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We report the reversible nanomechanical actuation of a micro-

cantilever driven by the light irradiation-induced conformational

changes of i-motif DNA chains, which are functionalized on the

cantilever’s surface. It is shown that light irradiation-driven

nanomechanical actuation can be manipulated using DNA

hybridization and/or ionic concentrations.

Microcantilevers have recently been receiving significant

attention from the scientific community due to their remarkable

ability to perform specific functions such as sensing and/or

actuations.1 For instance, microcantilevers have not only

enabled highly sensitive detection of various physical quantities

such as surface stress,2 molecular mass,3 and intermolecular

interactions4 but also provide insight into the kinetics of

molecular interactions,5 which sheds light on the cantilever-

based label-free detection techniques.1a,c,6 The fundamental

principle for cantilever-based detection is a direct transduction

of molecular interactions on a cantilever surface into the

surface stress changes that result in the bending deflection

motion of the cantilever.4c Furthermore, this principle has

allowed the development of a cantilever-based actuator whose

motion can be driven by controllable surface stress changes

arising from molecular interactions. For instance, a recent

study7 reported cantilever bending motion through the control

of surface stress changes due to DNA conformational changes

on a cantilever surface. In addition, recent reports8 have

introduced cantilever bending motion using the intermolecular

interactions between polymer molecules. This indicates that

microcantilevers coupled with specific molecules can open a

new avenue for the development of nanomechanical actuators

that can be chemically fueled by molecular conformational

transitions.

As described above, the development of a nanomechanical

actuator driven by chemical fuel can be made possible, provided

the specific molecules that can experience the conformational

change are properly chosen. One of the excellent candidates

for such molecules is the telomeric i-motif DNA sequence,9

which can undergo the conformational transition between two

configurations such as random coil (‘‘R’’) and quadruplex

(‘‘Q’’). Specifically, i-motif DNA is in Q-form under slightly

acidic conditions, which is attributed to the cytosine-rich

domain, otherwise it is in R-form. This has led to the application

of i-motif DNA as a molecular machine acting as a reversible

switch under pH change.7,10 More remarkably, it has been

found that the conformational changes of DNA molecules can

be driven by light irradiation.10c,11 This implies the possibility

to construct the microcantilever actuator that can be fueled by

light irradiation, provided that DNA molecules undergoing

conformational change by light irradiation are functionalized

on a microcantilever. Nevertheless, to the best of our knowledge,

there have been no attempts to develop a microcantilever

actuator that can be driven by light irradiation.

In this communication, we first report the reversible nano-

mechanical actuation system that can be actuated by light-

induced chemical fuel. Specifically, a microcantilever was

functionalized with i-motif DNA molecules that can undergo

the conformational transitions. As suggested in a previous

study,7 the conformational changes of i-motif DNA are the

driving force that results in the actuation of a microcantilever,

while we have utilized the light-driven chemical fuel (instead of

using direct pH change) in order to induce DNA conformational

transitions. In the case of pH-driven cantilever actuation using

injection of solution, there might be noise in cantilever’s

bending motion because of flow-driven motion.12 In particular,

we have introduced the MGCB (malachite green carbinol

base) solution that can experience a pH change due to UV

light irradiation (with a wavelength of B300 nm), which is

attributed to the fact that UV light irradiation changes the

chemical structure of MGCB leading to the increase in the pH

of a solvent.13 Specifically, UV light irradiation dissociates the

hydroxide ion from MGCB into ion pairs so as to increase the

pH of a solution, which causes the conformational change of

i-motif DNA from Q-form to R-form. On the other hand,

upon removal of UV light, the solution becomes slightly acidic

(i.e. decrease in pH) so that i-motif DNA is in the Q-form

reversibly. These reversible conformational transitions of

i-motif DNA driven by UV light on–off switching lead to

the reversible nanomechanical bending motion for a micro-

cantilever. Fig. 1 presents the schematic illustration of the
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principle of reversible nanomechanical bending motion driven

by light-induced DNA fuel.

For development of light-induced actuation, we have

validated the light irradiation-driven chemical oscillations in

the pH change of a solvent using MGCB and UV irradiation.

The MGCB solution initially exhibits the pH of B5.5, while

UV light irradiation (for 15 min) gradually increases the pH

up to B6.4 with respect to exposure time due to the released

hydroxide ions from MGCB (Fig. S2, ESIw). When UV light

irradiation is eliminated, the pH of the solvent rapidly

decreases to B5.5 within 15 min, because the released hydroxide

ions are reversibly conjugated to MGCB cations so as to form

the MGCB. It is shown that repeated UV light on–off switching

leads to the reversible pH change of a MGCB solution between

pH 5.5 and pH 6.4 (Fig. S3a, ESIw). This result indicates that UV

light on–off switching is a useful route to introduce the chemical

oscillation in pH change that can drive DNA conformational

transitions.

Now, for proof-of-concept in the light-driven nanomechanical

actuation, we consider the bending deflection motion of a

microcantilever functionalized with i-motif DNA molecules

immersed in MGCB solution in the presence of UV light

on–off switching. As shown in Fig. 2c, in the absence of target

DNA (i.e. DNA hybridization), UV light irradiation

(with a wavelength of 312 nm) induces cantilever bending

motion due to UV light-driven conformational changes in

i-motif DNA (at 0.2 M NaCl dissolved buffer solution).

Indeed, the reversible, stable actuation of a cantilever (without

complementary DNA) driven by light on–off switching is

confirmed as shown in Fig. S3b (ESIw). The surface stress

change driven byUV light irradiation-inducedDNA conformational

change is 83.03 � 4.22 mN m�1 (ESIw), corresponding to a

bending deflection change of 71.67 � 3.64 nm (n = 2).

The work done by UV light irradiation-driven cantilever

motion is estimated as 3.33 � 10�15 J per cycle (ESIw). Here,

the surface stress change emerges as a result of the conformational

transitions of i-motif DNA, since the conformational transition

plays a critical role in the change of surface effect, thus

affecting the surface stress.4c

Moreover, we have studied the effect of DNA hybridization

on light irradiation-driven cantilever actuation (Fig. 2a and b).

Here, the complementary DNA used in the bioassay is not

perfectly complementary to i-motif DNA but exhibits

mismatching sequences (see ESIw). Because of mismatching

sequences in hybridized DNA, a decrease in pH due to

removal of UV light irradiation results in the conformational

change from hybridized DNA into the Q-form of i-motif

DNA. It is because a slightly acidic solution (i.e. decrease in

pH) energetically favors the Q-form rather than hybridized

DNA, which was well elucidated in a recent experiment.7 It is

interesting to find that DNA hybridization affects cantilever

bending motion driven by UV light irradiation-induced DNA

conformational changes (Fig. 2c). Specifically, the surface

stress change induced by DNA conformational change in the

presence of target DNA is estimated as 54.59 � 5.86 mN m�1

(n = 2), equivalent to a bending deflection change of 47.11 �
5.05 nm. This observation can be elucidated from the fact that

DNA hybridization induces the downward bending deflection

of a microcantilever, as reported in ref. 14, which eventually

decreases the bending deflection change due to DNA

conformational transition. In addition, the effect of DNA

hybridization reduces the work done by a light-induced cantilever

motion into the amount of 1.44� 10�15 J per cycle (Table S1, ESIw).
This indicates that the work done by a light-driven cantilever

motion can be manipulated using complementary DNA

molecules. Furthermore, we have considered cantilever bending

motion driven by removal of UV light irradiation. It is shown

that cantilever bending deflection motion induced by removal of

UV light irradiation is well fitted to a Langmuir kinetic model,5a

which suggests that the bending deflection motion due to

removal of UV light is represented in the form Dz(t) =

Dz0[1 � exp(�kt)], where k is the kinetic rate for DNA

conformational change (ESIw). As shown in Fig. 3c, the kinetic

rate is measured as B10�4 s�1 regardless of DNA hybridization.

This provides that DNA hybridization does not play a significant

role in the kinetics of DNA conformational changes. In summary,

DNA hybridization is an efficient route to control the light-driven

cantilever motion, while it cannot have an effect on the kinetics of

DNA conformational transitions.

Let us take into account other cues that allow the manipulation

of light-driven cantilever bending motion. For instance, since

the ionic strength of a solvent significantly affects intermolecular

interactions,4b,15 which govern the DNA conformational

Fig. 1 Schematic illustration of light-induced nanomechanical actuation.

When UV light is turned on, MGCB can emit OH� resulting in the

increase of pHwhich induces the conformational transition (fromQ toR)

for the DNA motor immobilized on the cantilever surface, and

consequently generates the upward bending deflection of a cantilever.

Inversely, the removal of UV light decreases the pH of a solution,

which leads to the reversible downward bending deflection motion due

to conformational change from random coil to quadruplex.

Fig. 2 Reversible nanomechanical actuation driven by light-induced

DNA fuel. (a) and (b) Schematic illustration to elucidate the effect of

complementary DNA. As shown in figures (a) and (b), the effect of

hybridization on the light-induced cantilever actuation is attributed to

different intermolecular interactions. (c) Bending motion for a canti-

lever due to DNA conformational transitions with/without DNA

hybridization. Here, the complementary DNA with a concentration

of 1 M was used.
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transitions (and DNA hybridization), we have studied the

effect of ionic strength on the light irradiation-driven cantilever

bending motion. Fig. 3c depicts the light-induced cantilever

bending deflection change as a function of monovalent salt

concentration.

It is found that when the solution does not include any

monovalent salt, UV light irradiation does not induce any

bending deflection change for a cantilever. This is consistent

with a recent finding16 that the formation of Q-form for

i-motif DNA is ascribed to monovalent salt ions, i.e. Na+

ions (Fig. 3a and b). It is shown that light-induced cantilever

bending motion at 0.2 MNaCl is estimated as 71.67� 3.64 nm

(n = 2), while the light-driven cantilever motion at 0.5 M

NaCl is evaluated as 107.73 � 4.32 nm corresponding to the

surface stress change of 124.73 � 5.01 mN m�1. As a

consequence, the work done by light-driven cantilever motion

due to DNA conformational change at 0.5 M NaCl is measured

as 7.54 � 10�15 J per cycle that is larger than that at 0.2 M NaCl

(see above). This clearly demonstrates that ionic concentration

plays a role in light irradiation-driven cantilever motion. More-

over, as shown in Fig. 3c, the kinetic rate for DNA conforma-

tional transition from hybridized DNA to i-motif in Q-form

depends on the monovalent salt concentration. With the Langmuir

kinetic model, the kinetic rate for conformational change at

0.2 M NaCl is estimated as B1 � 10�4 s�1, which is less than

that at 0.5 M NaCl (i.e. k=B2 � 10�4 s�1). This implies that

the light irradiation-driven cantilever bending motion can be

controlled using the ionic strength of a buffer solution.

In summary, we have first demonstrated the nanomechanical

actuations using light irradiation-driven DNA fuel. Our study

shows that cantilever bending motion can be reversibly

controlled by light-driven DNA fuel (i.e. combination of a

DNA motor and MGCB solution). It is also found that the

light-driven nanomechanical motion can be manipulated by

controlling the ionic strength of a buffer solution. Our study

implies that a cantilever functionalized with molecular

machines such as DNA motors could be integrated with

conventional NEMS/MEMS devices that typically use the

electric/optical signal. For instance, our cantilever, whose

motion can be driven by light, may serve as an opto-electro-

mechanical system for future development of computing or

data storage systems based on cantilever arrays such as

millipede17 as well as remote controlled micro-valve in micro-

fluidic lab-on-chip.18 In conclusion, our study provides new

insight into the development of nanomechanical actuators that

can be fueled by light irradiation.
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Fig. 3 The effect of ionic strength on the cantilever bending deflec-

tion motion due to the light-driven DNA conformational transition.

(a) and (b) Schematic illustration to demonstrate the effect of mono-

valent ionic strength on the light-driven cantilever actuation. (c) Light-

driven bending motion under different NaCl concentrations. As shown

in figures (a) and (b), the increase of NaCl concentration leads to the

increase in the cantilever bending deflection induced by light-driven

DNA conformational changes. This is ascribed to the principle that

the intermolecular interactions dependent on NaCl concentration have

a significant impact on the light-induced cantilever actuation.
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