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Transforming the Chemical Structure and Bio-Nano Activity
of Doxorubicin by Ultrasound for Selective Killing of Cancer

Cells

Sukhvir Kaur Bhangu, Soraia Fernandes, Giovanni Luca Beretta,* Stella Tinelli,
Marco Cassani, Agata Radziwon, Marcin Wojnilowicz, Sophia Sarpaki, Irinaios Pilatis,
Nadia Zaffaroni, Giancarlo Forte, Frank Caruso, Muthupandian Ashokkumar,*

and Francesca Cavalieri*

Reconfiguring the structure and selectivity of existing chemotherapeutics
represents an opportunity for developing novel tumor-selective drugs. Here,
as a proof-of-concept, the use of high-frequency sound waves is demonstrated
to transform the nonselective anthracycline doxorubicin into a tumor selec-
tive drug molecule. The transformed drug self-aggregates in water to form
=200 nm nanodrugs without requiring organic solvents, chemical agents,

or surfactants. The nanodrugs preferentially interact with lipid rafts in the
mitochondria of cancer cells. The mitochondrial localization of the nanodrugs
plays a key role in inducing reactive oxygen species mediated selective death
of breast cancer, colorectal carcinoma, ovarian carcinoma, and drug-resistant
cell lines. Only marginal cytotoxicity (80-100% cell viability) toward fibroblasts
and cardiomyocytes is observed, even after administration of high doses of
the nanodrug (25-40 pug mL™"). Penetration, cytotoxicity, and selectivity of the
nanodrugs in tumor-mimicking tissues are validated by using a 3D coculture
of cancer and healthy cells and 3D cell-collagen constructs in a perfusion
bioreactor. The nanodrugs exhibit tropism for lung and limited accumulation
in the liver and spleen, as suggested by in vivo biodistribution studies. The
results highlight the potential of this approach to transform the structure and
bioactivity of anticancer drugs and antibiotics bearing sono-active moieties.

1. Introduction

Nanodrugs often combine the function-
ality of an active therapeutic agent and a
nanoscale carrier to control the pharma-
cokinetics, biodistribution, and cellular
targeting of drugs in tumors, while lim-
iting cytotoxic effects in healthy tissues.[!
The development of either new drugs or
nanodrugs from in silico design to clinical
trials, remains challenging, lengthy, and
costly, with a high degree of uncertainty
for the new therapeutic agents to reach the
market and ultimately benefit patients.?
Most chemotherapeutic nanodrugs in
clinical trials or approved for use are
based on lipids or micellar formulations
and incorporate standard off-patent anti-
cancer agents such as doxorubicin (DOX),
irinotecan, paclitaxel, and cisplatin.!
Advanced and sophisticated nanocarriers
like carbon- and polymer-based nanopar-
ticles, mesoporous inorganic materials,

metal-organic frameworks, and DNA and
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RNA nanostructures are under investigation for the delivery of
conventional anticancer drugs. In these systems, the encap-
sulated drugs typically exhibit the same mechanism of action
along with collateral toxicity (i.e., drug resistance and cardio-
toxicity) as the nonformulated drugs. In addition, the nanocar-
rier components (polymers, lipids, proteins, nucleic acids, and
oxides)?°! can exhibit immunological activity, for instance, the
induction of complement-mediated infusion reactions or the
activation of proinflammatory cytokines has been reported.l’l A
way to improve the safety and efficacy of anticancer nanodrugs
is to remove the need for a carrier and engineer nanodrugs
composed entirely of the active-molecules. Compared to small
molecule therapeutics, nanodrugs solely made of drug mole-
cules carry a higher dose of chemotherapeutics. Carrier-free
nanodrugs and nanocrystals based on molecular self-assembly
of drug molecules were recently developed by organic solvent-
exchange methods for in vitro and in vivo cancer therapy.”®
However, these methods require the chemical modification
of drugs with fatty acids, photosensitizer, crosslinkers, and
ligands”®! and stabilizing agents such as surfactants or polyeth-
ylene glycol.®!

To substantially advance this field, the development of
simple, scalable, and cost-effective methods for the transfor-
mation of “conventional molecular drugs” into nanodrugs is of
paramount importance. Furthermore, an alternative approach
to control the subcellular location of nanodrugs in cancer cells
without resorting to targeting ligands is also desirable for selec-
tively killing of different types of cancer cells.

Herein, we show that high-frequency sound waves in aqueous
solution can induce the transformation and self-assembly of a
traditional anthracycline, DOX, into a new class of carrier-free
nanodrug. Unlike other reported methods, this approach does
not require organic solvents or chemical agents to induce the
chemical modification, self-assembly and colloidal stabilization
of nanodrugs. The obtained nanodrug exhibits reactive oxygen
species (ROS)-mediated cytotoxicity on human breast cancer,
colorectal carcinoma, ovarian carcinoma, and drug-resistant cell
lines, whereas limited cytotoxicity toward fibroblasts and cardi-
omyocytes was observed. Single-molecule localization and con-
focal microscopy enabled probing of intracellular trafficking,
disassembly, and subcellular localization of the nanodrug,
with nanoscale resolution. While DOX molecules accumulated
in the cell nuclei and induced DNA damage in cancer cells,
healthy fibroblasts, and cardiomyocytes, the transformed drug
showed preferential affinity for lipid raft domains, which are
abundant in the mitochondria of cancer cells. Consequently,
the generation of ROS caused DNA damage and triggered the
selective death of cancer cells. The cytotoxicity and selectivity of
the nanodrug was also validated using 3D cocultures of cancer
cells and healthy fibroblasts under static conditions, in the form
of spheroids, and 3D cells-collagen constructs under U-Cup
perfusion bioreactor. The in vivo biodistribution study revealed
a preferential accumulation of the nanodrug in the lungs of
healthy mice and a lack of toxicity over 10 days post-intravenous
injection. Our results highlight the utility of the developed nan-
odrug as a versatile and promising platform for selective killing
of cancer cells.

This simple approach can be potentially extended to other
commercial anticancer drugs (e.g., mitoxantrone, epirubicin,

Adv. Mater. 2022, 34, 2107964 2107964 (2 of 16)

www.advmat.de

daunorubicin, etc.) and antibiotics (e.g., doxycycline, sare-
cycline, tetracycline, etc.) bearing sono-active moieties such
as phenolic, quinone, and aromatic groups to generate new
pharmacoactive molecules that may readily self-assemble into
supramolecular carrier-free nanodrugs.

2. Results and Discussion

2.1. Ultrasound-Driven Self-Assembly of DOX into Nanodrugs

A nanodrug made of chemically modified DOX molecules,
hereafter referred to as doxorubicin nanodrug (NDpgy) was
prepared by the recently established ultrasound-driven self-
assembly method (Figure 1a).1%

Our fundamental studiesP®'% have revealed that the oscil-
lating surface of acoustic cavitation microbubbles acts as a
reactive and catalytic site for the C—C coupling of amphiphilic
aromatic molecules. The oscillating bubbles, driven by the high
frequency acoustic field, provide a transient liquid—air interface
where the chemically modified amphiphilic molecules are col-
lected. Upon bubble collapse, the self-assembly of the amphi-
philic molecules into nanoparticles is observed as result of the
high local concentration, high shear stress, and strong intermo-
lecular interactions between the amphiphilic aromatic mole-
cules. It was established®') that 300-500 kHz is the optimal
ultrasound frequency range to generate enough +OH radicals
to induce hydroxylation and dimerization of the aromatic mole-
cules. The dynamic behavior and lifetime (0.3—0.1 ms) of cavita-
tion bubbles driven at high frequency is important to enable the
diffusion of molecules at the air-liquid interface before bubble
collapse.'”) Low frequency ultrasound (20 kHz) and very high
frequency (>1 MHz) were found ineffective in the formation of
dimers and nanoparticles due to low amount of «OH radicals
generated.l' In this study the 490 kHz frequency was chosen
as this condition provides optimal chemical and physical effects
for the chemical transformation of doxorubicin and NDpgy for-
mation, as shown in Figure 1.

As shown in Figure 1, the acoustic cavitation generated
by high-frequency (490 kHz) ultrasound induces structural
changes in the amphiphilic aromatic molecules (Figure la-i)
adsorbed at the transient cavitation bubble/solution inter-
face (Figure la-ii). The amphiphilic molecules ultimately self-
assemble into nanoparticles (Figure la-iii) during bubble col-
lapse due to intermolecular interactions, i.e., H-bonding and
-7 interactions.”!% The NDpox particles have a spherical
morphology with an average diameter of 193 + 56 nm in the
hydrated state, as determined using super-resolution sto-
chastic optical reconstruction microscopy (STORM) (Figure 1b
and Figure Sla, Supporting Information). The spherical mor-
phology of NDpoy was also confirmed by atomic force micro-
scopy (AFM), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) images (Figure lc—e).
The hydrodynamic diameter of particles was =275 + 108 nm
(polydispersity Index, PDI = 0.202), as determined by dynamic
light scattering, DLS (Figure 1f). The drying process induced a
significant size shrinkage of NDpox to =90 + 30 nm, as deter-
mined by AFM, SEM, and TEM. This suggests that the self-
assembly of the amphiphilic molecules results in the formation
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Figure 1. Engineering DOX into a stable nanodrug. a) Schematic of the ultrasound-assisted engineering of DOX into NDpox. A solution of DOX in
water (0.5 mg mL™") was sonicated at high frequency (490 kHz) and 2 W cm~2 for 3 h to readily form NDpoy. DOX is converted into hydroxylated spe-
cies (MonA and DimA) (i) at the transient cavitation bubble/solution interface (i) and subsequently the products self-assemble upon bubble collapse
to form uniform NDpoy nanoparticles (iii). b) Representative STORM image of NDpoy labeled with the photoswitchable dye AF 647; the inset shows a
magnified view of a single NDpox nanoparticle. The results are from three independent experiments. c) AFM (height 0-10 nm), d) SEM, and e) TEM
images of NDpoy nanoparticles, respectively. f) The size distribution of NDpoy in aqueous solution, determined using DLS. g) Dissolution kinetics
of NDpoy at pH 5 and pH 7.4 in 100 x 1073 m PBS, 100% FBS, and cell culture medium Dulbecco’s modified Eagle medium containing 10% FBS.
The % release was determined by measuring fluorescence emission (Asy0nm) Of the collected supernatant after centrifugation of NDpoy h) Scheme
showing the adsorption of protein on the surface of NDpoy after incubation with FBS and STORM images of the NDpoy acquire after 8 h incubation
with 10% and 100% FBS. Results are from three independent experiments.

of a hydrated physical network. The NDpox particles displayed
similar absorption and fluorescence emission properties to
DOX within the orange-red region of the spectrum (Figure
S1b,c, Supporting Information). Mass spectrometry analysis
of the disassembled NDpox (Figure S2, Supporting Informa-
tion) revealed the presence of a high molecular weight dimer
(DimA; m/z 675) and hydroxylated monomers (MonA; m/z
376, 392, 408) likely arising from fragmentation of dimers.
High-performance liquid chromatography (HPLC) analysis
(Figure S3, Supporting Information) of NDpox dissolved in
water suggested that most of the particles were composed of
a single species in addition to slight amount of low- and high-
molecular-weight species. Since cavitation bubbles generate
OH radicals in aqueous solutions,™ our data suggest that
the radical-mediated oxidation of DOX results in the cleavage
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of the hydroxyacetyl and aminoglycoside moieties to form a
new derivative, MonA, (Figure 1la and Figure S2, Supporting
Information), which undergoes dimerization (Figure la and
Figure S2, Supporting Information) by self-coupling reactions
to ultimately form DimA. The NMR and Fourier transform
infrared spectra of NDpgy (Figure S4a,b, Supporting Informa-
tion) confirmed the chemical modification and hydroxylation of
the aromatic moieties. The NDpoy particles had a {-potential
of =25 + 8 mV, remain stable as a dispersion for at least one
year and can be also stored as redispersible dry powder without
adding surfactants.

The stability of NDpoy in solutions mimicking physiolog-
ical conditions was studied by monitoring the dissolution of
the nanoparticles as a function of time. After 30 h incuba-
tion, slight dissolution of NDpoy was observed in phosphate

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

buffered saline (PBS) at pH 5 (4%), pH 7 (8%), in cell cul-
ture medium (6%), and 100% fetal bovine serum, FBS, (16%)
(Figure 1g). The deprotonation of OH groups of the polyhy-
droxylated aromatic molecules at neutral pH likely promotes
the slow disassembly of NDpoy at equilibrium because of
repulsive electrostatic interactions between the negatively
charged drug molecules.'l These results indicate that NDpox
particles are stable in biological media and disassemble grad-
ually over a prolonged period of time. To give an insight into
the interactions between NDpoyx and serum proteins, NDpox
were mixed with different concentrations of FBS and directly
analyzed by STORM microscopy, particle tracking analysis
and sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, (SDS-PAGE). Notably, the presence of serum proteins
in phosphate-buffered saline solution (10% and 100% FBS)
did not cause aggregation or significant dissolution of NDpox
over an observation period of 8 h, as indicated by STORM
imaging (Figure 1h) and particle tracking analysis (Videos S1
and S2, Supporting Information). However, NDpox showed a
slight decrease in {-potential (=16 £ 5 mV) upon incubation
with 100% FBS indicating the presence of a protein corona
which is likely mediated by electrostatic or hydrophobic
interactions. The absorption of serum proteins particularly
albumin on the surface of NDpox was confirmed using
SDS-PAGE (Figure S4c, Supporting Information). Neverth-
less, NDpox particles remain associated in serum and can
potentially access the lesion sites, after in vivo injections, by
crossing the endothelial cells through an active process of
transcytosis!3l or by the passive enhanced permeability and
retention effect.'

Overall, these results indicated that the chemical structure
of doxorubicin and its supramolecular assembly properties can
be transformed by a simple and reagent-less ultrasonic treat-
ment, performed in aqueous environment, to potentially obtain
carrier-free nanodrugs.

2.2. NDpoy Exerts ROS-Mediated Cytotoxicity on Drug-Resistant
Tumor Cell Lines

The anticancer activity of NDpoyx was evaluated on human
cancer cell lines of different tumors, including human breast
cancer (MDA-MB-231), colorectal carcinoma (LoVo), and
ovarian carcinoma (A2780) cell lines. In addition, the ability of
NDpox to circumvent drug resistance was evaluated using DOX-
resistant colorectal (LoVo/DX) and ovarian carcinoma (A2780/
DX) cell line variants. These two variants express high levels of
P-glycoprotein, a membrane ATP-binding cassette transporter,
implicated in the efflux of different drugs, including DOX,
which is known to contribute to cellular drug resistance.l
NDpox maintained antiproliferative activity in MDA-MB-231
cells and this effect is enhanced at prolonged exposure times
(Figure 2a). The antiproliferative activity of NDpoy, meas-
ured as the concentration of drug required to induce 50% cell
growth reduction (ICs, = 16 pug mL™, 48 h, Figure 2a), was
30 times lower than that of DOX (ICsy = 0.5 ug mL™, 48 h)
(Figure 2b). The apparent lower toxicity of the NDpoy can be
attributed to its slower cellular uptake and dissolution, which
can affect the availability of DimA compared to free DOX,
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which is rapidly uptaken by passive diffusion and immediately
bound by DNA in the nucleus (Figure 2c). This was verified
by comparing the cytotoxicity of DOX and NDpox following
dissolution after 48 h incubation. In its soluble form DimA
(ICso = 3 ug mL™) exhibited only six times lower toxicity com-
pared to DOX (ICsy = 0.5 pg mL™Y), confirming our hypothesis
(Figure 2b). Additionally, after 72 h incubation with colorectal
(LoVo) and ovarian carcinoma (A2780) cells, (Figure S5a,b and
Table S1, Supporting Information), NDpox appeared 10—40-fold
less cytotoxic than DOX.

Furthermore, NDpox showed a lower resistance index, R,
than DOX in both drug-sensitive and resistant cell lines (R is
defined as the ratio of the ICs; values of the drug-resistant and
sensitive cells) (Figure S5c¢, Supporting Information). Specifi-
cally, R of NDppx was =2.5x lower than R of DOX after expo-
sure for 2 and 72 h in A2780-A2780/DX cell lines (Figure S5c,
Supporting Information). This behavior was also observed in
LoVo-LoVo/DX cell lines (19x and 1.2x lower at 2 and 72 h
exposure, respectively). The lower R observed suggests that
NDpox can potentially circumvent the mechanism of drug
resistance activated by cells.

Overall a reduction in potency of NDpox was observed com-
pared to DOX; however, this is likely dependent on the different
mechanisms of action of the two drugs and the dissolution
kinetics of NDpoy. It is worth noting that in the rational design
of new nanodrugs for cancer therapy the main goal is to kill
cancer cells but equally important is to reduce the toxic side
effects such as nonselective toxicity (cardiotoxicity) and drug
resistance.

Next, the mechanism of action underlying the anticancer
effect and selectivity of the engineered NDpox was investi-
gated. The biological activity of NDpox is primarily dependent
on its cellular uptake, intracellular trafficking, and subcellular
localization. The main mechanism of action of anthracyclines
entails the intercalation of the drug into double-stranded DNA,
resulting in inhibition of DNA replication and transcription
as well as topoisomerase II (Topoll) activity by locking the
enzyme into a cytotoxic DNA cleavable complex.'®! In addi-
tion, anthracyclines instigate the generation of ROS, which
causes oxidative stress and ultimately cell death by apoptosis
or necrosis.'®1% Confocal microscopy images of MDA-MB-231
cells incubated with DOX for 24 h at 37 °C show that DOX was
exclusively accumulated in the cell nuclei (Figure 2c). On the
contrary, NDpox (Figure 2d) and the released drug molecules
did not show any nuclear accumulation and were confined
within other cellular compartments primarily located in the
peri-nuclear region.

It is worth noting that DimA molecules (Figure 1a) lack the
glucose moiety, which is vital for poisoning the TopolI-DNA
cleavable complex.?’l Moreover, DimA molecules are likely too
bulky to intercalate into double-stranded DNA. To confirm this
hypothesis, a plasmid DNA gel-retardation assay using agarose
gel electrophoresis was performed (Figure 2e). The migration
of DNA exposed to DimA or DOX was compared with that of
control DNA. We observed that the migration of plasmid DNA
exposed to DimA was similar to that of control DNA, whereas
DOX and ethidium bromide had a significant impact on DNA
plasmid migration. Confocal microscopy and DNA gel-retarda-
tion assay results confirm the hypothesis that TopolI-mediated

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. ROS-mediated cytotoxicity of NDpgy, a) Cytotoxicity of NDpgy in MDA-MB-231 cells after 24, 48, and 72 h incubation at different concentra-
tions. b) Cytotoxicity in MDA-MB-231 cells of free DOX and dissolved NDpoy after 48 h incubation. The data are shown as the mean £ standard devia-
tion (SD) (n = 3). c,d) Representative confocal microscopy images of MDA-MB-231 cells treated with DOX (24 h, 0.5 ug mL™") (c) and NDpox (24 h,
3ug mL™) (d). The red signal arises from DOX (c) and NDpoy (d), whereas the green and blue signals represent F-actin and the nucleus in both panels.
e) Gel migration assay showing the interaction of dissolved NDpox and DOX with DNA plasmids (circular (Cir) and supercoiled (Sup)). f) DOX and
NDpox-induced expression of H2AX in MDA-MB-231 cells after 24 h incubation at concentrations corresponding to 2 x ICsq at 72 h, analyzed in the
presence and absence of a ROS scavenger (100 x 107® m, N-acetylcysteine, NAC). g) Flow cytometry assay showing ROS generation in MDA-MB-231
cells treated with NDpoy in the presence or absence of radical scavengers.

DNA damage is likely not a mechanism of the anticancer = to DOX/NAC, which still exhibited DNA damage (Figure 2f and
effects displayed by NDpox. Figure S6, Supporting Information).

To gain a better insight into the mechanism by which NDpox These results suggest that DNA damage induced by NDpox
kills MDA-MB-231 cells, we analyzed the expression of ¥H2AX  in MDA-MB-231 cells is likely mediated by ROS generation.
protein, which is commonly used as a specific protein marker ~ Hence, flow cytometry was used to directly assess the ability
of DNA damage. The levels of protein (yH2AX) were probed  of NDpox to produce ROS in the presence or absence of NAC
in the presence or absence of ROS scavenger N-acetylcysteine  or vitamin C as radical scavengers. As observed in Figure 2g,
(NAC) (Figure 2f). The findings reveal that both DOX and the ROS level in the treated MDA-MB-231 cells was higher
NDpox induced DNA damage, as confirmed by the increase in  than that in the untreated cells and the production of ROS was
¥H2AX levels (Figure 2f and Figure S6, Supporting Informa-  counteracted by treatment with vitamin C or NAC. Overall,
tion). Moreover, after treatment with NAC the extent of DNA  these results indicate that the internalized NDpoy exert ROS-
damage induced by NDpoy was completely reduced at the levels  mediated cytotoxicity on cancer cells, including drug-resistant
of untreated cells. This effect was not observed in cells exposed  cell lines.
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Figure 3. Intracellular trafficking and disassembly of NDpoy in MDA-MB-231 cells analyzed by super-resolution microscopy. a) Representative multi-
color STORM images of the MDA-MB-231 cells exposed for 2, 5, or 8 h to NDpoy (green signal) and stained for early endosomes, late endosomes, and
lysosomes (red signal). Experiments were repeated three times independently. b) Representative high-magnification images of the intracellular NDpoy
(scale bars = 200 nm). The red signal represents the intracellular vesicles, and the green signal represents NDpoy. MDA-MB-231 cells were treated
with NDpoy at different incubation times (2-24 h). Cells were exposed to dual-labeled NDpoy (activator reporter pair of AF 488 /AF 647-Green) for 2 h.
The culture medium was then replaced and the incubation was prolonged for 3, 6, and 22 h, corresponding to a total incubation time of 5, 8, and 24 h,
respectively. The cells were fixed after 2, 5, 8, and 24 h incubation. The early endosomes, late endosomes, and lysosome vesicles were labeled for early
endosome antigen 1, Rab 7, and lysosomal-associated membrane protein 1, respectively, and subsequently with the dual-labeled secondary antibody AF
555/AF 647-Red. c) Statistical analysis of NDpox colocalized and noncolocalized with early endosomes, late endosomes, and lysosomes as a function
of incubation time. The data are shown as the mean £ SD (n = 3). At each time point, n = 10-12 cells, n = 200 nano-objects/cell were analyzed. The
significantly different values (p < 0.05) between the bars are denoted by grouping into different letters. Statistical significance was determined using
one-way ANOVA with 95% confidence interval and Tukey’s multiple comparison. d) Size distributions and STORM images of nanoaggregates acquired
after 24 h incubation. At each time point, n =10 cells, n = 200-300 nano-objects/cell were analyzed.

2.3. Intracellular Trafficking, Disassembly, and Subcellular
Localization of NDpgoy

To investigate the kinetics of cellular uptake, intracellular traf-
ficking, and subcellular localization of NDpoy, flow cytometry
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and super-resolution imaging studies were performed. Flow
cytometry analysis showed a significant association of NDpox
with MDA-MB-231 cells after 2 h of incubation (Figure S7, Sup-
porting Information). Multicolor STORM images (Figure 3a
and Figure S8, Supporting Information) of MDA-MB-231 cells
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treated with NDpoy at different incubation times and stained
for lysosomes, early and late endosomes were analyzed. For
STORM imaging, NDpox and the secondary antibody were
dual-labeled using Alexa 488 N-hydroxysuccinimide (NHS)
ester and Alexa 647 NHS ester (NDpoy inner core and surface
OH groups can react with NHS) and Alexa 555 NHS ester
and Alexa 647 NHS ester, respectively. A representative gal-
lery of analyzed NDpox and vesicles is shown in Figure 3b. By
super-resolution microscopy analysis, we found NDpox colo-
calized (yellow signal or red signal in the proximity of green
signal Figure 3b and Figure S8, Supporting Information) with
endosomes and lysosomes, as well as noncolocalized NDpox
(distinct green signal), indicating that NDpoy can escape endo/
lysosomes and access the cytosol. The statistical analysis of
the STORM images obtained at different incubation times is
shown in Figure 3c.

Specifically, after 2 h exposure, NDpox were colocal-
ized with early/late endosomes and lysosomes. A signifi-
cant decrease in colocalization with the early endosomes
to 15% and late endo/lysosome to = 30% was observed after
5 h incubation. Following 8 h incubation, limited colocaliza-
tion was observed with all the compartments suggesting the
endosomal escape of NDpgy. Overall, these results indicate
that the endocytic trafficking of NDpox occurs through early,
late endosomes and lysosome and then the release to the
cytosol occurred during the first 5 h of incubation. We pos-
tulate that the endosomal escape of NDpgy is likely mediated
by the proton sponge effect as NDpox exhibit slight buffering
capacity between pH range of 5.6-6.7 (Figure S9, Supporting
Information).”l In addition, NDpoy can partially disassemble
inside the vesicles to release hydrophobic drug molecules
that can disrupt the vesicles membrane by intercalating into
the lipid bilayer, thereby favoring NDpoy cytosolic release.
Interestingly, STORM imaging and size distribution analysis
of NDpox localized in the cytosol show that, following the
endo-lysosomal escape, NDpox can disassemble into smaller
nanoaggregates (30-180 nm) and free molecules (Figure 3d).
It is worth mentioning that the presence of nanostructures
smaller than =20 nm cannot be detected due to the limitation
of STORM resolution, hence it cannot be excluded.

We next investigated the possible interactions of NDpox
with other organelles once the drug is released in the cytosol
(24 h incubation). We stained MDA-MB-231 cells exposed
to NDpox for 24 h with specific markers for given organelles
(plasma membrane, mitochondria, lipid rafts, microtubule,
Golgi apparatus, and endoplasmic reticulum, ER) and ana-
lyzed color scattered plots (Figure S10, Supporting Informa-
tion) from confocal microscopy images. The analysis suggests
negligible colocalization (assessed by Pearson correlation
coefficient-PCC values) with microtubuli (Figure 4al-3 and
Figure S11, Supporting Information, PCC = 0.145) and Golgi
complex (Figure 4bl-3 and Figure S11, Supporting Informa-
tion, PCC = 0.125). Conversely, significant colocalization of
NDpoy with the ER (Figure 4c1-3 and Figure S11, Supporting
Information, PCC = 0.580), plasma membrane (Figure 4d1-3
and Figure S11, Supporting Information, PCC = 0.345), and
mitochondria (Figure 4e1-3 and Figure S12, Supporting Infor-
mation, PCC = 0.563) was observed. Interestingly, in treated
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cells, mitochondria were found localized in the perinuclear
region (Figure 4e2 and Figure S12, Supporting Information),
a phenomenon which was not observed in untreated cells
(Figure S13, Supporting Information).

Moreover, single-molecule super-resolution imaging of
MDA-MB-231 cells, treated with NDpoy, revealed the nanoag-
gregates colocalized with tubular mitochondrial nanostructures
(Figure 4gl-6). The preferential compartmentalization of the
species in the plasma membrane, ER, and mitochondria in
cancer cells was ascribed to their selective affinity for the mem-
brane lipid raft domains via hydrophobic interactions. Lipid
rafts are membrane microdomains enriched in cholesterol
and sphingolipids. Given that high levels of cholesterol in the
mitochondrial membrane have been reported in cancer cells,?"
we examined the distribution of lipid rafts domains in tumor
cells and their possible interaction with NDpox by staining the
treated cells with the lipid raft marker cholera toxin-B. In the
untreated MDA-MB-231 cells, lipid rafts were mostly located at
the plasma membrane and inside the cells (Figure S14, Sup-
porting Information). In contrast, in cells treated with NDpox
(Figure 4f3 and Figure S15, Supporting Information), lipid
rafts were localized in the perinuclear region and colocalized
with NDpox nanoaggregates and/or released drug molecules
(PCC = 0.524). The lipid raft marker was also found colocalized
with mitochondria (Figure S16, Supporting Information). These
findings indicate that mitochondrial raft domains are preferen-
tial binding sites for NDpoy nanoaggregates or released drug
molecules. Previous studies performed with the synthetic phos-
pholipid drug edelfosinel??l have shown that the accumulation
of the drug in the mitochondria of tumor cells is mediated by
lipid rafts. In this context, the physical interaction between ER
and mitochondrial®¥! could explain the colocalization of NDpgx
with both these organelles.

Our study reveals that NDpx are rapidly taken up by endocy-
tosis and trafficked through the endo-lysosomal pathway to the
cytosol within 5 h of incubation. NDpoyx disassemble to release
drug molecules that are sequestrated and immobilized through
lipid raft domains in the mitochondrial and ER compartments
as well as in the plasma membrane. The overall intracellular
trafficking and our hypothesis for the mode of action of NDpox
are depicted in Figure 4h.

The mitochondria compartmentalization of NDpoy nanoag-
gregates or released drug molecules can explain the produc-
tion of ROS in cancer cells via redox cycling of quinone moie-
tiesl?? as shown in Figure 4h. Drug molecules bear a quinone
that can promptly react with the dihydronicotinamide-adenine
dinucleotide phosphate (NADPH) to form semiquinone that
is then oxidized by oxygen to generate superoxide anion
O, and other ROS species, leading to DNA damage and cell
death.l7:3%] The observed translocation of the mitochondria in
the perinuclear region may increase the likelihood of cellular
oxidative stress by enhancing ROS concentration nearby the
cell nucleus. Furthermore, the preferential tropism for mito-
chondria of NDpgy is likely correlated to their capability to
overcome drug resistance in cancer cells. The consumption
of NADPH by NDpgox for ROS production limits the adeno-
sine triphosphate synthesis, which is important for the efflux
pump function.
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Figure 4. Subcellular compartmentalization of NDpoy in the mitochondria of MDA-MB-231 cells. a—f) Representative confocal microscopy images of
MDA-MB-231 cells incubated with NDpoy (green) for 24 h and stained for different organelles (red): o/ tubulin (al-a3), Golgi (GM130, b1-b3), ER
(ER-Tracker (tm) Green (BODIPY FL Glibenclamide, c1-c3), cellular membrane (wheat germ agglutinin, d1-d3), mitochondria (TOM20, el-e3), and
lipid rafts (cholera toxin, f1—3). Insets in (a3)—(f3) show magnified details of the respective main images. g) Multicolor STORM images of MDA-MB-231
cells showing the interaction between mitochondrial tubular nanostructures (TOM20-red) and NDpoy (green) after 24 h incubation. g1,g4) Large view
of representative cells. g2,g3,g5,g6) Magnified images of the square sections in (gl) and (g4), respectively (for images shown in (a)—(g), n > 20 images
from three independent experiments). h) Scheme showing the intracellular trafficking, endosomal escape, disassembly, mitochondrial sequestration,

and mechanism of cell death by NDpoy.

2.4. Selective Cytotoxicity of NDpoy toward Cancer Cells in 3D
Static and Dynamic Cell Coculture Systems

To assess the impact of NDpoyx on healthy cells and their
potential to selectively target cancer cells, we first studied
their cytotoxic effect in 3T3 healthy fibroblasts. Unlike DOX,
which accumulated in the nucleus (Figure S17a, Supporting
Information), NDpoy particles were predominantly retained
in cell fibroblast cytoplasm (Figure S17b, Supporting Infor-
mation) even after a longer exposure time (96 h incubation).
This might explain why NDpox displayed negligible toxicity
toward fibroblasts, as compared to DOX, which was toxic
at low doses (Figure 5a,b). To explain this, we quantified the
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presence of lipid rafts in 3T3 cells. Compared to cancer cells,
lipid rafts in 3T3 cells were less abundant, and consistently the
extent of colocalization of NDpoy with both lipid rafts (Figure S18,
Supporting Information, PCC = 0.258) and mitochondria
(Figure 5c and Figures S19 and S20, Supporting Informa-
tion, PCC = 0.210) was limited. In addition, the mitochondria
appeared evenly distributed throughout the treated 3T3 cells.
These results suggest that the low affinity of NDpoy for the
mitochondria in healthy cells is correlated to their reduced
cytotoxicity. Of note, the intracellular accumulation of NDpox
in fibroblasts, even at high concentrations and prolonged incu-
bation time (96 h), did not exert any detrimental effects on cell
morphology and viability.
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Figure 5. Selective toxicity of NDpoy in 2D coculture of 3T3 fibroblast and BT474 breast cancer cells. a,b) DOX and NDpoy cytotoxic effect on 3T3 fibro-
blasts after 72 h (a) and 96 h (b) exposure. Data are shown as the mean £ SD (n = 3). *¥*¥¥* p-value < 0.0001, *** p-value < 0.001, ** p-value < 0.01,
* p-value < 0.05 as calculated using one-way ANOVA with 95% confidence interval and Tukey’s pairwise comparison. c) Confocal microscopy images of
the 373 fibroblasts treated with 5 ug mL™ NDpoy (green) for 24 h and stained for mitochondria (TOM20, red). Scale bars are 20 um (n = 20 images two
independent experiments). d) Confocal microscopy images of a coculture of BT474 breast cancer cells (green, stained with CellTracker Green CMFDA
Dye) and 3T3 fibroblasts (white, stained with CellTracker Deep Red dye) showing the uptake of NDpoy (red, 25 pg mL™) after 24 h. Cell nuclei were
stained with Hoechst (blue). e) Graphical representation and confocal microscopy representative images of the cocultured BT474 breast cancer cells
(green, stained with CellTracker Green CMFDA Dye) and 3T3 fibroblasts (white, stained with CellTracker Deep Red dye) treated in the absence (con-
trol untreated cells) or in the presence of 25 g mL™" NDpoy for 24, 48, or 72 h. Scale bars are 50 um in all images (n = 3 independent experiments).

% of BT474 to 3T3 cells

Next, we sought to confirm the selective cytotoxicity of
NDpox toward cancer cells in 2D cocultures of BT474 breast
cancer cells (green) and 3T3 (white) fibroblasts. Although
NDpox were equally internalized by both cell lines (Figure 5d),
they predominantly caused cell death in BT474 (Figure 5e and
Figure S21 and S22, Supporting Information). In fact, image
analysis and quantification of the cancer cell-to-fibroblast ratio
(Figure 5e and Figure S22, Supporting Information) revealed
a significant decrease in the number of cancer cells over time
due to cell death and detachment.
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Furthermore, we prepared 3D tumor microtissues by cocul-
turing BT474 and 3T3 cells on a collagen scaffold in U-Cup
perfusion bioreactor device and studied the ability of NDpox to
accumulate in such a complex tumor model (Figure 6a). Perfu-
sion-based cell cultures in bioreactors have demonstrated the
ability to mimic human tissue constructs with comparable bio-
logical and structural characteristics.?%?] In particular U-Cup
perfusion bioreactors have been bioengineered to test anti-
cancer drugs and nanodrugs in colorectal cancer and human
breast cancer cell lines with the cultured tumor cells efficiently
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Figure 6. Toxicity and uptake of NDpoy in static and perfusion 3D coculture of 3T3 fibroblast and BT474 cancer cells. a) Schematic showing the
3D cocell culture in U-Cup Bioreactor with collagen scaffold. b) H&E staining of the sections of collagen scaffold cocultured with 3T3 and BT474
cells before (b1) and after (b2) incubation with NDpgy. The red arrows point to BT474 cells. c) Representative confocal microscopy image of a
section from the collagen scaffold cocultured with 3T3 and BT474 cells before incubation with NDpoy. Nuclei are stained with DAPI and BT474
breast cancer cells are stained in green with CellTracker Green CMFDA Dye. Scale bar = 50 um. d,e) Magnified confocal microscopy of 3T3 cells
(d) and BT474 cells (e), respectively, from 3D perfusion collagen scaffold cocultured with 3T3 and BT474 cells showing uptake of NDpox (red) by
both the cell types when treated with 10 ug mL™" NDpoy. Scale bar = 50 um. f) Luminescence representing the cell viability in collagen scaffold
cocultured with 3T3 and BT474 cells before and after incubation with 10 ug mL™" NDpoy for 24 h measured using CellTiter-Glo 3D cell viability
kit. Data are shown as the mean £ SD (n = 3). ** p-value < 0.01. g) Confocal microscopy representative image of collagen scaffold cocultured
with 3T3 and BT474 cells stained for F-actin (pha||0|d|n—green) and nucleus (DAPI—blue) after incubation with 10 ug mL™' NDpox (red) for
24 h. Scale bar =100 um. h,i) Confocal microscopy images of 3D spheroids composed of cocultured BT474 breast cancer cells (green, stained
with CellTracker Green CMFDA Dye) and 3T3 fibroblasts (white, stained with CellTracker Deep Red dye) (h), and after treatment with 25 ug mL™
NDpox (red) for 72 h (i).
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“:

mimicking some of the functional features observed “in
vivo”.[27:28]

BT474 and 3T3 cells were cocultured in 1:1 ratio onto a col-
lagen scaffold for up to 7 days within U-cup perfusion flow bio-
reactor. Continuous medium flow was established from day 4
on in the case of dynamic cocultures (Figure 6a) and the cocul-
tures were then treated with NDpy for 24 h. Before and after
the treatment with NDpgy, cell distributions within the scaffold
and NDpoyx uptake were monitored by Hematoxylin and Eosin
(H&E) staining and confocal microscopy, respectively.

Figure 6bl,c and Figure S23 in the Supporting Information
confirmed the presence of both BT474 and 3T3 cells in the 3D
coculture. The BT474 cells can be distinguished due to their
cluster appearance as indicated by red arrows and from confocal
microscopy by staining with CellTracker Green 5-chloromethyl-
fluorescein diacetate (CMFDA) dye (Figure 6¢ and Figure S23b-
green, Supporting Information). Figure 6b2 and Figure S24a,b
in the Supporting Information show the different sections of
collagen scaffold after H&E and 4’,6-diamidino-2-phenylindole
(DAPI) staining when treated with the NDpx for 24 h. Numerous
(n = 52) scaffold sections from the perfused 3D coculture were
analyzed to verify the ability of NDpx to penetrate the tissue-like
structure. Figure 6d,e,g and Figure S24c in the Supporting Infor-
mation shows that NDpox were able to diffuse throughout the
scaffold into the extracellular matrix and the whole cellular mass.
In addition, NDpy were successfully uptaken by BT474 and 3T3
cells (Figure 6g) with no signs of nuclear accumulation. Interest-
ingly, the analysis of scaffold sections showed negligible amount
of BT474 cells after the drug treatment which was also confirmed
by flow cytometry (Figure S24d, Supporting Information), while
cell proliferation was reduced by more than = 50%, as assessed
by the 3D cell viability assay which can be assigned to toxicity of
NDpox toward BT474 cells (Figure 6f).

Overall, these results indicated that NDpox traverse the
extracellular matrix, penetrate through tumor microtissues
and are effectively internalized by cancer cells. To further
verify the ability of NDpoy to penetrate 3D multicellular tissue
like systems, 3D spheroids containing BT474 breast cancer
cells (green) and 3T3 fibroblasts (white) were prepared using
the hanging drop methodology (Figure 6h) and were treated
with 25 pg mL™ NDpy particles. Seventy-two hours after the
administration, NDpoy could permeate the whole spheroid cel-
lular mass and reach the cells located at the core of the sphe-
roid, where they accumulate in the cytoplasm, as demonstrated
by serial sectioning (Figure 6i).

We postulate that the selective ROS-mediated cytotoxicity
of NDpox toward cancer cells can be ascribed to the selective
binding of the drug to mitochondrial lipid raft domains in cancer
cells. Cancer cells are known to produce and consume more
ROS than healthy cells.**?% While a moderate amount of ROS
is required for maintaining diverse cell functions, transformed
tumor cells use an augmented ROS signaling to drive prolifera-
tion and other events related to tumor progression.’%3! Given
the high basal level of ROS found in neoplastic cells, these cells
are more vulnerable than healthy cells to sustained increases in
oxidant stress, which results in cell death.3%32 Mitochondria-
targeted anticancer drugs have been developed to overcome
drug resistance and reduce side effects in healthy cells.?3-3]
These compounds are chemically modified with lipophilic tri-
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phenylphosphonium cations, which localize the drugs into the
mitochondria via their positive charges and hydrophobic sur-
face.’* The positive charges of the lipophilic cations allow them
to enter the negatively charged inner mitochondrial membrane.
However, the major hurdles of these approaches are the low
accumulation of drugs in the mitochondria, poor selectivity of
drugs for cancer over healthy cells as well as the need for photo-
dynamic therapy for ROS generation.*’]

Unlike other literature-reported systems,?33% NDpox are
negatively charged amphiphilic species that preferentially accu-
mulate in the mitochondria of cancer cells via hydrophobic
interactions with lipid raft domains. Therefore, the redox
activity of NDpoy can ensure a sustained production of cyto-
toxic ROS in the mitochondria.

2.5. NDpoy Display Limited Toxicity against Cardiomyocytes

Next, we investigated the possibility that NDpox might be less
toxic for cardiac cells than DOX, which is known to cause car-
diomyopathy.3% Induced pluripotent stem cell (iPSC)-derived
cardiomyocytes (CMs) were treated with DOX revealing that the
drug accumulates in the cell nuclei even at very low doses and
induces high levels of cell death (Figure 7a—c and Figure S25,
Supporting Information). As previously stated, DOX nuclear
accumulation is responsible for the activation of the DNA
damage response pathway.?’!

On the contrary, when the CMs were exposed for up to
72 h to high doses of NDpgy, we observed a very limited tox-
icity. In addition, NDpox did not show any nuclear localization
(Figure 7d,e and Figure S26, Supporting Information) and accu-
mulated in CMs cytosolic compartment. More importantly, CMs
treated with NDpgox kept contracting even when exposed for
72 h at the highest concentration of NDpox studied (25 ug mL™)
(Videos S3-S6, Supporting Information). As a comparison,
CMs treated with 6-25 ug mL™ DOX stopped beating after 48 h,
indicating loss of cell functioning and cell death (Videos S7-
S9, Supporting Information). Color scattered plot and confocal
images (Figure 7e and Figures S27 and S28, Supporting Infor-
mation) show partial colocalization between the mitochondria
(red) and NDpox (green) in CMs, even at a high dose of NDpox
(12.5 ug mL™Y). This finding is consistent with that observed in
3T3 fibroblasts and indicates that the internalized NDpox do
not preferentially interact with cardiomyocytes mitochondria,
as is—instead—the case in cancer cells (Figure S28, Supporting
Information). Moreover, flow cytometry data (Figure 7f) and
confocal microscopy analysis (Figure 7g and Figure S29, Sup-
porting Information) indicate no increase in ROS production in
contractile CMs treated with NDpox compared to untreated con-
trol cells. Overall, these results suggest that NDpoy did not exert
a cytotoxic effect on cardiomyocytes or fibroblasts because of its
inability to accumulate in the cell nucleus.

2.6. In Vivo Biosafety and Biodistribution of Indium-111-Labeled
NDpox

To assess biosatefy, three female mice C57/BL6] were intrave-
nously injected with NDpox (2 mg NDpox kg™!). The animals
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Figure 7. NDpoy are not cardiotoxic and do not induce ROS production in iPSC-derived cardiomyocytes. a) iPSC-derived cardiomyocytes viability after
treatment with DOX and NDpoyx was measured by PrestoBlue. The percentage of live cells normalized to the control untreated cells is reported for
each time point (24, 48, and 72 h; mean £ SD, n = 4). *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05 (two-way ANOVA followed by Bonferroni
post-test). b—d) Representative confocal microscopy images of untreated cardiomyocytes (b), cardiomyocytes treated with DOX (c) and cardiomyocytes
treated with NDpoy (d). Nuclei are stained with DAPI in blue, F-actin in green and DOX/NDpoy in red. €) iPSC-derived cardiomyocytes after 5 h treat-
ment with NDpoy (green signal) stained with mitotracker deep red (red signal). Colocalization is visible from the yellow areas. Scale bars: 20 um.
f) Flow cytometry analysis of ROS production in untreated iPSC-derived cardiomyocytes, CMs treated with 0.2 ig mL™ NDpey in the absence or presence
of NAC scavenger, CMs treated with 12.5 ig mL™' NDpoy in the absence or presence of NAC scavenger, and cells treated with H,0,. Representative flow
cytometry plots of n =3 independent experiments. g) Ratio of ROS area to cell number determined from confocal microscopy images (acquired at 20x
magnification) of the same cell samples used for the cytometry studies represented in (f)) (see Figure S29, Supporting Information). Data are shown as
the mean £ SD (n =3). No significant differences were found using one-way ANOVA followed by Tukey’s multiple comparison test (n.s., nonsignificant).

were monitored for their activity and physical conditions over
10 d (Table S2, Supporting Information). The recorded data
show a survival rate of 100% for the treated mice, without signs
of stress or suffering. Furthermore, no significant differences
in the weight of the animals were observed 10 days post-NDpox
administration. These results suggest that NDpoy can be safely
used for further in vivo experiments.

Next, NDpox particles were successfully radiolabeled
with the short-lived and single photon pemitting isotope
of indium-111 (*!In), as shown by chromatography data
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(Figures S30 and S31, Supporting Information). The puri-
fied labeled NDpoyx showed excellent radiochemical stability
(>99.9%) up to 24 h post-labeling at all tested temperatures.
A slight reduction in radiochemical stability to >80% after
incubation in saline solution and biological media (Plasma
Lyte) was observed (Figure S32, Supporting Information).
The radioactivity of NDpgy activity significantly decreased
when the antagonist ethylenediaminetetraacetic acid
chelator was used. Overall, these results provide evidence
for adequate radiolabeling capacity and stability of the tested
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Figure 8. In vivo biodistribution of In-111 and 111In-labeled NDpoy. a,b) Representative single photon emission computed tomography (SPECT) images
of control mice, injected with just the ligand (In-111) (a), and mice injected with "'In-labeled NDpox (b) showing the biodistribution just after injection
and 50 min p.i. Imaging was performed with yeye BIOEMTECH, with a frame rate of 2 min, on dynamic mode (N = 2). c) % ID g™' for both control
and experimental mice, based on ex vivo biodistribution measurements. d) % ID g~ in lungs and liver 1 h versus 24 h post-injection in In-111- and

NDpox-treated mice.

nanoparticles, rendering them appropriate candidates for all
tested procedures.

For the in vivo biodistribution studies, the ™In-labeled NDpqyx
and free In-111, used as control, were injected to C57/BL6]J
female mice and the biodistribution was investigated with yeye
BIOEMTECH, at different time points (Figure 8a, Figure S33,
Supporting Information, Figure 8b, and Figure S34, Supporting
Information). The imaging results revealed a high accumulation
of NDpoy in lungs and bladder (Figure 8b). The signal arising
from bladder can be assigned to the loosely bound In-111 as
this accumulation is also visible in the control mice 50 min
post-injection (Figure 8a). After 24 h the mice were sacri-
ficed and the percentage of injected dose per gram of organ
(% 1D g7) of various organs was measured (Figure 8c). It
was found that the free In-111 was primarily present in kid-
neys (=20%), with trace amounts in liver, lung and spleen
(=5% in each organ). On the contrary, the NDpox predomi-
nately localize in the lungs (=60%), followed by the liver and
the spleen (=20%). While a significant reduction in % ID g
was observed after 24 h for the free In-111 (Figure 8d), there
was an increase in % ID g! for different organs, from 1to 24 h
post-injection of NDpox, suggesting a prolonged circulation of
NDpoy in the blood. The mechanism of lung accumulation of
NDpoy is currently under investigation; however, it might be
related to the hydrophobicity and tendency of the nanodrug to
interact with lipids. It is reported that hydrophobic drugs with
molecular weight above >300 Da can associate with lipids in the
lungs being retained there for long time.l%’]

Finally, to directly verify the ability of NDpox to remain
available in the blood upon interaction with immune cells, ex
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vivo human immune cells derived from bufty coat were incu-
bated with NDpoy up to 96 h. Flow cytometry data (Figure S35a,
Supporting Information) suggest an association of NDpgx
with immune cells, with a peak at 12 h with no further
increase over time. Staining with calcein O,0’-diacetate
tetrakis(acetoxymethyl) ester (calcein AM) confirms the via-
bility of the immune cells after 96 h (Figure S35b, Supporting
Information). In addition, the spectroscopic analysis of the
remaining plasma supernatant, collected after removal of
immune cells by centrifugation (Figure S35¢, Supporting Infor-
mation), indicates that the concentration of NDpoyx does not
change significantly over time, suggesting a modest clearance
by immune cells. Overall, these results indicate that, despite
a modest sequestration of the nanoparticles by immune cells,
NDpox likely remain available in the blood, for accumulation
in tumors.

These preliminary ex vivo and in vivo results and the unex-
pected lung accumulation of NDpoy pave the way for future
studies on the application of NDpox nanodrug for the treat-
ment of lung cancer.

3. Conclusion

A strategy for selectively killing cancer cells, with minimal
impact on the viability of healthy cells, is reported. Transformed
nanodrugs were obtained using a conventional anticancer drug
and a simple and green ultrasound technology, in aqueous solu-
tions, without resorting to any chemical reagents or organic
solvents.
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The nanodrugs were found stable in serum and maintained
their antiproliferative activity against different types of cancer
cells, including cells resistant to DOX. Importantly the nano-
drugs penetrate tumor microtissues and kill cancer cells while
imparting negligible toxicity toward healthy fibroblasts and
cardiomyocytes. The strong interaction of nanodrugs with the
lipid raft domains is likely to explain the preferential tropism of
NDypox for the mitochondria of cancer cells. The confinement
of the NDpox nanoaggregates in the mitochondria triggered
the production of high levels of ROS, leading to DNA damage
and cell death. The in vivo biodistribution of the nanodrug in
healthy mice shows that the NDpoy was predominately accu-
mulated in the lungs. Overall, the present findings indicate
NDpox as a promising candidate for in vivo studies on tumor
models.

4. Experimental Section

Synthesis of NDpoy: Sonication of a 10 mL solution containing
0.5 mg mL™' DOX was performed in Milli-Q water for up to 4 h at an
ultrasonic frequency and power of 490 kHz and 2 W cm™2, respectively.
The nanodrug particles were then separated by centrifugation at
5000 x g for 10 min and washed three times with Milli-Q water before
characterization. The morphology of particles was examined using SEM,
TEM, AFM, and STORM. The chemical composition of the dissolved
NDpox was determined using mass spectrometry, NMR, and HPLC (see
the Supporting Information for details).

ROS Detection: Intracellular ROS production was determined in MDA-
MB-231 cells and iPSC-derived cardiomyocytes using Cellular Reactive
Oxygen Species Detection Assay Kit following the manufacturer's
protocol. Briefly, MDA-MB-231 cells (800 000) were plated into T-25
flasks for 24 h and then incubated for 24 h with 0.2 pg mL™ NDpox
in the presence or absence of 100 x 107 MNAC or vitamin C. Under
low light conditions, a ROS-specific detection probe was added and
incubated for 60 min at 37 °C. The cells were harvested, transferred to
foil-wrapped tubes, and immediately analyzed by flow cytometry. For
iPSC-derived cardiomyocytes, cells were differentiated in six-multiwell
plates, and once the cardiomyocytes were beating, incubation with
0.2 ug mL™" NDpoy in the presence or absence of 100 x 107 M NAC
followed. Under low-light conditions, an ROS-specific detection probe
was added and incubated for 5 min at 37 °C. The cells were harvested
and dissociated using the Multi Tissue Dissociation Kit 3, transferred
to foil-wrapped tubes, and analyzed by flow cytometry. Nontreated cells
stained with the ROS probe were used as a control. H,0,-treated iPSC
cardiomyocytes were stained with ROS and used as a positive control
for ROS production. The samples that were measured by flow cytometry
were subsequently imaged by confocal microscopy.

NDpoy Internalization and Subcellular Compartmentalization: MDA-
MB-231 cells were incubated with DOX or NDpoyx and imaged on
a Nikon ATR laser scanning confocal microscope for nanoparticles
internalization analysis. For subcellular compartmentalization studies,
MDA-MB-231 were treated with NDpoy or DOX and at the designated
time, the cells were washed with PBS, fixed, permeabilized, and blocked
prior to immunofluorescence. The incubation with the respective primary
antibodies was done for 2 h at room temperature or overnight at 4 °C,
followed by secondary antibody incubation for 1 h at room temperature.
For lipid raft staining, the cells were incubated with 5 ug mL™" cholera
toxin fluorescein isothiocyanate (FITC) conjugate for 1.5 h after fixation.
For membrane staining, the cells were incubated with wheat germ
agglutinin (WGA)—Alexa Fluor 488 conjugate for 20 min after fixation.
Colocalization values were determined using the Pearson’s correlation
function with Image) software. Lipid rafts were imaged by cholera
toxin-B FITC, which selectively binds to the ganglioside present in these
domains. For ER staining, live-cell imaging was performed immediately
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after the addition of ER-Tracker(tm) Green (BODIPY FL Glibenclamide)
to cells.

STORM: For STORM analysis, NDpoy were dual-labeled using NHS
ester Alexa Fluoro 488 and NHS ester Alexa 647. Specifically, both dyes
were incubated with NDpey solution (1 mg mL™ of sodium bicarbonate
buffer pH =9) and the solution was stirred for 2 h. After, the mixture was
centrifuged (9000 g, 5 min) and the particles were washed with water
three times before STORM imaging using Nikon N-STORM system
equipped with a Nikon 100x 1.4 numerical aperture (NA) oil immersion
objective. STORM images were processed and the population of nano-
objects analyzed with the STORM module of the NIS Elements Nikon
software. For intracellular trafficking, MDA-MB-231 cells were exposed
to NDpox (5 g mL™) for 2-24 h. The particles were retrieved after 2 h
and kept at 37 °C for 5, 8, or 24 h in fresh media. At each timepoint,
the cells were fixed, permeabilized, and blocked. The cells were then
incubated with rabbit-early endosome antigen 1 (EEA-1) monoclonal
antibody (2 wg mL™), rabbit-Rab7 monoclonal antibody (2 ug mL™), or
rabbit lysosomal-associated membrane protein 1 (LAMP-1) (1 ug mL™) for
1.5 h, followed by washing three times with PBS and further incubation
for 1 h with dual-labeled AF 555/647 goat antirabbit conjugate secondary
antibody (2 pg mL7"). Mitochondria staining was carried out by
incubating with Rabbit TOM20 primary antibody followed by incubation
with Alexa Fluor 555/647 goat antirabbit conjugate secondary antibody.

Coculture of BT474 and 3T3 Cells: BT474 cells were labeled with
CellTracker Green CMFDA dye and 3T3 cells were labeled with CellTracker
Deep Red dye. The cells were incubated for 24 h prior to administration
of NDpoy at concentrations of 25, 50, and 100 pug mL™". Each sample was
analyzed on a confocal microscope after 24, 48, and 72 h of incubation with
NDpox- The acquired images were processed with Image] to count the
number of green cancer cells and white healthy fibroblasts in each sample.

Spheroids Culture: Spheroids containing BT474 breast cancer cells
and 3T3 fibroblasts (3T3:BT474 at 1:1.5 ratio) were prepared using
the hanging drop methodology. The spheroids were left to grow for
24 h and then transferred to a U-bottom 96-well plate and treated
with NDDOX at 25 pug mL™ for 72 h. After, the spheroids were fixed,
included in optical cutting temperature (OCT) compound and sliced for
immunofluorescence analysis at the confocal microscope.

3D Perfusion Cell Culture: BT474 and 3T3 cells with a seeding density
of 350 000 cells were incubated with collagen scaffolds under static
conditions for 3 days and then the scaffolds were assembled into
U-cup perfusion flow bioreactor (Figure 7a) for another 4 days under
continuous flow of cell culture media. The medium was replaced every
2 days. On the seventh day the medium was replaced with fresh medium
containing 5, 10 and 25 pug mL™' Dpox and circulated for another 24 h.
The bioreactor was then unassembled and the collagen scaffolds were
retrieved to further process for cell viability using, CellTiter-Glo 3D, or
fixed and included in OCT to be sliced for immunofluorescence, or H&E
histological analysis.

Animal Studies: Female mice C57/BL6) with average weight 25 g aged
2 months were used in this study. Biosafety was assessed by injecting
three animals with NDpox (2 mg NDpoy kg™') at day 0 and the mice
monitored for their activity and physical conditions over 10 days post-
injection. Biodistribution studies were performed using NDpox particles
radiolabeled with the short-lived and single photon yemitting isotope of
indium-111 (MIn) and analyzed with yeye BIOEMTECH, at different time
points. The protocols and all the animal procedures were approved by
the General Directorate of Veterinary Services (Athens, Attica Prefecture,
Greece) and by the Bioethical Committee of BIOEMTECH Laboratories
(Permit number: EL 25 BlOexp 045) on the basis of the European
Directive 2010/63/EU on the protection of animals used for experimental
purposes. All animal procedures and in vivo studies were carried out by
trained personnel at BIOEMTECH Laboratories.

Statistical Analysis: All results are shown as mean * s.d. The statistical
significance and p values were analyzed with Minitab 18 (Minitab
LCC, Pennsylvania, USA) and Graphpad prism v.8.4.3 software, using
one-way analysis of variance (ANOVA) with 95% confidence interval,
Tukey's pairwise comparison, or two-way ANOVA followed by Bonferroni
post-test.
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