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Trypanosoma brucei, the pathogen causing African sleeping sickness
(trypanosomiasis) in humans, causes debilitating diseases in many regions of
the world, but mainly in African countries with tropical and subtropical climates.
Enormous efforts have been devoted to controlling trypanosomiasis, including
expanding vector control programs, searching for novel anti-trypanosomial
agents, and developing vaccines, but with limited success. In this study, we
systematically investigated the effect of graphene quantum dots (GQDs) on
trypanosomal parasites and their underlying mechanisms. Ultrasmall-sized
GQDs can be efficiently endocytosed by T. brucei and with no toxicity to
mammalian-derived cells, triggering a cascade of apoptotic reactions,
including mitochondrial disorder, intracellular reactive oxygen species (ROS)
elevation, Ca?* accumulation, DNA fragmentation, adenosine triphosphate
(ATP) synthesis impairment, and cell cycle arrest. All of these were caused by
the direct interaction between GQDs and the proteins associated with cell
apoptosis and anti-oxidation responses, such as trypanothione reductase
(TryR), a key protein in anti-oxidation. GQDs specifically inhibited the
enzymatic activity of TryR, leading to a reduction in the antioxidant capacity
and, ultimately, parasite apoptotic death. These data, for the first time, provide a
basis for the exploration of GQDs in the development of anti-trypanosomials.
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Introduction

African trypanosomiases are protozoan infectious diseases
that mostly affect tropical and subtropical locations and pose a
variety of health risks to humans and animals (1, 2). Some forms
of African sleeping sickness are 100% fatal if not detected and
treated. This condition threatens millions of people in 36
countries in Sub-Saharan Africa (3, 4). Vector control and
prompt chemotherapy in infected humans and animals are the
major means of disease control (5-7). Fexinidazole (8), an
effective oral treatment for the first stage and the non-severe
second stage of human African trypanosomiasis (HAT), should
be administered for 10 days under the supervision of trained
medical staff. Other drugs currently available for the treatment of
trypanosomiasis in humans and animals are obsolete and have
side effects. Suramin or pentamidine used for HAT must be
administered by injection for a prolonged period, and both carry
the risk of adverse events. Melarsoprol, which may cause an
encephalopathic syndrome that is fatal in up to 1 in 20
individuals taking the drug, remains the treatment of choice
for Trypanosoma brucei rhodesiense HAT (9, 10). Moreover, the
emergence of drug resistance presents an obstacle to disease
control (11, 12).

Research on trypanosomal vaccines has also faced great
challenges due to the unlimited antigenic variation of the
parasites (3). The lack of effective anti-trypanosomal medicines,
along with failed vaccine development attempts, has sparked a
flurry of research aimed at developing novel techniques and
candidate pharmaceuticals to combat this disease.

Apoptosis is a type of cell death in which cells are killed by a
sequence of events that do not encourage or provoke inflammatory
responses (13, 14). Although it was once thought to be a
phenomenon commonly occurring in multicellular organisms,
new evidence suggests that it is a trait that also occurs in
unicellular eukaryotes, including Trypanosoma cruzi, T. brucei,
and Leishmania species (15-17). Apoptosis in trypanosomes has
been suggested to improve biological fitness, in addition to
modulating parasite density and the host immune system (18).
Alternatively, approaches to promote or accelerate parasite
apoptotic death are attractive for the development of novel anti-
trypanosome medications.

Nanomaterials are increasingly being explored in biomedical
applications owing to their nanoscale size, which provides unique
and exceptional features (19-21). For example, silver (AgNPs) and
gold nanoparticles (AgNPs) have been demonstrated to have
antimicrobial and antiparasitic properties (22-24). The
bioactivity of these nanoparticles, including selective binding
and enzyme inhibition, has been reported in several studies (25,
26). However, extensive exploration remains pivotal for
improving the clinical application of nanoparticle-based drugs.

In recent years, graphene-based nanoparticles have been
employed as biomedical materials for the delivery of medical
materials in several studies (27-29). Their unique electrochemical
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and mechanical properties, which have been explored for enzyme
targeting, as well as the range of functional groups that may be
modified on the surface, make these nanoparticles popular in
medical nanomaterial development (30, 31). Graphene quantum
dots (GQDs), a type of nanomaterial with comparable size to
biomolecules, are less poisonous and hydrophobic than graphene
and possess sustained strong photoluminescence to facilitate cell
tracking after administration (32). Additionally, GQDs have a
much faster renal clearance and biodegradation rate due to their
small size. Their unique optical, electrochemical, and
physicochemical properties enable many theranostic
applications. Recently, GQDs have been proven to improve the
chemotherapeutic efficacy of anticancer medications with less
drug resistance due to their unique structural features (33).

Although GQDs have been widely investigated in biomedicine,
there have been no reports on their use in trypanosomes. In this
study, GQDs with a particle size of roughly 4.23 nm were
generated, which sufficiently induced apoptosis in T. brucei with
classical characteristics, including increased intracellular reactive
oxygen radicals and Ca®" concentration, DNA fragmentation, and
decreased mitochondrial membrane potential (MMP) and
adenosine triphosphate (ATP) production. We further observed
that GQDs specifically interacted with and depressed the activity of
trypanothione reductase (TryR), a key anti-oxidative stress protein
in trypanosomal parasites.

Materials and methods
Materials

Carbon nanofibers (C139875-5G) were obtained from
Aladdin (Shanghai, China). Fetal bovine serum (10099141C)
and Iscove’s modified Dulbecco’s medium (IMDM; 12200036)
were purchased from Gibco (Life Technologies, Gaithersburg,
MD, USA). Trypsin-EDTA (MGO0170) and penicillin-
streptomycin (MG7989) were purchased from MacGene
Biotechnology (Beijing, China). Nitric acid (225711), sulfuric
acid (339741), sodium bicarbonate (S5761), thymidine (T1895),
bathocuproine disulfonic acid disodium salt (B1125), L-cysteine
(168149), and sodium pyruvate (P5280) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hypoxanthine (IH0490),
dialysis membrane (YA1036) and Nuclear Extraction Kit
(SN0020) were provided by Solarbio Life Science (Beijing,
China). PrestoBlue cell viability reagents (A13261) were
purchased from Invitrogen (Carlsbad, CA, USA). The annexin
V-FITC Apoptosis Detection Kit (C1062L), Cell Cycle and
Apoptosis Analysis Kit (C1052), Cell Counting Kit-8 (C0038),
and one-step TUNEL (terminal deoxynucleotidyl transferase
dUTP nick-end labeling) Apoptosis Assay Kit (C1088) were
provided by Beyotime Biotechnology (Suzhou, China). The
MMP assay kit (BB-3101), the intracellular Ca** assay kit (BB-
48112), and the reactive oxygen assay kit (BB-47052) were
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provided by BestBio (Shanghai, China), while the ATP assay kit
(A095-2-1) was provided by Jiancheng Bioengineering Institute
(Nanjing, China). The HepG2 cell line was purchased from Cell
Resource Center (Beijing, China). The T. brucei Lister strain 427
was maintained in our laboratory.

Graphene quantum dots preparation
and characterization

The GQDs were synthesized based on previous reports, with
some modifications (34). Briefly, concentrated H,SO, (60 ml) and
HNOs3 (20 ml) were mixed with 0.3 g of carbon nanofibers. The
mixture was ultrasonically stirred for 2 h and further stirred at 100°
C for 24 h and the GQDs generated. After cooling, the solution
containing the GQDs was diluted with 600 ml Milli-Q water.
Sodium carbonate was used to adjust the pH to 8. The GQDs were
further purified by dialysis with a molecular weight cutoff of
2,000 Da. The particle sizes of the GQDs were characterized
using transmission electron microscopy (Hitachi HT7800, Tokyo,
Japan). The fluorescence spectra of the GQDs were recorded using
a fluorescence spectrophotometer (Hitachi F-7100, Tokyo, Japan).

Cell culture

The T. brucei Lister strain 427 was grown in an incubator at
37°C with 5% CO, in IMDM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (35). Cell culture
dishes (25 cm?) and 96-well plates were used for the experiments.

Endocytosis of graphene quantum dots
by T. brucei

T. brucei parasites (1 x 10° cells/ml) were plated with a series
of GQDs concentrations (0-400 pg/ml). After cultivation at 37°C
and 5% CO, for 6 h in a humidified incubator, T. brucei parasites
were harvested and washed three times with phosphate-buffered
saline (PBS). The endocytosis of GQDs particles in T. brucei was
examined in comparison with parasites that were not incubated
with GQDs using flow cytometry (BD Biosciences, San Jose, CA,
USA) and a laser scanning confocal microscope (TCS SP8; Leica,
Wetzlar, Germany) with fluorescence excitation/emission (E,/
E,) at 360/440 nm.

Clathrin-dependent endocytosis pathway
in T. brucei

Inhibitors [Dynasore (36) and Pitstop2TM (37)] were used to
investigate the clathrin-mediated endocytosis pathway. The
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parasites were grown in 96-well microplates (1 x 10° cells/
well) and pre-incubated for 30 min at 37°C with 10 and
20 uM Dynasore or 5 and 10 uM PitstopZTM. The parasites
were maintained with 50 pug/ml GQDs for 3 h with 1 uM
Dynasore or 0.5 UM Pitstop2' . To eliminate surface-adsorbed
nanomaterials, T. brucei parasites were rinsed three times with
PBS. The effect of Dynasore and Pitstop2TM on the endocytosis
of GQDs by T. brucei was analyzed using flow cytometry and
confocal microscopy.

Cell viability and proliferation assays

The cell viability and proliferation after GQDs treatment
were measured using the PrestoBlue (A13261; Invitrogen,
Carlsbad, CA, USA) assay (38), which is a ready-to-use
reagent for the rapid evaluation of the viability and
proliferation of a wide range of cell types. In detail, viable cells
continuously convert resazurin to highly fluorescent red
resorufin, with increased overall fluorescence, and the cell
viability can be detected using absorbance-based plate readers.
T. brucei parasites (1 x 10° cells/ml) were plated with varying
concentrations of GQDs (0-400 pg/ml). After cultivation in a
humidified incubator at 37°C with 5% CO, for 12 and 24 h, 20 pl
of the PrestoBlue " Cell Viability Reagent solution was added to
the samples. Thereafter, an additional 10 min of incubation was
carried out at 37°C. The cells were then examined using a
microplate reader (PerkinElmer, Billerica, MA, USA) with E,/
E,, at 530/590 nm. T. brucei parasites that were not exposed to
GQDs were used as controls.

Growth curves were determined by counting the parasites
under a light microscope after being treated with GQDs at
different time points. The abnormal nucleus and the
kinetoplast morphology after GQDs treatment were calculated
with a fluorescence microscope (39, 40). Parasite cells with one
kinetoplast with one nucleus (1K1N), two kinetoplasts with one
nucleus (2K1N), and two kinetoplasts with two nuclei (2K2N)
were considered as normal cells, while parasites with 1IK2N and
xKyN (cells with multiple nuclei and kinetoplasts) were
considered as abnormal cells.

Apoptosis assays

Apoptosis was detected using the annexin V-FITC apoptosis
detection kit (41). Briefly, T. brucei (1 x 10° cells/ml) was plated
with a series of GQDs concentrations (0-400 pg/ml). After
cultivation in a humidified incubator at 37°C with 5% CO, for
12 and 24 h, apoptotic T. brucei cells, in comparison with
parasites that were not exposed to GQDs, were examined
according to the manufacturer’s instructions and analyzed
using flow cytometry (BD Biosciences, San Jose, CA, USA).
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Cell cycle assays

Cell cycle assays were performed using Cell Cycle Analysis
Kit (42). T. brucei (1 x 10° cells/ml) was exposed to GQDs (0-
400 pg/ml) for 12 and 24 h before being harvested and washed
three times with PBS. The samples were fixed in 70% cold ethanol
and incubated for 12 h at 4°C. After fixation, the cells were
resuspended in cold PBS to remove ethanol. The cells were then
stained with propidium iodide (PI) (1 mg/ml) containing 10 mg/
ml RNase for 30 min at 37°C. The cell cycle was assessed using
flow cytometry (BD Biosciences, San Jose, CA, USA). T. brucei
parasites that were not exposed to GQDs were used as controls.

Assessment of intracellular ROS levels
after exposure to GQDs

The intracellular reactive oxidative species (ROS) in T. brucei
after treatment with GQDs were measured using a reactive
oxygen detection kit (DHE-ROS) (43). T. brucei parasites
(1 x 10° cells/ml) were exposed to GQDs (0-400 pg/ml) for 12
and 24 h, and the samples were treated according to the
manufacturer’s instructions and examined by flow cytometry at
488 nm excitation and 610 nm emission wavelengths (BD
Biosciences, San Jose, CA, USA). T. brucei parasites cultivated
simultaneously without exposure to GQDs were used as controls.

Assessment of intracellular ATP after
treatment with GQDs

The ATP levels in T. brucei after treatment with GQDs were
measured using a firefly luciferase assay, which catalyzes the
generation of luciferin in the presence of ATP (44). Briefly, T.
brucei parasites (1 x 10° cells/ml) were cultivated with varying
doses of GQDs (0-400 pg/ml) for 12 and 24 h before the they
were harvested. After lysis, the chemiluminescence of the
supernatant was monitored using a microplate reader
(PerkinElmer, Billerica, MA, USA). T. brucei parasites not
incubated with GQDs were used as controls.

Assessment of the mitochondrial
membrane potential after
GQDs treatment

T. brucei parasites (1 x 10° cells/ml) were exposed to GQDs
(0-400 pg/ml) for 12 and 24 h. Pathophysiological changes in
the mitochondrial membrane potential (MMP) were measured
using a JC-10 fluorescent probe, which accumulates in the
matrix of mitochondria at high MMP and forms polymers
emitting red fluorescence. On the contrary, at low MMP, JC-
10 forms monomers emitting green fluorescence in the matrix of
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the mitochondria. The fluorescence of JC-10 aggregates and JC-
10 monomers was detected by flow cytometry with an excitation
wavelength of 488 nm and emission wavelengths of 570 and
520 nm, respectively (45). T. brucei parasites that were not
exposed to GQDs were used as controls.

Measurement of DNA fragmentation
after GQDs treatment

T. brucei DNA fragmentation after treatment with GQDs
was analyzed using a TUNEL assay, which uses terminal
deoxynucleotidyl transferase to add fluorescently labeled dUTP
to the 3'-OH ends of the DNA fragments, which resulted from
the apoptotic process (46). T. brucei parasites (1 x 10° cells/ml)
were cultivated with varying doses of GQDs (0-400 pg/ml) for
12 and 24 h before the they were harvested. Apoptotic cells with
DNA fragmentation were detected and analyzed using flow
cytometry with E,/E,, at 475/520 nm. T. brucei parasites that
were not exposed to GQDs were used as controls.

Assessment of intracellular Ca®* of T.
brucei after GQDs treatment

Cytosolic Ca*" concentrations were measured using
BBcellProne® F03 (BB-48112; BestBio Technical, Beijing,
China) according to the manufacturer’s instructions (47). T.
brucei parasites (1 x 10° cells/ml) were cultivated using a variety
of GQDs doses (0-400 pg/ml) for 12 and 24 h. Thereafter, the
cells were collected and washed three times in PBS.
Subsequently, the parasites were treated with the BBcellProne®
FO03 staining working solution at 37°C for 30 min, washed three
times with PBS, and cultivated for a further 30 min in the culture
medium. The fluorescence intensity of the parasites was
obtained by obtaining the emission at 488 nm using flow
cytometry (BD Biosciences, San Jose, CA, USA) and further
examining with a laser scanning confocal microscope (TCS SP8;
Leica, Wetzlar, Germany). T. brucei parasites not incubated with
GQDs were used as controls.

Western blotting analysis of tSNAP42
and Endo G in T. brucei nuclei
after GQDs treatment

The nuclei of T. brucei cells were isolated using a nuclear
extraction kit (SN0020; Solarbio, Beijing, China) following the
manufacturer’s instructions. The 1x SDS-PAGE loading buffer
was mixed with the samples before being heated at 100°C
for 5 min. Afterward, the proteins were separated by 12% SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes. Before co-incubation with rabbit anti-tSNAP42
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immunoglobulin G (IgG) (1:1,000), rabbit anti-endonuclease G
(Endo G) IgG (1:1,000), and rabbit anti-histone 3 IgG (1:1,000),
the membranes were blocked with 5% skim milk at 37°C for 1 h.
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(SE134; Solarbio, Beijing, China) was used as the secondary
antibody. The nuclear proteins of T. brucei parasites not
exposed to GQDs were used as controls.

Flow cytometry analysis of tSNAP42 and
Endo G in T. brucei after GQDs
treatment

A glutaraldehyde solution (2.5%) was used to fix T. brucei
parasites treated with GQDs. After washing with PBS, the cells
were blocked with 5% (w/v) skim milk. Rabbit anti-tSNAP42 IgG
and rabbit anti-Endo G IgG were added to the cells. Alexa Fluor
488-conjugated goat anti-rabbit IgG was used as the secondary
antibody. Finally, the fluorescence intensity of the parasites was
determined by measuring the emission at 488 nm using flow
cytometry (BD Biosciences, San Jose, CA, USA). T. brucei
parasites that were not exposed to GQDs were used as controls.

Transcriptomic analysis on T. brucei after
GQDs treatment

After exposure to GQDs (50 ug/ml) for 24 h, T. brucei
parasites (1 x 107 cells/ml) were dissolved in TRIzol reagent for
the extraction of total RNA. The enrichment of messenger RNA
(mRNA) was carried out with Oligo(dT) beads and the Ribo-
Zero' Magnetic Kit (MRZH11124; Epicenter Biotechnologies,
Madison, WI, USA). RNA sequencing (RNA-seq) was
performed by Gene Denovo Biotechnology (Guangzhou,
China) using Illumina HiSeq2500.

Differential transcription analysis of mRNA was conducted
using DESeq2 software (48) and edgeR (49) between the
sequences of GQD-treated and untreated parasites. A false
discovery rate (FDR) <0.05 and fold change >1.5 were used as
the thresholds for differentially expressed genes (DEGs).
Proteins encoded by DEGs were subjected to Gene Ontology
(GO) (50) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses (51). Significantly enriched GO
terms or pathways were defined as FDR < 0.05.

Confirmation of trypanothione
synthetase and trypanothione
reductase transcription by
quantitative real-time PCR

After exposure to GQDs (50 ug/ml) for 24 h, T. brucei
parasites (1 x 107 cells/ml) were dissolved in TRIzol reagent for
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the extraction of total RNA. SYBR® Premix Ex TaqTM (RR820A;
TaKaRa, Shiga, Japan) was used for real-time PCR. The specific
primers corresponding to the genes coding for both trypanothione
synthetase and TryR are listed in Supplementary Table S1. The
gene transcription level was determined using the 27" method,
which compares the quantity of the target RNA to that of the gene
encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Tb927.6.4280), which was used as an internal control (52).

Localization with immunofluorescence
and expression analysis of the
trypanothione reductase of T. brucei
after GQDs treatment

Thin smears of T. brucei were fixed in cold methanol for
10 min before blocking in 5% skim milk. The mouse anti-TryR
antibody was used as the primary antibody at a dilution of 1:50.
Alexa Fluor 594-conjugated goat anti-mouse IgG (SE134;
Solarbio, Beijing, China) was used as the secondary antibody
at a dilution of 1:600. The nuclei of the parasites were stained
with DAPI. T. brucei parasites that were not exposed to GQDs
were used as controls. Serum from an unimmunized mouse and
PBS buffer without antibodies were used as the negative and
blank controls, respectively. High-resolution images were
captured using a confocal laser scanning microscope (SP8;
Leica, Wetzlar, Germany).

The total lysate of T. brucei that received GQDs treatment
was mixed with the SDS-PAGE loading buffer, and the proteins
were separated using 12% SDS-PAGE. Subsequently, the
proteins were transferred onto PVDF membranes. Before co-
incubation with mouse anti-TryR IgG (1:1,000), the membranes
were blocked with 5% skim milk at 37°C for 1 h. HRP-
conjugated goat anti-rabbit IgG (SE134; Solarbio, Beijing,
China) was used as the secondary antibody. Signals obtained
with rabbit anti-GAPDH IgG were used for normalization.

Kinetic analysis of the
interaction between GQDs and
trypanothione reductase

The gene coding for the TryR of T. brucei (Tb927.10.10390)
was amplified from parasite complementary DNA (cDNA) and
cloned into the expression vector pET-28a in Escherichia coli
BL21 (DE3) cells. The His-tagged recombinant protein (TryR-
His) was purified using NiNTA agarose (Qiagen, Germantown,
MD, USA) according to the manufacturer’s instructions.

The interaction kinetics between the GQDs and TryR-His
were studied using an Octet K2 device (ForteBio, Menlo Park,
CA, USA). Firstly, the Ni-NTA biosensors were coated with
TryR-His (50 pg/ml). GQDs at a series of concentrations were
then loaded onto the Ni-NTA biosensors. Subsequently, the
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binding affinities of the GQDs (diluted from 800 to 12.5 nM)
with TryR-His were determined. The association and
dissociation between GQDs and TryR-His were monitored for
5 min, and Octet Data Analysis software (version 7.0; ForteBio,
Menlo Park, CA, USA) (53) was used to calculate the affinities
and kinetic parameters.

Statistical analysis

All experiments were performed in triplicate. Student’s ¢-test
was used to analyze the data. All values are presented as the
mean + SD of triplicate measurements. *p < 0.05 was considered
significant, **p < 0.01 considered highly significant, and
***p < 0.001 was considered very highly significant.

Results and discussion

Synthesis and characterization of
graphene quantum dots

The synthesized GQDs were morphologically characterized
using a transmission electron microscope (TEM) (Figure 1A).
The size distribution of the GQDs was 4.23 + 0.94 nm (n = 100)
(Supplementary Figure S1). The GQDs were scanned using a
fluorescence spectrophotometer to obtain the fluorescence
spectra (Figure 1B). Based on the fluorescence spectrum, an
excitation wavelength of 360 nm and an emission wavelength of
440 nm were chosen to analyze the endocytosis of GQDs by
T. brucei.

Trypanosoma brucei endocytosed GQDs
via the clathrin-dependent pathway

The entry of GQDs into T. brucei was observed using a laser
scanning confocal microscope. After co-incubation with T.
brucei cells, a wide distribution of GQDs in the cytoplasm of
the parasites was observed (Figure 1C), and the quantity of
intracellular GQDs was concentration-dependent (Figure 1D).
Considering that trypanosome parasites utilize the clathrin-
mediated endocytosis pathway (54), two well-known clathrin
inhibitors (PitstopZTM and Dynasore) were selected for the
analysis of the transportation of GQDs into T. brucei. The
uptake of GQDs by T. brucei was considerably reduced in a
concentration-dependent manner when these inhibitors were
used (Figure 1E). Prior to the experiment, the toxicity of the two
inhibitors to parasites was determined using a Cell Counting
Kit-8 assay. Both PitstopZTM and Dynasore did not show
cytotoxicity to parasites at the applied concentrations
(Supplementary Figure S2). This finding suggests that T. brucei
endocytosed GQDs via a clathrin-dependent pathway.
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GQDs were cytotoxic to T. brucei
and could efficiently induce
parasite apoptosis

The cytotoxicity of GQDs is believed to be closely associated
with their size, charge, the biological activity (functional groups)
of the outer layer, oxidation, photolysis, and mechanical stability
(55, 56). Although studies have demonstrated that ultra-small
nanomaterials are less cytotoxic than large-sized nanomaterials
(>100 nm), the ultra-small GQDs we generated displayed
outstanding cytotoxicity to T. brucei. Treatment with GQDs
decreased the cell proliferation based on the proliferation curve
(Figure 2A) and the arrest of cell development (Supplementary
Figure S3) of T. brucei, and the half maximal effective
concentration (ECsp) for GQDs at 24 h was 27.16 pg/ml.
Based on the assessment of HepG2 cells (Supplementary
Figure S4) and on previous reports (57), the doses of the
GQDs explored in this study were not toxic to mammalian
cells. The annexin V-FITC/PI apoptosis assay (58) was used to
assess the apoptosis of T. brucei cells following treatment with
GQDs. GQDs mostly promoted advanced apoptosis in T.
brucei (Figure 2B).

Although the morphological characteristics of T. brucei were
not altered significantly (Figure 2C and Supplementary Figure
S5, SEM images), a series of classical cell apoptosis features with
subcellular morphological defects were observed after exposure
to GQDs, similar to the cytopathological alterations caused by
other nanomaterials (59). The pathophysiological changes in T.
brucei subcellular organelles (Figure 2C, TEM images) were
dramatic following treatment with GQDs, including
mitochondrial (M) morphological alterations and a swollen
Golgi apparatus (G). Additionally, the perinuclear space (PS)
was severely swollen after exposure to GQDs. Dilatation of the
endoplasmic reticulum (ER) was also observed (60).

An increase in ROS level is a key feature of nanoparticle-
induced apoptosis in mammalian cells. The administration of
GQDs led to a tremendous increase in the intracellular ROS
levels, which was accompanied by a progressive reduction in the
MMP (AY,,) in a dose-dependent manner (Figures 3A, B).

The intracellular accumulation of free radicals and the
increased Ca®* levels can lead to MMP (AY,) depression,
further leading to cell apoptosis. We subsequently investigated
alterations in the concentrations of Ca®" in T. brucei after
incubation with GQDs. Treatment with GQDs resulted in
intracellular Ca** accumulation in T. brucei (Figure 3C).
Furthermore, defects in the ATP generation have been
regarded as a consequence of mitochondrial dysfunction and
apoptosis. In this study, GQDs were also found to effectively
suppress the ATP generation in T. brucei (Figure 3D), which was
congruent with the loss of MMP and the elevation of the
concentrations of intracellular ROS and Ca®*. Moreover,
treatment with GQDs resulted in developmental arrest in the
sub-GO0/G1 phase of T. brucei cells and a concomitant decline in
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FIGURE 1

Characteristics of graphene quantum dots (GQDs) and their intracellular distribution in Trypanosoma brucei after co-incubation. (A) TEM images
of GQDs (x80K). (B) Fluorescence spectra of GQDs. (C) Distribution of GQDs in T. brucei after incubation for 3 h. T. brucei with untreated
parasites was taken as the control. GQDs were endocytosed and mainly distributed in the cytosol of the parasites. (D) Flow cytometry was used
to measure the intracellular fluorescence intensity after incubation for 3 h with a series of concentrations of GQDs. The fluorescence intensified
with the increase in the concentration of GQDs concentration. (E) Clathrin inhibitors (Pits'copZ.rM and Dynasore) impeded the endocytosis of
GQDs by T. brucei. The inhibitory effect steadily increased with the increase in inhibitor concentration, measured by flow cytometry after 3 h of
treatment. T. brucei parasites cultivated with GQDs without inhibitors were used as controls. All values are the mean + SD of triplicates.

*p < 0.05, **p < 0.01.

G2/M phase cells (Figure 3E), which is typically caused by DNA Pathways related to apoptosis in

fragmentation. Considerable DNA fragmentation in T. brucei T. brucei induced by GQDs
was also observed after 24 h of exposure to GQDs (Figure 3F).

Considering that GQDs did not exhibit cytotoxic effects on the In T. brucei, prolonged ER stress induces an apoptotic
host cells, these data indicate that GQDs exerted specific mechanism called splice leader RNA silencing (SLS), which
biological inhibition on trypanosomal parasites. resembles apoptosis mediated by caspases observed in

Frontiers in Immunology 07 frontiersin.org


https://doi.org/10.3389/fimmu.2022.1022050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

10.3389/fimmu.2022.1022050

A B
1 -
25 — — 0 - Advanced apoptosis \:| Necrotic
Control X [ ] Early apoptosis ] Alive
204 = 100 pg/ml GQDs ~
—_ ) 12h 24h
© g 1004 =F I
S 1.5 8
. 2
U1 j2]
S 2 50-
3
0.5 1 (51
3
0.0 T T T T T

o4
W

6 2 18 24
Times (h)

i Qéqﬁ

NN
ERTERR

GQDs concentration (pug/ml)

O QAN
SOSES

FIGURE 2

Growth curves and subcellular organelle pathophysiological changes in Trypanosoma brucei following treatment with graphene quantum dots
(GQDs). (A) Growth curves based on nuclear counts of T. brucei after treatment with GQDs for 24 h. T. brucei that did not receive GQDs
treatment were used as controls. (B) Apoptosis of T. brucei induced by GQDs at 12 and 24 h. The parasites primarily displayed advanced

apoptosis after treatment. Statistical studies were performed based on the flow cytometry data in Supplementary Figure S6. Early apoptosis was
manifested as green fluorescence in combination with annexin V-FITC. Necrosis was manifested as no change in membrane permeability, while
nuclei showed red fluorescence in combination with the fluorescent dye propidium iodide. Cells stained with two dyes were considered to be
in the advanced apoptosis stage. (C) TEM and SEM images of T. brucei captured after cultivation with GQDs (50 pug/ml) for 24 h. Orange arrows
indicate organelles. N, nuclei; ER, endoplasmic reticulum; G, Golgi apparatus; M, mitochondria; PS, perinuclear space. T. brucei parasites that
were not exposed to GQDs were taken as controls. Scale bar, 500 nm. All values are the mean + SD of triplicates. Student’s t-test was used to

calculate the p-values. *p < 0.05, **p < 0.01, ***p < 0.001 (compared to the control).

eukaryotic organisms (61). The hallmark of SLS is the shut-off of
the transcription of the splice leader RNA (SL RNA) and the
massive accumulation of tSNAP42, a specific transcription factor
that binds the promoter of SL RNA (62). In this study, exposure
to GQDs caused a significant elevation of tSNAP42 in the cell
nuclear fraction after prolonged ER stress, as revealed by
Western blotting (Figures 4A, B). Although trypanosomatids
have an apoptotic mechanism independent of caspases, Endo G,
a well-described nuclease released from the mitochondria and its
role in DNA fragmentation following trafficking to the nucleus
have been documented (63). Therefore, we used Western
blotting to investigate organelle fractionation in T. brucei
following exposure to GQDs and observed considerable
accumulation of Endo G in the nuclear fractions (Figures 4C,
D). Flow cytometry studies also revealed that the intracellular
expression levels of tSNAP42 and Endo G were remarkably
increased following exposure to GQDs, suggesting that the
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mitochondrial pathway and ER stress were indeed pivotal in
the apoptosis of T. brucei induced by GQDs (Figures 4E, F).

Alterations in the gene expression of
T. brucei were tightly correlated
to GQDs treatment

To further investigate the molecular mechanisms of
apoptosis in T. brucei induced by treatment with GQDs,
parasite RNAs were sequenced after treatment (50 pg/ml) for
24 h. Among the 10,277 transcripts identified, 783 were found to
be differentially transcribed, some of which were linked to
mitochondrial function, oxidative stress, energy metabolism,
glycometabolism, and lipid metabolism (Figures 5A, B). The
most upregulated gene was a gene coding for the variant surface
glycoprotein (6.7, Tb927.3.5900). The expression levels of the
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values. *p < 0.05, **p < 0.01, ***p < 0.001 (compared to the control).

GPEET?2 procyclin precursor (3.1, Tb927.6.510), EP1 procyclin
precursor (2.4, Tb927.10.10260), and the protein encoded by the
expression site-associated gene 1 (ESAG 1) (3.5, Tb927.3.2520)
were also highly upregulated. In addition, the upregulation of

Frontiers in Immunology

Cytotoxicological effects graphene quantum dots (GQDs) on Trypanosoma brucei 12 and 24 h post-exposure. (A) Quantitative analysis of T.
brucei intracellular reactive oxygen species (ROS) values based on the results in Supplementary Figure S7. The intracellular ROS levels increased
with prolonged exposure and increased doses. (B) Alterations of the MMP (A¥,,) in T. brucei following treatment with GQDs. The levels of A¥,,
decreased with increased doses and duration of exposure. A JC-10 fluorescent probe was applied for the detection using flow cytometry
(Supplementary Figure S8). (C) Increased cytoplasmic Ca®* concentration of T. brucei following treatment with GQDs for 12 and 24 h,
demonstrated by flow cytometry. Changes in the intracytoplasmic Ca®* concentration captured by confocal microscopy, which can be seen in
Supplementary Figure S9. (D) Intracellular ATP was significantly decreased in T. brucei after exposure to GQDs. (E) Exposure to GQDs resulted in
the developmental arrest of T. brucei. The proportions of cell cycle dispersion are shown in graphs, predicated in the flow cytometry data in
Supplementary Figure S10. (F) Flow cytometry analysis of the increased DNA fragmentation in T. brucei after treatment with varying
concentrations of GQDs for 12 and 24 h using TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining. T. brucei
parasites that were not exposed to GQDs served controls. All values are the mean + SD of triplicates. Student’s t-test was used to obtain p-
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iron/ascorbate oxidoreductase (2.1, Tb927.2.6270) was closely
related to the redox regulatory system. The gene with the most
pronounced fold downregulation was adenylate cyclase (—4.4,
Tb927.11.1490), which was most likely due to the reduction in
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FIGURE 4

ATP production (Dataset S1), indicating elevated response to the
GQDs treatment.

We used GO and KEGG enrichment analyses with a
corrected p-value of 0.05 as the threshold to acquire more
thorough insights into the functions of the DEGs. Protein
function, chromosome associates, peroxisomes, and pyruvate
metabolism were among the top 10 enriched terms (Figures 5C,
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Elevation of the apoptosis-associated proteins of Trypanosoma brucei after exposure to graphene quantum dots (GQDs). (A) Increased
intracellular accumulation of tSNAP42 in T. brucei after treatment with GQDs as revealed by Western blotting analysis. Histone 3 served as the
control. (B) Densitometric analysis of the gray images in (A) using ImageJ software (v1.8.0). (C) Increased quantity of endonuclease G (Endo G)
in T. brucei revealed by Western blotting analysis. Histone 3 served as the control. (D) Densitometric analysis of the gray images in (C) using
ImageJ software (v1.8.0). (E, F) Increased intracellular accumulation of tSNAP42 (E) and Endo G (F) in T. brucei after treatment with GQDs as
determined by flow cytometry (Supplementary Figure S11). T. brucei parasites that were not exposed to GQDs served as controls. Data shown
are the mean + SD (n > 3). Student’s t-test was used to obtain p-values. *p < 0.05, **p < 0.01 (compared to the control).
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D). Furthermore, genes involved in glycerolipid metabolism,
which is closely related to lipid peroxidation, were significantly
enriched. This also indicates that the antioxidant capacity of the
parasites may have been profoundly impaired by GQDs
treatment. Moreover, the genes involved in the glycolysis/
gluconeogenesis and pentose phosphate pathways showed a
significant enrichment, indicating that T. brucei may perform
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FIGURE 5

Transcriptomic analysis and key genes related to the redox function of Trypanosoma brucei after exposure to graphene quantum dots (GQDs).
(A) Correlation analysis of the transcriptomic data between GQDs-treated parasites and controls following treatment in T. brucei. CK-1, CK-2,
and CK-3 represent triplicate samples without GQDs treatment. T-50-1, T-50-2, and T-50-3 represent triplicate samples treated with GQDs
(50 pg/ml). Orange indicates positive correlation, while blue denotes negative correlation. (B) Distribution of the differentially expressed genes
(DEGs) after exposure to GQDs. For transcriptomic analysis, normalized data were p < 0.05 (Dataset S1). Brown color represents upregulated
genes, blue indicates downregulated genes, and green represents the genes without significant changes. A false discovery rate <0.05 and fold
change >1.5 were used as the thresholds for DEGs. (C) Top 15 enriched Gene Ontology (GO) terms based on the DEGs following GQDs
treatment in T. brucei (Dataset S2). (D) Corresponding pathways significantly enriched based on the DEGs after exposure to GQDs in T. brucei.
For transcriptomic analysis, normalized data were p < 0.05 (Dataset S3). (E, F) Transcriptional analysis of the trypanothione synthase (E) and
trypanothione reductase (F) of T. brucei following treatment with GQDs by quantitative reverse transcription PCR (QRT-PCR). The GADPH gene
served as a standardization control. Values are the mean + SD of triplicates. Student's t-test was used to obtain p-values. *p < 0.05 (compared
to the control).

a correspondent adjustment in the energy metabolism under reductase) seen in higher eukaryotes and have developed a
GQDs treatment (Figure 5C). distinctive redox system relying on trypanothione, which is

Trypanosomal parasites do not contain the conventional considered to be a protective mechanism that maintains
disulfide reductases (glutathione reductase and thioredoxin intracellular redox homeostasis (64). Quantitative reverse
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FIGURE 6

Direct affinity analysis and functional inhibition of the trypanothione reductase (TryR) of Trypanosoma brucei by graphene quantum dots
(GQDs). (A) The catalytic activity of total parasite lysate was depressed in T. brucei, represented by the reduction of trypanothione after
treatment with GQDs. The lysate of T. brucei not exposed to GQDs served as the control. (B) Analysis of the purified recombinant TryR protein
using SDS-PAGE (left) and Western blotting (right). (C) GQDs treatment inhibited the catalytic activity of the recombinant TryR of T. brucei in a
concentration-dependent manner. (D) Label-free binding of GQDs to the immobilized His-tagged recombinant TryR (TryR-His) in the Octet. To
describe the intensity of the binding affinity between the two compounds, the equilibrium dissociation constant (Ky) was calculated with Kgis/kon
K4 values from 1.0E-03 to 1.0E-12 M indicate that two compounds are interacting (Supplementary Table S2). (E) Distribution of TryR in the
parasites evaluated by immunofluorescence assay. A mouse anti-TryR I1gG and Alexa Fluor 594-conjugated goat anti-mouse IgG were employed
as the primary and secondary antibodies, respectively. Nuclei and kinetoplasts were stained with DAPI. The buffer without antibodies and
unimmunized mouse serum were used as the blank and negative controls, respectively. Cyan indicates saturated pixels. (F) Increased
intracellular accumulation of TryR in T. brucei after GQDs treatment as revealed by Western blotting analysis. GADPH was adopted as the
control. (G) Densitometric analysis of the gray images in (F) using ImageJ software (v1.8.0). All values are the mean + SD of triplicates. Student's
t-test was used to obtain p-values. ***p < 0.001 (compared to the control) (26)
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transcription PCR (qRT-PCR) (Figure 5E) and RNA-seq
(Supplementary Figure SI12A) revealed the enhanced
expression of trypanothione synthetase in response to GQDs
treatment, indicating that GQDs induced oxidative stress in
parasites. However, the expression of TryR was slightly
suppressed in the transcriptomic analysis (Supplementary
Figures S12B and S13), which was different from the result of
qRT-PCR (Figure 5F). This was likely caused by intrinsic
deficiency of the RNA-seq approach (65-67). Multiple qRT-
PCR experiments showed that the expression of TryR was
upregulated after treatment with GQDs.

GQDs directly interacted with the
trypanothione reductase of T. brucei and
inhibited its enzymatic activity

Previous studies have reported that nanomaterials can be
efficiently endocytosed, resulting in increased intracellular
reactive oxygen levels through interactions with intracellular
proteins and DNAs (55). Nanomaterials have also been shown to
affect the secondary structure of proteins, which may cause
changes in their functions (68). TryR is a pivotal enzyme in
the response to oxidative stress in trypanosomal parasites, and
its expression and activity have a substantial impact on the
antioxidant capability. Cell physiological analysis revealed that
the redox capability was impeded by GQDs treatment. To
confirm this, a total lysate of T. brucei containing TryR was
obtained for the test of antioxidant activity with trypanothione
as the substrate. The antioxidant capacity of the lysate from
parasites pre-exposed to GQDs was significantly lower than that
of untreated parasites (Figure 6A). Recombinant TryR was
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obtained and confirmed using Western blotting analysis
(Figure 6B). GQDs inhibited the activity of recombinant TryR
(TryR-His) in a dose-dependent manner (Figure 6C). The
affinity of GQDs to TryR-His was analyzed using the Octet K2
system, which tracked the binding (k,,) and dissociation kg;)
rates between the two molecules. The dissociation constant (Ky)
for the binding between TryR-His and GQDs was 5.04E—09.
This suggests that GQDs have a high affinity for TryR (Figure 6D
and Supplementary Table S2), which explains their dramatic
antiparasitic effects. Furthermore, immunofluorescence
indicated that the intracellular distribution of TryR was not
affected by treatment with GQDs (Figure 6E). GQDs were not
observed in the DAPI channel of the second row because they
were below the detection threshold for this exposure time.
Western blotting analysis showed that the expression of TryR
also increased in response to GQDs treatment (Figures 6F, G).
These data indicate that the activity of TryR was inhibited after
GQDs treatment, which ultimately resulted in the constant
accumulation of ROS in the parasites and the onset of
apoptosis (Figures 3A and 7).

Conclusion

In summary, our study revealed that GQDs are sufficiently
endocytosed by T. brucei, which specifically impedes the redox
system and triggers a cascade of apoptotic reactions in parasites.
The data systematically revealed the molecular mechanism by
which GQDs induce trypanosomal apoptosis, arguing for further
exploration of the development of anti-trypanosomials based on
GQDs materials.
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Schematic description of the apoptotic process caused by graphene quantum dots (GQDs) in Trypanosoma brucei. GQDs were internalized by
T. brucei through clathrin-mediated endocytosis and interacted with several proteins, including trypanothione reductase (TryR), a key enzyme
responsible for catalyzing trypanothione disulfide (TS,) to trypanothione [T(SH),] in the anti-oxidation of trypanosome. The reduced TryR activity
resulted in the accumulation of intracellular reactive oxygen species (ROS), eventually inducing apoptosis via mitochondrial and endoplasmic
reticulum (ER) stress pathways. This figure was created by biorender. The agreement number is FP240OK0AS9.

Frontiers in Immunology

13

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1022050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

YX performed most of the experiment and wrote the first
draft of the manuscript. HL performed most of the experiment.
NJ mentored the study. DL performed the enzymatic
experiments. NZ and KZ assisted in parasite cultivation and
the viability assays. QL assisted in the bioinformatic analysis. XS
assisted in the cell apoptosis assays. YF performed the confocal
microscopy experiments. RC and YZ performed the flow
cytometry experiments. QC conceived the study, analyzed the
data, and finalized the manuscript. All authors contributed to the
article and approved the submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (grant no. 32072880); and the CAMS
Innovation Fund for Medical Sciences (2019-12M-5-042).

References

1. Maudlin I. African Trypanosomiasis. Ann Trop Med Parasitol (2006) 100
(8):679-701. doi: 10.1179/136485906x112211

2. Hotez PJ, Kamath A. Neglected tropical diseases in Sub-Saharan Africa:
Review of their prevalence, distribution, and disease burden. PloS Negl Trop Dis
(2009) 3(8):e412. doi: 10.1371/journal.pntd.0000412

3. Buscher P, Cecchi G, Jamonneau V, Priotto G. Human African
trypanosomiasis. Lancet (2017) 390(10110):2397-409. doi: 10.1016/s0140-6736
(17)31510-6

4. De Rycker M, Wyllie S, Horn D, Read KD, Gilbert IH. Anti-trypanosomatid
drug discovery: Progress and challenges. Nat Rev Microbiol (2022) 20(11):1-16.
doi: 10.1038/541579-022-00777-y

5. da Costa KM, Valente RC, Salustiano EJ, Gentile LB, Freire-de-Lima L,
Mendonga-Previato L, et al. Functional characterization of abcc proteins from
trypanosoma cruzi and their involvement with thiol transport. Front Microbiol
(2018) 9:205. doi: 10.3389/fmicb.2018.00205

6. Hulpia F, Mabille D, Campagnaro GD, Schumann G, Maes L, Roditi I, et al.
Combining tubercidin and cordycepin scaffolds results in highly active candidates
to treat late-stage sleeping sickness. Nat Commun (2019) 10(1):5564. doi: 10.1038/
541467-019-13522-6

7. Kennedy PGE, Rodgers J. Clinical and neuropathogenetic aspects of human
African trypanosomiasis. Front Immunol (2019) 10:39. doi: 10.3389/fimmu.2019.00039

8. Mullard A. Fda approves first all-oral sleeping sickness drug. Nat Rev Drug
Discovery (2021) 20(9):658. doi: 10.1038/d41573-021-00140-5

9. Kennedy PG. An alternative form of melarsoprol in sleeping sickness. Trends
Parasitol (2012) 28(8):307-10. doi: 10.1016/j.pt.2012.05.003

10. Brun R, Blum J, Chappuis F, Burri C. Human African trypanosomiasis.
Lancet (2010) 375(9709):148-59. doi: 10.1016/s0140-6736(09)60829-1

Frontiers in Immunology

14

10.3389/fimmu.2022.1022050

Acknowledgments

Technical assistance from the Department of Core Facility of
Shenyang Agricultural University in the electromicroscopy
experiments of the samples is very much appreciated.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1022050/full#supplementary-material

11. Awuah-Mensah G, McDonald ], Steketee PC, Autheman D, Whipple S,
D’Archivio S, et al. Reliable, scalable functional genetics in bloodstream-form
trypanosoma congolense in vitro and in vivo. PloS Pathog (2021) 17(1):e1009224.
doi: 10.1371/journal.ppat.1009224

12. Lindner AK, Lejon V, Chappuis F, Seixas J, Kazumba L, Barrett MP, et al.
New who guidelines for treatment of gambiense human African trypanosomiasis
including fexinidazole: Substantial changes for clinical practice. Lancet Infect Dis
(2020) 20(2):¢38-46. doi: 10.1016/s1473-3099(19)30612-7

13. Samuilov VD, Oleskin AV, Lagunova EM. Programmed cell death. Biochem
(Mosc) (2000) 65(8):873-87.

14. Fadeel B. Programmed cell clearance. Cell Mol Life Sci (2003) 60(12):2575-
85. doi: 10.1007/s00018-003-3145-1

15. Falcone C, Mazzoni C. External and internal triggers of cell death in yeast.
Cell Mol Life Sci (2016) 73(11-12):2237-50. doi: 10.1007/s00018-016-2197-y

16. Menna-Barreto RFS. Cell death pathways in pathogenic trypanosomatids:
Lessons of (over)Kill. Cell Death Dis (2019) 10(2):93. doi: 10.1038/s41419-019-
1370-2

17. Ndhlovu A, Durand PM, Ramsey G. Programmed cell death as a black
queen in microbial communities. Mol Ecol (2021) 30(5):1110-9. doi: 10.1111/
mec.15757

18. Nguewa PA, Fuertes MA, Valladares B, Alonso C, Pérez JM. Programmed
cell death in trypanosomatids: A way to maximize their biological fitness? Trends
Parasitol (2004) 20(8):375-80. doi: 10.1016/j.pt.2004.05.006

19. Choi S, Lee H, Ghaftari R, Hyeon T, Kim DH. Recent advances in flexible
and stretchable bio-electronic devices integrated with nanomaterials. Advanced
materials (Deerfield Beach Fla) (2016) 28(22):4203-18. doi: 10.1002/
adma.201504150

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1022050/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1022050/full#supplementary-material
https://doi.org/10.1179/136485906x112211
https://doi.org/10.1371/journal.pntd.0000412
https://doi.org/10.1016/s0140-6736(17)31510-6
https://doi.org/10.1016/s0140-6736(17)31510-6
https://doi.org/10.1038/s41579-022-00777-y
https://doi.org/10.3389/fmicb.2018.00205
https://doi.org/10.1038/s41467-019-13522-6
https://doi.org/10.1038/s41467-019-13522-6
https://doi.org/10.3389/fimmu.2019.00039
https://doi.org/10.1038/d41573-021-00140-5
https://doi.org/10.1016/j.pt.2012.05.003
https://doi.org/10.1016/s0140-6736(09)60829-1
https://doi.org/10.1371/journal.ppat.1009224
https://doi.org/10.1016/s1473-3099(19)30612-7
https://doi.org/10.1007/s00018-003-3145-1
https://doi.org/10.1007/s00018-016-2197-y
https://doi.org/10.1038/s41419-019-1370-2
https://doi.org/10.1038/s41419-019-1370-2
https://doi.org/10.1111/mec.15757
https://doi.org/10.1111/mec.15757
https://doi.org/10.1016/j.pt.2004.05.006
https://doi.org/10.1002/adma.201504150
https://doi.org/10.1002/adma.201504150
https://doi.org/10.3389/fimmu.2022.1022050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

20. Weng Q, Wang X, Wang X, Bando Y, Golberg D. Functionalized hexagonal
boron nitride nanomaterials: Emerging properties and applications. Chem Soc Rev
(2016) 45(14):3989-4012. doi: 10.1039/c5¢s00869g

21. Wu J, Wang X, Wang Q, Lou Z, Li S, Zhu Y, et al. Nanomaterials with
enzyme-like characteristics (Nanozymes): Next-generation artificial enzymes (Ii).
Chem Soc Rev (2019) 48(4):1004-76. doi: 10.1039/c8cs00457a

22. Ahmed S, Ahmad M, Swami BL, Ikram S. A review on plants extract
mediated synthesis of silver nanoparticles for antimicrobial applications: A green
expertise. ] Adv Res (2016) 7(1):17-28. doi: 10.1016/j.jare.2015.02.007

23. Guo J, Wang W, Hu J, Xie D, Gerhard E, Nisic M, et al. Synthesis and
characterization of anti-bacterial and anti-fungal citrate-based mussel-inspired
bioadhesives. Biomaterials (2016) 85:204-17. doi: 10.1016/j.biomaterials.2016.01.069

24. Deshmukh AR, Aloui H, Kim BS. In situ growth of gold and silver
nanoparticles onto phyto-functionalized boron nitride nanosheets: Catalytic,
peroxidase mimicking, and antimicrobial activity. ] Cleaner Production (2020)
270:122339. doi: 10.1016/j.jclepro.2020.122339

25. Wang X, Zhang D, Jiang N, Wang X, Zhang N, Zhang K, et al. Induction of
apoptosis in trypanosoma brucei following endocytosis of ultra-small noble metal
nanoclusters. Nano Today (2021) 38:101122. doi: 10.1016/j.nantod.2021.101122

26. Nel AE, Midler L, Velegol D, Xia T, Hoek EM, Somasundaran P, et al.
Understanding biophysicochemical interactions at the nano-bio interface. Nat
materials (2009) 8(7):543-57. doi: 10.1038/nmat2442

27. Wen H, Dong C, Dong H, Shen A, Xia W, Cai X, et al. Engineered redox-
responsive peg detachment mechanism in pegylated nano-graphene oxide for
intracellular drug delivery. Small (2012) 8(5):760-9. doi: 10.1002/sml.201101613

28. Bao H, Pan Y, Ping Y, Sahoo NG, Wu T, Li L, et al. Chitosan-functionalized
graphene oxide as a nanocarrier for drug and gene delivery. Small (2011) 7
(11):1569-78. doi: 10.1002/smll.201100191

29. Lu Y-J, Yang H-W, Hung S-C, Huang C-Y, Li S-M, Ma C-CM, et al.
Improving thermal stability and efficacy of benu in treating glioma cells using paa-
functionalized graphene oxide. Int ] Nanomed (2012) 7:1737-47. doi: 10.2147/
ijn.529376

30. Ma Y-X, Li Y-F, Zhao G-H, Yang L-Q, Wang J-Z, Shan X, et al. Preparation
and characterization of graphite nanosheets decorated with Fe304 nanoparticles
used in the immobilization of glucoamylase. Carbon (2012) 50(8):2976-86.
doi: 10.1016/j.carbon.2012.02.080

31. Zhang Y, Zhang ], Huang X, Zhou X, Wu H, Guo S. Assembly of graphene
oxide-enzyme conjugates through hydrophobic interaction. Small (2012) 8(1):154—
9. doi: 10.1002/smll.201101695

32. LiuJ, Li D, Zhang K, Yang M, Sun H, Yang B. One-step hydrothermal synthesis
of nitrogen-doped conjugated carbonized polymer dots with 31% efficient red emission
for in vivo imaging. Small (2018) 14(15):e1703919. doi: 10.1002/smll.201703919

33. Nasrollahi F, Koh YR, Chen P, Varshosaz J, Khodadadi AA, Lim S.
Targeting graphene quantum dots to epidermal growth factor receptor for
delivery of cisplatin and cellular imaging. Materials Sci Eng C Materials Biol
Appl (2019) 94:247-57. doi: 10.1016/j.msec.2018.09.020

34. Peng ], Gao W, Gupta BK, Liu Z, Romero-Aburto R, Ge L, et al. Graphene
quantum dots derived from carbon fibers. Nano Lett (2012) 12(2):844-9.
doi: 10.1021/n12038979

35. Mantilla BS, Marchese L, Casas-Sanchez A, Dyer NA, Ejeh N, Biran M, et al.
Proline metabolism is essential for trypanosoma brucei brucei survival in the tsetse
vector. PloS Pathog (2017) 13(1):¢1006158. doi: 10.1371/journal.ppat.1006158

36. Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T.
Dynasore, a cell-permeable inhibitor of dynamin. Dev Cell (2006) 10(6):839-50.
doi: 10.1016/j.devcel.2006.04.002

37. von Kleist L, Stahlschmidt W, Bulut H, Gromova K, Puchkov D, Robertson
M]J, et al. Role of the clathrin terminal domain in regulating coated pit dynamics
revealed by small molecule inhibition. Cell (2011) 146(3):471-84. doi: 10.1016/
j.cell.2011.06.025

38. Boncler M, Rozalski M, Krajewska U, Podsedek A, Watala C. Comparison of
prestoblue and mtt assays of cellular viability in the assessment of anti-proliferative
effects of plant extracts on human endothelial cells. ] Pharmacol Toxicol Methods
(2014) 69(1):9-16. doi: 10.1016/j.vascn.2013.09.003

39. Douglas RL, Haltiwanger BM, Albisetti A, Wu H, Jeng RL, Mancuso J, et al.
Trypanosomes have divergent kinesin-2 proteins that function differentially in
flagellum biosynthesis and cell viability. J Cell Sci (2020) 133(13):129213.
doi: 10.1242/jcs.129213

40. Bogacz M, Dirdjaja N, Wimmer B, Habich C, Krauth-Siegel RL. The
mitochondrial peroxiredoxin displays distinct roles in different developmental
stages of African trypanosomes. Redox Biol (2020) 34:101547. doi: 10.1016/
j.redox.2020.101547

41. Yan HL, Xue G, Mei Q, Wang YZ, Ding FX, Liu MF, et al. Repression of the

mir-17-92 cluster by P53 has an important function in hypoxia-induced apoptosis.
EMBO ] (2009) 28(18):2719-32. doi: 10.1038/emboj.2009.214

Frontiers in Immunology

15

10.3389/fimmu.2022.1022050

42. Shin VY, Chen J, Cheuk IW, Siu MT, Ho CW, Wang X, et al. Long non-
coding rna Neatl confers oncogenic role in triple-negative breast cancer through
modulating chemoresistance and cancer stemness. Cell Death Dis (2019) 10(4):270.
doi: 10.1038/s41419-019-1513-5

43. LuZ, Liu S, Le Y, Qin Z, He M, Xu F, et al. An injectable collagen-Genipin-
Carbon dot hydrogel combined with photodynamic therapy to enhance
chondrogenesis. Biomaterials (2019) 218:119190. doi: 10.1016/j.biomaterials.
2019.05.001

44. Llewellyn SV, Conway GE, Zanoni I, Jorgensen AK, Shah UK, Seleci DA,
et al. Understanding the impact of more realistic low-dose, prolonged engineered
nanomaterial exposure on genotoxicity using 3d models of the human liver.
J Nanobiotechnol (2021) 19(1):193. doi: 10.1186/s12951-021-00938-w

45. Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, et al. Transfer
of mitochondria from astrocytes to neurons after stroke. Nature (2016) 535
(7613):551-5. doi: 10.1038/nature18928

46. Cristiano S, Leal A, Phallen J, Fiksel ], Adleff V, Bruhm DC, et al. Genome-
wide cell-free DNA fragmentation in patients with cancer. Nature (2019) 570
(7761):385-9. doi: 10.1038/s41586-019-1272-6

47. Guo RW, Wang H, Gao P, Li MQ, Zeng CY, Yu Y, et al. An essential role for
stromal interaction molecule 1 in neointima formation following arterial injury.
Cardiovasc Res (2009) 81(4):660-8. doi: 10.1093/cvr/cvn338

48. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for rna-seq data with Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8

49. Robinson MD, McCarthy DJ, Smyth GK. Edger: A bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics
(2010) 26(1):139-40. doi: 10.1093/bioinformatics/btp616

50. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al.
Gene ontology: Tool for the unification of biology. Gene Ontol Consortium Nat
Genet (2000) 25(1):25-9. doi: 10.1038/75556

51. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. Kegg: Kyoto
encyclopedia of genes and genomes. Nucleic Acids Res (1999) 27(1):29-34.
doi: 10.1093/nar/27.1.29

52. Wang L], Han HJ, Zhao M, Liu JW, Luo LM, Wen HL, et al. Trypanosoma
dionisii in insectivorous bats from northern China. Acta Trop (2019) 193:124-8.
doi: 10.1016/j.actatropica.2019.02.028

53. Wang S, Yin J, Chen D, Nie F, Song X, Fei C, et al. Small-molecule
modulation of wnt signaling Via modulating the axin-Lrp5/6 interaction. Nat
Chem Biol (2013) 9(9):579-85. doi: 10.1038/nchembio.1309

54. Adung’a VO, Gadelha C, Field MC. Proteomic analysis of clathrin
interactions in trypanosomes reveals dynamic evolution of endocytosis. Traffic
(Copenhagen Denmark) (2013) 14(4):440-57. doi: 10.1111/tra.12040

55. Vranic S, Rodrigues AF, Buggio M, Newman L, White MRH, Spiller DG,
et al. Live imaging of label-free graphene oxide reveals critical factors causing
oxidative-Stress-Mediated cellular responses. ACS Nano (2018) 12(2):1373-89.
doi: 10.1021/acsnano.7b07734

56. Wu JB, Lin ML, Cong X, Liu HN, Tan PH. Raman spectroscopy of
graphene-based materials and its applications in related devices. Chem Soc Rev
(2018) 47(5):1822-73. doi: 10.1039/c6cs00915h

57. Zhang Y, Hong G, Zhang Y, Chen G, Li F, Dai H, et al. Ag2s quantum dot: A
bright and biocompatible fluorescent nanoprobe in the second near-infrared
window. ACS Nano (2012) 6(5):3695-702. doi: 10.1021/nn301218z

58. Chen S, Cheng AC, Wang MS, Peng X. Detection of apoptosis induced by
new type gosling viral enteritis virus in vitro through fluorescein annexin V-Fitc/Pi
double labeling. World J Gastroenterol (2008) 14(14):2174-8. doi: 10.3748/
wig.14.2174

59. Lewinski N, Colvin V, Drezek R. Cytotoxicity of nanoparticles. Small (2008)
4(1):26-49. doi: 10.1002/smll.200700595

60. Nandan D, Wells CW, Ndegwa D, Pearson TW. Identification of a
44 kda protein localized within the endoplasmic reticulum of trypanosoma
brucei brucei. Parasitology (1995) 111(Pt 3):313-23. doi: 10.1017/
50031182000081865

61. Goldshmidt H, Matas D, Kabi A, Carmi S, Hope R, Michaeli S. Persistent er
stress induces the spliced leader rna silencing pathway (Sls), leading to
programmed cell death in trypanosoma brucei. PloS Pathog (2010) 6(1):
€1000731. doi: 10.1371/journal.ppat.1000731

62. Lustig Y, Sheiner L, Vagima Y, Goldshmidt H, Das A, Bellofatto V, et al.
Spliced-leader rna silencing: A novel stress-induced mechanism in trypanosoma
brucei. EMBO Rep (2007) 8(4):408-13. doi: 10.1038/sj.embor.7400930

63. Kaczanowski S, Sajid M, Reece SE. Evolution of apoptosis-like programmed
cell death in unicellular protozoan parasites. Parasit Vectors (2011) 4:44.
doi: 10.1186/1756-3305-4-44

64. Machado-Silva A, Cerqueira PG, Grazielle-Silva V, Gadelha FR, Peloso Ede
F, Teixeira SM, et al. How trypanosoma cruzi deals with oxidative stress:

frontiersin.org


https://doi.org/10.1039/c5cs00869g
https://doi.org/10.1039/c8cs00457a
https://doi.org/10.1016/j.jare.2015.02.007
https://doi.org/10.1016/j.biomaterials.2016.01.069
https://doi.org/10.1016/j.jclepro.2020.122339
https://doi.org/10.1016/j.nantod.2021.101122
https://doi.org/10.1038/nmat2442
https://doi.org/10.1002/smll.201101613
https://doi.org/10.1002/smll.201100191
https://doi.org/10.2147/ijn.S29376
https://doi.org/10.2147/ijn.S29376
https://doi.org/10.1016/j.carbon.2012.02.080
https://doi.org/10.1002/smll.201101695
https://doi.org/10.1002/smll.201703919
https://doi.org/10.1016/j.msec.2018.09.020
https://doi.org/10.1021/nl2038979
https://doi.org/10.1371/journal.ppat.1006158
https://doi.org/10.1016/j.devcel.2006.04.002
https://doi.org/10.1016/j.cell.2011.06.025
https://doi.org/10.1016/j.cell.2011.06.025
https://doi.org/10.1016/j.vascn.2013.09.003
https://doi.org/10.1242/jcs.129213
https://doi.org/10.1016/j.redox.2020.101547
https://doi.org/10.1016/j.redox.2020.101547
https://doi.org/10.1038/emboj.2009.214
https://doi.org/10.1038/s41419-019-1513-5
https://doi.org/10.1016/j.biomaterials.2019.05.001
https://doi.org/10.1016/j.biomaterials.2019.05.001
https://doi.org/10.1186/s12951-021-00938-w
https://doi.org/10.1038/nature18928
https://doi.org/10.1038/s41586-019-1272-6
https://doi.org/10.1093/cvr/cvn338
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1038/75556
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1016/j.actatropica.2019.02.028
https://doi.org/10.1038/nchembio.1309
https://doi.org/10.1111/tra.12040
https://doi.org/10.1021/acsnano.7b07734
https://doi.org/10.1039/c6cs00915h
https://doi.org/10.1021/nn301218z
https://doi.org/10.3748/wjg.14.2174
https://doi.org/10.3748/wjg.14.2174
https://doi.org/10.1002/smll.200700595
https://doi.org/10.1017/s0031182000081865
https://doi.org/10.1017/s0031182000081865
https://doi.org/10.1371/journal.ppat.1000731
https://doi.org/10.1038/sj.embor.7400930
https://doi.org/10.1186/1756-3305-4-44
https://doi.org/10.3389/fimmu.2022.1022050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xie et al.

Antioxidant defence and DNA repair pathways. Mutat Res Rev Mutat Res (2016)
767:8-22. doi: 10.1016/j.mrrev.2015.12.003

65. Korthauer K, Kimes PK, Duvallet C, Reyes A, Subramanian A, Teng M, et al.
A practical guide to methods controlling false discoveries in computational biology.
Genome Biol (2019) 20(1):118. doi: 10.1186/s13059-019-1716-1

66. Engstrom PG, Steijger T, Sipos B, Grant GR, Kahles A, Ritsch G, et al.
Systematic evaluation of spliced alignment programs for rna-seq data. Nat Methods
(2013) 10(12):1185-91. doi: 10.1038/nmeth.2722

Frontiers in Immunology

16

10.3389/fimmu.2022.1022050

67. Everaert C, Luypaert M, Maag JLV, Cheng QX, Dinger ME, Hellemans J,
et al. Benchmarking of rna-sequencing analysis workflows using whole-
transcriptome rt-qpcr expression data. Sci Rep (2017) 7(1):1559. doi: 10.1038/
541598-017-01617-3

68. Dominguez-Medina S, Kisley L, Tauzin L], Hoggard A, Shuang B,
Indrasekara AS, et al. Adsorption and unfolding of a single protein triggers
nanoparticle aggregation. ACS Nano (2016) 10(2):2103-12. doi: 10.1021/
acsnano.5b06439

frontiersin.org


https://doi.org/10.1016/j.mrrev.2015.12.003
https://doi.org/10.1186/s13059-019-1716-1
https://doi.org/10.1038/nmeth.2722
https://doi.org/10.1038/s41598-017-01617-3
https://doi.org/10.1038/s41598-017-01617-3
https://doi.org/10.1021/acsnano.5b06439
https://doi.org/10.1021/acsnano.5b06439
https://doi.org/10.3389/fimmu.2022.1022050
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Graphene quantum dots induce cascadic apoptosis via interaction with proteins associated with anti-oxidation after endocytosis by Trypanosoma brucei
	Introduction
	Materials and methods
	Materials
	Graphene quantum dots preparation and characterization
	Cell culture
	Endocytosis of graphene quantum dots by T. brucei
	Clathrin-dependent endocytosis pathway in T. brucei
	Cell viability and proliferation assays
	Apoptosis assays
	Cell cycle assays
	Assessment of intracellular ROS levels after exposure to GQDs
	Assessment of intracellular ATP after treatment with GQDs
	Assessment of the mitochondrial membrane potential after GQDs treatment
	Measurement of DNA fragmentation after GQDs treatment
	Assessment of intracellular Ca2+ of T. brucei after GQDs treatment
	Western blotting analysis of tSNAP42 and Endo G in T. brucei nuclei after GQDs treatment
	Flow cytometry analysis of tSNAP42 and Endo G in T. brucei after GQDs treatment
	Transcriptomic analysis on T. brucei after GQDs treatment
	Confirmation of trypanothione synthetase and trypanothione reductase transcription by quantitative real-time PCR
	Localization with immunofluorescence and expression analysis of the trypanothione reductase of T. brucei after GQDs treatment
	Kinetic analysis of the interaction between GQDs and trypanothione reductase
	Statistical analysis

	Results and discussion
	Synthesis and characterization of graphene quantum dots
	Trypanosoma brucei endocytosed GQDs via the clathrin-dependent pathway
	GQDs were cytotoxic to T. brucei and could efficiently induce parasite apoptosis
	Pathways related to apoptosis in T. brucei induced by GQDs
	Alterations in the gene expression of T.&#146;brucei were tightly correlated to GQDs treatment
	GQDs directly interacted with the trypanothione reductase of T. brucei and inhibited its enzymatic activity

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


