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ABSTRACT: Understanding the interaction between nanomaterials and biological interfaces is 

a key unmet goal that still hampers clinical translation of nanomedicine. Here we investigate and 

compare non-specific interaction of gold nanoparticles (AuNPs) with synthetic lipid and wild 

type macrophage membranes. A comprehensive data set was generated by systematically varying 

the structural and physicochemical properties of the AuNPs (size, shape, charge, surface 

functionalization) and of the synthetic membranes (composition, fluidity, bending properties and 

surface charge), which allowed to unveil the matching conditions for the interaction of the 

AuNPs with macrophage plasma membranes in vitro. This effort directly proved for the first 

time that synthetic bilayers can be set to mimic and predict with high fidelity key aspects of 

nanoparticle interaction with macrophage eukaryotic plasma membranes. It then allowed to 

model the experimental observations according to classical interface thermodynamics and in turn 

determine the paramount role played by non-specific contributions, primarily electrostatic, Van 

der Waals and bending energy, in driving nanoparticle-plasma membrane interactions. 

KEYWORDS: gold nanoparticles; gold nanorods; biomimetic membranes; supported lipid 

bilayers; giant unilamellar vesicles; nanomedicine 
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1. Introduction 

Despite the abundance of fundamental and applied studies related to the in vitro therapeutic 

effects of inorganic nanoparticles (NPs), understanding the interaction of synthetic 

nanostructured matter with biological interfaces, and in particular cell membranes, is still an 

open challenge towards an effective clinical translation of nanotechnology and nanotoxicology 

related issues [1–7]. NPs injected in biological fluids are rapidly coated by a shell of 

biomolecules (often referred as corona) that, in subtle combination with the size and shape of the 

particles, (re)define the NP biological identity, including their interaction with cells and 

internalization pathways [8,9]. The first step of NP entry into cells is determined by their 

interaction with the cell membrane, which can lead to four main endocytosis mechanisms for 

mammalian cells, including phagocytosis, pinocytosis, caveolae endocytosis and clathrin 

mediated endocytosis [4,10]. This first step is often “non-specifically” driven by the high binding 

affinity of the NPs for the lipid membrane, which originates from the NPs excess surface energy. 

The biomembrane activity of inorganic or polymeric NPs, i.e. their tendency to structurally 

modify and/or permeate natural membranes, has been addressed in several studies on model 

synthetic membrane structures, as Giant Unilamellar Vesicles (GUVs) and Supported Lipid 

Bilayers (SLB) [11–13]. These reports suggest that several effects on membrane morphology, 

permeability and fluidity, such as formation of NP clusters onto the lipid bilayer or formation of 

lipid-raft-like domains, are driven by this first contact, and that they can be conveniently treated 

as a multiscale phenomenon to better capture the effect of the protein corona [14]. However, to 

date, a rational correlation between the findings on synthetic and real cell membranes is still 

lacking. We report here a first attempt in this direction. A library of gold nanoparticles (AuNPs), 

systematically covering sizes, charge, shape and coatings, with respect to nanomedicine 
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applications, was prepared and tested in parallel on zwitterionic and anionic synthetic bilayers 

and eukaryotic immune system macrophage cells. The membrane activity of these NPs was 

investigated for free-standing (GUVs) and solid supported (SLBs) lipid bilayers of the same 

composition, with the twofold purpose to highlight the effect of membrane fluidity and to 

compare the insights from surface-based and solution techniques. Both GUVs and SLBs can be 

described as planar membranes [15], but the presence of a solid support in the latter case 

dramatically increases the energy necessary to bend the bilayer with respect to a GUV with the 

same composition. Macrophage cells were selected as they are involved in the immune system 

responses and reaction to external agents, and therefore they are highly relevant in the study of 

exogenous NP phagocytosis and toxicity [16]. NP-membrane interactions were monitored with 

Transmission Electron Microscopy (TEM) and Confocal Laser Scanning Microscopy (CLSM) 

and interpreted within the framework of the DLVO theory, which allowed us to provide a proof-

of concept of the fidelity of solid-supported and free-standing synthetic bilayers as mimics of cell 

plasma membranes, with respect to unspecific interactions with inorganic NPs. 

2. MATERIALS AND METHODS 

2.1 Chemicals: Gold(III) chloride trihydrate (≥99.9%), Sodium citrate dihydrate (≥99.9%), 

poly(ethylene glycol) methyl ether thiol, (11-Mercaptoundecyl)-N,N,N-trimethylammonium 

bromide ((≥90%), 11-mercaptoundecanoic acid (98%), Hexadecyltrimethylammonium bromide 

((≥99%), octanethiol (≥98.5%), ascorbic acid (≥98%), AgNO3 (≥99%), toluene (99.8%), MeOH 

(99.8%), EtOH (≥99.8%), CHCl3 (≥99%), CH2Cl2 (≥99.8%), THF (≥99.9%), boric acid 

(≥99.5%), NaCl (≥99.5%), Calcium chloride hydrate (99.999%), Tetraoctylammonium bromide 

(98%), glucose (≥99.5%), sucrose (≥99.5%), borax (≥99%), NaBH4 (≥98%) were provided by 

Sigma-Aldrich (St. Louis, MO). The same for Fetal Bovine Serum (FBS) and (3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for cells treatment. CellMask™ 

Orange Plasma membrane stain and β-Bodipy 2-(4,4-diuoro-5,7-dimethyl-4-bora-3a,4adiaza- 

sindacene- 3-pentanoyl)-1 hexadecanoyl-sn-glycero-3-phosphocholine were purchased from 

Invitrogen Life Technologies (Heidelberg, Germany), while DiIC20 (1,1’-dieicosanyl-3,3,3’,3’-

tetramethylindocarbocyanine perchlorate) was purchased from Molecular Targeting 

Technologies (Westchester, PA). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 

>99%) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (POPG, 

>99%) are from Avanti Lipids (Alabaster, AL). All chemicals were used as received. Milli-Q 

grade water was used in all preparations. 

2.2. GUVs preparation: Giant Unilamellar Vesicles were prepared through electroformation. 

[17–19] Briefly, a POPC or POPG:POPC 1:1 0.5 mg/ml stock solution in CHCl3 was prepared 

and 0.1% with respect to the total lipid amount of the fluorescent dye (β-Bodipy) was added. 10 

μl of the stock solution were deposited on each of two ITO-coated glass slides, on the conductive 

side. Chloroform was dried under vacuum for two hours and a dry lipid film on each sheet was 

obtained. The electroformation chamber was prepared sandwiching the sheets with an O-ring 

separating the lipid films. The chamber was filled with an aqueous solution of sucrose 15 mM, 

and the electrical contact between the sheets was provided by putting on each sheet a copper tape 

connected to a pulse generator, set at a sinusoidal alternating voltage of 10 Hz frequency and 2 

Vpp amplitude for two hours. GUVs were employed within 24 hours after preparation. 

2.3. SLBs Preparation For Small Unilamellar Vesicles preparation the proper amount of POPC 

or POPG and POPC was dissolved in chloroform/methanol 6:1 (v/v). A lipid film was obtained 

by evaporating the solvent under a stream of nitrogen and overnight vacuum drying. The film 

was then swollen and suspended in warm (50°C) NaCl 100 mM solution by vigorous vortex 
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mixing. To prepare Unilamellar vesicles (ULV) with narrow distribution, the dispersion was then 

tip-sonicated for 30 minutes. SLB were prepared by adding 10 mM CaCl2 to the vesicles' 

dispersion and subsequently injecting the vesicles in a chamber containing a coverglass on the 

bottom. A stable SLB layered on the coverglass was obtained by rinsing the vesicles' dispersion 

with pure milliQ water, after incubation of the vesicles with the coverglass for twenty minutes at 

r.t.. To fluorescently label the SLB, a small amount of fluorescent probes (β-Bodipy and DiIC20), 

i.e., 0.1% mol:mol with respect to total lipid amount was added. 

2.4. Cell culture Mouse RAW 264.7 macrophages were obtained from the European Collection 

of Cell Cultures (ECACC, Salisbury, UK). Cells were maintained in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (Gibco Invitrogen, Milan, Italy), 

100 U/ml penicillin-streptomycin, 1% L-glutamine 200 mM, (Sigma-Aldrich, Milan, Italy) and 

4.5 g/l glucose, and grown in 5% CO2 atmosphere at 37 °C. 

2.5. Confocal Laser Scanning Microscopy (CLSM): CLSM experiments were carried out with 

a laser scanning confocal microscope Leica TCS SP2 (Leica Microsystems GmbH, Wetzlar, 

Germany) equipped with a 63x water immersion objective. The 488 nm laser line was employed 

to detect β-Bodipy fluorescence (λexcitation 488 nm, λ emission 498 nm - 530 nm); the 561 nm 

laser line was employed to detect DiIC20 and Cell Mask dye inside the cells' membrane 

(λexcitation 561 nm, λ emission 571 nm - 650 nm); the 633 nm laser line was employed to detect 

AuNP scattering (λexcitation 633 nm, λ emission 620 nm - 640 nm). For experiments on AuNPs 

interaction with GUVs, 60 μl of GUV dispersion in Sucrose 15 mM were put in a chamber (Lab-

Tek Chambered 1.0 Borosilicate Coverglass System, Nalge Nunc International, Rochester, NY 

USA) and then diluted adding 140 μl of Glucose 15 mM. 100 μl of 5 nM gold nanoparticles’ 

solution was added to GUV dispersions in the chambers. Samples containing nanoparticles and 
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GUVs were incubated for two hours before the acquisition of the images. For experiments on 

AuNPs interaction with SLBs, SLB were prepared on a microscope borosilicate coverglass 

which was put in a home- built measurement chamber. 100 μl of 5nM gold nanoparticles’ 

solution was added in the chambers and the system was incubated for two hours. For 

experiments on AuNPs interaction with macrophages, RAW 264.7 cells (5x104/well) were grown 

on glass coverslips and subjected to the different treatments. After incubation with the 

nanoparticles, the cells were stained using CellMask Plasma Membrane Stains (Invitrogen, 

Milan, Italy), as reported in the manufacturer's instructions.  

2.6. Transmission electron microscopy on cells After treatments, RAW 264.7 cells were 

pelleted by centrifugation, fixed in 4% glutaraldehyde and 1% osmium tetroxide and embedded 

in Epon 812. Ultrathin sections were stained with uranyl acetate and alkaline bismuth subnitrate 

and examined under a JEM 1010 electron microscope (Jeol,Tokyo, Japan) at 80 KV. 

2.7. MTT viability assay Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) assay (Sigma-Aldrich). RAW 264.7 cells (105/well) 

were seeded in 96-well plates. At end of treatments, MTT stock solution was added to each well 

and incubated for 4 h at 37°C. Dimethyl sulfoxide was added to each well to dissolve the 

formazan crystals. The plate was gently shaken for 10 min. and it was read at 550 nm on a plate 

reader. Optical density was assumed as indicator of mitochondrial activity and, indirectly, cell 

viability. The reported data are expressed as the mean ± SEM of at least 3 independent 

experiments. As the experimental values in each group approximated to a normal distribution, 

statistical comparison of differences between groups was carried out using one-way ANOVA 

followed by Student-Newman-Keuls multiple comparison test. A p value ≤0.05 was considered 
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significant. Calculations were done using GraphPad Prism 2.0 statistical program (GraphPad 

Software, San Diego, CA, USA).  

 

3. RESULTS 

3.1 Characterization of AuNPs and membranes  

Figures 1 a-c show representative Transmission and Scanning Electron Microscopy (TEM, 

SEM) images of the synthesized AuNPs, while Dynamic Light Scattering (DLS) and Zeta 

Potential data are reported in the table (Figure 1d). A full description both of the synthetic 

procedure and of the characterization (TEM, DLS, Small-Angle X-ray Scattering (SAXS), UV-

Vis absorbance and Zeta Potential) are reported in the SI. The Turkevich-Frens method [20,21] 

leads to citrate-capped gold nanospheres (AuNS@CT, anionic) with core diameter below 15 nm 

(TEM, Figure 1a), mean hydrodynamic diameter around 20 nm and highly negative zeta 

potential (around -70 mV, Figure 1d).  
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Figure 1. Physichemical characterization of the systems under investigation. (a-c) 
Representative TEM (a, b) and SEM (c) images of as-synthesized gold nanoparticles: (a) citrate-
coated gold nanospheres (AuNS@CT), (b) TMA-coated gold nanospheres (AuNS@TMA), (c) 
CTAB-coated gold nanorods (AuNR@CTAB); (d) Table summarizing the sizes (Dh) and ζ-
Potential of the different AuNPs, synthesized as described in the experimental section; (e, f) 
Representative LSCM images of the lipid membrane models: (e) horizontal (xy) and vertical (xz) 
sections of as-prepared POPC SLB, fluorescently labelled with 0.1% w/w β-Bodipy and DiIC20, 
(f) POPC GUV fluorescently labelled with 0.1% w/w β-Bodipy; (g) Representative LSCM 
image of RAW cells with the cell membrane fluorescently-labelled, as described in the 
experimental section. 

These nanoparticles were then capped with polyethylene glycol (PEG), through ligand-

exchange [22], which increases the mean hydrodynamic diameter to 38 nm, and decreases the 

absolute value of the zeta potential to -23 mV, due to the extensive uncharged PEG cushion. 

Cationic nanospheres (AuNS@TMA) were synthesized according to a two-step route [23,24], 

yielding smaller and better polydisperse spheres with mean hydrodynamic diameter of 14 nm, 

metal core diameter of 2-3 nm, and positive zeta potential (+63 mV). The same surface 

functionalizations were performed on gold nanorods, of approximately 10 nm width and 40 nm 

length (4 as aspect ratio, see SEM image, Figure 1c) and with, respectively, highly negative 

(AuNR@MUA), slightly negative (AuNR@PEG) and positive (AuNR@CTAB) zeta potentials. 

Figure 1e and 1f show the confocal laser scanning microscopy (CLSM) images of the membrane 

models challenged with AuNPs. GUVs prepared through electroformation [17,25], are 

unilamellar spherical vesicles of polydisperse diameters, from some to some tens of microns, 

doped with the fluorescent lipid tag β-Bodipy (0.1% mol:mol, green, Figure 1f).  Figure 1g 

displays macrophage RAW cells containing a fluorescent probe in the cell membrane (red), 

labeled as described in the experimental section. In the absence of NPs the cells shape varies 

from globular to elongated, with a well defined internal nucleus (which is unlabeled) and with 

the fluorescent probe evenly distributed along the whole cell membrane. 
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3.2 Interaction of Au nanospheres with target membranes 

Figure 2a shows representative confocal microscopy images of zwitterionic POPC GUVs 

challenged with 4 nM anionic AuNS@CT after two hours incubation. Even if the GUVs appear 

intact, i.e., no membrane disruption is evidenced, their size is generally decreased, if compared to 

the control sample (see Figure 1f), the section is not perfectly circular and some clustering is 

present. This vesicle clustering is nucleated by NP aggregates, highlighted as orange (AuNP 

scattering, 633 nm) or black (transmission), spots localized in the adhesion regions between lipid 

membranes. These interactions are not observed for POPG:POPC GUVs, i.e., when the negative 

charge of the bilayer is increased (images not reported). Figure 2b shows POPC SLBs after 

interaction with the same anionic NPs. No morphology perturbations are observed and the probe 

green fluorescence is homogeneous. However, when Au is imaged with transmission and 

scattering (Figure 2b), the formation of NPs clusters on SLB surface is clear; even if the solid 

support rigidifies the inner membrane side, the lipids the upper leaflet can still interact with NPs, 

which adhere and cluster on it. The NPs adhesion is not evenly distributed on the bilayer, but 

rather forms aggregates with sizes of some tens µm, not observed on POPG:POPC SLB. This 

clustering evidences that upon interaction with the lipid membrane, the electrostatic repulsion 

between like-charged NPs is screened, promoting aggregation.  
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Figure 2. Anionic AuNS@CT and membrane models (panels a, b) and macrophage cells 
(panels c, d). (panel a) CLSM of AuNS@CT incubated with POPC GUVs, after two hours: (left) 
overlay of β-Bodipy fluorescence emission (lipid membrane, green) and AuNPs scattering 
(orange); (right) separated AuNPs scattering (orange) and transmission (greyscale) images 
acquired in the same field. (panel b) CLSM of the AuNPs incubated with POPC SLB, after two 
hours incubation (horizontal section). β-Bodipy fluorescence emission (green), AuNPs scattering 
(orange), transmission (greyscale). (panel c) CLSM of macrophage cells incubated with AuNPs. 
Cell membrane label fluorescence (red), transmission (greyscale). (panel d) TEM image acquired 
for AuNPs incubated with macrophage cells. 

 

When the same nanoparticles are incubated with macrophages (Figure 2c), the effects are very 

similar: relatively small NP clusters are formed solely on the surface of the cells, i.e., not in the 

surrounding medium, confirming the hypothesis that also for real cells it is the lipid membrane 

that induces clusterization. No permanent membrane disruption or significant morphological 



 12 

variations are detected upon exposure to NPs (Figure 1g), similarly to what observed for GUVs 

and SLBs. TEM images of the cells show NPs in the cytoplasm, which appear internalized as 

small clusters through the normal uptake routes. We can hypothesize that NPs cluster on the cell 

surface thanks to the membrane templating effect and are then internalized in the cell [26,27]. 

After internalization the cytoplasm is unmodified with respect to the control experiment (see SI 

for comparison). 

Concerning AuNS@PEG, their interaction with POPC GUVs does not produce apparent 

variations: the GUVs remain perfectly spherical (green fluorescence of β-Bodipy), and the 

nanoparticles only occasionally form clusters (orange spots of Au scattering). This weaker 

interaction is confirmed for POPC SLBs (Figure 3b): similarly to what observed for AuNS@CT, 

the lipid membrane appears intact (green β-Bodipy fluorescence is homogeneous and evenly 

distributed). However, differently from AuNS@CT, cluster formation occurs to a lesser extent. 

This difference is consistent with the confocal microscopy observations of the interaction of 

these NPs with cells (Figure 3c). Only rare NPs’ clusters are visible on the cell surface (black 

spots, transmission), while no differences in the number or shape of the cells is observed with 

respect to the control. This result is consistent with a passivation of the NPs' surface, similar to 

what observed for the protein corona shell [14] and is  fully in line with the well-known behavior 

of PEG-coated NPs with biological interfaces: while PEG coating generally improves 

pharmacokinetic properties of nanodrugs or DDS, cell internalization might be significantly 

decreased [28].  
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Figure 3. PEG-coated AuNS@PEG with model bilayers (panels a, b) or macrophage cells 
(panels c). (panel a) CLSM image for AuNS@PEG incubated with POPC GUVs for two hours: 
overlay of β-Bodipy fluorescence emission (lipid membrane, green) and AuNPs scattering 
(orange). (panel b) CLSM image for AuNS@PEG incubated with POPC SLB for two hours 
(horizontal section). β-Bodipy fluorescence emission (green), AuNPs scattering (orange). (panel 
c) CLSM images of macrophage cells incubated with AuNS@PEG. Overlay of cell membrane 
label fluorescence (red) and transmission (greyscale).  

Finally, when cationic nanospheres (AuNS@TMA) are considered, the interaction with POPC 

vesicles results in a decrease of the GUVs number density and size. AuNS@TMA disrupt POPC 
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GUVs resulting in the formation of sub-micron NP-lipid aggregates (see SI in comparison to 

Figure 1f). This trend is intensified for POPG:POPC GUVs (Figure 4, panel a): NPs penetrate 

inside GUVs and cluster to form micron-sized aggregates (much larger than the clusters 

visualized for AuNS@CT interacting with the same GUVs), while the GUVs completely lose 

their original shape and rupture into star-like structures constituted by hollow tubular assemblies, 

protruding from a core constituted by the micron-sized NPs' aggregates. For the same lipid 

composition on a solid support we used a dual fluorescence labeling scheme. When 

AuNS@TMA NPs are added and tracked thanks to their scattering, large NPs aggregates are 

formed on the lipid surface of the SLB, coated by both lipid fluorescent probes (see also SI for 

other representative images): clearly, in this case, the interaction of NPs with the bilayer enables 

the extraction of lipids even from the lower leaflet of the SLB, in close contact with the support, 

and the large NPs aggregates are completely wrapped by the lipids forming nanoparticles-lipids 

complexes; these complexes can be recognized as a first step (in a 2D model) of what observed 

in the GUVs, where the star-like structures are formed starting from a lipid extraction and the 

formation of large micron-sized NPs-lipid aggregates. For POPC bilayers, subtler effects emerge 

(Figure 4 panel b): POPC SLBs are in the fluid phase at room temperature, in the absence of 

AuNPs, and a homogeneous distribution of the two dyes is highlighted (see Figure 1e). Upon 

incubation with cationic NPs, a spontaneous lateral phase separation of the fluorescent probes β-

Bodipy (green, higher affinity for fluid lipid phases), and DiIC20 (red, higher affinity for liquid 

ordered lipid phases) is observed, with the formation of regions enriched in DiIC20 with fractal 

flowers-like shape. This phase separation indicates the formation of more rigid domains in the 

areas of adhesion of NPs.  
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Figure 4. Cationic AuNS@TMA and membrane models (panels a, b) or macrophage cells 
(panels c, d). (panel a) CLSM image of AuNPs incubated with POPG:POPC 1:1 GUVs, after 
two hours: β-Bodipy emission (lipid membrane, green), AuNPs scattering (orange), transmission 
(greyscale) images in the same fields. (panel b) CLSM image of the AuNPs incubated with 
POPC and POPG:POPC 1:1 SLB, after two hours. (left) horizontal sections (xy) of β-Bodipy 
(green) and DiIC20 (red) fluorescence emission in the same field of POPC SLBs; (right) vertical 
(xz) and horizontal (xy) sections of the SLB showing the overlay of  β-Bodipy (green) and 
DiIC20 fluorescence emission (red) of POPC SLBs; representative horizontal (xy) overlay of β-
Bodipy (green) and DiIC20 (red) fluorescence emission and AuNPs scattering (orange) of 
POPG:POPC SLB. (panel c) CLSM images of macrophage cells incubated with AuNPs. Cell 
membrane label fluorescence (red), transmission (greyscale). (panel d) TEM image acquired for 
AuNPs incubated with macrophage cells.  
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Conversely, in the areas not involved in NP adhesion, the membrane remains fluid. This 

phenomenon has a high biological relevance: bilayer restructuration, together with formation of 

membrane's rafts and domains, is often connected in real cells to a response to external stimuli In 

our previous study we detected the formation of small (nm to hundreds of nm size) rigid regions 

on GUVs membranes upon interaction with anionic AuNPs [14]; here, the formation of micron-

size raft-like domains on a model lipid membrane upon interaction with nanoparticles is 

observed for the first time. Concerning the interaction with macrophage cells (Figures 4c, d), 

NPs clusterization is observed, similarly to anionic nanoparticles, but in the present case this 

aggregation is accompanied by partial disruption of cell membrane, whose fluorescently labeled 

debris can be observed in the surrounding environment (Figure 4c) and by a loss of integrity of 

the cytoplasmic structure, highlighting a permanent damage.  

 

3.3 Interaction of AuNR with target membranes 

Figure 5 collects the results for AuNRs with different coatings incubated with membrane 

models and macrophage cells. Figure 5a displays representative confocal microscopy images of 

cationic nanorods (AuNR@CTAB) incubated with POPC GUVs. The main effect is extraction of 

tubular lipid structures, which grow from the parent sphere, until they breakup into pearls, i.e., a 

periodic string of smaller ellipsoidal vesicles connected by a narrow neck (see representative 

movies in the SI). In a previous study we observed the extraction of tubular structures from 

POPC GUVs, upon interaction with AuNS@CT, but coated with a serum protein corona. These 

latter structures, smaller than those observed for NRs, were stable and did not break into small 

vesicles, suggesting a different mechanism. A very similar phenomenon, i.e. vesicles’ pearling 

induced by nanoparticles, was observed by Yu [29]  for DOPC GUVs and aliphatic amine 
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nanospheres encapsulated in the vesicles lumen, allowing the NPs to adsorb onto the inner lipid 

leaflet; the control experiment showed no shape change when the NPs were added from the 

outside. This may indicate that NRs, differently from NSs, spontaneously penetrate the bilayer, 

adsorb onto the inner leaflet and cause the protrusion of elongated structures that break through 

pearling. For PEGylated phospholipid bilayer deformation stops with tubular protrusion ad no 

pearling is generated. 

 

Figure 5. AuNR and membrane models (panels a, b) and macrophage cells (panels c, d). 
(panel a) CLSM image acquired for the AuNR incubated with GUVs, after two hours incubation: 
β-Bodipy fluorescence emission (lipid membrane, green). (panel b) CLSM image acquired for 
the AuNR incubated with SLB, after two hours incubation (horizontal section). Overlay of β-
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Bodipy fluorescence emission (green), DiIC20 fluorescence emission (red). (panel c) TEM and 
CLSM images acquired for macrophage cells incubated with cationic AuNR@CTAB. Cell 
membrane label fluorescence (red), transmission (greyscale). (panel d) TEM image acquired for 
macrophage cells incubated with anionic AuNR@MUA and CLSM images acquired for 
macrophage cells incubated with PEG-coated AuNR@PEG. Cell membrane label fluorescence 
(red), transmission (greyscale). 

Concerning SLBs, AuNRs clearly adhere to them (Figure 5b), forming end-to-end chainlike 

gold nanorods aggregates coated by lipid molecules. For cationic NRs, AuNR@CTAB interact 

similarly with POPC and POPG:POPC SLBs membranes; the same pattern is observed for 

anionic AuNR@MUA/zwitterionic POPC SLBs, while there is no interaction with negative 

POPC:POPG bilayer. PEGylated nanorods show a weaker interaction with respect to both 

cationic and anionic nanorods: only small superficial aggregates are observed on POPC SLB 

instead of the elongated chainlike structures, and no interaction is observed with anionic 

POPG:POPC 1:1 samples (see SI). When macrophage cells are incubated with cationic nanorods, 

the cell number substantially decreases, as expected from their well-known toxicity [30], which 

is clear also from TEM results: upon interaction the cell loses its integrity,  while NRs clusters 

form both on the membrane and inside the cells. Moreover, similarly to what observed for 

cationic NSs, the confocal microscopy images show the presence of membrane fragments on the 

chamber bottom, colocalized with AuNRs clusters, which are not visible as isolated entities. We 

can conclude that lipid extraction from the membrane is clearly provoked by AuNRs, in an 

identical way as what observed for membrane models. Anionic and PEGylated AuNRs (Figure 

5d) have generally milder effect on macrophage cells, but, in striking parallel to what observed 

for the membrane models, the charged NRs show qualitatively stronger interactions: the TEM 

images show clusters of AuNRs interacting with cells and clear membrane damage with respect 

to the control (see SI), while, differently from cationic NRs, the inner cytoplasmic structure is 
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not disrupted; conversely, our experiments did not evidence any effects for PEG-coated NRs on 

cells, confirming that the PEG cushion strongly decreases adhesion ability both on lipid 

membrane models and real cells.  

Finally, the same experiments were repeated by passivating with a serum protein corona the 

NPs with the highest membrane activity, i.e., cationic nanospheres AuNs@TMA and nanorods, 

AuNR@CTAB (see SI Figure S11). Similarly to what observed for the PEG coating, the 

interaction is damped: when these nanoparticles are passivated, their membrane-activity (shown 

in Figures 4 and 5) is completely quenched. 

3.4 MTT assays of macrophages incubated with the AuNPs.  

In order to formulate a first idea of the biological effects of the different NPs on macrophages 

metabolism, MTT tests were performed after incubating the NPs with the RAW cells for six 

hours.  

 

Figure 6.  6 hours MTT assay on macrophages incubated with AuNPs with different shape 
and functionalization. CTRL control; S- anionic citrated Turkevich nanospheres; S+ cationic 
nanospheres; S. PEG-coated Turkevich nanoparticles; Sc corona-coated cationic nanospheres; 
R+ cationic nanorods; R. PEG-coated cationic nanorods; Rc corona-coated cationic nanorods. 
MTT legend: Significance of differences:  *p<0.001 vs. control 
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Figure 6 shows that, in line with the literature, the main physicochemical features of NPs 

implied in in-vitro toxicity are the surface charge (i.e., cationic NPs are more toxic than anionic 

ones), the shape anisotropy (i.e., the rods are more toxic than the spheres), the chemical nature of 

the passivating agent and, possibly, its desorption equilibrium from the particle [30], the surface 

energy. Both anionic nanospheres and nanorods exhibit a low but significant toxicity with 

respect to the control, but the presence of a PEG cushion or of a protein corona passivating the 

cationic coating decreases toxicity. The higher toxicity of cationic nanorods passivated by the 

corona can be attributed to a lower affinity of proteins for the rod edges.  

It is thus apparent that the NP membrane activity, similar for model membranes and real cells, 

has a strong connection to cell viability, as determined by the MTT assay. 

4. DISCUSSION 

4.1. NPs-lipid membranes interaction energy: theoretical considerations  

The previous results show that the NP membrane activity can be predicted observing the 

interactions with free standing and solid supported lipid bilayers, composed of homogeneous 

fluid lipid mixtures, without raft-like domains or embedded membrane proteins. This observation 

supports the hypothesis that a key role in membrane activity is played by unspecific interactions 

(i.e. not mediated by molecular recognition events) between the NPs and lipid components of the 

eukaryotic cell membrane. Here we briefly review the different energetic contributions to the 

potential energy, for our model systems, emphasizing the determining ones for each of the 

membrane mimics above described.  

The NPs-bilayer interaction consists of the following steps (i) adhesion to the bilayer, which 

depends on the interaction energy between AuNPs and the lipid membrane (ENP-m); (ii) complete 

or partial wrapping of the NPs by the membrane, depending on the physicochemical features of 
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the lipid membrane, in particular to its undulation energy term (Em)[31,32]; (iii) possible 

clusterization of NPs on the lipid membranes, with a templating role of the bilayer [14,33], 

implying that steric and electrostatic AuNP-AuNP repulsion (ENP-NP), which guarantee colloidal 

stability in the bulk liquid phase, are released upon interaction with the membrane: 

The total energy will be given by (Eq. 1): 

   Eint =  ENP-NP+ ENP-m +Em       (1)  

In a first approximation, the first two terms, whose balance will determine adhesion to the 

membrane, can be evaluated according to a classical DLVO formalism, including the repulsive 

electrical-double layer (EEL) and the attractive van der Waals interactions, (ELW) [31,34,35]. For 

bulky (e.g. PEG) surface functionalizations, a repulsive steric contribution (𝐸!"#!"$% (𝑑)), should 

be considered, which depends on the length and conformation of the coating molecules.  

In the absence of lipid bilayers, ENP-NP in water (or at low ionic strength) features an 

electrostatic barrier to aggregation and inorganic NPs dispersions are stabilized by electrostatic 

(𝐸!"#!"&' ) or steric (𝐸!"#!"$% ) repulsion. 

The second term, ENP-m can be written considering the interaction between spherical NPs with 

radius R and a flat lipid membrane of thickness h, separated by a distance d. This approximation 

holds for GUVs, since they are cell-sized vesicles with negligible curvature, and for SLB, that 

can be considered as an infinite plan. Again, ENP-m can be modelled as the sum of London-Van 

der Waals and electrostatic contributions (Eq. 2 and 3): 

𝐸!"#(') (𝑑) = 	− *+
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with ym and yNP the surface potentials of the membrane and the nanoparticles, respectively. The 

Hamaker constant is always positive for symmetrical interactions (i.e. NP-NP, for AuNPs-

AuNPs it is around 2.5x10-19 J[36]) and generally positive for asymmetrical interactions, so that 

𝐸!"#(')  is attractive in most cases (for instance for phospholipid bilayer interacting with oxide 

nanoparticles, it is around 4x10-21 J [31]). Concerning the Coulomb term, biological membranes 

are negatively charged, so the sign of NPs charge dictates the nature of the electrostatic 

contribution (𝐸!"#(&' ), from attractive (for TMA and CTAB-coated NPs) to repulsive (for CT and 

MUA-coated NPs). Overall these two terms define the adhesion energy of the NP to the 

membrane.  Then, the interplay between this adhesion energy and Em (see Eq. 1), accounting for 

fluidity, spontaneous curvature and bending modulus of the bilayer [37,38], drives the 

spontaneous wrapping of the NPs by the membrane. The penalty cost required to membrane to 

wrap the particles is related to the elastic energy of the membrane Eel. Considering NPs with 

small characteristic sizes, compared to the characteristic lengthscales of the membrane, Eel is 

dominated by the bending energy Ebe, and thus Em can be expressed as (Eq. 4): 

𝐸( ≈ 𝐸79 ≈ 𝐸:7 =	∫(2𝜅𝑀6 + �̅� 𝐾)𝑑𝐴        (4) 

over the membrane area A, being M and K the local mean and Gaussian curvatures, k the bending 

rigidity and �̅�	the of Gaussian curvature modulus [37,39]. It is possible to define a critical 

wrapping radius Rc of the NP as (Eq. 5) [31,38]: 

𝑅; ≡	;2𝜅/|𝑊|           (5) 

with W the adhesion energy per unit area. For a given adhesion energy, the more rigid the 

membrane, the larger the critical wrapping radius. In other terms, for the same NP/membrane 
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system, the same NP can be wrapped by a free standing bilayer, but not by a SLB of the same 

composition. In summary, the balance between these energy contributions determine the 

occurrence and/or the extent of the most commonly encountered interaction phenomena 

(adhesion, clusterization, wrapping).  Further contributions, such as hydration forces, which are 

relevant in phospholipid membranes particularly in the description of short range phenomena, 

hydrophobic interactions, which might be relevant in internalization processes, depletion forces, 

counterion release, which provides a strong entropic contribution to the binding of oppositely 

charged polyionic colloids, can be considered to capture subtler details, as discussed in some 

specific publications [31,34,40]. In the next section, we will discuss our experimental results 

within this simplified framework. 

4.2. Energy balance for NPs-lipid membranes interactions 

NPs dispersions, in the absence of lipid membranes, are stabilized against aggregation thanks to 

electrostatic (CT and TMA-coated NS and CTAB and MUA-coated NR) or steric (PEG-coated 

particles) repulsive terms. Concerning the interaction of NPs and lipid membranes (ENP-m), the 

electrostatic contribution (𝐸!"#(&' ) is repulsive for anionic NPs (CT and MUA-coated NPs and, 

to a lesser extent, PEG-coated NPs), and attractive for cationic NPs (TMA and CTAB-coated 

NPs). In addition, the electrostatic contribution depends on the surface charge density of the 

membrane, which is slightly negative for zwitterionic POPC membranes and negative for 

POPG:POPC 1:1. In summary, the electrostatic contributions change from highly repulsive, for 

AuNS@CT (AuNR@MUA)-POPG:POPC 1:1 membranes, to slightly repulsive for the same 

systems and POPC membranes, to attractive for AuNS@TMA and AuNR@CTAB-POPC 

membranes, to highly attractive for the same systems interacting with POPG:POPC 1:1. Steric 
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stabilization of PEG-coated NP (AuNS@PEG and AuNR@PEG) provides an efficient barrier to 

membrane adhesion, due to entropic losses.  

On a shorter length scale with respect to electrostatics, NPs’ adhesion to bilayers is promoted by 

Van der Waals-London forces contribution (𝐸!"#(') ), depending on the Hamaker constant. 

Finally, the membrane-related term Em is repulsive, and depends on the propensity of the 

membrane to topologically deform from its spontaneous curvature upon interaction with the NPs. 

This term is much higher for SLBs than for GUVs, due to the close interaction of the lower 

leaflet of the SLB with the support, almost completely hampering its bending. The balance of 

these contributions is related to defined and estimable physicochemical features (size, surface 

potential, Hamaker constant, bending modulus, spontaneous curvature and so on) and controls 

the interaction of NPs and lipid membranes, driving the phenomena presented and described in 

the previous paragraphs. 

If we consider first the effects of NS on model membranes, for AuNS@CT interacting with free-

standing POPC bilayers the Van der Waals-London forces contribution (𝐸!"#(') ) is sufficient to 

overcome the slight electrostatic repulsion (𝐸!"#(&' ). After adhesion, a partial or complete 

membrane wrapping occurs, highlighted by the presence of spots on GUVs’ surface, with the 

fluorescence of the lipid tag (green) colocalized with Au scattering (orange, Figure 2a). NPs 

wrapping is then connected to two associated phenomena: the clusterization of the NPs on the 

lipid membrane, attributable to the (𝐸!"#(') ) contribution in overcoming the NP-NP electrostatic 

repulsion, and the deformation of the membrane, due to the curvature imposed by the NPs, 

highlighted by the micron-scale deformation of the GUVs circular shape due to the adhering 

aggregates of NPs (Figure 2a). These two phenomena are clearly connected to each other 
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through the critical radius RC, resulting in a synergistic role of NPs adhesion, wrapping and 

clusterization, since the radius of curvature imposed to the membrane is lowered for NPs 

clusters, and the membrane bending energy (𝐸() is minimized. In a previous study [14], we 

observed a more dramatic interaction between AuNS@CT and GUVs in PBS, driven by the high 

surface energy of the nanoparticles, and supported by the electrostatic screening effect due to the 

background electrolyte; in this case the clusterization of NPs on the GUVs surface determined 

the formation of a NPs crust completely coating and even disrupting the membrane integrity.  In 

pure water the initial interaction appears the same: small clusters are formed after adhesion, due 

to the templating effect operated by the lipid membrane itself. However, in pure water the 

repulsive electrostatic interaction between like-charged nanoparticles and the slightly negatively 

charged membrane (𝐸!"#(&' ) is not screened, resulting in a less dramatic effects, but prompting a 

similar mechanism. To confirm this hypothesis, when we increase the electrostatic repulsion 

(𝐸!"#(&' ) by changing the lipid composition (POPG:POPC GUVs), no clusterization occurs, 

because the term 𝐸!"#(') 	is not sufficient to promote adhesion. Finally, when Em increases, 

moving from GUVs to SLBs (Figure 2b), NPs clusterization onto POPC membranes is still 

observed, but no membrane perturbation is visible (the fluorescence of the lipid probe is evenly 

distributed on the surface), suggesting that the adhesion of the NPs on the target membrane, 

mainly driven by the Van der Waals-London forces (𝐸!"#(') ), is not sufficient to drive membrane 

deformation necessary for wrapping and clusterization. Taken altogether, this set of results can 

be rationalized as follows: anionic gold nanospheres, characterized by high surface energy, 

adhere on lipid membranes, similarly to what observed in previous studies. For PEG-coated NSs 

the steric stabilization term acts as an effective barrier preventing both NP-NP interaction 

(leading to clusterization) and NP-membrane adhesion.  Accordingly, the clusterization of PEG-
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coated NPs on the lipid membranes is not observed. Considering cationic NSs, the dispersions 

are electrostatically stabilized, but the charge contrast with the membrane makes the relatively 

long-range 𝐸!"#(&'  attractive. This induces the formation of micron-sized NP-lipid mixed 

aggregates, where the GUVs lose their original shape and are partially engulfed in these 

assemblies. If the same bilayer is spread on a solid support the relatively high 𝐸( prevents 

wrapping. All of the phenomena that have previously discussed for AuNS@CT NPs from 

adhesion, to wrapping, to membrane deformation and NPs clusterization templated by the 

membranes, are emphasized for cationic NPs. 

If we consider nanorods, their anisotropy implies the coexistence of regions of high curvature, 

where the concentration of the capping agent is lower, with flat regions, with lower curvature. 

NRs have a faceted structure, where the end-facets bind the coating molecules less strongly 

compared to the side-facets: the end-to-end assembly is facilitated, because the lower ligand 

amount reduces both steric and electrostatic repulsion and locally increases the surface energy 

[41]. The NP anisotropy determines realtively high 	𝐸!"#!"')  and 𝐸!"#(')  energy terms, involving 

the NRs edges and resulting in membrane wrapping and NPs clusterization into end-to-end 

assemblies. Concerning the different coatings of the NRs, both in the interaction with GUVs and 

SLBs, the shape of the molecules is the main factor, while the different coatings have minor 

effects that can be summarized as follows: cationic AuNR@CTAB alter extensively 

POPG:POPC 1:1 GUVs (high 𝐸!"#(&'  attraction) and less zwitterionic POPC GUVs (lower 

𝐸!"#(&'  attraction)  and anionic AuNR@MUA perturb only zwitterionic POPC GUVs but don't 

interact with negatively charged POPG:POPC 1:1 GUVs, (𝐸!"#(&'  repulsion)  this clearly due to 

an electrostatic contribution to the interaction between the nanorods and the GUVs. 
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For the purposes of this study, only a qualitative evaluation of the energy contributions to NPs-

membranes interaction is provided. Interestingly, this qualitative approach is sufficient to explain 

the phenomena observed upon incubation of the NPs with lipid membranes. On more 

quantitative grounds, a precise knowledge of the physicochemical parameters of the nanosystems 

of interest allows in principle a reliable estimate of each energy contribution to the NPs-

membranes interaction potential. 

5. CONCLUSIONS 

In this manuscript we compare the interaction of AuNPs with biomimetic lipid bilayers (in the 

form of GUVs and SLBs) to the interaction of the same AuNPs with macrophage plasma 

membranes. By systematically varying the structural and physicochemical properties of the 

AuNPs – size, shape (spherical and rod like), charge, surface functionalization – and of the 

biomimetic membranes – composition, fluidity, bending properties and surface charge – we were 

able  

(i) to perform a systematic and comprehensive investigation on the interaction of NPs with lipid 

membrane models through Transmission Electron Microscopy (TEM) and Confocal Laser 

Scanning Microscopy (CLSM), identifying the main contributions at play; 

 (ii) to establish a relationship between the experimental observations on membrane models with 

those on macrophage membranes: the clear similarities suggest that biomimetic membranes are 

reliable models to investigate the nano-bio interfaces phenomena in simplified conditions and 

prove that unspecific interactions are particularly relevant in determining the interaction pathway 

of nanoparticles. Furthermore, MTT viability assays on macrophages suggests that the 

membrane activity of NPs is relevant for cytotoxicity. 
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 (iii) to frame the experimental observations on membrane models and real cells according to 

simple energetic contributions and propose a unifying interaction energy model for NPs and cell 

membranes, able to explain phenomena as diverse as lipid-templated NPs clusterization, 

membrane pearling, raft-like domain formations, lipid extraction, star-like mixed NPs-lipid 

aggregate formation. 

The above findings allowed determining a connection between the physicochemical features of 

the AuNPs, their interaction pathways with membrane models and their effects on macrophage 

membranes, proving the underlying role played by non-specific interactions. These findings 

strengthen the utility of biomimetic membranes as reliable yet simple models to investigate and 

predict interaction of inorganic nanoparticles with cell membranes.  

On a wider perspective, this contributes to advance our understanding of biological response to 

engineered nanomaterials and widens the toolbox for further investigating it, both crucial needs 

[1,2] for the development of nanomedicine. In a future perspective, the structural and functional 

complexity of model membranes should be increased, to finely tune the experimental and 

theoretical descriptions of the interactions between nanoparticles and cell plasma membrane. The 

same approach has been successfully used to produce cell-material dynamic interfaces and 

biosensors, where confinement artifacts are limited at the ligand-receptor recognition [42,43]. 

Indeed, to test the model validity and prediction accuracy to other nanoparticles of technological 

and/or biological and/or toxicological relevance (such as SiOx or FeOx NP) and other cell lines 

would be of general interest and importance.   
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