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ABSTRACT 
The surface-assisted hierarchical self-assembly of DNA origami lattices represents a versatile and straightforward method for the 
organization of functional nanoscale objects such as proteins and nanoparticles. Here, we demonstrate that controlling the binding 
and exchange of different monovalent and divalent cation species at the DNA–mica interface enables the self-assembly of highly 
ordered DNA origami lattices on mica surfaces. The development of lattice quality and order is quantified by a detailed topological 
analysis of high-speed atomic force microscopy (HS-AFM) images. We find that lattice formation and quality strongly depend on 
the monovalent cation species. Na+ is more effective than Li+ and K+ in facilitating the assembly of high-quality DNA origami 
lattices, because it is replacing the divalent cations at their binding sites in the DNA backbone more efficiently. With regard to 
divalent cations, Ca2+ can be displaced more easily from the backbone phosphates than Mg2+ and is thus superior in guiding lattice 
assembly. By independently adjusting incubation time, DNA origami concentration, and cation species, we thus obtain a highly 
ordered DNA origami lattice with an unprecedented normalized correlation length of 8.2. Beyond the correlation length, we use 
computer vision algorithms to compute the time course of different topological observables that, overall, demonstrate that replacing 
MgCl2 by CaCl2 enables the synthesis of DNA origami lattices with drastically increased lattice order. 
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1 Introduction 
Regular macroscopic structures with controllable nanoscale 
features are attracting increasing attention in the fields of 
nanoscience and materials science owing to their remarkable 
properties [1–5]. DNA molecules are widely used as a building 
material for the programmable self-assembly of nanostructures 
and functional molecular devices [6–12]. In particular, the DNA 
origami technique allows for the high-yield assembly of almost 
arbitrary nanoscale shapes [13–16]. Surface-assisted hierarchical 
self-assembly of DNA origami nanostructures offers a simple 
yet efficient route for scaling up the total structure size, yielding 
regular DNA origami lattices over large surface areas that can 
be utilized as molecular lithography masks for the controlled 
arrangement of various functional species [17, 18]. To arrange 
individual DNA units into larger assemblies, different inter-
molecular interactions are employed, for example, sticky-end 
hybridization and blunt-end stacking [17, 19–22]. Taking advantage 
of the geometric complementarity of the DNA origami shapes 
is one of the most attractive approaches [18, 21–24], in which 
ordered monolayers are achieved by controlling the attractive 
electrostatic forces between the substrate surface and the DNA 
origami nanostructures without the need for tailoring specific 
attractive interactions between the individual DNA origami 
shapes.  

In our previous work, we have investigated the development 

of ordered DNA origami lattices on mica surfaces in the presence 
of different concentrations of Na+ and Mg2+ ions [23]. The Na+ 
ions compete with Mg2+ and can partially replace the adsorbed 
Mg2+ at the mica–DNA interface [20, 21, 25, 26]. Mg2+ ions are 
commonly used to stabilize DNA origami structures by com-
pensating the repulsion of the negative charges of the DNA 
phosphates [27], and enable DNA structures to adsorb to 
negatively charged mica surfaces. Since divalent cations are 
much more effective than monovalent cations in compensating 
for the negative charges carried by mica surfaces [28–30], the 
Mg2+–Na+ ion exchange results in weakened DNA binding and 
increased surface mobility, which thus leads to enhanced surface 
diffusion and may even induce DNA origami desorption [23]. 
Furthermore, the repulsive DNA–DNA interactions are also 
affected by changes in the Na+ and Mg2+ concentrations. 
Therefore, by varying the Na+/Mg2+ ratio, the surface behavior 
of the DNA origami nanostructures, such as adsorption, diffusion, 
and desorption can be controlled and tailored toward obtaining 
an ordered, self-assembled DNA origami lattice [23].  

Besides the ratio of monovalent and divalent cations, DNA 
adsorption at solid surfaces is also affected by pH [31, 32], ionic 
strength [32, 33], DNA conformation [31, 34], and cation species 
[25, 26, 30, 35]. Therefore, all these factors can be expected to 
affect the surface mobility of the DNA origami nanostructures 
and thus the quality of the resulting lattice. In this work, we 
thus investigated the formation of DNA origami lattices under  
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the influence of different monovalent and divalent cations, i.e., 
Li+, Na+, K+, Mg2+, and Ca2+, which were chosen because of their 
different properties and biological interactions. The formation 
of DNA origami lattices and the resulting lattice order was 
monitored in situ and in real-time using high-speed atomic 
force microscopy (HS-AFM). HS-AFM is a powerful and 
frequently employed tool for visualizing the dynamics of DNA 
strands and DNA nanostructures [36–40]. Using computer vision 
algorithms and extracting different topological observables, 
we found that DNA origami lattice formation, lattice assembly 
kinetics, and lattice order are strongly affected by the species 
of the monovalent cations in combination with Mg2+. Moreover, 
Ca2+ combined with Na+ was found to promote the formation 
of DNA origami lattices with strongly increased order compared 
to those assembled with Mg2+. All these effects can be rationalized 
by the different ion–DNA and ion–mica interactions. As we 
demonstrate, our results offer a straightforward route toward 
the fabrication of highly ordered DNA lattices. 

2 Experimental 
Triangular DNA origami nanostructures were prepared using 
the 7249-nt long M13mp18 scaffold strand with 208 staple 
strands (Metabion) in 1× TAE (Carl Roth) containing 10 mM 
MgCl2 (Sigma–Aldrich) [13]. The mixture was heated rapidly to 
80 ºC and subsequently cooled to room temperature over   
90 min in a Thermocycler Primus 25 advanced (PEQLAB). The 
assembled structures were purified by spin filtering (Amicon 
Ultra, 100K, Millipore) in 1× TAE containing 10 mM MgCl2 
to remove excess staple strands. The final concentration of the 
synthesized DNA origami triangles was determined using an 
Implen Nanophotometer P330.  

DNA origami lattice formation and dynamics were monitored 
by HS-AFM using a JPK Nanowizard ULTRA Speed with USC 
F0.3-k0.3 cantilevers (NanoWorld). Each measurement was 
performed in a liquid cell with 2 nM DNA origami triangles  
in 1× TAE buffer containing 10 mM MgCl2 or CaCl2 (VWR 
Chemicals) and 75 mM of a monovalent metal salt, that is either 
NaCl (Sigma-Aldrich), LiCl (Sigma-Aldrich), or KCl (Merck). 
Images were recorded with 3 μm × 3 μm scan size, 10 Hz line 
rate, and 512 pixels × 512 pixels resolution, resulting in 51.2 s 
per frame. The first image of each time series was recorded 
about 5 min after injection of the DNA origami solution. For 
the experiment with a higher DNA origami concentration of 
3 nM, incubation was also carried out in a liquid cell but 
without scanning. After 90 min incubation, a single HS-AFM 
image was recorded.  

DNA origami lattice order was quantified by determining 
the correlation length from the AFM images as previously 
described [23, 24]. Briefly, the radial power spectral density 
function was calculated for each HS-AFM image using Gwyddion 
[41]. This function exhibits a distinct correlation peak at the 
reciprocal periodicity of the pattern. The full width at half 
maximum of this peak corresponds to the inverse correlation 
length ξ. We also made use of the OpenCV library [42] to extract 
the coordinates of the DNA origami triangles in the images 
(further details and python and R codes are included in the 
Electronic Supplementary Material (ESM)). As the correlation 
length only provides information about distances (isotropically 
averaged), we quantified lattice order using Delaunay triangulation 
of the coordinates and computed the nearest-neighbor distribution 
and related observables (for instance, Lemaitre plots, as a measure 
of order; see Ref. [43] for details) and the fraction of DNA 
origami triangles in the largest cluster (as a measure of coverage). 
Further details are provided in the ESM. 

3 Results and discussion 

3.1 Influence of monovalent cation species on lattice 

order 

Since Na+ cations have been shown to be effective in achieving 
a well-ordered DNA origami lattice with an optimized 
Na+/Mg2+ ratio of 7.5 [23], we used the same ratio throughout 
the experiments. We first varied the monovalent cation species, 
while maintaining Mg2+ as the divalent cation. Compared to our 
previous work, here we used a lower DNA origami concentration 
(2 nM instead of 3 nM) to slow down monolayer formation 
and monitor the lattice assembly in more detail. The HS-AFM 
images and their corresponding two-dimensional (2D) fast 
Fourier transforms (FFTs) shown in Figs. 1(a)–1(c) make it clear 
immediately that varying the monovalent cation species results 
in very different lattice assembly dynamics. In particular, it is 
rather obvious that monolayer formation proceeds faster in the 
Na+-containing system (Fig. 1(b)) than in the presence of the 
other monovalent cations. In the following discussion, we shall 
use the established system based on the competition of Na+ 
and Mg2+ ions as the benchmark for the evaluation of these 
ion-specific differences. 

As can be seen in Fig. 1(b), for the Mg2+/Na+ system, an 
ordered monolayer of DNA origami triangles was obtained 
after incubation for 40 min. The resulting lattice has a well- 
defined hexagonal symmetry, which is clearly reflected in its 
corresponding FFT. However, it is worth noting that this 
hexagonal order is short-ranged as shown in Fig. 2(b), where 
we depict the corresponding Delaunay triangulation of the 
lattices obtained for each system in Fig. 2(a). Even though the 
FFT of the Mg2+/Na+ lattice in Fig. 2(a) shows 6 well-defined 
peaks in the central hexagon and several additional higher-order 
peaks, the corresponding triangulation in Fig. 2(b) does not 
display a single hexagonal lattice. Rather, several densely populated 
grains that each display a local hexagonal symmetry can be 
identified. These grains, however, are separated by less populated 
areas without discernible order. 

As can be seen in Fig. 1(a), replacing Na+ with Li+ ions while 
maintaining the ratio of mono- to divalent ions did not lead to 
a closed DNA origami monolayer within 40 min of incubation, 
even though the corresponding FFT develops a weak hexagonal 
symmetry indicative of at least some degree of hexagonal 
ordering. A closed DNA origami monolayer was not formed 
until 60 min of incubation (Fig. 2(a)). In order to quantify DNA 
origami triangle packing, we show in Fig. 2(c) the correlation 
lengths ξ of all the lattices obtained for the different systems 
upon the formation of a closed DNA origami monolayer. As 
can be seen, the lattice formed in the presence of Li+ ions had a 
correlation length that was only 2.4 times the lattice periodicity 
λ. The Na+-mediated monolayer, on the other hand, had a 
correlation length of 3.4λ and thus exhibited much higher 
packing. 

To quantify lattice order, in Fig. 2(d), we present the Lemaitre 
plot corresponding to the morphologies of the initial lattices 
shown in Fig. 2(a). The Lemaitre plot is a diagram where the 
variance of the distribution of nearest neighbors (μ2) is plotted 
against the relative proportion of DNA origami triangles with 
exactly 6 neighbors (p6). It allows contextualizing order on a 
scale in which the rightmost point (corresponding to p6 = 1)  
is an infinite perfect honeycomb and the limit p6 → 0 is only 
achievable in extreme cases where the distribution of neighbors 
is forced to have an artificially large variance. The exact form 
of the curve is not known analytically but it can be well 
approximated by the 2 (broken and solid) curves shown in 
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Fig. 2(d) [44]. For a perfect hexagonal pattern, we have a perfect 
tessellation made of regular hexagons. In that case the 
distribution of neighbors is simply p6 = 1. If we reduce the order, 
then some hexagons are replaced by pentagons (5 neighbors) 
and heptagons (7 neighbors). To first approximation, we can 
assume that pj = 0 for j ≠ 5, 6, 7. In that case, imposing that the 
mean is still 6, we have a set of simple linear equations 

5 6 7 1p p p+ + =                  (1) 

5 6 75 6 7 6p p p+ + =                 (2) 

( ) ( ) ( )2 2 2
5 6 7 25 6 6 6 7 6p p p μ- + - + - =       (3) 

where μ2 is the variance of the distribution of neighbors. The 
solution of these equations is simply  

2 61μ p= -                    (4) 

which is remarkably accurate for p6 > 0.7. 
On the other hand, if we assume that the center of the triangles 

is less ordered, then we can assume that the distribution of 
neighbors follows a normal distribution with mean = 6 and 
variance μ2. In that case, the mode of the distribution (p6) is 
related to the variance through the expression 

2 1
2 6(2π )μ p -= , if 6 0.7p <                (5) 

In conclusion, those lattices closer to the straight line can be 
assumed to be formed almost exclusively by pentagons, hexagons, 
and heptagons. The farther a lattice from this straight line, the 
more randomly the triangles are distributed. Hence, we use 

 
Figure 1 HS-AFM images and their corresponding FFTs of DNA origami lattices formed in the presence of different cation species. (a) 10 mM Mg2+ and 
75 mM Li+. (b) 10 mM Mg2+ and 75 mM Na+. (c) 10 mM Mg2+ and 75 mM K+. (d) 10 mM Ca2+ and 75 mM Na+. Scale bars are 500 nm. 
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the values of μ2 and p6 to quantify the order of the triangle 
arrangement. 

Typically, values between 0.4 < p6 < 0.7 are considered as 
intermediate order and p6 < 0.4 as high disorder. For all the 
lattices shown in Fig. 2, we can assume that the degree of 
order is intermediate. Interestingly, by inspection of both the 
correlation length (which quantifies triangle packing alone) 
and the Lemaitre diagram (which quantifies also the homogeneity 
in the distribution of the number of nearest neighbors), we can 
have a richer idea of the differences among the experiments. 
In particular, in Fig. 2(d), we find that the lattice obtained  
for the Mg2+/Li+ system actually displays a higher degree of 
order than the corresponding Mg2+/Na+ lattice, despite its 
lower correlation length. This apparent discrepancy can be 
explained by the fact that the two quantities measure different 
independent aspects of what we call order. The correlation 
length is a measure of the average domain size. The Lemaitre 
plot in Fig. 2(d), on the other hand, characterizes the distribution 

of the number of nearest neighbors and thus includes ordering 
both within and between domains. We can, therefore, conclude 
that the Mg2+/Li+ lattice has a smaller average domain size 
than the Mg2+/Na+ lattice while at the same time there is either 
less disorder within the individual domains or between them. 

In sum, these observations suggest that Li+ is less efficient 
than Na+ in terms of replacing Mg2+ from the mica–DNA 
interface and thereby promoting the formation of a DNA origami 
lattice. Since Li+ ions interact with the phosphate groups of the 
DNA backbone in a similar way as Na+ [45, 46], this may be 
attributed to the smaller atomic radius of Li+ compared to Na+. 
The small atomic radius of Li+ results in a much higher charge 
density than for other alkali metal ions, which in turn leads to 
strongly different hydration behaviors. It is well established 
that Li+ has more pronounced and more tightly bound hydration 
shells than for example Na+ [47–50]. Recently, it was shown 
that these differences in hydration also result in very different 
adsorption behaviors [51]. In particular, the authors found 

 
Figure 2 (a) HS-AFM images and FFTs for the systems Mg2+/Li+, Mg2+/Na+, Mg2+/K+, and Ca2+/Na+, obtained right after the formation of a closed 
monolayer, i.e., after 60, 40, 60, and 30 min, respectively. (b) Corresponding Delaunay triangulation based on the location of the center of the DNA 
origami triangles in the HS-AFM images in (a). (c) Corresponding relative correlation length ξ/λ of the assembled lattices. (d) The Lemaitre plot: The 
parameters p6 and μ2 represent, respectively, the relative frequency of DNA origami triangles surrounded by exactly 6 nearest neighbors and the variance of
the nearest neighbor distribution (see Ref. [43] and ESM for details). The broken and solid curves follow Eqs. (4) and (5), respectively. For comparison, the 
regions of location of other natural and artificial patterns are indicated in the plot. Those data points closer to the broken line correspond to patterns
formed almost exclusively by pentagons, hexagons, and heptagons, whereas those farther from that line are more randomly distributed. The data for a finite
and an infinite honeycomb lattice are shown as well. Due to finite-size effects, the finite honeycomb does not fall precisely on the line and has p6 < 1. 
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that Li+ has a much lower probability of penetrating into the 
first layer of water molecules at a solid surface than other alkali 
ions and that it is more likely to adsorb in a doubly hydrated 
form. Therefore, we assume that the Li+ ions are not able to 
replace the Mg2+ ions from the mica–DNA interface efficiently 
enough to disrupt a sufficient number of salt bridges to provide 
the DNA origami triangles with the required lateral mobility 
to form a high-quality lattice.  

We next employed K+ as the monovalent cation. However, 
despite having similar hydration properties as Na+, the results 
were quite different. As can be seen in Fig. 1(c), DNA origami 
nanostructures adsorbing on top of each other were observed 
already in the very beginning of the experiment. With increasing 
incubation time, this pile-up of DNA origami triangles was 
getting worse. After 40 min of incubation, a severe build-up of 
DNA origami multilayers can be seen in Fig. 1(c), even though 
no closed monolayer has formed yet. The corresponding FFTs 
show only blurred rings indicating amorphous structures, which 
is also in agreement with the short correlation length of ξ = 1.0λ 
(see Fig. 2(c)). This exceptionally low ξ value implies that the 
surface does not show any order at all. This can be attributed 
to the pile-up of DNA origami triangles, which covers the first 
incomplete monolayer whose order then cannot be reliably 
analyzed anymore. Consequently, the lattice obtained for the 
Mg2+/K+ system also shows by far the lowest ordering in the 
Delaunay triangulation and the Lemaitre plot in Figs. 2(b) and 
2(d). In Figs. S4 and S5 in the ESM, we show other metrics 
confirming this observation based on cluster sizes and histograms 
of the nearest neighbors. 

These findings are consistent with recent observations by 
Sønderskov et al., who found that the Mg2+ ions adsorbed at  
a mica surface can be partially replaced by Na+ and Li+ ions, 
thereby inducing desorption of DNA origami nanostructures. 
In contrast, in the presence of K+, the DNA origami nano-

structures continued to adsorb at the mica surface, owing to 
the Mg2+ remaining confined at the mica–DNA interface [26]. 
However, our results also reveal that the addition of K+ stimulates 
the build-up of DNA origami multilayers, suggesting that it 
affects the DNA–DNA interaction and in particular reduces 
electrostatic repulsion between the negatively charged DNA 
origami nanostructures. This indicates that the K+ ions 
preferentially interact with the DNA and not with the mica 
surface. In general, Mg2+, Na+, and Li+ ions all interact pre-
ferentially with the phosphate groups in the DNA backbone, 
whereas K+ mostly binds to the nucleobases via the major and 
the minor grooves [46, 52–54]. This enables the Mg2+ ions to 
remain bound to the phosphate groups, while K+ additionally 
binds to the nucleobases, thereby further contributing to the 
neutralization of the DNA origami nanostructures and thus 
reducing their electrostatic repulsion. The rapid DNA origami 
pile-up from the very beginning of the experiment even 
indicates that the combined binding of Mg2+ and K+ promotes 
a partial charge inversion of the DNA origami nanostructures 
and thus leads to attractive electrostatic interactions, as generally 
observed in DNA condensation by multivalent ions [55–57]. 

3.2 Influence of divalent cation species on lattice 

order 

In addition to Mg2+ ions, various other divalent cations have 
been shown to be effective in promoting DNA adsorption to 
mica surfaces, for instance, Ca2+, Zn2+, Ni2+, and Co2+ [25, 30, 
58, 59]. Given that the transition metal ions, i.e., Zn2+, Ni2+, 
and Co2+, are able not only to bind strongly to the mica surface 
but also simultaneously to the DNA backbone phosphates and 
the nucleobases [25, 60], we do not expect them to be impacted 

by the addition of monovalent cations. Therefore, in order  
to investigate the effect of divalent cations on DNA origami 
lattice formation, Ca2+ was chosen to replace Mg2+. Since our 
results discussed above revealed that Na+ is the most potent 
monovalent cation for stimulating the assembly of high-quality 
DNA origami lattices, we investigated only the combination 
Ca2+/Na+. As can be seen in Figs. 1(d) and 3(a), the DNA origami 
triangles seemed to be blurred and deformed under HS-AFM, 
before the complete monolayer was formed. This implies that 
the DNA origami nanostructures underwent rapid diffusive 
motions on the mica surface. Thanks to this rapid lateral diffusion 
of the DNA origami triangles on the Ca2+/Na+-terminated mica 
surface, a complete monolayer was formed already after 30 min 
of incubation (see Fig. 1(d)). Despite the shorter incubation 
time, the formed lattice exhibited a much larger correlation 
length ξ = 4.8λ compared to the value of 3.4λ obtained for the 
Mg2+/Na+ system (see Fig. 2(c)). This is evidence that an even 
higher degree of lattice order can be achieved by using Ca2+ 
instead of Mg2+ as the divalent cation.  

Since Ca2+/Na+ appears to be the most promising system for 
achieving high lattice order, we have followed the evolution of 
the DNA origami lattices in more detail. Figures 3(a) and 3(b) 
show 3 HS-AFM images obtained after 10, 60, and 90 min of 
lattice assembly and the corresponding Delaunay triangulation. 
At first glance, the lattice does not appear to undergo any 
significant rearrangements between 60 and 90 min of incubation. 
This is somewhat reflected also in Fig. 3(c), which plots the 
calculated correlation length of the Ca2+/Na+ lattice as a function 
of incubation time. Here, a sudden increase in the correlation 
length is observed between 20 and 30 min of incubation. 
Computing the fraction of DNA origami triangles in the 
largest cluster (defined as a set of DNA origami triangles with 
at least another DNA origami triangle at distance λ) we find 
that this sudden increase was correlated with full surface coverage, 
which occurred abruptly at around the same time (see Fig. 3(d)). 
Naturally, for longer incubation times, the fraction of DNA 
origami triangles in the largest cluster saturated as this cluster 
spanned the whole surface area observed in the HS-AFM 
image. Figure 3(e) tracks the evolution of the lattice for 
different incubation times by plotting the 2 moments μ2 and p6 
independently as a function of time (see Fig. S3 in the ESM 
for the corresponding Lemaitre plot). In the first 30 min of 
incubation, μ2 becomes smaller and eventually saturates, as  
a closed monolayer is obtained. As expected from Eq. (5), an 
inverse yet less pronounced trend is observed for p6. However, as 
can be seen in Fig. 3(c), the correlation length did not saturate 
immediately upon the formation of a closed DNA origami 
monolayer at about 30 min but rather displayed some fluctuations 
and also a slight increase for even longer incubation times. After 
90 min of incubation, a correlation length of ξ/λ = 5.5 ± 0.2 was 
obtained, compared the value of ξ/λ = 4.8 ± 0.2 of the initial 
lattice formed after 30 min. This indicates that even after the 
formation of a closed monolayer, there was still some dynamics 
in the lattice which might have lead to the annealing of some 
of the remaining lattice defects, as observed previously for the 
Mg2+/Na+ system [23]. 

The more rapid assembly of the DNA origami lattice and 
the increased lattice order in the presence of Ca2+ compared to 
Mg2+ can be attributed to the differences in their interaction 
with nucleic acids. In particular, Ca2+ has a lower affinity for 
binding to the backbone phosphates than Mg2+, which, however, 
is still much higher than the affinity of Na+ ions [54, 61, 62]. At 
the 7.5-fold excess of Na+, it is thus easier for the Na+ ions to 
replace the Ca2+ than the Mg2+ salt bridges. Hence, the attractive 
interactions between the DNA origami nanostructures and 
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the mica surface are weakened in the Ca2+/Na+ system, which 
results in slightly enhanced diffusion of the DNA origami 
triangles on the mica surface. Enhanced surface diffusion, in 
turn, allows the adsorbed DNA origami triangles to find their 
optimum binding site more quickly so that full surface coverage 
is achieved in a shorter time. Furthermore, enhanced surface 
mobility of the DNA origami triangles allows them to rearrange 
more easily after incorporation into the lattice, which enables 
them to anneal lattice defects more efficiently [23]. This then 
leads to a better-ordered lattice.  

The maximum correlation length obtained for the optimized 
conditions of 10 mM Ca2+, 75 mM Na+, and 90 min incubation 
is about 5.5λ (see Fig. 3(c)). This value is comparable to the 
one we previously observed for 10 mM Mg2+, 75 mM Na+, and 
~ 40 min incubation and to correlation lengths routinely observed 
for other self-organized isotropic patterns [23]. However, in 
our previous experiments, we used a higher DNA origami 
concentration of 3 nM, which indicates that also the DNA 
origami concentration plays a role in the development of lattice 
order. Assuming the same increase in the correlation length 
upon switching from Mg2+ to Ca2+ and prolonging the incubation 
time to 90 min, it should thus be possible to obtain a highly  

ordered lattice with a correlation length > 8λ. To test this 
hypothesis, we have performed one more experiment using the 
Ca2+/Na+ system with a higher DNA origami concentration of 
3 nM. The lattice obtained after 90 min of incubation is shown 
in Fig. 4 together with the corresponding FFT and the Delaunay 
triangulation. Indeed, the lattice assembled under these con-
ditions showed an exceptionally high degree of order. In perfect 
agreement with the above prediction, this particular lattice 
exhibited a correlation length of ξ = 8.2λ, which is by far the 
largest correlation length we ever obtained in our experiments. 
Also, in Fig. 2(d), we show that the Lemaitre plot confirms 
that this is, indeed, the most ordered sample (the purple dot  
is the rightmost of all the experiments). Furthermore, this 
experiment demonstrates that the individual parameters ion 
species, DNA origami concentration, and incubation time are 
indeed independent. These parameters can thus be adjusted 
independently to obtain a lattice with the desired order. 

4 Conclusions 
In summary, we have investigated the formation of ordered 
lattices of DNA origami triangles on the mica surface under 

 
Figure 3 (a) HS-AFM images of the lattice assembled in the presence of Ca2+ and Na+ recorded at selected incubation times. (b) Delaunay triangulation 
of the morphologies in (a). Different clusters are shown in different colors. Note how, for long times, almost all the triangles are clustered together. 
(c) Relative correlation length ξ/λ of the DNA origami lattice as a function of incubation time. (d) Fraction of DNA origami triangles in the largest 
connected cluster as a function of incubation time. (e) Moments μ2 and p6 of the DNA origami lattice as a function of incubation time. The data points in 
(d) and (e) are averaged over five-minute windows. 
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the influence of different monovalent and divalent cations at a 
molar excess of 7.5 to 1. Under these conditions, the negatively 
charged DNA origami nanostructures are adsorbed to the 
negatively charged mica surface via salt bridges formed by the 
divalent cations. The role of the monovalent cations is to replace 
some of the divalent ions, disrupt a number of salt bridges, 
and thereby weaken the electrostatic attraction between the 
DNA origami nanostructures and the mica surface. This then 
results in increased surface mobility of the adsorbed DNA 
origami nanostructures, which facilitates the assembly of an 
ordered DNA origami lattice. Since different cations interact 
differently with DNA as well as with the mica surface, they 
have distinct effects on the development of the lattice and the 
resulting order.  

Our results clearly show that Na+ is the most potent of the 
monovalent ions in partially disrupting the Mg2+ salt bridges 
at the mica–DNA interface. Therefore, Na+ facilitates the 
formation of highly regular DNA origami lattices. Li+, on the 
other hand, is less effective in promoting lattice assembly.   
In particular, it takes longer to form a closed DNA origami 
monolayer in the presence of Li+ than for Na+ and the resulting 
lattice has lower quality. This can be attributed to the fact that 
Li+ is a strongly hydrated ion with tightly bound hydration 
shells that does neither adsorb as strongly to surfaces nor bind 
as tightly to the phosphates in the DNA backbone as other alkali 
ions. It therefore does not disrupt the Mg2+ salt bridges at the 
mica–DNA interface as efficiently. 

K+ is often considered rather similar to Na+ in its binding 
and adsorption behavior. Nonetheless, in the presence of K+, 

disordered DNA origami multilayers instead of ordered monolayer 
lattices are formed on the mica surface. This is a direct result 
of the different DNA-binding modes of both ions. While Na+ 
competes with Mg2+ for the same binding sites in the DNA 
backbone, K+ binds preferentially to the nucleobases. The 
different binding modes of these two alkali cations have 
previously been found to affect also DNA origami stability 
under low-Mg2+ conditions [27]. In the present experiments at 
high Mg2+ concentrations, the additional K+ binding to the DNA 
origami nanostructures rather results in DNA neutralization 
and promotes charge inversion by the phosphate-bound Mg2+ 
ions. This leads to DNA origami condensation and the subsequent 

pile-up of multilayers already at very short incubation times. 
When it comes to the divalent cations, we found that Ca2+ 

combined with Na+ promotes the formation of DNA origami 
monolayers with higher order and at shorter incubation times 
than the Mg2+/Na+ system. This is due to the weaker interaction 
of Ca2+ both with the mica surface and the DNA’s backbone 
phosphates, which allows the Ca2+ salt bridges to be disrupted 
more easily by Na+ than the alternative Mg2+ salt bridges. When 
a closed DNA origami monolayer is formed, the Ca2+/Na+ system 
thus displays a correlation length of 4.8λ that is about 40% 
larger than that of the corresponding Mg2+/Na+ lattice. This 
increase in lattice quality is also reflected in the other topological 
observables. Finally, also the DNA origami concentration is found 
to have an effect on lattice quality and order. By independently 
optimizing these factors, i.e., cation species, DNA origami 
concentration, and assembly time, we obtain a highly ordered 
DNA origami lattice with an unprecedented correlation length 
of ξ = 8.2λ. 

Our results demonstrate that a simple exchange of MgCl2 
for CaCl2 enables a drastic increase in lattice order. Therefore, 
exploiting ion-specific interactions to control DNA origami 
surface mobility provides an easy means for obtaining highly 
ordered DNA origami lattices on mica surfaces. For many 
applications in molecular lithography and surface engineering 
[5, 63], however, other substrate materials such as silicon or 
glass are more desirable. Unfortunately, the cation-related effects 
observed in this work are very specific to mica surfaces and 
cannot be directly transferred to other surfaces. Nevertheless, 
mica surfaces may be used as templates to grow highly-ordered 
DNA origami lattices, which subsequently could be cross-linked 
for instance by sticky-end hybridization [19], desorbed from 
the template surface in high Na+ concentrations [18], and possibly 
transferred to another, more relevant substrate surface. This 
templating and transfer-based approach would be similar to 
the one routinely employed in the production of large-area 
single-crystalline graphene sheets [64], and have the great 
advantage of being independent of the target substrate. While 
in this work, we were able to optimize the first step of this 
general approach, future studies are required to validate and 
optimize also the other steps. 

 
Figure 4 HS-AFM image as well as corresponding FFT and Delaunay triangulation of the assembled lattice obtained for the system Ca2+/Na+ with 3 nM 
DNA origami triangles after incubation for 90 min. 
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