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ABSTRACT

Due to the numerous failed clinical trials of anti-amyloid drugs, microtubule associated protein tau
(MAPT) now stands out as one of the most promising targets for AD therapy. In this study, we report for
the first time the structure-dependent MAPT aggregation inhibition of carbon nitride dots (CNDs). CNDs
have exhibited great promise as a potential treatment of Alzheimer's disease (AD) by inhibiting the
aggregation of MAPT. In order to elucidate its structure-activity relationship, CNDs were separated via
column chromatography and five fractions with different structures were obtained that were charac-
terized by multiple spectroscopy methods. The increase of surface hydrophilic functional groups is
consistent with the increase of polarity from fraction 1 to 5. Particle sizes (1—2 nm) and zeta potentials
(~-20 mV) are similar among five fractions. With the increase of polarity from fraction 1 to 5, their MAPT
aggregation inhibition capacity was weakened. This suggests hydrophobic interactions between CNDs
and MAPT, validated via molecular dynamics simulations. With a zebrafish blood-brain barrier (BBB)
model, CNDs were observed to cross the BBB through passive diffusion. CNDs were also found to inhibit
the generation of multiple reactive oxygen species, which is an important contributor to AD
pathogenesis.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

have dementia caused by AD and this number is predicted to triple
by the year 2050. The life expectancy after a diagnosis of AD is

Alzheimer's disease (AD) is an irreversible brain disorder that
progressively worsens over time. It slowly destroys a person's
memory and abilities to carry out simple tasks [1]. According to the
National Institute on Aging, more than 5.7 million Americans may
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generally 3—9 years and Alzheimer's Association states that it is the
sixth leading cause of death in the United States [2]. Therefore, it is
of great significance to prevent and treat AD. Regarding the path-
ogenesis of AD, the oldest hypothesis is the cholinergic hypothesis
[3]. It proposed that AD was caused by a decline in the production
of the neurotransmitter acetylcholine, which led to the develop-
ment of acetylcholinesterase inhibitors for AD therapeutics [4]. In
1991 another influential hypothesis was proposed known as the
amyloid cascade hypothesis. This hypothesis suggested that extra-
cellular amyloid-p (AB) deposits were the fundamental cause of AD
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[5]. In AD, B- and y-secretases work together in a proteolytic pro-
cess that causes amyloid precursor protein (APP) to be cleaved into
smaller fragments [6]. One of these fragments, AB, aggregates to
form amyloid fibrils, which deposit outside neurons in dense for-
mations known as senile plaques [7], which is a pathological hall-
mark of AD brain. Moreover, the abnormal hyperphosphorylation
and aggregation of a microtubule-associated protein tau (MAPT)
are also implicated in the AD pathogenesis [8]. MAPT is an intrin-
sically disordered protein involved in the assembly and stability of
microtubules. Under pathological conditions, it will undergo mis-
folding and aggregation. In addition, tau aggregates can further
promote the aggregation of normal soluble tau in recipient cells,
resulting in the propagation of tau pathology in a prion-like
manner [9]. The neurotoxic accumulation of reactive oxygen spe-
cies (ROS) was also recognized as a possible pathogenic mechanism
of AD development [10]. However, due to the many failures of AD
clinical trials, especially of anti-Ap approaches, MAPT becomes a
current focus for AD drug discovery.

Although many compounds show promises in cell cultures and
AD animal models [11,12], the poor bioavailability of therapeutic
agents in the brain hinders the translation of in vitro and in vivo
tests to clinical trials. In order to improve the therapeutic efficacy,
AD drugs usually have to be administered with high doses, which
may lead to dose-dependent toxicity [13]. Additionally, many
therapeutic agents that demonstrate to be effective in in vitro or
in vivo studies are unable to cross the blood-brain barrier (BBB) to
reach the brains due to their hydrophilicity, high surface charge,
large molecular weight and particle size [14]. Also, the temporary
disruption of endothelial tight junctions with osmotic pressure
[15], microbubbles [16], and ultrasound [17] to facilitate BBB
crossing is risky because it will damage the integrity of the BBB and
cause an uncontrolled flux of medication and unwanted toxins into
the central nervous system (CNS) [18]. Recently, nanotechnology is
being explored for the development of nanomedicine that can both
inhibit AD pathogenesis and cross the BBB.

Carbon dots (CDs) are one of the most promising nanomedicine
and drug nanocarriers for AD drug development. They are widely
available in our life and can be directly obtained from food and
drink such as grilled food [19], honey [20], and beer [21], which
suggests a great biocompatibility and reliability for treating human
diseases. Also, compared to gold, silver NPs, and traditional quan-
tum dots (QDs), CDs are novel carbon-based core-shell NPs with
less toxicity due to the lack of metals. Compared to liposomes, CDs
are smaller with sizes between 1 and 10 nm, which benefits the BBB
penetration [22]. CDs are also easier to synthesize than carbon
nanotubes, and they have a large surface-area-to-volume ratio
which enhances drug loading capacity. More significantly, CDs
display excellent photoluminescence (PL), which can be employed
to track their pharmacokinetics in organisms with or without
therapeutic agent cargos [23]. Although the fluorescence quantum
yield (QY) varies among CD species due to different synthesis ap-
proaches, the highest value to date reached 93.3% [24], which is
higher than that of most dyes widely used in biomedical fields such
as Alexa (QY: 10—92%) and fluorescein (QY: 79%) [25]. As a unique
class of CDs, carbon nitride dots (CNDs) possess all the aforemen-
tioned properties of general CDs [26,27]. Compared with other CDs,
CND has a clearer core structure, which is amenable to computa-
tional modeling and MD simulations.

In addition, CDs in general possess many properties in favor of
BBB penetration and AD treatment. For instance, CDs with small
particle sizes, low surface charge and amphiphilicity are able to
cross the BBB by passive diffusion [28]. On the contrary, CDs with
large particle sizes, high surface charge and hydrophilicity can still
overcome the BBB after surface modifications via active transport
routes including receptor- and adsorption-mediated endocytosis
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and carrier-mediated transport [22,29,30]. Significantly, the BBB
penetration ability of CDs won't be hampered by loading thera-
peutic agents [28], which was observed in a CND-based targeted
therapy for glioblastoma [31]. Additionally, CDs alone can be
considered as an effective nanodrug for the treatment of AD by
inhibiting the activity of beta-secretase 1 (BACE1), production of
APP, secretion, and fibrillation of AB [28,32,33]. Furthermore, mo-
lecular dynamic simulations demonstrated that the extended
structures and flexibility of the AR monomers induced by the hy-
drophilic surfaces of black CDs (B-CDs), a CD species developed in
our group, were probably the mechanism for the inhibition of AB
fibrillation [33]. Considering the similarity between B-CDs and
CNDs in terms of surface structure based on one of our recent
studies [34], CNDs have the potential to interact with Ap monomers
just as B-CDs. And, to the best of our knowledge, CDs have never
been studied in the MAPT pathogenesis of AD and even QDs and
graphitic carbon nitride (g-C3N4) have been seldom investigated in
this topic. With a deep delving in the process of MAPT aggregation,
a bold idea is generated that whether and how CDs or CNDs to be
specific can interact with tau monomers as Afp monomers to pre-
vent tau aggregation? Above all, with numerous failures of anti-Ap
approaches in AD clinical trials, more efforts should be made to
study MAPT pathogenesis of AD.

Furthermore, the high levels of ROS in the brain of AD patients
are deemed to contribute to AD pathogenesis. MAPT aggregation,
AP peptide deposition and mitochondrial dysfunction are also
relevant to oxidative stress. It has been reported that AR peptide
deposition and MAPT aggregation can disturb the redox equilib-
rium, which leads to the production of excessive ROS [35,36]. Thus,
the elimination of excess ROS to restore the redox equilibrium can
help in AD treatment. The photocatalytic degradation of organic
compounds has been introduced as an effective method to detect
ROS such as superoxide radicals, hydrogen peroxide and singlet
oxygen [36]. It is worth noting that many reports have mentioned
the robust induction ability of CDs for the production of ROS. For
example, Zhang et al. reported that N-doped CDs boosted the in-
duction of ROS in the lysosome where the CDs tend to localize [37].
Moreover, two conjugated CDs were introduced as two-photon
active photosensitizers to enhance the production of lethal ROS
for nucleus-targeting photodynamic therapy [38]. On the other
hand, few reports mentioned the ROS inhibition effect of CDs; for
example, Chen et al. stated that CDs encapsulated in a self-healing
hydrogel was able to scavenge excessive ROS [39]. Therefore,
considering the oxidative stress imposed by excessive ROS to AD
brains, it is of great significance to develop the CDs that inhibit or
even consume ROS in AD treatment.

Herein, in this study, we combined a number of experimental
techniques and molecular modeling to elucidate the structure-
activity relationship of CND in its capability to inhibit MAPT ag-
gregation. CNDs were synthesized by following our previously
published procedures [26]. Then, CNDs were separated by column
chromatography with a series of developing solvents of different
polarities. Detailed characterizations of CNDs and separated frac-
tions were conducted with various spectroscopies and micros-
copies, which revealed distinct structures of separated fractions.
The MAPT aggregation inhibition capacity of each fraction was
evaluated by a Thioflavin T (ThT) assay with a structure-property
relationship proposed and validated by MD simulations. The
capability to penetrate the BBB and excess ROS suppression were
also investigated with a zebrafish BBB model and a photocatalytic
degradation experiment, respectively. Overall, this work aims at the
development of a transformative AD nanomedicine to target tau
pathology by the elucidation of the structure-activity relationship
of CNDs in MAPT aggregation inhibition.
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2. Experimental section
2.1. Materials

Citric acid (99.5—100%) and quinine sulfate dihydrate (>99%)
was purchased from VWR (West Chester, PA, USA). Urea (>99.5%),
ThT (98%) and dithiothreitol (DTT) (99%) were ordered from Sigma-
Aldrich (St. Louis, MO, USA). The molecular tweezer CLRO1 was
prepared as described in the protocol elsewhere [40]. Rhodamine B
(RhB) (95%) was bought from Alfa Aesar (Haverhill, MA). Tetrahy-
drofuran (THF) (>99.8%) and methanol (>99.9%) were provided by
MP Biomedicals (Irvine, CA, USA). Heparin (223 units/mg) was
procured from Celsus Laboratories, Inc. (Cincinnati, OH). The His-
tagged tau protein was purified in the lab using established re-
combinant methods described elsewhere [41]. Deionized (DI) wa-
ter was purified using a Modulab 2020 water purification system
bought from Continental Water System Corporation (San Antonio,
TX, USA). The purified water owned a surface tension of
72.6 mN m~!, a resistivity of 18 MQ cm, and a pH of 6.6 + 0.3 at
20.0 + 0.5 °C. All the chemicals were used without further
treatment.

2.2. Characterizations

The as-prepared CNDs and separated fractions were character-
ized by UV/vis absorption spectroscopy in a 1 cm quartz cuvette
(Starna Cells) using a Cary 100 UV—vis spectrophotometer (Agilent
Technologies) in aqueous solution. PL emission spectra were
recorded in aqueous medium (1-cm pathlength quartz cuvette) by
a Horiba Jobin Yvon Fluorolog-3 with a slit width of 5 nm for both
excitation and emission. The excitation-emission matrices were
acquired with the software of Origin 9.1. The Fourier-transform
infrared (FTIR) spectra were obtained using a PerkinElmer Fron-
tier with a universal attenuated total reflectance (ATR) sampling
accessary using air as the background. Thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTG) analyses of
CNDs and separated fractions were conducted using a thermo-
microbalance (TG 209 F3 Tarsus, Netzsch, USA) while heating un-
der a flow of nitrogen gas from 40 to 1000 °C at a rate of 10 °C/min.
The particle morphologies were studied by combining atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
with a 5420 atomic force microscope (Agilent Technologies) in
tapping mode and a transmission electron microscope (1200x ,
JEOL, USA), respectively. Prior to either AFM or TEM screening, 5-
min ultrasonication was conducted to reduce the self-
aggregation. A nano series Malvern Zetasizer was applied for the
zeta potential measurements. X-ray photoelectron spectroscopy
(XPS) spectra were recorded by using a PHI 5000 Versaprobe
(Physical Electronics, Chanhassen, MN, USA) scanning X-ray
photoelectron spectrometer (monochromatic Al K-alpha X-ray
source with 1486.6 eV, 15 kV, and 1 mA anode current) to investi-
gate surface chemical composition. Raman spectra were collected
using a Renishaw inVia (H43662 model, Gloucestershire, UK)
equipped with a green laser line (514 nm) with a 50x objective.

Raman spectra were recorded in the range from 250 to 3500 cm™ .

2.3. Synthesis of CNDs

0.5 g of citric acid and 0.5 g of urea were dissolved in 25 mL of DI
water and stirred vigorously overnight. Then the mixture was
placed in a microwave oven of 700 W and heated for 7 min until all
the water evaporated. The resultant black solid at the bottom of the
beaker was collected, solubilized in about 15 mL of DI water and
ultrasonicated for 30 min. The mixture was centrifuged for 15 min
at 1500 rpm twice to remove any precipitation. The supernatant
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was then filtered through a 0.2 um filter membrane to remove any
remaining large particles. Then, the filtrate was dialyzed in a
100—500 Da molecular-weight cutoff (MWCO) dialysis tubing for 3
days in DI water with water changed every 24 h. In the end, CNDs in
solid state were collected using a rotavapor with heating to
70—-80 °C.

2.4. Separation of CNDs

CNDs were carefully separated with a series of solvents
composed of THF and methanol with different volume ratios.
Initially, 5 mg of the as-prepared CNDs were dissolved in 4 ml water
which was transferred into a clean column packed with silica gel via
wet method. THF was chosen as the developing solvent in the
beginning while eluants were collected based on different colors
and PL under the irradiation of a UV lamp (365 nm) until there was
no more colored or photoluminescent eluants. Subsequently, the
THF/methanol mixture (1:1, volume ratio) was used to continue the
elution. When the eluant became clear and not photoluminescent,
pure methanol was applied as the final developing solvent. Even-
tually, all the fractions of CNDs were concentrated with a rotavapor,
dissolved in DI water, and lyophilized for 3 days to obtain solid
samples.

2.5. Expression and purification of MAPT

The plasmid encoding a full-length tau protein with a 6xHis tag
at the C-terminus was ordered from Gen-Script, USA. The plasmid
was transformed into BL21-CodonPlus (DE3) RIPL competent cells
and overexpressed following a standard overexpression protocol.
Briefly, the bacterial culture was started by inoculating an isolated
colony into 50 mL Luria broth (LB) with 100 pg/mL ampicillin,
50 pg/mL chloramphenicol and grown overnight in a shaking
incubator at 250 rpm and 37 "C. The culture was palleted and again
inoculated into 2L LB with the same antibiotics. The culture was
grown with an optical density 600 nm (ODggg) of 1.0 and protein
expression was initiated by adding 0.4 mM isopropyl B-b-1-
thiogalactopyranoside (IPTG). After 4 h of expression at 250 rpm
and 37 °C, cells were harvested by centrifugation and stored
at —20 'C until purification. The cells were then extracted and
purified using a Bio-Rad fast protein liquid chromatography (FPLC)
system using a His-Tag Ni-NTA column. The purified His-tagged
protein was characterized by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), mass spectros-
copy, and then lyophilized and stored at —80 “C until use.

2.6. ThT assay

All the MAPT aggregation inhibition studies were performed on
a Tecan Infinite M1000 microplate reader at 37 "C with orbital
shaking at 250 rpm for over 60 h at an interval of 23 min. The ThT
fluorescence intensity was monitored with excitation and emission
wavelengths at 435 and 480 nm, respectively. A master mixture
consisting of 10 uM His-tau protein, 2.5 mM dithiothreitol (DTT),
10 uM heparin and 10 pM ThT was set up using an assay buffer
composed of 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and 100 mM NaCl at pH
7.4. Control experiments consisted of blank buffer with ThT, the
master mixture without heparin, and the master mixture
comprised of 100 uM Tweezer (CLRO1, a known inhibitor of tau
aggregation [42]). Serial dilutions of CNDs and separated fractions
were performed to monitor the dose-dependent MAPT aggregation
inhibition. Final data analyses and extraction of kinetic parameters
were performed in Igor Pro program.
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2.7. Computational details and MD simulations

The general structure of CND was created and optimized using
the Gaussian 16 software package. The charges and electrostatic
surface potentials (ESP) were computed at the B3LYP/6-31G(d)
level of theory. The grimme D3 dispersion correction was used to
account for the interactions between the multiple layers. The
structure of tau protein was obtained from the protein data bank
(PDB ID: 6HRE). The protein structure was optimized using all-atom
MD simulation prior to the docking of CND. The Autodock Vina 1.5.6
software was used to evaluate the binding modes of CND onto the
tau protein. The following two docking protocols were used: (1)
rigid docking and (2) flexible docking. In the rigid docking, the
structure of tau protein was kept fixed, while the CND was flexible.
In the flexible docking, both tau and CND were allowed to change
their conformations. The grid size was chosen to cover the entire
peptide, and the spacing was kept to standard value (1.0 A). An
exhaustiveness value of 20 was used, which produced 20 poses
with the highest relative binding affinities. The lowest energy pose
was chosen as the starting point for the MD simulation. All the
classic MD simulations were performed with the AMBER force field
as implemented in GROMACS program. The system was inserted in
a cubic 100 x 100 x 100 A simulation box and filled with TIP3P
water molecules. Sodium and chloride ions were added to simulate
the physiological concentration of 0.154 mM and neutralize the
system. The starting structures were then energy-minimized with a
steepest descent algorithm for 3000 steps. The results of these
minimizations produced the starting structure for the MD simula-
tions. The MD simulations were then carried out with an
isothermal-isobaric ensemble (NPT) without any geometric con-
strains. The long-range electrostatic interactions were calculated
with the Particle-Mesh Ewald (PME) method. A constant pressure
of 1 atm was applied with a coupling constant of 1.0 ps; peptide,
CND, water molecules and ions were coupled to a bath at 300 K
with a coupling constant of 0.1 ps. The timestep of 2 fs was used for
the integration of the equations of motion. Finally, cluster analysis
was performed to select the most representative structure along
the 200 ns of simulation.

2.8. ROS measurements

All photocatalytic degradation experiments were carried out in
a quartz cuvette with a 1-cm pathlength placed 10 cm in front of a
solar simulator (Oriel Instruments, Newport Corporation) equipped
with a high-power mercury-xenon light source (see Supporting
Information, Fig. S9 for the spectrum). The cuvette was filled with
4 mL of aqueous solution (10 mg L~!) of RhB and 0.6 mg of CNDs
ultrasonically dissolved in the solution. Photocatalytic reactions
were initiated by switching on the lamp, adjusting the power to
310 W, and recording the initial absorbances at 554 nm (RhB).
Subsequently, in order to keep the concentration of photocatalysts
and RhB steady throughout the whole UV/vis absorbance mea-
surement process, instead of measuring out a few aliquots of
samples, we directly used the cuvette containing both photo-
catalyst and RhB for UV/vis absorption measurements so that the
sample volume used for this purpose was constantly 4 mL. Absor-
bances were read out every 10 min by a UV/vis spectrophotometer.
According to the Beer-Lambert law, the absorbances reflect on the
concentration changes of RhB. In addition, for further study of the
effect of CNDs on ROS generation, CNDs were added to the system
containing 4 mL of RhB aqueous solution (10 mg L~') and 12 mg of
gel-like CDs (G-CDs) or a composite of G-CDs and g-C3N4(CD-g-
C3Ny4) as described in our previous study [43]. UV/vis absorption
spectrum was recorded each 10 min to compare the absorbances at
554 nm obtained from the system with or without CNDs. All the
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experiments were conducted three times each to ensure the ac-
curacy and reproducibility of our results.

2.9. Zebrafish experiment

Wild-type (WT) zebrafish at 5 days post fertilization were ob-
tained from the Zebrafish Core Facility at University of Miami.
10—50 mg/mL aqueous solutions of CND fractions were intravas-
cularly injected into the heart of zebrafish previously anesthetized
by 0.02% tricaine. After 10 min, the injected zebrafish were sub-
jected for observation under a Leica SP5 confocal microscope under
both white light and excitation at 405 nm. The animal care protocol
for all the procedures used in this study was approved by the
University of Miami Animal Care and Use Committee (protocol No.:
21-182 LF) and complies with the guidelines of the National Sci-
ence Foundation.

3. Results and discussion
3.1. Separation of CNDs

The as-obtained CNDs were carefully separated by column
chromatography. Selection of developing solvents was based on a
preliminary TLC study shown in the Supporting Information, Fig. S1.
With pure THF as the developing solvent, three fractions (F1, F2 and
F3) were obtained. With THF/methanol (1:1, volume ratio), F4 was
collected. Then, with pure methanol as the developing solvent, F5
was eventually acquired. After removal of organic solvents, all the
five fractions were obtained as solid samples with a product yield of
3.0, 0.8, 7.5, 58.6 and 30.0% for F1—F5, respectively, showing a vast
variation. Also, considering the increasing polarity of developing
solvents, the polarity gradually increases from F1 to F5. In addition,

cno F1F2 F3 F4 FS

-7
Low —bpolarity High

Fig. 1. Graphic illustration of F1, F2, F3, F4 and F5 with an increasing order of polarity,
color and PL under white light (a) and UV irradiation (365 nm) (b).
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Fig. 1 records the polarity, color, and PL of each fraction in aqueous
media.

3.2. Characterizations of CND fractions

3.2.1. Optical properties

UV/vis absorption, differential reflectance, and fluorescence
emission spectroscopies were performed on CNDs and separated
fractions. UV/vis spectra of CNDs and separated fractions in Fig. 2a
display four absorption peaks with wavelengths generally falling
into four ranges (200—250, 250—300, 300—350, and >350 nm). In
comparison, some absorption peaks disappear or shift in the
spectra of separated fractions, revealing the structural differences
of CND fractions. All the peak information of CNDs and separated
fractions are recorded in the Supporting Information, Table S1.
From the Supporting Information, Table S1, it is observed that in
terms of absorption peaks, F1 resembles CNDs the most, which is
followed by F3 and F2 regardless of slight shifts of different peaks
due to the structural differences. Meanwhile, the peak at
200—250 nm is not clear in the spectrum of F4, which indicates a
lack of C=C moieties on F4. Additionally, the peak at >350 nm,
especially 410 nm for F2 and 415 nm for F3, indicates the moiety of
NO; [44], and its redshift demonstrates the NO, is connected to a
larger conjugated system within F2 and F3. Moreover, multiple
peaks in the UV/vis absorption spectra of CNDs and separated
fractions also account for the color and great light harvesting
abilities of all the samples.

Furthermore, differential reflectance spectroscopy was per-
formed on CNDs and five separated fractions using the same UV/vis
spectrophotometer. Comparison of the spectra of five fractions in
the Supporting Information, Fig. S2 reveals an increase of band gap
between valence and conduction bands of CNDs with the increase
of polarity (F1: 1.74 eV; F2: 1.86 eV; F3: 2.44 eV; F4: 2.80 eV; F5:
3.00 eV). Meanwhile, according to our previous study [45], the
increasing band gap might be associated with a decreasing level of
heteroatoms such as O and N from F1 to F5, which was confirmed
later by the XPS measurements (Supporting Information, Fig. S3).
Also, the enlargement of band gap increases the difficulty for
electron transition and ROS induction. Considering the product
yield of highly polar F4 and F5 that almost occupies 90% of CNDs,
the overall CNDs behave inert to the environment. Therefore, ROS
that are usually generated with CDs as photocatalysts will be
inhibited [43,45], which, however, is beneficial for AD patients to
avoid oxidative stress.

As to PL behaviors, it was observed in the fluorescence spectra
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(Fig. 3) that CNDs and all separated fractions exhibited excitation-
dependent PL. Although the mechanism of excitation-dependent
PL is constantly debated among theories of surface state, molecu-
lar state, core state and quantum confinement effect [23], the
dominant voice is heterogeneity of different particles in terms of
surface functionality. And it is hypothesized that in each CND
fraction, there still exist many subfractions with subtle differences.
The Supporting Information, Table S2, reveals their maximum
excitation, emission wavelengths and fluorescence QY. At the same
concentration of 1 x 103 mg/mL, compared with the overall CNDs,
F1 and F5 share the same maximum excitation (375 nm) and
emission wavelengths (452 nm), while when it comes to F2, F3 and
F4, the two parameters are very different. In detail, the maximum
excitation wavelengths of F2 and F3 are 400 nm while their
maximum emission wavelengths red shift to above 500 nm. On the
contrary, the maximum excitation/emission wavelengths occur
blueshift to 325/427 nm, respectively, for F4. Additionally, a
concentration-dependent PL behavior was observed in F2, F3 and
F4, and they all exhibited a redshift when their concentrations were
increased (Fig. S5), which might stem from self-aggregation [46].
Thus, the huge difference in PL of different fractions is likely due to
the presence of distinct surface states that result from surface
structural differences [45]. A composition of these fractions con-
tributes to an excitation-dependent PL of the overall CNDs that
favors their applications in biological matrixes to avoid the inter-
ference of intrinsic autofluorescence.

Moreover, the fluorescence QY of CNDs and each fraction was
calculated using quinine sulfate as a standard reference. The QY
values are recorded in the Supporting Information, Table S2. The QY
of the overall CNDs is a mean QY attributed by each fraction.
Compared to CNDs, separated fractions displayed a higher QY such
as F2, lower QY such as F1, F4 and F5, or a similar QY such as F3, and
the differences in QY can be ascribed to the same reason for
different PL properties. In fact, it is not uncommon to observe that
some fractions of CDs possess a higher QY than that of the overall
CDs [47], and it seems to provide an alternative methodology to
obtain CDs with higher QY via purification and separation.

3.2.2. Structural investigations

Structures of CNDs and separated fractions were initially
investigated using FTIR and TGA. According to the FTIR spectra
exhibited in Fig. 2b and functional moieties identified in the Sup-
porting Information, Table S3, distinct structures of CND fractions
were presented. In general, although minor variations exist and
some peaks are not detectable, most peaks are easy to be identified

a)

Absorbance

200 300 400 500 600 700
Wavelength (nm)

=

Transmittance

800 4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Fig. 2. Physicochemical characterizations of CNDs and separated fractions. (a) UV/vis absorption spectra of CNDs, F1, F2, F3, F4, and F5 at 0.1 mg/mL; (b) FTIR spectra with ATR

technique and air as background.
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Fig. 3. The fluorescence spectra of the overall CNDs, F1, F2, F3, F4, and F5 at 1.0 x 10> mg/mL.

according to the IR Spectrum Table & Chart from Sigma-Aldrich.
Additionally, structures including C=C, C=0, C=N, and NO,
identified by FTIR spectral peaks are consistent with that shown in
UV/vis absorption spectra. It is noteworthy that although C=C was
not detected in F4 by the UV/vis absorption spectroscopy, it is
identified by the FTIR spectrum, which might suggest that F4
possesses a low content of C=C.

In terms of TGA of each fraction exhibited in Fig. 4, functional
moieties can be identified and quantified in each fraction based on
their own thermal stabilities and decomposition temperatures. In
addition, citric acid and urea, two precursors of CNDs, were also
decomposed in comparison to each fraction and their TGA spectra
are presented in the Supporting Information, Fig. S6a. However, in
the range of 150—220 °C, a sole sharp peak shown in the DTG
spectrum (Supporting Information, Fig. S6b) reveals that citric acid
was quickly transformed into aconitic acid, itaconic acid and
anhydrous itaconic acid while releasing H,O and CO, [48]. More-
over, according to Stradella et al., decomposition of urea has three
steps [49], which is consistent with our experimental results

(Supporting Information, Fig. S6¢), namely formation of biuret
(106—258 °C), formation of cyanuric acid while decomposing urea
into ammonia gas and cyanic acid, and producing a small amount of
ammelide (258—358 °C), and decomposition of cyanuric acid
(358—428 °C). Thus, considering these complex reactions occurring
to citric acid and urea, it is unwise to directly compare the TGA
results of citric acid and urea to that of CNDs and each fraction.
Instead, the literature references recording the TGA measure-
ments of a wide range of chemicals and materials were used to
identify and compare each functional moiety on CNDs and sepa-
rated fractions qualitatively and quantitatively. Based on our pre-
vious studies on the TGA of CNDs, mass loss at 40—168, 168—338,
338—448, 448618 and 618—688 °C represents evaporation of
water molecules [50—52], decomposition of oxygen-containing
functional moieties [53,54], and decomposition of carbon nitride
(C3Ng) structures, respectively [34]. With aforementioned refer-
ences and DTG shown in Fig. 4 taken into consideration, the
decomposition analyses of CNDs and separated fractions are as
follows. The peak at 40—96 °C indicates water adsorbed on the

)100 —F5 b)
90 4 ——F4
] ——F3
80+ e F /\—//_‘/L
1 ——F1
mf ——CNDs
32 60
& 50+
©
= 40
20 ’\/\/\./\‘_______v\/
10+ ~\_/“/\—_§’m
0 T T \J L i T ¥ T ¥ T L T %
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Temperature (°C)

950
Temperature (°C)

Fig. 4. (a) TGA and (b) DTG of CNDs and separated fractions.
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surface or trapped in all fractions while the peak at 96—160 °C

represents the loss of water formed through dehydration conden- z

sation reactions of alcoholic —OH [55], which varies among CNDs §

and F1—F5 as shown in Fig. 4. Moreover, 160—250 °C is ascribed to T

the decomposition of edge-plane oxygen-containing functional E%

moieties including epoxy, carboxyl (-COOH) and carbonyl (C=0) 5|8 = a S ) K

groups while forming phenol groups and releasing CO and CO, .

[55,56]. The stage at 250—333 °C depicts the dissociation of stable 5

O-containing functional moieties and sublimation of carbon s E;

framework [55]. The stage of 333—523 °C suggests decomposition W =

of amines while releasing ammonia gas [57,58]. The last stage of 5g|8 = & g g &

550—1000 °C is attributed to the decomposition of graphene and

heptazine-based C3N4 structures into carbon and nitrogen con- g

taining gases [59—61], and the heptazine-based units have been s §

confirmed by NMR measurements in one of our previous studies £l

[26]. As to the calculation method, considering adsorbed water and -E: 8 § Z\@: § % i §

remnant in the end of thermal decomposition which is presumed to T

be silica gel used in the column chromatography, the mass loss in 5

each stage of CNDs and each fraction was recalculated by dividing <

the mass loss read from TGA by the sum of mass loss except that of i

adsorbed water and remnant at 1000 °C. After recalculation, the ; —~

content of each functional moiety on CNDs and each fraction is S §

listed in Table 1. In comparison, the content of alcoholic —OH i%

among five fractions are in the order of F2(15%)>F3(13%) = F4(13%) § TE " s s s s

>F1(9%)>F5(4%); the content of O-containing functional moieties JEIT < & o 3 5]

and their connected carbon framework among five fractions are in —~

the order of F1(44%)>F3(28%)>F2(26%)>F4(15%)>F5(5%); the con- §

tent of amines are in the order of F2(48%)>F4(36%)>F5(35%) %=

>F1(27%) = F3(27%); the content of “core” are in the order of E§ s s s se se se

F5(56%)>F4(36%)>F3(32%)>F1(20%)>F2(11%); on the contrary, the EEIR & N @ 4 ]

content of “shell” in five fractions are in the order of F2(89%) g

>F1(80%)>F3(68%)>F4(64%)>F5(44%). Also, most importantly, the K

content of hydrophilic functional moieties including alcoholic —OH e %

and amines on the “shell” of each fraction was calculated, which is I 8| s 2 B B se se

in the order of F5(89%)>F4(77%)>F2(71%)>F3(59%)>F1(45%). It °=l° = = = N “

generally matches the polarity strength of five fractions. And the e .

reason why O-containing functional moieties are not included in § P s s s o o o

the calculation of the surface content of hydrophilic functional & E 5 2 5 N -

moieties is due to inability to separate carbon framework from O- g

containing functional moieties. Moreover, the content of each E 0 se 59 59

functional moiety on CNDs is close to that on F4 and F5 considering z £ @ & = S o

their high contents in the overall CNDs and the measurements v

provide important information in modeling CNDs in preparation % . . . . . .

for the investigation of the interactions between CNDs and MAPT g g ; Z Z ; ; :

via MD simulations. Eles|3 IS IS S S S
In order to further study the structures of CND fractions and ol I ; ; ; ; ;

. . n |z 9 I 3% N N N
understand the interactions between CNDs and MAPT, XPS and |leL|as Bx 8% Sy §3 ¥4
Raman spectroscopy were employed. Due to the low product yield E L
of F2, further characterizations were carried out only with F1 and Ele [ N B £ E £
F5, the two most different fractions in terms of polarity. As a result, = R I
XPS spectra exhibited in the Supporting Information, Fig. S3, show Slg g ¥ ¥ O
the oxygen/carbon and nitrogen/carbon ratios in F1 are 78% and é E 28 E 35 § 23233 ﬁ 28 § 2% 3
14% and both of them are higher than that in F5 which are 56% and ElF |STASTASTVIZTVIZTVIST =
4%, respectively. In addition, C1s spectrum displayed in the Sup; ) § G G G G o G
porting Information, Fig. S4 and Table 2 show the absence of sp =R 3 e 3 e Mmoo
hybridized carbon but presence of sp? hybridized carbon (284.8 V) c 3 E g @‘ ﬁ g % % g g, % g % %‘ g m| % ? % %
[34] revealing a content of 61.6% and 68.4% for F1 and F5, respec- % ) ) ) ) ) )
tively, which is consistent with aforementioned TGA results. The =2 E g o ;q-° " 8 % g _ % o % "
peaks attributed to carbon atoms bonded to heteroatoms are also g :é’.: % TN ENS 8T TaTRE NS T
present as C-X (X = N, O; 285.9 eV), C=0 (288.8 eV), and COOH Sl . . .
(288.9 eV) [34]. O1s signals show the presence of hydroxyl 212 o : o o j :
(531.5 eV), carbonyl (532.2 eV), and carboxylic functionalities E § NEENERENE RN B
(535.8 eV) [62]. Interestingly, carbonyl functionalities are present in - g ST =lesteslmsiasle - by
a larger amount compared to C—0 and COOH residues. N1s signals 2 ‘§ - N o ¥ 0 %
are composed of two peaks corresponding to nitride (398.9 eV), and e
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Table 2
Output of XPS analysis for carbon, oxygen, and nitrogen.
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Fraction Carbon (%) Oxygen (%) Nitrogen (%)

Csp? C-X(X=N,0) C=0 COOH Cc-0 c=0 COOH Nitride -NH,
F1 61.6 135 19.0 5.9 31.1 57.3 11.6 18.2 81.8
F5 68.4 8.1 13.7 9.8 35.0 514 13.6 41.6 58.4

NH; residues (400.1 eV) [62]. The relative intensity of these two
peaks agreed with the trend observed in TGA. Furthermore, the
Raman spectra of both fractions (Supporting Information, Fig. S7)
show very intense PL. While no other peaks can be detected in the
spectrum of F5, the spectrum of F1 exhibits weak peaks in the re-
gion of sp? carbon bonds (1000-1800 cm™!, D and G peaks).

Based on the outcomes of XPS, FTIR, TGA and MALDI-TOF ana-
lyses, a comprehensive model of the CND is proposed. MALDI-TOF
suggests the presence of fragments of up to around 861 g/mol
while XPS, FT-IR and TG proved the presence of materials with a
high degree of functionalization. This in fact excludes a pure
triazine-like structure and suggests structures of greater variability.
Hence, we hypothesize a multi-layered structure of CND as re-
ported in Fig. 5. According to Mintz et al. [34], triazine layers
represent the outer layers of CNDs while their cores are mainly
composed of N-doped graphene-like layers. According to the Lerf-
Klinowsky model [63], the residual functional groups, such as car-
boxylic, carbonyl and amino/hydroxyl residues, are present on the
edges of the planes. The XPS analysis suggests that nitrogen is
present as amino groups or directly inserted in six-member-ring
structures.

Furthermore, regarding the possible structures of F1 and F5, a
unique assignation is highly speculative due to the great number of
possible isomers. Nevertheless, we suggest a possible family of
graphene layers for F1 and F5 with more polar groups on the shell
of F5 than F1 (TGA data, Table 1). Accordingly, we hypothesized a
triazine-like layered structure for F5 with disorganized core layers.
The massive functionalization of F1 core layers could lead to that
the polar functionalities strongly interact with each other, pro-
ducing a shell-core interphase unipolar aromatic system that could
pile triazine layers in a more efficient way. Based on the model
reported in Fig. 5, the differences in the core layers may be
accountable for the different interactions with tau. As reported in
Fig. 10, the deformation of planarity of triazine layers allowed their
interactions with protein residues. Accordingly, different core
layers induced modifications of d; and d3 distances with a con-
current modification of space arrangement of triazine layers and
interactions with tau domains.

X=C,N

R=-OH. -NH,. -COOH

3.2.3. Morphological studies

AFM was applied to measure the mean particle size perpen-
dicular to the x-y plane, namely along the z axis, of each fraction
deposited on individual mica slides. According to Fig. 6, size dis-
tributions show minor aggregation in each fraction and the mean
particle sizes of F1—F5 along the z axis are between 1 and 2 nm.
Subsequently, TEM images of five fractions were recorded as Fig. 7
that displays similar particle sizes of F1—F5 on the x-y plane to that
obtained along the z axis. Thus, the combination of AFM and TEM
results reveals that all fractions are CNDs with nearly spherical
shapes. To be specific, the size distribution histograms show the
sizes of five fractions are 1.7 + 0.6 (F1), 1.3 + 0.5 (F2), 1.5 + 0.7 (F3),
1.7 + 0.7 (F4), and 1.9 + 0.8 (F5) nm, respectively. The unspecific
pattern of particle size variation reminds us that the separation was
not based on particle sizes.

However, considering the nanoscale particle sizes, a quantum
confinement effect may apply to CNDs and all the separated frac-
tions. In QDs, quantum confinement allows for QDs to be assigned
to specific incident energy levels based on particle size. As QDs
become smaller, quantum confinement increases the effective
bandgap, leading to a blue shift of the fluorescence emission
spectra [64]. With these facts taken into account, the fluorescence
emission data of all the separated fractions (Table S2) were
reviewed. It is observed that the maximum fluorescence emission
wavelength red shifts in the order of F4<F1<F5<F3<F2, which,
however, doesn't match the particle size increases in the order of
F2< F3<F1 =F4<F5. Therefore, quantum confinement effect may be
present in the PL behaviors of CNDs, but it is definitely not pre-
dominant. In addition, the difference in particle size among all the
fractions are negligible and similar particle sizes exclude the effect
of particle size on the interactions between CNDs and MAPT.

3.2.4. Zeta potential measurements

Zeta potential is an important parameter that determines the
surface electrical properties. In comparison, zeta potential values of
CNDs and five fractions shown in the Supporting Information,
Table S4, are similarly negative, which suggests similar moderate
colloidal stabilities and electrostatic interactions between each

Fig. 5. Hypothetical multi-layered model of CND based on XPS, FTIR, TGA and MALDI-TOF analyses.
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Fig. 6. AFM images of F1—F5 with their respective size distributions.

CND fraction with MAPT. Also, the results can be used to explain the
minor aggregation of CND fractions displayed in AFM and TEM
images in Figs. 6 and 7.

3.3. MAPT aggregation inhibition with carbon nitride dots and their
fractions

The ThT fluorescence assay demonstrates that CNDs and their
fractions inhibited tau aggregation in a dose-dependent manner
(Fig. 8). Data were normalized on a scale from O to 1 with a baseline
correction at zero and the maximum uninhibited tau aggregation at
1 to facilitate comparison among different concentrations of in-
hibitors. The lag time (tiqg) and the time at the half completion of
the aggregation process (tsq) were evaluated by fitting a sigmoidal
function with each kinetic trace. The uninhibited tau aggregation
kinetics followed a multi-step secondary nucleation dominated
pathway with a tjgg of 13.4 £ 0.2 h and a tpgy of 18.9 + 0.1 h. The
elongation rate constant was estimated to be 0.358 h~! with an
amplitude of 0.965 h~! assuming a dimeric size of the primary and

secondary nucleus. As the concentration of inhibitors increased, the
thar increased while the elongation rate constant decreased except
for highly polar fractions like F4 and F5 which showed biphasic
dependance of these parameters. The highest concentration of in-
hibitors (143 pg/ml) almost completely inhibited the aggregation in
all CND fractions except F4 and F5. This prevented the extraction of
exact parameters for this concentration. The kinetic data reported
here is of sufficient quality and reproducibility as confirmed by four
duplicates of each measurement. The detailed kinetics parameters
are summarized in the Supporting Information, Tables S5—7.
Indeed, in comparison to the control groups, when a low concen-
tration of CNDs or their fractions was added to incubate with MAPT,
some enhancement was observed, which suggests that CNDs or
their fractions might induce an aggregation nucleus that appears
early in the amyloid formation pathway [65]. However, after the
concentration was increased, a clear dose-dependent manner was
shown in the tau aggregation inhibition of CNDs and each fraction,
which indicates strengthened nanoparticle/tau interactions.

In addition, based on each ThT fluorescence kinetic trace, the
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Fig. 8. Tau aggregation inhibition kinetics of CNDs and their fractions, F1, F2, F3, F4, and F5 as shown in graphs (A), (B), (C), (D), (E), and (F) respectively as monitored by a ThT
fluorescence assay. The uninhibited tau aggregation control is shown in black and CNDs or their fractions inhibiting tau aggregation at various concentrations are shown in red
(0.0143 pg/mL), yellow (0.143 pg/mL), green (1.43 pg/mL), cyan (14.3 pg/mL), and blue (143 pg/mL).
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percentages of tau aggregation inhibition for different inhibitors
were determined. The half-maximal inhibitory concentration
(IC50) for CNDs (F0), F1, F2 and F3 was then interrogated by fitting a
sigmoidal function with these inhibition percentage values as a
function of the concentration of inhibitors in a semi-log scale
(Supporting Information, Fig. S8). According to these IC50 analyses,
it is noteworthy that the overall CNDs (FO) show the best effect on
the tau aggregation inhibition compared to separated fractions.
Additionally, CNDs were able to completely suppress the tau ag-
gregation at a final concentration of 143 pug mL~L. As the polarity
increases from F1 to F5, the inhibition potency decreases. The
overall CNDs have the lowest IC50 ~ 8 pug/mL that falls into a typical
range for small molecule drug candidates. With the increase of
hydrophilic functional moieties like —OH groups and amines, the
IC50 value increases from F1 to F5. Our results indicate that the
overall IC50 ranking among CNDs and their fractions follow the
order CND < F1 = F2 =F3 < F4 < F5 with the most polar fractions
F4 and F5 displaying the highest IC50 > 143 pg/mL. The weak in-
hibition potency of F4 and F5 prevented precise calculations of their
IC50 values. The calculated IC50s of CNDs (FO) and separated frac-
tions are summarized in the Supporting Information, Table S8. In
addition, it is noteworthy that the overall CNDs show the lowest
IC50, which contradicts with our previous statement. Since F4 and
F5 are the major components of CNDs, the overall CNDs were not
supposed to exhibit a higher inhibition capacity than any separated
fractions unless there exists a synergy of different tau aggregation
inhibitors including all the fractions or the m-7 stacking between
different fractions enhanced the surface area, which strengthened
the interactions between CNDs and tau, which will be investigated
in our future work.

3.4. Computational modeling

Different from typical CDs, the “core” of CNDs possesses C atoms
double bonded to N atoms with high N:C ratios in their structures
[66]. These CNDs are built from C and N-containing heterocycles
with triazine or heptazine rings linked through sp? bonded nitro-
gen atoms [66]. Our spectroscopic measurements indicate the
presence of triazine or heptazine rings in the “core” of CNDs and
separated fractions. The same spectroscopic measurements also
indicated the presence of O-containing functional moieties. These
moieties such as carboxyl and hydroxyl groups may be located on
the edge of poly-C3N4 units endowing them with good water sol-
ubilities and high polarities. Since the exact location of these
functional moieties cannot be pinpointed, we may as well firstly
model the CND with a more assured structure such as the “core” to
study the interactions between tau protein and the “core”, because,
according to TGA, the “core” occupies almost 60% of the molar mass
of CND. Also, since the overall CNDs showed the best performance
in MAPT aggregation inhibition, our MD simulation study will cling
to the “core” of the overall CND instead of separated fractions.

Therefore, our computational modeling of the CND takes into
account that heptazine rings are the building block of CND core
[67]. The s-triazine rings in the structure of CNDs have been pre-
viously confirmed by spectroscopic techniques such as: solid-state
13C NMR, UV/vis absorption, and FTIR [26]. Also, the C3Ny4 structures
in CNDs were validated by XPS data [34]. As stated previously, ac-
cording to both TGA and DTG analyses, the “core” occupies 60% of
the molar mass of CND. Moreover, the peaks observed at 215 and
604 g/mol in MALDI (TOF) mass spectrometry spectrum, are
another evidence of the presence of s-heptazine and triple-
heptazine rings which are the major constituents of the core of
CND [26]. Although these peaks don't represent the real molar mass
of CNDs, they can indicate the molar mass of the most repeated
units released by weak bond breakages as the dispersive m-7

1
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stacking. Finally, based on AFM and TEM measurements (Figs. 6 and
7), the average diameter obtained for the CNDs is 1-2 nm.

Our CND model follows the layer model proposed in the liter-
ature [68], and 4 triple-heptazine layers are stacked to form the
core of CND (Fig. 9). After geometry optimization, the CND has a
diameter of 1.45 nm. Each layer is spaced by about 0.36 nm which
agrees with the weak dispersive -7 stacking that holds the layers
together. Ordered types of layer arrangements include the eclipsed
mode, in which there is little or no layer offset, and systematic layer
offset. Due to the presence of weak p-p interactions between the
aromatic N-heterocyclic rings of each layer, the stacking of adjacent
layers is favored over an alternated arrangement in which the en-
ergy is higher (~5 kcal/mol). However, upon stacking, a certain
degree of unidirectional offset between adjacent layers was
observed (~7°) owing to electrostatic repulsion between the layers.
Another feature that differentiates CNDs from typical CDs is that
the layers that comprise CND are not completely flat. Due to the
electrostatic repulsion of the lone-pair electrons of the N atoms
near the center of mass of the triple-heptazine structure, the single
bond of each N atom that connects to the individual heptazines
together is rotated, which bends the structure by approximately
45°,

3.5. MD simulations

Whether the structures of tau filaments vary within, or be-
tween, the brains of individuals with AD are still unknown. How-
ever, paired helical filaments (PHF) represents 80% of the tau
filaments extracted from the frontal cortex of individuals with
sporadic AD and are therefore the most representative structure of
these aggregates [69].

The identification of the exact binding sites between CND and
the tau PHF would require a high-resolution structure of the CND-
PHF complex which is challenging to obtain by either NMR or X-ray
diffraction (XRD) analysis. To overcome this issue, we have utilized
two different molecular docking techniques (rigid and flexible
docking) and MD simulations. We obtained similar results when we
used a single protofilament or two packed protofilaments of the tau
fibril for both techniques. In other words, there was no significant
binding on the protofilament interfaces, which makes the PHF and
straight filament (SF) structures of the tau fibril equal for the
binding studies. The docked and MD equilibrated structure is
shown in Fig. 10. In all docking poses, CND bound to the hydro-
phobic cavity located next to the center of mass of the individual
filament. In that region, the interactions of CND and PHF were
maximized due to the spherical shape of CND which allowed for
interacting with a higher number of residues located in all di-
rections around CND inside the hydrophobic cavity. In comparison,
regions near the surface of PHF that possess similar amino acid
sequence can only interact with one face of CND through a limited
number of residues. Consequently, the CND dissociated from the
surface of tau after few nanoseconds of simulation.

Inside the hydrophobic pocket, each triple-heptazine sheet is
able to interact with one peptide since each sheet and each peptide
were separated by about the same distance (3.5—4.5 A) (Fig. 10).
The positively charged residues LYS353 and LYSsgg9 provide hydrogen
bonding interactions with the N atoms of the heptazine rings. The
neutral residues GLN35; and HIS3g; interacted via hydrogen bonds
with the terminal amino groups on the sheet. The hydrophobic
residues ILE3gg and ILE37; on the other hand, interacted with each
sheet through weaker CH-m interactions. Some of the aforemen-
tioned residues were also identified as possible binding sites of
tracer compounds used in positron emission tomography (PET
tracer) [70]. More recently, a second generation tau PET tracer that
contains 4 N-heterocyclic rings and is presently experimentally and



Y. Zhou, N. Kandel, M. Bartoli et al.

NH,
N)\N 0.36 nm
H
HN \N \N NH
NJ\N NJ\lN
N)\Nl N NJ\N :\l
HQN/k\N \NI u SNTUN NH;

Tri-heptazine layer

Carbon 193 (2022) 1-16

CND y

Fig. 9. Chemical structure of triple-heptazine which constitutes each layer of the CND model. The whole model with four layers and the average distance between each layer is
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Fig. 10. MD optimized structure of tau protein-CND complex, with the nearest interacting residues shown on the right.

clinically studied was found to interact with residues in the same
region as CNDs [71]. The results of these simulations are in agree-
ment with the fact that hydrophobic CNDs are more effective in tau
aggregation inhibition than the more polar isolated fractions such
as F4 and F5.

3.6. ROS deactivation

In our study, ROS generation was evaluated through a photo-
catalytic dye degradation process. And RhB was selected since it's
positively charged molecule that can efficiently interact with the
negatively charged fractions. To rule out the probable photolysis,
RhB was irradiated in the absence of CNDs for 1 h as control and the
degradation extent of RhB was recorded in Fig. 11a, which shows
that RhB couldn't self-degrade after 60 min of exposure to simu-
lated sunlight. Subsequently, the photocatalytic system (0.6 mg of
CNDs in 4 mL of RhB aqueous solution) was irradiated using a solar
simulator while the absorbance at 554 nm was measured each
10 min and the obtained A/Ag equal to C/Cp are presented in Fig. 11a.
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The use of 0.6 mg of CNDs was consistent with the highest con-
centration of CNDs (143 pg ml~ ') used in MAPT experiment and the
data reveal that 0.6 mg of CNDs were not able to completely
degrade RhB within 60 min. Although the first 20 min witnessed
degradation of RhB, the following 40 min didn't display further
progress in comparison to the first 20 min. Thus, when the ROS
merge with the electron deficient fractions of CNDs, the ROS elec-
trons transfer to the surface of CNDs, and consequently the ROS are
deactivated. Moreover, the photocatalytic degradation rate con-
stant of CNDs (0.6 mg) is as low as 0.003 min~' (Fig. 11b). Such low
degradation rate demonstrates negligible photocatalytic reactivity
and ROS induction ability of CNDs at low concentrations, which,
however, is of great significance to AD patients to avoid unnec-
essary oxidative stress.

In addition, since CNDs were suggested to be antioxidant, to
verify the hypothesis and identify the ROS suppressed by CNDs,
photocatalytic experiments were conducted in RhB solutions with
12 mg of G-CDs and CD-g-C3N4 separately in the presence of 0.6 mg
of CNDs. Based on the experimental results in our previous study,
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Fig. 11. Photocatalytic degradation of RhB in presence of CNDs, G-CDs or CD-g-C3Ng4. Conditions: initial RhB concentration (10 mg L), light power (310 W), pH (neutral) and

temperature (20 °C).

the major ROS induced by G-CDs and CD-g-C3Ny4 are O3 and -OH,
respectively [43]. When the photocatalytic experiment was con-
ducted using G-CDs as the sole photocatalyst in presence of CNDs
(0.6 mg), the degradation rate drastically dwindled (Fig. 11b),
reflecting the noteworthy effect of CNDs as a O3 trap. Moreover, the
photocatalytic degradation of RhB was carried out by applying CD-
g-C3N4 as the sole photocatalyst. In the presence of CNDs (0.6 mg), a
substantial reduction in the RhB degradation rate was observed in
comparison to the RhB degradation rate in the absence of CNDs
(Fig. 11b), indicating CNDs' suppression of -OH. Thus, CNDs proved
to be an excellent antioxidant to consume both O3 and -OH in the
environment. Altogether, the ROS experiment demonstrated that

CNDs (0.6 mg) wouldn't exhibit photocatalytic reactivity and
induce appreciable ROS irradiated by sunlight let alone in the dark
brain environment. On the contrary, CNDs would help reduce ROS
especially Oy and -OH in the brain to prevent AD patients from
oxidative stress.

3.7. BBB penetration

CNDs were reported to penetrate the BBB in our previous study
and two mechanism hypotheses were given, namely passive
diffusion or ASCT2 transporter-mediated transport [31]. To further
investigate the BBB penetration mechanism of CNDs, aqueous
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Fig. 12. Confocal images of (a) 5-dpf WT zebrafish (yellow box indicates the observation area); (b) spinal cords of zebrafish injected with aqueous solutions of CND fractions

(10—50 mg/mL). The red arrows indicate the central canal of spinal cord of zebrafish.
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solutions of each separated fraction with concentrations of
10—50 mg/mL were separately intravascularly injected into the
heart of 5-day post-fertilization (dpf) WT zebrafish. To be specific,
concentrations of F1, F3, F4 and F5 were 50 mg/mL. However, the
concentration of F2 was only 10 mg/mL due to the low product
yield. Under the excitation wavelength of 405 nm, the confocal
images (Fig. 12) in comparison to the control demonstrate that F1,
F2 and F3 could cross the BBB and reached the spinal cord which is
connected to the brain by cerebral spinal fluid [30]. On the contrary,
F4 and F5 failed to penetrate the BBB, which matches their higher
polarity or hydrophilicity. In addition, considering similar particle
sizes, electrical charges but different polarities, hydrophilicities and
structures which are consistent with the BBB penetration abilities
of five fractions and thanks to their good fluorescence QY, the BBB
penetration mechanism of CNDs matches the passive diffusion
mechanism pattern. Furthermore, previously, an ASCT2
transporter-mediated transport was also hypothesized as the BBB
penetration mechanism of CNDs due to the hypothesis that the
structure of CNDs resembles glutamine. However, with the content
of —OH, amines, and O-containing functional groups in glutamine
taken into account, which are 34% (NH,+OH) and 50% (C=
O + COOH), respectively, neither CNDs nor any separated fraction
possesses similar percentages. Thus, the active route, namely
ASCT2 transporter-mediated transport is ruled out while passive
diffusion is preferably believed to be the sole mechanism.

4. Conclusion

Due to failure of many anti-AfB approaches in clinical trials,
MAPT becomes the next focus for AD drug discovery. It was
observed that CNDs inhibit the aggregation of MAPT, a pathological
hallmark of AD. In fact, CDs in general have been frequently re-
ported for their capability to inhibit various pathological processes
of neurodegeneration such as AP fibrillation. Furthermore, ac-
cording to previous studies, it was found that inhibition of MAPT
aggregation was closely associated with the chemical structure of
inhibitors [72]. Thus, in order to investigate the mechanism of CNDs
in the MAPT aggregation inhibition, CNDs were separated into five
fractions using column chromatography. All five fractions under-
went systematic characterizations and were found to share similar
surface electrical properties and morphologies, but with different
surface chemical structures. And the different surface contents of
hydrophilic functional moieties match the increase of polarity from
F1 to F5. When all the fractions together with CNDs were tested in
the ThT assay for tau aggregation, higher performance in MAPT
aggregation inhibition was observed with more hydrophobic frac-
tions including F1, F2 and F3 and the highest performance was
revealed with the overall CNDs, which was followed by MD simu-
lations to confirm a hydrophobic interaction between MAPT and
CNDs. Subsequently, a passive-diffusion BBB penetration mecha-
nism of CNDs was concluded from a structure-property relation-
ship using a zebrafish in vivo model. Moreover, via a photocatalytic
dye degradation experiment, CNDs were observed to deactivate
ROS and consume the O3 and -OH already present in the envi-
ronment, which will help reduce the oxidative stress on AD pa-
tients' brains. Therefore, this study points to an innovative
nanomedicine to potentially treat AD by inhibiting tau pathology
and oxidative stress. Our detailed structure-function relationship
exploration reveals many correlations between CND polarity, MAPT
aggregation inhibition capacity, and BBB penetration ability.

There are several novel findings reported in this study. First of
all, this work is the first one to report the effect of CNDs on MAPT
aggregation inhibition. Secondly, with extensive literature studies,
in our work, this work may be the first to create TGA chart,
computational model of CNDs in combination of multiple
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characterization techniques and apply MD simulations to study the
hydrophobic interactions between CNDs and MAPT. Thirdly,
through a separation of CNDs, the structure-function relationship
was discovered in the explanation of different polarities, MAPT
aggregation inhibition capacities of different fractions, and the BBB
penetration mechanism of the overall CNDs. Lastly, different from
most CDs, the CNDs displayed an excellent ROS deactivation ability,
which is of great significance in AD treatment. Therefore, taken
together, this work presents a significant discovery that CNDs can
be potentially used as a promising nanomedicine to treat AD from a
unique viewpoint of tau pathogenesis.
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