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BIOPHYSICS

Water-ion permselectivity of narrow-diameter

carbon nanotubes

Yuhao Li'*, Zhongwu Li'"?**, Fikret Aydin®*, Jana Quan', Xi Chen*, Yun-Chiao Yao™*,
Cheng Zhan?, Yunfei Chen? Tuan Anh Pham?', Aleksandr Noy'*'

Carbon nanotube (CNT) pores, which mimic the structure of the aquaporin channels, support extremely high water
transport rates that make them strong candidates for building artificial water channels and high-performance
membranes. Here, we measure water and ion permeation through 0.8-nm-diameter CNT porins (CNTPs)—short CNT
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segments embedded in lipid membranes—under optimized experimental conditions. Measured activation energy
of water transport through the CNTPs agrees with the barrier values typical for single-file water transport. Well-
tempered metadynamics simulations of water transport in CNTPs also report similar activation energy values and
provide molecular-scale details of the mechanism for water entry into these channels. CNTPs strongly reject chlo-
ride ions and show water-salt permselectivity values comparable to those of commercial desalination membranes.

INTRODUCTION

Membrane separations have become critical to the human civilization,
and there is, perhaps, no better example of their importance than water
purification. As water scarcity becomes more common and communi-
ties start running out of cheap available water, they need to supplement
their supplies with desalinated water from seawater and brackish water
sources (1). Reverse osmosis (RO) processes that use thin-film com-
posite (TFC) membranes to separate water from the ions present in
saline feed streams currently dominate this industrial sector. Although
TFC membranes in combination with advanced energy recovery de-
vices have been pushing the energy efficiency of RO desalination ever
closer to the thermodynamic limits, some fundamental performance
issues remain (2). TFC membranes are constrained by the permeability-
selectivity trade-offs (3) and often have insufficient rejection of some
ions and trace uncharged micropollutants, requiring additional purifi-
cation stages that increase the energy and capital costs (2, 4). Advanced
process modeling indicates that further improvements in the func-
tionality of desalination membranes require improvements in the
membrane performance, as defined by the critical figure of merit of
membrane’s water-salt permselectivity, Py,/Ps (5).

Biological water channels, aquaporins, provide a blueprint for the
structures that offer such increased performance. Their defining fea-
ture is an extremely narrow inner pore that squeezes water down to
a single-file configuration that enables extremely high water perme-
ability, with the single-channel transport rates exceeding 10° water
molecules per second (6). Aquaporins have excellent selectivity and
are able to block the passage of most other solutes, including ions and
protons (6). As a result, the projected water/salt permselectivity of a
membrane that has a dense array of aquaporin channels assembled
in a lipid bilayer could reach 10'° to 10 (4). Such standout projected
performance precipitated a substantial investment in the develop-
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ment of biomimetic membranes for water desalination; however,
these materials have yet to realize their potential due to problems
with long-term stability and cost (7). Artificial water channels
(AWCs), which seek to mimic aquaporin’s structure and transport
mechanism in synthetic structures, provide a more robust alterna-
tive to aquaporins and could overcome these drawbacks and deliver
on the promise of biomimetic membranes (7, 8).

Carbon nanotubes (CNTs) represent some of the most promising
scaffold structures for AWC development because of the low friction
of water on their hydrophobic smooth inner surfaces, which mimic
the aquaporin structure (9), and their small diameters that potentially
enable strong selectivity. Computer simulations (9-12) and experi-
ments using membranes (13, 14), individual CNT channels (15), or
CNT pores in lipid membranes (16) demonstrated enhanced flow
through inner channels of CNTs. Previous studies also indicated that
small-diameter CNT's should have strong ion selectivity (16, 17). Even
though some previous work explored using CNTs for reverse osmosis
desalination (18), the extent of the water-salt permselectivity of these
pores is not yet known.

We have recently developed CNT porins (CNTPs)—short seg-
ments of CNTs that self-insert into lipid bilayers and form AWCs that
mimic aquaporin channel functionality and intrachannel single-file
water arrangement (16, 19). Here, we use this experimental platform
to measure water and chloride ion transport through 0.8-nm-diameter
CNTPs using fluorescence-based assays that avoid common artifacts
of light-scattering measurements. This methodology allowed us to
determine the accurate value of water-salt permselectivity in narrow
CNT pores. We also report an activation energy for water transport
in 0.8-nm-diameter CNTPs that is significantly lower than the pre-
viously reported value (16). Well-tempered metadynamics (WT-
MetaD) simulations and hybrid quantum-continuum calculations
provide a detailed molecular-scale view of water entering the CNTP
channels and support the activation energy values that we report.

RESULTS

Permeability and activation energy barrier for water
transport in CNTPs

We have characterized water permeability of CNTPs using stopped-
flow technique to capture fast kinetics of water efflux from vesicles
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with CNTPs embedded in their walls [CNTP-large unilamellar vesi-
cles (LUVs)] after those vesicles were mixed with a hypertonic osmolyte
solution. A common approach in detecting liposomal volume change
is light scattering. However, a complicated relationship between the
changes in liposome size and their light-scattering intensity and asso-
ciated artifacts make quantitative measurements of water flux in these
experiments a nontrivial task (4, 20, 21). To avoid these problems,
we have used a different approach that relied on self-quenching of a
fluorescence dye, carboxyfluorescein (CF), encapsulated in the ves-
icle’s lumen (Fig. 1A) (4, 21-23). We have also incorporated 10% of
cholesterol in our lipid bilayer composition to increase the vesicle’s
stability and suppress long-term content leakage. Control exper-
iments showed that these vesicles were extremely stable with no
detectable content leaking from the CNTP-LUVs over a period of
2.5 hours (fig. S1).

Fluorescence intensity of the encapsulated CF dye decayed rap-
idly after the ca. 200-nm-diameter LUVs and CNTP-LUV's were mixed
with the hypotonic osmolyte solution (Fig. 1B and fig. S2A), indi-
cating that the osmotic gradient was driving water rapidly out of the
vesicles. When a small number of CNTPs were embedded in the walls
of CNTP-LUVs, their volume changed significantly faster (Fig. 1B),
indicating that even a small number of CNTPs provided an efficient
water transport pathway. The rate of water efflux increased with the
increase in the osmolyte concentration and the corresponding driv-
ing force. The unitary permeability P,, of 0.8-nm-diameter CNTPs
determined from these measurements, (2.30 + 0.10) x 1071 cm?/s,
falls in the same range (albeit slightly lower) as the values that we pre-
viously reported on the basis of light-scattering measurements (16).
Notably, this value is higher than the unitary permeability of aqua-
porins (Fig. 1C), in agreement with the previous simulation predic-
tions and experimental reports (10, 16, 20).

Molecular dynamics (MD) simulations indicate that the single-file
water arrangement in the CNTP channel is the main reason for its
very high water permeability (10). A survey of other fast water mem-
brane transporters with similar water molecule arrangements in the
channel indicates that another hallmark of this mode of transport is
an activation energy, E,, value in the range of 4 to 6 kcal/mol, i.e., a
value that is the same order of magnitude as the activation energy
for the self-diffusion of water (6, 24, 25). To test whether this assump-

v:]

tion also holds true for CNTPs, we measured their water permeability
as a function of temperature (Fig. 2). To ensure bilayer stability and
to avoid artifacts, we also restricted the temperatures used for the
measurements to a small range around room temperature (Fig. 2, A
and C). Control experiments indicated that dioleoyl phosphatidyl-
choline (DOPC) LUVs had a rather large E, value of 16.1 + 0.2 kcal/
mol for their background water permeability (Fig. 2B), which was
also close to the values previously reported in the literature (23, 26).
In contrast, measured E, values for water transport through CNTPs
(Fig. 2D), 5.3 + 1.0 kcal/mol, were significantly lower, falling in the
range of the transport barrier values for the single-file water chan-
nels. It also was significantly lower than the values that we have re-
ported previously (16). Control experiments showed similarly low
E, values for water transport through the CNTPs synthesized by
sonication in pure DOPC or in DOPC/cholesterol mixture (fig. S5),
indicating that the lipid composition used to solubilize CNTPs does
not influence water flow.

Computational modeling of water entry into CNTPs
To get more insights into the mechanism of water entry into the
CNTPs, we also carried out WT-MetaD simulations (27) with classi-
cal force fields to probe the activation energy for water transport into
the CNTP channel (Fig. 3A) (see Materials and Methods for details).
Computed potential of mean force (PMF) of water transport through
the CNTP (Fig. 3B) along the minimum free energy path derived
from the two-dimensional (2D) PMF (Fig. 3C) yields a low activa-
tion energy of ca. 3.0 * 0.5 kcal/mol. We also calculated the activation
energy by using a hybrid quantum-continuum approach, where the
CNTP and a permeated water molecule were explicitly treated by
density functional theory (DFT), and the rest of the liquid was de-
scribed by an implicit solvation model (see Materials and Methods).
This hybrid quantum-continuum calculation yields a slightly larger
value for the activation energy of 4.8 kcal/mol (Fig. 3D), which shows an
even better agreement with the E, value obtained in our experiment.
Significantly, both modeling approaches point to a low activation energy
for water transport through a narrow CNTP channel, consistent with
other computational studies (28) and our experimental results.

Our WT-MetaD simulations also provide insights into the
molecular-scale mechanism of water entry into the CNTPs (Fig. 3,
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Fig. 1. Water permeability of CNTPs. (A) Schematics of dye-encapsulating liposome exposed to hypertonic buffer upon mixing; the escape of water causing vesicle shrinkage
and responsible for self-quenching of encapsulated dyes. (B) Representative normalized CF fluorescence curves from the stopped-flow water transport measurements
(CNTP-LUVs contained, on average, 16 CNTPs per vesicle). a.u., arbitrary unit. (C) Comparison of the unitary water permeabilities of CNTPs and aquaporin 1 (AQP1) (22).
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Fig. 2. Water transport activation energy in CNTPs. (A) Normalized fluorescent curves indicative of water transport across DOPC membranes at five different tempera-
tures. (B) Arrhenius plots of the water permeability for DOPC LUVs, with corresponding activation energies indicated on the graph. (C) Normalized fluorescent curves in-
dicative of water transport across CNTP-embedded DOPC membranes at five different temperatures. (D) Arrhenius plots of the water permeability P (in units of um/s) for
CNTP-LUVs after subtraction of the background water permeability for DOPC-LUVs, with corresponding activation energies indicated on the graph.

E and F; see also movie S1). Time evolution trace of the number of
the hydrogen bonds around a water molecule entering the nanotube
shows that water transport through the CNTP can be split into three
stages. First, the molecule partially desolvates in the liquid reservoir
[Fig. 3, E (i and ii) and F], starting at about 25 ps after it first ap-
proaches the CNT entrance. This stage is followed by the formation
of a pseudosolvation shell around the molecule [Fig. 3, E (iii) and F]
consisting of oxygen atoms from both the solvent and the COO™
groups at CN'TP entrance, as seen in the simulation between 50 and
125 ps. Last, after 125 ps, the water molecule loses two hydrogen bonds
and becomes a part of the single-file water chain in the CNTP inte-
rior [Fig. 3, E (iv) and F].

A low activation energy value that we obtained in the experi-
ments and in the simulations is, perhaps, unexpected, given the loss
of two hydrogen bonds that accompany water entry into the CNT
channel. However, this value can be rationalized by considering that

Li et al., Sci. Adv. 2020; 6 : eaba9966 16 September 2020

the strength of a hydrogen bond in bulk water is considerably smaller
than the amount of 5.1 kcal/mol that has been reported for an iso-
lated water dimer (29). This value, however, becomes significantly
smaller in liquid water after we include the effects of thermal fluctu-
ation and interactions with other water molecules and represents only
a fraction of the water hydration free energy of 6.3 kcal/mol (30).
Therefore, a value of 6.3 kcal/mol represents an upper limit for the
activation energy of water transport through the CNTPs, a conclu-
sion that is consistent with the experimental values and simulation
results that we report.

CI™ anion permeability determination

Ion selectivity of CN'TPs is another important parameter that defines
their performance in desalination applications. We have previously
reported single-CNTP measurements of ion transport that showed
that they are strong cation-selective pores because of the presence of
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Fig. 3. Simulation of water transport in CNTPs. (A) Snapshot from a WT-MetaD simulation showing the model system consisting of two water reservoirs, two graphene
sheets, and a CNT. (B) 1D PMF of a water molecule transporting through the CNTP with respect to the length of the minimum free energy path. “0”and “1” correspond to
the bulk water found in two reservoirs, and “0.5” corresponds to the center of the CNTP. The error bars are estimated from the SD of three independent replicas. (C) 2D
PMF of a water molecule transporting through the CNTP computed from an average of three independent simulations. The black line represents the minimum free energy
path. (D) 1D free energy profile of a water molecule transporting through the CNTP as obtained from hybrid quantum-continuum simulations, where the interaction
between the permeated water molecule and CNTP was explicitly described using DFT and the rest of the liquid was treated by an implicit solvation model (see Materials
and Methods for more details). The vertical dashed line indicates the position of the CNTP entrance. PES, potential energy surface. (E) Snapshots from a WT-MetaD simu-
lation showing the process of water entering the CNTP at different time points in the simulation. (F) Evolution of the total number of hydrogen bonds (black lines and
markers) formed by a water molecule transitioning the CNTP. Water-water (red lines and markers) and water-COO™ bonds (blue lines and markers) correspond to the
number of hydrogen bonds formed with other water molecules and the COO™ groups at the entrance of the CNTP.

negatively charged COO™ groups at the pore mouth at neutral pH
(16). This behavior also indicates that the counterion (Cl™ anion)
selectivity is the critical parameter that would determine the over-
all CNTP salt rejection and, thus, their performance in the reverse
osmosis desalination applications. We quantified chloride ion trans-
port through the CNTPs with an assay (Fig. 4A) that relied on the
ability of those ions to cause collision quenching of fluorescence of
halide-sensitive fluorophore lucigenin (21, 31). In these experiments,

Li et al., Sci. Adv. 2020; 6 : eaba9966 16 September 2020

we initiated the transport by mixing the solution of the lucigenin-
encapsulating CNTP-LUVs with a chloride-containing buffer in
a stopped-flow spectrometer mixer. To ensure the absence of the
membrane potential, which could slow down the anion transport, we
added K" ionophore, valinomycin, to the CNTP-LUVs. To avoid gen-
erating osmotically driven water fluxes in CNTPs, we have also bal-
anced the osmotic pressure of the Cl™ ions outside the vesicles with
the equivalent concentration of NO3™ ions inside the vesicles.
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Fig. 4. CI” ion transport and water-salt permselectivity of CNTP. (A) Schematic of the chloride ion permeation assay showing lucigenin dye encapsulated in a liposome and
CI” ion diffusion into the liposome through CNTP channels in the liposome wall. Valinomycin (VA) ionophore is added to the lipid bilayer to ensure that counterion (K*) transport
does not impede anion diffusion. (B) Representative lucigenin fluorescence traces obtained in the CI™ permeability measurements for CNTPs-LUVs, which contained, on average,
10 CNTPs per vesicle, and control LUVs. In both experiments, vesicles were exposed to 15 mM CI™ gradient. (C) Chloride flux plotted as a function of chloride concentration
gradient for CNTPs-LUVs and control LUVs. (D) Projected seawater desalination performance of composite lipid-CNTP (blue hexagon symbols) for different CNTP area
fractions in the membrane (the corresponding numbers on the plot, where 0 corresponds to pure lipid membrane and 1 to pure CNTP). The performance of commercial
desalination membranes (black open triangles), Turing-type polyamide membranes, TS-l and TS-lI (solid inverted triangle), and graphene-nanomesh/single-walled CNT hybrid

membrane (brown open circle) are adapted from (57-59). Dashed red and solid black lines indicate the trade-off line and upper-bound line (3, 60). TS, turing structure.

The decay in lucigenin emission observed in the stopped-flow
fluorescence signal traces (Fig. 4B) indicated that chloride ions were
entering into the vesicle and provided a quantitative measurement of
the chloride ion flux. When the LUV walls contained CNTP channels,
chloride entry was faster than in the control experiment, indicating
that CN'TPs were transporting the chloride ion, albeit fairly slowly. The
linear relationship between measured chloride flux and the applied
concentration gradient (Fig. 4C) indicated that anion transport
followed Fickian diffusion. After subtraction of the background
LUV permeability, we calculated the unitary chloride permeabil-
ity, P, for single CNTP at pH 7.5 as (2.48 + 0.31) x 10™** cm?/s.
This value is quite small; for comparison, the CI” channel of rat
hippocampal neurons has a permeability of around 2.5 x 10™** cm?/s,
as calculated from conductance and CI"/Na" selectivity (32).

When we combined the values of the measured chloride ion per-
meability of the CNTPs and their water permeability, we obtained a
water-salt permselectivity, P,,/Ps, value of 9.2 x 10”. To further re-
fine the estimate for this key membrane performance parameter, we
measured water and chloride permeability values using the same

Li et al., Sci. Adv. 2020; 6 : eaba9966 16 September 2020

batch of CNTPs, which helped us exclude the possible error from
estimating the number of channels per vesicle (fig. S6). These mea-
surements produced a similar P,,/P; value of 8.4 x 10%.
Significantly lower permeability of chloride ions compared with
water is also consistent with our theoretical calculations. In particu-
lar, we found that the activation energy for Cl™ transport through
CNTPs obtained from WT-MetaD simulations is about 40 kcal/mol,
i.e., an order magnitude higher than that of water (fig. S7). While these
results point to a lower permeability of chloride ions compared with
water, the activation energy of 40 kcal/mol obtained from force field
simulations drastically overestimates the value of about 12.3 kcal/mol
predicted from the P,,/P; ratio using a simple transition state theory
approach. On the other hand, we found that the use of a hybrid
quantum-continuum approach that explicitly describes the ion-CNTP
interaction at the DFT level of theory significantly improves the
agreement with experimental results, yielding an activation energy
of about 15 kcal/mol for chloride ion (fig. S8). The result indicates
that the inclusion of polarization effects beyond a simple point-
charge approximation that is often used in force field simulations is
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important for an accurate estimate of the activation energy of ion
permeation through CNTPs (33).

DISCUSSION

The P,/P; values obtained in our studies are comparable to the typ-
ical 10° permselectivity values for the commercial TFC desalination
membranes (4), indicating that CNTP channels could indeed provide
viable performance for seawater desalination applications. Neverthe-
less, we note that this performance is still seven orders of magnitude
lower than the projected performance of biomimetic membranes with
aquaporin pores (4). It is worth noting that chloride ions are four
orders of magnitude more permeable through lipid membrane
than sodium ions (34), which would also contribute to the perm-
selectivity gap between the membrane-based CNTPs and aquaporins,
which have strong rejection of both types of ions.

To explore the potential performance on CNTP-based membranes
for seawater desalination, we used our results to calculate the water
permeability and water/salt permselectivity for different channel
densities of lipid membranes (Fig. 4D) and compared these values
with those of commercial water desalination membranes. These esti-
mates indicate that CNTP membrane performance can indeed break
the permeability/selectivity upper bound that limits the performance
of TFC polymer membranes, as long as the channel area density ex-
ceeds a relatively modest 2.7% value. Besides increasing pore density,
it is also clear that another way to enhance membrane performance
would be to improve CNTP permselectivity. A straightforward path-
way to enhance permselectivity of a single-file water channel would
be to reduce its size (35). For example, pillar[5]arene (PAP[5]) chan-
nels (36) with a pore size of around 4.7 A still have some ion perme-
ability (8), whereas narrower 3-A aquaporin pores completely reject
ions (6). The narrowest chirality of single-walled CNT that can be
separated from commercially available source is (6, 4) (37), which
has an effective diameter of ca. 4 A (the value taken from nominal
6.8-A diameter and adjusted for the van der Walls diameter of car-
bon atoms). At this size, a CNTP channel is still likely to transport
some ions. Thus, further improvements of the salt rejection of CNTPs
may require further functionalization (38) of the CNTP pore mouth
or their sidewalls.

Other potential obstacles include the mechanical stability of mem-
branes containing CNT pores and scaling up the membrane areas
to values relevant to water purification applications. Any membrane
using short CNT pores will require a robust support to ensure that
it can withstand pressure drops required for reverse osmosis de-
salination. Even though vesicle fusion could produce large-area mem-
branes (39), the fidelity of this process needs further improvement.
Block copolymer membranes incorporating CNT pores (40) could
provide a more robust composite than lipid bilayers and UV or chem-
ical cross-linking could further improve mechanical properties. Recent
reports on composite polymer membranes incorporating synthetic
PAP[5] nanochannels (41) and membrane proteins (42) also demon-
strate the potential routes to scalable biomimetic membranes.

Our results show that, in addition to being fast water transport-
ers, CNTPs have strong rejection of chloride anions with an overall
channel water-salt permselectivity that is comparable to that of com-
mercial desalination membranes. Temperature-resolved transport
measurements and MD simulations show that the water that en-
ters into the CNTP channel encounters a low energy barrier of
ca. 5.3 kcal/mol. This behavior is also consistent with the behavior
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observed for other single-file water channels. These observations
establish the possibility of using narrow CNT pores for water desali-
nation and point to the improvements that still need to be made for
these pores to realize their full potential.

MATERIALS AND METHODS

Materials and LUV preparation

DOPC was obtained from Avanti Polar Lipids. 5(6)-CF, Hepes, so-
dium chloride, Hepes potassium salt, potassium chloride, potas-
sium nitrate, cholesterol, N,N’-dimethyl-9,9’-biacridinium dinitrate
(lucigenin), sucrose, valinomycin, and single-walled CNTs (catalog no.
773735) were obtained from Sigma- Aldrich Inc. The 0.8-nm-diameter
CNTPs were prepared and purified using previously published pro-
tocols (43). As described previously, the CNTP/vesicle ratio or in-
corporation efficiency was determined by dividing measured proton
permeability of CNTP-LUVs by the unitary proton permeabilities of
CNTPs (43).

To prepare the LUVs DOPC or DOPC/cholesterol (9:1, mol/mol),
lipid in chloroform was aliquoted (2 mg) into glass vials, and the
solvent was evaporated under a stream of air and then further dried
at least 2 hours in a vacuum desiccator chamber. One milliliter of
pH 7.5 buffer was added to the dried lipid film to obtain a suspen-
sion. To incorporate CNTPs into the liposomes, we first dried 0.25
to 1 ml of the appropriate CNTP solution overnight in a vacuum
desiccator to remove the solvent. The dried CNTP film was hydrated
with 1 ml of pH 7.5 buffer and bath sonicated for 30 s to ensure that
the film is completely solubilized and detached from the glass vial.
This solution was subsequently used to hydrate a 2-mg lipid film and
bath sonicated to mix thoroughly. The liposome solutions were hy-
drated at room temperature for 30 min. To ensure formation of LUV
or CNTP-LUVs, the samples underwent 10 cycles of freeze-thaw
treatment where the liposomes were flash frozen in liquid nitrogen
and subsequently thawed at 50°C. The LUVs or CNTP-LUV's were
then extruded at least 21 times through 200-nm pore-sized poly-
carbonate track-etched membranes using a mini extruder (Avanti
Polar Lipids). To remove extravesicular CF from the liposome
solution, size exclusion chromatography with a column containing
Sepharose CL-6B (Sigma-Aldrich) was performed. Fractions were
collected in a 96-well plate, and fractions containing liposomes were
pooled. Average vesicle hydrodynamic radius was determined by
dynamic light scattering using a Zetasizer Nano ZS90 (Malvern
Instruments).

CNTP water permeability measurements

Water permeabilities of CNTP-LUVs or pure LUV's were measured
using a stopped-flow fluorometer (SFM2000; MOS-200, Bio-Logic)
equipped with a single band-pass emission filter (Chroma Technol-
ogy; center wavelength, 510 nm; full bandwidth, 20 nm). The exci-
tation wavelength was set at 492 nm. LUV's were prepared with an
intravesicular solution of 20 mM Hepes K, 85 mM NaCl, 15 mM CF
(pH 7.5), and buffer exchanged into an isosmotic solution of 20 mM
Hepes K and 100 mM NaCl (pH 7.5). During experiments, LUV
solutions were rapidly mixed 1:4 or 1:1 with a hypertonic solution
containing 20 mM Hepes K, 100 mM NaCl, and 200 mM solute
(NaCl or sucrose) (pH 7.5). Fluorescence intensity changed due to
self-quenching of CF at high concentrations was recorded. At least
three traces were averaged for each data point. The membrane wa-
ter permeability, P, was determined using published protocols
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(4, 22, 23) by, first, applying the linear conversion from relative flu-
orescence to relative volume and then iteratively solving the water
permeability equation. Briefly, the time trace of the decrease in flu-
orescence was fitted to a single exponential curve. The osmotic water
permeability, Pg, was calculated from the numerical fit of the re-
sulting single exponential curve to the water permeability equation
(Eq. 1; see also fig. S4)

dv, (0 _

G
- Pfx%x wa( n com) (1)

Vi(e)

where V() is the relative volume of the vesicle at time ¢, Py is the
osmotic water permeability coefficient, A/Vy is the surface area—to—
volume ratio of a vesicle, C;, and C,; are initial solute concentrations
inside and outside the vesicle, respectively, and Vyy is the molar vol-
ume of water. We also compared the water permeability coefficients
obtained with this procedure with the values determined with a dif-
ferent protocol (44) that computes permeabilities directly from the
time constants and found that both approaches give permeability
values that differ by less than 10% (with the second approach pro-
ducing systematically higher values). The unitary water permeability
P,, of CNTPs was calculated using the following expression after sub-
tracting the background vesicle permeability

p, = (PfCNTP—LUVs_ PfLUVs) % % )

where A is the surface area of the CNTP-LUVs, and N is the average
number of CNTPs in the vesicle.

Activation energy measurements

To determine activation energies for water transport, we repeated
water permeability measurements for LUVs and CNTP-LUVs at
different temperatures, as indicated in the main text. For these ex-
periments, the solution reservoirs and the measurement cell of the
stopped-flow instrument were maintained at a preset temperature
by a thermal circulator, and the exact temperature of the sample
was determined by a temperature probe connecting to the measure-
ment cell.

Chloride permeability measurements

Measurements of chloride permeability of both control blank LUV
and CNTP-LUVs were performed in the same stopped-flow fluores-
cence spectrometer setup. Excitation wavelength was set at 455 nm,
and the detection channel was equipped with 488-nm EdgeBasic long-
pass edge filter. To initiate Cl” ion transport across the membrane,
LUVs were rapidly exposed to different gradients of chloride in the
stopped-flow measurement cell. For example, to impose 20 mM CI~
gradient, 75 pl of vesicle samples (pH 7.5, 10 mM Hepes, and 100 mM
KNOj3) were mixed with 75 ul of CI"-containing buffer (pH 7.5, 10 mM
Hepes, 40 mM KCl, and 60 mM KNOs3). Valinomycin was added to
the vesicle samples beforehand to mitigate charge imbalance across
the membrane and to prevent the underestimation of target anions
permeability due to electrical potential developed on the membrane.
The final concentration of valinomycin in the mixed solutions was
10 uM. NO;™ ions were used as counterions of halide anions for bal-
ancing osmotic pressure across the vesicular membranes. All measure-
ments were performed at 23°C. More than seven individual traces
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were recorded for each value of Cl” gradient, and the averaged traces
were used for analysis.

MD simulations

All-atom MD simulations were carried out using the LAMMPS pack-
age (45) and CHARMM force fields (46). A (6,5) CNT with 0.75-nm
diameter and 4-nm length was placed between two graphene sheets
that mimic the lipid bilayer structure of liposomes in experiments
(see Fig. 3A). The CNTP was modeled as a rigid and charged neutral
structure, and each entrance was functionalized with three carbox-
ylate groups (COO"). Both sides of the simulation box were solvated
by approximately 2-nm-thick layers of TIP3P water, and K" and CI”
ions were randomly inserted to neutralize the system. The system was
first energy minimized and then equilibrated for 1 ns under NPT
ensemble at T'=298.15 Kand P = 1 atm.

To determine the activation energy of water and ion permeation
through the CNT, WT-MetaD (27) was used to determine the 2D
PMF. In the MetaD approach (47), a history-dependent bias energy
in the form of Gaussian potential is added to the Hamiltonian of the
system through predetermined collective variables (CVs) to bias the
normal evolution of the system. In this way, sampling of rare events
is accelerated by discouraging the system from revisiting the pre-
viously visited regions in the free energy landscape. In the conven-
tional MetaD approach, the height of the Gaussian remains constant
during the simulation that may result in false convergence or desta-
bilization of the system (48). WT-MetaD used here resolves this issue
by introducing a time-dependent bias potential that results in asymp-
totic convergence of the PMF (49).

The 2D PMF for water and ion transport was evaluated by aver-
aging the results from three independent ~400-ns WT-MetaD sim-
ulations. A 1D PMF was then obtained by calculating the minimum
free energy path on the 2D PMF. In all simulations, two CVs were
used to facilitate PMF convergence (50, 51), including the center of
mass distance between the oxygen atom of the water molecule and
CNT along the direction of the tube axis, and the radial position
of the water molecule with respect to the center of CNT. Hydrogen
bond analysis was based on a simple geometrical criterion adapted
from (52).

In addition to WT-MetaD simulations with classical force fields,
we used a hybrid quantum-continuum approach that combines DFT
with implicit solvation model to further refine the activation energy
of water and ion transport through the CNTP (30). Here, the water
molecule and chloride ion, as well as the CNTP, were explicitly described
using DFT with the van der Waals density functional (vdW-DF2)
(53). As discussed in our previous study (33), the hybrid quantum-
continuum approach goes beyond a simple point-charge approxima-
tion that is often used in conventional classical simulations, thereby
providing a more realistic description of the water-CNTP and ion-
CNTP interactions. In these calculations, ultrasoft pseudopotentials
were used for the description of the interaction between valence elec-
trons and ionic cores (54); in addition, the electronic wave function
and charge density were expanded in a plane-wave basis set truncated
at the cutoff energies of 40 and 320 rydberg, respectively. The implicit
solvent in these calculations was described in the framework of the
reference interaction site method (RISM), where atomic charges and
Lennard-Jones potentials of the solvent and ions were described through
the optimized potentials for liquid simulations of all-atom force fields
(55). All the hybrid quantum-continuum calculations were carried out
with the Quantum ESPRESSO package (56).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eaba9966/DC1

View/request a protocol for this paper from Bio-protocol.
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