Downloaded via UNIV OF NORTH CAROLINA GREENSBORO on August 28, 2020 at 14:02:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles

LANGMUIR

pubs.acs.org/Langmuir

Carbon Nanodots Derived from Urea and Citric Acid in Living Cells:
Cellular Uptake and Antioxidation Effect

Zuowei Ji, Ziyu Yin, Zhenquan Jia, and Jianjun Wei*

Cite This: Langmuir 2020, 36, 8632-8640 I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Carbon nanodots (CNDs), reported as polyatomic
carbon domains surrounded by amorphous carbon frames, have
drawn extensive attention due to their easy-to-synthesis, out-

standing electronic properties, and superior biocompatibility. Caveolacl - Teds J LR
However, substantial assessments regarding their biological
performance are still needed, considering the complex nature of
this type of relatively new nanoparticles. In this report, CNDs
derived from urea and citric acid (U-CNDs) are investigated in the
treatment of two cell lines, EAhy926 and A549 cells, to examine
the biocompatibility, cellular uptake, and antioxidation effect. The
intracellular uptake study suggests an energy-dependent transport
process into the cells mainly involving macropinocytosis and lipid
raft-mediated endocytosis pathways. Moreover, the U-CNDs
mostly target the mitochondria and present strong antioxidative
effects by scavenging reactive oxygen species (ROS) in cells. Overall the findings in this report manifest that the U-CNDs could
serve as a bioimaging reagent and antioxidant causing little deleteriousness in the respects of viability, plasma membrane integrity,
and mitochondrial activity in both cell lines, and demonstrate some efficacy for inhibiting the metabolic activities of A549 cancer
cells at higher concentration.
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MP: Macropinocytosis Caveolae: Caveolae-mediated endocytosis
LR: Lipid raft-mediated endocytosis Clathrin: clathrin-mediated endocytosis

B INTRODUCTION cancer therapy have been reported.”>** More specifically, some
researchers have developed CNDs with specific organelle-

Particles range from 1 to 100 nm, having at least two
targeting ability for better and precise treatment. For example,

dimensions are defined as nanoparticles (NPs)." Intriguingly,

NPs with a reduction in size exhibit distinctive physicochem- mitochondria-targetable CNDs could differentiate cancerous
ical and biological properties compared to their conventional cells from normal cells based on the different uptake
bulk materials. With the intensive study of NPs and rapid eﬂ:lCienCY'zs Furthermore, the CNDs with mitochondrial
development of nanotechnology’ the Commercial demand of targeting ablllty could also be used fOI' mitochondria-based
NPs in multiple fields, such as electronics,”™* energy therapies.26 Other than that, the ability of CNDs as drug
harvesting,5 biosensing,é’7 biomedical and pharmaceutical carrier and gene carrier have also been successfully
applications,®”'” has increased dramatically. demonstrated by researchers.””**

Among all these different types of NPs, carbon nanodots These studies have resultantly attracted increasing interest in
(CNDs), a rising star among carbon-based nanoparticles, have the biocompatibility or toxicological eftects of the CNDs on
attracted extensive attention in recent years due to their eco- human health and the ecological environment due to their
friendly fabrication, excellent photoluminescence, outstanding structural complexity and high reactivity. Different structures
optoelectronic properties, and function-structure tunability for or composites of CNDs can trigger distinctive responses in
biological applications." ™ To give a few examples, Yang et al. physicochemical and biological settings regarding oxidative
claimed the hybrid based on carbon quantum dot (CQDs) properties. In our recent studies, the antioxidation capacity of
could serve as an efficient electrocatalyst for hydrogen the U-CNDs (nitrogen-doped) and nitrogen, sulfur codoped

evolution."”” According to the upconversion luminescence
property of CQDs, some researchers have demonstrated the ] ; :
design of CQDs-based photocatalysts could harness the full Received: - May 30, 2020 7 SIS
spectrum of sunlight.'® Meanwhile, CNDs are emerging as one Published: July 1, 2020
of the promising candidates in various biological applications,
such as cellular imaging, biosensing, dru§/ gene delivery,
antioxidation, and theranostics, etc.”'”">* For instance,
CNDs that could simultaneously achieve bioimaging and
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CNDs (N,S-CNDs) was proved by scavenging DPPH radical
in a physicochemical setting,”” ™" but the N,S-CNDs stimulate
strong prooxidative effect in living cells.>* Moreover, Zeng and
co-workers have demonstrated that the fluorescent U-CNDs
bonded with drug molecules, which is stimuli-responsive, can
serve as a targeted drug delivery system for localized cancer
therapy by examining their in vivo antitumoral acitivity.>

It is of significance to investigate how the composites in
CNDs influence interactions at different chemical or biological
systems. To differentiate from previous N,S-CNDs,” one type
of CND derived from urea and citric acid is the focus of this
work (named as U-CNDs). Generally, U-CNDs are reported
as nitrogen-doped, excitation wavelength dependent fluores-
cent dots with a size of 1—6 nm.”* The photoluminescence
teatures of the U-CNDs are reported to be a cooperative
contribution from a few photoemissive centers, i.e., graphite
core, surface states, and molecular ﬂuorophores.‘gsf37 The blue
or green emissions are associated with small molecular residues
linked to the surface of the U-CNDs depending on the
synthetic conditions. The origin of the blue fluorescence is
attributed to the presence of bonded citrazinic acid or its
derivatives and n—s* transitions at the dots’ edge when the
CNDs are synthesized in a sealed reactor.’®” The green
fluorescence of the CNDs may be contributed from the
bonded 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-
trione (HPPT) or its derivatives at the surfaces of the dots
synthesized in an open vessel reactor (solvent-free) reported
by Kasprzyk et al."” On the basis of the fluorescence property,
researchers have reported their roles as optical probes for cell
imaging and for the selective detection of hypochlorite,
peroxynitrite, ferricyanide, or ascorbic acid at uM level.*>*'~*

In this work, we present a comprehensive study of the U-
CNDs in the aspects of biocompatibility, bioimaging,
endocytosis, and ROS scavenging at the cellular level, which
are inadequately studied. A normal cell line, EAhy926
endothelial cells, and a cancer cell line, Human lung epithelial
cell AS49, are used in this study. Remarkably, an endocytic
pathway study suggests an energy-dependent internalization
process of the U-CNDs to the cells mainly involving the
macropinocytosis and lipid raft-mediated endocytosis. In
contrast to N,S-CNDs, the U-CNDs display good antioxidant
effect by scavenging ROS in living cells and high biocompat-
ibility. Collectively, this study highlights the potential of using
the CNDs as a bioimaging agent and antioxidation agent or
drug carriers, synchronously, in the living cells through an
active cellular uptake process.

B EXPERIMENTAL SECTION

CNDs Synthesis and Characterization. CNDs were synthesized
using citric acid and urea as precursors by a microwave assisted
method.** First, 1.0 g of urea (Aldrich) and 1.0 g of citric acid
(ACROS Organics) were dissolved completely in 1.0 mL of deionized
water and then heated in a microwave synthesizer (CEM Corp
908005 Microwave Reactor Discovery System) at a power of 300 W
for 18 min. Afterward, the aqueous reaction mixture was separated
from the large and aggregated particles by a centrifuge (Solvall
Legend XFR Floor Model Centrifuge) at 3500 rpm for 1S min. The
dark-brown homogeneous solution was further purified using a
dialysis membrane (Fisher Scientific) with a molecular weight cutoff
of 1000 Da. Then the resulting solution was dried using a freeze-dryer
(Labconco Free Zone 6 Freeze-Dryer) to get the solid sample. The
absorption spectrum and fluorescence of the CNDs at 0.05 mg/mL
were measured by a UV—vis photospectrometer (Cary 6000i, Agilent)
and a fluorometer (Cary Eclipse, Agilent), respectively.
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Cell Cultivation. EAhy926 endothelial cells and Human lung
epithelial cell line AS49 purchased from ATCC were cultured with
optimized DMEM (AddexBio) media and F-12K (Kaighn’s
Modification of Ham’s F-12 medium) (ATCC, 30-2004) medium
supplemented with 1% streptomycin-penicillin (Fisher Scientific) and
10% fetal bovine serum (Sigma-Aldrich), respectively. Cells were
grown in tissue culture-treated flasks at 37 °C in a 5% CO, humidified
incubator.

Cellular Uptake, Cell Morphology, Plasma Membrane
Integrity, Mitochondria Morphology, and Cell Viability
Studies. Cells were first plated on glass coverslips with a cell density
of 1 X 10° inside a 12-well tissue culture plate for 24 h. Then the cells
were treated with the CNDs suspensions at 0.0, 0.4, and 0.8 mg/mL
for 24 h, respectively. Afterward, the cells were washed with PBS
(Thermo fisher, pH 7.4) twice and fixed with 4% paraformaldehyde
solution (Sigma-Aldrich) for 1S5 min at room temperature.
Subsequently, paraformaldehyde was rinsed oft by phosphate buffer
solution (PBS), and the coverslips were mounted on glass slides by
mounting media (Polysciences, Inc.). After storing at 4 °C overnight
in the dark, the samples were imaged with a Zeiss Z1 Spinning Disk
Confocal Microscope under Brightfield channel for the morphology
monitoring and DAPI channel for the detection of cellular uptake of
CNDs, respectively. For the investigation of the plasma membrane
damage, propidium iodide (PI, 7.5 M, 10 min, Molecular Probes,
A/ Aem at 535/617 nm, Sigma-Aldrich) and acridine orange (AO, 3
#M, 10 min, Molecular Probes, Sigma-Aldrich) were added after
CNDs incubation. After rinsing the cells with PBS, the samples were
observed with RHOD and FITC channels for the PI and AO
detection, respectively. Meanwhile, cells treated with hydrogen
peroxide (Sigma-Aldrich) were used as a negative control.
Mitochondria were stained with MitoTracker Red CMXRos (1 uM,
10 min, 37 °C, Molecular Probes, 4,,/4,, at 579/599 nm, Fisher
Scientific) after CNDs’ treatment and were imaged with RHOD
channel after washing steps to check their morphology change. The
viability of our cell line was tested by trypan blue exclusion method.
After cells were seeded and incubated for 24 h, cells were treated with
various concentrations of CNDs for another 24 h. Then, cells were
rinsed with PBS and then trypsinized. Then 0.4% trypan blue stock
solution (Sigma-Aldrich) was mixed with the same volume of the cell
suspension to get a 1:1 dilution. Next, a cell counter was used to
calculate the viability of the cells.

Endocytosis Inhibition. The endocytosis pathway of CNDs was
investigated by using various endocytosis inhibitors. First, cells were
seeded in a 12-well tissue culture plate with a cell density of 1 X 10° at
37 °C for 24 h. Afterward, cells were maintained at 4 °C or incubated
with one of the chemicals (NaN; (10 mM), CPZ (10 M), MBCD (5
mg mL™" for EAhy926 and 7 mg mL™" for A549), genistein (185
uM), or amiloride (200 uM)) at 37 °C for 1 h. For the investigation
of the increased endocytosis caused by CPZ and genistein, CPZ +
amiloride + MBCD or genistein + amiloride + MBCD was added and
incubated with the cells at 37 °C for 1 h. The concentration of these
inhibitors was chosen according to literature, which has been proved
the achievement of transport inhibition in different cell lines.*>~*
Then, 0.8 mg mL™' CNDs was added to each well, respectively. After
3 h of incubation, cells were rinsed three times with PBS and
trypsinized. Lastly, the cellular fluorescence intensities were analyzed
by fluorescence-activated cell sorting (FACS). All of the endocytosis
inhibitors used in this experiment were purchased from Sigma-
Aldrich.

3-(4,5-Dimethylthiazol-2yl)-2,5-Diphenyltetrazolium Bro-
mide (MTT)-Based Assay. In brief, CNDs at concentrations ranging
from 0.05 to 0.8 mg/mL in culture medium was added into cells
precultured for 24 h in a 24-well plate and exposed for another 24 h.
Afterward, the CNDs suspensions were substituted with 0.2 mg/mL
MTT (99%, Fisher Scientific) solution and the cells were incubated
for additional 2 h. After rinsing the cells with PBS, a DMSO solvent
(Fisher Scientific) was added to dissolve the formazan crystal at room
temperature for S min. Finally, the absorbance at wavelength of 570
nm of each well was measured by a BioTek microplate reader.

https://dx.doi.org/10.1021/acs.langmuir.0c01598
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Figure 1. (A) Absorption spectrum and (B) Fluorescence emission spectra of the CNDs in deionized water.
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Figure 2. Confocal micrographs of cellular uptake, cell morphology, and plasma membrane integrity in EA.hy926 cells (A) and AS49 cells (B) after

incubation with CNDs for 24 h, respectively. All scale bar is 100 ym.

Intracellular Reactive Oxygen Species (ROS) Analysis.
Briefly, the cells with a density of 1 X 10* were first seeded in the
96-well plate and incubated for 24 h. Then the CNDs suspensions at
different doses (0.1—0.8 mg/mL) were added to replace the medium.
After 24 h exposure, the cells were rinsed three times with PBS.
Thereafter, S and 15 uM of 2/,7'-dichlorofluorescin diacetate (DCFH-
DA, Sigma-Aldrich) diluted in FBS-free media was added to
EAhy926 endothelial cells and AS549 cells, respectively. After 30
min incubation, the cells were rinsed twice with PBS. Finally, 100 uL
of PBS was added into each well, and fluorescence with 4,,/4,, at
485/528 nm of each well was measured by a BioTek microplate
reader. In parallel, cells treated with L-ascorbic acid (AA, Sigma-
Aldrich) at concentrations ranging from 0.1 to 0.8 mg/mL were used
as positive controls.

Analysis of CNDs Subcellular Localization. First, cells were
grown on glass coverslips with a cell density of 1 X 10° inside a 12-
well tissue culture plate for 24 h. CNDs suspensions with
concentration of 0.0, 0.4, and 0.8 mg/mL were added to designated
wells for 24 h, respectively. Then the mitochondria were labeled with
MitoTracker Red CMXRos (0.1 M, 10 min, 37 °C, Molecular
Probes, A,./A., at 579/599 nm, Fisher Scientific). Before imaging,
cells were washed twice with PBS. Subsequently, the cells on
coverslips were imaged immediately with Zeiss Z1 Spinning Disk
Confocal Microscope using a 63X oil immersion objective lens under
DAPI channel for the CNDs and RHOD channel for the
mitochondria at the same time. The concentrations of CNDs and
MitoTracker Red were optimized, respectively, to eliminate
interference.
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Statistical Analysis. Data analysis was carried out using Microsoft
Excel. Data was expressed as mean + standard deviation (SD) from
three independent experiments. Asterisk was marked for differences at
P < 0.05 compared to control groups in a one-tailed ¢ test. The
acquisition and analysis of confocal micrographs were done by
Axiovision 4.8 software and Image]. Flowing Software 2.5.1 was used
to analyze the data from FACS.

B RESULTS AND DISCUSSION

Carbon nanodots (CNDs) using citric acid and urea as
precursors were synthesized by a one-step microwave route.”*
Figure 1A depicts the absorption spectrum of the CNDs over
the spectral range from 260 to 600 nm. The main peak at 340
nm represents the n—z* transitions of the C=0.""*" And
Figure 1B exhibits the fluorescence emission of the CNDs
within the excitation wavelength of 320 to 480 nm, and the
quantum yield was obtained ~8.6% at 360 nm excitation. More
detailed morphology and structure—property information was
described in our recent publications.”” The synthesis
reproducibility of the U-CNDs is characterized by the UV—
visible and fluorescence spectra as shown in Figure S1. The
measured { potential of the U-CNDs is =36 + 3mV at pH 7
in water,”' indicating a good stability in aqueous solution.
Reportedly, similar hydrothermal synthesis using citric acid
and urea might produce small amount of free citrazinic acid.*®
Citrazinic acid has absorption peak around 340 nm and steady

https://dx.doi.org/10.1021/acs.langmuir.0c01598
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excitation independent fluorescence at peak 440 nm in water
solution. We compared the excitation dependent fluorescence
of U-CNDs after 1 day and 4-day dialysis. Insignificant
influence was detected in regards to the fluorescence peak shift
(data not shown), suggesting that free citrazinic acid in the U-
CNDs was minimal.

Since the U-CNDs are emitting fluorescence, which makes it
possible to detect the internalization of the CNDs into cells by
confocal microscope under DAPI channel. In a follow-up
study, the cell morphology and plasma membrane integrity
were checked after incubation with 0.0, 0.4, 0.8 mg/mL U-
CNDs for 24 h. Figure 2 shows the imaging results using two
cell lines, EA.hy926 cells and A549 cells. From the bright field
images in Figure 2, one can easily tell that no significant
abnormality in both cell lines was observed after the U-CND
treatments. Plasma membrane damage was assessed by using
propidium iodide (PI), a red fluorescent nuclear stain that only
enters dead cells with poor plasma membrane integrity. In
other words, the PI in red color is an indicator of dead cells. In
order to distinguish between the live and dead cells, Acridine
Orange was selected to stain all nucleated cells to generate
green fluorescence. While the U-CNDs may have somewhat
overlap of the green fluorescence, it will not impact the red PI
as an indicator for dead cells. As shown in FITC and RHOD
images of Figure 2, the Pl-positive cells (dead cells) after U-
CND treatments for both cell lines are very rare and negligible
compared to the control cells without adding U-CNDs.
Meanwhile, cells treated with hydrogen peroxide (H,O,)
were served as positive controls. Most cells are dead after 5
min H,O, treatment as indicated by the PI red staining, and
the AO green fluorescence images indicate the presence of all
cells (both the living and dead) after H,O, treatment (Figure
S2).

In concert, cell viability was performed with the trypan blue
exclusion method. The method is based on a principle that the
living cells possess intact cell membranes that will exclude
trypan blue stain, whereas dead cells will not. Therefore, the
number of viable cells could be counted using a hemocy-
tometer or cell counter, because a viable cell will have a clear
cytoplasm and a nonviable cell will have a blue cytoplasm. Our
experimental results indicate the U-CNDs have supreme
biocompatibility. Figure 3 demonstrated that the viability of
both cell lines maintains above 98% after 0.8 mg/mL of CNDs
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Figure 3. Cell viability of EA.hy926 and AS49 cells detected by trypan
blue exclusion method after incubation with CNDs for 24 h.
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treatment for 24 h. Taken together, the U-CNDs cause
negligible damage on cells at the concentrations that are
sufficient for cell labeling.

Mitochondria are key organelles involved in numerous
physiologically important processes. In addition to the
generation of adenosine triphosphate (ATP), mitochondria
are also involved in the regulation of cellular proliferation and
cell cycle, apoptosis initiation, reactive oxygen species (ROS)
generation, biomacromolecule synthesis, calcium signaling, and
homeostasis.”*~>* Mitochondrial dysfunction and damage are
closely related to multiple common human diseases including
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s
disease, heart disease, and Huntington’s disease.”> ™ There-
fore, it is of considerable significance to evaluate the status of
mitochondria such as their metabolic activities and morphol-
ogy change.

Herein, colorimetric MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-
diphenyl tetrazolium bromide) assay and mitochondrial
staining were performed to assess the status of the
mitochondria in both cell lines after treatment of the U-
CNDs. According to the mechanism of MTT assay, the
insoluble purple formazan product reduced by the mitochon-
dria of live cells can be dissolved by DMSO (dimethyl
sulfoxide) and quantified using a microplate reader by
measuring the absorbance at 570 nm. The results are presented
in Figure 4. The decreased metabolic activity in A549 was

B
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Metabolic activity (%)
Metabolic activity (%)
@
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> o » o
N N N N N

N-CNDs Conc. (mg/mL) < N-CNDs Conc. (mg/mL)

CNDs
0.4 mg/mL

0.0 mg/mL 0.8 mg/mL

EA.hy 926

A549

Figure 4. Mitochondria status evaluation after incubation with CNDs
for 24 h. Metabolic activities of EA.hy926 cells (A) and A549 cells (B)
treated with CNDs at different dosages for 24 h. (C) Mitochondria
morphology of EAhy926 cells and AS49 cells after 24 h of incubation
with CNDs at 0.4 and 0.8 mg/mL, respectively.

observed with increasing concentration of CNDs’ treatment,
ending up with a 17.5% decline at 0.8 mg/mL addition U-
CND treatment, suggesting an inhibition of A549 cells by U-
CND treatment. In contrast, the mitochondrial metabolic
activity in EA.hy926 cells was found to be even more active
than control cells after CNDs’ treatment at higher concen-
trations. This study suggests that the U-CNDs may potentially
have therapeutic effect on cancer cells. Meanwhile, effective
fluorescence imaging of mitochondria, which enables monitor-
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Figure 5. Subcellular localization of CNDs and their Fluorescence properties in EAhy926 cells (A) and AS49 cells (B). (a) Mito-Tracker Red
staining, (b) Subcellular localization of CNDs. (c) Overlay of parts a and b. (d) and (e) The fluorescence intensity curves of the lines marked in
parts a and b, respectively. (f) The intensity correlation plots of CNDs with Mito-Tracker Red in part c.

ing of the number, location, and state of mitochondria, was
performed before and after the treatment by confocal
microscope using MitoTracker Red, a dye specifically stains
mitochondria in living cells. After comparison, no obvious
mitochondrial damage, in the aspect of morphology, was
observed after the U-CND’s treatment in both cell lines.
Since the U-CNDs are of emissive fluorescence, one could
explore their intracellular localization based on this property.
Interestingly, it was found that the subcellular distribution of
the U-CNDs mostly overlaps with stained mitochondria as
shown in merged images (Figure Sa—c) as well as the
overlapping plot profiles (Figure Sd,e) in both cell lines.
Moreover, the 2D Histograms of image analysis (Figure Sf)
provide a good way to visualize the correlation of the pixel
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intensities of the blue channel and red channel, which could be
simply represented by the gradient of the white line.
Meanwhile, a more quantitative analysis of the subcellular
location of the U-CNDs in the cells was done to get Pearson’s
correlation coefficient,’ which is a measure of linear
correlation between the location of U-CNDs and MitoTracker
Red in cells. It turns out that the coefficient values for the
CNDs-MitoTracker group in EAhy926 and A549 cells were
0.79 and 043, respectively, suggesting the relatively more
colocalization of the CNDs-MitoTracker in EAhy926 cells
than that in AS49 cells.

To this end, it is necessary to further examine how the U-
CNDs are taken up and transported within the cells. It is well
accepted that the transport mechanisms in cells can be
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grouped into three classes: simple diffusion, facilitated
diffusion, and active transport.”’ Among them, simple diffusion
and facilitated diffusion belong to energy-free movement, while
active transport is energy-dependent movement. To determine
the cellular uptake of the U-CNDs through either energy-
dependent or -independent pathway, we examined the effects
of temperature and ATP on this uptake process using flow
cytometry method. Briefly, cells treated with CNDs were
incubated at 4 °C or pretreated with NaNj; at 37 °C for 1 h.
NaNj is known as a chemical which will block the endocytic
pathways by disrupting ATP production. Figure 6a,b shows the
intracellular fluorescence intensities of the cell treated with the
U-CNDs at different conditions. The results show that the
uptake amount of CNDs at 4 °C or presence of NaN; group
decreased according to the less fluorescence intensities when
compared to that of the positive control (PC), suggesting that
the cellular uptake of the U-CNDs is somewhat temperature
and ATP-dependent. One can conclude that the internalization
of the U-CNDs is an endocytosis process associated with two
facts: (1) the cellular uptake of the U-CNDs is energy-
dependent, and (2) the CNDs are colocalized with
mitochondria within the cells.

Next, we moved forward to test which specific endocytosis
pathways are involved in the translocation of the U-CNDs.
Four inhibitors, including chlorpromazine hydrochloride
(CPZ: inhibitor of clathrin-mediated endocytosis (CME)),
methyl-f-cyclodextrins (MSCD: inhibitor of lipid raft-medi-
ated endocytosis (LrME)), amiloride (inhibitor of macro-
pinocytosis), and genistein (inhibitor of caveolae-mediated
endocytosis (CvME)), were chosen according to the inhibition
functions.**®*7%* After incubation for 24 h, cells were
preincubated with one of the aforementioned endocytosis
inhibitors dissolved in serum-free DMEM at 37 °C for 1 h and
then incubated for another 3 h with the U-CNDs. Then the
fluorescence intensity was analyzed using flow cytometer. It
was observed that amiloride and MPCD suppressed the
internalization of CNDs, which is reflected by the decreased
fluorescence intensity of U-CNDs in the cells (Figure 6¢,d).
The results imply that the internalization of U-CNDs is
associated with macropinocytosis and lipid raft-mediated
endocytosis. Notably, none of these pharmacological inhibitor
treatments could fully block the uptake of CNDs, indicating
that multiple pathways are involved in the U-CND internal-
ization process simultaneously. CPZ and genistein surprisingly
facilitated the internalization of CNDs instead of inhibiting the
process, respectively, suggesting that the U-CNDs internal-
ization unlikely involves in CME and CvME. And interestingly,
the facilitation effect of CPZ and genistein was offset by the
addition of amiloride and MBCD (Figure 6e,f). Therefore, one
could plausibly conclude that the macropinocytosis and lipid
raft-mediated endocytosis of U-CNDs can be enhanced by the
addition of CPZ and genistein. In summary, the internalization
of the U-CNDs is temperature- and ATP-dependent and in
favor of the macropinocytosis and lipid raft-mediated
endocytosis pathways.

It is known that reactive oxygen species (ROS), including
hydrogen peroxide (H,0,), superoxide ion (O,”), hydroxyl
radical (OH™), etc,, is essential mediators in regulating various
physiological functions of living organisms.’>°® However, the
overproduction of ROS causes the modification and damage of
DNA, lipids, and cellular proteins, which will subsequently lead
to cell death, and the onset of many degenerative diseases.””**
DCFH-DA was used to evaluate the intracellular ROS,
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Figure 6. Flow cytometric graphs (parts a—f) and corresponding
average fluorescence intensities (parts a*—f*) of CNDs in EA.hy926
and AS49 cells. (a and b) Flow cytometric analyses of cells incubated
at 4 °C or with NaNj at 37 °C. (c and d) Flow cytometric analyses of
cells pretreated without (control) or with MSCD or amiloride before
the introduction of CNDs. (e and f) Flow cytometric analyses of cells
pretreated without (PC) or with CPZ, genistein, a mixture of CPZ
with MACD and amiloride, or mixture of genistein with MSCD and
amiloride before the addition of CNDs. The concentration of CNDs
at 0.8 mg/mL remained the same for all endocytosis experiments. PC:
cells treated with CNDs without inhibitors. NC: cells without any
treatment. CPZ 3: CPZ + MPCD + amiloride. GENISTEIN 3:
genistein + MBCD + amiloride.

particularly H,O,, by a microplate reader in both cell lines.
DCFH-DA is a cell-permeable and nonfluorescent probe,
which could be hydrolyzed by esterases to the carboxylate
anion (DCFH) intracellularly. Then the cellular oxidants could
oxidize DCFH into fluorescent dichlorofluorescin (DCEF),
which could be traced either by a microplate reader or
fluorescence microscope. The detected fluorescence intensity
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represents the intracellular ROS (measured by H,0,) level.
Figure 7 shows the decreased fluorescence intensity in both
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Figure 7. Effects of CNDs treatment on intracellular ROS production.
ROS (H,0,) generation in EAhy926 endothelial cells (A) and AS49
cells (B) was monitored by DCFH-DA probe after 24 h of incubation
with CNDs. Values are shown as mean + SD from three independent
experiments. Triplicates of each treatment were performed in each
independent experiment. *p < 0.0S versus control (0 mg/mL).

cell lines upon the U-CND treatment, which proves the role of
antioxidant of CNDs intracellularly. The data indicates the
antioxidative effect of the U-CNDs is even better than ascorbic
acid (AA), a well-known antioxidant.

B CONCLUSION

Herein, it is clearly demonstrated the U-CNDs render supreme
biocompatibility in terms of cell morphology, viability, and
metabolic activity upon uptake in both EAhy926 cells and
AS549 cells. The high photoluminescence and strong
antioxidative capacity in cells make the U-CNDs a good
candidate in the applications of bioimaging and antioxidation
fields. In addition, it was proved that the internalization of the
U-CNDs is to some extent temperature- and ATP-dependent,
mainly through macropinocytosis and lipid raft-mediated
endocytosis pathways. Their subcellular localization in
mitochondria implies their subsequent interaction within the
cell's mitochondria and may attribute to the ROS scavenging
capability. This work may promote further studies on the
intracellular process and metabolic activities induced by the
CNDs.
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