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Abstract 
 
DNA nanostructures are typically assembled by thermal annealing in buffers containing magnesium. 
We demonstrate the assembly of DNA nanostructures at constant temperatures ranging from 4 °C to 
50 °C in solutions containing different metal ions. The choice of metal ions and the assembly 
temperature influence the isothermal assembly of several DNA motifs and designed three-
dimensional DNA crystals. Molecular dynamics simulations show more fluctuations of the DNA 
structure in select monovalent ions (Na+ and K+) compared to divalent ions (Mg2+ and Ca2+). A key 
highlight is the successful assembly of DNA motifs in nickel-containing buffer at temperatures below 
40 °C, otherwise unachievable at higher temperatures, or using an annealing protocol. DNA 
nanostructures isothermally assembled in different ions do not affect the viability of fibroblasts, 
myoblasts, and myotubes and or the immune response in myoblasts. The use of ions other than the 
typically-used magnesium holds key potential in biological and materials science applications that 
require minimal amounts of magnesium.  
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DNA is highly programmable for constructing nano-to-micrometer scale structures.1 A key advantage 
of DNA nanotechnology is that it offers custom-designed shapes with accurate placement of guest 
moieties such as biomolecules, cells, and nanoparticles, enabling biophysical,2,3 structural4,5 and 
biomedical6,7 applications. DNA nanostructure assembly typically involves a thermal annealing 
protocol in which DNA strands are heated in a specific buffer to a high temperature (90-95 °C) and 
cooled slowly at specific rates. For use as frameworks for guest molecules, a DNA nanostructure is 
first thermally annealed, and the temperature-sensitive guests are attached later at a lower 
temperature, in a two-step process.7–9 Assembly of DNA nanostructures under isothermal conditions 
is desirable for such scaffolding purposes and to reduce the need for thermal annealing instruments, 
allowing nanostructure preparation in low-resource settings. In prior works, 3D DNA origami 
structures have been assembled at a constant temperature of 55 °C,10 2D structures from single-
stranded tiles have been assembled at the physiological temperature of 37 °C,11,12 and 2D DNA 
origami and tile-based 2D arrays have been assembled at 25 °C.13 Further, additives such as 
formamide14,15 and betaine16 have been used to improve the assembly yields of DNA nanostructures 
under isothermal conditions. In addition to cargo loading advantages, assembly at constant 
temperatures also allows studying hybridization kinetics of DNA nanostructure assembly.17,18  
 
Another important factor for DNA self-assembly is the choice of counter-ion. While most DNA 
nanostructure assembly strategies use Mg2+, the use of other ions instead, or in addition to, Mg2+ is 
useful to enhance the biostability of DNA nanostructures,19 increase assembly yields,20 and tune the 
plasmonic properties of DNA-nanoparticle complexes.21 DNA nanostructures have been assembled 
using thermal annealing protocols in low-magnesium buffers,22 by substituting Mg2+ with Na+ or by 
using organic cations such as spermidine23,24 or ethylenediamine instead of metal ions.25 Our own 
recent work showed the magnesium-free assembly of DNA nanostructures by replacing Mg2+ with 
other monovalent and divalent ions, where the structures were thermally annealed.19 There has not 
been much work on the assembly of DNA nanostructures at constant temperatures using ions other 
than Mg2+, with only one recent study demonstrating isothermal assembly in Na+ ions.13 Here, we 
demonstrate the assembly of DNA nanostructures at constant temperatures in solutions containing 
a variety of monovalent (Na+, Li+, K+) and divalent (Mg2+, Ca2+, Sr2+, or Ni2+) ions (Fig. 1). We used 
molecular dynamics simulations to understand the differences in the interaction of select ions with a 
model DNA nanostructure. We further show the biological feasibility of using DNA nanostructures 
assembled in these different ions by analyzing the cell viability in three different cell types, including 
fibroblasts, myoblasts, and myotubes, and studied the immune response of myoblasts to one of the 
model DNA nanostructures. To our knowledge, this is the first study on isothermal assembly and 
biological feasibility of DNA nanostructures assembled in a variety of counter ions. 
 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2024. ; https://doi.org/10.1101/2024.11.04.621977doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.04.621977
http://creativecommons.org/licenses/by-nc/4.0/


 
 
Fig. 1. DNA nanostructure assembly. (a) Illustration of the typical annealing protocol used to assemble DNA 
nanostructures in magnesium-containing buffers. (b) Illustration of isothermal assembly of DNA nanostructures at 
constant temperatures in different cations used in this study. (c) Model nanostructures used in this study. (d) Biological 
feasibility analysis in different cell types. 

 
 

Results 
 
Isothermal assembly of double crossover DNA motif in calcium 
To study isothermal assembly, we first chose Ca2+ as the counter ion and a DNA double crossover 
motif as a model nanostructure (Fig. 2a, Supplementary Fig. 1). The motif contains two adjacent 
double-helical domains connected by two antiparallel crossovers separated by an odd number of 
half-turns (16 bp, abbreviated DX-O).26 We chose this structure as a model system based on our recent 
work, where we assembled it in various ions using a thermal annealing protocol.19 We first assembled 
the DX-O motif in the typically used tris-acetate-EDTA (TAE) buffer containing 12.5 mM Mg2+ using a 
thermal annealing protocol and validated assembly using non-denaturing polyacrylamide gel 
electrophoresis (PAGE) (Fig. 2b). Then, we confirmed the assembly of DX-O by thermal annealing in 
TAE buffer containing different concentrations of Ca2+, instead of Mg2+, and observed similar 
assembly yields for the two metal ions (Fig. 2c-d, Supplementary Fig. 2). To analyze isothermal 
assembly, we mixed the component DNA strands (Supplementary Table 1) in 1´ TAE containing 
different concentrations of Ca2+ (10 to 100 mM) and incubated the DNA solution at a constant 
temperature of 4 °C, 20 °C, 37 °C, or 50 °C for 3 hours. We analyzed the samples using non-denaturing 
PAGE and normalized the assembly yield to that of the sample annealed in 1´ TAE containing 12.5 
mM Mg2+ (Fig. 2e, Supplementary Fig. 3). While the assembly of DX-O was observed in all the 
temperatures tested, isothermal assembly at 37 °C and 50 °C resulted in relatively pure products, and 
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partially folded low molecular weight structures were found in samples assembled at 4 °C and 20 °C. 
The isothermal assembly yields in 50 and 100 mM Ca2+ (at 50 °C) were comparable to samples 
annealed in similar Ca2+ ion concentrations, while samples assembled isothermally in 10 and 25 mM 
Ca2+ showed slightly lower yields compared to the annealed samples (Fig. 2c,e). We also observed 
that the assembly yields increased with time at all temperatures when assembled in 10 or 100 mM 
Ca2+, with rapid assembly at 37 °C and 50 °C (Fig. 2f-g, Supplementary Fig. 4). The pH of the buffer 
did not affect the yields at 50 °C while at other temperatures, the assembly yields were slightly higher 
at alkaline pH than at acidic pH (Fig. 2h, Supplementary Fig. 5). This observation was consistent 
with samples prepared using a thermal annealing protocol in TAE containing Mg2+ or Ca2+ 
(Supplementary Fig. 6). 
 
Following the assembly optimization, we characterized the isothermally assembled DX-O motif using 
UV melting and circular dichroism (CD) spectroscopy. We observed that the melting temperature of 
DX-O assembled at 20 °C did not vary significantly with increasing Ca2+ concentrations 
(Supplementary Fig. 7, Supplementary Table 2). The melting temperatures of annealed and 
isothermally assembled DX-O (in 50 mM Ca2+ at 50 °C) were similar, with a Tm of 66.2 °C and 65.9 °C, 
respectively (Fig. 2i). The CD spectrum of annealed and isothermally assembled DX-O were also 
similar (Fig. 2j). These melting and CD results were consistent with earlier reports of the DX-O motif 
annealed in Mg2+,19 indicating proper assembly in Ca2+ using the isothermal procedure. 
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Fig. 2. Isothermal assembly in calcium. (a) Scheme and molecular model of the DX-O motif. (b) Stepwise assembly of the 
DX-O motif in Mg2+ and Ca2+ using a thermal annealing protocol. (c) PAGE analysis and quantified assembly yield of DX-O 
assembled in different concentrations of Ca2+ using a thermal annealing protocol. (d) PAGE analysis and quantified 
assembly yield of DX-O assembled in different concentrations of Mg2+ using a thermal annealing protocol. (e) Isothermal 
assembly of DX-O at different temperatures (shown by the gradient) in buffer containing different Ca2+ concentrations. 
(f ) Time series of assembly at different isothermal temperatures in 10 mM Ca2+. (g) Time series of assembly at different 
isothermal temperatures in 100 mM Ca2+. (h) Isothermal assembly of DX-O in different pH. (i) Thermal melting curves 
obtained from DX-O motif annealed in 50 mM Ca2+ or isothermally assembled in 50 mM Ca2+ at 50 °C. (j) CD profiles 
obtained from DX-O motif annealed in 50 mM Ca2+ or isothermally assembled in in 50 mM Ca2+ at 50 °C. Data represent 
mean and error propagated from standard deviations of experiments performed in triplicates. 

 
 
Isothermal assembly of other DNA nanostructures in calcium 
To test the isothermal assembly of other DNA nanostructures in Ca2+, we chose structures of 
increasing complexity: a 4-arm junction based on an immobile branched DNA,27 a double crossover 
DNA motif with antiparallel crossovers separated by even number of half-turns (21 bp, abbreviated 
DX-E),26 a 3-helix DNA motif that consists of three adjacent double helical domains connected by four 
crossovers28 and a 4-helix DNA motif that consists of four DNA double helical domains connected by 
a total of six crossovers (Fig. 3a, Supplementary Fig. 8, Supplementary Tables 2-5).29 These motifs 
have been used in constructing 1D30 and 2D arrays,28,29 as templates for nanowires,31 in algorithmic 
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self-assembly,32 and for site-directed enzyme catalysis.33 We first confirmed proper assembly of the 
four structures in 1´ TAE buffer containing Mg2+ or Ca2+ using a thermal annealing protocol 
(Supplementary Fig. 9), followed by isothermal assembly at 4 °C, 20 °C, 37 °C, or 50 °C in 1´ TAE 
containing 10, 25, 50, or 100 mM Ca2+. For the 4-arm junction, assembly yields were similar in all the 
temperatures (83-95%), with slightly higher assembly yields with increasing Ca2+ concentration (Fig. 
3b, Supplementary Fig. 10). For the DX-E, assembly yields were higher at 37 °C and 50 °C (Fig. 3c, 
Supplementary Fig. 11). For the more complex 3-helix and 4-helix motifs, we observed a 
temperature-dependent improvement in the assembly yields. Further, assembly yields increased 
with increasing Ca2+ concentrations for the 3-helix motif at 4 °C and 20 °C (18-25% in 10 mM Ca2+ to 
50-56% in 100 mM Ca2+), but this effect was less pronounced at 37 °C (55% in 10 mM to 67% at 100 
mM Ca2+) (Fig. 3d, Supplementary Fig. 12). Isothermal assembly at 50 °C in all Ca2+ concentrations 
was comparable to the assembly yield of the structure annealed in Mg2+. We observed higher 
assembly yields with higher isothermal temperatures for the 4-helix motif as well, with the highest 
assembly yields of 77-89% at 50 °C (Fig. 3e, Supplementary Fig. 13). The melting temperatures and 
CD profiles were comparable for structures assembled in 50 mM Ca2+ isothermally at 50 °C and using 
the thermal annealing protocol (Fig. 3f and Supplementary Fig. 14). 
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Fig. 3. Isothermal assembly of DNA nanostructures in calcium. (a) Scheme and models of the DNA nanostructures used 
in this study. (b-e) Isothermal assembly at different temperatures (shown by the gradient) in buffer containing different 
Ca2+ concentrations for the 4-arm junction, DX-E, 3-helix motif, and 4-helix motif, respectively. (f ) Melting curves of 
structures annealed and isothermally assembled in Ca2+. Data represent mean and error propagated from standard 
deviations of experiments performed in triplicates. 

 
 
We then used an isothermally assembled tensegrity triangle motif for hierarchical assembly of 
designed three-dimensional (3D) DNA crystals.34 The tensegrity triangle motif contains three double-
helical domains connected at the vertices by strand crossovers.35 The motif we use here contains 
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three turns of DNA per edge (31 bp) and is three-fold symmetric; i.e. each duplex edge has the same 
sequence (Fig. 4a, Supplementary Fig. 15, Supplementary Table 6).36 The motif is tailed with sticky 
ends that allow them to cohere with each other to form a macroscopic 3D crystal (Fig. 4b). In prior 
research, authors of this work have created 3D DNA crystals using biologically-derived strands,37 
studied the effect of sticky ends on crystal assembly and robustness,38 and used DNA crystals as a 
scaffold for triplex forming oligonucleotides.39 In the typical crystal assembly protocol, the 
component DNA strands are mixed together, set up in a hanging drop, and the entire multi-well plate 
taken through a thermal annealing protocol from 60-20 °C.34,38 In some cases, the motifs are annealed 
first and then set up for crystallization.40 Here, we annealed or isothermally assembled the motif at 50 
°C in 25 mM Ca2+ and used the assembled sample for crystal setup. We observed rhombohedral 
crystals, the typical crystal habit observed for these motifs34,37,38, in both the annealed and 
isothermally assembled samples (Fig. 4c). Crystals from the isothermally assembled samples were 
300-400 µm in almost all the hanging drops, while crystals obtained using the annealing protocol 
were generally smaller, with a few large crystals (Fig. 4c and Supplementary Fig. 16). These results 
show that isothermally assembled motifs can be used to create 3D DNA crystals, with potential use 
in encapsulating guests in a one-step process,  determining ion-dependent response of crystals41 and 
enhancing thermal stability of DNA-nanoparticle colloidal crystals.42 There are still several aspects to 
be studied, such as the crystal growth rates, the effect of a combination of ions on crystal assembly, 
and the crystal structure of the designed lattice. 
 

 
Fig. 4. Rationally designed 3D DNA crystals assembled in calcium. (a) Scheme of the tensegrity triangle motif containing 
three double-helical edges connected by strand crossovers. (b) Model of the tensegrity triangle motif with 3 turns per 
edge and assembly into a crystal lattice. The triangle is 3-fold symmetric and contains the same sequence on each edge. 
The edges of the triangle are shown in different shades in the illustration for clarity. (c) Growth of 3D DNA crystals from 
motifs annealed or isothermally assembled in buffer containing calcium. 
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Assembly and dynamic functionality of DNA tweezers in calcium 
To demonstrate the isothermal assembly of a dynamic DNA nanostructure in Ca2+, we used a DNA 
tweezer43 that contains two double-helical domains connected by a single-stranded loop (open 
state). Each double helical domain contains a toehold that can bind a set strand S, resulting in the 
reconfiguration of the tweezer to the closed state (Fig. 5a, Supplementary Fig. 17, Supplementary 
Table 7). We first validated isothermal assembly of both the open and closed states of the DNA 
tweezer in 1´ TAE-Ca2+ (Supplementary Fig. 18). Addition of the set strand S to the isothermally 
assembled DNA tweezer resulted in a 100% conversion of the open state to the closed state (Fig. 5b 
and Supplementary Fig. 19). We then added the unset strand S* to revert the tweezer back to the 
open state, followed by two more cycles of reconfiguration. The performance of isothermally 
assembled DNA tweezers with 10 mM Ca2+ was similar to that of the control sample prepared using 
a thermal annealing protocol in 10 mM Mg2+ (Fig. 5c). 
 

 
 
Fig. 5. Assembly and functionality of DNA tweezers in calcium. (a) Design and operation of the DNA tweezer between 
the open and closed states by strand displacement. (b) Interconversion between open and closed states of the DNA 
tweezer starting with sample isothermally assembled in Ca2+ (left) or annealed in Mg2+ (right). (c) Conversion yields 
between open and closed states calculated from gels shown in (b). Data represent mean and error propagated from 
standard deviations of experiments performed in duplicates. 

 
 
Isothermal assembly in other ions 
After demonstrating the successful isothermal assembly of various DNA motifs in a Ca2+-containing 
buffer, we tested the isothermal assembly of the DX-O motif in other metal ions. We assembled the 
DX-O motif in different concentrations of metal ions Li+, Na+, K+, Mg2+, Sr2+, Ni2+, Cu2+, Ag+, Zn2+, and 
Pb2+ isothermally at 4 °C, 20 °C, 37 °C, or 50 °C for 3 hours. We observed assembly of the DX-O motif 
in Na+, Li+, K+, Mg2+, and Sr2+ at all the temperatures tested, with an ion-concentration-dependent 
increase in assembly yields in most cases (Fig. 6a-e, Supplementary Fig. 20). In monovalent ions, 
the highest assembly yields were observed at 10 mM or 25 mM ion concentration at 37 °C. We found 
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that the structure formed with very poor yields in Pb2+, Zn2+, Cu2+, and Ag+ at all the isothermal 
assembly temperatures tested, indicating degradation or aggregation of the DNA strands or structure 
(Supplementary Fig. 21). These ions are known to destabilize DNA duplexes44 and cause DNA 
cleavage,45,46 and have been known to affect the assembly of DNA nanostructures when using a 
thermal annealing process.19 
 
In buffer containing Ni2+, we observed proper assembly of the DX-O motif when the strands were 
incubated at 4 °C, 20 °C, and 37 °C but not at 50 °C (Fig. 6f, Supplementary Fig. 22). This effect could 
be due to DNA damage or DNA cleavage caused by Ni2+ at higher temperatures.46–48 To identify the 
maximum viable isothermal assembly temperature for Ni2+, we incubated the DNA strand mixtures 
at a temperature range of 30-50 °C in 1´ TAE containing 10 mM or 100 mM Ni2+ for 2 hours (Fig. 6g, 
Supplementary Fig. 23). We observed that assembly yields decreased with increasing temperature 
from 30-45 °C, with no assembly beyond this temperature. For DX-O motif isothermally assembled in 
Ni2+ at 20 °C and DX-O motif annealed in Mg2+ and then mixed with 100 mM Ni2+, we observed that 
the band corresponding to the structure was reduced or eliminated when incubated at temperatures 
above 40 °C post-assembly, indicating that Ni2+ causes degradation or aggregation of DNA structures 
at higher temperatures (Fig. 6h and Supplementary Fig. 24). In contrast, the DX-O motif annealed 
in Mg2+ or isothermally assembled in Ca2+ were not affected at the higher temperatures (Fig. 6h and 
Supplementary Fig. 25). Further, samples assembled isothermally at 20 °C in 100 mM Ni2+ were 
degraded within a few minutes at 50 °C, as were samples annealed in Mg2+ and mixed with 100 mM 
Ni2+ (Supplementary Fig. 26). This phenomenon was also observed in single-stranded DNA 
(Supplementary Fig. 27). Our results indicate that DNA degradation at 40 °C to 50 °C is only 
observed with Ni2+ and is not induced by common divalent alkali earth metal ions, and assembly 
challenges in Ni2+ can be overcome by isothermal assembly at temperatures below 40 °C. 
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Fig. 6. Isothermal assembly in different ions. (a-e) Isothermal assembly of DX-O motif in different ions at 4 °C, 20 °C, 37 
°C and 50 °C. (f ) Isothermal assembly of DX-O motif in Ni+ at 4 °C, 20 °C, 37 °C and 50 °C. (g) Assembly of DX-O in 10 and 
100 mM Ni2+ incubated for 2 h at different temperatures from 30 to 50 °C. (h) Effect of Ni2+ and temperature on DX-O motif 
isothermally assembled in Ni2+ or annealed in Mg2+. Data represent mean and error propagated from standard deviations 
of experiments performed in triplicates. 
 

 
Molecular dynamics simulation of DX DNA motif in different counter ions 
To understand the interaction of different counter ions with DNA nanostructures, we performed all-
atom molecular dynamics (MD) simulations of the DX-O motif in select divalent (Mg2+, Ca2+) and 
monovalent (Na+, K+) ions The structure was simulated for 100 ns at 300 K, at a fixed ion concentration 
of 10 mM. To analyze the structural changes induced by each ion, we aligned the backbone of the 
dominant conformation of the motif in each case to the initial structure of the DX-O motif (Fig. 7a). 
The dominant conformation, representing the most prevalent conformation, was identified by 
clustering the simulation snapshots based on root mean square deviation (RMSD) and finding the 
structure representing the largest cluster. We observed that the overall structure of the DX-O motif 
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was preserved in the presence of each of the four ions, with some conformational differences. For 
divalent ions Mg2+ and Ca2+, we observed that the RMSD of the structure did not deviate significantly 
from the initial structure over time, whereas the deviation was higher for monovalent ions (Fig. 7b). 
These results were consistent with a previous study that simulated a 512 bp section of DNA origami 
and showed large deviations from the initial structure in environments with only Na+ whereas there 
was minimal deviation in Mg2+.49 To further understand the local dynamics and flexibility, we 
calculated the per-residue root mean square fluctuations (RMSF) to assess the changes associated 
with individual nucleotides in different ions (Fig. 7c). We observed that a higher number of 
nucleotides in each strand showed higher RMSF values in the presence of monovalent ions compared 
to divalent ions (Supplementary Table 8). While the central core of the motif remained stable, the 
two “forks” at the ends exhibited increased opening and fluctuation with monovalent ions compared 
to divalent ions at the same 10 mM ion concentration. This suggests that monovalent ions result in 
more dynamic and less constrained conformations at the terminal regions of the motif. The 
conformational flexibility induced by the monovalent ions can potentially create new binding 
regions for other molecules (small molecule drugs or proteins, for example) that are unavailable in 
the absence of such flexibility. In contrast, the more rigid structure observed with divalent ions 
implies that these ions provide enhanced stability and play a critical role in maintaining the integrity 
of the DNA structure, allowing for more controlled interactions under similar ionic conditions. 
 
To understand the ion distribution and binding preferences of the different ions, we calculated the 
ion density around the DNA, which is a time-averaged measure of the number of ions per unit volume 
in the vicinity of the DNA during the simulation (Fig. 7d). We observed that ions are more localized 
in the junctions and core of the motif where the backbones of multiple strands are closer together. 
The ion density was higher and more localized for divalent ions (Ca²⁺ and Mg²⁺), suggesting stronger 
interactions and specific binding sites. Among the divalent ions, Ca²⁺ interacted with DNA via 
stronger binding sites compared to Mg²⁺. In contrast, the ion density for both monovalent ions was 
more diffused, indicating less specific binding sites. Overall, our MD simulation results show that the 
interaction of Ca2+ ions with the DX-O motif is similar to that of Mg2+, with Ca2+ exhibiting a slightly 
higher stabilizing effect, while monovalent ions Na+ and K+ interact differently with the structure. This 
trend has been previously observed using ion exchange and spectrometric measurements,50 where 
the order of ion selectivity of DNA was determined to be Ca2+ > Mg2+ > K+ @ Na+. While the 
conformation of the motif is maintained in the presence of both monovalent and divalent ions, the 
latter provides greater structural stability at the same ion concentration. 
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Fig. 7. MD simulation of double crossover DNA motif in different cations. (a) Structure of the dominant conformation 
superimposed on the initial structure. (b) Root Mean Square Deviation (RMSD) of the DX-O motif. (c) Root Mean Square 
Fluctuation (RMSF) of the nucleotides in each strand of the motif. (d) Ion density around the motif shown as isomolarity 
surfaces that represent the time-averaged measure of the number of ions per unit volume in the vicinity of the DNA. Data 
shown in (b) to (d) are averages from three replicate 100 ns simulations. 
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Biological feasibility of structures isothermally assembled in different cations 
As DNA nanostructures are being used in biological applications, we then tested whether DNA motifs 
isothermally assembled in different ions interfere with cellular viability and immune response. The 
double crossover motif is a good model system for testing biological feasibility as it has been used 
for drug delivery applications.51,52 In previous work, we showed that DNA motifs assembled in Mg2+ 
do not affect the viability of HeLa cells53 and murine myoblast cells54 and do not interfere with the 
differentiation of myoblasts into myotubes.54 For this work, we incubated patient-derived fibroblasts, 
myoblasts, and myotubes with 500 nM DX-O isothermally assembled in different ions and performed 
the PrestoBlue cell viability assay. We did not observe any significant changes in cellular viability for 
any of these cell lines after 24 h of incubation with DX-O when compared to the viability of untreated 
cells (Fig. 8a-c). This observation was also similar to cells incubated with DX-O annealed in Mg2+. To 
delineate the effect of the different ions on cell viability, we incubated the cells with TAE buffer 
containing different cations (without any DNA). Our results confirmed that the different ions used for 
isothermal assembly did not significantly affect the viability of patient-derived fibroblasts, myoblasts, 
and myotubes at the concentrations tested here (Supplementary Fig. 28). Optical microscopy 
images of the cells incubated with DX-O showed no significant effect on cell appearance compared 
to untreated cells (Fig. 8d and Supplementary Fig. 29-35). 
 
Next, we tested the immune response of cells to the DX-O motif isothermally assembled in different 
ions. We incubated myoblasts with 500 nM DX-O isothermally assembled in different ions for 24 h, 
isolated cellular RNA and performed RT-qPCR for three immune response markers: CXC motif 
chemokine ligand 8 (CXCL-8), chemokine (C-C motif ) ligand 5 (CCL5), and interferon-induced protein 
with tetratricopeptide repeats 1 (IFIT1). Compared to untreated cells, we observed that the expression 
level of CXCL-8 was marginally lower in all the ions used for assembly (Fig. 8e). For the other two 
markers tested here, we observed some changes in the immune response between different ions. 
Our recent work also showed that a nanostructured DNA motif induced lower expression of CXCL-8 
compared to duplex DNA,53 while other works have shown that the morphology and concentration 
of the nanostructure can determine their immune activation.55 Our findings show the potential 
feasibility of using DNA motifs assembled in different ions for biological applications. 
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Fig. 8. Effect of structures assembled isothermally in different ions on cell viability and immune response. Viability 
of (a) fibroblasts, (b) myoblasts, and (c) myotubes treated with DX-O motif isothermally assembled in different cations. 
Data is normalized to viability of untreated cells. (d) Brightfield microscopy images of cells treated with DX-O motif 
isothermally assembled in different cations for 24 h. (e) RT-qPCR analysis of immune response markers CXCL8, CCL5, and 
IFIT1 in myoblasts incubated with DX-O motif isothermally assembled in different cations. Data represent mean and 
standard deviation from three biological replicates.  

 
 
Discussion 
In this work, we demonstrated the isothermal assembly of a variety of DNA motifs in different 
counterions. Although it is often overlooked for nanostructure assembly, Ca2+ is an effective 
substitute for Mg2+. As a counter ion of choice for isothermal assembly, Ca2+ is as effective as Mg2+ at 
generating 3D crystal lattices of tensegrity triangles and at producing dynamic devices such as DNA 
tweezers. We achieved over 75% assembly yield for the 4-arm junction, double crossover motif, 3-

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2024. ; https://doi.org/10.1101/2024.11.04.621977doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.04.621977
http://creativecommons.org/licenses/by-nc/4.0/


helix motif, and 4-helix motif under isothermal conditions at 50 oC. Simpler motifs such as 4-arm 
junction and double crossover motifs assembled efficiently at Ca2+ concentrations as low as 10 mM 
and at a temperature as low as 37 °C, while more complex 3-helix and 4-helix motifs required 
relatively higher Ca2+ concentration and temperature for their assembly. Similar to the role of 
temperature observed here, prior work showed that a lower starting temperature of 50 °C for thermal 
annealing decreased the folding efficiency to 50%,56 and isothermal assembly at 60 °C showed a 
higher hybridization rate and fewer defects compared to room temperature,18 but only studied 
assembly in Mg2+. Our work shows that in some cases, isothermal assembly allows rapid assembly of 
DNA motifs in contrast to standard annealing protocols. It remains to be seen how the kinetics of 
assembly varies for intra-strand folding (such as in DNA origami, where the staple strands connect 
different regions of the scaffold strand) and intermolecular assembly, where multiple DNA strands or 
component units associate to form a structure. Our study showed that compared to monovalent ions, 
divalent ions are a better choice as counter ions for the isothermal assembly of DX-O, as relatively 
higher concentrations and temperatures were needed to achieve over 75% yield when using 
monovalent counter-ions. These results are further supported by MD simulations that highlight the 
distinct modes of ion distribution patterns around the DX-O motif for monovalent and divalent ions. 
The influence of different ions on DNA self-assembly is also a key factor and combinations of different 
ions on isothermal DNA nanostructure assembly are yet to be tested. For example, in our previous 
study, we observed anomalous electrophoretic behavior of Ba2+-assembled structures57 (and 
therefore avoided in this study), and another study showed that a combination of metal ions protects 
DNA at high temperatures.58 In assessing different cations, our results indicate that for assembly in 
Ni2+, temperature-dependent depurination and strand cleavage of DNA46–48 can pose a problem for 
standard annealing methods, but can be overcome by isothermal assembly at lower temperatures. 
The facile nature of isothermal assembly could allow DNA nanostructures to be used as templates for 
synthesizing nickel nanostructures, such as nanowires, with applications in advanced materials and 
protein assembly.59 
 
Isothermal assembly of DNA nanostructures is a key feature that can overcome the need for multi-
step synthesis of protein-DNA hybrid nanostructures7–9 or the use of steep temperature gradients60 
in annealing protocols to avoid heat damage to component molecules. Isothermal assembly of such 
finite DNA nanostructures indicates the possibility of using these structures for creating higher-order 
structures and arrays at constant temperatures using hybridization chain reaction and T-junctions,61 
as well as the integration of strand displacement circuits and DNAzyme reactions for enhanced 
functionality.62 Isothermal assembly of nucleic acid strands into complex nanostructures, particularly 
using biologically relevant Ca2+ and Mg2+ ions, can be useful to fabricate functional nanodevices 
within living systems where a temperature gradient is unachievable.63,64 Such synthetic strategies can 
also be useful for DNA nanostructure-templated biomineralization.65 Overall, our work indicates the 
ability to assemble DNA nanostructures in physiological conditions for biological and materials 
science applications that require a constant environmental temperature and compatibility with 
several different counter ions. 
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