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ABSTRACT ARTICLE HISTORY
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leading to greater anti-cancer drug efficacies. Better cellular drug uptake per unit drug injection KEYWORDS

drastically reduces severe side-effects of cancer therapies. Similarly, carbon dots (CDs) uptaken by Breast cancer; carbon dots;
the nucleus can also be used to set-up cutting edge nano delivery systems. In an earlier paper, cell migration;

we showed the cellular uptake and plasma membrane impact of combustion generated yellow cytoskeleton; nuclear
luminescing CDs produced by our group from fuel rich combustion reactors in a one-step tunable uptake

production. In this paper, we aim to specifically study the nucleus by establishing the uptake

kinetics of these combustion-generated yellow luminescing CDs. At sub-lethal doses, after crossing

the plasma membrane, they impact the actin and microtubule mesh, affecting cell adhesion and

migration; enter nucleus by diffusion processes; modify the overall appearance of the nucleus in

terms of morphology; and alter chromatin condensation. We thus establish how this one-step

produced, cost and bulk production friendly carbon dots from fuel rich combustion flames can

be innovatively repurposed as potential nano delivery agents in cancer cells.
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1. Introduction

It is important to note that while there are several
targeted therapies available for specific types of
breast cancer, there is an ongoing need for novel
treatment strategies, such as the use of Carbon dots
(CDs). CDs have shown potential in improving the
specificity and efficacy of cancer treatments through
their unique optical and electronic properties, bio-
compatibility, and ability to be functionalized with
various therapeutic agents. These nanomaterials
offer a promising avenue for enhancing drug deliv-
ery, imaging, and therapeutic outcomes in breast
cancer care. They also show promise as carriers for
drugs to overcome this challenge, offering improved
stability and better tissue penetration compared to
conventional methods (Agostinetto, Gligorov, and
Piccart 2022).

In the context of nanoparticles, carbon-based
ones have become a focus for drug delivery since
the discovery of multiwall carbon nanotubes, offer-
ing tunable properties. These materials have low
cytotoxicity and small sizes, making them suitable
for precise targeting of subcellular organelles. CDs,
a type of OD carbon material, have gained popu-
larity for their small size, high surface area, contin-
uous absorption spectra, narrow emission spectra,
and photochemical stability within carbon nanoma-
terials (Ji et al. 2020; Kour et al. 2020; Saini et al.
2021; Wareing, Gentile, and Phan 2021).

CDs have widespread use in intracellular appli-
cations of drug delivery. Efficient drug loading onto
quantum dots can be achieved by thoroughly
understanding their effects on cells, including cyto-
toxicity, targeted intracellular dynamics, and geno-
toxicity (Biswas et al. 2021; Lee et al. 2019; Liu et al.
2008; Xiao et al. 2010). For cancer therapies, geno-
toxic effects are particularly being studied to inves-
tigate extensively if CDs can be directed to the cell
nuclei to destroy flawed genetic material and
enhance anti-tumor therapy (Abuetabh et al. 2022;
Carneiro and El-Deiry 2020; Huang and Zhou 2021;
Tanaka et al. 2009; Torgovnick and Schumacher
2015). Researchers are focusing on understanding
cytoskeletal dynamics to combat tumor migration
and metastasis. Nano-scale materials are being used
to disrupt this network, but targeting subcellular
regions remains challenging due to limited research
on nanoparticle-cell interactions (Naik et al. 2022).
Photo-induced tumor therapies require imaging
agents with high absorption coefficient in the bio-
logical window (650-900 nm). This feature makes
CDs a very promising candidate for cancer therapies

NANOTOXICOLOGY (&) 619

(Guo et al. 2022). Also, to target brain tumors, the
blood-brain barrier needs to be penetrated for
which CDs of smaller sizes are being explored.
However, given their tedious traditional productions,
an eco-friendly, biocompatible, biodegradable,
cost-effective, one-step synthesis with possibility of
bulk industrial production is an urgent need of the
times to develop innovative and low-cost cancer
therapies (Desai 2012).

Our group recently established a one-step simple
and economical production of tunable luminescent
CDs from fuel rich combustion reactors (Sirignano,
Russo, and Ciajolo 2020). During incomplete com-
bustion, fossil fuels emit gaseous byproducts such
as high molecular weight polycyclic aromatic hydro-
carbons and particulate matter (characterized by a
bi-modal size distribution of nanoparticles 1-5nm
and soot 10-100nm) (Pedata et al. 2015; Sirignano
et al. 2018). Using yellow luminescing CDs we had
explored in our previous work, the intracellular
uptake, expulsion kinetics and sequestration over
24 hours after uptake (Dinger et al. 2022). We had
observed heterogeneous populations of CDs in
MCF7 breast cancer cells. One subset comprised
nearly 20% of the uptaken CDs and was entrapped
in late endosomes and lysosomes, while the remain-
ing population subset appeared freely diffused in
the cytoplasm. It was noticed that approximately
20% of the CDs were retained in the cytoplasm
when given a 24-hour recovery period. Overall,
these CDs increased membrane stiffness, affected
cellular morphology and decreased cellular vitality.

Nonetheless, there remains a significant gap in
our understanding of the intracellular pathways that
CDs activate, especially for carriers designed for
transporting genes, drugs, and contrast agents, to
intracellular organelles like the nucleus. A detailed
study of CD fate within cells is imperative to suc-
cessfully utilize them for targeted intracellular deliv-
ery. For this, we have already demonstrated that a
relevant, but not prevailing percentage of CDs
(~20%) can be retained in the cytoplasm after enter-
ing tumor cells. by endocytic pathway, being
retained in the cytoplasm over a long time. Taking
into account the pivotal role of the cytoskeleton in
mediating long-range endocytosis-associated trans-
port of cargoes within the cell, an open question
concerns its involvement in the process of CD
uptake. More importantly, the cytoskeleton by
means of its physical connection to the nuclear
envelope mediated by the LINC (Linker of
Nucleoskeleton and Cytoskeleton) complex, has a
relevant impact on transport of CDs and
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nanoparticles in general up to the nucleus (Davidson
and Cadot 2021; Grady et al. 2017; JayaNandanan,
Mathew, and Leptin 2014; Olson and Nordheim
2010). Due to its pivotal role in governing cellular
functions, including reproduction, metabolism,
growth, and apoptosis, the nucleus stands as a drug
target of paramount importance. In cancer cells,
nuclear architecture shows alterations leading to
changes in the shape and spatial organization of
the genome and nuclear components. The chroma-
tin texture changes as a result of oncogene activa-
tion (Zink, Fischer, and Nickerson 2004). In this
context, nano-sized materials, including quantum
dots and gold spheres, are being explored for their
potential in targeting organelles, among which the
cytoskeleton itself, and the nucleus for therapeutic
purposes (Fu et al. 2020; Latha et al. 2023;
Murciano-Goroff et al. 2020; Rozenblatt-Rosen et al.
2020; Stratton 2011; Wang et al. 2020; Zhang,
Alisafaei, et al. 2020). In fact, targeting the delivery
of small nanoparticles into subcellular structures by
crossing tightly-requlated membranes with small
pore sizes has opened the possibility of new ther-
apeutic paths such as organelle-specific modulation
and direct drug delivery (Cheng et al. 2008; Kang,
Mackey, and El-Sayed 2010; Raoof et al. 2012). As
mentioned, the nucleus is a highly desired target
for DNA delivery (during gene therapy) and small
drug delivery (for stalling DNA activity and also
causing its damage). Since the pore of the nuclear
membrane has strict dimensions, numerous types
of small nanoparticles (less than 20nm diameter)
have been synthesized and coupled with other bio-
compatible molecules (Barhoum et al. 2022). Typical
materials have included quantum dots, fullerenes,
gold spheres and nanohorns.

In the first part of this paper, we have examined
the role of the cytoskeleton in mediating the intra-
cellular uptake of sub-lethal doses of CDs (derived
from our previous work) (Dinger et al. 2022). Given
their size (<5nm), we explored CD entrapment in
the actin and tubulin mesh networks within the cell
through colocalization studies. At the same time,
we have investigated the structural and functional
effects of CD uptake on the cytoskeleton. In partic-
ular, we have investigated the structural effects on
two cytoskeletal polymers: actin and B-tubulin. From
a functional perspective, given the crucial role of
the cytoskeleton in regulating various cellular func-
tions, including cell adhesion and migration, our
research has focused on investigating the impact
of CD uptake on the morphology of focal adhesions
(FAs). FAs are adhesive plaques that establish a

structural link between the external cellular envi-
ronment and the internal cytoskeleton, thereby
influencing cell migration. In order to establish the
relevance of the cytoskeleton dynamicity, we com-
pare the uptake rates in metabolically viable cells
and low-temperature paused cells to investigate the
role of cytoskeletal contractility. In the second part
of this paper, we have examined nuclear uptake
kinetics and retention while also studying their func-
tional effects on nuclear morphology and genotoxic
chromatin condensation. Figure 1 illustrates the
workflow of the paper.

We thus have explored in detail the subcellular
effects of CD uptake on breast cancer and normal
breast epithelia (MCF7 and MCF10a, respectively).
These foundational studies open up the possibility
of using these economical, easy to bulk produce
and tunable small CDs as penetrative, nuclear tar-
geting agents, which degrade tumor cell cytoskel-
eton and slower tumor migration rates. A detailed
study like this highlights the need for further
research in the area of specific cell-particle interac-
tions, which is a critical gap in the current literature
on CD research. By addressing this gap, we can
better understand the mechanisms underlying
CD-cell interaction and develop more effective treat-
ment strategies (Desai 2012; Mitchell et al. 2021).

2. Results and discussion

2.1. CD uptake shows effects on cell migration
during 24 h

Following our previous findings indicating conse-
quential alterations in cell morphology and cell
division in our earlier investigations, we are here
interested in evaluating the feasibility of employing
CDs to inhibit cancer metastasis and progression
(Dinger et al. 2022; Gonciar et al. 2019; Zhang et al.
2021). Furthermore, there exists the possibility that
our small CDs would sit in the open pores of actin
filaments (the open pore size and thickness of
whom is variable and subject to extracellular fac-
tors) and hence interfere with the tumor cell struc-
ture, as partly demonstrated by the effects observed
on breast cells (Dinger et al. 2022; Rother et al.
2015; Svitkina 2020).

To elucidate the impact of CDs on cell morphol-
ogy and their subsequent influence on cell migra-
tion, a time lapse video analysis was performed for
MCF10a and MCF7 cells in control conditions, with
a positive control by using specific drugs
(Cytochalasin D and Nocodazole) and during
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Figure 1. Schematic representation of workflow.

exposition to CDs. In fact, in order to understand  Cytochalasin D and nocodazole. The primary objec-
if the effects produced by CDs can be ascribed to  tive of this experiment was to investigate the mech-
cytoskeleton modification, cells were treated with  anism by which cells control directional persistence
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during migration. For this purpose, we performed
both qualitative and quantitative analysis on the
trajectories the cells followed over about 24h.
Figure 2 shows the cell trajectories translated into
the origin. In control conditions, MCF7 cells show
greater displacements compared to MCF710a cells
(Figure 2(A,E)), a typical characteristic of tumor cells
(Geltmeier et al. 2015; Lee et al. 2012). Cytochalasin
D and nocodazole treatment strongly reduced cell
movement in both MCF10a and MCF7 cell lines
which show restricted movement mainly localized
around their point of origin. Exposure to CDs did
not affect in a significant way MCF10a motility,

whereas MCF7 cells strongly reduced their
displacements.

Quantitatively, cell motility was characterized by
analyzing two parameters: the average velocity as
a kinematic parameter integrated over time (total
migration path length divided by total time) and
the chemotactic index (Hu, Becker, and Willits 2023).
It is worth noting that in previous investigations, it
was established that cells exhibited a linear uptake
of CDs up to 6h after which the saturation was
reached (Dinger et al. 2022). To assess whether CD
uptake affected cell motility differently during the
first 6 hours compared to the following 18 hours,

Figure 2. Panels (A-H): cell trajectories translated to the origin: Comparison of MCF7 and MCF7-10a cells illustrating the trajec-
tories of cell movement with translations to the origin, highlighting the distinct behavior of MCF7 and MCF7-10a cells under
control conditions. Time of exposure: ~0 to 24h () MCF10a healthy cells show an increase in velocity while MCF7 tumor cells
show a decrease in their velocity. (J) When calculated for non-0 speed, MCF10a healthy cells and MCF7 tumor cells show a
decrease in their velocity similar to positive drug treated controls. (K) the chemotactic index of cells is <0.1, showing random
directionality for both MCF10a and MCF7. MCF10a is depicted in blue and MCF7 in brown. (A-H) Graphs are represented as
scatter plots, tracing the cell path in microns along X and Y axes. (I-K) Data are represented as a bar graph with capper heads
marking deviations, and boxes representing quartile range. Mean is represented as the Central solid line. p<0.05; p<0.01;

p<0.001 with respect to control.



cell velocity was analyzed hourly. The analysis
showed no significant difference in cell velocity
between these two time intervals. However, when
considering the average cellular velocity over
24 hours, MCF10a cells exhibited significantly lower
speeds than MCF7 cells. Exposure to CDs increased
the average speed by 16.58% in MCF10A cells and
decreased it by 28.36% in MCF7 cells (Figure 2(1)).

Regardless of the condition and cell line, cell tra-
jectories included periods of immobility, with
MCF10a cells showing a higher percentage of still
motions (74.68%) compared to MCF7 cells (53.93%).
Excluding still motions, average cell velocities were
higher in tumor cells but closer to each other com-
pared to average velocities including still motions.
CD uptake significantly affected non-zero velocity,
reducing still motions in MCF10a cells and increas-
ing them in MCF7 cells.

Interestingly, the effects of CDs on MCF7 cells
were reversed when considering non-zero velocity
instead of average velocity, indicating reduced
movement despite fewer still motions (Chen, Yan,
and Chen 2023). Treatment with Cytochalasin D and
nocodazole significantly lowered average velocities
in both cell lines compared to control conditions
and cells exposed to CDs, highlighting the impor-
tance of the cytoskeleton in cell migration. However,
non-zero velocities were not significantly different
between cells treated with drugs and those exposed
to CDs, suggesting that the number of still move-
ments is more critical than the value of non-zero
velocity in assessing cell motility.

Directional persistence, a crucial parameter in cell
migration efficiency, measures the time a cell takes
to change its direction during movement.
Lamellipodial protrusions and cellular tail stabiliza-
tions influence directional persistence. Tumor cells
typically exhibit increased velocity and persistence
due to their reduced mechanical stiffness, allowing
them to maintain polarity better and, consequently,
invade and form metastases (Panzetta, Verde, et al.
2020; Liu et al. 2020). Considering the clinical signif-
icance of directional persistence, we evaluated the
effect of CD uptake on this migratory parameter.
Directional persistence was assessed through the
chemotactic index, which measures the degree of
directionality exhibited by a cell. A chemotactic index
of 1 indicates straight line motion, while 0 indicates
random cell motion. Additionally, we calculated the
mean squared displacement (MSD, Supplementary
Figure 1), a physical parameter that measures the
surface areas explored by cells over time, providing
insight into their migration efficiency, including both
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speed and directional persistence. The a-values
derived from the slope of log-log MSD graphs indi-
cate the cell's mode of migration, with values close
to 1 indicating random Brownian motion, <1 indi-
cating constricted motion, 0 indicating still cells, >1
indicating super-diffusive migration, and ~2 indicat-
ing cells being propelled by a convective force and
moving in a straight line (Gorelik and Gautreau
2014). Under control conditions, MCF10a cells exhib-
ited MSD slopes slightly lower than 1 (Figure 2(J)),
indicating marginally sub-diffusive motion, while
MCF7 cells displayed slopes greater than 1, suggest-
ing super-diffusive motion. Similarly, MCF10a showed
a lower chemotactic index than MCF7, as a conse-
quence of their low propensity to move directionally
(Figure 2(K)). However, both cell lines showed low
chemotactic indices (<0.3), signifying little directional
movement during migration.

Upon exposure to CDs, both MCF10a and
MCF7 CD-exposed cells did not show any significant
change in their chemotactic index with respect to
corresponding controls (Figure 2(K)). As for the
a-values (Supplementary Table 1), after exposure to
CDs, MCF10a decreased from 1.16 to 1.07 (with R?
increasing from 0.99 to 1.00), while in MCF7, the
a-value increased from 0.83 to 0.90 after exposure
(with R? decreasing from 1.00 to 0.98).

Upon treatment with Cytochalasin D and
Nocodazole, the amplitude of MSDs in both cell
lines were considerably reduced (Supplementary
Figure 1), as was the average velocity, whereas the
a-values were not affected in MCF7 but increased
in MCF10a. The chemotactic indices reduced signifi-
cantly, approximating to zero when the movement
is almost completely inhibited as a consequence of
the cytoskeleton destruction (Melzer, von der Ohe,
and Hass 2019; Blajeski et al. 2002).

Few studies on this aspect have been found in
literature for other nanoparticle exposures. In HEYA8
ovarian epithelial tumor cells, exposure to nuclear-
targeted gold nanorods measuring 25 (£2) x 5 (+0.5)
nm did not yield any evident changes in the migra-
tion coefficient (Ali et al. 2017). Conversely, In
NCI-H292 cells exposed to pegylated titanium dioxide
nanoparticles, and slower migration was observed
which further decreased with larger nanoparticles
(Sun, Kanehira, and Taniguchi 2018). To the best of
our knowledge, this is the first work which shows
that such small carbon quantum dots of 2nm lead
to a reduced migration rate, hinting at their potential
future application therapeutic antitumor agents
(Alexandrova and Lomakina 2022; Gallaher, Brown,
and Anderson 2019; Schliwa 1982).
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2.2. CD uptake impacts actin and microtubule
network

The cytoskeleton plays a crucial role in providing
structural support to the cell, acting as a scaffold
to maintain cell shape, organize subcellular com-
partments, and control cargo trafficking to organ-
elles. Composed of actin filaments, microtubules,
and intermediate filaments, this network operates
in a highly regulated manner to control essential
functions such as cell migration, organelle transport,
and chromosome segregation during cell division.
Without a healthy cytoskeleton, these processes
cannot occur efficiently (Kim and Coulombe 2010;
Tang and Gerlach 2017). Specifically, both the actin
cytoskeleton and microtubules are involved in the
coordination of cell motility. The actin filaments
power the cell movement by means of contractile
forces generated by myosin motor activity (Kasza
and Zallen 2011). Microtubules regulate actin
dynamics and provide for cell polarization during
migration (Kaverina and Straube 2011).

Considering the migration data and the structural
impact of carbon dots (CDs) on actin filaments and
microtubules, we analyzed their effects on MCF10A
and MCF7 cells (Figure 3 for F-actin and Figure 4
for B-tubulin). A reduction in phalloidin intensity
was observed in both MCF10a and MCF7 (19.68 and
31.35%, respectively), while B-tubulin showed a 94%
increase in fluorescence intensity in MCF10a cells
and a 36% decrease in MCF7 cells.

These results explain the differential migration
rates, where MCF10a showed an increase in average
velocity while MCF7 showed a decrease over
24 hours. The partial destruction of F-actin in
MCF10A may reduce acto-myosin activity necessary
for cell motility (T, 2018). However, this seems com-
pensated by the increased level of B-tubulin and
possibly an increase in kinesin motor activity, which
regulates lamellipodial activity, controlling cell asym-
metry and migration (Kaverina and Straube 2011).
Other uninvestigated proteins may have also con-
tributed to this behavior. We also introduced neg-
ative controls using Cytochalasin D to assess
phalloidin destruction and nocodazole to assess
tubulin destruction, as detailed in Supplementary
Figures 7 and 8, respectively. The cells treated with
Cytochalasin D showed severely destroyed actin
cytoskeleton and the accumulation of foci com-
posed of short actin filaments that contribute to
the increased fluorescence (Supplementary Figure 7)
(Irianto, Lee, and Knight 2014). The cells treated
with nocodazole exhibit a significant reduction in

B-tubulin levels compared to the unexposed CD
controls (Supplementary Figure 8).

We aimed to confirm the direct interaction of
CDs with actin and B-tubulin by investigating their
co-localization. After 24 hours of exposure, CDs were
found to be organized in ordered structures similar
to actin filaments and microtubules.

The Meander’s correlation coefficient was calcu-
lated to assess the degree of co-localization, with
values of 1.00 indicating complete co-localization
and 0.00 indicating none. In MCF10a cells, the coef-
ficient for CDs masked on phalloidin (M1) was 0.46,
and for phalloidin masked on CDs (M2) was 0.35.
In MCF7 cells, M1 was 0.58 and M2 was 0.49, sug-
gesting that actin filaments were mainly localized
where CDs were present, though not all CDs were
trapped by the actin cytoskeleton.

Similarly, for B-tubulin, in MCF10a cells, M1 was
0.80 and M2 was 0.91, and in MCF7 cells, M1 was
0.99 and M2 was 0.71 in the blue channel, indicat-
ing high co-localization between CDs and (-tubulin
proteins. This suggests that most CDs and B-tubulin
proteins are highly co-localized with each other.

These findings indicate that CDs interact with
actin and B-tubulin, possibly resulting in partial dis-
ruption of the actin cytoskeleton and correlating
well with changes in cell morphology and division
observed in previous research (Dinger et al. 2022;
Barooji et al. 2021).

The continuous polymerization and depolymer-
ization of actin fibers controlled by the cytoskeleton
are vital for cell stability. Our CDs effectively interact
with the cell’s internal structure, reducing tumor cell
migration over 24 hours. This ability of CDs to dis-
rupt cell morphology, reduce division, and slow
down MCF7 cells is remarkable and holds promise
for future applications. Since both actin and tubulin
are dynamic polymers, CD binding is expected to
disrupt the polymerization activity of the cytoskel-
etal network and promote cell instability (Fletcher
and Mullins 2010; Nakaseko and Yanagida 2001).

2.3. CD migration is influenced via focal
adhesions

Transmembrane integrin receptors and intracellular
proteins like paxillin (PAX), focal adhesion kinase
(FAK), and vinculin (VCL) form focal adhesions (FAs).
FAK regulates actin and microtubules, controls cell
signaling, and recruits other proteins. PAX interacts
with FAK and VCL, affecting the actin cytoskeleton,
proliferation, and adhesion. VCL interacts with actin,
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Figure 3. (A-D) Confocal images of MCF10a (top) and MCF7 (bottom) cells showing the destruction of the actin cytoskeleton. The
cells were stained for F-actin fibers with phalloidin and imaged in the far red channel. Scale bar= 200 um. (E) Quantified destruc-
tion of F-actin density upon CD exposure. (F) Colocalization of CDs and phalloidin increases over 24h indicating the increase in
entrapment of CDs in the actin meshwork. MCF10a is depicted in blue and MCF7 in brown. Data are represented as a box and
scatter plot with capper heads marking deviations, and boxes representing quartile range. Mean is represented as the central solid
line. p<0.05; p<0.01; p<0.001 with respect to control.
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Figure 4. (A-D) Confocal images of MCF10a (top) and MCF7 (bottom) cells showing the destruction of the B-tubulin network.
Scale bar = 200um. (E) CD exposure increases B-tubulin polymerization in MCF10a and destroys the network in MCF7. (F)
Colocalization of CDs and B-tubulin over 24h indicating the entrapment of CDs in the actin meshwork. MCF10a is depicted in
blue and MCF7 in brown. Data are represented as a box and scatter plot with capper heads marking deviations, and boxes rep-
resenting quartile range. Mean is represented as the central solid line. p<0.05; p<0.01; p<0.001 with respect to control.



tensin, and PAX to control cell morphology, adhesion,
and growth. Up-regulation of these proteins increases
FAs, modifies the cytoskeleton, and regulates migra-
tion. FAs link intracellular actin to the extracellular
matrix, enhancing anchorage and modulating signal-
ing (Fletcher and Mullins 2010; Burridge 2017; Geiger,
Spatz, and Bershadsky 2009). To evaluate the effect
of focal adhesions on cell migration and to gain a
better understanding of the data observed in
Section 2.1, we studied FAs by staining for PAX.

The adhesiveness of cells at the focal adhesion
(FA) scale was evaluated by measuring the normal-
ized area of FAs on cell spreading area (Figure 5(E))
and morphological parameters of single FAs (area,
major and minor axis). In MCF10A cells exposed to
CDs, the total area occupied by FAs increased,
though not significantly, while their morphological
features were reduced. Conversely, MCF7 cells
showed a non-significant reduction in the normal-
ized area of total FAs, with no effect on their mor-
phological parameters after CD exposure.

The increase in normalized area of FAs coupled
with their reduced dimensions in MCF10a cells sug-
gests an increase in the number of FAs per cell after
CD uptake, making them more dynamic and poten-
tially more motile. However, the decrease in the
average dimensions of FAs may lower the local pro-
pulsive forces necessary for migration, resulting in
reduced average non-zero velocity and chemotactic
index (CI).

In MCF7 cells, the reduction in the normalized
area of FAs led to a global reduction in adhesion/
propulsive force, resulting in decreased average
velocity and non-zero velocity.

The overall functional effects of CDs result from
a combination of various signaling factors and het-
erogeneous polymers constituting the cytoskeleton.
Each protein may interact differently with CDs (Wen
and Janmey 2011; Behzadi et al. 2017). In our obser-
vations, CDs appeared to have a more pronounced
effect in disrupting the FACs of healthy MCF10a
cells than in the case of MCF7 tumor cells. When
focal adhesions were treated with Cytochalasin D
as a control (Supplementary Figure 9), paxillin
mainly becomes cytoplasmic, not serving as a good
control and impeding quantitative analysis.

While CDs disrupted structural elements of phal-
loidin, they had differential effects on cell migration
in both cell lines and promoted microtubule net-
work formation in MCF10a, resulting in a net posi-
tive outcome. This is similar to findings with small
silver nanoparticles (AgNPs) that can destroy the
cytoskeleton, affect membrane roughness, and
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reduce cell adhesion and stiffness in colon cancer
cells (Xiao, Chen, and Alnaggar 2019).

In another study with CDs (diameter 3.97 nm)
derived from curcumin and ethylenediamine, it was
found that they impeded cell migration, with only
25% of human dermal fibroblast cells retaining
motion, while also disrupting the actin and tubulin
network (Chittasupho et al. 2021).

2.4. CDs were up taken by the nucleus linearly
up to 6 h and showed a saturation till 24 h

As previously discussed, both actin filaments and
microtubules showed great affinity with CDs and
a large amount of literature revealed the pivotal
role of microtubules in endocytic trafficking and
in particular in mediating the transport of the
endocytic content from early to late endosomes
(Elkin, Lakoduk, and Schmid 2016). Actin filaments
are involved in various types of endocytosis and
vesicle movement within cells. Our recent research
indicates that CDs enter cells through active trans-
port pathways, ending up in endo-lysosomes.
Actin filaments, along with microtubules and
motor proteins, facilitate the movement of these
CDs toward the nucleus, aiding in nuclear uptake.
Preliminary images suggest CDs can enter the
nucleus by infiltrating the nuclear membrane, pos-
sibly through water channels (Fahrenkrog and Aebi
2003; Hinshaw, Carragher, and Milligan 1992;
Stoffler, Fahrenkrog, and Aebi 1999; Wang and
Brattain 2007). In our case, the small size of the
CDs is a crucial factor that can allow them to
similarly move into the nucleus differentiating
them from larger nanoparticles.

Particularly in MCF7 breast cancer cells, small
gold nanoparticles of 2nm and 6 nm have shown
to enter the nucleus while particles larger than
10nm could not enter (Huo et al. 2014). Similarly,
in 48h, TiO, (titania) and/or a-FeO(OH) (goethite)
nanoparticles were shown to enter lung epithelial
cells (A549) with 40% nuclear localization. The size
of these particles was bimodally distributed with
the peaks centered at 18 nm and 190nm for
a-FeO(OH), and 28 nm and 290 nm for TiO, (Ahlinder
et al. 2013).

Figure 6 illustrates the nuclear uptake of CDs,
which reached saturation at around 6 hours of
exposure in both MCF7 and MCF10a cells. In MCF7
cells, nuclear uptake was 1.5 to 2.5 times greater
than in MCF10a cells. After a 24-hour recovery
period, approximately 20% of CDs in MCF10a and
17% in MCF7 were retained in the nucleus. The
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Figure 5. (A-D) Confocal images of MCF10a (top) and MCF7 (bottom) cells showing the effect on paxillin in FACs. Scale bar=
200 pum. (E-H) CD exposure affects FACs in both MCF10a (blue) and MCF7 (brown) by increasing the area of FACs (top left, ns),
major axis (Middle left) and minor axis (Middle right), in MCF10a. The area of focal adhesion per unit cell area (bottom left)
increases in MCF10a and decreases in MCF7, even if not in a significant manner. MCF10a is depicted in blue and MCF7 in brown.
Data are represented as a box and scatter plot with capper heads marking deviations, and boxes representing quartile range.
Mean is represented as the Central solid line. p<0.05; p<0.01; p<0.001 with respect to control.
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Figure 6. Panel A-B: Confocal images of MCF10a (A) and MCF7 (B) cells showing penetration of CDs into the nucleus. Scale bar=
200pum. (C-F) CDs show a linear uptake until 6h and thereafter a saturation until 24h in MCF10a (blue, top left) and MCF7
(brown, top right). Both cell lines retained the CDs even when allowed a recovery time of 24h in fresh media (MCF10a blue,
bottom left and MCF7 brown, bottom right). Data are represented as a box and scatter plot with capper heads marking devia-
tions, and boxes representing quartile range. Mean is represented as the Central solid line. p<0.05; p<0.01; p<0.001 with respect

to control.

nuclei were then isolated to be measured inde-
pendently from the extra-nuclear components.
The CD intensities of isolated nuclei were mea-
sured similar to nuclei inside cells, thus confirm-
ing the data (Figure 7).

The observed disparity in CD uptake between
MCF7 and MCF10a suggests potential variations in
their effects on these cell types. Tumor cells, with
altered metabolism and dysregulated signaling path-
ways, may exhibit distinct intracellular trafficking
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Figure 6. Continued.

mechanisms and nuclear import processes.
Additionally, differences in nuclear pore complex
composition or functionality and unique cellular
stressors encountered by tumor cells may contribute
to differences in CD nuclear translocation.

The concentration of CDs in the overall cell after
exposure was higher than expected, indicating
non-equilibrium conditions. CD uptake into the
nucleus during the first 6hours was nearly linear,
suggesting a constant CD flux from the media into
the cell. Compared to previous data, CDs were
found to accumulate inside the nuclei and nuclear
membrane, with 23.10% in MCF10a and 70.92% in
MCF7 (calculated in the blue channel for 24 hours).

The kinetics of CD uptake, combined with cyto-
skeletal interactions, suggest that CDs interact with
cytoskeletal proteins at the membrane before

entering the cytosol via different mechanisms. Some
CDs become entrapped in lysosomes while others
penetrate the nuclear membrane. To explore the
effect of cytoskeletal metabolomics on CD uptake
to the nucleus, uptake studies were performed at
4°C, pausing all energy-requiring mechanisms.

2.5. Cell paused CD uptake shows an early
saturation like behavior

Lowering the cell temperature to 4°C slows down
most cellular metabolism and transport activities by
reducing enzyme and transport protein activity. While
complete cessation of these activities is not achievable,
a considerable slowdown occurs, enhancing passive
cell diffusion. In this state, active cytoskeleton-mediated
transport activities do not interfere with CD diffusion



Figure 7. Nuclei isolated from cells show similar uptakes at
24h in the blue channel (BP 420-480) for MCF10a (blue) and
MCF7 (brown). Data are represented as a box and scatter plot
with capper heads marking deviations, and boxes representing
quartile range. Mean is represented as the Central solid line.
*p<0.05; **p<0.01; ***p<0.001 with respect to control.

(Aermes et al. 2021; Muratori, Pakhomov, and
Pakhomova 2017; Naresh 2016; Reissis et al. 2013).

As reported in Figure 8, in MCF10a at 6h as com-
pared to normal uptake at 37°C, the cells had 58.04%
more CDs while the difference in CD uptake at 4°C
as compared to 37°C in MCF7 at 4h was non-significant.
It was not feasible to measure CD uptake in MCF7 at
6h as the MCF7 cells did not survive at that tempera-
ture for the given duration. At 4°C, the amount of
CDs isolated in the nucleus in MCF10a was 16.34%
and in MCF7 was 92.62%, similar to the magnitudes
observed at 37°C discussed in the previous section.

Through a comprehensive literature review, we
found studies on quantum dot diffusion in cells
which explain this process. Quantum dots’ diffusion
constants at cell membranes increase when actin
depolymerization occurs, possibly due to trapping
within F-actin rich cellular cortexes at the inner face
of plasma membranes (Svitkina 2020). Actin desta-
bilization allows CDs to diffuse freely in the cyto-
plasm, resulting in two classes of uptake: slow
diffusing and fast diffusing (Katrukha et al. 2017).
While establishing the exact mechanism of uptake
was beyond the scope of this work, we observed
passive uptake up to saturation in metabolically
paused cells and a constant flux in metabolically
active cells. Even in paused cells, the concentration
of CDs in the overall cell after exposure was higher
than expected for equilibrium, indicating an affinity
for or entrapment by intracellular moieties.
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Given CDs’ significant impact on various param-
eters including the cell cycle, which is epigenetically
regulated by the nucleus, an effect on nuclear activ-
ity was anticipated. Small particles have been shown
to trespass the nuclear membrane, with CDs of 2nm
exhibiting genotoxic effects in MCF7 cells and CdSe
quantum dots of 5nm showing genotoxicity in mice
(Simsek et al. 2020; Khalil et al. 2011).

2.6. CD uptake affects nuclear morphology

Once nuclear uptake of CDs was confirmed, we
examined its impact on nuclear morphology. As
already stated, the cytoskeleton influences the mor-
phology of subcellular compartments, including the
nucleus. Then, the effects induced by CDs to cyto-
skeleton structures can affect the nuclear morphol-
ogy, explaining observed changes in cell division,
which is epigenetically regulated. Nuclear morphol-
ogy is critical for various cellular processes, includ-
ing embryonic development, gene regulation, and
cell motility. Altered nuclear morphology can hinder
disease progression, affecting aspects such as cancer
metastases and laminopathy (Fischer 2020;
Heckenbach et al. 2022; Mounkes et al. 2003;
Mukherjee, Chen, and Levy 2016).

To assess the effect on nuclear morphology, the
nuclear membrane was stained with DRAQ-5 (Figure
9). Several parameters were investigated, including
cell area, circularity, major axes, minor axes, aspect
ratio and cell volume. Interestingly, most of the
investigated parameters showed a significant change
for both cell lines when exposed to CDs.

In MCF10a the circularity, area, minor axis and
volume of cells was shown to increase by 34.62,
310.83, 67.84 and 40% respectively. The aspect ratio
decreased by 7.77% (Supplementary Figure 12). In
MCF7 the area, major axis, minor axis, aspect ratio,
volume increased by 7.34, 6.03, 1.03, 4.41 and
52.52%. It is worth noting that, for most of these
parameters, the cells were able to fully recover in
the next 24 hours if no longer exposed to CDs. In
light of previous observations, this change in mor-
phology may be attributed to cytoskeletal reorgani-
zations connected to the nucleus (Zhang, Alisafaei,
et al. 2020). These parameters were also compared
to morphological changes induced by destroying the
cytoskeleton through Cytochalasin D (Supplementary
Figure 13). These reorganizations could have led to
morphological changes and structural alterations in
subcellular organelles, potentially affecting their func-
tionality (Glancy et al. 2020; van Zutphen, van der
Klei, and Anal 2011). The subsequent recovery of
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Figure 8. At 4°C, CDs show a similar saturation like effect of 24 h in the blue channel (BP 420-480) for MCF10a (blue, A-cells and
C-nucleus) and MCF7 (brown, A-cells and C-nucleus). Data are represented as a box and scatter plot with capper heads marking
deviations, and boxes representing quartile range. Mean is represented as the Central solid line. *p <0.05; **p <0.01; ***p <0.001

with respect to control.

these morphological parameters suggests that sub-
cellular organizations may have been restored fol-
lowing the expulsion of internalized CDs.

2.7. CD uptake affects genotoxic chromatin
condensation

In addition to the morphological impact of CDs on
the nucleus, it is important to consider the potential
for DNA damage. DNA damage can occur due to
the direct presence and binding of small CDs to
the genetic material or as a result of intermediate
secretions of the cell in response to CDs exposure
(e.g. ROS caused by oxidative stress) (Azzouz, Khan,
and Palaniyar 2021; Kang et al. 2012; Salehi et al.
2018). In order to verify this hypothesis, analysis of
the chromatin condensation state was conducted.
Changes in chromatin condensation state can be
correlated with either DNA damage or chromosome
compaction during mitosis. Single and double

stranded DNA was stained with TOPRO-3, and ana-
lyzed for differential chromatin condensations.

Interestingly, we observed an increase in the
chromatin condensation in both cell lines. MCF7
chromosomes were nearly 32% more condensed
upon exposure and MCF10a chromosomes showed
15% more condensation. As reported in the cell
cycle analysis in our previous work, only 1.26%
more cells were in the division phase in CD
exposed MCF7 cells as compared to the unexposed
cells. Since the change in chromatin condensation
state found experimentally is significantly greater
than the percentage of dividing cells, it is plausible
that CDs and/or intermediate cell secretions also
play a role (Kreuz and Fischle 2016). Overall, it is
possible that the CDs have an impact in terms of
DNA damage over 24h. Since several anti-tumor
therapies aim to target the DNA, these CDs can
hence have a huge impact to develop as a
nuclear-targeting therapy.
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Figure 9. (A-D) MCF7 and MCF10a exhibit visible morphological changes in the nucleus (pink) when exposed to CDs for 24h.
Representative images of MCF7 and MCF10a nuclei stained with DRAQ-5 (and cells with WGA). Scale bar = 20 um. (E-J) After 24h
of CD exposure, the cells show evident changes in morphology but also regain their original morphology after 24h of recovery
time. MCF10a cells (data in blue) show a significant decrease in their cell areas (top left), no significant change in circularity (top
right), and a decreased aspect ratio after 24h of CD exposure. However, all parameters completely recover after 24h from expo-
sure. Interestingly, the volume of MCF10a cells does not change after 24h of exposure but significantly increases after an addi-
tional 24h in CD-free media (bottom right), possibly indicating preparation for cell division. MCF7 cells (data in brown) show an
initial decrease in area followed by recovery similar to MCF10a (top left), but exhibit a significant increase in circularity after 24h
of CD exposure, which is recovered after an additional 24h in CD-free culture (top right). MCF7 shows no change in aspect ratio
(bottom left) but shows an overall increase in cell volume after recovery, similar to MCF10a (bottom right). Graphs are represented
as box plots with n=50 cells across three samples, showing mean value, median, and interquartile range. p-Values indicated as
p<0.05, p<0.01, and p<0.001 with respect to negative controls.

Nucleus is the hub of gene expression and is
responsible for key cellular processes, making it
an attractive target for nanomedicine. Since these
CDs have demonstrated the ability to enter the
nucleus, they can be exploited for use in nuclear
drug delivery and for their ability to cause dis-
ruptions to the nuclear structure. While gene
delivery has been used to treat diseases like
Parkinson’s, immunodeficiency and genetic disor-
ders, the traditional method of using adeno-
associated virus (AAV) vectors are restricted by
their small size capacity, immunogenicity, high
production costs, invasive administration and
inflammatory response (Puhl, D’Amato, and Gilbert

2019; Fischell and Fishman 2021). In contrast,
non-viral vectors, with CDs being an example, are
much more biocompatible, safer by being less
toxic, cost-effective and tunable (Li and Huang
2000; Ren et al. 2021; Yin et al. 2014; Zu and Gao
2021). These combustion-generated CDs, with
their ability to penetrate the nuclear membrane,
represent a promising material nuclear drug deliv-
ery (Figure 10).

3. Conclusion

The use of small carbon nanomaterials and carbon
quantum dots has emerged as a promising
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Figure 9. Continued.

technology for applications in the biomedical and and their ability to enter cells efficiently.
chemical industries. Carbon nanodots, especially  Nevertheless, their application in the treatment of
those on a small scale, gained attention in bio- cancer and other human diseases has been hin-
medicine due to their tunable optical properties  dered by a lack of comprehensive understanding
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Figure 10. (A) Confocal imaging depicting the change in chromatin condensation state through TOPRO-3 staining. Scale bar=B:
CD exposure increases chromatin condensation in MCF10a (blue) and MCF7 (brown). Data are represented as a box and scatter
plot with capper heads marking deviations, and boxes representing quartile range. Mean is represented as the Central solid line.
p<0.05; p<0.01; p<0.001 with respect to control.

regarding the intracellular fate of these insights into the endocytic uptake including entry
nanomaterials. into the nucleus, at sub-lethal doses. Our findings

In this paper, we take advantage of recently devel-  reveal the presence of CDs in the nucleus of meta-
oped fluorescing combustion-generated CDs to gain  bolically viable and metabolically frozen MCF7 breast



636 N. DINGER ET AL.

cancer cells and MCF10a breast epithelia. It is evident
that these CDs have entered the cells causing dam-
age to the actin, tubulin and paxillin moieties. Our
results suggest that CDs are transported via both
endocytosis-like pathways and passively, as indicated
by a linear uptake in metabolically viable cells and
non-metabolic uptakes at 4°C, respectively. It is
essential to highlight that CD uptake not only
induced structural alterations in the cells by affecting
protein intensities but has also had functional impli-
cations by impeding the migration of tumor cells.
Such effects hold promises for targeted drug delivery
and preferential cytotoxicity in cancer treatment,
making carbon dots a potential candidate for anti-
cancer therapy.

However, before these CDs can be used as
nano-delivery systems, understanding their fate in
the body is crucial for evaluating their potential.
CDs, due to their small size and surface properties,
can undergo rapid renal clearance, which may pose
challenges for sustained delivery of therapeutic pay-
loads. Renal filtration mechanisms can potentially
lead to premature clearance of CDs from systemic
circulation, limiting their residence time in target
tissues. While renal filtration problems are recog-
nized, addressing these challenges along with other
in vivo challenges falls beyond the scope of the
current paper. Future evaluations are warranted to
comprehensively assess the biodistribution, phar-
macokinetics, and potential renal toxicity of CDs
before finally considering their clinical translation
for therapeutic applications. Nonetheless, we believe
that the unique physicochemical properties of CDs
hold promise for alternative applications beyond
traditional drug delivery systems. Further explora-
tion and discussion of these potential novel appli-
cations are encouraged for future research
endeavors.

4. Experimental methods
4.1. Nanoparticle synthesis and characterization

To achieve CD synthesis, a premixed laminar flat
ethylene/air flame was stabilized in a McKenna
burner. CDs were extracted from the overall partic-
ulate with organic solvents, producing an equiva-
lence ratio of 2.46 of ethylene flames. Tuning the
equivalence ratio produces fluorescent CDs from
blue to yellow with different quantum yields allow-
ing scalability.

CDs were collected and characterized as reported
by Russo et al. (Russo et al. 2023) A brief summary

is reported in this subsection. CD sampling was done
by thermophoretic depositions on glass plates
(75X25X1 mm?3) from end flame reactors (HAB =
15nm). The plates were horizontally inserted into the
flame for a short time of 2s through an automated
insertion procedure. The repetitions concluded after
a total insertion time of 60s, which was optimized
to ensure enough material deposits of thin carbon
films, avoiding experimental artifacts (Russo
et al. 2023).

These glass plates which were covered by carbon
materials were washed in dichloromethane to erad-
icate light molecular weight organic carbon.
Insoluble carbon was removed from the plate by
dispersion in ethanol in an ultrasonic bath (5min,
59kHz). This insoluble carbon was then filtered to
separate the <20nm fraction using an Anotop filter
(Whatman). This fraction was then analyzed by
absorption and fluorescence spectroscopy using
analysis techniques reported in Sirignano et al.
(Sirignano, Russo, and Ciajolo 2020).

For this paper, the CDs were retrieved by Size
Exclusion Chromatography and had a mean size of
2nm (range from 1 to 5nm), reasonable spherical
approximation and unitary density, as confirmed by
ex situ on line analysis of particles size distribution.
Particle on line analysis conducted with scanning
mobility particle sizers showed a mode size of 2nm,
in agreement with ex-situ measurements. This size
and amorphous characteristics were furtherly con-
firmed by transmission electron microscopy. Their
stability was shown over 200days and up to 80°C,
pH 8-10 (Conturso, Sirignano, and D'Anna 2017;
Michelsen et al. 2020; Russo, D’Anna, et al. 2019;
2019; Sirignano, Russo, and Ciajolo 2020; Russo et al.
2023; Sirignano et al. 2017).

4.2. Cell culture

MCF10a cells (kindly donated by S. Piccolo, Istituto
FIRC di Oncologia Molecolare, IFOM, Milan, Italy)
were cultured in DMEM-F12 (Microgem) supple-
mented with 5% horse serum (ThermoScientific
16050122), 1% penicillin/streptomycin (Himedia), 1%
L-glutamine (Himedia), 20ng/ml Epidermal Growth
Factor (EGF, Peprotech AF-100-5), 500 ng/ml human
corticosteroids (Sigma-Aldrich H0396), and Insulin
(Sigma-Aldrich 19278).

MCF7 cells were cultured in Minimum Essential
Medium Eagle (MEM, Himedia) supplemented with
10% fetal bovine serum (F7524, Sigma-Aldrich), 1%
penicillin/streptomycin (Himedia) and 1% L-glutamine.



4.3. Carbon dots exposure

MCF10a and MCF7 cells were seeded in glass bottom
culture dishes (8 well-ibiTreat chamber slide 1cm? per
well, Ibidi, Germany) or in Wilco glass bottom well
(35mm with 22mm aperture) at a density of 20,000
cells/cm? The next day cell media was replaced with
media containing CDs at a concentration of 2.5E+15
particles/ml until the planned time points. For observ-
ing cell recovery, cells were replaced with fresh media
after washing the culture dish 3 times with 1X PBS
(Microgem) to remove leftover CDs. The cells were
allowed a recovery time of 24h in fresh media before
being processed for further analysis.

4.4. Analysis of cell migration

As described in Sections 2 and 3, MCF7 and MCF10a
cells were seeded in Wilco glass bottom wells at a
density of 10,000 cells/cm? (35mm diameter and
22 mm aperture). 2ml of CD containing media was
added at the working concentration of 2.5E+15
particles/ml for 24 h starting at the time of the first
image acquisition. Cytochalasin D (30 uM in serum
free media, ThermoScientific) and Nocodazole (15 uM
in complete media, ThermoScientific) were added
as positive controls in 2 different wells and exposed
to cells for 30 min. The wells were then washed 3X
with 1X PBS and then incubated with fresh cell
media. Cell migration experiments were performed
by time lapse microscopy using the TCS STED CW
(Leica) equipped with a 10x air objective (NA =
0.22). Images were collected at 10 min intervals over
23h for both cell lines. Coordinate tracking was
performed using FlJI's Manual Tracking plugin to
trace an average of 50 cells per condition. The data
was exported in an Excel sheet and analyzed using
a downloadable open-source computer program
DiPer to map the cell trajectories from the point of
origin and calculate the average speed, mean square
displacement (MSDs) and the chemotactic index.
The a-values were calculated from the slope of
log-log MSD curves (Gorelik and Gautreau 2014).
The velocity (v) was calculated as:

(X + 1= xi)? + (i +1—yi)?
v= (M
n-AT

MSD was calculated using the following formula
by overlapping time intervals:

MSD(z)=[ x(t—7)-x(t)F +[ y(t-7)-y(t)P (@)
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The chemotactic index (Cl) was calculated as:

\/(xt —xi)? +(yt—yi)

Cl=
(X0 +1= X0 +(yi +1—yi)?

3)

Where x; y; are cell coordinates in the /™ time
frame, AT is the time interval between two frames,
n is the frame number, t is the time, 7 is the lag time.

4.5. Immunostaining

After CD exposure as described in Section 3, the
cell culture dishes were washed 3X with 1X PBS
(Microgem) to remove any leftover media and then
fixed with 4% paraformaldehyde (PFA, SigmaAldrich)
for 20min at room temperature. The dishes were
washed again with 1X PBS and then the cells were
permeabilized with 0.1% Saponin for 10 min fol-
lowed by blocking with 2% BSA-PBS (Bovine Serum
Albumin, SigmaAldrich). The cell culture dishes were
stored in 1X PBS (Microgem) at 4°C until fur-
ther use.

4.5.1. Analysis of actin networks

To measure the effect of internalized CDs on F-actin,
after 6h and 24h of CD exposure, the cells were
fixed with 4% PFA (SigmaAldrich) for 20 min at room
temperature followed by an incubation for 1.5h with
Phalloidin 647 (1:100, Phalloidin-iFluor 647 Reagent
Abcam AB176759). The cells were washed 3X with
1X PBS and stored at 4°C till imaging.

Images were acquired using a TCS STED CW
(Leica) equipped with a 63x oil objective (NA =
1.4). equipped with confocal laser lines at excitation
wavelengths of 405, 488 and 639 nm with respec-
tive filters at band pass 420-480nm, band pass
505-530nm and long pass 640-700 nm. The images
were collected at 1 um Z-spacing with a 1x zoom
factor. For each time point and for each position,
the fluorescent signal originating from the actin
filaments (far red channel) were spatially masked
to the signal derived from the CDs (blue and green
channels) using Imagel’s JaCOP plugin (Lt 2006).
The signals were thresholded uniformly in all chan-
nels and used to calculate the colocalization coef-
ficients. Meander’s overlap coefficients were
calculated using ImageJ plugins (Manders, Verbeek,
and Aten 1993). The results highlight the entrap-
ment of CDs in MCF7 and MCF10a cells in actin
filaments. M1 is the proportion of CD signal coin-
cident with phalloidin signal over CD total intensity,
while M2 quantifies the proportion of phalloidin
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signal coincident with CD signal over phalloidin
total intensity.

4.5.2. Analysis of 8 tubulin
To measure the effect of internalized CDs on 3 tubu-
lin, after 24h of CD exposure, the cells were fixed
with 4% PFA (SigmaAldrich) for 20min at room tem-
perature followed by permeabilization with 0.1%
Saponin (Sigma-Aldrich) solution for 10min and
blocking with 5% BSA (SigmaAldrich). The cells were
stained with anti-f Il tubulin antibody (1:400,
Abcam AB78078) for 1h at room temperature. Then,
the cells were washed three times with 1X PBS and
stained with donkey anti-mouse Alexa Fluor 555
(Abcam A150110) at 37°C for 30 minutes. The cells
were washed 3X with 1x PBS and stored at 4°C till
imaging.

Images were acquired using a confocal laser scan-
ning microscope (LSM710 Zeiss Confocal) equipped
with three diode laser lines (blue, A = 405nm

1 “lexcitation

Aemission = 420-480nm, and green channels, A, iution
=488nm A, icsion = 505-530nm, for CDs, red channel
Aexcitation = 355NM, A ission = 560-615nm). The images

were collected at 1um Z-spacing using a 63x plan
apochromat oil immersion objective M27 (NA = 1.4)
at an image resolution of 1024x 1024 pixels (Saini
et al. 2021) with a 1x zoom factor. For each time
point and for each position, the fluorescent signal
originating from the microtubule filaments (red
channel) were spatially masked to the signal derived
from the CDs (blue and green channels) using
ImagelJ’s JaCOP plugin with uniform signal thresh-
olding in all channels and to calculate the colocal-
ization coefficients (Bolte and Cordeliéres 2006).
Meander’s overlap coefficients were calculated using
ImageJ plugins (Manders, Verbeek, and Aten 1993).
The results highlight the entrapment of CDs in MCF7
and MCF10a cells in microtubule filaments. M1 is
the proportion of CD signal coincident with -tubulin
signal over CD total intensity, while M2 quantifies
the proportion of B-tubulin signal coincident with
CD signal over B-tubulin total intensity.

4.5.3. Analysis of nuclear morphology

As described in Section 5, cells were stained after 24h
CD exposure with DRAQ-5 fluorescent probe solution
(5 mM, ThermoScientific, 1:1000) for 10min and
washed 3X with 1X PBS. Similarly, after 24h recovery
followed by 24h exposure, cells were stained. The
cells were imaged using confocal laser scanning
microscope (LSM710 Zeiss Confocal) equipped with
a confocal laser line at excitation wavelength of

555nm and a band pass filter from 560 to 615nm.
The images were collected at 1um Z-spacing using
a 63x plan apochromat oil immersion objective M27
(NA 1.4). Image resolution was 1024 x 1024 pixels
(Saini et al. 2021) with a 1X zoom factor. For each
condition, a minimum of 50 cells were analyzed with
ImageJ built-in plugins to calculate the area, volume,
and two morphological parameters, circularity (C) and
aspect ratio (AR), defined as follows:

c=2"~ (4)

_ major axis

AR (5)

minor axis

where A and P are the area and the perimeter of cells
calculated by using the ‘Measure’ command in ImageJ,
and major axis and minor axis are determined from
the best-fitting ellipse in Imagel. These parameters
range from 1 to oo, with 1 indicating an approximal
circle in C and 0 indicating a straight line. These meth-
ods have been depicted in our previous papers
(Panzetta, Verde, et al. 2020).

4.5.4. Analysis of focal adhesions

MCF10a and MCF7 cells were plated in a glass bot-
tom petri as described in Section 3. After 24h of
CD exposure, the cells were washed 3X with 1X PBS,
then fixed in 4% PFA for 20 min and washed 3X in
1X PBS. The cells were then permeabilized with 0.1%
Saponin (Sigma-Aldrich) solution for 10 min and
blocked with 5% BSA (SigmaAldrich). Afterwards,
the cells were stained with anti-paxillin anti-rabbit
primary antibody (1:200, Abcam AB32084) for 1.5h
at room temperature. Then, the cells were washed
3X with 1X PBS and stained with goat anti-rabbit
546 (1:400, Abcam A11035) for 1.5h. Finally, cells
were washed again with 1X PBS and stored in 1ml
1X PBS per well at 4°C. The images were analyzed
using the LSM Zeiss Confocal microscope equipped
with a 63X oil objective (NA = 1.4) and a pinhole-size
of around 1 airy units (AU). Z stack images with
0.2pum spacings were acquired with A, iation =
534nm and A, ion = 525nm (with a 40nm
band-pass filter). Around 5 cells were imaged and
analyzed using Imagel. Paxillin stained images were
filtered using median Gaussian filters with an aver-
age pixel size of 2.0. These images were subtracted
from the original image using the image calculator
tool and thresholded to remove single pixel noise.
Close pixels were conjoint using the ‘close’



command and analyzed. Morphological parameters
of FACs were quantified and plotted against time.

4.5.5. Analysis of chromatin condensation

Fixed and permeabilized cells as described in Section
5 were blocked using 5% BSA (SigmaAldrich) and
then stained for 20min using 1:1000 TOPRO3
(Invitrogen) far red dye. The nucleus was imaged
using the TCS STED CW (Leica) equipped with a
63X/0.8 M27 oil objective (NA = 1.4) and analyzed
to calculate the edge density (number of edges/area
of nucleus) of the chromosomes. The images were
converted to 8-bit grayscale and analyzed using
MATLAB. The MATLAB routine processed 8-bit gray-
scale raw images to detect their Sobel edges to
identify the nucleus. Using the same MATLAB routine,
the results were thresholded to separate extensively
condensed chromatin from minimally condensed
chromatin by calculating their intensity. The nuclear
outline was removed and the total number of chro-
matin edges per unit nuclear area was calculated.
Extensively condensed chromatin structures had a
higher edge density than minimally condensed chro-
matin structures. This routine was published by
Irianto et al. (Irianto, Lee, and Knight 2014)

4.6. Quantification of CD uptake

Cells were cultured as described in Sections 2 and
3 in a 8 well-ibiTreat chamber slide (1cm? per well,
Ibidi, Germany). At the planned timepoints (30 min,
1h, 2h, 3h, 4h, 6h) CD containing cell media was
replaced with fresh media. In another 8 well-ibiTreat
chamber slide, the cells were exposed to 24h of CD
exposure. The p-slides were washed 3X with 1X PBS
(Microgem) and fixed using 4% Paraformaldehyde
(PFA, Sigma Aldrich) for 20 min at room temperature
and washed with 1X Hank’s balanced salt solution
(HBSS, MicroGem). The cell membranes were then
stained with Wheat Germ Agglutinin (WGA)-Alexa
Fluor 555 conjugate solution (ThermoScientific,
1:500 dilution) and DRAQ-5 fluorescent probe solu-
tion (5 mM, ThermoScientific, 1:1000) for 10 min and
washed 3X with 1X PBS. The cells were stored at
4°C until imaging. Images were acquired using
Z-spacings of 1um to cover the total cell volume.
The imaging was done using a confocal laser scan-
ning microscope (LSM710 Zeiss Confocal) equipped
with four diode laser lines (blue, A = 405nm

excitation

Aemission = 420-480nm, and green channels, A .tion
=488nm A, isi0n = 505-530nm, for CDs, red chan-
nel A = 555nm, A = 560-615nm for cell

excitation 1 “emission
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membranes, far-red channel A, tion = 639NM, Aqic.
son = 640-700nm for nuclear membranes), using a
63X oil immersion objective (NA = 1.4). For each
time-point, an average of five positions (one to
three cells for each position) were imaged. The sum
of the projection intensities of all focal planes were
calculated using Fiji ImageJ (NIH software) for both
blue and green color channels. CD internalization
at each time-point was evaluated by calculating the
integrated fluorescence intensity within individual
cell and nuclear boundaries of the projected sum
intensity. Red channel (WGA) images were used to
extract individual cell borders and volume and far
red (DRAQ-5) images were used to calculate nuclear
borders and volume. The volume was calculated by
Imagel’s Voxel Counter plugin. Data was plotted
against time by calculating the integrated fluores-
cence intensity normalized with the corresponding
cell volume or nuclear area.

4.7. Analysis of cell paused CD uptake

After 24 h of CD exposure as described in Section 3,
the cells were paused to stop all metabolic activity
by keeping them at 4°C for 30 min. The cell mem-
branes were then stained with Wheat Germ Agglutinin
(WGA)-Alexa Fluor 555 conjugate solution
(ThermoScientific, 1:500 dilution) and DRAQ-5 fluo-
rescent probe solution (5mM, ThermoScientific,
1:1000) for 10min in cell media and washed 3X with
1X PBS. The wells were replaced with normal media.
Images were acquired using a confocal laser scanning
microscope (LSM710 Zeiss Confocal) as described in
Section 6, using a 63X oil immersion objective (NA
= 1.4). For each time-point, an average of two to
three positions (one to three cells for each position)
were imaged. Data was plotted against time by cal-
culating the integrated fluorescence intensity nor-
malized with the corresponding cell volume.

4.8. Isolation of nuclei

MCF10a and MCF7 cells were grown in T-25 flasks at
a density of 20,000 cells/cm?. Cells were incubated
with 7ml of CD containing media as described in
Section 3. After trypsinization, the cells were collected
in 15ml conical tubes and centrifuged at 11,000 rpm
for 5min at 4°C. The supernatant was discarded and
2ml of nuclei extraction buffer (320mM Sucrose
(SigmaAldrich), 5mM MgCl2 (SigmaAldrich), 10mM
HEPES (SigmaAldrich) and 1% Triton (SigmaAldrich))
was added to the pellet and vortexed gently. MCF10a
cells were incubated for 5min and MCF7 cells were
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incubated for 10min at 4°C and then centrifuged at
2000g for 5min at 4°C. The supernatant was dis-
carded and the pellet was washed in nuclei of storage
buffer (320mM Sucrose (SigmaAldrich), 5mM MgCl2
(SigmaAldrich), 10mM HEPES (SigmaAldrich)).
The pellet was then resuspended in 2ml of nuclei
storage buffer and pipetted to avoid clumps. The
isolated nuclei were stored at —80°C until further use.
The uptake into these nuclei were then quantified in
single Z planes as described in Section 6.

4.9. Quantifying membrane uptake

The cells were grown as described in Section 2 in
35mm dishes and incubated with CDs as described
in Section 3. After 24h of exposure, the cells were
scraped using a cell scraper (ThermoScientific) and
imaged using the confocal laser scanning microscope
(LSM710 Zeiss Confocal) as discussed in Section 6.
For each time point, around 20 cells were imaged.
Using ImageJ, the integrated fluorescence intensity
of individual cell membranes were calculated. Red
channel (WGA stained) images were used to extract
individual cell borders. Data was plotted against time
by calculating the integrated fluorescence intensity
normalized with the corresponding membrane area.

4.10. Statistical analysis

Data are reported as meanzstandard error of the
mean (SEM), unless otherwise indicated. All statis-
tical comparisons are performed with Student’s
unpaired test. p-values of <0.05 indicate a statisti-
cally significant difference.

All necessary figures are included to provide com-
prehensive support for the main text. Hour-wise
data of migration studies, alternative luminescent
channels for carbon dots, etc. are present in the
supplementary file to support the understanding of
the figures in the main text.
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