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Introduction

Structural stability of DNA origami nanostructures
in organic solventst}

ab and Mauri A. Kostiainen (2 x2:<

Eeva Enlund, 2 1% Sofia Julin, = 2 Veikko Linko
DNA origami nanostructures have attracted significant attention as an innovative tool in a variety of
research areas, spanning from nanophotonics to bottom-up nanofabrication. However, the use of DNA
origami is often restricted by their rather limited structural stability in application-specific conditions. The
structural integrity of DNA origami is known to be superstructure-dependent, and the integrity is
influenced by various external factors, for example cation concentration, temperature, and presence of
nucleases. Given the necessity to functionalize DNA origami also with non-water-soluble entities, it is
important to acquire knowledge of the structural stability of DNA origami in various organic solvents.
Therefore, we herein systematically investigate the post-folding DNA origami stability in a variety of polar,
water-miscible solvents, including acetone, ethanol, DMF, and DMSO. Our results suggest that the struc-
tural integrity of DNA origami in organic solvents is both superstructure-dependent and dependent on
the properties of the organic solvent. In addition, DNA origami are generally more resistant to added
organic solvents in folding buffer compared to that in deionized water. DNA origami stability can be main-
tained in up to 25-40% DMF or DMSO and up to 70-90% acetone or ethanol, with the highest overall
stability observed in acetone. By rationally selecting both the DNA origami design and the solvent, the
DNA origami stability can be maintained in high concentrations of organic solvents, which paves the way
for more extensive use of non-water-soluble compounds for DNA origami functionalization and
complexation.

The use of DNA origami in several potential applications is,
however, still restricted by their limited structural stability

In the field of DNA nanotechnology, DNA is not merely used
as a carrier of genetic information but instead as a nanoscale
building material."”* An important step forward in this direc-
tion was taken in 2006 when DNA origami was introduced,’
thus significantly increasing the diversity and complexity of
the DNA-based nanostructures. In the DNA origami technique,
a long single-stranded scaffold is folded into a desired two- or
three-dimensional (2D or 3D) shape by shorter, complemen-
tary oligonucleotides (staple strands).>”® The synthesis of versa-
tile DNA origami structures along with the ever-evolving
design software>®” has paved the way for applications in e.g.
nanomedicine,®® nanorobotics,'®'" nanophotonics'>** and
bottom-up nanofabrication.' ¢
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under many application-relevant conditions. DNA origami
structures are known to have limited stability for example in
low-magnesium buffers,"”° at elevated temperatures,*** in
nuclease-rich environments,*>** and in the presence of chao-
tropic salts.>>*® Research efforts have in recent years been
undertaken to not only understand the factors affecting the
DNA origami stability under different environmental
conditions,>”*® but also to develop strategies for improving
the DNA origami stability in relevant settings.>* ' The struc-
tural integrity has been revealed to be superstructure-depen-
dent, and the design-specific parameters, such as lattice type,
cross-over density, and staple strand lengths have been shown
to affect both the structural and mechanical properties.'®?%2°
As a template, DNA origami allows direct and precise posi-
tioning of oligonucleotide-functionalized molecular moieties
onto it,**** while its negative (surface) charge facilitates
electrostatic co-assembly with cationic compounds.**~®
However, many chemical compounds are poorly soluble in
aqueous solutions, and therefore it would be preferable to
perform the complexation in an organic solvent or in a
solvent/water mixture. So far, the structural stability of DNA
origami in organic solvents has been studied only to a limited
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extent,’”*® and there are no conclusive studies aiming to sys-
tematically investigate the DNA origami stability in such sol-
vents. Thus, to address this knowledge gap, we study here the
structural post-folding integrity of three different DNA origami
structures in a selection of water-miscible organic solvents
(Fig. 1). To evaluate the intactness of the DNA origami after
solvent exposure, the structures were characterized with
agarose gel electrophoresis (AGE) and transmission electron
microscopy (TEM) or atomic force microscopy (AFM).

Results and discussion

For investigating the structural post-folding stability of DNA
origami, we used three different DNA origami structures; a tri-
angle,> a 6-helix bundle (6HB),*®> and a 24-helix bundle
(24HB)* (Fig. 1a, ESI, Fig. S1-S3t). Furthermore, four water-
miscible solvents, commonly employed in organic synthesis,
were chosen as model solvents for this study; acetone,
dimethyl sulfoxide (DMSO), dimethylformamide (DMF) and
ethanol (Fig. 1b). These solvents have distinct physical pro-
perties (Fig. 1c), and they were selected to represent both polar
protic and polar aprotic solvents (Fig. 1b).

The structural stability of the DNA origami structures in the
organic solvents was studied by incubating them for 24 h with
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Fig.1 The DNA origami structures and organic solvents used in the
study. (a) Atomic force microscopy (AFM) image of the triangles and
transmission electron microscopy (TEM) images of the 6-helix bundles
(6HB) and 24-helix bundles (24HB). The size of each microscopy image
is 400 nm x 400 nm, and the TEM samples are negatively stained with
2% (w/v) uranyl formate. (b) Chemical structures of the chosen water-
miscible polar organic solvents; acetone (1), dimethyl sulfoxide (DMSO,
2), dimethylformamide (DMF, 3) and ethanol (4). (c) The relative polarities
and the dielectric constants for the numbered organic solvents used in
the study.
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varying volume percentages of the solvents in folding buffer
(FOB, 1x TAE, 12.5 mM MgCl, for the triangle and the 6HB, 1x
TAE, 17.5 mM MgCl, for the 24HB). The structural integrity of
the DNA origami samples after the solvent incubation was
initially analyzed by AGE (Fig. 2, ESI, Fig. S4-S15%). Typically,
intact DNA origami exhibit different electrophoretic mobility
in the gel compared to degraded structures and staple strands,
and therefore AGE can be readily used to evaluate the intact-
ness of the DNA origami structure after solvent exposure.
Similarly, also DNA origami monomers have a higher electro-
phoretic mobility than DNA origami dimers (and oligomers),
while heavily aggregated structures are usually completely
retained in the gel loading well. Therefore, by monitoring the
ethidium bromide fluorescence intensity of the discreted gel
bands, we quantitatively estimated the composition of each of
the DNA origami samples.

Regardless of the DNA origami design, origami structures
remained more intact in ethanol and acetone than in DMSO
and DMF. As the dielectric constant of the solvent is known to
play a role in the structural stability of nucleic acids,*" the low
stability could be attributed to high dielectric constants (see
Fig. 1c). In general, interactions between the phosphate groups
of the DNA backbone and the Mg”" ions in the folding buffer
allow the adjacent helices of DNA origami to pack closely, and
these interactions have therefore an important role in main-
taining the overall DNA origami stability.”” In solutions with
low dielectric constants, the interactions between the phos-
phate groups and cations are typically stronger,*""**> suggesting
enhanced stability. However, as we still observed DNA origami
degradation in solvent/buffer mixtures with lower dielectric
constants than that of the folding buffer, the DNA origami
stability in such solutions has to be affected also by other
factors, such as polarity and pH of the solvent and the ability
of the solvent to form hydrogen bonds.

From the solvents tested, DNA origami showed the lowest
stability in DMF. Some staple strands started to detach from
the 24HBs already in 25% (v/v) DMF (Fig. 2i), while the tri-
angles and 6HBs degraded in 40% DMF (Fig. 2a and e). In
DMSO, all structures remained stable until a solvent content
of ~40%, but the rigid 24HBs degraded slightly faster than the
more flexible triangles and 6HBs. These observations are in
agreement with the previous studies that have demonstrated
that flexible quasi-1D and 2D structures are more stable in
non-conventional ~DNA  origami  buffers than 3D
structures.'”**** Moreover, the used 6HB design is particularly
flexible due to its low staple crossover density, which enables
the structure to respond to changing environmental con-
ditions by structural adjustments rather than disintegrating.®
In ethanol, all DNA origami designs maintained their struc-
tural integrity up to 60% solvent content (Fig. 2¢, g and k). The
triangles and the 24HBs started to lose staple strands at 80%
and 70% ethanol, respectively, but the 6HBs did not show any
degradation even at 90% ethanol. However, when the ethanol
content exceeded 70%, all DNA origami designs appeared
heavily aggregated. Ethanol precipitation is widely used for
concentrating DNA solutions, and similarly it has been used to

This journal is © The Royal Society of Chemistry 2024
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based analysis of the structural stability of DNA origami in the folding buffer (FOB) with varied amounts

of added organic solvents. The triangles (a—d), 6HBs (e—h), and 24HBs (i—1) were exposed to DMF (a, e and i), DMSO (b, f and j), ethanol (c, g and k),
and acetone (d, h and 1). The top panel displays the agarose gel, whereas the bottom panel shows the distribution of staple strands, monomers,
dimers, degradation, and aggregation for each sample determined by analyzing the ethidium bromide intensity of the discreted bands. AFM and TEM
images of the samples marked A1-A4 and T1-T4, respectively, are displayed in Fig. 3, while TEM images of samples T5 and T7 are shown in Fig. 4.

purify and precipitate DNA origami.”” In acetone, no staple
strand disintegration from the structures was observed, which
suggests that all three DNA origami designs remained intact at
least up to 70-80% (Fig. 2d, h and 1). At 80-90% acetone, evap-
oration and surface tension gradient formation started to
deform the gel bands and thus made them inaccessible for
detailed analysis. Furthermore, as reported earlier,*® the tri-
angles are prone to stack vertex-to-vertex and form dimers
(Fig. 2a-d). Surprisingly, these stacking interactions can be
attenuated in organic solvents, as there were almost no dimers
observed in high ethanol and acetone containing solutions
(Fig. 2c and d).

To further support the obtained AGE results and to visual-
ize the DNA origami structures after solvent exposure, we
additionally imaged the samples by AFM (triangles, Fig. 3a,
ESI, Fig. S16-5261) and TEM (6HB and 24HB, Fig. 3b and c,
ESI, Fig. S27-S54%). The triangle samples with different
amounts of ethanol were deposited on a mica substrate and
imaged using AFM directly after the 24 h solvent incubation.
The trend of decreasing number of dimers with increasing
solvent concentration was also evident in the AFM images

This journal is © The Royal Society of Chemistry 2024

(Fig. 3a). As the ethanol content increased from 10% to 90%,
the proportion of the dimer-forming triangles in the sample
consistently decreased from ~45% to ~10%. Previously, DNA
origami have been demonstrated to remain intact and even
fold at 10% ethanol.”” Here, the triangles appeared mostly
intact up to 90% ethanol, although the AGE indicates that
some staple strands might get detached from the triangles at
such high ethanol concentrations.

Particularly at high solvent concentrations, the organic
solvent may deteriorate the Formvar TEM grid and cause
drying artifacts.®® Therefore, to allow visual inspection of the
samples (apart from the AFM samples discussed above), the
organic solvent was removed by poly(ethylene glycol) (PEG)
precipitation®® prior to the TEM/AFM sample preparation.
After the PEG purification, the samples were resuspended in
1x FOB. AGE further confirmed that the intact DNA origami
can be recovered after the PEG precipitation, but for interpret-
ing the results it is worth noting that the purification process
effectively removes both unfolded scaffold and staple strands
(ESIL, Fig. S4-S15%). Therefore, it is possible that PEG purifi-
cation could have removed also degraded DNA origami struc-

Nanoscale, 2024, 16,13407-13415 | 13409
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Fig. 3 TEM and AFM images of DNA origami in FOB with varied amounts of added organic solvents. (a) The triangles in 10-90% (v/v) ethanol. The
distribution of monomers, dimers, and aggregates (determined from the AFM images) are indicated in the upper left inset of each AFM image. The
number of individual structures analyzed for each sample was n = 100. (b) The 24HBs in 10-45% (v/v) DMSO. (c) The 24HBs in 90% (v/v) acetone.
The size of the AFM images is 1 pm x 1 pm, while the TEM images are 400 nm x 400 nm. The TEM samples are negatively stained with 2% (w/v)
uranyl formate. For clarity, the AFM samples (A1-A4) and TEM samples (T1-T4) are also marked in the agarose gels in Fig. 2.

tures from the sample. Moreover, it is noteworthy to mention
that partially degraded DNA origami can also be healed by the
addition of Mg>" ions.'® The structural stability of the samples
was studied with AGE both prior and after the PEG purification
(ESI, Fig. S4-S157). Although the addition of Mg>" ions could
potentially repair some degraded structures, the AGE results
showed that the possible healing effect was not remarkable. In
agreement with the AGE results, the TEM images suggest that
the 24HB remain intact until a DMSO concentration of 40%
(Fig. 3b). However, as the DMSO content exceeded 40%, the
24HBs started to degrade. The deterioration of 24HBs can be
seen as a fragmentation starting from the ends of the structure
and a gradual unfolding of the structure (ESI, Fig. S41-S487).
This is also in line with the previous studies that report DNA
origami being stable in 10% (ref. 49) and 32% DMSO,*° but
significantly degraded in 40% DMSO.>" For the triangles and
the 6HBs, the degradation mechanisms were different. When
the solvent content increased, the triangles started to deterio-
rate by swelling, after which the structure folded inwards and
ultimately shrank (ESI, Fig. S16-S187). The long and flexible
6HB, on the other hand, first wrapped into “ball of yarn”-like
aggregates, which was followed by fragmentation and complete
degradation of the structure (ESI, Fig. S27-S347). DNA origami
is known to maintain structural stability in high acetone con-
centrations,”® which was also confirmed by both TEM and
AFM imaging (ESI, Fig. S24-S26, S38-540 and S52-S547}). Even
the 24HB that readily disintegrated in most of the tested

13410 | Nanoscale, 2024, 16, 13407-13415

organic solvents showed no degradation in 90% acetone
(Fig. 3c). This suggests that DNA origami can be pelleted by
organic solvents and further recovered from the aggregates by
removing the solvent (with e.g. PEG precipitation).

It is also important to investigate the possible limitations of
DNA origami at lower salt concentrations, as high salt concen-
trations are often undesirable for many technological
applications.'”*®*> As already discussed, Mg”" ions or other
cations are typically added to the DNA origami folding buffer
to screen the electrostatic repulsion between the DNA back-
bones.”>” However, it has been demonstrated that after folding,
DNA origami can be transferred to deionized water or other
low ionic strength buffers (uM range Mg>" concentration)
without losing their structural integrity.'”'® Plausibly, this is
due to the residual Mg>* ions that remain bound to the phos-
phate groups and thus stabilize the DNA origami. Here, we
hypothesized that these residual Mg”" ions might be affected
by organic solvents, and that addition of organic solvents to
DNA origami in deionized water could therefore have a de-
stabilizing effect. To confirm this hypothesis, we repeated the
same experiments conducted in folding buffer also in de-
ionized water (UM range Mg>" concentration).

As expected, the DNA origami stability in organic solvents
is remarkably lower in the absence of stabilizing Mg*" ions,
and typically the staple strands start to detach from the struc-
tures at 10-15%-points lower solvent content than in FOB-
based mixtures (Fig. 4, ESI, Fig. S55-S667). As an example, in

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Agarose gel electrophoresis (AGE) — based analysis of the structural stability of DNA origami in deionized water with varied amounts of
added organic solvents. The triangles (a—d), 6HBs (e—h), and 24HBs (i—|) were exposed to DMF (a, e and i), DMSO (b, f and j), ethanol (c, g and k), and
acetone (d, h and ). The top panel displays the agarose gel, whereas the bottom panel shows the distribution of staple strands, monomers, dimers,
degradation, and aggregation for each sample determined by analyzing the ethidium bromide intensity of the discreted bands. AFM and TEM images

of the samples marked A6 and T6 and T8, respectively, are shown in Fig. 5.

40% DMF in deionized water, the proportion of intact struc-
tures of the triangle population was only 30%, whereas in 40%
DMF in FOB, the fraction was ~80% (Fig. 4a). For DMF and
DMSO, the AGE also suggests that the solvent-induced DNA
origami degradation mechanisms are different in FOB and de-
ionized water. When the solvent content was so high that the
staple strands started to detach from the origami structures in
the structures appeared also heavily
aggregated (Fig. 2a, b, e and f-j). However, in deionized water,
the structures disintegrated without noticeable aggregation
(Fig. 4a, b, e and f-j). Similarly as for FOB, the 24HB was
found to be the least stable structure, and in deionized water it
degraded rapidly also in both ethanol and acetone (Fig. 4i-1).
the triangles and 6HBs
remained structurally stable at low ethanol concentrations in
deionized water, but at high ethanol concentrations the degra-
dation appeared more pronounced than in FOB (Fig. 4c, g vs.
2¢, 2).

In addition to AGE, we again used AFM (ESI, Fig. S67-S777)
and TEM (ESI, Fig. S78-S105%) to characterize the structures in
deionized water after the solvent exposure. Similarly to the
samples in 1x FOB, the samples were PEG purified before the

FOB-based mixtures,

In line with the earlier results,*

This journal is © The Royal Society of Chemistry 2024

imaging in order to remove the organic solvent. The samples
were resuspended in 1x FOB, and since the Mg”" ion concen-
tration increases significantly after the PEG purification it
should be noted that the added Mg>" ions might heal some of
the degraded structures.'® Nevertheless, AGE, conducted
before and after the PEG purification, verify that the structure
healing does not remarkably alter our results (ESI, Fig. S55—
S661). The AFM and TEM images supported the AGE results
and clearly indicated that the DNA origami degraded at lower
organic solvent concentrations in deionized water than in FOB
(Fig. 5). For the 6HB in 45% DMF in FOB, AGE suggested that
~60% of the structures maintained their integrity (Fig. 2e),
while only ~10% of the 6HBs were intact in 45% DMF in de-
ionized water (Fig. 4e). The same trend was also observed in
TEM, where the 6HBs were still intact in 45% DMF, but com-
pletely deteriorated in deionized water (Fig. 5a). Similarly, for
24HBs in 40% DMSO in FOB, the fraction of intact structures
was ~80% (Fig. 2j), while in deionized water the fraction was
reduced to ~20% (Fig. 4j). As seen from the TEM images, the
24HBs in 40% DMSO in FOB appeared unaffected, while in
40% DMSO in deionized water the 24HB had already started to
degrade (Fig. 5b). In both FOB and deionized water - based

Nanoscale, 2024, 16,13407-13415 | 13411
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i

Fig. 5 Comparison of DNA origami structures when exposed to
organic solvents in folding buffer and in deionized water. (a) TEM images
of 6HBs in FOB and in deionized water with 45% (v/v) of DMF. (b) TEM
images of 24HBs in FOB and in deionized water with 40% (v/v) of DMSO.
(c) AFM images of the triangles in FOB and in deionized water with 90%
(v/v) of ethanol. The size of the AFM images is 1 pm X 1 pm, while the
TEM images are 400 nm x 400 nm. The TEM samples are negatively
stained with 2% (w/v) uranyl formate. For clarity, the TEM samples T5
and T7 and the AFM sample A5 are also marked in Fig. 2. The TEM
samples T6 and T8 and the AFM sample A6 are marked in Fig. 4.

mixtures, the triangles remained mostly intact even at 90%
ethanol (Fig. 5c). However, the triangles in deionized water
were more aggregated than in FOB and they had also started to
disintegrate. This is in line with the AGE results, which indi-
cated that ~80% and~70% of the triangles were intact in 90%
ethanol in FOB and 90% ethanol in deionized water, respect-
ively (Fig. 2c and 4c).

Conclusions

Herein, we have demonstrated the effects various water-misci-
ble and polar organic solvents have on the structural post-
folding stability of DNA origami while in FOB (mM range Mg>*
concentration) and in deionized water (uM range Mg>* concen-
tration). The results indicate that the DNA origami is more
resistant to organic solvents in FOB compared to deionized

13412 | Nanoscale, 2024,16,13407-13415

View Article Online

Nanoscale

water, suggesting that the Mg®* ions provide a stabilizing effect
in organic solvents. The structural stability of the DNA origami
inorganic solvents is highly superstructure-dependent, and as
observed earlier also in low-magnesium buffers,"” the flexible
6HB is the most stable structure while the rigid 24HB is the
least stable. In addition, the structural stability correlates with
the dielectric constant of the organic solvent - generally DNA
origami appears to be more stable in organic solvents with low
dielectric constants, such as acetone.

Our results demonstrate that by carefully selecting the
solvent components and the DNA origami design, the DNA
origami integrity can be maintained even at very high organic
solvent concentrations. Therefore, we believe that our study
enables a more extensive use of water-insoluble compounds
for functionalization and complexation with DNA origami.
Furthermore, the work could also pave the way for more soph-
isticated in situ reactions taking place on top of the DNA
origami, such as e.g. in situ polymerization.*?

Materials and methods
Materials

Unless otherwise specified, all chemicals were purchased from
commercial suppliers and used as received. Deionized water
(Milli-Q grade) was utilized in all experiments.

For the preparation of the DNA origami structures, the
scaffolds were purchased from Tilibit Nanosystems (¢ = 100
nM), while the single-stranded staple strands were purchased
from Integrated DNA Technologies. The 50x TAE buffer (2 M
tris(hydroxymethyl)Jaminomethane (Tris), 1 M acetic acid,
50 mM ethylenediaminetetraacetic acid (EDTA), pH 8.4) was
purchased from Thermo Fischer Scientific. Sodium chloride,
magnesium chloride, and poly(ethylene glycol) were purchased
from Sigma-Aldrich. DMF and DMSO were purchased from
Sigma-Aldrich, ethanol from Altia, and acetone from
Honeywell. For the AGE, the agarose was purchased from
Meridian Bioscience and the ethidium bromide from Sigma-
Aldrich. The gel loading dye solution (0.25% bromophenol
blue, 0.25% xylene cyanol, 40% sucrose), which was purchased
from Sigma-Aldrich, was diluted 1:30 in 40% (w/v) sucrose or
75% glycerol prior to use. For the TEM sample staining, uranyl
formate was purchased from Electron Microscopy Sciences.

Folding and purification of DNA origami

The design and staple strands for the triangle,® the 6HB,*’ and
the 24HB'® DNA origami can be found from their original
sources.

The DNA origami structures were folded in one-pot reac-
tions using thermal annealing. The triangle and the 6HB struc-
tures were folded using the circular p7249 scaffold (final con-
centration of 20 nM) and 10x excess of staple strands in FOB
containing1x TAE and 12.5 mM MgCl,. The triangle and 6HB
structures were thermally annealed using a ProFlex PCR
system and the following thermal ramp: (1) cooling from 90 to
70 °C at a rate of —0.2 °C/8 s; (2) cooling from 70 to 60 °C at a

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02185a

Open Access Article. Published on 19 2024. Downloaded on 01.3.2026 18:52:39.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

rate of —0.1 °C/8 s; (3) cooling from 60 to 27 °C at a rate of
—0.1 °C/2 min; (4) cooling down to 20 °C and stored until the
program was manually stopped.

The 24HB structures were folded using the circular p7560
scaffold (final concentration of 20 nM) and 10x excess of
staple strands in FOB containing 1x TAE and 17.5 mM MgCl,.
The 24HB structures were thermally annealed using a ProFlex
PCR system and the following thermal ramp: (1) cooling from
65 to 59 °C at a rate of 1 °C/15 min; (2) cooling down from 59
to 40 °C at a rate of 0.25 °C/45 min; (3) cooling down to 20 °C
and stored until the program was manually stopped.

After the folding, the excess staple strands were removed
using PEG precipitation.”® The DNA origami solution was
diluted 4-fold with 1x FOB and subsequently mixed 1:1 with
PEG precipitation buffer (15% PEG 8000, 1x TAE, 505 mM
NaCl). The mixture was centrifuged at 14 000g for 30 min at
room temperature using an Eppendorf 5424R microcentrifuge.
The supernatant was removed, and the pelleted DNA origami
resuspended in 1x FOB to 0.25-1x of the initial reaction
volume. To ensure that the pellet dissolved completely, the
samples were incubated overnight at 30 °C under continuous
shaking at 600 rpm using an Eppendorf Thermomixer C.

If needed, the DNA origami solutions were upconcentrated
using 100 kDa MWCO centrifugal filters (0.5 mL, Amicon
Ultra, Merck). Before use, the centrifugal filter was washed
with 500 pL of 1x FOB by centrifuging at 14 000g for 5 min at
room temperature using an Eppendorf 5424R microcentrifuge.
200-400 pL of the PEG-purified DNA origami solution (¢ =
20-80 nM) was added to the centrifugal filter and the centrifu-
gal filter was centrifuged for 20 min at 6000g. Subsequently,
the DNA origami solution was collected into a new tube by
inverting the filter unit and centrifuging at 2000g for 2.5 min.

For the experiments in deionized water, the PEG-purified
DNA origami solutions were transferred to deionized water
using spin-filtration with 100 kDa molecular weight cut off
(MWCO) spin-filters (0.5 mL, Amicon Ultra, Merck).>® First, the
filter was washed with 500 pL of deionized water by centrifu-
ging the device for 5 min at 14 000g using an Eppendorf 5424R
microcentrifuge. 120 pL of PEG-purified origami solution was
added to the centrifugal filter together with 120 pL of de-
ionized water. The filter was centrifuged at 6000g for 10 min at
room temperature. The flow-through was discarded. 251 pL of
deionized water was added to the filter after which the cen-
trifugal filter was centrifuged at 6000g for 10 min at room
temperature. The flow-through was saved for later use. The
DNA origami solution was collected into a new tube by invert-
ing the filter unit and centrifuging at 2000g for 2.5 min. Before
further use, the collected DNA origami solution was diluted
with the flow-through from step 2 to a final concentration of
100 nM.

The DNA origami concentration was estimated from the
absorbance at 260 nm using Beer-Lambert law. The absor-
bance was measured using a BioTek Eon microplate spectro-
photometer, a Take3 microvolume plate, and a sample volume
of 2 pL. The concentration was estimated as the average of
three separate measurements. The molar extinction coefficient
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was estimated based on the number of non-hybridized and
hybridized nucleotides in the DNA origami unit.>* The extinc-
tion coefficient was estimated as 0.97 x 10° M~* em™ for the
triangle, 0.98 x 10° M~ cm™ for the 6HB, and 1.05 x 10° M™"
em™ for the 24HB.

Incubation of DNA origami in organic solvents

The DNA origami structures (final concentration of 5 nM) were
incubated in either 1x FOB or deionized water with varying
amounts of the organic solvents at room temperature for 24 h.
For the samples originally in 1x FOB, the final concentration
after the solvent addition was also adjusted to 1x FOB (by
adding 20x FOB). If not stated otherwise, the samples were
analysed as such (with the organic solvent still present) by
agarose gel electrophoresis, but for the TEM and AFM, the
organic solvent was removed by PEG precipitation. The DNA
origami solution containing organic solvent was mixed 1:1
with 15% (w/v) PEG8000, 1x TAE, 505 mM NaCl (for the
samples in 1x FOB) or 15% (w/v) PEG8000, 2x TAE, 505 mM
NaCl (for the samples in deionized water), after which the mix-
tures was centrifuged for 30 min at 14 000g using an
Eppendorf 5424R microcentrifuge. The supernatant was
removed, and the DNA origami pellet was resupended in 1x
FOB. The samples were incubated overnight at room tempera-
ture before the TEM and AFM sample preparation.

Agarose gel electrophoresis

A 2% (w/v) agarose gel was prepared in 1x TAE supplemented
with 11 mM MgCl, and 0.46 pg mL™' ethidium bromide
(EtBr). Before loading the samples into the gel pockets, gel
loading dye solution was added to the samples (volume of
20 L, Corigami = 5 NM). For the PEG-purified samples and the
non-PEG-purified samples containing DMF and DMSO, 4 pL of
0.0083% bromophenol blue, 0.0083% xylene cyanol, 40%
sucrose was added as loading dye solution while 18 pL of
0.0083% bromophenol blue, 0.0083% xylene cyanol, 1.3%
sucrose, 75% glycerol was added as loading dye solution for
the non-PEG-purified samples containing ethanol and
acetone. The gel was run for 45 min using a BioRad Wide
Mini-Sub Cell GT System and a BioRad PowerPac Basic power
supply and a constant voltage of 90 V. The gel was run in a
buffer containing 1x TAE and 11 mM MgCl, while kept on an
ice bath. After the run, the gel was visualized by ultraviolet
light using a BioRad Gel Doc XR + documentation system.

For the non-PEG purified samples, the composition of each
band in the agarose gel was quantitatively estimated using the
gel analysis tool in Image]. The areas of the obtained gel peaks
was determined using OriginLab. Initially, the baseline was
subtracted by the PeakAnalyzer tool, after which the areas of
the gel peaks were estimated using the integrate gadget.

Transmission electron microscopy

The TEM samples were prepared on Formvar carbon-coated
copper grids (FCF400-Cu, Electron Microscopy Science) mainly
following the protocol by Castro et al.>® Prior to sample depo-
sition, the grids were glow-charged with 15 s oxygen plasma
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flash (Gatan Solarus). 3 pL of the sample solution (corigami ~ 5
nM) was deposited onto the TEM grid and incubated for 3 min
before blotted away against filter paper. Subsequently, the
samples were negatively stained with 2% (w/v) aqueous uranyl
formate solution containing 25 mM NaOH. First, the TEM grid
was immersed into a 5 pL droplet of stain solution and the
stain was immediately blotted away using filter paper.
Following this, the sample was immersed into a 20 pL droplet
of the stain solution and incubated for 45 s before excess stain
was blotted away with filter paper. The samples were left to dry
under ambient conditions for at least 15-20 min prior to
imaging. The TEM images were obtained using FEI Tecnai 12
Bio-Twin microscope operated at an acceleration voltage of 120
V. The images were processed using Image]J.

Atomic force microscopy

20 pL of the sample solution (Corigami ~ 1-2 nM) was deposited
directly onto a freshly cleaved mica surface (15 mm x 15 mm,
grade V1, Electron Microscopy Science) and incubated for
1 min at room temperature. Subsequently, the mica was
washed three times with 100 pL of deionized water, after
which the mica was dried thoroughly using direct nitrogen
flow. The AFM images were recorded with a Dimension Icon
AFM (Bruker) using ScanAsyst in Air Mode and ScanAsyst-Air
probes (Bruker). The AFM images were recorded with a resolu-
tion of 512 x 512 pxl, a scan rate of 0.5 Hz and a scan size of
2 pm x 2 pm or 3 pm x 3 pm. The images were processed (row
alignment and height scale adjustment) using Gwyddion open
source software (v. 2.65).%¢

Data availability

The data supporting this article have been included as part of
the ESL¥

Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This work was supported by the European Research Council
(ERC) and ERA Chair MATTER under the European Union’s
Horizon 2020 research and innovation programme (grant
agreement numbers 101002258 and 856705, respectively),
Aalto University School of Chemical Engineering, Finnish
Cultural Foundation (Maili Autio Fund), Jane and Aatos Erkko
Foundation, Sigrid Jusélius Foundation and Emil Aaltonen
Foundation. The work was carried out under the Academy of
Finland Centers of Excellence Programme (2022-2029) in Life-
Inspired Hybrid Materials (LIBER), project number 346110.
The authors acknowledge the provision of facilities and techni-
cal support by Aalto University Bioeconomy Facilities,
OtaNano - Nanomicroscopy Center (Aalto-NMC) and

13414 | Nanoscale, 2024, 16,13407-13415

View Article Online

Nanoscale

Micronova Nanofabrication Center. The authors also thank
O. Ogunyemi for contributing to the study. The authors also
thank S. Saarinen and O. Luotonen for their help with compil-
ing the graphical abstract.

References

1 N. C. Seeman and H. F. Sleiman, Nat. Rev. Mater., 2018, 3,
17068.

2 S. Nummelin, J. Kommeri, M. A. Kostiainen and V. Linko,
Adv. Mater., 2018, 30, 1703721.

3 P. W. K. Rothemund, Nature, 2006, 440, 297-302.

4 S. M. Douglas, H. Dietz, T. Liedl, B. Hogberg, F. Graf and
W. M. Shih, Nature, 2009, 459, 414-418.

5 F. Hong, F. Zhang, Y. Liu and H. Yan, Chem. Rev., 2017,
117, 12584-12640.

6 S. Dey, C. Fan, K. V. Gothelf, J. Li, C. Lin, L. Liu, N. Liu,
M. A. D. Nijenhuis, B. Sacca, F. C. Simmel, H. Yan and
P. Zhan, Nat. Rev. Methods Primers, 2021, 1, 13.

7 M. Glaser, S. Deb, F. Seier, A. Agrawal, T. Liedl, S. Douglas,
M. K. Gupta and D. M. Smith, Molecules, 2021, 26, 2287.

8 J. Weiden and M. M. C. Bastings, Curr. Opin. Colloid
Interface Sci., 2021, 52, 101411.

9 S. Jiang, Z. Ge, S. Mou, H. Yan and C. Fan, Chem, 2021, 7,
1156-1179.

10 S. Nummelin, B. Shen, P. Piskunen, Q. Liu,
M. A. Kostiainen and V. Linko, ACS Synth. Biol., 2020, 9,
1923-1940.

11 P. Pitikultham, Z. Wang, Y. Wang, Y. Shang, Q. Jiang and
B. Ding, ChemMedChem, 2022, 17, €202100635.

12 A. Kuzyk, R. Jungmann, G. P. Acuna and N. Liu, ACS
Photonics, 2018, 5, 1151-1163.

13 N. Liu and T. Liedl, Chem. Rev., 2018, 118, 3032-3053.

14 A. Heuer-Jungemann and V. Linko, ACS Cent. Sci., 2021, 7,
1969-1979.

15 I. V. Martynenko, V. Ruider, M. Dass, T. Liedl and
P. C. Nickels, ACS Nano, 2021, 15, 10769-10774.

16 S. Julin, V. Linko and M. A. Kostiainen, ACS Nano, 2023, 17,
11014-11022.

17 C. Kielar, Y. Xin, B. Shen, M. A. Kostiainen, G. Grundmeier,
V. Linko and A. Keller, Angew. Chem., Int. Ed., 2018, 57,
9470-9474.

18 Y. Xin, P. Piskunen, A. Suma, C. Li, H. Ijis, S. Ojasalo,
I. Seitz, M. A. Kostiainen, G. Grundmeier, V. Linko and
A. Keller, Small, 2022, 18, 2107393.

19 A. Bednarz, S. M. Senderskov, M. Dong and V. Birkedal,
Nanoscale, 2023, 15, 1317-1326.

20 Y. Chen, P. Wang, Y. Xu, X. Li, Y. Zhu, Y. Zhang, ]J. Zhuy,
G. Huang and D. He, ACS Appl. Bio Mater., 2018, 1, 1424~
1429.

21 H. Jjis, T. Liedl, V. Linko and G. Posnjak, Biophys. J., 2022,
121, 4800-4809.

22 M. Hanke, E. Tomm, G. Grundmeier and A. Keller,
ChemBioChem, 2023, 24, €202300338.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02185a

Open Access Article. Published on 19 2024. Downloaded on 01.3.2026 18:52:39.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

23

24

25

26

27
28

29

30
31

32

33

34

35

36

37

38

39

40

S. Ramakrishnan, B. Shen, M. A. Kostiainen,
G. Grundmeier, A. Keller and V. Linko, ChemBioChem,
2019, 20, 2818-2823.

A. R. Chandrasekaran, Nat. Rev. Chem., 2021, 5, 225-239.

S. Ramakrishnan, G. Krainer, G. Grundmeier, M. Schlierf
and A. Keller, Nanoscale, 2016, 8, 10398-10405.

M. Hanke, D. Dornbusch, E. Tomm, G. Grundmeier,
K. Fahmy and A. Keller, Nanoscale, 2023, 15, 16590-16600.
V. Linko and A. Keller, Small, 2023, 19, 2301935.

S. Ramakrishnan, H. Ijis, V. Linko and A. Keller, Comput.
Struct. Biotechnol. J., 2018, 16, 342-349.

H. Bila, E. E. Kurisinkal and M. M. C. Bastings, Biomater.
Sci., 2019, 7, 532-541.

N. Stephanopoulos, ChemBioChem, 2019, 20, 2191-2197.

S. Manuguri, M.-K. Nguyen, J. Loo, A. K. Natarajan and
A. Kuzyk, Bioconjugate Chem., 2023, 34, 6-17.

M. Madsen and K. V. Gothelf, Chem. Rev., 2019, 119, 6384-
6458.

G. A. Knappe, E.-C. Wamhoff and M. Bathe, Nat. Rev.
Mater., 2023, 8, 123-138.

T. Jiang, T. A. Meyer, C. Modlin, X. Zuo, V. P. Conticello
and Y. Ke, J. Am. Chem. Soc., 2017, 139, 14025-14028.

S. Julin, Nonappa, B. Shen, V. Linko and M. A. Kostiainen,
Angew. Chem., Int. Ed., 2021, 60, 827-833.

I. Seitz, S. Saarinen, E.-P. Kumpula, D. McNeale, E. Anaya-
Plaza, V. Lampinen, V. P. Hyténen, F. Sainsbury,
J. J. L. M. Cornelissen, V. Linko, J. T. Huiskonen and
M. A. Kostiainen, Nat. Nanotechnol., 2023, 18, 1205-1212.
H. Kim, S. P. Surwade, A. Powell, C. O’Donnell and H. Liu,
Chem. Mater., 2014, 26, 5265-5273.

N. P. Agarwal, S. Chandrasekhar, P. S. Prakash, K. Joffroy
and T. L. Schmidt, Langmuir, 2022, 38, 11650-11657.

H. Bui, C. Onodera, C. Kidwell, Y. Tan, E. Graugnard,
W. Kuang, J. Lee, W. B. Knowlton, B. Yurke and
W. L. Hughes, Nano Lett., 2010, 10, 3367-3372.

H. Ijds, B. Shen, A. HeuerJungemann, A. Keller,
M. A. Kostiainen, T. Liedl, J. A. Thalainen and V. Linko,
Nucleic Acids Res., 2021, 49, 3048-3062.

This journal is © The Royal Society of Chemistry 2024

41

42

43

44

45

46

47

48

49

50

51

52
53

54

55

56

View Article Online

Paper

S. Nakano and N. Sugimoto, Biophys. Rev., 2016, 8,
11-23.

S. M. Mel’'nikov, M. O. Khan, B. Lindman and B. Jénsson,
J. Am. Chem. Soc., 1999, 121, 1130-1136.

J. Hahn, S. F. J. Wickham, W. M. Shih and S. D. Perrault,
ACS Nano, 2014, 8, 8765-8775.

S. Fischer, C. Hartl, K. Frank, J. O. Radler, T. Liedl and
B. Nickel, Nano Lett., 2016, 16, 4282-4287.

Y. Lei, Z. Mei, Y. Chen, N. Deng and Y. Li, ChemNanoMat,
2022, 8, €202200161.

A. Londono-Calderon, M. Hossen, P. E. Palo,
L. Bendickson, S. Vergara, M. Nilsen-Hamilton,
A. C. Hillier and T. Prozorov, Small Methods, 2019, 3,
1900393.

D. Wang, Z. Da, B. Zhang, M. A. Isbell, Y. Dong, X. Zhou,
H. Liu, J. Y. Y. Heng and Z. Yang, RSC Adv., 2015, 5, 58734~
58737.

E. Stahl, T. G. Martin, F. Praetorius and H. Dietz, Angew.
Chem., Int. Ed., 2014, 53, 12735-12740.

M. Hanke, A. G. Orive, G. Grundmeier and A. Keller,
Nanomaterials, 2020, 10, 2200.

K. Krishnamurthy, A. Rajendran, E. Nakata and T. Morii,
Small Methods, 2024, 8, 2300999,

L. Mallik, S. Dhakal, J. Nichols, J. Mahoney, A. M. Dosey,
S. Jiang, R. K. Sunahara, G. Skiniotis and N. G. Walter, ACS
Nano, 2015, 9, 7133-7141.

T. G. Martin and H. Dietz, Nat. Commun., 2012, 3, 1103.

Y. Tokura, Y. Jiang, A. Welle, M. H. Stenzel,
K. M. Krzemien, ]J. Michaelis, R. Berger, C. Barner-
Kowollik, Y. Wu and T. Weil, Angew. Chem., Int. Ed., 2016,
55, 5692.

A. M. Hung, C. M. Micheel, L. D. Bozano, L. W. Osterbur,
G. M. Wallraff and J. N. Cha, Nat. Nanotechnol., 2010, 5,
121-126.

C. E. Castro, F. Kilchherr, D.-N. Kim, E. L. Shiao, T. Wauer,
P. Wortmann, M. Bathe and H. Dietz, Nat. Methods, 2011,
8, 221-229.

D. Necas and P. Klapetek, Open Phys., 2012, 10, 181-188.

Nanoscale, 2024, 16,13407-13415 | 13415


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02185a

	Button 1: 


