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Peptide-MOF motors, whose motions are driven by anisotropic surface gradients created via
peptide self-assembly around nanopores of MOFs, can rotate microscopic rotors and magnet fast
enough to generate electric power of 0.1 pW. To make the peptide-MOF generator recyclable, a
new MOF is applied as a host motor engine, which has a more rigid framework with higher H,O
affinity so that peptide release occurs more efficiently via guest exchange without the destruction
of MOF.
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Recently, developments of various miniaturized hybrid materials that can be self-powered
their motion have been extensively investigated because of their potential applications for
building blocks of devices such as motors, sensors, delivery carriers, pumps and valves of
microfluidic-lab-on-a-chip, environmental remediation, DNA hybridization, and cancer cell
separation.lt] While various micromotors have been developed whose motion was driven by
external forces such as magnetic, electrical, or optical fields, here our interest is to develop
self-powered micromotors mimicking mass transportation processes in nature.[1k: 2]
Artificial biological motors usually requires patterning tracks on surfaces to regulate the
motion of motors, and these systems were succeeded in loading and releasing targets at
desired locations.[12 3] Here we are more interested in generating electric power by rotating
motor motion, and it will be advantageous to develop aggressive swimmers on liquid-air
interfaces in the constant circular trail without external guide of the motion trajectory. One
of the most well established motors for such purpose is chemically-driven micromotors.
These chemical motors are mainly powered by surface tension gradients generated via the
creation of two different domains around swimmers so that the motion is directed toward
high surface tension side, as known as Marangoni effect.[€] This asymmetric domain
distribution is usually created by catalytic chemical reactions!l or displacement of
molecules on host swimmers.[1€] For example, for the catalytic motor system, the generation
of hydrogen peroxide via catalytic hydrolysis on platinum (Pt) surfaces form the oxygen
surface gradient on the side of Pt components of bimetallic nanorod-motors, and this
concept was also applied to rotate micro-gears and electromotive force generation.>l The
other example for the generation of surface tension gradient at the interface is to emit guest
molecules from host swimmers so that resulting surface tension gradient has enough driving
force to move macroscopic plastic boats.[*! 8] The catalytic system using nanoparticles is
advantageous to scale down the size of motor while the surface tension-powered motor
using porous host frameworks is useful to scale up the performance. The study to generate
and control these motions is a great interest of fundamental interfacial dynamics, however to
apply them to fulfill specific tasks such as generation of electric potentials, more efficient
speeds and forces are necessary to generate meaningful energy by the movement.[’]

Recently, diphenylalanine peptides (DPAS) incorporated in pores of metal-organic
frameworks (MOFs) could be demonstrated to power the motion of MOFs as peptides were
released from MOFs and assembled at the edge of MOFs.[1] The robust self-assembly of
emitted peptides at the water-MOF interface fuels the motion because reorganization of
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hydrophobic peptides could create the large surface tension gradient around the MOF and it
efficiently powers the translation motion of MOFs. The velocity of normalized by volume
for the DPA-MOF motor is faster and the kinetic energy per the unit mass of fuel is more
than twice as large as the one for previous gel motor systems, and the improved force and
velocity of these DPA-MOF motors could drive macro-sized plastic boats on water. Thus,
the DPA-MOF motor system is an appropriate building block to examine the potential of
application in electric generators where rotors can be self-powered for the rotational
motion.[6a]

The design of peptide-MOF motor is shown in Figure 1-(a). MOF is selected for the peptide
storage because of its function to assemble small molecules in highly ordered pore array of
coordination framework and to release guest molecules in more isotropic direction.[®] In this
work, the pore of MOF is designed to have high affinity to water molecules at open
coordination sites on Cu'' node and high structural stability[®] so that the release of
hydrophobic peptides is triggered by the exchange with water molecules without destructing
the framework. The robust self-assembling nature of peptidel2l is also appropriate as a
guest molecule to power the MOF motor because the released peptides from the MOF are
re-self-assembled at the MOF-water interface in the highly-ordered structure, expected to
generate the large surface tension gradient favoring strong Marangoni effect.[!€] In a
previous work, release of DPA peptides was triggered by partial destruction of the MOF,
[CusLoted],, where L is 1,4-benzenedicarboxylate with the pore size of 0.75 nm
(CuJAST-1), by ethylenediaminetetraacetic acid (EDTA), which extracts copper ions from
the surface of MOFs, and strong motor motion of MOF toward the higher surface tension
side was observed.[*!] Practically, it is desirable to make peptide-MOF motors to be
recyclable for practical aspects, however the recycling of the MOF by refilling DPA
peptides is not possible with CuJAST-1 because the MOF is destructed when the motion
ends. To make peptide-MOF motors recyclable, MOFs need to release DPA peptides
without destructing the framework with EDTA (i.e., MOFs with the higher structural
stability in water). In this work, to make the powering system more dynamic, simple and
robust, we applied HKUST-1 (Cug(BTC), (BTC = 1,3,5-benzene tricarboxylate) as a host
MOF swimmer.[!1] Because the framework of HKUST-1 is more stable in aqueous solution
and the pore has higher affinity to water molecules as compared to CuJAST1, DPA peptides
are pumped off from the inside of HKUST-1 without the destruction of framework
immediately after MOFs are launched onto water surfaces. Self-assembled DPAs drop
surface tension on one side of MOF and fuels the swimming motion via the asymmetric
gradient. As shown in Movie #1 in Supplementary Information, the peptide-HKUST motor
system can generate motion without mixing EDTA, consistent with our hypothesis that
water exchange in pores drives the release of DPAs from the framework. Detailed
procedures of hydrophobic DPAs in HKUST-1, confirmation of DPA incorporation in
HKUST-1, and electric potential induction interfaces are explained in the experimental
section.

For the device fabrication of electric generator, this peptide-MOF motor is incorporated in a
plastic rotor (10 x 5 mm) as shown in Figure 1-(b). In this picture, a red circular plate is a
magnet, and a square in the middle of a black circle hold the stem of stator. The rotor is
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integrated with a magnet and the electric potential is induced as the magnet passes under a
solenoid coil (Figure 1-(c)). Since voltage is proportional to a change of magnetic flux per
time by Lenz’s law, the induced voltage should consist of a pair of negative and positive
peaks; the negative peak is generated when the magnet enters the coil area and the positive
peak is induced as the magnet leaves the area. Because the intensity of peak is proportional
to the velocity of rotor, in order to make the motion of rotor most effective, the friction with
the water interface is minimized. For the reduction of friction, the rotor is fabricated in the
convex shape (see the shape of rotor in red in Figure 1-(c)) so that only the DPA-MOF
motor part contacts with water. When DPA is loaded 10% of the MOF (in weight) and this
peptide-MOF motor is amounted in the rotor, the rotor starts the motion immediately after it
is launched to water surface (see Movie #2 in Supplementary Information). DPAs are
released from a small slit (0.5 mm wide, Figure 1-(b)) on the MOF holder of the rotor in one
direction, resulting in the counterclockwise rotation of the rotor in the movie. The rotation
generates the coil-induced voltage as shown in Figure 2-(a). By comparing Figures 2-(b) and
(c), after 600s the power generation is dropped to 33% but a pair of negative and positive
peaks are still observable, agreeing with the Lenz’s law. In Figure 2-(d), induced voltage and
velocity of rotor are linearly correlated, consistent with the Lenz’s law. In average, this
DPA-MOF motor system generates 0.1 pW per rotation with a 1000 turn coil, and it is in the
range of power that can process wireless signal transmission. For example, ECG
(electrocardiogram) body sensors for monitoring Cardiovascular disease can transmit raw
ECG signal with 1.7 pW power by processors based on the Chaotic Phase Space Differential
(CPSD) algorithm.[12] Flexible and implantable light emitting systems could also be
powered wirelessly in the range of mW.[13] This electric generation can be recycled once the
rotor motion ends and DPA fuels are refilled. As the MOFs complete the motion, these
MOFs are collected to the refill. After drying, these MOFs are mixed with DPAs in HFP
solution and the solvent is extracted by rotary vacuum for the DPA incorporation. This
recycling process is monitored by power generation up to 5 times. As shown in Figure 2-(e)
(and Supplementary Information Fig. S1), up to 5 cycles, electric generation can be repeated
in the same efficiency. X-ray powder diffraction (XRPD) study of the MOF (Fig. S2) shows
that there is no major structural change even after the recycling process, supporting the high
stability of MOF in water.

In conclusion, a newly developed DPA peptide-MOF swimmer with the HKUST-1 as a
MOF motor, which can release the DPA peptides without the destruction of the framework
via water exchange in pores for the creation of high surface tension gradient robustly. Due to
this new DPA releasing scheme, the MOF can be recycled by refilling DPAs after one cycle
of power generation is completed. Because of this improvement, the DPA-HKUST-1
swimming system can self-power the rotation of the macroscopic rotor for the generation of
electric power. A magnet attached on the rotor induces electric potentials as it passes a
solenoid coil integrated in the generator system, and the velocity of rotor is proportional to
the induced voltage. Generation of more electric power can be accomplished by
incorporating larger coils and stronger magnets in the system, however this improvement
needs to be balanced with the weight of rotors and the size of device as miniaturized and
light-weighed power generators become highly important for future smart lab-on-a-chips.
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Experimental Section

Chemicals

DPA and 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was purchased from BACHEM and
Sigma-Aldrich, respectively, and were used without any further purification. The HKUST-1,
named Basolite® C 300, was purchased from Sigma-Aldrich and was used after 20 min
vacuum drying under 120 degrees centigrade to eliminate water molecules.

Incorporation of DPA in HKUST-1

To incorporate DPA (10% in weight) in HKUST-1, 40 mg of DPA in 1 ml of HFP solution
was added to 360 mg of HKUST-1, and the extraction of HFP by a rotary vacuum pump
lead to the production of the DPA-incorporated HKUST-1 (see Figures 1 S3, S4 in
Supplementary Information for supporting DPA-incorporation). The resulting solid DPA-
MOF compound was further dried under vacuum overnight. Because water has higher
affinity with HKUST-1 pores as compared to DPA, DPA is released from the MOF as the
DPA-MOF motor is launched onto water via exchange between DPA and water molecules
in the pores.

Instrumentation

The rotor was fabricated by folding a thin and hard plastic film that had pre-cut in the
origami form of desired shape. The DPA-MOF conjugates were compressed into a thin
pellet with 7.6 mm in diameter, 0.5 mm in thickness, and 23 mg in weight. The pellet, cut
into a 2 x 2 mm? square weighing 2 mg, was used as the motor of rotor. For the
measurement of power generation, pure water with resistivity 18.2 MQ cm was filled in a 50
mm diameter plastic petri dish and a vertical glass stator was aligned with a hole at the edge
of rotor. Immediately after the rotor launched onto water surface, the rotor started the
circular motion, inducing voltages inside a solenoid coil placed about 2 mm above the water
surface. The signal was almost 2500 times amplified by a home-made electric circuit
consisting of an instrumental amplifier, 15.9 Hz low pass filter, and 0.15 Hz high pass filter.
The amplified signals were sent to the data acquisition system, DI-145 (DATAQ
Instruments, Inc.), recorded with the 200/s sampling rate. The velocity of the motor was
determined by dividing the length of circular pathway by the duration time for one
revolution of rotor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

(a) Power generation fueled by DPA peptide-MOF motors with time. (b) Expanded power
generation patterns around 10s of rotation. (c) Expanded power generation patterns around
770s of rotation. (d) Correlation between induced voltage and velocity of rotor powered by
DPA-MOF(HKUST-1) motors. (e) Power generation with recycled DPA peptide-MOF
motors. As one cycle of generation is completed, MOFs are recovered and re-incorporate
DPA peptides in the same way that the peptide is amounted originally after dried. The
electric power can be repeatedly generated up to five cycles without the loss of generation.
The power generation plot superimposes 15t cycle (green) and 5™ cycle (pink) of DPA
peptide-MOF motors to display the recovery after refilling peptides in the MOF. The power
generation of each cycle is measured five times and this plot is averaged.
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