~".

Transmission electron microscopy

The preparation procedure of tau aggregation for TEM was the
same as CD measurement above. A 3 pL droplet of the tau
aggregation solution (10 uM) was placed on the carbon-coated
copper TEM grid and wicked using filter paper after 45 s. Then,
the grid was washed with 5 pL distilled water twice, and stained
with 5 pL of 2% (w/v) uranyl acetate for 45 s. Grids were blotted
and air-dried before imaging. A JEOL 2011 TEM was used for
imaging at an accelerating voltage of 120 kV. Using Image]
software, the lengths of amyloid fibrils were measured from the
average of 16 TEM images per sample.

ThT disaggregation assay

The taupszoqr, was diluted to a final concentration of 10 uM in an
aggregation buffer (100 mM sodium acetate, 10 uM heparin,
2 mM DTT, and 10 pM ThT, pH: 7.4). The protein was
incubated in a microcentrifuge tube for 4 days at 37 °C. After
incubation, 200 pL of the same mixture solution (5 UM tau
fibers and 6.25 uM GQDs, Cys-GQDs, or EDA-GQDs) was added
into two wells of a 96-well plate for each sample. The plate was
then sealed with a clear sealing film and allowed to incubate at
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37 °C in a Tecan infinite 200 Pro plate reader. An automated
method was used to carry out ThT fluorescence measurements
after 30 s shaking at an excitation wavelength of 450 nm and an
emission wavelength of 485 nm at an interval of every 5 min for
30 h. Every experiment included control wells that lacked
taupzoqy, fibrils or GQDs.

Cellular seeding assay

HEK293 cells stably expressing tau-RD (LM)-YFP were cultured
in DMEM complete medium containing 10% FBS, 1% penicil-
lin/streptomycin, and 1% Glutamax under 5% CO, at 37 °C.
90 uL of cells were plated at a density of 15 000 cells per well in a
96-well tissue culture plate.

For seeding by monomeric tau, 10 pM of taupsei;, was
incubated in an aggregation buffer containing 100 mM sodium
acetate, 10 pM heparin, 2 mM DTT, and GQDs or Cys-GQDs
(final concentration: 6.25 and 31.25 uM), pH: 7.4 for 4 days at
37 °C. Control vials included those in which buffer was added
in place of taupsg, Or heparin. Following tau incubation, 8 pL
of tau aggregation solution was mixed with 32 pL of low-serum
Opti-MEM medium and 2 pL of Lipofectamine 2000, and the
mixture solution was incubated for an additional 20 min at
room temperature.

For seeding by fibrillar tau, the taup;o;, was diluted to a final
concentration of 10 uM in an aggregation buffer containing
100 mM sodium acetate, 10 pM heparin, and 2 mM DTT,
pH: 7.4. The protein was incubated for 4 days at 37 °C. Control
vials included those in which buffer was added in place of taupsoy,
or heparin. Following incubation, 8 uL of tau fibrils were mixed
with 28 pL of low-serum Opti-MEM medium and 4 pL of GQDs or
Cys-GQDs with different concentrations. The mixture was incu-
bated at 37 °C for 0 or 36 h, mixed with 2 pL of Lipofectamine 2000,
and incubated for 20 min at room temperature.

Then, 10 uL of mixture solution was added to HEK-293 cells
and incubated for 48 h at 37 °C. Every experiment included
control wells that lacked taupsg1r,, heparin, or GQDs. After that,
cells were detected by a BioTek Cytation 5 cell imager and a
microplate reader. 10 x 10 pictures per well were taken at 20X
magnification under a fluorescein isothiocyanate (FITC) chan-
nel (ex: 469 nm/em: 525 nm), and the punctate counting was
carried out using built-in software.

Fluorescence quenching assay

10 uM of tauzg;, in 100 mM sodium acetate buffer was
incubated with different concentrations of GQDs or Cys-GQDs
(6.25, 12.5, and 25 uM) at room temperature in a 96-well plate.
After 10-min incubation, the fluorescence of the tau mixture
solution was detected at an excitation wavelength of 265 nm
and an emission wavelength from 295 nm to 380 nm using a
Tecan infinite 200 Pro plate reader. All spectra were subtracted
with GQD background solutions.

CCK-8 assay

SH-SY5Y human neuroblastoma cells were cultured in the
DMEM/F12 complete medium containing 10% FBS and 1%
penicillin/streptomycin under 5% CO, at 37 °C. 100 uL of cells

7386 | J Mater. Chem. B, 2023, 11, 7378-7388

View Article Online

Paper

were plated at a density of 10 000 cells per well in 96-well tissue
culture plates and incubated overnight. Control wells contained
only medium for background measurement. Then, add 10 puL of
GQDs, Cys-GQDs, or EDA-GQDs with a concentration of 15 uM
and 50 pM into cells, and add 10 uL of PBS as the negative
control. Incubate the 96-well microplates for 24 or 48 h in a CO,
incubator at 37 °C. After that, change the medium, add 10 pL of
Cell Counting Kit-8 reagent to cells and incubate the 96-well
microplates for 3 h at 37 °C. The absorbance was measured at
450 nm using a Tecan infinite 200 Pro plate reader. The cell
viability was calculated using the following equation.

A, — A
® % 100%

Cellviability(%) = T
¢ — b

where Ag and A are the absorbances measured at 450 nm for
cells added GQDs and PBS, respectively, and Ay is the absor-
bance measured at 450 nm for only medium.

Conclusions

The aggregation of tau proteins plays a key role in the propaga-
tion of tau pathology and the observed clinical symptoms of
tauopathies. However, current drug candidates for the treat-
ment of tauopathy have shown limited success in clinical trials.
Therefore, there is an urgent need for novel modulators of tau
fibrillization and propagation. Here, we demonstrate that GQDs
are able to prevent the seeding activity of tau fibrils by inhibiting
the aggregation of monomeric tau and promoting the disas-
sembly of tau mature fibrils. In addition, we engineered the size
and charge of GQDs and investigated their interactions with tau
in vitro. We found that larger GQDs with negative charges
inhibited the aggregation of tau more efficiently, primarily via
electrostatic and n—n stacking interactions. Our findings lay the
groundwork for future investigations into the potential use of
biomimetic GQDs as therapeutics for tauopathies.
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