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Supporting Information 

Supported Lipid Bilayer Formation: For all experiments, surface-adsorbed flat lipid bilayers were 
formed via the previously reported vesicle fusion method (see Figure S1, schematic).1-3 At low concen-
trations, supported lipid bilayer patches (SLBPs) are known to spontaneously form at the mica surface 
(See Figure S1). In contrast, at higher concentrations, the underlying mica surface is completely covered 
by an almost continuous supported lipid bilayer (SLB) (see Figure S1). Figure S3 show representative 
low-resolution (5 µm × 5 µm) and high-resolution (500 nm × 500 nm) AFM images of the DOPC and 
DPPC SLBPs. Height analysis (see height profile, white line, bottom left of the images) reveals the bilayer 
thicknesses. This value is commensurate with the known thickness of the respective lipid bilayers. 
AFM images of the interface at low concentrations (Figure S1.3.) reveal raised, disc-like features of var-
iable sub-500 nm width. These objects are characteristic of SLBP – regions of flat-lipid bilayer which 
result from suspended small unilamellar vesicles (SUVs) rupturing, and contouring, to the underlying 
mica surface. SLBs form at this concentration as there is not enough lipidic material to achieve full surface 
coverage.  
 

 
 
Figure S1. Schematic representation of 1. Vesicle fusion of SLB at the mica interface. Concentration-dependent formation of 
2. SLB patches and 3. SLBs. 4. An AFM cantilever (i) moving towards, (ii) coming into contact with, and (iii) rupturing a 
SLB.  
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Figure S2. AFM height images of lipid bilayer patches at low and high magnification for A) DOPC and B) DPPC. 

 

 

 

 

Figure S3. Raw AFM Force curve showing the untreated data for a DOPC-mica system. The data is presented as relative Z-
position vs. the cantilevers deflection in nm.   
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Particle Characterization. Figure S4 shows characterization data for the AuNPs used in this study, which 
provides a baseline for analysis. Transmission electron microscopy (TEM) was employed to visualize the 
commercially obtained, citrated-capped AuNPs. Figure S4A and S4B show lower-magnification images 
of the spherical, monodispersed AuNPs with roughly uniform diameters. Size analysis of 100 individual 
AuNPs within multiple TEM images showed an average diameter 5.0 nm ± 0.6 nm (see Figure S4C). This 
data is shown in the histogram in Figure S4C. A high-magnification HRTEM image of a single AuNP 
highlights the atomic lattice of the particles, with a distinct lattice dimension of 0.23 nm (see Figure S4D). 
This lattice spacing is consistent with face-centered cubic (FCC) AuNPs imaged along the (111) planes, 
suggesting that the material is elemental gold.4 This result is unsurprising as FCC gold is typical of stand-
ard AuNPs and the material itself is largely inert. Together, this data provides a baseline for assessment 
of the nanoparticle-SLB interface following AuNP introduction (discussed below). Dynamic light scat-
tering (DLS) (see Figure S4E) revealed a bimodal average size distribution, with a peak at ~5 nm (red 
arrow) and ~69 nm (blue arrow). The emergence of two sizes within the AuNP population is not unsur-
prising as nanoparticle systems often aggregate in solution.5, 6 This data is commensurate with the TEM 
obtained, which reveal a mixture of single particles and particle aggregates (or particle clusters) (see Fig-
ure S4A and S4B). A model bare AuNP is shown in Figure S4F. 
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Figure S4. Nanoparticle Characterization. A) Low-resolution TEM image of the AuNPs. B) Histogram of the measured 
AuNP diameters as measured by analysis of multiple TEM images of AuNPs (n = 100 particles). The average diameter of the 
particles was measured at 5.0 nm ± 0.6 nm. C) Higher resolution image of the AuNPs. The selected area electron diffraction 
(SAED) image is shown as an inset to bottom right.  D) Atomic resolution TEM image of a single gold nanoparticle. The 
atomic lattice of the material can be observed with an inter-atom spacing of 0.23 nm. This lattice spacing is consistent with 
the (111) planes of face-centered cubic (FCC) AuNPs.4 E) DLS AuNP radial size distribution F) Image of a bare AuNP from 
MD simulations. 
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Figure S5. Phase images of a DOPC SLBs obtained following introduction of the AuNPs.  
 
 
 
Imaging Force Calculation: 
 
The maximum average imaging force (Favg) used during the AM-AFM experiments can be approximated 
using the following equations;7 
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where, A0 is the free liquid amplitude (~ 6 nm), ΔA is the change in amplitude upon surface engagement, 
also referred to as the damped oscillation (~3 – 4 nm), and Kc is the cantilever spring constant. Under 
these conditions, the max Favg was consistently maintained between ~0.1 nN and 0.2 nN (see Figure S3. 
This value is significantly below the required force to rupture the lipid bilayer (See Figure 4B and 4C). 
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Figure S6. Calculated imaging force as a function of A/A0. The A/A0 range used in the experiments here is marked on the 
graph. 

 

 

 

 

Figure S7. Phase images of a DPPC SLBs obtained following introduction of the AuNPs.  
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Figure S8. MD simulation snapshots of DOPC-SLB.  

 

       

 
Figure S9. MD simulation snapshots of DPPC-SLB.  
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Figure S10. Pairwise radial distribution function (RDF) between mica oxygen and interfacial species for A) DOPC and 
B) DPPC. All RDFs were calculated over the final 10 ns of the 300 ns trajectory. 
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Figure S11. Pairwise radial distribution function (RDF) between Au and other species for A) DOPC and B) DPPC. All 
RDFs were calculated over the final 10 ns of the 300 ns trajectory.  
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Figure S12. Pairwise radial distribution function (RDF) between Au and other species for A) Au. All RDFs were calcu-
lated over the final 10 ns of the 300 ns trajectory. 
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Figure S13. Membrane thickness and area per lipid (APL) calculations for DOPC as a function of P-headgroup loca-
tion via FATSLiM. A) Membrane thickness of DOPC-SLB. B) Membrane thickness of DOPC_SLB during AuNP interac-
tion. C) APL of DOPC-SLB. D) APL of DOPC-SLB during AuNP interaction. (*Indicates identical legend.) 
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Figure S14. Membrane thickness and APL calculations for DPPC as a function of P-headgroup location via 
FATSLiM. A) Membrane thickness of DPPC-SLB. B) Membrane thickness of DPPC_SLB during AuNP interaction. C) 
APL of DPPC-SLB. D) APL of DPPC-SLB during AuNP interaction. (*Indicates identical legend.) 

 

  

 

 

 

 

0.7
0.72
0.74
0.76
0.78

0.8
0.82
0.84
0.86
0.88

0.9

0 50 100 150 200 250 300

Ar
ea

 p
er

 li
pi

d 
(n

m
2 )

Time (ns)

3

3.25

3.5

3.75

4

4.25

4.5

0 50 100 150 200 250 300

Th
ic

kn
es

s (
nm

)

Time (ns)

0.7
0.72
0.74
0.76
0.78

0.8
0.82
0.84
0.86
0.88

0.9

0 25 50 75 100

Ar
ea

 p
er

 li
pi

d 
(n

m
2 )

Time (ns)

3

3.25

3.5

3.75

4

4.25

4.5

0 25 50 75 100

Th
ic

kn
es

s (
nm

)

Time (ns)

Upper leaflet

Lower leaflet

Thickness (DPPC) 

Area per lipid (DPPC) 

B) 

D) 

Area per lipid (DPPC + AuNP) 

Thickness (DPPC + AuNP)  

A) 

C) 

* 

* * 



13 

 

 

Figure S15. Interleaflet interdigitation of DOPC as a function of carbon chain coupling. A) Interdigitation of DOPC-
SLB. B) Interdigitation of DOPC-SLB during AuNP interaction. (*Indicates identical legend.) 

 

 

Figure S16. Interleaflet interdigitation of DPPC as a function of carbon chain coupling. A) Interdigitation of DOPC-
SLB. B) Interdigitation of DOPC-SLB during AuNP interaction. (*Indicates identical legend.) 
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Figure S17. MD simulation snapshots of DOPC-SLB with bare (no citrate cap) AuNP.  

 

 

 

 
 
 
Figure S18. Low-resolution image of the DOPC-AuNP interface. Regions of AuNP clustering can be clearly seen.  
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Figure S19. A) Side view and B) Top-down, basal plane view of the crystal structure of muscovite (mica). Atom colour code 
is shown below the images. C) Atomic-resolution AFM images of the mica surface obtained in 150 mM NaCl. The periodic, 
hexag-onal structure of the atomic lattice can be clearly seen with a repeat spacing of 0.52 nm. This highlights the resolution 
of the AFM used to obtain the work shown here. 

  



16 

 

Supporting methods 

Adjustment of Lennard-Jones interactions between Au and other atoms. The use of unmodified Len-
nard-Jones parameters for the pairwise interactions between Au atoms and all other atoms resulted in a 
citrate cap of ~215 citrate molecules that were not displaced upon contact with the DOPC membrane 
(Figure S19). 

 
 

Figure S20. Simulation of citrate-capped AuNP on DOPC-SLB using unmodified parameters. A) AuNP 
surrounded by 212 citrate ions at 0 ns of MD simulation. B) AuNP after 150 ns of simulation (only citrate 
within 5 Å of Au shown). 

Multiple citrate coverages were tested, including removing the citrate between the AuNP and the mem-
brane, but the AuNP failed to penetrate the DOPC membrane with any citrate coverage using the default 
Au parameters. We therefore modified the interaction between Au atoms and all other atoms by adjusting 
the Au epsilon value (εAu) and calculating the pairwise interactions using the geometric combination rule: 
εAuj = (εAu × εj)1/2, where εj is the epsilon value for every other atom type in the system. The modified εAu 
value of was considered acceptable when it provided a reasonable citrate surface coverage (~150 citrate 
within 0.5 nm of Au) that was displaced upon contact with the DOPC membrane. The εAu value deter-
mined in this work was 3.5. The final non-bond parameters, formatted for the GROMACS MD code, are 
shown in Table S1.  
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Table S1. Modified non-bond parameters for pairwise interaction between Au atoms and all other atom 
types, formatted for the [ nonbond_params ] section of the GROMACS forcefield.itp file. 

i j func sigma epsilon 
AU HAL1 1 2.49050737E-01 5.67598450E-01 
AU HAL2 1 2.50832534E-01 6.40337411E-01 
AU HAL3 1 2.50832534E-01 5.92837246E-01 
AU HEL1 1 2.42814446E-01 6.73768506E-01 
AU HL 1 1.93815016E-01 8.20746002E-01 
AU HT 1 1.51452782E-01 8.20746002E-01 
AU CEL1 1 3.17649938E-01 9.97893782E-01 
AU CL 1 3.09631849E-01 1.01246234E+00 
AU CTL1 1 3.34131564E-01 5.41183887E-01 
AU CTL2 1 3.10522748E-01 9.05573851E-01 
AU CTL3 1 3.13195444E-01 1.06875254E+00 
AU CTL5 1 3.14977242E-01 1.08236777E+00 
AU NTL 1 2.96268369E-01 1.71137372E+00 
AU O2L 1 2.82904888E-01 1.32562438E+00 
AU OBL 1 2.82904888E-01 1.32562438E+00 
AU OSL 1 2.78450394E-01 1.21012396E+00 
AU OSLP 1 2.78450394E-01 1.21012396E+00 
AU OT 1 2.88980817E-01 1.49243171E+00 
AU SOD 1 2.57135643E-01 8.28736146E-01 
AU PL 1 3.22995330E-01 2.92689938E+00 
AU CLA 1 3.33686115E-01 1.48209311E+00 
AU CG321 1 3.10522748E-01 9.05573851E-01 
AU CG2O2 1 2.82904888E-01 1.19796160E+00 
AU OG2D1 1 2.82904888E-01 1.32562438E+00 
AU CG301 1 3.09631849E-01 6.84549487E-01 
AU OG311 1 2.88695730E-01 1.67723356E+00 
AU HGA2 1 2.50832534E-01 7.15918990E-01 
AU CG2O3 1 3.09631849E-01 1.01246234E+00 
AU HGP1 1 1.51452782E-01 8.20746002E-01 
AU OG2D2 1 2.82904888E-01 1.32562438E+00 
AU IHOY 1 1.79783361E-01 8.20746002E-01 
AU IOY1 1 2.87359382E-01 4.68678995E-01 
AU IOY2 1 2.87359382E-01 6.05061980E-01 
AU IOY3 1 2.87359382E-01 6.05061980E-01 
AU IOY4 1 2.87359382E-01 6.05061980E-01 
AU IOY5 1 2.87359382E-01 6.05061980E-01 
AU IOY6 1 2.87359382E-01 6.05061980E-01 
AU IOY7 1 2.87359382E-01 6.05061980E-01 
AU IOY8 1 2.87359382E-01 6.05061980E-01 
AU IOY9 1 2.87359382E-01 6.05061980E-01 
AU IAY1 1 3.18540837E-01 8.55686859E-01 
AU IAY2 1 3.18540837E-01 8.55686859E-01 
AU IAYT2 1 3.18540837E-01 8.55686859E-01 
AU ISY1 1 3.09631849E-01 8.55686859E-01 
AU ISY2 1 3.09631849E-01 8.55686859E-01 
AU IK_CM 1 3.00722862E-01 1.71137372E+00 
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