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1. Zeta Potential measurements

Table S1. Zeta potentials of vesicles and two types of Au NPs. All measurements were carried
using purified materials in aqueous solutions. Standard deviation values are based on three
measurements.

Type Zeta Potential (mV)
Vesicles 36.5+1
Au/carborane -35+1
AU/PEG-OH -9.7+0.9



2. Characterisation of vesicles
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Figure S1. Characterisation of unilamellar vesicles. (a) Cryo-TEM image of pure aqueous

dispersion of vesicles. (b) The corresponding size distribution. (c) Dynamic light scattering
(DLS).
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3. Potential calibration curve
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Figure S2. Relation of membrane potential and fluorescence intensity.™? (a) Fluorescence versus
time traces after addition of valinomycin at eight different potassium gradients. The potassium
and sodium concentration inside the vesicles was always 100 mM KCI and 5 mM NacCl. (b)
Calibration curve of fluorescence intensity versus calculated membrane potential. Red and black
data points are coming from two different vesicle samples prepared and measured in the very
same conditions.



4. Membrane polarisation by partitioning of Au/carborane NPs
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Figure S3. (a) Schematic view of membrane penetration and polarisation by anionic
Au/carborane NPs in different electrolyte solutions. (b) Corresponding fluorescence versus time
traces using 20 nM Au/carborane NPs. (c) Final potential reached versus ion type.



5. 3D printed polyacrylamide electrochemical cells with two Ag/AgCl electrodes
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Figure S4. (a) Droplet interface bilayer (DIB) cell (scheme and photo) for potentiometric
experiments. A single phospholipid bilayer membrane was formed between a hanging water
droplet on an agarose hydrogel and underlying planar aqueous medium.®* (b) Schematic diagram
of forming a free standing bilayer membrane for potential step experiments and photo of the cell

in the middle.>®



6. ON and OFF potentials of Au/carborane NPs are independent of potassium gradient
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Figure S5. Fluorescence versus time traces of polarisation with valinomycin (black trace) and
polarisation by partitioning of Au/carborane NPs (red trace) followed by valinomycin (red trace)
additions over broad range of potassium gradients. Note that the switching potentials are very
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7. Estimation of transport rates.

In the vesicle experiment, cation fluxes across the membrane occur in both directions and
compensate each other until the concentrations inside and outside are the same. For example,
assuming that during depolarisation (Figure 3a and b) the Na* and K" concentrations inside and
outside the vesicles equalise we can conclude, based on the known average vesicle volume of
5.2x10"° L and salt concentrations (100.9 mM sodium outside and 1 mM inside, and 0.1 mM
potassium outside and 100 mM inside), that in this process 31000 Na® ions enter the vesicles
while approximately the same number of K* ions leave. This is based on the assumption that the
outside volume is vastly larger than the total vesicle volume and that hence it can be
approximated that outside the vesicles all concentrations remain the same. It corresponds to an
average transport rate of about 30 ions per second in both directions. Given a Au/carborane NPs
density on the membrane of 4x10° cm™ (corresponding to about two Au/carborane NPs per
vesicle) each Au/carborane NP transports about 15 ions per second and each valinomycin
molecule about 30. Since cations flow simultaneously in both directions the net current is close
to zero and limited to the capacitive component associated with the change in membrane
potential. These considerations are made under the assumption that sodium and potassium ions
are equally well transported and hence the membrane potential will reach zero when the
concentrations are equal inside and outside the vesicles. This may not strictly be true.



8. lon exchange experiments
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Figure S6. ESI-TOF mass spectra of Au/carborane NPs after sodium exchange with lithium
(red), potassium (green), magnesium (blue) and calcium (violet). The yellow trace shows the
sodium of as prepared Au/carborane NPs before exchange. Note that, unlike lithium and
potassium, magnesium and calcium practically do not replace sodium. This is in full agreement
with our findings from charge transport experiments, i.e. no transport of magnesium or calcium.
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9. I-V curves generated from potential step experiments
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Figure S7. (a) Comparison between I-V curves generated by equal concentrations (200 nM) of
valinomycin (red squares) and Au/carborane NPs (black squares). The current density at 80 mV
generated by valinomycin is 5.8x10pA/cm? which is comparable to the literature value.” (b) I1-V
curves obtained using 200 nM Au/carborane (black squares) and Au/PEG-OH NPs (green
squares), as expected, showing no ion transport by the Au/PEG-OH NPs.
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10. Interaction of Au/carborane NPs with vesicles imaged by Cryo-TEM

Figure S8. Cryo-TEM images of pure phospholipid vesicles mixed with 50 nM Au/carborane
NPs. Individual particles are marked by yellow circles whereas the larger groups are marked
with arrows. Note that all particles appear to be associated with the vesicle membrane.

12



11. Characterisation of Au NPs

11.1 UV-Vis and TEM analysis

of Au NPs
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Figure S9. (a) UV-Visible spectra of Au/carborane and Au/PEG-OH colloidal suspensions. Both
spectra were normalized at 320 nm. (b-e) HR-TEM images of two gold nanocluster/ligand types:
Au/carborane (b) and Au/PEG-OH (d) and the corresponding size distributions (c, e).
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11.2 Surface chemistry analysis of Au NPs by FTIR
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Figure S10. FTIR spectra of (a) pure mercaptocarborane which contain prominent B-H stretches
at 2570 cm™. These are also visible in the spectrum of functionalized particles Au/carborane (b).2
In the same way free ligand molecules of PEG-OH were compared to Au/PEG-OH nanoparticles
(c) and (d) respectively. Where broad band around 3400 is assigned to -OH and symmetric and
asymmetric CH,-stretching bands of the Cy3-methylene units are expressed by two bands around
2850 and 2920 cm™.° Due to low concentration of capping agent of the washed sample Au/PEG -
OH the absorbance was rescaled to make the spectrum visible (d).
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