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ABSTRACT:

The specific recognition and programmable assembly properties make DNA a potential
material for nanodevice. However, the more intelligent the nanodevice is; the more complicated
structure the nanodevice has, which limits the speed of DNA assembles. Herein, to address this
problem, we investigate the performance of DNA Strand Displacement Reaction (DSDR) in the
mixture of polar organic solvents and aqueous buffer, and demonstrate the organic polar solvent
can speed up DNA self-assembly efficiently. Take DSDR in 20% ethanol as an example, firstly
we have demonstrated DSDR is highly accelerated in the beginning of the reaction and it can
complete 60% replacement reactions (160% enhancement compared with aqueous buffer) in the
first 300 seconds. Secondly, we calculated that the AAG of DSDR in 20% ethanol (-18.2
kcal/mol) is lower than that in pure aqueous buffer (-32.6 kcal/mol), while the activation energy
is lowered by introducing ethanol. Finally, we proved that DSDR on the electrode surface can
also be accelerated using this simple strategy. More importantly, to test the efficacy of this
approach in the nanodevices with complicated and slow DNA self-assembly process, we apply
this strategy in hybridization chain reaction (HCR) and prove the acceleration is fairly obvious in
20% ethanol, which demonstrated the feasibility of proposed strategy in DNA nanotechnology

and DNA-based biosensor.
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INTRODUCTION:

In vivo, DNA, carrier of genetic information, plays an extraordinary important role in life

processes. In vitro, due to their specific base-pairing and the programmable sequence, DNA is

0

employed as an ideal material for DNA nanodevice,”" such as self-assembly of complex

11-14 15-23 5,24-27

. . . 45 . . .
two-, three-dimensional structures, molecular machines,™ catalytic circuits,

28-31 24,32

amplification reactions, and logic gates. With the advance of nanotechnology, DNA
naodevices are developed with versatile functions. Meanwhile, however, the structures of them
become complicated. The speed of DNA self-assemble, especially displacement cascading

. 6,10,33-37
reaction,

is too slow compared to other molecular reaction such as the starch-iodide
reaction, which limits its real word applications. For example, Winfree et al. had demonstrated
several digital logic circuits, the most complex of which is a four-bit square-root circuit that
comprises 130 DNA strands with cascading DNA hybridization and takes 10 hours to complete
all of the computaltions.3 8,39 Besides, Willner et al. developed an attractive biosensor for DNA,
which also takes at least 10 hours to complete.*’ In view of their fascinating results, accelerating
the cascading DNA hybridization is of interest since it would enable great improvement in
DNA-based biocomputings and biosensors. More importantly, accelerating the DNA
hybridization may enhance the accuracy of DNA nanotechnology because the longer
hybridization time may lead to higher non-specific signals. Although several methods have

. . 2733,36,37,41-44
been suggested to achieve this,” """

they mainly focused on the length and binding
strength of toehold sequences, which making the experimental design complicated. One

challenge in this context is fabricating DNA nanodevices which can be quickly assembled in

response to external stimuli.
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Herein, using the mixture of polar organic solvent and aqueous buffer which acts as reaction
buffer, we overcome the above problem and speed up the processes of DNA self-assembly with
many merits. Firstly, when applying the strategy in the toehold-mediated DNA strand
displacement reaction (DSDR), the reaction constant is increased up to 28-fold without the need
to introduce new strands or change DNA sequence. Secondly, DSDR on the surface also
performed well using our strategy. Next, our approach is also potential for complicated
nanodevices such as hybridization chain reaction (HCR). Finally, the compatibility of DSDR
with the presence of organic solvents at relatively high concentration in buffer suggests that poor
water solubility may not be an obstacle for the use of a chemical in DNA nanotechnology. We
believe our strategy is promising in expanding future applications of DNA nanotechnology by

improving its speed and broadening the range of its reaction environment.

RESULTS AND DISCUSSION

The performances of polar solvents on DNA self-assembly. For the proof-of-concept
experiment reported herein, DSDR happened between single-strand and double-single strand
DNAs was chosen as our initial system (system I) (Figure 1). To quantitatively evaluate DSDR,
fluorescence spectroscopy experiments are performed by using fluorophore-labeled strands M
and P. Initially, when the MP complex is intact, the fluorophore TAMRA and the quencher Iowa
Black are in proximity to each other, so the fluorescence is quenched. However, when strand M
is released from strand P, the quenching interaction is eliminated and the fluorescence intensity
increases significantly. Results show that the MP complex can react with strand M’ to form the
MM’ complex driven by the free energy released by hybridization of the 40 unpaired bases in the

loop part (Supplementary Table S1) (AGMM’ -AGMP = -35 kcal / mol Figure 2). Before
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testing the effects of organic polar solvents on DSDR, the performance of TAMRA and Iowa
Black in such solutions was first studied (Supplementary Figure S1) to verify that both the
fluorescence and quencher group work normally in organic polar solvents. Here, we use 20%
ethanol (v/v%) as a representative system. As shown in Figure 2, DSDR in 20% ethanol
solutions showed: (1) 60% replacement reactions (160% enhancement compared with aqueous
buffer) in the first 300 seconds; (2) 70% displacement reactions (90% enhancement) in 660
seconds; (3) 75% displacement reactions (20% enhancement) in the range of 5000 seconds,
suggesting a faster DSDR process, especially at the beginning stage of the displacement
reactions.

Since DSDR is highly accelerated in the beginning of the reaction, we focused on the first
660 seconds of DSDR in the following studies. To quantitatively study the “organic polar solvent
assist” effects, fluorescence spectroscopy experiments were carried out in Methanol (v/v%),
Ethanol (v/v%), and Glycol (v/v%) with 3 different percentages respectively, shown in Figure 3
(Supplementary Table S4). In addition, we herein define t;, as the time when DSDR has gone to
50% completion and demonstrated that t;, of buffer is 2820 s, and t;,; of 30% methanol, ethanol,
glycol, glycerin, and glucose, Acetone, and DMSO are only 315 s, 24 s, 29 s, 85 s, 160 s, 28s,

and 23 s, respectively (Figure 3d).

To better understand the solvent effect on the thermodynamic properties of DSDR and the
mechanism behind the DSDR acceleration induced by adding “organic polar solvent”, we used
ethanol as a representative example to conduct further investigations. Firstly, the melting
behavior of M/M’ and M/P in solutions containing differing amounts of ethanol was studied
(Table 1). As shown in Figure S2, S3, S4, and S5, a higher alcohol percentage resulted in a

lower melting temperature Tm (MP and MM’) for 0%, 10%, 20%, and 30% ethanol, which is
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consistent with previous literature reports45 on the denaturing effects of these solutions on
dsDNA. In all of the melting curves, a sharp melting transition is observed, suggesting that the
multivalent and cooperative DNA binding is still functioning in the presence of the organic
solvents. Then we picked the system containing 20% ethanol to measure the TM/M’ and TM/P
change along with M concentration while M’ and P concentrations were kept constant. With a
series of TM/M’ and TM/P values, we are able to deduce AH and AS for M/M’ and M/P in pure

aqueous buffer and 20% ethanol, respectively, thus calculating AGM/M’ and AGM/P at 25° C

(Supplementary Figures S6, S7, S8, S9, S10, Text S1, and Table S3). It turns out that both AG of
M/P and M/M' increased after adding solvent which is obvious from the decrease of Tm. It is
unexpected, however, that [AGam +p) solvent — AGmpm) solvent=] AAGsotvent (-18.2 kcal/mol) is also
lower than [AGmwmr+p) butfer — AGp+M) butfer =] AAGpurer (-32.6 kcal/mol). This suggests that
adding solvent is not favorable for the displacement thermodynamically. Reaction rates of DSDR
in both buffer and 20% ethanol increase with temperature (Supplementary Figures S11 and S12).
The activation energies of MP strand exchange with M’ can be deduced from the Arrhenius plots
(Supplementary Figure S13). They are 139.2 kJ/mol (33.2 kcal/mol) and 117.3 kJ/mol (28.0
kcal/mol), respectively, in buffer and 20% ethanol. The decreased activation energy suggests that
adding solvent is kinetically favorable for this DSDR process. The activation energy barrier,
determined from Arrhenius plots, is thus mainly associated with the process of forming the
M/P/M' complex which is lowered by adding solvents. We have already shown that adding
solvent destabilizes M/P based on the decrease of Tm. This will provide more free sites for M’ to
attach to and thus favor the formation of M/P/M' complex. Therefore, the acceleration effect of

solvent on this DSDR system may be mainly due to destabilization of M/P upon adding solvent.

Page 6 of 19



Page 7 of 19

Nanoscale

The application of solar solvent-assisted accelerating reaction on solid sureface and in
complicated DNA hybridization system. DSDR performance on a surface was also
investigated in this research (System II). The thiol-modified strand SM is attached to a gold
electrode via S-Au coupling,46 and it hybridizes with 40 bases at one end of strand SP to form a
double-strand structure as shown in Figure 4a. The DSDR of the SM/SP complex by the strand
SM’ is driven by more favorable free energy for SM/SM’. As shown in Figure 4a, DSDR in
buffer solution is inhibited by the protective strand SP. To quantitatively evaluate DSDR, surface
electro-chemistry experiments are performed by using methylene blue (MB) labeled strand SP.
Initially, when the SM/SP complex stayed intact, the MB is in proximity to the gold electrode
surface, so the electron transfer efficiency between the MB and the electrode is very high.
However, when strand SP is released from strand SM, the electron-transfer efficiency is greatly
reduced and the electrical signal of MB decreases significantly. Time-dependent surface
electro-chemistry tests are carried out. When monitored by alternating current voltammetry
(ACV); the displacement of SP from MB by SM’ results in a decreasing faradaic current. DSDR
in buffer solution only completes less than 15% during the first 600 seconds. DSDR in 20%
ethanol solutions, however, completes 52% during the first 600 seconds (a 247% enhancement as
shown in Figure 4b, 4c and in Supplementary Table S5). More importantly, the initial and final
states differ by only 2 base pairs (AGym - AGyp = 40.1 — 38.2 = 1.9 kcal / mol). Even in
DSDR with such a low AAG, ethanol can make t;,, almost 10 times shorter (t;,, for buffer is 1000
s, and t;, for 20% ethanol is only 85 s in Supplementary Table S6). These results demonstrate

that this solvent strategy applies not only to DSDR in solution but also to DSDR on the surface.

More importantly, to test the feasibility of the proposed strategy in the nanodevices with

complicated and slow process of DNA self-assembly, hybridization chain reaction (HCR)
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performances in 0%, 10%, 20%, and 30% ethanol buffer were also tested (System III). The
concept of HCR was proposed by Pierce et al..”® In HCR strategy, monomer DNAs assembled
and a cascade of hybridization with nicked double helices produced in the presence of initiator
strands. As showed in Figure 4e, in the presence of I, the H1, and H2 are opened, releasing
fluorescence signals. Time dependent fluorescence changes are monitored. Figure 4f shows that
the fluorescence signals from HCR in 10%, 20%, and 30% ethanol buffer is 1.19, 1.96, 2.16

times higher, respectively, than that from HCR in buffer solutions.

In this work we demonstrate that introducing organic polar solvent to traditional aqueous
buffer is a general strategy for enhancing the reaction rates involved in DNA nanodevice. A
variety of organic polar solvents consisting of alcohols, ketones, and sulfoxides were tested, and
they all show an acceleration effect on DNA self-assembly. Not only the rate of DSDR in
solution is increased, but also that on a surface can be accelerated using this simple strategy.
More importantly, the HCR, a naodevice with complicated and slow process of DNA
self-assembly, can also be efficiently accelerated by employing the mixture of ethanol and
aqueous buffer. The proposed method will substantially expand the application area of DNA
assembly-related technologies beyond those limited by the requirement of being compatible with

pure aqueous buffer.
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Table 1. Melting temperature for MP and MM’ as a function of ethanol concentration.

Category 0% 10% 20% 30%
gory Ethanol Ethanol Ethanol Ethanol

Tape 71.5°C 67.1 °C 61.9 °C 58.1 °C

Tuwm: 95.1 °C 89.2 °C 80.5 °C 77.5°C

Tame - Tap 23.6°C 22.1°C 18.6 °C 19.4 °C

14
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Figure Caption

Figure 1. a, DSDR (MP complex) in buffer solution and 20% ethanol solution (System I). The

MP complex is composed of two ssDNA strands, M and P.

Figure 2. Fluorescence spectroscopy test of DSDR in buffer solution and 20% ethanol solution
in the first 5000 s (a) and in the first 660 s (b). c, The thermodynamic parameters describing
DSDR after measuring the Tm values of the duplexes that formed at varying target
concentrations. The slope of each fitted line is equal to the negative value of the enthalpy (-AH),
and the intercept is equal to the entropy (AS). d, From AH and AS, the AG of DSDR in buffer

and 20% ethanol is calculated.

Figure 3. Fluorescence spectroscopy test of DSDR for system I in a, methanol; b, ethanol; c,
glycol with different content 0%, 10%, 20%, and 30% (v/v%) in the first 660 seconds. d, ti;

investigation in System I. These results indicate that polar solvents highly decrease the t,.

Figure 4. a, Complex DSDR (SM/SP complex) on surface (System II). b and c¢ are Surface
electro-chemistry experiment test of DSDR in buffer solution and 20% ethanol solution for 6000
seconds and 660 seconds. d is the K constant for DSDR in buffer and 20% ethanol, respectively.
e, Principle of the HCR (System III). f, Time-dependent fluorescence changes from HCR in 10%,

20%, and 30% ethanol buffer;
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