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Introduction

Hierarchical assemblies have shown huge potential in recent superlenses.

Creation of ordered 3D tubes out of DNA origami
latticest
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Visa Ruokolainen, 2 ® Nemanja Markesevi¢,? Ashwin K. Natarajan, (2 ¢
Maija Vihinen-Ranta, 2 Anton Kuzyk, 2 ¢ Kosti Tapio &2 *||* and
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Hierarchical self-assembly of nanostructures with addressable complexity has been a promising route for
realizing novel functional materials. Traditionally, the fabrication of such structures on a large scale has
been achievable using top-down methods but with the cost of complexity of the fabrication equipment
versus resolution and limitation mainly to 2D structures. More recently bottom-up methods using mole-
cules like DNA have gained attention due to the advantages of low fabrication costs, high resolution and
simplicity in an extension of the methods to the third dimension. One of the more promising bottom-up
techniques is DNA origami due to the robust self-assembly of arbitrarily shaped nanostructures with
feature sizes down to a few nanometers. Here, we show that under specific ionic conditions of the buffer,
the employed plus-shaped, blunt-ended Seeman tile (ST) origami forms elongated, ordered 2D lattices,
which are further rolled into 3D tubes in solution. Imaging structures on a surface by atomic force
microscopy reveals ribbon-like structures, with single or double layers of the origami lattice. Further
studies of the double-layered structures in a liquid state by confocal microscopy and cryo-TEM revealed
elongated tube structures with a relatively uniform width but with a varying length. Through meticulous
study, we concluded that the assembly process of these 3D DNA origami tubes is heavily dependent on
the concentration of both mono- and divalent cations. In particular, nickel seems to act as a trigger for
the formation of the tubular assemblies in liquid.
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context, DNA has proven to be a versatile molecule to fabricate
and functionalize nanoconstructs due to its robust self-assembly
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more difficult to fabricate. Yet, these contain key components for
future innovations,>*’ since each building block can be
addressed and functionalized to perform a certain task.
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Scheme 1 Schematic view of the formation of the hierarchical nanostructures using the Seeman tile (ST) origami and electrostatic interaction. The lower
row sketches the behavior of STs with increasing Ni>* concentration, while the upper row shows the corresponding AFM images. Left column: at low NiZ*
concentration, the DNA origami are repulsed from each other due to coulombic interaction between the negatively charged origami. The mono- and
divalent cations (blue/red circles) screen the repulsion to allow some blunt-end stacking (black arrow). The AFM inset size is 125 nm X 125 nm. Middle
column: when the Ni?* concentration is increased, the STs initially form 2D ribbons. Right column: in high enough Ni?* concentration, the ribbons roll

into 3D tubes.

Within the field of structural DNA nanotechnology, one of the
most promising methods is the DNA origami technique due to
its ability to create almost arbitrary 3D shapes with feature sizes
down to a few nanometers and to functionalize any position
along the origami with sub-nanometer accuracy.”>® Previously,
different kinds of DNA origami have been used to fabricate
different hierarchical 2D and 3D structures, both on surfaces and
in liquid.>**?%*® Both blunt-end stacking and DNA hybridization
have been utilized to achieve the ordered structures, but the role
of the buffer conditions on the formation of the ordered struc-
tures has not been thoroughly explored.

Here, we demonstrate the formation of 3D, micrometer-size
tubular DNA origami assemblies in solution mediated by
appropriate ionic conditions, as illustrated in Scheme 1. The
choice for the DNA origami structure was a twist-corrected and
blunt-ended version®" of the so-called Seeman tile (ST) origami**
due to the 4-fold rotational symmetry that enables the growth of
a symmetric square lattice via the non-specific blunt-end stacking
of DNA helices.*"** We investigated and demonstrated the effect
of different commonly used cations, namely sodium, mag-
nesium, nickel and potassium on lattice and tube formation. We
observed that in solutions of high enough ionic strength, the STs
form either 2D, elongated, single-layer square lattices (ribbons)
or directionally grown tubes, i.e., rolled square lattices. In particu-
lar, nickel seems to act as a trigger for the formation of the

This journal is © The Royal Society of Chemistry 2023

tubular assemblies. The ordered directional growth and the
further rolling into a tube are achieved by adjusting the combi-
nation and concentrations of mono- and divalent cations during
the incubation process.

Even the orientation of each origami within the formed
ribbons and tubes is not fully controlled due to the non-speci-
ficity of the blunt-end stacking, and they are still organized
with highly ordered directionality, spacing and final 3D shape.
Since each origami can be functionalized with different in-
organic and organic nanomaterials,”*>* such as proteins,
lipids and nanoparticles, one can form many interesting and
useful highly organized structures like plasmonic entities with
highly controlled spacing and order of the metallic nano-
particles along the shape of ribbons or tubes.

Experimental section

The DNA origami oligonucleotides were purchased from
Thermo Fisher (Waltham, Massachusetts, USA). The M13mp18
scaffold strand was bought from Tilibit Nanosystems (Munich,
Germany). The origami concentration was measured using a
NanoDrop One C Microvolume UV-vis spectrophotometer
(Thermo Fisher Scientific). Mica V1 disc (Ted Pella) substrates
were purchased from Caspilor Aktiebolag. Silicon chips were

Nanoscale, 2023,15, 7772-7780 | 7773
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acquired from Si-Mat. Magnesium chloride hexahydrate (purity
99.0-101.0%), nickel chloride hexahydrate (min. 96.0%), sodium
chloride and disodium EDTA dihydrate (99-101.0%) were
acquired from Merck. Tris base (99.9%) was acquired from Sigma
Aldrich. A Bruker Dimension Icon atomic force microscope
(AFM) equipped with Bruker ScanAsyst-Air tips (nominal radius
of 2 nm) was used in the imaging (Billerica, Massachusetts,
USA). FinnSonic M3 ultrasonic cleaner was used for the soni-
cation of silicon chips. An Oxford Plasmalab 80 Plus reactive ion
etcher (RIE) was used to clean and treat the silicon substrates
(Tubney Woods, Abingdon, UK).

DNA origami folding and purification

DNA origami was folded as reported before.”® Both unpurified
and purified DNA origami solutions were used in the experi-
ments: the confocal and the cryo-TEM samples were prepared
without purification, while both the unpurified and purified
origami were used in the deposition on silicon. In general, no
differences were observed between the purified and the unpur-
ified sample concerning the formation of the ribbons, and we
mainly used purified samples for the silicon deposition.

The DNA origami solution was purified by ultrafiltration
using 100 kDa Amicon Ultra 0.5 mL centrifugal filters just
after folding the origami: 100 pL of the folded origami solu-
tion was mixed with 400 pL of the origami buffer (1x TAE/
12.5 mM MgCl,). The solution was pipetted to a 100 kDa
Amicon filter and spanned down at 14 000 rcf for 3 min. The
supernatant was discarded and 400 pL of the origami buffer
was added to the filter. After mixing, centrifugation was
repeated. In total, the sample was centrifuged 3 times for
3 min and the last run for 5 min. After the last run, the filter
was placed upside-down in a new tube for collection of the
sample (1000 rcf, 2 min). The volume of the sample was
adjusted back to 100 pL using the origami buffer. Typical
origami concentrations after folding and purification were
10-20 nM.

Imaging of the assembled origami ribbons on silicon

The 7 mm x 7 mm silicon chips were cut using a diamond
cutter. Both sides of the chips were cleaned by immersing the
chip in boiling acetone for 2-3 minutes and rubbing both
sides using a cotton stick. After both sides were cleaned, the
chips were immersed for a few minutes more in boiling
acetone and then rinsed using room temperature acetone.
Finally, the chips were sonicated in isopropanol (IPA) at 30 °C
for 3 min and dried using N, flow.

Before the origami deposition, the silicon surfaces were
treated with O, plasma in the RIE for 20 min at 30 °C, while
the O, flow was 50 sccm, the pressure was 40 mTorr and the
RF power was 200 W. The chips were used soon after the treat-
ment, usually within 30 min after the plasma was switched off.
Longer waiting times would result in the vanishing of the
obtained hydrophilicity.

The different cation buffers (sodium, magnesium, nickel
and potassium) were mixed and the origami solution was
added just before the deposition so that the final origami con-
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centration was 10 nM and the ionic strength was appropriate.
The deposition time varied between 30 and 45 min. Then, the
surface was washed by adding 40-80 pL of Milli-Q water back
and forth 3-4 times from the edge of the chip and the water
was discarded. The washing step was repeated 5 times before
drying the chip by N, flow.

Preparation and measurement of ribbons in the cryo-TEM

The cryo-TEM samples were prepared as follows: 5 pL of DNA
origami solution (50 mM MgCl,, 5 mM NiCl,, 250 mM Nacl,
1x TAE and 5 nM origami) was dropped on a plasma-cleaned
(30 s with 20 W forward power and 2 W reverse power,
NanoClean model 1070, Fischione Instruments) R3.5/1 quanti-
foil TEM grid in a Leica Automatic Plunge Freezer EM
GP2 maintained at 22 °C with 90% relative humidity. The
sample was blotted for 2.8 s and plunged immediately into
liquid ethane. The grids were transferred to a JEOL
JEM-3200FSC field emission cryo-TEM operated at 300 kV in
bright field mode with an Omega-type zero-loss energy filter.
Imaging was done with a Gatan Ultrascan 4000 camera with a
total exposure of 20 e~ A™2,

Confocal microscopy characterization of the ribbons

The structures were stained with Hoechst 33342 (2 pg mL ™)
DNA-specific dye and imaged with a Leica SP 8 confocal micro-
scope. The samples were excited using a 405 nm laser and
detected between 412 and 652 nm with a Leica hybrid detector.
The samples were observed using a Leica HC PL APO CS2 (63X,
N.A. 1.2) water immersion objective. A voxel size of 68 x 68 x
180 nm (Fig. 4C) and 68 x 68 x 356 nm was used to acquire the
confocal data. A voxel size of 33 x 33 x 157 nm was used for the
deconvolved images (Fig. S4A and S4Bt) and the deconvolution
was done using a Leica Lightning system. In the overview confocal
shown in Fig. S4C,7 the pixel size was 210 x 210 nm.

Data analysis was performed using Fiji software. The tube
length was measured only when the beginning and end of the
tube were distinguished by drawing a straight line between the
two points. In the case of a long tube with angles in between,
such as that shown in Fig. 4C, the tube length was determined
by dividing the tube into several individual, straight tubes. The
widths of the tubes were determined by measuring the inten-
sity profiles perpendicular to the tube length every 0.5-1 pm
along the tube, and by manually evaluating the tube width
from the intensity profiles.

Characterization of ribbons using dynamic light scattering

Characterization by dynamic light scattering (DLS) was done
separately for individual Seeman tiles (within an annealing
buffer of 1x TAE/12.5 mM MgCl,), ribbons and ribbons with
EDTA. In each case, 80-120 pL of the sample was pipetted to a
DLS cuvette (Malvern ZEN0040) and subsequently measured in
backscatter configuration for around 1 h, i.e., 26 repeats of 20
X 6.71 s measurements. Attenuation was set to 9, equilibrium
time between the cycles to 0 s and temperature to 25 °C. Data
were measured/fitted with multiple narrow distribution modes
with index of refraction for the origami set to 1.54.* We ana-

This journal is © The Royal Society of Chemistry 2023
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lyzed each 1 h DLS run by plotting the collected statistics of
the size distributions within three subsequent 20 min parts:
the first 20 min, the middle (20-40 min) and the last
(40-60 min). See Fig. S91 for individual DLS distributions.

In each sample, the origami concentration was set to 10
nM. The ribbon sample had a cation buffer with 5 mM Ni**,
50 mM Mg>* and 250 mM Na®, and the measurements started
right after the origami samples were mixed with the buffer. After
the ribbon sample was incubated and measured for 1 h, the
EDTA concentration in solution was fixed to 40 mM and the DLS
measurement started again immediately. The goal was to analyse
the reversibility of ribbon structures in the presence of EDTA.
EDTA was chosen because of its well-known chelating capabilities
regarding divalent cations,**”® in our case Mg”>* and Ni*".

Results and discussion

The fundamental building block of our hierarchical assem-
blies is a twist-corrected and blunt-ended version®® of the
4-fold symmetric plus-shaped DNA origami called the Seeman
tile (ST),** as shown in Scheme 1. The origami has four arms
protruding outwards from the middle crossing. Each arm has
12 helices, which can attach to any arm of another origami via
blunt-end stacking. Under the low salt conditions, ie., the
storage conditions (1x TAE/12.5 mM MgCl,), the repulsion
between the negatively charged origami keeps them mainly
separated so that the blunt-end stacking interactions and thus
the lattice formation are limited. By increasing the overall salt
concentration of the solution, the STs start to bind with each
other on a larger scale, thus enabling the assembly into
ordered 2D or 3D structures.

Here, we set out to identify the conditions in which these
structures form and investigate the effect of each used cation
(sodium, magnesium, nickel and potassium). A similar strat-
egy was employed by Hayakawa et al. to assemble triangular
origami into tubes but only using magnesium.?” Also, Li et al.
have used smaller four-point-star tiles to assemble tubes using
sticky ends in the presence of magnesium and sodium
cations.”® We extend these discussions to show that other
cations can also play a crucial role in the formation of DNA
origami assemblies via blunt-end stacking.

The starting point was based on previous experiments con-
ducted by Shen et al,® Rafat et al,* and the Rothemund
group.? Initially, we tested the effect of magnesium on the struc-
tural formation by altering the concentration between 100 and
700 mM. Fig. 1A-F show the results of 100-300 mM MgCl,.
Additional images at 500 and 700 mM MgCl, are shown in
Fig. S1,} revealing only separate STs or huge aggregates. At Mg>*
concentrations under 100 mM, only a few individual origami
attached to the silicon surface and were not removed during the
washing step. As seen in Fig. 1, the increase in Mg concen-
tration leads from initial small lattices to the formation of large
aggregates, which is expected since divalent cations like mag-
nesium can attach the origami to each other. It is not possible to
achieve a condition to allow the systematic deposition or the for-

This journal is © The Royal Society of Chemistry 2023
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Fig.1 The effects of Mg®* and Na* ions on lattice formation. The
buffer conditions are listed on top of the images as: Cmgz+/Cniz+/Cna-+. (A
and B), (C and D) and (E and F) show the AFM images of STs deposited in
1x TAE and either 100 mM, 200 mM or 300 mM MgCl, buffer, respect-
ively. (G-L) The effect of Na* ions on lattice formation. The concen-
tration of Mg?* remains constant at 200 mM while the concentration of
Na* is varied between 0 and 1600 mM.

mation of well-ordered shapes. Merely, increasing the Mg>* con-
centration assembles the aggregation just faster and deposition
to Si more efficient, which results in more randomly located and
larger aggregates in the AFM images, as illustrated in Fig. 1. To
prevent this, usually, monovalent cations such as sodium are
used during the assembly.

The effect of sodium was investigated by varying its concen-
tration between 0 and 1600 mM. Since the threshold between
smaller lattices and aggregation in the case of magnesium was
around 200 mM (see Fig. 1B and E), we fixed the Mg”* concen-
tration to this value during the sodium experiments. The
results are shown in Fig. 1G-L and S2.} Increasing the sodium
concentration reduces the formation of aggregates because
Na' ions replace more Mg>* ions and as a monovalent cation it
does not cause attraction between the origami. This unfortu-
nately also prevents the formation of lattices and more individ-
ual origami are seen on the surface. In general, the overall cov-
erage of the origami shown in Fig. 1 is slowly diminished as
the number of Na' ions is increased, because the origami

Nanoscale, 2023,15, 7772-7780 | 7775
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sticks less to the surface due to the monovalent charge of Na"
ions compared to Mg>" ions. Also, the origami seems to
agglomerate at higher Na' concentrations resembling drying
patterns. Overall, the results indicate that using only Na" and
Mg®>* leads to either aggregation or repulsion of origami
depending on the concentration of the cations.

Since the presence of magnesium and sodium only causes
either small lattices or aggregations, we hypothesize that a third
element is required to facilitate a more controllable growth
process. It has been reported in the literature that nickel can be
used to stabilize and guide the growth process of DNA structures,
which involves weak interactions, such as blunt-end stacking.*®™**
Additionally, Ni** is a divalent cation like Mg>* and acts as an
even stronger adhesive. Since the effect of nickel is not well
known, we started to experiment by using low Ni** concen-
trations and adjusting that of Mg>" while keeping in mind the
stronger binding ability of nickel. We varied the Ni** concen-
tration between 5 and 10 mM, while adjusting the concentrations
of Mg®" and Na* to avoid too high overall salt levels.

Initially, we fixed the Na® concentration to 250 mM. The
results are shown in Fig. 2. The addition of nickel produces
elongated, hierarchical 2D ST ribbons (Fig. 2A and D). By
increasing the concentration of Ni** to 10 mM, the appearance
of the ribbons shifted toward a double-layered construction,
resembling a flattened tubular structure (Fig. 2C and F). This
is expected since nickel is known to interact with both the
backbone and the bases of DNA and can thus cause the
origami to stack on top of each other.*’ If the nickel concen-
tration is further increased over 10 mM, no ribbons are
observed and the STs start to aggregate (see Fig. S31). A
remarkable feature is that the width of the observed 2D struc-
tures is quite uniform, while the lengths vary greatly.

To conclude, a small amount of Ni** (5-10 mM) together
with a Na" concentration of 250 mM seems to endorse the for-
mation of longer and more intact ribbons. To further study
this, we fixed Ni** and Mg** concentrations to 5 mM and

0/10/250

50 /5 /250

20 /8 /250

Fig. 2 The effect of nickel on lattice formation. (A and B), (C and D) and
(E and F) show AFM images of individual ST depositions when the con-
centrations Cygz+/Cpie+/Cna+ are 50/5/250, 20/8/250 and 0/10/250 mM,
respectively.
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50/5/100

50 /5 / 250

50 /5 /500

Fig. 3 The combined effect of Mg?*, Ni?* and Na* on lattice formation.

(A and B), (C and D) and (E and F) show AFM images of different ST
depositions when the concentrations Cmgz+/Cpiz+/Cna+ are 50/5/100, 50/
5/250 and 50/5/500 mM, respectively.

50 mM, respectively (Fig. 2A), and again tested the effect of
Na' concentration on the formation of ribbons (see Fig. 3).
Interestingly, there seems to be a certain optimal window in
the parameter space, and Na' concentrations outside this
window prevent the formation of ribbons. For the upper limit,
the explanation would follow a similar logic as in the Mg-Na
deposition, where the high monovalent cation concentration
prevents the attraction between the origami. In the case of low
Na* concentrations, the results seem to follow the case of the
Mg>* buffer. Hence, we can draw the following conclusions:
the ribbon formation seems to require contributions from
both nickel and sodium at moderate salt concentration and by
substituting nickel with magnesium one can set the preference
between 2D monolayer and 3D double-layered structures.

Based on these findings we made the following hypothesis:
the origami starts to assemble hierarchical structures already
in solution and the lattice will ultimately fold/bind to itself to
form a tube before depositing on the surface. Since the blunt-
end stacking is a relatively weak force, in the presence of only
Mg>* and Na* ions, the origami form only small lattices before
unspecifically aggregating when increasing the ion concen-
trations. Both magnesium and sodium are known to bind with
the DNA backbone only, whereas, since Ni** interacts also with
the bases,” it especially strengthens the blunt-end stacking,
which causes the origami to bind together more strongly and
thus form larger assemblies. Since the DNA origami structures
in liquid are not usually straight but are at least slightly curved
instead, the assemblies can also bend and curve, which can
easily lead to rolling them into tubes. On a surface, the flexible
tubes naturally collapse and appear as double-layered ribbons
with well-defined width in the dry state AFM images.

To confirm this, we imaged the structures in a cryo-TEM
and a confocal microscope to find out the topology of the
structures in solution (see Fig. 4, S4, S5 and Video S1}). In
both cases, we observed tubular or ribbon-like structures.
Furthermore, in certain cases, we saw cavities inside the tubes

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Cryo-TEM and confocal microscope images of different ribbons
and tubes. (A) A cryo-TEM image of 2D ribbons, (B) a cryo-TEM image of
3D tubes and (C) a side view confocal microscope image of a 3D tube.
The inset in C shows the cross-section highlighted by the yellow dashed
line, where a small cavity can be seen inside the tube. The size of the
insetis 2 pm X 2 pm.

as shown in Fig. 4C, which suggest that the object is indeed a
tube. Thus, we can postulate that (i) the ordered structures
form in solution and (ii) they have mostly tubular morphology.

Based on the AFM images in Fig. 3 and S61 and the con-
focal images in Fig. 4 and S7,f we characterized the dimen-
sions of the ribbons and tubes (see Fig. 5). As observed before,
the length of the ribbons/tubes varies greatly, i.e., between 1
and 5 pm, while their average width is always between 450 and
650 nm. Since the size of the ST is roughly 100 nm, the vari-
ation in the average width is of the order of 2 STs. The average
width was obtained by measuring it in many places along each

Length AFM
N

P2 Length Contf.
=74 N=24

canwsaS

6
10 ,  Length (um)  PZZWidth AFM

)

Count
kS

o N

400 450 500 550 600 650 700 750 800 850 900
Width (nm) 7777} 8D Conf.

5 0 650 700 750 800 850 900
| Width (nm) 777 SD AFM

o o N W

0 20 40 60 80 100 120 140 160 180
Standard deviation (nm)

0 20 40 60 80 100 120 140 160 180
Standard deviation (nm)

Fig. 5 The histogram data of the dimensions of ribbons and tubes. (A)
Histograms of the length, the width and the standard deviation of
ribbon/tube width based on the AFM data and (B) the same histograms

for the confocal microscopy data. N indicates the number of counted
ribbons/tubes.
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ribbon/tube, as shown in Fig. S61 (for R1). We also character-
ized the uniformity of individual tubes, ie., the variation of
the width along the tube by calculating the standard deviation
(SD) for the width in each case. This varied between 10 and
130 nm, and in the AFM images peaked around its mean value
at 49 nm, meaning that mostly the tube width varies roughly
50 nm from the average width along the tube. The confocal
images showed more random distribution of SDs, but they
were still within the same range. The larger variation is
explained by the limited resolution of the method. The con-
focal microscope resolving capability in the x—y direction is
about 200 nm at the used wavelength and thus the variation is
higher than that with higher-resolution AFM data. Overall, we
can say that the tubes are surprisingly uniform in their widths.

Our theory is that the STs initially form a 2D lattice until the
structure can bend and bind to itself along the edges of the
ribbon, thus forming a tube as shown in Scheme 1, where further
growth can happen in only one direction. This would also explain
the uniformity of the width, since the 2D ribbon sheets will all
have the same bending properties and thus the same final radius.
Besides the tubes, we can also observe stacked double-layered
ribbons like those shown in Fig. 2F (lower ribbon). In these cases,
most probably only some parts of the ribbon can bend and bind
to itself in the presence of Ni*" ions.

In order to confirm that the main cause for the ribbon/tube
formation is the presence of Ni*" ions and to get an idea about
the kinetics of the assembly, we tested if they can be reversibly
disassembled by removing all the nickel ions. One of the
common reagents to remove divalent ions like Ni*" is ethylene-
diaminetetraacetic acid (EDTA).*>*® We utilized dynamic light
scattering (DLS) analysis** combined with AFM imaging and gel
electrophoresis to assess the kinetics of the formation and disas-
sembly of the ribbons. In DLS analysis, we first monitored STs in
the annealing buffer as a control experiment. After that we pre-
pared a similar ribbon sample as in the case of cryo-TEM and
confocal microscopy, and the DLS measurement was started
immediately after mixing the buffer with origami. After about 1 h
of monitoring the reaction, we removed part of the sample to
characterize it with AFM and added EDTA to fix the final concen-
tration in the solution to 40 mM. Immediately after adding
EDTA, the reaction was again monitored in DLS for about 1 h
and the final sample was characterized in AFM. Similar prep-
arations were done for the gel electrophoresis, where we run
plain STs, STs just after the ~1 h ribbon formation and STs after
1 h of EDTA-induced disassembly of similar ribbons, as above.
The results are shown for the DLS in Fig. 6 and Fig. S9,T and in
Fig. S107 for the gel electrophoresis.

In Fig. 6, the histograms show the size distributions col-
lected from the DLS data over a 20 min time period. The first
row shows the statistics from the first 20 minutes of the total
~1 h measurement (beginning), middle row within 20-40 min
(middle) and the last row within 40-60 min (end). The AFM
images below show the sample after each full 1 h step. Since
the thin shape of the ST is very unsuitable for the reliable
determination of the size by DLS, which is assuming spherical
particles, we conclude that the distribution between 10 and
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Fig. 6 DLS characterization of individual STs, ribbon formation and
ribbon disassembly by EDTA, are shown in columns from left to right,
respectively. The different rows show statistics along the ~1 h measure-
ment series in 20 min time steps. The red dashed lines are guides to the
eye showing the narrowing (middle column) or widening (right column)
of the distribution of large aggregates as a function of time, as discussed
in the text. Below each column is an AFM image of the same sample
after the incubation.

100 nm corresponds to the individual STs, because it remains
almost constant between all the measurements and fits the
width of the STs, i.e., ~90 nm. From Fig. 6, it is evident that
the plain STs within the annealing buffer also form large
aggregates, but their size is not controlled, and they disassem-
ble continuously as indicated by the size distribution varying
drastically between 0.3 and 1 pm over time.

During the ribbon formation, ie., in the presence of Ni**
ions, the larger aggregates start to assume a more and more
uniform size of about 1 um, visible in the DLS data as a narrow-
ing of the distribution of the larger aggregates. This most prob-
ably indicates the formation of controlled shapes, i.e., ribbons
and tubes, as is confirmed by the AFM image after the step,
shown under the middle column in Fig. 6. This is visible also in
the gel electrophoresis as a reduced ST band, because more
robust ribbons and tubes do not penetrate much into the gel and
are left in the well (see Fig. S107). In the case of plain STs, the
aggregates are formed and deformed continuously and most
probably they finally proceed in the gel as individual STs. From
the above we can also deduce that the ribbons and tubes are
formed in less than an hour, but not much faster. On the other
hand, the addition of EDTA breaks the already formed ribbons
back into STs and smaller assemblies, and the aggregates start
again to have wide variance in their size, as shown by the widen-
ing of the distribution (right column in Fig. 6). The AFM imaging
after the EDTA treatment indeed reveals only individual STs
along the whole surface. This can be also observed in the gel elec-
trophoresis, where the ST band is recovered after incubating
ribbons with EDTA, as shown in Fig. S10.}

To summarize, the formation of ribbons is facilitated by the
presence of Mg>*, Ni*" and Na" ions, where each of these cations
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interacts differently with the DNA. We characterized the Mg/Ni
relationship, where the promotion of the interactions between
DNA bases in addition to the backbone resulted in first the for-
mation of the 2D ribbons and subsequently 3D tubes. Similarly,
we wanted to test the effect of monovalent cations by substituting
Na* with potassium (K') ions. Like Na', K" is also a monovalent
cation, but it is a larger atom/ion than Na" and it interacts with
the DNA bases rather than the backbone.®® In this context, we
tested the effect of potassium by substituting Na* in a similar
experiment as shown in Fig. 3C and D (Mg>*/Ni**/Na" = 50 mM/
5 mM/250 mM) with the same amount of K' ions, but otherwise
performing the deposition process as before. The results are
shown in Fig. S8,7 where potassium seems to produce punctured
or holey ribbons instead of the more intact ribbons that were
formed in the presence of Na' ions. It has been reported that K"
increases the mobility of DNA origami in solution,** which could
be seen as a higher rate of attachment and detachment leading
to the formation of punctured structures as shown in Fig. S8.}

Conclusions

The surface deposition and lattice formation process of the
blunt-ended Seeman tile (ST) origami in solution was investi-
gated in different buffer conditions. The results revealed that,
in the presence of nickel, STs are arranged into elongated, 2D
or 3D, micrometer-long ribbons or tubes, with uniform width.
In the absence of nickel, the origami form only small, isolated
pieces of lattices. It was also observed that increasing the concen-
tration of Ni*" initially leads to the formation of 2D ribbons and
a further increase resulted in 3D tubes. But when the concen-
tration of Ni*" was increased to above 10 nM, the STs tend to
aggregate due to the high overall salt concentration. We hypoth-
esize that the two-way interaction of nickel with both the back-
bone and the bases plays a key role in the formation of ribbons
and tubes by stabilizing the blunt-end stacking between STs:** as
a divalent cation attaching to the bases, nickel could bridge two
open base pairs leading to more stable blunt-end stacking. We
also tested the effect of potassium as a replacement for sodium,
but the samples containing potassium left the ribbons punctu-
red, possibly due to differences in the interaction between the
monovalent cation and the DNA origami.

In our understanding, the ribbon or tube formation occurs
already in the liquid phase and is heavily mediated by the
buffer strength. One interesting property is the preferential
growth direction of both ribbons and tubes, which had also
been earlier observed by Woo et al.*® They attributed this to
the twist of the origami, whereas in the twist-corrected version
of the origami, a linear chain formation was observed. The
twist-corrected version was also employed in the current study
and could explain why the ribbons adopt one preferential
growth direction. However, the tubes are additionally limited
in growth direction by their self-binding scheme, which is also
the reason why the observed tubes have a well-defined width.

The length of the tubes and ribbons is less well defined in
the experiments. The exact growth mechanism of the tubes

This journal is © The Royal Society of Chemistry 2023
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and ribbons is not known, and our investigation does not fully
explain their formation. However, we could draw parallels
between the synthesis of metallic nanorods*>*® and the assem-
bly of DNA origami ribbons/tubes in that both use starting pre-
cursors to grow initial small seeds that are then grown larger
using the same precursor. In the case of metallic nanorods,
one way to control the length of the tube is to adjust the
amount of initial seeds and the concentration and generation
of the metal ions, ie., the speed of the growth, so that the
seeds grow more uniformly.?” In our case, this could be tested
in a future study by making an initial, low-concentration ST
solution to form smaller ribbons or tubes and then adding
slowly more STs to grow the seeds larger.

The ribbons and tubes present an interesting case where
the DNA origami method offers a unique way to induce direc-
tional crystal growth. One possible application of the tubes
could be in the biomedical field as drug carriers, where mul-
tiple different, user-specified biomolecules can be attached
inside the tube’s cavity via the functionalization of the DNA
molecule, or just by geometrical trapping.*®*° However, the
stability of the ribbons/tubes in different physiological con-
ditions have not been tested and increasing the stability might
be required in in vivo applications. One possible way to achieve
this extra stability is to silica coat the structure using pre-
viously established methods, which allow the DNA structures
to retain their shape in detail.>® Such silica-coated structures
could also be further metallized to create microscale plasmo-
nic nanostructures, which could be utilized in nano-optics.
Alternatively, tubes can form plasmonic entities by the intro-
duction of metallic nanoparticles along their interiors.
Another possible but fully different application for the
ribbons/tubes would be in materials science as living building
materials (LBMs).>">?

All in all, to the best of our knowledge, this is the first dem-
onstration of blunt-end stacking and mono- and divalent
cation-mediated assembly of hierarchical DNA origami struc-
tures within solution. This could pave a way for a new liquid
assembly, controlled purely by buffer conditions without the
need to use ligands or ssDNA. We hypothesize that different
micrometer-sized 2D and 3D hierarchical structures could be
assembled from arbitrarily shaped DNA origami via blunt-end
stacking by altering the buffer conditions.
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