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Assessing the influence of small structural
modifications in simple DNA-based nanostructures
on their role as drug nanocarriers¥
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DNA nanotechnology leverages Watson—Crick—Franklin base-pairing interactions to build complex DNA-
based nanostructures (DNS). Due to DNA specific self-assembly properties, DNS can be designed with a
total control of their architecture, which has been demonstrated to have an impact on the overall DNS
features. Indeed, structural properties such as the shape, size and flexibility of DNS can influence their
biostability as well as their ability to internalise into cells. We present here two series of simple DNS with
small and precise variations related to their length or flexibility and study the influence that these struc-
tural changes have on their overall properties as drug nanocarriers. Results indicate that shorter and more
flexible DNS present higher stability towards nuclease degradation. These structural changes also have a
certain effect on their cell internalisation ability and drug release rate. Consequently, drug-loaded DNS
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cytotoxicity varies according to the design, with lower cell viability values obtained in the DNS exhibiting
faster drug release and larger cell interaction rates. In summary, small changes in the structure of simple
DNS can have an influence on their overall capabilities as drug nanocarriers. The effects reported here
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1. Introduction

DNA nanotechnology enables the development of nano-
structures with total control over their size and shape in a
reproducible way. This ability is based on the fundamental
properties of DNA, in particular the highly specific base pair
recognition and thus programmable self-assembly.’ These
DNA nanostructures (DNS) have additional advantages of good
biocompatibility, water solubility as well as easy and controlla-
ble functionalisation. Hence, DNS have been suggested as
promising candidates for several applications in biomedicine,
especially as nanocarriers for therapeutic agents in different
modalities, such as chemotherapy and gene therapy.>**> DNA
nanostructures have been reported to show low immunogenic
response, but they can be adapted with appropriate sequences
and decorated with antigens to elicit immune response and
hence display interesting applications for immunotherapy.®®
Indeed, there is a large variety of DNS developed to this end
spanning from simpler designs, such as a Y-shaped motif or a
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could guide the design of simple DNS for future therapeutic uses.

DNA tetrahedron,’ to more complex constructs based on DNA
origami.'®"! Understanding the effect of certain structural fea-
tures on several crucial properties such as stability and cell
internalisation ability is important to guide DNS design and
hence facilitate their applicability."" Some research has been
carried out in this direction,*'** mostly focused on complex
DNA origami-based structures.>'*'* Specifically, larger and
compact DNA origami structures were reported to exhibit
better cellular uptake than elongated ones."?

However, considering future clinical applicability, less
complex DNS than origami could entail advantages such as
reduced material costs and simplicity of production. Thus,
investigating the structure-dependent properties of simpler
DNS designs may benefit future translation. For instance, the
effect of the topology of different 3D DNA polyhedra on their
uptake in vitro and in vivo has been recently described. Among
several explored polyhedral designs, the DNA tetrahedron
showed better uptake in several cell lines as well as in vivo."?
Here, we focus our investigation on two series of simple DNS
that exhibit a straightforward design and are easy to produce
and scalable. In particular, we have prepared a set of DNS
using the single-stranded tile (SST) approach'® that presents
differences in their length (Fig. 1a) and another set of
Y-shaped DNS built by the assembly of 3 oligonucleotides with
differences related to their flexibility (Fig. 1b). For each series,
we have studied the effect that subtle changes in these struc-
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Fig. 1 DNS design and structural characterisation. (a) SST series design layout. Number of strands correlating with length, with 6S, 10S and 14S
being composed of 6, 10 and 14 strands, respectively. (b) Y-shaped DNSs (0T, 1T and 3T), with either 0, 1 or 3 unpaired thymines at the hinge, indi-
cated in yellow. (c) PAGE analysis of different DNSs. A a 100 bp ladder is included in the first lane. (d) Histograms of the hydrodynamic diameter (D},

values (in number) obtained by DLSs for the SST DNS series (n = 10).

tural features, namely length and flexibility, have on their
stability towards nuclease degradation and in cell culture
media, their internalisation by cells, their drug loading and
release capacity, and their effect on cell viability. Our work will
benefit the research community focused on the design of
simple DNS for therapeutic delivery purposes.

2. Results and discussion

2.1. Assembly and characterisation of DNS

Two series of DNS were synthesised, called SST and Y-shaped.
The SST series is constituted by three assembled DNS which
comprise six, ten or fourteen strands (named 6S, 10S and 14S,
respectively) into a 4-helix bundle with a rectangular prism
cross-section using the SST assembly method (Fig. 1a).>™"’
This series was used to study the effect of small variations in
the length, while maintaining the height and width of the
cross-sectional area constant (effectively increasing the aspect
ratio; Fig. 1a), on the aforementioned biological properties. In
this series, the negative charge of the DNS also increases with
the length, although the change in the charge/mass ratio is
negligible. The Y-shaped series is formed by three Y-shaped
DNS assembled with three strands. These DNS differ in the
number of unpaired thymine (T) bases present at the hinge
(zero, one or three) and are named 0T, 1T and 3T, respectively.

1550 | Biomater. Sci, 2024, 12, 1549-1557

The introduction of unpaired bases at the hinge of Y-shaped
DNS has been reported to modify conformational
flexibility."®'® Thus, this Y-shaped series was designed to
study the effect of variations of the flexibility, with the 3T DNS
presenting the largest flexibility of the hinge (Fig. 1b).>° Both
series were assembled using thermal annealing protocols
adapted from previous reports (see the Experimental section
for further details and Table S1 in the ESIt for oligonucleotide
sequences). The correct folding of the DNS was initially
assessed by polyacrylamide gel electrophoresis (PAGE)
(Fig. 1c). The formation of one predominant band for every
structure verifies the correct assembly of both SST and
Y-shaped series. Concerning SST DNS, distinct bands for each
DNS can be observed, with 10S running slower than 6S and
faster than 14S due to the larger molecular weight and size.
Note that some lower intensity bands with lower mobility are
observed in 10S and 14S which could be related to the pres-
ence of some multimers. Regarding the Y-shaped DNS, it is
remarkable that OT presents slightly lower mobility in the gel
than 1T, even though it does contain a small number of
nucleotides, which supports its larger rigidity."®*® A dynamic
light scattering (DLS) study was also performed to corroborate
the right formation of DNS and their differences in size
(Fig. 1d and Fig. S2t). Namely, a hydrodynamic diameter (Dy,)
of 7.1 + 1.6 nm, 10.9 + 0.4 nm and 14.2 + 1.6 nm were obtained
for 6S, 10S and 14S, respectively (Table S27). As expected, the

This journal is © The Royal Society of Chemistry 2024
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longer the DNS, the larger the experimentally obtained Dy
value. Similar D;, values were obtained for the DNS in the
Y-shaped series (6.8 + 1.1 nm for 0T, 6.5 + 1.1 nm for 1T and
7.2 £ 1.9 nm for 3T; see Table S21). Regarding thermal stabi-
lity, all DNS show melting temperatures (Ty,) above 37 °C (all
recorded at the same DNA concentration, i.e. 20 ng uL™"), with
Ty values of around 40 °C for SST and around 70 °C for the
Y-shaped DNS (see Fig. S3 and Table S3t). Dy, and T,,, values
are similar for the DNS both in PBS and in a solution contain-
ing 50% of cell culture DMEM (see Tables S2 and S37), thus
supporting their structural and thermal stability under cell
culture conditions.

2.2. Stability in nuclease-containing solutions

One important aspect concerning the use of DNS as drug
nanocarriers is assessing their stability in solutions that
contain nucleases to mimic biological environments. Even
though biodegradation is a desired property for these nano-
materials, DNS should present certain biostability to fulfil
their biological function. To study the effect that the subtle
proposed changes in our DNS have on the stability against
nuclease degradation, both SST and Y-shaped DNS were incu-
bated at 37 °C with either the cell culture DMEM sup-
plemented with fetal bovine serum (FBS) (Fig. 2a and c) or
with DNase I (Fig. 2b and d), see also Fig. S4 in the ESL.{ After
several incubation time intervals, the DNS stability was
assessed using PAGE. In the case of the SST series, the shortest
structure, 6S is observed to present the slowest degradation
rate when incubated with DMEM + FBS (Fig. 2a), suggesting
that shorter length in this type of design is preferred to confer
higher resistance to serum containing solutions. No differ-
ences are observed though when SST DNS are incubated with
DNase I (Fig. 2b), suggesting that differences in the serum
stability do not arise from this type of nuclease. With respect
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to the Y-shaped series, the 3T design presents the highest re-
sistance in serum (Fig. 2c) and DNase I (Fig. 2d), followed by
1T with OT as the less stable DNS. This suggests that higher
flexibility at the hinge of the Y-shaped DNS is related to less
nuclease susceptibility. The different number of unpaired
nucleotides at the hinge modifies the flexibility and the chemi-
cal environment of the junction of these DNS, which have
been reported to affect DNAse I activity.”"**> Therefore, these
small design changes that modify the length and flexibility
appear as a facile approach for tuning the vulnerability of DNS
in nuclease-containing solutions. Additionally, when compar-
ing both DNS series, the differences are remarkable in both
serum and DNase I solutions. Regarding serum, no degra-
dation was observed in the Y-shaped DNS even after 7 days of
incubation with 10% FBS (see Fig. S4c in the ESIf) and differ-
ences were observed with FBS at 50% (Fig. 2c), but the SST
series do show degradation at 10% FBS in 24 h (Fig. 2a).
Similarly, in the case of DNase I, larger concentrations were
required to observe degradation in the Y-shaped series com-
pared to the SST series (Fig. 2b and d). Thus, Y-shaped DNS
were found to be more resistant against nuclease degradation
than SST, which suggests that these simpler designs confer
higher stability in biologically relevant media. It is important
to remark that PAGE was also performed with DNS in PBS
incubated at 37 °C for up to 24 h and that all DNS remain
structurally stable (see Fig. S4a and c in the ESI}). Therefore,
the changes observed by PAGE are caused by nuclease-
mediated digestion and not by thermal disassembly. We also
probed that DNS are stable under slightly acid or basic con-
ditions (see Fig. S57).

2.3. Cell internalisation

DNS acting as nanocarriers of therapeutic agents should be
internalised by cancer cells. DNS are commonly internalised
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Fig. 2 Nuclease resistance study. (a) and (b) Remaining 6S (blue data), 10S (red data) and 14S (green data) estimated by PAGE analysis after incu-
bation with (a) DMEM containing 10% FBS at 37 °C at different time points or (b) at 37 °C during 1 h with different concentrations of DNase I. (c) and
(d) Remaining OT (pink data), 1T (dark blue data) and 3T (light blue data) after incubation with (c) DMEM containing 50% FBS at 37 °C at different time
points or (d) after 1 h of incubation at 37 °C with different concentrations of DNase I.

This journal is © The Royal Society of Chemistry 2024

Biomater. Sci, 2024,12,1549-1557 | 1551


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm01987j

Open Access Article. Published on 18 January 2024. Downloaded on 8/6/2025 11:30:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

by endocytic  vesicles following  receptor-mediated
endocytosis.'**™>*> The potential impact of the structural
changes on the cell internalisation ability was also investigated
for the two series of DNS by flow cytometry and confocal
microscopy. To this end, DNS were folded with one Atto488
fluorescently labelled oligonucleotide (see Table S1 in the
ESIT). Additionally, the cells were incubated with a single
Atto488 labelled strand (S). Flow cytometry analysis was per-
formed for two types of cancer cell lines: MIA PaCa-2 (Fig. 3a,
b and Fig. S6a, ct) and HeLa (Fig. S6b, dt) incubated with the
different DNS for 3 hours. In both cases, histograms of the
geometric mean fluorescence intensity (gMFI) show the total
amount of cells with the fluorescence signal (Fig. S61) showing
the ability of DNS to interact with cancer cells. To compare
results and to determine structure-dependent cell interactions,
gMFI data are normalised by S. Fig. 3 shows the normalised
gMFI values of MIA PaCa-2 cells incubated with the different
DNS. No significant differences between DNS can be observed
in the case of the SST series (Fig. 3a). Nonetheless, lower nor-
malised gMFI values of DNS are observed in cells when com-
pared with those incubated with S. On the other hand, signifi-
cant differences between DNS can be observed in the case of
the Y-shaped series in MIA PaCa-2 cells (Fig. 3b) where less
flexible OT and 1T display larger intensity and hence better
interaction than 3T. These results show that these structural
changes in simple DNS influence their ability to interact with
cells. Regarding the comparison with S, 0T and 1T DNS show
higher mean fluorescence than the S control. In the case of
HeLa cells, no significant differences were observed in the
¢MFI values caused by DNS (Fig. S6t), which evidences that
the uptake efficiency of DNS can vary depending on the cell
type, as reported before.>'*'*2% To obtain information about
the actual cellular uptake ability and following previous
reports,”’” flow cytometry analysis was also performed in cells
after their incubation with DNS and subsequent treatment
with high amount of DNase I, with the aim to degrade any
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Fig. 3 Flow cytometry analysis of MIA-PaCa-2 cells incubated with (a)
SST DNS or (b) Y-shaped DNS previously labelled with Atto488. Bar
graphs show geometric mean fluorescence intensity (gMFI) values nor-
malized by the S. gMFI data are the averaged values and the standard
deviation (n > 3) of two independent studies. P-values were calculated
using the t-test analysis, *P < 0.05, **P < 0.01, ***P < 0.001, ****pP <
0.0001.
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DNS attached to the membrane (see Fig. S71). Similar intensity
values are obtained for DNase I treated or untreated cells, thus
corroborating cell fluorescence accounts for actual cellular
uptake of the DNS.

Furthermore, confocal microscopy was carried out with the
MIA PaCa-2 cell line to confirm the internalisation ability of
the DNS into the cancer cells (Fig. 4 and Fig. S81). As an
example, images were obtained for MIA PaCa-2 incubated for
3 h with either 14S (Fig. 4a and b) or 1T (Fig. 4c and d). First,
orthogonal projection of specific confocal images (Fig. 4a and
¢) demonstrates the accumulation of several DNS inside cells.
Additionally, the maximum intensity projection shows the
DNS that can be observed at the same confocal plane as the
cell nucleus (see white arrows in Fig. 4b and d).

2.4. Drug cargo encapsulation and release

Doxorubicin (DOX), a widely used anticancer drug, was used
as a cargo model. DOX anticancer action resides in its ability
to intercalate into double-stranded (dsDNA) DNA and, hence,
stop replication and transcription processes.*® Since DOX fluo-
rescence is reduced upon intercalation into dsDNA, its loading
into DNS can be tracked with fluorescence measurements.”**°
These two properties make DOX a common candidate for the
validation of DNS as drug nanocarriers.>>*'* In our study, a
constant concentration of DOX (10 pM) was titrated while
varying the DNS concentration (see Fig. S9F for an example of
titration with OT). Precisely, the number of base pairs (bp)
required to trap one DOX molecule was calculated obtaining a

Fig. 4 Confocal laser scanning microscopy images of MIA-PaCa-2 cells
incubated with 6S (a and b) or 1T (c and d). In (a) and (c) an orthogonal
projection of the marked plane is observed at the right and top part of
images. In (b) and (d) maximum intensity projections of all z images
which correlate with the plane of the cell nucleus. Nuclei can be seen in
blue (DAPI-staining), actin in red (phalloidin-AlexaFluor546 staining) and
DNS in green (Atto488-labelled). Scale bar is 20 pm.

This journal is © The Royal Society of Chemistry 2024
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value in the range of 3.7 to 4.5 bp/DOX for all DNS.
(Table S4t). To further characterise this trapping efficiency,
isothermal calorimetry (ITC) was performed in 0T and 6S as an
example (Fig. S10f). bp/DOX values of 4.4 and 4.5 were
obtained by ITC. These values are consistent with fluorescence
measurements, and both demonstrate the ability of DNS to
trap DOX and provide the amount of drug present as cargo.
DOX release was also investigated by fluorescence measure-
ments (Fig. 5). While DNS degradation occurs, released DOX
produces an increase in sample fluorescence. Aiming at
mimicking biological conditions, the DOX release profile over
time was investigated by incubating the DNS with both DMEM
supplemented with FBS and with DNase I at 37 °C. Regarding
the SST series, the DOX release reaches maximum values after
24 h of incubation in DMEM + FBS 10% (Fig. 5a), with a
similar release rate for all DNS. Conversely, when incubated
with DNase I, differences between DNS can be observed.
Namely, 6S shows a lower DOX release rate, of around 62 + 3%
within 20 U mL™", whereas 10S and 14S show 78 + 1 and 76 +
2% in 20 U mL™" DNase I, respectively (Fig. 5b). As for
Y-shaped DNS, differences between the structures can be
observed in both DMEM + 10% FBS and DNase I (Fig. 5c and
d). OT shows the highest release rate, reaching 75 + 10% of
DOX release after 24 h of incubation in DMEM + FBS and
100% when incubated with 50 U mL ™" DNase 1. These results
are in agreement with the stability data reported in the pre-
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vious section (Fig. 2) with 0T, 10S and 14S showing enhanced
structural vulnerability in nuclease-containing solutions.

2.5. Cell viability of DOX-loaded DNS

Finally, we investigated the effect on cell viability produced by
the DNS of the two series loaded with DOX. In particular, a
tetrazolium dye (MTT) viability assay in cells incubated with
DOX for 3 hours either free or loaded in the DNS at two
different DOX concentrations but keeping the DNA/DOX ratio
constant (5 bp/DOX). Assays were performed in two different
cancer cell lines (MIA PaCa-2 and HeLa). The results are
shown in Fig. 6 and Fig. S11.1 In the case of MIA PaCa-2 cells
some differences in cell viability can be observed for both DNS
series. In the SST series (Fig. 6a), shorter 6S DNS display the
largest cell viability value with no significant differences found
between 10S and 14S. In the case of Y-shaped DNS (Fig. 6b),
3T shows a larger cell viability value, with 0T reducing the cel-
lular viability to a larger extent than the rest of the series.
These observed differences in cell viability connect to a certain
extent with their ability to interact with cells (Fig. 3) as well as
their stability in serum-containing solutions (Fig. 2) and DOX
release rate (Fig. 5). Regarding the Y-shaped series, 3T is the
DNS showing the lowest cell internalisation ability (Fig. 3b),
the largest stability in serum (Fig. 2c) within the series and,
together with 1T, the slowest DOX release rate (Fig. 5d). This
can relate to the lower effect of DOX-loaded 3T on the cell via-
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Fig. 5 DOX release studies. (a) and (b) Release profile of DOX loaded in 6S (blue data), 10S (red data) and 14S (green data) after incubation at 37 °C
with (a) DMEM containing 10% FBS at different time points or (b) during 1 h with different concentrations of DNase . (c) and (d) Release profile of
DOX loaded in OT (pink data), 1T (dark blue data) and 3T (light blue data) after incubation at 37 °C with (c) DMEM containing 10% FBS at different

time points or (d) during 1 h with different concentrations of DNase I.
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Fig. 6 MIA PaCa-2 cell viability analysis using the MTT assay for DOX
encapsulated in DNS after 3 h of incubation with cells, followed by a
washing step to eliminate DOX not interacting with cells, and a sub-
sequent 24 hour incubation. (a) SST and (b) Y-shaped. Data are the aver-
aged values (n = 3) with associated standard P-values calculated using
one-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
comparing every group with each other.

bility (Fig. 6b). In contrast, OT shows larger cell internalisation
(Fig. 3b), presents the largest structural vulnerability (Fig. 2c)
and the quickest DOX release profile (Fig. 5d), which connects
well with their larger impact on reducing cellular viability
(Fig. 6b). Regarding the SST DNS series, 68S is the structure dis-
playing the lowest influence on cell viability (Fig. 6a). In this
series, no significant differences were observed in their cell
internalisation, so the enhanced cell viability by 6S may be
associated with its larger stability (Fig. 2a) and a slower DOX
release profile (Fig. 5b). It is worth noting that cell viability
values exhibited by free DOX are lower than the DOX-loaded
DNS, which may be related to a weak internalisation ability of
DNS during the 3 hours of incubation of these studies or on
more complex release processes of DOX inside the cells. In the
case of HeLa cells, similar differences were observed in the
SST series at 10 uM DOX, with 6S showing the largest cell via-
bility (Fig. S11t). Nevertheless, no further differences were
observed. This variability in cell viability by DNS as a function
of the cell type may be based on the cell-type influence on DNS
cell internalisation capabilities (see section 2.3)'>'*?® and
highlights the importance of adequately selecting the DNS
structure for a particular cell line.

3. Conclusions

In this work, we have studied the effect that small changes in
the structure of simple DNS related to their length and flexi-
bility have on their properties as drug nanocarriers. DNS have
shown different stabilities towards nuclease degradation with
the shorter (6S) in the SST series and more flexible (3T) in the
Y-shaped series exhibiting the largest structural stability in
nuclease-containing solutions. Some differences are observed
in the ability of the Y-shaped series to be internalised by
MiaPaCa-2 cells, but no effect was observed in HeLa cells. DNS
of the SST series do not show any difference in their ability to
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be internalised by either of the investigated cell lines. The
DOX release rate is indeed dependent on structural changes
and correlates well with the resistance to nuclease degradation
in the case of the Y-shaped DNS series. Concerning cell viabi-
lity, DOX-loaded DNS present different cytotoxicity effects in
MIA PaCa-2 cells, with the results related to the internalisation
ability, nuclease-mediated degradation and DOX release.
However, almost no significant differences in cytotoxicity are
observed in DOX-loaded DNS in HeLa cells, indicating the
importance of the type of cell in the design of a particular
nanostructure as a drug carrier. Although there is a lack of
standardized reported results in the DNA nanotechnology
field,***® we can conclude that, overall, our simple design DNS
show outstanding properties regarding stability in free-Mg>*
physiological buffers and resistance against serum degradation
compared to complex DNA origamis. For instance, a reported
icosahedral origami does show a high amount of degradation
after 6 h incubation in FBS-containing media.*” Other no
origami-based DNS, like the tetrahedron DNS, do show stabi-
lity for up to 23 h.*® However, especially relevant is the large
stability exhibited by the Y-shaped DNS series reported here,
which remain structurally stable even after a week of incu-
bation with 10% FBS containing DMEM. Besides, regarding
cellular internalization, our results are in accordance with
those reported for other DNS when using ssDNA as the
control.>’*° Concerning DOX trapping, we observe similar
DOX loading properties in all DNS with no significant influ-
ence of the DNS structure as described before.>® Furthermore,
our results reveal how small changes in the structure of simple
DNS can have an influence on their overall capabilities as drug
nanocarriers, without compromising DNA-based nano-
structure properties, as it happens with other modification
strategies.’® A key aspect of our DNS is that they are easy to
design and prepare. Additionally, their fabrication cost is
lower compared to origami-based ones, which points them as
better candidates for potential industrial production.**

The effects reported here could guide the design for future
therapeutic uses. The uptake of non-decorated DNS has been
investigated here to explore the impact of the structure itself on
the ability to be internalised. To achieve selectivity and enhance
the efficiency of uptake, precise decoration with targeting moi-
eties such as aptamers or antibodies could be integrated.”***
Also, the decrease in DOX cytotoxicity by encapsulation into DNS
could be exploited in the future, upon adequate surface ligand
decoration, to selectively enhance the therapeutic effect in target
cells while diminishing the off-target cytotoxicity of DOX.
Furthermore, differences associated with the small structural
changes in both series could be adapted for the delivery of com-
bined therapies with different pharmacokinetic profiles.

4. Materials and methods
4.1. DNS fabrication

Oligonucleotides were purchased from IDT or Macrogen.

Atto488-labelled oligos were obtained from Biomers.
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Oligonucleotides were stored in nuclease-free water at —20 °C.
6S, 0T, 1T and 3T were assembled at equimolar concentrations
in 1x phosphate buffered saline (PBS) (pH = 7.4) solution. 10S
and 14S were folded in a solution containing 20 mM MgCl,
buffered with TE (pH = 8.2). SST DNS were assembled in a
thermocycler by heating to 85 °C for 5 min, next cooling down
from 85 to 65 °C in 20 steps (1 °C per step, 5 min each step)
and finally cooling down from 65 to 25 °C in 80 steps (0.5 °C
per step, 12 min for each step). On the other hand, Y-shaped
DNS were assembled by heating at 70 °C for 30 s and cooling
from 70 to 25 °C in 90 steps (0.5 °C per step, 30 s for each
step). Samples were stored at 4 °C and protected from light.
Once assembled, 10S and 14S were dialysed against 1x PBS
with 2 kDa Slide-A-Lyzer MINI dialysis units (ThermoFisher).
After dialysis, the original DNS concentration was confirmed
by nanodrop measurements. See complete details in section
S1 (ESIY).

4.2 DNS characterisation

The correct folding of the DNS was assessed by PAGE and DLS.
For PAGE, 20-60 ng pL~' DNS were loaded and run for
100 minutes at 100 V in 10% polyacrylamide gels immersed in
a solution containing 11 mM MgCl, buffered with 1x TAE (pH
= 8.3). As a reference, a 100 bp (New England Biolabs) ladder
was run along with the samples. For subsequent visualisation,
the gels were stained with GelRed (Biotium, Fremont, CA, USA)
and imaged under UV light transillumination. For DLS
measurements (Zeta Sizer, Malvern Instruments), DNS were
folded and measured in PBS at 2 pM concentration.
10 measurements of 5 runs each were performed to obtain the
average and the standard deviation of the mean (SD). Reported
data are values obtained in numbers. The melting temperature
(Tm) was obtained by measuring the absorbance at 260 nm of
DNS at a concentration of 32 pM bp in a PBS buffer solution as
a function of the temperature using a Varian CaryBio 100 UV-
vis spectrophotometer. The temperature ranged from 20 °C to
95 °C with an increase of 1 °C min~". Data analysis was per-
formed using the OriginPro 2016 software. Here, the absor-
bance was plotted against temperature. The derivative of the
curve was calculated and fitted with a Gaussian function to
provide the Ty, (maximum) and the disassembling thermal
range (sigma).

4.3. DNS stability in nuclease containing solutions

The structural stability of DNS against degradation by
nucleases was studied with DNase I (New England Biolabs,
Ipswich, USA) and with cell culture media supplemented with
fetal bovine serum (FBS). SST DNS (unified to 20 ng pL™", equi-
valent to 400 nM for 6S, 250 nM for 10 S and 150 nM for 14S)
were incubated in a solution of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% of FBS (Thermo
Scientific, Waltham, MA, USA). Incubation times were set to 0,
2, 6, 18 and 24 hours. For the DNAse I study, SST DNS were
incubated for 1 h in the presence of different concentrations
of DNAse I: 20, 10, 5, 2.5, 1 and 0.5 units of enzyme in mL (U
mL™"). In the case of the Y-shaped DNS (concentration unified
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to 40 ng pL. ™", equivalent to 500 nM), DNS were incubated with
DMEM supplemented with 50% FBS (due to higher nuclease
resistance than the SST series) during 0, 2, 4, 8 and 24 hours.
In the DNAse I study, enzyme concentrations were 50, 20, 10,
5,2.5 and 1 U mL™". In all cases the incubation temperature
was 37 °C. The stability was determined using PAGE. The mix-
tures were run for 100 minutes at 100 V in a 10% polyacryl-
amide gel using 11 mM MgCl, with 1x TAE (pH = 8.3) as the
running buffer. Specifically, the degree of stability was
expressed by the percentage of remaining intact structure per
lane in the gel using Image]. Specifically, for each incubation
point the intensity of the band corresponding to the full struc-
ture was divided by the intensity of this band at time zero to
yield the relative percentage.

4.4. Cell culture

HeLa (cervical cancer) and MIA PaCa-2 (pancreatic cancer)
cells were maintained in DMEM, supplemented with 10% fetal
bovine serum (Thermo Scientific, Waltham, MA, USA) and 1%
penicillin/streptomycin (Gibco). Cells were maintained at
37 °C with 5% CO, in a humidified incubator.

4.5. Flow cytometry

Atto488-labelled DNS were prepared for these studies. Cells
were seeded on 96-well culture plates at a density of 5 x 10>
cells per mL, cultured for 24 h and then washed twice with
PBS. Then, they were incubated with fluorescently labelled
DNS at a final concentration of 3 uM for the SST DNS and
7.5 pM for the Y-shaped DNS along with an equivalent concen-
tration of S, at 37 °C for 3 h, harvested, and washed three
times with 1x PBS. Subsequently, the geometric mean fluo-
rescence intensity of the cells was determined by flow cytome-
try (CytoFLEX, Beckman Coulter, USA). Data were analysed
using CytExpert and Kaluza software (versions 2.4 and 2.1
respectively; Beckman Coulter, USA). Fluorescence intensity is
shown on a standard logarithmic scale.

4.6. Confocal microscopy

For confocal microscopy experiments, MIA PaCa-2 cells were
seeded on glass coverslips in 24-well culture plates at a density
of 10° cells per mL and incubated at 37 °C for 24 h. They were
then washed twice with PBS and incubated with Atto488
labelled DNS at a final concentration of 3 uM in supplemented
DMEM at 37 °C for 3 h. The medium was discarded, and cells
were washed thrice with 1x PBS, followed by fixation using 4%
paraformaldehyde for 15 min at room temperature (rt). The
cells were again washed twice with 1x PBS. Afterwards, the
cells were permeabilised with PBS-Saponin for 5 min and actin
was stained with Alexa Fluor™ 546 phalloidin for 1 h at rt.
Subsequently, the samples were washed with PBS-Saponin,
followed by PBS and, finally, Milli-Q® water. In the last step,
coverslips were mounted on the slide using Fluoromont-G
(SouthernBiotech) which contains DAPI (Molecular Probes) to
stain the cell nucleus. Cells were imaged using a Confocal
Spectral Zeiss LSM 880 microscope (Leica TCS SP8) with a 63x
oil immersion objective. Different fluorophores were excited
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using three different lasers 405, 488 and 561 nm to visualise
DAPI (cellular nucleus), Atto488 (labelled DNS) and
AlexaFluor546 (actin), respectively. The image analysis was per-
formed using the Zeiss Zen 3.4 software.

4.7. DOX encapsulation by fluorescence measurements

Fluorescence titration experiments were recorded at a constant
drug concentration of 10 uM in PBS buffer and varying DNS bp
concentrations from 0 to 65 pM. The fluorescence was
measured using a fluorimeter (LS-55 PerkinElmer) with a
quartz microcuvette. The excitation wavelength was set at
487 nm (maximum absorbance of DOX), and the emission
spectrum was recorded in the range from 520 to 700 nm.
Analysis of the titration curve was performed using OriginPro
2016 software. First variation of maximum fluorescence at
595 nm as a function of the pb/DOX ratio was plotted. Next, a
polynomial fit was applied to the graph and the equation of
the fitted graph was used to determine the pb/DOX needed to
reach the lowest residual fluorescence in which all DOX has
been trapped.

4.8. Isothermal calorimetry study

ITC was performed on an Auto-iTC200 (MicroCal, GE
Healthcare) calorimeter. Either OT or 6S DNS were loaded into
the sample cell (400 pL) at a concentration of 105 pM bp in
TNaK buffer (600 mM NaCl, 20 mM Tris-HCI and 5 mM KCl).
DOX diluted in TNaK buffer was loaded into a 150 pL syringe.
A total number of 19 injections (2 pL per injection) of the DOX
solution were done every 150 s into the sample cell at 25 °C.

4.9. DOX release study

DOX release was monitored by fluorescence measurements
using the same equipment and parameters as described in the
DOX encapsulation section. Samples were incubated with
different concentrations of DNase I or during different times
in DMEM + FBS 10% previous fluorescence analysis. The per-
centage of release from the DNS was calculated by setting free
DOX fluorescence at 10 pM as 100% release and residual DOX
fluorescence as 0% release.

4.10. Cell viability study

The effect of DOX on cellular viability was investigated by
measuring the activity of the mitochondrial dehydrogenase
enzyme using the MTT assay. The HeLa and MIA PaCa-2 cells
were seeded in 96-well plates at a density of 10 000 cells per
well. After incubation for 24 h, the medium was eliminated
and a new medium containing DOX, DNS and DOX-loaded
DNS was added and incubated for 3 h at 37 °C. The DNS con-
centration to hold DOX was 40 ng pL~'. Thereafter, the
medium was discarded, and wells were washed once with PBS
followed by new supplemented DMEM addition. After 24 h of
incubation, the wells were washed once and the new sup-
plemented medium without phenol red and with 5 mg mL™
MTT solution was added to each well for 2 h. After that, the
solution was removed, and subsequently, 100 pL of DMSO was
added to each well. The plates were shaken for 5 min, and the
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absorbance was measured (540 nm) with a microplate reader
(Multiskan GO, ThermoScientific). Viability of cells incubated
with PBS instead of DNS/DOX was set as 100%.

4.11. Statistical analysis

Analyses were performed using GraphPad Prism (GraphPad).
One-way ANOVA with the post-hoc test (Tukey test) was used on
data with more than two groups. P values <0.05 were con-
sidered significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, if not indicated: not significant.
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