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            Abstract
There is much interest in developing synthetic analogues of biological membrane channels1 with high efficiency and exquisite selectivity for transporting ions and molecules. Bottom-up2 and top-down3 methods can produce nanopores of a size comparable to that of endogenous protein channels, but replicating their affinity and transport properties remains challenging. In principle, carbon nanotubes (CNTs) should be an ideal membrane channel platform: they exhibit excellent transport properties4,5,6,7,8 and their narrow hydrophobic inner pores mimic structural motifs typical of biological channels1. Moreover, simulations predict that CNTs with a length comparable to the thickness of a lipid bilayer membrane can self-insert into the membrane9,10. Functionalized CNTs have indeed been found to penetrate lipid membranes and cell walls11,12, and short tubes have been forced into membranes to create sensors13, yet membrane transport applications of short CNTs remain underexplored. Here we show that short CNTs spontaneously insert into lipid bilayers and live cell membranes to form channels that exhibit a unitary conductance of 70â€“100Â picosiemens under physiological conditions. Despite their structural simplicity, these â€˜CNT porinsâ€™ transport water, protons, small ions and DNA, stochastically switch between metastable conductance substates, and display characteristic macromolecule-induced ionic current blockades. We also show that local channel and membrane charges can control the conductance and ion selectivity of the CNT porins, thereby establishing these nanopores as a promising biomimetic platform for developing cell interfaces, studying transport in biological channels, and creating stochastic sensors.
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                    Figure 1: Synthesis, characterization, and bulk transport properties of CNT porins.[image: ]


Figure 2: Transport through individual CNT porins.[image: ]


Figure 3: DNA translocation through CNT ion channels.[image: ]


Figure 4: CNT porin incorporation into live cell membranes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TEM images of isolated CNTs.
aâ€“c, Purified CNTs before cutting (a and b, conventional TEM, c imaged on a cryo stage; all air-dried samples). d, Magnified image of one CNT from c. eâ€“g, CNTs mixed with lipid and lightly sonicated to aid nanotube dispersion. hâ€“m, Isolated CNT porins after the cutting procedure.


Extended Data Figure 2 Length distributions of CNT porins measured from TEM images.
a, CNT porin sample after cutting and purification procedures (n = 65). b, Cut and purified sample after passing through a 100 nm pore filter membrane (n = 36). c, As b but after passing through a 50 nm pore filter membrane (n = 156). Âµ indicates the mean CNT porin length.


Extended Data Figure 3 Characterization of CNT porins.
a, Histogram of the diameters of short CNT fragments measured with AFM. Most CNT porins show diameters between 1 and 2 nm. Inset, high-magnification AFM image of a single CNT on a bare mica surface. b, Histogram of the diameters of CNT porins inserted into the lipid vesicles measured by cryo-TEM. c, Raman spectrum of the short-CNT/lipid complex after 16 h of sonication-assisted cutting. Inset, magnified view of the radial breathing mode region of the CNT spectrum (100â€“300 cmâˆ’1).


Extended Data Figure 4 Cryo-TEM images of CNTâ€“liposome complexes.
Original large field-of-view images (main panels); insets, magnified views of the selected structures, with false-colour lines added to highlight the lipid bilayer (red) and CNT porins (blue).


Extended Data Figure 5 High magnification cryo-TEM imaged of CNTâ€“liposome complexes.
Panels (left to right) show unprocessed, image-processed, and colourized unprocessed examples. See Methods for details of image processing.


Extended Data Figure 6 Single CNT porin conductance at different electrolyte concentrations.
Plots of the average single CNT porin conductance at different values of background electrolyte (KCl) concentrations at pH 7 (red circles) and pH 2 (blue squares). The slopes of the linear fit through the data (dashed lines) correspond to 0.66 nS Mâˆ’1 at pH 7 and 0.36 nS Mâˆ’1 at pH 2. Error bars, s.d.; n values as follows (pH = 7: 0.15 M, n = 6; 0.5 M, n = 161; 1 M, n = 39; 2 M, n = 8. pH = 2: 0.5 M, n = 18; 1 M, n = 3; 2 M, n = 36).


Extended Data Figure 7 Single CNT porin conductance at pH 2.
a, Representative conductance traces showing individual CNT porin incorporation at pH 2 and 2 M KCl background electrolyte concentration. Traces iâ€“iv represent incorporation from 4 independent experiments. b, Histogram of conductance values measured for 109 individual CNT channel incorporation events (n = 109). Solid blue line corresponds to the fit of the data to a distribution expected for multiple channel incorporation, where the position and width of the second peak are determined from the position, Î¼ (0.36 Â± 0.006 nS), and width, Ïƒ (0.10 Â± 0.008 nS), of the first peak as 2Î¼ and [image: ]. c, Representative conductance traces showing individual CNT porin incorporation at pH 2 and 0.5 M KCl background electrolyte. Traces iâ€“iv represent incorporation from 4 independent experiments. Control trace shows a conductance trace collected at the same conditions without adding CNT porins.


Extended Data Figure 8 Representative traces and corresponding current level histograms of CNT porin incorporation, gating and DNA translocation in lipid bilayers at pH 7.
a, Control conductance trace recorded in the absence of CNT porin. Although only the first 5 min are shown, the current level remained stable for up to 80 min (n = 3 Ã— 106). b, c, Conductance traces and histograms showing single CNT porin incorporation events and subsequent current fluctuations between gating sub-levels (n > 5 Ã— 104). d, Trace and conductance value histogram showing CNT porin incorporation event and subsequent two DNA translocation events (indicated by black arrows). Here n = 3.6 Ã— 105. The peaks on the histogram correspond to 0.01 nS for pre-incorporation baseline, 0.22 nS for DNA blockade, and 0.67 nS for open pore conductance, which gives the DNA blockade of 0.45 nS and a blockade ratio of 67%. Dashed lines are added to all traces as a guide to the eye.


Extended Data Figure 9 CNT porin conductance in cellular membranes.
a, Schematic of the on-cell patch clamp measurement. b, c, On-cell conductance measurements demonstrate no channel activity (b) and appearance of a small flickering channel (c) in control experiments with HEK293T cells. Holding potentials were âˆ’60 mV (b) and +60 mV (c), the time order is from left to right, top to bottom. d, In the presence of CNT porin (0.15% dilution of the stock), large channel activity is detected, holding potential âˆ’60 mV. e, Metastable conductance sub-states of 50 pS detected with CNT porin incorporated into the plasma membrane of CHO cell, holding potential âˆ’60 mV. f, Mean patch conductance (on cell configuration, 0.15% CNT stock solution in the patch pipette) detected in CHO and HEK293T cells at positive and negative holding potentials. Error bar, s.d.; 4 cells). In âˆ¼70% of HEK293T cells and 95% of CHO cells we did not observe significant dependence of the conductance on the holding potential; only those cells were used for the conductance analysis.


Extended Data Figure 10 CNT porin conductance in patches isolated from planar lipid bilayers and giant unilamellar vesicles.
a, Histogram of conductance values measured for CNT porin incorporation into a planar lipid bilayer mimicking the composition of a charged plasma membrane (red bars, n = 681, 5 membranes, 3 controls without CNT porins showed no events) and a similar lipid bilayer without charged species (black bars, n = 540, 5 membranes, 3 controls without CNT porins showed no events). The background electrolyte concentration was kept at 150 mM. Solid lines correspond to the fit of the data to a distribution expected for multiple channel incorporation. The primary peak positions are 65.1 Â± 0.4 pS (charged bilayer) and 92.5 Â± 0.6 pS (uncharged bilayer). b, Histogram of conductance values measured for CNT porins reconstituted into giant unilamellar vesicles (GUVs) mimicking the composition of charged plasma membrane (red bars, n = 40, 3 membranes), Solid lines correspond to the fit of the data to a distribution expected for multiple channel incorporation with the primary conductance peak at 60 Â± 2 pS. c, Representative control experiment demonstrating lack of spontaneous pore formation in the bilayer patch. d, e, Patch-clamp measurements of the CNT porin incorporation events in planar lipid bilayer (d) and GUV membrane (e).
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Synthetic analogues of biological membrane channels that match the latter's high efficiency and exquisite selectivity for transporting ions and molecules could find many applications. Although it is possible to produce nanopores of a size comparable to that of protein channels, replicating their affinity and transport properties remains challenging. Jia Geng et al. now show that short (10-nm-long) single-wall carbon nanotubes spontaneously insert into lipid bilayers and live cell membranes to form channels with useful and tuneable transport properties. These carbon-nanotube channel-forming molecules or porins offer a promising biomimetic nanopore platform for developing cell interfaces, studying transport in biological channels, and creating stochastic sensors.
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