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ABSTRACT 

Despite the potentially revolutionary impact of the use of nanomaterials in medical 

applications, the number of nanoparticles (NPs) approved for clinical trials is still very 

limited. This limitation is also attributed to a lack of fundamental knowledge on the 

biological fate of NPs once introduced in the complex and heterogenous environment 

of living systems. To fill this gap, a vast research area focuses on disentangling the 

intricate nature of the nano-bio interface, i.e., the interface between NPs and biological 

systems, to predict the NPs' biological impact and potential cytotoxicity. With this 

purpose, synthetic lipid membranes rapidly emerged as biomimics to study the nano-

bio interface in simplified and controlled conditions, providing a simplistic yet 

comprehensive understanding of membrane-related phenomena. 

In this field, recent reports showed that citrate-capped gold nanoparticles (AuNPs) 

spontaneously aggregate on synthetic zwitterionic membranes with a membrane-

templated process dependent on the rigidity of the membranes and the surface 

functionalization of the inorganic NPs. Despite the potential relevance of this peculiar 

aggregative phenomenon, its mechanistic and kinetic aspects were not completely 

understood. In the present thesis, the interaction between citrated inorganic 

nanoparticles and synthetic and natural membranes was thoroughly investigated, 

aiming at: i) contributing to improving the fundamental knowledge on the nano-bio 

interface; ii) designing straightforward approaches for the synthesis of novel 

engineered hybrid nanomaterials; iii) demonstrating that the NPs-membrane 

interaction can be exploited for the characterization of free-standing vesicles and 

inorganic NPs-vesicles hybrids.  

Accordingly, the first section of this work focuses on unveiling the roles of viscoelastic 

properties of bilayers as well as the chemical nature of the particles in the membrane-

templated aggregative phenomenon. Then, in the second section we demonstrate that 

the plasmonic properties of AuNPs can be conveniently exploited as nanoprobes for 

determining the stiffness of synthetic and natural vesicles and estimating the extent of 

lipid coverage of membrane-camouflaged NPs for targeted nanomedical applications. 

Finally, the last part of the work shows that magneto-plasmonic citrated NPs can be 

easily combined with liposomes through spontaneous self-assembly to produce 

multifunctional materials which combine the properties of inorganic particles with the 

biocompatibility of lipid scaffolds. 

In conclusion, the results presented in this work provide an overall description of the 

association of citrated NPs with lipid structures, shedding light on the main energetic 

contributions that drive the interaction and demonstrating its technological relevance, 

paving the way for the development of novel strategies for the production and 

characterization of nanomaterials. 
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1. Introduction 
 

Over the last decade, the impressive development of synthetic bottom-

up strategies to produce nanostructured materials has boosted the use 

of nanomaterials in several applicative areas. Among the various fields, 

Nanomedicine emerges as one of the most promising ones, providing 

unparalleled benefits compared to traditional medicine.1 

The present medical methods, including surgery, chemotherapy, and 

radiation therapy, are generally characterized by significant side effects 

and involve typically invasive procedures, causing severe damage to 

healthy tissues or the immune system. In this context, the attractive 

promise of nanomedicine concerns the development of safer and more 

effective modalities for treating pathologies while minimizing side 

effects.2,3 With this purpose, nanoparticles (NPs) can be finely 

engineered with convenient physicochemical properties for precise 

medical treatments, tuning their stability to prolong the circulation in 

biological fluids and simultaneously improving their drug delivery 

characteristics and diagnostic and therapeutic abilities.3–5 However, 

despite the intense research in the field, the number of approved NP 

formulations in clinical trials is still poor and almost limited to lipid 

formulations.6,7 A significant factor contributing to the gap between the 

design/development of nanomaterials for nanomedicine applications 

and their translation into medical practice is the lack of fundamental 

knowledge of their behavior and fate in biological fluids and living 

organisms.8–10 Once introduced into a living system, nanostructured 

materials interact with proteins, membranes, cells, DNA, and other 

biomolecules and biological interfaces, undergoing several 

transformations that can affect their functionalities.11 

For this reason, a complete understanding of the interfacial interactions 

between the nanomaterial and the biological objects, i.e. the nano-bio 

interface, is required to improve both the safety and the efficiency of 

nanomaterials designed for biomedical applications.11  In this thesis, the 

interactions between NPs and simplified biomimetic membranes have 

been investigated to improve the fundamental knowledge of the nano-

bio interfaces and shed light on the main non-specific energetic 
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contributions that rule the NPs' fate in biological environments (papers 

I, II, III). From an applicative point of view, a comprehensive 

understanding of the interactions occurring at the nano-bio interface 

can be exploited for both the production of intelligent nanomaterials for 

nanomedical applications (paper VI) as well as for the development of 

colorimetric assays for the characterization of lipid-inorganic structures 

(papers IV, V), paving the way for new technologies in the biomedical 

field. 

Among the vast library of nanomaterials, the present thesis is focused 

on metallic NPs (gold and silver nanoparticles, AuNPs and AgNPs, 

respectively), silica nanoparticles (SiO2NPs), and magnetic NPs. 

Concerning the biomimetic interface, the most common lipid-based 

systems are considered in the form of lipid vesicles and supported lipid 

bilayers; however, more complex biomimetic interfaces are also studied, 

such as polymer vesicles, cubosomes, and extracellular vesicles. 
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1.1 Gold Nanoparticles as prototypical inorganic 
nanoparticles 
 

Gold nanoparticles (AuNPs) represent one of the most important 

nanomaterials for biomedical applications.12 They are easy to 

synthesize, and their size and morphology can be finely controlled from 

a few to several hundred nanometers.13 Typically, AuNPs are obtained 

from the reduction of gold salts, which starts the nucleation and growth 

of the particles. The high stability of gold makes AuNPs an excellent 

candidate to face the biological environment without undergoing 

significant modifications, such as dissolution and degradability due to 

the surrounding media. Although AuNPs are composed of an inert 

metal, biocompatibility studies must be performed to allow their safe 

and effective application.9 However, thanks to the well-known 

chemistry of gold, the AuNPs' surface chemistry can be specifically 

tailored, improving their biocompatibility, and introducing targeting 

properties while maximizing their stability.14,15 In the medical field, 

AuNPs are currently studied for imaging purposes. By properly 

functionalizing their surface, they can be preferentially directed and 

accumulated in specific tissues, providing high contrast for imaging 

techniques.16–18 AuNPs also represent a powerful tool for the 

photothermic treatment of cancer.19,20 They can adsorb and convert the 

incident radiation into thermal energy, locally increasing the 

temperature and provoking the necrosis of diseased cells.21 In their 

nanometric form, AuNPs absorb the visible light due to the resonance 

between the incident radiation and the frequency of oscillation of the 

conduction electrons across the particle. Such phenomenon, namely 

Localized Surface Plasmon Resonance (LSPR), which confers to the 

colloidal spherical gold its characteristic red color, is extremely 

sensitive to the particle size, surface functionalization, chemical 

environment, and aggregative state.22–24 
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Figure 1.1: Gold nanoparticles possess size- and shape-dependent optical 

properties. (Top panel): Spherical gold nanoparticles (GNPs) of diameter 3 

nm (A) are too small to support a plasmon band; GNPs of 5 (B) and 20 nm 

(C) possess a single plasmon absorption band. (Bottom panel): Gold nanorods 

(GNRs) possess two plasmonic absorption bands corresponding to the 

transverse and longitudinal dimensions of the rod. The longitudinal plasmon 

absorbance band is aspect ratio-dependent (i-iv). Reprinted with permission 

from 25. Copyright 2013, American Chemical Society. 

 

When the spacing between two particles is approximately lower than 

the particle’s size, plasmons on distinct NPs reciprocally influence each 

other.26 This “plasmon coupling” causes the change of the solution's 

color, which, depending on the fractality of the aggregate, is associated 

with the occurrence of a red-shifted shoulder to a new red-shifted peak, 

or the enlargement of the original signal in the UV-visible spectrum.27–

29 The dependence of the SPR on the NP aggregative state, intensively 

investigated in the present thesis, makes the AuNPs optical variations 

a unique tool for monitoring their interactions in biological medium.30  

Altogether these properties make the AuNPs an ideal probe to 

investigate how the physicochemical properties of NPs (such as size, 

shape, and surface functionalization) affect their interaction with 
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biological barriers, contributing to disentangling fundamental aspects 

of the nano-bio interface.25,31 

1.2 Lipid-based biomimetic interfaces 
 

Lipids are among the most abundant biomolecules in the composition 

of cell membranes. They are amphiphilic molecules characterized by 

hydrophilic and hydrophobic moieties. Depending on their molecular 

structure and environmental conditions, lipids in water self-assemble in 

different ordered geometrical structures.32 The architecture of the lipid 

assembly can be predicted using the so-called “critical packing 

parameter p”, a geometrical parameter that considers the length (l) and 

the volume of the hydrophobic tails (v) and the area per polar head (a).  

𝑃 =
𝑣

𝑎×𝑙
     (1.1) 

Depending on the geometrical characteristics of lipids, the assembly 

could originate spherical micelles (𝑝 ≤
1

3
), non-spherical micelles (

1

3
≤

𝑝 ≤
1

2
), bilayer (

1

2
≤ 𝑝 ≤ 1), and inverted structures (𝑝 > 1).33 

This unique variety of liquid crystalline phases originating from lipid 

assembly results from the combination of hydrophobic forces and weak 

intermolecular interactions. Among the plethora of different structures 

arising from the extraordinary lipid polymorphism, lipid bilayers 

represent the simplest and most common outcome. Natural membranes 

are, for instance, heterogeneous lipid (and other biomolecules) 

assemblies, possessing a critical parameter close to 1, which mainly 

organize in lamellar structures composed of two lipid monolayers that 

separate and protect the inner environment (cytosol) and membrane-

bound organelles. The structure of cell membranes can be synthetically 

mimicked by a wide variety of lamellar structures such as free-standing 

vesicles (liposomes), supported planar bilayer (SLB), vesicles on planar 

support, and unsupported planar bilayer (figure 1.2)34–37.  
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Figure 1.2: Schematic representation of biomimetic membranes: (A) spherical 

vesicles (dispersed), (B) supported planar bilayers, (C) interfacial monolayers, 

(D) vesicles on planar supports, and (E) unsupported planar bilayers (i.e., 

spanning an orifice). Spherical vesicles (A) can consist of freestanding bilayers, 

bilayers supported on microparticles or nanoparticles, or intact vesicles 

deposited on supports (D). Reprinted with permission from35. Copyright 2014, 

American Chemical Society. 

Liposomes are phospholipid vesicles characterized by a bilayer that 

separates the aqueous core from the external environment.38–40 Thanks 

to their ability to solubilize both hydrophobic -in the bilayer- and 

hydrophilic -in the aqueous core- molecules, as well as to their highly 

biocompatible composition, facilitating the cargo transport through 

membranes, liposomes are commonly used in cosmetics and 

pharmaceutical formulation as powerful drug carriers with precise 

control of the cargo release. For instance, depending on their lipid 

compositions, membranes exhibit a characteristic phase transition 

occurring at different melting chain temperatures Tm.41 Below the Tm, 

lipids are orderly packed together due to the van der Waals attraction 

between the hydrophobic tails, constituting a rigid membrane (gel 

phase). Above the Tm, the fluidity of the membranes increases, and lipids 

exhibit high lateral and inter-layer mobility (fluid or liquid-crystalline 

phase). Since during the phase transition, the permeability of the 

membranes increases, causing the release of encapsulated molecules, the 

temperature can be exploited as an external stimulus for the controlled 

release in drug delivery applications.42–44 Furthermore, this physical 

state of the membranes, which in turn affects the bilayer bending 

elasticity, i.e., the energy cost required to modify the natural curvature 
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of the membrane in response to an external stimulus, plays a crucial role 

during the interaction with nanoparticles and in internalization 

mechanisms.45–48 

In addition, as demonstrated in a recent work, synthetic lamellar lipid 

assembly can be used for mimicking the non-specific interaction 

between inorganic NPs and natural cells. Montis et al., testing the 

interaction of a library of AuNPs with different sizes, shapes, charges, 

and surface coating with both synthetic giant unilamellar vesicles and 

eukaryotic cells, highlighted that biomimetic membranes represent 

reliable but simple models to investigate and predict the outcome of the 

interaction between inorganic nanoparticles and cell membranes.49,50  

In the present work (papers IV and V), liposomes have been used as a 

simplistic model of Extracellular Vesicles (EVs), i.e., lipid vesicles 

naturally secreted by cells, currently considered fundamental vectors in 

intercellular communication. 

More recently, block-copolymer-composed artificial vesicles and hybrid 

lipid-polymer vesicles emerged as powerful tools both as drug delivery 

platforms, addressing several drawbacks of pure lipid assemblies, such 

as limited long-term stability and low mechanical resistance, as well as 

from a biomimetic standpoint.51,52 Indeed, lipid-polymer hybrid 

scaffolds allow generating complex organized domains with different 

fluidity, resembling raft-like patches, i.e., micro- and nano-ordered 

immiscible domains with the surrounding liquid disordered phase, 

which mediate essential processes in cells, including mechanisms of 

internalization and production of biogenic vesicles, and act as sites for 

selective adsorption of particles.53 In this context, here (paper II) lipid-

polymer hybrid membranes have been used as mimetic scaffolds for 

improving our knowledge of the role of raft-like domains in the 

interaction with nanoparticles. 

On the other hand, depending on composition, temperature, and 

concentration, lipids self-assemble into non-lamellar architectures 

featuring different degrees of complexity and symmetry54,55. Among 

them, the so-called “cubic” structures, formed by folding a continuous 

lipid bilayer on gyroid (G), diamond (D), and primitive (P) periodic 
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minimal surfaces, are gaining growing interest in the formulation of 

drug carriers for nanomedical applications, thanks to their large 

surface-to-volume ratio as well as their ability to load a large number 

of hydrophilic molecules in the bicontinuous aqueous channels and 

hydrophobic molecules in the bilayer, providing stability and structural 

integrity for loaded cargo.56–58 Only recently, the biologically relevant 

nature of 3D cubic membranes, permanently or transiently occurring in 

cells under specific biological conditions (starvation, oxidative stress, 

viral infection, and other pathologies) and playing crucial roles in 

membrane fusion and fission, has been proved.59,60 

In this thesis (paper III), for the first time, synthetic cubic membranes 

have been prepared as a biomimetic platform to explore the specific 

behavior of naturally occurring non-lamellar membranes in the 

interaction with nanoparticles, thus contributing to improve our 

fundamental knowledge on the nano-bio interface. 

 

1.3 The nano-bio interface: Interaction between 
inorganic Nanoparticles and biomimetic 
membranes 
 

The biological fate of nanoparticles is determined by their interaction 

with biological interfaces in a biological medium, and, specifically, with 

cell membranes, the external envelope separating the internal cell 

compartmentalization from the environment.61 To address the 

biological impact of NPs, their behavior, and their relative cytotoxic 

effects, a deep understanding of NPs-membrane interactions is 

required. 62,63 

Besides the nature and physico-chemical characteristics of NPs64–67, the 

outcome of the NPs-membrane interaction can be affected by multiple 

parameters of cell membranes, such as the local curvature, elasticity, 

permeability, and the presence of segregated raft-like domains43,45,48,68–

70. In addition, the high heterogeneity in the composition of cell 

membranes (composed of thousands of different types of lipids, proteins, 

and carbohydrates non-homogeneously distributed in the membrane), 

resulting in the extreme variability of nanotoxicity and internalization 
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efficiency studies, highly complicates the prediction of NPs destiny.71–

73 Additionally, once introduced into biological fluids, the NP’s surface 

is rapidly coated by a shell of proteins and other biomolecules, forming 

the so-called protein corona, which redefines the NPs' biological 

identity, including internalization processes and interaction 

mechanisms (figure 1.3).74,75 

 

Figure 1.3: Schematic representation of the interaction of NPs with lipid 

membranes in biological fluids. Reprinted with permission from35. Copyright 

2014, American Chemical Society. 

 
In this context, synthetic membranes, mimicking the size composition, 

and elastic and mechanical properties of natural membranes, rapidly 

emerged as fundamental tools to study the nano-bio interface in 

simplified conditions.76 As mentioned, simpler lipid structures, such as 

liposomes, giant unilamellar vesicles, and supported lipid bilayers, can 

be prepared from biologically relevant lipids, disentangling the 

biological aspects of the interaction from the physicochemical ones and 

providing a simplistic yet comprehensive understanding of the 

membrane-related phenomena.77 
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1.3.1 Fundamental understanding of the nano-bio 

interface 

The interaction mechanism between NPs and membranes depends on 

the physicochemical features of both the inorganic object and the lipid 

scaffold. In a simplistic view, the non-specific NP-membrane interaction 

involves the NPs adhesion to the bilayer, the complete or partial 

wrapping of the NPs by the membrane, and the possible clustering of 

the NPs, which represent relevant phenomena in internalization 

mechanisms.  In first approximation, the total interaction energy of the 

processes occurring at the nano-bio interface can be described by the 

following contributions: 

𝐸𝑖𝑛𝑡 = 𝐸𝑁𝑃−𝑁𝑃 + 𝐸𝑁𝑃−𝑚 + 𝐸𝑚     (1.2) 

𝐸𝑁𝑃−𝑁𝑃 accounts for the electrostatic and steric interactions between 

NPs and defines their colloidal stability. 𝐸𝑁𝑃−𝑚, which defines whether 

the adhesion of a NP on a membrane is thermodynamically favored 

(𝐸𝑁𝑃−𝑚 < 0), depends on the interaction energy between the particles 

and the lipid surface and can be evaluated according to the DLVO 

theory, as a combination of van der Waals (𝐸𝑣𝑑𝑤) and electrostatic 

interactions (𝐸𝑒𝑙). In the ideal case of a spherical NPs with radius R1 

interacting with a liposome with a radius R2 and a thick shell h, the van 

der Waals contribution is given by: 

𝐸𝑣𝑑𝑤 =  −𝐴
𝑅1𝑅2

6(𝑅1+𝑅2)
(

1

𝑑
−

1

𝑑+ℎ
) −

𝐴

6
𝑙𝑛 (

𝑑

 𝑑+ℎ
)     (1.3) 

Where d is the distance between the two interacting surfaces and A is 

the Hamaker constant which can be either positive or negative, leading 

to attractive or repulsive energy, respectively. On the other hand, the 

electrostatic contribution between two unequal surfaces is 

approximately given by: 

𝐸𝑒𝑙 =  
𝜀𝑅1𝑅2(𝜓1

2+𝜓2
2)

4(𝑅1+𝑅2)
[

2𝜓1𝜓2

𝜓1
2+𝜓2

2 𝑙𝑛 (
1+𝑒−𝑘𝑑

1−𝑒−𝑘𝑑
) + ln (1 − 𝑒−2𝑘𝑑)]     (1.4) 

That can be either positive or negative depending on the surface 

potentials 𝜓1 and 𝜓2 and the Debye length k.  
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𝐸𝑚 represents the energy cost required to the membrane to wrap the 

NPs and depends on the physico-chemical properties of the bilayer, 

including its fluidity, spontaneous curvature, and bending modulus. 

This latter term, representing the membrane ability to bend, modifying 

its natural curvature, dominates the interactions when considering 

small NPs compared to the length scales of the membranes.  

𝐸𝑚 ≈ 𝐸𝑏𝑒 = ∫(2к𝑀2 + к̅𝐾)𝑑𝐴    (1.5) 

Where A is the membrane area, M and K are the local mean and 

Gaussian membrane curvatures, к  the bending rigidity, and к̅  the 

Gaussian curvature modulus. Overall, the energetic balance between 

the adhesion energy, which is maximized by increasing the NP-

membrane contact area, and the bending energy, define the interaction 

outcomes, ranging from the unwrapped to the fully wrapped NP 

conformation, leading to the NPs clustering and determining their cell 

internalization pathways.43,50,77 

An interesting example of NPs-membrane interaction conveniently 

exanimated to provide an overall description of the main contributions 

involved in the nano-bio interactions is the spontaneous association of 

Turkevich-Frens AuNPs on synthetic zwitterionic membranes.78–83 

This work proposes that citrate-capped AuNPs aggregate on lipid 

bilayers as the result of a membrane-templated process dependent on 

the membrane rigidity and the NPs surface coating.78,79 The schematic 

representation of the theorized iterative interaction mechanisms is 

represented in figure 1.4 and can be summarized in the following steps: 

i) Adhesion, an AuNP adheres to the lipid bilayer due to van 

the Waals attractions. 

ii) Wrapping, the membrane bends (depending on the particle 

size and on the membrane bending modulus) around the 

particle to increase the contact area, leading to an 

irreversible ligand exchange and citrate release. 

iii) Citrate trail, the release of citrate provokes a transient local 

increase of the ionic strength. 
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iv) Membrane-templated aggregation, the decrease of the 

electrostatic barrier, which stabilizes the particle, leads to 

the aggregation of neighboring NPs on the membrane. 

Although this mechanism physicochemically explains the AuNPs 

clustering on zwitterionic membranes, a thorough mechanistic 

demonstration of the origin of this intriguing process, its dependence 

on the physical state of the membranes, and the physico-chemical 

characterization of the resulting suprastructures are still needed. 

 

Figure 1.4: Mechanism of interaction between AuNP and the lipid 

membrane. (a) Adhesion-docking; (b) wrapping-ligand exchange; (c) citrate-

trail recruitment (ant-trail); (d) membrane-templated aggregation. Reprinted 

with permission from 78. Copyright 2020, Elsevier. 

In this thesis, we investigate the self-assembly of citrate-capped NPs on 

lipid membranes over different time and length scales by combining 

complementary experimental and computational measurements (paper 

I). Moreover, to address the influence of raft-like domains (i.e. domains 

with different rigidities) on this membrane-templated phenomenon and 

on the resulting NPs-vesicle suprastructures, more complex hybrid 

lipid-copolymer-based assemblies have been employed as templating 

scaffolds for the particles’ clustering (paper II). Finally, in the last part 

of this section, the influence of the NP core is addressed by monitoring 

the interaction of AuNPs and AgNPs with similar size and surface 

coating with cubic membranes, selected as an emergent mimic of bio-

relevant lipid architectures (paper III). 
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1.3.2 Engineered NPs-lipid assemblies for technological 

purposes 

From a general standpoint, the scarce applicability of inorganic NPs in 

medical practice can be related to their size range and exogenous 

nature, which trigger their recognition and uptake by macrophages, 

mediating host inflammatory and immunological biological responses.  

In this context, besides the necessity to understand the main energetic 

contributions which govern the nano-bio interface, the combination of 

inorganic nanoparticles with lipid membranes is instrumental to 

developing smart engineered nanomaterials which not only retain the 

inherent properties of each building block (biocompatibility of lipid 

scaffolds and electric, optical, magnetic, and catalytic properties of 

inorganic NPs) but also feature novel functionalities.84–86 

Among the lipid structures, liposomes are the most exploited scaffolds 

for the preparation of hybrid materials, thanks to their already large 

success in pharmaceutical applications. Interfacing liposomes with 

inorganic NPs results in the production of biocompatible engineered 

nanomaterials for biological imaging, stimuli-triggered drug delivery, 

photothermal and hyperthermic therapies, sensing, and biolabeling.85,87 

In these suprastructures, liposomes can bind hydrophilic particles to 

their shell, encapsulate them in the aqueous core and embed 

hydrophobic particles in the bilayer. Depending on the localization of 

the inorganic nanoparticles in the lipid assembly, the hybrids can be 

classified into different categories, rationally designed according to the 

final application (figure 1.5): i) liposomes with surface-bound NPs, ii) 

liposomes with bilayer-embedded NPs, iii) liposomes with core 

encapsulated NPs, and iv) lipid bilayer coated NPs.85 
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Figure 1.5: Illustration of the five classes of liposome-NPs hybrids: (i) 

liposomes with surface-bound nanoparticles, (ii) liposomes with bilayer-

embedded nanoparticles, (iii) liposomes with core-encapsulated nanoparticles, 

and (iv) lipid bilayer-coated nanoparticles. Adapted with permission from85. 

Copyrigth 2019, The Royal Society of Chemistry. 

 

NPs embedded within the lipid bilayer or fully covered with synthetic 

or natural membranes circumvent the macrophage clearance, 

augmenting the circulation time and decreasing the probability of their 

non-specific uptake.88–90 Such membrane-camouflaged biomimetic 

hybrids retain the physicochemical properties of the inorganic hosts, 

providing at the same time specific molecular recognition and targeting, 

enhanced cell adhesion, and reduced toxicity thanks to the mediating 

action of the lipid bilayer.91,92 On the other hand, NPs bounded to the 

external liposomal shell can be used to stabilize the liposomes’ 

dispersions, preventing their fusion thanks to the introduction of 

electrostatic repulsions.43,93,94 Additionally, the interaction with the 

bilayer can locally concentrate the NPs inducing novel collective 

properties and enhancing the material potentiality.49,84,86,95 In this 

context, recent works demonstrate the applicability of liposomes with 

surface-bounded NPs as biocompatible nanomotors or as practical 

nanomaterials for deep-tissue cancer immunotherapy.80,96 
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Aiming at producing novel nanomaterials for medical applications, in 

the present thesis, we took advantage of the membrane-templated 

clustering of citrated NPs to associate magnetic-plasmonic NPs 

(AuMNPs) to lipid vesicles, forming hybrid suprastructures with 

controlled size, morphology, and colloidal stability which features 

enhanced magnetic properties compared to the starting unassembled 

objects (paper VI). 

The interaction between NPs and lipid membranes can also be 

employed in analytical applications to get various kinds of qualitative 

and quantitative information. A prominent example is represented by 

the plasmonic properties of AuNPs, often used in colorimetric 

assays.97,98 As discussed in the previous section, citrate AuNPs 

aggregate on zwitterionic lipid membranes of synthetic and natural 

origin. The color of the dispersion changes depending on the extent of 

gold clustering. This peculiar behavior was exploited in colorimetric 

assays for determining both the concentration and purity of natural 

vesicle dispersion since the presence of proteins, or other biomolecules 

prevents gold aggregation and, accordingly, color variation. 

In this context, we exploited the plasmonic properties of AuNPs and 

their characteristic assembly on synthetic and biogenic membranes to 

develop a plasmonic assay to estimate the rigidity of natural vesicles 

(paper IV). Additionally, such characteristic assembly was 

conveniently used to monitor the extent of lipid coverage of inorganic 

NPs during the production of membrane-camouflaged inorganic NPs 

for biomedical applications (paper V). 
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2. Results 
 

2.1 Interaction of inorganic NPs with model 

membranes 
The first part of this thesis focuses on the interaction between inorganic 

NPs and mimetic lipid systems aiming at improving our knowledge of 

the nano-bio interfaces and gaining novel insights to predict the 

biological fate of nanomaterials.  

More specifically, this section deeply investigates the non-specific 

interaction occurring at the interfaces between synthetic zwitterionic 

membranes and citrated NPs, previously introduced in section 1.3. First 

(section 2.1.1), as detailed described in a recent publication (paper I), 

liquid-crystalline and gel phase liposomes have been selected to address, 

through experimental and computational tools, the effect of the 

membrane rigidity on the characteristic self-association of Turkevich-

Frens AuNPs on the membrane of zwitterionic lipid vesicles. Then 

(section 2.1.2), in a study that is the subject of a manuscript in 

preparation (paper II), the investigation has been extended to synthetic 

membranes featured by raft-like domains with different rigidity; in this 

case, the investigation of NPs-hybrid membrane interaction is 

considered both from a fundamental perspective, to gain information on 

the nano-bio interfaces, and for applicative purposes, to unveil the main 

guidelines for the controlled production of smart vesicle-NPs 

suprastructures. Finally, the last part of this section (section 2.1.3) 

summarizes the results of a recent publication (paper III) where the 

role of the NP chemical nature in the interaction of citrate Au and 

AgNPs with lipid cubic interfaces has been addressed. 

 

2.1.1 Interaction of AuNPs with zwitterionic lipid 

vesicles of different rigidity (Paper I) 

First, we investigated the interaction between Turkevich-Frens gold 

nanoparticles and synthetic liposomes with different rigidities (see 
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materials and methods and supporting information sections of paper I 

for the liposomes and AuNPs preparation and characterization). The 

spontaneous association of 12 nm citrate-capped AuNPs on lipid 

vesicles was studied over different lengths- and time scales, starting 

from the very first AuNP-membrane contact, monitored through 

Molecular Dynamics Simulations performed in collaboration with the 

department of physics of the University of Genova. Then, the 

morphological characteristics of liposomes-AuNPs hybrids were 

assessed with cryogenic electron microscopy (Cryo-EM). Finally, the 

evolution of the AuNPs-liposomes suprastructures was monitored 

through UV-vis spectroscopy, Dynamic Light Scattering, and Small 

Angle X-ray Scattering, unveiling the kinetics of the AuNPs clustering 

on the lipid surface as a function of the membrane rigidity. 

With these purposes, 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and 1-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

vesicles have been selected for their well-known different stiffness99–101. 

As sketched in figure 2.1a, at room temperature in water, DOPC lipids 

self-assemble into soft and fluid phase bilayers, while DPPC lipids form 

rigid and gel phase bilayers.  

The selected liposomes were challenged with the AuNPs dispersion. 

The UV-vis spectra reported in figure 2.1b were recorded after 10 

minutes of incubation. The interaction of AuNPs with soft DOPC 

liposomes leads to the variation of the color of the colloidal gold 

dispersion from red to blue.  As discussed in paragraph 1.1, this optical 

phenomenon, associated with the appearance of a red-shifted plasmonic 

peak, is determined by the coupling of the plasmonic signals of different 

AuNPs and highlights the AuNPs clustering. Conversely, the 

incubation with DPPC liposomes leads just to a slight bathochromic 

shift and broadening of the AuNPs original peak profile, highlighting 

that the AuNPs aggregation is highly inhibited on rigid membranes. 

Direct images of the formed suprastructures were obtained by Cryo-

EM imaging. The collected images, reported in figures 2.1c and 2.1d, 

show that AuNPs adhere to both DOPC and DPPC membranes without 

membrane disruption. However, the morphology of the structures is 

dramatically affected by the vesicle rigidity. Specifically, AuNPs 
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extensively aggregate on DOPC membranes forming densely packed 

clusters, in line with the plasmonic variation observed in the UV-vis 

spectrum. Moreover, almost all the objects appear as singles vesicles 

decorated by compact AuNPs aggregates (red arrows in figure 2.1c). 

On the other hand, AuNPs adhere to DPPC vesicles as separated 

particles with a larger average NP-NP distance. Additionally, the 

hybrids are connected to each other by AuNPs bridges, giving rise to 

micron-sized aggregates (figure 2.1d). In line with the UV-vis 

spectroscopy, this experimental evidence underlines that the membrane 

phase plays a pivotal role in AuNPs-vesicles interactions, leading to 

completely different hybrid morphologies. 

 

Figure 2.1: (a) Molecular structures of DOPC (1,2-dioleoyl-sn-glycero-3-

phosphocholine) with a sketch of the fluid bilayer portion and DPPC (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine) with a sketch of the gel bilayer 

portion. (b) UV−visible spectra of AuNPs, AuNPs-DPPC hybrid, and 

AuNPs-DOPC hybrid collected after 10 min of incubation. Cryo-EM images 

of (c) AuNPs-DOPC composites and (d) AuNPs-DPPC composites. 
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AuNP-membrane first contact: MD simulation  

To understand how the different behavior of AuNPs-vesicles originates 

at the molecular level, in collaboration with the department of physics 

of the university of Genova, we performed molecular dynamic (MD) 

simulations according to a recently developed coarse-grained model79 

(figure 2.2). The interaction of a single citrate-capped AuNP has been 

simulated with both DOPC and DPPC flat bilayers. On the DOPC 

membrane, the NP rapidly penetrates the bilayer. The NP is wrapped 

by the membrane until the formation of a complete bilayer around the 

particle, which provokes the fast release of citrate molecules toward the 

solution. On the other hand, the interaction of AuNPs with the gel 

phase DPPC bilayer is slower. In this case, the wrapping of the NP is 

irregular, the system dynamic slows down dramatically, and the 

simulation gets stacked at an intermediate state of NP penetration. The 

tables in the bottom panel of figure 2.2, which report the number of 

contacts between the citrate molecules and the NP, confirm the slower 

release of citrate from the gold surface after the interaction with the 

DPPC bilayer. 
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Figure 2.2: Difference between the penetration process of a citrate AuNP in 

DOPC and DPPC flat bilayers. For each kind of bilayer, we show three 

snapshots at significant moments of the wrapping process, where the NP is 

represented in yellow, the citrate is represented in red, the lipid headgroups are 

represented in blue, and the lipid tails are represented in pink. In the bottom 

row, we show the time evolution of the number of contacts between the NPs and 

citrate molecules (in red), lipid headgroups (blue), and lipid tails (pink) for both 

simulations, in addition to the time evolution of the solvent accessible surface 

area (SASA) plots of the lipid tails. In the SASA plots, the area is set to 0 for 

the unperturbed membrane. Time t = 0 corresponds to the first NP− membrane 

contact. The time series are shown only up to 5.0 μs to better highlight the fast 

initial time evolution, although the simulations reached 10.0 μs in both cases. 

AuNP-vesicles: morphology of the aggregates 

The temporal evolution of the AuNPs-vesicles hybrid structures 

following the first AuNP bilayer contact was investigated through UV-

vis spectroscopy and high-resolution SAXS, monitoring the interaction 

during the first 10 minutes of incubation. Figure 2.3 reports the 

absorbance evaluated at 610 nm, the hallmark wavelength of the 

plasmonic signal of clustered NPs. The incubation of AuNPs with soft 

DOPC vesicles leads to the sudden absorbance increase associated with 

the appearance of a red-shifted shoulder, which becomes a well-defined 

secondary peak in a few seconds. In the case of DPPC, the signal 

manifests just a very modest increase, reasonably due to the variation 

of AuNPs chemical environment. The different AuNPs behavior can be 

considered as the outcome of the first AuNP-bilayer contact illustrated 

in the MD simulations. As hypothesized in paragraph 1.378, it’s 

reasonable to assume that the gold clustering process is triggered by 

the release of citrate towards the surrounding aqueous medium. As 

shown here, the membrane rigidity modulates the ability of the bilayer 

to bend around the particles, leading to different kinetics of citrate 

release. Accordingly, on the DOPC membrane, the fast NP wrapping 

and citrate release can induce a transient local increase of the ionic 

strength and trigger AuNPs aggregation, while the more gradual 

citrate release in the case of DPPC extremely limits such NPs 

recruitment. 
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Figure 2.3: Time evolution of the absorbance of AuNPs-DOPC and AuNPs-

DPPC aqueous dispersions (10 μL of 12 nM DOPC or DPPC liposomal 

dispersions mixed with 300 μL of 6.3 nM AuNPs) at 610 nm. The inset shows 

UV−visible absorption profiles of AuNPs-DOPC (top) and AuNPs- DPPC 

(bottom) collected after 1, 5, 10, 60, 300, and 600 s of incubation. 

To determine the evolution of AuNPs-vesicles structures, we 

performed high-resolution SAXS. The collected scattering profiles are 

reported in figure 2.4. It’s worth noticing that in our experimental 

conditions, the scattering signal of the vesicles is negligible, and each 

variation in the scattering curves is the result of the evolution of AuNPs 

cluster on the lipid surface (see figure S4 in the supporting information 

of paper I for details). From each spectrum, we extracted the structure 

factor S(Q), reported in the insets of Figure 2.4, by dividing the 

measured scattered intensity of the hybrids by the profile of the AuNPs 

acquired at the same concentration (see Paper I for details). The S(Q) 

peak position reflects the average distance between the particles. In line 

with cryo-EM images, for AuNPs-DOPC samples, the particles are in 

direct contact with each other. Additionally, the S(Q) peak intensity 

increases with time, while its Q-position is time-invariant, indicating 

that AuNPs are already in contact 1 s after incubation and the number 

of aggregated particles gradually increases. On the other hand, 

regarding AuNPs-DPPC hybrids, the S(Q) signal is just slightly visible, 

suggesting a minor AuNPs positional correlation.  



2. Results 

 

29 
 

Furthermore, the slope of the scattering profiles in the low Q region of 

the I(Q) vs. Q plots can be associated with the dimensionality of the 

AuNPs cluster. In AuNPs-DOPC sample, the slope evolution suggests 

that the cluster becomes larger and more compact with time, passing 

from a 1D aggregate to a 2D aggregate (see paper I for details). This 

fast Kinect of the gold aggregation is in line with UV-vis results and is 

consistent with the hypothesis that the fluidity of the membranes 

controls AuNPs clustering. 

 

Figure 2.4: Log−log SAXS profiles of AuNPs-DOPC (top) and AuNPs- 

DPPC (bottom) hybrids collected after 1 s, 30 s, 5 min, and 10 min of 

incubation. The inset shows the structure factor S(Q) of the samples, with 

correlation peaks related to the center-to-center interparticle distances. 

AuNP-vesicles: colloidal stability 

Finally, to shed light on the colloidal stability of the hybrid structures 

during the first hour of incubation, we performed Dynamic Light 
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Scattering measurements. Figure 2.5 (a,b,c) displays the normalized 

autocorrelation functions collected for DOPC-AuNPs and DPPC-

AuNPs samples and the evaluated hydrodynamic diameters. As shown, 

the interaction of AuNPs with DOPC liposomes leads to the formation 

of metastable suprastructures of 180 nm in diameter. The evaluated size 

is consistent with the size of single liposomes surrounded by a AuNPs 

crust. Conversely, the interaction with rigid DPPC vesicles leads to the 

immediate destabilization of the system, forming micron-sized 

aggregates, which eventually precipitate as the result of an aggregative 

phenomenon where AuNPs act as bridging agents between the DPPC 

hybrids.  

To address these dramatic differences in the colloidal stability, we 

performed ζ-potential measurements. As shown in figure 2.5d, DOPC 

and DPPC vesicles possess a slightly negative ζ-potential. After their 

incubation with the AuNPs dispersion, the ζ-potential decreases as a 

consequence of the particles adhesion to the lipid membranes. However, 

the ζ-potential of DOPC-AuNPs hybrids is significantly lower, 

justifying their enhanced colloidal stability. This difference can be 

related to the different number of particles adsorbed per vesicle. In a 

recent publication, Gradzielsky et al. proved that the adsorption of 

negatively charged silica NPs (SiNPs) on liposomes improves the 

electrostatic stabilization of the structures, increasing the electric 

charges on the lipid shell.93 However, this enhanced colloidal 

stabilization is gained only due to the adsorption of a sufficient number 

of SiNPs. Conversely, when the number SiNPs on the membrane is 

lower, the system is highly destabilized, eventually leading to liposome 

bridging and rapid precipitation.102,103 Here, we can speculate that the 

high number of particles per DOPC vesicle is sufficient to 

electrostatically stabilize the hybrids. In the DPPC case, due to the 

lower number of AuNPs absorbed per vesicle, the electrostatic 

repulsion is not sufficient to overcome the attractive interaction 

between the hybrids, eventually causing the flocculation. 
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Figure 2.5: 10 μL of 12 nM DOPC or DPPC liposomal dispersions were 

mixed with 300 μL of 6.3 nM AuNPs and the hydrodynamic dimension of the 

hybrids was followed up to one hour. (a) Time evolution of the DLS curves of 

the AuNPs-DOPC hybrid. (b) Time evolution of the DLS curves of the 

AuNPs-DPPC hybrid. (c) Time evolution of the average hydrodynamic 

diameter evaluated by the DLS curves for AuNPs-DOPC and AuNPs-DPPC 

composites. (d) ζ-Potentials of citrate AuNPs, pure DOPC, and DPPC 

vesicles, and AuNPs-DOPC and AuNPs-DPPC hybrids. 

Overall, the hypothesized interaction mechanism is schematized in 

figure 2.6. First, a AuNP adheres to the lipid membrane, undergoing a 

membrane-wrapping phenomenon that depends on the stiffness of the 

vesicle and on the physical state of the membrane (rigid gel phase or 

soft liquid-crystalline phase). Then, depending on the kinetics of citrate 

release from AuNP surface, the clustering on the lipid membrane of the 

neighboring particles can be triggered, leading either to the formation 

of AuNP clusters (on soft membranes) or to the separate adhesion of 

single AuNPs (on rigid vesicles). Finally, the resultant different number 

of particles per vesicle directly affects the colloidal stability of 

AuNP−lipid vesicle hybrids, forming metastable AuNP-decorated 

DOPC vesicles and extended DPPC aggregates bridged by AuNPs. 



2. Results 

 
 

32 
 

 

Figure 2.6: Schematic representation of the interaction mechanisms dependent 

on the vesicle rigidity. First, the adhesion of the particles and the citrate release 

occur. Second, the AuNPs in the proximity of the interaction site aggregate 

according to the kinetics of the citrate release. Finally, the hybrids evolve in 

single vesicles decorated by AuNPs or in flocculated objects where the particles 

act as a bridge. We remark that the simulated time scale (10 μs) corresponds to 

10−100 μs in real time due to the acceleration of the dynamics that is intrinsic 

to the use of a coarse-grained model. 

2.1.2 Interaction of AuNPs with polymer-lipid hybrid 

vesicles with raft-like domains (Paper II) 

After investigating the interaction of AuNPs with simple zwitterionic 

lipid membranes, the study was extended to the interaction of AuNPs 

with more complex target membranes, i.e., hybrid lipid-polymer 

vesicles characterized by an interfacial membrane containing raft-like 

patches. The aim of this study is to explore, in simplified conditions, the 

effects of membrane domains with different rigidity on the nano-bio 

interactions. 

In recent years, the combination of amphiphilic block copolymers and 

lipids has opened unexplored perspectives in the design of soft 

assemblies as model membranes.104,105 The inclusion of a polymer 

moiety in a lipid bilayer leads to the formation of complex membranes 

with nano- or micro-domains of different rigidities. From a simplistic 
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point of view, these patches resemble lipid rafts of cells that mediate 

fundamental functions in several biological processes.51,106  

In this section, we want to address the influence of raft-like domains 

with different rigidity in the interaction of copolymer-lipid hybrid 

vesicles with Turkevich-Frens AuNPs, aiming both at improving the 

fundamental knowledge of the peculiar aggregative phenomenon of 

citrated AuNPs on lipid interfaces and, from a technological point of 

view, at unveiling the main contributions which rule the formation of 

vesicles-AuNPs suprastructures. With this purpose, we selected as 

biomimetic membrane a hybrid platform composed of DPPC and 

poly(butadiene-b-ethylene oxide) (PBD-b-PEO), which associate in 

water forming lamellar structures featured by distinct rigid lipid- and 

soft copolymer-rich domains, as highlighted in a recent publication106. 

The interaction of AuNPs with both the supported hybrid bilayers and 

the free-standing hybrid vesicles was followed through quartz crystal 

microbalance with dissipation monitoring (QCM-D), confocal laser 

scanning microscopy (CSLM), UV-vis spectroscopy, and Small-Angle 

X-rays Scattering (SAXS). 

AuNP interaction with supported hybrid bilayers 

DPPC SLBs and DPPC-PBD-b-PEO hybrid supported bilayers (DPPC 

PBD-b-PEO65%) were formed on a borosilicate coverglass according 

to a well-established protocol107 and were labeled with two fluorescent 

probes with different affinity for the lipid and polymer phase and well-

separated emission spectra (see paper II for details of the supported 

bilayers preparation). The AuNPs dispersion was added to the 

supported membranes, and the interaction was monitored after 5, 10, 

and 30 minutes through CLSM, collecting both fluorescence and 

transmission signals (figure 2.7a). After 5 minutes of incubation, the 

transmission signal shows the formation of AuNPs clusters on the 

hybrid bilayer, while small aggregates appear on the DPPC SLB only 

after 30 minutes, highlighting the slower dynamic of AuNPs clustering 

on the rigid membrane. This behavior was fully confirmed by QCM-D 

analysis by monitoring the mass of molecules and particles adsorbed on 

a hydrophilic quartz sensor by the variation in its resonance frequency 

(ΔF) (see materials and methods section of paper II for further details).  
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In fact, the injection of the AuNPs dispersion on both the pure lipid and 

hybrid supported bilayers provokes a decrease of the quartz crystal 

frequency shift ΔF, which is the hallmark for mass adsorption on the 

crystal. The extent of such variation can be directly related to the 

AuNPs adsorbed mass (figure 2.7b). As shown, the injection of AuNPs 

in the measurement chamber results in a much higher ΔF (in absolute 

value) on the DPPC PBD-b-PEO65%. By employing the Sauerbrey 

equation108 (see materials and methods section of paper II for 

calculations), we estimated the adsorbed mass on the bilayer (1523 

μg/cm2 and 212 μg/cm2 on DPPC PBD-b-PEO65% and DPPC 

substrate, respectively). These results evidence how the presence of soft 

polymeric domains in the rigid lipid membrane strongly affects the 

interaction, promoting the AuNPs clustering. 

 

Figure 2.7: Confocal microscopy images of the interaction of 9.93 nM AuNPs 

with SLB of DPPC and DPPC PBD-b-PEO65%. a) DPPC SLB, image 

collected 5 minutes after the AuNPs incubation; b) DPPC SLB, image 

collected 10 minutes after the AuNPs incubation c) DPPC SLB, image 

collected 30 minutes after the AuNPs incubation; d) DPPC-PBD-b-

PEO65% SLB, image collected 5 minutes after the AuNPs incubation, e) 

DPPC-PBD-b-PEO65% SLB, image collected 10 minutes after the AuNPs 

incubation, f) DPPC-PBD-b-PEO65% SLB, image collected 30 minutes 

after the AuNPs incubation. Merged channels PBD(1200)-b-PEO(600) + 

rhodamine excitation wavelength 561 nm, emission wavelength 571 nm-630 

nm (red); β-bodipy excitation wavelength 488 nm, emission wavelength 488 

nm-530 nm (blue) and transmission (greyscale). QCM measurements of the 

deposition of AuNPs’ adsorption onto pure DPPC and hybrid DPPC PBD-



2. Results 

 

35 
 

b-PEO65% supported bilayers. Frequency variation measured for 5th, 7th, 

and 9th harmonics (black-red lines, filled circles, and empty triangles). (g) 

deposition of AuNPs on the SLB of DPPC, AuNPs injection flow 

0.1mL/min; (h) deposition of AuNPs on the DPPC PBD-b-PEO65% 

supported bilayer, AuNPs injection flow 0.1mL/min. 

AuNPs interaction with free-standing hybrid vesicles 

To further address the effect of soft polymer domains in the membrane-

template AuNPs aggregation, we studied the interaction of AuNPs and 

free-standing vesicles with increasing polymer molar percentages (5%, 

15%, 35%, 65%, 100%) at different vesicle/NPs ratios (vesicles/NPs 

ratios approximately 1/5, 1/10, 1/25, 1/50, 1/75, 1/125, 1/150, 1/200, 

1/250, 1/350, 1/450, 1/550, 1/850, 1/1250, and 1/1450), monitoring 

the incubation through UV-vis spectroscopy and SAXS. 

 

Figure 2.8: 300 µL of 9.93 x 10-9 M AuNPs was incubated with 10 µL of 

a) DPPC and b) PBD-b-PEO vesicles in the following vesicles/NPs ratios: 

1/5, 1/10, 1/25, 1/50, 1/75, 1/125, 1/150, 1/200, 1/250, 1/350, 1/450, 

1/550, 1/850, 1/1250, and 1/1450.  
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As observed in section 2.1 and figure 2.8a, the interaction of AuNPs 

with DPPC vesicles provokes negligible effects on the original AuNPs 

plasmonic peak, clearly due to the elevated membrane rigidity. On the 

contrary, upon incubation with pure PBD-b-PEO vesicles, an 

immediate color change is visible to the naked eye (from red to purple-

blue), associated with the broadening of the plasmonic peak as a 

consequence of the plasmon coupling of proximal NPs (figure 2.8b), the 

clear outcome of AuNPs clustering. Importantly, such plasmonic 

variations are strictly related to the vesicle/AuNPs ratio with a non-

monotonic behavior. First, the decrease of the vesicle/AuNPs ratio 

leads to a progressive enlargement of the plasmonic peak until a 

maximum (vesicle/AuNPs number ratio approximately 1/550, light 

blue line in figure 2.8b). Then, a further increase of the NPs number 

provokes the recovery of the original plasmonic feature. Interestingly, 

the same non-monotonic trend in the AuNPs aggregation was noticed 

for the DPPC - PBD-PEO hybrid vesicles (see supporting information 

of paper II for the UV-vis spectra). To better comprehend this result, 

we used an aggregation index “A.I.” as the descriptor of the AuNPs 

aggregation, obtained as follows: 

𝐴. 𝐼. =
𝐴𝑏𝑠𝑚𝑎𝑥− 𝐴𝑏𝑠600

∆𝜆
                                         (2.1) 

Where Absmax is the absorbance of the plasmonic peak of bare AuNPs, 

generally located at about 520 nm, Abs600 is the absorbance at 600 nm, 

the hallmark wavelength of AuNPs clusters formation, and Δλ is the 

difference between the two plasmonic signals. The A.I.s calculated for 

each UV-Vis spectrum are then normalized with the one calculated for 

the bare AuNPs. Accordingly, the A.I. value of bare AuNPs is always 

equal to 1, and the A.I. decreases with increasing aggregation extent 

(see paper II for details). Figure 2.9 shows the variation of A.I. versus 

the vesicle/AuNPs ratio. Clearly, increasing the polymer content in the 

vesicles formulations results in the shift of the maximum aggregation 

of AuNPs (i.e., the minimum point in the A.I. vs. vesicle/NP plots) to 

lower vesicles/AuNPs ratios (values highlighted in the boxes in figure 

2.9), underlying the dramatic effect of the PBD-b-PEO content on 

AuNPs aggregation. 
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Figure 2.9: 300 µL of 9.93 x 10-9 M AuNPs were incubated with 10 µL 

of vesicles in the following vesicles/NPs ratios: 1/5, 1/10, 1/25, 1/50, 

1/75, 1/125, 1/150, 1/200, 1/250, 1/350, 1/450, 1/550, 1/850, 

1/1250, and 1/1450. a) A.I. vs log(vesicle/NP) plot for DPPC PBD-b-

PEO5%, b) A.I. vs log(vesicle/NP) plot for DPPC PBD-b-PEO15%, c) 

A.I. vs log(vesicle/NP) plot for DPPC PBD-b-PEO35%, d) A.I. vs 

log(vesicle/NP) plot for DPPC PBD-b-PEO65%, e) A.I. vs 

log(vesicle/NP) plot for PBD-b-PEO. 

To further explore this phenomenon and gain information on the 

structure of the AuNPs aggregates, we performed SAXS measurements 

(figure 2.10). In our experimental conditions, the SAXS signal only 

originates from the scattering of AuNPs, while the contribution of 

vesicles is negligible (see Supporting information of paper II). For each 

sample, we selected specific vesicle/AuNPs ratios (before and after the 

maximum plasmonic variations). The fractal dimension of the 

aggregates and the average interparticle spacing obtained from the 

analysis of SAXS curves confirms the non-monotonic trend of the 

aggregation, showing higher aggregates size and compactness with 

increasing polymer content (see paper II for the detailed SAXS 

analysis).  
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Figure 2.10: Log-log SAXS profiles of AuNPs/vesicles hybrids collected 

after 10 minutes of incubation of 300 μL AuNPs 9.93 nM with a) DPPC-

PBD-b-PEO5%, b) DPPC-PBD-b-PEO15%, c) DPPC-PBD-b-

PEO35%, d) DPPC-PBD-b-PEO65% vesicles at different AuNPs/vesicles 

ratios. Dashed black lines indicate the linear fittings of the low q region. 

To summarize, the AuNPs aggregation on rigid membranes is strongly 

inhibited, independently of the number of vesicles. When a soft 

polymeric region is introduced in the membrane formulations, the 

aggregation behavior dramatically changes and is clearly dependent on 

the vesicle/AuNP ratio. Reasonably, we can assume that for each 

sample the maximum AuNPs aggregation corresponds to the 

saturation of the membrane by AuNPs that, in turn, depends on the 

extension of the soft polymeric domains on the vesicles, as schematized 

in figure 2.11. Then, for vesicles/AuNPs ratio decreasing, the 

additional nanoparticles remain freely dispersed, restoring the original 

plasmonic and scattering features. In line with this assumption, larger 

and more compact gold aggregates can be obtained by increasing the 

polymer amounts in the vesicle formulations. 
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Figure 2.11: Schematic representation of the effect of PBD-b-PEO 

concentration in AuNPs-vesicle suprastructures. The AuNPs cluster size and 

compactness increase with the polymer content. 

Altogether, our results not only disentangle a peculiar aggregative 

phenomenon of citrate AuNPs on multidomain membranes, 

demonstrating the primary role of soft regions but also proved that 

AuNPs cluster size and morphology can be finely controlled by varying 

concentration and composition of vesicles, shedding light on novel 

routes for the preparation of hybrid colloidal adducts with combined 

properties. 

 

2.1.3 Interaction of AuNPs and AgNPs with non-

lamellar model membranes (Paper 3) 

To complete our understanding of the peculiar aggregative 

phenomenon of citrated AuNPs on biomimetic membranes, in this 

study, we compared for the first time the interaction of a highly curved 

biomimetic interface of cubic nature with citrate-capped gold and silver 

nanoparticles (AuNPs and AgNPs) with similar size and shape. 

In the past years, the interactions occurring at the nano-bio interface 

have been studied to shed light on the main parameters that role the 

biological fate of nanomaterials to contribute to their clinical 

translation. While lamellar membranes have been intensively 

investigated to get information on NPs cytotoxicity, more complex 
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membranous architectures still need to be explored. As described in 

section 1.2, 3D lipid assemblies possessing a cubic architecture 

demonstrated to be biologically relevant structures permanently or 

transiently occurring in cells.109–111 In this context, the investigation of 

the interaction between NPs and cubic membranes offers novel 

perspectives on the understanding of nano-bio interactions.  

In this study, we monitored the interaction of citrate-capped spherical 

AuNPs and AgNPs with stabilizer-free cubosomes (both dispersed in 

water and adsorbed onto a solid support). Such artificial lipid models 

allowed us to study the effect of the NPs composition (i.e. Ag- vs. 

AuNPs) on cubic phase membranes under controlled conditions, 

extending our current knowledge on cubic interfaces with high 

biological relevance. 

 

Interaction of metallic NPs with free-standing cubosomes 

First, we studied the interaction of citrate-capped AuNPs112 and 

AgNPs113 with dispersed glycerol monooleate (GMO) cubosomes114, by 

monitoring the optical variation of the metallic NPs through UV-vis 

spectroscopy (see paper III for the detailed characterization of metallic 

NPs and cubosomes dispersion preparation). As displayed in figure 2.12, 

the characteristic color, as well as the plasmonic profile of AgNPs, 

remain almost unchanged upon incubation with the cubosome 

dispersion. Conversely, the color of AuNPs dispersion quickly turns 

from red to purple, and the original plasmonic peak undergoes a 

prominent red shift and an intense broadening, indicating the formation 

of gold aggregates, similarly to the phenomenon already highlighted 

for citrated AuNPs challenging soft lipid vesicles and hybrid lipid-

copolymer vesicles. To get insights into the structure of the aggregates, 

we performed SAXS measurements, which main results are reported in 

figure 2.12b. Considering that in our experimental conditions the 

scattering intensity of cubosomes is negligible, any variation in the 

scattering profiles can be attributed to the particle arrangement. In line 

with UV-vis spectroscopy results, the presence of cubosomes does not 

influence the SAXS profile of AgNPs. On the contrary, the incubation 

of cubosomes with AuNPs provokes an increase in the slope of the 

scattering curve in the low Q region. This power-law dependence, 



2. Results 

 

41 
 

observed as a linear trend in the I(Q) vs Q double logarithmic plot, 

reflects the formation of AuNPs fractal aggregates on the cubosomes 

membranes, in line with the optical variation of the dispersion. These 

results highlight that, despite their very similar physico-chemical 

properties (size, shape, morphology, surface coating), the incubation of 

AuNPs and AgNPs with cubosomes results in dramatically different 

outcomes. It has to be noticed that UV-vis spectroscopy and SAXS 

measurements provide information on the NPs behavior; therefore, in 

order to gain some hints on their effect on the cubic membrane, we 

designed and prepared cubosomes-based membranes and investigated 

their interaction with AuNPs and AgNPs through surface techniques. 

 

Figure 2.12: (A): UV-Visible absorption profiles of AgNPs-cubosomes (left) 

and AuNPs-cubosomes (right). (B): Log-log SAXS profiles of AgNPs-

cubosomes (left) and AuNPs-cubosomes (right) hybrids. 300 μL of NPs (8.3 

× 10−10 M) were mixed with 20 μL of 0.4 mg/ml cubosomes (for a final 

concentration of cubosomes in the mixture of 0.025 mg/ml), and SAXS and 

UV-vis profiles were collected after 10 min of incubation. The SAXS profile 

of cubosomes in water at a 0.025 mg/ml lipid concentration has been subtracted 

from AgNPs cubosomes and AuNPs-cubosomes profiles. 

Interaction of metallic NPs with supported cubosomes 
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To gain information on the response of the cubic membranes to the NPs 

adhesion, we prepared a thin film of cubosomes adsorbed onto a solid 

support. 

Considering their slightly negative surface charge, cubosomes were 

deposited on a slightly positive supported lipid bilayer. With this aim, 

we prepared the SLB through the adsorption and fusion of 

DOPC/DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) 

vesicles on a hydrophilic substrate (see paper III for the SLB 

preparation). To real-time monitor the cubic nanoparticles deposition 

through Confocal Microscopy, we labelled liposomes and cubosomes 

with two different fluorescent probes with well-separated emission 

spectra. Figure 2.13 shows representative 2D and 3D images of the SLB 

before and after 30 minutes from the addition of cubosomes (fluorescent 

signals of liposomes and cubosomes are green and red, respectively). As 

shown, after 30 minutes of incubation, the cubosomes are 

homogeneously deposited on the lipid substrate. It’s worth noticing 

that, due to the intrinsic resolution limits of confocal microscopy, it’s 

not possible to unambiguously assess whether the deposited particles 

are single cubosomes or small cubosome clusters (see paper III for the 

effect of cubosomes concentration on the deposition kinetics and 

cubosomes packing). 

 

 

Figure 2.13: Representative 2D and 3D Confocal Microscopy images of the 

cubosomes deposition on the SLB. SLB and cubosomes were fluorescently 

labeled with two different probes with well-separated emission spectra. 
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Specifically, DOPC/DOTAP liposomes have been labeled with β-Bodipy 

(λexc 488 nm, λem 493–614 nm), while stabilizer-free GMO-based cubosomes 

with 18:1 Cyanine 5 PE (λexc 633 nm, λem 662–732 nm). Cubosomes are 

imaged in red, the SLB in green, and the colocalization of the probes in yellow. 

The interaction of the metallic NPs with the cubosomes film was 

initially investigated through QCM-D measurements. Once stabilized 

the cubic film and removed the excess of dispersed cubosomes, AuNPs 

or AgNPs were injected into the measurement chamber. As shown in 

figure 2.14a, the resonance frequency shift immediately decreases after 

the injection of the AuNPs, indicating massive adsorption of particles 

on the substrate, in line with the results obtained for the dispersed 

systems. On the other hand, the injection of AgNPs does not provoke 

any relevant shift of the oscillation frequency, highlighting a negligible 

or event absent number of particles interacting with the substrate 

(figure 2.14b).  
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Figure 2.14: QCM experiments describing the adsorption of 0.83 nM AuNPs 

(Panel (A)) and AgNPs (Panel (B)) on the cubosomes film deposited upon the 

DOPC/ DOTAP substrate. The vertical lines represent the subsequential 

injection of DOPC/DOTAP vesicles (1), milliQ water (2), cubosomes (3), 

milliQ water (4), AuNPs (left) or AgNPs (right) (5), and milliQ water (6). 

Finally, the interaction was monitored through confocal microscopy to 

observe the micron-scale morphological modification of the substrate 

induced by the interaction with the metallic particles. Figure 2.15a 

shows the fluorescent signal, originating from the supported 

DOPC/DOTAP bilayer and the GMO-based cubosomes, and the 

transmission signal, originating from the presence of NPs clusters, 

collected at specific time intervals (0 minutes, 30 minutes, and 6 hours 

after the NPs addition). Before the incubation with the particles, the 

substrate is characterized by a stable and densely packed layer of 

cubosomes. Upon AuNPs addition, the cubosomes progressively 

agglomerate, forming larger lipid clusters, and the intensity of the 

bilayer fluorescence decreases, suggesting the extraction of lipids from 

the substrate. After 6 h of incubation, the characteristic cubosome 

packing is completely lost, and just a few large aggregates are present. 

At the same time, as visible in the transmission images, micron-sized 

AuNPs aggregates extensively covered the glass surface. As shown in 

panel b of figure 2.15, when AgNPs are incubated with the cubic 

substrate, the morphology of the substrate is not affected after 6 h of 

interaction, and the transmission image doesn’t show any presence of 

particle clusters.  

 

Figure 2.15: Representative 2D Confocal Microscopy images of the 

interaction of 0.83 nM AuNPs and AgNPs with the film of cubosomes 
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deposited on the DOPC/DOTAP SLB. Images collected at different 

incubation times (before and after 30 min and 6 h from AuNPs injection. 

Overall, considering that the selected NPs are similar in terms of size, 

shape, concentration, and surface coating, our experimental results 

revealed that the interaction is governed by the chemical nature of the 

particles both at the nano- and the micro-scale. Specifically, at the 

nanoscale, AuNPs quickly cluster on the cubosomes membrane, leading 

to the formation of NPs’ fractal aggregates, while no aggregation is 

detected for AgNPs; at the micron scale, AuNPs destroy the ordered 

array of SLB-supported cubosomes, forming micron-sized cubosome-

based agglomerates and AuNPs aggregates. On the contrary, the 

supported cubic membrane is almost unaffected upon incubation with 

AgNPs. In agreement with recent works and with the mechanisms 

hypothesized in paper I, we can hypothesize that the spontaneous 

aggregation of citrated AuNPs arises from the fast release of citrate 

molecules that, by locally increasing the ionic strength, causes a loss of 

AuNPs electrostatic stabilization, leading to their clustering on the 

membranes. Reasonably, in the present case, the AuNPs aggregation is 

triggered by a similar mechanism, which ultimately leads to the 

formation of NPs clusters on the cubic membranes and causes lipid 

extraction and substrate disruption. 

In this framework, the different behavior of AgNPs can be related to 

the different affinity of the citrate for the silver surface. While citrate 

molecules can be easily displaced from the gold surface79,115, citrate 

anions form water-insoluble complexes with Ag(I) ions at the silver 

surface116–118. Such complexes partially -or completely- bounded to the 

AgNPs surface cannot be readily displaced. Thus, the formation of these 

complexes prevents the ligand-exchange process and the citrate anions 

release, inhibiting the AgNPs aggregation. The schematic 

representation of the process is displayed in figure 2.16. 
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Figure 2.16: Schematic representation of the mechanism and final outcomes 

of the interaction of AuNPs and AgNPs with water dispersion cubosomes and 

solid supported films of cubosomes. 

Overall, this work reports for the first time a physico-chemical 

investigation of the interaction of prototypical particles with cubic 

phase interfaces, addressing the NPs impact from the micro- to the 

nano-scale point of view. These results further highlight the relevance 

of understanding the main contributions which determine the events at 

the nano-bio interface, pointing out the prominent role of the 

interaction between the surface coating and the particle’s surface. 

2.2 Colorimetric assays for the characterization of 
lipid-based assemblies  
 

The second section of this thesis focuses on how the spontaneous 

interaction occurring at the nano-bio interface between AuNPs and 

lipid assembly, which mechanism has been thoroughly discussed and 

disentangled in the previous section, can be exploited for analytical 

applications. Chapter 2.2.1, the subject of a freshly published paper 

(paper IV), shows that by exploiting the high dependence of the AuNPs 

clustering on the membrane rigidity, it is possible to develop a 

colorimetric assay for the determination of the stiffness of natural and 

synthetic vesicles. Within the same framework, section 2.2.2, showing 
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the results of a recently submitted paper (paper V), demonstrates that 

the presence of a lipid interface covering an inorganic NPs activates and 

templates the aggregation of AuNPs. This experimental phenomenon 

paves the way for the development of a colorimetric assay for 

determining the degree of lipid coverage in the production of 

membrane-camouflaged nanomaterials for medical applications. 

 

2.2.1 AuNPs plasmonics to probe the rigidity of 

synthetic and biogenic vesicles (Paper 4) 

As discussed in section 1.2, the mechanical properties of natural 

membranes play a crucial role in relevant biological properties, ranging 

from cell fusion and differentiation to the response to pharmacokinetics 

delivery and internalization mechanisms.119–121 Moreover, recent 

reports displayed that the mechanical properties of Extracellular 

Vesicles (EVs), natural vesicles secreted by cells and ubiquitous in 

biological fluids122–124, is a biomarker for pathological conditions of 

parental cells125,126. 

Despite the fundamental relevance of the viscoelastic properties of 

membranes, to date, their accurate quantification is still challenging.127 

Indeed, both traditional and more recent methods are time and cost-

consuming or require heavy data analysis.128 

As shown in section 2.1 (paper I), AuNPs can spontaneously assemble 

on lipid vesicles according to a membrane-templated phenomenon 

driven by the physical state of the membrane. AuNPs can cluster on soft 

membranes, forming densely packed aggregates, and just adhere to 

rigid lipid scaffolds.78,129,130 Based on these results, in this study we 

propose Turkevich-Frens AuNPs as colorimetric nanoprobes of the 

stiffness of membrane-enclosed nano-objects by demonstrating that 

AuNPs clustering is not an on-off process but is rather continuously 

modulated by membrane stiffness. Thus, the plasmonic variations of 

AuNPs can be exploited as a finely sensitive probe to vesicle rigidity, 

even able to discriminate the rigidity of vesicles in the same physical 

state. Our findings pave the way for the development of a reproducible, 
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sensitive, and high-throughput “plasmon-based stiffness nanoruler” (paper 

IV). 

With this aim, we synthesized six different liposomal formulations 

having similar size and polydispersity, and different rigidities (DOPC, 

POPC(1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), 

POPC/DPPC, DPPC, DPPC/DSPC, and DSPC(1,2-distearoyl-

snglycero-3-phosphocholine)). 

First, the stiffness of each vesicle was evaluated through Atomic Force 

Microscopy-based Force Spectroscopy (AFM-FS) measurements 

performed in collaboration with the CNR-ISMN group. With this 

technique, the force experienced by the AFM tip while it is indenting 

the vesicles is recorded (figure 2.17b). The slope of the force-distance 

profiles is directly related to the stiffness of the vesicles. In line with the 

literature131, as displayed in figure 2.17c, the obtained values of stiffness 

show that the rigidity monotonically increases from DOPC to DSPC 

(see paper IV for details). 

 

Figure 2.17: AFM characterization of vesicle stiffnesses. (a) Chemical 

formulas of the four lipids used for the preparation of liposomes (1,2-distearoyl-

snglycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 

(POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)); depending 
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on the molecular composition, the lipid bilayer enclosing a liposome exhibits a 

different degree of molecular packing at room temperature, which determines 

the phase (i.e., fluid or gel) of the membrane. (b) AFM force-distance curves for 

the different vesicles batches, together with the graphical representation of 

vesicles deformation induced by the AFM tip at two different separation 

distances. Liposomes samples are DOPC, POPC, POPC/DPPC (50/50 

mol%), DPPC, DPPC/DSPC (50/50 mol%), and DSPC vesicles; (c) stiffness 

values (Nm-1) of the different vesicles, determined through AFM-FS; All error 

bars represent the uncertainties obtained by bootstrapping. 

Then, the selected vesicles were challenged with the AuNPs dispersion, 

and the SPR profiles were collected after 15 minutes of incubation. The 

colour of the dispersions clearly shifts from the characteristic red colour 

of the colloidal gold to blue, in a continuous fashion passing from DSPC 

(the most rigid vesicle) to DOPC (the softest vesicle). In the UV-vis 

spectra (reported in figure 2.18a), such color variations are associated 

with the occurrence of a red-shifted peak, with increasing intensity with 

vesicles rigidity decrease. In line with the interaction mechanism 

proposed in sections 1.3 and 2.178,129, the aggregation is initiated by the 

wrapping of the AuNPs by the membranes, which ultimately regulates 

the extent of particle clustering and their plasmonic variations. For this 

reason, the optical properties of AuNPs depend on the mechanical 

properties of the templating vesicles and can be exploited to set up a 

UV-Vis spectroscopic assay to estimate vesicles rigidity. With this 

purpose, we selected a stiffness index (S.I.) as a quantitative descriptor 

of AuNPs spectral variations. Figure 2.18b reports the calculated S.I.s 

as a function of the vesicles stiffness evaluated through AFM. As shown, 

the dependence of the S.I. on the stiffness can be expressed by a 

sigmodal law, according to the following expression: 

𝑆. 𝐼. =
𝑏

1+exp (
𝑐−𝑆

𝑑
)

+ 𝑎                                         (2.2) 

Where S represents the stiffness and a, b, c, and d constant fitting 

parameters. This equation, relating the AuNPs optical variations to the 

membrane rigidity, can be used for estimating the rigidity of vesicles of 

unknown composition. Additionally, it’s worth considering that such a 

sigmoidal relation provides the maximum sensitivity in the region of 
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intermediate rigidity (20-30 x 10-3 N/m), which is typically the range 

of rigidity of natural vesicles. 

 

Figure 2.18: a) UV-Vis spectra of AuNPs (6.7 nM) incubated with synthetic 

vesicles (0.2 nM) (liposomes/AuNPs number ratio 1/100). Inset: Visual 

appearance of the same samples. (b) S.I. values (blue spots) with relative error 

bars plotted as a function of membrane stiffness. The red curve is the sigmoidal 

curve fit, while the grey dashed curve is the first derivative of the sigmoidal 

curve fit with respect to stiffness (see supporting information of paper IV for 

details on fitting parameters). 

To validate our method and demonstrate its applicability on natural and 

more complex lipid structures, we selected a sample of EVs extracted 

from the murine cell line TRAMP-C2132, characterized by size and Z-

potential similar to the ones of the synthetic liposomes selected for the 

calibration curve. As shown in figure 2.19, the stiffness of this selected 

EVs batch evaluated with AFM-FS is intermediate between the values 

obtained for the POPC/DPPC and DPPC vesicles. Accordingly, the S.I. 

obtained by challenging the EVs dispersion with the AuNPs falls in the 

middle of the stiffness range determined through AFM.  

Overall, the experimental results showed that the nanoplasmonics 

properties of AuNPs can be used to assess the stiffness of synthetic and 

natural vesicles. The proposed method allows evaluating the rigidity 

with a reproducible and sensitive assay, able to discriminate the stiffness 

of liposomes with very similar mechanical properties usually not 

distinguishable with other techniques, minimizing the vesicles amount 

and requiring only standard lab facilities. 
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Figure 2.19: Sigmoidal trend of the S.I. as a function of membrane stiffness. 

The EVs’ S.I. (1.23 0.01), evaluated through UV-Vis spectroscopy, and 

stiffness, predicted by the sigmoidal law (0.026 N m-1), are reported as green 

points in the graph. The green error bar represents the stiffness interval 

obtained through AFM-FS for EVs. The right inset reports the UV-Vis 

spectra of AuNPs (6.7 nM) in the presence of synthetic PC vesicles (dashed 

curves) and EVs (solid green curve) at a vesicles’ concentration of 0.35 nM. 

 

2.2.2 AuNPs plasmonics to estimate the lipid coverage 

of inorganic NPs (Paper 5) 

In the past paragraphs, we deeply investigated the behavior of AuNPs 

when mixed with lipid membranes, also probing their ability to quantify 

the rigidity of vesicles. This section extends the interaction of AuNPs 

to membrane-coated inorganic NPs, aiming both at testing the ability 

of a lipid bilayer to mediate the aggregation of AuNPs on the surface of 

inorganic NPs, and at developing a colorimetric assay for the 

characterization of membrane-coated nanomaterials (paper V). 

In the past years, inorganic nanoparticles have been intensively 

investigated thanks to their unique potentiality in biomedical 

applications. As mentioned, despite the extraordinary advancements in 
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NPs development and production, their clinical translation is still 

largely limited due to the lack of knowledge on their biological fate once 

introduced in living systems.133–135 Nowadays, researchers are focusing 

on solving the main issues of NPs application to promote their use in 

nanomedicine, including poor colloidal stability and limited circulation 

time in biological fluids, cytotoxic effects, poor targeting ability, and 

uncontrolled accumulation in specific tissues, which eventually leads to 

low efficacy and undesired side effects.136 

As discussed in section 1.3, the origin of these NPs drawbacks is 

generally related to their exogenous nature, which leads to 

uncontrolled behaviors in the biological environment. 

A promising approach for enhancing the NPs in-vivo applicability 

consists in internalizing the particles in lipid membranes, forming lipid-

inorganic NPs hybrids, providing a biomimetic surface that hinders the 

NPs presence from phagocytes, improving their circulation time, and 

enhancing the cell adhesion and uptake.137–140 Despite the wide 

potential of these biologically promising hybrids, the efficient and 

accurate characterization of the bilayer formation on the NPs surface is 

still challenging. Current methodologies for the characterization of the 

coating integrity, as well as Electron Microscopy, Confocal Laser 

Scanning Microscopy, Atomic Force Microscopy, Dynamic Light 

Scattering (DLS), and Zeta Potential measurements, do not provide 

ensemble-averaged characterization, require heavy data analysis, or fail 

in providing a quantitative estimate of the coating extent.  

Here, based on the spontaneous interaction between AuNPs and 

zwitterionic membranes discussed in the previous sections78,129,141, we 

report a plasmonic approach for determining the extent of lipid 

coverage of NPs. With this aim, we selected SiO2NPs as a prototypical 

inorganic core and prepared membrane-coated SiO2NPs (M-SiO2NPs) 

with different degrees of coverage. AuNPs cluster on the portion of the 

particles covered by the lipid membranes, and the optical variations can 

be directly exploited to estimate the extent of the lipid coverage. 

Interaction of AuNPs with membrane-coated SiO2NPs 
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Commercial anionic SiO2NPs have been coated with a lipid membrane 

composed of DOPC/Sphingomyelin/ Cholesterol vesicles (0.87/0.38/1 

mol%) according to a well-established protocol with slight 

modifications142. Briefly, bare SiO2 NPs in ultrapure water is mixed 

with a high excess of liposomes (≥1/50 SiO2/liposomes number ratio), 

formed in an aqueous environment of high salinity. First, the vesicles 

adhere to the SiO2NPs surface due to van der Waals interactions; then, 

a transmembrane osmotic shock causes the rupture of the vesicles and 

the formation of the lipid coating (see section 4.5 of paper V for the 

preparation of the hybrids). The formation of the lipid bilayers around 

the SiO2NPs was first visualized by Cryo-EM microscopy. As shown in 

figures 2.20a and b, SiO2NPs are partially covered by an electron-dense 

nanometric layer faithfully following the particle morphology. 

Additionally, as a further confirmation of the effective lipid coverage of 

the SiO2NPs’ surface, M-SiO2NPs were characterized by liquid-AFM, 

DLS, and Z-potential measurements (see paper V for the detailed hybrid 

characterization). 

 

Figure 2.20: a) and b) Cryo-EM images of M-SiO2NPs at different 

magnifications (blue and red arrows identify coated and uncoated areas, 

respectively); c) Size distribution of SiO2NPs (red) and M-SiO2NPs (blue) 
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obtained by liquid-AFM imaging; d) Autocorrelation functions of 0.08 

mg/mL water dispersion of SiO2NPs (red) and M-SiO2NPs (blue). The 

inset shows the hydrodynamic diameter (extrapolated by a cumulant fitting) 

and the ζ-potential values of each sample. 

SiO2NPs and M-SiO2NPs dispersions were then challenged with 

Turkevich-Frens AuNPs, and the resulting systems were imaged 

through Cryo-EM (Figures 2.21 a and b). Given the strong electrostatic 

repulsion between both negative gold and inorganic silica surfaces, 

AuNPs do not interact with the naked SiO2NP. Conversely, when the 

SiO2NP is enclosed by a membrane, the AuNPs spontaneously cluster 

on the lipid bilayer forming AuNPs-decorated M-SiO2NPs composites. 

As shown in figures 2.21 c and d, this aggregative phenomenon is 

reflected by the plasmonic properties of the particles. When AuNPs are 

mixed with SiO2NPs, the color of the dispersion, as well as the UV-vis 

spectrum, remains unchanged. On the contrary, the clustering of the 

AuNPs on lipid-coated silica nanoparticles clearly causes an evident 

color change of the dispersion from red to purple/blue, and the 

occurrence of the red-shifted signal, the hallmark of the AuNPs 

aggregation. These results show that the membranes can mediate the 

adhesion of AuNPs on SiO2NPs, activating the aggregative 

phenomenon previously observed on synthetic vesicles (papers I, II, IV). 
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Figure 2.21: Cryo-EM images of (a) SiO2NPs - AuNPs (b) M-SiO2NPs - 

AuNPs composites and UV−visible spectra of AuNPs incubated with (c) 

SiO2NPs and (d) M-SiO2NPs. The UV-Vis spectrum of bare AuNPs (red 

curve) is also reported as a control sample. The visual appearance of AuNPs 

before and after the incubation with SiO2NPs and SiO2 NSLBs is reported in 

the insets of the graphs.  

Formation of M-SiO2NPs with different degrees of coverage 

Once proved the role of the membrane in the AuNPs- SiO2NPs 

interaction, we explore how the extent of lipid coverage affects the 

optical properties of the AuNPs. With this purpose, we prepared six 

batches of M-SiO2NPs with different coverage by varying the starting 

number of vesicles in the transmembrane osmotic shock protocol 

(SiO2NPs/vesicles employed ratios: 1/50, 1/15, 1/10, 1/5, 1/3, and 

1/1, see paper IV for further details). The M-SiO2NPs were then 

characterized in terms of hydrodynamic diameter and surface potential 

and Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-

AES) measurements were used for a rough estimation of the coating 

degrees. As reported in table 2.1, the total amount of covered SiO2NPs 

ranged from 13% to 88% by increasing the starting vesicle amount. In 

line with this result, the surface ζ-potential of the SiO2 particles surface 
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decreases in a continuous trend (-22.7 ± 1.3 mV for the lower 

SiO2NP/vesicle ratio (1/50), -36.5 ± 1.5 mV for the higher 

SiO2NP/vesicle ratio 1/1). Furthermore, the hydrodynamic size of M-

SiO2NPs (around 200 nm) is stable in the range of 1/50 to 1/5 

SiO2NPs/vesicle ratio, while for higher SiO2NPs/vesicle ratios (1/3 

and 1/1) an abrupt dimensional increase occurs. In agreement with the 

recent literature46,143,144, this instability can be explained considering 

that the complete coverage of the particles is not gained with a low 

number of vesicles, and a surface lipid coverage approximately lower 

than 40% may induce abrupt precipitation due to the presence of 

membrane patches on the silica surface which triggers the bridging 

between partially coated particles (inset in table 2.1). 

 

Table 2.1. Hydrodynamic diameter, ζ-potential values of naked SiO2NPs, 

bare vesicles, and M-SiO2NPs obtained using different SiO2NPs-vesicles 

ratios. The SiO2NPs coverage is also reported, calculated from the 

concentration of P and Si measured with ICP-AES for each composition (see 

SI section S2.3). The inset displays a schematic representation of how the 

coverage affects the size and stability of the hybrids. 

Relation between AuNPs aggregation and degree of membrane 

coverage 

In the last part of this work, the M-SiO2NPs with different degrees of 

coverage were challenged with the Turkevich-Frens AuNPs. 
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As shown in figure 2.22, the incubation of the so-obtained M-SiO2NPs 

provokes a gradual change in the color of the dispersion as well as the 

occurrence of the characteristic aggregative red-shifted peak whose 

intensity varies with the fraction of membrane-covered SiO2NPs 

surface. Specifically, the intensity of the red-shifted plasmonic peak 

increases with increasing the extent of membrane coverage. These 

results, complemented by SAXS analysis (see paper V for the SAXS 

analysis), showed that AuNPs’ clustering on M-SiO2NPs is 

spontaneous and strictly modulated by the lipid-coated fraction of the 

SiO2NPs surface. 

 

Figure 2.22: (Top) UV−visible spectra of 6.13 nᴍ AuNPs interacting with 

1.15 nᴍ M-SiO2NPs with different degrees of coverage, collected after 10 min 

of incubation; (bottom) A.I. values obtained for each different membrane 

coverage of SiO2NPs. 

Therefore, it is possible to estimate the degree of coating by using an 

aggregation index as the optical descriptor of the plasmonic variation 

already exploited for the determination of the rigidity of membrane-

enclosed nano-objects (paper IV, section 2.2.1). The so-determined A.I.s 

are reported in figure 2.23. As shown, the A.I. increases linearly with 

the membrane coverage (r-squared 0.98). The accuracy of the fitting 

decreases when M-SiO2NPs with a coverage <35% are included, 

probably due to the low stability of SiO2NP with a minor coverage 

extent (see SI of paper V for further fitting details). With respect to 

other methodologies, these results pave the way for the development of 

a high-throughput and ensemble-averaged colorimetric approach for 
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the quantitative determination of membrane-coated NPs, 

independently of the chemical nature of the inorganic core. 

  

Figure 2.23. A.I. (red) and hydrodynamic diameter (blue) as a function of 

SiO2NPs membrane coverage, together with the visual appearance of the 

AuNPs incubated with SiO2NPs at different membrane coverages. 

AuNPs/M-SiO2 hybrids are also sketched, highlighting how the integrity of 

the membrane coating affects the binding and aggregation of AuNPs on 

SiO2NPs. 

 

2.3 Hybrid lipid-inorganic functional Nanomaterials 
 

In the last section of the thesis (section 2.3.1), the fundamental and 

mechanistic knowledge of citrated-AuNPs/lipid membranes interaction 

is exploited to explore the possibility of forming new magnetic and 

plasmonic materials obtained through the self-assembly of citrated 

core-shell inorganic nanoparticles on lipid membranes. Thus, the 

interaction of synthetic liposomes of different rigidity with citrated 
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hybrid gold-magnetic nanoparticles (AuMNPs) was investigated, 

aiming at unveiling how these spontaneous events occurring at the 

nano-bio interface can be implemented as a novel synthetic route for the 

production of controlled -optical and magnetic- responsive NPs-

liposome suprastructures. 

 

2.3.1 Self-assembly of magnetoplasmonic NPs on 

synthetic liposomes (Paper 6) 

As mentioned in the introduction, the combination of inorganic NPs 

and lipid scaffolds represents a prominent strategy for both improving 

the biocompatibility of NPs and developing novel nanomaterials with 

unique properties.77,85,145,146. In this context, here we investigated the 

self-assembly of citrate-capped core-shell magnetic NPs (AuMNPs) on 

rigid and soft synthetic liposomes. The interaction was firstly 

monitored through UV-Vis spectroscopy, exploiting the plasmonic 

properties of nanostructured gold. Then, the morphology and NPs 

arrangement on the lipid membranes were directly imaged with Cryo 

Transmission Electron Microscopy, while their colloidal stability was 

monitored through Dynamic Light Scattering measurements. Finally, 

the magnetic mobility of the hybrid was tested in collaboration with the 

CNR-ISMN group, demonstrating that the magnetic responsiveness of 

the NPs-vesicles suprastructures is enhanced compared to the free 

dispersed particles. 

Physico-chemical characterization of AuMNPs-liposomes 

suprastructures 

The selected AuMNPs, prepared according to a well-known protocol 

with little modifications147, display a broad plasmonic signal peaked at 

about 538 nm, in line with the formation of particles with a gold shell 

covering a magnetic inorganic core. Briefly, citrate-stabilized Fe3O4 

NPs were added to a boiling HAuCl4 solution. In this way, the citrate 

molecules on the Fe3O4 surface provoke the reduction of the Au3+ ions 

and, in turn, induce the growth of a homogeneous gold shell around the 

magnetic seeds.  The hydrodynamic size of the particles probed through 

DLS shows that the colloidal dispersion is composed of two different 
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populations of NPs (see paper VI for details). The larger population is 

peaked at about 45 nm, featuring the hydrodynamic size of core-shell 

AuMNPs, while the smaller population, which peaked at about 10 nm, 

perfectly matches the size of the Fe3O4 seeds used as the precursor for 

the growth of the gold shell. The contemporary presence of both ferric 

seeds and AuMNPs was reasonably expected, considering that the 

centrifugation and purification steps, commonly employed in core-shell 

synthesis protocols147, have been omitted. 

First, the interaction of the AuMNPs with zwitterionic liposomes with 

different rigidities was investigated through cryo-EM microscopy. 

Figure 2.24 shows representative images resulting from the incubation 

of the AuMNPs with DOPC and DPPC vesicles for 10 minutes. We 

noticed that both Fe3O4 seeds and AuMNPs adhere to soft and rigid 

vesicles without membrane disruption. However, as previously 

observed for AuNPs, the rigidity of the bilayers dramatically affects the 

morphology of the clusters. On soft DOPC vesicles, the particles adhere 

to the lipid shell forming densely packed aggregates, with the particles 

in direct contact with each other. On the other hand, on DPPC vesicles, 

the particles adhere to the lipid scaffolds, but their clustering on the 

membrane is hampered. In this latter case, the average spacing between 

the adsorbed particles is consistently higher, and, importantly, the 

hybrids present a minor number of adsorbed particles per vesicle. 
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Figure 2.24: Cryo-EM images of (a,b) DOPC-AuMNPs and (c,d) DOPC-

AuMNPs composites. 

Then, the spectral variations of the particles induced by rigid and soft 

liposomes were monitored through UV-vis spectroscopy. Figure 2.25 

display the UV-vis spectra collected for the AuMNPs dispersion mixed 

with different concentrations of liposomes. The incubation of AuNPs 

with DOPC vesicles provokes the red shift and broadening of the 

original plasmonic peak of the particles. In agreement with cryo-EM 

images, this phenomenon, ascribable to the plasmonic properties of the 

gold shell, is provoked by the coupling of the plasmonic peak of 

AuMNPs due to their spatial proximity and is consistent with particle 

aggregation. Moreover, the decrease in the vesicle amount leads to a 

progressive enlargement of the plasmonic peak, pointing out that the 

particles’ aggregation is maximized for lower DOPC amounts. This 

experimental result suggests that the AuMNPs aggregate on the 

membrane of fluid phase vesicles according to a membrane-templated 

process. On the contrary, the interaction with rigid DPPC liposomes 

provokes a minor bathochromic shift of the original peak, negligibly 

affected by the vesicle amount. This behavior is consistent with the 
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change in the chemical environment of the particles upon their adhesion 

to the DPPC surface. As shown in the inset in figure 2.25b, in this case, 

the presence of the vesicles does not affect the color of the dispersion, 

revealing the scarce particle aggregation. 

 

Figure 2.25: UV-Visible absorption profiles of AuMNPs-DOPC (a) and 

AuMNPs-DPPC (b) as a function of the liposome concertation (5 nM, 8 nM, 

10 nM, 20 nM, and 50 nM). The insets in the figures report the color variation 

in the various sample. 

As already demonstrated for citrate AuNP with both experiments and 

simulations, these results highlight that the rigidity of the membranes 

drives the aggregation of AuMNPs on zwitterionic membranes, 

forming completely different suprastructures.78,129,148  

To characterize the hybrids in terms of size and colloidal stability, we 

monitored the aggregative process through DLS (figure 2.26). 

Concerning the DOPC-AuMNPs system, the hydrodynamic diameter 

of the hybrids increases with decreasing the liposome concentration due 

to the formation of NPs-vesicles hybrids characterized by a 
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progressively larger number of particles per vesicle. The evaluated 

hydrodynamic size, passing from 160 nm to 350 nm, is consistent with 

the hydrodynamic dimension of a lipid vesicle surrounded by a crust of 

nanoparticles. On the other hand, the interaction of AuMNPs with rigid 

DPPC vesicles leads to the formation of micron-sized objects with 

dimensions independent of the starting NPs/vesicle ratios. To gain a 

deep comprehension of the colloidal stability of the systems, the 

evolution of the hydrodynamic diameter was monitored over time. As a 

representative example, figures 2.26 c and d show the time evolution of 

the autocorrelation functions evaluated for AuMNPs interacting with 

DOPC and DPPC 10 mM (see supporting information for the DLS 

measurements of the other vesicle concentrations). For what concerns 

DOPC samples, in all the employed vesicle concentrations, the 

interaction leads to the formation of metastable objects with constant 

hydrodynamic sizes in the first hour of incubation. On the contrary, the 

AuMNPs adhesion on DPPC vesicles provokes the sudden formation of 

highly unstable objects. As observed in section 2.1.1, the colloidal 

stability of NPs-vesicles suprastructure is modulated by the number of 

NPs adsorbed on the vesicles.93,103 Specifically, NPs can introduce 

negative or positive charges on the liposome surface, electrostatically 

stabilizing the dispersion. Here, the soft bilayer triggers the membrane-

templated NPs aggregation, which, in turn, leads to the massive 

adhesion of NPs to the lipid shell, as confirmed by Cryo-EM images. 

The presence of this elevated number of negatively charged NPs on the 

liposomal surface stabilizes the hybrids. In the case of DPPC, the strong 

membrane rigidity inhibits nanoparticle clustering. Reasonably, in this 

configuration, the minor number of particles per vesicle is not sufficient 

to prevent liposome fusion. Thus, NPs adsorbed on the lipid shell 

interact via van der Waals attractions with the neighboring NPs-

vesicles hybrids, ultimately leading to the bridging and the 

destabilization of the system. 

These results demonstrate that the membrane-templated association of 

citrate-capped NPs can be exploited to easily synthesize NPs decorated 

liposomes with tunable size, morphology, and stability. Both the 

obtained hybrid nanomaterials possess intriguing magnetic and 

plasmonic properties that will be further investigated in next studies. 
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As proof of concept, here, we focused on DOPC-AuMNPs 

suprastructures for the investigation of magnetic responsiveness. 

 

 

Figure 2.26:  Autocorrelation functions collected for AuMNPs-DOPC (a) 

and AuMNPs-DPPC (b) hybrids as a function of the liposome concentration 

(20 nM, 10 nM, 8 nM, and 5 nM). Time evolution of the DLS curves of the 

AuMNPs-DOPC hybrids (c) and of the AuMNPs-DPPC hybrids(d). 

Magnetic responsiveness of AuMNPs-DOPC hybrids 

The last part of this work focuses on the investigation of the magnetic 

responsivity of the hybrids when an external magnetic gradient is 

applied. With this purpose, only the AuMNPs dispersion and stable 

DOPC-AuMNPs hybrids have been employed. In a dedicated 

experimental set-up developed at CNR-ISMN, a uniform solution of 

AuMNPs-liposomes or AuMNPs has been injected into a 500 µm-wide 

quartz capillary where a high-gradient magnetic field is generated by a 

couple of cubic permanent magnets placed symmetrically on the sides 

of the capillary. The transparent quartz capillary allows the optical 

investigation of the behavior of the magnetic particles under a magnetic 

field by a microscope-connected CCD camera. The injected batches of 

NPs-liposomes hybrids, characterized by different DOPC liposome 

concentrations (5 nM, 8 nM, 20 nM), are expected to display distinct 

magnetic moments due to the different number of NPs per vesicle. 
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While the Brownian motion disperses the nanoobjects through the fluid 

volume, the external magnetic field generates a drift of the magnetic 

objects towards the highest field region (close to the external magnet). 

In the absence of hydrodynamic flows, the competition between the 

chaotic Brownian motion and the directional magnetic force dictates the 

time scale over which an equilibrium concentration of nanoparticles 

finally forms in the experimental system.149 

When injected in the capillary, the particles accumulate in the region 

closest to the magnet forming a disc-shaped dark area. The surface of 

this area grows over time with clearly distinct time dynamics for 

unconjugated AuMNPs and AuMNPs-liposome conjugates (figure 

2.27a). For the conjugates with low liposome/AuMNP ratios (DOPC 5 

nM and 8 nM), the disk grows until it reaches a seeming equilibrium 

condition in 1 and 3 hours, respectively. For the highest 

liposome/AuMNPs ratio (DOPC 20 mM) and the bare AuMNPs, the 

equilibrium condition is not reached within the times experimentally 

probed, and the surface area keeps growing.  

Figure 2.27b displays the time evolution of the disc for all the 

investigated samples. As highlighted by inspecting the slopes of the 

linear fittings of the accretion of the disc area during the time, the 

responsivity of the systems to the external magnetic field increases with 

decreasing the liposomes concentration. Reasonably, these 

experimental results can be explained by considering that increasing 

the number of magnetic particles per vesicle, the magnetic responsivity 

of the hybrids increases. Overall, albeit with very preliminary 

measurements, these results demonstrate that the membrane-templated 

aggregation of citrate-stabilized NPs can be instrumental in the 

production of novel nanomaterials possessing enhanced and controlled 

properties with respect to the starting precursors. 
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Figure 2.27: a) Representative collected images reporting the time evolution 

of the area of the accretion disk for AuMNPs-DOPC hybrids (DOPC 8 nM, 

10 nM, and 20 nM) and AuMNPs; b) Accretion of the disk areas during the 

time. The slope of the linear fitting reflects the responsivity of the particles to 

the external magnetic field. 
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3. Conclusions 
 

Understanding the interaction of inorganic nanoparticles with 

biological interfaces is crucial to improve our fundamental knowledge 

of the main determinant phenomena at the nano−bio interface to predict 

nanomaterial destiny in living organisms. In this framework, the use of 

synthetic membranes represents one of the most prominent approaches 

for investigating the nano-bio interface in simplified conditions. In 

addition, the understanding of the interaction mechanisms occurring 

between NPs and lipid scaffolds can pave the way to engineer controlled 

hybrids where soft and biocompatible vesicles are combined with 

inorganic NPs. 

In the present thesis, we focused on the intriguing self-assembly of 

Turkevich-Frens AuNPs on synthetic liposomes. Citrate-capped 

AuNPs spontaneously associate with the bilayer of synthetic liposomes 

and, in some cases, self-assemble on the membrane. Even if such a 

membrane-templated aggregation may have relevant implications on 

NPs uptake and internalization in cells as well as on their bioactivity, 

the mechanistic and kinetic aspects of this phenomenon still need to be 

completely understood.   

In the first section of the thesis, we have addressed from a physical-

chemical standpoint the interaction of citrate-capped AuNPs with 

synthetic vesicles demonstrating the prominent role of membrane 

rigidity over different length- and time- scales. We showed that the 

adhesion pathway of AuNPs to the target membrane is governed at the 

molecular level by the physical properties of the lipid bilayer. The initial 

and local AuNP-membrane interaction initiates a cascade of events that 

regulate and control the structure and functional properties of the final 

hybrids resulting in dramatic structural, morphological and plasmonic 

differences. Moreover, by employing a lipid-polymer hybrid scaffold 

featuring membrane domains with different rigidities, we demonstrate 

that the presence of soft polymeric regions in rigid vesicle formulations 

strongly triggers the AuNPs clustering. Interestingly, from a 
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technological point of view, we showed that the size and the 

compactness of AuNPs-vesicles suprastructure are finely controlled by 

varying vesicle concentration and composition. Finally, for the first 

time, we addressed the interaction of citrate-capped AuNPs and AgNPs 

with non-lamellar model membranes. Our results not only disentangled 

the NPs impact on the cubic structures at both the micro- and the nano-

scale but also highlighted the relevance of the interaction energy 

between citrate molecules and the NPs’ surface. 

In the second section of this thesis, we showed how the spontaneous 

clustering of AuNPs on lipid membranes, and, in turn, their optical 

properties could be exploited as a nanoprobe for the characterization of 

vesicles and NPs-lipid hybrid properties. First, the dependence of the 

aggregation on the membrane rigidity was exploited to probe the 

stiffness of -natural and synthetic- membrane-enclosed nanoobjects. 

Moreover, exploiting the ability of membranes to template the AuNPs 

aggregation, we build up a colorimetric assay to estimate the degree of 

lipid coverage in the production of membrane-camouflaged NPs for 

biomedical applications.  

Finally, the last section, supported by preliminary results, shows that 

citrate-stabilized magnetoplasmonic NPs (i.e., AuMNPs) can aggregate 

in zwitterionic liposomes forming, in a controlled manner and through 

simple self-assembly steps, nanomaterials with enhanced optical and 

magnetic properties.  

In conclusion, the herein presented results contribute to the current 

interest in the biomimetic membranes-NPs interactions showing how 

the events occurring at the nano-bio interfaces can be used both from a 

fundamental knowledge point of view and for technological purpose.
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4.  Methods 
 

4.1 Small Angle X-ray Scattering 
Small Angle X-ray Scattering (SAXS) represents one of the most 

widespread techniques to obtain ensemble-averaged qualitative and 

quantitative information on dimensions, shape, and structures of 

colloids, allowing to resolve inhomogeneities of about 1 nm up to 

hundreds of nanometers.150 From a basic point of view, when X-ray 

radiation crosses the sample, it can be partially transmitted, partially 

absorbed, and transformed into other forms of energy (e.g., heat, 

fluorescence, etc.), and partially scattered. In the scattering experiment, 

the transmitted radiation is blocked by the beam stop, while the 

scattered part is collected by the detector. 

The fundamental quantity of the scattering techniques is the scattering 

vector q, defined as the difference between the wave vector of the 

diffused radiation kS, and the wave vector of the incident radiation ki, 

which, in the approximation of elastic scattering (|k|=|ki|=2πn/λ), can 

be defined as: 

|𝑞| =  |𝑘𝑆 − 𝑘𝑖| =  (
4𝜋𝑛

𝜆
) 𝑠𝑖𝑛𝜃       (4.1)                                                                            

where n is the refractive index of the sample and 2𝜃 is the scattering 

angle. Q represents the independent variable of the instrument, which 

can be expressed as: 

𝑞 = 2𝜋/𝑑                                                                                           (4.2)                                                             

Where d is the characteristic sample distance.  The measured variable 

of the experiment is the scattering intensity, I(q), which is defined by 

equation 4.3: 

𝐼(𝑞) = 𝐾𝑁𝑝𝑉𝑝
2(Δ𝜌)2𝑃(𝑞)𝑆(𝑞) + 𝐵                                                  (4.3)           

Where K is a variable that depends on the instrument, Np is the number 

of scattering particles in a unit volume, Vp is the particle volume, B is 

the background, Δρ represents the contrast, defined as the difference 
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between the scattering length density of dispersed objects and the 

continuous medium, P(q) and S(q) are the form factor and the structure 

factor, accounting of size and shape of particles and the interparticle 

interaction, respectively.151 

In the present work, SAXS measurements have been performed for 

several purposes on aqueous dispersions of AuNPs, AgNPs, dispersions 

of liposomes, and hybrid systems of AuNPs-liposomes. They were 

carried out on sealed glass capillaries with 1.5 mm in diameter. The 

analysis of SAXS curves was performed on Igor Pro. The experimental 

details are reported in the full text and/or SI of the attached papers.  

 

4.2 Dynamic Light Scattering 
Dynamic Light Scattering (DLS), together with SAXS, represents one 

of the most fundamental techniques in colloidal chemistry, which 

provides dimensional information on systems ranging from some 

nanometers to hundreds of nanometers. DLS can be performed in 

dispersed samples without manipulations.152 Figure 4.1 shows the 

scheme of the instrumental set-up. The polarized and monochromatic 

light emitted from the laser source is focalized by a series of lenses and 

crosses the sample. The scattered radiation is collected by the detector, 

typically positioned at 90°. 

 

Figure 4.1: Schematic representation of the DLS experiment. 

From DLS the characteristic hydrodynamic size of colloidal objects can 

be determined since the intensity of the scattered light varies as a 
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function of the Brownian motions of particles. Small particles produce 

faster fluctuations of the scattered light (they move faster) than big 

particles. The speed of the Brownian motion is defined by the coefficient 

of translational diffusion D, which is directly correlated to the 

hydrodynamic diameter of the structures in solutions by the Stokes-

Einstein equation153: 

𝑑(𝐻) =
𝑘𝑇

3𝜋𝜂𝐷
                                                             (4.4) 

Where d(H) represents the hydrodynamic diameter, k is the Boltzmann 

constant, T is the absolute temperature, and η is the viscosity of the 

solution. The fluctuations of the measured scattering intensity are 

analysed through the autocorrelation function of the electric field g1(τ), 

which is a function that correlates the signal relative to the scattering 

intensity with itself at time 0, in a time interval τ. The time that is 

needed to observe the decay of the correlation depends on the speed of 

diffusion, and, in turn, on the particle’s size.  

The simplest method of analysis, extensively used in this thesis, is the 

cumulant method, which allows for obtaining dimensional information 

from the autocorrelation function of diluted and monodispersed 

samples.  However, the cumulant method not always can resolve and fit 

the autocorrelation functions, especially when the dispersed objects are 

highly polydispersed. In those cases, different analyses can be used such 

as Contin and NNLS algorithms, employed in the present thesis, which 

provide the particle size distribution in the investigated samples.154  

4.2 Zeta Potential 
The Zeta Potential instrument allows for evaluating the surface 

potentials of colloidal particles dispersed in a medium. The Zeta 

potential value is obtained from the electrophoretic mobility of the 

charged particles under the effect of the applied electric field.155 The 

speed at which the particles move is correlated to the electrophoretic 

mobility through the following equation: 

𝑣 = 𝜇𝐸                                                            (4.5)  
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Where E is the electric field and µ is the electrophoretic mobility. A 

laser beam crosses the sample, and the scattered light is detected to 

determine the particle mobility. Through the Helmholtz-Smoluchowski 

relation, the Zeta potential of the particle can be calculated knowing the 

electrophoretic mobility of the particle µ, the viscosity of the dispersing 

liquid η, its dielectric constant εr, and the dielectric constant in vacuum 

ε0 permit to calculate the Zeta potential value: 

𝜁 =
𝜂𝜇

𝜀𝑟𝜀0
                                                                                            (4.6) 

The Zeta Potential measurements are carried out with the Zeta 

Potential Analyzer (Zeta plus, Brookhaven Instruments Corporation, 

Holtsville, NY) and processed with the software BIC PALS Ver. 3.54. 

4.3 Quartz Crystal Microbalance With Dissipation 

Monitoring 
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) is 

a mass detection technique with the ability to measure very small mass 

variations in real-time.156 The instrument consists of a thin sensor 

formed by a single crystal with metal electrodes on both sides of the 

sensor. When the crystal is exposed to an external electric field it 

oscillates at its resonance frequency. When molecules and particles 

interact with the quartz sensor, the variation in its resonance frequency 

(ΔF) is directly related to the adsorbed mass. In the case of rigid films 

uniformly distributed on the surface of the sensor and thin enough 

compared the weight of the crystal, a linear relation (Sauerbrey 

equation108) connects the absorbed mass (m) and the resonance 

frequency shift (f): 

∆𝑚 =
𝑐

𝑣
∆𝑓                                                               (4.7) 

Where C depends on the intrinsic viscoelastic properties of the crystal 

and on its thickness, while v corresponds to the overtone of the crystal.  

In the present work, the QCM-D experiments are executed with a Q-

sense Explorer (Q-Sense, Gothenburg, Sweden) equipped with a flux 

cell of the liquid that contains a sensor quartz-coated with a 
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fundamental resonance of 5 MHz. The active surface of the sensor (≈ 1 

cm2) is covered with a thin film of SiO2 (≈ 100 nm). 

4.4 Confocal Laser Scanning Microscopy 
Confocal Laser Scanning Microscopy (CLSM) is an imaging technique 

that allows 3D localization of labelled target molecules. A pinhole is 

placed in the image plane, so most of the out-of-focus light cannot reach 

the detector, providing an enhanced signal-to-noise ratio (contrast). The 

excitation light in confocal microscopy is usually provided by a laser to 

generate high intensities of fluorescence or reflectance from the focal 

spot. The focal spot during the analysis is scanned in the X-Y plane, 

and the signal detected reconstructs an image of the analysed sample.157  

In the case of fluorescence confocal microscopy, it is possible to use 

simultaneously multiple fluorophores that selectively interact with 

target molecules to increase the signal-to-noise ratio and obtain an 

improved sensitivity and specificity of the analysis. The laser emits at a 

specific wavelength to excite only a selected fluorophore in the sample. 

The instrument is equipped with a dichroic mirror that reflects the laser 

light and allows the fluorescent light emitted from the sample to pass 

through to the light detector, as schematized in Figure 4.2. In the 

present thesis, we employed a Leica CLSM TCS SP8 confocal 

microscope, operating in inverted mode, with a 63 x 1.3 numerical 

aperture water immersion objective. Images were taken with a 

resolution of 512 x 512 pixels using a 400 Hz bidirectional scan with 

each scanning line averaged four times. Leica software was used to 

create three-dimensional reconstructions of the z-stacks. Specific details 

on the set-up are reported in the full text and/or SI of the attached 

papers. 
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Figure 4.2: Schematic representation of confocal microscopy set-up. Reprinted 

from158, Copyright 2012, with permission from Elsevier. 

4.5 Atomic Force Microscopy  
Atomic force microscopy (AFM) is a non-destructive technique that 

provides surface maps with nanometric resolution.159 The instrument 

measures the forces experienced by the AFM probe, which consists of a 

cantilever with a tip (with a nanometric radius) at its free end, and the 

sample. To obtain an AFM surface topography image, the AFM tip is 

brought close to the sample and maps the sample by measuring the tip-

sample interactions at each point. The probe position is finely 

controlled through a piezoelectric stage, onto which the probe is 

mounted. While scanning the surface, the AFM tip experiences 

attractive or repulsive interactions with the sample (e.g., Van der 

Waals, electrostatic, capillary, magnetic interactions, etc.), leading to a 

negative or positive bending of the cantilever. The force experienced by 

the tip while the cantilever is deflected can be described by the Hook 

law: 

𝐹 = −𝑘𝑥                                                                                               (4.7) 
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with k spring constant of the cantilever and x cantilever deflection. The 

deflection of the cantilever depends on k (a cantilever-related property) 

and the strength of its interaction with the sample. A laser beam is 

reflected from the back of the reflective AFM cantilever and is tracked 

by a position-sensitive photodetector which records probe vertical and 

lateral motions.  

AFM can operate in different working modes, imaging the samples' 

structure or probing their physicochemical properties (e.g., magnetic, 

elastic, electric properties, etc.). The most common APM modes are 

“contact”, “non-contact” and “tapping”.160 In the contact mode, the tip 

is directly placed in contact with the scanned objects during the 

measurements. The sample maps of the surface can be obtained by both 

fixing the tip-sample force and fixing the height of the probe above the 

sample, monitoring the cantilever deflection during the scanning of the 

sample’s surface (i.e., constant-height mode). On the other hand, in 

tapping and non-contact modes, the cantilever oscillates close to the 

sample surface, at the resonance frequency of the cantilever and a 

defined amplitude. This amplitude is kept constant during scanning, 

constituting the feedback parameter. We exploited a different approach, 

named “PeakForce Tapping” mode, to record force spectroscopy data 

(Paper IV). In “PeakForce Tapping” mode the cantilever oscillates in 

the proximity of the sample’s surface, periodically touching it. The force 

experienced by the tip while touching the sample is recorded and 

exploited to regulate the applied force.  

4.6 Computational Methods 
Coarse-grained simulations represent a computational approach aimed 

at simulating the behaviour of complex systems using a simplified 

(coarse-grained) representation of the system itself.161 This approach 

can be applied to several systems, ranging from water, proteins, and 

nucleic acids to lipid membranes. Molecules are represented by groups 

of atoms, decreasing the degrees of freedom, and allowing to simulate 

much longer simulation times. In the present thesis, all simulations 

were set up with the coarse-grained Martini force field and run with 

Gromacs ver. 2020.6. The model for the NPs and citrate was custom 

developed and described in previous work.79 
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We prepared several configurations containing a flat membrane and a 

citrate-capped Au NP system. At the start of each simulation, the NP 

was placed in the water phase a few nanometers away from the surface 

of the bilayer. The simulation details are reported in the attached 

papers' full text and/or SI. 

4.7 Cryogenic electron microscopy 
The Cryogenic Electron Microscopy (Cryo-EM) is a transmission 

electron microscopy that emerged as powerful technique in structural 

biology and material science.162 Compared to traditional transmission 

electron microscopes (TEM), Cryo-EM is specifically designed to 

maintain a cryogenic temperature within the sample chamber. In Cryo-

EM small aliquots of samples in solution or suspension are quickly 

cooled to cryogenic temperatures with liquid ethane (around -180°). 

This very fast freezing process prevents water molecules from 

crystalizing, preserving the original structure of samples. In the present 

thesis, Cryo-EM has been exploited to directly image different types of 

sample (paper I, V, and VI). Generally, 3 μL of the sample dispersion 

were applied on glow-discharged Quantifoil Cu 300 R2/2 grids plunge 

in liquid ethane using an FEI Vitrobot Mark IV (Thermo Fisher 

Scientific) instrument. Excess liquid was removed by blotting for 1 s 

(blot force of 1) using filter paper under 100% humidity and 10 °C. 

Cryo-EM data were collected at the Florence Center for Electron 

Nanoscopy (FloCEN), University of Florence, on a Glacios (Thermo 

Fisher Scientific) instrument at 200 kV equipped with a Falcon III 

detector operated in the counting mode. Images were acquired using 

EPU software with a physical pixel size of 2.5 Å and a total electron 

dose of ∼ 50 e−/Å2 per micrograph.
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ABSTRACT: In recent years, many efforts have been devoted to
investigating the interaction of nanoparticles (NPs) with lipid
biomimetic interfaces, both from a fundamental perspective aimed at
understanding relevant phenomena occurring at the nanobio interface
and from an application standpoint for the design of novel lipid−
nanoparticle hybrid materials. In this area, recent reports have revealed
that citrate-capped gold nanoparticles (AuNPs) spontaneously associate
with synthetic phospholipid liposomes and, in some cases, self-assemble
on the lipid bilayer. However, the mechanistic and kinetic aspects of this
phenomenon are not yet completely understood. In this study, we
address the kinetics of interaction of citrate-capped AuNP with lipid
vesicles of different rigidities (gel-phase rigid membranes on one side
and liquid-crystalline-phase soft membranes on the other). The formation of AuNP−lipid vesicle hybrids was monitored over
different time and length scales, combining experiments and simulation. The very first AuNP−membrane contact was addressed
through molecular dynamics simulations, while the structure, morphology, and physicochemical features of the final colloidal objects
were studied through UV−visible spectroscopy, small-angle X-ray scattering, dynamic light scattering, and cryogenic electron
microscopy. Our results highlight that the physical state of the membrane triggers a series of events at the colloidal length scale,
which regulate the final morphology of the AuNP−lipid vesicle adducts. For lipid vesicles with soft membranes, the hybrids appear as
single vesicles decorated by AuNPs, while more rigid membranes lead to flocculation with AuNPs acting as bridges between vesicles.
Overall, these results contribute to a mechanistic understanding of the adhesion or self-assembly of AuNPs onto biomimetic
membranes, which is relevant for phenomena occurring at the nano−bio interfaces and provide design principles to control the
morphology of lipid vesicle−inorganic NP hybrid systems.

1. INTRODUCTION

The study of interactions between engineered inorganic
nanoparticles (NPs) and biomimetic membranes is a very
active area of research, inspired by the need to broaden the
understanding of the behavior of synthetic nanomaterials at
nano−bio interfaces.1−3 Over the past several years, the
number of reports on the design and application of engineered
NPs in nanomedicine has grown exponentially; however, to
date the clinical translation of NPs is limited. This limitation is
mainly due to a lack of fundamental knowledge on the fate of
NPs once in living organisms, which is intimately related to the
nature and strength of interactions with biomolecules and
biological barriers, such as cell membranes.4,5

Specifically, NP adhesion to lipid membranes is a pivotal
step that regulates endocytic pathways and biological
responses. It involves several interfacial processes, such as
ligand−receptor binding,6 electrostatic interactions,7 and
membrane wrapping,6 each of which is driven by specific or

nonspecific forces.8 However, determining the general aspects
that govern the nano−bio interaction is not trivial due to the
complex and heterogeneous nature of biological membranes.
Depending on their composition, biological membranes
display different local curvatures, elasticities, and permeabil-
ities, which might affect their response to NP adhesion;9−11

moreover, the occurrence of lateral phase-separated domains
with different compositions and rigidities (i.e., lipid rafts) is
related to cell trafficking phenomena,12 suggesting that
membrane viscoelastic properties are key to controlling the
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phenomena at the nano−bio interfaces (from NP adhesion to
NP uptake).
The development of synthetic lipid membranes, such as

liposomes, giant unilamellar vesicles (GUV), and supported
lipid bilayers (SLB), represents a valuable strategy to
systematically investigate how such parameters affect the
interaction with NPs in simplified and controlled conditions
and to predict the relevant aspects that govern the biological
fate of NPs.13−15,2 In addition, the interaction of lipid
membranes with NPs has attracted considerable interest not
only for biomimetic studies but also for application purposes.
NPs and lipid scaffolds have been successfully combined to
form intelligent drug delivery systems (as magnetolipo-
somes16,17 or magnetocubosomes18,19) or nanodevices for
applications in diagnostics and theranostics.20,21 The basic
design principles of these devices leverage the spontaneous
assembly of NPs with organized lipid assemblies to merge the
specific features of inorganic nanoparticles, such as responsivity
to magnetic fields22 and optical and thermal properties,23,24

with the biocompatibility and pharmacokinetic properties of
lipid aggregates.25,26 The NPs’ response to external forces
provides additional control parameters to tune the phase
behavior. In addition, the self-organization of lipid assemblies
can provide a structural template to control NP−NP
interactions and possibly steer the formation of NP supra-
structures with enhanced optical or magnetic properties with
respect to those of isolated nanoparticles.19

One interesting example is the spontaneous association of
synthetic unilamellar zwitterionic liposomes and citrate-capped
gold nanoparticles (AuNPs).27−29 After the spontaneous
adsorption of NPs on the lipid membrane, the characteristic
localized surface plasmon resonance (LSPR) of AuNPs
experiences a red-shift accompanied by the appearance of a
secondary peak, centered at about 610 nm, which is associated
with a color change of the dispersion from red to purple or
dark blue. This optical effect is caused by plasmon−plasmon
coupling driven by the decrease of the interparticle distance,
indicating the membrane-templated aggregation of NPs. By
challenging synthetic liposomes of different rigidities with the
citrate-stabilized dispersion of AuNPs, we recently demon-
strated that the observed LSPR shifts are closely related to the
stiffness of the liposomes, which is determined by the lipidic
composition of the bilayer.30 In particular, the intensity of the
red-shifted peak, i.e., the hallmark of the AuNP aggregation, is
minimized for rigid liposomes enveloped by a gel-phase
bilayer; in this case, the rigid target membrane is not prone to
bend and wrap the NP after NP adhesion, limiting the
interfacial NPs−lipid membrane interaction. On the contrary,
the lipid membrane−NP interaction and, in turn, the red-
shifted peak are maximized for soft liposomes with liquid-
crystalline membranes, which are able to efficiently bend and
wrap the NPs.31

In this work, we address the mechanistic details of this
phenomenon by monitoring the interaction of Turkevich−
Frens gold nanoparticles with lipid vesicles of different
rigidities at different length scales and time scales. Specifically,
molecular dynamics (MD) simulations allowed the monitoring
of the localized phenomena occurring at the very moment of
NP adhesion to the target membranes. Kinetic spectroscopic
and scattering data (UV−vis spectroscopy, dynamic light
scattering (DLS), and small-angle X-ray scattering (SAXS))
allowed the monitoring the evolution of the NP−lipid vesicle
interaction on a colloidal length scale and for longer times

(from a few seconds to a few minutes). Finally, cryogenic
electron microscopy (Cryo-EM) allowed the determination of
the overall morphological characteristics of NP−lipid vesicle
hybrids for a long incubation time. Our approach leverages a
detailed comprehension of the energetic contributions that
drive the formation of hybrid assemblies over different time
and length scales, from a few nanometers, where the
membrane rigidity plays the major role, to hundreds of
nanometers, where colloidal forces govern the interactions.
Specifically, we chose two prototypical synthetic liposomal
systems (namely 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), characterized by a fluid phase at rt.., and 1-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), character-
ized by a gel-like phase at r.t.) with markedly different bilayer
bending rigidities to show how the first interaction with AuNPs
initiates a cascade of colloidal events, which result in
completely different hybrid lipid−NP suprastructures.

2. METHODS

2.1. Materials. Tetrachloroauric (III) acid and trisodium
citrate dihydrate were provided by Sigma-Aldrich (St. Louis,
MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were pro-
vided by Avanti Polar Lipids. All chemicals were used as
received. Milli-Q-grade water was used in all preparations.

2.2. Synthesis of AuNPs. Anionic gold nanospheres 12
nm in size were synthesized according to the Turkevich−Frens
method.27,32 Briefly, 20 mL of a 1 mM HAuCl4 aqueous
solution was brought to the boiling temperature under
constant and vigorous magnetic stirring. To the mixture was
then added 2 mL of a 1% citric acid solution. The solution was
further boiled for 10 min until it acquired a deep red color.
The nanoparticle solution was then slowly cooled to room
temperature.

2.3. Preparation of Lipid Vesicles. To prepare the
DOPC and DPPC liposomes, the proper amount of lipid was
dissolved in chloroform, and 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) Milli-Q water by vigorous vortex
mixing to obtain a final 4 mg/ml lipid concentration. The
resultant multilamellar vesicles (MVL) in water were subjected
to 10 freeze−thaw cycles and extruded 10 times through two
stacked polycarbonate membranes with a 100 nm pore size at
room temperature to obtain unilamellar vesicles (ULV) with a
narrow and reproducible size distribution. The filtration was
performed with the Extruder (Lipex Biomembranes, Vancou-
ver, Canada) through Nuclepore membranes.

2.4. UV−Vis Spectroscopy. UV−vis spectra were
recorded with a Cary 3500 UV−vis spectrophotometer.

2.5. Cryo-TEM. On glow-discharged Quantifoil Cu 300
R2/2 grids were applied 3 μL of AuNPs-DOPC and AuNPs-
DPPC hybrids. The hybrids were plunge frozen in liquid
ethane using an FEI Vitrobot Mark IV (Thermo Fisher
Scientific) instrument. Excess liquid was removed by blotting
for 1 s (blot force of 1) using filter paper under 100% humidity
and 10 °C. Cryo-EM data were collected at the Florence
Center for Electron Nanoscopy (FloCEN), University of
Florence, on a Glacios (Thermo Fisher Scientific) instrument
at 200 kV equipped with a Falcon III detector operated in the
counting mode. Images were acquired using EPU software
with a physical pixel size of 2.5 Å and a total electron dose of ∼
50 e−/Å2 per micrograph.
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2.6. Small-Angle X-ray Scattering. AuNP−liposome
dispersions were studied at the SAXS beamline of synchrotron
radiation Elettra (Trieste, Italy), which was operated at 2 GeV
and a 300 mA ring current. The experiments were carried out
with λ = 1.5 Å, and the SAXS signal was detected with a Pilatus
3 1M detector in the q-range from 0.009 to 0.7 Å−1. The SAXS
curves were recorded in a glass capillary.
2.7. Dynamic Light Scattering. DLS measurements at θ

= 90° and the ζ-potential determination were performed using
a Brookhaven Instrument 90 Plus (Brookhaven, Holtsville,
NY). Each measurement was an average of 10 repetitions of 1
min each, and measurements were repeated 10 times. The
autocorrelation functions (ACFs) were analyzed through
cumulant fitting stopped at the second order for samples
characterized by a single monodisperse population, allowing an
estimate of the hydrodynamic diameter of particles and the
polydispersity index. For polydisperse samples, the exper-
imental ACFs were analyzed through the Laplace inversion
according to the CONTIN algorithm. ζ-potentials were
obtained from the electrophoretic mobility u according to
Helmholtz−Smoluchowski equation

ζ
η

ε
= ×

ikjjj y{zzz u
(1)

with η was the viscosity of the medium and ε was the dielectric
permittivity of the dispersing medium. The ζ-potential values
are reported as averages from 10 measurements.
2.8. Gel Electrophoresis. Custom 0.3% agarose gels made

with 0.125× Tris−acetate−EDTA (TAE) buffer, i.e., 5 mM
Tris (pH 7.6), 2.5 mM acetic acid, and 0.125 mM EDTA, were
run in 0.125× TAE buffer using a Bio-Rad submerged
horizontal electrophoresis Mini-Sub Cell GT system at 150
V for 10 min.
The external electric field makes the particles migrate

according to their electrophoretic mobility, which is expressed
by the following equation:

μ
εζ

η
κ= f R

2

3
( )

(2)

where ε is the dielectric permittivity of the medium, R the
particle radius, f(κR) is the Henry function, and ζ is the
particle’s ζ-potential.33

2.9. Computational Methods. 2.9.1. Simulation Param-
eters. All simulations were set up with the coarse-grained
Martini force field34 and run with Gromacs ver. 2020.6. The
cutoff to Van der Waals and electrostatic interactions was set
to 1.1 nm, and the dielectric constant was set to εr = 15. For
equilibration and production runs, we set the time step to 20 fs
and used the NpT ensemble, with temperature and pressure
set to 300 K and 1 bar, respectively. For temperature coupling,
we used the velocity rescale thermostat35 with τT = 1 ps. For
pressure coupling, we used the Berendsen36 barostat in
equilibration runs (with τp = 4 ps) and the Parrinello−
Rahman barostat in production runs (with τp = 12−18 ps),
with compressibility set at 3·10−4 bar−1. We always used the
semi-isotropic pressure-coupling scheme.

2.9.2. Au and Citrate Coarse Grained Model. The model
for the NPs and citrate was custom developed and described in
a previous work.37 For Au nanoparticles, we used a 1:1 atom-
to-bead mapping scheme, and the Lennard-Jones parameters of
the Au−Au interaction were set to the Heinz nonpolarizable
potential.38 We used two models of Au NPs, both in the shape
of a truncated octahedron with diameters of about 8 (12934
beads) and 14 nm (69473 beads). For the 8 nm NP, the size of
the largest facets was about 5 nm, comparable to the
membrane thickness; for the 14 nm NP, that size was almost
doubled (9 nm). The model for citrate was composed of four
beads, one representing the hydroxyl terminal group and the
others representing the carboxylate terminal groups. Au and
citrate non-bonded interactions were parametrized using target
properties from atomistic and experimental data, such as the
partition coefficient between ether and octanol and adsorption
or dimerization free energy profiles.

Figure 1. (a) Molecular structures of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) with a sketch of the fluid bilayer portion and DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine) with a sketch of the gel bilayer portion. (b) UV−visible spectra of AuNPs, AuNPs-DPPC hybrid, and
AuNPs-DOPC hybrid collected after 10 min of incubation. Cryo-Tem images of (c) AuNPs-DOPC composites and (d) AuNPs-DPPC composites.
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2.9.3. Simulated systems. We prepared several config-
urations containing a flat membrane and a citrate-capped Au
NP system. At the start of each simulation, the NP was placed
in the water phase a few nanometers away from the surface of
the bilayer. For the 8 nm NPs, we prepared small boxes (1352
lipids) and larger boxes (5408 lipids) both with DOPC and
DPPC; for the 14 nm NPs, we set up a box with 8450 DOPC
lipids and another with 8480 DPPC lipids. To obtain gel
DPPC, we performed a gelification run of 1 μs using different
temperature couplings for water (300 K) and the membrane
(250 K), starting from a fluid DPPC membrane.

3. RESULTS AND DISCUSSION

We selected DOPC and DPPC vesicles with a monodisperse
size of 100 nm (see the SI) for their well-known difference in
terms of membrane stiffness.39−41 As sketched in Figure 1
(upper panel), these lipids have the same zwitterionic polar
head (PC) but different acyl tails, which are characterized by
the absence of unsaturations for DPPC and the presence of
two monounsaturated chains (with 6- unsaturations) for
DOPC. Such differences dramatically affect the viscoelastic
properties of the membrane. At room temperature, DPPC
membranes are in a gel state, with highly ordered lipid acyl

tails. Conversely, DOPC liposomes are lined by a fluid bilayer
with a lower bending rigidity and a higher lateral mobility.42,43

As anticipated in the introduction, these structural differences
in the lipid acyl chains affect the membrane’s ability to interact
with NPs and, in turn, the extent of the membrane-templated
clustering of NPs. Accordingly, in a recent work we were able
to exploit the extent of AuNP aggregation to estimate the
vesicle’s rigidity.30

Figure 1b shows some representative UV−vis spectra
obtained for 6.3 nM AuNPs with a 12 nm diameter (black
curve),27 compared to the spectra obtained for NP−vesicles
hybrids prepared with a liposome−AuNP ratio equal to 1/16
(red curve for NPs-DPPC, blue curve for NPs-DOPC). This
liposome−AuNP number ratio was selected on the basis of our
previous publication, which highlights that the aggregation of
AuNPs is maximized by low liposome amounts within the mix.
The UV−vis spectra were recorded after 10 min of

incubation. As displayed in Figure 1b, the interaction of
AuNPs with DOPC and DPPC membranes leads to significant
variations in the optical properties of the dispersions.
Specifically, the aqueous dispersion of AuNPs-DOPC dramat-
ically turns blue or purple (see the pictures in the inset in
Figure 1b). The occurrence of a secondary plasmonic peak at

Figure 2. Difference between the penetration process of a citrate AuNP in DOPC and DPPC. For each kind of bilayer, we show three snapshots at
significant moments of the wrapping process, where the NP is represented in yellow, citrate is represented in red, the lipid headgroups are
represented in blue, and the lipid tails are represented in pink. In the bottom row, we show the time evolution of the number of contacts between
the NPs and citrate molecules (in red), lipid headgroups (blue), and lipid tails (pink) for both simulations in addition to the time evolution of the
SASA plots of the lipid tails. In the SASA plots, the area is set to 0 for the unperturbed membrane. Time t = 0 corresponds to the first NP−
membrane contact. The time series are shown only up to 5.0 μs to better highlight the fast initial time evolution, although the simulations reached
10.0 μs in both cases.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c08914
J. Phys. Chem. C 2022, 126, 4483−4494

4486

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08914/suppl_file/jp1c08914_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


about 610 nm, caused by a decrease in the interparticle
distance, reveals AuNPs clustering on the DOPC soft
membrane. Conversely, the incubation of AuNPs with rigid
DPPC liposomes causes a slight bathochromic shift and a
broadening of the characteristic AuNP absorption profile.
To obtain structural information on the AuNP−lipid vesicle

hybrid, we performed Cryo-EM imaging. Panels c and d in
Figure 1 show representative Cryo-TEM images of DOPC and
DPPC vesicles, respectively, challenged with AuNPs. Images
were collected after an incubation time of 10 min. The images
clearly show that for both liposomes AuNPs adsorb without
apparent membrane disruption. However, there is a dramatic
morphological difference between these hybrids. Specifically,
for fluid DOPC membranes AuNPs adhere to the lipid shell
and cluster, in line with the plasmon coupling observed in the
UV−vis spectra. In addition, all the lipid vesicles appear as
single vesicles, possibly decorated by NP clusters (see red
arrows, Figure 1c) without the occurrence of aggregates of the
vesicles, giving rise to substantially monodisperse hybrids.
Conversely, for gel vesicles (DPPC, figure 1D) most AuNPs

associated the lipid membrane are single particles rather than
clusters. Moreover, in all the collected images (see Figures S5
and S6 in the SI for further examples) the DPPC liposomes are
connected to each other by AuNP bridges, forming large
AuNPs-DPPC vesicle hybrid aggregates.
These results imply that the different degrees of unsaturation

of DOPC and DPPC, which lead to the formation of softer or
stiffer vesicles, lead not only to different aggregation extents of
AuNPs on the lipid membranes but also to the completely
different morphologies of AuNP−vesicle hybrids. To under-
stand the mechanistic details of this phenomenon, we
monitored this process by combining computational and
experimental approaches to access different time scales and
length scales
3.1. MD Simulations and Molecular Length Scale

Characterization of the AuNP−Lipid Membrane Inter-
action. To gain insights on these lipid phase-dependent
interactions at the molecular level and in the very first steps of
the AuNP−lipid vesicle interaction, we investigated the very
first AuNP−membrane contact using MD simulations. Our
simulations rely on a recently developed coarse-grained model
of citrate-capped Au NPs.37 We have considered two models
for the NP. Most of the simulations contain a NP that has a
diameter of 8 nm. To rule out significant size effects, we
repeated some of the simulations with a larger NP of 14 nm in
diameter. Both NPs have the structure of a truncated
octahedron, which corresponds to the lowest-energy structure
for AuNPs in this size range.44 The AuNP citrate coverage in
our simulations is 0.97÷1.4 citrate/nm2, which is consistent
with the available experimental literature.37 In ref 37 we
calculated the free energy profile for the adsorption of citrate
and POPC on the surface of a Au nanoparticle, showing that
the interaction with the lipid was thermodynamically favored.
Consistently, we observed the spontaneous penetration of Au
NPs into POPC fluid bilayers. Here, we ran different sets of
unbiased MD simulations in which a single citrate-capped
AuNP spontaneously interacts with a DOPC or DPPC lipid
bilayer, with the NP starting in the water phase. The list of all
simulations and the details of the MD settings are reported in
the Methods section.
In the simulations with the DOPC membrane, the

penetration of the NP into the bilayer happened in the first
tens of nanoseconds. Similarly to what was described for

POPC membranes,37,45,46 the membrane wrapped the NP over
the following stages (top row of Figure 2): (i) NP−lipid head
contact, with the release of citrate in the water phase (ligand
exchange); (ii) head−tail flipping of the lipid in contact with
the NP; and (iii) the formation of a complete lipid bilayer
around the NP, with only heads in contact with its surface. As
the figure shows, the head−tail flipping process had already
started while the citrate was still being released; overall, the
entire process requires less than two microseconds on the
coarse-grained time scale of the simulation.
Using similar setups, we performed simulations of a NP

interacting with a DPPC bilayer in the gel phase. As a general
consideration, we observe that on average the spontaneous
onset of the NP−membrane interaction requires more time for
NPs-DPPC than for NPs-DOPC, even if the NP starts at the
same relative distance from the membrane surface. As the first
contact between the Au surface and the lipid headgroups is
established, the NP penetrates the DPPC membrane, albeit
with significantly different features from the DOPC case. In the
central row of Figure 2 we show that the NP pierces the
membrane with one of its edges and quickly penetrates the
membrane’s hydrophobic core. The NP settles in the
membrane with its planar facets in a vertical orientation,
parallel to the gel-phase lipid tails. Once the NP reaches the
midplane of the membrane, the membrane wrapping of the NP
is irregular, forming sparse monolayer patches on the NP
surface, and leaving several clusters and stripes of lipids with
their hydrophobic tails exposed to the water phase. In this
situation, the system dynamics slow dramatically. This
significant freezing of the system dynamics can be appreciated
and quantified by the plot of the temporal evolution of the NP
contacts, as shown in Figure 2 for the 14 nm NP model. The
NP contacts fully converge after 1 μs. Furthermore, the plot
shows that the initial part of the wrapping process, including
the citrate release, is slower than that in DOPC. The gel-phase
DPPC lipids adsorbed on the planar NP facets have little to no
mobility and do not allow for any further rearrangement of the
water-exposed lipid patches. In the plot on the right of the
bottom row of Figure 2, we show a time evolution of the
solvent accessible surface area (SASA) of the lipid tails. The
plot quantifies the water-exposed area of the hydrophobic lipid
patches during the interaction of the NP with the two different
lipid phases. In DOPC, hydrophobic defects are transient, and
their area reaches a maximum during NP penetration and then
decreases when a complete DOPC bilayer wraps the NP. On
the contrary, in DPPC the hydrophobic defects are permanent
on the simulation time scale, as lipid diffusion from the bilayer
to the NP surface is almost completely suppressed.
Simulations with 8 nm NPs provide very similar results, as

shown in Figure S7 of the SI.
To summarize, molecular dynamics simulations suggest that

the outcome of the NP−membrane interaction crucially
depends on the membrane lipid phase. Fluid-phase DOPC
lipids completely wrap the NP, quickly forming a perfect
bilayer around the NP. The external liposome surface would be
perturbed little to none by this kind of interaction. On the
contrary, the NP interaction with the gel bilayer gets stuck at
an intermediate stage of NP penetration. The extremely slow
diffusion of lipids in the gel phase freezes the NP−membrane
complex in a semiembedded configuration. Neither NP
diffusion within the liposome nor further lipid rearrangements
would be permitted, leaving significant isolated hydrophobic
defects on the surface of the liposome.
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3.2. Kinetics of Membrane-Templated AuNP Cluster-
ing. Starting from this very localized and short time scale MD
investigation of the adhesion of AuNPs to DOPC and DPPC
membranes, we performed tailored complementary experi-
ments to monitor the temporal evolution of AuNP−lipid
vesicle hybrids. In particular, we used UV−vis spectroscopy
and high-resolution SAXS to monitor the evolution of AuNP
adhesion and clustering on the target membrane, following the
interaction in the first 10 min of incubation (Figures 3 and 4).
Figure 3 reports the increase over time of the UV−vis

absorbance at 610 nm, which is diagnostic for NP clustering,30

observed upon the incubation of NPs with DOPC (blue curve)

and DPPC liposomes (red curve). The time evolution of the
LSPR when AuNPs are mixed with rigid liposomes (DPPC) is
characterized by a constant trend, while for lipid vesicles with a
soft membrane (DOPC) a relatively sudden absorbance
increase occurs that is associated with the appearance of an
additional red-shifted signal in the complete spectrum (Figure
3, upper inset). After a few seconds, this shoulder becomes a
well-defined secondary plasmonic peak, the signature of
plasmon coupling due to the NPs’ close approach. On the
other hand, for NPs incubated with DPPC vesicles, the LSPR
resonance, peaked at 520 nm for the reference of AuNP
dispersion in the same medium, experiences only a very
modest absorbance increase at 610 nm. This increase is
consistent with the adsorption of NPs onto the liposomal
surface, which changes the chemical environment of the NP. In
both cases, the absorbance approaches a constant value very
rapidly, revealing that NP adhesion to liposomes occurs mostly
during the first 30 s of incubation.
The different clustering extent of NPs incubated with DOPC

and DPPC liposomes can be interpreted considering the
different adhesion modes of NPs, which were previously
illustrated for the MD simulations results. Specifically, the
membrane’s rigidity modulates its ability to bend around the
NPs, resulting in different wrapping extents (full wrapping for
DOPC and partial wrapping for DPPC) with a markedly
different kinetics of citrate/PC exchange and anion release in
the two cases (faster citrate release for the AuNPs-DOPC
system and slower citrate release for AuNPs-DPPC system). As
hypothesized in a recent study,31 this burst of citrate release
upon AuNP adhesion on a soft membrane can lead to a local
transient increase of the ionic strength. Considering the
electrostatic origin of the stability of AuNPs18 versus
aggregation, this transient ionic strength increase can trigger
the aggregation of the neighboring NPs, with resultant
clustering on the lipid membrane33 in line with UV−vis
spectroscopy results. Conversely, for rigid DPPC target
membranes the more gradual citrate release strongly limits or
completely hampers this effect (see Figures 1 and 3).
We performed high-resolution SAXS at the Elettra

synchrotron to determine the structure of AuNP aggregates
on the liposomal membrane and to understand the kinetics
and mechanism of their formation. The time evolution of the
SAXS profiles was followed over the same time frame

Figure 3. Time evolution of the absorbance of AuNPs-DOPC and AuNPs-DPPC aqueous dispersions (10 μL of 12 nM DOPC or DPPC liposomal
dispersions mixed with 300 μL of 6.3 nM AuNPs) at 610 nm.The inset shows UV−visible absorption profiles of AuNPs-DOPC (top) and AuNPs-
DPPC (bottom) collected after 1, 5, 10, 60, 300, and 600 s of incubation.

Figure 4. Log−log SAXS profiles of AuNPs-DOPC (top) and AuNPs-
DPPC (bottom) hybrids collected after 1 s, 30 s, 5 min, and 10 min of
incubation. The inset shows the structure factor of the samples, with
correlation peaks related to the center-to-center interparticle
distances.
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monitored with UV−vis spectrophotometry. Figure 4 displays
the SAXS profiles obtained for AuNPs-DOPC systems (top)
and AuNPs-DOPC systems (bottom) for increasing incubation
times from 1 s to 10 min. A comparison with the reference
scattering profiles of the liposomes and the solvent (water)
(see Figure S4 in the SI), highlights that in these experimental
conditions the scattering intensity of the vesicles is negligible;
therefore, SAXS provides specific information on the evolution
of the structural arrangement of AuNPs in AuNP−liposome
hybrid systems.
For all the samples, the scattered profile is due to a

combination of the following: (i) The AuNPs form factor
P(Q), accounting for the AuNPs’ spherical shape. This
contribution is the same in all systems and can be assumed
to be equivalent to the SAXS profile obtained for a diluted
AuNP dispersion (reported in Figure S1 as a reference). (ii) A
structure factor S(Q), which accounts for the interparticle
interactions47 such as those that lead to AuNPs clustering on
the liposomal surface. To understand the evolution of the
organization of AuNPs on the lipid shells, we extracted from
each spectrum the structure factor S(Q), reported in the inset
of Figure 3, by dividing the measured scattered intensity of the
hybrids by the profile of the AuNPs at the same concentration.
The existence of a structure factor different from unity for such
a dilute dispersion of AuNPs constitutes to the evidence of a
suprastructure of AuNPs. A very coarse-grained analysis
provides a correlation between the peak position of S(Q)
and an average distance between particles. For AuNPs-DOPC,
the Q-position of the peak accounts for an interparticle
distance of approximately 11 nm, i.e., particles in direct contact
with each other; on the other hand, the weak S(Q) peak of
AuNPs-DPPC suggests a lower degree of positional correlation
and a larger average interparticle distance, with only a tiny
portion of particles in direct contact. These structural results
are consistent with Cryo-EM images (shown in Figure 1),

which highlight clusters of AuNPs that are densely packed on
the liposomal surface in the case of DOPC and single AuNPs
that are separated from each other in the case of DPPC.
The time evolution of the SAXS profiles also provides

interesting information on the kinetics of formation of AuNP
aggregates on DOPC bilayers. For this hybrid, the S(Q) peak
position is time-invariant, but it becomes more and more
defined as time increases. This indicates that AuNPs in the
AuNPs-DOPC hybrid are in direct contact with each other
since 1 s after mixing. As time progresses, the number of
clustered particles present in the aggregates increases; however,
the interparticle distance within the aggregates does not
change, suggesting a fast and irreversible phenomenon without
significant structural rearrangements after the first interparticle
contacts. On the contrary, the occurrence of the S(Q) signal in
AuNPs-DPPC system is slower, and the peak is just slightly
visible, revealing slower kinetics of the clustering.
In addition, a clear temporal trend is also apparent in the

low-Q region of the I(Q) versus Q plot for AuNPs-DOPC
liposomes. Specifically, we notice a power-law signature that
appears as a linear dependence in a double logarithmic plot
(see Figure 4, upper panel) with a slope that increases (in
absolute value) from −0,.43 ± 0.02 to −2.01 ± 0.02 with time,
reaching a constant value after 30 s (−1.90 ± 0.02 after 30 s
and −2.00 ± 0.02 after 5 min). This accounts for the
dimensionality of the clusters. A −2 slope is consistent with 2D
aggregates, while a −1 slope suggests the presence of elongated
1D structures. The observed slope evolution suggests that the
final shape of the AuNP aggregates is a 2D cluster, in line with
a full coverage of the liposomal surface by AuNPs (as
hypothesized in a recent study31). Moreover, it appears that
overall the AuNP clusters evolve in dimension, with a
progression from a 1D aggregate to a 2D aggregate (see
Table S5). Such a rapid variation of the power-law exponent
highlights that NP aggregation is a fast process that requires

Figure 5. 10 μL of 12 nM DOPC or DPPC liposomal dispersions was mixed with 300 μL of 6.3 nM AuNPs and the hydrodynamic dimension of
the hybrids were followed up to one hour. (a) Time evolution of the DLS curves of the AuNPs-DOPC hybrid. (b) Time evolution of the DLS
curves of the AuNPs-DPPC hybrid. (c) Time evolution of the average hydrodynamic diameter evaluated by the DLS curves for AuNPs-DOPC and
AuNPs-DPPC composites. (d) ζ-Potentials of citrate AuNPs, pure DOPC and DPPC vesicles, and AuNPs-DOPC and AuNPs-DPPC hybrids.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c08914
J. Phys. Chem. C 2022, 126, 4483−4494

4489

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08914/suppl_file/jp1c08914_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08914/suppl_file/jp1c08914_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08914/suppl_file/jp1c08914_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c08914/suppl_file/jp1c08914_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c08914?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c08914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


only a few tens of seconds of incubation to approach an
equilibrium arrangement for AuNPs, in line with the time-
evolution of the LSPR monitored through UV−vis spectros-
copy (Figure 3). A slight slope increase (in absolute value) in
the low-Q region can also be noticed for the AuNPs-DPPC
hybrids (from −0.43 to −1.02). This variation accounts the
absorption and partial aggregation of AuNPs on the DPPC
shells, forming much less densely packed AuNPs clusters.
Overall, SAXS and UV−visible measurements are consistent

with the hypothesis that the rigidity of the bilayer controls the
extent of AuNP clustering. However, in both cases (DOPC
and DPPC) the arrangement of AuNPs reaches a stable
configuration very rapidly.
We then monitored the hybrids at the colloidal length scale,

specifically addressing their colloidal stability with DLS
measurements for longer incubation times (up to one hour).
The main results are summarized in Figure 5, with details on
preparation and data analysis reported in the caption.
Panels a and b in Figure 5 report representative normalized

DLS curves obtained for DOPC-AuNPs systems and DPPC-
AuNPs systems, respectively, within 1 h of incubation. The
average diameters of AuNPs-−vesicle hybrids for increasing
incubation times (Figure 5c) were determined by analyzing the
decay times of the autocorrelation functions through a
cumulant fitting stopped at the second order. The hydro-
dynamic diameters (Dh) of DOPC vesicles and AuNPs show
an increasing trend over time upon interaction. In a few
minutes, a hybrid system with a Dh of about 180 nm forms,
which is consistent with the size of the lipid vesicles
surrounded by a shell of inorganic nanoparticles.
On the other hand, the interaction of AuNPs with DPPC

membranes leads to a sharp increase in the decay times of the
autocorrelation functions, i.e., of the sizes of the hybrids.
Despite SAXS and UV−vis point toward a weaker interaction
of AuNPs with rigid liposomes, DLS results highlight a
dramatic decrease of their colloidal stability, with the relatively
fast formation and flocculation of micrometer-sized aggregates
and, eventually, precipitation. This result is consistent with the
aggregation of vesicles, with AuNPs acting as bridging agents
in the case of DPPC (see Cryo-EM images in Figure 1 and the
insets in Figure 5 a and b).

To further address such a dramatic difference in the colloidal
stability of the AuNPs-DOPC and AuNPs-DPPC hybrids, we
also measured the ζ-potential (Figure 5d). The ζ-potential is a
quantitative measure of the kinetic colloidal stability48 of the
hybrids. DOPC and DPPC vesicles have a slightly negative ζ-
potential in water, in agreement with the literature,49 while
hybrid systems display an increase in absolute values toward
more negative potentials. In particular, the electrostatic
stabilization is very pronounced for the DOPC hybrids and
may explain their colloidal stability. Conversely, for DPPC the
increase (in absolute value) of the ζ-potential upon the
adhesion of AuNPs is significantly lower, suggesting that an
overall lower surface charge of AuNPs-DPPC hybrids might be
related to a higher colloidal instability.
Gradzielsky et al. have shown that the liposome decoration

by anionic inorganic particles causes an increase of the absolute
value of the surface ζ-potential due to the increase of electric
charges on the lipid shell, resulting in the formation of
metastable hybrid nano-objects.50 The colloidal stabilization
was reached only due to the absorption of a sufficient number
of particles. Conversely, a low number of particles cannot
prevent the liposome fusion and ensure colloidal stability,
leading to the rapid destabilization of the dispersion.
In the present case, we hypothesize that the high number of

AuNPs assembled on the DOPC liposomes determines a local
increase of the negative charge, stabilizing the colloidal
dispersion through electrostatic repulsion. For DPPC vesicles,
given the lower number of adsorbed NPs on membrane, the
electrostatic repulsion is not sufficient to overcome attractive
interactions, leading to liposome bridging and flocculation.
The dependence of the liposome’s stabilization on the extent
of surface coverage by charged nanoparticles is well-known in
literature;51−54,26 however, in the present case we cannot rule
out that the phase of the lipid membrane may also play a role.
Specifically, as shown in the MD simulation, considering that

the AuNPs adsorbed on rigid membranes in a semi-embedded
state are partially exposed to the external aqueous solution, the
attractive interaction with the neighboring vesicles may be
favored. Moreover, a hydrophobic interaction between the
hydrophobic patches exposed to the water in the AuNPs-
DPPC semi-embedded configuration might also have a

Figure 6. Schematic representation of the interaction mechanisms dependent on the vesicle rigidity. First, the adhesion of the particles and the
citrate release occur. Second, the AuNPs in the proximity of the interaction site aggregate according to the kinetics of the citrate release. Finally, the
hybrids evolve in single vesicles decorated by AuNPs or in flocculated objects where the particles act as a bridge. We remark that the simulated time
scale (10 μs) corresponds to 10−100 μs in real time due to the acceleration of the dynamics that is intrinsic to the use of a coarse-grained model.
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prominent role, eventually leading to the flocculation of the
hybrids.
Considering all these results, two different interaction

mechanisms can be considered depending on the vesicle’s
rigidity, starting from the first particle−bilayer contact up to
the colloidal regime.
The schematic representation of the processes is reported in

Figure 6. (i) First, a AuNP adheres on the lipid membrane,
undergoing a membrane-wrapping phenomenon; the extent of
AuNP wrapping by the membrane depends on the stiffness of
the vesicle, which in turn depends on the state of its
membrane, either the gel phase (rigid) or the liquid-crystalline
phase (soft). (ii) The first step also controls the kinetics of
citrate release upon AuNP adhesion to the target membrane,
which is determinant in controlling the interaction of the
AuNPs adhered on the liposomal surface with neighboring
particles. This in turn leads to the formation of AuNP clusters
(on soft membranes) or the separate adhesion of AuNPs (on
rigid vesicles). (iii) The different amounts of adhered particles
(tight clusters or single particles) and their different natures
(protruding from the liposomal surface or wrapped by the lipid
membrane) affect the colloidal stability of AuNP−lipid vesicle
hybrids, leading to the formation of AuNP-decorated vesicles
in the case of soft vesicles and extended vesicles clusters
bridged by AuNPs in the case of rigid vesicles.
3.3. Proof of Concept: Separation of Biomimetic

Vesicles of Different Stiffnesses. The whole set of
experimental measurements that were performed allowed us
to discriminate between two interaction mechanisms, which
were determined by the composition of the vesicles, i.e., on
their membrane rigidity. Such a physicochemical character-
ization can not only be instrumental in fundamental studies but
can also provide a design principle to build novel hybrid

materials with the controlled clustering of both NPs and lipid
vesicles and, possibly, different tailored colloidal and functional
properties dependent on the rigidity of the lipid vesicles.
In addition, the different sizes and ζ-potentials of hybrid

AuNP−lipid vesicle systems for rigid (DPPC) and soft
(DOPC) vesicles can be exploited as a separative strategy for
dispersions of biogenic vesicles (EVs) of different rigidities,
given that the purification and separation of extracellular
vesicles is still an open issue.55 In the following, we will
illustrate a proof-of-concept experiment for the separation of
DOPC and DPPC vesicles through incubation with AuNPs,
followed by gel electrophoresis (Figure 7). To this aim, we
prepared a sample containing both DOPC and DPPC and
monitored the interaction with AuNPs via UV−visible
spectrometry and DLS measurements over 5 min (Figure 7).
The intensity of the red-shifted peak of the mixed sample is

intermediate between those obtained for the DOPC and
DPPC samples. This behavior suggests that a portion of the
AuNPs clusters on the liquid-crystalline membranes, while the
remaining ones adhere to the gel-phase vesicles and initiate the
bridging process.
Concerning DLS measurements, the correlation function

(Figure 7b) of the AuNPs-DOPC+DPPC hybrid clearly
displays two main decay times, suggesting the presence of
two populations, one consistent with the size of the AuNPs-
DOPC hybrid and the other with a larger and less colloidally
stable population of the AuNPs-DPPC hybrid. The smaller
population peaked at around 160 nm (Figure 7c), in line with
the size of the lipid vesicles of DOPC with a shell of aggregated
AuNPs, and the second one, which was much more
polydisperse, was centered at 600 nm, consistent with the
presence of bridged DPPC liposomes.

Figure 7. AuNPs-DOPC and AuNPs-DPPC hybrids were prepared mixing 10 μL of 12 nM liposomal dispersions with 300 μL of 6.3 nM AuNPs.
To prepare the AuNPs-DOPC+DPPC sample, 300 μL of a 6.3 nM aqueous solution of the AuNPs was added to a mixture of 5 μL of the 12 nM
DOPC dispersion and 5 μL of the 12 nM DPPC dispersion. (a) UV−visible spectra of AuNPs-DOPC, AuNPs-DPPC, and AuNPs-DOPC+DPPC
samples. (b) DLS curves of AuNPs-DOPC, AuNPs-DPPC, and AuNPs-DOPC+DPPC sample. (c) Double population obtained by the DLS
measurement of the AuNPs-DOPC+DPPC composites. (d) Agarose gel electrophoresis analysis of the samples (from left to right: AuNPs-DOPC,
AuNPs-DPPC, AuNPs-(DOPC+DPPC), and AuNPs-DOPC+AuNPs-DPPC).
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These results show that in dispersions where DOPC and
DPPC vesicles are present the overall interaction of AuNPs is a
combination of the two mechanisms (decoration of single
vesicles with AuNP clusters for DOPC liposomes and the
adhesion of single AuNPs on vesicles and subsequent bridging
for DPPC liposomes); therefore, once the mixed liposomal
dispersion, whose liposomes are characterized by practically
identical sizes and surface charges, is incubated with AuNPs,
the mixture evolves in a combination of highly charged single
vesicles decorated by AuNPs (for DOPC vesicles) and less-
charged extended aggregates bridged by AuNPs. After
interacting with AuNPs, AuNPs-DOPC and AuNPs-DPPC
hybrids possess different ζ-potential values and sizes, making
the two hybrids easily separable. To prove this hypothesis, the
mixed dispersion was analyzed through agarose gel electro-
phoresis (AGE). This technique has found multiple
applications in the field of colloid and NP characterization to
determine the charge and size variations of a dispersed system,
allowing the separation of two colloidal populations as a
function of their differences in dimension and surface
potentials.33

We prepared an agarose gel with four wells (reported in
Figure 7d) to compare the electrophoretic mobility of the
mixed samples with respect to the isolated samples of AuNPs-
DPPC and AuNPs-DOPC: (1) DOPC-AuNPs hybrids, (2)
DPPC-AuNPs hybrids, (3) AuNPs added to the DOPC−
DPPC mixture, and (4) a mixture of AuNPs-DOPC and
AuNPs-DPPC hybrids (hybrids mixed after their formation)
(Figure 7d from left to right: AuNPs-DOPC, AuNPs-DPPC,
AuNPs-(DOPC+DPPC), and AuNPs-DOPC+AuNPs-DPPC).
Immediately prior to loading in the well, 15 μL of each sample
was mixed with 5 μL of glycerol to improve the sample
deposition.
In the first well, practically all the objects migrated from the

starting position toward the end of the channel after ten
minutes. Conversely, the AuNPs-DPPC hybrids in the second
well did not move from the deposition point. These differences
in electrophoretic mobility are primarily due to the increase of
the hydrodynamic diameter, since this sample is composed of
micrometer-sized bridged objects (see the Materials and
Methods section for the gel preparation).
When both DOPC and DPPC liposomes are present (i.e., 3

and 4), gel electrophoresis detects two different populations,
one with an electrophoretic mobility very similar to that of
DOPC-AuNPs and one with a population that behaves similar
to the AuNPs-DPPC hybrid.
Even if very preliminary, this experiment shows that the self-

assembly of AuNPs on lipid vesicles, which is highly dependent
on the rigidity of the lipid vesicles, can be exploited to separate
vesicles of similar surface charge and size based on their
rigidity. Overall, this proof-of-principle paves the way to
explore several possible applications, such as a semiquantitative
assay of the rigidity of membrane-enveloped nano-objects in
complex samples of biological or synthetic origin or the real-
time monitoring of complex phenomena such as liposome
fusion, lipid exchange between liposomes, and transient raft
formation.

4. CONCLUSIONS

Understanding the interaction of inorganic nanoparticles with
synthetic vesicles is crucial both to improve our fundamental
knowledge of the main determinants driving phenomena at the
nano−bio interface and to inspire novel design principles to

build functional hybrid nanomaterials for biomedical applica-
tions. In this study we have addressed the interaction of citrate-
capped AuNPs with synthetic liposomes of different rigidities
over different length and time scales. We showed that the
adhesion pathway of AuNPs to the target membrane is
governed at the molecular level by the physical properties of
the lipid bilayer (i.e., its rigidity). This different initial and local
interaction mechanism results, for long incubation times and at
the colloidal length scale, in dramatic differences in the
morphologies, structures, and physicochemical properties of
AuNP−liposomes hybrids. Overall, we highlight the multiscale
nature of the formation and the properties of AuNP−vesicles
hybrids. Depending on the physical state of the bilayer, the
energetic balance of NP wrapping is different. This delicate
energetic balance, which concerns a phenomenon at the
nanometer scale, initiates a cascade of events that regulate the
colloidal interactions up to the micrometer scale and control
the final morphology of the hybrids, which range from single
soft vesicles decorated by AuNP clusters to flocculated rigid
liposomes bridged by single AuNPs. In addition, some
preliminary results demonstrate the possibility to exploit this
interaction cascade to separate mixtures of chemically and
colloidally identical vesicles based on their membrane
rigidity.This mechanistic understanding paves the way to
engineer and finely control hybrids where soft and
biocompatible vesicles are combined with the hard properties
of citrate-stabilized inorganic NPs through simple self-
assembly.
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Supplementary Characterization of Gold Nanoparticles 

Small Angle X-ray Scattering

SAXS measurements on AuNPs aqueous dispersion were carried out in sealed 

glass capillaries of 1,5 mm diameter. 

 The structural parameters (Table S1) of citrated gold nanoparticles were 

evaluated from the SAXS profile of their diluted water dispersion (Figure S1), 

according to a spherical form factor and a Schulz size distribution. In this 

concentration range, we can safely assume that there are no interparticle 

interactions are present, and that the structure factor S(Q) equals in the whole 

range of scattering vectors. Thus, the scattering profile of the particles derives 

from their form factor, P(Q). The SAXS spectrum reported in Figure S1 is fully 

consistent with the characteristic P(Q) of spherical particles with an average 

diameter of about 5.8 nm. The clear presence of P(Q) oscillations in the high Q 

Agarose gel electrophoresis S13

Bibliography S14
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region is consistent with a relatively low polydispersity of the synthesized 

AuNPs.

1
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 fit AuNPs
 AuNPs

Figure S1 Experimental SAXS curve (red markers) obtained for AuNPs and 

curve fit (solid black line) according to the Schulz spheres model from the 

analysis software package SasView. The size and polydispersity obtained from 

the fitting procedure are summarized in the Table S1 below. 

Rcore (nm) poly

AuNP 5,78 0,095

Table S1 Structural parameters of the nanoparticles obtained from the analysis of 

SAXS curves according to the Schulz spheres model.
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Dynamic Light Scattering and Z-Potential

AuNPs hydrodynamic diameter and surface charge in MilliQ water were 

evaluated through Dynamic Light Scattering and Zeta-Potential, respectively, 

and reported in Table S2.

Dh (nm) Z-Potential (mV)

AuNPs 20 ± 0,6 -35 ± 3

Table S2 Hydrodynamic diameter obtained from Dynamic Light Scattering and 

Zeta Potential values of AuNPs.

UV-vis Spectroscopy
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Figure S3 UV-Vis absorption spectra of AuNPs after 1:3 dilution in water. The 

plasmon absorption peak is at around 520 nm. 

To further evaluate the AuNPs size through UV-Vis spectroscopy we exploited 

the following equation1:  

𝑑 = exp (𝐵1

𝐴𝑠𝑝𝑟𝐴450
― 𝐵2)

with  diameter of gold nanoparticles,  absorbance at the surface plasma 𝑑 𝐴𝑠𝑝𝑟
resonance peak,  absorbance at the wavelength of 450 nm and  and  are 𝐴450 𝐵1 𝐵2

dimensionless parameters, taken as 3 and 2,2, respectively. The diameter value 

obtained is of 12,3 nm. 
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The concentration of citrated gold nanoparticles was determined via UV-Vis 

spectrometry, using the Lambert-Beer law (E(λ) = ε(λ)lc), taking the extinction 

values E(λ) at the LSPR maximum, i.e. λ = 521 nm. The extinction coefficient 

ε(λ) of gold nanoparticles dispersion was determined by the method reported in 

literature2, by the following equation:

ln (𝜀) = 𝑘𝑙𝑛(𝑑) + 𝑎
with  core diameter of nanoparticles, and and  dimensionless parameters (𝑑 𝑘 𝑎

 and ). The arithmetic mean of the sizes obtained by 𝑘 = 3,32111 𝑎 = 10,80505

optical and scattering analyses was selected, leading to a ε(λ) of 2.0·108 M-1cm-1. 

The final concentration of the citrated AuNPs is therefore ~6.3·10-9 M. 

Supplementary Characterization of Liposomes 

Dynamic Light Scattering and Zeta-Potential

Dh (nm) Zeta P

DOPC 118,6 ± 0.2 -12 ± 2

DPPC 178,7 ± 0.1 -10 ± 2

Table S3 Hydrodynamic diameter obtained from Dynamic Light Scattering and 

Zeta Potential values of synthetic liposomes. 
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Evaluation of Liposomes concentration

The lipid concentration in the starting colloidal dispersion was estimated to be 4 

mg/mL from the initial lipid and water amounts employed in the formation and 

swelling of lipid films, assuming the absence of lipid loss due to the extrusion 

procedure. The liposomes concentration in the final dispersion was subsequently 

calculated considering the hydrodynamic diameter of each liposomal batch 

(Table S3 of SI). In particular, the liposomal surface area (surface area=4πr2) can 

be calculated from the liposome diameters; the doubled surface can be 

subsequently divided by the lipid cross section (0,5 nm2) in order to obtain the 

lipid number per liposome, assuming that approximately one half of the lipids is 

localized in the external leaflet of a liposome, since the bilayer thickness, about 

4-5 nm, is negligible with respect to the liposomes’ average diameter. Eventually, 

the total weighted lipid concentration was divided by the total number of lipids 

per liposome, yielding the real liposome concentration, which is reported in Table 

S4 for each liposomes’ dispersion.

Concentration (M)

DOPC 3,2·10-8

DPPC 2,1·10-8



S8

Table S4 Final liposomes’ concentration in each liposomal batch.

The liposomal dispersions were diluted to reach a final concentration of 1,2·10-8 

M before use.

Small Angle X-Ray Scattering
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Figure S4 Comparison between the scattering intensity of water and the 

scattering intensity of 10 µL of liposome dispersions (12 nM) in 300 µL of water. 

Supplementary Characterization of liposomes/AuNPs hybrids

Preparation of liposomes/AuNPs hybrids

The hybrid samples were prepared as follow: 10 µL of liposome dispersions (12 

nM) were incubated with 300 µL of AuNPs 6,3 nM, in order to have a 
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liposomes/AuNPs number ratio of ~1/16. This liposomes/AuNPs number ratio 

was selected on the basis of our previous publication3,4 which highlights that the 

aggregation of AuNPs on zwitterionic vesicles is promoted by low liposome 

amounts within the mix. 

Cryo-TEM
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Figure S5 Further examples of cryo-TEM images of AuNPs-DOPC hybrids. 

Figure S6 Further examples of cryo-TEM images of AuNPs-DPPC hybrids.

MD Simulations
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Figure S7:  Difference between the penetration process of a citrate 8 nm 

AuNP in DOPC and DPPC. For each kind of bilayer, we show the time 

evolution of the number of contacts between the NP and citrate molecules (in 

red), lipid headgroups (blue) and lipid tails (pink), and three snapshots from 

the corresponding simulations; in the snapshots, the NP is represented in 

yellow, the citrate in red, the lipid headgroups in blue and the lipid tails in 

pink. Time t=0 corresponds to the first NP-membrane contact. The contact 

time series is shown only up to 2,5 μs; afterwards, the values are stable. 

Small-Angle X-Ray Scattering

To characterize the NPs- vesicles hybrids’ formation, 10 µL of 12 nM DOPC or 

DPPC liposomal dispersions were challenged with 300 µL of 6.3 nM citrate-

stabilized AuNPs. In order to gain information on the kinetic of AuNPs 
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aggregation, the SAXS profiles have been collected after 1s, 30s, 5m and 10 

minutes of the incubation.

In the low q region, plotting log10(I(q)) vs log10(q) it’s possible to obtain the 

fractal dimension of the aggregates by the slope of the scattering profile5, 

according to:

𝑙𝑜𝑔10(𝐼(𝑞) ― 𝐵) = ―𝑝 𝑙𝑜𝑔10(𝑞)
Where B is the background and p the Porod exponent. Generally, p=1 represents 

the fractal dimension of a linear aggregate and p=2 represents the fractal 

dimension of a 2D object.5

The SAXS profiles of DOPC liposomes/AuNPs and DPPC liposomes/AuNPs in 

Figure 3 were fitted through a linear fit in the 0,1-0,3 nm-1 q-range, to obtain the 

slope values reported in table S5.

Incubation time AuNPs-DOPC AuNPs-DPPC

1s -1,32 ± 0.02 -0,53 ± 0.03

30s -1,90 ± 0.02 -0,94 ± 0.01

5m -2,00 ± 0.02 -1,02 ± 0.01
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10m -2,01 ± 0.02 -1,06 ± 0.01

Tab S5: Slopes of the linear fits of the SAXS profiles;

The Structure factors for the scattering profiles reported in the insets of figure 4 

(main text) were obtained as follow.

The scattering intensity (I(q)) is defined by the following equation:𝐼(𝑞) = 𝐾𝑁𝑝𝑉2𝑝(∆𝜌)2𝑃(𝑞)𝑆(𝑞) + 𝐵
With k instrumental constant, Np scattering nanoparticles’ number per unit 

volume, Vp nanoparticle’s volume,  contrast of the experiment, B background ∆𝜌
intensity, P(q) e S(q) form and structure factors, respectively.

In order to obtain the structure factor of the liposome/AuNPs complex, we 

divided the scattering intensity of the liposomes/AuNPs hybrid by the scattering 

intensity of the neat AuNPs dispersion: 

                                                                                  
𝐼(𝑞)𝐻𝑦𝑏𝐼(𝑞)𝑁𝑃~

𝑆(𝑞)𝐻𝑦𝑏𝑃(𝑞)𝐻𝑦𝑏𝑆(𝑞)𝑁𝑃𝑃(𝑞)𝑁𝑃
For a diluted AuNPs dispersion the structure factor can be considered equal to 1. 

In addition, in the high-q region (0,1-1,6 nm-1), the form factor of 

liposomes/AuNP hybrids can be approximated to the one of neat AuNPs, leading 

to the following equation:

                                          
𝐼(𝑞)𝐻𝑦𝑏𝐼(𝑞)𝑁𝑃 = 𝑆(𝑞)𝐻𝑦𝑏
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The mean interparticle distance between the AuNPs within the aggregates (d) can 

be obtained from the S(q) vs q (nm-1) plot (see inset of Figure 2b of the main 

text), by the following equation: 

                                                                                                          𝑑 =
2𝜋𝑞𝑚𝑎𝑥

With qmax value corresponding to the maximum of the correlation peaks reported 

in the insets of figure 4 (main text).

Agarose gel electrophoresis

In order to perform gel electrophoresis, the AuNPs and DOPC or DPPC 

dispersions were mixed as previously reported. The AuNPs-DOPC+DPPC 

sample were prepared as follow: 300 µL of 6,3 nM AuNPs aqueous solution were 

added to the mixture of 5 µL of 12 nM DOPC and 5 µL of 12 nM DPPC 

dispersions. The AuNPs-DOPC + AuNPs-DPPC sample was prepared mixing 

AuNPs-DOPC and AuNPs-DPPC hybrids after their formation. 15 µL of each 

sample were a mixed with 5 µL of glycerol in order to improve their deposition 

at the bottom of the wells.
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Abstract 

Despite their extraordinary applicative potential in medicine, the limited use of 

inorganic nanoparticles (NPs) in the biomedical field relies on the lack of knowledge 

of their biological fate. In this context, a detailed description of the interaction 

between nanoparticles and membrane interfaces is required. Gold nanoparticles 

(AuNPs), thanks to their unique optical properties, can be used as representative 

model nanosystem to shed lights on the aspecific interaction between NPs and 

biological membranes. On the other side, synthetic free-standing vesicles, and 

supported lipid bilayers (SLBs) can mimic natural membranes, allowing to extremely 

simplify the interaction environment. Recently, amphiphilic copolymers were 

included in phospholipid bilayer systems to improve their physical properties and 

tailor their chemical function, as well as to reproduce raft-like patches which 

represent an important feature of natural membranes. 

Recent reports revealed that citrated AuNPs spontaneously self-assemble onto 

liposomal membranes, depending on their rigidity. Specifically, AuNPs aggregate on 

soft bilayers, forming large and compact clusters, while their interaction is strongly 

limited on rigid lipid scaffolds. In this work, we perform a physico-chemical study of 

the interaction of citrated AuNPs with hybrid synthetic supported and free-standing 

bilayers with different lipid-copolymer compositions, to assess the effects of the 

presence of raft-like domains on the membrane-induced aggregation of NPs. 

Confocal Laser Scanning Microscopy and Quartz Crystal Microbalance analysis, 

performed on hybrid SLBs, showed that the presence of the copolymer leads to a 

much higher number of deposited AuNPs. On the other hand, UV-Vis spectroscopy 

revealed specific trends in the AuNPs clustering, which strongly depends on the 

molar concentration of the copolymer in the liposomal formulations, while Small 

Angle X-ray Scattering provides a further characterization of the structure of AuNPs 

aggregates.  

Overall, these results provide opportunities both from a fundamental perspective, 

to understand the phenomena occurring at the nano-bio interface, and from an 



applicative point of view, to unveil the main principles to design novel lipid and 

polymer-nanoparticles hybrid materials. 

1. Introduction 

To date, engineered nanoparticles (NPs) rule the biotechnological research ranging 

their applications from drug delivery [1], [2] and imaging [3], [4] to hyperthermia 

[5], [6],[7] encouraging great advancements in their design.[8] A crucial step to 

enhance the clinical use of NPs is unravelling their fate in biological 

environments.[9][10][11] As previously reported [12], the crossing of biological 

barriers regulates the success of the nanoparticles’ functions [13]. However, the 

deep comprehension of the physico-chemical parameters that govern the NPs fate 

is often tricky with in-vivo and in-vitro experiments, due to the cell complexity. In 

this context, synthetic membranes are instrumental to unveil the nano-bio 

interfacial phenomena in controlled and simplified conditions [14][15][16].  

Model membranes consisting of biologically relevant lipid can reproduce different 

geometries, like giant unilamellar vesicles (GUVs)[17], monolayers [18], free-

standing and supported bilayers [19]. However, recent progresses in the design of 

lipid assemblies mixed with synthetic polymer have opened novel perspectives for 

the use of hybrid assemblies in bio-applications [20]. For instance, hybrid systems 

composed of lipid mixed with amphiphilic block copolymers represents a new 

milestone for the realization of bio-platforms possessing tailored interaction with 

natural and synthetic hydrophobic species [21]. Moreover, the inclusion of 

polymers into the lipid bilayer architecture can promote the formation of complex 

membranes, with lateral phase separation and domains with different fluidities, 

resembling lipid rafts which mediate various processes in cells [20], [22], [23]. 

On the other hand, Turkevich-Frens gold nanoparticles[24][25] coated by citrate 

anions (AuNPs) represent one of the most studied classes of inorganic nanoparticles 

both in nanomedical applications and as prototypical beads in fundamental studies 

[26][27][7][28]. They are easy to synthetize and possess intriguing optical 

proprieties due to the Surface Plasmon Resonance (SPR) effect. The plasmonic 

properties of AuNPs mostly depends on their chemical environment and 

aggregative state, and can be used for monitoring their interactions.[29][30] As 

recently reported, AuNPs aggregate upon incubation with lipid membranes 

according to a membrane-templated phenomenon which strictly depends on the 

rigidity of the bilayers.[31] [32][33][34][35] Being such aggregation on zwitterionic 

liposomes ruled by the vesicle’s stiffness and concentration, the AuNPs plasmonic 



variations have been exploited for the development of colorimetric assays to 

characterize natural and synthetic vesicle dispersions. [36][37][38] Furthermore, 

from the nanotechnological point of view, AuNPs-liposomes suprastructures have 

already demonstrated their potentiality as nanomedical tool for the photothermal 

treatment of immunogenic cancer cells.[39] 

In this contribution, we address the study of this prototypical inorganic NPs in the 

presence of a new promising hybrid platform consisting of the natural phospholipid 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) mixed with the polymer 

poly(butadiene-b-ethyleneoxide) (PBD-b-PEO), to extend the AuNPs clustering 

mechanism to complex biomimetic models. As previously demonstrated, the two 

building blocks associate in lamellar structures featured by distinct lipid- and 

copolymer-rich domains at the nano- and micro-scale, opening new strategies for a 

selective NPs-membrane interaction [40]. In this work, we performed a complete 

physico-chemical investigation of the AuNPs interactions with supported hybrid 

membranes, through quartz crystal microbalance (QCM) and confocal laser 

scanning microscopy (CSLM), and free-standing hybrid vesicles, through UV-vis 

spectroscopy and Small-Angle X-rays Scattering (SAXS). 

We demonstrate the pivotal role of the soft polymeric domains in the NPs-

membrane aspecific interactions, as well as that the AuNPs clustering can be 

modulated by varying the concentration and composition of synthetic vesicles. 

Overall, considering that only a few reports[41] investigated the NPs interaction 

with hybrid lipid/polymer interfaces, this study provides a further contribution to 

the topic and a first insight into the AuNPs clustering onto complex membranes. 

Furthermore, our results introduced fundamental information to build-up novel 

and finely controlled engineered nanomaterials, which combine the drug delivery 

potentiality of vesicles-like structures with the powerful diagnostic and therapeutic 

properties of metallic nanoparticles. 

2. Materials and Methods 

 

2.1 Materials 

The lipid DPPC, 1-dipalmitoyl-sn-glycero-3-phosphocholine, and the β-bodipy(2-

(4,4-diuoro-5,7-dimethyl-4-bora-3a,4a-diazasindacene-3-pentanoyl) lipophilic dye 

were purchased from AVANTI Polar Lipids, Inc. (Alabaster, AL). The copolymer 

PBd(2500)-b-PEO(1500), poly(butadiene-b-ethylene oxide), PBdPEO, and the 



rhodamine-labeled copolymer polybutadiene (Mn = 1200 g/mol)- block-

poly(ethyne oxide) (Mn = 600 g/mol), RhodPEBD-b-PEO, were provided from 

Polymer Source. Tetrachloroauric acid (HAuCl4, PM=393.83 g/mol) and sodium 

citrate (Na3C6H5O7, PM=258.06 g/mol) were provided from Sigma Aldrich (St. 

Louis, MO), using MilliQ as solvent. All chemicals were used as received.  

2.2 Synthesis of AuNPs 

The Turkevich-Frens method[25] was used to obtain a stable dispersion of AuNPs 

with a diameter of 12 nm. A specific solution of tetrachloroauric acid was prepared 

dissolving 20.0 mg in 50 mL of MilliQ water, and then brought to boil under constant 

agitation. Meanwhile, a solution of citric acid 1% was prepared (0.153 g in 15 mL of 

MilliQ water) and added rapidly to the gold solution under agitation. The reaction 

continued for 15 minutes and then left cool down at room temperature.  

2.3 Preparation of Lipid vesicles 

The DPPC, PBD-b-PEO, and hybrids DPPC PBD-b-PEO vesicles were prepared with 

different molar percentages of PBD-b-PEO (DPPC PBD-b-PEO 5%, DPPC PBD-b-PEO 

15%, DPPC PBD-b-PEO 35%, and DPPC PBD-b-PEO 65%). Lipid and polymer vesicles 

were produced according to the thin-film hydration method. First, the phospholipid 

and the copolymer were dissolved in chloroform. Then a thin film was obtained by 

evaporating the solvent through exposition to a N2 flux and overnight vacuum 

drying. The films were hydrated with MilliQ water at 50 °C under vigorous stirring 

to reach a lipid and copolymer concentration of 4 mg/mL. The obtained 

Multilamellar Vesicles (MLVs) were tip sonicated with a with a Digital Sonifier 

Model 450 (Branson, Hampton, NH), provided with a horn tip (diameter 25.4 mm), 

in an intermittent-pulse mode (5 s), with a power of 40 kHz (amplitude 30%). Then, 

they were subjected to 10 Freeze and Thaw cycles.[42] Finally, to limit the 

polydispersity[43], the vesicles were extruded through two stacked polycarbonate 

membranes with pores diameter of 100 nm for 10 times at a temperature of 50°C. 

At the end of the process unilamellar vesicles (LUV) with a narrow and reproducible 

size distribution were obtained. The filtration was performed with the Extruder 

(Lipex Biomembranes, Vancouver, Canada) through Nuclepore membranes. 

2.4 Preparation of Supported bilayers 



Solid-supported bilayers were prepared by vesicles’ spontaneous rupture on 

hydrophilic substrates. SLBs were obtained by adding a 10 mM CaCl2 aqueous 

solution to a dilute (1 mg/mL) dispersions of vesicles in a 0.1 M NaCl solution and 

subsequently deposited onto a silicon substrate at T = 50 °C for 30 min. After the 

deposition, the substrate was washed 15 times with 1 mL of Milli-Q water and then 

cooled to ambient temperature.  

2.5 Confocal Laser Scanning Microscopy 

A Leica CLSM TCS SP8 confocal microscope, operating in inverted mode, with a 63 

x 1.3 numerical aperture water immersion objective, was used to image the 

morphology of polymer and lipid-based surface structures in water excess. The β-

bodipy(2-(4,4-diuoro-5,7-dimethyl-4-bora-3a,4a-diazasindacene-3-pentanoyl) 

lipophilic dye was used to label DPPC liposomes; the fluorescence of this probe was 

excited at 488 nm and collected in the 498–530 nm emission range with a 

Phomultiplier tube (PMT). The fluorescence of a rhodamine-labelled copolymer 

polybutadiene (Mn = 1200 g/mol)- block-poly(ethyne oxide) (Mn = 600 g/mol), 

RhodPEBD-b-PEO was used to label PBdPEO polymersomes, employing an 

excitation wavelength of 633 nm, while the fluorescence was collected in the 650-

700 nm emission range with a PMT detector. Images were taken with a resolution 

of 512 x 512 pixels using a 400 Hz bidirectional scan with each scanning line 

averaged four times. Leica software was used to create three-dimensional 

reconstructions of the z-stacks.  

2.6 Quartz Crystal Microbalance 

The QCM experiments were executed with a Q-sense Explorer (Q-Sense, 

Gothenburg, Sweden) instrument equipped with a flux cell that contains a quartz-

coated sensor with a fundamental resonance of 5 MHz. The active surface of the 

sensor (≈ 1 cm2) is covered with a thin film of SiO2 (≈ 100 nm). The sensors were 

cleaned before use by washing in pure ethanol and bath sonication for 15 min, 

nitrogen drying, and finally ozone cleaning for 10 min. The experiments were 

performed at 40 °C. The sensor was placed in the chamber, and Milli-Q water was 

injected at a low flow rate (0.1 mL/min). The fundamental resonance frequencies 

(f) were measured for the odd overtones (5th−9th). A stable baseline of the different 

harmonics was ensured before the injection of the vesicles at a low flow rate (0.1 

mL/ min). The QCM curves reported are normalized by the overtone number.  



In the case of rigid films uniformly distributed on the surface of the sensor and thin 

enough with respect to the weight of the crystal, a linear relation, called Sauerbrey 

equation, connects the absorbed mass (m) and the resonance frequency shift (f): 

∆𝑚 =
𝑐

𝑣
∆𝑓   

 (1) 

with mass sensitivity constant C = 17.7 ng/(cm2 Hz) for a 5 MHz sensor crystal. 

 

2.7 UV-Vis spectroscopy 

The UV-Vis measures were effectuated with a spectrophotometer Cary 3500 

Multizone UV-Vis. The instrument is equipped with a Xenon lamp that emits in the 

range of wavelengths 190-1100 nm. The lamp emits radiations with 250 Hz 

frequency transmitted through an optic fibre beam to the 8 positions for the 

samples, each one equipped with its own detector. To each couple of cuvette 

holders is associated a Peltier block for the temperature control.  

2.8 Small Angle X-ray Scattering 

Small Angle X-Ray Scattering profiles were measured on AuNPs, and hybrid AuNPs-

vesicles dispersions using a Xeuss 3.0HR (Xenocs) instrument equipped with a 

Genix3D (Cu) X-Ray source and a Dectris 1 M Eiger detector. Samples were put in 

glass capillary tubes of thickness 1.5 mm. Data from each sample were acquired at 

Sample-Detector (S-D) distances of 450 and 1800 mm for 300 s. The scattering 

signal was detected in the Q range 0.015 Å-1 < Q <0.6 Å-1 and in Figure 4 the results 

are reported in log I(Q) vs log Q plots. Intensities were normalized with respect to 

transmission and sample thickness. After data reduction, the contribution of the 

sample holder and solvent (water) was subtracted from the sample intensity. The 

data were analysed with the Igor software.  

To obtain the structure factor S(Q) from the scattering profiles, the scattering 

intensity of the mixed samples (I(Q)mix) was divided by the scattering intensity of 

the bare AuNPs (I(Q)AuNPs), as follows: 

𝐼(𝑄)𝑚𝑖𝑥

𝐼(𝑄)𝐴𝑢𝑁𝑃𝑠
=

𝑃(𝑄)𝑚𝑖𝑥𝑆(𝑄)𝑚𝑖𝑥

𝑃(𝑄)𝐴𝑢𝑁𝑃𝑠𝑆(𝑄)𝐴𝑢𝑁𝑃𝑠
~𝑆(𝑄)𝑚𝑖𝑥 



Where the structure factor of bare AuNPs (S(Q)AuNPs) is equal to 1, and the form 

factor of the mixed system (P(Q)mix) is equal to the form factor of bare AuNPs 

(P(Q)mix), considering that the P(Q) of the AuNPs cluster does not affect the 

scattering intensity in the selected Q range.[44] 

3. Results and discussions 

3.1 AuNPs interaction with hybrid membranes 

The aggregation of AuNPs on bio-membranes consisting of organized supported 

bilayers onto a hydrophilic support, was initially studied through confocal laser 

scanning microscopy (CLSM). We investigated the interaction between 12 nm 

AuNPs and hybrid lipid-polymer membrane, composed by 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) and poly(butadiene-b-ethyleneoxide) (PBD-b-

PEO), compared to the pure DPPC system. According to the recent literature[45], at 

room temperature, DPPC molecules associate in water in gel phase structures, 

characterized by an elevated rigidity due to the high order of the hydrophobic tails, 

while the PBD-b-PEO copolymer forms softer polymeric bilayers. The assembly in 

water of the two selected building blocks produces hybrid bilayers with phase 

separated soft and rigid regions. The effect of raft-like domains with different 

rigidities on the AuNPs interaction was monitored using model membranes at a 

polymer molar composition 65%mol PBD-b-PEO. 

The hybrid lipid-polymer interface was labelled with two different fluorescent 

probes: a rhodamine-modified copolymer (RhodPBD-b-PEO) and a lipid β-bodipy 

dye. The selected probes differ in their affinity to the lipid and copolymer phases, 

and they are characterized by well-separated absorption and emission spectra, 

allowing the simultaneous acquisition of both probes. Specifically, RhodPBD-b-PEO 

spontaneously accumulate in the polymeric domains, while lipid β-bodipy 

possesses a higher affinity for the lipid moiety. 

DPPC and DPPC-PBD-b-PEO65% supported bilayers were formed by spontaneous 

vesicles’ rupture and fusion onto borosilicate confocal wells, according to a well-

established protocol[46]. The AuNPs dispersion was added into the wells and the 

interaction was monitored after 5, 10 and 30 minutes. 

 



 

Figure 1. 2D confocal microscopy images of the interaction of 9.93 nM AuNPs with SLB of 
DPPC and DPPC PBD-b-PEO65%. a) DPPC SLB, image collected 5 minutes after the AuNPs 
incubation; b) DPPC SLB, image collected 10 minutes after the AuNPs incubation c) DPPC 
SLB, image collected 30 minutes after the AuNPs incubation; d) DPPC-PBD-b-PEO65% SLB, 
image collected 5 minutes after the AuNPs incubation, e) DPPC-PBD-b-PEO65% SLB, image 
collected 10 minutes after the AuNPs incubation, f) DPPC-PBD-b-PEO65% SLB, image 
collected 30 minutes after the AuNPs incubation. Merged channels PBD(1200)-b-PEO(600) 
+ rhodamine excitation wavelength 561 nm, emission wavelength 571 nm-630 nm (red); β-
bodipy excitation wavelength 488 nm, emission wavelength 488 nm-530 nm (blue) and 
transmission (greyscale). 

 

As shown in the CLSM images (Figure 1), we observed a faster AuNPs aggregation 

onto the hybrid SLB of DPPC PBd-b-PEO65% than on the pure DPPC one. Initially (5-

10 minutes), the AuNPs aggregation, visible in the transmission signal, only occurs 

in the presence of the polymer (see Figure 1 a, d, b and e). 30 minutes after the 

incubation, small aggregates start to grow onto the pure lipid interface, while big 

clusters are already formed onto the hybrid lipid-polymer substrate (reported in 

Figure 1c and f), pointing out the slower dynamic of the AuNPs clustering on the 

rigid membranes. 

As expected, the CSLM results show that the presence of soft polymer regions 

strongly affects the AuNPs behavior. However, the resolution of the technique 



cannot neither allow us to clearly discriminate the regions where the particles 

aggregate, nor visualize the presence of single AuNPs and even small clusters.  

To get a further comprehension of the interaction between AuNPs and hybrid lipid-

polymer systems, we performed a surface sensitive technique, namely Quartz 

Crystal Microbalance (QCM). In this technique, molecules and particles are 

absorbed on a hydrophilic SiO2 sensor varying its resonance frequency. The 

resonance frequency shift (Δf) of the sensor can then be associated with the 

adsorbed mass.[47] Pure DPPC and hybrid SLBs were formed onto the sensor at a 

temperature close to the gel-liquid crystalline phase transition of the DPPC 

membrane (T = 41°C) (consistently with literature[48], PBD-b-PEO does not form a 

stable film, see SI). The AuNPs were injected in the measurement chamber after 

cooling down the temperature to restore the gel phase of the DPPC membrane [49]. 

 



 

Figure 2. QCM measurements of the deposition of AuNPs’ adsorption onto pure DPPC (a) 
and hybrid DPPC PBd-b-PEO65% (b) supported lipid bilayers. Frequency variation measured 
for 5th, 7th, and 9th harmonics (black-red lines, filled circles and empty triangles). a) 
deposition of AuNPs on the SLB of DPPC, (1) AuNPs injection flow 0.1mL/min incubation, 
(2) rinse with water flow 0.1mL/min H2O. b) deposition of AuNPs on the SLB of DPPC PBD-
b-PEO65%, (1) AuNPs incubation, (2) rinse with water flow 0.1mL/min H2O. 

As reported in Figure S1 (see SI), the formation of a complete DPPC and DPPC-

PBDPEO65% bilayers leads to frequency shifts of Δf = -30 Hz and Δf = -60 Hz, 

respectively.   As shown in Figure 2, the AuNPs injection results in an increase of the 

absolute value of the frequency shifts (Δf = -70 Hz for the deposition of AuNPs on 

pure DPPC SLB, Δf = -500 Hz on the hybrid SLB), suggesting a significant mass 

adsorption on the membrane. The larger Δf observed for the hybrid SLB 

demonstrate the much higher affinity of AuNPs for the hybrid bilayer. To gain 

quantitively information about the AuNPs interaction with the membranes, the 

Sauerbrey equation was applied (Material and methods section, equation 1). We 

compared the amount of AuNPs interacting with the hybrid membrane to the pure 



lipid system. The calculated adsorbed mass on the DPPC PBD-b-PEO65% bilayer is 

1522.9 μg/cm2, while only 212.0 μg/cm2 adhere to the DPPC one (see Table 1).  

These results evidenced that the inclusion of the polymer into the lipid membrane 

strongly promotes the membrane-templated aggregation of AuNPs, opening new 

perspectives for the use of complex hybrid membranes for selective interaction 

with inorganic nanoparticles. 

 

Sample AuNPs mass 

absorbed (μg/cm2) 

Number of AuNPs 

absorbed 

(AuNPs/cm2) 

DPPC 212.0 7.6 x 109 

DPPC PBD-b-PEO 

65% 

1522.9 5.4 x 1010 

Table 3. Mass and number of AuNPs absorbed on the SLBs of pure DPPC and hybrid DPPC 

PBD-b-PEO 65% systems calculated through the Sauerbrey equation. 

 

3.2 AuNPs interaction with free-standing hybrid vesicles 

3.3  



    

 

Figure 4. 300 µL of 9.93 x 10-9 M AuNPs were incubated with 10 µL of  a) DPPC and b) PBD-

b-PEO vesicles in the following vesicles/NPs ratios: 1/5, 1/10, 1/25, 1/50, 1/75, 1/125, 

1/150, 1/200, 1/250, 1/350, 1/450, 1/550, 1/850, 1/1250, and 1/1450.  

Recent works demonstrated that AuNPs plasmonic variations can be exploited to 

monitor the aggregation of AuNPs on the liposomes surface as a function of their 

concentration and membrane rigidity.[36][37] However, such studies focused on 

vesicles with a homogeneous surface, while the effect of membrane domains still 

need to be assessed. 

To better understand the polymer role, we performed UV-vis spectroscopy, 

monitoring the variation of the optical properties of citrate AuNPs following the 

incubation with 100 nm vesicles at different PBD-b-PEO molar composition (DPPC, 

DPPC PBD-b-PEO5%, DPPC PBD-b-PEO15%, DPPC PBD-b-PEO35%, DPPC PBD-b-

PEO65%, PBD-b-PEO) and vesicle/NPs ratios.  



Concerning rigid DPPC vesicles (Figure 3a), the interaction with AuNPs provokes 

negligible effects to the plasmonic peak, completely in agreement with the recent 

literature[31][50]. In our hypothesis, the elevated rigidity of DPPC membranes 

inhibits the AuNPs clustering, and the nanoparticles just randomly adhere to the 

lipid surface as single particles. On the contrary, the AuNPs incubation with pure 

PBD-b-PEO vesicles leads to a significant variation of the characteristic color of the 

gold dispersion (from red to purple-blue), associated to the broadening of the 

plasmonic peak (Figure 3b). This experimental evidence, clear consequence of the 

plasmon coupling effect, points out that citrate AuNPs cluster on the polymeric 

membrane. Moreover, the decrease in the vesicle/AuNPs ratio corresponds to a 

progressive enlargement of the plasmonic peak, until a maximum. A further 

increase in the number of NPs per vesicle determines a progressive restoration of 

the original plasmonic properties, highlighting a non-monotonic behavior of the 

AuNPs aggregation with the vesicle concentration. 

 

Figure 4. 300 µL of 9.93 x 10-9 M AuNPs were incubated with 10 µL of vesicles in the 
following vesicles/NPs ratios: 1/5, 1/10, 1/25, 1/50, 1/75, 1/125, 1/150, 1/200, 1/250, 
1/350, 1/450, 1/550, 1/850, 1/1250, and 1/1450. a) A.I. vs log(vesicle/NP) plot for DPPC 
PBD-b-PEO5%, b) A.I. vs log(vesicle/NP) plot for DPPC PBD-b-PEO15%, c) A.I. vs 
log(vesicle/NP) plot for DPPC PBD-b-PEO35%, d) A.I. vs log(vesicle/NP) plot for DPPC PBD-
b-PEO65%, e) A.I. vs log(vesicle/NP) plot for PBD-b-PEO. 

 



For what concerns the hybrid vesicles containing PBD-b-PEO, we noticed the same 

non-monotonic specific trend in the AuNPs aggregation (see SI for full spectra). To 

better visualize the results and rationalize this behavior, we defined a so-called 

Aggregation Index (A.I.), already exploited as descriptor of the AuNPs clustering: 

𝐴. 𝐼. =  
𝐴𝑏𝑠𝑚𝑎𝑥− 𝐴𝑏𝑠600

∆𝜆
         

  (2) 

Where Absmax is the absorbance of the AuNPs characteristic peak, generally located 

about 520 nm, Abs600 is the absorbance at 600 nm, the wavelength ascribed to the 

contribution of the AuNPs clusters, and Δλ is the difference between 600 nm and 

520 nm. The A.I.s calculated for each UV-Vis spectrum were normalized for the one 

calculated for the bare AuNPs. According to the so-calculated A.I., the A.I. value of 

bare AuNPs is always equal to 1, and the higher are the plasmonic variations (and 

consequently the AuNPs aggregation), the lower is the aggregation index.   

In Figure 4 the calculated A.I.s s are plotted as a function of the vesicle/NP ratio in 

a logarithmic scale. As already shown for pure PBD-b-PEO vesicles, the A.I. displays 

a similar non-monotonic behavior for all the hybrid samples as a function of the 

vesicle concentration.  

 

Sample Vesicles/AuNPs 

ratio 

A.I. 

DPPC 1-5 0.93 

DPPC5%PBD-b-PEO 1-50 0.48 

DPPC15%PBD-b-PEO 1-125 0.29 

DPPC35%PBD-b-PEO 1-200 0.30 

DPPC65%PBD-b-PEO 1-250 0.29 

PBD-b-PEO 1-450 0.33 

Table 2. Ratios Vesicles/AuNPs at which the maximum aggregation of nanoparticles 

for each sample is observed, reported with their respective A.I. 

The vesicles/AuNPs ratios at which the maximum aggregation of nanoparticles 

occurs are summarized in Table 2. Interestingly, the maximum plasmonic variation 

in each sample occurs for lower vesicles/AuNPs ratios as the polymer molar 



concentration increases, underlying the major effect of the PBD-b-PEO on the 

nanoparticle clustering (Table 2).  However, UV-vis analysis cannot provide a direct 

information on the cluster structure since the plasmon coupling mostly depends on 

the interparticle distance and local cluster morphology.[51][52]  

To gain insight into the structure of the AuNPs aggregates, we performed Small 

Angle X-ray Scattering measurements. In our experimental conditions, the SAXS 

signal only originates from the scattering of AuNPs, while the contribution of 

vesicles is negligible (see SI). In this way, we directly monitor the influence of the 

composition and concentration of hybrid vesicles on the AuNPs cluster structure. 

For each sample, we selected specific concentration ranges covering the 

vesicle/AuNPs ratios before and after the maximum plasmonic variations. In the 

low Q region (< log 1.7) the power-law of the scattering profiles takes in account 

the dimensionality of the AuNPs clusters, and the slope of the log I(Q) vs log (Q) 

curves can be associated to their fractal dimensions (df), which increases with 

increasing size and compactness. The fractal dimensions obtained from the linear 

fittings are reported in the SI. The df increases with decreasing the vesicles/AuNPs 

ratio until a maximum, following the non-monotonic trend of the A.I.s. In fact, in 

agreement with the AuNPs plasmonics, the vesicles/AuNPs ratio associated to the 

maximum aggregation of AuNPs is strictly dependent on the vesicle composition 

(Table 3). Furthermore, such maximum df increases with the polymer content, 

passing from 0.5 for the pure DPPC liposomes to 2.9 for the pure PBD-b-PEO 

vesicles, highlighting the formation of larger and more compact gold aggregates. 

Sample Vesicles/AuNPs 

ratio 

df 

DPPC 1-5 0.50 

DPPC PBD-b-PEO5%  1-50 1.75 

DPPC PBD-b-PEO15% 1-125 1.89 

DPPC PBD-b-PEO35% 1-200 1.94 

DPPC PBD-b-PEO65% 1-250 2.56 

PBD-b-PEO 1-450 2.90 

Table 3. Maximum fractal dimensions of each composition of vesicles extrapolated 

by the linear fitting of the scattering profiles in the low Q region (log Q < 1.7). 

 



 

Figure 5. Log – log SAXS profiles of AuNPs/vesicles hybrids collected after 10 minutes of 
incubation of 300 μL AuNPs 9.93 nM with a) DPPC-PBDPEO5%, b) DPPC-PBDPEO15%, c) 
DPPC-PBDPEO35%, d) DPPC-PBDPEO65% vesicles at different AuNPs/vesicles ratios. 
Dashed black lines indicate the linear fittings of the Porod region. 
 

As a further analysis, the AuNPs interparticle distances were extrapolated from the 

S(Q) of the aggregates (see material and methos section). The S(Q) (Figure 6) shows 

intensity peaks associated with the interparticle distance in the reciprocal space 

(𝑑 =
2𝜋

𝑄
 ). For each sample, the peak position shifts towards higher Q values (lower 

distances) with increasing the number of particles per vesicle. The evaluated 

minimum interparticle distance, constant for each vesicle formulation (≈11.6 nm), 

is consistent with the AuNPs size, denoting that the AuNPs are in contact with each 

other. Moreover, this NP-NP minimum spacing is firstly reached for the 

vesicle/AuNPs ratios characterized by the higher plasmonic variations and fractal 

dimension. Importantly, the ulterior decrease of the number of vesicles per particle 

leads to a reduction of the intensity of the S(Q) peaks without altering their 

position.  

To rationalize this clustering behavior, it’s worth considering the AuNPs aggregation 

on pure DPPC lipid membrane. We observed that the aggregation of AuNPs on rigid 



membranes is strongly inhibited, independently of the number of vesicles. 

However, once introduced a soft polymeric domain, the aggregation behavior 

dramatically changes. For high vesicle amount, the plasmonic variation is still low, 

consistently with a high average AuNP-AuNP distance (red peaks in Figure 5). Then, 

reducing the vesicle concentration, the plasmonic variation increases together with 

the decrease of the interparticle distance, until a certain vesicle/particle ratio 

(yellow peaks in Figure 5). The maximum AuNPs aggregation can be ascribed to the 

saturation of the membrane by AuNPs. With a further decrease of vesicles/AuNPs 

ratio, the additional nanoparticles remain freely dispersed in the solution, restoring 

the original plasmonic and scattering features. According to this hypothesis, the 

maximum aggregation depends on the polymer amount, and the number of AuNPs 

required to saturate the soft polymer rafts increases with the PBD-b-PEO content.  

 

 

Figure 6. Structure factors (S(Q)) evaluated for the samples at 4 different vesicle/AuNPs 
ratios by dividing the I(Q)mix by I(Q)AuNPs. The correlation peaks are related to the AuNPs-
AuNPs center-to-center interparticle distances. The q-position of the dashed black lines 
correspond to 11.6 nm. 
 

Altogether, these results, investigating the aspecific interaction between AuNPs 

and lipid-polymer hybrid membranes, demonstrated that the AuNPs cluster size 



and packing can be easily modulated by varying the composition and concentration 

of the supported and free-standing soft scaffolds. 

Conclusions 

The investigation of the interaction between inorganic nanoparticles and bio-

inspired barriers represents a crucial step for boosting the medical translation of 

nanomaterials. A common approach for improving the understanding of the 

chemical-physical parameters that govern the nano-bio interface involves synthetic 

model membranes as biomimetic platform. Our recent works focused on the 

spontaneous self-assembly of Turkevich-Frens AuNPs on zwitterionic vesicles, 

underlying the large applicability of this phenomenon, ranging from the 

improvement of the fundamental knowledge on nano-bio interfaces[32][54][50], to 

the development of colorimetric assays for the characterization of natural and 

synthetic vesicle dispersions[55][38], and the introduction of novel perspectives in 

the synthesis of controlled colloidal nanohybrids for multiple applications. 

Here, to the best of our knowledge, we for the first time deeply investigated the 

AuNPs clustering on hybrid lipid-polymeric substrates. These brand-new scaffolds 

found their bio-relevance in the medical field thanks to their ability to mimic cell 

membranes featured by raft-like domains with well distinct rigidity, which 

represents a fundamental parameter in the membrane-templated AuNPs 

processes. The study of the interaction of AuNPs with these complex and 

heterogeneous membranes was carried out on both supported bilayers, using 

surface sensitive techniques as Confocal Microscopy and Quartz Crystal 

Microbalance, and free-standing vesicles, by monitoring the AuNPs aggregation 

through UV-Vis spectroscopy and Small Angle X-ray Scattering. Our experimental 

results pointed out that the presence of soft polymeric domains strongly induces 

the formation of gold clusters onto the lipid-polymer interface. Moreover, we 

demonstrated that the size and the compactness of AuNPs aggregates strictly 

depends on the vesicle concentration and polymer content. 

In conclusion, our results not only disentangle a peculiar aggregative phenomenon 

of citrate AuNPs on multidomain membranes, but also proved that the AuNPs 

cluster size and morphology can be finely controlled, shedding light on novel routes 

for the preparation of hybrid colloidal adducts with combined properties.  
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Supplementary Information for Liposomes Preparation  

SAMPLE DPPC mass (mg) PBd-b-PEO mass (mg) 

DPPC 4.00 / 

DPPC PBd-b-PEO5% 3.00 0.82 

DPPC PBd-b-PEO15% 2.00 1.63 

DPPC PBd-b-PEO35% 2.00 3.82 

DPPC PBd-b-PEO65% 1.00 3.54 

PBd-b-PEO / 4.00 

Table S1. Quantities in mg used to produce the vesicles. 

 

Supplementary Characterization of Gold Nanoparticles  

Small Angle X-ray Scattering 

SAXS measurements on AuNPs aqueous dispersion were carried out in sealed 

glass capillaries of 1,5 mm diameter.  

The structural parameters (Table S2) of citrated gold nanoparticles were evaluated 

from the SAXS profile of their diluted water dispersion (Figure S1), according to a 

spherical form factor and a Schulz size distribution. In this concentration range, we 

can safely assume that there are no interparticle interactions are present, and that 

the structure factor S(Q) equals in the whole range of scattering vectors. Thus, the 

scattering profile of the particles derives from their form factor, P(Q). The SAXS 

spectrum reported in Figure S1 is fully consistent with the characteristic P(Q) of 



spherical particles with an average diameter of about 6.0 nm. The clear presence of 

P(Q) oscillations in the high Q region is consistent with a relatively low polydispersity 

of the synthesized AuNPs. 

 

Figure S1. Experimental SAXS curve (red markers) obtained for AuNPs and curve fit 

(solid black line) according to the Schulz spheres model from the analysis software 

package Igor. The size and polydispersity obtained from the fitting procedure are 

summarized in the Table S1 below.  

 Rcore (nm) poly 

AuNP 6.02 0,095 

Table S2. Structural parameters of the nanoparticles obtained from the analysis of 

SAXS curves according to the Schulz spheres model. 

 

Dynamic Light Scattering and Z-Potential 

AuNPs hydrodynamic diameter and surface charge in MilliQ water were evaluated 

through Dynamic Light Scattering and Zeta-Potential, respectively, and reported in 



Table S3. 

 Dh (nm) Z-Potential (mV) 

AuNPs 20 ± 0,6 -35 ± 3 

 

Table S3. Hydrodynamic diameter obtained from Dynamic Light Scattering and 

Zeta Potential values of AuNPs. 

UV-vis Spectroscopy 

 

Figure S2 UV-Vis absorption spectra of AuNPs.  

 

To further evaluate the AuNPs size through UV-Vis spectroscopy we exploited the 

following equation:   

𝑑 = exp(𝐵1
𝐴𝑠𝑝𝑟

𝐴450
− 𝐵2) 



with 𝑑 diameter of gold nanoparticles, 𝐴𝑠𝑝𝑟 absorbance at the surface plasma 

resonance peak, 𝐴450 absorbance at the wavelength of 450 nm and 𝐵1 and 𝐵2 are 

dimensionless parameters, taken as 3 and 2,2, respectively. The diameter value 

obtained is of 12.0 nm.  

The concentration of citrated gold nanoparticles was determined via UV-Vis 

spectrometry, using the Lambert-Beer law (E(λ) = ε(λ)lc), taking the extinction 

values E(λ) at the LSPR maximum, i.e. λ = 520.5 nm. The extinction coefficient ε(λ) 

of gold nanoparticles dispersion was determined by the method reported in 

literature2, by the following equation: 

ln(𝜀) = 𝑘𝑙𝑛(𝑑) + 𝑎 

with 𝑑 core diameter of nanoparticles, and 𝑘and 𝑎 dimensionless parameters (𝑘 =

3,32111 and 𝑎 = 10,80505).The final concentration of the citrated AuNPs is 

therefore ~9.93·10-9 M. 

Supplementary Characterization of Liposomes 

Dynamic Light Scattering and Zeta-Potential  

 



Figure S3. Autocorrelation functions of the liposomes, polymersomes, hybrid systems, and 

AuNPs 

The liposomes dimensions were investigated with DLS (Figure S3). These data can 

be obtained by fitting the autocorrelation function of the scattering intensity, 𝑔(𝜏), as 

a function of time (𝜏). The decay rate of 𝑔(𝜏), is strictly related to the dimension of 

the scattering objects (the smaller they are, the more the autocorrelation function 

decay rapidly). In the following image are reported the DLS curves normalized in 

the form of 𝑔2(𝑞, 𝜏)vs 𝜏 (in microseconds), measured for each sample. Each curve 

was analyzed with the cumulants fitting, and the obtained results highlight the 

formation of monodispersed vesicles. 

 Dh (nm) Zeta P 

DPPC 124.0 ± 1.0 -4.2 ± 0.6 

DPPC PBD-b-PEO5% 115.6 ± 1.0 -5.7 ± 0.7 

DPPC PBD-b-PEO15% 88.3 ± 0.5 -10.2 ± 0.7 

DPPC PBD-b-PEO35% 80.0 ± 0.5 -16.8 ± 0.9 

DPPC PBD-b-PEO65% 85.0 ± 1.0 -23.1 ± 2.6 

PBD-b-PEO 125.5 ± 1.0 -36.1 ± 2.0 

 

Table S4. Hydrodynamic diameter obtained from Dynamic Light Scattering and 

Zeta Potential values of synthetic liposomes.  

 



Evaluation of Liposomes Concentration 

The lipid concentration in the starting colloidal dispersion was estimated to be 4 

mg/mL from the initial lipid and water amounts employed in the formation and 

swelling of lipid films, assuming the absence of lipid loss due to the extrusion 

procedure. The liposomes concentration in the final dispersion was subsequently 

calculated considering the hydrodynamic diameter of each liposomal batch (Table 

S5). In particular, the liposomal surface area (surface area=4πr2) can be calculated 

from the liposome diameters; the doubled surface can be subsequently divided by 

the lipid cross section (0,5 nm2) in order to obtain the lipid number per liposome, 

assuming that approximately one half of the lipids is localized in the external leaflet 

of a liposome, since the bilayer thickness, about 4-5 nm, is negligible with respect 

to the liposomes’ average diameter. Eventually, the total weighted lipid 

concentration was divided by the total number of lipids per liposome, yielding the 

real liposome concentration, which is reported in Table S5 for each liposomes’ 

dispersion. 

 Concentration (M) 

DPPC 2.8·10-8 

DPPC PBD-b-PEO5% 2,1·10-8 

DPPC PBD-b-PEO15% 3.8·10-8 

DPPC PBD-b-PEO35% 4.0·10-8 

DPPC PBD-b-PEO65% 3.0·10-8 



PBD-b-PEO 1.1·10-8 

 

Table S5. Final liposomes’ concentration in each liposomal batch. 

The liposomal dispersions were diluted to reach a final concentration of 1,1·10-8 M 

before use. 

 

 

 

 

 

 

Supplementary Characterization of Solid Bilayers/AuNPs Hybrids 

Confocal Laser Scanning Microscopy (CLSM) 



 

Figure S4. CSLM images of DPPC and 65% mol PBD-b-PEO. a) top image of the DPPC SLB, 

b) top image of the DPPC 65% mol PBD-b-PEO SLB. 

Quartz Crystal Microbalance (QCM) 

 

Figure S5. Formation of lipid and copolymer bilayers through QCM measurements of the 

deposition and rupture of DPPC (a) and DPPC PBD-b-PEO65% (b) vesicles onto SiO2 sensor. 



Frequency variation measured for 5th, 7th, and 9th harmonics (black-red lines, filled circles 

and empty triangles). a) deposition of DPPC SLB, (1) DPPC vesicles injection flow 0.1mL/min, 

(2) rinse with water flow 0.1mL/min H2O. b) deposition of DPPC PBD-b-PEO65% SLB, (1) 

DPPC PBD-b-PEO65% vesicles injection flow 0.1mL/min, (2) rinse with water flow 0.1mL/min 

H2O. 

 

Figure S6. Failed formation of copolymer bilayer through QCM measurements of the 

deposition and rupture of PBD-b-PEO vesicles onto SiO2 sensor. Frequency variation 

measured for 5th, 7th, and 9th harmonics (blue lines, filled circles and empty triangles). 

(1) DPPC vesicles injection flow 0.1mL/min, (2) rinse with water flow 0.1mL/min H2O 

 

Supplementary Characterization of vesicles/AuNPs hybrids 

Preparation of liposomes/AuNPs hybrids 

The hybrid samples were prepared as follow: 10 µL of liposome dispersions (12 nM) 

were incubated with 300 µL of AuNPs 6,3 nM, to have a liposomes/AuNPs number 

ratio of ~1/16. This liposomes/AuNPs number ratio was selected on the basis of our 

previous publication3,4 which highlights that the aggregation of AuNPs on 

zwitterionic vesicles is promoted by low liposome amounts within the mix. 

 



UV-Vis Spectroscopy  

  

Figure S7. UV-Vis spectra of DPPC PBD-b-PEO 5% at decreasing vesicles/AuNPs ratios. 

  

Figure S8. UV-Vis spectra of DPPC PBD-b-PEO 15% at decreasing vesicles/AuNPs ratios.



  

Figure S9. UV-Vis spectra of DPPC PBD-b-PEO 35% at decreasing vesicles/AuNPs ratios. 

  

Figure S10. UV-Vis spectra of DPPC PBD-b-PEO 65% at decreasing vesicles/AuNPs ratios 



 

Figure S11. UV-Vis spectra of all the vesicles at the value of vesicle/AuNPs in which the 

nanoparticles aggregate the most. 

 

Figure S12. A.I. vs log(ves/NP) plot for PBD-b-PEO. 

Small Angle X-Ray Scattering (SAXS) 

VES/AuNPs for DPPC PBD-b-

PEO5% 

Interparticle distance (nm) 

1/10 14.3 



1/50 11.6 

1/125 11.6 

1/250 11.6 

Table S6. Interparticle distance calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO5%. 

 

VES/AuNPs for DPPC PBD-b-

PEO15% 

Interparticle distance (nm) 

1/25 13.2 

1/125 11.6 

1/250 11.6 

1/500 11.6 

Table S7. Interparticle distance calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO15%. 

 

VES/AuNPs for DPPC PBD-b-

PEO35% 

Interparticle distance (nm) 

1/25 14.3 

1/200 11.6 

1/350 11.6 

1/500 11.6 

Table S8. Interparticle distance calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO35%. 

 

VES/AuNPs for DPPC PBD-b-

PEO65% 

Interparticle distance (nm) 

1/25 13.9 



1/125 11.9 

1/250 11.3 

1/500 11.3 

1/850 11.3 

Table S9. Interparticle distance calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO65%. 

 

VES/AuNPs PBD-b-PEO Interparticle distance (nm) 

1/125 13.5 

1/250 11.9 

1/350 11.7 

1/500 11.6 

1/1450 11.6 

Table S10. Interparticle distance calculated for different Vesicles/AuNPs ratio for the 

sample PBD-b-PEO. 

 

VES/AuNPs for DPPC PBD-b-

PEO5% 

Fractal Dimensions 

1/50 1.75 ± 0.03 

1/125 1.38 ± 0.04 

1/250 1.05 ± 0.04 

Table S11. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO5%. 

 

VES/AuNPs for DPPC PBD-b-

PEO15% 

Fractal dimensions 



1/25 1.64 ± 0.04 

1/125 1.89 ± 0.03 

1/250 1.19 ± 0.03 

1/500 1.15 ± 0.03 

Table S12. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO15%. 

 

VES/AuNPs for DPPC PBD-b-

PEO35% 

Fractal dimensions 

1/25 1.23 ± 0.04 

1/200 1.94 ± 0.02 

1/350 1.52 ± 0.03 

1/500 1.62 ± 0.03 

Table S13. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO35%. 

 

VES/AuNPs for DPPC PBD-b-

PEO65% 

Fractal dimensions 

1/25 1.53 ± 0.06 

1/125 2.56 ± 0.06 

1/250 2.51 ± 0.04 

1/500 1.50 ± 0.04 

1/850 0.99 ± 0.04 

Table S14. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

DPPC PBD-b-PEO65%. 

 

VES/AuNPs PBD-b-PEO Fractal dimensions 



1/125 2.84 ± 0.01 

1/250 3.90 ± 0.06 

1/350 2.75 ± 0.06 

1/500 2.31 ± 0.05 

1/1450 1.35 ± 0.04 

Table S15. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

PBD-b-PEO. 

 

VES/AuNPs for DPPC  Fractal dimensions 

1/10 1.47 

1/25 0.52 

1/50 0.47 

1/125 0.090 

Table S16. Fractal dimensions calculated for different Vesicles/AuNPs ratio for the sample 

DPPC. 
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With Biomimetic Lipid Liquid
Crystalline Cubic Interfaces
Jacopo Cardellini 1,2, Costanza Montis 1,2, Francesco Barbero 2,3, Ilaria De Santis 1,2,

Lucrezia Caselli 1,2,4* and Debora Berti1,2
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In the past decades, events occurring at the nano-bio interface (i.e., where engineered

nanoparticles (NPs) meet biological interfaces such as biomembranes) have been

intensively investigated, to address the cytotoxicity of nanomaterials and boost their

clinical translation. In this field, lamellar synthetic model membranes have been

instrumental to disentangle non-specific interactions between NPs and planar

biological interfaces. Much less is known on nano-biointeractions occurring at highly

curved biological interfaces, such as cubic membranes. These non-lamellar architectures

play a crucial -but far from understood-role in several biological processes and occur in

cells as a defence mechanism against bacterial and viral pathologies, including

coronaviruses infections. Despite its relevance, the interaction of cubic membranes

with nano-sized objects (such as viral pathogens, biological macromolecules and

synthetic NPs) remains largely unexplored to date. Here, we address the interaction of

model lipid cubic phase membranes with two prototypical classes of NPs for

Nanomedicine, i.e., gold (AuNPs) and silver NPs (AgNPs). To this purpose, we

challenged lipid cubic phase membranes, either in the form of dispersed nanoparticles

(i.e., cubosomes) or solid-supported layers of nanometric thickness, with citrate-stabilized

AuNPs and AgNPs and monitored the interaction combining bulk techniques (UV-visible

spectroscopy, Light and Synchrotron Small-Angle X-ray Scattering) with surface methods

(Quartz Crystal Microbalance and Confocal Laser Scanning Microscopy). We show that

the composition of the metal core of NPs (i.e., Au vs Ag) modulates their adsorption and

self-assembly at cubic interfaces, leading to an extensive membrane-induced clustering of

AuNPs, while only to amild adsorption of isolated AgNPs. Such differencesmirror opposite

effects at the membrane level, where AuNPs induce lipid extraction followed by a fast

disruption of the cubic assembly, while AgNPs do not affect the membrane morphology.

Finally, we propose an interaction mechanism accounting for the different behaviour of

AuNPs and AgNPs at the cubic interface, highlighting a prominent role of NPs’ composition

and surface chemistry in the overall interaction mechanism.

Keywords: gold nanoparticles, silver nanoparticles, biomimetic systems, nano-bio interface, lipid liquid crystals,

cubosomes, nano-bio interactions, cubic membranes
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1 INTRODUCTION

During the last decades, inorganic nanoparticles (NPs) have been
extensively investigated as possible building blocks for the
development of therapeutic/diagnostic systems for biomedical
applications: from the diagnosis and treatment of pathologies, to
the recovery of damaged tissues, to the targeted, specific delivery
of drugs, to the theranostics of serious diseases such as cancer,
bacterial and viral infections, (Salvioni et al., 2017; Anees Ahmad
et al., 2020; Yaqoob et al., 2020), the designed nanomedicine
applications of inorganic NPs and, in particular, of metallic NPs,
are countless (Alkilany et al., 2013; Muthu et al., 2014; Lombardo
et al., 2019).

Despite this extremely promising potential, the clinical
translation of NPs is still very limited, also due to a lack of
comprehension and control of the NPs biological fate once in
living organisms (Nel et al., 2009). Understanding the energetic
contributions that rule interactions at the nano-biointerface (i.e.
where NPs meet biological barriers, specifically cell membranes),
is very challenging, due to the high compositional heterogeneity
of biomembranes and the intrinsic variability of the biological
environment. In this context, model membranes of lamellar
nature (i.e., composed of a flat lipid bilayer (Montis et al.,
2014a)) have proved to be instrumental to unravel non-
specific interactions of nanomaterials with lipid interfaces and
relate their behavior with the therapeutic efficacy and/or toxicity
of NPs in biological organisms (Hélix-Nielsen, 2018; Pfeiffer
et al., 2019; Montis et al., 2020a).

Conversely, the interaction of NPs with more complex
membranous architectures, characterized by a non-lamellar
nature, is practically unexplored. The so-called “cubic
membranes”, for instance, are biologically relevant structures
characterized by a high membrane curvature and translational
order (Almsherqi et al., 2006). Their 3D structure possess a cubic
symmetry and consists of bicontinuous aqueous non-intersecting
nanochannels separated by a lipid bilayer (Mezzenga et al., 2019).
Several reports demonstrated the permanent or transient-
occurrence of such a non-lamellar phase in cell membranes
under starvation, viral infection, oxidative stress and other
pathological conditions (Deng and Mieczkowski, 1998;
Almsherqi et al., 2009; Mezzenga et al., 2019). Importantly, it
has been found that coronavirus infections (e.g. SARS-CoV-2,
SARS-CoV, or MERS-CoV) are connected with the formation of
cubic membranes in host cells (Knoops et al., 2008; Zhang et al.,
2020; Deng and Angelova, 2021), which has been proposed as an
evolutionary defence mechanism. Moreover, this membrane
organization plays crucial roles in several biological processes,
such as membrane fusion and fission.

On the synthetic side, these natural highly curved biological
membranes inspired the development of artificial lipid-based
architectures of cubic geometry, currently used in several
technological fields, ranging from protein crystallization
(Cherezov et al., 2002; Meikle et al., 2017), to nanomedicine
(Yaghmur and Mu, 2021) and nutritional science (Yaghmur,
2019).

Synthetic cubic lipid systems can be formulated as
“cubosomes” (Gustafsson et al., 1996), i.e. water-dispersed

nanosized particles with internal cubic structure. The colloidal
stability of such particles in water is traditionally provided by
amphiphilic copolymers adsorbed onto their surface (Chong
et al., 2015), even though novel classes of stabilizer-free
cubosomes emerged more recently (Zabara et al., 2019).
Cubosomes have an enormous potential as vectors for in vivo
targeted delivery of drugs, antimicrobials and active principles
(Barriga et al., 2019; Zabara et al., 2019), due to the
extraordinarily high encapsulation efficiency of both
hydrophilic and hydrophobic molecules, compared to more
traditional liposomal carriers. The formulation of hybrid
inorganic NPs/cubosome systems can further extend their
potential in nanomedicine, providing the lipid matrix with
stimuli-responsive features. In this respect, understanding the
interactions of inorganic NPs with the lipid interface of
cubosomes has proved instrumental for the successful design
of smart hybrid carriers for magnetically guided delivery and
controlled release of drugs (Montis et al., 2015; Mendozza et al.,
2018; Caselli et al., 2021a).

Beside this promising applicative potential, investigating the
interaction of NPs with cubosomes offers a fresh perspective on
nano-biointeractions, shifting the focus to the interface of cubic
biomembranes. In this respect, artificial cubic phase systems, such
as solid-supported cubic phase films, have been proposed as
possible biomimetic platforms only recently (Dabkowska et al.,
2017a; Dabkowska et al., 2017b; Caselli et al., 2022). These
synthetic mimics aim at shedding some light on the
mysterious role of cubic membranes in Nature, as well as
investigating their response to nano-sized objects, from
artificial nanomaterials to biological NPs, e.g. virus and
biogenic vesicles. As an example, in a recent work we
demonstrated that synthetic cubic phase membranes are
significantly more resistant than lamellar ones against the
destructive effect of positively charged AuNPs with different
morphologies (Caselli et al., 2022). This effect was connected
to the different geometry of the membrane, able to drive
profound differences in the interactions established at the
nano-bio interface.

However, except for few pioneering studies in the field, the
interaction of such cubic interfaces with NPs still represents an
almost unexplored research field.

In the present work, we studied the interaction of prototypical
metallic NPs for medical applications (i.e. Ag- and AuNPs) with
stabilizer-free cubosomes, synthetized according to recent
preparation protocols (Zabara et al., 2019). We employed
cubosomes either dispersed in water or adsorbed onto a solid
support. Such artificial lipid models allowed us to study the effect
of the core NPs composition (i.e. Ag- vs AuNPs) on cubic phase
membranes, under simplified and controlled conditions. From
the membrane side, the absence of a steric stabilizer on
cubosomes enabled to investigate the interaction of NPs with a
“naked” cubic interface, not mediated by a polymeric layer, in
more similar conditions as the ones in living cells. From the NPs
side, citrated Ag- and AuNPs were selected. Citrate anions are
weakly associated to the metallic surface and are easily displaced
by biomolecules commonly present in living organisms, such as
serum proteins and membrane lipids (Perera et al., 2018; Wang
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et al., 2019; Montis et al., 2020b). Thus, the selected particles allow
a direct comparison of the interaction of two different metallic
surfaces with the cubic lipid interface, minimizing the mediation
of the coating agent. With this aim, we monitored the interaction
of Ag- and AuNPs with cubosomes through a combination of
bulk techniques (e.g. UV-vis spectroscopy (UV-vis) and Small
Angle X-ray Scattering (SAXS)) and surface methods, i.e. Quartz
Crystal Microbalance (QCM) and Confocal Laser Scanning
Microscopy (CLSM). Overall, we show how the interaction
crucially depends on the composition of the metallic NPs,
leading to weaker interactions with the AgNPs and to
irreversible clustering of AuNPs on the cubic phase
membrane. These findings broaden our current knowledge of
the chemical-physical parameters which govern the interaction at
the nano-biointerface, extending the investigation to cubic
interfaces of high biological relevance.

2 MATERIALS AND METHODS

2.1 Materials
Tetrachloroauric (III) acid, silver (I) nitrate, trisodium citrate
dihydrate, Glycerol monooleate (GMO), and tannic acid were
provided by Sigma-Aldrich (St. Louis, MO). 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) were provided by
Avanti Polar Lipids, as well as 18:1 Cyanine 5
Phosphatidylethanolamine hydrophobic dye. The lipid dye β-
Bodipy TM FL C12-HPLC were provided by Thermofisher. All
chemicals were used as received. Milli-Q grade water was used in
all preparations (conductivity: 0.056 μS/cm, resistivity:
18.2 MΩ cm at room temperature).

2.2 Synthesis of AuNPs
Anionic gold nanospheres were synthesized according to a
kinetically controlled seeded growth method (Bastús et al., 2011).

2.2.1 Synthesis of Au seeds
Briefly, 250 ml of a 2.2 mM sodium citrate aqueous solution was
brought to boiling temperature under constant and vigorous
magnetic stirring in a three-necked flask. When the solution
reached the boiling temperature, 1 ml of HAuCl4 was injected.
The solution was further boiled for 10 min until it acquired a light
pink colour. The resulting seeds are citrate coated particles of
about 10 nm.

2.2.2 Growth of AuNPs
After the seed formation, 25 ml of seed dispersion were extracted,
and 25 ml of sodium citrate 2.2 mM were injected. The reaction
was cooled until 85–90°C. 1 ml of HAuCl4 25 mM was added in
the flask. The colour of the solution turns red, and the resulting
particle size is about 21 nm. The growth process was repeated
twice to obtain AuNPs with the required size.

2.3 Synthesis of AgNPs
Anionic silver nanospheres were synthesized according to a
kinetically controlled seeded growth method (Bastús et al., 2014).

2.3.1 Synthesis of Ag seeds
As for Au nanospheres, 100 ml of a 5 mM sodium citrate aqueous
solution was brought to boiling temperature under constant and
vigorous magnetic stirring in a three-necked flask. Then 200 μL of
tannic acid 2,5 mM and 1 ml of AgNO3were injected sequentially
(delay time 3 min). After 10 min, 25 ml of Ag seeds were
extracted, and 25 ml of sodium citrate 5 mM were added.

2.3.2 Growth of AgNPs
After the seed formation, the reaction mixture was cooled until
90°C. Then, 250 μL of tannic acid (2,5 mM) and 250 μL of AgNO3

(5 mM) were sequentially injected (time delay ~ 1 min). The
solution was heated for another 10 min before the particle
characterization.

2.4 Liposomes and Cubosomes Preparation
For the preparation of DOPC (1,2-Dioleoyl-sn-glycero-3-
phosphocholine)/DOTAP (Dioleoyl-3-trimethylammonium
propane) (70/30 mol%) liposomes for QCM measurements,
the proper amount of the two lipids were firstly dissolved in
chloroform in 40 ml glass vials. For CLSM measurements, the
lipid dye β-Bodipy TM FL C12-HPLC (Thermofisher), dissolved
in chloroform, was added to the mixture at a 0.1% mol
concentration with respect to the total lipid (DOPC +
DOTAP) amount. and 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 a 100 mM NaCl water solution by vigorous
vortex mixing to obtain a final 0.5 mg/ml lipid concentration.
The resultant multilamellar vesicles (MVLs) in water were tip
sonicated with a Digital Sonifier Model 450 (Branson, Hampton,
NH, United States), provided with a Horn Tip (diameter
25.4 mm), in an intermittent-pulse mode (5 s), with a power
of 400 W (amplitude 50%), for 15 min to obtain a homogeneous
dispersion of unilamellar vesicles with a narrow size
distribution. Glycerol monooleate (GMO)-based cubosomes
were prepared according to a recent protocol (Zabara et al.,
2019). A proper amount of GMO was weighted and suspended
in in ultrapure milli-Q water by vigorous vortex mixing to
obtain a final 4 mg/ml lipid concentration. The resultant
dispersion was tip-sonicated for 30 min. For CLSM
measurements, the cubosomes dispersion was added to a dry
film of a lipid dye (18:1 Cyanine 5 Phosphatidylethanolamine),
previously formed on the bottom of a glass vial from a methanol
solution, to obtain a final dye’s concentration within cubosomes
of 0.1% mol.

2.5 UV-Visible Spectroscopy
UV-Vis spectra were collected with a Cary 3500 UV-Vis
spectrophotometer.

2.6 Small Angle X-Ray Scattering
Small Angle X-Ray Scattering profiles were measured on AuNPs,
AgNPs and hybrid dispersions using a Xeuss 3.0HR (Xenocs) in-
strument equipped with a Genix3D (Cu) X-Ray source and a
Dectris 1 M Eiger detector. Samples were contained in glass
capillary tubes of thickness 1.5 mm. Data from each sample
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were acquired at Sample-Detector (S-D) distances of 450 and
1800 mm for 300 s. Intensities were normalized with respect to
transmission and sample thickness. After data reduction, the
contribution of the sample holder and solvent (water) was
subtracted from the sample intensity. The wave vector range
(Q-range) accessed in the experiments was The data were
analysed with the SasView software. The GMO cubosomes
dispersion was analysed at SAXS beamline of synchrotron
radiation Elettra, Trieste (Italy) operated at 2 GeV and 300 mA
ring current. The experiments were carried with and SAXS signal
was detected with Pilatus 3 1 M detector in q-range from 0,009 to
0,7 recording the SAXS curves in a glass capillary.

2.7 Cryo-TEM
3 μL of GMO-based cubosomes were applied on glow-discharged
Quantifoil Cu 300 R2/2 grids and plunge frozen in liquid ethane
using an FEI Vitrobot Mark IV (Thermo Fisher Scientific). Excess
liquid was removed by blotting for 1 s (blot force 1) using filter
paper under 100% humidity and 10°C. Cryo-EM data were
collected at Florence Center for Electron Nanoscopy
(FloCEN), University of Florence (Italy), on a Glacios
(Thermo Fisher Scientific) at 200 kV equipped with a Falcon
III detector operated in counting mode. Images were acquired
using EPU software with a physical pixel size of 2,5 Å and a total
electron dose of ~50e−Å−2 per micrograph.

2.8 ζ-Potential Measurements
Zeta Potential determination were performed using a
Brookhaven Instrument 90 Plus (Brookhaven, Holtsville, NY).
Each measurement was an average of ten repetitions of 1 minute
each and repeated ten times. Zeta potentials were obtained from
the electrophoretic mobility u, according to Helmholtz-
Smoluchowski equation:

ζ �
η

ε
× u (1)

with η being the viscosity of the medium, ε the dielectric
permittivity of the dispersing medium. The Zeta Potential
values are reported as averages from ten measurements.

2.9 Quartz Crystal Microbalance
QCM experiments were performed on a Q-Sense E1 instrument
(Q-Sense, Gothenburg, Sweden). The instrument was equipped
with a flow liquid cells (0.5 ml internal volume), containing a
quartz sensor with 4.95 MHz fundamental resonance frequency,
mounted horizontally. The active surface of the sensors (~1 cm2)
was coated with a thin SiO2 layer (~100 nm thick). Prior to use,
the sensors were bath sonicated in pure acetone and ethanol, then
extensively washed with Milli-Q water and dried with nitrogen
flux. After that a plasma cleaner was used for 10 min to
completely oxidize the surface. The experiments were
performed at room temperature and solvent exchange in the
measurement chamber was achieved with a peristaltic pump.
First, the sensors were placed in the chambers and water was
injected at a flow rate of 0.5 ml/min), the frequencies (f) were
measured for the odd harmonics (1st–13th). A stable baseline for
f of the different harmonics was ensured before the injection of

the vesicles. The QCM curves reported are normalized by the
overtone number.

2.10 Confocal Laser Scanning Microscopy
A Leica CLSM TCS SP8 confocal microscope, operating in
inverted mode, with a 63 × 1.3 numerical aperture water
immersion objective, was used to image the lipid-based surface
structures in water excess. The β-Bodipy TM FL C12-HPLC
(Thermofisher) lipophilic dye was used to label DOPC/
DOTAP liposomes; the fluorescence of this probe was excited
at 488 nm and collected in the 498–530 nm emission range with a
Phomultiplier tube (PMT). The fluorescence of 18:1 Cyanine 5
Phosphatidylethanolamine (Avanti Polar Lipids) was used to
label GMO cubosomes, employing an excitation wavelength of
633 nm, while the fluorescence was collected in the 650–700 nm
emission range with a PMT. Images were taken with a resolution
of 512 × 512 pixels using a 400 Hz bidirectional scan with each
scanning line averaged four times. Leica software was used to
create three-dimensional reconstructions of the z-stacks.

3 RESULTS

3.1 Metallic NPs and Cubosomes
Metallic NPs possess unique optical properties due to Surface
Plasmon Resonance. Depending on composition, size, shape, and
chemical environment, nanometals exhibit different absorption
in the UV-Visible spectral region, endowing their dispersions
with a characteristic colour. Au and Ag nanospheres typically
show size-dependent shades of red and yellow, respectively, with
progressive darkening as NPs’ size increases. Here, spherical
citrate-capped Au- and AgNPs were synthesized following a
fast and reproducible protocol (Bastús et al., 2011; Bastús
et al., 2014) consisting in the production and homogeneous
growth of particles’ seeds. The concentration, size, surface
properties, as well as the optical features of NPs, are
summarized in Table 1 (see also S.1 of Supplementary

Material for further characterization). The average size of NPs
was determined with Small-Angle X-Ray Scattering (Figures
1A,B). The gyration radii of the particles were obtained
through a model-free Guinier analysis of the SAXS profiles of
Figures 1A,B, reported in section S.1 of Supplementary

Material. Considering spherical particles, we obtained AuNPs
and AgNPs of about 20 nm in size and low polydispersity
(Table 1). AgNPs and AuNPs UV-Vis spectra in water are
characterized by an intense absorbance centred at 406 and

TABLE 1 | Physicochemical properties of NPs obtained by UV-Vis, SAXS, and ζ

-potential measurements. The reported concentration values correspond to

the concentration of NPs in the aqueous dispersion, obtained from the synthesis.

Before eachmeasurement, AgNPs concentration has been adjusted by dilution, to

match the one of AuNPs (8.3 × 10−10 M).

Conc.(M) λmax (nm) Size (nm) ζ-pot.(mV)

AuNPs 8.3 × 10−10 519 20 ± 1 −22.5 ± 1

AgNPs 1.8 × 10−8 406 22 ± 1 −18.9 ± 0.3
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519 nm respectively (see insets in Figures 1A,B), in agreement
with previous reports on particles of similar size (Bastús et al.,
2011; Bastús et al., 2014). The anionic capping agents of NPs
(citrate molecules for AuNPs, and citrate and tannic acid (mole
ratio ~500/1) molecules for AgNPs), confer an overall negative
surface charge to the particles’ surface, been determined through
zeta potential measurements (Table 1).

Stabilizer-free glycerol monooleate (GMO)/water cubosomes at
a 4 mg/ml lipid concentration have been prepared by dispersing
the GMO bulk phase in water excess, according to a recently
published protocol. (Zabara et al., 2019). Figure 1C reports the
structural features of their internal architecture. Themultiple Bragg
peaks in the scattering profile are consistent with a highly ordered
lipid cubic phase with a Pn3m space group of a spacing parameter
equal to 10.4 nm (see S.2.2 of Supplementary Material). This
structure is characterized by two sets of interwoven aqueous

nanochannels, lined by a lipid bilayer. Direct images of the
internal architecture of cubosomes have been collected with
Cryo-TEM performed at the FloCEN facility at the University
of Florence (Figure 1D and Supplementary Figure S9). The
average hydrodynamic diameter of cubosomes (dh) was
evaluated through Dynamic Light Scattering measurements by
analysing the autocorrelation function with a CONTIN Laplace
inversion. The obtained cubosomes are characterized by an average
diameter peaked at dh = 240 nm and negative ζ-potential (−34 ± 1)
(see Supplementary Figures S5, S6 for further details).

3.2 AuNPs and AgNPs Interacting With
Cubosomes
Figure 2A shows representative UV-vis spectra obtained by
incubating 20 μL of 0.4 mg/ml cubosomes with 300 μL of

FIGURE 1 | Panel (A) Physicochemical properties of NPs. SAXS profiles and UV-vis spectra (insets) of AuNPs and AgNPs in water (at a concentration of 8.3 ×

10−10 M). Panel (B) Structural characterization of cubosomes. (C) SAXS profile of cubosomes in water at a GMO concentration of 4 mg/ml. The inset depicts the inner

cubic Pn3m structure of cubosomes. (D) Representative Cryo-TEM image of the Pn3m inner architecture of cubosomes.
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0.83 nM Ag or AuNPs dispersions. Since the optical properties of
metallic particles are connected to the interparticle distance, the
optical variations in the absorbance of metallic NPs can be used to
monitor their aggregation. Generally, such aggregation provokes
the broadening of the plasmonic peak, the red shift of its
maximum, and even the occurrence of a new red-shifted peak
depending on the morphology of the aggregates (Cardellini et al.,
2022). All these variations, easily monitorable through UV-Vis
Spectroscopy, represent an excellent tool to determine the
interaction of NPs with their environment in biomimetic
studies, colorimetric assays, and biosensing applications, as we
recently presented in different studies. (Montis et al., 2014b;
Busatto et al., 2018; Montis et al., 2020b; Zendrini et al., 2020;
Caselli et al., 2021b). In our case, as displayed from UV-Vis
spectra and pictures in Figure 2, the plasmonic features of the
AgNPs dispersion remain almost unchanged even after 10 min of
incubation with the cubosomes’ dispersion. On the contrary, the
colour of the AuNPs dispersion quickly turns from red to purple,
associated to a prominent red shift of the maximum of the

characteristic plasmonic peak. This is due to the coupling of
the surface plasmon modes of proximal NPs, indicating the
decrease of the interparticle distance and formation of
aggregates. Such a spontaneous aggregation of AuNPs is a
concentration-dependent process. The aggregation of the
particles gradually increases as the concentration of the
cubosomes decreases (see Supplementary Figure S12 for UV-
Vis characterization). The higher extent of aggregation, observed
at low cubosomes’ amounts, is the clear evidence that the NPs
aggregation is a membrane-templated phenomenon that only
occurs on the cubosomes’ surface.

To gain structural information on cubosomes/NPs hybrids, we
performed SAXS measurements (Figure 2B). It is worth noticing
that in our experimental conditions, the scattering signal of
cubosomes is negligible, due to the higher electronic density of
metallic NPs. Consequently, any variation in the scattering
profiles can be exclusively related to variations in the NPs
arrangement. In agreement with UV-vis results, the scattering
profile of AgNPs is not affected by the presence of cubosomes,

FIGURE 2 | (A): UV-Visible absorption profiles of AgNPs-cubosomes (left) and AuNPs-cubosomes (right). (B): Log-log SAXS profiles of AgNPs-cubosomes (left)

and AuNPs-cubosomes (right) hybrids. 300 µL of NPs (8.3 × 10−10 M) were mixed with 20 µL of 0.4 mg/ml cubosomes (for a final concentration of cubosomes in the

mixture of 0.025 mg/ml) and SAXS and UV-vis profiles were collected after 10 min of incubation. The SAXS profile of cubosomes in water at a 0.025 mg/ml lipid

concentration has been subtracted from AgNPs-cubosomes and AuNPs-cubosomes profiles.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org March 2022 | Volume 10 | Article 8486876

Cardellini et al. Metallic Nanoparticles at Cubic Interfaces

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


indicating a very weak (or absent) interaction. In the case of
AuNPs/cubosomes hybrids, the colour change reported in the
UV-vis spectra is associated with an increase in the slope of the
scattering profile at low-q. The power-law dependence observed
in this region, highlighted by a linear trend with positive slope in
the I(q) vs q double logarithmic plot, can be related to the
formation of NPs fractal aggregates on the cubosomes’
membrane.

Overall, our findings underline dramatic differences in the
interaction of NPs with cubosomes, depending on the metallic
composition of the particles. Despite the very similar physical and
chemical properties (size, morphology, concentration, and
surface coating) shared by Ag- and AuNPs, the behavior of
the hybrid systems is highly different. Specifically, AuNPs
spontaneously cluster on the cubosomes membrane, pointing
out that the attractive forces overcome the electrostatic repulsion,
while the aggregation is inhibited in the case of AgNPs. However,
UV-vis spectroscopy and SAXS measurements only focus on the
behaviour of the inorganic NPs, without providing any
information on their effect on the cubic membrane.

3.3 Cubosomes Deposition on the Lipid
Bilayer
The preparation of model lipid membranes in the form of
cubosomes adsorbed onto a solid support allowed us to exploit
surface techniques (such as QCM and Confocal Microscopy)
which allow for monitoring the modifications induced by NPs on
the cubic membrane. Such an investigation will complement the
information obtained from solution techniques (SAXS and UV-
Vis spectroscopy), providing new fundamental insights on the
interaction from the membrane perspective. Moreover, it enabled
to set the focus exclusively on phenomena occurring at the nano-
bio interface (i.e., where metallic NPs meet cubic interfaces),
ruling out possible bulk effects.

The preparation of solid-supported nanometric assemblies of
cubic nature is not straightforward. Most of the studies so far
focuses on the interaction of inorganic NPs with model bulk cubic
phases (not suitable for surface studies and not well representative
of real membranes, characterized by a nanometric thickness).
More recently, new methods have been engineered to obtain
thinner cubic phase films, with micro (Dabkowska et al., 2017a;
Caselli et al., 2022) or nanometric (Ridolfi et al., 2021) thickness.
These approaches are based on the spin coating of lipids dissolved
in organic solvents (such as chloroform, hexane, and ethanol),
generally toxics and complex to get rid of. Here, we exploited a
novel approach, which does not require the use of organic
solvents. This process is based on the spontaneous deposition
and self-assembly of cubosomes onto a solid support, leading to
the formation of a thin (i.e. nanometric) cubosomes carpet.
Considering that the absorption of GMO-based cubosomes
does not take place on bare hydrophilic SiO2 substrates due to
the negative zeta-potential of these lipid particles, we promoted
the adsorption of cubosomes by functionalizing SiO2 substrates
with a slightly positive Supported Lipid Bilayer (SLB).
Considering the negative surface charge of cubosomes, the
electrostatic interaction with the positively charged SLB is

expected to promote a quantitative coverage of the substrate
by cubosomes. We prepared the SLB through the adsorption and
fusion on a hydrophilic SiO2 substrate of 0.5 mg/ml DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine)/DOTAP (1,2-dioleoyl-3-
trimethylammonium-propane) vesicles (70/30 mol%) dispersed
in a 0.1 M NaCl aqueous solution. Figure 3A) shows the
formation of the DOPC/DOTAP SLB onto the SiO2 support
and the subsequent deposition of cubosomes, monitored by
QCM. With this technique, the decrease of the resonance
frequency (ΔF) can be related to the adsorbed mass on the
sensor. First, we formed the SLB by injecting DOPC/DOTAP
vesicles in the chamber measurements (step 1) in Figure 3A) with
a low flow rate (0.1 ml/min). Once injected into the chamber, the
vesicles adhered to the SiO2 substrate, provoking a slight decrease
of ΔF. Then, the chamber was rinsed with ultrapure water 2) to
promote vesicles’ rupture due to the osmotic shock caused by the
ionic strength gradient developed across the lipid membrane of
vesicles. The inner water content of the vesicles was subsequently
released leading to a tiny increase of the ΔF, reaching a stable
value of −25 Hz, in perfect agreement with previous reports on
SLB formation (Montis et al., 2016). Once the DOPC/DOTAP
bilayer was formed, the cubosomes dispersion was injected in the
chamber 3). As demonstrated by the high decrease in ΔF, the
electrostatic interaction between the lipid bilayer and stabilizer-
free cubosomes leads to the instantaneous and massive
adsorption of cubosomes. The cell was subsequently rinsed
with water (0.5 ml/min flow rate) to check the stability of the
cubosomes layer 4); no major variations in ΔF were observed,
accounting for the irreversible binding of cubosomes to the SLB,
which prevents their detachment under water flow.

As a complementary analysis to directly visualize the formation
of the cubosomes layer and obtain structural information at the
microscale on coverage, we performed Confocal Laser Scanning
Microscopy (CLSM) measurements. For this purpose, we labelled
liposomes and cubosomes with two different probes (0.1% mol)
with well-separated emission spectra. Representative side and top
view 2D images and 3D reconstructions of the SLB before the
addition of cubosomes are reported in the Supplementary Material
(Supplementary Figure S10). Figure 3B reports representative top
view 2D images and 3D reconstructions of the SLB/cubosomes
system, collected after 30min of incubation of 1 mg/ml cubosomes
with the lipid bilayer (see Supplementary Figure S11, for
corresponding side view 2D images). Here, fluorescence from
cubosomes is represented in red, the one from the DOPC/
DOTAP SLB in green, while their superposition in yellow. The
addition of the cubosomes’ dispersion to the lipid bilayer results in
the homogeneous deposition of the cubic particles (red spots) on
the SLB (green layer) without membrane disruption. After 30min,
the lipid bilayer is homogeneously covered by a layer of cubosomes.
The adsorption kinetic has been also monitored live (see
Supplementary Movie S1), showing that only few minutes
(<3 min) are required to reach the fully covered state shown in
Figure 3B. To gain further insight on the process of deposition of
cubosomes, we collected CSLM images of the SLB/cubosomes
system, obtained by incubating cubosomes at different
concentrations (from 0.05 mg/ml to 1 mg/ml) and monitoring
the deposition during the first minutes of interaction (Figures
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4A,B4). We found that the deposition of cubosomes is strictly
dependent on concentration. Specifically, the pattern of cubosomes
on the SLB gets less and less densely packed with decreasing
concentrations of cubosomes (Figure 4A). Interestingly, the
concentration of cubosomes also affects their dynamic of
deposition, which appears much slower for low cubosomes’
amounts (see also Supplementary Movie S2). With a 0.05 mg/
ml cubosomes’ concentration, the kinetic of the process is slow
enough to allow us to monitor the deposition process in detail, by
capturing the morphology of the system under non-equilibrium
conditions (i.e, before reaching the final equilibrium forms
depicted in Figure 4A). Figure 4B reports representative 3D
reconstructions of the mixed SLB/cubosomes (0.05 mg/ml)
system at short incubation times (<5 min). In these
experimental conditions, we noticed that the (green) SLB
assumes a homogeneous red coloration within the first seconds
from the addition of cubosomes. This is likely to be due to a fast
exchange of material, which includes the fluorescent probe,
occurring when cubosomes firstly dock on the SLB substrate.

After that, the characteristic red spots start to pattern the
support, quickly reaching an equilibrium configuration (within
10min). The intrinsic resolution limit in CSLM does not allow to
unambiguously assess whether such red spots are single -and
isolated-cubosomes, or small cubosomes clusters. However, the
negative surface charge of cubosomes (see Section 3.1) implies a
strong electrostatic attraction with the positively charged surface of
the SLB, responsible for their adsorption; on the contrary, the net
repulsion between different cubosomes of same charge is likely to
prevent their aggregation on the SLB, leading to the formation a
pattern of single -and self-avoiding- cubosomes, such as the one
observed in Figures 3, 4.

3.4 AuNPs and AgNPs Interacting With Thin
Films of Cubosomes
Figure 5 displays the NPs adsorption on the cubosomes’ film
monitored with QCM. After the formation and stabilization of
the thin film of cubosomes (see Section 3.2, steps 1–3), the system

FIGURE 3 | Panel (A): QCM experiment on the adsorption of 4 mg/ml GMO-based cubosomes on a DOPC/DOTAP SLB. Vertical lines represent the subsequential

injection of DOPC/DOTAP vesicles, water, cubosomes, and water (1–4). Panel (B): Representative 2D and 3D Confocal Microscopy images of the cubosomes

deposition on the SLB. SLB and cubosomes were fluorescently labelled with two different probes with well separate emission spectra. Specifically, DOPC/DOTAP

liposomes have been labelled with β-Bodipy (λexc 488 nm, λem 493–614 nm) while stabilizer-free GMO-based cubosomes with 18:1 Cyanine 5 PE (λexc 633 nm,

λem 662–732 nm). Cubosomes are imaged in red, the SLB in green and the colocalization of the probes in yellow.
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was extensively rinsed with milliQ water (step 4) to remove the
excess of non-adsorbed cubosomes. Right after, water dispersions
of AuNPs or AgNPs (Figure 5B) at a concentration of 0.83 nM
were injected into the measuring cell at 0.1 ml/min flow rate (step
5). The resulting interaction perfectly mirrors what observed for
the corresponding dispersed systems. AuNPs strongly interact
with the substrate, producing an immediate and dramatic
decrease in the oscillation frequency (Figure 5A); this

indicates an elevated mass adsorption, which starts
immediately and reaches its maximum within the first 30 min
of interaction. Importantly, flushing milliQ water at a
considerable flow rate (i.e. 0.5 ml/min) does not induce any
appreciable removal of the adsorbed AuNPs (step 6), which
accounts for a significant AuNPs-cubosomes interaction
strength. On the contrary, no relevant shifts of the oscillation
frequency were detected following the injection of AgNPs in the

FIGURE 4 | Panel (A): representative CLSM 3D reconstructions of the SLB/cubosomes systems, obtained after 30 min of incubation of the SLB with different

concentrations of cubosomes (i.e. 0.05 mg/ml, 0.1 mg/ml, 0.5 mg/ml, and 1 mg/ml). Panel (B): CLSM 3D reconstructions, representing the temporal evolution of the

system obtained from the deposition of 0,05 mg/ml cubosomes on the SLB. The 3D reconstructions have been collected at 0s (i.e. before the addition of cubosomes),

60 s, and 120 s from the cubosomes’ addition. DOPC/DOTAP SLB has been labelled with β-Bodipy (λexc 488 nm λem, 493–614 nm) while stabilizer-free GMO-

based cubosomes with 18:1 Cyanine 5 PE (λexc 633 nm, λem 662–732 nm). Cubosomes are imaged in red, the SLB in green and the colocalization of the probes in

yellow.

FIGURE 5 |QCM experiments describing the adsorption of 0.83 nM AuNPs (Panel (A)) and AgNPs (Panel (B)) on the cubosomes film deposited upon the DOPC/

DOTAP substrate. The vertical lines represent the subsequential injection of DOPC/DOTAP vesicles (1), milliQ water (2), cubosomes (3), milliQ water (4), AuNPs (left) or

AgNPs (right) (5), and milliQ water (6).
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QCM chamber (Figure 5B), even after 10 min from the injection.
Thus, in this latter case, just a negligible (or even absent) number
of particles interact with -and adsorb on-the substrate.

On the same systems, we performed Confocal Microscopy
measurements to gain information on the morphological
modification possibly induced by NPs on the cubosomes film.
Such modifications, conveniently monitored at the micron-scale,
would account for the impact of NPs on representative portions

(50 × 50 µm squared areas) of the cubosomes membrane. With
the same set-up employed previously (see Section 3.2), we
simultaneously collected the fluorescent signals from the
supported DOPC/DOTAP bilayer and the GMO-based
cubosomes, to investigate the impact of NPs at different
depths of the lipid assembly. Moreover, we observed the
interaction in transmission mode as well, to monitor the
possible formation of NPs clusters.

FIGURE 6 |Representative 2D Confocal Microscopy images of the interaction of AuNPs 0.83 nMwith the film of cubosomes deposited on the DOPC/DOTAP SLB.

Images collected at different incubation times (before and after 10 min, 30 min, and 6 h from AuNPs injection).
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Figure 6 shows representative top-view fluorescence and
transmission images of AuNPs interacting with the cubosomes
layer adsorbed on the DOPC/DOTAP SLB. The time-evolution
of the substrate morphology was monitored over a time-period
of 6 h. Before injection of the particles, the substrate is
characterized by a stable and densely packed cubosomes’
array. Once the particles’ dispersion (0.83 nM) is

introduced, the red spots (cubosomes) in the fluorescence
image progressively increase in size, hinting to the
agglomeration of adsorbed cubosomes. Mirroring the same
trend, the SLB below (green fluorescence) becomes less
compact. At the same time, the absolute fluorescence
intensity of both the lipid bilayer and cubosomes
dramatically decreases, suggesting that a lipid extraction

FIGURE 7 |Representative 2DConfocal Microscopy images of the interaction of AgNPs 0.83 nMwith the film of cubosomes deposited on the DOPC/DOTAP SLB.

Images collected at different incubation times (before and after 10 min, 30 min, and 6 h from AuNPs injection).
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process takes place. After 6 h of interaction, only few large
aggregates of mixed lipid composition are still present on the
substrate, while the cubosomes layer has completely lost its
characteristic packing. The loss of compactness occurs
through a progressive dewetting-like process, in which
pores are formed within the membrane, similarly to what
previously was observed for lamellar membranes interacting
with biologically relevant molecules, e.g. polyunsaturated ω-3
fatty acids (Angelova et al., 2019); here, the lipid assembly
gradually loses adhesion to the glass substrate and retracts into
large lipid agglomerates, likely due to the lipid removal
induced by AuNPs. In addition, the transmission image
shows micron-sized AuNPs (dark spots), which extensively
cover the glass surface.

The very same experiment was performed incubating the
cubosomes carpet with AgNPs at the same concentration
(Figure 7). Fully in line with previous measurements, the top-
view images show that citrated AgNPs do not affect the
morphology of the substrate in the first 6 h of interaction.
Moreover, the transmission signal doesn’t present any sign of
NPs aggregation in the chosen experimental time.

Overall, confocal microscopy investigation showed that the
interaction with the cubosomes layer is strictly dependent on the
particle composition. After a relatively long incubation time,
AgNPs don’t affect the morphology of the substrate and no
micron-sized clusters of particles are detected. On the
contrary, the effect of AuNPs is much stronger. AuNPs start
to interact with the substrate extracting lipids from both the lipid
bilayer and the cubosomes. The homogeneous cubosomes’
pattern becomes less and less densely packed with time. After

6 h of incubation the substrate is almost completely disrupted,
concentrated in isolated spots, and partially substituted by
extended AuNPs clusters.

4 DISCUSSION

In this study we compared for the first time the interaction of a
highly curved biomimetic interface of cubic nature with two
prototypical metallic nanoparticles for biomedical applications:
AuNPs and AgNPs, characterized by a citrate surface coating and
a spherical shape. SAXS and UV-vis data, performed in solution,
provided information on the variation of the NPs arrangement
and interaction at the nanoscale, while Confocal Microscopy gave
access to alterations of the micron-sized morphology of the cubic
phase supported membrane. Being the selected NPs almost
identical in terms of size, concentration and surface coating,
our experimental results revealed that the interaction is
governed—both at the nano and at the microscale-by the
metallic composition of the particles. In particular, we showed
that: 1) at the nanoscale: AuNPs quickly cluster on the cubosomes
membrane, leading to the formation of NPs’ fractal aggregates.
On the contrary, the presence of the cubic phase membrane does
not induce appreciable aggregation of AgNPs; 2) at the micron-
scale: the ordered array of SLB-supported cubosomes gets readily
un-packed and concentrated into separated dewetted-like spots
by the action of AuNPs, while it is almost unaffected upon contact
with AgNPs.

In recent works, a combination of computational and
experimental results highlighted that the spontaneous

FIGURE 8 | Schematic representation of the mechanism and final outcomes of the interaction of AuNPs and AgNPs with a water dispersion cubosomes and solid-

supported films of cubosomes.
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aggregation of citrated AuNPs on vesicles of lamellar nature is
triggered by the fast release of citrate anions at the AuNPs surface
(Montis et al., 2020b; Salassi et al., 2021; Cardellini et al., 2022).
Such release occurs upon adhesion of AuNPs to the vesicles’
membrane, which drives the displacement of citrate anions by the
lipids composing the vesicles’ membrane (i.e., a citrate/lipid
ligand exchange). This causes a loss of electrostatic
stabilization of AuNPs, driving their aggregation on the
membrane of vesicles. It is reasonable to assume that, in the
present case, the aggregation of AuNPs on the cubic membrane
occurs through a similar mechanism, i.e., though a ligand
exchange between citrate anions, weakly bonded to the gold
surface, and the lipids (GMO) constituting the membrane of
cubosomes. This ligand exchange, driven by hydrophobic and
Van der Waals forces between the gold surface and the lipid
molecules, would initiate the AuNPs aggregation on the surface of
cubosomes dispersed in aqueous solution (UV-Vis and SAXS
data of Figure 2), and provoke the lipid extraction and substrate
removal observed on solid-supported cubosomes films
(Figure 6). Figure 8 (upper part) schematizes such
mechanism of interaction and its final outcomes on both
dispersed and solid-supported cubosomes.

From this perspective, the different behavior of AgNPs may be
explained considering that citrate molecules cannot be as easily
displaced from the silver surface as from the gold one. As reported
in several works (Djokić, 2008; Anees Ahmad et al., 2020;William
et al., 2021), citrate anions form water-insoluble complexes with
Ag(I) ions, originated from solubilised Ag at the silver surface.
Such complexes lie on the surface of AgNPs, partially -or
completely-covering it, and are not readily displaceable at the
lipid/water interface. Thus, once AgNPs are mixed with the
cubosomes, the formation of these complexes would hamper
the ligand-exchange reaction with lipids, preventing the citrate
anions release (see Figure 8, downer part). As a result, no
clustering of AgNPs is revealed on dispersed cubosomes (see
UV-Vis and SAXS data of Figure 2), and no lipid removal and
membrane disruption are observed in solid-supported
cubosomes (see also CLSM data of Figure 7).

5 CONCLUSION

In the past years, the interaction of inorganic NPs and biomimetic
membranes has been intensively investigated to increase our
fundamental knowledge on nano-bio interfaces, develop novel
synthetic smart hybrid nanomaterials and to predict their
biological fate. However, most of these studies focused on
planar lamellar membranes. Only recently, synthetic cubic
lipid assemblies have been introduced in the library of
biomimetic systems, to provide fundamental insight into the
role of non-lamellar interfaces in natural systems, such as
cubic membranes. Despite these very recent advancements, the
biological role of cubic interfaces and their response to NPs
adhesion remains an almost unexplored research field. Here
for the first time, we present a physicochemical investigation
of the interaction of cubic phase interfaces -both as cubosomes
dispersions in water and as thin layers adsorbed on a substrate-

with two prototypical NPs particularly relevant for biomedical
applications, i.e. AgNPs and AuNPs. The cubosomes’ surface
array here introduced, represents a particularly convenient
structural platform to test NPs’ behavior towards cubic phase
lipid biomimetic interfaces.

Through an ensemble of different techniques, we
disentangled the impact of such NPs on cubic phase
structures at different length scales, i.e., from the nano-to
the micron-scale. As observed for synthetic lamellar
systems, citrated AuNPs cluster on the membrane of
dispersed cubosomes, and extensively aggregate on a solid-
supported cubosomes’ film, leading to its disruption. On the
contrary, AgNPs with the same size and identical surface
coating, do not affect the morphology of the solid-
supported cubosomes films and don’t cluster on dispersed
cubosomes. This experimental evidence may be related to the
binding energy of the citrate molecules to the different metallic
surfaces. Citrate anions are weakly associated to the gold
surface and can be easily released though a ligand-exchange
with the lipids, promoting the aggregation of AuNPs.
Conversely, citrate anions form insoluble complexes with
the Ag(I) ions at the silver surface, which stabilizes the
colloidal dispersion and hampers the interaction with cubic
membranes. These results contribute shedding light on the
prominent role of the nature and association between ligands
and metallic NPs surfaces in determining the events at nano-
bio interfaces of cubic nature.
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S.1 Supplementary Characterization of Gold and Silver Nanoparticles  

S1.1 Small Angle X-ray Scattering 

SAXS measurements on AuNPs aqueous dispersion were carried out in sealed glass capillaries of 1,5 
mm diameter.  
In diluted solution without interparticle interaction, the structure factor S(Q) can be approximated equal 
to 1, and the scattering intensity I(q) assumes the following form: 

                                    I(Q)=nΔρ2Vp
2P(Q)                         (1) 

Where n is the number density of the objects in the dispersion, Δρ is the contrast between the solvent 
and the scattering objects, Vp is the particle’s volume and P(Q) is the form factor. Within the Guinier 
approximation1, valid for diluted and monodispersed particles, P(Q) can be expressed as: 

                                  P(Q) = 1 - 
𝑄2𝑅𝑔23                                   (2) 

And substituting equation (1) we can obtained: 

                           I(Q) = nΔρ2Vp
2exp (- 

𝑄2𝑅𝑔23 )                          (3)      

And in logarithmic form: 

                                       ln I(Q) = cost - 
𝑄2𝑅𝑔23                                     (4) 

 

Then, according to the Guinier approximation, when S(Q)=1, the slope of scattering profile in the low 
Q region in a ln I(Q) vs Q2 plot can be associated to the average gyration radius of the particles if the 
equation QRg<1 is respected. Finally, we can extract the particle’s radius, assuming a spherical shape, 
exploiting the following relation: 

                                  R = √53 Rg                                                 (5) 
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Figure S1 Guinier approximation for gold nanoparticles: ln I(q) vs q2 plot. The slope of linear fitting 

(solid red line) of the scattering intensity in the Guinier Region (red markers) is related to the gyration 

radius of the particles.  The size and polydispersity obtained from the fitting procedure are summarized 

in the Table S1 below.  

 

 

Figure S2 Guinier approximation for silver nanoparticles: ln I(q) vs q2 plot. The slope of linear fitting 

(solid red line) of the scattering intensity in the Guinier Region (red markers) is related to the gyration 

radius of the particles.  The size and polydispersity obtained from the fitting procedure are summarized 

in the Table S1 below. 
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 Rcore (nm) 

AuNPs 20 ± 1 

AgNPs 22 ± 1 

 

Table S1 Nanoparticles radii obtained for AuNPs and AgNPs for the analysis of the SAXS profiles 

according to the Guinier approximation. 

 

UV-vis Spectroscopy: AuNPs 

 

Figure S3 UV-Vis spectra of AuNPs after 1:3 dilution in water (2.77x10-10M). The plasmon absorption 

peak is at around 520 nm.  

 

To further evaluate the AuNPs size through UV-Vis spectroscopy we exploited the following 
equation2:   

                                             𝑑 = exp(𝐵1 𝐴𝑠𝑝𝑟𝐴450 − 𝐵2)                                  (6) 

with 𝑑 diameter of gold nanoparticles, 𝐴𝑠𝑝𝑟 absorbance at the surface plasma resonance peak, 𝐴450 
absorbance at the wavelength of 450 nm and 𝐵1 and 𝐵2 are dimensionless parameters, taken as 3 and 
2,2, respectively. The diameter value obtained is of 20 nm.  
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The concentration of citrated gold nanoparticles was determined via UV-Vis spectrometry, using the 
Lambert-Beer law (E(λ) = ε(λ)lc), taking the extinction values E(λ) at the LSPR maximum, i.e. λ = 520 
nm. The extinction coefficient ε(λ) of gold nanoparticles dispersion was determined by the method 
reported in literature3, by the following equation: 

                                     ln(𝜀) = 𝑘𝑙𝑛(𝑑) + 𝑎                                   (7) 

with 𝑑 core diameter of nanoparticles, and 𝑘and 𝑎 dimensionless parameters (𝑘 = 3,32111 and 𝑎 =10,80505). The arithmetic mean of the sizes obtained by optical and scattering analyses was selected, 
leading to a ε(λ) of 2.0·108 M-1cm-1. The final concentration of the citrated AuNPs is therefore ~8.3·10-

10 M.  

 

UV-vis Spectroscopy: AgNPs 

 

Figure S4 UV-Vis absorption spectra of AgNPs after 1:3 dilution in water (1.6x10-9M). The plasmon 

absorption peak is at 520 nm.  

To confirm the AgNPs size evaluated by SAXS we exploited the UV-vis spectroscopy according  the 
following equation4: 

          d = 0.11 (λmax)2 -89.99 (λmax) + 17,775.94               (8) 

where d is the diameter and λmax is the wavelength corresponding to the maximum absorption peak. 
Exploiting this equation, we found a nanoparticle’s diameter equal to d=18.8 nm. 

The concentration of citrated AgNPs was determined via UV-Vis spectrometry, using the Lambert-
Beer law (E(λ) = ε(λ)lc). The extinction coefficient ε(λ) of silver nanoparticles dispersion was 
determined by the method reported in literature, according to the following equation: 
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                                       ε = 0.202e0.251d                                   (9) 

The final concentration obtained for AgNPs is 1.8x10.8 M. Finally, before each measurement, the 
AgNPs dispersion was diluted to the same concentration of AuNPs (8.3x10-10 M). 

 

Supplementary Characterization of Cubosomes  

Dynamic Light Scattering and Zeta-Potential 

 

Figure S5 Dynamic Light Scattering curve of GMO-cubosomes dispersion analyzed with a Contin 

through the Laplace inversion according to the CONTIN algorithm5.  

 

 

 

Figure S6 Size distribution of cubosomes obtained by the Contin analysis.  
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Small Angle X-Ray Scattering 

 

Figure S7 Comparison between the scattering intensity of water and the scattering intensity of 10 µL 

of liposome dispersions (12 nM) in 300 µL of water.  

In order to obtain the spacing parameter of the Pn3m cubic phase we exploit the following equation6: 

                                     Qhkl = 
2𝜋𝑑  * (h2 + k2 + l2)1/2                              (10) 

Where h, k and l are the Miller indexes representing the crystallographic planes of the liquid 
crystallin phase and Qhkl is the q position measured for each reflex. In the case of a Pn3m phase, the 

characteristic values of (h2 + k2 + l2)1/2 are √2, √3, √4, √6, √8 and √9. Thus, plotting 𝑥=𝑄ℎ𝑘𝑙(1/Å) 
vs 𝑦=(ℎ2+𝑘2+𝑙2)1/2, the spacing parameter d can be obtained by the slope b of the liner fitting, 
reported in figure S7, according to the following equation: 

                                                       d = 
2𝜋𝑏                                            (11) 

The evaluated spacing parameter is 10.4 nm. 
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Figure S8 Comparison between the scattering intensity of water and the scattering intensity of 10 µL 

of liposome dispersions (12 nM) in 300 µL of water.  

 

Cryo-TEM 

 

Figure S9 Further examples of cryo-TEM images of stabilizer-free GMO cubosomes.  

 

 

Supplementary Characterization of cubic thin films 

DOPC/DOTAP Supported Lipid Bilayer formation 
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Figure S10 Top view (left), side view (middle) and 3D view (right) of DOPC/DOTAP supported lipid 

bilayer collected with Confocal Microscopy.  

 

Figure S11 Side views of the cubosomes deposition on the DOPC/DOTAP SLB 5 min (top) and 30 min 

(bottom) after the cubosomes injection. Cubosomes are imaged in red, the SLB in green and the 

colocalization of the probes in yellow. 

 

Supplementary Characterization of AuNPs-cubosomes hybrids 

UV-vis Spectroscopy: Effect of cubosomes concentration 

We monitored the AuNPs aggregation varying the cubosomes concentration. 300 µL of AuNPs 8.3x10-

10 M were incubated with 0, 15, 30, 60, and 120 µL of cubosomes 4 mg/mL and the optical variations 
of the dispersion were evaluated after 10 minutes of interaction. Figure S12 displays the collected UV-
visible spectra. As shown, increasing the number of cubosomes, the optical variation of the original 
AuNPs spectrum become less pronounced. This experimental evidence underlines that the AuNPs 
clustering is templated by the cubosomes, and the particles aggregation occurs on the membrane. 
Moreover, it is maximized by decreasing the available surface for aggregation until the saturation of 
this surface is reached. These findings are totally in agreement with the self-assembly of citrated 
AuNPs on synthetic vesicles composed of zwitterionic phospholipid, extensively studied in a recent 
work.7 
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Figure S12 UV–Vis spectra of AuNP (0.83 M) in the presence of different amounts of GMO-based 

cubosomes (120 µL, 60 µL, 30 µL, 15 µL and 0 µL of 4 mg/mL cubosomes). 
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A plasmon-based nanoruler to probe the
mechanical properties of synthetic and biogenic
nanosized lipid vesicles†
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Lucia Paolini,be Marco Brucale,bc Francesco Valle, bc Costanza Montis,*ab

Paolo Bergese bef and Debora Berti *ab

Nanosized lipid vesicles are ubiquitous in living systems (e.g. cellular

compartments or extracellular vesicles, EVs) and in formulations for

nanomedicine (e.g. liposomes for RNA vaccine formulations). The

mechanical properties of such vesicles are crucial in several physi-

cochemical and biological processes, ranging from cellular uptake

to stability in aerosols. However, their accurate determination

remains challenging and requires sophisticated instruments and

data analysis. Here we report the first evidence that the surface

plasmon resonance (SPR) of citrated gold nanoparticles (AuNPs)

adsorbed on synthetic vesicles is finely sensitive to the vesicles’

mechanical properties. We then leverage this finding to show that

the SPR tracking provides quantitative access to the stiffness of

vesicles of synthetic and natural origin, such as EVs. The demonstration

of this plasmon-based ‘‘stiffness nanoruler’’ paves the way for devel-

oping a facile, cost-effective and high-throughputmethod to assay the

mechanical properties of dispersions of vesicles of nanometric size and

unknown composition at a collective level.

Introduction

Membrane-delimited compartments (e.g., cells, organelles and

nanosized vesicles of biological origin, such as enveloped

viruses1 or extracellular vesicles (EVs)2,3) are among the basic

units of living organisms. Importantly, they are also widespread

structural motifs in bio-inspired nanomaterials, such as liposomes,4

virosomes5 or polymerosomes.6 The mechanical properties of such

membrane compartments regulate the response to external stimuli,

which is crucial in a host of biologically-relevant interactions at the

nanoscale.7–11 A well-known example is the mechanical response of

cells and membrane bound-organelles, which is the key in numer-

ous biological processes (e.g. cell fusion, growth and differentiation,

endo- and exocytosis, uptake of nanoparticles or viruses,12–14 etc.)

and in the onset of pathological cell conditions.15–18 More recent

reports have highlighted that the mechanical response of EVs

(membrane-delimited nanoparticles secreted by all cell types and

essential mediators of cell signalling2,3,19) is a biomarker for

malignant conditions of parental cells.20,21 In addition, the

nanomechanics of pathogens, including viruses with a lipid

envelope (e.g. Moloney murine leukemia virus and HIV22), was

recently connected to their infectivity.23 Mechanical properties
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New concepts

Citrated gold nanoparticles (AuNPs) undergo membrane-templated self-

assembly when challenged with nanosized lipid vesicles. We show that the

stiffness of the target vesicle finely modulates the extent of AuNPs

aggregation, which can be easily monitored by UV-Vis spectrophotometry.

Leveraging this discovery, we propose a novel experimental method to assess

the mechanical properties of synthetic and natural vesicles. Through a

‘‘stiffness index’’, S.I., we quantify the extent of AuNPs aggregation and

define its functional dependence on the mechanical properties of the

vesicles. This method was validated on a set of synthetic lipid vesicles of

known stiffness and then tested on a sample of biogenic extracellular vesicles

(EVs). The ‘‘plasmon-based stiffness nanoruler’’ is a reproducible, sensitive,

high-throughput, and readily accessible method, which overcomes many of

the hurdles still hampering an accurate determination of the rigidity of

nanovesicles.In addition, it can easily and readily probe the properties of tiny

sample amounts, which represents a considerable advantage for biological

samples, usually available in low quantities due to purification costs. This

new method will advance our understanding of the role of rigidity of

nanovesicles in modulating their biological behavior, from the pharmacoki-

netics of liposomal formulation for drug delivery to the uptake of natural

vesicles and viruses.
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are also crucial for the interaction of synthetic nanostructures

with the biological environment: the deformability of liposomes

or polymeric vesicles for drug or vaccine delivery deeply affects

their pharmacokinetics in the bloodstream and the internalization

route.24

Although central in several research areas, the accurate

assessment of the mechanical properties of synthetic or natural

vesicles still poses a challenge.25,26 Traditional methods, such as

shape fluctuation optical analysis,27 micropipette aspiration,28

X-ray scattering29,30 and neutron spin-echo,31 provide insights

into biologically-relevant descriptors of the mechanical

response of the lipid membrane, such as the bilayer’s bending

rigidity.27–31 However, these techniques are cost- and/or time-

consuming and often yield discrepant results, as pointed out in

several reports.25,26,32–34 More recently, techniques that actively

probe the mechanical properties at a whole-vesicle level, rather

than those of the lipid shell, are gaining the central stage;35

examples include optical tweezers and Atomic Force Microscopy

(AFM) operating modes, such as Dynamic Mechanical Analysis,

Quantitative Imaging and Lorentz Contact Resonance.20 Most of

these methods rely on contact mechanic models for interpreting

the measured mechanical properties of the probed objects;

however, there is still disagreement on which model is best

suited for describing the nanomechanics of a lipid vesicle.36 As

a consequence, classical AFM-based force spectroscopy (AFM-

FS) indentation experiments still represent a common choice for

the nanomechanical analysis of vesicles,37–39 since they allow

determining the overall mechanical response of vesicles to

applied deformations, i.e. their ‘‘stiffness’’, in a model-free

approach. The measured stiffness includes contributions both

from the membrane shell and the enclosed volume, accounting

for the mechanical properties of the internal pool, volume

variations upon deformation, osmotic imbalance, etc. Unfortunately,

all these experimental methods probe a single particle at a time and

require sophisticated instruments or/and highly experienced users.35

Here, we propose AuNPs as nanoprobes of the stiffness of

membranous nano-objects, with typical submicron sizes. This

approach overcomes many limitations of the currently available

methods, measurements can be performed with a UV-Vis

spectrophotometer and limited data analysis is required. In the

following, this communication will (i) explore how the stiffness of

liposomes modulates the surface plasmon resonance (SPR) of

AuNPs adsorbed on their membrane and (ii) propose this pre-

viously unnoticed relationship as the working principle of a new,

accessible and robust spectrophotometric method to evaluate the

stiffness of both synthetic and natural lipid vesicles of unknown

composition.

The SPR of AuNPs is finely sensitive to the chemical

environment and the interparticle distance, which underpins

their application as nanoscale probes.40 The coupling between

the SPR of proximal AuNPs, which results from AuNPs close

approach or aggregation, was exploited for the first time by

El-Sayed and co-workers as a plasmon ruler41 and is nowadays

used in a number of bioanalytical assays.42,43 The CONAN

(COlloidal NANoplasmonic) assay is a recent example, where

the AuNPs SPR shift upon incubation with EVs is exploited to

determine their purity and concentration;44–46 in this latter

case, the SPR shift arises from the spontaneous aggregation of

AuNPs on the lipid membrane of vesicles (of both synthetic and

natural origin, as EVs). This membrane-induced aggregation

has been the focus of several recent investigations.47–52 Speci-

fically, the membrane-induced aggregation of AuNPs has been

interpreted as on–off mechanism to date,53,54 switchable by the

physical state of the membrane: fluid-phase bilayers, characterized

by free lipid diffusion and low rigidity, would promote aggregation,

resulting in a marked change of AuNPs SPR profile. Conversely,

the aggregation of AuNPs would be completely inhibited on tightly

packed gel-phasemembranes, characterized by a higher rigidity. At

variance with the literature, we demonstrate that the SPR shift of

AuNPs also interest gel-phasemembranes and is rather modulated

by the stiffness of the vesicles through a precise functional

dependence: this allows defining a ‘‘stiffness nanoruler’’, able to

discriminate vesicles within the same physical state (whether it is

gel or fluid) on the basis of their mechanical behaviour. In analogy

with the plasmon nanoruler, introduced as distance-sensor,41 this

plasmon-based descriptor leverages the unique sensitivity of

AuNPs SPR to determine the mechanical properties of lipid

vesicles. As a proof-of-principle of applicability to complex

natural systems, we tested the assay on EVs, whose stiffness is

of prominent relevance in cellular adhesion and uptake55 and a

characteristic that distinguish EVs deriving from malignant and

non-malignant cells.20,21

Results and discussion

We prepared a library of unilamellar liposomes having a similar

average diameter (B100 nm) and low polidispersity indexes

(see ESI† for details on preparation and characterization) from

a set of synthetic phosphatidylcholines (PC) differing for length

and/or degree of unsaturation of the acyl chains (Fig. 1a). The

free-standing bilayers, either in the gel or fluid phase at room

temperature (Fig. 1a), display different rigidities.56–59 Given

their very similar size distributions and the absence of any

osmotic imbalance between the lumen and the external medium,

the rigidity of the lipid shells can be considered the sole

responsible for the overall stiffnesses of the vesicles.

Fig. 1b reports representative AFM-FS force/distance plots of

single-vesicle indentation events for each lipid.60,61 The slope of

the linear regime occurring immediately after the contact point

represents the stiffness of the vesicles; the stiffnesses in Fig. 1c

were obtained by averaging the values for multiple vesicles (see

ESI† for further details). Taken together, the entire series of

stiffness values measured on the selected library of synthetic PC

standards can be regarded as a stiffness gauge in which the

rigidity monotonically increases from DOPC to DSPC vesicles,

in line with the literature.25,62 This set will be used to validate

the stiffness plasmon nanoruler.

The vesicles (20 ml of a water dispersion at a 0.35 nM

vesicles’ concentration) were then challenged with 100 ml of

6.7 nM water dispersion of negatively charged citrated AuNPs

(13 � 0.6 nm diameter, zeta potential: �36 � 2 mV), to obtain a
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final liposomes/AuNPs molar ratio of B1/100. The changes in

the SPR profile were monitored after 15 minutes of incubation

at room temperature (Fig. 2a). These experimental conditions

were carefully selected on the basis of our recent investigation

on POPC liposomes interacting with citrated AuNPs.52

The AuNPs dispersion in the absence of lipid vesicles shows

a well-defined SPR peak centred at 522 nm (red curve); upon

mixing with liposomes, an immediate colour change is visible

to the naked eye (inset, Fig. 2a), which clearly depends on the

composition of the target membrane. Going from DSPC to

DOPC, we observe colour shifts from red to increasingly dark

shades of violet and blue. The variation in the SPR profile

gradually increases as the stiffness of vesicles decreases. Specifically,

from the stiffest vesicles (DSPC) to the softest ones (DOPC), the

progressive emergence of a high-wavelength shoulder can be

observed, eventually resulting in a secondary plasmon peak at about

625 nm (see Fig. 2a).

This new spectral feature is the hallmark of the aggregation

of AuNPs, whose spatial proximity produces the coupling of the

individual AuNPs plasmons.

To get insights into the structure of AuNPs aggregates, we

performed Small Angle X-ray Scattering (SAXS) for DOPC, POPC,

DPPC and DSPC liposomes challenged with AuNPs (Fig. 2b).

The power-law dependence in the low-q region highlights

the presence of AuNPs clusters on fluid-phase bilayers, with a

fractal dimension which increases as the stiffness of vesicles

decreases (Fig. 2b, inset, and ESI†).63 The spatial correlation

between AuNPs was determined from the structure factor S(q),

inferred from the high-q region of the scattering profiles

(Fig. 2b, inset, and ESI†). The position of the S(q) correlation

peaks for fluid-phase liposomes is consistent with AuNP–AuNP

center-to-center distances comparable with the particle diameter

and decreasing with vesicles’ stiffness (14.5 nm and 14.1 nm for

POPC and DOPC, respectively). For liposomes in the gel phase, no

low-q upturn of intensity was detected and the positional correlation

corresponds to significantly higher AuNP–AuNP distances (i.e.,

30.5 nm and 30.2 nm for DSPC and DPPC, respectively), hinting

at the presence of multiple AuNPs adsorbed on the same liposomal

surface, but not aggregated.

According to recent reports, the aggregation of AuNPs on

lecithin vesicles is switched on and off by the membrane

phase:53,54 aggregation is inhibited on gel-phase bilayers (e.g.

DPPC and DSPC at r.t.) and promoted by fluid-phase membranes

(e.g. DOPC and POPC at r.t.), with no differences observed for

bilayers in the same phase.53,54 Conversely, the UV-Vis and SAXS

data here shown provide additional insights, highlighting that – in

Fig. 1 AFM characterization of vesicles stiffnesses. (a) Chemical formulas of the four lipids used for the preparation of liposomes (1,2-distearoyl-sn-

glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)

and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)); depending on the molecular composition, the lipid bilayer enclosing a liposome exhibits a

different degree of molecular packing at room temperature, which determines the phase (i.e., fluid or gel) of the membrane. (b) AFM force-distance

curves for the different vesicles batches, together with graphical representation of vesicles deformation induced by the AFM tip at two different

separation distances. Liposomes samples are DOPC; POPC, POPC/DPPC (50/50 mol%), DPPC, DPPC/DSPC (50/50 mol%) and DSPC vesicles; (c) stiffness

values (N m�1) of the different vesicles, determined through AFM-FS; All error bars represent the uncertainties obtained by bootstrapping (1000

repetitions of 5 draws, with replacement).
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these experimental conditions – AuNPs clustering on lipid

vesicles is not abruptly switched-on by varying the membrane

physical state: the slight – but still evident – differences in the

AuNPs SPR induced by vesicles with the same physical state but

different rigidities demonstrate that AuNPs aggregation is

rather modulated by the membrane rigidity in a ‘‘continuous

fashion’’.

This dependence can be exploited to set-up a UV-Vis spectro-

scopic assay to probe the mechanical properties of lipid

vesicles. With this aim, we analysed the optical spectra to

extract a quantitative descriptor. The so-called ‘‘stiffness

index’’, S.I., (see Fig. 3a), accounting for the main variations

in the AuNPs SPR profile, was used to build-up an empirical

‘AuNPs spectral response’ vs. ‘vesicles’ stiffness’ scale. The S.I.

for each AuNPs/vesicles hybrid is calculated dividing the area

subtended by the absorbance spectrum in the 560–800 nm range

by the area relative to the total spectral range (350–800 nm).

The results are then normalized for the S.I. of neat AuNPs

Fig. 2 AuNPs interaction with lipid bilayers of different stiffness. (a) UV-Vis spectra of AuNPs (6.7 nM) incubated with synthetic vesicles (0.2 nM)

(liposomes/AuNPs number ratio 1/100). Inset: Visual appearance of the same samples. (b) SAXS profiles of NPs with and without vesicles (1 : 8 vesicles/

AuNPs molar ratio). Under these conditions, the scattering from vesicles (subtracted from the scattering of AuNPs-vesicles mixtures) is negligible and the

observed signal is only due to AuNPs. The power law dependence at low-q is connected to the presence of AuNPs clusters and to their morphology. The

power-lawexponents for DOPC/AuNPs and POPC/AuNPs complexes, i.e. �1.54 and �1.50 respectively (see ESI†), are consistent with an increasing fractal

dimension of clusters as the stiffness of vesicles decreases. The absence of such power-law for gel-phase liposomes is related to non-aggregated AuNPs,

preserving their original diameter. The right inset is the structure factor (S(q)) vs. q, extracted from the high-q range of vesicles/AuNPs profiles (see ESI†).

Fig. 3 Quantification of liposomes-induced variation in the AuNPs SPR profile. (a) Visual description of the stiffness index (S.I.); (b) S.I. values (blue spots)

with relative errors bars plotted as a function of membrane stiffness. The red curve is the sigmoidal curve fit, while the grey dashed curve is the first derivative

of the sigmoidal curve fit with respect to stiffness (see ESI† for details on fitting parameters). (c) Mechanism of interaction between AuNPs and vesicles

characterized by different stiffness. The adhesion of an AuNP on a soft membrane is followed by a significant AuNPwrapping by the membrane, resulting into

AuNPs aggregation on the vesicle surface. The AuNP docking on a stiffer membrane results in a lower wrapping extent, preventing AuNPs clustering.
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(which is then equal to 1 by definition) to obtain positive

integer values of S.I., which gradually increase with increasing

AuNPs aggregation extent.

Fig. 3b reports the S.I. (blue dots) obtained for the liposome

set plotted as a function of vesicles’ stiffness, obtained from

AFM-FS measurements (Fig. 1). Each point represents the

average value obtained from five independent batches, which

highlights a particularly high reproducibility (see Table S5 of

ESI† for standard deviations of each vesicles’ batch).

The dependence of the S.I. on stiffness can be expressed by a

sigmoidal law, with the following expression:

S:I: ¼
b

1þ exp
c� S

d

� �þ a (1)

with S the stiffness obtained from AFM-FS and a, b, c and d

constant fitting parameters (see red profile in Fig. 3b for the

best fitting curve and ESI† for further details).

For this set of synthetic vesicles, having superimposable size

distributions and a luminal content identical to the external

medium, the stiffness differences observed in AFM-FS are only

due to a membrane contribution, which results from the different

composition of the bilayers. As it is well-established, themechanical

response of a lipid bilayer is mainly controlled by its bending

rigidity,25 quantified by the bilayer bending modulus. Therefore,

in these experimental conditions, it is the bilayer bending modulus

that determines the overall stiffness of the vesicles and in turn the

extent of AuNPs aggregation (i.e. the S.I.).

Interestingly, in a recent simulation Lipowsky and co-authors64

report a sigmoidal correlation between the wrapping efficiency of

spherical NPs interacting with model membranes and the bilayer

bending modulus. This relation holds for fixed NPs radius and

membrane-NPs adhesion energy, which perfectly matches our

experimental conditions (i.e. NPs of defined size and vesicles with

fixed PC headgroups).

This finding is fully in line with a recent report,52 where

AuNPs wrapping, modulated by the membrane bending modulus,

is recognized as the main driver for the membrane-templated

aggregation of AuNPs, through the mechanism sketched in

Fig. 3c: briefly, AuNPs adsorb on the vesicle’s surface due to Van

der Waals attractive interactions and get partially wrapped by the

membrane. This wrapping drives a ligand exchange between the

membrane lipids and the AuNPs stabilizing agent, i.e. the citrate

anion, whose release reduces the interparticle electrostatic energy

barrier and leads to the aggregation of AuNPs. Importantly, the

extent of AuNPs aggregation is modulated by the wrapping

efficiency, which is related to the bending rigidity of the

membrane. Our results, reporting the first experimental evidence

of a sigmoidal relation between AuNPs aggregation and

membrane bending rigidity, reconcile this latter mechanism with

the theoretical predictions proposed by Lipowsky et al., who first

connected the wrapping ability of a membrane to its bending

modulus through a sigmoidal law.

The dependence of the S.I. on the stiffness of vesicles (eqn (1))

allows a quantitative estimate of the mechanical properties of

membrane-enclosed compartments of unknown composition. The

method here proposed possess high reproducibility and sensitivity.

In fact, it is able to robustly discriminate systems with very close

stiffnesses (i.e. differences as small as 0.006 N m�1), as POPC and

DOPC liposomes, whose mechanical properties are usually not

distinguishable with many other techniques.62,65

In addition, the presence of a sigmoidal law, which exhibits

the highest variation of S.I. in the central region of the selected

set of stiffnesses (see grey dashed curve of Fig. 3b, representing

the first derivative of the sigmoidal fit) provides maximum

sensitivity in the region where the rigidities of natural mem-

branes usually fall (i.e. 0.02–0.025 N m�166).

We chose EVs to further validate the method and to provide

evidence of its applicability on membranous nanoparticles,

which are more challenging both in terms of compositional

Fig. 4 Quantification of Extracellular Vesicles (EVs)-induced variation in the SPR profile of AuNPs. (a) Representative AFM image of EVs; (b) Sigmoidal

trend of the S.I. as a function of membrane stiffness. The EVs’ S.I. (1.23 � 0.01), evaluated through UV-Vis spectroscopy, and stiffness, predicted by the

sigmoidal law (0.026 N m�1), are reported as green points in the graph. The green error bar represents the stiffness interval obtained through AFM-FS for

EVs. The right inset reports the UV-Vis spectra of AuNPs (6.7 nM) in the presence of synthetic PC vesicles (dashed curves) and EVs (solid green curve) at a

vesicles’ concentration of 0.35 nM.
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and structural complexity, as well as in analyte availability.

Specifically, we assayed a sample of EVs from the murine cell

line TRAMP-C2, with size and z-potential similar to the PC

synthetic liposomes (see ESI† for details). The EVs were separated

from the cell culture medium and characterized according to

international guidelines;67 in particular, we used the protocols

described in Paolini et al. (medium EVs),68 to obtain a pure – i.e.

not containing exogenous proteins (which would otherwise affect

the EVs interaction with AuNPs44,48) – EVs dispersion in water.

The morphology of EVs was investigated by liquid imaging AFM

(see Fig. 4a), showing the characteristic spherical cap shape of

EVs adhered onto a substrate and an average diameter of 74.3 nm

(refer to ESI† for further details).

The stiffness of EVs, determined through AFM-FS as pre-

viously described for PC liposomes, falls in the middle of the

stiffness interval defined by the synthetic standards used for

calibration (0.025 � 0.004 N m�1), in between the values

obtained for DPPC and DPPC/POPC liposomes (see Fig. 1c).

20 ml of EVs (0.35 nM) were mixed with 100 ml of AuNPs in the

same conditions (AuNPs/vesicles molar ratio, incubation time

and temperature) previously employed for synthetic liposomes

and the SPR profile change of AuNPs was recorded through

UV-Vis spectroscopy (right inset of Fig. 4b).

In full agreement with the AFM analysis, this SPR profile

variation, S.I. = 1.23 � 0.01, is intermediate between the ones of

DPPC, S.I. = 1.16 � 0.01, and DPPC/POPC, S.I.= 1.377 � 0.005.

This result demonstrates that the correlation between AuNPs

aggregation and vesicles’ stiffness, observed in liposomes, also

holds for the case of far more complex nanosized vesicles of

biological origin. More importantly, the value of stiffness

estimated from the S.I. of the AuNPs/EVs hybrid according to

the calibration trend (i.e., 0.0259 � 0.0005 N m�1) falls right in

the middle of the EVs stiffness range determined through AFM

(Fig. 4b): this striking agreement proves the predictive ability of

this new optical method, showing that the nanoplasmonic

properties of AuNPs can be effectively harnessed to assess the

stiffness of membrane-confined objects with high sensitivity.

Conclusions

The determination of the stiffness of synthetic and natural

vesicles is particularly challenging. Here, we show that the SPR

of AuNPs can be exploited to quantify this property: combining

UV-Vis Spectroscopy, Small Angle X-ray Scattering and AFM-

based Force Spectroscopy, we prove that AuNPs aggregation,

induced by the interaction with lipid membranes and quantified

by an empirical index S.I., exhibits a clear dependence on the

mechanical properties of synthetic vesicles. This dependence,

expressed by a sigmoidal law, can be used to estimate the stiffness

of biological membrane compartments, e.g. EVs, of unknown

composition and properties. Similarly to the plasmon ruler

developed by El-Sayed et al.,41 where the SPR of AuNPs is used

to probe their mutual distance, we define a ‘‘stiffness nanoruler’’,

where the plasmon resonance is applied to probe the nano-

mechanics of a target membrane. The method requires cheap

reagents and a standard wet lab facility, while keeping com-

petitive reproducibility and sensitivity. From the sample side, it

allows for examination of volumes as small as 15 ml (with a

concentration of particles in the 10–8 M range) which is not

accessible today to any other method. This allows to minimize

the amounts of vesicles required, which is paramount for

biological samples, where low amounts of analyte are yearned

due to the origin of the samples (e.g. human biological fluids)

and/or complex and time-consuming separation protocols.

Moreover, differently from other methods – such as AFM and

micropipette – which probe the stiffness of single objects, it

provides the ensemble-averaged stiffness, i.e. accounting

for possible variability across the population, with short-time

(few minutes) data acquisition.
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and D. Alsteens, Nanoscale Horiz., 2018, 3, 293–304.

16 I. Safeukui, P. A. Buffet, G. Deplaine, S. Perrot, V. Brousse,

A. Sauvanet, B. Aussilhou, P. H. David, S. Dokmak,

A. Couvelard, D. Cazals-hatem, O. Mercereau-puijalon and

N. Mohandas, Blood Adv., 2018, 2, 1–4.

17 C. Alibert, B. Goud and J. Manneville, Biol. Cell., 2017, 109,

167–189.

18 D. Vorselen, S. M. van Dommelen, R. Sorkin, M. C. Piontek,
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Supplementary Materials and Methods 

 

Materials 

Tetrachloroauric (III) acid (≥ 99.9%) and trisodium citrate dihydrate (≥ 99.9%) for 

the synthesis of AuNPs were provided by Sigma-Aldrich (St. Louis, MO). 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) (>99%), 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC) (≥ 98.0%), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) (>99%) and 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) (>99%) for the liposomes preparation were provided by 

Sigma-Aldrich (St. Louis, MO). All chemicals were used as received. Milli-Q 

grade water was used in all preparations. 

Synthesis of citrated AuNPs  

Anionic gold nanospheres of 16 nm in size were synthesized according to the 

Turkevich-Frens method 1,2. Briefly, 20 mL of a 1mM HAuCl4 aqueous solution 

was brought to boiling temperature under constant and vigorous magnetic 

Supplementary Characterization of liposomes/AuNPs hybrids S22 
Small-Angle X-Ray Scattering S22 

UV-Vis Specroscopy S24 

  

Bibliography S27 
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stirring. 2 mL of 1% citric acid solution were then added and the solution was 

further boiled for 20 minutes, until it acquired a deep red color. The nanoparticles 

dispersion was then slowly cooled down to room temperature.  

Preparation of liposomes 

The proper amount of lipid was dissolved in chloroform and 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) 

milliQ-water by vigorous vortex mixing, in order to obtain a final 4 mg/ml 

lipid concentration. The resultant multilamellar liposomes in water were 

subjected to 10 freeze-thaw cycles and extruded 10 times through two stacked 

polycarbonate membranes with 100 nm pore size at room temperature, to 

obtain unilamellar liposomes with narrow and reproducible size distribution. 

The filtration was performed with the Extruder (Lipex Biomembranes, 

Vancouver (Canada)) through Nuclepore membranes. 

 

Preparation of liposomes/AuNPs hybrids 

The hybrid samples preparation procedure for Figure 2a of the main text is the 

following: 20 µL of liposomes (previously diluted to a final lipid concentration 

of 0.04 mg/ml) or extracellular vesicles were placed inside a 500 µL UV-Vis 
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plastic cuvette. Then 100 µL of citrated gold nanoparticles (6.7·10-9 M, see 

“Synthesis citrated Gold Nanoparticles” and “Supplementary Characterization of 

Gold Nanoparticles” of SI) were added, in order to have a final concentration 

(inside the cuvette) of ~5·10-11 M and of ~5·10-9 M for liposomes and AuNPs, 

respectively, and liposomes/AuNPs number ratio of ~1/100. This 

liposomes/AuNPs number ratio was selected on the basis of our previous 

publication 3, which highlights that the aggregation of AuNPs on POPC vesicles 

-and subsequent AuNPs SPR variations- is promoted by low liposomes amounts 

within the mix. Thus, such a ratio allows for maximizing the liposomes-induced 

AuNPs SPR spectral shift for an enhanced sensitivity of the plasmon-based 

nanoruler assay. Then, samples were incubated for 15 minutes, after that the UV-

Vis spectra were recorded.  

The hybrid samples preparation procedure for Figure 2b of the main text is the 

following: fixed volumes (768.9 µL) of AuNPs dispersion (6.7·10-9 M) were 

added to 20 µL of liposomes (see Table S4 of SI for liposomes concentration), in 

order to have a final AuNPs/liposomes number ratio of ~8.  Samples were 

incubated for 15 minutes, then placed in glass capillaries of 1 mm diameter and 

Small-Angle X-Ray profiles acquired. 

UV-vis spectroscopy  

UV-Vis spectra were measured with a JASCO UV-Vis spectrophotometer. 
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Small Angle X-ray Scattering  

SAXS measurements for the characterization of AuNPs were carried out on a 

S3-MICRO SAXS/WAXS instrument (HECUS GmbH, Graz, Austria) which 

consists of a GeniX microfocus X-ray sealed Cu Kα source (Xenocs, Grenoble, 

France) of 50 W power which provides a detector focused X-ray beam with λ = 

0.1542 nm Cu Kα line. The instrument is equipped with two one-dimensional 

(1D) position sensitive detectors (HECUS 1D-PSD-50 M system). Each detector 

is 50 mm long (spatial resolution 54 μm/channel, 1024 channels) and covers the 

SAXS q-range (0.003< q <0.6 Å̊ −1). The temperature was controlled by means 

of a Peltier TCCS-3 Hecus. The analysis of SAXS curves was carried out using 

Igor Pro.4 SAXS measurement on AuNPs aqueous dispersion was carried out in 

a sealed glass capillary of 1.5 mm diameter. To analyze gold nanospheres’ curves 

we chose a model function with a spherical form factor and a Schulz size 

distribution:5, it calculates the scattering for a polydisperse population of spheres 

with uniform scattering length density. The distribution of radii is a Schulz 

distribution given by the following equation: 

𝑓(𝑅) = (𝑧 + 1)𝑧+1𝑥𝑧 𝑒𝑥𝑝[−(𝑧 + 1)𝑥]𝑅𝑎𝑣𝑔Γ(𝑧 + 1)  
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where Ravg is the mean radius, x = R/Ravg and z is related to the polydispersity. 

The form factor is normalized by the average particle volume, using the 3rd 

moment of R:  

〈𝑉〉 = 4𝜋3 〈𝑅+3〉 = 4𝜋3 〈𝑅〉+3 (𝑧 + 3)(𝑧 + 2)(𝑧 + 1)2  

The scattering intensity is: 

𝐼(𝑞) = (4𝜋3 )2 𝑁0Δ𝜌2 ∫ 𝑓(𝑅)𝑅6𝐹2(𝑞𝑅)𝑑𝑅∞
0  

where N0 is the total number of particles per unit volume, F(R) is the scattering 

amplitude for a sphere and ∆ρ is the difference in scattering length density 

between the particle and the solvent.  

SAXS measurements for the characterization of AuNPs/liposomes hybrids were 

collected at beamline ID02 at the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France) 6. A scattering vector (of magnitude q) range of 0.007≤ 

q ≤ 0.2 nm−1 was covered with two sample–detector distances (1 and 10 m) and 

a single-beam setting for an X-ray monochromatic radiation wavelength with a 

wavelength of λ = 0.10 nm (12.46 keV). The beam diameter was adjusted to 72.4 

μm in the horizontal (x) direction and 42.3 μm in the vertical (y) direction (full 

width at half-maximum at the sample). Assuming a Gaussian distribution, the 

portion of the beam that is hitting outside the channel can be estimated. When the 

channel is centered, this is ∼0.3% but closer to the edge and more beam overlaps 

the edge. The beamstop diameter was 2 mm. As a detector, a 2D Rayonix MX-
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170HS with a pixel size of 44 × 44 μm2 was used, which was housed in an 

evacuated flight tube, at a sample-to-detector distance of alternatively 10 m 

(leading to an available q-range of 0.007-0.02 nm-1) or 1 m (leading to an 

available q-range of 0.07-0.2 nm-1). The exposure times for the background- and 

sample measurements were 0.5 s for the case of 1 m sample-to-detector distance 

and 0.3 s for the case of 10 m sample-to-detector distance. Measured scattering 

patterns were normalized to an absolute intensity scale after applying standard 

detector corrections and then azimuthally averaged to obtain the one-dimensional 

intensity profiles, denoted by I (q).  

 

Atomic Force Microscopy (AFM) 

Surface Preparation and Sample Deposition 

All AFM experiments were performed on poly-L-lysine (PLL) coated glass 

coverslips. All reagents were acquired from Sigma-Aldrich Inc 

(www.sigmaaldrich.com) unless otherwise stated. Microscopy borosilicate glass 

slides (15mm diameter round coverslips, Menzel Gläser) were first immersed in 

a 3:1 mixture of 96% H2SO4 and 50% aqueous H2O2 (‘oxidising piranha’) 

solution for 2 h in order to remove any organic residue present on their surface; 

after that, they were cleaned in a sonicator bath (Elmasonic Elma S30H) for 30 

minutes in acetone, followed by 30 minutes in isopropanol and 30 minutes in 

ultrapure water (Millipore Simplicity UV). Clean slides were incubated overnight 
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in a 0.0001% (w/v) PLL solution at room temperature, thoroughly rinsed with 

ultrapure water and dried with nitrogen. A 10 μl-droplet of the vesicle-containing 

solution under study was deposited on a PLL-functionalized glass slide and left 

to adsorb for 10 minutes at 4°C, then inserted in the AFM fluid cell (see below) 

without further rinsing. The concentration of each vesicle-containing solution 

was adjusted in order to maximize the surface density of isolated, individual 

vesicles and minimize clusters of adjoining vesicles. 

AFM Setup 

All AFM experiments were performed in ultrapure water at room temperature on 

a Bruker Multimode (equipped with Nanoscope V electronics, a sealed fluid cell 

and a type JV piezoelectric scanner) using Bruker SNL-A probes (triangular 

cantilever, nominal tip curvature radius 2-12 nm, nominal elastic constant 0.35 

N/m, calibrated with the thermal noise method. 

AFM Imaging 

Imaging was performed in PeakForce mode. In order to minimize vesicle 

deformation or rupture upon interaction with the probe, the applied force setpoint 

was kept in the 150-250 pN range. Lateral probe velocity was not allowed to 

exceed 5μm/s. Feedback gain was set at higher values than those usually 

employed for optimal image quality in order to ensure minimal probe-induced 

vesicle deformation upon lateral contact along the fast scan axis (please refer to 

Ridolfi et al. 7 for further details). The average height value of all bare substrate 
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zones was taken as the baseline zero height reference. Image background 

subtraction was performed using Gwyddion 2.53.16 8. 

AFM-based Force Spectroscopy (AFM-FS) 

The mechanical characterization of vesicles via AFM force spectroscopy was 

performed by first scanning the sample (see previous paragraph) to locate 

individual vesicles. The chosen vesicles were then imaged reducing the scan size 

for achieving higher accuracy. We recorded a series of force/distance curves at 

multiple XY positions (typically around 64-100 curves arranged in a square array 

covering the vesicle initial location) for each individual vesicle. In most cases, 

only a few curves showed the mechanical fingerprint of an intact vesicle response 

to indentation: a linear deformation upon applied pressure during probe 

penetration. Of these, we first discarded those curves with probe-vesicle contact 

points occurring at probe-surface distances below vesicle height as measured by 

imaging. Remaining traces (typically 1-3 per vesicle) were analyzed to calculate 

vesicle stiffness (kS). 

 

Transmission Electron Microscopy  

Trasmission electron microscopy (TEM) images were acquired with a STEM 

CM12 Philips electron microscope equipped with an OLYMPUS Megaview G2 

camera, at CeME (CNR Florence Research Area, Via Madonna del Piano, 10 - 

50019 Sesto Fiorentino). A drop of citrated AuNPs, diluted ten times, was placed 
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on 200 mesh carbon-coated copper grids with a diameter of 3 mm and a thickness 

of 50 μm (Agar Scientific) and dried at room temperature. Then, the sample was 

analyzed at an accelerating voltage of 100 keV. 

 

Dynamic Light Scattering  

DLS measurements at θ = 90° were performed using a Brookhaven Instrument 

90 Plus (Brookhaven, Holtsville, NY). Each measurement was an average of ten 

repetitions of one minute each and repeated ten times. The autocorrelation 

functions were analyzed through the cumulant fitting stopped to the second order 

or with Laplace inversion according to CONTIN algorithm, allowing an estimate 

of the hydrodynamic diameter of particles. 

 

Z-Potential Measurements 

Zeta potential measurements were performed using a Zeta Potential Analyzer 

(Zeta Plus, Brookhaven Instruments Corporation, Holtsville, NY). Zeta 

potentials were obtained from the electrophoretic mobility u, according to 

Helmholtz-Smoluchowski equation: ζ = (η⁄ε) × u with η being the viscosity of 

the medium, ε the dielectric permittivity of the dispersing medium. The Zeta 

Potential values are reported as averages from ten measurements. 
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Supplementary Characterization of Gold Nanoparticles  

Transmission Electron Microscopy 

 

Figure S1 Representative Transmission electron microscopy (TEM) images of 
citrated gold nanoparticles acquired with a STEM CM12 Philips electron microscope, at 
CeME (CNR Florence Research Area, Via Madonna del Piano, 10 - 50019 Sesto 
Fiorentino). The sample was placed on a 200 mesh carbon-coated copper grid.  

 

Small Angle X-ray Scattering 
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The analysis of SAXS curves was carried out using Igor Pro.4 SAXS 

measurements on AuNPs aqueous dispersion were carried out in sealed glass 

capillaries of 1.5 mm diameter. To analyze gold nanospheres’ curves we chose a 

model function with a spherical form factor and a Schulz size distribution:5, it 

calculates the scattering for a polydisperse population of spheres with uniform 

scattering length density. The distribution of radii is a Schulz distribution given 

by the following equation: 

𝑓(𝑅) = (𝑧 + 1)𝑧+1𝑥𝑧 𝑒𝑥𝑝[−(𝑧 + 1)𝑥]𝑅𝑎𝑣𝑔Γ(𝑧 + 1)  

where Ravg is the mean radius, x = R/Ravg and z is related to the polydispersity. 

The form factor is normalized by the average particle volume, using the 3rd 

moment of R:  

〈𝑉〉 = 4𝜋3 〈𝑅+3〉 = 4𝜋3 〈𝑅〉+3 (𝑧 + 3)(𝑧 + 2)(𝑧 + 1)2  

The scattering intensity is: 

𝐼(𝑞) = (4𝜋3 )2 𝑁0Δ𝜌2 ∫ 𝑓(𝑅)𝑅6𝐹2(𝑞𝑅)𝑑𝑅∞
0  

where N0 is the total number of particles per unit volume, F(R) is the scattering amplitude 

for a sphere and ∆ρ is the difference in scattering length density between the particle and 

the solvent. The structural parameters (Table S1) of citrated gold nanoparticles 

were evaluated from the SAXS profile of their water dispersion (Figure S2) 

according to the models reported in the Materials and Methods section of SI. 
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Figure S2 Experimental SAXS curve (red markers) obtained for AuNPs and 

curve fit (solid black line) according to the Schulz spheres model from the NIST 

package SANS Utilities. The size and polydispersity obtained from the fitting 

procedure are summarized in the Table S1 below.  

 

 Rcore (nm) poly 

AuNP 6.5 0.3 

 

Table S1 Structural parameters of the nanoparticles obtained from the analysis 
of SAXS curves according to the the Schulz spheres model. 

 

Dynamic Light Scattering and Z-Potential 

AuNPs hydrodynamic diameter and surface charge in MilliQ water were 

evaluated through Dynamic Light Scattering and Zeta-Potential, respectively, 
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and reported in Table S2. 

 Dh (nm) Z-Potential (mV) 

AuNPs 15.8 ± 0.3 -36 ± 2 

 

Table S2 Hydrodynamic diameter obtained from Dynamic Light Scattering and 
Zeta Potential values of AuNPs. 

 

UV-vis Spectroscopy 

 

Figure S3 UV-Vis absorption spectra of AuNPs after 1:5 dilution in water. The 

plasmon absorption peak is at around 521 nm.  

 

The size of AuNPs was further evaluated from UV-Vis Spectroscopy by the 

following equation 9:   
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𝑑 = exp(𝐵1 𝐴𝑠𝑝𝑟𝐴450 − 𝐵2) 

with 𝑑 diameter of gold nanoparticles, 𝐴𝑠𝑝𝑟  absorbance at the surface plasma 

resonance peak, 𝐴450 absorbance at the wavelength of 450 nm and 𝐵1 and 𝐵2 are 

dimensionless parameters, taken as 3 and 2.2, respectively. The diameter value 

obtained is of 13.5 nm.  

The concentration of citrated gold nanoparticles was determined via UV-Vis 

spectrometry, using the Lambert-Beer law (E(λ) = ε(λ)lc), taking the extinction 

values E(λ) at the LSPR maximum, i.e. λ = 521 nm. The extinction coefficient 

ε(λ) of gold nanoparticles dispersion was determined by the method reported in 

literature 10, by the following equation: 

ln(𝜀) = 𝑘𝑙𝑛(𝑑) + 𝑎 

with 𝑑  core diameter of nanoparticles, and 𝑘and 𝑎  dimensionless parameters 

(𝑘 = 3.32111 and 𝑎 = 10.80505). The arithmetic mean of the sizes obtained by 

optical and scattering analyses was selected, leading to a ε(λ) of 2.8·108 M-1cm-1. 

The final concentration of the citrated AuNPs is therefore ~5.6·10-9 M.  
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Supplementary Characterization of Liposomes  

Dynamic Light Scattering and Zeta-Potential 

 

 Dh (nm) Zeta P 

DOPC 118.6 ± 0.2 -16 ± 1 

POPC 103.8 ± 0.1 -19 ± 3 

POPC/DPPC 92.1 ± 0.2 -22 ± 1 

DPPC 115.7 ± 0.1 -13 ± 1 

DPPC/DSPC 104 ± 0.2 -10 ± 1 

DSPC 127.7 ± 0.2 -19 ± 1 

 

Table S3 Hydrodynamic diameter obtained from Dynamic Light Scattering and 
Zeta Potential values of synthetic liposomes.  

 

Evaluation of Liposomes concentration 

The lipid concentration in the starting colloidal dispersion was estimated to be 4 

mg/mL from the initial lipid and water amounts employed in the formation and 

swelling of lipid films (see “Preparation of liposomes” in the Materials and 

Methods section), assuming the absence of lipid loss due to the extrusion 

procedure. The liposomes concentration in the final dispersion was subsequently 
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calculated considering the hydrodynamic diameter of each liposomal batch 

(Table S3 of SI). In particular, from the liposomes’ average diameter, the 

liposomal surface area (surface area=4πr2) can be calculated; the doubled surface 

can be subsequently divided by the lipid cross section (0.5 nm2) in order to obtain 

the lipid number per liposome, assuming that approximately one half of the lipids 

is localized in the external leaflet of a liposomes, since the bilayer thickness, 

about 4-5 nm, is negligible with respect to the liposomes’ average diameter. 

Eventually, the total weighted lipid concentration was divided by the total 

number of lipids per liposome, yielding the real liposome concentration, which 

is reported in Table S4 for each liposomes’ dispersion. 

 Concentration (M) 

DOPC 3.2·10-8 

POPC 3.1·10-8 

POPC/DPPC 3.6·10-8 

DPPC 3.1·10-8 

DPPC/DSPC 3.8·10-8 

DSPC 3.5·10-8 

 

Table S4 Final liposomes’ concentration in each liposomal batch. 
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Supplementary Characterization of EVs 

Zeta Potential 

The Zeta Potential of EVs dispersion in milliQ water was measured as described 

in the “Material and Methods” section of SI and is equal to -21 ± 3 mV. 

AFM characterization of synthetic and natural lipid vesicles 

AFM Mechanical Characterization 

According to the Canham-Helfrich theory, the mechanical response of a vesicle 

to an applied force is elastic; this behavior is reflected in the linear relationship 

between the force and tip penetration, in the AFM force-distance curves, right 

after the contact point (see Fig.1b in the main text). Calculating the slope of this 

linear part, gives the value of the vesicle stiffness, a mechanical parameter that 

accounts for multiple contributions, the most relevant being the intrinsic 

membrane rigidity (the bending modulus) and the vesicle luminal, i.e. internal, 

pressure. The latter contribution describes the vesicle pressurization following 

the deformation applied by the AFM tip. This deformation generates a volume 

variation that increases the pressure within the vesicle.  While the bending 

modulus is an intrinsic descriptor of the lipid membrane bending rigidity, the 

internal pressure and hence the stiffness depend on the size of each vesicle. 

Indeed, the volume variation associated with a given tip penetration varies with 
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the vesicle size (i.e. the same penetration will result in higher volume variations 

for smaller vesicles); as a consequence, vesicles that are heterogenous in size will 

be subjected to different pressurizations following similar indentation events. 

However, both the measured liposomes and EVs are characterized by low 

polydispersity, this allows considering the stiffness a size-independent 

parameter. Moreover, since all the tested liposomes were characterized by similar 

size distributions and same polar headgroups, they will experience similar 

pressurizations and electrostatic attractions to the substrate; as a result, we can 

assume that changes in their stiffness are entirely ascribable to differences in their 

membrane rigidity, which can be recapitulated by the bending modulus. 

Membrane rigidity may vary depending on the phase behavior of the lipid bilayer, 

a temperature dependent parameter. All the measurements were performed at 

28°C, where neat DOPC and POPC vesicles are in the fluid phase, while DPPC 

and DSPC ones are in the gel phase. In fluid-state membranes, lipid molecules 

can diffuse freely within the bilayer plane, while in gel- state membranes lipids 

are more tightly packed and their motion is more constrained. As a consequence, 

gel- phase bilayers are expected to be stiffer than fluid- phase ones. Our results 

from the Force Spectroscopy FS analysis (Figure 1c, main text) confirms this 

behavior, with DPPC and DSPC vesicles being substantially stiffer than DOPC 

and POPC ones. Two other important parameters that can affect the stiffness of 

a lipid bilayer are the chain length and its degree of saturation; e. g. DSPC 
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possesses two fully saturated chains, longer than all the other measured ones, 

resulting in the highest measured stiffness. Overall, the obtained stiffness values 

for neat DOPC, POPC, DPPC and DSPC vesicles (Figure 1c, main text) are in 

good agreement with results from recent AFM-FS investigations on similar 

vesicles 11. Another interesting aspect to highlight is that the stiffnesses measured 

for the hybrid lipid vesicles (POPC/DPPC and DPPC/DSPC) have intermediate 

values with respect to liposomes made of the two pure components. 

 

AFM-based characterization of EVs size distribution, concentration and purity 

AFM imaging was employed to obtain the size distribution of the EVs sample. A 

total of 166 EVs were imaged; from the topography of the AFM images, 

assuming the vesicle surface area conservation and by applying simple geometric 

consideration (see Ridolfi et al.12 for further details) it is possible to obtain the 

values of the diameter that the vesicles would have had in solution, prior to their 

adsorption to the surface (we refer to this parameter as “Size”). Figure S4 displays 

the size distribution for the EVs sample used in this study. The measured EVs 

have a mean size of 74 nm with a standard deviation of 30 nm. 
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Figure S4: EVs size distribution obtained from the AFM imaging analysis. The 

size of the EVs (reported in the horizontal axis), indicates the diameter that the 

vesicles would have had in solution, prior to their adsorption.  

 

Exploiting the AFM-based characterization method developed by Ridolfi et al.7, 

it is also possible to detect the presence of contaminants that, from a physico-

chemical point of view, do not behave like a lipid vesicle; the method is based on 

the calculation of the contact angle (CA) that each vesicle displays after 

adsorption on the surface. Both synthetic lipid vesicles and EVs are characterized 

by a narrow distribution of CA over the whole range of characteristic sizes. 

Figure S5 shows the CA values of each of the imaged EVs, plotted against their 
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size; as can be seen, the scatterplot displays only the fingerprint of the typical 

vesicle-like behavior, ruling out the presence of any contaminant on the surface.  

 

Figure S5: Scatterplot showing the contact angle of each EV, plotted against 

their respective size. According to this characterization, the EVs show the typical 

vesicle-like behavior, i.e. narrow CA distribution over the entire range of sizes 

(average CA value is 90° and the standard deviation is 11°); pointing to the 

absence of any spherical contaminant. 

 

AFM imaging was also used to estimate the starting concentration of the EVs 

sample. To do this, we compared the number of DPPC liposomes (coming from 

a solution with a known concentration and having a size distribution similar to 

the EVs) adsorbed on the glass surface with the number of EVs adsorbed on the 

same glass surface. This represents only a qualitative procedure and it is based 

on different assumptions: i) the interactions of DPPC liposomes with the glass 

surface are similar to the EVs ones, ii) the recorded images are representative of 

both the vesicles samples, iii) the size distributions of the two samples are 
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similar to each other. The concentration of the DPPC starting solution is 0.02 

mg/ml; analysing the AFM images, we recorded a total of 329 vesicles in 4 

different images, giving an average of 82.25 vesicles per image. Measuring EVs 

from TRAMP cells, we sampled 5 images, obtaining a total number of 166 

EVs; 33.20 EVs per image. From proportionality considerations, it is possible 

to estimate the concentration of the EVs, spotted on the glass coverslips, using 

the following expression: 

DPPC concentration (mg/ml)∶DPPC liposomes per image=EVs concentration 

(mg/ml) ∶EVs per image  

From the expression we obtained a concentration of 0.008 mg/ml for the EVs 

sample. Since the EVs starting solution have been diluted six times before being 

spotted on the glass surface, the starting concentration is  ̴0.048 mg/ml.  

 

Supplementary Characterization of liposomes/AuNPs hybrids 

Small-Angle X-Ray Scattering 

SAXS measurements on liposomes/AuNPs hybrids were recorded at ID02 

beamline, ESRF (Grenoble, France), using a sample-to-detector distance of 10 

m. The analysis of SAXS curves was carried out using Igor Pro4. SAXS 

measurements on liposomes/AuNPs aqueous dispersion were carried out in 
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sealed glass capillaries of 1 mm diameter.  

The SAXS profiles of DOPC liposomes/AuNPs and POPC liposomes/AuNPs in 

Figure 2b were fitted according to a linear fit in the 0.0695-0.1142 nm-1q-range, 

to obtain the slope values reported in the main text (-1.5404 ± 0.00297 for DOPC 

and -1.4987 ± 0.00612 for POPC). The fitting yielded a chisquare of 

0.000239052 and 0.00106975, for DOPC/AuNPs and POPC/AuNPs 

respectively. 

The SAXS results of inset of Figure 2b were collected at ID02 beamline, ESRF 

(Grenoble, France), using a sample-to-detector distance of 1 m.  

The scattering intensity (I(q)) is defined by the following equation: 𝐼(𝑞) = 𝐾𝑁𝑝𝑉𝑝2(∆𝜌)2𝑃(𝑞)𝑆(𝑞) + 𝐵 

With k instrumental constant, Np scattering nanoparticles’ number per unit 

volume, Vp nanoparticle’s volume, ∆𝜌 contrast of the experiment, B background 

intensity, P(q) e S(q) form and structure factors, respectively. 

In order to obtain the structure factor of the liposome/AuNPs complex, we 

divided the scattering intensity of the liposomes/AuNPs hybrid by the scattering 

intensity of the neat AuNPs dispersion (at a suitable dilution of 1:10):  

                                             
𝐼(𝑞)𝐻𝑦𝑏𝐼(𝑞)𝑁𝑃 ~ 𝑆(𝑞)𝐻𝑦𝑏𝑃(𝑞)𝐻𝑦𝑏𝑆(𝑞)𝑁𝑃𝑃(𝑞)𝑁𝑃                                       

For a diluted AuNPs dispersion the structure factor can be considered equal to 1. 

In addition, in the high-q region (0.1-1.6 nm-1), the form factor of 
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liposomes/AuNP hybrids can be approximated to the one of neat AuNPs, leading 

to the following: 

𝐼(𝑞)𝐻𝑦𝑏𝐼(𝑞)𝑁𝑃 = 𝑆(𝑞)𝐻𝑦𝑏                                           

The mean interparticle distance between the AuNPs within the aggregates (d) can 

be obtained from the S(q) vs q (nm-1) plot (see inset of Figure 2b of the main 

text), by the following equation:  

                                                       𝑑 = 2𝜋𝑞𝑚𝑎𝑥                                                    

With qmax q value corresponding to the maximum of the correlation peaks 

reported in  the inset of figure 2b (main text). 

 

UV-Vis Spectroscopy 

The S.I. mean values for each liposomes/AuNPs mixtures are reported in Table 

S5, together with the relative standard deviation obtained from five repeated 

measurements on different samples (see “Preparation of liposomes/AuNPs 

hybrids” of SI).  

 S.I. mean value Standard deviation 

DOPC 1.456 0.002 

POPC 1.438 0.001 

POPC/DPPC 1.377 0.005 

DPPC 1.16 0.01 

DPPC/DSPC 1.127 0.003 
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DSPC 1.026  0.006 

 

Table S5 S.I. mean value and standard deviation for each liposomes/AuNPs 
hybrid. 

The fitting parameters describing the sigmoidal best fit (eqn. 1 of the main text) 

for the S.I. values of liposomes plotted versus the AFM-determined stiffness, 

reported in Figure 3b of the main text, are the following:  

a b c d Chi square 

1.4831 ± 

0.0485 

-0.51151 ± 

0.131 

0.026043 ± 

0.00266 

0.0063004 ± 

0.00265 

0.0015 

 

Table S6 Fitting parameters obtained by fitting the S.I. vs stiffness values of 
Figure 3c (main text) through the sigmoidal best fit (refer eqn 1 of main text for 
description of parameters). 

The extent of AuNPs aggregation was also evaluated using different optical 

indexes, both taken from literature and defined in our lab.  

In particular, as an alternative to the bending index defined in the main text, 

which is based on the determination of the area under the absorbance curve 

associated to AuNP aggregation, we defined another optical parameter (S.I. (2)). 

This alternative bending index allows evaluating AuNPs aggregation extent by 

calculating the intensity difference between the free AuNPs primary plasmon 

band (at 521 nm) and the aggregated AuNPs secondary plasmon peak, whose 

maximum is located at about 625 nm (see Figure S6). This result is then divided 

by the wavelength interval (Δλ) between the two peaks and normalized for the 

S.I. of neat AuNPs. 
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𝑆. 𝐼. (2) = 𝐼625 − 𝐼521𝛥𝜆  

 

Figure S6 Visual description of the S.I. (2) evaluation. 

We also selected another optical index from literature (𝐴. 𝐼.𝐶𝑂𝑁𝐴𝑁) 13,14, which is 

commonly used to describe the aggregation of AuNPs on natural and synthetic 

vesicles and defined as follows: 

𝐴. 𝐼.𝐶𝑂𝑁𝐴𝑁 = 𝐼521𝐼650 + 𝐼800 

with 𝐼521 , 𝐼650  and 𝐼800  UV-Vis absorbances at 521, 650 and 800 nm 

respectively.  

Both the S.I. (2) and the 𝐴. 𝐼.𝐶𝑂𝑁𝐴𝑁 show a sigmoidal behaviour as a function of 

membrane stiffness, as reported in Figure S7 and Table S7.  
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 S.I. (2) A.I. CONAN  

DOPC -0.1965 ± 0.0004 0.785 ± 0.014 

POPC - 0.14 ± 0.03 0.83 ± 0.17 

POPC/DPPC 0.12 ± 0.03 1.02 ± 0.05 

DPPC 0.71 ± 0.06 1.99 ± 0.24 

DPPC/DSPC 0.76 ± 0.01 2.36 ± 0.05 

DSPC 1.04 ± 0.02 3.28 ± 0.24 

 

Table S7 S.I. (2) and A.I. CONAN mean values and standard deviations for each 
liposomes/AuNPs hybrid. 

 

 

Figure S7 S.I. (2) and A.I. CONAN mean values and as a function of membrane 
stiffness. The sigmoidal fit curve is shown in black, together with the 
corresponding equation and fitting parameters (top inset). 
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Although promising for biomedicine, the clinical translation of inorganic 

nanoparticles (NPs) is limited by low biocompatibility and stability in 

biological fluids. A common strategy to circumvent this drawback consists in 

disguising the active inorganic core with a coating of (synthetic or natural) 

lipid bilayers, reminiscent of the structure of cell membrane, to redefine the 

chemical and biological identity of NPs. While recent reports introduced 

membrane-coating procedures for NPs, a robust and accessible method to 

quantify the integrity of the bilayer coverage is not yet available. 

To fill this gap, we prepared SiO2NPs with different membrane coverage 

degrees and monitored their interaction with AuNPs combining microscopic, 

scattering, and optical techniques. The membrane-coating on SiO2NPs induces 

spontaneous clustering of AuNPs, whose extent depends on the coating 

integrity. Remarkably, we discovered a linear correlation between the 

membrane coverage and a spectral descriptor for the AuNPs’ plasmonic 

resonance, spanning a wide range of coating yields. These results provide a 

fast, and cost-effective assay to monitor the compatibilization of NPs with 

biological environments, essential for bench tests and scale-up. In addition, we 

introduce a robust and scalable method to prepare SiO2/AuNPs hybrids 

through spontaneous self-assembly, with a high-fidelity structural control 

mediated by a lipid bilayer. 

 

 



  

3 

 

1.Introduction  

Over the last decades, numerous efforts have been devoted to the exploitation 

of the unique properties of inorganic nanoparticles (NPs) for biomedical 

applications. Despite the large number of NPs developed for biomedical 

purposes and reports illustrating their in-vitro potential, the route for effective 

clinical translation is still very limited, due to multiple issues1–5, including poor 

colloidal stability and limited circulation time in biological fluids, cytotoxic 

effects, poor targeting ability and uncontrolled accumulation in specific tissues, 

which eventually leads to low efficacy and unwanted side effects.6 In a 

simplistic view, these drawbacks could be considered to be related to a general 

issue, i.e. the inherent exogenous, synthetic nature of inorganic NPs, and their 

size range, which – being close to that of biomolecules and biological 

assemblies – can lead to unpredictable behavior when inserted into a biological 

environment. 

Coating NPs with a lipid membrane of either synthetic or natural origin is one 

of the most promising strategies to circumvent this issue, which led to a new 

class of nanomaterials, i.e., membrane-camouflaged biomimetic NPs. While 

retaining the physicochemical properties of the core (inorganic) material, the 

lipid shell of these systems provides biomimetic surface functions, such as 

immune escape ability and modulation, specific molecular recognition and 

targeting, enhanced cell adhesion, reduced toxicity, and long circulation time.7–

11 Among the possible sources for membrane camouflaging, synthetic lipid 

bilayers, whose composition can be conveniently tailored to resemble that of 

biological membranes, are commonly employed as bioinspired coatings to 

improve the biocompatibility and pharmacokinetics of NPs,12,13 as well as to 

enhance their colloidal stability14. Lipid bilayers can be easily functionalized 

to introduce targeting properties15,16, steering the carriers towards specific sites, 

protecting them from the biological environment, and preventing the 

uncontrolled leakage of drugs.13 More sophisticated coatings17,18, employing 
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natural cell membranes (e.g., of red19–23 and white24–26 blood cells, cancer 

cells27,28,29, stem cells30, platelets31,32,  and bacterial walls33,34,35), are currently 

the focus of intensive research, which has already led to the development of 

hybrid NPs with superior properties for drug delivery36,37, in vitro 

imaging19,38,39, diagnosis and treatment of cancer40,41, bacterial infections42,43 

and other diseases44,  anticancer vaccination45 and detection of viral 

pathogens46.  

In the palette of natural camouflages, the biomembrane of Extracellular 

Vesicles’ (EVs’) represents one of the latest -and more promising- frontiers.47 

EVs are biogenic vesicles naturally secreted by cells, containing lipids, 

proteins, nucleotides, and metabolites in the inner pool.48 As compared to other 

natural membrane coatings, EVs provide unmet targeting abilities, which are 

connected to their role in cell-cell chemical communication as nano-shuttles 

for proteins, lipids, and RNA49,50,51. Provided by its endogenous origin, the EV 

membrane also offers near non-immunogenicity, resistance to macrophage 

uptake52,53 and the ability to cross the blood-brain barrier54,55, as well as 

enhanced endocytosis efficiency.56 Coating NPs with the EVs membrane has 

recently proved as a powerful tool to achieve immune evasion-mediated 

targeting57  and selective accumulation at the tumor site57,58, e.g., through 

receptor-mediated endocytosis.59  

Despite a consistent growth of the library of available membrane-

coated NPs, achieving complete membrane coverage and developing efficient 

and reliable methods to quantify its integrity remain a significant hurdle. An 

incomplete membrane coating drastically decreases the colloidal stability of 

NPs60,61,62, and may promote cargo leakage in drug-delivery systems63. 

Moreover, the integrity of the membrane coating modulates the efficiency of 

macrophage clearance64 and affects the internalization mechanism of 

biomimetic NPs65, as well as their biomedical functions66,67,68.  
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So far, the characterization of the coating integrity has primarily relied 

on microscopy techniques (e.g., Electron, Confocal Laser Scanning, and 

Atomic Force microscopies) 69,70,71, Dynamic Light Scattering (DLS)72 and 

Zeta Potential measurements73,72,74. However, microscopy techniques do not 

provide ensemble-averaged characterization and generally require specialized 

equipment and ad-hoc sample preparation. On the other side, scattering-based 

methods and other traditional approaches (e.g., colloidal stability test in 

phosphate-buffered saline or fetal bovine serum65, and sodium dodecyl sulfate-

polyacrylamide gel electrophoresis72,75), fail in providing a quantitative 

estimate of the coating extent. More sophisticated techniques, such as mass 

spectrometry (MS) or liquid chromatography-tandem MS76,77,78, only give a 

rough estimation of the coating degree, i.e., heavily affected by strong 

assumptions on the morphology and structure of the coating itself.  

Here, we report a new colorimetric and spectrophotometric method for 

quantitatively assessing the membrane coating extent, based on the plasmonic 

properties of citrated gold nanoparticles (AuNPs).  

AuNPs spontaneously interact with free-standing lipid bilayers, leading to 

membrane adhesion and AuNPs clustering79,80,81,82,83,84. Recently, we have 

shown how the spontaneous clustering of AuNPs on synthetic and natural lipid 

vesicles (such as EVs) can be exploited to gain information on the 

characteristics of the vesicles themselves, such as their concentration85, 

stiffness86,87, and the presence of protein contaminants88. Overall, AuNPs 

plasmonic properties are emerging as convenient, highly sensitive and robust 

probes for lipid interfaces.  

Given these unique properties, we here test the ability of AuNPs to probe and 

possibly quantify the membrane coating degree on the surface of inorganic NPs.  

To this purpose, we prepare biomimetic NPs with a silica inorganic core and a 

synthetic membrane shell, whose composition mimics the typical one of EVs. 

Through a combination of structural and spectrophotometric techniques, we 
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investigate the interaction of such membrane-coated SiO2NPs (M-SiO2NPs) 

with AuNPs, as a function of the membrane coating integrity. Finally, we 

leverage these findings to estimate the extent of the lipid coverage of M-

SiO2NPs, through a simple and fast colorimetric assay.  

 

2. Results and Discussion 

2.1. Formation of biomimetic membrane-coated SiO2NPs (M-SiO2NPs) 

As model inorganic particles, we selected commercial anionic SiO2NPs, 

given their well-known surface chemistry and the wide range of applications 

in biomedical research89,90. To form the lipid coating, we used DOPC (1,2-

dioleoyl-sn-glycero-3-phosphocholine)/Sphingomyelin/Cholesterol 

(0.87/0.38/1.00 mol%) vesicles, characterized by an average hydrodynamic 

diameter of 110 nm (PDI 0.150) and a ζ-potential of -15.2 ± 1.3 mV (see 

section S2 of SI). This composition has been selected to mimic the prototypical 

lipid membrane of Extracellular Vesicles (EVs), typically enriched in 

sphingomyelin and cholesterol as compared to parental cells.91  

The lipid coating of  SiO2NPs was obtained through a slight modification of a 

well-established protocol92 (described in the Materials and Methods section). 

Briefly, this method relies in mixing SiO2NPs in ultrapure water with a high 

stoichiometric excess of liposomes (≥1/50 SiO2NPs/liposomes number ratio), 

formed in an aqueous medium with high osmolality. The adhesion of vesicles 

on the SiO2NPs surface, driven by Van der Waals attractive forces, is quickly 

followed by membrane rupture, triggered by the transmembrane gradient of 

osmotic pressure between the inner aqueous pool of vesicles and the dispersing 

medium.  

M-SiO2NPs were imaged through Cryogenic electron microscopy 

(Cryo-EM), with Figure 1a and 1b displaying representative Cryo-EM images 

at different magnifications. While only very few intact vesicles (see Figure 1a, 

top part, and section S2.1 for additional images) appear to sit onto the SiO2 
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surface, most of SiO2NPs are either totally (Fig.1b blue arrows) or partially 

(Fig.1b blue arrows) surrounded by a nanometric layer, closely following the 

particle morphology, with an electron density that is intermediate between the 

ones of SiO2 and the surrounding medium. This layer can be reasonably 

identified as the bilayer, originally constituting the lipid membrane of vesicles.  

To gain additional information on the thickness of the surrounding layer, the 

samples were also imaged by liquid-Atomic Force Microscopy (AFM). 

Representative AFM images of SiO2NPs and M-SiO2NPs are displayed in 

Figure S2.2, while Figure 1c reports the size distributions obtained for the two 

samples; the average diameter for the SiO2NPs is 125 ± 10 nm, while the one 

of M-SiO2NPs is 140 ± 15 nm. The 15 nm difference between the two average 

diameters is compatible with the presence of a lipid bilayer entirely covering 

most of the particles of the M-SiO2NP sample.  

In addition, we characterized the lipid coating at an ensemble-averaged level, 

performing DLS and ζ-Potential measurements (Figure 1d). The DLS 

autocorrelation functions for bare and M-SiO2NPs (Figure 1d) were analyzed 

through a cumulant fitting stopped at the second order93. The inset in Figure 

1d summarizes the main results. The hydrodynamic diameter of uncoated 

SiO2NPs, inferred from the corresponding autocorrelation function, is 165 nm 

(PDI 0.067). It is worth highlighting that the hydrodynamic size of SiO2NPs is 

remarkably larger (~40 nm) than the primary particle diameter determined by 

AFM, which is in line with previous reports94. In contrast, the autocorrelation 

function of M-SiO2NPs decays at longer times, consistent with an increase of 

hydrodynamic diameter up to 210 nm (PDI 0.1), which is compatible with an 

extensive formation of a lipid bilayer on the SiO2NPs. Moreover, the 

characteristic ζ-Potential increases from -40± 1 mV (for SiO2NPs) to -22 ± 1 

mV (for M-SiO2NPs), which is very close to the one of liposomes (-15± 1 mV), 

further confirmation of the effective lipid coverage of the SiO2NPs’ surface.  
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Lastly, we quantified the extent of the SiO2 surface covered by the lipid bilayer 

employing Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-

AES). This technique allows for exact quantification of the Si and P atoms in 

the final M-SiO2NPs samples, from which the ratio between the covered and 

bare SiO2 surfaces can be inferred through simple geometrical models (see 

section S5.1 in SI). It is worth stressing that these models heavily rely on 

specific assumptions about the packing of lipid molecules within the 

membrane formed on SiO2 (see section 2.3 of SI); consequently, the technique 

can only provide a rough estimation of the degree of coverage of the SiO2NPs 

surface. Through this approach, a coverage % of 88 ± 8 was estimated for the 

sample reported in Fig 1.  

 

 

Figure 1. a) and b) Cryo-EM images of M-SiO2NPs at different magnifications 

(blue and red arrows identify coated and uncoated areas, respectively); c) Size 

distribution of SiO2NPs (red) and M-SiO2NPs (blue) obtained by liquid-AFM 

imaging; d) Autocorrelation functions of 0.08 mg/mL water dispersion of 
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SiO2NPs (red) and M-SiO2NPs (blue). The inset shows the hydrodynamic 

diameter (extrapolated by a cumulant fitting) and the ζ-potential values of each 

sample. 

 

2.2. The interaction of M-SiO2NPs with citrated gold nanoparticles 

Once the formation of M-SiO2NPs was demonstrated via different 

complementary techniques as discussed in the previous paragraph, we tested 

the possibility to probe the lipid layer covering the NPs utilizing the plasmonic 

properties of AuNPs.  

To this purpose, 1.15 nM bare SiO2NPs (control sample) were first 

challenged by 6.13 nM Turkevich-Frens AuNPs with an average diameter of 

12 nm and -35 mV ζ-Potential (see section S3 of SI for AuNPs 

characterization), for a final SiO2NPs/AuNPs number ratio of ~1/30. The 

sample was imaged via Cryo-EM (Figure 2a), showing that AuNPs do not 

interact with bare SiO2NPs, which is expected for the electrostatic repulsion 

between the two inorganic surfaces, both having a highly negative ζ-Potential. 

Conversely, when AuNPs are incubated with M-SiO2NPs under the 

same conditions, a completely different effect is visible: as shown in Figure 2b 

(see also section S4.1 for additional images), AuNPs spontaneously cluster on 

M-SiO2NPs, forming AuNPs-decorated M-SiO2NPs composites. This 

phenomenon, which did not occur with the bare SiO2NPs, is clearly induced 

by the presence of a lipid bilayer on the SiO2 surface, which mediates the 

adhesion and clustering of AuNPs on M-SiO2NPs.  

Cryo-TEM results were complemented by an ensemble-averaged 

characterization performed through DLS (see section S4.2 of SI), which 

provided the mean size and polydispersity of SiO2NPs/AuNPs and M-

SiO2NPs/AuNPs mixed samples. This characterization showed no interaction 

between AuNPs and bare SiO2NPs, testified by the presence of two distinct 

populations within the SiO2NPs/AuNPs samples, whose sizes perfectly 
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matches the ones of free AuNPs (~20 nm) and free SiO2NPs (~170 nm). In 

contrast, a single population of bigger size (~230 nm) was detected for M-

SiO2NPs/AuNPs samples, consistent with the formation of composites in 

which M-SiO2NPs are decorated by a layer of AuNPs.  

Remarkably, the clustering of AuNPs on M-SiO2NPs led to an evident 

color change of the AuNPs dispersion from red to purple/blue (see insets of 

Figures 2c and 2d) within 10 minutes of incubation, which can be noticed by 

the naked eye and is connected to a variation of AuNPs’ plasmonic properties. 

Conversely, bare SiO2NPs do not induce significant color variations in the 

AuNPs’ dispersion.  

The corresponding spectral variations were quantified by means of UV-

Vis spectroscopy (results displayed in Figures 2c and 2d). In line with visual 

observation, the interaction of AuNPs with bare SiO2NPs does not significantly 

alter the plasmonic features of AuNPs, consisting of the characteristic 

plasmonic primary peak located at 520 nm (red trace). On the contrary, the 

interaction with M-SiO2NPs causes a red-shift of the plasmon resonance peak 

of AuNPs and the occurrence of an additional red-shifted shoulder, a well-

established signature of plasmon coupling87,95, consistent with AuNPs 

aggregation.  

As already anticipated, a similar coupling of the plasmons of AuNPs 

has been observed for AuNPs interacting with natural or synthetic vesicles and 

conveniently used for determining the concentration, purity and rigidity of 

such soft objects51,96. Here for the first time, we show that this phenomenon 

can also be activated on rigid nanoparticles (such as inorganic SiO2NPs), 

thanks to the mediating action of a lipid bilayer covering their surface. 

 The clustering of AuNPs on free-standing bilayers was previously 

found to be promoted by the bending ability of the lipid membrane85,87,95,97; on 

the contrary, it was expected to be strongly suppressed (or fully prevented) for 
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lipid interfaces formed on rigid supports (e.g., the inorganic core of NPs), 

where membrane bending ability is strongly reduced.  

To shed light on this aspect, we directly compared the UV-Vis spectra 

of AuNPs incubated with M-SiO2NPs with the ones of AuNPs interacting with 

liposomes presenting the same membrane composition (see section S4.3 of SI); 

the results showed that the rigid core of SiO2 strongly decreases the aggregation 

of AuNPs on the lipid membrane, without, however, completely preventing it. 

In fact, the clustering extent of AuNPs on M-SiO2NPs is sufficient to detect an 

apparent color change in AuNPs dispersion and, accordingly, a variation in the 

corresponding UV-Vis absorbance spectra. 

 

 

Figure 2. Cryo-EM images of (a) SiO2NPs - AuNPs (b) M-SiO2NPs - AuNPs 

composites and UV−visible spectra of AuNPs incubated with (c) SiO2NPs and 

(d) M-SiO2NPs. The UV-Vis spectrum of bare AuNPs (red curve) is also 

reported as a control sample. The visual appearance of AuNPs before and after 
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the incubation with SiO2NPs and M-SiO2NPs is reported in the insets of the 

graphs.  

 

2.3 A nanoplasmonic assay to quantify lipid coverage in M-SiO2NPs 

Having demonstrated that the self-assembly of citrated AuNPs occurs 

on lipid-coated SiO2NPs and not on bare ones, we explored how the plasmonic 

variations of AuNPs are affected by the extent of lipid coverage of the SiO2NPs.  

To this aim, we applied the same transmembrane osmotic shock-based 

protocol for synthesizing several SiO2NPs samples with different degrees of 

coating (see Materials and Methods section). While a NPs/vesicles ratio ≥ 1/50 

is required to obtain an almost full coverage of the silica surface (i.e., ~88%, 

see previous paragraphs), the coverage extent can be tuned by varying the 

SiO2NPs/vesicles ratio during incubation. Employing SiO2NPs/vesicles ratios 

of 1/50, 1/15, 1/10, 1/5, 1/3, and 1/1, we realized different hybrids and 

characterized them through ICP-AES, DLS, and ζ-potential (see section 4.4). 

Table 1 provides a full overview of such characterization. 

 

Table 1. Hydrodynamic diameter, ζ-potential values of SiO2NPs, bare vesicles, 

and M-SiO2NPs obtained using different SiO2NPs-vesicles ratios. The last 
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column reports the SiO2NPs coverage percentage, calculated from the 

concentration of P and Si measured by ICP-AES for each composition (see SI 

section S2.3). The inset displays a schematic representation of how the 

coverage affects the size and stability of the hybrids.  

 

The results obtained from ICP-AES measurements were used for a 

rough estimation of the coating degrees of SiO2NPs (see SI section S2.3). The 

coating fraction ranged from 13% to 88% by increasing the number of vesicles 

employed in the incubation step.  The size, colloidal stability, and surface 

charge of the M-SiO2NPs with different coating degrees were assessed by DLS 

and ζ-Potential. The ζ-Potential of the M-SiO2NPs decreases in a monotonous 

trend, passing from -23 ± 1 mV for the 1/50 SiO2NPs/vesicle ratio to -37 ± 4 

mV for the 1/1 one, which is very close to the value obtained for bare SiO2NPs. 

These results are consistent with an increased extent of particle coverage as the 

number of vesicles per SiO2NP increases. 

On the other hand, the hydrodynamic size of M-SiO2NPs (around 200 

nm) is stable in the range 1/50 to 1/5 SiO2NPs/vesicle ratio, while for higher 

ratios (i.e., 1/3 and 1/1) the samples display an abrupt increase in the size, 

reaching very high hydrodynamic diameters (400-600 nm) and polydispersity 

(around 0.3-0.4). For these dispersions, we observed low colloidal stability, 

with massive precipitation within 1 h from preparation. This observation can 

be explained considering that, for high SiO2NPs/vesicle ratios, the coverage on 

SiO2NPs is only partial. In agreement with some recent reports, a lipid surface 

coverage lower than 40% induces abrupt precipitation98 due to the presence of 

membrane patches on the silica surface, triggering the bridging between 

different -and partially coated- particles61,62 (inset in table 1).  

In the present case, it is reasonable to assume that, for colloidally 

unstable samples, the vesicles’ amount is too low to completely coat the 

available SiO2 surface, and, therefore, most of the SiO2NPs will present a 
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discontinuous surface coverage. The lipid edges of the bilayer patches 

represent very high-energy spots, which promote interaction with other 

uncompleted bilayer shells, inducing particle bridging, and precipitation. In 

this hypothesis, the dispersions’ stability, only achieved for lower 

SiO2NPs/vesicle ratios (<50%), can be considered an indirect proof of the 

formation of intact bilayer shells around the surface of a significant fraction of 

the SiO2NPs. 

We then investigated the interaction of AuNPs with M-SiO2NPs 

presenting different coating degrees through UV-vis spectroscopy (Figure 3a). 

For this purpose, the M-SiO2NPs were incubated with AuNPs under the same 

experimental conditions described in section 2.2. The incubation provokes a 

gradual color variation of the original AuNPs dispersion (see Figure 3a inset), 

from a ruby red to different shades of purple; this is associated with a 

broadening of the plasmonic primary signal and the appearance of a red-shifted 

shoulder (Figure 3a), previously also observed for the 1/50 SiO2NPs/vesicles 

sample (section 2.2). Interestingly, the extent of such variations (especially in 

terms of the intensity of the red-shifted shoulder) depends on the fraction of 

membrane-covered SiO2NPs surface. Specifically, the red-shifted shoulder 

gets gradually more pronounced with increasing membrane coverage. 

To characterize the structure of the AuNP aggregates, we performed 

Synchrotron Small Angle X-Ray Scattering (SAXS) measurements (Elettra, 

Trieste, Italy). Figure 3b displays the SAXS profiles obtained for the bare 

AuNPs and M-SiO2NPs/AuNPs adducts. The scattering signal arises from a 

form factor P(q), which accounts for the shape and size of the dispersed objects, 

and from a structure factor S(q), which depends on interparticle interactions. 

In our experimental conditions, considering the much higher concentration of 

the AuNPs, the SiO2NPs contribution to the scattering profiles can be regarded 

as negligible (see Figure S11 in section S4.4). Therefore, the SAXS profiles 

shown in Figure 3b are only due to the combination of the P(q) and the S(q) of 
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AuNPs, providing specific information on their structure and aggregation 

extent. In particular, in the low-q range (0.082 < nm-1 < 0.161), we notice a 

power-law dependence between the scattering intensity and q, highlighted by 

a linear trend in a double-log representation of the profiles. For low scattering 

vectors values, the scattering signal accounts for the morphology of particles 

and aggregates. According to the Porod approximation99, this dependence can 

be related to the mass fractal dimension of the probed objects, which accounts 

for the dimensionality of the AuNPs clusters. Specifically, the absolute values 

of the slopes of the log-log plots can be associated with a Porod coefficient 

which represents the fractal dimension of the aggregates. The evaluated slope 

decreases from -0.53 to -1.44 as the membrane coverage increases, as reported 

in the inset of Figure 3b. In a model-free fashion, such a slope evolution 

suggests that the aggregation of AuNPs creates larger and more densely packed 

clusters with increasing SiO2NPs coverage. Overall, the structural information 

gained from the SAXS profiles strongly agrees with the plasmonic variations 

monitored in the UV-Vis spectra. 

 



  

16 

 

 
Figure 3. (Top) UV−visible spectra of 6.13 nM AuNPs interacting with 1.15 

nM M-SiO2NPs with different degrees of coverage, collected after 10 min of 

incubation; (bottom) SAXS profiles of M-SiO2NPs -AuNPs mixtures with 

varying degrees of SiO2NPs membrane coverage collected after 10 minutes of 

incubation. The inset displays the Porod coefficients extracted from the linear 

fits (dashed black lines) of the double log plots. 

 

The results from SAXS and UV-Vis show that AuNPs clustering on M-

SiO2NPs is spontaneous and strictly modulated by the coated surface fraction 
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of SiO2NPs. The plasmonic properties of AuNPs conveniently monitor such 

dependence, through both color and spectral variations of the AuNPs/M-

SiO2NPs dispersion. It is then possible to infer the coating degree from a 

colorimetric assay by introducing a quantitative descriptor of the plasmonic 

variations of the AuNPs dispersion.  

To this aim, we selected an optical index recently used to quantify the 

variation of optical properties of AuNPs dispersions in the presence of 

synthetic free-standing vesicles100. This aggregation index (A.I.) is calculated 

by dividing the area subtended by the absorbance spectrum in the 560–800 nm 

range by the total spectral range area (350–800 nm). The results are then 

normalized for the A.I. of neat AuNPs, so that the A.I. of neat AuNPs’ 

dispersion is equal to 1 and, increasing the particle aggregation, the A.I. value 

increases. Table 2 summarizes the A.I.s for each M-SiO2NPs /AuNPs sample, 

where the coating degrees vary.  

 

SiO2NPs 

coverage  

A.I. 

88% 1.81 ± 0.05 

68% 1.63 ± 0.04 

60% 1.45 ± 0.03 

53% 1.35 ± 0.02 

33% 1.14 ± 0.01 

13% 1.07 ± 0.02 

0% 1  

Table 2. A.I. values obtained for each different membrane coverage of 

SiO2NPs. 
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Figure 4 shows the so-determined A.I. values plotted versus the membrane 

coverage % of SiO2NPs (inferred quantitatively by ICP-AES).  

While the gradual color variation of AuNPs (bottom inset in figure 4) can 

already provide some qualitative hints on the degree of membrane coverage, 

the A.I. and the coverage extent of SiO2NPs are linked by a precise functional 

relation, which paves the way for developing a spectrophotometric assay for 

the quantitative determination of membrane coverage. Specifically, the A.I. 

increases linearly with membrane coverage (r-squared 0.98) over a wide range 

of coating yields (35-90%). The fitting accuracy decreases when SiO2NPs with 

a coverage <35% are included in the linear regression, yielding an r-squared 

of 0.95 (see section 5.2 of SI). This is probably due to the poor colloidal 

stability of the M-SiO2NPs in low coverage conditions, leading to uncontrolled 

precipitation of M-SiO2NPs/AuNPs complexes (see Fig. S14 of SI for the 

correlation between the hydrodynamic size of M-SiO2NPs and the optical 

response of AuNPs).  

While several qualitative methods (e.g., colloidal stability tests65, and sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis72) can easily detect a very 

poor (<35%) or absent coverage on NPs, this approach offers a precise -and 

quantitative- determination of membrane integrity at intermediate and/or high 

membrane coverage levels, which represents the compositional range of 

interest for the application of NPs in the biomedical field; as a matter of fact, 

most of the membrane-related surface functionalities of NPs vanish at low 

coverages66–68, while only higher levels of coverage ensure colloidal 

stability60,62 of NPs and partial (or complete) preservation of the biological 

functions65 of their membrane shell. 

Moreover, it is worth noticing that, since the aggregation of AuNPs is induced 

by the presence of the lipid bilayer coating, the assay does not depend on the 

chemical nature of the nanoparticles' inorganic core and could be extended to 

NPs with different compositions and physicochemical features.  
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Figure 4. A.I. as a function of SiO2NPs membrane coverage, with sketches of 

AuNPs/M-SiO2 hybrids highlighting how the integrity of the membrane coating 

affects AuNPs binding and aggregation. Inset: visual appearance of AuNPs 

incubated with SiO2NPs at different membrane coverages. 

 

3. Conclusion 

In the last years, the production of lipid bilayer-coated materials has 

proved a powerful approach to increase the biocompatibility of inorganic NPs, 

reduce adverse side effects, and improve their efficiency. To reach this 

overarching goal, high-fidelity structural control and the availability of 

analytical methods amenable for scale-up production are critical. Here we 

described a straightforward and quantitative assay for determining the extent 

biomimetic lipid bilayer coverage on inorganic nanoparticles. Based on 

previous works, we leveraged the plasmonic properties of Turkevich-Frens 

AuNPs and their sensitivity to the AuNP aggregation extent to develop an 
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effective method for the quantification of lipid membrane coating on inorganic 

NPs. By challenging SiO2NPs of different -and known- lipid coverage degrees 

with AuNPs, we show that, in the region of colloidal stability, the plasmonic 

descriptor of AuNPs’ optical properties linearly varies with the amount of lipid 

coverage and that this dependence can be leveraged for estimating the coverage 

extent.  

As a difference from the already available methods69–71,76–78, such assay 

provides a fast and high-throughput readout of membrane integrity at an 

ensemble-averaged level, which only requires cheap reagents, standard lab 

instrumentation, and limited users experience.  

From a different -but equally important- perspective, we also showed 

that a lipid membrane can drive and control the self-assembly of AuNPs on an 

inorganic nanosized scaffold, which enables the possibility to create complex 

hybrid materials composed of an inorganic core, a lipid bilayer shell and a 

further plasmonic shell of tuneable optical properties. The easiness of 

preparation, which exploits the spontaneous self-assembly of AuNPs, can 

inspire the production of multicomponent biocompatible nanomaterials with 

high structural fidelity and mild experimental conditions. 

 

4. Experimental Section/Methods  

4.1 Materials 

Tetrachloroauric (III) acid and trisodium citrate dihydrate were provided by 

Sigma-Aldrich (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), N-palmitoyl-D-erythro-sphingosylphosphorylcholine 

(sphingomyelin) and cholesterol were provided by Avanti Polar Lipids. 

Sucrose, sodium chloride (NaCl), sodium citrate, and calcium chloride (CaCl2) 

were provided by Sigma Aldrich. All chemicals were used as received. Milli-

Q-grade water was used in all preparations. Silica Nanoparticles were provided 

by HiQ-Nano (Arnesano, Lecce, Italy) and are stable in an aqueous buffer and 
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are characterized by a hydrophilic surface with terminal Si-OH functional 

groups. 

4.2 Preparation of SiO2 NPs  

The commercial batch was thoroughly homogenized by vortexing, followed 

by 30 min bath sonication before use. Subsequently, it was diluted in milliQ 

water to obtain a final SiO2 concentration of 1.6 mg/mL right before mixing 

with liposomes. 

4.3 Preparation of liposomes 

To prepare the EVs-mimicking liposomes, the proper amount of DOPC, 

Sphingomyelin, and cholesterol was dissolved in chloroform (0.87/0.37/1 

mol%/mol%), and 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 a warm (40 °C) water solution of sucrose (650 mM), sodium 

chloride (150 mM), and sodium citrate (10 mM) by vigorous vortex mixing to 

obtain a final lipid concentration of 7 mg/ml. The resultant multilamellar 

vesicles (MVL) in water were subjected to 10 freeze−thaw cycles and extruded 

10 times through two stacked polycarbonate membranes with a 100 nm pore 

size at room temperature to obtain unilamellar vesicles (ULV) with a narrow 

and reproducible size distribution. The filtration was performed with the 

Extruder (Lipex Biomembranes, Vancouver, Canada) through Nucleopore 

membranes. 

4.4 Preparation of membrane-coated Silica Nanoparticles (M-SiO2NPs) 

To prepare fully coated SiO2-NPs, 1 mL of a dispersion of uncoated SiO2-NPs 

in ultrapure water (1.6 mg/mL) was mixed with 1 mL of liposomes dispersion 

(7 mg/mL) at high stoichiometric excess of liposomes (approximately 1/50 

SiO2-NPs/liposomes number ratio), formed in an aqueous environment with 

high osmolality (650 mM sucrose, 10 mM Sodium Citrate, 150 mM NaCl, 10 

mM CaCl2). The formation of the lipid coating on SiO2NPs starts with the 
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adhesion of the vesicles on the SiO2NPs surface due to Van der Waals 

interactions; this is followed by membrane rupture driven by the 

transmembrane gradient of osmotic pressure between the inner aqueous pool 

and the dispersing medium (SiO2NPs were initially dispersed in ultrapure 

water). The excess of intact liposomes was then removed through 

centrifugation (6000 rpm x 30 min each), after which the supernatant was 

discarded, and the precipitate (containing M-SiO2NPs) collected and 

redispersed in ultrapure water. This last step was repeated 6 times to fully 

remove the excess of intact vesicles. To account for possible material loss 

during the centrifugation cycles, the final concentration of M-SiO2NPs was 

quantified by ICP-AES (see section S2.3).   

To prepare M-SiO2-NPs with different degrees of coverage we employed the 

same protocol varying the initial SiO2NPs/vesicle ratio. Specifically, 1 mL 

SiO2-NPs in ultrapure water (1.6 mg/mL) was mixed with 1 mL of liposomes 

properly diluted to obtain SiO2NPs/vesicle ratios of approximately 1/15, 1/10, 

1/5, 1/3, and 1/1. The intact liposomes were removed through centrifugation 

(6000 rpm x 30 min each), and the precipitate was collected and redispersed in 

1 mL of ultrapure water. 

4.5 Synthesis of AuNPs 

Anionic gold nanospheres (AuNPs) of 12 nm in size were synthesized 

according to the Turkevich−Frens method.101,102 Briefly, 20 mL of a 1 mᴍ 

HAuCl4 aqueous solution was brought to the boiling temperature under 

constant and vigorous magnetic stirring. 2 mL of a 1% citric acid solution were 

then added to the mixture . The solution was further boiled for 10 min until it 

acquired a deep red color. The nanoparticle solution was then slowly cooled to 

room temperature. 

4.6 Cryo-EM 
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3 μL of each sample at a SiO2NPs concentration of 1.15 nᴍ were applied on 

glow-discharged Quantifoil Cu 300 R2/2 grids. The samples were plunge 

frozen in liquid ethane using an FEI Vitrobot Mark IV (Thermo Fisher 

Scientific) instrument. The excess liquid was removed by blotting for 1 s (blot 

force of 1) using filter papers under 100% humidity and at 10 °C. Cryo-EM 

data were collected at the Florence Center for Electron Nanoscopy (FloCEN), 

University of Florence (Italy), on a Glacios (Thermo Fisher Scientific) 

instrument at 200 kV equipped with a Falcon III detector operated in the 

counting mode. Images were acquired using EPU software with a physical 

pixel size of 2.5 Å and a total electron dose of ∼ 50 e−/Å2 per micrograph. 

4.7 Atomic Force Microscopy (AFM) 

NPs were deposited on top of poly-L-lysine (PLL) coated glass coverslips. All 

reagents were purchased from Sigma-Aldrich Inc (www.sigmaaldrich.com) 

unless otherwise stated. Menzel Gläser coverslips were cleaned in Piranha 

solution for 2h and washed in a sonicator bath (Elmasonic Elma S30H) for 30’ 

in acetone, followed by 30’ in isopropanol and 30’ in ultrapure water 

(Millipore Simplicity UV). Before each experiment, glass coverslips were 

treated with air plasma (Pelco Easiglow) and immersed into a 0.01 mg/mL PLL 

solution in Borate buffer (pH 8.33) at room temperature for 30 minutes. After 

being thoroughly rinsed with ultrapure water and dried with nitrogen, the 

coverslips were ready to be used for the AFM experiments. A 10 µl droplet of 

the SiO2NPs dispersion was deposited on top of the coverslips and left 

equilibrating for 15 minutes before being inserted into the AFM fluid cell. The 

concentrations of SiO2NP dispersions were adjusted via trial and error to avoid 

the formation of NP-clusters, which would ultimately prevent the quantitative 

determination of their morphology. AFM experiments were performed in 

PeakForce mode at room temperature on a Bruker Multimode 8 equipped with 

Nanoscope V electronics, a sealed fluid cell, a type JV piezoelectric scanner 
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and Bruker SNL10-A probes (with nominal tip radius 2-12 nm and spring 

constant 0.35 N/m), calibrated according to the thermal noise method103. A 50 

mM MgCl2, 100 mM KCl solution was used as imaging buffer in order to 

reduce the electrical double layer (EDL) interaction region between the AFM 

tip and the NPs104. NP height was used to obtain the respective size 

distributions; given that NPs are spherical rigid objects, their height coincides 

with the NP diameter and being unaffected by tip convolution effects, 

represents a reliable parameter for size estimation.  

4.8 Dynamic Light Scattering (DLS) and ζ-Potential 

DLS measurements at θ = 90° and the ζ-potential determination were 

performed using a Brookhaven Instrument 90 Plus (Brookhaven, Holtsville, 

NY). Each measurement was an average of 10 repetitions of 1 min each, and 

measurements were repeated 10 times. The autocorrelation functions (ACFs) 

were analyzed through cumulant fitting stopped at the second order for samples 

characterized by a single monodisperse population, allowing an estimate of the 

hydrodynamic diameter of particles and the polydispersity index. ζ-potentials 

were obtained from the electrophoretic mobility u according to the 

Helmholtz−Smoluchowski equation ζ = (
η

ε
 ) × µ (1), where η is the viscosity 

of the medium and ε is the dielectric permittivity of the dispersing medium. 

The ζ-potential values are reported as averages from 10 measurements. 

4.9 Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-

AES) 

The determination of Si and P content in the samples was performed in 

triplicate by using a Varian 720-ES Inductively Coupled Plasma Atomic 

Emission Spectrometer (ICP-AES). An accurately measured amount of each 

sample was diluted to a final volume of 5 mL with 1% suprapure HNO3 

obtained by sub-boiling distillation. Each sample was thus spiked with 100 µL 

of Ge 50 mg/L standard solution used as the internal standard. Calibration 
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standards were prepared by gravimetric serial dilution from a commercial 

stock standard solution of Si and P at 1000 mg L−1. The analytic wavelengths 

used for Si and P determination were 251.611 and 213.618 nm, respectively, 

whereas for Ge we used the line at 209.426 nm. The operating conditions were 

optimized to obtain the maximum signal intensity, and between each sample, 

a rinse solution constituted of 2% v/v HNO3 was used to avoid memory effects. 

4.10 UV-vis spectroscopy 

UV−vis spectra were recorded with a Cary 3500 UV−vis spectrophotometer. 

50 μL of either naked SiO2NPs or M-SiO2NPs (at a SiO2 concentration of 1.15 

nᴍ with different degrees of coverage were mixed with 300 μL of 6.13 nᴍ 

AuNPs and incubated for 10 minutes at room temperature in PMMA UV-vis 

micro cuvettes (maximum volume 1.5 mL).  Then, 700 µL of MilliQ water 

were added to the samples and after 10 minutes, the spectra were 

simultaneously recorded with a multiple sample holder in the spectral range 

350-800 nm.  

4.11 Small Angle X-ray Scattering 

M-SiO2NPs - AuNPs hybrids were characterized at the SAXS beamline of the 

synchrotron radiation source Elettra (Trieste, Italy), which was operated at 2 

GeV and a 300mA ring current. The experiments were carried out with λ = 1.5 

Å, and the SAXS signal was detected with a Pilatus 3 1M detector in the q-

range from 0.009 to 0.7 Å−1. The SAXS curves were recorded in a glass 

capillary. 
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1 Supplementary Characterization of Liposomes 

1.1 Dynamic Light Scattering and Z-Potential 

 

Fig S1: Autocorrelation function collected for the vesicles’ dispersion at a 

concentration of 0.35 mg/mL. The table in the inset shows the hydrodynamic 

diameter and the polydispersity index (PDI), evaluated with the cumulant analysis, 

and the surface ζ-potential. 

 

1.2 Evaluation of Liposomes concentration 

The lipid concentration in the starting colloidal dispersion was estimated to be 7 

mg/mL from the initial lipid and water amounts employed in the formation and 

swelling of lipid films, assuming the absence of lipid loss due to the extrusion 

procedure. The liposomes concentration in the final dispersion was subsequently 
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calculated considering their hydrodynamic diameter (Fig. S1). In particular, the 

liposomal surface area (surface area=4πr2) can be extracted from the liposome 

diameters; the doubled surface can be subsequently divided by the lipid cross section 

(approximately 0.5 nm2) in order to obtain the lipid number per liposome, assuming 

that approximately one half of the lipids is localized in the external leaflet of a 

liposome, since the bilayer thickness, about 4-5 nm, is negligible with respect to the 

liposomes’ average diameter. Eventually, the total weighted lipid concentration was 

divided by the total number of lipids per liposome. A liposome concentration of 

7.998 x 1013 vesicles/mL was obtained, corresponding to a molar concentration of 

13 x 10-8ᴍ. The liposomal dispersions were diluted to reach a final concentration of 

5·1013 vesicles/mL before use (corresponding to a molar concentration of 9.5 x 10-8 

ᴍ). 

 

 

 

 

 

2 Supplementary Characterization of M-SiO2NPs 

2.1 Cryo-TEM 
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Fig S2: Cryo-TEM images of SiO2NPs with a membrane coverage of 88%. 

2.2  Atomic Force Microscopy 

 

Fig S3: Representative AFM images of a) SiO2NPs and b) M-SiO2NPs. 

2.3 Evaluation of the degree of coverage 

To evaluate the degree of lipid coverage of each sample, we performed ICP-AES 

measurements. With this method we were able to determine (in terms of mg per 
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liters) the amount of P and Si within the dispersion. The obtained values were 

reported in table S1. Starting from such values we evaluated the lipid coverage of 

SiO2NPs for each formulation, according to the following procedure. The amount of 

P was used for calculating the moles of lipids in the samples. Considering AFM 

results, the size of M-SiO2NPs is approximately 140 nm. Thus, the amount of lipids 

needed for the formation of a lipid bilayer around a single SiO2NP can be 

approximated to be equal to the amount of lipid composing a liposome of 140 nm in 

diameter (following the procedure reported in section S1.2).  

For evaluating the concentration of SiO2NPs in each sample after 6 cycles of 

centrifugation, the total mass of SiO2NPs was obtained starting from the amount of 

Si measured by the ICP-MS analysis. Then, the mass of a single SiO2NP was 

obtained from the density of the SiO2NP (d=1.9 g/cm3) and the volume of a single 

SiO2NP of 120 nm in diameter (904320 nm3). The number of SiO2NPs present in the 

sample was obtained by dividing the total mass of SiO2NPs for the mass of a single 

SiO2NP. Finally, to obtain the percentage of covered SiO2NP surface, the total 

number of lipids (calculated from ICP-AES data as described above) was divided by 

the number of lipids theoretically needed for fully covering the number of SiO2NPs 

present in the sample. 

The obtained results are reported in table S3. Each sample was diluted to a SiO2 

concentration of 1.15 nᴍ before each further measurement. 
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Sample P mg/L Si mg/L SiNPs coverage  

50/1 8.9 ± 0.8 596.3 88 ± 8 % 

15/1 7.2 ± 0.7 626.3 68 ± 7 % 

10/1 5.9 ± 0.6 579.0 60 ± 6 % 

5/1 5.0 ± 0.5 557.4 53 ± 5 % 

3/1 3.2 ± 0.3 570.9 33 ± 3 % 

1/1 1.0 ± 0.1 462.3 13 ± 1% 

 

Table S1: mg/L concentration of the samples obtained by ICP-AES measurements. 

3 Supplementary Characterization of Gold Nanoparticles  

 

3.1  Small Angle X-ray Scattering 

SAXS measurements on AuNPs aqueous dispersion were carried out in sealed glass 

capillaries of 1.5 mm diameter.  

 The structural parameters (Table S2) of citrated gold nanoparticles were evaluated 

from the SAXS profile of their diluted water dispersion (2.06 n ᴍ) (Figure S1), 

according to a spherical form factor and a Schulz size distribution. In our 

concentration range, we can safely assume that there are no interparticle interactions, 

and that the structure factor S(Q) is equal to 1 in the whole range of scattering 

vectors. Thus, the scattering profile of the particles derives from their form factor, 

P(Q). The SAXS spectrum reported in Figure S1 is fully consistent with the 

characteristic P(Q) of spherical particles with an average diameter of about 5.8 nm. 
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The clear presence of P(Q) oscillations in the high Q region is consistent with a 

relatively low polydispersity of the synthesized AuNPs.

 

Figure S4: Experimental SAXS curve (red markers) obtained for AuNPs, and curve 

fit (solid black line) according to the Schulz spheres model from the analysis 

software package SasView. The size and polydispersity obtained from the fitting 

procedure are summarized in the Table S1 below.  

 Rcore (nm) poly 

AuNP 5.8 0.095 

 

Table S2: Structural parameters of the nanoparticles obtained from the analysis of 

SAXS curves according to the Schulz spheres model. 

3.2 Dynamic Light Scattering and ζ-Potential 

AuNPs hydrodynamic diameter and surface charge in MilliQ water were evaluated 

1
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through Dynamic Light Scattering and ζ-Potential, respectively, and reported in inset 

of figure S5. 

 

Figure S5: Hydrodynamic diameter obtained from Dynamic Light Scattering and 

surface ζ-Potential of AuNPs. 

 

3.3 UV-vis Spectroscopy 
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Figure S6 UV-Vis absorption spectra of AuNPs after 1:3 dilution in water (2.06 nᴍ). 

The plasmon absorption peak is at around 520 nm.  

 

To further evaluate the AuNPs size through UV-Vis spectroscopy we exploited the 

following equation1:   

𝑑 = exp(𝐵1
𝐴𝑠𝑝𝑟

𝐴450
− 𝐵2) 

with 𝑑  diameter of gold nanoparticles, 𝐴𝑠𝑝𝑟  absorbance at the surface plasma 

resonance peak, 𝐴450 absorbance at the wavelength of 450 nm and 𝐵1 and 𝐵2 are 

dimensionless parameters, taken as 3 and 2.2, respectively. The diameter value 

obtained is of 12.3 nm.  

The concentration of citrated gold nanoparticles was determined via UV-Vis 

spectrometry, using the Lambert-Beer law (E(λ) = ε(λ)lc), taking the extinction 
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values E(λ) at the LSPR maximum, i.e. λ = 521 nm. The extinction coefficient ε(λ) 

of gold nanoparticles dispersion was determined by the method reported in 

literature2, by the following equation: 

ln(𝜀) = 𝑘𝑙𝑛(𝑑) + 𝑎 

with 𝑑 core diameter of nanoparticles, and 𝑘and 𝑎 dimensionless parameters (𝑘 =

3,32111 and 𝑎 = 10,80505). The arithmetic mean of the sizes obtained by optical 

and scattering analyses was selected, leading to a ε(λ) of 2.0·108 ᴍ -1cm-1. The final 

concentration of the citrated AuNPs is therefore ~6.13·10-9 ᴍ.  

 

 

 

 

 

 

 

4 Supplementary Characterization of M-SiO2NPs/AuNPs hybrids 

4.1 Cryo-TEM 
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Figure S7: Cryo-TEM images of M-SiO2NPs-AuNPs hybrids. M-SiO2NPs are 

characterized by an almost complete membrane coverage (88%, estimated through 

ICP-AES). 
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Figure S8: Cryo-TEM images of naked SiO2NPs incubated with the AuNPs 

dispersion. 

4.2 Dynamic light scattering 

To gain more insights into the aggregation process, we performed DLS 

measurements on the very same samples used in cryo-TEM experiments. Figure S8 

shows the normalized autocorrelation functions measured for the naked SiNPs, the 

naked SiNPs interacting with AuNPs, and the coated SiNPs interacting with AuNPs. 

The autocorrelation functions were analysed using a Non-Negatively constrained 



13 
 

Least Squares fitting (NNLS). This model, generally used for polydisperse 

suspensions undergoing Brownian motion, provides a size distribution of the 

dispersed particles, reported in section figure S8. As shown, the hydrodynamic 

diameter evaluated for the naked SiNPs is centered at about 170 nm, according to 

reported cumulant fitting in the main text. The interaction of AuNPs with M-

SiO2NPs leads to the formation of larger hybrid objects with a hydrodynamic 

diameter of about 230 nm. Concerning the naked SiNPs-AuNPs sample, the 

correlation function is bimodal, suggesting the presence of two separated populations 

presenting size distributions centred at 20 nm and 170 nm, respectively. Remarkably, 

the smallest population is consistent with the hydrodynamic dimensions of AuNPs, 

while the larger one shows very similar sizes to those measured for the uncoated 

SiNPs. The very fact that DLS measurements are consistent with the presence of two 

different populations, meaning that the dispersed objects possess very different 

diffusion coefficients, is a further confirmation that the interaction between AuNPs 

and SiNPs is mediated by the lipid coating. 
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Figure S9: a) DLS autocorrelation functions of SiO2NPs, SiO2NPs – AuNPs, , 

M-SiO2NPs – AuNPs, b) Size distributions obtained from the NNLS fitting of 

the DLS autocorrelation functions of diluted water dispersion of c) naked 

SiNPs, b) M-SiO2NPs (with 88% membrane coverage)-AuNPs composites, and 

d) naked SiNPs-AuNPs mixture. 

 

 

 

 

4.3 UV-vis spectroscopy 
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Figure S10: UV-vis spectroscopy comparing the plasmonic signal of bare AuNPs 

and AuNPs incubated with either M-SiO2NPs (with 88% membrane coverage) or 

free-standing vesicles with the same lipid membrane composition. The concentration 

of AuNPs was 6.13 nᴍ, while the concentration of vesicles and M-SiO2NPs was 1.15 

nᴍ. The plasmonic variation of AuNPs interacting with the free-standing vesicles 

are much more pronounced, indicating the high AuNPs clustering. 

 

 

 

 

4.4 Small-Angle X-Ray Scattering 



16 
 

 

Figure S11: Comparison between SAXS profiles of bare AuNPs, SiO2NPs, and 

SiO2NPs -AuNPs mix obtained by adding 300 µL of 6.13 nᴍ of AuNPs to 50 µL 1.15 

nᴍ of SiO2NPs. 

  

Figure S12: Log−Log SAXS profiles of M-SiO2NPs-AuNPs mixtures with different 

degrees of SiO2NPs membrane coverage collected after 10 minutes of incubation. 

The dashed lines represent the linear fitting in the Guinier region of the AuNPs 



17 
 

(0.082 < nm-1 < 0.161). The “b” values in the squared boxes represent the slope 

values for the different SAXS profiles obtained from the fitting.  

Sample Porod 

coefficient 

88% 1.44 ± 0.03 

68% 1.07 ± 0.01 

60% 0.70 ± 0.03 

53% 0.46 ± 0.04 

13% 0.41 ± 0.03 

0% 0.33 ± 0.04 

Table S3: Porod coefficient obtained from the slope of the linear fitting of the  

SAXS profiles in the low q region (Guinier region of the AuNPs 0.082 < nm-1 < 

0.161). 

 

 

 

 

 

 

 

5 Characterization of the M-SiO2NPs/AuNPs as a function 

of the degree of coverage 
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5.1 Dynamic Light Scattering 

 

Figure S13: Normalized DLS curves obtained for M-SiO2NPs with different 

coverages. The inset reports the hydrodynamic diameters and PDI of samples, 

showing the  increase in the size of the samples with low coverages. 

5.2 Nanoplasmonic assay for the quantification of the lipid coverage on SiO2NPs 

To set up a colorimetric assay for the estimation of the covered SiNPs (Figure S14), 

a quantitative descriptor of the plasmonic variations of AuNPs dispersion is required. 

With this purpose, we selected an aggregation index already used for quantifying the 

plasmonic variations induced by the presence of synthetic vesicles on the AuNPs 

dispersion3: 

𝐴. 𝐼. = 

𝐴560−800
𝐴350−800

𝐴.𝐼.𝐴𝑢𝑁𝑃𝑠
         

Where 𝐴560−800 is the area subtended by the absorbance spectrum in the 560-800 

nm range, 𝐴350−800 is the area of the entire spectrum, and 𝐴. 𝐼.𝐴𝑢𝑁𝑃𝑠 represents the  

𝐴560−800

𝐴350−800
 evaluated for the bare AuNPs dispersion. 
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Figure S14: A.I. as a function of SiO2NPs coverage. A.I. (left axis) and 

hydrodynamic diameter (right axis) as a function of SiO2NPs membrane coverage 

(bottom axis). The linear fit for A.I. vs membrane coverage is also reported, in the 

35-100% range of coverage, yielding a r-squared of 0.98.   
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Figure S15: A.I. as a function of SiO2NPs coverage. A.I. (left axis) and 

hydrodynamic diameter (right axis) as a function of SiO2NPs membrane coverage 

(bottom axis). The linear fit for A.I. vs membrane coverage in the 13-100% range of 

coverage is reported.  The goodness of fit decreases by the inclusion of the A.I. of 

the SiO2NPs with a coverage of 13% (r-squared of 0.95). 

Furthermore, to verify that the linearity of the spectral variation with the lipid 

coverage of SiNPs is independent of the selected A.I., we further analyzed the spectra 

with a different aggregation index (A.I. bis). Such A.I.bis was obtained as follow: 

𝐴. 𝐼. 𝑏𝑖𝑠 =
𝐴𝑏𝑠𝑚𝑎𝑥 − 𝐴𝑏𝑠600

∆𝜆
 

Where 𝐴𝑏𝑠600 is the absorbance evaluated at 600 nm, 𝐴𝑏𝑠𝑚𝑎𝑥 is the absorbance of 

the main peak of the dispersion, and ∆𝜆 is the wavelength difference between 600 

nm and the main peak. Each value is then normalized for the A.I. bis obtained from 

the bare AuNPs spectrum. This A.I. accounts of the spectral variation of the AuNPs 

spectra considering that the A.I. of bare AuNPs in always equal to 1 and, increasing 
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the particle aggregation, the A.I. value decreases. Table S5 summarized the 

evaluated A.I.s for each coating extent. 

SiNPs coverage  A.I. 

88 ± 8 % 0.70 ± 0.05 

68 ± 7 % 0.78 ± 0.03 

60 ± 6 % 0.85 ± 0.03 

53 ± 5 % 0.91 ± 0.02 

33 ± 3 % 1 ± 0.01 

13 ± 1% 0.99 ± 0.02 

0 % 1  

Tab S4: A.I. bis values obtained for each different membrane coverage of SiNPs. 

By plotting the calculated A.I.bis versus the coverage of SiNPs the linear trend of 

the A.I. with increasing the SiNPs coverage is confirmed for the samples for the lipid 

coverages higher than approximately 35% (Fig S15). 
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Figure S16: Linear trend of the A.I. bis as a function of SiNPs coverage. The samples 

with low surface coverage (<35%) cannot be fitted by the linear regression.  

Bibliography 

1 W. Haiss, N. T. K. Thanh, J. Aveyard and D. G. Fernig, 2007, 79, 4215–

4221. 

2 X. Liu, M. Atwater, J. Wang and Q. Huo, 2007, 58, 3–7. 

3 L. Caselli, A. Ridolfi, J. Cardellini, L. Sharpnack, L. Paolini, M. Brucale, F. 

Valle, C. Montis, P. Bergese and D. Berti, Nanoscale Horizons, 2021, 6, 

543–550. 

 



Self-assembly of magneto-plasmonic NPs on synthetic vesicles: hybrid 

nanomaterials for medical applications (Paper VI) 

Jacopo Cardellini, Alessandro Surpi, Beatrice Muzzi, Valentina Pacciani, Claudio 

Sangregorio, Costanza Montis, Alek Dediu, and Debora Berti (Manuscript in 

preparation)   

 



Self-assembly of magneto-plasmonic NPs on synthetic vesicles: 

hybrid nanomaterials for medical applications (Paper VI) 

 

Jacopo Cardellini, Alessandro Surpi, Beatrice Muzzi, Valentina Pacciani, Claudio 

Sangregorio, Costanza Montis, Alek Dediu, and Debora Berti (Manuscript in 

preparation)  

  

Abstract 

1. Introduction 

In the past years, several novel nanomaterials have been proposed as game-changer 

tools in the medical treatment of pathologies. In the nanometric lengthscale, 

materials gain completely novel characteristics, such as optical properties and 

magnetic responsiveness. By varying their chemical-physical nature (composition, 

shape, size, and surface functionalization), nanomaterials can be selectively directed 

toward specific targets. The possibility to control concentration, time, and site of 

nanoparticle (NP) delivery represents their major benefit, aiming at reducing the total 

amount of administrated drugs and the resulting side effects. 

In this context, superparamagnetic nanoparticles (SPIONS) are among the most 

promising inorganic NPs. They can be spatially controlled with static and alternating 

magnetic fields, funding multiple applications in nanomedicine, ranging from the 

targeted delivery of drugs to contrast agents in magnetic resonance imaging (MRI) 

and the hyperthermic treatment of cancer cells. Furthermore, their engineering with 

an additional gold shell (AuMNPs) can eventually improve their potentiality. 

Besides its low reactivity and decent biocompatibility, the gold shell introduces the 

plasmonic properties of nanostructured gold. Furthermore, the well-known 

conjugation chemistry of gold paves the way for the production of a large library of 

core-shell NPs for multiple applications.  



Despite their extraordinary potentially, to date, the effective clinical application of 

NPs is still extremely limited, due to the lack of fundamental knowledge on their 

biological fate once introduced in living systems. A deep comprehension of the 

interaction mechanisms between inorganic nanomaterials and biological membranes 

represents a crucial point to boost their clinical translation.  

Lipid particles represent the most applied nanomaterial in nanomedicine. Being 

composed of natural lipids, they possess very low toxicity and extended circulation 

time in bloodstream. The most prominent example is represented by liposomes. 

Several liposomal formulations are FDA-approved nanomaterial for drug delivery 

and, nowadays, they represent the starting scaffold for the development of RNA 

vaccines against Covid 19 and other viral infections.  

Based on these reasons, a prominent strategy for improving the biocompatibility of 

inorganic nanoparticles leverage their combination with lipid scaffolds, forming 

lipid-inorganic hybrids. Such strategies are aimed at combining the hard properties 

of the particles, with the biocompatibility of lipid membranes, often giving rise to 

new synergistic properties. For instance, the NPs interaction with lipid membranes 

can locally concentrate the particles, affecting the collective properties of the hybrid.  

In recent works, we demonstrated that hydrophilic citrated AuNPs spontaneously 

associate with the zwitterionic membrane of liposomes, according to a membrane-

templated process. Such gold aggregation is strictly related to the vesicle’s rigidity. 

Specifically, AuNPs extensively aggregate on soft membranes, while they can just 

randomly adhere to rigid ones. This aggregative phenomenon comports the spectral 

variations of the plasmonic properties of AuNPs and has been exploited in various 

colorimetric assays for the determination of rigidity and concentration of synthetic 

and natural vesicles, and for estimating the degree of lipid coating in membrane-

camouflaged inorganic NPs. From an applicative standpoint, the size and 

morphology of the gold cluster and the colloidal stability of the hybrids can be finely 

controlled by varying the vesicle concentration and composition. This aggregative 



strategy was successfully exploited in the synthesis of AuNPs-vesicles smart 

nanomaterials for biomedical application, merging the photothermal properties of 

gold aggregates and the biocompatibility and drug delivery potentiality of the lipid 

vesicles. 

Here, we investigated the interaction of synthetic liposomes with hybrid citrated 

gold-magnetic nanoparticles (AuMNPs), aiming at the development of a novel 

synthetic strategy for the synthesis of controlled nanoparticles-liposomes adducts as 

engineered nanomaterials for nanomedicine. Specifically, we systematically studied 

the interaction of AuMNPs and two liposomal formulations with different membrane 

rigidity. The interaction was firstly monitored through UV-Vis spectroscopy, 

exploiting the plasmonic properties of nanostructured gold. Then, the morphology 

and NPs arrangement of the hybrids were directly imaged with Cryo Transmission 

Electron Microscopy, while their colloidal stability was monitored with Dynamic 

Light Scattering measurements. Eventually, magnetic mobility studies demonstrate 

that the magnetic responsiveness of the NPs-vesicles suprastructures is extremely 

enhanced compared one of the free dispersed particles and can be modulated by 

varying the NPs/vesicles ratio. 

Overall, this work provides fundamental information on the membrane-templated 

formation of magnetic-liposome adducts, demonstrating how the spatial confinement 

of the particles on the liposome’s membranes leads to the enhancement in magnetic 

responsivity. The understanding of the chemical-physical parameters that rule this 

phenomenon paves the way for the development of straightforward synthetic 

protocols of smart nanomaterials for biomedical purposes. 

2. Materials and Methods 

2.1 Materials 

Tetrachloroauric (III) acid and trisodium citrate dihydrate were provided by Sigma-

Aldrich (St. Louis,MO). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1-



dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were provided by Avanti Polar 

Lipids. All chemicals were used as received. Milli-Q-grade water was used in all 

preparations. 

2.2 Synthesis of AuMNPs  

Anionic gold nanospheres 12 nm in size were synthesized according to the 

Turkevich−Frens method. Briefly, 20 mL of a 1 mM HAuCl4 aqueous solution was 

brought to the boiling temperature under constant and vigorous magnetic stirring. 

The solution was then mixed to 2 mL of a 1% citric acid solution and was further 

boiled for 10 min until it acquired a deep red color. The nanoparticle solution was 

then slowly cooled to room temperature. 

2.2 Synthesis of liposomes 

To prepare the DOPC and DPPC liposomes, the proper amount of lipid was dissolved 

in chloroform, and 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) Milli-Q water by vigorous vortex mixing to obtain a final 

4 mg/ml lipid concentration. The resultant multilamellar vesicles (MVL) in water 

were subjected to 10 freeze−thaw cycles and extruded 10 times through two stacked 

polycarbonate membranes with a 100 nm pore size at room temperature to obtain 

unilamellar vesicles (ULV) with a narrow and reproducible size distribution. The 

filtration was performed with the Extruder (Lipex Biomembranes, Vancouver, 

Canada) through Nuclepore membranes. 

 

2.1 UV-Vis 

UV−vis spectra were recorded with a Cary 3500 UV−vis spectrophotometer. 

2.2 DLS 

DLS measurements at θ = 90° and the ζ-potential determination were performed 

using a Brookhaven Instrument 90 Plus (Brookhaven, Holtsville, NY). Each 



measurement was an average of 10 repetitions of 1 min each, and measurements 

were repeated 10 times. The autocorrelation functions (ACFs) were analysed through 

cumulant fitting stopped at the second order for samples characterized by a single 

monodisperse population, allowing an estimate of the hydrodynamic diameter of 

particles and the polydispersity index. For polydisperse samples, the experimental 

ACFs were analyzed through the Laplace inversion according to the CONTIN 

algorithm. ζ-potentials were obtained from the electrophoretic mobility u according 

to Helmholtz−Smoluchowski equation ζ = (
η

ε
 ) × µ (1) where η is the viscosity of 

the medium and ε is the dielectric permittivity of the dispersing medium. The ζ-

potential values are reported as averages from 10 measurements. 

2.3 H-TEM 

2.4 Cryo-TEM 

On glow-discharged Quantifoil Cu 300 R2/2 grids were applied 3 μL of each sample. 

The samples were plunge frozen in liquid ethane using an FEI Vitrobot Mark IV 

(Thermo Fisher Scientific) instrument. Excess liquid was removed by blotting for 1 

s (blot force of 1) using filter paper under 100% humidity and 10 °C. Cryo-EM data 

were collected at the Florence Center for Electron Nanoscopy (FloCEN), University 

of Florence, on a Glacios (Thermo Fisher Scientific) instrument at 200 kV equipped 

with a Falcon III detector operated in the counting mode. Images were acquired using 

EPU software with a physical pixel size of 2.5 Å and a total electron dose of ∼ 50 

e−/Å2 per micrograph. 

3 Result and discussion 

3.1 Particle characterization (DLS, UV-vis, TEM, Magnetic properties) 

0.137 µM AuMNPs nanoparticles were prepared according to a well-known protocol 

with little modifications (see section 2.x). A gold shell has been grown around 8 nm 

Fe3O4 seeds exploiting the reduction of a gold salt by the citrate molecules adsorbed 



on the surface of seeds (see S.I. for the Fe3O4 NPs characterization). The so-obtained 

particles display plasmonic properties (Figure 1a) consistent with the formation of 

gold core-shell NPs. Specifically, the UV-vis spectrum shows a broad plasmonic 

signal peaked at about 538 nm, as reported in the literature. The hydrodynamic size 

of the particles in the colloidal dispersion was obtained through Dynamic Light 

Scattering measurements. Figure 1b shows the measured autocorrelation function 

(red circles) fitted with a Non-Negatively constrained Least Squares fitting (NNLS). 

The NNLS model, generally employed for colloidal dispersions containing 

polydispersed particles, clearly discriminates between two distinct size distributions 

(inset in Figure 1b). The bigger one, centered at about 45 nm, features the 

hydrodynamic size of the synthesized AuMNPs. On the other hand, the smaller 

population is peaked at about 10 nm and perfectly matches the dimensions of the 

ferric seeds.  

 

Figure 1: 

3.2 Characterization of AuMNPs-liposomes hybrids 



To investigate the interaction of the AuMNPs with zwitterionic liposomes with 

different rigidities, xx nM AuMNPs dispersion was challenged with DOPC and 

DPPC synthetic vesicles, and the spectral variations of the particles were monitored 

through UV-vis spectroscopy. Figure 2 displays the UV-vis spectra collected for the 

AuMNPs dispersion mixed with different concentrations of liposomes. Depending 

on the lipid formulations, the liposome’s membrane displays very different 

viscoelastic properties. Specifically, DOPC lipids self-assemble in water forming 

soft vesicles with the bilayer in a liquid-crystalline phase. Conversely, at room 

temperature, DPPC molecules constitute a much more rigid membrane characterized 

by densely packed hydrophobic tails. Regarding the interaction with the citrated 

particles, the DOPC presence provokes the red-shift and broadening of the AuMNPs’ 

original plasmonic peak, caused by the coupling of the plasmonic peak due to the 

spatial proximity of AuMNPs, and related to the particle aggregation. The decrease 

of the vesicle amount leads to the progressive enlargement of the plasmonic peak, 

underlying that the particle aggregation is maximized for the lower DOPC amounts. 

Such experimental result reveals that the AuMNPs aggregate on the soft vesicle 

membrane according to a membrane templated process, accordingly to what was 

previously observed for AuNPs. On the contrary, the interaction with rigid DPPC 

liposomes provokes much lower plasmonic variations and the plasmonic signal is 

negligibly affected by the vesicle amount. This behavior is consistent with the 

absorption of the particles to the DPPC membranes, and leads to the bathochromic 

shift of the original peak as a consequence of the change of the chemical environment 

of the particles. However, in this case, the limited signal broadening related to the 

weak plasmonic coupling suggests a limited particle aggregation. 



 

Figure 2: Cryo-TEM images of (a,b) DOPC-AuMNPs amd (c,d) DOPC-AuMNPs 

composites. 

To obtain structural information on the AuMNPs-liposomes hybrids, we performed 

Cryo-EM measurements. Figure 3 shows representative Cryo-TEM images of DOPC 

and DPPC vesicles challenged with the AuMNPs dispersion after 10 minutes of 

interaction. First, we noticed that the AuMNPs dispersion is composed of two 

typologies of particles, in line with the DLS analysis. Specifically, the synthesis 

produced hybrid gold-magnetic nanoparticles dispersed together with several 

uncoated Fe3O4 magnetic seeds. Both the two kinds of dispersed particles adhere to 

soft and rigid vesicles without membrane disruption. However, we noticed a 

dramatic morphological difference between the formed suprastructures. On soft 

DOPC vesicles, the particles adhere to the lipid shell forming compact clusters, 

where particles are in direct contact with each other. The observed cluster 

morphology justifies the plasmon coupling observed in the UV-vis spectra. 

Regarding DPPC vesicles, the particles randomly adhere to the lipid scaffolds. 



However, the particle clustering on the membrane is mostly inhibited, forming 

hybrids with a minor number of adsorbed particles per vesicle and, importantly, with 

a higher average NP-NP distance.  

 

Figure 3: UV-Visible absorption profiles of AuMNPs-DOPC (a) and AuMNPs-DPPC 

(b) as a function of the liposome concertation (5 nM, 8 nM, 10 nM, 20 nM, and 50 nM). 

The insets in the figures report the color variation in the various sample. 

These results imply that the phase of the membrane drives the aggregation of 

AuMNPs on the lipid membranes, leading to completely different morphologies of 

the hybrids.  

To further characterize this phenomenon, we monitored the aggregative process in 

terms of size and colloidal stability with Dynamic Light Scattering. The AuMNPs-



vesicles hydrodynamic size was monitored as a function of incubation time, vesicle 

concentration and vesicle rigidity. First, several amounts of DPPC and DOPC 

vesicles were incubated for 10 minutes with x.x nM AuMNPs dispersion, and figure 

4 displays the autocorrelation functions obtained for each sample. Concerning the 

DOPC-AuMNPs system, the hydrodynamic diameter of the hybrids increases with 

increasing the number of particles per vesicle, passing from 160 nm to 350 nm. The 

evaluated size is consistent with the hydrodynamic dimension of a lipid vesicle 

surrounded by a nanoparticles crust. The interaction of AuMNPs with rigid DPPC 

vesicles leads to the formation of μm-sized objects, possessing dimensions not 

clearly dependent on the starting NPs/vesicles ratios, and characterized by an 

elevated polydispersity (population distribution ranging from 300-1000 nm). 

Moreover, the prepared samples appear cloudy and highly unstable. To gain a deep 

comprehension of the colloidal stability of the systems, the evolution of the 

hydrodynamic dimensions was monitored over time. For what concerns the DOPC 

sample, in all the selected vesicle concentrations, the interaction forms metastable 

objects, with steady hydrodynamic size in the first hour of incubation. On the 

contrary, the AuMNPs adhesion on DPPC vesicles provokes the formation of highly 

unstable objects which rapidly precipitate. As reported in the literature, the 

difference in colloidal stability can be attributed to the number of particles per 

vesicle. The soft bilayer triggers a membrane template NPs aggregation which leads, 

as confirmed by Cryo-EM images, to the massive particle docking to the lipid shell. 

The presence of this elevated number of NPs negatively charges the liposomal 

surface, electrostatically stabilizing the hybrids. In the case of DPPC, the elevated 

membrane rigidity inhibits the nanoparticle clustering, and the number of adsorbed 

NPs per vesicle is much lower. Reasonably, in this configuration, the particle number 

is not sufficient to electrostatically stabilize the lipid surface. On the other hand, the 

NPs presence introduces attractive contributions between the adsorbed nanoparticles 

and the surrounding vesicles, leading to a bridging process that highly destabilizes 

the colloidal dispersion, eventually leading to phase separation.  



 

Figure 4: Autocorrelation functions collected for AuMNPs-DOPC (a) and 

AuMNPs-DPPC (b) hybrids as a function of the liposome concentration (20 nM, 10 

nM, 8 nM, and 5 nM). Time evolution of the DLS curves of the AuMNPs-DOPC 

hybrids (c) and of the AuMNPs-DPPC hybrids(d). 

In conclusion, according to an iterative interacting process extensively investigated 

for citrated Turkevich Frens AuNPs, the aggregative phenomenon of citrated 

AuMNPs on zwitterion vesicles is mainly driven by the liposomal membrane phase.  

3.3 Contribution of small seeds and core-shell particles 

DLS analysis, H-TEM, and Cryo-EM images demonstrate the coexistence of 8 nm 

Fe3O4 magnetic seeds and 40-50 nm AuMNPs. To understand if the membrane-

templated aggregation on liposomes originates from the interaction of the small 

seeds, the core-shell particles, we separated the two populations and tested the 

interaction with DOPC vesicles. 1 mL of xx AuMNPs was centrifuged at 3000 rpm 

for 30 minutes. The supernatant is a water dispersion of the smaller particles and was 

used as obtained. The red precipitate containing the core-shell particles was further 

dispersed in 1 mL of milliQ water. The dispersions were incubated with DOPC 

liposomes and analysed through DLS measurements. Concerning the interaction 



with the centrifugated particles, the analysis of the autocorrelation function displays 

the presence of two well-separated populations, centered at about 50 nm and at 120 

nm, respectively matching the dimension of free dispersed AuMNPs particles and 

the characteristic size of DOPC liposomes. The ability of DLS to detect two different 

populations is a clear indication that the suspended particles possess different 

diffusion coefficients and are non-interacting objects. On the contrary, the interaction 

of the DOPC liposomes and the supernatant leads to the formation of hybrids with 

size and colloidal stability matching the one obtained for the AuMNPs. These 

experimental results reveal that the aggregative process is firstly triggered by the 

smaller ferric NPs and then involves the gold NPs, which aggregate modifying their 

plasmonic properties. On the contrary, in absence of small magnetic seeds, the 

interaction of the bigger particles with the lipid membranes is inhibited, as 

demonstrated by DLS and UV-vis spectroscopy. 

 

Figure 5: 

3.4 Magnetic mobility of AuNPs-DOPC adducts 



The last part of this work focuses on the investigation of the magnetic responsivity 

of the hybrids when an external magnetic gradient is applied. With this purpose, only 

the AuMNPs dispersion and stable DOPC-AuMNPs hybrids have been employed. 

In a dedicated experimental set-up developed at CNR-ISMN, a uniform solution of 

AuMNPs-liposomes or AuMNPs has been injected into a 500 µm-wide quartz 

capillary where a high-gradient magnetic field is generated by a couple of cubic 

permanent magnets placed symmetrically on the sides of the capillary. The 

transparent quartz capillary allows the optical investigation of the behavior of the 

magnetic particles under a magnetic field by a microscope-connected CCD camera. 

The injected batches of NPs-liposomes hybrids, characterized by different DOPC 

liposome concentrations (5 nM, 8 nM, 20 nM), are expected to display distinct 

magnetic moments due to the different number of NPs per vesicle. While the 

Brownian motion disperses the nanoobjects through the fluid volume, the external 

magnetic field generates a drift of the magnetic objects towards the highest field 

region (close to the external magnet). In the absence of hydrodynamic flows, the 

competition between the chaotic Brownian motion and the directional magnetic force 

dictates the time scale over which an equilibrium concentration of nanoparticles 

finally forms in the experimental system.  

When injected in the capillary, the particles accumulate in the region closest to the 

magnet forming a disc-shaped dark area. The surface of this area grows over time 

with clearly distinct time dynamics for unconjugated AuMNPs and AuMNPs-

liposome conjugates (figure 2.27a). For the conjugates with low liposome/AuMNP 

ratios (DOPC 5 nM and 8 nM), the disk grows until it reaches a seeming equilibrium 

condition in 1 and 3 hours, respectively. For the highest liposome/AuMNPs ratio 

(DOPC 20 mM) and the bare AuMNPs, the equilibrium condition is not reached 

within the times experimentally probed, and the surface area keeps growing.  

Figure 2.27b displays the time evolution of the disc for all the investigated samples. 

As highlighted by inspecting the slopes of the linear fittings of the accretion of the 



disc area during the time, the responsivity of the systems to the external magnetic 

field increases with decreasing the liposomes concentration. Reasonably, these 

experimental results can be explained by considering that increasing the number of 

magnetic particles per vesicle, the magnetic responsivity of the hybrids increases. 

Overall, albeit with very preliminary measurements, these results demonstrate that 

the membrane-templated aggregation of citrate-stabilized NPs can be instrumental 

in the production of novel nanomaterials possessing enhanced and controlled 

properties with respect to the starting precursors. 

  

 

Figure 6: a) Representative collected images reporting the time evolution of the 

area of the accretion disk for AuMNPs-DOPC hybrids (DOPC 8 nM, 10 nM, and 

20 nM) and AuMNPs; b) Accretion of the disk areas during the time. The slope of 

the linear fitting reflects the responsivity of the particles to the external magnetic 

field. 

4 Conclusion 
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