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ABSTRACT

Background Thiolated-graphene quantum dots (SH-GQDs)
were developed and assessed for an efficient preventive means
against atherosclerosis and potential toxicity through compu-
tational image analysis and animal model studies.
Experiments Zcbrafish (wild-type, wt) were used for evalua-
tion of toxicity through the assessment of embryonic mortality,
malformation and ROS generation. The amounts of SH-
GQDs uptaken by mouse macrophage cells (Raw264.7) were
analyzed using a flow cytometer. For the time-dependent cel-
lular uptake study, Raw264.7 cells were treated with SH-
GQDs (200 pg/ml) at specific time intervals (0.5, 1, 2, 5, 10
and 24 h). The efficacy of SH-GQDs on DiO-oxLLDL efflux
by Raw264.7 cells was evaluated (DiO, 3,3'-dioctadecyl-
oxacarbocyanine) based on the percentage of positive cells
containing DiO-oxLLDL. TEER of human primary umbilical
vein endothelial cells hUVECs) were examined to assess the
barrier function of the cell layers upon being treated with
oxLLDL.

Results SH-GQDs significantly enhanced the efflux of
oxLDL and down-regulated macrophage scavenger receptor
(MSR) in Raw264.7. The ROS levels stimulated by oxidative
stress were alleviated by SH-GQDs. oxLDL (10 pg/ml)
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significantly impaired the barrier function (TEER) of adher-
ence junctions, which was recovered by SH-GQDs (10 pg/ml)
(oxL.DL: 67.2 + 2.2 Q-cm” for 24 h; SH-GQDs: 114.6 + 8.5
Q-cm” for 24 h). The mortality rate (46% for 1 mg/ml) of the
zebra fish increased, as the concentrations and exposure du-
ration of SH-GQDs increased. SH-GQDs exerted negligible
side effects.

Conclusion SH-GQDs have target specificity to macrophage
scavenger receptor (MSR) and efficiently recovered the ROS
levels and TEER. SH-GQDs did not induce endothelial cell
layer disruption nor affected zebrafish larvae survival.

KEY WORDS macrophage scavenger receptor (MSR) -
oxLDL - theranostic carrier - thiolated-graphene quantum dots
(SH-GQDs)

ABBREVIATIONS

ABCAI ATP-binding cassette transporter

DCFDA Dichlorofluorescin diacetate

MSR Macrophage scavenger receptor
oxLDL oxidized-low density lipoprotein
ROS Reactive oxygen species

SH-GQDs  Thiolated-graphene quantum dots
TEER Trans-epithelial Electrical Resistance
INTRODUCTION

Inflammatory milieu of atherosclerosis interactively evolves
with various molecular imaging devices and advanced nano-
technology. Atherosclerotic plaque rupture is usually followed
by a rapid or delayed type of occlusive thrombus formation,
causing acute ischemic stroke. There is an urgent need for new
clinical tools to efficiently alleviate the formation of atheroscle-
rotic plaque (1). Optical molecular imaging has emerged as a
new means that can specifically label extra- and intra-cellular
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biomarkers of cardiovascular diseases, accomplishing real-
time monitoring of disease progress with high spatial resolu-
tion to image-specific molecular targeting (2).

The successful application of image-guided theranostic
agents to the cardiovascular diseases requires that drugs or a
carrier as a whole should be imaged locally or activated at the
targeted site via functional nanomaterials (3). The most critical
features of an efficient theranostic agent that may serve as a
major challenge in the FDA approval process are; a) a proper
analysis tool for the accurate image assessment of the molec-
ular pathogenesis at the systems level, b) a smart design that
allows for a nano-agent to sensitively regulate its theranostic
function in response to the progressive pathologic milieu i vivo
and customize to individual subjects, and c) they should be
free of side effects even after their long resident time in the
body (4-6).

As of now, numerous noninvasive image-guided modali-
ties, such as autoradiography magnetic resonance imaging
(MRI), ultrasound (US), optical imaging, X-ray computed to-
mography (CT), positron emission tomography (PET), single-
photon emission computed tomography (SPECT), electron
microscopy, and autoradiography, have been used to provide
images not only at a tissue level but also at the molecular level
in biomedical and clinic settings (7). Among them, PET and
optical imaging techniques are considered as quantitative im-
aging modalities, whereas C'T and MRI are normally used for
anatomical imaging analysis (8,9). Fluorescence resonance en-
ergy transfer (FRET) microscopy has been considered as a
sensitive and reliable biological device for diagnosis of conclu-
sive cardiovascular disease (10). The efficiency and biocom-
patibility of donor—acceptor pairs are fundamental to improve
the accuracy of fluorescence resonance energy transfer and
the subsequent analytical performance (11). However, fluores-
cent probes including organic dyes and inorganic semiconduc-
tor quantum dots (QDs) have their own drawbacks, such as
poor photo-stability, liable to photo-bleaching, small stokes
shifts and short half-life shown by most organic dyes (12,13).

Although the popular pharmacologic tools including
nanomedicines (NMs) have been widely used to systemically
alleviate conclusive cardiovascular disease, various side effects
as well as the lack of therapeutic eflicacy and diagnostic prop-
erty have posed as a main obstacle for their clinical application.
Graphene nanoparticles were effective in reducing
lipopolysaccharide-induced nitric oxide production through
the inhibition of NF-kB and IFN-B/STAT! pathways in
RAW264.7 macrophage cells (14). Thiolated-graphene quan-
tum dots (SH-GQDs) developed using hydrothermal pyrolysis
technique from our laboratory were characterized for their sizes
and quantum yields, and have shown their excellent efficiency
in alleviation of the atherosclerosis progress (15). SH-GQDs are
capable of performing targeted delivery via universal ligand—
receptor recognition in nature, and displaying superb biocom-
patibility at the cellular level from the studies on bio-distribution

and cell apoptosis analysis. It was also found that SH-GQDs
stimulated the efflux of oxLLDL (oxidized-low density
lipoprotein) through over-expressed ABCA1 and scavenge
ROS in inflamed macrophages (15).

The pathological process responded by macrophages is their
failure to handle modified lipoproteins, leading to foamy cell
formation that is an essential ingredient of atherosclerotic
plaques. Macrophage scavenger receptors (MSR) is the integral
molecules responsible for the recognition and administering of
modified lipoproteins. Certain MSRs could exert resilient reac-
tions, whereas some MSRs react to modified lipoproteins by
accumulation and augmentation of inflammation factors in the
plaque (16). The enhancement of lipid efflux and down-
regulation of MSR in mouse macrophage cell line (Raw264.7)
by SH-GQDs would support its promising usage as a
theranostic carrier to prevent foam cell formation and subse-
quently monitor the progress of atherosclerotic plaque. The
relationship among the expression levels of macrophage scaven-
ger receptor A (MSR-A), lipid accumulation and ROS produc-
tion in macrophages could be established to optimize SH-
GQD:s as an efficient preventive means against atherosclerosis.

The assessment of the treatment processes of up-normal
blood pressure and cardiovascular diseases mediated through
multi-functional nanomaterials has been relied on various mo-
lecular images from the small animal models and cutting-edge
biotechnology. Zebrafish has been used as a prognostic model
for the assessment of potential toxicity of nanomaterials in car-
diac development. Zebrafish shares a high degree of functional
and sequential homology with humans and, therefore, studies
in Zebrafish have provided with great insight into human dis-
ease processes. The evolving embryos in zebrafish are reason-
ably sensitive to nanomaterials and the heart is formed as a first
organ during the development process of transparent embryos
(17,18). Zebrafish has blood cell types similar to human beings
(19,20).

Zebrafish embryos and larvae having wholly transparent
nature can assess the impact of a pharmacological treatment
or genetic manipulation via non-invasive imaging techniques
that caused less animal suffering and avoided any influences of
experimental conditions on the experimental outcome. Thus,
the zebrafish model allows for thorough investigation on more
prominent development of vascular infection by numerous
inducers and is suitable for large-scale genetic and high-
throughput screening of mechanism and endpoints of toxicity
involved with cardiovascular diseases (21).

In this study, we determined the amounts of SH-GQDs
uptaken by Raw264.7 cells and DiO-oxLDL efflux, and
established the relationship among the expression of macro-
phage scavenger receptor A (MSR-A), lipid accumulation and
ROS production in macrophages. We also evaluated the bar-
rier functions of cell layers upon exposure to SH-GQDs via
quantification of Trans-epithelial Electrical Resistance
(TEER). As a critical step towards the clinical translation,
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the optimized SH-GQD with the most effective outcomes was
chosen as the theranostic carrier, and the toxicity assessment
was performed in the zebrafish models via computational im-
age analysis of embryonic mortality, malformation and ROS
generation.

METHODS AND MATERIALS
Materials

Reduced-glutathione (GSH), citric acid, phosphoric acid, lipo-
polysaccharides (LPS), sulfanilamide, dichlorofluorescein
diacetate (DCFDA), N-1-napthylethylenediamine
dihydrochloride, dextran sulfate, sodium azide and dextran sul-
fate were purchased from Sigma-Aldrich (St. Louis, MO).

Mouse macrophage cell line (Raw264.7), Dulbecco’s modi-
fied eagle’s medium (DMEM) (30-2601) and penicillin-
streptomycin solution (30-2300) were purchased from ATCC
(Manassas, VA). Fetal bovine serum (FBS) was purchased from
Adantic biological (Atlanta, GA). All other reagents and solvents
were of analytical grade.

Preparation of Thiolated-Graphene Quantum Dots
(SH-GQDs)

SH-GQDs were prepared using thermal treatment of carbon
source (citric acid) in the presence of a surface modifier (re-
duced-glutathione, GSH). Briefly, citric acid (20% (w/v)) and
GSH (20% (w/v)) were dissolved in detonized (DI) water (15).
Briefly, 250 pl of solution was transferred into pre-heated glass
vial placed in the oil bath (equilibrated at 150°C)
(OD = 1.3 cm, Screw thread with rubber lined cap, Fisher,
Pittsburgh, PA), and then vial was thermally treated for
15 min. After the hydrothermal process, the black thick film
layer was reconstituted with HyO, and pH was adjusted to 7.4
using 1 M of NaOH. The solution was further dialyzed using a
dialysis bag (3500 MWCO, BioDesign, Carmel, NY) (Size:
approximately 20 nm; Quantum yields (QYs): 0.55) to remove
unreacted citric acid and GSH. GQDs were prepared using
the same method as used for SH-GQDs except the absence of
GSH in the citric acid solution.

In vitro Cellular Uptake Study

Raw?264.7 cells (3 x 10°/well in 500 pl) were seeded on a 24-
well plate and incubated for overnight. Cells were treated with
varying concentrations of SH-GQDs (10, 20, 50, 100 and
200 pg/ml) at 37°C for 24 h. After the incubation process,
cells were gently washed with the cold PBS solution three
times to remove SH-GQDs remained on the surface of cells.
After washing cells with PBS, cells were scraped and centri-
fuged to collect the cell pellet. The cells were suspended again
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in flow cytometry buffer containing 1% (w/v) BSA and 0.1%
sodium azide. The amounts of SH-GQDs uptaken by cells
were analyzed using a BD FACGSCanto II flow cytometer
equipped with BD FACSDiva software (BD Biosciences, San
Jose, CA). For the time-dependent cellular uptake study, cells
were treated with 200 pg/ml of SH-GQDs at specific time
mtervals (0.5, 1, 2, 5, 10 and 24 h). After the treatment, the
cells were collected and analyzed using the same method as
previously described.

For further elucidation of the cellular uptake mecha-
nism and a pathway for SH-GODs on Raw264.7 cells,
cells were incubated with various conditions, such as low
temperatures (4°C), ATP-depleted condition and pre-
treatment with dextran sulfate (10 pg/ml) in the presence
of SH-GQDs (50 pg/ml). For ATP-depleted condition, the
cells were pre-treated with 50 mM 2-deoxy-p-glucose and
25 mM NalNj for 1 h.

Effects of SH-GQDs on oxLDL Efflux

The efficacy of SH-GQDs on DiO-oxLDL efflux (human
DiO-medium oxidized LDL (D10, 3,3'-dioctadecyl-
oxacarbocyanine, ex: 485 nm; em: 515 nm) (Kalen
Biomedical, LLC, Montgomery Village, MD) by Raw264.7
cells was evaluated based on the percentage of positive cells
containing DiO-oxLDL. In brief] cells were treated with DiO-
oxLLDL in DMEM (2 pg/ml) for 24 h. After the incubation,
cells were treated with the media (the positive control) and
SH-GQDs (50 pg/ml). Cells were collected and resuspended
in the flow cytometry buffer, and DiO mean fluorescence
intensity of intact single cells were quantitated. The obtained
data expressed in the mean fluorescence intensity were back-
ground subtracted and the amount of oxLLDL uptake was
normalized as the percentage oxLDL uptake of the DMEM
treatment (i.e. the positive).

Assessment of Transepithelial Electrical Resistance
(TEER) of Cell Layers

TEER was examined to assess the barrier function of cell layers
upon being treated with various environmental conditions. To
evaluate TEER of human primary umbilical vein endothelial
cells (MUVECS) against oxLLDL, hUVECs (PCS-100-010), vas-
cular cell basal medium (PCS-100-030) and endothelial growth
ki=VEGF (VEGF, vascular endothelial growth factor) (PCS-
100-041) purchased from ATCC (Manassas, VA) were used.
The medium was gently mixed with growth supplements and
kept in the refrigerator at 4°C. hUVECs were cultured under
the standard cell culture conditions (5% COg and humidified
air at 37°C).

As cells were confluent, (UVECs with 5 X 10” per well
were seeded on the apical side of inserts (pore size = 3 pm
and surface area = 1.12 cm?) (Corning Costar Transwell,
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Corning Incorporated, Tewksbury, MA) freshly coated with
50 pg/ml of human fibronectin in 12-well plate and cultured
for 2 days. The cells were treated with oxLLDL (10 pg/ml) in
the presence of GODs or SH-GQDs (10 pg/ml) and TEER
values were measured using the epithelial volt-ohm meter
(EVOM) and STX2 electrode (World Precision Instruments,
Sarasota, FL). The final resistance after subtracting back-
ground TEER was presented as Q-cm” (TEER X surface
area).

Assessment of the Amount of Nitric Oxide (NO)
Produced from hUVECs

Nitric Oxide (NO) produced from hUVECs upon cellular
interaction with VEGT was quantified using the Griess assay
(22). The Griess reagent was prepared by mixing of 0.1%
N-(1-Naphthyl) ethylenediamine dihydrochloride (NED) dis-
solved in DI water and 1% sulfanilamide dissolved in 5% (v/v)
phosphoric acid solution.

hUVECs with 2 x 10" per well were seeded on 96-well
plate and cultured for overnight until cells were fully attached.
The cells were treated with various treatment groups, such as
media, L-NAME (1 mM), oxLLDL (10 pg/ml) and oxLLDL, in
the presence of SH-GQDs (1, 5 and 10 pg/ml). After the
incubation for 24 and 48 h, 100 pl media in the plate were
transferred to fresh 96-well plate and 1% sulfanilamide solu-
tion (50 pl) was added to each well. The plate was incubated at
room temperature for 5 min, and then, 0.1% NED solution
(50 pl) was added to each well. The absorbance was measured
at 550 nm using the multimode detector and extrapolated to
the concentration of NO (uM).

Assessment of the ROS Accumulation Rates
in the Zebrafish Model

Zebrafish was used as the animal model for evaluation of the
ROS accumulation rates and toxicity. A total of 40 locally
bred and reared short-fin wild type zebrafish from group
housing tanks, initially on a recirculating AHAB system
(Aquatic Ecosystems, Florida, USA), were used as subjects
(23). Zebrafish (wild-type, wt) were raised in an environmen-
tally controlled facility (Water: egg water (0.6 g/L sea salt);
Photoperiod: 14 h light/10 h dark cycle; and Temperature:
28 + 0.5°C). For such studies as embryonic mortality, malfor-
mation, and ROS generation assessment, fertilized eggs were
collected and placed in 24-well plates (2 ml of 30% Danieau’s
solution (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSO,,
0.6 mM Ca(NOs)s, 5 mM Hepes, pH 7.4) per well). Eggs were
treated with varying concentrations of SH-GQDs (0.02, 0.05,
0.1, 0.2,0.3, 0.6, 0.8, and 1 mg/ml) for 7 dpf (dpf: days-post
fertilization). In all experiments, dead embryos and larvae
were separated from the 24-well plates every 24 h.

The amount of ROS accumulated in zebrafish larvae was
assessed for cytotoxicity study. First, larvae collected at 48 hpf
(hours post-fertilization) were pretreated with SH-GQDs (25,
100, 200 and 300 pg/ml) along with ROS-sensitive dye
(25 pM DCFDA) for 30 min. After the incubation, stained
larvae were transferred to fresh media in 96-well plate, and
then incubated with various treatment groups, such as media,
hydrogen peroxide (HyOg, 50 pM) and HyOs in the presence
of SH-GQDs. The fluorescence level was measured using the
multimode detector (DTX 880, Beckman Coulter Inc., CA)
every 10 min (excitation 485 nm and emission 515 nm). The
spontaneous fluorescence augmentation due to oxidation of
DCFDA by ROS was recorded for the respective well without
larvae. The HoOq treatment group was served as a positive
control.

Statistical Analysis

Data were presented as a mean * standard deviation (S.D.).
One-way ANOVA was used to compare the means of inde-
pendent samples. F-ratio was determined using SPSS software
(SPSS, Chicago, IL) and Tukey’s HSD was used for a post-hoc
analysis. P-values of less than 0.05 were considered as statisti-
cally significant. All experiments were conducted in triplicate
unless otherwise specified.

RESULTS AND DISCUSSIONS

Assessment of the Uptake Rates of SH-GQDs
by Macrophages

The cellular imaging analysis has provided crucial information in
assessment of the efficacy of the endocytosis process. It was found
that SH-GQDs with high quantum yields can be utilized to label
single-cell biophysics in the absence of any extra fluorescent dyes.
Thus, the suitability of SH-GQDs for theranostic application was
assessed by elucidating the interaction of SH-GQDs with
Raw264.7 and the uptake mechanism of SH-GQDs by
Raw?264.7.

To evaluate the uptake rate of SH-GQDs, the fluorescence
values from cells treated with varying concentrations of SH-
GQDs (10, 20, 50, 100 and 200 pg/ml) were examined using
a flow cytometry. As shown in Fig. la, there was a dose-
dependent increase in mean fluorescence intensity at the con-
centrations ranging from 10 to 200 pg/ml. Flow cytometry
analysis was conducted to mnvestigate the cellular uptake rates
of SH-GQDs by Raw264.7. The macrophages were treated
with varying concentrations of SH-GQDs. It was found from
the histogram peaks of flow cytometry analysis (Fig. 1b) that
the percentages of positive cells increased from 7.2 £ 0.1% to
49.1 £ 1.5%, as the concentration of SH-GQDs increased
from 10 pg/ml to 200 pg/ml. To estimate the parameters of
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the uptake kinetics, macrophages were incubated with
200 pg/ml SH-GQDs for various time intervals (30 min, 1,
2, 6, 10 and 24 h) (Fig. 1c). The uptake rates of SH-GQDs
followed a time-dependent profile. For up to 2 h after the
incubation, there was no noticeable increase in intensity,
whereas the significant amount of the SH-GQDs was cellular
uptaken atl0 hr. after the incubation, and afterward the up-
take rate increased as a function of time (for 24 h, 49.4 + 8.8).

It was a well-known fact that endocytosis is generally energy-
dependent uptake process which can be slowed as the cells are
mcubated at low temperature (4°C) or under the ATP-depleted
condition (24). The mean fluorescence intensity levels from the
cells incubated at 4°C or under the ATP-depletion condition
were lower than those from the medial control (Figw. 1d).
Dextran sulfate, a nonspecific class A scavenge-receptor
blocking agent, was tested to further investigate the uptake
mechanism of SH-GQDs involved with MSR. When cells were
pre-incubated with dextran sulfate (0.5 pg/ml), mean fluores-
cence intensity was lower than that of the control. In confocal
microscopy image analysis, the fluorescent levels of the macro-
phages treated with SH-GOQDs for 24 h were much greater
than those of the untreated control (Fig. 2).

As biological images should have the proper brightness and
contrast for easy viewing, the contrast control of a monitor was
used to adjust the image intensities of the confocal microscopy
images of Raw 264.7 cells upon being treated with SH-GQDs
(200 pg/ml). The results are in a good agreement with
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previous reports that nanoparticles could be uptaken by mac-
rophages via macrophage scavenge receptors (MSR and
CD36). (25,26) As SH-GQDs may enter macrophage via
some additional mechanisms other than MSR mediated pro-
cess, dextran sulfate, that mainly shut down MSR mediated
passage, only partially blocked the SH-GQDs uptake (Fig. 1d).
These results supported that SH-GQDs could enter macro-
phages via MSR-mediated endocytosis mechanism that is an
energy-dependent process.

Effects of SH-GQDs on oxLDL Efflux

Lipid-laden macrophages produce foam cells, gradually
evolving into plaque at atherosclerotic lesion. Thus, the mech-
anism behind atherogenesis has largely focused on the role of
interactions between lipoprotein and macrophages in the
foam cell (27) and the enhancement of lipid efflux is consid-
ered as an ideal approach to mitigate the plaque progression.
The efflux of oxLLDL from macrophages was promoted by
pretreatment of cells with DiO-oxLDL. As shown in Fig. 3,
the study on the efflux of oxLDL from macrophages revealed
that the oxLLDL efflux was significantly enhanced in the cells
treated with SH-GQDs for 24 h as compared to that treated
with the media control (SH-GQDs: 39.2 + 2.2%).

There was a significant difference in the efflux amount of
oxLLDL incubated with SH-GQDs between two treatment
periods (3 h: 73.9 £ 1.5% and 24 h: 39.2 £ 2.2%), indicating
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Contrast SH-GQDs Merged

Fig. 2 Bright field images and corresponding confocal microscopy images of
Raw 264.7 cells treated with SH-GQDs (200 uig/ml) at the excitation wave-
length of 405 nm after incubation for 0.5 and 24 h (Scale bars = 50 um).

0.5 Hr

24 Hr

that the oxLLDL efflux rates in the presence of SH-GQDs in-
creased in a time-dependent manner (Fig. 3a and b). Thus, the
enhancement of lipid efflux from lipid-laden macrophages
caused by SH-GQDs could be explored to prevent foam cell
formation and subsequent atherosclerotic plaque progression.

Effects of SH-GQDs on the Amount of Nitric oxide
(NO) Released

As NO i1s involved with the contractility and vascular remod-
eling, NO at the specific concentrations could be utilized as a
potential therapeutic regulator. However, the protective effi-
cacy of NO decreases, as the amount of NO produced from
the macrophage activation process exceeds the maximal effec-
tive concentration. The cellular amount of NO produced in
Raw264.7 upon being triggered by SH-GQDs or lipopolysac-
charide (LPS) (i.e., a pro-inflammatory marker) was examined
to determine whether or not they produce the extra NO.
The macrophages were incubated with varying concentra-
tions of SH-GQDs, IL-4 or LPS, and the amount of NO in the
supernatant culture medium is quantified using Griess color-
imetric assay. It was found that a significantly greater amount

(a)

100
80 A
60 -

40 1

% of DiO-oxLDL

201

—

=
o

24 hr

O Positive
®50 ug/mi

of NO (21.1 + 1.3 uM) was produced, when cells were treated
with LPS (100 ng/ml) (Fig. 4a). However, the treatment of IL-
4, an alternative macrophage activator, or SH-GQDs at the
concentrations up to 0.1 mg/ml caused no difference in the
amount of NO. In addition, SH-GQDs did not exert any
inflammatory activities in the macrophages.

Effects of VEGF on the Amount of Nitric oxide (NO)
Produced from hUVECs

Nitric oxide (NO) has been identified to play a crucial role in
maintaining vasodilator tone of endothelium (22,28,29). In
addition to vasodilation, platelet adhesion and leukocyte
activation can be inhibited by NO (30).

The amount of NO released from hUVECs mediated by
vascular endothelial growth factor (VEGF) was determined
using Griess assay (31) after incubation of cells for 24 or 48 h
(Fig. 4b). It was found that the amount of NO produced in the
presence of VEGF (i.e., the positive control) significantly de-
pends on exposure duration (0.4 £ 0.1 uM for 24 h;
1.7 £ 0.7 uM for 48 h). The amount of NO produced was
substantially reduced, as hUVECs were treated with nitric oxide
synthase (NOS) inhibitor, L-NAME (L-NAME: For 24 h,
0.13 + 0.13 uM; 48 h, 0.8 = 0.3 uM). When cells were treated
with both VEGF and NOS, the amount of NO significantly
mncreased, whereas hUVECs treated with oxLDL displayed no
difference in the production of NO (oxLLDL: 0.43 + 0.13 uM for
24-h; 0.7 £ 0.4 uM for 48 h). The cells incubated concurrently
with oxLDL and SH-GQDs significantly enhanced the amount
of NO, which was similar to that from the positive control
(1.87 £ 0.31 uM for 48 h exposure to 10 pg/ml of SH-GQDs).

It was previously demonstrated that SH-GQDs targeting
lipid-laden macrophage reduced foam cell formation through
down-regulating MSR expression and enhancing efflux of
oxLLDL (15). The integrated approach based on SH-GQDs
could not only protect endothelium against oxLDL-mediated
stress, but also facilitate to recover NO production from
hUVECs. Subsequently, SH-GQDs can be utilized as a

(b)

100 1
80
60

40 1

% of DiO-oxLDL

201

- =
= <
o o

10 hr
24 hr

Fig. 3 (a) Efflux of oxLDL from Raw264.7 cells after pretreatment with DiO-oxLDL (2 ug/ml) was investigated using a flow cytometry. Raw264.7 cells were
treated with two different groups: media control (positive) and SH-GQDs (50 ug/ml) (** indicates statistically significant difference between positive and SH-
GQDs, n = 3,p < 0.01). (b) oxLDL efflux mediated by SH-GQDs treatment occurred in a time dependent manner (n = 3).
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Fig. 4 (a) Assessment of nitric

oxide (NO) release from Raw264.7 30 1
cells using Griess assay (n = 5). (b)
Assessment of nitric oxide (NO) —~
release from hUVECs using Griess = 201
assay (n = 5). °
= 10+
0 <
¥
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theranostic nano-carrier, guaranteeing high accessibility and
visualization of nanomedicine to an atherosclerotic plaque,
and simultaneously monitoring the progression of plaque.

Effects of SH-GQDs on Barrier Functions of hUVECs
Against oxLDL

Impaired vaso-relaxation induced by oxLLDL enhanced the risk
of plaque progression and coronary artery disease (32,33). To
monitor barrier function (i.e., permeability) of endothelial layer
induced by oxLLDL, the trans-endothelial electrical resistance
(TEER) across the endothelial layer seeded on transwell plate
was evaluated at various time intervals (1, 3, 6, 10 and 24 h). As
shown in Fig. 5, hUVECs cultured on transwell inserts pro-
duced a well-defined endothelial monolayer with functional
TEER (100 Q-cm?),

When media with oxLLDL (10 pg/ml) were added into the
insert wells, the barrier function of adherence junctions was
significantly disrupted (oxI.DL: 67.2 + 2.2 Q-cm” for 24 h).
SH-GQDs (10 pg/ml) recovered impaired TEER to the initial
status (SH-GQDs: 114.6 % 8.5 Q-cm” for 24 h), indicating that
adherence junctions were preserved by SH-GQDs during the
incubation process. However, GQDs significantly impaired
TEER (GQDs: 67.9 * 8.1 Q-cm”® for 24 h p < 0.01, n = 3),
indicating that GQDs don’t have an endothelium protective
property against oxLLDL. The maintenance of electrical per-
meability by SH-GODs could lead to translocation of lipids
across the permeable endothelium (i.e., the enhancement of
lipid efflux) that can mitigate the plaque progression.

Scavenging Effects of SH-GQDs on Zebrafish Larvae

Although still in its infancy, there have been reports on dis-
tinctive advantages of zebrafish in elucidating the toxicity
mechanism and identifying endpoints of toxicity. As shown
in Fig. 6a, the embryonic periods (2 and 48 h-post fertilization
(hpf)) were selected to visualize the embryo toxicity caused by
SH-GQDs with two loading concentrations (0.1 and
1 mg/ml). An exposure of embryos to SH-GQDs (1 mg/ml)
enhanced mortality, whereas a low dose (0.1 mg/ml) did not
exert any harmful effects on embryos. The results indicated
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that the high concentration of SH-GQDs (1 mg/ml) exerted
the embryo toxicity at early embryonic period (2 hpf), causing
the disruption of fertilized embryos and subsequently leading
to embryo death.

To investigate the amount of ROS accumulation in
zebrafish larvae against HyOo, larvae were stained with
ROS-sensitive dye (DCFDA). As shown in Fig. 6b, SH-
GQDs-treated larvae displayed low fluorescence intensity as
compared with the control, indicating that SH-GQDs have a
protective role against oxidative stress. As the concentration of
SH-GQDs increased, the fluorescence intensities decreased to-
ward that of the negative control. These results demonstrated
that the enhanced ROS levels caused by oxidative stress (i.e.
H50,) were significantly lowered by SH-GQDs. In addition,
the high concentration of SH-GQDs caused the disruption of
fertilized embryos, leading to embryo death.

Potential Toxicity of SH-GQDs on Zebrafish Embryos

Developmental toxicity on zebrafish embryos upon being
treated with nanomaterials including silica nanoparticles and
advanced nanoparticles have been extensively studied
(17,34,35). It was previously reported that even though several
zebrafish endpoints did not directly correlate to acute toxicity
data conducted in rats or rabbits, zebrafish has shown its po-
tential to be explored to examine acute toxicity of exogenous
compounds and drug carriers (36). Because the heart
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Fig.5 Variation of TEER values in response to oxLDL, oxLDL + GQDs and
oxLDL + SH-GQDs on Raw264.7 cells (** indicates statistically significant
difference between groups, n = 3, p < 0.01).
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development is a first step during the development process of
embryos, zebrafish embryos has been used as a predictive
model for toxicity studies on heart development (17,18,37,38).

To assess the i viwo toxicity of SH-GQDs on the cardiovas-
cular system, various types of malformation at segmentation,
hatching and fully developed larvae were examined. An ex-
posure of zebrafish embryos to SH-GQDs resulted in
malformations, such as head deformation, vent tail, pericardi-
al edema and yolksac edema (Fig. 6¢). The pericardial edema
and yolk sac edema were found in zebrafish embryos treated
with 0.1 mg/ml or greater concentrations of SH-GQDs. In
addition, such abnormal configurations as head malforma-
tion, vent tail, pericardial edema and yolksac edema occurred,
when zebrafish embryos were exposed to more than
0.8 mg/ml SH-GQDs.

It was previously reported that silica nanoparticles
(100 pg/ml or higher) caused serious yolk sac and pericardial
edema (17). Therefore, it was concluded that varying nano-
sized materials, such as graphene quantum dots and silica
nanoparticles, exerted malformation to some degrees depend-
ing on their concentration ranges, which should be thoroughly
monitored.

Effects of SH-GQDs on the Survival Rate of Zebrafish
Larvae

The survival rate of zebrafish larvae upon exposure to SH-
GQDs was considered as a hallmark of identifying a potential
toxicity. When they were incubated for the first day of days-
post fertilization (dpf) with up to 1 mg/ml of SH-GQDs, at
least 90% embryos from all the groups including the control

group were still alive. The treatments with up to 1 mg/ml SH-
GQDs did not affect the hatching success rate, cither.
However, the significantly higher mortality rates (46% for
1 mg/ml) were observed from the groups exposed to the
higher concentrations of SH-GQDs at 7 dpf, indicating that
the mortality rates were dependent on dose and exposure time
of SH-GQDs. Therefore, the doses of SH-GQDs should be
low enough to avoid any toxicity in their clinical applications.
The results from the zebrafish model studies provide new
insights into drug discovery, carrier toxicity and pathological
diseases assessed from recent advances in genetic analysis
coupled with high-throughput screening techniques.

CONCLUSION

SH-GQDs significantly enhanced the efflux of oxLLDL and
down-regulated macrophage scavenger receptor (MSR) in
mouse macrophage cell line (Raw264.7). The ROS levels
stimulated by oxidative stress (i.e. HoOg) were lowered by
SH-GQDs. The relationship among the expression of macro-
phage scavenger receptor A (MSR-A), lipid accumulation and
ROS production in macrophages was established to optimize
SH-GQDs as an efficient preventive means against atheroscle-
rosis. The studies with the zebrafish models indicated that the
mortality rates of the zebrafish are dependent on dose and
exposure time of SH-GQDs, and highlight the understanding
of negligible side effects of SH-GQDs at the lower concentra-
tions (~0.2 mg/ml). These studies further guarantee that SH-
GQDs can serve as a nontoxic fluorescent probe for scientific
and clinical usage against cardiovascular diseases.
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