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Dimerization of two homologous strands of genomic DNA/RNA is an essential feature of retroviral replication. Herein we 

show that a cationic comb-type copolymer (CCC), poly(L-lysine)-graft-dextran, accelerates dimerization of self-

complementary stem-loop DNA, frequently found in functional DNA/RNA molecules, such as aptamers. Further, an anionic 

polymer poly(sodium vinylsulfonate) (PVS) dissociates CCC from the duplex shortly within a few seconds. Then single stem-

loop DNA spontaneously transforms from its dimer. Thus we can easily control the dimer and stem-loop DNA by switching 

on/off CCC activity. Both polyelectrolytes and DNA concentrations are nanomole per liter range. The polyelectrolytes-

assisted transconformation and sequences design strategy insures the reversible states control with rapid response and 

effective switching under physiologically relevant conditions. A further application of this sensitive assembly is to construct 

an aptamer-type drug delivery system, bind or release functional molecules responding to its transconformation. 

Introduction 

Nanometer-scaled DNA devices based on programmed 

assembly of DNA helices has become a powerful tool in DNA 

nanotechnology fields beyond its biological importance.
1-4

 

Numerous endeavors have been reported on the use of light 

irradiation
5-8

,
 
changes in environmental pH

9-14
or ion

15,16
, and 

the addition of DNA oligonucleotides
17-20 

or enzymes
21-23

 as 

external stimuli for DNA nanomachines.  

For most of DNA nanomachines constructed so far, 

oligonucleotides have been generally used as fuels. The 

common operating principles employed in this DNA-fueled 

nanomachine involve sequence-specific hybridizations and 

strand exchange reactions between the machine body and the 

sequential addition of DNA fuels. However, the operation 

conditions of the DNA-fueled nanomachines are limited. For 

example, the switch frequency is limited by the hybridization 

kinetics of complementary strands; it needs for high 

concentration of DNA oligonucleotide to retain the machine’s 

dynamic action; a DNA duplex waste is produced in each cycle, 

accumulation of the waste products leads to a progressive loss 

of operating efficiency.
24,25

 To overcome these weaknesses, a 

new strategy is therefore required for the development of 

DNA nanotechnology. 

Our group developed a cationic copolymer-assisted 

strategy to solve this problem using G-quadruplex and DNA 

tweezer nanomachines as models.
26,27

 This strategy is partially 

an extended work of our previous studies on interactions 

between cationic comb-type copolymers (CCCs) and triplex or 

duplex DNA.
 28-30

 In those studies, we demonstrated that CCCs 

composed of a polycation backbone and abundant hydrophilic 

graft chains (> 90 wt%) influence kinetics and thermodynamics 

of nucleic acid hybridization under physiologically relevant 

conditions. Detailedly, we found the Poly(L-lysine)-graft-

dextran (PLL-g-Dex) copolymer significantly accelerates DNA 

hybridization.
31

 Moreover, the copolymer markedly 

accelerates the strand-exchange reaction (SER) and increases 

the stability of dsDNA relative to that in buffer alone.
32-34

 The 

SER acceleration of the copolymer has been applied for 

refining the DNA detection method
35-37 

 and DNA nanodevices  

with improved response even at 200 times lower strand 

concentration (nanomole per liter range) than those in other 

report.
20,27

 The foundation of our researches is the interaction 

mechanism of CCCs and nucleic acid. The CCCs reduce an 

entropically unfavourable counterion condensation effect that 

accompanies a nucleation process of SER, lowering the energy 

barrier associated with breakage and reassociation of nucleic 

acid base pairs.
 32

  

Nucleic acid chaperones catalyze the folding of nucleic acid 

into the most stable conformation. As artificial nucleic acid 

chaperones, a unique aspect of CCCs is that they accelerate 

the SER while stabilizing DNA hybrids. A naturally occurring 

nucleic acid chaperone, HIV-1 NCp7, also have the nucleic acid 

chaperone activity and play a crucial role in proviral life 

cycle.
38,39

 Dimerization of two homologous strands of genomic 

RNA is an essential feature of retroviral replication. In HIV-1, a 

conserved stem-loop sequence, the dimerization initiation site 

(DIS), has been identified as the domain primarily responsible 
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for initiation of this aspect of viral assembly.
40,41

 The DIS loop 

contains a self-complementary sequence and can form a 

homodimer through a loop-loop kissing interaction. NCp7 acts 

catalytically to induce the structural isomerization by 

accelerating strand exchange between the two stem-loops, 

converts DIS dimer to an extended duplex isoform.  

Herein we examined the activity of CCCs to trigger the 

dimerization of a self-complementary stem-loop DNA, DIS25, 

similar as DIS in HIV-1 genome. The purpose of this study was 

to test whether CCCs facilitate dimerization of DIS like as 

NCp7. Further, we assessed whether the anionic polymer 

could switch off CCCs activity, soon dissociating single stem-

loop DIS from its dimer. If this strategy is viable, we can easily 

control DIS dimer and single stem-loop by switching on/off 

CCCs activity. A biomedical application of this programmable 

assembly is to construct a smart aptamer-type nanoswitch that 

can bind or release functional molecules responding to its 

transconformation. Beyond this objective, the reversible state 

control with rapid response and effective switching is in great 

need, which is the main work in this paper. 

Experimental 

Materials: All oligonucleotides were supplied by FASMAC Co., 

Ltd. and purified by reverse-phase high performance liquid 

chromatography. The sequence of DIS25, DIS25-2a, DIS25-3a; 

Tm of stem-loop DNA and dimer were detailed listed in Fig. S1 

(ESI‡). Cationic comb-type copolymer PLL-g-Dex (Mn = 65,000) 

was prepared by a reductive amination reaction of PLL·HBr (Mn  

=  20,000,  BACHEM)  with  dextran  (Mn  =  5,900,  Dextran  T-

10,  Amersham Pharmacia  Biotech)  as  described  

previously.
28

 The  dextran  content  of  the  copolymer was 91  

wt%  as  determined  by 
1
H NMR (Fig. S2, ESI‡).  DNA  samples  

were  treated  by  annealing (heating to 90 
o
C for 5 min and 

quick cooling on ice). PLL-g-Dex/DNA complex was constructed 

at various N/P ratios (the ratios of moles of the amine groups 

of cationic polymers to those of the phosphate ones of DNA). 

Native  polyacrylamide  gel  electrophoresis:  DNA  solutions  

were  prepared  in  10  mM sodium phosphate buffer (pH 7.2) 

containing 0.5 mM EDTA and 150 mM NaCl with or without 

PLL-g-Dex. DNA samples were incubated at 37 
o
C for 1 h or 3 h. 

Native PAGE (13%) was performed in TBE buffer at 25 
o
C for 2 

h at 100 V. After electrophoresis, the gel was stained with 

0.01 % EtBr. 

Fluorescence  spectroscopy: The DNA  solution  (4:1 mixture of 

non-labeled DIS25 and TAMRA and DABCYL double-labeled 

DIS25, T-DIS25-D) was  dissolved  in  sodium  phosphate buffer 

(10 mM sodium phosphate, 0.5 mM EDTA, 150 mM NaCl, pH 

7.2). Baseline emission values were first recorded for about 5 

minutes, and then PLL-g-Dex and PVS were  successively  

added  to  the DNA  solution  with  a  syringe.  The  change  in 

fluorescence  intensity  of  the  mixture  (total  volume  2  ml)  

in  a  10  mm-square  quartz cuvette was recorded on a JASCO 

FP-6500 fluorescence spectrometer (JASCO) with a Peltier 

thermostatically controlled cell holder at excitation and 

emission wavelengths of 540 nm and 570 nm, respectively. 

The TAMRA emission of T-DIS25-D is quenched by DABCYL 

when T-DIS25-D folds into the stem-loop structure. The 

TAMRA emission recovers when T-DIS25-D forms a dimer with 

non-labeled DIS25.  

UV-melting point (Tm) measurement: Final DNA concentration 

of 2 μM (DIS25) in sodium phosphate buffer (10 mM sodium 

phosphate, 0.5 mM EDTA, 150 mM NaCl, pH 7.2). The mixture 

of DNA solution was heated at 95 
o
C for 3 min and gradually 

cooled to r.t. UV spectra at 260 nm was recorded by a 

Shimadzu UV-1650 PC spectrometer equipped with a TMSPC-8 

temperature controller (Shimadzu, Kyoto, Japan). Melting 

curves were obtained at a heating rate of 0.5 
o
C/min and a 

cooling rate of 0.5 
o
C/min. 

Results and discussion 

Firstly, the effect of CCC, PLL-g-Dex on DIS25 dimerization was 

evaluated by native polyacrylamide gel electrophoresis (PAGE) 

assay using a 4:1 mixture of non-labeled DIS25 and TAMRA and 

DABCYL double-labeled DIS25, T-DIS25-D. DIS25 and T-DIS25-D 

mixture (2 μM) were incubated at 25 °C in 10 mM sodium 

phosphate buffer (pH 7.2) containing 150 mM NaCl and 0.5 

mM EDTA in the absence or presence of PLL-g-Dex (N/P = 1) 

for 1 h or 3 h.  

After the incubation, 0.2wt% poly(sodium vinylsulfonate) 

(PVS) was added to dissociate each copolymer from DNA. Gel 

electrophoresis was then carried out on a 13% polyacrylamide 

gel at 4 °C in TBE buffer. The TAMRA emission of T-DIS25-D is 

quenched by DABCYL when T-DIS25-D folds into the stem-loop 

structure. The TAMRA emission recovers when T-DIS25-D 

forms a dimer with non-labeled DIS25. Fig. 1A shows PAGE 

images acquired by TAMRA emission or EtBr staining.  The 

band with higher electrophoretic mobility is identified as the 

stem-loop monomer. After the gel is stained with EtBr, the 

both monomer and dimer bands can be captured. The gel 

images showed that the dimerization of DIS25/T-DIS25-D in 

the absence of PLL-g-Dex hardly occurred even after 3 h 

incubation. On the other hand, the hybridization was 

accelerated by PLL-g-Dex, which revealed that PLL-g-Dex 

thermodynamically stabilizes the intermolecular dimer 

preferentially over the stem-loop intramolecular structure.  

Another study with more PLL-g-Dex (N/P=2, N/P=6) and longer 

incubation (3h, 10h, 24h) evaluated by PAGE was shown in Fig. 

S3 (ESI‡). The results further testified that PLL-g-Dex markedly 

facilitates dimer formation. Note that upper bands of DNA in 

the presence of PLL-g-Dex are in the same level with the band 

of DNA after renaturation process (heating to 90 
o
C for 5 min 

and slowly cooling to room temperature), which confirms that 

the upper band is for DNA duplex, not for coil single strand 

with two ends far away from each other. 
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Fig. 1 (A) Gel electrophoretic analysis of dimerization of DIS25 with or 

without PLL-g-Dex. [DIS25] =1.6 µM, [T-DIS25-D] = 0.4 µM, N/P = 1. (B) Gel 

electrophoretic analysis of dependency of dimerization of DIS25 on the 

cationic substance. [DIS25] =1.6 µM, [T-DIS25-D] = 0.4 µM, in 10 mM 

sodium phosphate buffer (pH 7.2, 0.5 mM EDTA, 150 mM NaCl), 37 
o
C for 2 

h. Lane 1, no additive (quench); lane 2, no additive; lane 3, 5 mM MgCl2; 

lane 4, 500 µM [Co(NH3)6]
3+

; lane 5, 100 µM PLL-g-Dex. The gel image was 

captured with EtBr staining. (C) Time course of dimerization of DIS25 in the 

presence of different cationic substances. A stirred DNA solution ([DIS25] 

=80 nM, [T-DIS25-D] = 20 nM) in 10 mM sodium phosphate buffer (pH 7.2, 

0.5 mM EDTA, 150 mM NaCl) was mixed at 37 
o
C with 5 mM Mg

2+
 (cyan), 

500 µM [Co(NH3)6]
3+

 (black), and 100 µM PLL-g-Dex (red). 

 

We then compared the activity of the copolymer (100 µM 

PLL-g-Dex) to those of different cationic substances, 5 mM 

Mg
2+

 and 500 µM [Co(NH3)6]
3+

 under physiologically relevant 

conditions, pH 7.2, containing 150 mM NaCl at 37 
o
C. As shown 

in Fig. 1B, 5 mM Mg
2+

 and 500 µM [Co(NH3)6]
3+

 resulted in 18% 

and 42%, respectively, conversion to DIS25 dimer, while PLL-g-

Dex at lower concentration (100 µM) induced almost full 

conversion (>90%) to the dimer state from the stem-loop 

state. The result implied an effective stablilization effect of 

CCC on DIS25 dimer.  

In order to observe kinetic effect of the cationic substances 

on the dimerization reaction in real time with a resolution of 

seconds, we employed fluorescence resonance energy transfer 

(FRET) assay. Fig. 1C showed that when we added PLL-g-Dex 

into the DNA solution, the fluorescence intensity increased to 

the maximum value within 900 s. The fluorescence intensity 

changes were not obvious in other cationic substances. These 

results showed that PLL-g-Dex significantly accelerated 

dimerization to stabilize the linear dimer structure even at 100 

nM DNA concentration.  

 

Fig. 2 Kinetic dimerization of DIS25 triggered by PLL-g-Dex (N/P=1). A 

stirred DNA solution ([DIS25] =90 nM, [T-DIS25-D] = 10 nM) in 10 mM 

sodium phosphate buffer (pH 7.2, 0.5 mM EDTA, 150 mM NaCl) was mixed 

(A) at 37 
o
C, (B) at 45 

o
C, (C) at 50 

o
C, (D) at 60 

o
C. The value of fluorescence 

intensity was calculated with the following equation to yield a rate constant 

of the second-order reaction. kt = ln[(I∞-It)/(I∞-I0)]. Where I0 is the initial 

fluorescence intensity of TAMRA-labeled DNA, It is that at time t, and I∞ is 

that after the reaction reached equilibrium. 

 

 

Fig. 3 Kinetic dissociation of DIS25 dimer triggered by PVS (1.2 times excess 

added after the course in Fig. 3). (A) at 37 
o
C, (B) at 45 

o
C, (C) at 50 

o
C, (D) at 

60 
o
C. The value of fluorescence intensity was calculated with the following 

equation to yield a rate constant of the second-order reaction. kt = ln[(It - 

I∞)/(I0- I∞)]. Where I0 is the initial fluorescence intensity of TAMRA-labeled 

DNA before adding PVS, It is that at time t, and I∞ is that after the reaction 

reached equilibrium. 
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During the dimerization formation, CCCs spontaneously 

interact with DNA to form inter-polyelectrolyte complexes. 

The fluorescence polarization can be used to measure the 

apparent volume (or molecular weight) of DNA duplex. This 

measurement is possible because larger duplex rotates more 

slowly. Hence, if CCC binds to DNA duplex, the rotational rate 

decreases, and the polarity increases. According to this theory, 

the fluorescence polarity of DIS25 dimer should be increased 

after CCC-DNA complex formation. Thus, we can investigate 

the changes of fluorescence polarity of DNA duplex to examine 

CCCs’ binding. As shown in Fig. S4 (ESI‡), the fluorescence 

polarity increased after PLL-g-Dex (N/P = 1) added into the 

DNA solution. To confirm that the increase in the polarity was 

due to CCC-DNA complex formation, we subsequently added 

1.2 times charge concentration an anionic polymer, PVS, to the 

mixture, and the fluorescence polarity recovered, which shows 

that the anionic polymer can dissociate the cationic copolymer 

from the duplex. That means CCCs activity can be switched off 

by polyanion. Without CCCs chaperoning, could the dimer 

stably maintain the conformation? To answer this question, 

the transconformation between the single stem-loop DIS25 

and extended dimer induced by switching on/off CCCs activity 

was evaluated by FRET assay. The kinetic effects of PLL-g-

Dex/PVS on dimerization of DIS25 or dissociation of dimer at 

different temperature were also investigated (Fig. 2, Fig. 3).  

After addition of PLL-g-Dex, fluorescence intensity 

increased, indicating transformation of the stem-loop to the 

extended dimer form. As shown in Fig. 2, with increasing 

temperature, the dimerization rate was slightly accelerated, 

while the variation range of the fluorescence intensity 

decreased above 50 
o
C. Note that the dimer was formed even 

at 60 
o
C in presence of PLL-g-Dex. The copolymer increased Tm 

of the dimer from 54.5 
o
C (estimated by mFold) to 66.7 

o
C as 

evaluated by UV-Tm analysis (Fig. S5, ESI‡).  

Subsequent addition of PVS resulted in a relatively slow 

decrease in the fluorescence intensity, especially at 37 
o
C, as 

shown in Fig. 3. Since PVS-induced dissociation of DNA from 

CCC occurred shortly within a few seconds both at 37 
o
C and 

60 
o
C (Fig. S4, ESI‡), indicating PVS easily divests PLL-g-Dex–

DNA complex of CCCs chaperoning even at a low temperature. 

Thus the slow decrease in fluorescence intensity (Fig. 3) 

indicated that without CCCs chaperoning the dimer was not 

still stable and spontaneously transformed to the stem-loop 

DNA. Further, the spontaneous dissociation of the extended 

dimer to the stem-loop DNA was considerably slower than the 

CCC-assisted dimerization. Since the stem-loop (Tm = 62.0 
o
C 

estimated by mFold) is thermodynamically more stable than 

the extended dimer (Tm = 54.5 
o
C estimated by mFold) in the 

absence of the CCC, transconformation from the dimer to the 

stem-loop is kinetically restricted by the high energy barrier 

between dissociation and reassociation of base pairs. As 

expected, the dissociation rate was accelerated at higher 

temperature close to Tm. Above 50 
o
C, the transition was very 

rapid (Fig. 3). The Ea value estimated for spontaneous dimer 

dissociation was 366.2 kJ mol
-1

, while Ea of CCC-assisted 

dimerization was estimated to be 113.2 kJ mol
-1

 (Fig. S6, ESI‡), 

also testified that spontaneous dissociation of the extended 

dimer to the stem-loop DNA was considerably slower than the 

CCC-assisted dimerization. 

Fig. 4 Dimerization of stem-loop DNA and its dissociation triggered by PLL-

g-Dex (N/P=1) and PVS (1.2 times charge excess). Final concentration of 

DNA was 50 nM. FRET assay was performed at indicated temperatures in 

10 mM sodium phosphate buffer (pH 7.2, 0.5 mM EDTA, 150 mM NaCl). (A) 

DIS25-2a at 46 
o
C. (B) DIS25-2a at 42 

o
C. (C) DIS25-3a at 42 

o
C. (D) DIS25-3a 

at 37 
o
C. 

 

As mentioned above, at a relatively low temperature such 

as 37 
o
C, the slower dissociation rate resulted in a weaker 

transconformation response (Fig. 3), although the dimerization 

occurred rapidly in presence of CCC, which provides obstacles 

to its further application in biological fields. To overcome this 

limitation, we found that modification of DNA oligonucleotide 

sequence was a pathway to accelerate the transformation 

from dimer to stem-loop DNA. We slightly changed the loop 

sequence of DIS25, changed G/C to A/T. The diverse stem-loop 

DNA were marked as DIS25-2a and DIS25-3a and the 

sequences were listed in Fig. S1 (ESI‡). Estimated by mFold at 

2 µM and 150 mM NaCl, the melting temperature of stem-loop  

DIS25, DIS25-2a and DIS25-3a are same (62.0 
o
C), while the 

melting temperature of dimer DIS25-2a (45.3
  o

C) and dimer 

DIS25-3a (42.3 
o
C ), lower than dimer DIS25 (54.5 

o
C). That 

means the stabilities of dimer DIS25-2a and DIS25-3a are 

decreased compared with DIS25, while the stabilities of stem-

loop are maintained. In response to the added polyelectrolyte, 

the transitions of DIS25-2a and DIS25-3a were rapid and 

reversible and occurred at lower temperatures, 46
 o

C and 42
 

o
C, respectively, as shown in Fig. 4.  

On the basis of the results above, we can construct a kind 

of DNA mechanical device that allows easy state control of the 

reversible extended dimer and single stem-loop DNA by 

switching on/off CCCs activity. The operating principle 

employed in this system was shown in Fig. 5. This switch can 

be operated at very low concentration of both DNA and fuels 

owing to strong interaction between polycation and polyanion 

or DNA.  
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Fig. 5 Switching between stem-loop DNA and extended dimer drived by 

PLL-g-Dex and PVS. 

 

We carried out FRET assay for the real-time observation 

the transformations of the nanoswitches. Operating 

temperature was raised to near Tm of the dimer to obtain 

quick responses. On this principle, self-complementary DNA 

nanoswitches (DIS25, DIS25-2a, DIS25-3a series) with high 

sensitivity driven by polyelectrolyte were constructed 

respectively at 60 
o
C, 46

 o
C and 42

 o
C, as shown in Fig. 6A, Fig. 

6C, and Fig. 6D. PLL-g-Dex and PVS was added successively, 

which induced the transformation between dimer and stem-

loop DNA. The gel electrophoresis assay testified DIS25 

nanoswitch’s transformation of the first two cycles in Fig. 6B. 

 

Fig. 6 Transconformation switching of DIS derivatives triggered by 

polyelectrolytes. Final concentration of DNA was 50 nM. FRET assay was 

performed at indicated temperatures in 10 mM sodium phosphate buffer (pH 7.2, 

0.5 mM EDTA, 150 mM NaCl). PLL-g-Dex and PVS (1.2 times excess) were added 

successively. (A) [DIS25]:[T-DIS25-D] = 4:1, at 60 
o
C. (B) [DIS25-2a]:[T-DIS25-2a-D] 

= 39:1, at 46 
o
C. (C) [DIS25-3a]:[T-DIS25-3a-D] = 39:1, at 42 

o
C. (D) Gel 

electrophoretic analysis to confirm transconformation between dimer and single 

stem-loop DIS25 in response to successive addition of PLL-g-Dex and PVS. Gel 

images were captured with EtBr staining. Lane 1: DNA alone, Lane 2: 1st PLL- g-

Dex addition, Lane 3: 1st PVS addition, Lane 4: 2nd PLL-g-Dex addition, Lane 5: 

2nd PVS addition. 

Unlike many other DNA-fueled nanomachines, it can 

operate without a supply of additional DNA strands, and there 

is no DNA duplex waste produced in each cycle. Therefore, at 

very low concentration of both DNA and polymer fuels, 

switching should be highly reversible with negligible change in 

efficiency. To testify this hypothesis, we changed N/P value in 

DIS25-3a nanoswitch system at 42 
o
C (Fig. 7). The switching 

efficiency (N/P=2, Fig. 7A) was decreased almost a half in the 

second cycle. N/P=1.2 (Fig. 7B), N/P=1 (Fig. 7C) also showed an 

obvious decrease in switching efficiency after 4 and 6 cycles, 

respectively. When N/P value was reduced to 0.5, the 

switching retained well reversible and only slightly decreased 

in efficiency even after 13 cycles (Fig. 7E). Since polycation-

polyanion complex produces in each operating cycle, high 

concentration of this waste polyelectrolyte complex induces 

loss of switching efficiency after several cycles. Therefore, 

switching efficiency was increased with N/P value decreasing. 

Using this programmable strategy, we further designed a 

double stem-loop DNA (DIS42), and constructed a more 

complicated nanoswitch system at 37
 o

C (Fig. S7).  

 

Fig. 7 Transconformation switching of DIS25-3a triggered by polyelectrolytes. 

Final concentration of DNA was 100 nM ([DIS25-3a]:[T-DIS25-3a-D] = 4:1). FRET 

assay was performed at indicated temperatures in 10 mM sodium phosphate 

buffer (pH 7.2, 0.5 mM EDTA, 150 mM NaCl) at 42 
o
C. PLL-g-Dex and PVS (1.2 

times excess) were added successively. (A) N/P=2 (B) N/P=1.2 (C) N/P=1 (D) 

N/P=0.8 (E) N/P=0.5. 

So far, a series of polyelectrolyte-assisted DNA mechanical 

nanodevices with rapid response were offered, achieving the 

original aim of this study. As we know, self-complementary 

stem-loop structures are frequently found in functional DNA 

and RNA molecules, such as aptamers. Aptamers provide 

additional functional information about a target protein, which 

makes them of therapeutic application. Our study in progress 

is constructing a polyelectrolyte-assisted aptamer-type DNA 

nanoswitch system that can be instructed repeatedly to bind 

or release functional proteins, in rapid response to 

transconformation between the single stem-loop and 

extended dimer. This nanodivice has potential application as 

an intelligent drug delivery system. 
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Conclusions 

In summary, a cationic comb-type copolymer, PLL-g-Dex, 

considerably promoted dimer formation of a self-

complementary stem-loop DNA. Dimerization of the stem-loop 

DNA assisted by PLL-g-Dex was significantly faster than 

spontaneous dissociation of the dimer. Quick responses were 

obtained near Tm of the dimer. Stem-loop structures are found 

naturally in some functional DNA/RNA, such as aptamer. Based 

on the strategy we have developed here, nanodevices with 

biological function would permit us to use it in combination 

with DNA-acting enzymes or other small biomolecules, such as 

ligase, polymerase, and restrictive proteins. We expect that 

strategy might extend the applicability of DNA nanodevices in 

biotechnology and nanotechnology. 
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