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We monitored the shrink and stretch of the tetrahedral DNA 

nanostructure (TDN) and the i-motif connected TDN 

structure at pH8.5 and pH4.5, and we found that not only the 

i-motif can change its structure when pH changes, but also 10 

the TDN and the DNA double helix change their structures 

when pH changes. 

The three dimensional (3D) nucleic acid-based structures have 

exhibited properties that are often quite different from their linear 

forms,[1-15] Error! Bookmark not defined.and it can be used in 15 

various research areas. As a potential candidate material of the 

drug delivery system, the structure changes of the 3D DNA near 

the solid liquid interface is one of the most important and 

fundamental aspects of nanoscience. [16-20] 

Tetrahedral DNA nanostructure (TDN) has attracted great interest 20 

due to their synthetic simplicity, mechanical rigidity, structural 

stability, and modification versatility.[8, 14, 20-22] We designed a 

DNA tetrahedral structure with i-motif at one vertex and three 

thiol groups at the other three vertices (Fig.1a, Table S1). This 3D 

nanostructure is expected to be readily and strongly anchored at 25 

Au surfaces by the three thiols at the base of the “pyramid”, 

leaving i-motif structure at the top. I-motif structure is a type of 

the relatively DNA structure that could reversibly switch its 

conformation between a quadruplex, called i-motif (closed state), 

and a double-stranded (open state) structure depends on the pH. 30 

[23-27] 

In this study, we monitored the pH-dependence stretch and shrink 

of the DNA double helix, TDN and TDN i-motif structure near 

the solid liquid interface , and we found that not only the i-motif 

can change its structure when pH changes, but also the TDN and 35 

DNA double helix change their structures when pH changes. 

 
Fig.1./Scheme of tetrahedral DNA nanostructures  (a) Tetrahedral 

DNA nanostructure with i-motif at one vertex and three thiol groups at 

the other three vertices (TDN i-motif); (b) Tetrahedral DNA 40 

nanostructure (TDN) with three thiol groups. 

Polyacrylamide gel electrophoresis had demonstrated that the 

TDN and TDN i-motif moved more slowly than the ssDNA, 

confirming the successful assembly of the nanostructure (Fig.2 

(a)). The inverted fluorescence microscope images showed that 45 

the well assembled TDN was modified on the gold surface  

(Fig.2 (c)). Even after washing 10 times, the TDN was still 

strongly adsorbed on the gold surface, and the TDN which was 

not well assembled (Fig.2 (b)) showed no fluorescence on the 

surface. 50 

 
Fig.2./ (a)Polyacrylamide gel electrophoresis of DNA ladder (Line 1), 

single strand TDN-S5 (Line 2), TDN-S1 (Line 3, with i-motif structure), 

TDN (Line4) and TDN with i-motif (Line 5) ;(b,c) The inverted 

fluorescence microscope  images of (b) not well assembled TDN 55 

absorbed on the gold surface after washing 10 times; (c) well assembled 

TDN absorbed on the gold surface after washing 10 times. 

To probe the properties of the DNA nanostructures near solid 

liquid interface, QCM (quartz crystal microbalance) technique 

was applied. It is very sensitive in detecting small changes in the 60 

mass deposition on the surface and the structure or mechanical 

properties changes of large molecular. QCM is a surface-sensitive 

technique that relies on the measurements of the response curves 

of a quartz crystal oscillator under a frequency sweep of the 

acoustic shear mode excitation applied across the crystal.[28-31] 65 

In this study, we dropped 100µl DNA solution (1 µM) on the 

gold coated quartz crystal surface and let it absorb overnight. 

Then the DNA structures were immobilized on the gold electrode 

by thiol group and the surface was rinsed with the PBS buffer for 

several times to remove the unabsorbed DNA molecular. Then 70 

the quartz crystal was installed in the flow cell, and the PBS 

buffer with pH 8.5 flowed into the liquid cell. Afterwards, after 

the frequency shift and dissipation factor reached a stable value, 

we left it for about 10minutes, and then injected the PBS buffer 

of pH 4.5. The circle is repeated for several rounds. 75 
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Fig.3./ Difference between the frequencies measured at pH4.5 and 

pH8.5 by the quartz crystal resonator. For DNA nanostructures of (■) 

TDN i-motif, (●)TDN, (▲)DNA double helix and (▼)blank. 

The frequency of the quartz crystal was switched rapidly in a 5 

limited range after the buffer with different pH was injected into 

the flow cell (Fig.S1). Compared to the blank surface, all the 

three DNA films on the solid liquid interface are affected by the 

pH change (Fig.3.). The observed frequency shift is indeed 

introduced by the specific conformational changes of the DNA 10 

structures. Meanwhile, more complex the absorbed DNA 

structure is, larger the frequency change caused by the change of 

the buffer pH will be (∆FTDN i-motif>∆FTDN> ∆FdS >∆FBlank). This 

implies the alteration of properties of the DNA film absorbed on 

the gold surface, and all these changes are reversible in four 15 

circles.  

According to the phenomenon we observed above, we notice that 

not only the orientation (fold or stretch) of the TDN i-motif 

structure immobilized on the gold surface can be modulated 

electrically to produce an “open and close” signal, but also the 20 

TDN and even ordinary DNA double helix can play as a power 

switch based on pH. As shown in Fig.4, It is the schematic of the 

conformation changes of the three types of DNA nanostructures 

due to the pH change. Here, if the i-motif structure is a motor 

DNA induced by the change of the solution pH without the need 25 

of injecting external energy, we can say that any DNA structure 

even DNA double helix will gain the intrinsic conformation 

change, to stretch up and shrink down due to the change of pH 

solution, like the function of an i-motif motor DNA. 

 30 

Fig.4./ Schematic drawing of DNA nanostructure modified gold-

coated quartz crystal surface (a) TDN i-motif, (b) TDN, (c) DNA 

double helix. 

 
Fig.5./Thickness of the DNA films on the gold-coated quartz crystal 35 

surface at pH4.5 and pH8.5. The inserted panel shows the change of 

thickness when pH goes from 4.5 to 8.5. 

In order to further illustrate the structure changes of the DNA 

films on Au surface. We probed the thickness of these DNA films 

at pH4.5 and pH8.5. Four overtones (first, third, fifth and seventh) 40 

were used to model the thickness using the Voigt model 

implemented in the software (Q-Tools software 301version 2.1, 

Q-Sense, Sweden) (Eqs.S1, S2).[32] By replacing the pH 4.5 with 

the pH 8.5 PBS, the thickness of the DNA film on the gold 

surface alters immediately. Fig.5 tells us the change of the 45 

thicknesses of the DNA films, the thickness of TDN i-motif film 

changes larger than that of the TDN film and the thickness of the 

double helix film changes the least. Replacing the pH 4.5 buffer 

with a pH 8.5 PBS increases the thickness of the TDN i-motif 

film from 3.3nm to 8.4nm and the thickness of the TDN film 50 

increases from 1.5nm to 6.4nm. Along with the growth of the 

complexity of the DNA structure modified on the surface, the 

change of the thickness becomes larger accordingly.  

This agrees well with the experimental result, which says that the 

TDN i-motif structure reduces more in scale than the TDN. This 55 

is because the i-motif could fold itself from a stretch chain into a 

quadruplex structure which brings about 1.7nm variation in 

thickness. By contrast, the change of the thickness of the TDN 

structure is larger than that of the double helix. The DNA double 

helix prepared from pH 4.5 PBS was found to be 2.4nm thick, 60 

which is 0.9nm thicker than that of the TDN film. The thickness 

further increased to 5.1nm after the buffer pH turns to be 8.5, 

which suggests that the DNA double helix receives relatively less 

impact from pH than the 3D DNA structure. The results basically 

complement the theoretical height of these three structures, TDN 65 

（55bp）is about 5nm in height, and i-motif TDN is higher than 

7nm because the i-motif film in PBS at pH 8.5 is lift up 2.6nm at 

least.[27] The point lies on that the DNA double helix stretches 

unrestricted on the gold surface, and the TDN structure is more 

rigid than the double strand. As a result, the film of dsDNA may 70 

partially coil and is therefore thinner than the theoretical value. 
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Fig.6/ Hydrodynamic size distribution profiles of the DNA 

nanostructures coated AuNP (a) TDN i-motif coated AuNP; (b) TDN 

coated AuNP; (c) DNA double helix coated AuNP 

In addition, we connected these three DNA structures to gold 5 

nanoparticles to control the thickness of the DNA assembly layer 

on AuNP surface (Fig.S5). The surfaces of the gold nanoparticle 

are coated with the 3D DNA nanostructures via thiol group, and 

the coat acts as an absorbed film preventing the gold colloids 

from aggregation. As Fig.6 illustrates, a small increase of the 10 

hydration diameter observed when the identical structure was 

adsorbed on the surface of the gold nanoparticle. The thickness of 

the TDN film has about 1nm variation during the pH change, 

which is approximately 3nm for TDN i-motif at pH 8.5 and pH 

4.5.  It is smaller than that on the quartz crystal surface. That 15 

because the 3D DNA modified surface of a gold nanoparticle 

performed the random Brownian motion in the gold nano colloid. 

This motion may weaken the sensitivity of the 3D DNA structure 

and the influence of pH as well. 

Considering the limitation of the dynamic light scattering method, 20 

such a small variation of the hydration diameter is in the range of 

the measurement error and does not change the main result. On 

the other hand, this method is undoubtedly promising because of 

its ability to control the thickness of the DNA assembly layer on 

AuNP surface, which can be employed in the field of the pH-25 

controlled nanoswitch. 

As a matter of fact, the 3D DNA structure undoubtly varies as the 

function of pH. On the other hand, as a new generation of drug 

delivery vehicle, it has been found that the drug release was 

dramatically increased by lowering the pH from neutral to acid. 30 

[33]Now, our study shows the pH-dependence of shrink and 

stretch of the 3D DNA structure on the solid liquid interface, it 

opens a new way to reveal the mechanisms of the drug release. 

Conclusions 

The structure changes of the DNA complexes near the solid-35 

liquid interface is one of the most important and fundament 

aspects of nanoscience, enabling a diverse range of applications 

in biological and physical disciplines. We monitored the stretch 

and the shrink of the TDN structure and the i-motif connected 

TDN at pH8.5 and pH4.5, and we found that not only i-motif 40 

could change its structure when pH changed, but also the TDN 

even the DNA double helix changed their structures as well.  

Notes and references 

a National Engineering Research Center for Nanotechnology, Shanghai, 

200241, China. Tel: 86-21-34291286-8035; E-mail: 45 

wangpingustc@gmail.com 
b Laboratory of Physical Biology, Shanghai Institute of Applied Physics, 

Chinese Academy of Sciences, Shanghai, 201800, China.  
c Department of Medical Imaging, Jinan Military General Hospital, Jinan, 

Shandong, 250031, China. 50 

d School of Materials Science and Engineering, Shanghai Jiao Tong 

University, Shanghai, 200240, China.  

† Both authors contributed equally to the work  

‡ Correspondence to: Gang Sun (cjr.sungang@vip.163.com) and 

Dannong He (hdn_nercn@163.com) 55 

 

† Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 

DOI: 10.1039/b000000x/ 

‡ Footnotes should appear here. These might include comments relevant 60 

to but not central to the matter under discussion, limited experimental and 

spectral data, and crystallographic data. 

 

1. S. Venkataraman, R. M. Dirks, P. W. K. Rothemund, E. Winfree and 

N. A. Pierce, Nat. Nano., 2007, 2, 490. 65 

2. P. Yin, H. M. T. Choi, C. R. Calvert and N. A. Pierce, Nature, 2008, 

451, 318. 

3. P. W. K. Rothemund, Nature, 2006, 440, 297. 

4. C. Mao, W. Sun, Z. Shen and N. C. Seeman, Nature, 1999, 397, 144. 

5. J. Bath and A. J. Turberfield, Nat. Nano., 2007, 2, 275. 70 

6. R. P. Goodman, I. A. T. Schaap, C. F. Tardin, C. M. Erben, R. M. 

Berry, C. F. Schmidt and A. J. Turberfield, Science, 2005, 310, 1661. 

7. R. P. Goodman, M. Heilemann, S. Doose, C. M. Erben, A. N. 

Kapanidis and A. J. Turberfield, Nat. Nano., 2008, 3, 93. 

8. C. M. Erben, R. P. Goodman and A. J. Turberfield, Angew. Chem. Int. 75 

ed., 2006, 118, 7574. 

9. D. Y. Zhang, A. J. Turberfield, B. Yurke and E. Winfree, Science, 

2007, 318, 1121. 

10. S. M. Douglas, I. Bachelet and G. M. Church, Science, 2012, 335, 

831. 80 

11. A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. Wilson, C. J. Loweth, 

M. P. Bruchez, Jr. and P. G. Schultz, Nature, 1996, 382, 609. 

12. C. J. Loweth, W. B. Caldwell, X. Peng, A. P. Alivisatos and P. G. 

Schultz, Angew. Chem. Int. ed., 1999, 38, 1808. 

13. T. Wang, R. Sha, R. Dreyfus, M. E. Leunissen, C. Maass, D. J. Pine, 85 

P. M. Chaikin and N. C. Seeman, Nature, 2011, 478, 225. 

14. C. M. Erben, R. P. Goodman and A. J. Turberfield, J. Am. Chem. 

Soc., 2007, 129, 6992. 

15. R. Crawford, C. M. Erben, J. Periz, L. M. Hall, T. Brown, A. J. 

Turberfield and A. N. Kapanidis, Angew. Chem. Int. ed., 2013, 52, 90 

2284. 

16. F. Wang, Y.-C. Wang, S. Dou, M.-H. Xiong, T.-M. Sun and J. Wang, 

ACS Nano, 2011, 5, 3679. 

17. J. Fu and H. Yan, Nat. Biotech., 2012, 30, 407. 

18. A. S. Walsh, H. Yin, C. M. Erben, M. J. A. Wood and A. J. 95 

Turberfield, ACS Nano, 2011, 5, 5427. 

19. J. Li, C. Fan, H. Pei, J. Shi and Q. Huang, Adv. Mat., 2013, 25, 4386. 

20. J. Li, H. Pei, B. Zhu, L. Liang, M. Wei, Y. He, N. Chen, D. Li, Q. 

Huang and C. Fan, ACS Nano, 2011, 5, 8783. 

Page 3 of 4 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

21. H. Pei, N. Lu, Y. Wen, S. Song, Y. Liu, H. Yan and C. Fan, Adv. 

Mat., 2010, 22, 4754. 

22. Z. Li, B. Wei, J. Nangreave, C. Lin, Y. Liu, Y. Mi and H. Yan, J. Am. 

Chem. Soc., 2009, 131, 13093. 

23. M. K. Beissenhirtz and I. Willner, Org. & Bio. Chem., 2006, 4, 3392. 5 

24. S. R. Shin, C. K. Lee, S. H. Lee, S. I. Kim, G. M. Spinks, G. G. 

Wallace, I. So, J.-H. Jeong, T. M. Kang and S. Kim, Chem. Comm., 

2009, 1240. 

25. J.-L. Mergny, L. Lacroix, X. Han, J.-L. Leroy and C. Helene, J. Am. 

Chem. Soc., 1995, 117, 8887. 10 

26. S. Dhakal, J. D. Schonhoft, D. Koirala, Z. Yu, S. Basu and H. Mao, J. 

Am. Chem. Soc., 2010, 132, 8991. 

27. D. Liu, A. Bruckbauer, C. Abell, S. Balasubramanian, D.-J. Kang, D. 

Klenerman and D. Zhou, J. Am. Chem. Soc., 2006, 128, 2067. 

28. P. Wang, J. Fang, S. Qin, Y. Kang and D.-M. Zhu, J. Phys.Chem.C, 15 

2009, 113, 13793. 

29. P. Wang, J. Fang, Y. Hou, X. Du and D.-M. Zhu, J. Phys.Chem.C, 

2008, 113, 729. 

30. Z. Ge, M. Lin, P. Wang, H. Pei, J. Yan, J. Shi, Q. Huang, D. He, C. 

Fan and X. Zuo, Anal. Chem., 2014, 86, 2124. 20 

31. X. Wang, B. e. Lv, G. Cai, L. Fu, Y. Wu, X. Wang, B. Ren and H. 

Ma, Sci. Rep., 2012, 2. 

32. M. V. Voinova, M. Rodahl, M. Jonson and B. Kasemo, Phys. Scripta, 

1999, 59, 391. 

33. K.-R. Kim, D.-R. Kim, T. Lee, J. Y. Yhee, B.-S. Kim, I. C. Kwon 25 

and D.-R. Ahn, Chem. Comm., 2013, 49, 2010. 

 

 

Page 4 of 4Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t


