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Abstract:

Carbon nanodots (CNDs) have been studied in the field of biomedicine, such as drug delivery,
bioimaging and theragnosis because of their superior biocompatibility and desirable
optoelectronic properties. However, limited assessments on the biological effects of CNDs,
particularly the effect on oxidative stress and toxicity in living cells, are not adequately
addressed. In this work, a type of nitrogen, sulfur-doped carbon nanodots (N,S-CNDs), which
were found to have strong antioxidant capacity in free radical scavenging in physicochemical
conditions, was investigated through measuring the fluctuations of the intracellular reactive
oxygen species (ROS), such as the hydrogen peroxide and superoxide anion, at different dose
exposure in two types of cell lines, EA.hy926 and A549 cells. Instead of showing antioxidative
capacity, the results indicate the uptake of the N,S-CNDs induces the production of intracellular
ROS, thus causing oxidative stress and deleteriousness to both cell lines. The mitochondrial
membrane potential of the cells was monitored upon the N,S-CNDs treatment and found to
increase monotonically with the concentration of the CNDs. In addition, the confocal imaging of
the cells confirms the localization of the CNDs at the mitochondria. More evidence suggests that
the N,S-CNDs may stimulate ROS generation by interacting with the electron transport chain in
the mitochondrial membrane due to the sulfur composite in the CNDs.
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Introduction

The engineered nanoparticles (NPs) have been widely used in cosmetics, sensors, optoelectronics
and will be increasingly applied in the diagnostic and therapeutic fields, e.g., bioimaging and
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drug delivery [1,2,3,4,5,6]. The NPs currently under development for biomedical applications
have been mainly divided into three categories according to the composites: (1) metal-based
NPs, e.g., gold or silver NPs, (2) semiconductor-based NPs, i.e., semiconductor quantum dots
(QDs) and (3) carbon-based NPs [5], such as fullerenes, and single- or multi-walled carbon
nanotubes, and carbon nanodots (CNDs). One of the critical properties of NPs in biomedical
applications is the cytotoxicity and biocompatibility [7]. In terms of carbon-based NPs, single-
walled carbon nanotubes (SWNTs) showed that both oxidative stress and inhibition of
proliferation increased in a time- and dose-dependent manner in various cell lines [8]. Studies on
multi-walled carbon nanotubes (MWNTSs) by Monteiro-Riviere et al. [9] yielded results similar
to those of SWNTs. Since the oxidative stress effect and cytotoxicity of NPs are suggested to be
related to various parameters of NPs, such as size difference [10], surface coating [11], chemical
composition [12] and nanoparticle aggregation [13, 14], it is necessary and vital to conduct and
examine the biological interactions and resultant cytotoxic effects for each type of NPs.

Carbon nanodots (CNDs) have drawn extensive attention owing to their easy-to-synthesis [15],
superior biocompatibility and outstanding optoelectronic properties [16] since the discovery in
2004 [17]. CNDs have been researched for applications in the field of biomedicine, sensors,
optoelectronics and catalysis [18,19,20,21,22,23]. Recently, our group and others showed
antioxidant capacity of CNDs on scavenging free radicals in both physicochemical [24,25,26]
and in vitro environments [27,28,29,30]. For examples, Das et al. [27, 28] have reported the
reactive oxygen species (ROS) scavenging capability of the biomass-derived carbon dots both in
vitro and in vivo. Durantie and his co-workers claimed no harmful effects induced by 24 h CNDs
incubation at concentration of 0.1 mg/mL on cells assessed by cytotoxicity, oxidative stress and
other parameters [31]. On the other hand, a few reports suggest dual antioxidant and prooxidant
properties of CNDs depending on the source for CND synthesizing and external conditions (e.g.,
light excitation) [32, 33]. CNDs were also reported toxicity at relative high concentration [34].
As a fact, literature data concerning such biological properties of CNDs and the underlying
reactions are yet limited. There are just few studies of CNDs on the oxidative stress in cells.
Havrdova et al. [35] reported different levels of intracellular ROS increment induced by three
types of carbon dots with different surface coating to tune surface charges. It becomes essential
to assess the potential consequence of CNDs in living cells in order to guarantee their safe
development for biomedical applications.

More recently, we reported a type of nitrogen, sulfur-doped CNDs (N,S-CNDs) that demonstrate
improved antioxidant capacity in scavenging free radicals, such as 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH’), and inhibition of ROS produced through the xanthine/xanthine oxidase (XO)
reaction in physicochemical environment [24]; none of these experiments are performed in cells.
How the N,S-CNDs perform in living cells is a question and unknown. Based on the discoveries
in [24], we moved our study from physiochemical settings further into in vitro cellular level.
Cellular studies have been widely accepted to investigate how an agent reacts in a biological
system at the cellular and even molecular levels. The cells’ reaction can be examined in a
relatively easy-controlled environment. Herein, we present new findings of the N,S-CNDs in
terms of the effect on the oxidative stress in living cells. Because different types of CNDs could
trigger distinctive biological responses in cell lines, we propose to assess the effect on oxidative
stress of the N,S-CNDs in two cell lines, EA.hy926, a normal human umbilical vein cell line, and
A549, an adenocarcinomic human alveolar basal epithelial cell line. This research design offers



an opportunity to compare the treatment of N,S-CNDs in normal cells and malignant cells. Based
on the physicochemical experiment results, the in vitro experiments are performed at a range of
0.05-0.8 mg/mL doses of N,S-CNDs. Contrast to reported effect against oxidative stress on cells
of the same level of nitrogen-doped CNDs [36], the N,S-CNDs show in vitro toxicity and induce
the intracellular ROS generation, rather than scavenging ROS radicals. The ROS production is
ascribed to the interactions between the N,S-CNDs and mitochondria in cells, which is
corroborated by mitochondria membrane potential measurement and mitochondria targeting
imaging.

Materials and methods
CND synthesis and characterization

The synthesis of the N,S-CNDs was performed using a hydrothermal method from precursor
molecules of a-lipoic acid + citric acid + and urea, which has been previously reported in details
[24]. The purified N,S co-doped CNDs were characterized using transmission electron
microscopy (Libra 120 PLUS TEM, Carl Zeiss) and atomic force microscopy (5600LS AFM,
Agilent) for the size and morphology evaluation. The CNDs were dispersed on a mica surface for
AFM and a cooper grid for the TEM measurements. The structure and composites of CNDs were
characterized by Fourier transform infrared spectroscopy (670 FTIR, Varian), Raman
spectroscopy (XploRA ONE, Horiba) and X-ray photoelectron spectroscopy (ESCALAB 250Xi
XPS, Thermo Fisher). The absorption spectrum was measured using a UV—Vis
photospectrometer (Cary 60001, Agilent), and fluorescence was measured using a fluorometer
(Cary Eclipse, Agilent). Zeta potential of the N,S-CNDs dissolved in DI water (~ 0.05 mg/mL)
was measured by a Malvern Zetasizer nano-ZX (Malvern Instruments ZEN3600).

Cell culture

EA.hy926 endothelial cells purchased from ATCC (Manassas, VA) were cultured with
optimized DMEM (AddexBio, C0003-02) media containing 1% streptomycin—penicillin (Fisher
Scientific) and 10% fetal bovine serum (Sigma-Aldrich) at 37 °C in a 5% CO> humidified
incubator. Human lung epithelial cell line A549 (ATCC, CCL-185) was cultured in F-12K
(Kaighn’s Modification of Ham’s F-12 medium) (ATCC, 30-2004) medium supplemented with
10% fetal bovine serum (Sigma-Aldrich) and 1% streptomycin—penicillin (Fisher Scientific) in a
cell culture-treated flask at 37 °C in a 5% CO; humidified incubator.

3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT)-based assay

Briefly, cells were firstly plated in a tissue culture-treated 24-well plate with a density of

0.5 x 10° per well. After 24 h incubation, the medium was replaced with the N,S-CND
suspensions in new complete media at different doses (0.05—0.8 mg/mL) for 24 h. After the
exposure, the CNDs suspensions were discarded and a 500 pL. complete medium solution
containing 0.2 mg/mL MTT (99%, Fisher Scientific) was added and incubated for additional 2 h.
Then, the MTT solution was removed and a 500 pL. DMSO solvent was added to dissolve the
formazan crystal for 5 min at room temperature after rinsing with phosphate buffer solution



(PBS). The absorbance of each well was quantified using a BioTek microplate reader at
wavelength of 570 nm.

Intracellular reactive oxygen species (ROS) measurement

Firstly, the cells were plated in the 96-well plate with a cell density of 1 x 10* and incubated for
24 h. Then the medium was removed, and the N,S-CNDs suspensions at different concentrations
(0.1-0.8 mg/mL) were added. After 24 h exposure, the particle suspensions were discarded, and
the cells were rinsed twice with PBS. Thereafter, 10 uM and 40 uM 2',7'-dichlorofluorescin
diacetate (DCFH-DA, Sigma-Aldrich) diluted in FBS-free media was added to EA.hy926
endothelial cells and A549 cells, respectively, and the cells were incubated for additional 30 min.
The DCFH-DA was then removed, and the cells were rinsed twice with a 100 uL PBS. Finally,
100 uLL PBS was added into each well, and fluorescence of each well was measured by a BioTek
microplate reader with excitation/emission at 485/528 nm. Following CNDs’ fluorescence
background subtraction, the data were represented by histogram. In parallel, treatment of cells
with same concentrations of L-ascorbic acid (AA) was used as a negative control.

Intracellular superoxide anion measurement

Cells were firstly plated on glass cover slips 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 N,S-CNDs suspensions at 0.4 mg/mL
and 0.8 mg/mL for 24 h, respectively. A 0.4 mg/mL AA was used as a negative control. After
exposure, cells were washed twice with PBS and incubated with dihydroethidium (DHE) for

30 min at concentration of 10 pM. Cover slips with cells were again rinsed twice with PBS and
transferred immediately to a Zeiss Z1 Spinning Disk Confocal for the live cell imaging under
rhodamine (RHOD) channel. Micrographs were collected from at least 10 different regions of
each sample. The background fluorescence was obtained from a cell-free field in each image and
subtracted from the actual fluorescence.

Measurement of mitochondrial membrane potential (A%¥m) and imaging subcellular localization
of N,S-CNDs

The AYm was measured using MitoTracker Red CMXROs (Invitrogen). Firstly, cells were
seeded on glass cover slips inside a 12-well tissue culture plate with a cell density of 1 x 10°.
After incubation for 24 h, the N,S-CNDs suspensions at concentration of 0.4 mg/mL and

0.8 mg/mL were added to the cells, respectively, and incubated for additional 24 h. After the
N,S-CNDs treatment, cells were rinsed with PBS and incubated with FBS-free medium
containing MitoTracker Red CMXRos (0.2 uM for EA.hy926 cells and 0.1 uM for A549 cells)
for 10 min at 37 °C. Afterward, the cells were washed twice with PBS to remove excess dye and
immediately imaged by a Zeiss Z1 Spinning Disk Confocal under RHOD channel. Micrographs
were collected from at least 10 different loci of each sample. The background fluorescence was
obtained from a cell-free field in each image and subtracted from the actual fluorescence.
Moreover, the cells were imaged under RHOD and DAPI channel at the same time to track the
localization of the N,S-CNDs.

Statistical analysis



Results were expressed as means + standard deviation (SD) from at least three independent
experiments. Differences at p <0.05 were considered significant in histograms. Fluorescence
intensity from confocal micrographs was analyzed using Axiovision 4.8 software. The quantified
fluorescence intensities in histograms were obtained by subtracting the background fluorescence
from the actual fluorescence in each micrograph.

Results
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Figure 1. a Absorption spectrum and b fluorescence emission spectra of the N, S co-doped
CNDs in deionized water

Nitrogen, sulfur-doped CNDs (N,S-CNDs)

N,S-CNDs were synthesized using a reported hydrothermal method from precursor molecules a-
lipoic acid, citric acid and urea [24]. After synthesis and purification, the characterization of
CNDs was carried out using atomic force microscopy (AFM), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Zeta
potential, UV—Vis spectroscopy and fluorescence spectroscopy. More detailed morphology and
structure—property information was described in our recent publication [24]. In brief, the N,S-
CNDs have a spherical morphology with size of averaged 3 nm measured by TEM and the height
profile analysis from AFM imaging (Fig. S1). Note that, since the radius of the curvature of the
AFM tip is much bigger than CNDs, the X, ¥ image size is not the actual size of the CNDs.

The Z profile has nanoscale resolution and is used to obtain the size of CNDs. The N,S-CNDs
possess multiple surface functional groups of carboxylates, amines/amides and thiol/sulfide, and
different types of bonds, such as C-C, C-N, C-S, C-O, C=C, C=0, C=N, O=C—-OH, which are
identified by FTIR, Raman spectroscopy (Fig. S2) and X-ray photoelectron spectroscopy (XPS).
Specifically, the S 2p XPS spectrum verifies two doublets at ~ 165 (C—S S2p1/2), 163.7 (C-S
S2p3/2), 163.0 (S2—S2p1/2) and 161.7 (S2-S2p3/2) eV. The full XPS survey and spectra of C 1s,
O 15, N ls and S 2p are shown in (Fig. S3—S7). The estimated element percentage in the N,S-
CNDs is Cls (78.2%), Ols (10.5%), N1s (6.6%) and S2p (4.7%), respectively. Zeta potential of
the N,S-CNDs in DI water (~ 1 mg/mL) at room temperature was measured to be

—0.07+£4.17 mV (Fig. S8). The optical property is critical for imaging in cells. Figure 1 displays
the absorption and fluorescence spectra. The band around 270 nm in the absorption spectrum
(Fig. S7A) can be assigned to the 7—z* transition of C=N bonds (sp*> domains) [37, 38] and the
absorbance feature between 300 and 350 nm can be ascribed to intra-transitions of surface states
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[39, 40]. Unlike the previous N,S co-doped CNDs synthesized from precursors citric acid (CA)
and L-cysteine [40], our N,S-CNDs present excitation-dependent fluorescence primarily because
of the different precursor molecules resulting in more surface states as origin of the fluorescence
[41]. The relative quantum yield of fluorescence using a quinine sulfate reference at 340 nm
excitation was obtained to be 11.4 £ 0.6%.

Cell viability

The biocompatibility of the N,S-CNDs was firstly evaluated by MTT (3-(4,5-dimethyl thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide) assay, which is a colorimetric metabolic assay.
Concretely, the mitochondria of viable cells are capable to reduce the yellow soluble MTT into a
purple insoluble formazan product, which could be dissolved by dimethyl sulfoxide (DMSO) and
quantified by measuring the absorbance at 570 nm with a microplate reader [42]. Consequently,
the viability of the cells could be assessed. Here, the cytotoxicity parameter of CNDs was
determined using EA.hy926 endothelial cells and human lung adenocarcinoma A549 cells,
respectively. As shown in Fig. 2a, statistical significance in reduction of cell viability was
observed with increasing concentrations of CNDs. Statistically, the viability of EA.hy926
decreased to 53% after 24 h incubation with 0.8 mg/mL N,S-CNDs. For comparison, A549 cell
line demonstrated similar growth inhibition pattern, but a lesser extent than EA.hy926
endothelial cell line after N,S-CNDs treatment. Figure 2b shows that 60% viability of A549 cells
was observed after 0.8 mg/mL N,S-CNDs’ exposure. Collectively, these results indicate that the
EA.hy926 cells are more sensitive to the treatment of CNDs than A549 cells.
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Figure 2. Viability of EA.hy926 endothelial cells (a) and A549 cells (b) after 24-h exposure of
the N,S-CNDs evaluated by MTT assay at indicated concentrations. Values are shown as
mean £+ SD from three independent experiments. *Denotes a significant difference from the
control (0 mg/mL) (p <0.05)
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Quantification of the intracellular ROS production

The growth inhibition effects on cells of the N,S-CNDs led us to the assessments of the
intracellular ROS generation since some researchers have attributed the in vivo and in vitro toxic
effects of nanomaterials to the generation of ROS and the induction of oxidative stress [43, 44].
The so-called ROS, much of which generates in the mitochondria, are highly reactive oxygen
containing by-products of cellular oxidative metabolism, including hydrogen peroxide (H>0>),
superoxide ion (O2") and hydroxyl radical (OH"), [45, 46]. The role of ROS in cellular processes
is kind of resembling double-edged swords. On the one hand, ROS that serve as specific
signaling molecules are essential to maintain homeostasis under normal physiological conditions
[47,48,49]. On the other hand, overproduction of ROS could cause damage to many
biomolecules in cells including lipids, proteins and nucleic acids due to its high reactivity, which

will result in diseases and aging [50,51,52].
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Figure 3. Effects of CNDs on intracellular ROS production. ROS (H20») generation in
EA.hy926 endothelial cells (a) and A549 cells (b) treated with CNDs for 24 h was monitored by
the addition of DCFH-DA probe. The fluorescence in the cells was quantified by a microplate
reader. Values are shown as mean + SD from three independent experiments. Triplicates of each
treatment were performed in each independent experiment. *p <0.05 versus control (0 mg/mL)

Therefore, monitoring the fluctuation of intracellular ROS level becomes very necessary when
we are assessing the cytotoxicity. To this end, we evaluated the intracellular ROS production,
especially hydrogen peroxide (H203), using oxidation-sensitive fluoroprobe DCFH-DA by a
microplate reader in both EA.hy926 and A549 cells. DCFH-DA is a nonfluorescent and cell-
permeable compound which could be hydrolyzed intracellularly by esterases to the carboxylate
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anion (DCFH). DCFH is then oxidized to fluorescent dichlorofluorescin (DCF) by cellular
oxidants, which could be detected by confocal microscopy or microplate reader. The intensity of
the fluorescence thereby indicates intracellular ROS (hydrogen peroxide) level. Figure 3a and b
exhibits a dose-responsive DCF fluorescence in EA.hy926 cells and A549 cells, respectively,
with treatment of the N,S-CNDs. Note that, the fluorescence intensity is normalized with respect
to the intensity without CND treatment. The cells treated with L-ascorbic acid (AA), which is
known as an inhibitor of ROS generation [53, 54], were performed in parallel as negative
controls for comparison. The increment of ROS in EA.hy926 cells is more significant than that
in A549 cells with increasing the concentration of N,S-CNDs. Specifically, the increase in
fluorescence signal is insignificant within the range of 0.1-0.4 mg/mL for A549 cells, and
significant difference was observed at 0.6 and 0.8 mg/mL compared to the untreated cells. It
should be noted that the results in this ROS assay agree with the results from MTT assay, which
suggest certain level of cytotoxic effect of the N,S-CNDs is related to the ROS generation.
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Figure 4. Visualization and image-based quantification of the N,S-CNDs-induced

Oy generation in EA.hy926 cells (left) and A549 cells (right). Micrographs (a, b, ¢) show the
fluorescence of indicator DHE in the two cell lines treated with 0.0, 0.4 and 0.8 mg/mL N,S-
CNDs under RHOD channel with magnification of 20 X, respectively; micrographs (d, e, f) show
the fluorescence of indicator DHE in two cell lines treated with same concentrations under
RHOD channel with magnification of 60 x. AA (L-ascorbic acid) treatment of the cells serves as
a negative control (g, h). Histogram (i1-2) presents the quantified fluorescence intensity of 10
different regions in each treatment
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Visual detection of intracellular superoxide anion (O2")

Superoxide (O27), one key member of ROS, is one of the primary by-products of the partial
reduction of O during aerobic metabolism [55, 56]. Dihydroethidium (DHE), also called
hydroethidine (HE), was used specifically to indicate intracellular O>™ in this study. DHE is cell
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permeable and could be intracellularly oxidized to ethidium (E*), which could intercalate within
the cell’s DNA, staining its DNA with a bright fluorescent red. Therefore, the intracellular level
of Oy could be visually inspected by confocal microscopy. The concentrations of N,S-CNDs at
0.0, 0.4, 0.8 mg/mL were used for the cell treatment. Figure 4 shows an positive correlation
between the fluorescence intensity of DHE in both EA.hy926 cells and A549 with the N,S-
CNDs’ concentration. The quantified fluorescence signal was shown in Fig. 4i11-2. AA was
served as a negative control here (Fig. 4g—h). The intensity increase at 0.4, 0.8 mg/mL N,S-
CNDs treatment indicates the O2~ generation in EA.hy926 cells (Fig. 4al—f1). In the case for
AS549 cells, strong fluorescence enhancement was observed after 0.8 mg/mL CNDs’ exposure,
while less DHE signal increase was observed between untreated A549 cells and 0.4 mg/mL
CNDs’ treatment (Fig. 4a2—£2). Figure 412 indicates the quantification of the fluorescence
intensity in A549 cells. These observations suggest that EA.hy926 cells are more sensitive to the
N,S-CNDs in terms of the induction for ROS generation at low concentration (0.4 mg/mL) but
no significant difference at higher concentration (0.8 mg/mL). Overall, the results from this assay
demonstrate a dose-dependent increment of intracellular O>~ with increasing concentrations of
CND:s in both cell lines.
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Figure 5. Visualization and image-based quantification of CNDs-induced A¥Ym change in
EA.hy926 cells and A549 cells. Micrographs (a, b, ¢) exhibit the MitoTracker Red CMXROs
fluorescence in cells treated with 0.0, 0.4 and 0.8 mg/mL N,S-CNDs under RHOD channel with
magnification of 20 X, respectively; micrographs (d, e, f) exhibit the MitoTracker Red CMXROs
fluorescence (Ex: 638 nm) in cells treated with 0.0, 0.4 and 0.8 mg/mL CNDs under RHOD
channel with magnification of 100 x, respectively. Histogram (g) reveals the averaged
fluorescence intensity of 10 different loci picked in each treatment (15 points of each locus for a
total ~ 150 data points)
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Mitochondrial membrane potential (A%¥'m) and imaging of CND’s subcellular locations

Mitochondria have been considered as the main loci for the production of ROS [57, 58].
Moreover, the concept that higher AWm is associated with more generation of ROS has been
widely accepted [59, 60]. This in turn leads us to the investigation of the change of A¥Ym before
and after the CNDs’ treatment, thus to test the hypothesis that the intracellular process of the
N,S-CNDs stimulates mitochondria activity in ROS production. For this purpose, MitoTracker
Red was used to stain mitochondria in live cells and its accumulation is dependent upon
membrane potential. The fluorescence intensity increases positively with the membrane potential
which can be monitored by confocal microscopy imaging. Figure 5al—f1 presents the confocal
images of the EA.hy926 upon treatment of 0.0, 0.4 and 0.8 mg/mL N,S-CNDs. The AYm of
EA.hy926 elevated accordingly after the CNDs’ treatment based on the increment of quantified
fluorescence intensity (Fig. Sgl). In addition, no unusual conformational changes of the
mitochondria were observed after CNDs treatments. In the case of A549 cell line, a significant
enhancement of A¥Ym was observed after 0.8 mg/mL CNDs’ exposure (Fig. 5¢2), while no
obvious change was found at the concentration of 0.4 mg/mL (Fig. 5b2). The quantification of
the fluorescence signal is presented in Fig. 5g2. And similarly, the morphology of mitochondria
of A549 did not show much difference before and after CNDs treatments (Fig. 5d2—12).

MitoTracker N,5-CNDs Merged

z

.
H
H
=
=
H
:
.

Figure 6. Confocal imaging subcellular localization of the N,S-CNDs (Ex. 405 nm) and
MitoTracker (Ex. 532 nm) in two cell lines al—a4 EA .hy and b1-b3 A549 with magnification of
60X. a3 and b3 the merged cell images of MitoTracker and N,S-CNDs (a4, b4) are 3D images of
the selected cells show the overlap of MitoTracker and N,S-CNDs staining at the mitochondria

To observe the subcellular location of N,S-CNDs, cells were treated with the CNDs for 24 h
(0.8 mg/mL) and then incubated with MitoTracker (1 uM). The localization of the CNDs in the
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subcellular level was observed by merging the MitoTracker images with the CNDs confocal
images. Figure 6 clearly displays the confocal images of the two cells. The red fluorescence is
attributed to the MitoTracker (Fig. 6al, bl), and the blue fluorescence is ascribed to the N,S-
CNDs (Fig. 6a2, b2). The merged channel (Fig. 6a3, b3) of the CNDs-MitoTracker shows good
co-localization of CNDs-MitoTracker to the mitochondria. The 3D images of individual cells
clearly show the overlap of the red and blue color at the mitochondria area. A more quantitative
subcellular location of the N,S-CNDs in the cells was analyzed using Pearson’s correlation
coefficient from the correlation plots with MitoTracker red images (Fig. S8). The coefficient
values for the CNDs-MitoTracker group were 0.70 and 0.63 in EA.hy926 and A549 cells,
respectively, suggesting a strong positive linear-relationship, thus the staining of mitochondria
by the N,S-CNDs. This mitochondrial targeting ability is consistent with reports using CNDs
possessing similar surface functional groups, such as -COO, -NH3", -OH and —-C-SH [61, 62].
The ability of N,S-coped CNDs for selective mitochondria targeting can be explained by the
surface functional groups, especially the positive charged groups (e.g., ~NH3") which interact
with negatively charged cell membrane thus facilitating cell translocation into cytosol through
endocytosis mediated passive diffusion [63, 64].

Discussion

Taken together, these results indicate that the N,S co-doped CNDs induced more generation of
ROS not only in normal cells but also in cancer cells at the dose range of 0.2—0.8 mg/mL in this
work. More specifically, the normal human umbilical vein cell line, EA.hy926, is more sensitive
to the N,S-CNDs at relative lower concentration (< 0.6 mg/mL) than the A549 human lung
adenocarcinoma cell line, and consistent in observations from the MTT assay for viability, ROS
production (both H>O,, superoxide ion O>™ measurement), as well as the mitochondrial
membrane potential. The A549 cell line has propensity of ROS generation more likely at relative
high concentration (0.8 mg/mL) of the N,S-CND treatment rather than low concentration. The
difference of the responses from the two cell lines might be explained by the microenvironment
during intracellular process and regulation with the mitochondria redox signaling, because
majority of ROS generation within the mitochondria occurs at the electron transport chain
located on the mitochondrial membrane during the process of oxidative phosphorylation [58].
Indeed, the subcellular location of the CNDs in cells indicates more N,S-CNDs stained to
mitochondria of EA.hy926 cells than A549 cells.

The findings in this work are of great significance, particularly compared to biological sulfur-
containing compounds, such as cysteine, taurine, methionine, glutathione (GSH), N-
acetylcysteine (NAC) and thioredoxin, which demonstrate antioxidant properties in cells [65].
Some other sulfur-containing NPs have shown strong antibacterial efficacy, e.g., nano-iron
sulfides [66]. The precursor molecule, lipoic acid, is recognized as a powerful antioxidant
involved in the NADPH redox reaction for inhibiting ROS generation by either quenching of
ROS, chelating redox metals Cu(II) or Fe(II) and/or repairing oxidized proteins [67]. However,
the entity of lipoic acid does not exist after the hydrothermal process for the N,S-CND synthesis;
hence, it losses biological antioxidant capacity in cells.

In light of the structural composites of the N,S-CNDs and above described experimental results,
the mechanism of oxidative effect is discussed as follow. A previous study suggested that



positive charged CNDs by functionalizing polyethylenimine (PEI) enter into the cells by
endocytosis, thus interact with nuclear membrane and bind to DNA, which induces ROS
generation [35]. However, the polyethylene glycol (PEG) functionalized CNDs had insignificant
effect on ROS generation. This mechanism of the ROS induction seems not applicable to the
N,S-CNDs, because of the different surface structures, namely functional groups and
composition, and the zero Zeta potential of the N,S-CNDs. In addition, one type of N-doped
CNDs (without sulfur doping) developed in our laboratory, in contrast, shows antioxidation
capacity in vitro in the two same cell lines (not shown here). This observation is also consistent
with the antioxidation results of the biomass-derived CNDs containing nitrogen by Das et al.
[27, 28]. Comparing these results to our findings of the N,S-CNDs, one can conclude that the
sulfur in the CNDs plays an important role in regulating the ROS production in the two cells.
While the N,S-CNDs present capacity of free radical scavenging in physicochemical
environment and the S induced Stone—Wales defects and the polarizability act important roles
[24, 68], the interplay of N,S-CNDs in the cells for ROS production is different. Researchers
have identified at least 11 sites at complex I and complex III of the electron transport chain in
mitochondria where the leakage of electrons may happen leading to partial reduction of oxygen
to form superoxide (O2"), and subsequently dismutated to hydrogen peroxide (H20.) by two
superoxide dismutase 1 and 2 [58, 69]. It is plausible that the N,S-CNDs interact with proteins in
complex I and III by ligand interaction in the membrane of mitochondria [70], especially the
metal—sulfur clusters in the complexes are reported to be responsible for ROS generation with
dysfunction induced by external factors [71]. However, a further research with focus on
examining the molecular level intracellular interactions of the CNDs within the cells, such as the
complex proteins in mitochondria regarding the redox signing process, and potential interactions
with NADPH oxidase for ROS is needed.

Conclusions

In summary, the N,S-doping CNDs show increased capacity for free radical scavenging in
physicochemical environment, but the effect on oxidative stress in two types of living cells
(EA.hy926 and A549 cell) is opposite. The N,S-CNDs actually present prooxidant effect by
inducing more ROS generation by the cellular H2O> and O, measurement. The normal cell line
EA.hy926 is more sensitive to the CNDs treatment at low concentration than the cancer cell line
AS549 in terms of the amount of ROS generation and the cell viability, suggesting that cell type
does affect the toxicity study of nanoparticles. The observation of the localization of the N,S-
CNDs at the mitochondria and the mitochondrial membrane potential increment with the
treatment of the CNDs in the two cell lines suggests that there are interactions between the N,S-
CNDs and mitochondria membrane, plausibly engaging ligand interactions between the sulfur
functional groups of the CNDs with complexes in the electron transportation chain. This work
opens a revenue to study the roles of structure—functional groups of CNDs in the cells for
oxidative stress and other biological effects such as intracellular translocation and delivery,
biocompatibility and toxicity.
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