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ARTICLE INFO ABSTRACT

Keywords: Multifunctional nanoparticles could be the hallmark for the treatment of neurodegenerative diseases. Dissocia-
Carbon dots tion of protein aggregates causing neuronal damage and transfer of specific drugs which can downregulate
Memantine

neuronal excitotoxicity by inhibiting glutamatergic N-Methyl-p-Aspartate-receptors (NMDA) and then reducing
calcium influx are among the main factors to consider for proper therapy. Here, we present a multiplatform based
on nitrogen-doped graphene quantum dots (NGQDs) with such functionalities. The NGQDs were functionalized
with Memantine, the clinically used drug, via covalent and non-covalent coupling, and we confirmed that the
pharmaceutical activity was not altered. Apart from that, using xCELLigence technology and flow cytometric
analysis of ABC transporter function, we uncovered that the ABC transporters of the blood-brain barrier (BBB) do
not affect the ability of NGQD to cross BBB. Surprisingly, this study found that NGQDs have an inhibitory effect
on NMDA receptors, thus supporting the action of Memantine. Moreover, NGQDs and their derivatives
demonstrated the potential to dissociate f-amyloid aggregates while possessing features suitable for bioimaging
in various cell lines.

Protein aggregation
Blood-brain barrier
Bioimaging

1. Introduction

Tremendous advances have been made to distinguish and under-
stand the mechanisms that trigger the onset of neurodegenerative dis-
eases in order to find the proper therapy [1]. Nevertheless, up to now,
these diseases are incurable and cause progressive loss of brain func-
tions. Despite the different symptoms of these illnesses (i.e., Alzheimer’s,
Parkinson’s, Lewy bodies and dementia, among others), they share
common problems, such as neuronal damage that may be caused by
protein aggregation [2], and upregulation of neurotransmitters such as
glutamate [3]. Overall, neurodegenerative diseases progress is slowed
down by therapeutic compounds and one of the most used drugs for
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treatment of Alzheimer§ and other neurodegenerative diseases is 3,
5-Dimethyladamantan-1-amine (Memantine), antagonist of the
N-Methyl-d-Aspartate-receptor (NMDA) subtype of glutamate receptor
[4]. However, special attention should be paid to the blood-brain barrier
(BBB). The BBB prevents the entrance of many therapeutic compounds
to the brain from the circulatory system, mainly due to the ATP binding
cassette proteins called ABC transporters, which are the challenge for
treating brain disorders [5]. There are several methods for drug delivery
to target the brain, but most present disadvantages such as high risk,
high cost, and lack of compatibility [6]. Likewise, there is an urgent need
to develop efficacious therapeutics to prevent the severity of brain
function loss and mortality.
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In this regard, carbon nanomaterials play a significant role due to
their multifunctional properties [6,7]. Carbon nanotubes (CNTs) have
emerged as a promising nanocarrier systems and therapeutic agents in
many brain-specific therapies [8,9]. More in detail, CNTs were able to
cross the BBB easily and also form interfaces with neurons [10,11].
However, CNTs present limitations including their toxicity, no control
over CNT length and a high costs of production [12,13]. On the other
hand, the anti-neurodegenerative activity of graphene-based materials
and carbonaceous zero-dimensional carbon nano-onions was already
reported [14-17]. Nevertheless, using those materials in their pristine
forms presents some limitations, including the inability to prepare
well-dispersed aqueous solutions due to their hydrophobic nature. Thus,
further surface modification of these materials is needed for their use in
biomedical applications [18].

Carbon dots (CDs), including carbon nanodots, carbon quantum
dots, and graphene quantum dots, demonstrate notable advancements
within the realm of carbon nanomaterials [19-23]. Their favorable
features and promising potential applications have attracted enormous
attention since their discovery in 2004 [24-26]. They combine good
biocompatibility, low cytotoxicity, water-solubility, unique optical
properties, and abundant functional groups (i.e., amino, hydroxyl and
carboxyl groups), which make them easy to derivatize [27]. Thus, using
CDs might help overcome the limitations discussed above. Besides,
various studies have demonstrated the suitability of CDs for bioimaging,
drug delivery systems, and, foremost, the ability to cross the BBB both in
vitro and in vivo conditions [7,28-32].

To date, the combination of bioimaging and drug delivery (ie.,
detection and treatment) has created unique multiresponse nano-
particles. Here, we report the use graphene quantum dots (GQDs) as
brain drug nanocarriers suitable for bioimaging with the ability to cross
the BBB and dissociate protein aggregates that cause neurodegenerative
diseases. The GQDs were functionalized with Memantine: two different
functionalization strategies were evaluated, based on covalent attach-
ment and non-covalent interactions. AFM was employed to assess the
synergetic coupling effect and the fibrillation inhibition for the amyloid
beta (AB) peptide 1-42. The in vitro cellular uptake in various cell lines
was investigated using confocal fluorescence microscopy. Finally, as a
proof-of-principle, we studied the capability of GQDs and their
Memantine-functionalized derivatives to cross an in vitro model of BBB
by real-time cell analysis using xCELLigence technology. Overall, we
developed a promising multiresponse nanomaterial that can cross the
BBB, detectable by optical spectroscopy methods, and has a dual ther-
apeutic purpose of transferring drugs and dissociating brain protein
aggregates.

2. Materials and methods
2.1. Synthetic procedures

2.1.1. NGQDs

NGQDs were synthesized according to our previously reported
method [33]. A bottom-up technique in a Discover SP microwave (CEM,
USA) with the assisted hydrothermal method was used. Glucose (25 mg,
0.14 mmol.) was dissolved in 1 mL of milli-Q water, followed by the
addition of ethylenediamine (21.40 pL, 0.32 mmol). The solution was
heated in a microwave reactor at 200 W for 150 s to grow N-GQDs. The
N-GQDs samples were filtrated by a microporous filter of 0.1 pm to
remove the excess of unreacted compounds. Afterwards, the N-GQDs
were dialyzed by molecular weight cut-off of 0.5-1 KDa against pure
water for 2 days.

2.1.2. NGQD-Memantine
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 40 mg, 0.21
mmol) and N-hydroxysuccinimide (NHS, 40 mg, 0.35 mmol) were added
to a solution of NGQDs (20 mg) in DMF (5 mL). The mixture was stirred
at 0 °C for 1 h. Afterwards, Memantine (20 mg, 0.09 mmol) was added,
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and the resulting mixture was stirred at room temperature for 16 h. The
solvent was removed under reduced pressure, and the crude mixture was
dissolved in methanol and isolated by size exclusion chromatography
using a column packed with Sephadex LH20 (eluting with methanol).
Finally, the solvent was removed under reduced pressure to obtain
NGQD-Memantine (18.90 mg) as a brownish powder.

2.1.3. NGQD@Memantine

NGQDs (20 mg) and Memantine (20 mg, 0.09 mmol) were mixture in
DMF (5 mL). The mixture was stirred at room temperature for 48 h. The
solvent was removed under reduced pressure and the crude mixture was
dissolved in methanol and isolated by size exclusion chromatography
using a column packed with Sephadex LH20 (eluting with methanol).
Finally, the solvent was removed under reduced pressure to obtain
NGQD@Memantine (21.50 mg) as a brownish powder.

2.2. Material characterization

AFM images were taken with a Dimension Icon (Bruker, Germany).
TEM and high-resolution TEM (HRTEM) images were taken with a JEM
2100F transmission electron microscope (JEOL, Japan). The FTIR
spectra were acquired with an Alpha FTIR spectrometer (Bruker, Ger-
many). The XPS was performed with an Axis Supra spectrometer (Kratos
Analytical Ltd, UK). The absorption spectra were recorded on a Varian
Cary 500 UV-Vis (Agilent Technologies, USA). Fluorescence spectra
were measured on a F900 Fluorescent spectrometer (Edinburgh In-
struments Ltd, UK). Additional details are given in Supplementary
Information.

2.3. Cell-related experiments

2.3.1. BBB model and permeability assay

Transwell plates (CIM-plate, Agilent Technologies, USA) connected
to the xCELLigence device (Agilent Technologies, USA) were used for
the quantitative kinetic analysis of the BBB formation. The electrode-
filters side of wells were pre-coated with 8 pL of 1% porcine skin gela-
tine (Sigma/Merck) for 1 h at 37 °C and 5% CO-. Following a similar
protocol [34] C8-D1A cells (1.5 x 10° in 162 pL) were seeded on the
upside-down turned side of the electrode (further information regarding
cell cultivation is placed in Supplementary Information). The astrocyte
growth was monitored with the xCELLigence system for 24 h and then
the chamber was turned to its original position (upside-down). After-
wards, MS1 cells (1 x 10° in 180 pL) were seeded to the upper chamber
and monitoring of their growth continues. When the growth of the cells
reached the plateau phase (cell index, Figure S10) in ~24 h, the
permeability of the BBB was assed. Then, fresh media containing NGQDs
(100 pg/mL), NGQD-Memantine (300 pg/mL), NGQD@Memantine
(300 pg/mL), negative control (0.2 pg/mL Streptavidin-Alexa 488) and
positive control (20 pg/mL propidium iodide, PI) were added to the
upper chamber and the growth of endothelial cells was monitored for
further 24 h. Following the time of incubation, the fluorescence of upper
and lower chamber was measured by Cytation 5 (BioTek, USA). NGQD
and the as-prepared hybrid nanoparticles systems were measured in ex:
390 nm/em: 466 nm, PI was measured in ex: 493 nm/em: 636 nm,
Streptavidin-Alexa 488 was measured in ex: 495 nm/em: 519 nm. The
rate of diffusion across the membrane, commonly known as perme-
ability coefficient (Papp) was calculated following the next equation
(Eq. (1)) [35].

1% A[C]

Pa — basolateral 1
" AX [C}upiﬁal Ar W

Where [Clgpica is the initial concentration of the as-prepared systems in
the apical side; A[Clpgsolateral is the differential concentration of the as-
prepared fluorescent systems in the basolateral side; A: the surface
area of membrane; V: volume in basolateral side.
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2.3.2. Expression of abc transporters

The isolation of the total RNA was performed using the RNeasy mini
kit (Quiagen, Germany) according to the manufacturers procedure, cell
culture details are placed in the Supplementary Information. Briefly,
elution of RNA was performed using 42 pL of RNase-free water and its
concentration was measured by Nanodrop ND-1000 (Thermo Fisher
Scientific).

The reverse transcription reaction (from RNA to cDNA) was per-
formed in the DNA-Engine cycler (Bio-Rad, USA) for 1 h at 42 °C fol-
lowed by the denaturation of the enzymes for 10 min at 72 °C. The
transcription of the mRNA was carried out from the total RNA (1 mg) by
using 1 mM Oligo (dT) primer (annealing 65 °C, 5 min, DNA-Engine
cycler, Bio-Rad, USA). To 20 pL of RT reaction mixture containing 1
pg of total RNA was added 40 U of RNase inhibitor RiboLock, 1 uM of
dNTPs, 200 U of RevertAid reverse polymerase, and 1x Reverse Tran-
scriptase Buffer (all purchased by Thermo Fisher Scientific, USA). 1.5 pL
of the as-prepared cDNA was placed in the well of 96 well plate for
subsequent quantitative real time PCR. The base of the qPCR reaction
mixture was the 0.33xcc LightCycler 480 SYBR green I master kit
(Roche, Schwitzerland), 0.375 pM of each primer and 2.125 mM MgCls.
The sequence of forward primer for mABC Bla is 5-TGGAA-
GAAGCTAAAAGGCTG-3; reverse primer for mABC Bla is 5-CACG-
GAAAAGAAGACAGTGA-3. The sequence of forward primer for mABC
B1b is 5"AATCAAAGTGGACCCAACAG-3; reverse primer for mABC B1b
is 5“°CACCAAAGTGAAACCTGGAT-3. The reaction mixture was pre-
incubated for 5 min at 95 °C, followed by 40 cycles consisting of
denaturation 10 s/95 °C, annealing 10 s/60 °C, and extension 10 s/
72 °C. Reactions were run in duplicates in the LightCycler® 480 (Roche,
Schwitzerland) and melting curves were performed at the end of reac-
tion to check its specificity.

2.3.3. Cell viability — MTT test

Cell viability was measured by using the colorimetric MTT assay
(Acros Organics, Geel, Belgium). Cells were seeded (2 x 104 in 96-well-
plate (100 pL) and then different concentrations of the as-prepared
systems were added and cultivated for 24 h, 48 h, or 72 h. The cells
were washed with DMEM medium without Phenol Red (Gibco, Thermo
Fisher Scientific) and incubated with 0.5 mg/mL of MTT salt for 3 h at
37 °C and 5% COs followed by 30 min long incubation at room tem-
perature. The MTT-formazan mixture was replaced by 100 puL of DMSO
and the absorbance was measured using a micro plate reader at 550 nm
(Hidex Sense).

2.3.4. Confocal microscopy

1 x 10* C8-D1A and MS1 cells per well were seeded in p-Slide 8 Well
high Glass Bottom (Ibidi, Grafelfing, Germany) and cultivated over-
night. Supernatants were replaced by 100 pL of NGQD (100 pg/mL),
NGQD-Memantine (300 pg/mL) and NGQD@Memantine (100 pg/mL)
and then incubated for 24 h at 37 °C and 5% CO,. Afterwards, cells were
gently washed by PBS and fixed by 4% paraformaldehyde (Sigma/
Merck) for 10 min at room temperature. Lastly, 50 uL of PBS were left in
the chamber to avoid cell drying. Images were taken using a confocal
microscopy Zeiss LSM 510 (Zeiss, Oberkochen, Germany) using a laser
of 405 nm and emission range of 505 nm.

2.4. Inhibition of Ap1-42 peptides fibrillation

2.4.1. Amyloid p inhibition

The incubation of the fibers was carried out following similar pro-
tocols and its preparation is placed in Supplementary Information [36,
37]. 25 pM of Ap1-42 in the absence and presence of NGQDs and their
derivatives (22 pg/mL) were incubated for 7 days in constant incubator
conditions (37 °C and 5% CO2, HERAcell). Briefly, aliquots of 20 pL of
each sample were placed on a freshly cleaved mica substrate. After in-
cubation for 10 min, the substrate was rinsed twice with water and flow
drying with Ny before measurement. Afterwards, the visualization of
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Ap1-42 peptides aggregation with or without NGQDs and the de-
rivatives was performed using a Dimension Icon (Bruker, Germany) in
the tapping mode using an RTESPA-150 probe (150 kHz; 6 N/m, Bruker,
Germany). The obtained AFM images were analyzed in Gwyddion 2.52
[38]. The area from the agglomerate images was analyzed with ImageJ
1.53t

3. Results and discussion

3.1. Synthesis and characterization of NGQD multifunctional
nanoparticles carrying memantine

Nitrogen-GQDS (NGQDs) were prepared following a low-cost, prac-
tical bottom-up approach already reported by us (see materials and
methods for further details) [33]. The dots are fluorescent and
water-soluble nanoplatforms with a quasispherical shape, owning exci-
tation wavelength-dependent multicolor emission and various oxygen
and nitrogen functional groups onto the surface, which have shown to be
reactive for covalent functionalization [39,40].

Namenda®, known as Memantine, was selected as the neural drug
for treating moderate to severe neurodegenerative diseases. As a first
functionalization approach, we employed the free amino group of
Memantine, which was reactive with the carboxylic groups of NGQDs,
using the EDC/Sulfo-NHS coupling agents (Fig. 1). Nevertheless, the
amino group modification could affect pharmaceutical activity. There-
fore, a second functionalization strategy was designed, based on the
non-covalent interactions between the drug and NGQDs [41,42], aiming
to evaluate and compare the pharmaceutical activity of these two
hybrids.

The feasible routes for preparing the multifunctional platform are
depicted in Fig. 1, the neural drug was covalently attached to the car-
boxylic groups on the NGQD surface via a carbodiimide condensation
reaction (further details in materials and methods). Regarding the non-
covalent approach, the starting materials were mixed for 48 h to allow
formation of hydrogen bonding interactions. Other chemical in-
teractions (i.e., hydrophobic interactions, etc.) might take place. Finally,
the systems were purified by size exclusion chromatography (SEC) to
remove the excess of NGQDs and Memantine that did not attach to the
final hybrid nanoparticles, NGQD-Memantine (covalent approach) and
NGQD@Memantine (non-covalent approach).

The size and morphology of the as-prepared hybrid nanoparticles
were analyzed by atomic force and transmission electron microscopies
(AFM and TEM). From AFM and TEM data, we can infer that the systems
maintain a quasispherical morphology and crystal structure after func-
tionalization (Fig. 2a-e and Figures S1 and S2). Concretely, the nano-
particles presented an average size of ~ 3.0 + 1.1 nm for NGQD-
Memantine and ~ 4.2 + 1.7 nm for NGQD@Memantine (Fig. 2c and
Figure S2). We cannot rule out the possibility that some dots may react
among themselves through the amines and the activated acids. Never-
theless, size exclusion was used to purify the hybrids and avoid the
presumed aggregates, as confirmed through TEM analysis (Fig. 2c and
Figure S2).

The chemical structure was characterized using Fourier transform
infrared (FTIR) and X-ray photoelectron (XPS) spectroscopies. FTIR
spectrum of the NGQD-Memantine and NGQD@Memantine showed the
characteristic infrared signals of both NGQDs and Memantine (Fig. 2f).
For instance, the C—H from the aliphatic region of Memantine
(~3054-2724 cm™') was observed. Regarding the covalent approach, an
increase in the ratio between the amide and amine band was noted in
NGQD-Memantine compared to NGQD, ie., the band at 1655 em™!
corresponding to the amide band increased while at 1537 cm™, the
amine decreased, confirming that Memantine is loaded onto the surface
of the dots via an amide bond. Oppositely, in the non-covalent case, we
did not observe such a feature.

The studies carried out by XPS demonstrated that the as-prepared
hybrid nanoparticles contained mainly elemental carbon (78.1 and
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Fig. 1. Schematic illustration of the surface engineering on NGQDs to achieve the multifunctional nanoparticles (i.e., NGQD-Memantine and NGQD@Memantine)
and overview of the applications developed in this work. The NGQDs nanoplatform allows (1) permeability across the BBB, (2) the mass fabrication of drug delivery
systems and therefore the regulation of NMDA receptors, (3) bioimaging carriers via cytoplasmic staining and, (4) the inhibition of Ap peptide 1-42 fibrillation. A
hypothetical structure, elucidated from the structural characterization of NGQD [33], is illustrated to clarify the amide-bond formation and the

non-covalent approach.

87.3 at.%), nitrogen (10.5 and 8.5 at.%), and oxygen (11.3 and 4.2 at.
%), for NGQD-Memantine and NGQD@Memantine respectively,
(Fig. 2g,h, Figures S3-S6 and Table S1 and S2). The high-resolution ni-
trogen spectra revealed that the fitted peak area corresponding to O =
C—N/N = C increase significantly from 1.3% [33], to 68.9% in
NGQDs-Memantine (Fig. 2g and Table S1), verifying the covalent hybrid
formation through a carboxyl-to-amine crosslink, in agreement with the
FTIR. In contrast, Fig. 2h did not exhibit such an increase (Table S2)
since there was no formation of new O = C—N/N = C bonds in the
hybrid structure, proving the non-covalent modification. The approxi-
mate weight of Memantine bonded to NGQDs, estimated by thermog-
ravimetric analysis (TGA), was significantly higher, 30 + 2%, for
NGQD@Memantine than 18 + 4% for NGQD-Memantine (Figure S7 and
Figure S8), suggesting a better efficiency of the non-covalent process in
contrast to the covalent approach. This phenomenon might be ascribed
to the many atoms used in the non-covalent approach diverging from the
functional groups used in the covalent approach.

The optical properties of the hybrid nanoparticles were assessed in
an aqueous solvent. Overall, the UV-Vis absorption spectrum presented
a slight shift of the absorption bands in the UV region, compared to
pristine dots (Fig. 2i,j and Figure S9). Specifically, the band attributed to
the n—n* transition (i.e., C = C bonds) [33] at 288 and 286 nm for the
NGQD-Memantine and NGQD@Memantine hybrids, compared to 285
nm from NGQDs, was slightly shifted towards longer wavelengths.
Additionally, a red shift was observed for the n—=n* transition at 329 and
330 nm for NGQD-Memantine and NGQD@Memantine, respectively,
compared to 326 nm of NGQDs. The latter band was assigned to C = O,
C = N containing functional groups present in the NGQDs [33]. The
fluorescence emission of NGQD-Memantine and NGQD@Memantine
showed the excitation-dependent behavior typical of the NGQDs that
may arise from different radiative recombination pathways (Fig. 2i,j and
Figure S9) [33]. The coupling of the Memantine did not affect the dots
emission properties (i.e., excitation-dependent behavior). Nevertheless,
a change in the optimal excitation and emission wavelength for the

conjugates was observed and suggested a different distribution of
emissive sites on each dot after the functionalization (further details,
Table S3). All taken together, these data confirm the successful conju-
gation of the Memantine onto the surface of the dots.

3.2. Multifunctional applications against neurodegenerative diseases

3.2.1. NGQDs rescue Memantine-induced cytotoxicity and regulate NMDA
receptors

Fibrous astrocytes C8-D1A and vascular endothelial MSI cell lines
were chosen to form the in vitro BBB model. Therefore, the cell viability
was analyzed in those cell lines to compare the toxicity in the presence of
Memantine, NGQDs, NGQD-Memantine, and NGQD@Memantine
(Figures S10-13). In both cell lines, NGQDs demonstrated barely
toxicity across all concentrations and incubation periods (Figure S10).
Similar viability results were already reported for other types of cell
lines [32,39,40]. On the contrary, a drop in the viability was observed in
Fig. 3a-d related to the systems NGQD-Memantine and NGQD@Me-
mantine at 200 pg/mL, which might be ascribed to the drug Memantine,
especially at the highest concentrations (Figure S11). At the incubation
time of 24 and 48 h, almost unchanged viability was observed up to a
concentration of 100 pg/mL, and a slight decrease was observed during
the incubation time (Fig. 3a-d). The cell viability gradually decreased for
further increased concentration until a profound reduction to almost
zero cell viability. The used concentrations of NGQD-Memantine and
NGQD@Memantine were recalculated according to the detected con-
centration of Memantine in the sample via TGA (Figures S7-8 and
Figures S12-13). Currently, the normal reported dosage used in plasma
is around 70 to 150 ng/mL [43,44]. This means that higher concentra-
tions were used in our in vitro experiments, and we can conclude that up
to 20 pg/mL of Memantine loaded onto the nanoparticles barely pre-
sented cytotoxicity, i.e., representing safe dosages for the cells used.

Memantine is a clinically used drug, utilize to prevent neuronal cell
death induced by excitotoxicity caused by the excessive influx of
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Fig. 2. Morphology, size, structure and optical properties: (a) AFM image of NGQD-Memantine particles and their corresponding (b) height profile along the line, (c)
TEM image of NGQD-Memantine (scale bar 10 nm) with size distribution in the inset, (d) HR-TEM (scale bar 2 nm) and corresponding (e) FFT confirming a high
crystal quality of the system (hexagonal crystalline structure), (f) FTIR spectra, (g) and (h) high-resolution XPS spectra of N 1 s with chemical bond fitting for NGQD-
Memantine and NGQD@Memantine, respectively, (i) and (j) UV-Vis (dash line) and FL emission spectra of NGQD-Memantine and NGQD@Memantine, respectively.

calcium ions due to over-stimulation of glutamate receptors by excessive
glutamate [45]. To find out whether the binding of Memantine to
NGQDs affects or modifies its function, we investigated the regulation of
Ca?" influx in astrocytes since these cells are present in the BBB and
express NMDA receptors. The C8-D1A cells were chosen as models for
this experiment and the NMDA receptors were activated with a combi-
nation of 1-Glutamine and 1-Glycine [46]. The activation of NMDA re-
ceptors resulted in the increased influx of Ca%* ions to the neuronal cells.
The C8 D1A cells were pre-stained with Fluo-4 dye, which increased its
fluorescence in the presence of Cca’t. Memantine, NGQDs, and their
derivatives, ie., NGQD-Memantine and NGQD@Memantine, were
incubated with the Fluo-4 pre-stained astrocytes, and the level of
intracellular Ca>" before and after activation of NMDA receptors was
compared (Fig. 3e). Notably, it was found that all the treatments
significantly decreased the Ca?* influx, i.e., inhibited the effect of NMDA
receptors. It indicated that both covalent and non-covalent coupling of

Memantine to NGQDs did not modify the pharmaceutical activity of
Memantine. While this behavior was expected with free or bound
Memantine, we were surprised to observe a similar effect with pristine
NGQDs. The exact mechanism is yet to be determined, but reported
studies have revealed that certain types of carbon dots can reduce the
release of l-glutamate neurotransmitters from axonal vesicles and
decrease its uptake [47]. Besides, it was found that carbon dots could
inhibit acetylcholine esterase, which operates in neural synapses [48].
Overall, the inhibitory effect of Memantine remains intact when bound
to NGQDs and reinforces by the NGQDs side-effect.

3.2.2. Bioimaging

Due to the interesting optical properties of the NGQDs,
NGDQ@Memantine and NGQD-Memantine were further applied to in
vitro bioimaging. The NGQD fluorescence was detectable in the cyto-
plasm of the cells after 24 h of incubation (Figure S14) [28,33,39].
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Fig. 3. Cell viability results assessed by the MTT assay: NGQD-Memantine (a) C8-D1A cells and (b) MS1 cell lines. NGQD@Memantine (c) C8 D1A and (b) MS1 cell
lines. Data are expressed as mean + SD (n = 4), *P < 0.05 (two-sample unpaired t-test). (¢) Regulation of NMDA receptors in fibrous astrocytes. Relative fluorescence
of C8 D1A cell line pre-stained with Fluo-4 dye, which increased its fluorescence in presence of Ca**. Data are expressed as mean + SD (n = 4), *P < 0.05 (two-

sample unpaired t-test).

Similar behavior was observed after the functionalization with Mem-
antine. Fig. 3e,f displayed that the hybrid nanoparticles entered the cells
and were situated in the cytoplasm as readily as the NGQDs. The NGQDs
and their derivatives might penetrate the cells by endocytosis process
via caveolae-mediated and clathrin-mediated pathways, as it was
already ascribed to other carbon nanoparticles [49-51]. Nevertheless,
the detected fluorescence intensity of hybrid nanoparticles was much
lower than pristine NGQDs, due to the surface modification with
Memantine (Figure S14 and Fig. 4a,b) [33,52].

3.2.3. Crossing the BBB

Testing the permeability of NGQDs and the hybrid NGQDs nano-
particles through an in vitro model of the BBB could be performed as a
standard migration assay through a layer of co-cultured cells.

NGQD-Memantine

NGQD@Memantine NGQD-Memantine

Nevertheless, utilizing the xCELLigence real-time cell-layer analysis
(RTCA) system for the BBB function in 3D models was the key, since it
offers real-time cell electronic sensing and provides key information
lacking in traditional experiments [53]. Firstly, it was necessary to
establish the appropriate density of the selected cell lines (i.e., C8 D1A
and MS1). It was done following a modified protocol (Fig. 4c) to ensure
that a monolayer of cells with tight junctions was formed when adding
the samples (further information in SI and Figure S16) [54]. When the
cells reached the plateau phase, as determined by RTCA, the negative
control (Streptavidin-Alexa 488) and positive control (Propidium io-
dide) confirmed the successful formation of the model (Fig. 4b).
Notably, 75% of NGQDs permeated through the BBB model, showing a
significant increase compared to the positive control (Fig. 4d). Similarly,
the passage of NGQD@Memantine through the BBB was about 71%. On

NGQD@Memantine

A
»
@

Relative amount of mRN;

&

Fig. 4. Confocal fluorescence bioimaging of the cellular internalization: (a) C8-D1A and (b) MS1 cell lines. Corresponding images under bright, fluorescence fields
and their corresponding overlay (scale bar 50 pm). Permeability and passage studies through the BBB: (c) Schematic representation of the trans-well culture system
used in the in vitro BBB model for the xCELLigence device. (d) Apparent permeability coefficients (Papp) of NGQDs, NGQD-Memantine and NGQD@Memantine.
Propidium iodide (PI) was set as positive control (i.e., can cross the BBB) and Streptavidin as negative control (i.e., cannot cross the BBB). Data are expressed as mean
=+ SD (n = 4), *P < 0.05 (two-sample unpaired t-test). Expression of ABC Bla and ABC B1b transporter’s mRNA after incubation with NGQDs and their derivatives in

24 h for (e) C8D1A and (f) MS1 cell lines.
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the contrary, a significant reduction was observed compared to the other
systems when using NGQD-Memantine (55%, Fig. 4d). The higher pas-
sage of NGQD@Memantine compared to NGQD-Memantine may be
attributed to the higher toxicity associated with a greater Memantine
loading (Fig. 3a-d) and, therefore, a slight violation of BBB integrity.
Overall, we proved the ability of the carbon nanoparticles to pass
through the BBB model.

The BBB has high levels of expression of ABC transporters in the cell
membranes (mainly ABC B1, C1 and G2). Specifically, the ABC trans-
porters are powerful gatekeepers to the brain, which regulate the de-
livery of small drugs designed to access the central nervous system
[55-57]. Therefore, their role was investigated thoroughly choosing the
HL-60 cell lines overexpressing ABC transporters as model. By fluores-
cent NGQD exclusion assay, we found that the NGQDs could be a weak
substrate for the ABC B1 transporter because we observed a significantly
lower fluorescence compared to the control HL-60 cells
non-overexpressing the ABC transporters, and a slight decrease for ABC
C1 and ABC G2. Therefore, the NGQDs were partially effluxed from the
ABC B1 overexpressing cells (further details in SI and Figure S16).
Notably, the ABC B1 expression is known to be stimulated by drugs [58,
59]. Thus, we aimed to assess whether the NGQDs functionalized with
Memantine affect the level of the mRNA genes ABC Bla and B1b in the
cells used in the BBB model. In Fig. 4e,f, it was noted a slight increase in
ABC B1 gene expression following treatment with hybrid nanoparticles,
particularly when it was used NGQDs, which is not a drug itself. This
increase was most significant in ABC Bla, which exhibits higher
expression in the BBB.

Overall, Memantine itself is not a substrate of any of the three most
important ABC transporters in the BBB [60]. Nevertheless, Memantine is
able to cross the BBB by acting as a substrate of the Solute Carrier
transporters (SLC22A), which allow it to enter the central nervous sys-
tem [60]. Then, taking into account the permeability results from the
real-time cell electronic sensing (Fig. 4d) and the fluorescence exclusion
assay of the ABC transporters (Fig. 4e,f), it can be concluded that the
potential efficiency of NGQD and its derivatives to cross the cell mem-
branes forming BBB was not considerably affected by the ABC trans-
porters. Thereby, additional mechanisms such as passive diffusion or
endocytosis might be involved when the dots cross the blood-brain
barrier.

3.2.4. The effect of NGQD-based hybrid nanoparticles on the process of
Ap1-42 peptides fibrillation

Neuronal damage may be caused by protein aggregation, and in
particular, the Ap1-42 peptide is the most common variant in human
cerebrospinal fluid and is the main component of amyloid plaques [61].
Therefore, the potential of the pristine NGQDs for inhibiting Af peptide
aggregation was investigated by performing AFM. The Ap1-42 fibers
during the fibrillation process were measured at an optimal time of 7
days (Fig. 5). During fibrillation, mature fibers were observed without
the NGQDs (Fig. 5A$1-42, control sample). Contrarily, the mature fibers

AB 1-42 + NGQDs

"Ag 1-42 + NGQD-Memaitine
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were not observed in the presence of the pristine NGQDs and the
NGQDs-based hybrids. Instead, oligomers of these fibers were observed,
constituting 0.4% for NGQDs, 1.69% for NGQD-Memantine, and 2.7%
for NGQD@Memantine of the total image area from Fig. 5, suggesting
that the materials were able to inhibit the growth of the mature fibers
even in the shortest time. Some authors have already described that the
mature fibers are stabilized by hydrophobic and hydrogen-bonding in-
teractions within the p-sheets that form their core [62]. Besides, some
carbon-based dots were already proven to interact with amyloid fibers
[36,37]. Thus, we might ascribe the inhibition of the fibrillation to the
formation of new interactions between the oligomers and the proto-
fibrils of the p-sheets within the NGQDs materials and, therefore, their
instability and, finally, the inhibition.

4. Conclusions

In this work, we have made valuables insights into the use of NGQDs
for potential treatment of neurodegenerative diseases, with multiple
benefits. Firstly, we have synthesized and characterized a multifunc-
tional material based on NGQDs and Memantine using the covalent and
non-covalent approaches. From our results we have understood that the
pharmaceutical activity of Memantine was not altered by surface in-
teractions neither using covalent approaches, suggesting that both
techniques are useful, and neither exhibits a hierarchical advantage in
terms of specificity. Nevertheless, the non-covalent approach might be
more suitable due to a feasible synthetic procedure. Secondly, we have
demonstrated with a detailed real-time experiment that the NGQDs and
the as-prepared systems were able to cross the BBB and the essential ABC
transporters of the BBB did not considerably affect the ability of the dots
to cross the BBB. Thirdly and surprisingly, pristine NGQDs have signif-
icant implications regulating Ca%and showed similar effect to the well-
known neurodegenerative drug Memantine. Lastly, the AB1-42 peptides
are the most common variant in human cerebrospinal fluid and is the
main component of amyloid plaques and its inhibition was assed using
NGQDs and its derivatives at an optimal time of 7 days confirmed by
AFM. This inhibition could be ascribed to the formation of new in-
teractions between the oligomers and the protofibrils of the p-sheets
within the NGQDs materials and, therefore, their instability. Consid-
ering all these findings and the potential demonstrated as bioimaging
carriers against various cell lines, it is not surprising that the develop-
ment of new therapeutic nanoparticles based on GQDs is underway. This
holds promise for broader applicability—an extension to using other
molecules and drugs for the treatment of brain tumors or related dis-
eases within the central nervous system.
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