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Abstract

Single-walled carbon nanotubes (SWCNTSs) demonstrate a strong potential as an optically
activated theranostic nano-agent. However, using SWCNTSs in theranostics still requires
revealing mechanisms of the SWCNT-mediated effects on cellular functions. Even though
rapid and delayed cellular responses can differ significantly and may lead to undesirable
consequences, understanding of these mechanisms is still incomplete. We demonstrate that
introducing short (150-250 nm) SWCNTs into C6 rat glioma cells leads to SWCNT-driven
effects that show pronounced time dependence. Accumulation of SWCNTSs is carried out due

to endocytosis with modification of the actin cytoskeleton but not accompanied with autophagy.
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Its initial stage launches a rapid cellular response via significantly heightened mitochondrial
membrane potential and superoxide anion radical production, satisfying the cell demand of
energy for SWCNT transfer inside the cytoplasm. In the long term, SWCNTSs agglomerate to
micron-sized structures surrounded by highly active mitochondria having parameters return to
control values. SWCNTs postponed effects are also manifested themselves in the suppression
of the cell proliferative activity with further restoration after five passages. These results
demonstrate relative cellular inertness and safety of SWCNTSs eliminating possible side effects

caused by optically activated theranostic applications.
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1. Introduction

In cancer treatment, visualization of a tumor or tracking drug delivery to the tumor site can be
performed by an agent having therapeutic potential. Such an approach is often referred to as
theranostics, i.e., a combination of the diagnosis and therapeutic techniques, while the agents
capable of combining diagnostics and treatment are referred to as theranostic agents. They can
be either medicinal compounds themselves, or nano-entities capable of acquiring specific
physicochemical properties under the external influence [1], such as irradiation with near-
infrared (NIR) photons [2] or neutrons [3]. There is growing evidence that inorganic
nanomaterials ought to be biodegradable, clearable and possess no long-term cytotoxicity [XX];
thus, a significant attempt should be made towards the safe design of inorganic theranostic
nanoagents [XXX].

Single-walled (SW) and multi-walled (MW) carbon nanotubes (CNTSs) exhibit unique
physical, chemical, and biological properties [4], [5], [6], which allow one to use them in a
capacity of theranostic agents. Nano-needle shape with a hollow core and high aspect ratio [7]
makes it possible to use SWCNTs and MWCNTs for drug delivery, well-developed
functionalization allows one to employ them to target the tumor [8], while their intense Raman
spectra can be employed to visualize tumor cells [9]. That is, CNTSs are capable to provide (i) a
source of imaging signal, (ii) a therapeutic drug, (iii) a carrier of a therapeutic drug, and (iv)
targeting ligand for selective accumulation in the tumor [10].

Nevertheless, several problems preventing using CNTs and/or suppressing their
efficiency in theranostics still remain unresolved. The most important one is the strong van der
Waals attraction between CNTs dispersed in water that results in the formation of aggregates
and agglomerates [11], which may lead to undesirable effects including immune cell activation
(inflammation) [12], [13] and platelet activation (thrombosis) [14]. The theranostic applications
require uniform aquatic CNTs suspensions having suppressed aggregation level in a broad

concentration range, stability with respect to the sedimentation, and biocompatibility [15]. In
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this regard, additional functionalization with edge functional groups or complexes with
macromolecules (DNA, nucleotides, etc.) turns out to be necessary. CNT penetration
throughout the cell plasma membrane and their stable accumulation during CNT-based drugs
administration should be determined in such a way as to regulate accumulation time,
intracellular CNTs concentration and distribution. CNT length may also influence the
efficiency of therapeutic applications of CNTs. Commonly used SWCNTSs are of a micron-
sized length (up to 20 um) and exhibit pronounced length-dependent cytotoxicity [XXXX], thus
accurate control of SWCNT size distribution and fabrication of short-length SWCNTSs are
necessary for improving the efficiency. Moreover, SWCNTs, MWCNTs and other graphene
derivatives such as graphene and graphene oxide (GO) sheets, quantum dots due to the presence
of functional groups at the edges and/or in planes of graphene, could induce oxidative stress
due to the involvement of edge/in-plane groups in redox processes [1, 2]. Different spatial-
volumetric characteristics and surface functional groups on graphene derivatives determine the
efficiency of nanomaterial complexation with biomolecules and the properties of obtained
complexes [4]. This might influence the accumulation mechanism of CNTs, GO/graphene
sheets, etc., and determine the effects of complexes on cell functional activity as well. In
addition, essential factors in any anticancer therapy are the side effects that agents can have
besides their primary therapeutic function. In this regard, the question about delayed effects
produced by agents that were not involved in therapy for any reason and not undergone
destruction remains unclear.

We have recently demonstrated the destruction of CNT-accumulated glioma cells under
irradiation with NIR laser pulses [16]. The developed model has shown that depending on the
parameters of SWCNTSs and their agglomeration degree, one can achieve not only photothermal
but also a "cold" photothermoacoustic destruction of tumor cells [16]. The latter regime allows
one to suppress side effects, including tissue overheating and non-specific cell damage, while

its efficiency is determined mainly by the concentration of the SWCNT agglomerates rather
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than on where the cell accumulates SWCNTs. These findings confirm the paramount
importance of revealing the mechanisms of SWCNT accumulation and intracellular
aggregation.

In this paper, we visualize the distribution and localization of short-length (100-300 nm)
SWCNTSs, for better dispersibility covered with DNA (SWCNT-DNA), in C6 rat glioma cells
using the confocal Raman microscopy. The obtained results confirm the micropinocytosis
mechanism of SWCNT-DNA accumulation. The revealed immediate and delayed effects of
SWCNTs on the cell mitochondrial function and proliferative activity open a way towards
enhancement of the therapeutic efficacy and safety and develop personalized therapy.

2. Materials and methods
2.1 Cell culture
ATCC C6 (ATCC® CCL-107™) rat glioma cells were obtained from ATCC, LGC Standards,

Ogrodowa 27/29, Kielpin, Poland. Cells were cultured in Petri dishes on the surface of silicon
plates in DMEM medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS,
Sigma Chemical Co., St. Louis, MO, USA), 8 x 10% g / mL of gentamicin sulfate
(Belmedpreparaty, Belarus), and 2x107 M of glutamine (Sigma-Aldrich, USA) at 37 °C in an
atmosphere of 5% CO,. The number of cells during subculturing was 0.5 x 10° cells per mL.
The cells were allowed to adhere to the surface. DNA or SWCNT-DNA complexes were added
with the culture medium to the cells after 6 h of the reseeding.

2.2 Preparation of solutions of single-walled carbon nanotubes
SWCNTs (Nanointegris Technology Inc., Batch PO568) produced by gas-phase catalysis

(HIPCO process), in bundles, with purity exceeding 98% were used. Short (100-300 nm)
SWCNTs were obtained by the method [17]. 0.5 mg of SWCNT material was placed in a
mixture of acids (0.6 mL of nitric (65%) + 3 mL of sulfuric (95%)). The mixture was dispersed
with an UZDN-2T ultrasonic disperser for 30 h at maximum power, ultrasonic frequency 44

kHz, at the lowest possible temperature of 4-8 °C. As a result, the length of the tubes was



significantly shortened and became less than 400 nm. To get rid of the acid, the tubes were
diluted with water 1 to 20, centrifuged for 5 min at 900 g to precipitate, the non-precipitated
part was discarded, and water was added to the settled part. This operation was performed 6
times to achieve a neutral environment. The tubes were stored in water as agglomerates.

The SWCNT suspension was added to an aqueous solution of DNA (Sigma Aldrich,
USA) (or oligonucleotides (Primetech, Belarus)), pre-dispersed by ultrasound for 30 minutes
(2 mg of DNA per 6 mL of DMEM) until a concentration of 100-200 ug / mL was reached, and
then the mixture was dispersed by ultrasound for 2-4 hours at room temperature, centrifuged at
8000g for 15 minutes. Short SWCNTSs (100-300 nm) were obtained with an average length of
about 250 nm. Characterization of SWCNTs was performed by atomic force microscopy
(AFM) and Raman spectroscopy (see Supporting Information, Fig. S1 and S2). Complexation
of SWCNTSs with DNA molecules led to the significant increase of solubility of SWCNTSs and
suspension stability (see Supporting Information, Fig. S3).

2.3 Raman microscopy of the accumulation and distribution of complexes of carbon
nanotubes in cells

The distribution of SWCNTs in C6 rat glioma cells was studied by confocal Raman
spectroscopy using a confocal Raman 3D scanning (fluorescence) microscope NanoFinder
HighEnd (Tokyo Instruments, Tokyo, Japan - LotisTIl, Minsk, Belarus). The distribution of
SWCNTs was determined after 1-72 h of incubation of cells with SWCNTs at 37 ° C.

Cells were visualized using two lasers: 532 nm (20 mW) and 785 nm (75 mW). Exposure time
was 1-10 s, scanning step - 1.5-2.0 microns according to the experimental series. To avoid cell
damage, neutral density filters were used to reduce the intensity of laser radiation (for a 532 nm
laser, the output power was 600 uW).

2.4 Cell proliferation rate
Before each experiment (3.5h, 7.5h, 21h and 24h) cells in every experimental set were washed

with PBS (w/o FBS, C22*, Mg?* ions), trypsinized, centrifuged for 3 min at 600g, media was



replaced by Hepes-buffer (NaCl — 131 mM, KCI -5 mM, MgSO4 — 1.3 mM, CaCl, — 1.3 mM,
Hepes — 20 mM, CsH120s — 5 mM), cells were resuspended and calculated using Goriaev
Chamber.

2.5 Autophagocytosis detection with monodancylcadaverine (MDC)

After 48h in one experimental set, media containing FBS was replaced by DMEM w/o FBS to
induce starvation-caused autophagocytosis (negative control). DNA or SWCNTs were added
in equal aliquots so that the final concentration of SWCNTs was 5 pg/mL. Cells were exposed
to SWCNT-DNA complexes or to DNA for 3.5h, 7.5h, 21h and 24h. Control cells were held
with the NaCl water solution (0.15 M) of the same volume as DNA or SWCNT-DNA for the
same time intervals.

After counting, cells were incubated with MDC (Merck, Germany) at a final
concentration of 10 uM for 30 min in the dark. Then cells were centrifuged at 600g for 3 min
twice. Cells were mounted in Hepes-buffer for all experiments. MDC fluorescence was detected
using LSF 1211A spectrofluorometer (Solar, Belarus) with Aex = 335 nm in the range of
500600 nm. Results were performed as an integrated area under the MDC fluorescence
emission spectra in the full range of wavelengths.

2.6 Laser-scanning fluorescence microscopy of the actin cytoskeleton of glioma cells
Cells were incubated for 1, 2, 18, and 24 h at 37 ° C in the presence of SWCNT-DNA, then

fixed on glass substrates with 4% paraformaldehyde solution for 10 min at room temperature.
The coverslips with the cell monolayer were washed three times with PBS, cell membranes
were permeabilized with 0.1% Triton X-100 solution (Sigma-Aldrich, USA), washed three
times with PBS, and 50 pL of CytoPainter Phalloidin-iFluor 532 (Abcam, UK) were added.
The cell monolayer was incubated for 60 min at room temperature and 100% humidity. Then
the coverslips were washed twice in PBS and once in distilled water fixed with glycerol on a
slide. Measurements were performed on a confocal Raman 3D scanning (fluorescence)

microscope NanoFinder HighEnd.



2.7 Mitochondrial membrane potential and superoxide anion-radicals production in cells
under the action of SWCNT-DNA complexes
Mitochondrial membrane potential in glioma cells was studied by fluorescence analysis using

a JC-1 fluorescent probe (Invitrogen, USA) and MitoSOX Red mitochondrial superoxide
indicator (Invitrogen, USA) on a confocal Raman 3D scanning (fluorescence) microscope
NanoFinderHighEnd and an LSF 1211A spectrofluorometer.

C6 rat glioma cells were incubated for 1, 2, 18, and 24 h with SWCNT-DNA at a concentration
of 4.5 ng/mL. The cells were stained with JC-1 (7.5 x 10" M) for 15 min at 37 °C. The cells
were washed twice in PBS. JC-1 fluorescence excitation was performed at Aex = 473 nm. The
potential on the mitochondrial membrane was estimated from the ratio of the fluorescence
intensities of the probe at Anisgo = 590 nm (J-aggregates) and Anszo = 530 nm (monomeric form).
The generation of superoxide radical anions by mitochondria was studied using MitoSOX Red.
Cells were stained with MitoSOx Red (1.25x10°° mol / L) for 20 min at 37 °C. Then the cells
were washed twice in PBS. MitoSOx Red fluorescence was recorded using Aex = 510 nm and
Lem = 580 nm. Data are presented as integrated fluorescence intensity estimated over 10 min.

2.8 Statistical processing of data

The results were expressed as the means of three to five replicates + SD. Statistical analysis
was performed using the analysis of variance (ANOVA) with Bonferroni multiple comparison
test for multiple pairwise comparisons with the respective control group. p < 0.05 was
considered to be statistically significant. Data were presented using the OriginPro 8.0 software

packages (OriginLab Corp., USA) and Microsoft Excel 2007 statistical software packages.



3. Results and Discussion

3.1 Determination of the SWCNT-DNA non-toxic concentration

Before studying the accumulation of SWCNT-DNA complexes in glioma cells, we investigated
how the presence of the SWCNT-DNA complexes affected the number of viable cells in culture
and revealed at which concentration SWCNTSs are not toxic for normal cell division. We found
that when the concentration of SWCNT-DNA exceeding 5 pg/mL, the number of viable cells
was more than 10% lower than that observed compared to control cells without SWCNT-DNA
complexes (see Figure 1a). SWCNT-DNA complexes at concentrations of 1.5-3.0 pg/mL lead
to an increase in the number of cells compared to the control. The mechanism of this
phenomenon is still unclear; however, it is out of the scope of this paper. Nevertheless, to avoid
the undesirable influence of this phenomenon on the research results, in our experiment, we
studied SWCNT-DNA complexes at the concentration of 5 pug/mL.

3.2 Accumulation dynamics of SWCNT-DNA complexes inside C6 glioma cells

Knowledge of the kinetics of the intracell SWCNTSs accumulation is crucial for theranostics.
SWCNTSs are accumulated in macrophages, highly specialized phagocytic cells, in a non-
monotonous manner via endocytosis. The accumulation rate is length-dependent with fast
elimination of SWCNTSs in 8 h via exocytosis [18]. We have already shown [9],[19] that in a
non-phagocytic glioma cells, SWCNT accumulation lasts for more extended periods (>18 h),
reaching saturation. In the present study, cells exposed to 5 pg/mL of SWCNT-DNA complexes,
cells exposed to the DNA, and cells in control culture medium showed the same proliferation
rate over 75 h, as presented in Figure 1b.

Interaction of CNTs with living cells and their accumulation inside has been widely
discussed in terms of initiating autophagic cell death [20][21], accompanied by an
inflammatory response and oxidative stress [22]. Autophagy is a catabolic process of
degradation and recycling of damaged organelles, debris, pathogens in specific double-

membrane vacuoles in cells [23]. Fetal bovine serum (FBS) starvation was used as a negative
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control model of induction of autophagic cell death [24]. In the starvation model, the number
of cells after 26 h of growth in FBS-deficient media predictably decreased, being lower than
the initially seeded ones. For autophagy detection, cell stained with fluorescent lysosomotropic
probe monodansylcadaverine (MDC) was used. Preferential labelling of autophagic vacuoles
with MDC via its interaction with lipids of the autophagosomes leads to its fluorescence
increase [25]. That is, we demonstrate that SWCNT-DNA complexes at the concentration of 5
ug/mL do not exhibit significant cytotoxicity and mediate neither autophagy nor any acidic
lysosome formation. The level of MDC fluorescence in cells exposed to SWCNT-DNA
complexes, exposed to DNA, or in control cells is two times lower than that in starving cells
with induced autophagy over the whole-time interval of observation (Figure 1c).

In ref [19] we have shown that interaction of SWCNT-DNA complexes with the C6 rat
glioma cell membrane leads to the plasma membrane potential decrease, bending of the
membrane inward, and formation of spherical structures near the membrane, allowing us to
expect the energy-dependent endocytosis of SWCNT-DNA complexes. Simultaneous scanning
confocal fluorescence and confocal Raman microscopy measurements reveal the transport
vesicle-like structure formed around the SWCNT-DNA agglomerate. One can observe from
Figure 1d that the formation of SWCNT-DNA agglomerates inside cells is accompanied by the
fibrillar actin condensation (marked with a dashed square) around the agglomerate (see inset to
Figure 1d and the Raman spectrum shown in Figure 1e). We expect that the F-actin cover of
the agglomerate is formed around the transport vesicle to facilitate the transfer of the SWCNT

agglomerate into the cell cytoplasm.
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Figure 1. Cytotoxicity and accumulation dynamics of SWCNT-DNA complexes in C6 rat
glioma cells. a — the number of viable cells exposed to SWCNT-DNA complexes at different
concentrations. Cell viability was assessed using trypan blue stain as an exclusion test. Cell
number was normalized to the control sample without SWCNT-DNA complexes and expressed
in %. The dash-dot curve represents the data interpolation curve. The horizontal dash line
defines 90% viability level. b — glioma cell survival over several cell cycles in control (with
equivalent 0.15 M NaCl volume), in starvation cell model (FBS excluded from medium), in the
presence of 30 pug/mL DNA or 5 pg/mL SWCNT-DNA complexes. ¢ — autophagy
determination in control (with equivalent 0.15 M NaCl volume), in starvation cell model (FBS
excluded from medium), in the presence of 30 pg/mL DNA or 5 ug/mL SWCNT-DNA
complexes; the intensity of autophagy process evaluated as the integrated intensity of MDC
fluorescence spectra in the spectral range 500-600 nm. d — fluorescence image of F-actin
cytoskeleton, stained with CytoPainter Phalloidin-iFluor 532 (Aex = 532 nm) in glioma cells
exposed to SWCNT-DNA complexes for 18 h; inset — image of SWCNT-DNA agglomerate in
cells obtained by Raman microscopy (Aex = 785 nm, P = 70 mW, step 0.8 um). e — Raman
spectrum of SWCNT, marked with the arrow in d. The lines connecting the points on the graphs
are shown only to show the trend but do not carry much physical meaning. In a, b, c, data are
mean + SD values of duplicates from three independent experiments. *p < 0.05, **p < 0.01
refer to control without SWCNTSs. #p < 0.01 refers to control and SWCNT-DNA.

Figure 2 summarizes data on the time-dependent accumulation of SWCNT-DNA complexes

over several cell cycles from the early stages of SWCNT-cell interaction after cell attachment
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to the substrate till the late stage of 80% cellular confluence before the reseeding procedure. It
shows that within the first hour of cell cultivation with SWCNT-DNA complexes at a final
concentration of 5 pum/mL, endocytosis of the complexes and gradual accumulation of
SWCNT-DNA agglomerates in the cell cytoplasm occurs. Subsequently, the number of
intracellular agglomerates and their size (up to 2 um in diameter) increase, leading to an
increase of the intensity of the G-band in SWCNT Raman spectra. During the whole period of
cell growth in the presence of SWCNT-DNA complexes, SWCNTs do not penetrate the cell
nuclei, and agglomerates are formed only in the cytoplasm. The Raman spectra of SWCNT
agglomerates inside the cytoplasm indicate a time-dependent increase in the SWCNT content
inside the cell (see Figure 2f-20). However, the Raman spectrum contains not only D, G and
2D bands of SWCNTSs, but also a wide band 2800-3000 cm™ comprising vibration modes of
the lipids' hydrocarbon chains at 2850 cm*(vCH, symmetrical mode), 2890 cm™ (vCH>
asymmetrical mode) and 2935 cm™ (vCH3 vibration) [26]. The presence of these bands is a
signature of a lipid shell around the agglomerate, i.e., a membrane of the transport vesicle or
lysosome. Intracellular accumulation of the SWCNTSs is also accompanied by the slight growth
of the D/G ratio for up to 0.26 (see Figure 2k-20). In Figure 2n, the D/G ratio was not performed
because of the strong overlapping of lipids and SWCNT Raman spectra in the range 1200-

1500 cm™.
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Figure 2. Distribution of SWCNT-DNA in the cell, 5 ug/mL, restored using the G-mode in the
Raman spectrum of SWCNT: after (a, f) 50 min, (b, g) 90 min, (c, h) 18 h, (d, i) 24 h and (e, j)
42 h of cultivation in the presence of SWCNT-DNA complexes. The spectra of SWCNTSs in (k-
0) correspond to the agglomerates marked with the numbers in (f-j).
3.3 Deferred SWCNT-DNA effects: cell proliferation over routine passaging
To assess the effect of SWCNTs accumulated in cells on their proliferative ability and to
evaluate the efficiency of removing SWCNTs from the cell cytoplasm, the cells exposed to
SWCNT-DNA during the first passage were re-seeded until there were no SWCNTSs left in the
cytoplasm. SWCNTs in cells were visualized using Raman microscopy. During the first passage,
the cells were exposed to SWCNT-DNA complexes at a concentration of 15 pg/mL, providing
50% cell survival. Survived and accumulated SWCNTSs cells were used for further cultivation.
During the following passages, SWCNT-DNA complexes were excluded from the extracellular
environment.

It was established that prolonged cultivation of C6 cells (8-10 passages) in the presence
of SWCNT-DNA complexes caused a decrease in the number of viable cells over 1-4 passages,

in comparison with control cells without complexes and control cells cultivated in the presence

of DNA. Thereafter, an intensification of cell proliferative activity during the 5" passage in the
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presence of SWCNTSs occurred, followed by equalization of cell number in samples with and
without SWCNTSs afterwards (see Figure 3a).

Interestingly, the replacement of double-stranded DNA in the SWCNT-DNA complex
by short single-stranded oligonucleotides (ON) also led to the accumulation of SWCNTSs inside
the cells (see Supporting Information Figure S4). However, the agglomerates were significantly
smaller than for the case of SWCNT-DNA complexes, and SWCNT-ON accumulation took a
significantly longer time than that for SWCNT-DNA complexes (72h vs. 18h, see Supporting
Information Figure S1). The number of viable cells in samples exposed to SWCNT-ON
complexes was higher than that exposed to SWCNT-DNA ones. At the same time, almost
complete removal of SWCNT-ON from cells occurred already after the 3™ passage.
Nevertheless, the phenomenon of stimulating cell proliferation during the removal of SWCNTs

persisted (Figure 3b, 4" passage).
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Figure 3. Modification of C6 cells proliferative activity during prolonged cultivation of cells
exposed to SWCNT-DNA (a) and SWCNT-ON (b) complexes. Concentrations of SWCNT-
DNA and SWCNT-ON in the culture medium is 15 pg/mL during the 1% passage. There were
no SWCNT-DNA or SWCNT-ON in the medium on subsequent passages. The lines connecting
the symbols in the graphs are shown only for convenience to indicate the trend. Data are mean
+ SD values of duplicates from three independent experiments. *p < 0.05, **p < 0.01 refer to
both control and DNA (or ON).
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It is important to note that a long period of the SWCNT-ON accumulation may complicate their
practical applications because SWCNTSs elimination from the organism will start before the
tumor accumulates SWCNTs. Thus, SWCNT-ON complexes would be more likely
accumulated in liver cells or already secreted from the organism [27].

Moreover, previously we showed that the size and shape of the SWCNT agglomerates
on a par with their photophysical properties play a crucial role in the effectiveness of the cold
photothermoacoustic destruction of cells. Individual SWCNT-DNA or their bundles outside the
cell are inactive in photothermoacoustics, but irradiation of one-micron-sized agglomerates of
SWCNT-DNA inside the cell with pico-second NIR pulses leads to the photothermoacoustic
destruction of the cell [16]. On the other hand, irradiation of agglomerates of smaller sizes (<0.5
um diameter) cannot produce photoacoustic waves of sufficient magnitude to destruct the
membrane (<<0.7 MPa). In comparison, when agglomerates are as big as 3 um, the generated
photoacoustic waves may exceed 4.5 MPa (see Supporting Information Figure S5). From this
point of view, SWCNT-ON complexes do not meet the theranostic requirements because the
small size of the agglomerates makes photothermoacoustic destruction of tumor cells difficult
and increases accumulation time.

3.4 Rapid and postponed mitochondrial response to SWCNT-DNA accumulation

The functional metabolic status of mitochondria can be described in terms of the mitochondrial
membrane potential (Aymit) and reactive oxygen species (ROS) production changes [28]. Figure
4a summarizes the data we obtained from the averaged fluorescence spectra of JC-1 in C6
glioma cells. The ratio of the fluorescence intensities of JC-1 at wavelengths of 590 nm and 530
nm (lnseo / lnis3o), which characterizes the relative change in Aymit, undergoes considerable
changes during the cultivation of C6 glioma cells exposed to SWCNT-DNA complexes. During
the first 3 h of the cell interaction with SWCNTSs, we registered an increase in the Aymit, while
after 11 h of the exposure of glioma cells to SWCNT-DNA complexes, a decrease in Aymit t0

the level of the control cells was observed (see Figure 4a). In contrast, when C6 glioma cells
16



were exposed to pure DNA at the same concentration, no significant changes in the
mitochondrial potential were detected. This finding indicates that the observed effect is not

associated with the DNA molecule.
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Figure 4. Mitochondrial membrane potential of C6 glioma cells in the presence of SWCNT-
DNA. a — cells without electron-transport chain inhibitors, b — cells pretreated with 1 pM
rotenone, ¢ — cells pretreated with 1 uM antimycin A. Inhibitors were added 5 min before the
mitochondrial potential measurement. Data are presented in % of the value of the cell Aymit in
the absence of inhibitors. The value of the Aymit in control is taken equal to 100%. Data are
mean + SD values of duplicates from three independent experiments. #p < 0.001 refers to DNA
samples, *p < 0.01 refers to both DNA and Control samples, **p < 0.05 refers to Control.
One of the consequences of high mitochondrial membrane potential is an increase in adenosine
triphosphate (ATP) production [29]. ATP molecules are responsible for storing and transferring
energy in living cells [30]. The main by-product of oxidative phosphorylation (ATP synthesis)
is the superoxide anion, produced via a leak of electrons from the mitochondrial respiratory
chain to O, [31]. As mitochondria are considered as one of the main sources of ROS in the cell,
strengthening/weakening ROS production may significantly impact the intracellular signaling
and regulation of cellular functioning.

We revealed that experimentally detected increase in Aymit upon accumulation of
SWCNT-DNA by cells was strongly correlated with the level of the superoxide anion radicals
produced by mitochondria. As shown in Figure 5a, in 3h after the SWCNT-DNA addition to

C6 cells, a 2-fold increase in the concentration of the superoxide anion radical was recorded.

Further exposure of cells to SWCNT-DNA complexes (11 h and 22 h) led to a slight decrease
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in the superoxide anion radical level compared to the control cells or cells exposed to DNA (see
Figure 5a).

To reveal the mechanism of regulation of mitochondrial functions during the interaction
of cells with SWCNTSs, Aymit and ROS production analysis using inhibitors of the mitochondrial
electron transport chain (ETC) — rotenone and antimycin A —were performed. Rotenone inhibits
the transfer of an electron from the iron-sulfur cluster in complex | to ubiquinone in the
mitochondrial ETC. Since complex | cannot transfer electrons to ubiquinone, there is an excess
of electrons in the form of NADH in the mitochondrial matrix. As a result, oxygen is reduced
to ROS [32]. Antimycin A binds to the Qin center of cytochrome bc: in complex I11 and inhibits
the reduction of ubiquinone [33]. Resultantly, the cycle in which the enzyme works is
interrupted. The cytochrome bc: complex is the central enzyme in the mitochondrial ETC and
contributes to oxidative phosphorylation. Therefore, inhibition of this complex drastically
reduces the formation of an electrochemical gradient on the inner mitochondrial membrane. As
a result, there is a decrease in ATP production since ATP synthase lacks protons [34], [35]. In
addition, inhibition of the complex 11l enhances the formation of superoxide anion radicals and
other ROS [36], [37].

Inhibition of the mitochondrial ETC with 1 uM of rotenone causes a 65-70% decrease
in Aymit for cells exposed to SWCNT-DNA complexes for 3h, as compared to the control cells
without the inhibitor, as presented in Figure 4b. Rotenone-induced decrease in the Aymit was
affected neither by SWCNT-DNA nor by DNA. This indicates that during the initial phase of
SWCNT-DNA accumulation, the inhibition of the electron transfer in the ETC by rotenone
does not change.

A significant difference in the rotenone-induced decrease in the Aymit is observed in C6
cells exposed to SWCNT-DNA compared to DNA and control cells after 11 h of cultivation
(Figure 4b). Specifically, the value of Aymit IS decreased for cells exposed to SWCNT-DNA,

but it was approx. 1.5 times higher than that for cells exposed to DNA and control cells under
18



the rotenone action. The opposite situation is observed after 22 h of cell exposure to SWCNT-
DNA, DNA, and control cells. In the presence of SWCNT-DNA complexes, almost complete
depolarization (13% of the control) of the inner mitochondrial membrane is detected, although
partial depolarization (approx. 25% of control w/o rotenone) is observed for cells exposed to
DNA or control cells. In all cases, there is no significant difference in Aymit depolarization in
the presence of DNA and control cells, confirming the involvement of the SWCNTSs in the
electron transfer process in complex | of the ETC.

At the early stage of SWCNT accumulation during endocytosis, the interaction of
SWCNT-DNA complexes occurs mainly with the cell membrane structures but not with
intracellular organelles. And the significant hyperpolarization of the mitochondrial membrane
is associated with increased ATP production for additional cell energy supply (Figure 4a). This
effect is vanished by rotenone in 3h of cell-nanoparticle interaction (Figure 4b). Accumulation
of SWCNTs inside the cell differently influences the electron transfer in rotenone-effected cells
depending on the SWCNTSs accumulation time. Specifically, the SWCNTs accumulation for
11h and 22h reduces and enhances the depolarizing effect of rotenone, respectively, indicating
the change in the energy supply mechanisms in cells and the involvement of electron transfer
in complex I.

Antimycin A inhibition of the electron transfer in the ETC of mitochondria leads to the
transmembrane potential decrease (Figure 4c). During the initial phase of SWCNT
accumulation (after 3h) antimycin-induced depolarization is less than in cells exposed to DNA
or in control cells, confirming the energy dependence of the SWCNT-DNA intracellular
transport. The same trend is observed after 11h and 22h of cell exposure to SWCNT-DNA
complexes. However, the influence of the DNA molecules in the restoration of the
mitochondrial membrane potential prevails, as Aymit is the same in the presence of only DNA

molecules and SWCNT-DNA complexes compared to the control cells after 22 h (Figure 4c).
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According to the data presented in Figure 5b, rotenone and antimycin led to an almost 90%
decrease in ROS levels in cells not exposed to SWCNT-DNA or DNA compared to control
cells without inhibitors. Cells' exposure to SWCNT-DNA resulted in an additional reduction in
the ROS level in case of interruption of electron transfer in both complexes | and III.
Nevertheless, these decreases are caused by different mechanisms. In the case of inhibition of
the complex 111 by antimycin DNA is assumed to act as an interceptor of free radical products,
as DNA molecules themselves caused an equivalent decrease in the ROS production as
SWCNT-DNA complexes. Nevertheless, ROS decrease evoked by SWCNT-DNA complexes

in rotenone-pretreated cells was not associated with the interception of electrons by DNA

molecules.
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Figure 5. The level of superoxide anion radical production by mitochondria in rat C6 glioma
cells after DNA or SWCNT-DNA administration: a — over-time changes in mitochondria ROS
production without inhibitor addition, b — level of superoxide anion radical production upon
rotenone and antimycin addition after 11 h in control cells, and after DNA or SWCNT-DNA
administration. Inhibitors were added 5 min before the measurement of the superoxide anion
radical level. The final concentration of rotenone and antimycin in cell culture was 1 puM.
Measurements were performed using MitoSOx Red. Data are mean + SD values of duplicates
from three independent experiments. *p < 0.05, **p < 0.01 refer to DNA samples. #p < 0.01,
##p < 0.05 refers to Control.

Fluorescence microscopy with JC-1 dye enables visualization of the distribution of

mitochondria inside the cell and pointing out the mitochondria with high membrane potential
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[38]. Figure 4a demonstrates that cell cultivation in the presence of SWCNT-DNA over 22 h
induced no significant mitochondrial membrane potential change. However, as shown in Figure
6 the distribution of mitochondria changed after SWCNT accumulation inside the cell. The
formation of empty space without mitochondria in the cytoplasm in the area where nanotubes
are located, and a 'ring' of mitochondria around the SWCNTS (see regions marked with arrows
in Figure 6a) indicates that SWCNTSs are assembled into agglomerates inside the cytoplasm,
but they are unevenly distributed between intracellular organelles. Moreover, since the JC-1
fluorescence at Aem = 590 nm (Figure 6b, marked with arrows) is stronger than that at Aem = 530
nm evidence (see Figure 6a), the highly energized mitochondria surround SWCNT
agglomerates. Nevertheless, visualization of mitochondria with JC-1 allows us to conclude that

SWCNTSs do not penetrate into the cell nucleus (Figure 6¢); however, agglomerated SWCNTSs

deform the nucleus' membranes.

Figure 6. Typical images of mitochondria distribution in rat C6 glioma cells (after 22 h of
cultivation in the presence of SWCNT-DNA complexes). a — JC-1 fluorescence at Aem = 530
nm, b —JC-1 fluorescence at Aem = 590 nm, ¢ — SWCNT-DNA complexes distribution. 1 — Cell
nuclei, 2 — SWCNT-DNA complexes, 3 — localization of SWCNT-DNA complexes and
functionally active mitochondria with high mitochondrial membrane potential Aymit. Arrows
mark the localization of SWCNT-DNA agglomerates.

Phenomena observed indicates the shift in the cellular redox state during the accumulation of
SWCNT-DNA complexes, which still demands further specific targeted investigation of total
ROS generation and modification of antioxidant status. The focus of our future studies will be

mechanisms of redox regulation throughout all steps of the interaction of SWCNT and living

cells.
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4. Conclusion

We performed a systemic study of the interaction of the SWCNT-DNA complex with glioma
cells starting from the SWCNT interaction with the cell membrane till complete removing
SWCNTSs from the cell cytoplasm. We also demonstrate the viability of cells containing
SWCNTSs in the cytoplasm and their ability to maintain the life cycle over several passages.

The accumulation dynamics, intracellular distribution and localization make SWCNT-DNA
complexes the most appropriate candidate for biomedical applications because they meet all the
requirements for cold photothermoacoustics. Moreover, SWCNT-DNA complexes are shown
to be accumulated fast inside the cell cytoplasm via micropinocytosis leading to F-actin
reorganization and quick mitochondria hyperpolarization and ROS production due to energy
consumption during endocytosis, with further normalization of mitochondrial function after the
saturation of SWCNT concentration in the cytoplasm. The spreading of SWCNTSs inside C6
glioma cells is fast; SWCNTSs localize as micron-sized agglomerates surrounded by actively
functioning mitochondria causing their shape modification. Further cultivation of cells with
accumulated SWCNTs shows that SWCNTSs are biochemically inert for the cells, that is
expressed in the absence of any changes in the functioning of cell mitochondria after reaching
the maximal concentration of SWCNTSs in the cytoplasm, as well as in the restoration of the
cell population, after several passages resulting in complete removal of SWCNTs from cells

(data summarized in Figure 7).
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Figure 7. Scheme of SWCNT-DNA quick and postponed effects on C6 glioma cell functions
during cell interaction with SWCNTSs

The combination of appropriate physicochemical properties of SWCNTs (high absorption in
NIR, good dispersion of the environment outside the cell and agglomeration of SWCNTSs inside
the cell, intense Raman spectrum) together with their relative biological inertness and the ability
to rapidly accumulate in and slowly excrete from tumor cells allows the development of a wide

range of cancer treatment methods and theranostics approaches with the emphasis on safety,

personalization and enhanced therapeutic efficacy.
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