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We propose a water pump that actively transports water molecules
through nanochannels. Spatially asymmetric noise fluctuations
imposed on the channel radius cause unidirectional water flow
without osmotic pressure, which can be attributed to hysteresis in
the cyclic transition between the wetting/drying states. We show
that the water transport depends on fluctuations, such as white,
Brownian, and pink noises. Because of the high-frequency compo-
nents in white noise, fast switching of open and closed states
inhibits channel wetting. Conversely, pink and Brownian noises
generate high-pass filtered net flow. Brownian fluctuation leads
to a faster water transport rate, whereas pink noise has a higher
capability to overcome pressure differences in the opposite direc-
tion. A trade-off relationship exists between the resonant frequency
of the fluctuation and the flow amplification. The proposed pump
can be considered as an analogy for the reversed Carnot cycle,
which is the upper limit of the energy conversion efficiency.

Introduction

Membranes that can arbitrarily control the amount of water
transport must be developed for various applications such as
water purification, bio-sensing, and energy harvesting."* In
particular, various membrane-based or channel-based systems
have been used to study water purification and desalination.*”
Aquaporins (AQPs) are membrane proteins that can permeate a
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For the sustainable life in future, water transportation requires flexible
and efficient controls. Various nanopore water transport systems inspired
by aquaporins have been proposed in recent years. Although these
systems are more permeable than aquaporins, it is not yet clear how
they are controlled by external stimuli to generate directional flow
effectively. We propose a new pumping mechanism utilizing the hyster-
esis of wetting and dewetting cycle on nanochannels. Spatially asym-
metric noise fluctuations imposed on the channel radius cause
unidirectional water flow independent of the external environment. We
revealed that the structure fluctuations are a key parameter that affects
water transport through the nanochannel. For water transport, the
channel radius fluctuation should not follow white noise but should
rather follow 1/f* noise. Our results suggest why many biological water
channels exhibit memory-dependent dynamics, e.g., 1/f* noise and
hysteresis, in structural fluctuations. Moreover, the proposed pump is a
nanoscale energy conversion system that corresponds to a reversed
Carnot cycle, which is the upper limit on the energy conversion
efficiency. Therefore, we believe that our water pump system proposed
offers a guide to steering effective device for low-energy artificial
purification systems and for dealing with possible water shortages in
the future.

few water molecules per nanosecond for a single pore and
reject other small molecules.*” Hydrophobic channel linings
with a well-defined structure can achieve water purification
with high permeation efficiency and selectivity in response to
osmotic pressure.** Mimicry of biological channel proteins,
including AQPs and ion channels, has inspired novel imple-
mentations of artificial water channels.”**! Under optimized
experimental conditions, carbon nanotube porins (CNTPs)
embedded in lipid membranes allow the rapid permeation of
water comparable to AQPs.>>** A narrow radius in the sub-
nanometer range of ~0.8 nm strictly rejects ions. Another
method involves cluster-forming peptides in lipid membranes
which form an effective water pathway, resulting in fast and
selective water permeation through water-wire networks."”*°
For water purification, a tradeoff exists between permeability
and selectivity,** i.e., a channel with a narrower radius rejects

This journal is © The Royal Society of Chemistry 2023
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ion permeation but reduces water permeation. Although the
selectivity of artificial water channels has been actively investi-
gated under osmotic gradients, unidirectional water transport
without osmotic pressure or under inverse osmotic pressure
has not been implemented.

Molecular dynamics (MD) simulations are useful for under-
standing water behavior in confined nanoscale systems and
designing nanopores with desired transport properties.>>>* It
has been shown that time-dependent deformation of CNTPs causes
unidirectional water flow without pressure difference,**> ie.,
directional flow can be generated by introducing external energy as
thermal fluctuations. For technical implementations, the wettabil-
ity or pore size within channels can be controlled by time-
dependent external stimuli,*®*** e.g., electric fields,****" light
irradiation,”* electromagnetic fields,** and pH-dependent fields.**
However, how can water permeability be effectively controlled by
external stimuli?

The permeable and impermeable states of hydrophobic ion
channels depend on the wet and dewet states in a channel gate
region, respectively.’>** The transition between wetting and
dewetting depends on the pore radius and works as an energy
barrier to water and ion permeation.*®*” Within a rigid nano-
tube, the transition generates a drift-like motion of water along
the channel axis.>”® AQPs also exhibit gating transition
between permeable and impermeable states,*®*® where the
pore radius exhibits fluctuations on the order of a few ang-
stroms that follow 1/f noise attributed to memory-dependent
dynamics.”® In other words, the conformational fluctuation of
biological channels is strongly related to the amount of trans-
port. Moreover, biological channels, e.g., voltage-gated ion
channels, display hysteresis in the open/closed transition of
gating dynamics.’'** Hysteresis is a memory-dependent, non-
linear behavior observed in various phenomena and incorpo-
rated in electronics, known as Schmitt trigger. The current state
is affected by the past states, which is important for resisting
unwarranted noise. The physiological role of hysteresis has
been discussed as the conformational stability of permeable or
nonpermeable states, leading to effective conduction.>® Thus, we
speculate that water conductivity could be effectively regulated
by a memory-dependent fluctuation of the channel radius. In
other words, a memory-dependent noise-induced transition
between the wet and dewet states could lead to a high transport
ratio and capability to overcome the osmotic pressure.

In this study, we propose a design template of a “water
pump” for extracting the work of directional water transport
from non-directional fluctuation using dissipative particle
dynamics and molecular dynamics simulations. We show that
spatially asymmetric fluctuations, i.e. 1/f* noise, imposed on
the channel radius cause unidirectional water flow without a
pressure or a density gradient. The proposed pump system
achieves nanoscale water transport using a new principle based
on the hysteresis, induced by wettability inside the channel.
The thermodynamics of the system can be explained by the
reversed Carnot cycle with theoretical maximum efficiency,
reminiscent of heat engines and pumps for energy conversion
and transportation.

This journal is © The Royal Society of Chemistry 2023
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Results and discussion
Unidirectional water transport through an active pump

Fig. 1(A) shows an active water pump system. A membrane
comprising two parallel sheets and a nanochannel was placed
between two reservoirs with a periodic boundary condition, i.e.,
no pressure gradient exists in the system. The diameter of the
channel was set to 1.25 nm to allow water molecules to pass in a
single-file manner (Fig. 1(B)). To simulate water transport by
the active pump, the radius R(¢) of the left half of the nano-
channel was fluctuated according to the following equation:

R(t) = Ry + AL(2), 1)

where ¢ is time, R, is the average radius, and A is the noise
amplitude. In the simulations, three types of random or corre-
lated noises &(¢), i.e. white Gaussian noise, 1/f (pink) noise, and
1/f* (Brownian) noise, were employed with the same mean and
variance (Fig. 1(C) and (D)). The white Gaussian noise obeys
(&) = 0 and (E(O)E()) = 60,20(t — t'), where ¢,” and § are the
variance and the delta function, respectively. The 1/f* noises
were generated by the following method.>>** Here, R, and A
were set to 0.62 nm and 0.19, respectively. These values were
the most efficient values for water transportation in this model.
Furthermore, note that we confirmed that the water transport
behavior does not significantly change with these parameters
(Fig. S2, ESIf).

Initially, the pump system was equilibrated without any
radius fluctuations (passive state, see ESI,{ Movie S1) for
1.0 ps, and then, the system was switched to an active (fluctu-
ating) state for 1.8 ps to generate water flow by the active pump.
Spatially asymmetric noise fluctuations imposed on the chan-
nel radius cause unidirectional water flows from the left side to
the right side in the condition of no pressure difference in the
reservoirs. The cumulative number (N,) of water molecules
passing from Xies to Xghe Was counted (Fig. 1(B) and 2(A)).
When the channel radius was fluctuated according to Brownian
or pink noises, a stable water flow was generated by the
nanochannel (Fig. 2(A) and ESLf Movies S2 and S3). We
estimated the transport rate J, which is defined as the number
of water molecules passing through the channel over 1 ns, to
estimate the water transport ability. The pink noise, J, was
approximately 1.0 ns™", which is the same as that of AQPs.>*>"®
Interestingly, / of Brownian noise was approximately three
times higher than that of pink noise. In contrast, the channel
radius fluctuation given by white noise generates little water
flow (ESI, T Movie S4). The energy input as a fluctuation of the
channel radius performs work on the water molecules in or
near the channel, and is converted into their kinetic energy. We
confirmed that the temperature of the water molecules in the
nanochannels is about 3 to 5 times higher than the reservoir
temperature. The bounced water molecules temporarily gain
kinetic energy, which is quickly dissipated because of interac-
tions with surrounding water molecules.

The dependency of the flow of water on different types of
noises is related to the wetting and drying conditions inside the
channel. Note that wetting and drying correspond to filling and
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Fig. 1 Active water pump model. (A) Active pump model. The water reservoirs (green) are separated by a partition (gray) that has a nanochannel (red). (B)
Cross-sectional view through the center of the nanochannel. The radius of the left half of the channel (colored orange) changes its size according to
certain noise. The left-end, right-end, and center positions of the nanochannel are labeled as Xt Xright: aNd Xcenter. respectively. (C) Probability
distributions and (D) power spectral density (PSD) of the radius size of the left half of the channel. The trajectory for 80 ns was used for the PSD. Gray,
pink, and blue symbols represent the data obtained using white Gaussian noise, 1/f (pink) noise, and 1/ (Brownian) noise, respectively.

emptying in the channel with a single-file fashion of water
molecules within the nanochannel. Fig. 2(B) shows the number
density profiles of water molecules inside the nanochannel
during the passive and active states. In the passive state, the
nanochannel is filled with water molecules, and several peaks
exist along the x-direction. This means that water molecules are
trapped in the channel at equal intervals (Fig. 2(C)). Switching to
the active state dramatically changes the density profile. At the
white noise, the density of the left half (x < 0) becomes almost
zero, Le., the channel is dried at the radius fluctuating region
(Fig. 2(C)). Because of the high frequency component of radius
variation, water molecules cannot penetrate the channel. The
densities with pink and Brownian noises are lower in most
regions than those in the passive state; however, the density with
Brownian noise was higher than that with pink noise overall.

Mechanism of unidirectional water transport

The direction of flow is determined by the potential change in
the fluctuating area. When the nanochannel radius is sufficiently
large, the water molecules are almost uniformly distributed in
the channels (Fig. 2(C) and 2(D)), i.e., the potential energy is flat
throughout the channel (Fig. 2(E)). In the contraction process,
the potential energy in the left half of the channel increases as
the channel is narrowed. We consider this phenomenon by
focusing on the chemical potential (the molar Gibbs free energy
G). The Gibbs free energy is defined by G = U — TS + pV. Here, U,
T, S, p, and V denote the internal energy, the temperature, the
entropy, the pressure, and the volume of the nanochannel.
When the channel radius is large, the chemical potentials in
the channel and in the reservoir are equal. As the channel radius

654 | Nanoscale Horiz., 2023, 8, 652-661

decreases, T and p increase and V decreases. Since the time scale
of the channel radius change is comparable to that of the
molecular motion, the radius decreasing change of the channel
is almost adiabatic and the entropy increase should be small.
Therefore, one would expect the influence of U to dominate
compared to the second and third terms in G. In other words, as
the radius decreases, the chemical potential in the channel
increases due to the increase in potential energy, and water
molecules are ejected from the channel.

How then is the direction in which water is discharged from
the channel determined? It is explained by the potential
gradient. The water molecules located near the middle of the
channel (x ~ 0 nm) receive a rightward force because of the
effect of the formation of a potential gradient. Then, the water
molecules in the right half of the channel (Xcenter < X < Xright)
are pushed to the right reservoir along the gradient with a
potential difference. In contrast, it becomes difficult for water
to enter and leave the channel near the left terminal (x ~
—3 nm) because the height of the potential energy increases as
the radius decreases. The potential gradient to the right formed
at the left terminal also leads to flow to the right. Therefore,
clearly, the potential gradient formed at the boundary between
the fluctuating and the non-fluctuating regions leads to uni-
directional flow through the channel.

Frequency dependence of the water flux

To investigate the dependency of the cumulative water flow on
the different types of noises, we analyzed the water flow on each
frequency. An additional set of simulations was performed in
which the channel radius R(f) was changed with a certain

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Water transport through an active pump. (A) Cumulative water transport through a pump driven by noise fluctuations imposed on the channel
radius. (B) Number density profiles of the water molecules for passive (green) and active (gray, pink, and blue) states in the x-direction. Here, Xcenter is set
to zero. Gray, pink, and blue colored lines represent data obtained using white, 1/f (pink), and 1/f% (Brownian) noises, respectively. Each curve is plotted
based on the data averaged over 20 independent simulations. (C) Snapshots of wet and dry states in the channel. (D) Water density distribution p(x) along
the central axis of the channel at equilibrium states. Blue and red colored curves represent p(x) at the wide (R = 0.623 nm) and narrow (R = 0.610 nm) radii
of the channel, respectively. (E) Effective potential curves estimated by the water density distributions in the x-direction, ¢(x) = —kgT In[p(x)/pol where pq is

density in bulk.

frequency o, R(t) = Ry + Asin(wt). Different water transports
with different w values are shown in ESI,T Movie S5, where the
values of A and R, are the same as those in the previous
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Fig. 3 Frequency dependence of water molecule transport as the nano-
channel radius changes according to the sine wave (R = Asin(wt) + Ro). The
left and right perpendicular axes represent the transport rate J in ns~* and
the work rate E in mW, respectively.

This journal is © The Royal Society of Chemistry 2023

simulations with different noises &(¢). Fig. 3 shows the depen-
dence of w on the water transport rate J. When « < 10~" GHz,
almost no water transport occurs, i.e. /| ~ 0. In the larger
frequency region, J gradually increases and reaches a maximum
value (J ~ 19.02 ns™') at @ = 7.0 GHz. After that, J rapidly
decreases and becomes almost zero again at @ > 10" GHz. In
other words, the passage of water molecules can be observed
only in a certain range of frequencies (10~' < w < 10 GHz). To
demonstrate the validity of the coarse-grained MD simulations,
all-atom MD simulations of similar systems were performed, as
shown in Fig. S3A (ESIt). A similar dependence of the water
transport rate on the frequency with a single peak was observed
in the all-atom MD simulations (Fig. S3B, ESIt).

Hysteresis in water transport by active pump

Next, we monitored the changes in Ny, during the oscillation of
the channel radius. Here, Nj, represents the number of water
molecules located in the left half of the channel. Fig. 4(A) shows

Nanoscale Horiz., 2023, 8, 652-661 | 655
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Fig. 4 Analysis of the wetting/drying dynamics in the active pump. (A)
Hysteresis curves when the channel radius is controlled according to a sine
wave. The perpendicular and horizontal axes represent the number of
water molecules, N, located in the left half of the channel and the channel
radius, R, respectively. The black dashed curve denotes N, in the equili-
brium state at R. (B) The relaxation curves of water molecules inside
the nanochannel after instantaneous expansion (wetting) or contraction
(drying) of the channel radius.

the relationship between N and R for some representative
o values. The lower and upper arcs of the ellipse correspond
to the expansion and contraction processes, respectively. The
black dashed curve in Fig. 4(A) represents Ny, in the equilibrium
state at R, which is called the “static state.” In the static state,
for R < 0.6 nm, no water can exist in the channel because the
channel width is narrower than the size of the water molecules
themselves. When R exceeds 0.58 nm, water begins to enter the
channel.

The N;-R curves exhibit a rate-dependent hysteresis on .
When the frequency is very low (o = 7 x 10~% GHz), a state
called the “quasi-static state,” the change in Ny, agrees well with
the static state. The water molecules begin to penetrate the
channel at the radius of R ~ 0.6 nm in the expansion process.
After that, Ny rapidly increases with increasing R, and the
nanochannel is filled with ~ 10 water molecules at the widest
radius (R ~ 0.7 nm). Then, it switches to a contraction process
in which R gradually decreases. The water molecules are
completely excreted from the channel through almost the same
path as the expansion process in the hysteresis curve. At w =
7 x 10~" GHz, the change in Ny, significantly deviates from the
static and quasi-static states. When R is small, a few water
molecules are not discharged from the channel and remain

656 | Nanoscale Horiz., 2023, 8, 652-661
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Table 1 Data list of half period Ppys = m/w, ratio of the relaxation time 7 to
Pnair, @nd transport rate J for typical frequencies o

o [GHz] Phai [0S] Phaif/Tary1 Phatt/Twet Phatt/Tary2 J [ns™'] State

7 x 107° 449 3636 1288 181 0.09  Quasi-static
7 x 107" 4.49 36.4 12.9 1.81 7.06  Pump
7 x 10° 0.449  3.64 1.29 0.181 19.02 Pump
7 x 10" 0.0449  0.364 0.129  0.0181  0.00  Closed

inside the channel. Furthermore, a large hysteresis effect is
observed when the expansion and contraction processes take
completely different paths. As w increases to 7.0 GHz, Ny, tends
to decrease overall. Thus, a flat shape is drawn in the N;-R
plane. Furthermore, hysteresis also appears in all regions of R.
We call these two driving states the “pump state”. As w
increases further (w = 7 x 10" GHz), no water molecules enter
the channel; this state is called the ‘“closed state’.

Origin of hysteresis and relaxation times of the wetting/drying
states inside the channel

A clear hysteresis was observed during radial expansion and
contraction in a certain frequency range (pump state). The
hysteresis originates from the relationship between the period
of expansion and contraction of the pump and the relaxation
time of the wetting/drying states inside the channel. To esti-
mate the relaxation time using this model, we monitored the
temporal change in the number of water molecules Ny, in the
left half of the channel when R was instantly changed from
the equilibrated wet (R = 0.69 nm) or dry (R = 0.57 nm) states to
another state (Fig. S4, ESIt). During the drying process, N
rapidly decreased by 0.2 ns and then started slowly decreasing,
reaching almost zero at approximately 10 ns. This may corre-
spond to two modes: one is extrusion by the nanochannel wall,
and the other is escape by its own thermal diffusion. In the
wetting process, water molecules rapidly fill the channel, and the
steady state is reached in approximately 1.0 ns. The number of
water molecules in the steady state is defined as N¢. To calculate
the relaxation times of the wetting and drying processes, the
time variation in f (¢) is shown in Fig. 4(B). Here, f (¢) is given by
N (¢)/Ny(t) in the drying process and [N¢ — Ny(8)]/[Nc — Ny(to)] in
the wetting process. The wetting and drying data are fitted to a
single exponential curve, f (t) = A’ exp(—t/Twet), and double expo-
nential curve, f(f) = A”exp(—t/tay1) + (1 — A”")exp(—t/taryn),
respectively. Thus, Twet, Tay1, and gy, are 0.348, 0.123, and
2.482 ns, respectively. Here, 14y, and tqy, correspond to the
relaxation time forced out by tube contraction and the relaxation
time spontaneously released by thermal diffusion, respectively.
In this pump system, the water molecules are expelled at a faster
rate than the rate with which they fill the channel (tgry1 < Twet)-
In the drying process, water molecules are pushed out by the
pressure ( pyan) of the wall due to radial contraction, whereas in
the wetting process, the reservoir is filled by the pressure (p,) of
the bulk water.

The upper and lower limits of the frequency for the hyster-
esis are determined by the relaxation times, Tyet, Tdary1, and Tqrye.
Table 1 shows half periods (Pha¢ = m/w), ratios of the relaxation

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Capability to overcome the pressure difference. (A) Snapshots
of a separated active pump system. (B) Time series of the density differ-
ence (p /pr) produced by active pumps with different noises. Here, p_ and
pr represent the number densities of the left and right reservoirs, respec-
tively. Each curve is plotted based on the averaged data over 10 indepen-
dent simulations.

time to P, transport rates J, and the corresponding pump
states for the typical frequencies. We focus on the half-period
here because half of a cycle is a contraction process and the
other half is an expansion process. The slowest relaxation time
among the three relaxation times is 74y, which is the char-
acteristic time required for water molecules to be ejected from
the channel by thermal diffusion. In the quasi-static state, the
period of the radial change is approximately 180 times slower
than 7q4.,. In other words, water molecules are spontaneously
discharged into the reservoir by diffusion without being pushed
out by the channel wall. Therefore, almost no directionality
exists in the outflow of water molecules, and J is extremely low
(~0.09 ns’l). The fastest relaxation time, in contrast, iS Tqry1,
which is the characteristic time of being pushed out of the
channel by the wall surface. In the closed state, the period of
radial change Pp,¢ is less than half of 74y,; in addition, Ppaie/Twet
is only approximately 0.129. Before water can enter the channel
through expansion, the channel closes by switching to the
contraction process. Thus, once water is drained out, it cannot
enter the channel again, and J becomes zero. In the pump state,
where hysteresis is evident, the period of the change in R is in
the appropriate balance between tye: and Tgryi, and tgy,. In
other words, water molecules supplied from the reservoir
during the expansion process can be reliably pushed in one
direction during the contraction process. Moreover, the rate of
non-directional water movement due to thermal diffusion is
small. The value of J at w = 7 GHz is larger than that at w =
70 GHz because of Pygie/tary.. Thus, continuous work is
achieved in the pump state.

This journal is © The Royal Society of Chemistry 2023
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The proposed pump system is capable of stable water
transport in the frequency range of approximately 1 to
10 GHz. Zhou and Zhu*' performed MD simulations with a
single atom of CNTs oscillating with sinusoidal waves, and
showed that the kinetic energy of water molecules is strongly
excited in the frequency range of 10°-10* GHz. The difference
in frequency order is due to the fact that they focus on the
modes of hydrogen bond breaking and recombination, while
we exploit the hysteresis related to drying and wetting of water
molecules. Therefore, our system can achieve water transport in
a lower frequency range.

Capability to overcome pressure difference

Finally, we performed simulations to investigate whether this
pump system overcomes the pressure difference and can trans-
port water. First, a separated pump system was prepared in
which the reservoirs on either side of the nanochannel were
unconnected and equilibrated (Fig. 5(A)). Then, after inducing
R fluctuating to the channel, the density change of each
reservoir (pr/pr) was monitored (Fig. 5(B)).

As expected, when R fluctuation follows white Gaussian
noise, py/pr remains 1.0 because the water molecules do not
pass through the nanochannel. In contrast, for pink and
Brownian noises, p/pr increases with time against the pressure
gradient and reaches a steady state with a certain density
difference. The transport rate of the Brownian noise pump is
higher than that of the pink noise pump; however, it is
balanced at a steady state, p;/pr ~ 1.18, after ¢ = 2 ps. The
pink noise pump has a higher capability to overcome the
pressure gradient, and a density difference of approximately
1.53 times is achieved in about 10 pus.

Why is it possible to achieve a higher density difference in
pink noise, even though the transport rate is slower than that in
Brownian noise? This can be explained by the frequency
components in the pink noise. As shown in the previous
section, this pump system has a characteristic relaxation time.
Water transport efficiently occurs when the frequency range of
the channel radius is from 7 x 10™' to 10* GHz, as shown in
Fig. 3. As shown in Fig. 1(D), the spectral density of pink noise
is higher than that of Brownian noise under most frequencies.
Hence, water molecules entering from the reservoir are
returned to the original reservoir by the slow radial change in
Brownian noise, whereas pink noise can efficiently send them
to the channel side. The thermal fluctuation of water channels
such as AQPs follows 1/f noise.’® Our results help explain the
inevitability of 1/f fluctuations in biological water channels.

Similarity of the reverse Carnot cycle and energy efficiency

Additionally, the hysteresis curves (Fig. S5, ESI{) represent
thermodynamic cycles, indicating that the water pump can be
regarded as a nanoscale heat pump. The processes of the water
pump with constant frequency roughly correspond to the
following four processes of the reversed Carnot cycle; (a)
adiabatic compression: contract without outflow, (b) isother-
mal compression: contract with outflow, (c) adiabatic expan-
sion: expand without inflow, and (d) isothermal expansion:
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expand with inflow, as shown in Fig. S1 (a detailed description
is written in the ESIt). The temperature in the water pump
increases or decreases because of adiabatic processes caused by
the radius change of the channel, which indices ejection or
penetration of water molecules, respectively. The flow of water
molecules induced by this process corresponds to the heat flow
in a heat pump, and the water pump can behave as the
nanoscale heat pump that transforms the work of radius
change into molecule flow. Note that the Carnot cycle is an
ideal quasi-static process and requires an infinite amount of
time to execute. Therefore, the pump system proposed in this
study corresponds exactly to an approximate Carnot cycle.

Using this hysteresis curve, we estimated the work rate (E)
for each frequency. To estimate these as work dimensions, we
converted Ni, and R to p and V, respectively (Fig. S5, ESIt). In
this study, p was defined as Ny, multiplied by the force in the
x-direction that a water molecule in the channel receives from
the wall when a stable water flow is generated, and then,
divided by the cross-sectional area of the channel. The volume
of the left half of the channel was defined as V. E was estimated
based on the area inside the p-V hysteresis curve integrated and
multiplied by w. The right axis of Fig. 3 shows the frequency
dependence of E. A clear correlation between J and E was
observed. As mentioned earlier, the channel radius expands
and contracts in the characteristic time between tyec and 74y in
this frequency region, and water flow is generated by forcing
the water out through the contraction process. This workload
was shown to agree well with the water transport rate.

Finally, we estimated the energy conversion efficiency () of
the system by defining the input and output energies as the
work that pushes water molecules because of the radial change
and the area of the pressure-volume phase diagram (Fig. S5,
ESIY), respectively. As a result,  was 0.0015 at the frequency
with the highest transport rate (w = 7 GHz). In contrast, the
theoretical thermal efficiency (1), assuming the Carnot cycle
was calculated from the temperature difference in the reservoir,
and 7y, was 0.0024. Note that the reservoir temperatures
were calculated from simulations at a steady state. Thus, the
proposed system was found to have a theoretical thermal
efficiency of approximately 64%.

Future works

In this study, the interaction parameters between water molecules
and nanochannels were adopted based on previous studies.>”
The water density distribution at the equilibrium state (as shown
in Fig. 2(D)) depends on these values, thereby changing the
surface energy barrier between the reservoir and the nanochannel.
Arya et al.> applied molecular modelling techniques to zeolite
systems and showed that the transport flux through nanopores is
affected by these barriers. The effective potential curve (Fig. 2(E))
for the whole system is shown in Fig. S6 (ESI}). According to the
results, the height of the energy barrier was about 3.78 kJ mol "
and 6.84 k] mol " in the wet and dry states, respectively.
The active length was also based on previous studies.
The active length represents the fraction of the nanochannel
length that imposes fluctuations, therefore L,ctive = 50% in this
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simulation, as shown in Fig. 1(B). Fig. S7 (ESIt) shows the
results of the L,.ve dependence on J for each fluctuation (white,
pink, and Brownian). As expected, for white noise L,cve had no
effect on J, so J remained zero. For both pink and brown noise,
J increased with increasing Lacive When Lycive > 50%. This is
because many water molecules enter the channel during the
expansion process and are pushed out all at once during the
contraction process. However, the increase in L,cye Causes an
increase in input energy, which may reduce the transport
energy efficiency. On the other hand, the behaviour when L,tive
is less than 30% is interesting. In the case of pink noise, J
remains above 1.0 ns~* even when Ly.yve is around 10%, almost
the same as when L. = 50%, while in Brownian noise, J
decreases rapidly and is lower than J in the pink noise. This
result suggests that structural fluctuations due to 1/f can
provide stable water transport even with small Lactie, €., small
input energy, which may also explain the nature of biological
water channels. Thus, optimising the interaction parameter
and the active length may further increase the transport rate
and enable efficient water transport.

In addition, we have modelled the AQPs and determined the
size of the diameter D so that the water molecules are arranged
in a row inside the channel. In order to transport a large
amount of water, it is possible to increase the size of D in
addition to preparing multiple nanochannels. As shown in Fig.
S8 (ESIT), when D was prepared in the range of 1.29 to 2.58 nm,
the water molecules in the nanochannels were packed in a
helical or cylindrical shape depending on the size of D. Simula-
tions of water transport by radial fluctuations using these
nanochannels showed unique behaviour, such as water trans-
port in the opposite direction in some cases. This may be due to
the effects of water clustering and interlayer slip caused by the
water forming a layered structure. A more detailed analysis will
be investigated in future work.

Conclusion

In summary, we have provided in silico evidence for an active
water transport pump driven by noise fluctuations in pore
radius. Our proposed pump is independent of the external
environment and can transport water while overcoming the
density and pressure gradients. The proposed pump is a
nanoscale energy conversion system that corresponds to a
reversed Carnot cycle, which utilizes hysteresis in the expan-
sion and contraction processes to transport water.

A hysteresis property has already been used in practical
applications as an energy conversion device. For example, a
Schmitt-trigger oscillator is a device that converts electrical
energy into vibrational energy. The Schmitt trigger is an elec-
tronic circuit characterized by hysteresis in the output state in
response to changes in the input voltage. By setting two thresh-
olds for the input voltage, the output voltage can be switched
with the delay time with a change in the input voltage. In our
proposed pump system, the input and output voltages corre-
spond to the change in the radius of the nanochannel and the

This journal is © The Royal Society of Chemistry 2023
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number of water molecules in the channel, respectively.
Because the filling and ejection of water molecules in the
channel are not synchronous with the change in the channel
radius, hysteresis (delay time) exists between the expansion and
contraction processes.

This energy conversion system through nanotubes, similar
to a reversed Carnot cycle, is driven by a radius change of only
0.2 nm, as shown in Fig. 4(A). The size of this change was
sufficiently large to be achieved by thermal fluctuations, and
actual water channels such as AQPs can control the amount
of water that could permeate according to this mechanism.
Moreover, we revealed that the structure fluctuations are a key
parameter that affects water transport through the nanochan-
nel. For water transport, the channel radius fluctuation should
not follow white noise but should rather follow 1/f* noise. This
is because certain frequencies that cause drying and wetting
inside the channel are mostly contained in the 1/f* fluctua-
tions. This may explain why many biological channels exhibit
memory-dependent dynamics, e.g., 1/f* noise and hysteresis, in
structural fluctuations.

Our work proposes a new pumping mechanism that exploits
the hysteresis of the wetting and dewetting cycle. With current
technology, it may be difficult to experimentally construct a
pump system with the mechanism we propose. On the other
hand, de novo protein designs have been actively proposed
recently.®®* To the best of our knowledge, the design of
proteins focusing on fluctuations has not yet been reported, but
if, for example, photoswitching molecules can be grafted inside
nanochannels or transmembrane proteins with gate structures
exhibiting specific fluctuations can be designed from the amino
acid sequence, water transport by the proposed mechanism will
eventually be possible. Another technical implementation is to
control channel wettability and pore size with time-dependent
external stimuli.*®*° Combined with these studies, we believe that
the water pumping system proposed here could be an effective
device for low-energy artificial purification systems and for deal-
ing with possible water shortages in the future.

Methods

Coarse-grained molecular simulation

In this study, dissipative particle dynamics (DPD) simulation®***

was adopted to reproduce the water transportation of active
pumps at the molecular level. The DPD method is a coarse-
grained molecular simulation method, which has proven to be
a powerful tool for investigating fluid events occurring on a
wide range of spatio-temporal scales compared to all-atom
simulations such as a molecular dynamics (MD) method. The
coarse-grained molecular simulation method is suitable for this
study because it requires more than 500 simulations on the
order of us to extract the essence of the nonequilibrium
phenomenon of water transport through nanochannels.
However, for some systems, the validity of the present calcula-
tions was confirmed by all-atom molecular dynamics simula-
tions (Fig. S3, ESIY}).

This journal is © The Royal Society of Chemistry 2023
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Table 2 Interaction parameters of pair particles a; (kgT/rc unit)
Channel Partition Water
Channel 0 0 100
Partition 0 0 50
Water 100 50 25

The DPD method is based on Newton’s equation of motion,
which is expressed as follows:

dv;
mig =h= 3 F DAY E @

J#i J#i J#i

where i and j are the particle index, m is the particle mass, v is
velocity, and f is force. Each DPD particle is subject to three types
of forces (conservative (FC), dissipative (F), and random (F°)).
Details of the force formula have been given elsewhere.**%

The results of DPD simulations are commonly reported in
reduced units. The DPD unit of length is the cutoff distance (r.),
the unit of mass is the particle mass (m), and the unit of energy
is (kgT). In this study, we adopted the method developed by
Groot and Rabone® for scaling the length and time units since
the system is dominated by water behavior.

Based on our previous study,** the active water pump system
comprises a nanochannel (6.46 nm < x < 12.92 nm), a water
reservoir (x < 6.46 nm or x > 12.92 nm), and partition walls (x
~ 6.46 and 12.92 nm) between the nanochannel and the
reservoir. The length and diameter of the nanochannel were
set to 6.46 nm and 1.25 nm, respectively. A water molecule is
represented by a single DPD particle, about 3 molecules, which
is commonly used in this technique. The size of this radius was
optimized to fill a single row with coarse-grained water mole-
cules, referring to a previous study.>* Table 2 shows the interac-
tions between any two particles. These interaction parameters
are set based on our previous motor protein systems.’”>® The
total number of particles in this model is 14105, and the
number of water and nanochannel beads is 9,083 and 1,476,
respectively; the remaining particles are partitions. The volume
of the simulation box is 19.39 x 6.46 x 9.69 nm”>.

By connecting the nanochannel and wall particles to their
initial positions using a harmonic spring, the thermal fluctua-
tion of the solid can be reproduced. The spring constant is set
to 10" kgT/r.>.>* The noise parameter o is set as 3.0, and the
friction parameter y as 4.5. The periodic boundary condition is
applied in all three dimensions. All simulations are performed
in the constant-volume and constant-temperature ensemble.
To investigate the effect of artificial water transport through the
DPD thermostat, a simulation was performed using only con-
servative forces to calculate the interaction with velocity scaling
in a reservoir far enough away from the nanochannel. Without
velocity scaling, the temperature of the system would continue
to rise due to the energy of the thermal fluctuations in the
nanochannel. We also controlled the momentum to zero in
the direction of flow in reservoirs far enough away from the
channels. The results confirm that the water transport beha-
viour for each noise is qualitatively consistent with the results
presented in this paper.
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All-atom MD simulations

We also performed MD simulations to study the behaviors of
water molecules in the nanoscale active pump whose radius of the
left half is changed with a certain frequency, R(f) = R, + A sin(wt).
The settings of the MD simulation were almost the same as those
in our previous study*® in which the system contains water
molecules, two graphite plates, and a carbon nanotube (CNT) in
a periodic boundary simulation box with size of 8.64 x 5.41 X
5.12 nm®, as shown in Fig. S3A (ESIT). The two parallel graphite
plates were placed to separate the nanochannel region from the
water reservoir region as well as the DPD system. The chirality and
diameter of the CNT are (6,6) and 0.81 nm, respectively.®® In the
nanochannel region, the CNT is located between the graphite
plates. Each plate has a hole at the place where the CNT is in
contact so that the water molecules in the reservoir can flow into
the CNT. The direction of the CNT is parallel to the x-axis, and the
length of the CNT is 4.0 nm. The x-direction size of the reservoir is
4.64 nm, and the y and z sizes are the same as those of the
simulation box. The reservoir is separately located on the left and
right sides of the simulation box; however, they are connected
through a periodic boundary condition. The LJ parameters ¢ =
0.34 nm and ¢ = 0.2328 k] mol ' are used for graphite carbon
atoms.®” During the simulation, the carbon atoms are fixed.

A rigid-body model of water, the SPC/E model,*® is employed
for water molecules. The potential function of the SPC/E model
includes two terms - a Coulomb term and a Lennard-Jones (L)
term. The longrange charge-charge interactions between the
water molecules can be calculated using the particle-mesh Ewald
(PME) method.* The cut-off length of the Ewald real part and L]
interactions is 1.2 nm. Rotational motion of water molecules is
calculated using the symplectic quaternion integrator.”® The MD
time step is set at 2 fs, and the total sampling simulation time is
10 ns. An MD simulation program previously developed by our
group”* was employed to perform all simulations.

Water molecules were set using a simple cubic lattice in
the reservoir region. The total number of water molecules
was 4284. The system was equilibrated for another 1.0 ns at
T = 298 K. These equilibration runs were performed in a
constant-volume and constant-energy (NVE) ensemble. The
sampling runs for 10 ns to estimate water flow were performed
in a constant-volume and constant-temperature (NVT) ensem-
ble with the Nosé-Poincaé method.”” The averaged water
density in the reservoir was 1.06 g cm > in the sampling runs.
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