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ABSTRACT: While the neuropathological characteristics of Niemann-Pick disease type C (NPC) result in a fatal diagnosis, the
development of clinically available therapeutic agent remains a
challenge. Here we propose graphene quantum dots (GQDs) as a
potential candidate for the impaired functions in NPC in vivo. In
addition to the previous ﬁndings that GQDs exhibit negligible longterm toxicity and are capable of penetrating the blood−brain barrier,
GQD treatment reduces the aggregation of cholesterol in the
lysosome through expressed physical interactions. GQDs also
promote autophagy and restore defective autophagic ﬂux, which, in
turn, decreases the atypical accumulation of autophagic vacuoles.
More importantly, the injection of GQDs inhibits the loss of Purkinje
cells in the cerebellum while also demonstrating reduced activation of
microglia. The ability of GQDs to alleviate impaired functions in NPC
proves the promise and potential of the use of GQDs toward resolving NPC and other related disorders.
KEYWORDS: graphene quantum dots, nanomedicine, lysosomal storage disorders, Niemann-pick disease type C, cholesterol accumulation
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as well, which eventually induce prolonged neuroinﬂammation,
indicated by the activation of microglia/astrocytes.8,9 Furthermore, recent ﬁndings reveal the role of NPC1 in amphisome
formation, whereby compromised autophagic ﬂux by defective
NPC1 expression contributes to the accumulation of autophagic
vacuoles and subsequent cell death in NPC.10 Despite the urgent
demand to treat neurodegenerative pathophysiology, clinical
drugs for NPC patients remain unavailable.11 Whereas the
recent outcomes with hydroxypropyl β-cyclodextrin (HPβCD)
through phase 1 and 2 clinical trials showed delays in disease
progression, the major drawbacks of HPβCD remain
unresolved.12−14 Namely, not only is HPβCD unable to pass
through the blood−brain barrier (BBB), but also it is capable of
interfering with the autophagic ﬂux, a side eﬀect that further
complicates the relevant issues.15
In this study, we sought to examine the potential eﬃcacy of
graphene quantum dots (GQDs) against defective functions

iemann-Pick disease type C (NPC) is the second most
prevalent manifestation of a group of disease known as
lysosomal storage disorders (LSDs), which are linked to
heterogeneous neurovisceral symptoms including hepatosplenomegaly, cerebellar ataxia, and dementia at various age onsets.1
The pathogenesis of NPC manifests in a deﬁciency of either the
transmembrane protein, NPC1, or the cytosolic protein, NPC2,
which are harbored in the endosomal and lysosomal (LE/LY)
compartments.2,3 Because these proteins play pivotal roles in the
intracellular cholesterol eﬄux machinery, the defective
expression of one of these proteins results in the abnormal
aggregation of unesteriﬁed cholesterol in the LE/LY compartments.4
While the neuropathological traits present in NPC result in a
fatal diagnosis, the development of clinically available
therapeutic agents remains a challenge. The pathological
manifestations are observed throughout the body.4 However,
neuronal dysfunction and degeneration pertaining to the
cerebellum exhibit the most deleterious and ultimately fatal
features in patients.5,6 The progression of neurodegeneration
caused by NPC is known to be provoked by multiple factors.
Foremost, the onset of atypical cholesterol conﬁnement disrupts
cholesterol-derived cellular events including neurosteroidogenesis.7 The inclusions in the LE/LY compartments are then
recognized as damage-associated molecular patterns (DAMPs)
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Figure 1. Eﬀect of GQDs on abnormal accumulations in NPC1-iNSC. (a) Cholesterol accumulation assessed by ﬁlipin assay treated in WT-iNSC and
the presence and absence of GQDs (1 μg/mL) in NPC1-iNSC for 3 days. Scale bar: 50 μm. (b) Aggregation of lysosomes was visualized by
ﬂuorescence images of LAMP1 antibody in NPC1-iNSC compared with WT iNSC and GQD-treated (1 μg/mL) NPC1-iNSC. Scale bar: 50 μm. (c)
Co-localization studies of GQD-Biotin (green) (scale bar: 5 μm) and (d) lysosome (red) using LAMP1 antibody (scale bar: 30 μm). Signiﬁcance levels
are denoted as asterisks: *P < 0.05 and ***P < 0.001 via one-way ANOVA with Tukey’s multiple comparisons test.

should be noted that a mutation in NPC2 accounts for only 5%
of the occurrence of NPC; a deﬁciency in NPC1 is
predominantly responsible for the disease development.2,3
Preliminarily, the relative intensities of NSC-speciﬁc markers
SOX2, PAX6, Nestin, and Ki67 were measured in H9-derived
human NSCs, wild-type NSCs (WT-NSCs), and NPC1-iNSCs
to ensure the proper induction of neural lineage in NPC1-iNSCs
(Figure S2b). The pathological hallmarks of NPC were
subsequently investigated by quantifying the levels of intracellular cholesterol and lysosomal-associated membrane protein
1 (LAMP1) by immunostaining with sterol-binding ﬁlipin and
LAMP1-speciﬁc antibody. Whereas the levels of cholesterol
(Figure 1a and Figure S3a) and LAMP1 (Figure 1b),
respectively, exhibited six-fold and two-fold increases in
NPC1-iNSCs, the same analyses showed the predominant
reduction of atypical accumulations 3 days post-GQD treatment. Notably, it was promising to ﬁnd that the decreased
diﬀerentiation ability in NPC1-iNSCs, indicated by the neuronal
marker neuroﬁlament (NF), was signiﬁcantly recovered by
GQDs (Figure S2c).
To corroborate potential intracellular interactions between
GQDs and cholesterol, coimmunostaining of ﬁlipin and
biotinylated GQDs was performed in NPC1-iNSCs (Figure 1c
and Figure S3b). As shown from the image, GQD-biotin and
ﬁlipin exhibited strong colocalized signals throughout the cell
bodies after 24 h of incubation. In accordance with Figure 1a and
Figure S3a, the levels of ﬁlipin gradually decreased in time and
showed a signiﬁcant reduction 3 days post-GQD-biotin
treatment. Co-immunostaining of GQD-biotin and LAMP1
antibody also veriﬁed the lysosomal localization of GQDs to
conﬁrm the GQD-mediated cholesterol depletion in the
lysosome (Figure 1d). Indeed, GQD-biotin was heavily localized
in the lysosome, which aligns with the GQD mediation of αsynuclein disaggregation in the lysosome.16 Considered

manifesting in NPC. GQDs continue to garner interest in the
greater area where nanotechnology and medicine collide, known
as nanomedicine, by virtue of their notable properties, including
their small size, amphiphilicity, and availability for functional
modiﬁcations. Our group recently reported GQDs’ therapeutic
role against α-synucleinopathy in Parkinson’s disease (PD),
through which their negligible long-term toxicity and ability to
penetrate the BBB have been validated in vivo.16−19 Multiple
studies have also shown graphene-based materials’ ability to
interact with cholesterol as well as GQDs’ role in the promotion
of autophagic ﬂux, both of which make them an extremely
advantageous candidate when looking to manage the impaired
functions in NPC.20−23
GQDs were prepared by a thermo-oxidative technique that
cuts carbon ﬁbers in a 3:1 blend of sulfuric acid and nitric acid
(Figure S1a).16 The properties of as-prepared GQDs were
analyzed with transmission electron microscopy (TEM), Raman
spectroscopy, atomic force microscopy (AFM), and Fourier
transform infrared (FT-IR) spectroscopy. The average lateral
size and height were 2.25 ± 0.57 and 1.86 ± 0.22 nm,
respectively, determined by TEM and AFM (Figure S1b,c). The
Raman spectrum showed characteristic D and G bands at 1395
and 1599 cm−1, which are the distinctive indications of the basal
plane of graphene-based materials (Figure S1d). The edge
functional groups were studied by the FT-IR spectrum and
exhibited abundant groups rich in oxygen, namely, carboxyl and
hydroxyl groups (Figure S1e). To facilitate the in vitro and in
vivo immunostaining analysis, GQDs were biotinylated through
an amide coupling reaction with activated carboxyl groups,
where the changes in functional groups postbiotinylation are
reﬂected by the overlaid FT-IR spectrum in red.16
To study GQDs’ therapeutic potential in vitro, NPC1 patientderived induced neural stem cells (NPC1-iNSCs) were
generated according to previous reports (Figure S2a).24,25 It
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Figure 2. In silico and molecular dynamics studies of the binding between GQDs and cholesterol. (a) Representative snapshots from a 200 ns MD
simulation with GQDs and six cholesterol molecules in an aqueous system at 0 ns (left) and 200 ns (right). (b) Schematic illustration of the standards
for distance measurements and angle calculations for cholesterol and GQDs. (c) Time-dependent distance plots for each cholesterol molecule from
GQDs throughout the 200 ns MD simulation. (d) Time-dependent van der Waals (red) and electrostatic (black) plots for cholesterol in the presence
of GQDs throughout the 200 ns MD simulation. (e) Angle against distance plots for each cholesterol molecule for the face-dependent binding analysis.
(f) One-dimensional 1H NMR spectra. NMR spectra of cholesterol only (blue), GQDs only (red), and cholesterol in the presence of GQDs (black).

ol.17,18 First, a 200 ns molecular dynamics (MD) simulation was
carried out to study the way in which the GQDs and six
cholesterol molecules come into contact. In the system,
cholesterol molecules were placed 8 Å apart from each other
to provide an aggregation-prone environment and 20 Å away
from GQDs (Figure 2a). As shown from the distance analysis, all

altogether, the intracellular cholesterol depletion by GQDs
mainly takes place in the lysosome, presumably through physical
interactions.
As suggested in the previous reports elaborating graphenebased materials’ interactions with cholesterol, we sought to
elucidate the mechanism by which GQDs deplete cholester2341
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Figure 3. Eﬀect of GQDs on impaired autophagy in vitro. (a) Fluorescence images of LC3 (red) of WT iNSC and NPC1-iNSC with and without
GQDs treatment (1 μg/mL) treated for 3 days. Nuclei were immunostained with DAPI (blue). Scale bar: 50 μm. (b) Immunoblot of LC3 antibody in
protein samples form WT iNSC, NPC1-iNSC, and NPC1-iNSC + GQDs. (c) Representative immunoblot levels with LC3 antibody in NPC1-iNSC
and NPC1-NSC + GQDs following 24 h of treatment with baf1. (d) Filipin staining for cholesterol in NPC1-iNSC treated with baf1 and GQDs. Scale
bar: 50 μm. Data are presented as the mean ± the standard error of the mean (s.e.m.) from three independent experiments. Signiﬁcance levels are
denoted as asterisks: *P < 0.05, **P < 0.01, and ***P < 0.001 via one-way ANOVA with Tukey’s multiple comparisons test.

Figure 4. Eﬀect of GQDs on NPC1 pathologies in vivo. (a) Schematic representation of the injection of GQDs (50 μg/mL) for intraperitoneal
injection in NPC1 mutant mice. GQDs were injected weekly for 6 weeks. (b) Behavioral deﬁcits measured by the rota-rod test. Mean values are 175.25,
79.91, and 40.20 and 180.12, 146.79, and 91.45 for NPC1 and NPC1+GQDs, respectively, in the ﬁrst three trials (n = 7). (c) Representative calbindin
(CBD) immunostaining Purkinje cells costained with ﬁlipin. Quantiﬁcation of ﬁlipin intensities in CBD area normalized to NPC1. Mean values are
1.00 and 0.19 for NPC1 and NPC1+GQDs. Scale bar: 10 μm. (d) Immunoblot analysis of LC3 in the cerebellum tissues of WT, NPC1, and NPC
+GQDs. The LC3-II level was analyzed and quantiﬁed by normalizing to WT. Mean values are 1.88, 10.80, and 5.49 for WT, NPC1, and
NPC1+GQDs. (e) Representative immunohistochemistry image of the cerebella labeled with anti-CBD for Purkinje cells of NPC1 and NPC1+GQDs.
Nuclei were stained with PI. Scale bar: 200 μm. (f) Purkinje cells were labeled with anti-CBD in the anterior and posterior of the NPC1 and
NPC1+GQDs cerebellum. Nuclei were counterstained with DAPI. Quantiﬁcation of Purkinje cells counted and divided by the length of the cerebella
lobe. Scale bar: 50 μm. Data are presented as the mean ± the standard error of the mean (s.e.m.) from three independent experiments. Signiﬁcance
levels are denoted as asterisks: *P < 0.05, **P < 0.01, and ***P < 0.001 via one-way ANOVA with Tukey’s multiple comparisons test.

cholesterol favors the interaction with GQDs through the α-face,
which exposes a smoother, planar surface (Figure 2b,c). This is

cholesterol molecules come into proximity with GQDs after
∼15 ns and become stabilized (Figure 2c). It is worth noting that
2342
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presumably observed because the binding is driven chieﬂy by
van der Waals interactions, as supported by the time-dependent
potential energy plot (Figure 2d).
To conﬁrm their interactions at the molecular level, we
utilized proton nuclear magnetic resonance (1H NMR)
spectroscopy (Figure 2f). Because cholesterol is soluble in
only a few organic solvents, including dimethyl sulfoxide
(DMSO), all samples were prepared in 2% DMSO solution.
Even in 2% DMSO, the NMR peak intensities of cholesterol
were too weak to analyze. This is likely to be associated with the
slow tumbling eﬀect (i.e., fast relaxation of transverse magnetization) observed from molecules with high molecular weight,
which suggests that cholesterol exists as huge aggregates in
solution. Notably, the 1H NMR spectra of cholesterol exhibited
distinct peak changes in the presence of GQDs. In particular, the
peak intensities in the 3.2 to 4.0 ppm region considerably
increased with a few newly appeared sharp peaks (Figure 2f).
The outcome provides compelling evidence in support of the
physical interactions between GQDs and cholesterol and the
subsequent solubilization of cholesterol to yield the new peaks.
The result is in line with the previous ﬁnding that GQDs
disaggregated insoluble α-synuclein aggregates in solution.16
As mentioned, the defective expression of NPC1 compromises autophagic pathways by disabling the fusion of the
autophagosome and the late endosome to form amphisome.10
Therefore, we explored the role of GQDs in the autophagic ﬂux
and the subsequent accumulation of autophagic vacuoles. The
atypical accumulation of autophagic vacuoles can be measured
by the amount of microtubule-associated protein 1 light-chain 3
(LC3). Speciﬁcally, phosphatidylethanolamine-conjugated LC3
(LC3-II) and its relative quantities directly correspond to the
level of the autophagosome. As shown from the images, the
levels of LC3-I and LC3-II were dramatically elevated in NPCiNSCs, as assessed by Western blot and immunohistochemistry
analyses (Figure 3a,b). The same assessments did, however,
exhibit normal quantities of LC3-I and LC3-II with GQD
treatment. To further investigate the eﬀect of GQDs on the
LC3-II accumulation and autophagic ﬂux, baﬁlomycin A1 (Baf
A1) was employed to block autophagic degradation (Figure 3c).
Although Baf A1 treatment aggravates LC3-II accumulation by
inhibiting clearance, it does not promote the synthesis of the
autophagosome. Surprisingly, cotreatment of GQDs and Baf A1
caused signiﬁcant increases in LC3-II accumulation. This
indicates GQDs’ robust induction of autophagy, which seems
to perform the crucial function in both the clearance and
maturation of LC3-II in NPC-iNSCs. In addition, the
cotreatment of GQDs and Baf A1 GQDs weakened GQDs’
ability to clear intracellular cholesterol accumulation. (Figure
3d). This further conﬁrms that the GQD-mediated autophagy
promotion also contributes to the GQD-induced cholesterol
depletion.
To evaluate GQDs’ therapeutic potential against the impaired
functions in vivo, GQDs (2 mg/kg; 50 μg) were intraperitoneally (i.p.) administered into 2 week old NPC1 knockout
mice on a weekly basis (Figure 4a). Prior to any assessments, the
BBB permeability of GQDs was re-evaluated (Figure S4). As it
has been thoroughly veriﬁed from the previous report, we
focused on (1) in vitro permeability to ensure the reproducibility and (2) in vivo cerebellar localization of GQDs. As
expected, GQDs exhibited 100% in vitro permeability after 24 h
(Figure S4d,e) and a substantial quantity of GQD-biotin was
detected throughout the cerebellum (Figure S4f,g) without any
appreciable toxicity (Figure S4a−c, Supporting Information).14
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From 4 to 6 weeks post-GQD injection, rota-rod tests were
carried out to monitor changes brought on by any NPCprovoked motor deﬁcits (Figure 4b). Whereas NPC1 mice
showed signiﬁcantly aggravated motor dysfunctions as a
function of time, GQD-treated mice respectably displayed
improved latency to fall.
At 6 weeks post-GQD injection, mice were sacriﬁced to
analyze biochemical alterations of the pathological features in
the cerebellum. As the loss of Purkinje cells is the deﬁnitive
feature and is a detrimental change in the histology in NPC1
mice, the atypical cholesterol accumulation in Purkinje cells was
further explored by immunohistochemical analysis (Figure 4c).
Whereas a considerable quantity of cholesterol accumulation
was detected in Purkinje cells, GQD injection markedly
prevented the abnormal accumulation. The accumulation of
LC3-II autophagic vacuoles was also measured by Western blot
analysis and showed a signiﬁcant reduction in the presence of
GQDs (Figure 4d). Furthermore, GQDs’ impact on Purkinje
cells can be described as protected, preventing the loss of
Purkinje cells, and was monitored by calbindin D-28K (CBD)
staining in the cerebellum (Figure 4e,f).26 Remarkably, the
Purkinje cells in GQD-administered NPC1 mice were
signiﬁcantly protected against NPC1-induced loss over the
entire cerebellum. It should be also noted that GQD-injected
NPC1 mice showed a decreased amount of activated microglia
in the cerebellum, as assessed by immunostaining with Iba-1
antibody (Figure S5). These ﬁndings are extraordinary because
they indicate only a negligible involvement of the inﬂammatory
response by the presence of GQDs, which is likely correlated to
the rescue of Purkinje cells.
In this study, the potential role of GQDs against the impaired
functions that manifest in NPC was investigated. In addition to
the previous ﬁndings that revealed GQDs’ negligible long-term
toxicity and ability to penetrate the BBB in vivo, GQDs were
found to reduce the intracellular cholesterol accumulation and
to promote autophagic ﬂux. The outcomes of in silico and
NMR-based molecular analyses suggest that GQDs may
function as a nanomolecular surfactant against insoluble
aggregates. GQDs’ amphiphilic property appears to be especially
advantageous in clearing undesirable aggregations, whether it is
α-synuclein-based protein or an unesteriﬁed cholesterol-based
agglomeration. In NPC, GQDs’ basal plane exploits temporary
van der Waals interactions to attract adjacent cholesterol
molecules, whereas the edge functional groups facilitate the
solubilization of the admixture.
The mechanism by which GQDs promote compromised
autophagic ﬂux remains elusive. Nevertheless, previous reports
suggest that the impaired autophagy by defective amphisome
formation is attributed to the failure in SNARE machinery.
Interestingly, both α-synuclein and SNARE proteins have
intrinsically disordered domains.27,28 GQDs dissociated the
ﬁbrillated aggregates to the sizes of monomers, where their
presence reversed the secondary structure composition to be
similar to that of normal α-synuclein monomers. Because
GQDs’ neuroprotective eﬀects against α-synucleinopathy in PD
have been validated as well, their therapeutic potential against
other types of LSDs, including Gaucher disease, also merits
further exploration, as the disease manifests the pathological
features of both NPC and PD. In any case, we expect that GQDbased drugs will open new venues in clinical drug discovery
against the currently uninhibited neurodegenerative diseases of
our time.
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Generation of Patient-Speciﬁc iNSCs and Diﬀerentiation. iNSCs were generated from wild-type human
dermal ﬁbroblasts (hDFs) (GM5659; Coriell Institute for
Medical Research, Camden, NJ) and NPC patient-derived hDFs
(GM18453; Coriell Institute for Medical Research, Camden,
NJ) according to the previous report.25 In short, retroviral pMXSOX2 and pMX-HMGA2 were transfected into 293FT cells
with VSV-G and gag/pol plasmids by the FuGENE 6
transfection reagent (Roche, Indianapolis, IN). At 48 and 72 h
post-transfection, the supernatants were collected and used to
infect hDFs with 5 μg/mL Polybrene (Sigma-Aldrich, Sigma,
Ronkonkoma, NY). Following expansion of the infected cells,
the medium change to the NSC maintenance medium (ReNcell
NSC maintenance media; Millipore) was carried out with basic
ﬁbroblast growth factor (bFGF) (Sigma) and human epidermal
growth factor (EGF) (Sigma) for neural stem-cell induction.
When colonies were visible, they were selected and stored under
neurosphere culture conditions. For expansion, the cells were
cultured on poly-L-ornithine/ﬁbronectin (PLO/FN)-coated
dishes as attached cells, and for random diﬀerentiation,
coverslips were coated with PLO/FN in a 24-well plate, 5000
cells of iNSCs were seeded, and medium (Gibco BRL) with
Gmax (Gibco) was added and cultured for 2 weeks.
In Vivo Administration of GQDs. Beginning at 2 weeks of
age, 200 μL of GQDs was intraperitoneally injected for 6 weeks
on a weekly basis. At 8 weeks of age, the mice were sacriﬁced,
and the brain samples were prepared for immunoblotting or
immunohistochemistry.
Behavior Analyses. The rota-rod treadmill (7650 accelerating model, Ugo Basile Biological Research Apparatus,
Comerio, Italy) was used to coordinate the motor function
ability. To facilitate the testing, mice models were trained for a
duration of 2 weeks before the motor function tests, from 6 to 8
weeks of age, and were tested once per week. The rota-rod speed
was set at 10 rpm with a maximum running time of 180 s.
Correlated records of the subjects were used as the average
performance from four attempts.29,30
In Vivo Filipin Staining and Immunohistochemistry.
The isolated brain samples were perfused with 0.1 M PBS (pH
7.4) followed by 4% paraformaldehyde in 0.1 M PBS. The
samples were soaked in 4% paraformaldehyde (0.1 M PBS)
overnight for postﬁxation and cryoprotected with 30% sucrose.
The brain tissues were then moved to a mold containing an
inﬁltration mixture (OCT compound; Sakura Finetek, Tokyo,
Japan) and were maintained at 70 °C overnight to achieve
cryosectioning at 20 μm thick on a cryostat (CM3050, Leica,
Wetzlar, Germany). As already articulated, the sections were
stained with ﬁlipin to compare the levels of accumulated
cholesterol.22 For the immunohistochemistry analysis, mouse
brain sections were incubated with anticalbindin (Abcam,
Cambridge, MA) antibodies with blocking solution. They were
then intensively washed by PBS and further incubated using
antirabbit secondary antibody conjugated with Alexa Fluor 488
(Molecular Probes, Eugene, OR) for 1 h. We employed Hoechst
33238 (1 μg/mL, Sigma-Aldrich) staining to visualize the nuclei
of the cells. The densities of Purkinje cells and the complete
quantity were recorded in the cerebella by ImageJ software
(http://rsb.info.nih.gov/ij/, NIH).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03741.

■

Supplementary experimental methods; preparation and
characterization of GQDs; direct conversion of NPC1
patient-derived ﬁbroblasts to neural stem cells; timedependent eﬀect of GQDs on cholesterol accumulation in
NPC1-iNSC and the eﬀect of GQD-biotin; cytotoxicity,
survival rate, and in vitro and in vivo BBB permeability of
GQDs; inhibited microgliosis in GQD-treated NPC1
mutant mice; and supplementary references (PDF)

AUTHOR INFORMATION

Corresponding Authors

Kyung-Sun Kang − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea; Email: kangpub@snu.ac.kr
Byung Hee Hong − Department of Chemistry, College of
Natural Sciences, Seoul National University, Seoul 08826,
Korea; BioGraphene Inc., Advanced Institute of Convergence
Technology, Suwon 16229, Korea; Graphene Square Inc. &
Graphene Research Center, Advanced Institute of Convergence
Technology, Suwon 16229, Korea; orcid.org/0000-00018355-8875; Email: byunghee@snu.ac.kr
Authors

Insung Kang − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Je Min Yoo − Department of Chemistry, College of Natural
Sciences, Seoul National University, Seoul 08826, Korea;
BioGraphene Inc., Los Angeles, California 90013, United
States
Donghoon Kim − BioGraphene Inc., Advanced Institute of
Convergence Technology, Suwon 16229, Korea
Juhee Kim − Department of Chemistry, College of Natural
Sciences, Seoul National University, Seoul 08826, Korea
Myung Keun Cho − Department of Chemistry, College of
Natural Sciences, Seoul National University, Seoul 08826,
Korea; orcid.org/0000-0002-1960-7860
Seung-Eun Lee − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Dong Jin Kim − Graphene Square Inc. & Graphene Research
Center, Advanced Institute of Convergence Technology, Suwon
16229, Korea
Byung-Chul Lee − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Jin Young Lee − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Jae-Jun Kim − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
2344

https://dx.doi.org/10.1021/acs.nanolett.0c03741
Nano Lett. 2021, 21, 2339−2346

Nano Letters

pubs.acs.org/NanoLett

Nari Shin − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Soon Won Choi − Adult Stem Cell Research Center, College of
Veterinary Medicine and Research Institute for Veterinary
Science, College of Veterinary Medicine, Seoul National
University, Seoul 08826, Korea
Young-Ho Lee − Research Center for Bioconvergence Analysis,
Korea Basic Science Institute, Chungcheongbuk-do 28119,
Korea; Bio-Analytical Science, University of Science and
Technology, Daejeon 34113, Korea; Graduate School of
Analytical Science and Technology, Chungnam National
University, Daejeon 34134, Korea; orcid.org/0000-00028441-5814
Han Seok Ko − Department of Neurology & Neuroregeneration
and Stem Cell Programs, Institute for Cell Engineering, The
Johns Hopkins University School of Medicine, Baltimore,
Maryland 21205, United States
Seokmin Shin − Department of Chemistry, College of Natural
Sciences, Seoul National University, Seoul 08826, Korea;
orcid.org/0000-0003-4119-3139
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.0c03741

(5) Sturley, S. L.; Patterson, M. C.; Balch, W.; Liscum, L. The
Pathophysiology and Mechanisms of NP-C Disease. Biochim. Biophys.
Acta, Mol. Cell Biol. Lipids 2004, 1685 (1−3), 83−87.
(6) Ko, D. C.; Milenkovic, L.; Beier, S. M.; Manuel, H.; Buchanan, J.;
Scott, M. P. Cell-Autonomous Death of Cerebellar Purkinje Neurons
with Autophagy in Niemann-Pick Type C Disease. PLoS Genet. 2005, 1
(1), e7.
(7) Griffin, L. D.; Gong, W.; Verot, L.; Mellon, S. H. Niemann−Pick
Type C Disease Involves Disrupted Neurosteroidogenesis and
Responds to Allopregnanolone. Nat. Med. 2004, 10 (7), 704−711.
(8) Bosch, M. E.; Kielian, T. Neuroinflammatory Paradigms in
Lysosomal Storage Diseases. Front. Neurosci. 2015, 9, 417.
(9) Cougnoux, A.; Drummond, R. A.; Collar, A. L.; Iben, J. R.; Salman,
A.; Westgarth, H.; Wassif, C. A.; Cawley, N. X.; Farhat, N. Y.; Ozato, K.;
et al. Microglia Activation in Niemann−Pick Disease, Type C1 Is
Amendable to Therapeutic Intervention. Hum. Mol. Genet. 2018, 27
(12), 2076−2089.
(10) Sarkar, S.; Carroll, B.; Buganim, Y.; Maetzel, D.; Ng, A. H.;
Cassady, J. P.; Cohen, M. A.; Chakraborty, S.; Wang, H.; Spooner, E.;
et al. Impaired Autophagy in the Lipid-Storage Disorder Niemann-Pick
Type C1 Disease. Cell Rep. 2013, 5 (5), 1302−1315.
(11) Rosenbaum, A. I.; Maxfield, F. R. Niemann-Pick Type C Disease:
Molecular Mechanisms and Potential Therapeutic Approaches. J.
Neurochem. 2011, 116 (5), 789−795.
(12) Ory, D. S.; Ottinger, E. A.; Farhat, N. Y.; King, K. A.; Jiang, X.;
Weissfeld, L.; Berry-Kravis, E.; Davidson, C. D.; Bianconi, S.; Keener, L.
A.; et al. Intrathecal 2-Hydroxypropyl-β-Cyclodextrin Decreases
Neurological Disease Progression in Niemann-Pick Disease, Type
C1: A Non-Randomised, Open-Label, Phase 1−2 Trial. Lancet 2017,
390 (10104), 1758−1768.
(13) Rosenbaum, A. I.; Zhang, G.; Warren, J. D.; Maxfield, F. R.
Endocytosis of Beta-Cyclodextrins Is Responsible for Cholesterol
Reduction in Niemann-Pick Type C Mutant Cells. Proc. Natl. Acad. Sci.
U. S. A. 2010, 107 (12), 5477−5482.
(14) Davidson, C. D.; Ali, N. F.; Micsenyi, M. C.; Stephney, G.;
Renault, S.; Dobrenis, K.; Ory, D. S.; Vanier, M. T.; Walkley, S. U.
Chronic Cyclodextrin Treatment of Murine Niemann-Pick C Disease
Ameliorates Neuronal Cholesterol and Glycosphingolipid Storage and
Disease Progression. PLoS One 2009, 4 (9), e6951.
(15) Calias, P. 2-Hydroxypropyl-β-Cyclodextrins and the Blood-Brain
Barrier: Considerations for Niemann-Pick Disease Type C1. Curr.
Pharm. Des. 2018, 23 (40), 6231−6238.
(16) Kim, D.; Yoo, J. M.; Hwang, H.; Lee, J.; Lee, S. H.; Yun, S. P.;
Park, M. J.; Lee, M.; Choi, S.; Kwon, S. H.; et al. Graphene Quantum
Dots Prevent α-Synucleinopathy in Parkinson’s Disease. Nat. Nanotechnol. 2018, 13 (9), 812−818.
(17) Nurunnabi, M.; Khatun, Z.; Huh, K. M.; Park, S. Y.; Lee, D. Y.;
Cho, K. J.; Lee, Y. K. In vivo biodistribution and toxicology of
carboxylated graphene quantum dots. ACS Nano 2013, 7 (8), 6858−
6867.
(18) Wang, S.; Cole, I. S.; Li, Q. The toxicity of graphene quantum
dots. RSC Adv. 2016, 6 (92), 89867−89878.
(19) Zhang, D.; Zhang, Z.; Wu, Y.; Fu, K.; Chen, Y.; Li, W.; Chu, M.
Systematic evaluation of graphene quantum dot toxicity to male mouse
sexual behaviors, reproductive and offspring health. Biomaterials 2019,
194, 215−232.
(20) Zhang, L.; Xu, B.; Wang, X. Cholesterol Extraction from Cell
Membrane by Graphene Nanosheets: A Computational Study. J. Phys.
Chem. B 2016, 120 (5), 957−964.
(21) Bernabo, N.; Fontana, A.; Sanchez, M. R.; Valbonetti, L.;
Capacchietti, G.; Zappacosta, R.; Greco, L.; Marchisio, M.; Lanuti, P.;
Ercolino, E.; et al. Graphene Oxide Affects in Vitro Fertilization
Outcome by Interacting with Sperm Membrane in an Animal Model.
Carbon 2018, 129, 428−437.
(22) Qin, Y.; Zhou, Z.-W.; Pan, S.-T.; He, Z.-X.; Zhang, X.; Qiu, J.-X.;
Duan, W.; Yang, T.; Zhou, S.-F. Graphene Quantum Dots Induce
Apoptosis, Autophagy, and Inflammatory Response via P38 MitogenActivated Protein Kinase and Nuclear Factor-KB Mediated Signaling

Author Contributions
◆

I.K. and J.M.Y. contributed equally to this work. B.H.H. and
K.-S.K. contributed equally to this work. K.-S.K. and B.H.H.
supervised the study. I.K. and J.M.Y designed the study,
collected and analyzed the data, and wrote the manuscript.
D.K., J.K., M.K.C., S.E.L., D.J.K., B.-C.L., J.Y.L., J.-J.K., N.S.,
S.W.C., Y.-H.L., H.S.K., and S.S. contributed to collecting and
analyzing the data.
Funding

This work was supported by the NRF (National Research
Foundation of Korea) grants funded by the Korean government
(MSIT) (nos. 2020R1A4A4078907, NRF2018K1A3A1A3908804, NRF-2019R1A2C1004954, NRF2018K1A3A1A39088040, and NRF-2014H1A2A1016534Global Ph.D. Fellowship Program) and BioGraphene, Inc.
Notes

The authors declare no competing ﬁnancial interest.
All data needed to evaluate the conclusions in the paper are
present in the paper or the Supporting Information. Additional
data available from authors upon request

■
■

Letter

ACKNOWLEDGMENTS
We acknowledge J. P. Hostetler for assisting with manuscript
completion and revision.
REFERENCES

(1) Vanier, M. T. Niemann-Pick Disease Type C. Orphanet Journal of
Rare Diseases 2010, 5 (1), 16.
(2) Pacheco, C. D.; Lieberman, A. P. The Pathogenesis of NiemannPick Type C Disease: A Role for Autophagy? Expert Rev. Mol. Med.
2008, 10, e26.
(3) Ikonen, E. Cellular Cholesterol Trafficking and Compartmentalization. Nat. Rev. Mol. Cell Biol. 2008, 9 (2), 125−138.
(4) Garver, W. S.; Francis, G. A.; Jelinek, D.; Shepherd, G.; Flynn, J.;
Castro, G.; Walsh Vockley, C.; Coppock, D. L.; Pettit, K. M.;
Heidenreich, R. A.; et al. The National Niemann−Pick C1 Disease
Database: Report of Clinical Features and Health Problems. Am. J. Med.
Genet., Part A 2007, 143 (11), 1204−1211.
2345

https://dx.doi.org/10.1021/acs.nanolett.0c03741
Nano Lett. 2021, 21, 2339−2346

Nano Letters

pubs.acs.org/NanoLett

Letter

Pathways in Activated THP-1 Macrophages. Toxicology 2015, 327, 62−
76.
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