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Materials and Methods 
Carbon nanotube porin (CNTP) synthesis 

1,2-dioleoyl-sn-glycero-3-phosphocholine lipid (DOPC) used in this study was 
obtained from Avanti Polar Lipids.  1.5 nm diameter carbon nanotubes (CNTs) were 
obtained from Nano-Lab Inc. (Cat. No. D1.5L1-5-S) and 0.8 nm diameter CNTs were 
obtained from Sigma-Aldrich, Inc. (Cat. No. 773735). The carbon nanotube porins were 
prepared and purified by methods detailed by Tunuguntla et al (35).  In brief, 28 or 36 mg 
of DOPC lipid, for 0.8 nm or 1.5 nm CNTP synthesis, respectively, was added to a 20 mL 
glass scintillation vial from DOPC lipid stock solution (25 mg/mL DOPC, in chloroform) 
and the solvent was evaporated using a rotary evaporator (RotaVap, BUCHI) for 10 
min.  Trace solvent in the vial was further evaporated in a vacuum desiccator 
overnight.  Then, 0.7 (for 0.8 nm CNTs) or 1 mg (for 1.5 nm CNTs) was baked on a 
hotplate in ambient air at 474.3 °C and 461.5 °C, respectively, for 60 mins to remove 
non-graphitic impurities.  14 mL of Milli-Q water was added to the purified CNTs, and 
that mixture was added to the corresponding dried lipid film.  The CNT/lipid complex 
was bath-sonicated for 20 min (Emerson Electric Co., Model Branson 1510) to disperse 
the CNTs in the lipid solution.  This was followed by probe-sonication using a ¼ inch 
sonicator micro-tip (QSonica) at 203 W power for 16 hrs at 3-second pulses with a 1-
second pause between each pulse.  To purify the shortened CNTPs, the sonication-
processed solution was transferred to 15mL conical centrifuge tubes and centrifuged at 
10,300´g for 1hr at 20 °C followed by a 28,000´g spin for 10 min at 20 °C.  After 
centrifugation, the supernatant containing the CNTP was carefully aspirated with a glass 
pipette and stored at 4 °C.  This sonochemical method of cutting regularly produces a 
mean of 10.6 ± 2.3 nm length CNTPs as confirmed by cryo-TEM imaging and Raman 
spectroscopy analysis performed in previous studies (36, 37). 

 
Determining CNTP synthesis yield and CNTP density in liposomes 

For each batch of CNTPs that were produced for experimental use, we analyzed the 
product immediately after sonication processing using a CNTP proton permeability assay 
(36), as a benchmark of the CNTP activity and to quantify the average number of porins 
incorporated into a 200 nm liposome, incorporation efficiency (I.E.). 

Briefly, to determine the I.E. of a given porin batch, we made LUVs and CNT-
LUVs encapsulating a pH-sensitive pyranine dye (8-Hydroxypyrene-1,3,6-trisulfonic 
acid, trisodium salt) containing buffer made as 10 mM pyranine, 10 mM HEPES, 150 
mM NaCl, 30 mM KCl at pH 7.51.  Subsequently, we carried out an acid titration with 1 
µL of 1 M HCl into a known volume of solution containing LUVs.  This titration led to a 
stepwise reduction in the intravesicular pH, and the resulting step changes in pyranine 
fluorescence are recorded.  The fluorescence data were converted to luminal pH readings 
over the pH range of 6.9-7.51, where the pyranine fluorescence emission was linearly 
proportional to the solution pH.  For a typical batch activity measurement, 2 mL of buffer 
(10 mM HEPES, 150 mM NaCl, 30 mM KCl) at pH 6.9 was added to a cuvette and 
placed in a Fluoromax-4 fluorimeter (Jobin-Yvon) at room temperature for at least 5 
minutes with constant stirring until a steady baseline measurement is reached.  We then 
quickly added 70 µL (pH 7.51) of the CNTP-LUVs to the cuvette and monitored the 
changes in fluorescence intensity of entrapped pyranine (ex. 450 nm, em. 514 nm) to 
determine the kinetics of the pH gradient dissipation through the CNTP pore.  All 



 
 

3 
 

measurements took place in dark conditions with constant stirring.  We then extracted the 
slope of each curve (dpH/dt) from the transport assay in the pH range of 7.51–6.9, and 
then converted the measured proton permeability into the number of CNTPs per vesicle 
using the unitary proton permeabilities of CNTPs determined (36) in our previous work, 
1.80×10-7 and 3.30×10-7 nS per 1.5 nm (wCNTP) and 0.8 nm (nCNTP) diameter CNTP, 
respectively. 

 
CNTP reconstitution into liposomes 

The DOPC lipid in chloroform was aliquoted (2 mg) into glass vials and the solvent 
was evaporated under a stream of argon gas or air and then further dried overnight in a 
vacuum desiccator chamber.  Liposomes were prepared by adding 1 mL of 10 mM 
HEPES, pH 7.8 buffer to the dried lipid film to obtain a final lipid concentration of 2 
mg/mL.  To incorporate CNTPs into the liposomes, we first dried 2 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 10 mM HEPES, pH 7.8 buffer and bath-sonicated for 30 
seconds to ensure the film is completely solubilized and detached from the glass vial.  
This solution was subsequently used to hydrate a 2mg DOPC lipid film and bath-
sonicated to mix thoroughly.  The liposome solutions were hydrated at room temperature 
for 30 minutes.  To ensure formation of large unilamellar vesicles (LUVs) 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-LUVs were then extruded 21 times through a 200 nm pore-sized polycarbonate 
membrane using a mini-extruder (Avanti Polar Lipids).  To separate free, unincorporated 
CNTPs from the liposome solution, we performed size exclusion chromatography (SEC) 
with a column containing Sepharose CL-6B (Sigma-Aldrich, St. Louis, MO) agarose, and 
collected fractions in a 96-well plate while using 10 mM HEPES pH 7.8 buffer as an 
eluent.  Fractions containing liposomes were pooled.  In the case of measurements 
performed at pH 3, the preparation of CNT-LUVs or LUVs was carried out as previously 
described (at pH 7.8) followed by diluting the sample 10-fold into 10 mM HEPES buffer 
at pH 2.5 and incubating it for 3 hours to allow the pH inside and outside the liposomes 
to equilibrate. The final pH was verified with a pH probe.  We determined the CNTP 
activity and liposome incorporation efficiency with a proton permeability assay that we 
developed and described previously (36). 

 
Dynamic light scattering (DLS) and zeta potential measurements  

Average liposome diameters were determined by DLS with a Malvern Instruments 
Zetasizer Nano-ZS90.  Typically, 70 µL of the liposome sample was added to a 
disposable small volume cuvette (BRAND GmbH & Co. KG, Germany) and light 
scattering intensity of the liposomes was measured.  Each size reading was obtained from 
an average of 10 individual measurements.  The Zetasizer instrument was also used to 
measure the zeta potential as an indirect measure of surface charge density.  For those 
measurements, 1 mL of a sample was loaded into a disposable folded capillary zeta cell, 
and zeta potential measurements were recorded from an average of 100 readings per 
sample.   
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CNT porin water permeability measurements   
Water permeabilities of 1.5 or 0.8 nm CNTPs or pure liposomes were measured 

using a stopped-flow instrument (SFM2000, BioLogic).  The liposome samples were 
rapidly mixed with a hypertonic solution that caused them to shrink due to the osmotic 
gradient driving a water efflux.  The hyperosmolar buffer contained 10 mM HEPES, with 
the pyranine osmolyte concentration ranging from 5.95 - 95 mM at pH 7.8.  The 
osmolarity of each buffer was verified with a freezing-point osmometer (Osmomat 3000, 
Gonotec).  A typical experiment for a permeability assay consists of mixing the 
liposomes (0.5 mg/mL DOPC) with osmolyte buffer at a ratio of 1:7 (38 µL: 266 µL) and 
a flow rate of 8 mL/s.  Note that we take into account the dilution factor of the osmolyte 
buffer when calculating the final osmotic strength of the solution.  Under these 
experimental conditions, a reduction in liposome volume led to an increase in the light 
scattering signal, according to the Rayleigh-Gans-Debye (RGD) theory of light scattering 
(38).  We recorded light scattering data at 594 nm, a 90° scattering angle, with an 
acquisition interval between 50-200 µs, and a measured dead time of 0.7 msec.  For each 
osmolyte concentration, we averaged at least 5-8 individual runs.  For experiments 
including kosmotropic and chaotropic additives, the osmolyte buffer contained 150 mM 
concentration of tetraethylene glycol (PEG4), glucose, urea, or trehalose. 

Osmotic water permeability of LUVs or CNTP-LUVs, Pf, in units of cm/s was 
calculated using the following expression: 
𝑝" = 	

%
&'
()

*+ ,-./0	,12
            [1] 

where k = -(∆V/V0)/t is the shrinkage rate determined by single or double 
exponential fits to the light scattering data for LUVs or CNTP-LUVs, respectively, SA/V0 
is the ratio of liposome surface area to initial volume, Vw is the partial molar volume of 
water (18 cm3), and (Cout-Cin) is the difference in osmolarity between the intravesicular 
and extravesicular aqueous solution. Here we assume that change in intensity of the 
scattered light is proportional to the change in the vesicle volume (∆V/V0), which 
validates the Boyle-van’t Hoff law (39).  A similar assumption has been used in and 
verified by several previous studies (40-44).  For liposomes containing CNTPs, the 
stopped flow scattering curves could be fit to a double exponential function with two 
kinetic rates – a smaller k1, that represented water efflux through the phospholipid bilayer 
of the liposome, and a larger k2, that represented water efflux through the porins (k2 is 
also the parameter that increased with increasing CNTP density.  For each CNTP-LUV, 
the single-channel unit water permeability, Pw, for either 1.5 or 0.8 nm CNTPs, was 
calculated as the difference in permeability, pf, between CNTP-LUVs and LUVs under 
the same osmotic gradient, multiplied by the surface area of the CNT-LUV (SA), and 
divided by the number of porins incorporated in the liposome for a given batch of 
CNTPs, I.E.: 
𝑃4 = 	 (𝑝",67809:* −	𝑝"9:*) ∗

>?@ABC
D.F.

  [2] 
 

Aquaporin-1 (AQP1) water permeability 
Aquaporin-1 protein used in this study was obtained from MyBiosource, Inc. (Cat. 

No: MBS948542) at a concentration of 5 mg/mL.  DOPC proteoliposomes containing 
aquaporin-1 protein were prepared using the detergent-mediated reconstitution method 
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(45) at a protein: lipid molar ratio of 1:3,052 using the following procedure:   80 µL 
DOPC lipid solution (25 mg/mL) in chloroform was dried to a lipid film on a glass vial 
using a steady stream of argon, hydrated with 1 mL of 10 mM HEPES-K, 0.05% 
dodecyl-b-D-maltopyranoside (b-DDM) buffer pH 7.8 to a final concentration of 
2 mg/mL lipid, and bath-sonicated for 10 mins, extruded 20 times through 200-nm 
polycarbonate membranes (Avanti Polar Lipids).  Next, 5 µL of AQP1 stock solution was 
added to the lipid-detergent mixture and incubated at room temperature for 45 mins. To 
ensure complete removal of the detergent to form proteoliposomes, we used polystyrene 
Biobeads SM2 (Bio-Rad, Hercules, CA), which were thoroughly washed using the 
Holloway method (46), which consisted of washing with 100% methanol two times, 
deionized water three to four times, and then equilibrating in 10 mM HEPES-K buffer. 
Biobeads (160 mg/mL) were added to the lipid–AQP1–detergent mixture and gently 
stirred at room temperature for 6 h, during which time the solution was transferred into a 
fresh batch of Biobeads each hour, followed by the final incubation with a fresh batch of 
Biobeads overnight at 4°C under gentle stirring.  Successful incorporation of AQP1 into 
liposomes was verified using UV–Vis spectroscopy. The sample was passed through an 
SEC column, eluted with 10 mM HEPES-K buffer at pH 7.8, and fractions containing 
liposomes were pooled. The proteoliposomes were diluted 3-fold prior to performing 
water permeability measurements using the stopped-flow apparatus.  The final AQP1 
channel density (ca. 117 AQP1 monomers/liposome) was calculated from the vesicle 
diameter (as measured by DLS), AQP1 concentration, lipid concentration, and area per 
lipid molecule (47). 
 
Activation energy measurements  

To determine activation energies for water transport we repeated water permeability 
measurements for LUVs and CNTP-LUVs at different temperatures in the interval 
between 10 and 50 °C.  For these experiments the solution reservoirs and the 
measurement cell of the stopped-flow instrument was maintained at a set temperature by 
a recirculating heater/chiller (Polystat, Cole Parmer).  Permeability rates through CNTPs 
(after subtracting the background liposome permeability), measured at varying 
temperatures, were then used to construct an Arrhenius plot.  Activation energy was also 
measured for AQP1 in a similar manner to validate our experimental procedures. 
 
Nanopore chip fabrication   

A 500 µm-thick and 100 mm diameter silicon <100> wafer was cleaned with a 
standard RCA process, rinsed with deionized water, and spun dry prior to LPCVD. Then, 
the wafer was immediately placed in a LPCVD furnace (MRL industries) and 50 nm of 
SiNx was deposited on either side of the wafer, followed by the thermally deposited 2 
µm-thick SiO2 film on both sides. The positive e-beam resist ZEP520-A was spun on to 
one side of the wafer and baked for 2 min at 170 oC. Then, an electron-beam lithography 
(EBL) pattern, comprising an array of ca. 200 nm-diameter circles and two alignment 
marks were exposed in JEOL 6300FS e-beam writer. The alignment marks were used to 
line up with photolithography marks later in the fabrication process to ensure that each 
EBL circle would be aligned with a SiNx membrane. Next, the exposed EBL pattern was 
developed in ZED –N50 for 1 min and dried under gentle stream of nitrogen followed by 
rinsing with isopropanol. Prior to photolithography on the other side of the wafer, the 
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developed pattern was inspected in high-resolution optical microscopy to verify the 
proper exposure and development. Afterwards, the SiNx was etched with SF6 plasma in 
Technics Micro-RIE series 800 to fabricate ~200 nm-diameter through-holes on the EBL-
processed side of the wafer.  Photolithography was used on the other side of the wafer to 
define the pattern for KOH etching down to membrane using custom made photomask. 
First, Shipley Microposit S1818 positive photoresist was spun on the other side (non EBL 
side) of the wafer and baked for 1 min at 115 oC. Next, the pattern was exposed in Suss 
MicroTech MA/BA 6 contact aligner using a photomask with alignment marks. These 
alignment marks are identical to those written during EBL exposure. Following 
successful backside alignment and exposure, the pattern was developed in MicroDev for 
1 min. Then, the SiNx was etched with SF6 plasma in Technics Micro-RIE Series 800 for 
KOH etching down to freestanding SiNx membrane through exposed windows. Then the 
photoresist was stripped off using acetone and the wafer was mounted in Idonus PEEK 
backside protection wafer holder such that photolithography side is exposed. The wafer 
in one-sided holder was placed in 40% KOH at 65 oC overnight to etch the exposed 
silicon squares down to SiO2 layer followed by removing 2.5 µm-thick SiO2 film using 
buffered oxide etch.  Once all silicon was completely etched away in KOH, then the other 
2.5 µm-thick SiO2 layer was removed using BOE. The wafer was soaked in ZDMAC 
(Zeon, Co., Japan) and N-methyl pyrrolidone (NMP) for several hours at 50 oC to strip 
off the e-beam resist. This process results in a wafer of ~200 chips, each with SiNx 
freestanding membrane containing ~200 nm-diameter through-hole.  Prior to use, 
individual nanopore chips were cleaned and rendered hydrophilic by immersion in a 
heated piranha solution (1:2 H2O2:H2SO4) for 10 minutes. Chips were then thoroughly 
rinsed in heated DI water and stored in DI water. 

 
Conductance and reversal potential measurements   

Nanopore chips were dried under a vacuum and mounted in a PTFE cell using a 
quick-curing silicone gasket (Smooth-On EcoFlex 5) to seal the chip and reduce the 
capacitance (48). The two chambers of the PTFE cell were then filled with an electrolyte 
solution and Ag/AgCl electrodes are placed in each chamber. The current passing 
through the nanopore was measured using an Axon Axopatch 200B amplifier (Molecular 
Devices) and digitized using an Axon Digidata 1550b (Molecular Devices) at a sampling 
rate of 100 kHz and low-pass filtered between 1-10 kHz as noted in the text.  
Transmembrane current was measured in 10 mV increments between -200 mV and 200 
mV, this data was then used to fit to a conductance model based on pore geometry to 
approximate the pore diameter (typically ~200 nm). 

Liposomes made from DOPC: cholesterol 90:10 (mole %) were fused to the chip to 
create solvent-free bilayers that spanned and sealed the SiN nanopores. Prior to liposome 
addition both chambers of the cell were filled with 100 mM KCl, 10mM Tris, and 1mM 
EDTA at pH 7.5. Liposomes were then added to the cis-chamber, where they experience 
osmotic stress as a result of their contents being hyperosmotic to the surrounding 
solution, causing them to burst over the chip surface to create a supported bilayer that 
spans the nanopore (49, 50). Sufficient sealing of the nanopore was confirmed with 
conductance measurements (with the typical bilayer conductance of ~6 pS).  Zwitterionic 
DOPC lipids are used to ensure that the charge on the bilayer does not affect the 
selectivity of the CNTPs (51). 
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CNTPs were incorporated into a liposome bilayer as described in the previous 
section, and fused onto the chip surface.  Alternatively, CNTPs were directly added to the 
cis- chamber of the cell after lipid bilayer formation, where they spontaneously inserted 
into the membrane. After incubation, both chambers were thoroughly flushed with buffer 
a minimum of 4 times using a syringe pump (kdScientific, LEGATO110). I-V curve 
measurements were then taken in 10 mV increments.  The current was allowed to 
equilibrate for 2 seconds after each change in applied voltage to minimize errors due to 
the capacitance of the substrate. The conductance was estimated from the I-V curves 
using a linear least square regression. 

For reversal potential measurements the chambers were filled with different salt 
solutions as noted in the text.  To prevent the generation of a redox potential at the 
electrodes during these measurements, we connected electrode to the chamber using 
agarose salt bridges (5% agarose, 1M KCl).  In these cases, both electrodes were 
immersed in a solution of 1M KCl, 10mM Tris, and 1mM EDTA at pH 7.5.  In instances 
when salt bridges were not used, the I-V curves were corrected for the redox potential of 
the electrodes by shifting the I-V curve by the theoretical value for the redox potential, 
both methods produced results in good agreement with one another (Fig. S12).  
Theoretical redox potential values were calculated using the Nernst equation (Eq. 3). 
 
𝛥𝐸 = I7

J
𝑙𝑛 MN1O

M/PQ2O
 [3] 

 
where 𝛥𝐸 is the theoretical potential offset observed at the electrodes, R is the gas 

constant, T is the temperature of the solution, F is the Faraday constant, and a is the 
activity of the ionic species (52).  The reversal potential was then used with the Goldman-
Hodgkins-Katz equation (Eq. 4) to extract the transference numbers for the membrane 
(53). 
 
𝑉I = (2𝑡UV − 1)

I7
J
𝑙𝑛 MN1O

M/PQ2O
   [4] 

 
where 𝑉I is the measured reversal potential, and 𝑡UV	is the effective transference 

number for the membrane.  With knowledge of the effective cation transference number 
for the membrane, and the cation transference number in the bulk solution, the 
permselectivity of the membrane was calculated using Eq. 5. 
 
𝑃 = XYZ0XY&

[0XYO
    [5] 

where, 𝑃 is the permselectivity, and 𝑡U\ is the cation transference number in the bulk 
solution. The ionic selectivity ratio, SR (cation/anion), was calculated using Eq. 6. 
 
𝑆𝑅 = XYZ

[0XYZ
    [6] 

 
Computational Methods 

The confined solutions in the wide and narrow CNTs were represented by tetragonal 
supercells constructed from a unit of (6,5) and (19,0) CNT primitive cells with diameters 
of 0.8 nm and 1.4 nm, respectively. Dimensions of the supercell that represents the 
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narrow CNT are a=b=18.52 Å, c=40.679 Å, while the corresponding values for the wide 
CNT are a=b=21.17 A, c=17.06 Å. The supercells contained 13 and 56 water molecules, 
respectively, yielding the density of bulk water at ambient conditions (1.0 g/cm3).  

The first-principles simulations were carried out using Born-Oppenheimer molecular 
dynamics with the Qbox code (http://qboxcode.org/), in which the electronic ground state 
wave functions were optimized at every ionic step. The Brillouin zone was sampled at the 
G point. The interatomic force was derived from density functional theory (DFT) and the 
Perdew, Burke and Ernzerhof (PBE) approximation for the exchange-correlation energy 
functional (54). The interaction between valence electrons and ionic cores was 
represented by norm-conserving pseudopotentials Ry. All hydrogen atoms were replaced 
with deuterium to maximize the allowable time step, which was chosen to be 10 a.u. 

We equilibrated the solutions at a constant temperature of 400 K for 10 ps. An 
elevated temperature was chosen as the employment of the PBE approximation is known 
to yield an over-structured liquid water at ambient conditions, and the use of a simulation 
temperature around 400 K was shown to recover the experimental liquid structure at 
T=300 K (21, 55). Statistics were collected over 25 ps.  To validate the first principles 
model, we verified that it reproduces the value of the bulk water diffusion coefficient 
(55). 

 

Supplementary Text 
Vesicle water permeability dependence on osmotic gradient value   

Stopped-flow based water transport measurements in LUVs (in presence and in 
absence of CNTPs in the lipid shell) under different osmotic gradients show decreasing 
bulk permeability values (Fig 1A,B, also Fig S1).  For example, for control LUVs the 
permeability value, pf, varies from 1.3 x 10-2 to 0.7 x 10-2 cm/s with increasing gradient 
size (from 5.95 to 95 mM). Vesicles are not infinitely compressible and there is a 
structural resistance barrier that prevents vesicle shrinkage beyond a certain point, 
producing an apparent decrease in water permeability with an increasing osmolyte 
concentration (56).  To obtain the true bulk water permeability, pw, that is independent of 
applied osmotic stress, we fit our data to a model, described by Verkman et al. (57), 
which describes structural resistance as a second barrier in series with the vesicle 
membrane: 

  

𝑃" = 	
[

_`a(
	+ 𝑅 𝐶d − 𝐶e

0[

 [7] 

   
Using this model, we obtained water permeability of 1.4 x 10-2 cm/s for DOPC 

liposomes, which agrees well with previously reported values (58, 59).  To account for 
the added permeability of the CNTPs in the lipid shell we modified the model to include 
an additional term, pCNTP: 

 

𝑃" = 	
[

_`a(U_@ABC
	+ 𝑅 𝐶d − 𝐶e

0[

      [8] 
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Equations 7 and 8 allowed us to extract values of pCNTP, and pLUV from the 
experimental data (Figure S2 A, B).  The bulk permeability data for CNTP-LUVs 
containing 1.5 or 0.8 nm CNTPs, along with the measured CNTP density per vesicle and 
vesicle size, were used to calculate (eq. 2) the single CNTP (unit) water permeabilities, 
PCNTP, for each CNTP size. 
 
Comparison of measured single channel water permeabilities with Poiseuille’s law 
prediction 

Hydrodynamic laws of laminar water flow can be applied to the water flow through 
nanotube channels or membrane proteins, under the condition that the pores are large 
enough to contain multiple molecules of water that bear properties similar to those of 
bulk water.  Poiseuille’s law can be used to calculate single-channel permeability 
coefficients by correlating the number of water molecules that pass through a pore per 
second to the pore length and radius (60).  Under the assumptions that the pore is static 
and cylindrical, the single-channel permeability coefficient, Pw, for a pore radius, r, and 
length, l, is given by: Pw  = (πRTr4/ηlVw).  Although this equation was developed for 
macroscopic pore sizes where the finite radius of a water molecule, rw, is neglected, it has 
been modified to include correction factors (61, 62) that account for: (a) steric restrictions 
of water molecules entering the pore and (b) increased frictional interactions between 
water and pore walls.  This modified equation for water permeability is as follows: 

 
𝑃4 = 

	fI7g
h

ijk*+
	 2 1 − g+

g

l
−	 1 − g+

g

m
1 − 	2.104 g+

g
+ 2.09 g+

g

q
− 0.95 g+

g

s
 [9] 

 
For 1.5 nm diameter CNTP Eq. 9 predicts a single-channel permeability coefficient 

of 3.8´10-13 cm3/s, which agrees closely our measured value of 2.19 ± 0.05´10-13 cm3/s, 
as well as with the permeability the values from previous reports of graphene and protein 
channels of similar sizes (60, 63, 64).  These comparisons support our conclusion that the 
physical properties of water inside these porins are similar to that of bulk water.  We 
stress that this formalism does not apply to 0.8 nm diameter CNTPs where water 
structure is significantly different from that of bulk water. 

 
Water Diffusion Coefficients in CNTPs 

We can calculate the diffusion coefficient, Dw, for water transport from unitary 
permeability rates of the CNTPs.  For 1.5 nm diameter wCNTPs, the continuum theory 
should be still applicable (60) and we can use the following equation to calculate 
diffusion coefficient for water: 

 
𝐷4,[.s = 	

k
?N
	 𝑃"         [10] 

 
where l is the channel length, and AC is cross-sectional area of the channel.   
 
For 0.8 nm nCNTPs, the continuous approximation is no longer valid as we cannot 

assume that the water density in the pore is the same as in bulk and must take into 

http://www.sciencedirect.com/science/article/pii/S0005273699000310#FD5
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account the fixed distance between the single-file water molecules and the volume they 
occupy.  The mobility of single-file water molecules, Dw,0.8, is better described by the 
Einstein relation (19, 33, 65): 

 

𝐷4,d.i = 	
vw8+
lx+

         [11] 
 
where z and νw are the average distance between two water molecules in the single-

file water wire, and the molecular volume of one water molecule (νw = Vw/NA), 
respectively. 
 
Water structure in CNTPs 

Computed oxygen-oxygen radial distribution functions (goo(r)) of water molecules 
(Fig. S16) reveal more details of the water structure in CNTs.  As expected, water 
structure in nCNTs deviates significantly from the bulk; showing that the first solvation 
shell is not recovered with a slightly larger position of the goo(r) first maximum.  In 
contrast, the goo(r) for water in wCNTs is much closer to the bulk result, showing that 
water in those wider CNT channels retains almost bulk-like structure. 
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Fig. S1. 
Light scattering traces collected after exposing DOPC liposomes to increasing levels of 
osmotic pressure.  Legend indicates concentrations of pyranine osmolyte. 
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Fig. S2.   
Water permeability of (A) DOPC liposomes and (B) DOPC liposomes containing CNTPs 
measured in stopped-flow experiments as a function of applied osmotic pressure. 
  



 
 

13 
 

 

Fig. S3.   
(A) Water permeability of CNTP-containing liposomes plotted as a function of CNTP 
concentration.  Higher CNTP loading leads to increased overall liposome permeability.  
(B) Zeta-potential of CNTP-containing liposomes (pH 7.8) plotted as a function of the 
CNTP concentration.  Increased loading with negatively-charged CNTPs increases the 
negative zeta-potential of the liposomes. 
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Fig. S4.   
Light scattering traces showing water permeability through 0.8 nm CNTPs when osmotic 
pressure is generated from NaCl osmolyte (5-1000 mM). 
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Fig. S5. 
Water permeability through (A) wCNTP and (B) nCNTPs measured at pH 3 and pH 7.8 
with and without addition of 150 mM PEG chaotrope (N=3). 
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Fig. S6. 
Arrhenius plot showing the temperature dependence of the water permeability of DOPC 
liposomes and aquaporin-1 channels.  Measurements were performed at pH 7.8 and the 
activation energies, determined from the slope of linear regression of the data, are 
consistent with previously reported values (34, 44) for DOPC liposomes (16.2 kcal/mol, 
black circles) and AQP1 channels (4.87 kcal/mol, green circles). 
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Fig. S7. 
TEM image of ca. 200 nm diameter nanopore fabricated in SiNx membrane.  



 
 

18 
 

 

Fig. S8. 
I-V curve measurements for the bare SiN 200 nm nanopore (left).  The device displays 
the expected linear relationship between conductance and KCl electrolyte concentration 
(right). 
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Fig. S9. 
Plot of conductance values measured at different KCl concentration for a nanopore sealed 
with a lipid bilayer.  Conductance was determined as the slope of I-V curves.  Measured 
conductance values are significantly lower than those of CNTP-containing bilayers and 
do not display the same scaling with salt concentration. 
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Fig. S10. 
Example trace showing the insertion of a single nCNTP into the solvent-free lipid bilayer 
formed via the vesicle fusion method. Data was taken in a buffer containing 1 M KCl, 10 
mM Tris, and 1 mM EDTA at pH 7.5 with an applied voltage of 100 mV.  The trace 
shows a stepwise conductance increase of ca. 65 pS.  In this trace, one nCNTP was 
already present in the bilayer before the start of current recording. 
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Fig. S11. 
(A,B)  Example traces and (C) a histogram of conductance jump values from nCNTP 
insertions in lipid bilayers formed by the painting method.  The bilayer was formed as 
detailed in previous study (35). Bilayers are formed using the Montal-Mueller technique, 
as described by Gutsmann et al (66).  Data was taken in a buffer containing 1 M NaCl, 10 
mM Tris, and 1 mM EDTA at pH 7.5 with an applied voltage of 100 mV.  Conductance 
jumps are of similar value to those observed in solvent free bilayers made with the 
liposome fusion method described earlier (Fig. 3C), but were much less stable.  Stability 
may be hindered by interactions between the residual solvent in the bilayer and the lipid-
wrapped CNTPs. Traces were analyzed using a custom Python CUSUM software to 
extract stepwise conductance increases. 
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Fig. S12.   
Reversal potential measurements for a bare SiNx 200 nm diameter nanopore at pH 7.5 
where electrodes were either (A) directly immersed into the chambers, or (B) connected 
to them via salt bridges. Both measurements are in good agreement after correction for 
the theoretical Nernst potential. The legend indicates KCl electrolyte concentration in the 
cis- and trans- compartments of the measurement cell.  The bare nanopore substrate 
shows very weak anion selectivity (Cl-/K+ selectivity ratios of 2.12, 4.54, 5.88, for cis 
concentrations of 10 mM, 100 mM, and 3 M respectively). 
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Fig. S13. 
I-V curve measurements (left) for nCNTPs obtained when the electrodes were connected 
directly to the measurement chamber compartments (i.e. without the use of salt bridges).  
From the reversal potentials, VR, permselectivity values were calculated after correcting 
for the theoretical Nernst potential, as indicated in the table (right). 
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Fig. S14.   
(A) I-V curve measurement (red circles) and reversal potential measurement (blue circles, 
obtained without using salt bridges) on a lipid bilayer with inserted a-hemolysin channels, 
and an I-V curve recorded on a pure lipid bilayer prior to protein insertion (green 
diamonds).  Reversal potential value of 15.6 mV corresponds to a K+/Cl- selectivity ratio 
of 0.54, in good agreement with the results reported by the Bayley group (67).  (B) An I-V 
curve measurement (red circles) and reversal potential measurement (blue circles, 
performed with salt bridges) on a lipid bilayer with inserted gramicidin channels, and an 
I-V curve recorded on a pure lipid bilayer prior to gramicidin insertion (green diamonds).  
Measured reversal potential value of -57.47 mV indicates complete rejection of anions 
(K+/Cl- ratio of ∞), in good agreement with literature reports for gramicidin (68).  For all 
measurements, the ion gradient values are indicated in the figure legend.  In addition to 
specified concentrations of KCl all solutions contained 10 mM Tris, 1 mM EDTA, pH 7.5. 
  



 
 

25 
 

 

Fig. S15.   
I-V curves recorded when different sides of nCNTP were exposed to 1 M KCl 
concentration under symmetric and asymmetric pH conditions (as indicated in the figure 
legend). 
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Fig. S16.   
Calculated oxygen-oxygen radial distribution function goo(r) for water molecules in the 
bulk and in (A) wCNT and (B) nCNT. 
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Fig. S17.   
Radial atomic density distribution functions of oxygen (red), hydrogen (blue), and carbon 
(black) in a 0.8 nm CNT, as obtained with first-principles simulations. The carbon wall is 
indicated by the dashed line, and the origin is the center of the CNT. The gray shaded 
area indicates the depletion layer between water molecules and CNT wall. 
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Table S1.  
Reversal potential, permselectivity, and selectivity ratio values for different values of salt 
gradient across the bilayer membrane with incorporated nCNTPs. 
 

High Salt/ 
Low salt 

(mM) 

pH 7.5 pH 3 

Reversal 
Potential 

(mV) 
Permselectivity 

Selectivity 
Ratio 

(K+/Cl-) 

Reversal 
Potential 

(mV) 
Permselectivity 

Selectivity 
Ratio  

(Cl-/K+) 
3000/1000 -21.9 0.832 10.6 10.1 -0.354 2.2 

3000/10 -108.0 0.813 9.5 - - - 

1000/600 -11.2 0.956 44 - - - 

1000/100 -49.8 0.952 40 32.6 -0.591 4.3 

1000/50 -67.5 0.986 140 - - - 
1000/25 -87.2 1.028 ∞ - - - 
1000/20 -91.8 1.017 ∞ - - - 
1000/10 -106.5 0.996 522 75.1 -0.669 5.7 
1000/5 -124.2 1.003 ∞ - - - 

600/100 -40.3 0.989 184 17.6 -0.404 2.5 
100/50 -16.6 1.028 ∞ - - - 

100/25 -34.2 1.060 ∞ - - - 
100/20 -38.6 1.020 ∞ - - - 
100/10 -56.8 1.040 ∞ 47.6 -0.836 15 
100/5 -70.6 0.989 162 - - - 
50/10 -38.0 0.988 159 - - - 
20/10 -17.0 1.020 ∞ - - - 
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