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Chemical gates play an important role
in biological systems for substance
transportation across cell membra-

nes and thus maintain energetic equilibra-
tion and regulate metabolic activities.1-5

The gates usually appear as special channels
changing with some regulations. Given a
stimulus signal, the channel will respon-
sively open or close under the instruction
arisen from the regulations. The signal may
come from voltage,5 temperature change,1,2

or a ligand molecule.6 Such a smart switch-
ing process is of great interest to investiga-
tors, because it is very difficult to directly
control the processing detail when the sys-
tem approaches nanoscale.7-13 The switch-
able channels in biological systems offer a
good example for scientists to biomimet-
ically design artificial nanodevices for nano-
fluidic controllable transportation.14-16

Polymers attached by one end to an
interface at relatively high coverage stretch
away from the interface to avoid overlap-
ping, giving rise to a polymer brush.17,18

Currently, it is possible to graft polymers to
not only the external surface of a par-
ticle19,20 but also the internal surface of
the channel atmicro- or nanoscale in experi-
ments.11,21 In the design of switchable chan-
nels, responsive polymer brushes or poly-
electrolyte brushes (PEBs) are usually used,
owing to their interesting collapse/swelling
behavior.22,23 In our previous publications, it
was found that the spherical PEBs will un-
dergo the process of “swellingfcollapsef
reswelling”when the oppositely charged PE
chains or high valent counterions are
added.24,25 If the PEBs are grafted into the
inner surfaceof a channel, a switchable chan-
nel sensitive to oppositely charged ions
can be obtained. In addition, using mixed
brushes tomodify the inner surface of chan-
nels is another approach to generate tun-

able or switchable channels that utilize the
responsive properties of different polymers
to environmental conditions, e.g., pH9,26

and solvent species.27 In these examples,
additives are needed, and it is difficult to
remove them. It is noted that amphiphilic
block copolymer solutions possess phase
separation and self-assembling properties,
in which the position of each polymer atom
in the system will be rearranged.28-31

Furthermore, the phase behavior of block
copolymer solutions is dependent on tem-
perature and other conditions that divide
the phase map into several regions.28-31

Therefore, we can use the temperature-
responsive properties of copolymer to de-
sign the switchable channel.32,33

Motivated by the investigations above,
herein we design a cylindrical switchable
channel based on a temperature-responsive
triblock copolymer brush (see Figure 1a and
b). The brush is grafted on the inner surface
of the cylindrical substrate by finite exten-
sible nonlinear elastic (FENE) bonds,34,35 and
the substrate is constructed by a series of
hydrophilic atoms with diameter 2 σ. The
triblock copolymer is composed of two
hydrophobic blocks and a hydrophilic poly-
electrolyte block (see Figure 1c), which is
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ABSTRACT Owing to the important roles of chemical gates in biological systems, the biomimetic

design of artificial switchable nanodevices has been attracting tremendous interest. Here, we design

a cylindrical thermo-sensitive channel, in which nanofliudic transport properties can be controlled by

manipulating environmental temperature. The switchable channel is formed by a polystyrene-b-

poly(acrylic acid)-b-polystyrene (PS-PAA-PS)-like triblock copolymer brush whose conformation and

phase behavior are dependent on temperature. With the increase of temperature, the designed

channel exhibits “closefopenfclose” behavior, which can serve as a kind of excellent switchable

nanodevice for nanofluidic controllable transportation.
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similar to polystyrene-b-poly(acrylic acid)-b-polystyr-
ene (PS-PAA-PS) or polystyrene-b-poly(2-vinylpyridine)-
b-polystyrene (PS-P2VP-PS) triblock copolymers. The
designed channel can easily serve as the temperature-
responsive nanodevices for nanofluidic controllable
transportation.

RESULTS AND DISCUSSION

To explore the thermosensitivity of the designed
channel, we first investigated the dependence of tri-
block copolymer brush conformation on temperature.
The thickness of the copolymer brush directly deter-
mines the open or closed state of the designed chan-
nel. It can be calculated by

H ¼ 2
R r0
0 (r0 - r)F(r)rdrR r0

0 F(r)rdr
ð1Þ

where r0 is the radius of the cylindrical substrate chan-
nel, and F(r) is the number density profile of copolymer
chains.
The thickness of the brush decreases rapidly when

temperature (kBT/ε) rises from 0.75 to 0.875 and turns
to increase if the temperature continues to rise, as
shown in Figure 2. Interestingly, the thickness exhibits
a minimal value at kBT/ε = 0.875, which illustrates that
the designed channel has the largest pore passage for
nanofluidic transportation at this temperature. The
number density profiles of the copolymer brush in
Figure 3 reveal that most of the segments reside at the
center of the channel and the region near the inner
surface of the substrate at kBT/ε= 0.75. However, as the
temperature increases to kBT/ε = 0.875, all segments
are appressed to the surface of the substrate without
appearing in the center region of r<4.0σ, which results

in the minimal thickness of the copolymer brush. That
is to say, the designed channel is opened, and the size
of the pore passage is larger than 8 σ in this case. As
temperature continues to increase to kBT/ε = 1.25,
the copolymer brush re-extends and distributes in
the whole space of the channel owing to the large
kinetic energy of the brush at the high tempera-
ture.
The number density profiles of each copolymer

component shown in Figure 4a-c further reflect the
microstructure of the brush in detail. The core-shell
structure is formed in the channel at temperature of
kBT/ε = 0.75, because block C has a high density at the
center of the channel, which illustrates that the stable
aggregates are formed by block C. However, the
aggregates are not cylindrical, but several spherical
cores, which can be confirmed by the number density
profile of block C along the channel axis shown in

Figure 1. (a) Schematic diagram of the microchannel grafted by triblock copolymer brush. (b) Cross section of the
microchannel. (c) Molecular model of triblock copolymer, namely, block A, block B, and block C. (d) Nanoparticles being
transported through the microchannel.

Figure 2. Thickness of the triblock copolymer brush in the
channel as a function of temperature. The inset is the
thickness of the copolymer brush where the B block is
replaced by a nonionic hydrophilic polymer.
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Figure 5 and snapshot in Figure 6a. As shown in
Figure 6b, block B distributes between the microdo-
mains of blocks A and C and presents a stretched state.
Therefore, the channel is completely closed, owing to
the formation of the stable cores at kBT/ε = 0.75. As
temperature increases to kBT/ε = 0.875, the copolymer
brushes collapse, together with block C adhered to the
microdomain of block A, yielding an open passage in
the center of the channel (see Figure 6c). This phenom-
enawas also observed in the self-assembly of a triblock
copolymer system in experiments.36 As temperature
continues to increase to kBT/ε = 1.25, the copolymer
brushes gradually restretch under thermodynamic
perturbation, and the designed channel is reclosed,
as shown in the snapshot in Figure 6d.
To examine the stability of the designed channel

in each case, the thickness of the copolymer
brush at different times from the initial quench
of the system is calculated and shown in Figure 7.
The kinetics of the systems at different tempera-
ture reveals that the channel morphologies ob-
served in the simulations are stable, which
implies that the switching state of the channel is
able to be maintained as long as temperature is
unchanged.
In fact, the polyelectrolyte block B plays an impor-

tant role in the switchable behavior of the designed
channel, which can be seen from Figure 2 by compar-
ing the thickness of the copolymer brush in this de-
signed systemwith that of the copolymer brush where
the B block is replaced by a nonionic hydrophilic poly-
mer. Obviously, the brush thickness in the inset of
Figure 2 increases monotonously with temperature,
without showing “closefopenfclose” behavior. As a
result of the long-range repulsion between the char-
ged chains, the polyelectrolytes in the brush show
more stiffness than nonionic hydrophilic polymers
and are able to support blocks C to contact with each
other and to aggregate. This observation can be con-
firmed by the end-to-end distance distribution of chains
in polyelectrolyte brush and nonionic hydrophilic
polymer brush shown in Figure 8, where the two kinds

of polymers contain 10 segments. The average end-to-
end distance of the polyelectrolyte chain is 5.136 σ,
whereas it is 3.784 σ for the nonionic hydrophilic
polymer. The stiffness of polyelectrolyte chain sepa-
rates block C from block A, and contributes to the
formation of stable aggregates of block C at low
temperature in the designed triblock copolymer brush

Figure 3. Number density profiles of brush chains.

Figure 4. Number density profiles of each copolymer
component at different temperatures: (a) kBT/ε = 0.75; (b)
kBT/ε = 0.875; (c) kBT/ε = 1.25.

Figure 5. Number density profiles of block C at different
temperature along the axis of the microchannel.
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system. When temperature increases, the kinetic
energyof copolymer chains also increases,which causes
the disassociation of the aggregates of block C, and the
chains collapse to avoid the loss of more configura-
tional entropy. Consequently, the brushes transfer
from extended state to collapsed state. As mentioned
above, when temperature continuously increases to
kBT/ε= 1.25, the copolymer brushes gradually restretch
under thermodynamic perturbation. Therefore, to
obtain the temperature-dependent “closefopenf
close” property of the designed nanochannel, intro-
ducing the polyelectrolyte block B to the triblock
copolymer brush is necessary.
To verify the thermo-switchable characteristics of

the designed channel, the transport coefficient of
nanoparticles (NPs) through the designed channel is
calculated by the μVT- NEMDmethod,37,38 and it can

be obtained by integral representation of Fick's law:

n ¼ -DS 3Δφ ð2Þ

where n is the rate of transportation represented by the
transported NPs amount per unit time. Δφ is the
difference in volume fraction of NPs between the two
sides of the channel, S is the section area of substrate
channel, and D is the number transport coefficient.
The number transport coefficient of NPs through the

channel is shown in Figure 9. In all cases, the number
transport coefficients as a function of temperature ex-
hibit a maximum, which means that the NPs can be
transported controllably. In the cases of dNP = 3.0σ and
dNP = 4.0σ, the maximum of number transport coeffi-
cient appears at kBT/ε = 0.875, which is the result of the
widest opening of the channel. When the system
temperature deviates from kBT/ε = 0.875, the number
transport coefficient of NPs drops rapidly with the
gradual closing of the channel. In the case of dNP =
2.0σ, the temperature corresponding to the maximum
number transport coefficient is slightly higher than
kBT/ε = 0.875, which may come from the conforma-
tional change of the brush due to the packing and
thermodynamic effect of small-size NPs. When the size
of transported NPs increases, the peak in the curve of
the number transport coefficient becomes sharper.
This illustrates that the designed channel can be easily
manipulated for nanofluidic controllable transportation.
It can also be seen from Figure 9 that the difference of
the number transport coefficients of NPs through the
channel between the open and closed states is more
obvious for larger NPs and smaller volume fraction
of NPs.

CONCLUSIONS

In summary, we have designed a thermo-switchable
channel that is based on amphiphilic triblock copoly-
mer brushes. The open or closed state of the designed
channel can be controlled by manipulating the

Figure 6. Snapshots of the microchannel at different tem-
peratures: (a) core structure formed by block C in the
microchannel at kBT/ε = 0.75; (b) kBT/ε = 0.75; (c) kBT/ε =
0.875; (d) kBT/ε = 1.25. As small ions will not greatly affect
the transportation of NPs, they are not shown in the snap-
shots for clear view.

Figure 7. Thickness change of the copolymer brush with
time.

Figure 8. End-to-end distance distribution of polymer chain
in a polyelectrolyte brush and a nonionic hydrophilic poly-
mer brush at kBT/ε = 0.75.
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temperature of system and can therefore serve as a
nanodevice for nanofluidic controllable transportation.
At temperature of kBT/ε = 0.75, the channel is com-
pletely closed, and few NPs can pass through the
channel. At relatively high temperature of kBT/ε =
1.25, the channel is also closed because of the swollen
copolymer brush under thermodynamic perturbation.
Impressively, at kBT/ε = 0.875, the copolymer brushes

collapse, yielding an open passage in the center of
the designed channel for transportation of NPs. In
short, the switchable channel designed in this work
is a kind of typical temperature-responsive nano-
devices for nanofluidic controllable transportation.
It is expected that the switchable nanodevices con-
trolled by temperature would be fabricated experi-
mentally.

MODELING AND METHODS
The triblock copolymer is composed of two hydrophobic

blocks and a hydrophilic polyelectrolyte block, which are mod-
eled as freely joined beads by FENE bonds

Ubond(rij) ¼ - 0:5kR20 ln 1-
rij
R0

� �2
" #

, r < R0

¥, r g R0

8><
>: ð3Þ

where the force constant k and the maximal extent of bond R0
are set to 30ε/σ2 and 1.5 σ for bonds in copolymer chain or 2.0 σ
for grafting bonds, respectively.

The pairwise interactions between hydrophobic segments
are modeled by a truncated and shifted Lennard-Jones
(LJ) potential with cutoff distance rc = 2.5 σ, which is expressed
as

ULJ (r) ¼
4εij σij=r

� �12 - σij=r
� �6 - σij=rc

� �12 þ σij=rc
� �6h i

, r e rc

0, r > rc

8><
>:

ð4Þ

The interactions between hydrophilic segments, between hy-
drophilic and hydrophobic segments, and between segments

Figure 9. Number transport coefficients of nanoparticles through the designedmicrochannel as a function of temperature for
different cases.
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and substrate atoms aremodeled by a purely repulsiveWeeks-
Chandler-Andersen (WCA) potential, which is equal to the LJ
potential truncated at the minimum and shifted vertically by
εij

39-41

UWCA(r) ¼ 4εij
σij

r

� �12

-
σij

r

� �6
" #

þ εij , r e rc
0

0, r > rc
0

8><
>: ð5Þ

where rc
0 = 21/6. The diameter of segments and small ions is σ,

and the well depth between them is ε. The well depth between
nanoparticles is set to 2.0 ε, and that between segment and
nanoparticle is obtained from the mixing rule εij = (εiεj)

1/2. The
Coulombic interaction is given by

Ucoul(r) ¼ ZiZjλBkBT

rij
ð6Þ

where Zi and Zj are the valence of polyelectrolyte segments or
small ions i and j (Zi, Zj = 1 or -1), and λB = e2/(4πε0εrkBT) is the
Bjerrum length of the solution, e is the elementary charge, ε0 is
the permittivity in vacuum, and εr is the dielectric constant of
the medium.
The solvents are treated implicitly in the Brownian dynamics

simulation, where each segment in the system subjects to the
equation of Langevin at time t:

mi€ri ¼ - γimivi þFC
i (r(t))þFR

i (t) ð7Þ

wheremi and γi are themass and friction coefficient of segment
i, and ri, yi, and Fi

C are the position, velocity, and conservative
vectors, respectively. In this work, γi is set to 1.0 τ

-1. The random
force vector, Fi

R, is assumed to be Gaussian with zero mean and
satisfies the fluctuation dissipation theorem, and thus meets

ÆFR
i (t)æ ¼ 0 ð8Þ

ÆFR
i (t)F

R
j (t

0)æ ¼ 6miγkBTδijδ(t- t0) ð9Þ

where kB is the Boltzmann constant, and T is the temperature.
The friction force and random force couple the simulated
system to a heat bath, where the random force compensates
the frictional losses generated from viscous drag. The solution
to the Langevin equation produces Boltzmann distribution.
Thus this simulation has canonical (NVT) ensemble thermody-
namic constraints.
The mass of copolymer segments and small ions is one unit.

The diameter of the substrate channel is 28.5 σ, and the length is
40 σ. The brush is composed of 120 grafted copolymer chains,
which have 15, 10, and 5 segments in blocks A, B, and C,
respectively. The simulation box is periodic, and a vacuum slab
is placed between channels in the other two directions to
eliminate the long-range effect when calculating the long-
range Coulombic energy with the particle-particle particle-
mesh (PPPM) method.42 Typically, the box size is 120 σ� 120 σ
� 40 σ, and system temperature is kBT/ε = 0.75-1.25. The brush
is first generated disorderly through a short time of simulation
at high temperature and then is quenched to the target
temperature. The simulation runs 3.0 � 105 timesteps for
equilibration and 105 timesteps for sampling with time step of
0.005 τ.
In the μVT - NEMD method, the simulation box consists of

two mirror-image symmetric sub-boxes in order to apply
periodic boundary condition in the transporting direction. Each
sub-box contains a high concentration region and a low con-
centration region where the concentrations in the two regions
remain respectively unchanged, by inserting or deleting NPs
during simulation, and a transporting region that is placed
between the two regions. The NPs move from the high con-
centration region to the low concentration region during a
multiple time step molecular dynamics simulation. In the
calculation, the concentrations of NP in high and low regions
are checked and controlled every 104 time steps, and the
number of transported NPs is also evaluated at the same time.
After a short time of simulation, the transportation reaches a

steady state, and the rate of transportation n is derived accord-
ing to the linear relation between transportedNPs and time. The
volume fraction of the NPs is kept zero in the low concentration
region in all cases, and the mass of NPs is proportional to the
excluded volume for different NPs. The number transport
coefficient is computed by eq 2. More detailed information
can be found in refs 37 and 38.
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