This document is the accepted version of a published work that appeared in final
form in Nanomedicine, after technical editing by the publisher. To access the final
edited and published work, see https://doi.org/10.1016/].nan0.2018.02.002



https://doi.org/10.1016/j.nano.2018.02.002

*Graphical Abstract: Text

Graphical abstract - text

Folate-functionalized octahedral DNA nanocages, loaded with doxorubicin (Dox) (Dox-loaded
cage), deliver the drug selectively to cancer cells expressing the o isoform of the folate receptor
(aFR). Dox, released from loaded DNA cages inside cells, induces a cytotoxic effect higher than
free Dox administered at the same concentration and leads to intracellular DNA nanocage

degradation, avoiding the problem of nanocarrier accumulation in vivo.
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Abstract

Selective targeting is a crucial property of nanocarriers used for drug delivery in cancer therapy. We
generated biotinylated octahedral DNA nanocages functionalized with folic acid through bio-
orthogonal conjugation chemistry. Molecular modelling indicated that a distance of about 2.5 nm
between folic acid and DNA nanocage avoids steric hindrance with the folate receptor. HeLa cells,
a folate receptor positive tumour cell line, internalize folate-DNA nanocages with efficiency greater
than 40 times compared to cells not expressing the folate receptors. Functionalized DNA nanocages
are highly stable, not cytotoxic and can be efficiently loaded with the chemotherapeutic agent
doxorubicin. After entry into cells, doxorubicin-loaded nanoparticles are confined in vesicular
structures, indicating that DNA nanocages traffic through the endocytic pathway. Doxorubicin
release from loaded DNA cages, facilitated by low pH of endocytic vesicles, induces toxic
pathways that, besides selectively Kkilling folate receptor-positive cancer cells, lead to cage

degradation avoiding nanoparticles accumulation inside cells.

Keywords: DNA nanotechnology; folate-functionalized nanostructure; doxorubicin; drug delivery;

selective targeting.

Introduction

The development of specialized nanoparticles is leading to novel strategies for drug delivery.
Among the variety of polymers used as drug carriers, DNA emerged as one of the most suitable for
the design of nanostructures, for its intrinsic properties of biocompatibility, versatility and for its
unique control over nanoscale geometry and biochemical functionalization.! DNA strands have
been used to build nanostructures with different geometry and size that can carry proteins or other
functional molecules covalently attached or entrapped.>** During the last years our group has in
vitro and in silico characterized various types of fully covalently bound truncated octahedral DNA
nanocages and studied their behaviour in cells.>*® DNA nanocages, including octahedral cages,

possess many attractive properties for cancer nanotherapy: they are intrinsically nontoxic, with
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excellent biocompatibility and biodegradability,**™*3

10,14

are readily internalized by living cells via

15,16

endocytosis, show high resistance to degradation

17-20

and can efficiently intercalate anticancer

drugs such as doxorubicin.

Doxorubicin (Dox) is one of the most commonly used anticancer agents for the treatment of a wide
variety of solid tumours including breast, ovarian, prostate, brain, cervix and lung cancers and
haematological malignancies, such as multiple myeloma, several types of leukaemia and
lymphomas.?* Dox has multiple mechanisms of action, including the intercalation between base
pairs of the DNA helix, preventing DNA replication, disruption of topoisomerase-Il-mediated DNA
repair and generation of reactive oxygen species.”*?* These different effects culminate in either cell
death or cell growth arrest, through various cell biological events, such as apoptosis, autophagy,
senescence and necrosis.?*? One of the key problems in delivering Dox to cancer cells is its lack of
selectivity, which forces high dose administration, with consequent debilitating side effects. Among
the tumour-associated antigens, the alpha isoform of the folate receptor (aFR) is a good target
molecule. aFR, a glycosylphosphatidylinositol (GPI) membrane protein, is over-expressed in many
malignant tumours of epithelial origin and is largely absent in normal tissues.?® Its expression is not

27,28

altered after chemotherapy, making it a potential target even in treated relapsing tumours. aFR

binds folic acid with a dissociation constant (Kg) of 10™° M and conjugation of folate with different
types of molecules, including nanoparticles, does not alter the high affinity for its receptor.?2
Many oFR-targeting approaches, including folic acid derivatives, folate-drug-conjugates and
monoclonal antibodies, have been developed for clinical application for both imaging and
therapeutic purposes.® Folate-conjugation has also been applied to DNA nanotubes *** or DNA
tetrahedral nanoparticles® and resulted in successful targeting to aFR overexpressing cancer cells.
Here we generated biotinylated octahedral DNA nanocages functionalized with folic acid through
bio-orthogonal conjugation chemistry. DNA nanocages were loaded with doxorubicin, exploiting
the DNA-intercalating properties of this molecule, for treatment of cancer cells. The selective
delivery, internalization, degradation and cytotoxic efficacy of Dox-loaded nanocages were
analysed. Efficient uptake of the octahedral cages into cells was observed only in aFR expressing
cells, demonstrating a folate receptor-mediated uptake mechanism. The high targeting efficiency

translated into a selective death of aFR expressing cancer cells and degradation of nanocages.

Methods

Preparation of biotin and folate decorated DNA structures
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Biotinylated DNA octahedral cages were prepared as described.'® Oligonucleotide sequences are
reported in Supplementary Material, Table S1. A folate-modified oligonucleotide was prepared
starting from a double alkyne-modified oligonucleotide generated by solid-phase synthesis
(Supplementary Material, S2). The C8-Alkyne-dU phosphoramidite was selected as alkyne source
due to the C8-linker, which points out the helix major groove ensuring high labelling yields.*” The
post-synthesis conjugation with folate-PEG3-azide (Baseclick GmbH, Neuried, Germany) was
afforded by a copper-mediated azide/alkyne cycloadditon (CuAAC, click reaction) using the
OligoClick-Kit from Baseclick following the manufacturer instructions. All oligonucleotides were
HPLC purified and purchased from IDT (Integrated DNA Technology, Leuven, Belgium) with the
exception of the biotinylated oligo (OL2BIO Baseclick), which was obtained from Baseclick.

Modelling of the nanocage-folate receptor interaction and analysis of the electrostatic potential

distribution

The truncated octahedral cage 3D model was obtained through the Polygen suite,® the crystal
structure of the folate receptor alpha-folic acid bimolecular complex was downloaded from the PDB
database with ID: 4LRH.*® Biotin and folic acid structures were obtained from the PubChem
database.®® Spacers linking biotin or folate to thymidine were modelled using the MarvinSketch
program (https://www.chemaxon.com/products/marvin/), an advanced chemical editor for drawing
chemical structures. The dT-spacer-biotin and dT-spacer-folate were conjugated to the cage
structure using Tripos Sybyl 6.0 (www.certara.com) and the resulting complex was minimized
trough the ANNEAL module to remove any unfavourable interaction. The folate receptor was
manually added to the biotin-folate decorated (Bio-Fol) DNA cage using, as a template, the folate
molecule present within the crystal structure of the receptor.>® A local energy minimization with the
ANNEAL module, followed by a global energy minimization through the MAXIMIN module was
performed to remove clashes introduced by the modelling procedure. The model was saved and
exported in the PDB file format. The PDB file was converted in the PQR format to perform the
electrostatic potential calculations, through the PDB2PQR program.* The electrostatic potential
distribution was calculated at 0.5 kT/e (where k is the Boltzmann constant, T=298K and
1kT/e=0.0257 V), by solving the Poisson-Boltzmann equation through the Adaptive Poisson-
Boltzmann Solver (APBS) algorithm,** as implemented in the PyMOL APBS Tools Plugin
(https://pymolwiki.org/index.php/APBS). Pictures were produced with the PyMOL 1.8 version
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molecular visualization program (The PyMOL Molecular Graphics System, Version 1.8
Schrodinger, LLC).

Cell cultures

HelLa, derived from human cervix cancer, HT29, derived from human colorectal adenocarcinoma,
A431 cells derived from a human epidermoid carcinoma and COS cells, a monkey kidney
fibroblast-like cell line were grown in DMEM (Dulbecco’s modified Eagle’s medium) (Biowest,
Miami, FL) supplemented with 10% fetal bovine serum (FBS) (Gibco, Paisley, UK), L-glutamine
1mM (Sigma Aldrich, St. Louis, MO), sodium pyruvate 1mM (Biowest, Miami, FL) and 100U/ml
penicillin-streptomycin (Euroclone, Devon, UK). For DNA cage experiments, cell culture medium
was replaced with folate-free RPMI 1640 supplemented with 10% FBS the day before and

experiments were performed in complete folate-free RPMI 1640 medium.

Purification and blotting of DNA nanocages

Cells were plated in 48 well plates at a density of 5x10* cells/well and grown 24 hours in folate-free
RPMI 1640 supplemented with 10% FBS. Cells were incubated with Bio-Fol DNA cages at
different concentration and time (as indicated in each experiment). After incubation, cells were
lysed, centrifuged, digested with proteinase K and analysed by DNA blot, as previously described.°
Biotin detection was carried out using streptavidin-HRP (Horseradish Peroxidase) (Abcam) and
visualized by enhanced chemiluminescence (ECL Plus, Euroclone). For image processing and
densitometric analyses, photographic films were digitized by scanning. Bands were analysed with
ImageJ software.

DNA nanocages were purified from conditioned medium after incubation with cells for different
times at 37 °C. Conditioned medium was collected from each well, cleared from cellular debris by
centrifugation at 10.000 rpm for 15 min and analysed by DNA blot.° For the preparation of DNA
nanocage input samples, cages added to cell culture medium were immediately digested with
proteinase K (100 pg/ml) for 1 h at 37 °C and protein digestion was stopped by adding
phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 5 mM.

Dox intercalation and release from DNA nanocages
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Dox (Sigma) was diluted in TBS (Tris-HCI 50 mM, NaCl 150 mM, pH 7.4) at a concentration of
100 pM. DNA nanocages were incubated overnight at room temperature (RT) with Dox at 1:2
Dox:base-pairs (bp) ratio in a total reaction volume of 100 pl TBS. The unloaded Dox was removed
by gel filtration through Sephadex G-25 Medium (Amersham), using Mobicol spin columns
(MoBiTec GmbH). Fluorescence of free Dox in solution was measured using a Fluoromax4 single
photon counting fluorimeter (Horiba) (Excitation: 485 nm; Emission: 590 nm). Dox intercalates
into DNA with a consequent quenching of its intrinsic fluorescence signal.*’ The total amount of
intercalated Dox was calculated from the fluorescence intensity of the sample after acidification at
pH 2, which causes total Dox release from DNA and compared with a calibration curve obtained
from measurements on free Dox samples at known concentration.

The percentage of Dox release is calculated from the following equation:

(Doxreleased - Dothrl)
(DoxTot - Dothrl)

x 100

DoXcyri is the fluorescence intensity (A=590 nm) of the sample at the starting point in TBS pH 7.4;
DoXreleased IS the fluorescence intensity of the sample at each experimental point;
Dox1t is the fluorescence intensity of the sample after acidification at pH 2, which causes total Dox

release from DNA nanocages.

Confocal analysis

A431 and Hela cells were treated with empty, Dox-loaded Bio-Fol DNA cages or free Dox in
folate-free RPMI 1640 supplemented with 10% FBS at 37 °C for different times, then fixed with
4% paraformaldehyde and permeabilized with Tris-HCI 0.1 M pH 7.6, Triton 0.1% for 4 min.
Biotinylated cages were detected by using streptavidin-FITC (Fluorescein isothiocyanate)
(Jackson). For folate receptor detection, membrane immunofluorescence was performed as
previously described.”® Folate receptor was visualized with murine monoclonal antibody (mAb)
MOV19* as the primary antibody and Rhodamine Red-X-conjugated AffiniPure donkey anti-mouse
IgG (Jackson) was used as secondary antibody. The nuclei were stained with DAPI (Invitrogen).
Images were obtained with an Olympus FV1000 laser confocal fluorescent microscope at 60x

magnification and the fluorescence signal was evaluated with IMARIS software.

Cell Viability Assay



©CO~NOOOTA~AWNPE

Cell  viability = was evaluated by using the  3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega). Cells were
plated in 96-well plates at a density of 7x10%well in RPMI 1640 w/o folic acid supplemented with
2% FBS and incubated for 24 h. After treatment with empty, Dox-loaded Bio-Fol DNA nanocages
or free Dox for different times the medium was removed and cells were washed twice in phosphate-
buffered saline (PBS). The treatment was refreshed every 24 h incubation. Untreated control groups
were incubated with RPMI 1640 w/o folic acid supplemented with 2% FBS. MTS assay was
performed at the end of each time of incubation following the manufacturer’s instructions.

Absorbance was measured at 490 nm using an ELISA plate reader.

Statistical analysis

Data were analysed using Student’s “t-test”. Results are expressed as a mean + S.E.M., calculated
by using GraphPad Prism. Differences were considered statistically significant when P <0.05 (*)
and P< 0.01(**).

Results
Modelling and assembly of biotin-folate decorated DNA octahedral cages

The sequences of the oligonucleotides designed for the assembly of DNA truncated octahedral
cages having a biotin molecule on one edge of the structure and two folate molecules on another
edge are reported in Supplementary Material (Table S1). The presence of folate in the assembled
cages allows the binding to the folate receptors and the presence of biotin permits the detection of
cages through a streptavidin-biotin reaction. Two folate molecules have been located on a single
oligonucleotide (Supplementary Material, Table S1) for maximizing the folate local density and
increasing the binding interaction with the receptor.*® A 3D molecular model for the folate receptor-
nanocage complex was built by manually docking the two structures. The model indicates that,
using a linker such as triethylene glycol for binding folate to the oligonucleotide, the distance
between the folate molecule and the cage is large enough (2.5 nm) for avoiding any steric hindrance
between the cage and the folate receptor interacting with the folate molecule. Moreover, as depicted
in Figure 1, the close distance between the two folate molecules permits the binding of a single
receptor for each cage showing that, once one folate binds to the receptor there is not enough space
to permit the binding of the second one to another receptor. The 3D molecular model also shows an
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electrostatic complementarity between the strong negative potential surrounding the DNA (red
surfaces) and the positive blue potential observed on the face of the receptor interacting with the
folate (Figure 1). Following these indications, we have experimentally assembled biotinylated and
folate-conjugated (Bio-Fol-) DNA nanocages using oligonucleotides modified by copper(l)-
catalysed azide/alkyne cycloaddition (CUAAC, click reaction), as described in Supplementary
Material, S2. The assembly of the cages was not perturbed by the presence of the biotin and folate
molecules in the oligonucleotides and the assembly efficiency was estimated to be approximately

40%, which is in agreement with previous reports of cage assembly.®*%*

Targeting efficiency of folate-modified DNA nanocages

To evaluate the targeting efficiency of functionalized Bio-Fol-DNA nanocages in living cells we
analysed HeLa, HT29, A431 and COS cells known to express the aFR at different levels. HeLa
cells were used as oFR overexpressing cell line® and A431 cells were used as oFR negative cell
lines.*® Cells were plated at the same density and incubated with 2 pg/ml (3 pM) of Bio-Fol-DNA
cages for 24 h at 37°C. After incubation, cells were lysed, centrifuged and supernatants digested
with proteinase K for removing the bound proteins that surround the surface of nanocages.'® DNA
nanocages were analysed by DNA blot (Figure 2A). Lanes 1 and 2 show the band of DNA cages
(10 and 20 ng respectively) before incubation with the cells (input). DNA cages purified from cell
extracts (Figure 2A, lanes 3-6) run mostly as a single product in the gel with mobility comparable to
the input, but with a high variability of intensity depending on the cell type analysed. Densitometric
analysis allowed us to calculate the amount, expressed in ng/10° cells, of DNA cages internalized in
24h in the different cell lines (Figure 2B). The quantity of cages uptaken by HelLa cells was 7520
ng/10° cells, a value more than 40 fold higher than the amount of nanocages internalized into A431
cells (Figure 2A, lanes 4 and 6). The uptake difference is directly correlated to the membrane
expression level of aFR receptors as evaluated by flow cytometry (FACS), using two antibodies
(MOv19 and MOv18) that recognize different epitopes of the receptor, confirming a good
expression of the receptor on the surface of HelLa but not of A431 cells (Supplementary Material,
S3). As a further evidence that folate functionalization improve the uptake efficiency of DNA cages
in HelLa cells we compared Bio-Fol- with pristine nanocages, finding a 10 fold increase of uptake in

the presence of folate (Supplementary Material, S4).

The intracellular localization of Bio-Fol-DNA nanocages was studied by confocal microscopy in

HeLa and A431, representing the cell lines with the most and the less efficient cage uptake,
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respectively. Cells were stained with streptavidin-FITC for visualizing biotinylated DNA cages and
with DAPI for nuclear staining. As shown in Figure 3 (panels A and B), cages appeared in many
small fluorescent dots confined in the cytoplasm of HelLa cells whilst no fluorescence was detected
in the nuclei. Co-localization analysis using antibodies against the early endosomal antigen (EEA1)
for detecting endosomes (Supplementary Material, S5), indicates that endocytic vesicles are
involved in the internalization pathway. Notably, DNA cages have a distribution not entirely
confined in vesicles likely related to the internalization mechanism of the folate receptors that
continuously release folate molecules in the cytoplasm.®* A431 cells did not show any significant
fluorescence signal (panels C and D). The low signal visible in panel C is the same as the
fluorescence background of streptavidin-FITC in negative controls (Supplementary Material, S6).

The oFR level in HeLa and A431 cell lines was evaluated using mAb MOv19.*’ In line with the
DNA nanocage uptake experiments, shown in Figures 2 and 3 (panels A-D), in HeLa cells aFR
receptors are highly expressed as visualized by many plasma membrane associated red fluorescent
dots (Figure 3, panels E and F), while A431 cells do not show any red membrane fluorescence

around the blue nuclei (Figure 3, panels G and H).

Doxorubicin intercalation to DNA nanocages and drug release in vitro

Dox intercalates into DNA double helix showing a clear selectivity towards GC or CG sequences.*®
At high drug concentration, Dox can also undergo dimerization and form complexes with AT
sequences with a lower affinity constant.** Octahedral Bio-Fol-DNA nanocages were incubated
overnight at RT at different Dox:bp ratio to identify the best loading condition. The unreacted Dox
was removed purifying Dox-loaded cages by G25 gel filtration and the Dox leakage was evaluated
measuring free Dox fluorescence as a function of time (Supplementary Material, S7), taking
advantage of the fluorescence signal of free Dox at 590 nm and of the Dox fluorescence quenching
once the drug is intercalated into DNA.* The 1:2 Dox:bp ratio resulted to be the best incubation
condition leading to a Dox entrapment of 25£4% of the initial concentration with no significant
Dox release variation during time (up to 5 days) (Supplementary Material, S7A). These conditions

were used for the experiments described from here after.

The in vitro pH-dependent Dox release from Dox-loaded octahedral DNA nanocages was quantified
through fluorescence spectroscopy, as shown in Figure 4. There was no significant variation of drug
release from pH 7.4 to 5.5 while an increase in Dox fluorescence signal was observed at more

acidic pH values. The total amount of Dox loaded into DNA cage was evaluated lowering the pH to

9
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2, which causes total Dox release from DNA. It is worth noting that acidifying to pH 2 did not
produce any variation to the fluorescence spectra of free Dox (Figure 4B). The time dependent Dox-
release profile was further investigated at different pH values (Figure 4C). Purified Dox-loaded
DNA nanocages were suspended in TBS pH 7.4, or at pH 5 and 4.5 in citrate buffer 25 mM, NaCl
150 mM (Ty) and fluorescence changes were measured at different time intervals, up to 24 h. At the
physiological relevant pH 7.4 Dox-loaded DNA nanocages did not show significant Dox release,
while a consistent time-dependent release was observed at pH 4.5, reaching 22% of the total drug

concentration after one day.

Dox release was followed as a function of time also in TBS supplemented with 10% FBS (Figure
4D). The presence of 10% FBS slightly increased Dox release after 24 h (about 1%), reaching 8 %
after 48 h. The integrity of Dox-loaded DNA nanocages in 10% FBS was tested in parallel by gel
electrophoresis as a function of time to verify whether the slight Dox release could be a
consequence of degradation of nanocages. Figure 4E shows that DNA cages maintain their integrity
for the first 18 hours, while, at longer time, they start to undergo degradation, likely due to the
presence of nucleases in FBS.* It is worth noting that, after 48 h, a significant amount of nanocages
is still intact, as seen by over-exposing the gel (Figure 4E, right panel). In agreement with this
finding, incubation of Dox-loaded DNA nanocages with increasing concentration of DNAse | leads
to Dox release (Supplementary Material, S8), providing an explanation for the release observed in
10% FBS.

Intracellular trafficking of Dox-loaded DNA cages in HeLa cells

To explore the mechanism of drug delivery, Dox-loaded Bio-Fol-DNA nanocages were incubated
with HeLa cells for 4 hours at 37 °C and analysed by confocal microscopy. Dox can be visualized
in cells from its own red florescence emission, allowing a direct detection by fluorescence
microscopy of the intracellular uptake of Dox molecularly dissolved in the medium (free Dox) or
intercalated (Dox-cage), once released from the cages. Cells treated with Dox-cages were stained
with streptavidin—FITC for visualizing biotinylated cages (Figure 5). When cells were incubated
with free Dox, the drug diffused through cell membranes and it accumulated mostly in cell nuclei
(Figure 5A). When doxorubicin was given to cells as Dox-cages it localized in the cytoplasm
(Figure 5B-D). Indeed, the confocal images show overlapping red (panel B, Dox) and green (panel
C, DNA cages) fluorescence signals, corresponding to co-localization of Dox and DNA cages in the

same compartment (panel D, merge). After 4 h incubation, most of the Dox fluorescence signal

10
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(panel B) was still in the cytoplasm, with a low percentage present in the nuclei, indicating that Dox
was slowly trafficking to the nuclei.

Dox-loaded DNA nanocage stability in HeLa cells

Empty DNA cages have been shown to be highly stable in biological fluids, in cells and in animal
models.'®* The effect of Dox intercalation on their in vitro stability was investigated as an
important prerequisite for their use in biomedical applications. DNA blots demonstrated a slight
difference in electrophoretic mobility of Dox-loaded DNA cages when compared with empty DNA
cages. After 24 h in culture medium, supplemented with 10% FBS, a low molecular weight smear
below the intact Dox-loaded cage band was detectable indicative of partial degradation, in line of
what observed for empty cages (Supplementary Material, S9A). We then compared the stability of
Dox-loaded or empty DNA nanocages in HelLa cells incubating, for different times, sister cultures
with 6 pg/ml (9 pM) of Dox-cages or empty DNA cages at 37 °C. The uptake efficiency and the
DNA nanocage integrity were monitored by DNA blot before incubation and after purification from
the cells. Lanes 1 and 2 in Figure 6A show 30 ng of empty DNA cages and Dox-cages respectively,
in culture medium before incubation with cells (input). DNA cages, purified from cell lysates (lanes
3 and 4) and from conditioned medium (CM) (lanes 5 and 6), derived from both treatment groups,
ran as a single product in the gel with mobility comparable to the input, but, in the case of Dox-
cages, at much lower intensity (Figure 6A, lanes 4 and 6). From densitometric analysis, the amount
of empty DNA cages found in HeLa cells was 317+71 ng/10° cells, while that of Dox-cages was
135429 ng/10° cells (compare lane 3 and 4 in Figure 6A). Notably, this latter value is 57+8% lower
than the amount of empty DNA cages (Figure 6B). The concentration of DNA cages, purified from
CM derived from HeLa cells at the end of the incubation period, was analysed in DNA blot for
verifying whether this result was due to lower uptake efficiency or to higher degradation rate of
Dox-loaded cages compared to the empty ones. Interestingly, as shown in Figure 6C, also in CM
the intensity of the band of Dox-cages was 47+4% lower than the intensity of the band of empty
DNA cages (compare lanes 5 and 6, Figure 6A). It is worth noting that free Dox incubated with
empty cages in culture medium did not perturb the cage integrity (Supplementary Material, S9B).
These findings indicate that the lower amount of Dox-loaded DNA cages found inside HelLa cells is
not due to a less efficient internalization of Dox-cages compared to the empty ones but, rather, to

their degradation.

11
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Antitumor efficacy of Dox-loaded DNA nanocages

The antitumor efficacy of Dox-loaded Bio-Fol-DNA cages was tested by the MTS assay, incubating
for different times Hela and A431 cells with 6 pg/ml (9 uM) and 9 pg/ml (13.5 puM) Dox-cages,
containing a loaded Dox concentration of 1.1 and 1.9 uM, respectively, considering that 25% of the
initial Dox used for intercalation is present in the Dox-loaded DNA cages (Supplementary Material,
S6). Figure 7A shows that the cytotoxic effect obtained in HelLa cells with 6 pg/ml Dox-cages at 48
h, corresponded to 25.7£3% reduction in cell viability. No effect was observed in A431 cells. At 72
hours, a 36+4% reduction over the control was observed (data not shown). Increasing the
concentration of Dox-cages to 9 pg/ml, corresponding to 1.9 uM intercalated Dox, the cytotoxic
effect was much stronger, leading to 83+£3% cell viability reduction at 48 h in HeLa, without
producing any effect in A431 cells. Notably, empty DNA nanocages were not cytotoxic at least up

to a concentration of 12 pg/ml in both cell types (Figure 7C).

It is worth noting that free Dox, at a concentration of 1.1 uM, did not exert any cytotoxic effect
either on HelLa or A431 cells. After 48 h, 2 uM free Dox produced a 25+12% cell viability
reduction (Figure 7B), much lower than the 83+3% reduction observed when cells were treated with
Dox-loaded DNA nanocages (Figure 7A).

Discussion

In the last years, several attempts to functionalize nanoparticles of different sizes, shapes and
materials with ligands of cancer-specific receptors have been reported, with the aim of achieving
selective targeting. The results have not always been successful, depending on the ligand
accessibility to the receptor. In particular, serum proteins bind and surround the surface of

nanoparticles of various origin including DNA nanocages.***2

This effect, called “protein
corona” happens in a very short time upon contact with protein-rich biological fluids, in some cases
inhibiting the ligand-receptor interaction.® We have here demonstrated that the presence of two
folate molecules, grafted on the octahedral DNA nanocages at a 2.5 nm distance, allows efficient
binding and internalization of cages through a receptor-mediated mechanism into cells
overexpressing folate receptors. The presence of the nanocage could even favour the folate-folate
receptor interaction due to the presence of a complementary electrostatic potential (Figure 1). Folate
receptor-expressing cells internalize DNA cages with an efficiency at least 40 times higher than

cells not expressing this receptor (Figure 2). Notably, the alpha isoform of the folate receptor is up-

12
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regulated in many tumours, opening interesting possibilities for exploiting this strategy for cancer

treatment.?®

The here-described DNA-based nanocages have a controllable structure, are easy to assemble and
are an efficient binding platform for intercalating drugs, such as doxorubicin. Importantly, we
showed that they are highly stable (Figure 2) and not cytotoxic for HeLa cells when incubated
without intercalated Dox, up to 48 h (Figure 7C). The loading procedure is easy and Dox release
data in solutions of different pH and as a function of time revealed no release at pH 7.4 and a
significant increase in release at acidic pH in TBS (Figure 4). The stability of Dox-loaded cages at
physiological pH and the pH and time-dependent Dox-release attest to the potential application of

DNA nanocages as drug hanocarriers.

When incubated with folate receptor-expressing cells, Dox-loaded Bio-Fol-DNA nanocages were
uptaken as efficiently as empty DNA cages and were confined in endocytic vesicles in the
cytoplasm, indicating an internalization pathway different from that of free doxorubicin (Figure 5).
Free Dox enters into cells by passive diffusion, traffics directly to the nuclei and is quickly
metabolized.”? On the contrary, the receptor-mediated entry of Dox-cages diverts Dox natural traffic
slowing its entry to the nuclei.® Interestingly, the low pH of endocytic vesicles helps doxorubicin
release in the cytoplasm from drug-loaded cages inducing a selective degradation of DNA cages
(Figure 6). Dox is known to be a toxic compound that induces several noxious pathways, such as
apoptosis and production of reactive oxygen species.’>”®> DNA degradation in cells and in
conditioned medium of DNA nanocages (Figure 6) indicates the induction of a DNAse activity,
suggesting a caspase-dependent apoptotic mechanism.” In this way DNA nanocages not only
selectively deliver Dox to the folate receptor-enriched cancer cells, but are also degraded, thus
avoiding the problem of nanocarriers accumulation in vivo. Another positive finding is that Dox
released from the cages is more cytotoxic than free Dox (Figure 7). This result highlights the
importance of the different Dox trafficking pathways in triggering cytotoxicity. In the case of Dox-

loaded cages, a signalling response at the cytoplasmic level results to be highly cytotoxic.

Taken together these results indicate that functionalization with ligands can be pursued to
selectively target DNA nanocages toward cells overexpressing specific receptors, but also
demonstrate the need to deeply investigate at the cellular level the pathways induced by the

receptor-mediated cell entry to well understand and optimize the killing effect of the drugs.
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Legends to Figures

Figure 1. Electrostatic potential distribution around the Bio-Fol-DNA nanocage-folate receptor
complex. (A) View of the full complex. (B) Close view of the folate protruding from the cage
bound to the receptor. Negative and positive electrostatic potentials are represented by red and blue

colours respectively.

Figure 2. Folate receptor-mediated uptake of Bio-Fol-DNA nanocages in cells. (A) Representative
DNA blotting of cell extracts obtained from COS (lane 3), HeLa (lane 4), HT29 (lane 5) and A431
(lane 6) cells. DNA cages were detected with streptavidin-HRP. Purified DNA nanocages before
incubation with cells (input) are shown in lanes 1 (10 ng) and 2 (20 ng). (B) Histogram shows the
calculated amount of DNA nanocages internalized in different cell lines, as indicated. Values were

expressed as a mean + SEM.

Figure 3. Confocal analysis of Bio-Fol-DNA cages internalized in HeLa and A431 cells. (A-D)
Biotinylated cages are detected using streptavidin-FITC and nuclei are blue stained with DAPI. (E-
H) Confocal analysis of folate receptor expression analysed with monoclonal antibody MOv19.

aFR receptors are visualized in red, nuclei are blue stained with DAPI. Scale bar: 20 pm.

Figure 4. In vitro release of Dox from Dox-loaded DNA nanocages. (A) Fluorescence spectra of
released Dox at different pH. (B) Fluorescence spectra of free Dox at pH 7.4 and 2.0. (C)
Percentage of time-dependent Dox release from Dox-loaded cages at pH 7.4, 5 and 4.5, monitored
by fluorescence changes (Excitation: 485 nm; Emission: 590 nm). (D) Percentage of Dox release
from Dox-loaded cages in the presence of 10% FBS, monitored by fluorescence changes and (E)
DNA blot of Dox-loaded DNA nanocages in the presence of 10% FBS at different times. The right

panel shows a 5x exposure of the lane corresponding to the 48 h sample.

Figure 5. Intracellular distribution of Dox. Hela cells were treated with 2.5 uM free Dox (panel A)
or 13 pg/ml Dox-loaded cages (panels B-D) for 4 h. Biotinylated cages are detected using
streptavidin-FITC and nuclei are blue stained with DAPI. Scale bar: 20 pm.
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Figure 6. Stability of Dox-loaded cages in lysates of HeLa cells and in conditioned medium (CM).
(A) Representative DNA blotting of cell lysates and CM obtained from cells incubated for 4 h with
empty (lanes 3 and 5) and Dox-loaded (lanes 4 and 6) Bio-Fol-DNA cages. Lane 1 (empty cages)
and lane 2 (Dox-loaded cages) show 30 ng of DNA nanocages before incubation with cells (input).
(B) Percentage of empty and Dox-loaded DNA nanocages detected in cell lysates. (C) Percentage of
empty and Dox-loaded DNA nanocages detected in CM. Histograms show the densitometric

analysis of three different experiments.

Figure 7. Cell viability of Hela and A431 cells treated with (A) Dox-loaded cages, (B) free Dox
and (C) empty cages at increasing concentrations and times, as indicated. Rectangles in (B) indicate
the amount of Dox intercalated in the Dox-cages used for the experiments shown in A and
rectangles in (C) indicate the amount of empty cages used for the experiments shown in A. The data
represent the mean £S.E.M. of three separate experiments. P <0.05 (*) and P< 0.01(**).
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