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Abstract: Gold nanoparticles with variable hydrophobicity have been prepared in 
three different size regimes following established methods.  The control of 
hydrophobicity was achieved by complexation of the 18-crown-6-CH2-thiolate ligand 
shell with potassium ions. Potassium dependent phase transfer of these particles from 
dispersion in water to chloroform was demonstrated, and the equilibrum partitioning 
of the particles in water-chloroform liquid/liquid systems was quantified by optical 
spectroscopy. The gradual complexation of the ligand shell with potassium ions was 
further monitored by zeta potential measurements. Potassium dependent insertion of 
nanoparticles into the phospholipid bilayer membrane of vesicles in aqueous 
dispersion has been demonstrated by cryogenic transmission electron microscopy 
(cryo-TEM). Nanoparticle-dependent potassium ion transport across the vesicle 
membrane has been established by monitoring the membrane potential with 
fluorescence spectroscopy using a potential sensitive dye. 
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Introduction 
At a certain level of structural or functional complexity, asymmetry becomes a vital 
property of the constituents of self-assembled systems.1 Without delving into theory, 
this statement is intuitively corroborated by looking at the elemental building blocks 
of existing assemblies at any scale, not least Lego® bricks, the asymmetry of which 
forms the basis for their directional assembly. The growth of microtubules, which are 
part of the cytoskeleton and, among other functions, responsible for directional 
intracellular transport, represents one of countless biological examples of directional 
assembly, in this case from bipolar protein subunits.2 Unlike proteins and other 
biomolecules, most artificial nano-objects are crystalline groups of atoms, ions or 
molecules, sometimes protected by a molecular ligand shell and usually highly 
symmetric. In order to break this symmetry, for example by creating a top and a 
bottom or a left and a right side, these objects have to interact with an asymmetric 
environment, which could be an external electric3,4 or magnetic field,5,6 directional 
flow7 or freezing,8 any type of gradient, or an interface.9–12 In this contribution we 
demonstrate the rational design of water dispersible gold nanoparticles that can be 
programmed to reside at the interfaces formed by phospholipid bilayer membranes in 
an aqueous dispersion of vesicles. This is achieved by increasing the hydrophobicity 
of the particles in a controlled fashion via complexation of potassium ions in their 
ligand shell. The complexing ligand chosen here is a thiolated crown ether, which is 
known to become more hydrophobic upon complexation of potassium ions.13 This 
interaction has been used before to control the hydrophobicity of nanoparticles14,15 but 
not to target phospholipid membranes with them. However, crown ethers modified 
with self-assembling moieties16,17 and with peptides18 have been reported to reside in 
bio-membranes and to act as artificial ion channels. Once our particles were bound to 
the membrane, we could have tried to take advantage of this environment to modify 
the particles only on one side creating asymmetry in the ligand shell. There are indeed 
many reports on similar approaches to this end.10,11,19 Instead of exploring this route, 
we were interested in probing the functionality of membrane bound particles and 
found that they act as specific potassium transporters and, in the presence of a 
potassium concentration gradient, rapidly polarise the membrane to the corresponding 
potential. In this discussion article we present the design and preparation of crown 
ether modified gold nanoparticles of three different sizes, detailed phase transfer 
studies and zeta potential measurements to demonstrate the control of hydrophobicity 
by complexation of potassium ions to the crown moieties, and finally vesicle 
membrane polarisation by membrane bound nanoparticles in the presence of a 
potassium ion concentration gradient across the membrane.       
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Experimental 
 
Chemicals 
Trisodium citrate Na3C6H5O7, hydrogen tetrachloroaurate (III) hydrate HAuCl4 · 
3H2O, sodium borohydride NaBH4 were supplied by Aldrich. O-[2-(3-
Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol (mPEG-SH, Mw 
5000) was purchased from Sigma-Aldrich. Liposome kit and LiCl, NaCl, KCl salts 
were purchased from Sigma. 18-crown-6-CH2 was supplied by ProChimia. Pure-
grade methanol, ethanol and Milli-Q-grade water were used in all preparations. 
 
Synthesis of 2 nm Au/18-C-6-CH2-SH NPs  
Small, 2 nm Au/18-C-6-CH2-SH NPs were synthesized by a modified literature 
method20,21 where a 1:1 AuIII : capping agent ratio was used. Briefly, 3 ml of a 9 mM 
solution of hydrogen tetrachloroaurate (III) hydrate in methanol was mixed with 3 ml 
of a 9 mM solution of 18-C-6-CH2-SH in methanol resulting in a clear yellow 
solution. The mixture was stirred for 10 minutes at room temperature and turned 
almost colorless and slightly cloudy. Then, 3 ml of a freshly prepared 0.056 M 
solution of NaBH4 in methanol was rapidly added under vigorous stirring. Upon 
addition, the solution quickly became deep brown in color and was left for 15 minutes 
to allow the reaction to proceed to completion. After one hour, the resulting Au/18-C-
6-CH2-SH NPs dispersion was rotary evaporated at 30°C to yield a black residue of 
NPs which was washed three times with diethyl ether.  In the final step, the crude 
product was redispersed in iso-propanol to remove excess hydrophilic reaction 
products that were filtered off, and after careful rotary evaporation (30°C) the purified 
product was obtained as a black solid, which was dispersed in MQ water for further 
use. 
 
Synthesis of citrate stabilised particles. 
Citrate Au NPs were synthesized by a modified Turkevich method reported by 
Bastús22 et al. Briefly, an aqueous solution of trisodium citrate (2.2 mM, 75 ml) was 
refluxed for 15 minutes, and aqueous HAuCl4 (0.5 ml, 25 mM) was rapidly added to 
the solution under vigorous stirring. Over a period of 10 minutes, the colour of the 
mixture gradually became deeper red. The reaction mixture was left stirring for a 
further 20 minutes to ensure the reaction had gone to completion and then left to cool 
to room temperature. 
To grow larger particles, the above procedure was repeated but instead of allowing the 
mixture to cool down, the temperature was reduced to 90 °C, and 1 ml of the 
dispersion was replaced by 0.5 ml of a trisodium citrate solution (60 mM) and 0.5 ml 
of an HAuCl4 solution (25 mM). This process was repeated every 4 hours to a total of 
4 times.  It promoted the gradual growth of particles to a final size of 38 nm. 
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Two step functionalization of citrate particles with 18-C-6-CH2-SH 
Lack of stability control in direct functionalization of citrate Au NPs with 18-C-6-
CH2-SH led us to introduce an intermediate step which consists of replacing citrate 
ligand with O-[2-(3-Mercaptopropionylamino)ethyl]-O′-methylpolyethylene glycol  
(mPEG-SH, Mw 5000) molecule. This was then followed by ligand replacement in 
ethanol with a large excess of 18-C-6-CH2-SH. In order to functionalize Au/citrate 
NPs with m-PEG-SH 5000 an aqueous dispersion of 15 nm citrate particles (30 ml) 
was mixed with m-PEG-SH 5000 (4 molecules per nm2 of total gold NPs surface) 
under vigorous stirring. The solution was left to stir for 40 minutes at room 
temperature to ensure complete functionalization occurred. The solution was then 
centrifuged at 14500 rpm for 30 minutes, followed by the removal of water and re-
dispersion in ethanol (5ml); this purification process was repeated 3 times.23 
In the same way, larger, 38 nm citrate Au particles were functionalized with the same 
number of m-PEG 5000 molecules per nm2 based on the total gold NPs surface. 
 
In order to replace the intermediate m-PEG 5000 ligand with the desired one, a 
solution of 18-C-6-CH2-SH (400 molecules per nm2 of total gold NPs surface) 
dissolved in 1ml of ethanol was slowly added drop wise under vigorous stirring to the 
ethanolic dispersion of 15 nm Au/m-PEG 5000 NPs (25ml). The mixture was then 
sonicated for 20 minutes and left at room temperature for 12 hours. The product was 
isolated by repeated centrifugation at 12000 rpm (1 hour) and re-dispersion in MQ 
water. Samples were then analysed by TEM and UV-Vis. 
The above process was repeated for the larger 38 nm citrate particles with the same 
number of 18-C-6-CH2-SH ligand molecules 400 per nm2. 
 
Phase Transfer of Au/18-C-6-CH2-SH NPs 
Dispersions containing 2 nm Au/18-C-6-CH2-SH ((8 ± 1) ×1014 NPs/mL) were mixed 
with KCl to adjust the following final concentrations of salt in aqueous phases: 0, 
1.25, 12.5, 62.5, 200, 400 mM, followed by shaking for 15 seconds. Then each 
sample was carefully added to chloroform (1 ml) to form a two-phase 
water/chloroform system in a glass vial (4 ml). Pictures were taken at regular time 
intervals to monitor the gradual phase transfer of the particle. 
Phase transfer experiments with larger particles (15 and 38 nm) were all carried out at 
a constant KCl concentration of 4 mM. The concentrations of particles were adjusted 
to give comparable optical densities. 
The phase transfer ability of different cations (LiCl, NaCl and KCl) was tested with 2 
nm particles ((8 ± 1) × 1014 Au/18-C-6-CH2-SH NPs/mL); experiments were 
performed as described above.  
Quantitative particle partitioning experiments were carried out in the same way except 
for the rapid equilibration, which was achieved by vortexing the two-phase systems 
for 10 s. After phase separation, samples were analysed by UV-Vis. 
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Zeta Potential Measurements  
All measurement were carried out with a Malvern zetasizer nano ZSP.  For this 
purpose, KCl was added to aqueous dispersions containing 2nm Au/18-C-6-CH2-SH 
((3 ± 0.5) × 1011 NPs/mL) to the following final salt concentrations: 0, 0.25, 2.5, 8, 
12.5, 20, 30, 40 µM. 
  
TEM and HRTEM 
TEM samples were prepared by drop casting 3 µl of Au nanoparticle colloidal 
solution onto holey carbon TEM grids (Agar Scientific or TAAB). After drying in air, 
the samples were imaged on an FEI Tecnai Spirit G2 BioTWIN TEM at an 
accelerating voltage of 120 kV, using an Olympus-SIS MegaView III digital camera. 
High-resolution TEM was performed on an aberration-corrected JEOL JEM 2100FCs 
microscope operating in STEM mode at an accelerating voltage of 200 kV. 
 
Vesicles preparation 
Vesicles were prepared by a modified variant of the method described by Newcomb24 
et al.  Briefly, a 10 mM stock solution of phospholipids was made by dilution of 
liposome kit lyophilized powder (Cholesterol 9 µmol, L-α-Phosphatidylcholine (egg 
yolk) 63 µmol, Stearylamine 18 µmol) in chloroform. 1 ml aliquots of the stock 
solution were rotary evaporated for 2 hours in order to remove all residues of organic 
solvent. MQ water or KCl and NaCl buffer solutions were used to hydrate the 
phospholipids depending on the requirements of each experiment. In order to make 
the white suspension of phospholipids more homogeneous, it was heated to 60˚C 
followed by 4-5 freeze thaw cycles using liquid nitrogen. Next, the hydrated and 
homogeneous phospholipid solution was extruded 20 times through a mini-extruder 
(Avanti) with a 100-nm-pore-size polycarbonate filter (Whatman) to form vesicles of 
about 100 nm diameter. The vesicle dispersion was purified by dialysis using MWCO 
12000-14000 dialysis tubing (Serva). 
 
Cryo-TEM 
Samples for cryo-TEM were prepared by dropcasting 4 µL of the solution onto 
freshly glow-discharged holey carbon TEM grids (Agar Scientific or TAAB). After 
60 s of incubation, the grids were double-side blotted for 2×2 s and plunge-frozen 
using an FEI Vitrobot Mk2 system working at >96% relative humidity. Vitrified 
samples were transferred onto a 626 Gatan cryo-holder and imaged on the FEI Tecnai 
Spirit G2 BioTWIN TEM in low-dose mode at an accelerating voltage of 120 kV.   
 
Membrane potential changes detected by fluorescence spectroscopy 
The suspension of vesicles with a final concentration of phospholipids of 1 mM was 
placed in a fluorimetric cuvette followed by addition of the potential probe dye 
Safranin O (180 nM final concentration). Then the fluorescence intensity was allowed 
to equilibrate for 2 minutes. The kinetic mode was used to detect continuously 
fluorescent intensity changes at 589 nm with an excitation wavelength of 521 nm. 



6 

 

Next, 20 nM of valinomycin or different concentrations of 2 nm Au/18-C-6-CH2-SH 
NPs was added, and the fluorescence intensity was monitored for 1700 s.  
 

Results and Discussion: 

A modified capping agent, 18-C-6-CH2-SH, which is a thiol-derivative of a crown 
ether (18-crown-6) was immobilized on the gold particle surface by binding via its 
thiol functionality as illustrated in Figure 1a. Gold nanoparticles of three different size 
regimes, around 2, 15 and 38 nm were prepared and modified in this way. The 
corresponding TEM or HRTEM images, size distributions and UV-Vis spectra are 
shown in Figure 1. The differences in size are clearly manifested in the evolution of 
the UV-Vis spectra (Figure 1b). The smallest NPs show virtually no plasmon peak 
(black line) whereas the largest exhibit a pronounced and slightly red shifted plasmon 
band (red line). 
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Figure 1. (a) Model of Au NP functionalized with crown ether 18-C-6-CH2-SH. (b) UV-Vis spectra of 
three different sizes of Au/18-C-6-CH2-SH NPs in water. (c) High angle annular dark field (HAADF) 
STEM image of 2 nm Au/18-C-6-CH2-SH NPs. (e, g) Bright field TEM images of 15 nm and 38 nm 
Au/18-C-6-CH2-SH. (d, f, h) The corresponding size distributions. 
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The idea of using crown ether 18-crown-6 as capping agent is based on its well 
established complexation-dependent hydrophobicity. The hydrophilic ethylene oxide 
ring becomes much more hydrophobic upon complexation of cations, in particular 
potassium, which binds very strongly to the cavity. The strategy of controlling the 
hydrophobicity of supramolecular objects in this way has been reported several 
times.25,26 Recently M. I. Bodnarchuk15 et al. have shown that the presence of 
macrocyclic ethers enables the solubilization of inorganic- capped NPs in solvents of 
any polarity and improves an ability to form NP superlattices. Since our gold NPs are 
functionalized with 18-crown-6 molecules which are capable of selectively 
coordinating hard alkali metal ions such as potassium27,28 the solubility of those NPs 
in different solvents can be tuned by changing type and salt concentration in the 
surrounding medium. This is confirmed by the simple experiment shown in Figure 2, 
where the same concentration of the 2 nm Au/18-C-6-CH2-SH NPs dispersed in water 
was brought in contact with a chloroform phase. In this way, two immiscible phases 
were created with the well-defined interface. The only variable component in each 
vial presented in Figure 2 is the KCl salt concentration. In figure 2a the initial and the 
final state of phase transfer after 18 hours are shown indicating that even after a long 
time equilibrium has not yet been reached. A more detailed time evolution of this 
process is presented in Figure S1. Both the absence and much higher concentrations 
of KCl salt either entirely preventing, or dramatically slowing down the phase transfer 
process. 

 
 
Figure 2. (a) Photos of phase transfer experiments from water to chloroform of 2 nm Au/18-C-6-CH2-
SH NPs at different KCl salt concentrations. (b) Model of hydrophobicity change upon complexation 
of potassium ions.  
 
 



9 

 

Before complexation, the crown ether 18-crown-6 and hence the Au/18-C-6-CH2-SH 
NPs are stable in aqueous media. This is attributable to the oxygen atoms present 
within the ring (Figure 2a). These are capable of hydrogen bonding with water 
molecules resulting in an energetically favorable process for the water to form a 
solvent shell around the 18-Crown-6-CH2-SH and hence render the particles 
dispersible in water. 
 
On the other hand, upon complexation with a suitable cation, the electrons of the 
oxygen atoms are no longer interacting with the water present in the system but with 
the complexed cation.29 This results in the aqueous solvent shell being no longer 
energetically favorable, and thus in the transfer of the particles to the chloroform 
phase. The data shown so far, are qualitative kinetic data of phase transfer, which may 
not necessarily relate to the thermodynamic properties of the system. For this reason, 
we have also looked at the equilibrium partition of NPs between the water and the 
chloroform phase. NPs were first dispersed in water and in aqueous KCl solutions in 
the same concentration range used in Figure 2a and then thoroughly vortexed together 
with a chloroform phase. After this, when phase separation had completed (Figure 3a, 
b), UV-Vis spectra were taken of both phases to determine the amount of NPs present 
in both solutions (see Figure S2). 
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Figure 3. (a), (b) Equilibrium partitioning of 2 nm Au/18-C-6-CH2-SH NPs in water and chloroform 
phases after vortexing and solvent separation. (c) Partitioning as a function of salt concentration. (d) 
Partitioning (only chloroform phase shown) and zeta potential of the particles as a function of the 
potassium per nanoparticle ratio. 
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Figure 3a-c shows the equilibrium partitioning of 2 nm nanoparticles between water 
and chloroform at different potassium chloride concentrations in the aqueous phase, 
after intense mixing (vortex) and subsequent phase separation. With increasing salt 
concentration the particles initially become more hydrophobic, reaching maximal 
hydrophobicity at around 60 mM salt concentration. At further increasing salt 
concentration this trend is reversed so that at the highest salt concentration used (400 
mM) most particles remain in the aqueous phase, comparable to the situation without 
salt. Thus the empirical optimum of salt concentration for creating hydrophobic 
particles is at around 60 mM.  As we assume that the complexation of potassium ions 
with the crown ether controls the hydrophobicity of the particles, we have also 
measured their zeta-potential, which should become more positive with increasing 
complexation. Unfortunately, the range of salt concentrations of the partitioning 
experiments (Figure 3a-c) extends by three orders of magnitude the range in which 
zeta potential measurements are reliably possible (see Figure S3) due to the adverse 
effect of increased solution conductivity. It is however possible, to conduct zeta 
potential measurements at relatively low particle concentrations compared to the 
concentrations typically needed for the partitioning experiments. Therefore we can 
plot both the zeta potential and the partitioning data on the same graph if we use as 
the X-axis the ratio between the number of potassium ions and the number of particles 
present in solution, instead of the salt concentration. This is shown in Figure 3d 
suggesting indeed a good correlation between the zeta potential and the 
hydrophobicity of the particles. This notion however has to be regarded with some 
caution since it implicitly contains the hypothesis that not the absolute salt 
concentration but the relative amount of salt compared to the number of crown ether 
moieties matters in determining the hydrophobicity of the particles. We have not yet 
been able to show unequivocally that this is the case.  For example, a change in 
particle concentration should give a rather different appearance to the graph in Figure 
3c since at lower/higher particle concentration, saturation of the crown ether with 
potassium ions will occur at lower/higher salt concentrations. So far, we found that 
this is not really the case over the entire range of salt concentrations shown in Figure 
3c. Note that the increase in hydrophobicity is initially very steep (between 0 and 10 
mM KCl). It appears from preliminary studies that this becomes even steeper at lower 
particle concentration confirming the model of crown ether saturation with potassium 
ions. For the nanoparticles used here we would expect no more 300 ligands per 
particle which means that full saturation with potassium ions maybe expected already 
at very low potassium concentrations depending to what extend their binding constant 
is influenced by the confinement of ligands to the nanoparticle surface. Above 10 mM 
KCl concentration the appearance of the graph is quite independent of particle 
concentration suggesting an important role of other effects that are independent of 
particle concentration, for example, the ionic strength of the solution, which can lead 
to a well-known salting out effect. The most curious behavior is that at higher salt 
concentrations the hydrophilicity of the particles returns. This may be for the same 
reason we observe a return of the zeta potential to more negative values bearing in 
mind the above mentioned limitation that zeta potentials could only be measured at 
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very low absolute salt concentrations. We tentatively attribute the reverse trends in 
both the hydrophobicity, and the zeta potential to the build-up of the electrochemical 
double layer around the nanoparticles which leads increasingly to a screening of the 
positive charge associated with the complexed potassium ions. From our current 
understanding we thus consider that three different phenomena cooperate in 
determining the partition of nanoparticles between water and chloroform. (i) The 
complexation of potassium ions causing hydrophobicity and lowering the absolute 
value of the zeta potential, and (ii) the build-up of the electrochemical double-layer 
causing hydrophilicity and increasing the absolute value of the zeta potential, depend 
on the potassium/nanoparticle ratio. (iii) The salting out phenomenon, effectively 
increasing the hydrophobicity of the particles, only depends on the ionic strength of 
the solution and does not scale with nanoparticle concentration. This is most likely 
responsible for the significant broadening of the partitioning graph in Figure 3d in 
comparison with the rather sharply decreasing and increasing curve of the zeta 
potential. While above 60 mM salt concentration the particles become rapidly more 
hydrophilic with further increasing salt concentration, the salting out effect works in 
the opposite direction but is overcompensated eventually. 
 
We have also qualitatively compared phase transfer of crown ether modified gold 
nanoparticles of three different sizes, 2, 15 and 38 nm. The results are shown in 
Figure 4a. Particles of all sizes transfer to the organic phase. In all cases, phase 
transfer is fast compared to diffusion, which leads to depletion of particles in the 
aqueous phase just above the interface. Even after 23 hours equilibrium is not reached 
due to the very slow diffusion rate. The UV-Vis spectra taken from the both phases 
show that the particles remain stable and that there is virtually no loss of particles. 
Plasmon peaks of 15 and 38 nm Au/18-C-6-CH2-SH NPs are red shifted in 
comparison to the absorbance of Au NPs in the aqueous phase what is attributed to 
changes in the refractive index of the medium.30 
The small inset in each absorbance spectrum shows the organic phase, which was 
separated from the bottom of each vial to indicate that NPs are really moving through 
the interface and are not adhering to the glass wall.  
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Figure 4. (a) Photos of phase transfer experiments from water to chloroform of three different sizes of 
Au/18-C-6-CH2-SH NPs at the same salt concentrations. (b) UV-Vis spectra of the initial aqueous 
phase and final chloroform phase, for each NP size. The insets show the respective organic phase 
evidencing fully dispersed and stable nanoparticles. 
 
Having established the ability to control their hydrophobicity, the Au/18-C-6-CH2-SH 
NPs were now tested for membrane targeting. For this purpose, unilamellar, positively 
charged vesicles (zeta potential = 36.5 ± 1.0 mV) were prepared in the absence of salt 
buffers. Nanoparticles dispersed in a 4 mM aqueous KCl solution and added to the 
same volume of an aqueous dispersion of vesicles expecting that under these 
conditions the particles are fully complexed with potassium and hence sufficiently 
hydrophobic to associate preferentially with the vesicle membrane. After 60 min of 
incubation samples were prepared for inspection by cryo-TEM.  As expected, good 
adhesion of particles to the vesicles was found (Figure 5 c,d). For comparison, control 
experiments without KCl shown in Figure 5 a,b gave no evidence for interaction of 
particles with vesicles.  
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Figure 5. Cryo-TEM images of phospholipid vesicles incubated with 15 nm Au/18-C-6-CH2-SH NPs 
for one hour. (a, b) In the absence of K+ cations the NPs do not get embedded within the vesicle 
membrane. (c, d) In the presence of 2 mM K+ cations the NPs exhibit a tendency to associate with the 
vesicle membrane. 
 
Finally, the high selectivity of 18-crown-6 molecules for potassium allowed us to 
design experiments where NPs could be used as a new type of artificial ionophore 
polarizing the phospholipid bilayer membrane of the vesicles. For this purpose, we 
have adjusted the potassium concentrations inside and outside the vesicles so that in 
the presence of an ionophore specific for potassium a membrane potential, ψ, is 
established according to the Nernst Donnan equation.31 
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The membrane potential was interrogated by fluorescence spectroscopy using 
Safranin O as an indicator dye. The fluorescence intensity of this dye depends nearly 
linearly on the membrane potential (see supporting information Figure S4). The dye is 
only sensitive if the polarity of the vesicle membrane is inside negative. It is generally 
assumed that the positively charged dye is driven into the membrane from outside the 
vesicle by the electric field across the membrane. The results are shown in figure 6. If 
the potassium concentration is high inside and low outside (Figure 6a) the polarity of 
the membrane is inside negative and hence membrane potential can be quantified by 
the fluorescence intensity increase. While the final membrane potential is given by the 
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Nernst Donnan equation and should not depend on the concentration of ionophore the 
speed of membrane polarization is expected to depend on the amount of ionophore 
present. This can indeed be clearly seen in figure 6c where three different 
concentrations of nanoparticles are compared. For comparison the membrane was also 
polarised using the well-established ionophore valinomycin. In the case of addition of 
gold nanoparticles, a small and immediate irreversible drop of fluorescent intensity 
was observed (for clarity, not shown in Figure 6) that we attribute to quenching by the 
metal. Otherwise the behavior of valinomycin and gold nanoparticles was near 
identical. As expected reversing polarity32 of the membrane potential (Figure 6 b, d) 
by adjusting high potassium concentration outside of vesicles does not lead to 
measurable polarization due to the above mentioned limitations of Safranin O. This 
experiment establishes high selectivity for potassium compared to sodium. The same 
selectivity can be found in phase transfer experiments, where neither sodium nor 
lithium is capable of increasing the hydrophobicity of nanoparticles (see Figure S5). 
It is somewhat surprising that our particles appear to act as perfect and selective 
ionophores comparable to the standard compound valinomycin. The mechanism of 
ion transfer has not been studied and remains open to speculation. It is most likely that 
the complex potassium is in relatively fast equilibrium with free potassium and that 
the transfer of potassium across the membrane is facilitated by a tumbling motion of 
the particles that randomly exposes crown ether moieties to either side of the 
membrane.  An alternative, perhaps even more appealing mechanism could be that the 
crowns self-organize on the surface of the particle in such a way that a continuous 
channel is formed. A comparatively high level of ligand shell organization has been 
reported before in contributions by Rotello et al.33 and by Stellacci et al.34–36 but the 
latter’s have later been disputed by others.37,38 
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Figure 6. (a, b) Models of polarised phospholipid bilayer membrane. Note that the membrane polarity 
is determined only by external internal potassium ion concentrations. (c) Normalized fluorescent 
intensity changes caused by membrane polarization after addition of different concentrations of 2 nm 
Au/18-C-6-CH2-SH NPs and, for comparison, valinomycin. (d) Opposite polarization of the membrane 
dose not lead to fluorescence increase due to the nature of Safranin O. 
 
 
Conclusions 
 
We have demonstrated a rational approach to the design of gold nanoparticles with 
controllable hydrophobicity. These particles readily transferred from aqueous to 
organic dispersion and were successfully employed to target vesicle membranes in an 
aqueous dispersion as evidenced by cryo-TEM. The particles do not only associate, as 
expected, with the hydrophobic vesicle membrane, but also act as highly efficient and 
selective ionophores for potassium ions. Membrane polarization by potassium transfer 
has been achieved. This report establishes functionalized metal nanoparticles as a new 
class of membrane transporters with potential applications in sensing and biomedical 
research.  
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