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Doxorubicin-loaded DNA origami nanostructures:
stability in vitreous and their uptake and toxicity in
ocular cellst
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Biocompatibility and precise control over their size and shape make DNA origami nanostructures (DONs)
promising for drug delivery applications. Whilst many investigations have focused on cancer treatment,
this might not be the best fit for DONs that get degraded by nucleases in blood. In comparison, an eye is
a uniquely isolated target organ, which could benefit from DONs to achieve and maintain therapeutic
concentrations in diseases that threaten the eyesight of millions of patients every year. We investigated
the loading of doxorubicin (DOX) as a model drug into three distinct DONs and tested their stability upon
storage. Further, we chose one structure (24HB) to probe its stability under physiological conditions in
cell media and porcine vitreous, before examining the uptake and effect of DOX-loaded 24HB
(24HB-DOX) on the cell viability in a retinal cell line (ARPE-19). Similar to previous reports, the tested low
UM loading concentrations of DOX resulted in high drug loadings of up to 34% (m/m), and remained
mostly intact in water for at least 2 months at 4 °C. In cell media and porcine vitreous at 37 °C, however,
24HB required additional Mg>* supplementation to avoid degradation and the loss of the attached fluoro-
phores. With added Mgz+, 24HB remained stable in vitreous for 7 days at 37 °C. The treatment with
24HB-DOX was well tolerated by ARPE-19 cells, compared to the observed higher toxicity of free DOX.
Uptake studies revealed, however, that in contrast to free DOX, very little 24HB-DOX was taken up by the
cells. Instead, the particles were observed to attach around the cells. Hence, our results suggest that since
the uptake seems to be the bottleneck for therapies using DONSs, further strategies such as adding ocular
targeting moieties are necessary to increase the uptake and efficacy of doxorubicin-loaded DONs.

complementary staple strands under simple and reproducible
conditions.®® Hence, DONs can be easily tailored to thera-

DNA origami nanostructures (DONs) are attractive nano-
carriers in drug delivery applications because their dimensions
and functionalities can be precisely designed, controlled and
modified according to need.'” A single-stranded DNA scaffold
strand of known sequence is folded into a desired DON shape
by annealing with dozens of short, specifically designed, base-
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peutic applications, for instance, by fine-tuning their shape,
size, surface charge and functionality to the preferences of the
target cells.”® Furthermore, on their surface, DONs can display
in a spatially-controlled manner targeting moieties, such as
peptides,'® ligands,'""* and aptamers,”*™® to enhance selec-
tive uptake and boost their drug delivery performance
in vitro' 114151920 and in vivo."”'® Yet, most importantly for
biomedical applications, DONs are biodegradable and usually
well tolerated in in vitro and in vivo systems.*'

However, the stability of DONs under physiological con-
ditions, namely in low-magnesium environments (<1 mM) and
their susceptibility against nucleases in the blood, still
remains a concern and needs to be investigated." Because
DONs are most commonly made up of densely packed DNA
helices, the negative charge of their phosphate backbone
requires sufficient magnesium concentrations to screen the
electrostatic repulsion and maintain their structural
integrity.”»*> DONs’ stability against magnesium depletion
and digestion by enzymes is, however, superstructure-depen-
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dent, and hence, can necessitate addition of magnesium to
the media,>* structural redesign®® or coating strategies.””>°

Furthermore, while DONs can carry various therapeutic
molecules, such as antibody fragments®® or nucleic
acids,'®*%3* the anti-cancer drug doxorubicin (DOX) is one of
the most widely investigated.** As DOX is a DNA-intercalating
drug,® it allows straightforward formation of complexes with
DONs (DOX-DONSs), achieving relatively high drug loadings.
DOX-DONSs also have been effective in circumventing drug re-
sistance,*® whilst exhibiting little toxicity in vivo.>” This is
especially promising as to avoid the severe, dose-limiting side
effects of DOX, which include cardiotoxicity.®® Yet, it remains
important to always ensure proper characterization DOX-DONs
as drug nanocarriers, especially considering that reported
loading and purification protocols for DOX-DONSs vary largely
and often lack comparability, with a tendency to overestimate
drug loading if no suitable purification method is employed.>*

Thus far, investigations of DONs for drug delivery have
mainly centered around systemic administration in cancer
applications,”® where DOX-DONs can accumulate non-specifi-
cally through enhanced permeability and retention effects,?” but
are continuously exposed to nucleases and immune cells in the
entire body. We propose that DONs could be more compatible
with local administration to an isolated, immune-privileged
target organ like the eye.*"*> Because overcoming the blood-
retinal barrier in systemic applications is challenging, and pene-
tration upon topical instillation is poor,"** local intravitreal
injections into the eye ball remain the most used approach to
deliver therapeutics to the back of the eye. Upon such intra-
vitreal injection, not only are DONs shielded from nucleases,
but specifically their intrinsic negative charge and controlled
size could be advantageous to their mobility in the vitreous
body,** a gel-like matrix (>98% water) from collagen and glyco-
saminoglycans that fills the inner eye.*> Hence, DONs could be
promising for treating ocular diseases, but studies to assess
their compatibility and applicability are necessary.

Currently, 4.3 million people worldwide are affected by
blindness, but the total number could increase to 61 million
by 2050.*° Amongst the leading causes of blindness, age-
related macular degeneration (AMD) alone is affecting
67 million patients in Europe, and due to an aging population,
is expected to impair 77 million by 2050, displaying similar
trends globally.*”*° Intravitreal injections of anti-VEGF (vascu-
lar endothelial growth factor) treatments are effective in redu-
cing neovascularization in the disease progress of AMD, or dia-
betic macular edema (DME). As a downside, however, they still
need to be administered indefinitely every other month to
uphold therapeutic concentrations.>®>' Besides the risk for
side effects and burden on the healthcare system, these
regular injections restrict and impact patients physically and
psychologically, albeit necessary to preserve their
eyesight.*>*>>? Hence, there is a need to find suitable, long-
lasting, and effective therapeutic strategies and nanocarriers,*'
and to this aim, also continue to explore and characterize
novel nanocarriers like DONs with unique characteristics that
have not been evaluated before for ocular implementations.
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Thus, the control over their specific size and shape, and
charge makes DNA-based nanocarriers interesting for investi-
gations into ocular drug delivery and its different barriers. For
instance, tetrahedral framework nucleic acids of defined size
successfully reached the retina after periocular application.>*
Here, we were interested to see whether larger and more dense
DONSs could also serve as suitable nanocarriers for ocular drug
delivery. Currently, DOX is not very common for treating
ocular diseases, but reports have shown its beneficial effects
against choroidal neovascularization®>® as a HIF1a-inhibitor
in reducing pro-angiogenic factors, which is promising against
AMD,*®” or in its application against retinoblastoma.’® %
Also in these applications, encapsulating DOX into drug car-
riers can increase its efficiency and reduce local toxicity.>¢~>%%3
Taking advantage of their multiple, densely packed DNA
helices, DONs are expected to show high drug loading
capacities of DNA-intercalating drugs such as DOX, and hence,
here we investigated and characterized the DOX-loading into
three differently shaped DONs (24-helix bundle (24HB),
60-helix bundle (60HB) and a rectangular plate structure) and
their storage stability. Further, to elucidate their structural
stability under physiological conditions of low Mg”" concen-
trations, fluorophore-labeled 24HB was exposed and tested in
cell medium and porcine vitreous. Thirdly, we evaluated the
impact of DOX-loaded 24HB and free DOX on cell viability and
studied their uptake into an ocular cell line (ARPE-19), to
better understand the opportunities and challenges of using
drug-loaded DONSs for ocular delivery.

Materials and methods
DNA origami (DONSs) preparation

To study the effect of DON superstructure (shape and size) on
DOX-loading, three DONs (24HB, 60HB and the plate) were
folded and purified from excess staples via polyethylene glycol
(PEG) precipitation (ESI section SI11).*%?%%% Details of the
DONSs are listed in Fig. 1a. For confocal imaging and stability
testing, Atto488-labeled 24HBs were prepared. First, 24 staple
strands were replaced in the 24HB folding reaction with staple
strands that were extended at the 3’ end.®® Then in a second
step, complementary strands carrying Atto488 at the 5’ end
were annealed to these extensions by cooling from 40 °C to
20 °C in steps of - 0.1 °C/40 s, followed by the removal of
excess Atto488-strands via PEG-precipitation (ESI section
SI117).%>%® Two versions of Atto488-labeled 24HB were tested,
using either 17 nt long (24HB-Atto488 short),®® or 23 nt long
Atto488-modified-strands (24HB-Atto488) with 16 nt or 22 nt
long staple strand extensions, respectively (for details, ESI
section SI2 and Table SI2bt). Their melting temperatures were
estimated using the IDT OligoAnalyzer™ Tool (ESI Fig. SI2at).
After purification, all DONs were resuspended overnight on a
shaker (at 30 °C, 600 rpm) in their respective folding buffer (1x
FOB comprising of 1x Tris-acetate-EDTA buffer (1x TAE:
40 mM Tris, 20 mM acetic acid, 1 mM EDTA), and 17.5 mM

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Doxorubicin (DOX) loading into DNA origami nanostructures (DONs). (a) Schematic representations and characteristics of the DONs
(24-helix bundle (24HB), plate, 60-helix bundle (60HB)) investigated for DOX-loading. The aspect ratio was calculated by dividing the longest axis
length by the shortest axis length. (b) Achieved drug loading (m/m%) of DOX into 24HB, plate, and 60HB DONs after spin-filtration, depending on
initial DOX loading concentrations (2.5 pM, 5 pM, 15 pM). Mean + s.d., n = 3. (c) Gel electrophoresis of DONs in folding buffer (FOB), DOX-DONs
after loading and purification (DOX 2.5 and 15 pM), and DONs in H,O with and without MgCl, addition to the loaded sample (corresponding to the
Mg?* concentration in FOB). The samples were stored for 6 weeks at 4 °C. (2% agarose with 0.46 pg mL~* EtBr, cropped gel images). (d)
Transmission electron microscopy images of 24HB in folding buffer (FOB), in deionized water (H,O), and after loading and purification with 15 uM
DOX (24HB-DOX, H,0, negatively stained with 2% uranyl formate). 24HB, H,O and 24HB-DOX, H,O were imaged after 7 weeks of storage at 4 °C.

Areas with several well-defined structures and good deposition from the respective grids were selected, cropped and contrast-adjusted.

MgCl, for 24HB, or 20 mM MgCl, and 5 mM NacCl for 60HB
and the plate).

Characterization of DONs

Agarose gel electrophoresis (AGE) and transmission electron
microscopy (TEM) verified proper folding and purification,
Atto488 attachment and stability of DONs (ESI section SI1 and
Fig. SI3, 4f). Mixed with 6x loading dye solution (Sigma
Aldrich), samples were loaded and run in 2% agarose gels with
0.46 pg mL™' ethidium bromide (EtBr) or 1x SYBR Safe
(Invitrogen) at 90 V for 50 min (running buffer: 1x TAE, 11 mM
MgCl,). Gels were visualized under UV light (EtBr) or blue
light (Atto488 and SYBR Safe) using BioRad ChemiDoc MP
imaging System or Universal Hood II.

For TEM imaging, samples, fixated on plasma-cleaned
Formvar carbon-coated copper grids (FCF-400-CU, Electron
Microscopy Sciences), were negatively stained with 2% (w/v)
uranyl formate solution (adjusted with 25 mM NaOH, ESI
section SI11),’ and imaged on FEI Tecnai 12 Bio-Twin electron
microscope (120 kV acceleration voltage) or on Hitachi HT7800
Transmission Electron Microscope (100 kV acceleration voltage).
Fiji-Image ] was used to adjust the contrast or crop TEM images.

The hydrodynamic volume (intensity-weighed Z-average)
and polydispersity index (PDI) of DONs was determined via

This journal is © The Royal Society of Chemistry 2024

dynamic light scattering (DLS) using an automated plate
sampler (Zetasizer APS, Malvern Instruments).

DON concentration c (in mol L™") was determined from its
absorbance at 260 nm (A260), according to Lambert-Beer law
(A = ecl, with a pathlength of [ = 0.05 cm (for Take3™ plate
reader) or nominally / = 10 mm (for NanoDrop One)). Based
on the number of hybridized and non-hybridized nucleotides,
the molar extinction coefficient ¢ was estimated for 24HB (1.05
x 10° M cm™'), 24HB-Atto488 short (1.08 x 10® M cm™),
24HB-Atto488 (1.10 x 10® M cm ™), 60HB (0.91 x 10® M cm ™),
and the plate (1.04 x 10 M cm™).%”

Buffer exchange and DOX loading into DONs

To reduce agglomeration, DONs were kept overnight on a
shaker (30 °C, 600 rpm) before exchanging FOB to deionized
water. Adapted from Kielar et al.,>> DONs (175 pL) were spun
with water (175 pL) in pre-rinsed Amicon Ultra 0.5 mL centrifu-
gal filters with 100 kDa molecular weight cut-off (MWCO)
(Merck Millipore, 6000g, 10 min). After a second washing with
water (314 pL, 6000g, 10 min), DONs were recovered (1000g,
2 min), diluted, and their concentration analyzed.

Doxorubicin hydrochloride (DOX, 579.99 g mol™', CRS,
European Pharmacopoeia Reference Standard) stocks in water
(10 mM) were thawed and diluted to 100 pM working solu-
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tions. DOX loading reactions in water, consisting of 2 nM of
DONSs with 2.5 uM, 5 pM, or 15 uM DOX, were vortexed before
their incubation at room temperature for at least an hour.
DONs without DOX, and free DOX at corresponding concen-
trations served as references of similar composition. Before
purifying DOX-DONs from excess DOX, their absorbance
spectra (240-650 nm) were recorded in a quartz cuvette (I =
1 cm, Varian Cary 50 UV-Vis spectrophotometer). DOX-DONs
(480 pL) were centrifuged in pre-rinsed Amicon Ultra 0.5 mL
centrifugal filter with 100 kDa MWCO (6000g, 10 min).>® After
two washes with water (480 pL, 6000g, 10 min), purified
DOX-DONs were recovered (1000g, 2 min), and rediluted with
water (460 pL). After purification, their absorbance spectra
were measured again. Taking into account losses in spin-fil-
tration and the absorption of DOX at 543 nm and of DONs at
260 nm, DOX-DONs drug loading (m/m%), drug loading
efficiency, and DOX packing density were calculated (for
details see ESI Fig. SI5 and Table SI67).

DON stability in water at 4 °C

DONs with or without loaded DOX were checked after a
minimum of 6 weeks for signs of instability via AGE and TEM.
DLS was used to monitor major aggregation and instability
events over the course of 7 weeks (n = 3 with 2-3 measurements
per sample).

Porcine vitreous extraction

Porcine eyes on ice were procured from an abattoir (HKScan
Finland Oyj, Finland) and their vitreous was isolated as pre-
viously described.** In short, after removal of excess tissue and
washing in 70% ethanol, the eyes were rinsed and stored in 1x
Dulbecco’s phosphate-buffered saline (DPBS, Gibco™) at 4 °C.
The following day, the anterior part including the lens was
excised with a scalpel to collect the vitreous. The vitreous was
then homogenized on ice with a glass tissue homogenizer and
centrifuged to sediment and remove melanin (3200g, 4 °C,
1 h). To the same aim, the decanted vitreous was also filtered
through a 0.45 uM and 0.22 pM sterile filter (Sartorius, 16537
and K16532 K) before freezing aliquots at —80 °C. Before use,
the vitreous was thawed overnight in the fridge.

24HB stability in cell medium and vitreous

Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12
(DMEM/F12, HEPES, Gibco™, suitable for ARPE-19 cells, in
the following abbreviated as cell medium (CM)), was adjusted
with MgCl, to CM-x with varying final Mg>" concentrations (n.
= no additional Mg**, x = final Mg*"-concentration in mM,
composition: 2% (v/v) Mg>*/H,0, 98% (v/v) CM). Then, buffer-
exchanged 24HB in water (10% (v/v)) were incubated in CM-x
(90% (v/v)) for 4 h or 24 h, at 37 °C or room temperature,
respectively. 24HB-DOX, 24HB-Atto488 short  and
24HB-Atto488 were also tested. Additionally, shorter incu-
bations such as 2 h, varying dilution ratios (25% or 50%), and
corresponding references in 1x FOB or water were prepared
and investigated.
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Further, homogenized porcine vitreous (V, 70 or 77% (v/v))
was incubated for up to 7 days with 24HB(-Atto488) in water
(30 or 23% (v/v)) at 4 °C and 37 °C. The incubated samples
were adjusted with MgCl, to different to V-x (n. = no sup-
plementation, x = final Mg**-concentration in mM, without
considering the preexisting Mg>* content in vitreous). To
check the integrity of 24HB after incubation, all samples were
adjusted to similar final Mg®" concentrations before running
AGE. The vitreous samples were diluted (1: 1) to reduce aggre-
gation in the gel pocket before loading onto the gel. Selected
samples were also fixated and visualized under TEM.

Cell culturing

The ARPE-19 cells (human retinal pigment epithelial cell line)
were a kind gift from Prof. Arto Urtti at the University of
Eastern Finland, and originally purchased from the American
Type Culture Collection (ATCC). The ARPE-19 cells were cul-
tured at 37 °C with 5% or 7% CO, in TC-treated T75 flasks
(Sarstedt) with CM (DMEM/F12, HEPES, Gibco™), sup-
plemented with 10% fetal bovine serum (FBS, Gibco™) and
1% penicillin-streptomycin (PS, Gibco™).

Cell viability assay

10000 cells per well were seeded overnight into TC-treated
96-well plates (Sarstedt). The next day, the cells were washed
with 1x DPBS, exposed to treatments for 4 h, and after
washing with 1x DPBS, kept again overnight in CM (10% FBS,
1% PS). After 20 h, the CM was replaced with 1x alamarBlue™
Cell Viability Reagent (Invitrogen™) in CM (1% PS), and incu-
bated for 3 h at 37 °C. The alamarBlue mix was transferred to
a black-walled wellplate (Thermo Scientific™, 265301) for fluo-
rescence read-out (Varioskan LUX, Thermo Scientific™, top
optics, dexe = 560 nm, Agec = 590 nm). The assay was repeated
three times on separate days with each three technical repli-
cates, and the cell viability was expressed in % of viability in
relation to the CM ref treatment (CM, 1% PS). The controls
and treatments contained 24HB, free DOX or 24HB-DOX in
CM with 1% PS, adjusted to a Mg>*-concentration of 3 mM
after final dilution. CM 25% and CM 50% served as CM con-
trols of similar composition but without any DONs or DOX.
For 24HB-DOX, 24HB was loaded with 5 pM DOX, purified,
upconcentrated and pooled after spin-filtration. For CM 25%,
24HB (5.3 nM), DOX (1-10 pM), and 24HB-DOX (1-10 uM), the
treatments consisted of 25% (v/v) 24HB/DOX/H,0 in 75% (v/v)
CM-4 (4 mM MgCl,), while for CM 50%, 24HB (10.6 nM), DOX
(20 uM), and 24HB-DOX (20 pM), they consisted of 50% (v/v)
treatment and 50% (v/v) CM-6 (6 mM MgCl,). Triton X-100 1%
in 1x DPBS served as a positive control.

Confocal imaging

10 000 cells per well were seeded overnight to the Cellview cell
culture slide (TC, glass bottom, 10 wells, Greiner, ref: 543078).
The following day, the cells were washed with 1x DPBS and
treated for 4 h or 24 h. The treatments contained
24HB-Atto488 (5.3 nM or 10.6 nM), Atto488-strands (254 nM,
corresponding to the concentration for 24HB-Atto488 at 10.6

This journal is © The Royal Society of Chemistry 2024
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nM), free DOX (20 puM) or 24HB-Atto488-DOX (20 pM) in CM
with 1% PS, adjusted to a Mg>*-concentration of 3 mM after
final dilution. CM with similar dilution and composition
without 24HB-Atto488 or DOX served as a reference. For
24HB-Atto488-DOX, 24HB-Atto488 was loaded with 5 uM DOX,
purified, upconcentrated and pooled after spin-filtration. The
treatments for 24HB-Atto488 at 5.3 nM concentration con-
sisted of 25% (v/v) 24HB-Atto488/DOX/H,0 and 75% CM-4
(4 mM MgCl,), or for 10.6 nM (and/or 20 uM DOX) of 50% (v/v)
treatment and 50% CM-6 (6 mM MgCl,). The cells were
stained at the end of the incubation time for 30 min with
Hoechst 33258 pentahydrate (Invitrogen™), for 10 min with
CellMask™ Deep Red plasma membrane stain (Invitrogen™)
or for 1 h with LysoTracker™ Deep Red (Invitrogen™). After
removal of the treatments, the cells were washed with 1x DPBS
and replaced with CM (reference).

Samples were imaged using an inverted confocal laser scan-
ning microscope (Leica TCS SP8 STED 3X CW 3D STED
(Stimulated Emission Depletion), Germany). The 405 nm
-diode laser was used for exciting Hoechst 33258, the argon
483 nm laser was used for exciting doxorubicin®® and Atto488,
and the HeNe 633 nm laser was used for exciting
LysoTracker™ Deep Red or CellMask™ Deep Red Plasma
Membrane Stain. Images were obtained using a 63%/1.20
(water, wd 0.3 mm) objective, and analyzed using LAS X soft-
ware version 3.7.4.23463 for Leica SPS.

Results and discussion
DOX-loading into DNA origami and DON storage stability

To investigate their drug loading capacity, three 3D DNA
origami nanostructures (DONs) of different sizes and shapes,
24-helix bundle (24HB), 60-helix bundle (60HB), and plate,
were loaded with the DNA-intercalating drug doxorubicin
(DOX). After the incubation of 2 nM DONs in water with
2.5 uM, 5 pM or 15 pM DOX, and their subsequent purification
from excess DOX via spin-filtration, the amount of DOX in
DOX-loaded DONs (DOX-DONs) was determined via absorp-
tion measurements (ESI Fig. SI5T). Considering the recovery of
DOX-DONs, drug loading was expressed in mass percent
(m/m%) and compared for different DOX loading concen-
trations in different DONs.

In agreement with previous reports, similar drug loading
was achievable for all DONs structures, regardless of their
differences in size, shape, aspect ratio, or DNA sequence
(Fig. 1a).>° This was possibly due to alike GC-contents of tested
DONs, offering similar amounts of intercalation sites per
structure.®> Most importantly, an increase in the initial DOX
loading concentration resulted in higher drug loading after
purification (Fig. 1b):">*° A six-fold increase in the initial DOX
loading concentration from 2.5 pM to 15 pM at least doubled
the final drug loading, for instance for 60HB from 16% (m/m)
to 34% (m/m), corresponding to a denser packing of DOX
molecules per base pairs (ESI Table SI6T). In the case of 60HB
with an initial 15 pM DOX loading concentration (before puri-
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fication corresponding to one DOX molecule for every 0.7 base
pairs), the previously reported maximum of one intercalated
DOX molecule every two to three base pairs was exceeded even
after purification, with one DOX molecule available every 1.5
base pairs.*® The intercalation capacity for 60HB was nearly
maxed out already with one DOX molecule every 3 base pairs
after purifying a ~5 pM DOX loading reaction (before purifi-
cation corresponding to one DOX molecule every 2.2 base
pairs). Therefore, the observed result suggested another mode
of DOX binding and aggregation on top of DONSs, contributing
in part to its loading capacity.®® In line with these findings,
loading efficiencies which expressed how much of the initially
added DOX was loaded into the DONs, decreased with higher
DOX loading concentrations from ~76-84% for 2.5 puM DOX to
~35-40% for 15 uM DOX (ESI Table SI6¥), congruent with free
DOX being removed in the purification step. Our final loaded
DOX concentrations were in good agreement with reports that
used similar loading conditions.**®°

While high loading efficiencies for DOX-DONs are widely
acknowledged, the reported efficiencies vary between
7-71%.137133637:8971 por instance, introducing specific twists
into DONs can allow fine-tuning of DOX encapsulation and
release.”” Yet, the variety in the ways for reporting DOX load-
ings - such as loading efficiency, DOX concentration, DOX per
DON, or DOX per base pair - in combination with different
and underreported DOX loading, purification and detection
methods, limits and complicates the direct comparability.>® In
comparison to our spin-filtering method, removal of free DOX
via centrifugation often risks retaining DOX aggregates along-
side of DOX-DONs and overestimating the actual DOX
loading.®>® In such case, DOX loading efficiencies would be
skewed, being rather a reflection of the initial DOX loading
concentration, and loading and purification conditions, than
of the actual DOX-loading capacity of DONs. To ensure that all
DOX was bound to DNA in further in vitro studies, we accepted
lower total DOX loadings by using DOX loading concentrations
within low uM, instead of mM range,">"****”7° and by opting
to report drug loading (m/m%, ESI Fig. SI67).

Importantly, most DONs and DOX-DONs maintained their
structural integrity and electrophoretic mobility in deionized
water at 4 °C for at least 6 weeks, as observed via agarose gel
electrophoresis (AGE) and under the transmission electron
microscope (TEM, Fig. 1c, d and ESI Fig. SI7-91).>>°* The
same discrete bands on the agarose gels for DONs and puri-
fied DOX-DONs confirmed that most of our DONs remained
intact, and no shift for our DOX-DONs band was observable
upon DOX loading (Fig. 1c). Only for the DOX-plate, a widened
band hinted at some aggregation and some slight staple
strand loss during storage.

While some imperfect and unraveled DONs were visible in
TEM (Fig. 1d and ESI Fig. SI7, 8f), possibly also due to
mechanical stress during spin-filtration, most retained their
shape after DOX-loading,'®”® even though intercalated DOX
can exert strain on DONs.'*”? In addition, buffer exchanges to
low Mg”* environments, such as water or cell media, can desta-
bilize DONs,?® because sufficient Mg>* ions are vital to screen
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the negative charges of their DNA phosphate backbones, redu-
cing repulsion effects and allowing for compact DONs. In such
case, more rigid DON structures like the 24HB, that are struc-
turally supported by many crossovers in their staple and
scaffold design, are more dependent on Mg>" ions to ensure
their stability.>®”® While some other ions and polymers can
also stabilize DONs,”* low Mg”* concentrations can cause local
degradation in DONs, which, however, can self-repair once
favorable ionic conditions are attained again.””

Additionally, no major aggregation and instability events,
were detectable via dynamic light scattering (DLS). The poly-
dispersity index (PDI) for all DONs started increasing only after
4 weeks of storage (ESI Fig. SI107). This increase possibly indi-
cated that during longer storage, DONs started interacting
more with each other and forming aggregates,®® which
depending on the structure could be harder to redisperse and
lead also to multiple bands on AGE. Since 24HB appeared the
most stable, it was selected for further in vitro studies.

24HB stability testing in cell media and porcine vitreous

In preparation for in vitro studies, 24HB with Atto488-fluoro-
phores, attached via extended staple strands that hybridized
with Atto488 strands (24HB-Atto488, ESI section SI2t), was
probed for its structural integrity at 37 °C. To mimic the low-
nuclease environment of the eye,”® 24HB-Atto488 underwent
24 h-incubation at 37 °C in various dilutions of cell media

a Mg?* supplementation

0% w® o

EtBr

Atto488

— 4 °C

m— roOM temperature
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(CM), revealing that additional Mg>" supplementation to a
minimum of 3 mM concentration (CM-3) was necessary to
effectively stabilize the 24HB structure (Fig. 2a, EtBr-
channel).>* 23 nt-long staple extensions were required for a
stabile attachment of the Atto488 strands under incubation at
37 °C in CM-3 (Fig. 2a, Atto-channel, ESI section SI27). Shorter
extensions (17 nt) led to significant losses of Atto488 strands
already after 4 h at 37 °C in CM-3 (SI117). Apart from 24HB
itself requiring Mg®" supplementation for stabilization, Mg**
addition was still relevant to maintain the fluorophore attach-
ment at 37 °C in CM. Increasing the DNA melting temperature
in complex, high ionic environments by simply elongating
fluorophore attachment strands is therefore a useful but not
complete solution, although attachments of similar or even
shorter length have been reported.>'*'®>*777% Another poss-
ible solution to reduce the loss of fluorophores could be incor-
porating the fluorophore directly into the DONs by attaching it
to the staple strands, though no systematic investigations in
that regard are available.”®

Hahn et al. described similarly that DONs’ stability in CM
(with <1 mM Mg*") is time- and structure-dependent, but
structural integrity and fluorophore attachment could be main-
tained with Mg>" addition at 6 mM concentration, without any
impact on in vitro studies.”* Since no Mg>" addition was
necessary if the 24HB-Atto488 in CM was incubated at room
temperature, the various ions in cell media together with the

Mg?* supplementation
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Fig. 2 Stability of 24HB-Atto488 in cell medium (CM) and in porcine vitreous (V) at 37 °C for 24 h. Agarose gel electrophoresis of samples incubated
at 4 °C (blue), room temperature (green) and 37 °C (yellow/orange) for 24 h and detected under UV light (EtBr channel) or blue light (Atto488
channel). (a) 24HB-Atto488 was incubated in folding buffer (FOB, reference), deionized water (H,O, reference) and CM-x, supplemented with
increasing amounts of MgCl, (n. = no supplementation, x = Mg?* concentration in mM). CM-x samples comprised of 90% CM-x and 10%
24HB-Atto488/H,0, except for CM-4 (25%) and CM-6 (50%) diluted 25% and 50% (v/v), respectively. 24HB-Atto488 in CM-3 was also incubated for
2 h and 4 h. All samples were adjusted to the same final Mg®* concentration before running the gel. (b) 24HB-Atto488 was incubated in deionized
water (H,O, reference) or in porcine vitreous (V-x), supplemented with increasing amounts of MgCl, (n. = no supplementation, x = Mg2+ concen-
tration in mM added to the incubation reaction). V-x samples comprised of 70% (v/v) V-x and 30% (v/v) 24HB-Atto488/Mg?*/H,0. “V n. fresh” was
prepared before running the gel with the same V and 24HB-Atto488 as the other samples without any incubation. “Only V* contained diluted vitr-
eous without 24HB-Atto488 (2% agarose gel, 0.46 pg mL™* EtBr, cropped gel images).
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higher temperature led to destabilizing interactions, if not
sufficient Mg”>* was available to counterbalance them, like in
FOB for instance. Remarkably though, 24HB-Atto488 was
stable in water at 37 °C without any additional Mg>*. As pre-
viously discussed, low Mg®" buffers can contribute to the
destabilization of DONs if certain components in buffers like
phosphate ions or EDTA can chelate Mg”* ions.>® In the case
of CM, however, the phosphate concentration is only
~0.9 mM. Instead, abundant ion species in CM, such as
sodium ions (~136 mM) can be exchanged with Mg>" ions on
the phosphate backbone, thus, destabilizing the DON in a
similar manner,>>**”* but not in water. We similarly carried
out stability testing for DOX-loaded 24HB-Atto488 structures:
24HB-Atto488-DOX appeared also stable in CM with 3 mM
Mg”*, but not in water at 37 °C, illustrating that at higher
temperatures, there was a more pronounced, destabilizing
effect of DOX on the DONs structure (ESI Fig. SI12+). Further

H20

24HB

24HB-
DOX

CMn.

CM-3
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stabilization strategies to address this issue could involve
increasing the crossover spacing in DONs to enhance their
flexibility,>® or providing alternative stabilizing ions or poly-
meric coatings that can interact with the DNA phosphate
backbone.>*”748° Even though the stability of DONs is, in
general, highly structure-dependent,”” stability testing is often
alas superficially performed and reported, and sometimes
does not reflect the subsequent in vitro conditions. This is
especially relevant for uptake studies with fluorophore-labeled
DONSs, in which loss and possible uptake of degraded and free
fluorophores can lead to misinterpretation.®!

For more biorelevant stability testing, porcine vitreous at
37 °C was used. Here, the 24HB-Atto488 similarly required a
minimum of 3 mM Mg”* addition for stabilization (Fig. 2b and
ESI Fig. SI137). This is without considering any contribution
of pre-existing Mg®" in the vitreous (in humans around
0.84-0.96 mM Mg”")®? that could amount to an additional

24 h

CM-3

cM-3

Fig. 3 Transmission electron microscopy (TEM) images of 24HB and DOX-loaded 24HB (24HB-DOX), incubated in cell medium (CM-x) and in
porcine vitreous (V-x) with and without MgCl, supplementation at 37 °C (4 h vs. 24 h). n. = no Mg?* supplementation, x = Mg®* concentration in
mM. The color of the asterix (*) indicates if the imaged 24HB had an Atto488 attachment, that was not visible under TEM (orange = plain 24HB (no
Atto488), blue = 24HB-Atto488 short, green = 24HB-Atto488). Representative areas with several well-defined structures and good deposition from
the respective grids were selected and contrast-adjusted, the scale bar represents 100 nm. The samples were negatively stained with 2% uranyl

formate.

This journal is © The Royal Society of Chemistry 2024
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~0.6-0.7 mM Mg>" per sample. Upon 3 mM Mg”" supplemen-
tation in vitro, however, 24HB-Atto488 even remained stable in
vitreous for up to seven days (ESI Fig. SI147), which is a reason-
able residence time in the eye. While the reported residence
times (hours to months) vary for nanoparticles depending on
their properties and the animal model, 50 nm liposomes in
rabbit eyes exhibited for instance an elimination half-life of 8
days.®* However, it seems difficult to suggest Mg>" supplemen-
tation as a feasible stabilization strategy for DONs in in vivo
settings, as small Mg>" ions will be cleared out quicker than
DONs. This would mean that for intravitreal application,
selecting DONs that can better withstand low Mg>* conditions,
or further protective coatings could be needed to ensure struc-
tural integrity.>””*

TEM further revealed that at 37 °C, 24HB in CM without
additional Mg>" (CM n.) degraded into smaller, yet distinct frag-
ments within 4 h (Fig. 3, red frame). Possibly, 24HB has some
particularly rigid segments, where, under low Mg>" conditions,
the electrostatic repulsion between the DNA helices strained
specific staple strands. This could have resulted in their dis-
sociation, and the characteristic fragment pattern.”® In compari-
son, supplementing CM and vitreous with 3 mM Mg*>" mostly
preserved the 24HB structure for 24 h. Interestingly, regardless
of the widened band on the gel (ESI Fig. SI12}), 24HB-DOX in
CM n. appeared less fractured under TEM, compared to the
24HB without DOX. This was unexpected since DOX as an inter-
calator, often does introduce strain into DONs,”? and on our
agarose gels, appeared to be rather destabilizing like in the case
of 24HB-DOX in CM n. and water (ESI Fig. SI12}), indicating
that additional Mg?* is necessary for stabilization. After investi-
gating its structural integrity under in vitro conditions,
24HB-DOX was next screened in ARPE-19 cells for any toxic
effect and their uptake behavior.

Treatment of an ocular cell line with DOX-loaded 24HB

To assess the effect on their cell viability, ARPE-19 cells, a
human retinal pigment epithelial cell line, were treated for 4 h
with pooled 24HB-DOX, achieving final DONs concentration of
up to 10.6 nM and DOX concentrations between 1-20 pM. The
metabolic activity of the cells was then analyzed the following
day via alamarBlue assay (Fig. 4). Further, ARPE-19 treated
with undiluted CM with 1% PS (CM ref., yellow) was set to
100% viability, while CM treatments accounting for dilution
and Mg”>* supplementation (CM 25%, 50%, also in yellow),
and plain 24HB in two concentrations (24HB (5.3 nM, 10.6

M), blue) served as controls, revealing that the chosen con-
ditions did not impact the viability of the cells. This concurred
with previous reports that plain DONs are well tolerable for
cells."'* In contrast, ARPE-19 cells treated with free DOX (red)
displayed at concentrations above 10 pM reduced cell viability
by approximately 40%. At corresponding DOX concentrations,
however, none of the 24HB-DOX treatments (purple) led to a
decrease in cell viability, and instead, reduced the toxicity of
DOX. Despite DOX not being a very commonly used drug in
ocular diseases, when it is applied, a major concern is redu-
cing its toxicity by avoiding high local concentrations and pre-

17592 | Nanoscale, 2024, 16,17585-17598

View Article Online

Nanoscale
R
D7

100 4——1-|-1-- §§\§
% 80 §§
;! 60 \ \
40 % \
\
20+ § \

* o
'L“\ ® bx\?’ ‘e\?’

Fig. 4 Cell viability of ARPE-19 cells treated with 24HB, free DOX and
DOX-loaded 24HB. As controls served cell media with 1% PS (CM ref.,
set to 100% viability, red dotted line), CM 25% (CM ref. with 3 mM final
MgCl, concentration after 25% dilution, equivalent for: 24HB (5.3 nM),
DOX (1-10 pM) and 24HB-DOX (1-10 pM)), and CM 50% (CM ref. with
3 mM final MgCl, concentration after 50% dilution, equivalent for: 24HB
(10.6 nM), DOX (20 pM), 24HB-DOX (20 pM)). ARPE-19 were treated
with plain 24HB (blue, control), free DOX (red) and equivalent
24HB-DOX (purple) for 4 h, before determining the cell viability the fol-
lowing day via alamarBlue assay. Mean + s.d., n = 3 (with each three
technical replicates).

cipitation on the retinal surface.>® This is attainable by encap-
sulating DOX into particles, which also could positively
improve the residence time in the eye.>®>7:63:84

Generally, reported toxicities for DOX-DONSs vary because of
the differences in experimental conditions, concerning the
type of assay, treatment duration (hours to days), or drug-sus-
ceptibility of the cell line. Here, the short-time exposure of the
ocular cell line ARPE-19 to DOX in FBS-free media did not sig-
nificantly affect its metabolic activity. Focusing first on the
toxic effect of free DOX in ARPE-19, some reports showed
viabilities in a similar range.>”*>*® On the other hand, some
report IC50 values between 0.13-1 pM DOX after 48-72 h DOX
exposure, which is considerably more toxic, but understand-
able, as longer exposure can lead to higher uptake and there-
fore also higher toxicity.®”"®® However, there are differences
between cell lines, and in some cases DOX-DONs have per-
formed similarly**>”7° than free DOX, while in
others, DOX-DONs even increased toxicity by promoting intra-
cellular DOX accumulation.*®”>7?

To elucidate its drug-delivering capacities, we investigated
the uptake 24HB-Atto488 into the ARPE-19 cells via live con-
focal imaging. After 4 h, no colocalization between
24HB-Atto488 and the lysosomes was observable, but instead,
24HB-Atto488 was clearly visible outside of the cells (ESI
Fig. SI15%). Similarly, even after 24 h, the uptake of
24HB-Atto488-DOX (20 pM) was limited (Fig. 5 and ESI
Fig. SI161). Only few 24HB-Atto488 (green) could breach the

or worse'®

This journal is © The Royal Society of Chemistry 2024
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cell membrane (red) within 24 h, while it posed no barrier to
free DOX (20 pM, yellow) that was localized in the nucleus as
expected. In the case of 24HB-Atto488-DOX (20 puM), some
DOX was also evident in the nucleus (faint yellow signal), but
visibly less than in the case of free DOX treatment. While this
could stem from some premature DOX release, we have
observed previously using steady-state and time-resolved fluo-
rescence anisotropy measurements that our DOX-loading and
purification protocols ensure that all DOX present in the
sample remained bound to DONs.”® 24HB-Atto488 were mostly

View Article Online
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seen at the bottom surface of the wells around the cells (ESI
Fig. SI17-19%). In contrast to our observations, many publi-
cations have reported that DONs end up in the cytosol after
escaping the lysosomes, while DOX then becomes apparent in
the nucleus.'**%7%727791 gince close to none of the Atto488-
strands by itself were taken up by cells (ESI Fig. SI207), it con-
firmed that the green signal inside of the cells came from
uptaken 24HB-Atto488, and their adhesion to the cell mem-
brane was not mediated by the fluorophore. This, in combi-
nation with the low toxicity observed for 24HB-DOX, under-

Free DOX

Control

24HB 24HB-DOX

DOX

ATTO488

Cell Mask

Merged

Fig. 5 Live confocal imaging for uptake of 24HB-Atto488, free DOX and 24HB-Atto488-DOX after 24 h. ARPE-19 were treated with cell medium
(CM, reference), 24HB-Atto488 (10.6 nM), free DOX (20 pM) or 24HB-Atto488-DOX (equivalent to 20 pM DOX), consisting of CM with 1% PS sup-
plemented to a final 3 mM Mg?* concentration after a 1:1 dilution with the treatments. Red = cell membrane (Cell Mask), green = 24HB-Atto488,
yellow = DOX. The control and 24HB treated cells were not imaged in the DOX-channel because they did not contain any DOX. The DOX contrast
was equally adjusted in all panels for better visualization. The merged images (bottom row of the panel) include the bright field channel in addition
to the DOX, ATTO488 and Cell Mask channel for better visualization of the cells.

This journal is © The Royal Society of Chemistry 2024
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lined that the uptake of 24HB-Atto488 was simply not very
efficient, and hence contributed to the reduced DOX toxicity.

This limited uptake is plausible, as the inherent negative
charge of DONs can hinder their uptake."""’° While the
uptake behavior of certain cells such as macrophages is
unaffected by charge,? often polymeric or protein coatings on
DONs are necessary to facilitate cell entry.>?”*$°* Generally,
uptake behaviors and kinetics can depend on the cell line,
with for instance specialized immune cells outperforming epi-
thelial or endothelial cells by far.>° This complicates inferring
from DONs uptake studies performed in other cell lines than
ARPE-19, but it would offer an explanation for the low
efficiency in cell entry that needs to be improved.

The dimensions of DONs is another factor influencing their
cellular uptake: systematic investigations showed that cells
seem to prefer compact and big DONs for endocytosis, with a
low aspect ratio and directly structure-incorporated fluoro-
phores.” While 24HB-Atto488 is compact, and DON of similar
dimensions have been internalized by cells,”® it is also quite
stretched with Atto488 annealed via staple strand extensions,
and hence, not exactly matching these criteria. While uptake
kinetics are cell line-dependent and uptake increases for some
after longer incubation,”'*”® this was not observable for
ARPE-19 within 24 h. While ARPE-19 cells tolerated the pro-
longed Mg**-supplemented DONs treatment, the addition of
FBS would be advisable to maintain cell health for monitoring
the uptake over even longer periods. But, since ARPE-19 can
effectively take up folate-targeted nanoparticles of up to
250 nm in size within 4 h, this rather suggests a low internal-
ization efficiency of negatively charged 24HB itself, and the
missing colocalization with lysosomes possibly hinted at the
lack of receptor-mediated uptake.

Unfortunately, our knowledge on how DONs enter cells is
still lacking. Some of the uncertainty is due to the variability of
experimental conditions in vitro in published works, varying
choice of DONs and cell lines, and originate from underreport-
ing. However, in the case of effectively uptaken DONSs, recep-
tor-mediated uptake pathways,® via scavenger receptors,”®>
or caveolin-dependent,”®”® or lipid-raft mediated'* endocytosis
have been suggested as uptake route. Hence, incorporating tar-
geting moieties, such as aptamers,'* %% folate,">*° and cell
penetrating peptides,'® can improve uptake, which could be
also a promising approach for our DONs to ARPE-19 cells and
possibly other ocular cell lines.”>** Especially since through
receptor binding, spatial distribution of aptamers on DONs
can regulate cell uptake and increase target specificity, which
can offer unique optimization opportunities.

In summary, we showed that DONs could effectively be
loaded with DOX, independent of their superstructure, and
remained stable under physiological conditions in cell media
and in vitreous upon Mg”>* supplementation. Further, in
ARPE-19 cells, DONs and DOX-DONs were well tolerated com-
pared to free DOX. However, the uptake of DOX-DONs into
cells was very low, warranting additional strategies such as
coatings and targeting moieties to increase the efficiency of
cell uptake for such DONs.
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Conclusions

DONs are promising nanocarriers in drug delivery appli-
cations, for the versatility and predictability of their structure
allows precise tailoring and optimization to improve their drug
delivering capacities. This makes DONs also interesting for
intraocular drug delivery, where therapeutic drug concen-
trations are hard to achieve and maintain, but where the eye
presents a uniquely isolated target organ. DONs intercalated
with DOX allowed for desirably high drug loadings, whilst also
demonstrating structural integrity over an extended storage
period. Stability testing revealed emerging structural defects
under physiological conditions at 37 °C in cell media and
porcine vitreous of the eye, that were, however, addressable
with additional Mg** supplementation. DOX-DONs showed no
toxicity in a retinal cell line (ARPE-19), compared to free DOX,
which could be favorable in reducing irritation and side-effects
during application. Their uptake into ARPE-19 cells was,
however, quite limited, warranting additional strategies to
improve their uptake. We envision for instance, that incorpor-
ating specific targeting moieties onto DONs could help over-
come this limited uptake and even contribute to selective
uptake by specific target cells, making them more efficient for
ocular drug delivery.
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