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A Surface-Confined Proton-Driven DNA Pump Using a
Dynamic 3D DNA Scaffold
Dan Zhu, Hao Pei, Guangbao Yao, Lihua Wang, Shao Su, Jie Chao, Lianhui Wang,
Ali Aldalbahi, Shiping Song, Jiye Shi, Jun Hu, Chunhai Fan, and Xiaolei Zuo*
The highly precise and programmable self-assembly property
of DNA ensures the successful construction of static DNA
nanostructures in 2D or 3D.[1] Recently, several dynamic DNA
nanodevices with unique functionality have been constructed
in solution including switches, motors, and multicomponent
machines, which produced nondirected, random nanoscale
motions.[1c,e,g,j] For example, DNA tweezer has been constructed
as an active device.[2] A DNA nanoscale assembly line has been
employed for the stepwise and programmed construction of
target products.[3]
Nevertheless, most of these studies are performed in homogeneous solutions.[4] In order to fully exploit their potential in
real-world applications, these dynamic nanodevices should be
anchored and organized on macroscopic surfaces.[4] Different
from that in homogenous solution, biomolecules anchored on
the surface stay in crowded conditions, which often suffer from
random distribution, improper orientation and inter-molecule
aggregation. As a result, surface-confined nanodevices usually
exhibit different behavior with their counterparts in solution,[4]
which are often poor in performance. For example, azobenzene-based nanodevices completely lose their photoswitching
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ability when adsorbed on planar gold in a densely packed
manner.[4b] Hence, it is critically important to precisely control
the molecular orderness and spatial orientation on the surface
to minimize crowding effects and avoid erroneous motions.[5]
Recently, several groups including ours have demonstrated
that thiolated DNA tetrahedra can be rapidly and firmly immobilized at surface with high stability, providing a nanostructured surface with ordered orientation and well-controlled lateral spacing of biomolecules.[6] DNA tetrahedral nanostructures
are a type of ideal molecular scaffolds with high mechanical
rigidity and structural stability. More significantly, a variety of
chemically responsive DNA sequences can be incorporated into
this nanostructure without sacrificing their functions. In this
work, we designed a dynamic DNA tetrahedral nanostructure
by incorporating a pH-sensitive i-motif [1g,7] sequence in one of
the edges, which serves as the scaffold to ensure highly ordered
orientation and spatial isolation of this nanodevice on macroscopic gold surface. We found that the switching ability of this
dynamic tetrahedron is maintained on the surface. Hence, this
proton-driven nanodevice can reversibly pump water and ferricynide in response to pH variation in solution in a noncontinuous flow manner.
This surface-confined DNA nanodevice possesses mechanical functions for directed nanoscale motions. Reconfigurable
DNA tetrahedra containing a stretchable edge were assembled
with four different single-stranded DNA (ssDNA) through a
simple annealing process (Scheme 1). The free 5′ and 3′ end
of one ssDNA was positioned in the middle of the edge while
other three are positioned at vertices of the DNA tetrahedron.
A dynamic, chemically responsive DNA sequence could be
embedded into the complementary strand opposite the nick site
of tetrahedral edge. In this work, we employed a pH-responsive
i-motif sequence as the proof-of-concept for surface-confined
molecular devices. The switching ability of i-motif sequence
(from a “floppy” ssDNA conformation in neutral or basic condition to a “DNA-tetraplex” i-motif conformation in acidic condition) can be fully maintained. By using three thiolated ssDNA
as anchoring legs, thiol modifications on three vertices of the
“bottom” face of DNA tetrahedron were designed as anchoring
elements for the immobilization on gold surface (Scheme 1).
The DNA tetrahedral architecture with mechanical rigidity
and structural stability was designed as supporting scaffold
that ensures highly ordered orientation and spatial isolation of
device-component upon gold surface.
We first evaluated the operation of the tetrahedral DNA
nanostructure supported nanodevice in solution phase. A
proton-driven, reconfigurable tetrahedron (P-tetra1) with one
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intensity (Figure 1a). In addition, the fluorescent quantum yield of RG is insensitive
to pH variations (pH 4.0–9.0), thus the use
of RG here ensures that the fluorescence
change depends only on the conformational
change of the DNA tetrahedra.
In a solution with pH 5.0, the i-motif
sequence folded into the compact DNAtetraplex structure (T-state), which brought
the FRET pair into close proximity, thus
resulting in weak fluorescence due to the
efficient fluorescent quenching. In contrast,
the i-motif sequence switched to a stretched
conformation due to the tensile force in the
DNA tetrahedron (R-state) at pH 8.0, which
separated the FRET pair and enhanced the
fluorescence (Figure 1b). We further investigated the pH-dependent fluorescence of
RG in tetrahedron through a pH titration
experiment (Figure 1d,e). We observed an
“S”-shaped titration curve, with the sharpest
transition from pH 6.0 to pH 7.0. The transition point was at pH 6.6, which was similar
to a previously reported value (pKa = 6.3).[1g,7]
Then we challenged this nanodevice by alternative addition of H+ and OH−. Interestingly, we found that the nanodevice exhibited reversible fluorescence changes as the
pH was sequentially cycled between 5.0 and
8.0. The nanodevice is fast-responsive (comScheme 1. a) Scheme for the design of dynamic scaffold for surface-confined nanodevice. The
plete within 1 min after each pH change) and
rigid DNA tetrahedron nanostructure was designed as dynamic scaffold, which functional bio- robust (with negligible amplitude decrease
molecules could be embedded into one edge. The three thiol groups were used as anchoring
over 5 cycles). As a control experiment, we
legs for immobilization of the DNA nanostructure on surface. A dynamic i-motif sequence
designed a DNA tetrahedron (P-tetra2, Figure
which is responsive to proton was employed here. b) Our nanopump does not represent a
S5, Supporting Information) with a random
continuous flow-type pump, instead it mimics a pump that can pump in and out via expansion
and compression. Importantly, this proton-driven nanomachine can reversibly pump water and sequence which has identical length, with
i-motif sequence, while is nonresponsive to
ferricynide in response to pH variation in solution.
proton. We observed negligible fluorescent
change upon pH oscillation (Figure 1c).
edge containing a dynamic i-motif sequence was assembled
Next, we synthesized a tetrahedral DNA nanostructure
by using four ssDNA strands (sequences and combinations
framework supported nanodevice (P-tetra3) by using three
are given in Tables S1 and S2, Supporting Information). In
thoilated ssDNA strands and one nonthoilated strand (see
this tetrahedral architecture, five edges were composed of
Table S1 and S2, Supporting Information). The successful
double helices of 20 base pairs (20 bp) (≈6.8 nm in length),
assembly of P-tetra3 was confirmed by native polyacrylamide
and the reconfigurable edge contains double helices of 10 bp
gel electrophoresis (see Figure S2, Supporting Information).We
(3.4 nm) and the centrally positioned i-motif sequence. Native
then readily immobilized this nanodevice on gold surface via
polyacrylamide gel electrophoresis (see Figure S1, Supporting
the Au S bond (Figure 1f). We monitored the immobilization
Information) and atomic force microscopy results (Figure 1a,
Figure S4, Supporting Information) confirmed the successful
process in real time with a surface-sensitive acoustic method,
assembly of the DNA tetrahedron (yield: ≈86%, the yield of
quartz crystal microbalance (QCM). The immobilization of this
the DNA tetrahedra synthesis spanned from 85 to 90% in
nanodevice at the gold surface showed a fast kinetic behavior,
this work). To test the switching ability of i-motif sequence
which was complete within several minutes (see Figure S3,
embedded in DNA tetrahedron, we labeled a Forster resonance
Supporting Information). Our previous studies indicated that
energy transfer (FRET) pair (a fluorophore of rhodamine green
the tetrahedron with three thiol legs could keep the well-defined
(RG) and a quencher of DABCYL (D)) on either side of the nick
3D nanostructure on surface due to its mechanical rigidity
side (Mach-D1, see Tables S1 and S2, Supporting Informaand structural stability. The rigid scaffold accommodates the
tion). Through this FRET pair, the conformational changes of
embedded dynamic i-motif sequence with well-defined inter
the embedded i-motif sequence, which turned the tetrahedron
device spacing and orderly orientation.
from a relaxed state (R-state) to a taut state (T-state), could be
We next fluorescently monitored the switching of this
observed by the distance-dependent variations of fluorescence
dynamic scaffold on the gold surface. The RG fluorophore was
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Figure 1. a) Illustration and AFM images of operation of the dynamic DNA tetrahedron nanodevice in solution. b) Fluorescence spectra of P-tetra1 at
pH 5 (red) and pH 8 (blue). c) Fluorescence spectra of P-tetra2 at pH 5 (red) and pH 8 (blue) for control experiment. d) pH titration curve of P-tetra1.
e) Repeated switching between R-state and T-state of the DNA tetrahedron. f) Illustration of operation of the DNA tetrahedron based nanodevice on
surface. g) Surface fluorescence spectra of P-tetra3 at pH 5 (red) and pH 8 (blue). Inset: fluorescence images of P-tetra3 at pH 5 (red arrow) and pH
8 (blue arrow). h) Repeated switching between R-state and T-state of the DNA tetrahedron on surface.

labeled on the 5′ end of the left nonthoilated ssDNA, which
was positioned at the upper nick side of the edge (Figure 1f).
Due to the long-range resonance energy transfer and electron
transfer between fluorophore and gold,[8] the fluorescent emis-
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sion of RG fluorophore can be efficiently quenched when RG
was forced to approach the gold surface. Hence we can observe
the switching of the dynamic scaffold on the gold surface by
recording the rhythmically fluorescence change upon the pH
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tetrahedron (edge length of 20 bp). These results successfully
indicated the dynamic nanodevices are highly tunable in size
(Figures S7 and S8, Supporting Information).
QCM is a unique surface-sensitive technique that measures
not only the molecular weight of surface-confined molecules
but the bound and entrapped water[9] (Figure 2a,b). Here,
we employed QCM-D coupled with the “discrete-molecules”
model[10] to monitor the conformational change of surface
confined DNA and DNA nanostructures and evaluate waterassociated property variations. In this method, a parameter of
intrinsic viscosity [η] was used to monitor the conformational
change of DNA nanostructures since it is quantitatively related
to its hydrodynamic volume and shape. With QCM-D measurements, the intrinsic viscosity [η] of surface-attached molecules
could be calculated according to the proportional relationship
with the acoustic ratio (ΔD/Δf, where f denotes frequency and
D denotes energy dissipation). The DNA tetrahedron supported nanodevices (P-tetra3) were initially immobilized on a
gold surface in PBS buffer (pH = 8.0) with expected R-state.
Another PBS buffer (pH = 5.0) was subsequently pumped into
the QCM chamber. We observed a significant decrease in dissipation and a minor increase in frequency (Figure 2b), which
primarily attributed to the transition toward T-state of the DNA
tetrahedron.

COMMUNICATION

oscillation. In the R-state, the RG was lifted up from the gold
surface (an estimated distance of ≈5.5 nm away from the surface), resulting in low quenching efficiency and strong green
fluorescence. In the T-state, the RG was brought down to the
gold surface (an estimated distance of ≈1.6 nm away from the
surface), which quenches fluorescence of RG by the efficient
energy transfer and electron transfer from the dye to the gold.
In the solution with pH 5.0, we observed low fluorescence
intensity (32 at 540 nm). By replacing the buffer with a solution of pH 8.0, we observed an obvious increase of the RG fluorescence (79 at 540 nm) (Figure 1g). These results confirmed
the successful switching of this nanodevice upon the pH oscillation. Furthermore, this nanodevice is highly reversible and
robust. No fluorescent degradation was observed in operational amplitude over several full cycles (Figure 1h). Thus, the
reversible operation of a dynamic nanodevice can therefore be
repeatedly achieved at a solid–liquid interface. Control experiment with P-tetra4 (nonresponsive to proton) showed negligible pH-dependent fluorescence changes, which confirms that
this nanodevice is proton specific due to the incorporation of
i-motif (Figure S6, Supporting Information). Furthermore, we
have designed different sizes of tetrahedral nanostructures
with edge length of 17 and 26 bp (P26-tetra and P17-tetra). We
observed similar functions as our originally demonstrated DNA

Figure 2. a) Scheme of the proton-driven, dynamic water nanopump. b) QCM-D curves that monitor the conformation change of DNA tetrahedron in
real time. The change in both frequency (blue) and energy dissipation (red) indicates the reversible switching of the surface-attached DNA tetrahedron.
c) SPR curves that monitor the immobilization of DNA tetrahedron and the “dry” mass change during state transition in real time. When change the
pH from 8.0 to 5.0 alternatively, the negligible signal change was observed.
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This transition could be reversed by replacing the buffer of
pH 8.0. We can repeat this conformational change for several
times through continuous buffer exchange without any signal
degradation (Figure 2b). Through the calculation of acoustic
ratio for both the R- and T-states, we found the ratio was
0.0697 ± 0.0006 (10−6 Hz−1) for T-state and 0.0794 ± 0.0011 (10−6
Hz−1) for R-state. Thus, according to theory stating that ΔD/Δf
≈ [η], the intrinsic viscosity [η] of DNA tetrahedron (T-state) is
≈13.9% lower than that of R-state, which is comparable to the
intrinsic viscosity change of previously reported DNA nanoswitch (Holliday junction).[10]
Since water molecules can be entrapped in the inner cavity
of DNA tetrahedron due to the hydrophilic nature of DNA,
we estimate that 3.67 × 10−20 g of H2O (1228 H2O) can be
entrapped in the inner cavity of DNA tetrahedron (corresponding to a volume of 36.7 nm3 in the R-state) (Figure 2a).
With the switching property of our dynamic nanodevice, the
volume of the inner cavity should be reduced to 10.7 nm3 in
the T-state, which in turn, can reduce the water molecules that
entrapped in the inner cavity. By calculating the volume change,
we expected that ≈2.6 × 10−20 g of H2O (843 H2O) would be
pumped out during the state transition (from R-state to T-state).
Considering the surface density of tetrahedron (6.1 × 1012 molecule cm−2), the mass decrease of water in this transition process
is 158 ng cm−2 (equal to 8.8 nmol cm−2). Importantly, according
to the Sauerbrey theory[9] and experimental results of QCM-D,
the mass change of water in this process is 149.5 ± 3.4 ng cm−2,
which is consistent with the data from geometric calculation.
To further investigate the origination of the mass change
during the state transition, we monitored the state transition
by using SPR (surface plasmon resonance, Figure 2c), which
measures the “dry mass” (excluding the entrapped water) of

DNA tetrahedron on the surface. When we changed the pH
alternatively, we observed negligible change in the SPR signal,
which indicated no mass change on DNA tetrahedron itself
during the state transition (from R-state to T-state). Therefore,
we concluded that the mass change we obtained through QCM
(which measures the wet mass including the entrapped water)
was originated from the pump-in and pump-out of water. We
calculated the “wet mass” (708 ng cm−2) through the frequency
change of QCM and the “dry mass” (365 ng cm−2) through
the SPR data. The difference between “wet mass” and “dry
mass” is ≈343 ng cm−2, which is comparable to the water mass
(223 ng cm−2, which is estimated from geometric calculation)
that entrapped in DNA tetra (Figure 2b,c).
This reversible conformational change should lead the
pump-in and pump-out of water molecules in this nanodevice. Our nanopump does not represent a continuous flow-type
pump, instead it mimics a pump that can pump in and out via
expansion and compression (Figure 3a). To make the water
movement detectable, we introduced solute molecules, (here,
[Fe(CN)6]3− ions were used to produce electrochemical signal
into the solution) through which we can detect the movement
of [Fe(CN)6]3− ions by electrochemical method. This feature
enabled us to realize the directional movement of [Fe(CN)6]3−
ions from the inner cavity of DNA tetrahedron to external
solution containing [Fe(CN)6]3− ions (Figure 3a). To drive the
[Fe(CN)6]3− ions to move out of the inner cavity of DNA tetrahedron, we first entrapped the [Fe(CN)6]3− ions into the DNA tetrahedron with R-state. We profiled the surface concentration of
[Fe(CN)6]3− ions inside the DNA tetrahedron by electrochemical
method (≈40 ions/tetrahedron, Figure 3b,c). By adjusting the
pH to 5.0, the conformational change from R-state to T-state
pumped the ions out of the DNA tetrahedron (≈20 molecules

Figure 3. a) The scheme demonstrates our nanopump (bottom) mimics a pump that can pump in and out via expansion and compression (top),
which demonstrates that the proton-driven, dynamic nanopump drives the movement of [Fe(CN)6]3− ions from the inner cavity of DNA tetrahedron
to external solution. b) Cyclic voltammetry (CV) curves for DNA tetrahedron with R-state (blue) and T-state (red) containing [Fe(CN)6]3− ions. c) With
different concentration of [Fe(CN)6]3− ions, the nanopump performed well. d) Our nanopump can be employed to reversibly pump in and pump out
of the [Fe(CN)6]3− ions.
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of [Fe(CN)6]3− ions in one DNA tetrahedron were pumped
out). During the state transition process, the concentration
of [Fe(CN)6]3− ions in the external solution is maintained at
a constant value (e.g., 20 × 10−3 M). As demonstrated in solution, our nanodevice on surface is highly reversible and robust
(Figure 3d).
In summary, we have developed a proton-driven DNA nanopump using surface-confined, dynamic 3D DNA nanostructure. This 3D DNA nanostructure-based nanodevice provides
several unprecedented advantages. Firstly, compared to inorganic carbon nanotube-based water pumps, our DNA tetrahedron based pump represents a novel biomolecular nanopump,
which would be less cytotoxic and highly compatible to living
biological systems. Secondly, our dynamic DNA nanodevices are
highly tunable in size and shape based on the precise WatsonCrick base pairing rules. Besides, DNA pumps driven by some
other stimuli (e.g., metal ions, and other small molecules) can
be readily designed by replacing the proton sensitive i-motif
sequence. Thirdly, our dynamic DNA nanodevice is highly
functionalizable, through which a wide range of functional elements (aptamers, antibodies, DNAzymes, and other functional
molecules) can be conjugated on the nanodevice. Last, this 3D
nanostructure can be assembled rapidly and reliably with high
yields, readily immobilized onto surfaces with high stability,
ordered orientation and well-controlled lateral spacing, which
offer a readily available system for surface-confined functional
nanodevices. Water pumps are ubiquitous devices in everyday
life. It is probably even more intriguing to study water pumps
or channels at the nanoscale. Aquaporins are naturally existing
proteins that channel water in and out of cells in an organized
manner.[11] Researchers have also developed artificial water
nanopumps using carbon nanotubes to transport water that
mimic the endogenous aquaporins.[12] However, these inorganic
nanomaterials-based water pumps are often incompatible with
biological systems (cytotoxicity and influence on cell membrane) and lack precise organization abilities that are present
in biomolecules.[12a,13] DNA provides a unique opportunity to
mimic natural aquaporins.
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