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ABSTRACT: Understanding the mechanism underlying controllable transmembrane
transport observed in biological membranes benefits the development of next-
generation separation membranes for a variety of important applications. In this work,
on the basis of common structural features of cell membranes, a very simple
biomimetic membrane system exhibiting gated transmembrane performance has been
constructed using all-carbon-nanotube (CNT)-based hollow-fiber membranes. The
conductive CNT membranes with hydrophobic pore channels can be positively or
negatively charged and are consequently capable of regulating the transport of
nanoparticles across their pore channels by their “opening” or “closing”. The switch
between penetration and rejection of nanoparticles through/by CNT membranes is of
high efficiency and especially allows dynamic control. The underlying mechanism is
that CNT pore channels with different polarities can prompt or prevent the formation
of their noncovalent interactions with charged nanoparticles, resulting in their
rejection or penetration by/through the CNT membranes. The theory about
noncovalent interactions and charged pore channels may provide new insight into understanding the complicated ionically and
bimolecularly gated transport across cell membranes and can contribute to many other important applications beyond the water
purification and resource recovery demonstrated in this study.
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■ INTRODUCTION

Biological membranes regulate cellular traffic connecting the
internal environment with the outside, often with high
selectivity and high efficiency. These ultraprecision biological
machines achieve rapid, selective transmembrane mass trans-
port and gated processes by employing a large variety of
specialized protein channels.1 These channels of nanometer or
subnanometer size share several common structural features
including a hydrophobic inner surface2−4 and charged func-
tional groups in the selectivity filter regions.1 Many studies, on
the basis of this information, have been devoted to mimicking
these ultraefficient biological systems with artificial nanophase
materials, aiming at understanding the underlying mechanisms
responsible for the fast mass transport, selectivity, and gating as
well as creating next-generation membranes supporting efficient
water permeability and high mass selectivity.5−16

Molecular dynamics simulations have proposed carbon
nanotubes (CNTs) as ideal candidates for such simplified
models of biological channels and have demonstrated the
single-file transport of water molecules along the CNTs axis5−8

that is designed as protein channels. Theoretically predicted
and experimentally measured water transport rates through
CNTs are extremely large and comparable to the measured
values for aquaporins.8−10 Introducing oxygen-containing
functional groups to the CNT nanotube entrance can create
an artificial selectivity region that can govern ion or molecular

rejection when aqueous solutions pass through the pores.1,11−13

Carboxylic-group-containing open tips of CNTs can be further
easily derivatized with a ligand molecule (for example,
desthiobiotin derivatives14 and phosphorylated serine15) that
binds to a bulky receptor, thereby enabling a reversible
“closing”/“opening” of the core entrance. The membranes,
composed of an array of aligned CNTs and functionalized with
charged molecular tethers, can also exhibit gated transport
under assistance of voltage, which is achieved by controlling the
tethered charge molecules to close or open the CNT cores.16

Despite the enormous efforts made in recent decades, the
detailed processes of gated transport have not been fully
understood because of the complex physicochemical nature of
these biological channels. Additionally, the biomimetic systems
constructed with these microfabricated membranes are still
complicated, and the switch between closing and opening of
pores in these membranes is of low efficiency. Thus, it is
important to create more simplified and robust biomimetic
channels that help to clarify the interactions of targets with
them as well as create the next-generation advanced
membranes for practical applications.
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Herein, we demonstrate that all-CNT-based membranes with
well-defined hollow-fiber configuration and hydrophobic pore
channels can be employed to construct a very simple
biomimetic membrane system showing voltage-gated transport
of nanoparticles across their pore channels. In this system,
positively or negatively charged pore channels are obtained by
application of polarity-difference external bias to the CNT
membranes. We also investigate the fundamental mechanisms
governing the gated transport of nanoparticles. Although it is
generally recognized that endocytosis and exocytosis are the
transmembrane approach and that nanoparticles may not
penetrate the membrane of a cell through protein channels, this
system may provide new insight into understanding how
biological pore channels interact with targets and how the
charges effect the interactions. In addition, the unique function
of CNT hollow-fiber membranes demonstrated in this work
will open immense potentials for broad and practical
applications.

■ EXPERIMENTAL SECTION
Surface Functionalization of CNTs. Briefly, 4 g of multiwalled

CNTs (60−100 nm in outer diameter, obtained from Shenzhen
Nanotech Port Co., Ltd., China) were added to 160 mL of HNO3/
H2SO4 (1:3, v/v) concentrated solution that was subsequently heated
to 60 °C for 30 min under stirring. After the mixture was diluted with
about 2000 mL of water, the CNTs were recovered by filtration with
polyvinylidene fluoride microfiltration membrane discs (average pore

size = 0.45 μm), followed by being washed with N,N-dimethylforma-
mide and water in sequence until the pH of the CNT dispersion was
nearly neutral. Then, the CNTs were recovered again and dried at 60
°C for 12 h.

Preparation of CNT Hollow-Fiber Membranes. The CNT
hollow-fiber membranes were prepared by a technique based on an
electrophoretic deposition process reported in our previous work.17

The obtained membranes were subsequently calcined in a flow of Ar
(40 sccm) and H2 (10 sccm) at 1000 °C for 2 h to remove oxygen-
containing functional groups.

Synthesis of 10 nm GNPs. GNPs with a average diameter of
about 10 nm were synthesized with the method described by Bastuś.18

In a typical procedure, a solution of 2.2 mM sodium citrate in 150 mL
of ultrapure water was heated to boiling for 10 min in a 250 mL three-
necked round-bottomed flask equipped with a condenser under
vigorous stirring. Then, 1 mL of 25 mM HAuCl4 was injected, and the
solution was kept at boiling for another 10 min. The transmission
electron microscopy (TEM) image of prepared GNPs is shown in
Figure S1.

Synthesis of 40 nm GNPs. Briefly, 1 mL of 25 mM HAuCl4 was
diluted into 100 mL of solution with ultrapure water, and the solution
was heated to boiling for 10 min in a 250 mL three-necked round-
bottomed flask. Then, 1.5 mL of 1 wt % sodium citrate solution was
injected, and the solution was kept at boiling for another 10 min. The
SEM image of prepared GNPs is shown in Figure S2.

■ RESULTS AND DISCUSSION
Design for the Biomimetic Membrane System. CNT-

based membranes are chosen to construct the biomimetic

Figure 1. SEM images of (a) cross section and (b) pore channels of a CNT hollow-fiber membrane.

Figure 2. (a) GNP rejection as a function of duration at different voltages. Inset: GNP rejection as a function of duration in absence of voltage. (b)
Continuous dynamic switches between permeation and rejection of GNPs through/by CNT membranes (red curve: electricity on; green curve:
electricity off). Operational conditions in a and b: flow rate = 10 mL cm−2 h−1, transmembrane pressure = 0.002 MPa. (c) Schematic illustration for
the switch between opening and closing of membrane pores for 10 nm GNPs.
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membrane system in view of their sharing common structural
features with a cell membrane. These CNT membranes
typically feature a well-defined hollow-fiber configuration
(Figure 1a) and random pore channels (Figure 1b). They
also demonstrate good electric conductivity (∼1.4 S m−1),
considerable tensile strength (8.5 MPa, Figure S3), and
bearable maximum transmembrane pressure of >0.5 MPa
(Figure S4). To eliminate any potential influence of charged
groups, the prepared CNT hollow-fiber membranes are
subsequently subjected to calcination in a flow of Ar (40
sccm) and H2 (10 sccm) at 1000 °C for 2 h to remove oxygen-
containing groups that are introduced during their preparation
process. X-ray photoelectron spectroscopy (XPS) analysis
(Figure S5) indicates an oxygen content of as low as 2.18%
of these CNT membranes after thermal treatment, ensuring
negligibly intrinsically charged surfaces in water.
Subsequently, a two-electrode system with CNT hollow-fiber

membranes as work electrode and a stainless-steel network as
counter electrode is constructed to impart reversibly negatively
or positively charged CNT pore channels. In this system, the
network is bent into a cylinder with CNT hollow-fiber
membranes positioned in its axis and at a distance from them
of 0.5 cm (Figure S6a). The space charge at the membrane
interface is manipulated by the application of a voltage. To
eliminate any potential influence of change in transmembrane
flow rate, the system is performed at dead-end filtration mode
with constant flow rates (milliliter per square centimeter of
membrane area per hour) provided by a high-pressure
constant-flow pump (Figure S6b). Gold nanoparticles
(GNPs) with well-defined diameters are chosen as a model
nanoparticle because of their easily regulated sizes and charged
surface.
Opening−Closing Switch of Membrane Pores for 10

nm Nanoprticles. The diameters of nanoparticles relative to
pore size, which usually determines their interactions with pore
channels, will greatly influence their transport dynamics across
a membrane. Consequently, transport selectivity for 10 nm
GNPs (zeta potential = −28 mV, pH 6.2), which are much
smaller than membrane pore size (average 120 nm, Figure S7),
is first investigated. To quantify the selectivity, concentrations
of GNPs in feed and filtrate are determined by UV−vis
spectroscopy. As shown in the inset of Figure 2a, in absence of
voltage, CNT hollow-fiber membranes achieve an initial GNP
rejection of 65% at a permeation flow rate of 10 mL cm−2 h−1,
and it decreases to <5% after an operation of 8 min. Then, a
voltage of 0.6 V is applied on the biomimic membrane system
(CNT membranes as anode). Interestingly, the GNP rejection

rapidly increases to >98% from an initial measurement of <5%
in 120 s (Figure 2a). If the voltage is decreased to 0.4 V, then
GNP rejection only increases to 7% after an operation of same
120 s, and selectivity improvement cannot be observed with
further decreasing the voltage, demonstrating a threshold
voltage of about 0.4 V inspiring the GNP rejection. In contrast,
if the voltages are increased to 0.9 and 1.2 V, then GNP
rejection can also improve to >98% but in much shorter
durations (60 and 40 s, respectively). These results obviously
indicate that higher voltage will bring about more efficient
improvement in GNP selectivity. To investigate whether the
improved selectivity can be reversed, we continue the operation
with shutting off the voltage, using the CNT membranes under
previous observation at 1.2 V. As shown in Figure 2b, GNP
rejection sharply decreases to <5% in 30 s, and if the electricity
is turned on again, then it increases to >98% in an even shorter
duration (20 s). The efficient and dynamic switches between
permeation and rejection of GNPs through/by CNT
membranes can be continuously performed for many times
(Figure 2b). Voltage is thus considered to regulate the
transport of nanoparticles across the CNT membranes by
opening or closing the membrane pores as a gate keeper
(schematically shown in Figure 2c): In absence of voltage, the
GNPs can freely penetrate the CNT membranes, but in the
presence of voltage, the GNPs can be rejected by CNT
membranes. We also have investigated the rejection ability of
CNT membranes with negative potential. It is found that no
obvious improvement in GNP rejection is observed when a
voltage of 1.0 V is applied on the biomimic membrane system
(CNT membranes as cathode).
Gated transport behavior observed in biomembrane system is

believed to correlate with physical or chemical interactions (for
example, between ions and pores) influenced by changes in
ligand binding, temperature, transmembrane voltage, and
mechanical stress.2,19,20 Similar interactions between targets
and CNT pore channels may also exist and could be influenced
by operation parameters, for example, applied voltages and
permeation flow rates. The changes in these two factors, similar
to the biologic stimuli to cell membranes, can influence the
efficiency of switches between permeation and rejection of
nanoparticles. As shown in Figure 3a, it takes about 20 s for
CNT membranes to achieve a GNP rejection of >98% from an
initial measurement of <5% at 1.2 V, and the time increases to
about 60 s by decreasing the applied voltage to 0.4 V (Figure
3a), suggesting that higher voltage leads to a more rapid switch
from permeation to rejection of GNPs through/by CNT
membranes. As shown in Figure 3b, the “rejection to

Figure 3. Effects of (a) voltage and (b) permeation flow rate on the rates of switch between permeation and rejection. Red curve represents the
switch from permeation to rejection in the presence of electricity; green curve represents the switch from rejection to permeation in absence of
electricity. Permeation flow rate in a is 10 mL cm−2 h−1; voltage in b is 1.2 V.
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permeation” switch is more efficient with the increase of
permeation flow rate. Contrarily, the “permeation to rejection”
switch is less efficient with increasing the permeation flow rate,
which indicates low permeation flow rate is favorable for the
rejection of GNPs. Because of its linear relationship with flow
rate (Figure S8), transmembrane pressure demonstrates no
essential difference in influencing electricity-controlled trans-
port of nanoparticles from flow rate. Therefore, in this work, its
influence on gated transport is not additionally investigated.
Closing−Opening Switch of Membrane Pores for 40

nm Nanoprticles. It is generally recognized that transport
selectivity, on the basis of chemical or physical property of the
nanoparticles, is often observed when they are sufficiently large
in size and thereby capable of interacting with pore surface.
Thus, GNPs with larger size (average size = 40 nm, zeta
potential = −34 mV, pH 5.6) are also employed to further
understand the gated transport behavior. As shown in Figure
4a, >98% of 40 nm GNPs can be rejected in the absence of
electricity at a permeation flow rate of 10 mL cm−2 h−1. If a
voltage of 1.0 V is applied on the biomimetic membrane system
(CNT membranes as anode), then >98% GNPs can be also
rejected. However, with CNT membranes as cathode, the GNP
rejection rapidly declines to 8% in 120 s at 0.6 V. It is also

obviously exhibited in Figure 4a that higher voltage results in
more rapid decline in GNP rejection. Specifically, if the voltage
is increased to 1.2 V, then GNP rejection sharply decreases to
<5% in 60 s. However, at a voltage below 0.6 V (for example,
0.4 V, Figure 4a), no obvious decrease in GNP rejection is
observed, demonstrating a threshold voltage of about 0.6 V
inspiring the decline in GNP rejection. Similarly, after shutting
off the voltage, we continue the operation using the CNT
membranes under previous observation at 1.2 V and find that
GNP rejection sharply increases to >98% in 25 s (Figure 4b). If
the voltage is turned on again, then it decreases to <5% in an
even shorter duration of 20 s. By turning on and off the
electricity, the efficient and dynamic switches can be
continuously carried out many times (Figure 4b). These results
further confirm that the voltage, as a gate keeper, can regulate
the transport of nanoparticles across the CNT membranes by
opening or closing the membrane pores (schematically shown
in Figure 4c): In absence of voltage, the GNPs can be rejected
by CNT membrane, and in the presence of voltage, they can
freely penetrate the CNT membrane.
The effects of voltage and permeation flow rate on the switch

between penetration and rejection are further investigated. It is
found that the efficiency of switch from rejection to penetration

Figure 4. (a) GNP rejection as a function of duration at different voltages. (b) Continuous dynamic switches between rejection and permeation of
GNPs by/through CNT membranes (green curve: electricity off; red curve: electricity on). Operational conditions in a and b: flow rate = 10 mL
cm−2 h−1, transmembrane pressure = 0.002 MPa. (c) Schematic illustration for the switch between closing and opening of membrane pores for 40
nm GNPs.

Figure 5. Effects of (a) voltage and (b) permeation flow rate on the rates of switch between permeation and rejection. Red curve represents the
switch from rejection to permeation in the presence of electricity; green curve represents the switch from permeation to rejection in absence of
electricity. Permeation flow rate in a is 10 mL cm−2 h−1; voltage in b is 1.2 V.
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improves with the increase of voltage (Figure 5a), indicating
that higher voltage is more favorable for 40 nm GNPs to
transport through the membranes. It is also found that
permeation flow rate has a great effluence on both the rejection
to permeation switch and the permeation to rejection switch.
As shown in Figure 5b, it takes 30 s to achieve a rejection to
permeation switch at 5 mL cm−2 h−1, but the time decreases to
about 10 s if the permeation flow rate increases to 30 mL cm−2

h−1. In contrast, with the increase of permeation flow rate, the
permeation to rejection switch will be less efficient. For
instance, at a permeation flow rate of 5 mL cm−2 h−1, the
permeation to rejection switch can be completed in about 6 s,
but the time increases to 34 s at 30 mL cm−2 h−1. It is therefore
believed that voltage and permeation flow rate influence the
switch efficiency by affecting some kinds of interactions

between GNPs and pore channels. The detailed mechanism
will be discussed in the next section.

Mechanistic Study on Gated Transport of Nano-
particles across CNT-Based Membranes. The transport
of specific molecules or ions across the channels embedded in a
cell membrane is generally regulated by various stimuli,
including membrane potential (voltage-gated channels),
chemical ligand (ligand-gated channels), and movement of
ligand substructures (mechanically gated channels). SEM
characterization indicates that CNT membranes display no
obvious structural differences before and after being charged,
suggesting the gated transport demonstrated in this work is not
attributed to the mechanical opening or closing of CNT
channels. The morphology of the CNT membrane with
rejected 40 nm GNPs is also characterized by SEM. As

Figure 6. SEM images of CNT hollow-fiber membranes with rejected (a and c) 40 nm GNPs and (b and d) 10 nm GNPs.

Figure 7. Schematic illustration of mechanism responsible for the voltage-gated transport of nanoparticles across CNT membranes. Electricity-
induced switch from (a) closing to opening of membrane pores for 40 nm nanoparticles and (b) opening to closing of membrane pores for 10 nm
nanoparticles.
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shown in Figure 6a,c, in sample area revealing internal pores,
many GNPs are decorated around an individual CNT.
Obviously, some GNPs attach on the CNT surface following
the flow direction, implying that mechanical sieving is not the
exclusive or even the main approach for the rejection of GNPs.
It is considered that because of the citric acid groups grafted on
the GNP surface some noncovalent interactions for example
hydrogen bonding and van der Waals forces may form between
GNPs and pore channels which are also expected to contribute
to their rejection. To further confirm this inference, a new
filtration test is performed in the absence of voltage (Figure
S9). The result shows that in the first 30 min >98% of 40 nm
GNPs can be rejected, but by continuing the operation, some
GNPs can successfully penetrate the membranes. The result
evidentially supports this inference and can be explained by the
fact that they will penetrate the CNT membranes once all the
active sites for GNP attachment have been occupied. Similarly,
10 nm GNP can also noncovalently attach on an individual
CNT, as shown in Figure 6b,d. All the results suggest that the
noncovalent attachment dominates the trap of GNPs by CNT
membranes.
After clarifying the reason for the rejection of GNPs, we

propose two models accounting for the gated transport on the
basis of above results. In the first model (schematically shown
in Figure 7a), in absence of electricity, 40 nm GNPs cannot
penetrate the CNT membranes because of their interactions
with pore channels, implying the pores are closed for these
nanoparticles. However, once a negative potential is applied on
the CNT membranes, electrostatic repulsion between pore
channels and similarly negatively charged GNPs will inhibit the
formation of noncovalent interactions between them, and then
GNPs can penetrate the open pores. For 10 nm GNPs involved
in the other model (Figure 7b), they are sufficiently small in

size and beyond the distance of interacting with pore channels
in absence of electricity; as a result, they can freely penetrate
the open pores of CNT membranes. However, if given a
positive potential, then the pore channels can attract negative
GNPs, promoting the formation of the noncovalent inter-
actions; thus, GNPs are rejected by closed pores. Hydrophobic
pore channels without charged functional groups have
eliminated the influence on their interactions with GNPs as
much as possible. Voltage controls the polarity of pore channels
in CNT membranes and consequently regulates the non-
covalent interactions that perform as ligand embedded in
protein channels of cell membranes. On the basis of the
models, voltage and permeation flow rate will have a great effect
on the efficiencies of permeation to rejection and rejection to
permeation switches as they influence the formation of the
noncovalent interactions. Indeed, the theoretical analysis is
consistent with experimental observations shown in Figures 3
and 5. It should be emphasized that apart from the metallic
GNPs the transport across the CNT membranes of nonmetallic
polystyrene nanoparticles also demonstrates the gated behavior
which is also attributed to their noncovalent interactions with
pore channels through van der Waals forces or/and π−π
stacking.

Potential Applications for Water Purification and
Resource Recovery. The biomimetic membrane system and
the gated transport mechanism not only benefit the advance-
ment of membrane science but also are expected to contribute
to many other important areas of application, such as
microfluidics, controlled drug delivery, and biological science,
benefiting from their easy preparation and the versatility of
proposed mechanism. Specifically, we will demonstrate in this
work the important applications for water purification and
resource recovery that have caught global attention. Taking

Figure 8. (a) MB removal (%) as a function of time at different voltages. (b) Concentration ratios as a function of voltages. (c) Continuous MB
removal and recovery by changing the polarities of CNT membranes. MB concentration in feed, 5 mg L−1; Na2SO4 concentration, 0.1 mol L

−1; pH
7; total membrane mass, about 500 mg.
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methylene blue (MB) molecules as a proof-of-concept, we
show that they can be efficiently removed from the water by the
CNT membranes, by virtue of the enhanced noncovalent
interactions, and recovered by destroying the interactions. To
quantify the MB removal and recovery, concentrations of MB
in feed and filtrate are determined by UV−vis spectroscopy. As
shown in Figure 8a, the CNT membranes can almost
completely (>98%) remove MB molecules (initial concen-
tration = 5 mg L−1) before 20 min (defined as penetrating
time). If a voltage of 0.6 V is applied on the system (CNT
membranes as cathode), then penetrating time increases to
about 43 min, which will further increase to 60 and 75 min,
respectively, at 0.8 and 1.0 V (Figure 8a), as a result of
promotional formation of the interactions. Interestingly, if the
CNT membranes are positively charged, then these non-
covalent interactions can be easily and rapidly broken, and the
MB molecules will be desorbed from CNT channels, achieving
the recovery of MB molecules (inset, Figure 8a). It is also
observed that the difficulty in fracture of these interactions
decreases with increasing the voltage; as a result, the
cocentration ratio λ (λ = ceffluent/cfeed, where ceffluent is the
concentration of MB after desorption, and cfeed is the
concentration of MB in feed (5 mg L−1)) increases with the
increasing voltage (Figure 8b). Additionlly, the recovery of MB
can renew the interfaces in CNT channels at the same time for
trapping contaminant molecules again (Figure 8c), thus
providing an efficient strategy for water treatment and resource
recovery by changing the polarities of CNT membranes.

■ CONCLUSIONS

As revealed, the all-CNT-based hollow-fiber membranes can
perform as biomimic membranes exhibiting voltage-gated
transmembrane behavior over nanoparticles by sharing several
common structural features with biological membranes in the
selectivity filter regions. The efficient, dynamic, and reversible
switches between penetration and rejection for nanoparticles
are controlled by applied voltages that regulate the transport of
nanoparticles across the CNT membranes by opening or
closing the pore channels. The noncovalent interactions of
nanoparticles with pore channels, of which formation and
breakage are determined by the polarity of pore charges, are
essentially responsible for the voltage-gated transmembrane
phenomenon. Understanding the underlying mechanism will
provide the basis for the design of other advanced membranes
with ionically and molecularly gated transport channels.
Additionally, this work also confirms that these all-CNT
hollow-fiber membranes possess distinct advantages over
traditional membranes and demonstrates their potential as
next-generation advanced membranes for various important
areas of application.
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