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Abstract: Cytotoxicity of fluorescent carbon fluoroxide (CFO) nanoparticles (NPs) was studied in a
label-free manner on several cancer and non-cancer cell lines. A direct cytotoxic effect of the CFO
NPs was clearly observed by a suppression of cell proliferation. The real-time measurement of cell
activities allowed to quantify the impact of the uptaken NPs on cell proliferation and after washout of
the NPs from the cell culture medium. The results show more toxic effects of the CFO NPs on cancer
than on non-cancer cell lines. The notion of NPs biocompatibility must be related to a maximum
concentration value of the NPs acceptable for a given cell type. Furthermore, the cytotoxicity effects
of NPs should be studied not only during their direct exposure to cells but also after their washout
from the culture medium.

Keywords: nanoparticles; cellular uptake; cytotoxicity; cancer cell; xCELLigence

1. Introduction

Over the past decade, nanoparticle-based techniques have been extensively explored
in biomedical fields for the prevention, diagnostics, and therapy of various diseases [1–3].
The toxicity of nanoparticles is a key issue determining their potential for biomedical
application. From this point of view, all new nanoparticles used for bioimaging and/or
therapy must always be studied to evaluate their potential toxic effects on cell cultures or
living organisms [4]. Systematic toxicity studies are thus essential and should be based
on the characterization of physicochemical properties of nanoparticles as well as on their
impact on cellular viability with the use of relevant cell models [5]. A lot of papers
devoted to in vitro studies of nanoparticle’s cytotoxicity with the use of different cell lines,
incubation times, and colorimetric assays were published [6–8].

Among the majority of nanomaterials used for biomedical applications, carbon
nanoparticles deserve special attention due to their unique physical and chemical proper-
ties. Carbon nanomaterials, such as: carbon dots [9], carbon nanotubes [10], fullerenes [11],
graphene [12], and nanodiamonds [13], have already been proved to be the most promising
for various biomedical applications. Among the listed nanomaterials, special attention is
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paid to fluorescent carbon nanomaterials mainly proposed for bioimaging [14] and cancer
theranostic applications [15]. In this regard, the application of carbon nanoparticles (CNPs)
in clinical practice depends on their toxicity and biocompatibility. Cytotoxicity of CNPs
depends on various parameters, such as: size, shape, surface charge, and surface chemistry.
Numerous published studies on the cytotoxicity of CNPs remain contradictory. While
some groups report on the absence of any toxic effect in different cell lines [16], other
research teams observed high [17], insignificant [18] or dose-dependent cytotoxicity [19]. In
addition, for the understanding of cytotoxicity mechanisms involving carbon nanoparticles,
nature of cells used in experiments must be considered. Indeed, cytotoxicity of CNPs
regarding cancer cells may indicate their potential application in anti-cancer therapy [20].
Such intrinsic cytotoxicity of CNPs towards cancer cells has also been reported [21,22].

Along with the study of pure CNPs, work is also underway to develop and study
the cytotoxicity of doped carbon particles obtained by various methods [23,24]. Recently,
our group reported on electrochemical synthesis of new specific kind of carbon-based
nanomaterials called carbon fluoroxide nanoparticles (CFO NPs) [25]. These CFO NPs with
typical sizes between 1 and 10 nm were synthesized as a sub-product during electrochemi-
cal etching of silicon carbide substrate in HF-based solutions. The structure of the CFO is
akin to the structure of such irregular biopolymers, as humic acids, melanins, etc., that is
why high biocompatibility of the CFO could be expected. Thermal properties of colloidal
suspensions based on CFO NPs have already been studied [26], and bright fluorescent
as well as ability of these particles to penetrate into cells via vapor phase allowed to use
them for cell imaging [27,28]. CFO NPs were also proposed for theranostic applications
with fluorescent cell imaging and ultrasonic therapy [29]. However, a detailed cytotoxicity
investigation of CFO NP has not yet been carried out. It has been only reported that
concentration 1 g/L of CFO NPs is toxic for 3T3-L1 fibroblast cells [29].

In this paper we report on a detailed study of the CFO NPs cytotoxicity to cancer
cell lines versus non-cancer ones. Considering the high potential of these nanoparticles
for theranostics, we focused our special attention on the investigation of the impact of
CFO NPs on the proliferation of cancer cells in order to check their intrinsic therapeutic
(anti-cancer) function.

2. Materials and Methods
2.1. Preparation of Nanoparticles

CFO NPs were formed by electrochemical etching of 3C-SiC polycrystalline wafer
with resistivity 1 Ohm*cm in a mixture of 50% fluoric acid and ethanol (1/1), current
density 25 mA/cm2. After etching, the porous layer was removed from the silicon carbide
wafer. CFO nanoparticles were dispersed in Dulbecco’s modified Eagle’s medium (DMEM)
at a concentration of 10 mg of powder for 1 mL of DMEM and centrifuged at 20,000 g
for 50 min to remove large size particles from the solution. The supernatant was used
for further experiments. After centrifugation, the pellet represented around 90% of the
initial mass of NPs powder. The real concentration of NPs to which cells were exposed was
in fact 10 times lower than the initial values that are indicated on the following graphs.
Chemical nature of the obtained CFO NPs was recently reported [25]. As one can read
in the paper cited above, the formation of relatively small (<10 nm) CFO NPs with high
content of carboxylic acid groups was achieved.

2.2. Cell Cultures

All cell lines cells (from Sigma-Aldrich, Saint-Quentin-Fallavier, France) were ini-
tially grown in flasks containing Dulbecco’s modified Eagle’s medium 4.5 g/L glucose
supplemented with 10% newborn calf serum 100 IU penicillin, 100 µg streptomycin, and
0.25 mg/L amphotericin B at 37 ◦C in a water-saturated atmosphere with 5% CO2, in
a Heraeus incubator. Cells were trypsinised by 0.05% trypsin. Cell concentration was
measured using a Sceptor pipet (Millipore). Cells were seeded at 2500 per well in a 96 wells
plate—real time cell analysis (RTCA) xCELLigence plate for cell proliferation measure-
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ments. The same concentration of cells was seeded on quartz glass coverslips for photo
acquisition. For cell toxicity experiments, 3T3-L1, HuH7, Panc1, HSC (HSC-2 is a human
oral squamous carcinoma line), HepG2 and Hek 293 cell lines were used. 3T3-L1 and Hek
293 were non-cancer cells, while other cell lines were cancer cell lines. During the first 48 h,
cells were growing under basic conditions into the cell medium inside the xCELLigence
setup. Then, the nanoparticles were added to cell cultures for 24 h at concentrations: 1.5,
1, 0.5, 0.25, or 0.1 mg/mL of culture medium. After that, the NPs were washed out and
replaced by fresh culture medium. Cell proliferation rates were measured over the 24 h
following washing out the CFO NPs. Slopes were measured during the 12 h before addition
of CFO NPs for control, during 12 h after an adaptation period of 6 h after addition of CFO
NPs, and during 12 h after a period of 6 h after washout.

2.3. Measurements on Cell Cultures

Cell number measurements expressed in terms of a time-dependent cell index were
performed using a non-destructive impedance-based method (xCELLigence, ACEA Bio-
sciences Inc., Biotek, Colmar, France). The cells were grown on a special plate with
electrodes on its bottom. The system measures electrical impedance across interdigitated
microelectrodes situated at the bottom of culture wells. The measurements were conducted
by applying an alternative excitation signal (20 mV control voltage amplitude) at 3 different
frequencies (10, 25, and 50 kHz) through the microelectrodes in the E-plates while monitor-
ing the voltage drop across the electrodes where the quotient voltage/current yields the
impedance software shows cell index as a result of processing impedance data as a time
function. The cell index was proportional to the cell number, cell surface area, and adhesion
factor. For a given cell line, cell number was the main factor affecting the cell index value.
The impedance measurement was a non-destructive real-time method allowing continuous
measurements of cell proliferation under basic conditions, in the presence of nanoparticles
and after their washing out, on the same cell population. Doubling time (the time required
to double cell index value) and cell index slope on normalized curves were measured to
compare the effects of increasing concentrations of the CFO NPs on the proliferation of
different cell lines. Each curve was the mean of cell index measured on 8 wells.

Fluorescence of the CFO NPs was measured using Cytation 3 (Biotek, Colmar, France)
equipment, a cell imaging multi-mode microplate reader combining automated digital
microscopy and conventional microplate detection. Specific application of the software
Gen5 (Biotek, Colmar, France) allows direct quantification of the luminescence. Photos of
the cells were obtained using fluorescent microscope Zeiss axiovert 200 M (Marly le Roi,
France) at ×40 magnification and excitation in blue range (wavelength of excitation band is
440–470 nm). The Emission was observed through the FITC filter (Biotek, Colmar, France),
transmitting the 540–550 nm.

2.4. Statistics

The measured data were expressed as: mean value ± standard error of the mean
(SEM) or standard deviation (SD). Statistical analysis were performed with StatView 4.5
software (SAS Institute Inc, Évry-Grégy-sur-Yerre, France) for Windows. The data were
analyzed using one-way anaylsis of variance followed by Fisher’s protected least significant
difference (PLSD), post hoc test. Statistical significance was accepted at p < 0.05. The
Spearman correlation coefficient was used to calculate a significant correlation.

3. Results

Figure 1a shows cell index evolution for the HepG2 cell line during 48 h of a control
period, 24 h in the presence of CFO NPs at different concentrations and then, 24 h after
washing out of the NPs. The cell index values were normalized at the time corresponding
to addition of the CFO NPs. As one can see, there was no slope change during the control
period, while there was a clear dose-response effect of the CFO NPs on the cell index
slope. Higher CFO concentrations provoke a significant decrease in cell proliferation rates.
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Toxicity of the CFO NPs can be qualitatively estimated from time dependent evolution
of the slope values shown in Figure 1b. For example, negative slopes indicate enhanced
cytotoxicity of the CFO NPs. Indeed, the higher the CFO NPs concentration was, the more
significant decrease of the cell index slope was. The highest concentration of the NPs
(1.5 mg/mL) lead to the strongest reduction of cell proliferation rate for all of the tested
cell lines (see Figure S1 in Supplementary Information part).
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Figure 1. (a): evolution of cell index curves for HepG2 cells. Arrows show the times of addition and
washing out (with a change of cell medium) of the CFO NPs. The inset shows photoluminescent
image of the HepG2 cells exposed to 0.5 mg/mL of the NPs for 4 h; (b): the NPs toxicity for the
HepG2 cells expressed in terms of cell index slopes measured in presence of CFO NPs during 50–70 h
(each data column is an average of 8 curves ± SD); (c): toxicity surface plot (the case of HePG2 cells)
represented in “time/NPs concentration/cell index” coordinates (the black line indicates the time of
CFO NPs addition).

In order to represent, in another way, the real-time evolution of cell proliferation un-
derexposure of the cells to different concentrations of the NPs, one can plot a characteristic
surface in the “NPs concentration/time/cell index” coordinates. Such a representation
approach can be quite useful because it may provide a more global view and complete
information of the cytotoxicity effect for a given cell line. As an example, a characteristic
cytotoxicity surface for the HepG2 cell line is shown in Figure 1c. As can be understood
from Figure 1a,c, the concentrations below 0.25 mg/mL do not change the cell proliferation
rates. In contrast, the CFO concentrations starting from 0.5 mg/mL almost completely stop
the cell proliferation.

To compare the cytotoxicity of the CFO NPs for different cell lines, we determined
their concentrations stopping cell proliferation for each cell type (see Figure 2a). The results
showed a wide range of the concentrations indicating various sensitivities of the studied
cell lines to the presence of the CFO NPs. Indeed, as low as 0.2 mg/mL of CFO NPs
stops cell proliferation of HuH7 while as much as 1.1 mg/mL was required to stop the
proliferation of Hek293 cells.
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In order to check the hypothesis assuming the enhanced CFO-induced cell toxicity
for the cell lines with higher proliferation rate, we plotted in Figure 2b luminescence
intensity of the cells uptaking the luminescent CFO NPs with concentrations stopping cell
proliferation as a function of doubling time (the time required to double the value of the
cell index and thus the cell number). Indeed, as has already been demonstrated earlier, the
uptake of the NPs by cells strongly depends on their proliferation rate [30]. The results
show the absence of any correlation between the cell sensitivity to the CFO NPS and cell
proliferation rate (Figure 2b).

Due to the real-time measurements ensured by the xCELLigence system, it is possible
to study the impact of the CFO NPs after their washing out from the cell culture medium.
In that case, only the definitely uptaken CFO NPs can still impact the cell proliferation rates.
The cell index evolution after exposure of different cell lines to 1.5 mg/mL of the CFO NPs
for 24 h with consequent washing out of the NPs, is shown in Figure 3a. To compare cell
proliferation rates after the washout for different cell lines, we calculated a cell recovery
factor (CRF). The CRF is a relative recovery of the cell index slope after washout, which is
defined as follows:

CRF (cell recovery f actor) =
slope(1.5 mg/mL a f ter washout)

slope(initial)
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Figure 3. (a) evolution of cell indexes (normalized at the time of washout) for different cell lines after
washing out 1.5 mg/mL of the CFO NPs; (b) luminescence per cell (proportional to the quantity of
the CFO NPs uptaken by the cells) for different cell types exposed to the NPs for 4 h (each value is
the result of averaging over at least 20 cells); (c) correlation between the luminescence per cell and
cell recovery factor (CRF) after washing out (based on data from Figure 3a).

All the cell index values were normalized at the washout time. As one can conclude
from Figure 3a, there was a striking difference after the washing out between the 3T3-L1
and the other cancer cell lines. Since the differences in cytotoxicity after washout can be
expected to be also dependent on different capacities of cells to uptake the luminescent
NPs, we estimated relative amount of the NPs uptaken by the different cell lines in terms
of luminescence intensity per cell (see Figure 3b). The results of such a comparison were
based on measurements of at least 20 cells. It can be seen that the 3T3-L1 cells uptake much
less NPs than the other cell lines. The 3T3-L1 cells did not uptake many NPs, and, as a
result, their proliferation restarted after washing out the NPs. PANC01, Hek293, and HSC
cancer cells uptake more NPs and their proliferations restarted at much lower rates. HepG2
and HuH7 cancer cells uptake much more NPs, and their proliferations did not restart at
all. Thus, one can state a significant correlation between the NPs uptake estimated by the
cell luminescence and the CRF values, as summarized in Figure 3c.

4. Discussion

Development of new analytical tools allowing a non-invasive real-time measurement
of cell proliferation brings new opportunities for testing cytotoxicity effects. In the context of
cancer treatment, inhibition of cancer cell proliferation is a major target. In our experimental
protocol, the first period of 48 h of cell proliferation without any treatment allows a
qualitative control of the studied cell lines. Indeed, the in-time shape of a cell index curve
is an important characteristic of a cell type evolution. Knowing the quantity of seeded cells,
one may expect to obtain a very reproducible cell index after 48 h, which is an appropriative
control parameter for each cell line (Figure 1a).

The real-time measurement of cell proliferation gives an opportunity to measure direct
effects of NPs on various cell lines. This is a significant advantage compared to the endpoint
measurement such as, for example, MTT approach or other similar methods. The direct
impacts of NPs on different cell lines can be visualized and quantified by comparison of
the slopes of cell proliferation curves either with a control non-treated line or (even better)
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with the same cell population before treatment (Figure 1b). Furthermore, most of in vitro
cytotoxicity studies do not pay enough attention to the great differences between in vivo
and in vitro conditions. For example, one of the main differences is related to impossibility
to keep locally a high concentration of NPs during in vivo experiments. Indeed, after
injection, NPs are often rapidly bound to surrounding bio-compounds and either uptaken
by cells or eliminated from the body. Thus, the best model to study cytotoxicity effects
of NPs is a short time exposure of cells to high concentrations of NPs with a consequent
significant decrease of their concentration or even with their total disappearance from the
environment. Washing out of the NPs from the culture medium gives an opportunity to
study cytotoxic effects of intracellular NPs. As can be seen in Figure 1 and corresponding
Supplementary Figure S2, the cytotoxicity behavior of intracellular NPs is different from
that observed when they are also present in the cell culture medium. One way to quantify
the effect of intracellular NPs is to compare the slope of cell proliferation after washing
out of NPs at the highest concentration (1.5 mg/mL) with the initial slope of the cell
proliferation curves. This is what we call the Cell Recovery Factor (CRF). The main
advantage of the CRF is to make possible a comparison between different cell lines having
different initial cell proliferation rates. It is worth noting that the cytotoxicity of the CFO
NPs after their washing out is very different for non-cancer cells (3T3-L1, Hek293) compared
to the cancer cell lines (HepG2, Panc01, HuH7, HSC). Indeed, the cell proliferation restarted
after the NPs washing out for the case of non-cancer cells, contrary to the cancer cell lines
after their exposure to the highest concentration values of NPs. Finally, the global 3D
representation of cell proliferative curves allows the analysis at a glance of the results
(Figure 1c).

The intracellular concentration of the CFO NPs stopping cell proliferation was found
to be very variable for different cell lines (Figure 2a). It does not correlate to cancer or
non-cancer nature of the studied cells lines. Indeed, if as little as 0.1 mg/mL was enough
to stop HuH7 cell proliferation, at least 0.8 mg/mL and 1 mg/mL are required to stop
proliferation, respectively, of 3T3-L1 and Panc01 cell lines. In addition, no correlation was
found between the concentrations of the NPs uptaken by the cells and the slope of cell
proliferation, (i.e., the proliferation rate). The differences in the concentrations stopping
cell proliferation vary from 1 to 10, and it strongly depends on the type of the studied cell
lines. This important observation suggests that the biocompatibility of the NPs is limited
to the highest concentration of NPs, showing no toxic effect for a given cell line. In other
words, if the same concentration value of NPs can be acceptable for a given cell line, it can
appear as toxic for another one.

Another important issue of the present study concerns the fact that the biocompati-
bility should be rather referenced to the intracellular concentration of the NPs instead of
the extracellular one [31]. Indeed, there was a perfect correlation between the CRF values
and the luminescence per cell defined by the uptaken luminescent CFO NPs (Figure 3c),
suggesting that the effects of the NPs on cell proliferation strongly depends on their intracel-
lular concentration. Although it seems to be obvious, it is not a trivial observation. Indeed,
the NPs could, for example, bind plasma membrane and exert deleterious effects without
entering inside cells. We also found no correlation between the uptaken luminescent NPs
(expressed in terms of luminescence per cell) and the doubling time (Figure 2b). This result
must be considered with caution. Indeed, the intracellular concentration of NPs has been
measured after only 4 h of their exposure to cells, while cell division takes hours. Thus far,
we have no data on the kinetic of CFO uptake by cells: is it linear? is there a saturation
threshold? Assuming that the uptake of the NPs is linear over time and that the saturation
threshold is the NPs concentration at which cells show alterations/ex stop division, these
results indeed suggest that there is no relation between the rate of cell division and the
NPs uptake during incubation. That implies that the effects of NPs are dependent on the
cancerous nature of cells but not on their increased division rate. One explanation may
lie in the fact that the CFO NPs are predominantly accumulated inside the nuclei of cells
(Figure 1a) as reported before [5]. Although we have no direct evidence of the nature of
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the interaction of the CFO NPs and chromatin, since the cancer cells are characterized by
an increased cell proliferation rate than the non-cancer ones, it may be hypothesized that
they are more sensitive to the action of the CFO NPs. That may not be true for any type of
cancer cell line. The fact that we observed a close relationship between the NPs uptaken
by cells and the CRF suggests that the effects of the NPs after a short exposure time are
rather privileged. In the vast majority of the studies on NPs only the consequences of direct
exposure of cells are examined. The present study shows that a short-time exposure of cells
to the NPs and the analysis of their effects after washing out is relevant and most likely
closer to physiological conditions than direct exposure.

5. Conclusions

In summary, NPs cytotoxicity must be studied in two cases: (i) direct effects of the
NPs on cell lines after their introduction to the cell medium and (ii) the effects appearing
after washing out of the NPs from the medium. The CFO NPs have been shown to be
less toxic for non-cancer cells (3T3-L1) than for the cancer cell lines (HSC, HuH7, Panc01,
HepG2). No correlation was found between cell proliferation rate and level of the NPs
uptake. In particular, it is not because the cancer cells proliferate more, they uptake more
NPs. The same NPs shows different cytotoxicity towards different cell lines. It means
that biocompatibility notion alone is meaningless, it must be mentioned in reference to
a concentration value of NPs for a given cell type. Thus, Paracelse’s citation “Poison is
in everything, and no thing is without poison. The dosage makes it either a poison or a
remedy” can be also applied to the case of NPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11123168/s1, Figure S1: Dose-response of cell index of different cell lines in presence of
increasing concentrations of CFO NPs; Figure S2: The toxicity surfaces of the CFO NPs (based on
Figure S1).
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