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Abstract

The use of nanomaterials for drug delivery and theranostics applications is a promising paradigm
in nanomedicine, as it brings together the best features of nanotechnolgy, molecular biology and
medicine. To fully exploit the synergistic potential of such interdisciplinary strategy, a
comprehensive description of the interactions at the interface between nanomaterials and
biological systems is not only crucial, but also mandatory. Routine strategies to engineer
nanomaterial-based drugs comprise modifying their surface with biocompatible and targeting
ligands, in many cases resorting to modular approaches that assume additive behavior. However,
emergent behavior can be observed when combining confinement and curvature. The final
properties of functionalized nanomaterials become dependent not only on the properties of their
constituents but also on the geometry of the nano-bio interface, and on the local molecular
environment. Modularity no longer holds, and the coupling between interactions, chemical
equilibrium and molecular organization has to be directly addressed in order to design smart
nanomaterials with controlled spatial functionalization envisioning optimized biomedical
applications. Nanoparticle’s curvature becomes an integral part of the design strategy, enabling to
control and engineer the chemical and surface properties with molecular precision. Understanding
how NP size, morphology, and surface chemistry are interrelated will put us one step closer to
engineering nanobiomaterials capable of mimicking biological structures and their behaviors,
paving the way into applications and the possibility to elucidate the use of curvature by biological
systems.

Introduction

The immense progress achieved during the past few decades in manipulating materials down
to the nanoscalel has catapulted nanotechnology and nanomaterials into a myriad of
different applications, ranging from electronics and technology,? 2 development of new
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sources of energy and environmental remediation,*® to biomedical therapeutics and
diagnosis.” Among the later, nanomaterials-based theranostic has emerged as a very
promising paradigm, taking advantage of nanotechnology, molecular biology, and medicine,
to engineer multifunctional nano-constructs that combine inorganic moieties, soft matter and
biological entities for the dual purpose of improved therapy and diagnosis.8: ® Developing
these nano-systems is a challenging task, as it combines properties of very different kinds of
materials. Active work is done towards developing nanomaterials not only as drug delivery
carriers, but as smart nanoplatforms, environmentally responsive, with maximized
biospecificity.10: 11 Orchestrating a specific /7 vivo effect by such nanocomposites and fine-
tuning their responsiveness requires however a fundamental understanding of the
interactions between them and the biological matrix.12 This step is crucial to fully exploit
the synergistic potential of this interdisciplinary approach, and translate it into a rational
design of integrated nano-systems that can diagnose, deliver targeted therapy and monitor
the response to therapy,3 ultimately making theranostics and personalized nanomedicine a
near future possibility. ©

Great advances have been done in developing sophisticated therapeutic agents,”- 14 but still
the keys to a rational design remain elusive. The reason lies in the complexity of the faced
problem: biological matrices are multicomponent systems in which the effective interactions
acting at cellular and sub-cellular levels are far from being of additive nature.1®-18 The total
is not simply the sum of the parts, and this translates into a coupling between molecular
organization, physical interactions and changes in chemical state that has to be expressly
addressed in order to attain a comprehensive picture of the different processes taking
place.1? Interfacing nanomaterials with biological systems adds new levels of complexity
and non-additive behavior, making difficult for existing experimental techniques and
molecular models to obtain an accurate description of the system. The lack of such
knowledge maybe one of the main reasons why nanomaterials translating into clinical
applications has still not reached its full potential.14: 20

Literature covering nanomaterials as nanoplatforms for theranostic applications is
abundant,21-23 yet there are scarce examples that attempt to present a comprehensive
description on how the design parameters affect the responsiveness and behavior of the final
construct. Experimental techniques are far from solving this problem on their own, but
combining experimental efforts with the molecular detail provided by adequate modeling
and theoretical frameworks may hold the key to fully describe the nano-bio interface and
clarify the roles of the system’s parameters, mainly the nanomaterial curvature, in its final
properties. This goal is the central aim of this review, stressing the importance and potential
of hybrid strategies that combine molecular modeling with state of the art experimental
techniques to complete the description of complex biochemical life processes.

The literature revised in this review refers mainly (although not exclusively) to the use of
nanoparticles (NPs) in cancer therapy. The discussion, however, will be oriented towards
curvature effects at the nano-bio interface from a physicochemical perspective, and it is
relevant to other nanocomposites facing different pathological conditions. To that end, we
will describe succinctly the current scenario of nanomaterials envisioned for biomedical
applications. Then, we will discuss in detail selected experimental and molecular modeling
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studies that illustrate the role played by curvature in very relevant biomedical scenarios: NP
charge regulation (pH responsive nanomaterials), protein adsorption on NP, interactions with
membranes and cells, and NP-based biosensing.

Designing smart nanomaterials for biomedical applications

Biological systems consist in complex mixtures of diverse biomolecules, with hierarchical
energy and length scales that orchestrate different processes. Directionality and anisotropy
are constants in life design, allowing for a very precise control of the interactions and the
overall fate of living organisms, from the molecular nature and spatially controlled
architecture of cells to higher levels of organization (tissues, organs, specimens,
populations). Controlling the spatial decoration of 3D nanomaterials is key to exert specific
effects at the biomolecular level.

Nanomaterials with length scales of a few tens of nanometers constitute ideal platforms to
link the physicochemical behavior at the nanoscale with the sophistication of biological
systems.24 Their fate in biological environments lays between the surface of the engineered
nanomaterial and the surface of the multiple biological components (proteins, cell
membranes, nucleic acids, antibodies, etc.) it encounters.2® Interactions at the interface
comprise a competition between chemical (acid-base and redox equilibrium, ligands-
receptor binding) and physical interactions (Van der Waals, electrostatic interactions,
hydrogen bonds) acting on different length and energy scales,!® and the result depends on a
global balance, difficult to elucidate a priori. Surface modification of NPs has all the
elements to modulate the interactions at this interface: the great advances achieved in
synthetic and materials chemistry allows tuning the NP surface functionalization,2% and
ultimately manipulating the nano-bio interface.

A comprehensive design of nano-constructs for drug delivery and imaging applications
implies selecting the most suited nanoplatform and determining its optimal parameters,
establishing the route of administration, and optimizing the drug delivery performance by
engineering its surface. Particular requirements must be met in order to successfully direct a
desired effect to specific subsets of cells, with low (or non) toxicity for healthy tissue.2
Foremost, such nanoconstructs should be water-soluble (i.e. hydrophilic) and exhibit a
biodistribution as specific as possible. 177 vivo applications also imply that they must be able
to surmount the biological barriers that exist from the administration point to their final
destination: avoid capture by reticuloendothelial system and clearance by innate
immunosystem, reach the targeted subset of cells, and exert their therapeutic effect.”- 28 The
cycle is completed taking into account the final nano-systems’ biocompatibility,
biodegradability, and toxicity.2% 30

Given the nanosized dimensions of the system, every physicochemical property has great
impact in its final behavior and could be tuned as to engineer a specific performance in vivo:
from the chemical composition of the nanomaterial, its size and shape, surface coating,
surface charge, its hydrophobicity, to its surface roughness and rigidity.12 Chemical
modification of the NPs surface is key to for immunomodulation and biocompatibility,
enhanced biodistribution, and site-specific recognition.31 Meanwhile, the size and shape of
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the NPs also play a crucial role in the transport, delivery and cellular uptake
mechanisms.” 32 Figure 1 collects the design parameters in hand when engineering smart
nanomaterials for optimized biomedical performance.

Nanoplatforms for theranostic applications

The collection of nanomaterials suited for the task is vast and expanding promptly: quantum
dots,33 metallic nanoparticles (iron3* and gold3® mainly), upconversion nanoparticles,3%
silica nanoparticles,3 carbon nanotubes (CNTs),28 polymer-based carriers (polymeric
nanoparticles,12 micelles,38 dendrimers3?, and nanogels*9), lipid based-vehicles
(liposomes),*! and viral NPs and bacteriophages.#2 A survey of biomedical literature shows
that the use of the term “nanoparticle” actually extends beyond its strict definition, and is
used to encompass nanomaterials of different nature. This will also be the criterion used
henceforth.

The progress achieved in recent years in the synthesis of NPs allows tailoring their sizes and
shapes with remarkable control, ranging from a few to hundreds of nanometers, and
spherical or non-spherical morphologies (rods, cages, disks, stars, nanoshells) at
command.43: 4435 Spherical NPs have been more exploited in biomedical research so far
(given their easier preparation), but important efforts are also directed towards the
development of anisotropic NPs with edges and spikes, as they hold promise in biosensing
and in manipulating NP-cell interactions.*>~47 In what follows, we will address the coupling
of the nanoconstruct properties and its behavior in relevant biological processes, referring
mainly to spherical NPs. However, our general conclusions on the complex coupling of
interactions and the role of curvature are extensible to other morphologies. In addition, we
will focus on surface functionalized NPs, where the atomic details of the bare NP surface are
masked by the ligands grafted to them. The effects of the NP’s surface atomic structure in
biomedical scenarios are beyond the scope of the present review.

Drug delivery strategies

The first nanomedicines comprised mainly controlled-release polymeric NPs that improved
drug circulation time and administration due to their pharmacokinetics and biodistribution.”
Since then, efforts have been directed towards delivering active agents more selectively to
pathological sites by passive or active strategies, and, moreover, towards engineering
environmentally responsive NPs that allow drug release at the target site in a temporal and
spatial resolved manner.

Targeting strategies can be classified into passive and active. Passive targeting relies on the
NPs intrinsic properties (shape and size) to achieve local accumulation, without resorting to
affinity ligands. This non-selective strategy has been greatly exploited in cancer therapies, as
solid tumors facilitate the accumulation of NPs due to their leaky and underdeveloped
vasculature and lymphatic function. This effect is known as the “enhanced permeation and
retention effect” (EPR), and since it’s first documentation by Maeda and coworkers,*8 it has
been widely described and used in different oncology applications.*® Active targeting, on the
other hand, resorts to ligand-mediated interactions in order to impart site-specific delivery,
and consists in modifying the NPs surface with biological ligands known to bind to receptors
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(over)expressed in specific cellular populations. This strategy, although more selective,
requires a high level of differentiation between pathologic and healthy cells, in order to
avoid toxic off-target effects.>0 Carefully selecting the targeting strategy allows to span
selective tissue, cellular and organelle-specific targeting.” 1 Commonly employed ligands
include antibodies or fragments of them (nanobodies), proteins, peptides, nucleic acids
(DNAs, micro RNAs, aptamers) and small molecules (carbohydrates or folic acid).52 53

Going further, a step forward would be to engineer bionanomaterials that can react to the
different environmental conditions encountered from their initial administration point to
their target site. Responsiveness is the foundation in the physical chemistry of life processes,
and it is the ultimate tool to attain optimized drug delivery and specific biodistribution. It can
also impart versatility to the systems, making them very suited as multifunctional platforms
for targeted therapeutics and diagnosis. This can be achieved by coating the NP with
responsive polymers or biological moieties.>* The stimuli-responsive behavior derives from
changes in the nanosystems’ physicochemical properties, 10 through an overall free energy
balance that optimizes chemical equilibrium and physical interactions jointly. Stimuli can
either be endogenous (pH,1! redox potential,>° differential enzyme concentrations >6) or
exogenous (temperature,>”- 8 magnetic field,>® ultrasound,®0 light21: 61), The selection of a
given stimulus and responsive material provides for a wide range of mechanisms and
schemes to choose from in order to engineer smart materials for a specific biomedical
application.10. 62

Why curvature matters?

Optimizing drug delivery strategies requires understanding the role of each design parameter
graphically summarized in Figure 1 and, moreover, realizing that their impact on the final
properties and behavior of the system is not independent from the others. In particular, NPs’
curvature, through its size and shape, modulates the forces and molecular interactions,® and
hence should not be seen as an additive factor, but as a fundamental variable. Moreover,
combining confinement and curvature gives rise to non-trivial effects, as the
physicochemical and biomolecular properties of a compound immobilized onto nanosized
NPs depend not only on its intrinsic properties but also on its local environment,19: 63

NP’s curvature plays a central role in its surface modification and the functionality of the
final nanocomposite (attain colloidal stability and biocompatibility, target specific cellular
types and subcellular organelles, and deliver agents on site), as it determines the available
volume to the molecules grafted to its surface. Furthermore, the geometry of the NP defines
whether this amount increases (curved convex NPs, spheres and cylinders for example),
decreases (curved concave objects, like nanotubes), or remains constant (planar surfaces) as
a function of the distance from the surface. Immobilizing a molecule onto a surface reduces
its translational and conformational entropy with respect to the free molecule in solution in a
way that greatly depends on the geometric constraint imposed by the surface. The penalty
this imposes ultimately determines the molecular organization of surface species as well as
their chemical state (protonated-unprotonated, bound-unbound, reduced-oxidized), as we
will discuss in the following examples.
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Charge regulation: pH responsive systems

Acid-base equilibrium provides a way to modulate the degree of protonation, and hence
charge, of NP’s surface groups, allowing to tune their interaction with biomolecules and
biological entities through electrostatic forces. Many pH-directed drug delivery systems
have been devised to take advantage of the pH differences encountered in organs, tissues and
subcellular compartments, both in healthy and pathological conditions.1! Oral delivery drugs
use the pH gradients in the gastrointestinal tract. Targeting strategies to solids tumors have
exploited the more acidic environment of the tumor (pH of 6—7) as compared to healthy
tissues (~7.4). At a much smaller length scale, endosomal and liposomal acidification have
also been used to direct and facilitate intracellular drug delivery.10

Mechanisms of pH-responsive NPs encompass pH-dependent swelling and dissolution,
aggregation, drug dissociation and release, pH-labile linkers, pH-sensitive drug-polymers
conjugates!. The basic idea is to take advantage of the acid-base properties of the coating
ligands and the way these properties change when the ligands are immobilized onto surfaces
of different curvature and subject to different environmental conditions. In spite of the
numerous and diverse NP-based constructs that exploit the response to pH changes, little is
known about how the curvature affects the physicochemical properties and the
responsiveness of the ligands.

Nap and co-workers conducted a thorough theoretical study on the effect of surface
geometry and solution conditions (pH and ionic strength) on the acid-base equilibrium of
weak polyelectrolytes tethered to planar, cylindrical and spherical surfaces (upper panels of
Figure 2).54 They found that the surface geometry plays a dramatic role in acid-base
equilibrium as well as in the molecular organization of the coating layer. Figure 2 shows the
variation of the local pH, defined as pH(r)=—log[H+(r)], and the local degree of
deprotonation (dissociation), f{r), as a function of the distance from the surface for a variety
of solution’s ionic strength. Interestingly, they find that the degree of dissociation and the
local pH change significantly with the curvature of the surface, for a given surface coverage
of polymer and solution ionic strength. Moreover, the local variations within a few
nanometers can be extremely large. Let us consider in detail their predictions for
physiological ionic strengths, i.e. salt concentration of 0.1M (red curves in Figure 2). For a
planar brush the degree of dissociation Fwithin the film is 0.2, while in the bulk it is 0.5.
This corresponds to local pH that can be around 6.4 in the film, compared to 7 in the bulk.
For a spherical nanoparticle, the degree of dissociation of the polymeric acid groups close to
the surface is 20% lower than in the bulk solution. The cylindrical particle shows an
intermediate behavior between that of the two other geometries.

The question is what is the driving force for this behavior. The first thing to consider is that
the volume available as a function of the distance from the grafting surfaces is constant for
planar surfaces and it increases in a linear (quadratic) manner for cylinders (spheres).
Therefore, for the same surface density, charging of end-grafted polymers leads to stronger
electrostatic repulsions in the planar layer as compared to the sphere. The optimal response
of the system is to shift the acid-base equilibrium to the uncharged species in order to reduce
the electrostatic repulsions. This effect is more pronounced as the electrostatic repulsions
increase, namely the effect is stronger for lower salt concentrations (green and blue curves).
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The volume available for the different geometries explains the differences presented in
Figure 2.

The dramatic changes in local pH and protonation state observed as a function of ionic
strength, demonstrates the dual role that the solution salt concentration plays in pH-
responsive systems. Namely, as the concentration of salt increases the screening length
decreases and the electrostatic interactions become weaker. However, at the same time the
systems acquire more charge making the electrostatic contribution more important. The
interplay between molecular organization, physical interactions and chemical state is the
basis for the emergent behavior observed as a function of pH and ionic strength.54

Wang, Nap and co-workers combined titration experiments with a molecular theory to
investigate the acid-base equilibrium of the terminal carboxylic group in Au-NPs of different
sizes coated with self-assembled monolayers of mercaptoundecanoic acid (MUA) (scheme
in the left panel of Figure 3).85 Figure 3a shows the fraction (# of charged/dissociated MUA
on the NPs as obtained from experiments, and from calculations with their molecular theory
and the Henderson-Hasselbach equation. It is evident from the results that the assumption of
ideal solution behavior for the MUA tethered to the NPs is far from accurate, and so is the
commonly applied Henderson-Hasselbach treatment. To characterize the dissociation of the
acid groups, the authors obtained experimental values and molecular theory predictions of
the apparent pK,. This quantity is defined as the pH for which the degree of dissociation is
0.5. They found that its value is significantly higher than the pK; of MUA in solution (~4.8)
and that it strongly depends on the NP’s diameter and the ionic strength of the solution
(Figure 3b). This is again a manifestation of the dual role of the solutions ionic strength as
well as the molecular organization of the ligands. Namely, the distance between acid groups
depends on the NP size, the average distance between headgroups of MUASs decreases with
NPs” increasing diameter, assuming the same surface coverage of ligands. Therefore, as the
size of the NP increases it is harder to ionize the carboxylic head-groups. The results
presented in Figure 3 emphasize the importance of considering the curvature environment on
the design of NP coatings. Actually, a NP of size 7.2nm at physiological ionic strength will
have marginal (or no) solubility at pH 7, very different from what would be expected from
the solution pKa of the MUA.

Similar arguments hold to rationalize the effect of NP curvature on the interfacial chemistry
of metal oxide NPs in aqueous solutions, where the protonation/deprotonation of the surface
metallic atoms defines the NP surface charge. Vayssieres studied the surface chemistry of
maghemite (y-Fe»O3) NPs, and found that the point-of-zero-charge (PZC) increases when
the particle size decreases, with a variation of two units of pH between NPs of 12.0 and 3.5
nm, reflecting an increase in surface ionization with decreasing particle size.56 A similar
shift in the acid-base equilibrium to the right has also been reported for silica NPs.57

Understanding charge regulation is of primary importance when engineering pH-responsive
NP-based constructs, particularly when envisioning interactions with surfaces, as it
constitutes a first step towards rationalizing their interaction with cells” membranes. Nap and
co-workers studied the adsorption of acid and polymer coated NP onto positively and
negatively charged planar surfaces.®® They found the adsorption process is governed by the
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charge of the adsorbing surface and the amount of deprotonated acid groups on the NP. As
the NP approaches the charged surface, driven by van der Waals attractions, its weak acid
groups regulate their charge in order to minimize electrostatic repulsions or maximize
attractions (depending on the sign of the adsorbing surface’s charge), resulting in an
asymmetric charge distribution on the NP due to the_symmetry rupture imposed by the
surface. The global interplay between NPs’ asymmetric charge and the charge of the
adsorbing surface, modulated by the underlying curvature of the surface, determines the
amount of adsorbing NPs. These results emphasize the importance of explicitly considering
charge regulation (acid-base equilibrium) as a key mechanism for the responsiveness of the
NPs to local changes in electrostatic potential and/or pH. We review below the dramatic
effect that arises from combining pH and ligand-receptor binding with coated NP's
interacting with lipid layers.

Viruses and virus-based nanocarriers are another example of the importance of charge
regulation in biomedical applications. Virus particles consist of protein molecules that self-
assemble into a hollow scaffold (capsid) enclosing the viral nucleic acid, and that
spontaneously disassemble upon cue inside the host.89 The underlying mechanism of the
viral RNA or DNA packaging can also be used to pack other type of functional molecules,
based on supramolecular self-assembly and disassembly processes. This process offers a
way to engineer versatile constructs that can be easily functionalized for improved drug
delivery. Through adequate protein design and genetic engineering, viral capsids can be used
to encapsulate nucleic acids, enzymes, or charged (positively or negatively) molecules. 70
One way viruses protect their genetic material, survive the different environments of their
hosts, and disassemble at the target site is by regulating the surface charge of the capsid.
This, again, is accomplished by adjusting the acid-base equilibrium of the amino acids (i.e.,
their charge) in order to minimize the electrostatic repulsions between surface charges, salt
ions and biological entities. The regulation of the charge state of the capsid is largely
affected by the solution pH and salt ionic strength, which can induce a switch from net
positive to net negative.”! This pH-responsiveness in viruses and virus-like NP is key to
prepare stables carrier that would disassemble at the target site, specifically envisioning
applications targeting the tumor acidic microenvironment or the acidic endosomal
compartments of cells.

Protein adsorption & biofouling

NPs in biological environments interact with a diverse mixture of proteins, metabolites,
peptides, and carbohydrates. Firstly, plasma or serum proteins adsorb onto the nanomaterial
surface forming a ‘protein corona’’2 that imparts a biological identity to the NP,”3
determining its /n vivo distribution, systemic clearance, downstream biological effects and
reactivity in physiological media.”* The formation of this protein corona is a multifactorial
and dynamic process that depends on the NP properties (Size, geometry, surface chemistry),
the encountered proteins (identity and function), and the medium. 7> 76 It is the NP-corona
complex that interacts with the biological components, so controlling this process is of
paramount importance for any given biomedical application.
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It has been extensively established that nanomaterials with hydrophobic or charged surfaces
tend to adsorb more proteins than neutral or hydrophilic surfaces.”® 77 The effect of the NP
size has also been phenomenologically studied,’>: 76: 78 although the interplay between
curvature and surface chemistry in the final behavior of the system has been only scarcely
addressed. Walkey and coworkers developed an extensive library of protein corona
fingerprints for NP of different sizes and surface ligands (schemes in the panel A of Figure
4).79 Resorting to a combinatorial and bioinformatics approach, they profiled the biological
activities of 105 surface-modified Au-NPs, correlating the identities and abundance of the
proteins in the corona with the cell association for each type of NP. As to protein adsorption,
they found that NP of the same size modified with charged ligands (either cationic or
anionic) enhanced protein-NP interactions, resulting in higher adsorption loads (Figure 4,
panel B). On the other hand, NPs modified with neutral ligands were shown to better resist
protein adsorption. Comparing NP with the same surface chemistry, smaller NPs tend to
adsorb a higher density of proteins than larger NPs. This could be related with the available
volume that proteins have when adsorbing onto NPs of different sizes, since the lower
curvature, the lower the available volume at the same distance from the surface. This
ultimately translates in stronger steric repulsions between adjacent adsorbed proteins and
hence lower protein-adsorbed density. The extent of the effect depends on the nature of the
coating (neutral, cationic, anionic). The authors’ results reflect the non-trivial interplay
between NP’s curvature and surface chemistry on the protein-protein and protein-surface
interactions. NP’s curvature and surface properties have also been found to modify the
composition of the protein corona developed around them.”

The uncontrolled initial protein adsorption that bare nanomaterials are subject to in
physiological media (also known as protein biofouling) limits their use as nanomedicines.
Common strategies to prevent or control it consist on “passivating” the NP surface,’3 that is,
grafting antifouling ligands onto it. Most widely used ligands include poly(ethylene glycol)
(PEG),80 but also other organic thin films, like self-assembled monolayers (SAM:s),8!
zwitterionic polymers,82 polysaccharides,®3 or peptoids.84-86 The layer of tethered
molecules serves as a thermodynamic and/or kinetic barrier for the adsorption,8”- 88
presenting a steric barrier to the proteins and giving rise to a repulsion that competes against
the bare protein-surface attraction.8? The antifouling efficiency depends on the molecular
weight of the polymeric layer and the surface coverage,8° but there is no clear understanding
on the role played by the NP’s curvature. Walkey and coworkers conducted a systematic
experimental study of serum protein adsorption on Au-NP of different sizes, grafted with
PEG molecules (Figure 5a).9% The conformational freedom of the polymer chains depends
on the NP curvature and the grafting density,%! and with that the entropic barrier they present
to proteins. The available volume for the tethered molecules decreases with increasing NP
size and also with increasing grafting density, since this implies higher compression between
neighboring PEG molecules (Figure 5b). It is the interplay between NP size and PEG
density that determines not only the total protein adsorption (Figure 5c), but also the
composition of the protein corona (Figure 5d—g). It is important to mention that on curved
surfaces not even the highest PEG surface density eliminates protein adsorption completely.
This fact actually fuels the search for other biocompatible polymers with improved
antifouling properties.84-86
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Gagner and coworkers studied the effect of Au-NP morphology (Au nanospheres, Au-NS,
10.6 nm diameter and Au nanorods, Au-NR, 10.3 nm diameter and 36.4 nm length) on the
adsorption, structure and function of lysozyme (Lyz) and a-chymotrypsin (ChT).%2 In order
to obtain stable dispersions of the Au-NPs, their surfaces were modified with 16-
mercaptohexadecanoic acid (MHDA). Protein adsorption experiments were carried out at
pH=7.0, rendering electrostatics the primary interactions between the positively charged
proteins (pl y,=11 and plcp7=8.75) and the negatively charged MHDA-stabilized NPs
(pKa~4.8). As can be seen in the adsorption isotherms in Figure 6a—b, the process is greatly
affected by the NP morphology, although the extent of the effect is protein-specific. The
authors found that the surface density of adsorbed proteins was higher on AUNR than AuNS,
and suggested that a smaller curvature would facilitate protein-protein interactions and hence
a higher packing density of proteins. Based on the similar diameters of the Au-NS and the
Au-NR, the authors also hypothesized that the surface density for the spherical ends of the
NRs is lower than for the cylindrical body of them, implying an anisotropic distribution of
proteins driven by curvature differences. This reflects the impact of curvature on both
protein-surface and lateral protein-protein interactions, along with possible charge regulation
effects, signature of non-trivial coupling between the physical and chemical interactions
acting in the system. Important differences were observed between the two proteins of the
study, highlighting the role of protein identity in this process. In the case of lysozyme,
adsorption on both AuNS and AuNR lead to aggregation and reduced enzymatic activity.
Inspection with circular dichroism spectroscopy revealed changes in the protein
conformation, which were proposed to account for Lyz-Au NP conjugates aggregation and
activity loss. On the other hand, no aggregation was observed for the a-chymotrypsin on
either AuNS or AuNR, and multilayer protein adsorption was reported for the ChT-AuNR
conjugate (Figure 6¢). Conformational analysis at different surface coverages evidenced no
significant changes upon adsorption in sub-monolayer conditions, an important loss in
secondary structure when reaching monolayer coverage, and no greater effects in subsequent
layers. The authors rationalize their findings by separating the adsorption process of both
proteins into three regions: an initial binding that occurs with almost no conformational
change of the adsorbed proteins molecules, a transition stage characterized by a combination
of protein-surface and protein-protein interactions that result in conformational changes, and
a final stage of multilayer adsorption (Figure 6d). The results reported in this work highlight
the importance of both NP morphology and curvature and protein identity on the adsorption
process and the interactions of NPs in biological fluids. It can also be appreciated that a
complementary theoretical study would greatly enrich the authors’ findings, as it could
provide molecular detail and direct evidence of facts that where inferred from the
experimental data, thus providing a more complete description of the system.

Molecular modeling and theoretical approaches that describe the adsorption and binding
processes of proteins onto planar surfaces are abundant, yet there are almost none for curved
NPs. Multi-scale approaches, spanning from atomistic to coarse-graining simulations, have
provided valuable molecular descriptions of surface-protein interactions, protein
conformational changes upon adsorption, most probable structures for protein-NP
complexes, or the role played by different protein residues during folding or unfolding
processes.?3 Numerous studies on antifouling behavior of polymer-coated planar surfaces
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have been done resorting to analytical theories®* and the molecular theory developed in our
group. 85 87.95-97 However, the molecular significance of the NP’s curvature on the process
of protein adsorption and the antifouling performance of surface-modified NPs has not been
thoroughly addressed. Experimental information is rather disperse and heterogeneous,”74 so
a theoretical approach would contribute greatly to gain insights into a fundamental
understanding of protein-nanomaterial interactions.

Interaction of NPs with membranes: Ligand-receptor binding and cell internalization

Successful drug delivery strategies encompass not only surviving clearance by the immune
system and reaching the targeted site, but also releasing the therapeutic or diagnosis agent
within the cell. There are mainly two mechanisms for crossing the cell membrane into the
cytosol or into sub-cellular organelles: endocytosis and direct translocation.®8 The first of
them involves the membrane engulfing molecules from the extracellular plasma and forming
an endosome that is then released into the cytosol. This process is typically associated with
the transport of large polar molecules that cannot simply pass through the hydrophobic core
of the cell membrane. The endocytosis pathways can be further classified with respect to the
different proteins and lipids involved in the process. But in general terms, it occurs via
specific binding events between receptors at the membrane and targeting ligands used to
functionalize the NP surface (receptor-mediated uptake), or by direct association with the
membrane (non-receptor-mediated uptake), dictated by NP-membrane hydrophobic and
electrostatic interactions.% Endocytosis also plays a significant role in surface receptor
regulation (including antigen presentation) and in the control of several signaling cascades.%8
Translocation, on the other hand, allows for the direct passage of certain molecules into the
cytosol, without the formation of vesicles. The advantage of avoiding endosomal
encapsulation is that no further strategy is needed to escape from it once inside the cytosol.

In the last decades, an extensive amount of work and data on NP-membrane interactions and
NP internalization pathways has been produced.9® However, the factors that determine
which path is followed and the mechanisms that regulate them are not yet clear.8 Cell-NP
interactions, uptake mechanisms and intracellular trafficking are governed by the
physicochemical properties of the NP, mainly size, shape and surface properties (surface
charge, hydrophobicity, targeting ligands),109101 and also by the cell properties, such as cell
type, cycle phase, and cell membrane properties (lipid packing, membrane curvature).9
Moreover, the interaction with NPs triggers responses and changes in the membrane itself,
making this a process difficult to rationalize and understand.192 Existing experimental
techniques are challenged by the nanoscale nature of the process and the complexity of the
nano-bio matrix, and in many cases are bound to infer molecular information from
macroscopic results. Theoretical and modeling methods are well suited to provide insights
that may help fill this gap. However, modeling the NP-cell membrane interactions is a very
challenging task as well, due to the multi component nature of the systems and the wide
range of relevant length and time scales to be considered. The combination of experimental
observations and theoretical approaches holds great promise into solving the new paradigms
in nanomedicine as they enable the link between molecular information and macroscopic
observations.
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NPs size and shape have a major effect on cell penetration, modulating the uptake efficiency
and kinetics, the internalization mechanism, and their intracellular distribution (see also
Figure 4C).46. 47,103 | terms of NP surface charge and hydrophobicity, cationic NPs are in
general more efficiently internalized, due to stronger interactions with the negatively
charged groups on the cellular surface. However, efficient uptake of negatively charged NPs
has been reported as well (see also Figure 4C).104 The arrangement of the NP surface-
ligands has also been proposed to affect the cell-NP interactions, and hence the mechanism
of internalization,10 although these findings have been the focus of some controversy in the
research community.106

Nap and coworkers conducted a theoretical study on the effect of confinement and surface
rearrangement on the binding of a polymer micelles to a planar surface, process relevant not
only to achieve targeted delivery and cellular uptake but also for cell signaling. The surface
of spherical micelles was modified with a binary mixture of neutral polymers of different
chain length, the shorter ones being end-functionalized with a ligand that binds to the
surface receptor (scheme in Figure 7a).107 The authors chose nanosized micelles over NPs
since polymer molecules on the surface of the micelles are laterally mobile within the self-
assembled structure, while they are laterally immobile when chemically grafted to NPs’
surfaces. This allowed them to study the effect of ligand mobility in the final binding
properties of the nanoconstruct. They predicted that as the micelle approaches the surface,
the shorter chains preferentially locate themselves between the micelle and the surface,
while longer chains diffuse and become more concentrated on the opposite side (Figure 7b).
This anisotropic distribution of surface molecules reflects the interplay between the lateral
mobility of ligands, the repulsions between tethered chains induced by confinement, and the
binding events between micelle-ligands and surface-receptors. The micelle’s curvature
modulates the coupling between them. Moreover, the balance of these factors can enhance
the interactions between the polymer-coated micelle and the surface, as reflected in the free
energy changes upon binding for nanosystems functionalized with mobile vs. immobile
polymers (Figure 7¢), representing possible scenarios of binding of functionalized micelles
or chemically modified NPs.

In a later publication, Nap and coworkers analyzed how lipid composition and charge
regulation would affect the binding of nano micelles to membrane receptors.1’ They studied
the interactions between coated micelles with three different model membranes: (i) neutral
lipid membrane with overexpressed receptors, (ii) membrane with negatively charged lipids
and (iii) membranes with both overexpressed receptors and negatively charged lipids.
Micelles were functionalized with a binary mixture of short neutral polymers and polybases
(which can become positively charged, pK4;=7.5) with a functional end-group for specific
binding to the membrane-receptors (scheme in Figure 8a). Results show that combining
ligand-receptor binding events and electrostatic attractions leads to a very pronounced
segregation between the neutral and charged polymers on the micelle surface (Figure 8b).
This in turn is accompanied by a change in the charge state of the polybase molecules on the
micelle and of the lipid molecules in the membrane (Figure 8c, left and right panel
respectively). The solution’s pH is equal to the bulk polybase pK,, so a fraction of
dissociated groups of f=0.5 would be expected. However, at almost all distances from the
micelle surface the fraction of protonated groups is much smaller than that. (Figures 8c left
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panel). This is due to the fact that the local density of basic groups in the micellar corona is
large. Given this constraint, the system pays chemical free energy to minimize electrostatic
repulsions by regulating the polybase charge towards the unprotonated state. This results in a
much lower fraction of charged bases in the micellar corona compared to individual bases in
bulk solution, with the only exception of two points in the region close to the lipid layer. In
these regions, the fraction of charge is enhanced due to the attractions between the charged
lipids and polybases and the release of confined counterions. The lowest values of
protonation are obtained for the region between the nano micelle and the membrane surface,
where the concentration of polybases is even higher (Figure 8b right panel). An analogous
charged segregation is observed between the lipid molecules in the membrane (Figure 8 left
panel). The results of this study reveal that local charge regulation, molecular reorganization
and optimization of multiple interactions, modulated by the micelles curvature, excerpt non-
additive effects and result in a much larger binding (blue line, Figure 8d) than the one
corresponding to the sum of the independent contributions (red and purple lines, Figure 8d).
Even more striking, there are regions of interaction between the micelle and the membrane
where combining two effective repulsions leads to an overall attraction. It is important to
mention the significant role of local pH when considering interaction with membranes
lipids, as it provides a way to modify binding by several orders of magnitude. This can be
achieved by modifying the proportion of charged lipids in the membrane.1” The authors’
findings constitute a good example on how to improve targeting by using multiple physical
and chemical interactions. This polivalency strategy is already used in nature by many
viruses and bacteria,1%8 and it’s becoming a powerful tool to design and engineer multivalent
NPs with enhanced selectivity and binding. 109 110

Alexander-Katz and coworkers have proposed different mechanisms of membrane
translocation for neutral and anionic small NPs (diameter<10nm), and for cationic NPs to
directly cross the lipidic membrane. In the case of neutral or anionic NPs, the insertion of
the NP in the bilayer core was found as the crucial step towards reaching the cytosol.111: 112
Meanwhile, for cationic NPs the translocation mechanism seems to comprise the formation
of transient holes on the membrane.113 Van Lehn and coworkers conducted experimental
and theoretical studies of the uptake of Au-NPs functionalized with a mixture of 11-
mercaptoundecane sulfonate (MUS) and octanethiol (OT) of different composition and
surface morphology (Figure 9A-B).114 They found that there was a critical size below which
the insertion in the bilayer is favorable, and that it depends on the composition of the NP-
surface coating. Their calculations predicted that the functionalized NPs could embed into
the membrane core for sizes below a certain value, that depends greatly on the surface
composition, in very good agreement with experiments (Figure 9C-D). No significant effect
of the NP-surface morphology was observed (Figure 9C). Based on their results, the authors
rationalize that the insertion of the NP in the bilayer is driven by the hydrophobic
interactions between the OT molecules and the bilayer core, while the charged head-groups
of the MUS molecules “snorkel” towards the exterior of the membrane (see Figure 9A for a
schematic representation). This phenomenon is directly related with the available volume for
the hydrophilic ligand to explore: embedding depends on the ability of the NP surface
monolayer to deform and match the lipid bilayer, and is thus governed by the NP curvature
and the ligand flexibility.}15 Regarding the role of particle morphology, Yang and coworkers
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modeled the interactions of anisotropic NPs with membranes, finding that the geometrical
properties of the NP (size and shape), and its orientation with respect to the bilayer greatly
affects the internalization process.116 These findings imply that by controlling the
orientation of anisotropic particles, it is possible to improve targeting and uptake of NPs to
specific cells.

The examples discussed above reflect the huge effects of curvature and coupled interactions
in systems below 10 nm in size. The use of nanomicelles in this size range for drug delivery
presents the advantage of exploiting the curvature of the aggregate to tune the interactions
with the cell membrane. However, they present limitations in the amount of drug that can be
carried, and therefore larger concentrations of carriers may be needed. Tuning the balance
between cargo amount and interactions is an important consideration in the design of
nanocarriers and should be explicitly considered for each drug delivery application.

Sensing, imaging & biodiagnostics

Modulating the responsiveness of functionalized NPs by their interaction with target
biomolecules opens the door to a myriad of applications in biosensing and biodiagnostics.
Given their optical, 117 magneticl18 and photoacustic properties,119: 120 NPs are promising
platforms in those areas as their intense response to incident radiation can be linked to the
presence of a target molecules, offering extremely sensitive detection in solution. In general,
NPs biosensors comprise a surface-grafted biomolecular recognition element that
specifically interacts with the target analyte, and a transductor element that transform the
analyte-receptor event into a particle-derived signal.121 Between the diverse biosensing
mechanisms that exist, fluorescence and plasmon based mechanisms are the most common,
each with specific surface-bound biomolecular constructs. In both cases, the analyte-receptor
interactions activate the biosensing mechanisms that modulate the NP properties.}21 Tuning
the interface between the nanomaterial and its surroundings is crucial to maximize
sensitivity and specificity.122 In what follows, we will focus our analysis on plasmonic
nanomaterials and their relevance for biodiagnostics.

Metal nanoparticles exhibit a surface plasmon resonance (SPR) peak, which position can be
related to the presence or the absence of target biomolecules. The optical excitation of
surface plasmons in NPs confines the electromagnetic fields, giving rise to a localized
surface plasmon resonance (LSPR) that in plasmonic NPs translates into an intense peak in
the visible range, and into strong electromagnetic fields at the particle surface. Resonance
conditions (i.e. incident light with the same frequency of the NP’s LSPR) depend on the NP
surface ligands, and their interactions with molecules in solution. The position of the LSPR
peak changes with NP’s shape, size, surface functionalization, and aggregation behavior, and
is modulated by the interactions with target analytes. 117: 121, 123 Tyning the LSPR
absorption band by carefully engineering the NP construct is key for biomedical
applications, as a shift to NIR range of the electromagnetic spectrum is ideally suited for /n
vivo applications,124 such as photothermal treatments, photodynamic therapy, IR
fluorescence imaging, or surface-enhanced Raman scattering imaging and sensing.61
However, optimal NP engineering is not trivial and requires consideration of all the design
parameters jointly. An example of such not trivial behavior are the results of a recent
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experimental and theoretical study by Peng and coworkers, in which they reported a non-
monotonic dependence of the Ag-NP SPR adsorption band with decreasing NP size,
observing an initial blue-shift followed by a strong red-shift.125 Based on their theoretical
modeling, the authors associated this behavior with a lower conductivity in the outer
metallic layer due to the interactions with the surface ligands. This hypothesis was
experimentally confirmed by ligand exchange titrations, reaffirming the effect of the NP’s
coating on the SPR peak position.12% Tagliazucchi and coworkers carried a study on the
plasmonic properties of Au-NPs coated with polymers responsive to changes in the
temperature (solvent quality).126 Resorting to a combination of molecular theory and
electrodynamics calculations, the authors were able to analyze structural, thermodynamic
and optical properties of the system, concentrating on the shift of the LSPR absorption band
upon polymer collapse driven by changes in the solvent quality (scheme in Figure 10 a).
Results showed a red shift in the LSPR peak upon polymer collapse, which magnitude
depends in a non-monotonic way on the NP radius (scheme in Figure 10 b—c). They also
discussed that the size and shape effects on the polymeric layer structure would have direct
impact on the plasmonic coupling between NP, as they modulate the distance between them.
These results suggest that engineered nanoparticles used for biosensing may change their
reporting behavior due to changes in the environment, and this fact should be considered in
the designing stages of the material. Understanding the effects of shape, size, surface
functionalization, and aggregation behavior on the optical properties of smart NP constructs
is crucial for a rational design of nanomaterial-based biosensors.

Conclusion

Confinement and curvature modulate the forces between nanomaterials and their
environment, and hold the key to its final properties. The responsive behavior of engineered
nanomaterials follows from a non-trivial interplay between NP size, shape, and surface
functionalization. Although a great deal of work has been directed towards characterizing
the effect of NP size and shape on its circulation time and cellular internalization, the role
they play in the responsiveness of the final nanoconstruct remains unclear. In functionalized
nanomaterials, the organization and chemical state of the soft and biological ligands
confined onto its surface depend on the interplay between physical and chemical
interactions. Our selection of the literature highlights this competition and the way it is
modulated by the geometry of the nano-bio interface in very relevant biomedical scenarios.
The unambiguous relation between structure and activity brakes down, and the properties of
the end-tethered ligands become dependent on the confining surface curvature and on the
local molecular environment. Acknowledging the coupling between molecular organization,
chemical equilibria and physical interactions is key to understand the chemical and
biological activity of responsive bionanomaterials, and to then translate this understanding
into rational guidelines for their design.

The creativity and efforts in NP-based drug research have not had a very successful clinical
translation so far, as only a couple of drugs resulting from these formulations had reached
the market.12” The difficulty for this technological transfer follows from the uncertainties on
the fate of nanomaterials in vivo, their toxicity and that of their by-products.”3
Characterizing engineered NPs’ intrinsic physicochemical properties is not enough.
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Tailoring their interactions with physiological systems is mandatory to control their
biocompatibility, biodistribution and site-specific recognition. Pragmatic approaches resort
to empirical screening and combinatorial analysis of hundreds or thousands of different NP
constructs to find candidates with optimized /n vivo performance (see Figure 4) in order to
profile nanomaterials biological activities. Even though correlations can be drawn from such
approaches, their origins remain unknown, limiting their reach of applicability.128

Understanding the fundamentals at the nano-bio interface is what makes the difference and
will lead to ability to molecularly design nanomaterials for /in vivo applications.
Interdisciplinary approaches that combine nanotechnology, soft materials, molecular biology
and medicine are required. Resorting not only to state of the art experimental techniques for
the /in vitroand in vivo characterization of bionanomaterials, but also to theory and
molecular modeling methods. The growing interplay between theory and experiments
stresses the strength of an adequate molecular modeling to gain further fundamental
understanding. Multiscale computational approaches would also impart more versatility, as
they have the flexibility to explore parameters out of reach for experiments. Moreover,
validated theoretical and computational methods hold great promise as predictive and
profiling tools, first optimizing various physicochemical properties /n silico, then guiding
and narrowing the scope of /n vitro and /n vivo experiments. Exploiting the complementarity
of experimental and computational methodologies has the potential to complete the
description of complex biochemical life processes and to predict the fate of tailored
nanomaterials in biological systems. This interdisciplinary strategy, as applied in the last few
years, enabled the understanding of the important parameters that determine the behavior of
these responsive systems as described in this review. Therefore, we believe that its extension
to more complex systems is the path for closing the gap between the lab bench and the
patient.
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Figure 1.

Design parameters for optimized smart nanomaterials for biomedical applications. Adapted
in part from Kamaly et al., Chem. Soc. Rev., 2012, 41, 2971-3010 and from Chou et a/.,

Chem. Soc. Rev., 2010, 40, 233-246 with permission of The Royal Society of
Chemistry.12. 51
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Figure2.
Variation of pH as a function of the distance from the surface for (a) planar, (b) cylindrical

(1nm diameter), and (c) spherical (LInm diameter) NP grafted with weak polyelectrolytes
(surface coverage= 0.25 nm 2, polymer chain length= 50, and pK,=7). The colors
correspond to different salt concentrations: 1 (black), 0.1 (red), 0.01 (green), and 0.001 M
(blue). A concentration of 0.1M is the closest to physiological conditions. The insets show
the fraction of charged groups as a function of the distance from the surface. The solution’s
bulk pH is 7. Adapted with permission from Nap et al., J. Polym. Sci. B Polym. Phys., 2006,
44, 2638-2662. Copyright 2006 John Wiley & Sons, Inc. 64
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Figure 3.
(a) Fractions of dissociated MUA ligands as a function of pH. The theoretical charge

fraction (black curve), 7, was calculated with the molecular theory (MT). The red curve is
calculated for free MUA in solution using the Henderson Hasselbalch equation. The inset
shows the experimental p/; of NP’s ligands. Diameter of the NP’s metal core= 4.1 nm, salt
concentration (tetramethylammonium chloride, TMACI) = 0.08 M. (b) The apparent pKj3’s
of Au-MUA NPs of different sizes plotted as a function of TMACI concentration. Open
markers correspond to experimental data; lines were calculated with MT. pKj for free MUA
is ~4.8. Adapted with permission from Wang et al., J. Am. Chem. Soc., 2011, 133, 2192—
2197. Copyright 2011 American Chemical Society.%°
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(A) Scheme of the combinatorial design of the Au-NP library. 105 surface-modified NP
were prepared by grafting Au-NPs of 15, 30, and 60 nm diameter with 67 surface ligands of
different nature: neutral (green), cationic (blue), or anionic (red). (B) Total adsorbed serum
protein density, and (C) net cell association (log2-transformed) for each formulation in the
library. Adapted with permission from Walkey et al., ACS Nano, 2014, 8, 2439-2455.
Copyright 2014 American Chemical Society.”®
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Figure5.

(a) Scheme of a PEGylated Au-NP. (b) PEG volume as a function of the grafting density for
NP of different sizes. (c) Adsorbed serum protein density as a function of PEG grafting
density. (d—g) Molecular composition of the adsorbed protein layer for the 15, 30, 60 and 90
nm Au-NPs respectively. Adapted with permission from Walkey et al., J. Am. Chem. Soc.,
2012, 134, 2139-2147. Copyright 2012 American Chemical Society.
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Figure 6.
a—b) Adsorption isotherms for lysozyme (Lyz) and a-chymotrypsin (ChT) onto gold

nanospheres (AuUNS 10.6 nm diameter) and nanorods (AuNR 10.3 nm diameter, 36.4 nm
length). Solid lines correspond to the fit according to the Langmuir equation. Dotted lines
indicate estimated surface coverage at the given loading. ¢) Adsorption isotherm for the ChT
onto AuNRs, evidencing the multilayer nature of the process. d) Schematic representation of
protein adsorption to AuNP. In Region I, both proteins adsorb onto the nanoparticle with
almost none structural modification. In Region 11, protein-surface interactions induce
conformational changes. In Region 11, protein-protein interactions give rise to multilayer
adsorption. Reprinted and adapted from Biomaterials, Vol. 32, Gagner et al., Effect of gold
nanoparticle morphology on adsorbed protein structure and function, pp. 7241-7252,
Copyright (2011), with permission from Elsevier.92
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Figure7.
a) Scheme of a polymer-coated NP interacting with a planer surface. b) Contour maps of the

polymer volume fractions for the NP functionalized with short (left panel) and long (right
panel) neutral polymers at a position close to the surface. Top panels (A-B) correspond to
chains with no lateral mobility, while the figures in the bottom (C-D) correspond the mobile
tethered chains. R=5nm, o= 0.25 long chains/nm2, o= 0.5 short chains/nm2, Nghort= 20
segments, Njong= 20 segments. c) Free energy as a function of the distance between the NP
and the surface. Adapted from Nap et al., Soft Matter, 2012, 8, 1688-1700 with permission
of The Royal Society of Chemistry.107
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Figure8.
a) Scheme of a polymer-coated NP interacting with a lipid membrane. Neutral polymer

chains are in red, while the polybases (pK,=7.5) with their ligand-end group are in black.
Uncharged lipids are in purple, overexpressed receptors in red, and negatively charged lipids
in green. b) Contour maps of the polymer volume fractions for both neutral polymers (left
panel) and polybase (right panel) for a NP close to the lipid layer for a pH = 7.5 and a salt
concentration of 0.10 M. R=2.5nm, o= 0.20 molecules/nm2, N= 20 segments. c) Coated NP
interacting with a lipid membrane with both overexpressed receptors and charged lipids. Left
panel Contour map of the fraction of charged groups of the polybases on a NP close to the
lipid membrane. The conditions are the same as in b). Right panel: Contour map of the
fraction of charged lipids in the membrane. The center of the NP is at (x; y) = (0; 0) and
2.0nm above the membrane surface. The conditions are the same as in b). d) Free energy as
a function of the distance between the NP surface and the lipid layer. The conditions are the
same as in b). The colors correspond to the three membranes modeled: no overexpressed
receptors and negatively charged lipids (red), neutral lipid membrane with overexpressed
receptors (magenta), and membranes with both overexpressed receptors and charged lipids
(blue). Adapted and reproduced from Nap et al., Biomater. Sci., 2013, 1, 814-823 with
permission of The Royal Society of Chemistry.1”
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Figure9.

(A) Scheme of the simulation model based on explicit calculation of solvent-accessible
surface area (blue surface). (B) Representation of the three surface morphologies simulated.
(C) Simulation results for the change in free energy for embedding into the membrane as a

Nanoparticle gold core diameter (nm)

function of AuNP core diameter. A strong dependence is observed with respect to the NP
diameter and monolayer composition, but hardly non with respect to the arrangement of

surface ligands. The dashed line indicates the critical size below which embedding would be

favorable. (D) Comparison of simulation results from (C) to lipid membrane experiments.

Reproduced with permission from Van Lehn et al., Nano Letters, 2013, 13, 4060-4067.

Copyright 2013 American Chemical Society.114
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Figure 10.
a) Schematic representation of the collapse of the end-grafted polymer layer on a Au-NP due

to a change in the solvent quality, and the shift in the position of the LSPR peak, Akcojiapses
this collapse induces. b) Effect of the Au-NP core size (/) and the chain length (A) in the
change in the position of the LSPR band (AAcojiapse, Panel b) and in the average polymer
volume fraction of the film upon collapse (Akcojiapse: Panel c). Surface density is o = 0.5
nm~2. Adapted with permission from Tagliazucchi al., ACS Nano, 2012, 6, 8397-8406.
Copyright 2012 American Chemical Society.126
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