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ABSTRACT. A hallmark of nanoscience is size-dependent and distance-dependent physical 

properties. While most previous studies focused on optical properties, which are often tuned at 

nanometer scale, we herein report on the interaction between halide-capped gold nanoparticles 

(AuNPs) and phosphocholine (PC) liposomes at the sub-Angstrom level. Halide-capped AuNPs 

are adsorbed by PC liposomes attributable to van der Waals force. Iodide-capped AuNPs interact 

much more weakly with the liposomes compared to bromide and chloride-capped AuNPs, as 

indicated by a liposome leakage assay and differential scanning calorimetry. This is explained by 

the slightly larger size of iodide separating the AuNP core more from the liposome surface. 

Cryo-TEM indicates the liposomes remain intact when mixed with these halide-capped AuNPs 

of 13 or 70 nm in diameter. Other even larger ligands, including small thiol compounds, DNA 

oligonucleotides, proteins and polymers, fully blocked the interaction, while AuNPs dispersed in 

non-interacting ions including fluoride, phosphate, perchlorate, nitrate, sulfate, and bicarbonate 

still adsorbed strongly to DOPC liposomes. Taken together, halides can be used to control inter-

particle distances at an extremely small scale with remarkable effects over materials properties, 

allowing surface probing, biosensor development and fundamental surface science studies. 
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INTRODUCTION 

Controlling physical properties of materials as a function of size and distance is a hallmark of 

nanoscience.1, 2 To achieve a precise distance control, many methods have been developed. For 

example, lithography can now reach a resolution of a few nanometers. DNA has a theoretic 

resolution of a single base pair (~3.4 Å).2 Atomic force microscopy positions particles even with 

sub-nm precision. These length scales are useful for probing many interesting phenomena such 

as plasmonic coupling,3, 4 fluorescence quenching,5-7 and electrostatic forces. However, very 

short-ranged interactions require even finer controlling of distance with a sub-angstrom 

resolution, which is challenging without highly sophisticated equipment. We are interested in 

achieving this goal by using chemical methods. For example, attractive van der Waals (VDW) 

force decays very sharply with distance (r-6), and tuning inter-particle distance might be achieved 

by adsorption of certain ligands.  

    Gold nanoparticles (AuNPs) are very interesting for their size and distance dependent optical 

properties.8-10 Adjusting the distance between AuNPs produces a visible color change, which can 

be achieved by thiolated ligands, DNA, and other molecules.2, 11 While plasmonic coupling of 

AuNPs is readily observed by tuning inter-particle distance at the nanometer scale,11, 12 AuNPs 

might also be useful for probing other properties with an even more sensitive distance-dependent 

function. 

    Phosphocholine (PC) lipids have been a subject of extensive studies for fundamental physical 

sciences, mimicking cell membrane, and device fabrication.13-18 The structures of DOPC and 

DPPC lipids are shown in Figure 1A. Their zwitterionic headgroup is overall charge neutral and 

highly hydrated. PC lipids are the most abundant component of the outer membrane of 
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 4

eukaryotic cells with excellent anti-fouling property (e.g. resistant to protein adsorption) and 

biocompatibility. DOPC is in the fluid phase at room temperature, whereas DPPC is in the gel 

phase with lower lateral diffusion of the lipid chains within the bilayer. 

    Adsorption of nanoparticles to single-component fluid PC lipid bilayers can result in a local 

gelation (e.g. a fluid-to-gel phase transition).19 This has been demonstrated with a diverse range 

of nanomaterials.14, 19-23 Among them, AuNPs produced the most drastic effect, including a 

shifted phase transition temperature (Tc) measurable by differential scanning calorimetry 

(DSC),22, 24 which was attributed to the very large Hamaker constant of AuNPs and thus strong 

VDW attraction to the underneath lipids. VDW force is a short-ranged interaction and it decays 

quickly with the inter-particle distance (r-6). Therefore, we hypothesize that the interaction 

strength is a strong function of the distance between AuNPs and the liposome. To observe such a 

change, however, we need to control the spacing very precisely at very short distances. Herein, 

we used three halide ions and a few other small molecules as spacers between AuNPs and PC 

liposomes.  
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 5

 

Figure 1. (A) The structures of DOPC and DPPC lipids. (B) Displacing weakly adsorbed citrate 

by a stronger ligand such as Br- on the AuNP surface. (C) A scheme of DOPC liposomes 

adsorbing AuNPs coated with various halides and other ligands. The color-coded lipids indicate 

different degrees of local lipid phase transition, and the non-adsorbed DOPC lipids are in the 

fluid phase. The distances between the gold core and the lipid surface are marked in each case 

based on literature reported size of the halides. 

 

MATERIALS AND METHODS 

Chemicals. All the phospholipids were from Avanti Polar Lipids (Alabaster, AL). 4-(2-

Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and trisodium citrate and NaCl were 

from Mandel Scientific (Guelph, ON, Canada). Disodium calcein, HAuCl4, glutathione (GSH), 
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 6

bovine serum albumin (BSA), 3-mercaptopropionic acid (MPA), sodium fluoride, sodium 

bromide, sodium iodide, sodium perchlorate, sodium dihydrogen phosphate, sodium nitrate, 

sodium sulfate, sodium bicarbonate, and Triton X-100 were from Sigma-Aldrich (St Louis, MO). 

Polyethylene glycol (PEG, MW = 2000) was from Alfa Aesar (Ward Hill, MA). The A15 DNA 

(5′-AAAAAAAAAAAAAAA) was from Integrated DNA Technologies Inc (Coralville, IA). 

Milli-Q water was used to prepare all the buffers and solutions. 

Preparation of liposomes and AuNPs. Liposomes were prepared using the standard extrusion 

method as described previously.25 To prepare DOPC liposomes, the dried lipid films were 

hydrated with 0.5 mL buffer A (100 mM NaCl, 10 mM HEPES, pH 7.4) to reach a final lipid 

concentration of 5 mg mL-1. The resulting cloudy suspension was extruded through two stacked 

polycarbonate membrane (pore size = 100 nm) for 21 times. Since DPPC has a Tc of 41 °C, a 65 

°C water bath was used to hydrate DPPC with same volume of buffer A. To encapsulate calcein, 

the dried DOPC lipid film was hydrated with 100 mM disodium calcein solution overnight. After 

extrusion, free calcein was removed by passing the samples (30 µL) through a Pd-10 column 

using buffer A for elution, where the first 600 µL of the fluorescent fraction was collected. 

Citrate-capped 13 nm or 70 nm gold nanoparticles were prepared by chemical reduction of 

HAuCl4 using citrate as the reducing agent and stabilizer.26, 27 For the 13 nm AuNPs, HAuCl4 

(100 mL, 1 mM) was heated to reflux and then 10 mL of 38.8 mM sodium citrate was added. For 

the 70 nm AuNPs, 200 mL of 0.3 mM HAuCl4 solution was heated to reflux. Then 1.8 mL of 

38.8 mM sodium citrate was added. Their concentrations were estimated to be ∼10 nM (for 13 

nm) and 0.025 nM (for 70 nm). 
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 7

Surface modification of AuNPs and characterization. To prepare surface-modified AuNPs, 10 

µL NaCl (500 mM), NaBr (500 mM), NaI (100 mM) or MPA (25 mM) was added to 990 µL 

AuNPs (10 nM) and incubated overnight. The size of these halide-capped AuNPs (10 nM) was 

characterized using Malvern ZS90 (Malvern Instruments Ltd., England) dynamic light scattering 

(DLS) with a He-Ne laser (633 nm) at 90° collecting optics. UV-vis absorption spectra of halide-

capped AuNPs were obtained in a quartz cuvette using an Agilent 8453A spectrophotometer. 

TEM measurements were performed on a Philips CM10 transmission electron microscope. The 

Raman samples were prepared by transferring 20 µL sample solutions on a silicon wafer and the 

samples were dried overnight. Raman measurements were carried out on a Horiba JY-HR800 

spectrometer with a CW 633 nm HeNe excitation source, with a maximum power output of ~1 

mW. The spectra were acquired with a 10× objective and laser power of 13 mW before 

objective. To understand aggregation of AuNPs, 100 µL citrate capped AuNPs (10 nM) was 

incubated with different final concentrations of NaCl, NaBr or NaI. After 30 min incubation, the 

samples were photographed using a digital camera. 

Cryo-TEM. DOPC liposomes (2 µL, 46 nM or 5 mg/mL) were mixed with 13 nm citrate/AuNPs 

or 13 nm halide/AuNPs (100 µL, 10 nM) (particle molar ratio 1:10). DOPC (2 µL, 1 nM) 

liposomes were also mixed with 70 nm AuNPs (100 µL, 0.025 nM) (particle molar ratio 1:1). 

The samples were then allowed to sit at room temperature for 1 h. Cryo-TEM experiment was 

performed by spotting the DOPC/AuNP sample (5 µL) on a carbon-coated copper TEM grid 

(treated with plasma to ensure surface was hydrophilic) in a humidity controlled chamber (FEI 

Vitrobot). The humidity was set to be 95 to 100% during this operation. The grid was blotted 

with two filter papers for 2 sec and quickly plunged into liquid ethane. The sample was then 
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 8

loaded to a liquid N2 cooled stage at -178 °C and imaged using a 200 kV field emission TEM 

(FEI Tecnai G2 F20). 

Adsorption of AuNPs by liposomes. To understand aggregation of surface-modified AuNPs on 

liposomes, 2 µL DOPC (5 mg mL-1) was added to 100 µL of citrate (~3 mM), chloride (5 mM), 

bromide (5 mM) or iodide (1 mM) capped AuNPs (10 nM). After 10 min incubation, the samples 

was photographed using a digital camera (Canon PowerShot SD 1200 IS). Adsorption of the 

AuNPs (200 µL, 10 nM) by 1% rhodamine labeled DOPC liposomes (5 mg mL-1) was performed 

after centrifugation at 12,000 rpm. The supernatant fluorescence proportional to the non-

adsorbed liposomes was measured using a Varian Eclipse fluorometer with an excitation 

wavelength at 560 nm. 

Liposome integrity test. To test liposome leakage induced by AuNPs, 5 µL Pd-10 column 

purified calcein-loaded DOPC liposome (~0.3 nM) were added to 595 µL buffer A in a quartz 

cuvette. The fluorescence intensity was monitored for ~5 min before 6 µL citrate-AuNPs, Cl-, Br, 

I- capped AuNPs or GSH-AuNPs (10 nM) were added. The fluorescence intensity was monitored 

for another 20 min before 6 µL GSH (10 mM) was added to remove AuNPs from DOPC. After 

another 20 min, 10 µL 5% Triton X-100 was added to fully rupture the liposomes. Calcein was 

excited at 485 nm and the emission fluorescence was monitored at 525 nm using a Varian 

Eclipse fluorometer. 

DSC. To measure the Tc of DPPC/AuNPs, 20 µL DPPC (46 nM, 5 mg mL-1) was mixed with 

980 µL 10 nM Cl-, Br-, I- capped AuNPs (molar ratio 1:10 with AuNPs in excess) for 60 min. 

Free DPPC liposome were also tested. The final DPPC concentration for each mixture was 1 nM. 

The Tc was investigated using a differential scanning calorimeter (MicroCal VP-DSC). For the 
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 9

DSC measurement, the sample above was degassed and introduced into DSC sample cell, while 

the reference cell was filled with Milli-Q water. The sample solutions were scanned from 25 °C 

to 60 °C at a heating rate of 1 °C min-1. 

Test of other capping agents. Various compounds were mixed with AuNPs (10 nM, 100 µL) by 

adding a final of BSA (1 mg mL-1), A15 (2 µM), PEG2K (0.5 mg mL-1), GSH (2 mM), MPA (250 

µM), fluoride (5 mM), perchlorate (5 mM), dihydrogen phosphate (5 mM), nitrate (5 mM), 

sulfate (5 mM) and bicarbonate (5 mM) respectively. The mixtures were incubated for 30 min. 

All the samples remained red and 2 µL DOPC (5 mg mL-1) were added. All the samples were 

photographed using the digital camera. Calcein leakage tests were also performed as described 

above. 

 

RESULTS AND DISCUSSION 

Halide-capped AuNPs. We chose halides in this work as a spacer on AuNPs to control the 

distance between adsorbed liposomes and gold surface. Except for fluoride, most of halide ions 

have a high affinity towards gold surfaces.28, 29 Halide-capped AuNPs were prepared by adding 

the sodium salt of chloride (5 mM), bromide (5 mM) and iodide (1 mM) respectively to citrate-

capped AuNPs. A cartoon showing the displacement of citrate by Br- is shown in Figure 1B. 

These halide concentrations were chosen to maximally retain the colloidal stability of AuNPs, 

while further addition of their salts resulted in significant aggregation as indicated by a color 

change (Figure 2A). Under our conditions, these halide-capped AuNPs remained well dispersed 

as characterized by dynamic light scattering (DLS, Figure 2C), UV-vis spectroscopy (Figure S1) 

and transmission electron microscopy (TEM, Figure S2). 
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 10

 

Figure 2. (A) Photographs of 13 nm citrate-capped AuNPs incubated with various 

concentrations of halides for 6 h. A color change indicated aggregation or etching of AuNPs. (B) 

Photographs of AuNPs capped by various ligands before and after adding DOPC liposomes. The 

change of color indicates AuNP adsorption and aggregation on the liposome surface. The buffer 

control was 2 µL of buffer A into 100 µL of the AuNPs, which had the same salt conentration as 

for the other samples. (C) Size of citrate and halide-capped AuNPs characterized by DLS. (D) 

Quantitative analysis of adsorbed liposomes by halide-capped AuNPs. After centrifugation, free 

non-adsorbed liposomes remained in the supernatant and their fluorescence was measured. 

 

    To further confirm the surface chemistry, we then characterized these AuNPs using Raman 

spectroscopy (Figure 3A). The original citrate-capped AuNPs had a strong Raman peak at 260 
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cm-1, corresponding to the Au-Cl bond. The chloride source was the HAuCl4 used for the 

synthesis. We did not observe any citrate related signals from this sample, suggesting that citrate 

was only loosely associated with the AuNPs without strong chemical interactions.30, 31 With an 

additional 5 mM NaCl, the intensity and position of the Au-Cl peak remained the same, 

suggesting no further Cl- binding. With the addition of 5 mM NaBr and NaI, the Au-Cl peak 

disappeared while the Au-Br (187 cm-1) and Au-I (109 cm-1) peaks emerged.32 This trend is 

explained by the substitution of surface chloride by bromide and iodide and our data were 

consistent with the interaction strength of halides with gold following the order of I- > Br- > Cl-

.29, 33 This set of experiments indicated that we successfully controlled the surface ligand on the 

AuNPs. 
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Figure 3. Raman spectra of 13 nm AuNPs capped by various halides of 5 mM (A) before and 

(B) after mixing with DOPC liposomes. The lack of spectral change after adding DOPC suggests 

little direct chemical interaction between AuNPs and the lipid headgroup. The sharp peaks in (A) 

at 520 cm-1 were from the silicon wafer substrate, and this peak did not show up in (B) likely due 

to forming a thicker sample film with the liposomes fully masking the surface. (C) Calcein 

leakage test of DOPC liposomes after adding various AuNPs. Triton X-100 was finally added to 

fully rupture the liposomes. (D) DSC traces of DPPC liposomes after mixing with various 

AuNPs. 

 

Halide-dependent adsorption of AuNPs by DOPC liposomes. The structure of a DOPC lipid 

is shown in Figure 1A and we prepared its liposomes by the extrusion method with a size of 

~100 nm (Figure S3). We then respectively mixed each halide-capped AuNPs with the DOPC 

liposomes (10 AuNP: 1 liposome, particle number ratio). Before mixing, all these AuNPs were 

red and well-dispersed (Figure 2B). After mixing, the color of the AuNPs gradually turned 

purple indicating aggregation. It is interesting that the aggregation was the most extensive for the 

citrate and Cl- capped samples, followed by Br-, while the I- sample was the least aggregated. 

Such aggregation was not due to the increased ionic strength since the control sample had the 

same amount of added salt but no liposome, and it remained red (the first vial in Figure 2B). The 

color change is explained by the adsorption of AuNPs onto the liposome surface, which further 

induced aggregation. The reason for such liposome surface induced aggregation was described in 

previous publications and it was believed to be related to the elimination of lipid gel and fluid 

phase boundaries (adsorption of AuNPs may cause local gelation of DOPC liposomes).24, 34, 35  
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 13

    To further confirm adsorption, we prepared DOPC liposomes with a 1% rhodamine (Rh) label. 

AuNPs were mixed with the Rh-DOPC at a 43:1 particle number ratio. After mixing, the samples 

were centrifuged at 15,000 rpm, and we then measured the supernatant fluorescence intensity. 

Since free liposomes could not be precipitated at this speed, the decreased supernatant 

fluorescence was attributed to adsorption of the AuNPs. Based on this, citrate-AuNPs, Cl--, Br--, 

I--AuNPs can all adsorb around 90% Rh-DOPC (Figure 2D). 

    To understand how the AuNPs were associated with the liposomes, we carried out a cryo-

TEM experiment by quickly freezing the mixed samples. For all the Cl--AuNP (Figure 4A), Br--

AuNP (Figure 4B), and I--AuNP samples (Figure 4C), the liposome retained a spherical shape 

and the AuNPs were associated with the liposome surface. Therefore, the AuNPs did not disrupt 

the liposomes. With the above experiments, we have reached a scheme with simple surface 

adsorption for these AuNPs (Figure 1C), and the surface ligands on the AuNPs should remain on 

the surface (vide infra). We also noticed that some Br- and I--capped AuNPs formed small 

aggregates that were not associated with the liposomes (Figure 4B, C). Such moderate 

aggregation was likely due to the added halide salts and further increase of ionic strength by the 

buffer from the added liposomes.  
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Figure 4. Cryo-TEM micrographs of DOPC liposomes mixed with (A) 13 nm citrate-AuNPs, 

(B) 13 nm bromide-AuNPs, (C) 13 nm iodide-AuNPs, and (D) 70 nm citrate-AuNPs. 

 

Halide-dependent interaction strength. After confirming adsorption, we then wanted to study 

the interaction strength in each case. A more strongly adsorbed AuNP might produce a more 

drastic change in the packing of the underlying lipid molecules, and thus affect the lipid phase 

transition more.19, 22 For this purpose, we first performed a liposome leakage assay. Around 100 

mM calcein was encapsulated in the DOPC liposomes to reach self-quenching concentration and 

free calcein was removed. In this case, if the liposome leaks, we expect to observe fluorescence 

enhancement. The fluorescence of the liposome was monitored as a function of time (Figure 3C). 

The background fluorescence was flat for all the samples, suggesting that the liposomes were 

stable and free of leakage. At 5 min, a small volume of AuNP solution was added and we 
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observed an obvious fluorescence increase for the citrate, Cl- and Br- capped AuNPs, while the I- 

coated AuNPs showed a much lower response. Since we already knew that the liposome 

structure was retained from cryo-TEM, such leakage was attributed only to local defects instead 

of rupture of the liposomes. 

    A liposome leaks its content the fastest at its Tc.
36 Since DOPC has a Tc of -20 °C, it is in the 

fluid phase at room temperature. Therefore, our leakage is attributed to adsorption induced by the 

fluid-to-gel phase transition of the liposome at the spot of adsorption.19, 22 After adsorption, the 

phase transition was complete and the liposome became stable again. A further line of evidence 

was that leakage also occurred at 25 min, at which GSH (a thiol containing peptide) was added to 

remove the adsorbed AuNPs from the liposome surface. Since thiol has higher affinity than 

halides for a gold surface, GSH coated the AuNPs and reduced their affinity to the DOPC 

liposomes. In this case, the liposomes underwent a gel-to-fluid phase transition, which also 

caused a transient leakage.22 In the end, Triton X-100 was added at 45 min to fully rupture the 

liposomes so that the fraction of leakage at each step could be calculated. These experiments 

suggest that the iodide-capped AuNPs had the weakest interaction with the DOPC liposome 

among the four types of AuNPs tested. 

    To further measure the interaction strength, a differential scanning calorimetry (DSC) 

experiment was performed (Figure 3D). Since the DOPC lipid has a Tc of -20 °C, we cannot 

measure it directly in the aqueous solution. We used its saturated counterpart DPPC (Tc = 41 °C) 

for this experiment. The AuNP/liposome mixtures were dispersed in buffer and temperature was 

gradually raised. The free DPPC liposomes indeed had a peak at 41 °C. In the presence of 

AuNPs, all the samples showed a higher Tc value, while the largest shift occurred with citrate-
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capped AuNPs and the smallest shift with iodide-capped ones. This also indicates a weaker 

interaction with the iodide-coated AuNPs. 

Discussion of surface forces. So far, we observed that iodide-capped AuNPs interacted with PC 

liposomes much more weakly compared to the bromide and chloride capped ones. Now, we want 

to explain this difference. First, we tested whether AuNPs and DOPC liposomes have direct 

chemical interactions. We measured the Raman spectra of these AuNPs after mixing them with 

DOPC liposomes (Figure 3B). In each case, the Au-halide bond remained intact and we did not 

observe any new peak responsible for the Au-DOPC interaction. From the chemistry standpoint, 

the PC headgroup is a poor ligand for AuNPs. Therefore, direct chemical bonding between 

AuNP and the lipid headgroup was absent and the PC headgroup was unable to displace even the 

weakest chlorides on AuNPs. Therefore, the halide shell on AuNPs separated the AuNP core 

from the liposome surface as depicted in Figure 1C. 

    After ruling out direct chemical interactions, we then analyzed electrostatic interactions. All 

the halide-capped AuNPs are negatively charged, and the PC headgroup is zwitterionic and thus 

charge neutral. Therefore, electrostatic attraction is unlikely to happen or make a large difference 

among these AuNPs. Hydrophobic interaction is also unlikely since the PC headgroup is 

extremely hydrophilic and hydrated.37 We reason that the VDW forces are the main interaction 

force, and previous studies also supported this.22, 24 Coating a layer of iodide might have 

increased the distance between the AuNP and liposome, thus weakening the VDW force. 

    AuNPs are especially effective for VDW interactions since they have a very large Hamaker 

constant. For example, the VDW force between gold is nearly 90-fold times stronger than that 

between polystyrene.38 Indeed, most other nanomaterials such as latex beads,20, 21, 39 highly 
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oxidized graphene oxide, nanodiamond, and carbon nanotubes did not induce liposome 

leakage,40, 41 which is likely due to their weaker VDW interaction with the liposome being 

insufficient to cause the needed extent of phase transition. 

Coating AuNPs with other larger ligands. The above studies focused on a few halides that are 

known to adsorb strongly on a gold surface. To further confirm our hypothesis, we tested a few 

more anions and molecules. First, small anions such as fluoride, perchlorate, dihydrogen 

phosphate, nitrate, sulfate and bicarbonate are known to interact poorly with AuNPs. With these 

ions, the AuNPs behaved just like citrate-capped AuNPs to be aggregated by DOPC liposomes 

(Figure 5A) and induced its leakage (Figure 5C, solid lines). On the other hand, strong ligands 

such as MPA, GSH, DNA, BSA and even weak PEG inhibited the aggregation (Figure 5B) and 

no liposome leakage was observed (Figure 5C, dashed lines). Compared to iodide, these ligands 

are much larger and they separated the AuNP core from the liposome surface even further. This 

led to a poor VDW force. It is interesting to note that even PEG can inhibit the interaction. 

    So far, we have demonstrated the control of AuNP and PC liposome interactions by various 

halides. The diameter of an I- ion is just 4.12 Å, which is only 0.48 Å larger than that of Br-. Both 

Br- and I- are strong ligands for gold, while adsorption of Cl- is weaker.28, 33, 42, 43 The drastic 

difference between Br- and I- also supports the effect of halide size, and a threshold is crossed 

between Br- and I-. Note that iodide-capped AuNPs still interact quite strongly with the liposome, 

since a small amount of leakage and AuNP color change were still observed. A slightly larger 

ligand such as MPA fully inhibited these reactions (Figure 5B, 5C). Since our measurements 

could not directly give the interaction force, no quantitative calculations were made, but it is 

likely that halides are a useful method for tuning the distance of AuNPs. 
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Figure 5. Photographs of 13 nm citrate-capped AuNPs mixed with DOPC liposomes in the 

presence of (A) various non-adsorbing anions; and (B) molecules that are adsorbed by AuNPs. 

(C) Calcein leakage kinetics from DOPC liposomes induced by AuNPs in the presence of these 

anions and molecules. AuNPs were added at 5 min and Triton X-100 was added at 30 min. 

 

Test of larger AuNPs. With a strong VDW interaction, the adsorbed AuNPs may further form 

supported lipid bilayers. A good example is the fusion of PC liposome with a silica surface, 

where VDW force is also believed to be responsible for the interaction.15, 16, 18, 44 In our cryo-

TEM with 13 nm AuNPs, however, we did not see such structures and the liposomes remained 

intact (Figure 4A-C). Such simple adsorption was also observed by others.34 Many studies have 

indeed reported on AuNP supported lipid bilayers, but they were not prepared by a simple 

mixing with PC liposomes in an aqueous solution. Either the liposome or other components have 

to be cationic, or it requires co-extrusion or freeze-thawing cycles.45-48 Even on a planar gold 

surface, to form supported lipid bilayers, the surface needs to be modified.49 Based on our 

knowledge, no one has demonstrated direct formation of supported PC bilayers on AuNPs. We 

also tested 70 nm citrate-capped AuNPs (Figure 4D) and iodide-capped AuNPs (Figure S4) to 

ensure that the high curvature of small AuNPs was not the reason to inhibit the fusion of 
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liposome on the AuNPs. In both cases, we still observed intact liposomes. It might be that other 

factors, such as hydration, are also important to form supported bilayers.14, 15, 18, 50, 51 

 

CONCLUSIONS 

In summary, we achieved the following important insights from this work. We controlled the 

interaction between AuNPs and liposomes by coating the gold surface with various halides. Our 

data suggest that it is the size of halides that affected its VDW interaction strength, which was 

reflected from leakage of DOPC liposomes and phase transition properties. This work has 

extended the distance-dependent property of AuNPs beyond its plasmonic and fluorescence 

quenching behavior. With liposome leakage assays, and liposome induced AuNP aggregation, 

we can readily probe such short-ranged VDW forces related to AuNPs. Our study suggested it 

might be possible to use DOPC liposomes to probe the surface ligands on AuNPs in terms of 

interaction strength and size. 
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